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Abstract: The present study aimed to evaluate the effect of thermal processing, press throughput and roller-die gap on pellet physical 
quality, protein solubility and starch gelatinization in a corn-soybean based broiler diet. The different processing factors were 
combined in a 2 × 5 × 3 factorial arrangement with eight randomized block consisting of eight production series: two thermal 
processing treatments (conditioning-pelleting or conditioning-expanding-pelleting), five press throughput levels (18, 21, 24, 27 and 
30 ton/h) and three roller-die gap (0.50, 0.75 and 1.00 mm), which resulted in 30 different processed feeds. For determination of 
pellet durability index (PDI), amount of intact pellets, degree of starch gelatinization and protein solubility, one composed feed 
sample was collected per treatment in each of eight production series, totaling eight replicates per treatment. Data concerning the 
amount of intact pellet and protein solubility in KOH were transformed using a variation of Box-Cox transformation in order to fit a 
normal distribution (P > 0.05). Pellet physical quality was enhanced by conditioning-expanding treatment (P < 0.01), narrower 
roller-die-gap (P < 0.01) and reduced press throughput (P < 0.01). Protein solubility in KOH was impaired (P < 0.01) in the expander 
treatment and larger roller-die distance (0.75 mm and 1.00 mm) (P < 0.01). Finally, greater starch gelatinization degree was achieved 
in expanded treatment (P < 0.01) and in 1.00 mm roller-die gap (P < 0.05). The factors evaluated in this study resulted in interactions 
and significant effects on physicochemical properties of broiler feed pellets. 
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1. Introduction 

The pelleting operation is one of the most 

expensive process with regards to the fixed and 

variable costs. For this reason, efficient pellet 

production is aimed and pellet press should deliver a 

high yield of dust free and resistant pellets to optimize 

the feed mill operations. Besides the types of 

ingredients, amount of added fat, feed particle size, 

die’s compression rate, conditioning temperature and 

moisture or binders inclusion, of which effects have 
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been extensively reported by many authors [1-13], 

other factors, such as expander heat treatment, roller 

to die distance and press throughput, also affect pellet 

physicochemical properties.  

Briggs et al. [5] observed that increasing press 

throughput, but keeping the other production 

parameters constant, resulted in loss of pellet physical 

quality. Probably the faster feed passage rate through 

the conditioner and consequently a shorter steam 

exposure time negatively affected the feed 

conditioning. Lowe [14] also mentioned that an 

impairment of pellet physical quality should be 

expected with higher production rate due to reduced 
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feed retention time inside the press die channels, 

which negatively affects compression rate and starch 

gelatinization.  

A larger pressure applied to the feed inside the die 

hole favors the aggregation of feed particle, 

supporting well consolidated pellet formation. The 

slot between the roller and die is where the initial 

compression of conditioned feed takes place. Thus, a 

wider roller-die gap results in an extra feed 

compression prior its entry into the die channels, and 

this additional compacting force enhances pellet 

density and resistance [15]. However, if this gap is too 

wide, the press production rate is excessively reduced, 

and as a consequence, darkened and overcooked 

pellets may appear due to prolonged feed retention 

time in the die or even pellet press choke up may 

occur. Each pellet press has its ideal gap where the 

pellet physical quality is optimized. According to Lara 

[16], the distance between the roller and die should be 

around 1.5 mm to 2.0 mm to optimize pellet quality.  

Increasing the thermal processing degree by means 

of feed expansion is another validated procedure to 

improve pellet quality. Muramatsu et al. [12] observed 

that conditioning-expanding-pelleting process led to 

an additional 205 g of intact pellet/kg of feed, when 

compared to a conventional conditioning-pelleting 

process. In a similar way, Lundblad et al. [17] 

compared pellet quality in feed conditioned at 82 °C 

for 20 s versus feed submitted to the same 

conditioning parameters but further expanded at 

121 °C. These authors reported that the extra heat 

treatment led to an enhancement in pellet durability 

index (PDI) from 81.8% to 92.3%, when compared to 

simple conditioned-pelleted diets. On the other hand, 

the aggressive heat treatment in expander induces 

greater denaturation of dietary proteins. Therefore, 

conditioned-expanded feed show reduced in vitro 

assessment of the feed protein solubility in KOH, 

when compared to conditioned feed [12]. Veloso et al. 

[18] observed that after an expander treatment at 

130-136 °C, soybean meal protein solubility in KOH 

decreased from 80.6% to 64.1%. 

Some strategies can be implemented to enhance 

feed pellet manufacturing. The productivity and 

efficiency of the pellet mill may be improved by 

correct application of these tools. The objective of this 

study was to evaluate the effect of thermal processing, 

press throughput and roller-die gap on 

physicochemical properties of broiler feed pellets. 

2. Material and Methods 

2.1 Feed Processing 

The experimental diets were manufactured in a feed 

mill located in Goiás State, Brazil. The feed was a 

standard broiler grower diet, containing corn, soybean 

meal and animal by-products (Table 1). The ingredients 
 

Table 1  Composition of the experimental diet.  

Ingredients  Values (kg/ton) 

Maize 657.40 

Soybean meal with 46% crude protein 237.00 

Poultry by-product 40.00 

Fat 29.00 

Feather meal 10.00 

Limestone 9.50 

Liquid lysine 3.90 

Salt 3.10 

Liquid methionine 3.00 

Dicalcum phosphate 2.00 

Sodium bicarbonate 1.50 

Vitamin premixa 1.20 

Choline chloride 0.90 

Mineral premixb 0.85 

Threonine 0.55 

Phytasec 0.10 

Total batch (kg) 1,000.00 
a Supplied per kg of complete diet: 7,000 IU of vitamin A, 
2,000 IU of vitamin D3, 25 IU of vitamin E, 2.0 mg of 
menadione, 4.0 mg of riboflavin, 25.0 mg of niacin, 12.0 mg of 
d-pantothenic acid, 4.0 mg of vitamin pyridoxine, 0.01 mg of 
vitamin B12, 1.0 mg of folic acid and 0.08 mg of biotin. 
b Supplied per kg of complete diet: 10 mg of copper as copper 
sulfate, 1 mg of iodine as calcium iodate, 60 mg of iron as 
ferrous sulfate, 70 mg of manganese as manganese sulfate, 0.3 
mg of selenium as sodium selenite and 70 mg of zinc as zinc 
sulfate. 
c Supplied 1,000 FTU of phytase/kg of feed.  
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were first directed to a pre-grinding sieve, and all the 

coarse ingredients that did not pass through this screen 

were ground in a hammer mill. All diet components 

were blended in a paddle type mixer (6,000 kg 

capacity). Mixing time was divided in three phases: 

dry mixing (45 s), liquid addition (60-90 s) and wet 

mixing (25 s).  

For the conditioned-expanded-pelleted feed, diets 

were steam-conditioned for 30 s at 80-82 °C under a 

steam pressure of 1.5-2.0 bar. The mash was then 

transported to an expander, with average mash 

retention time of 5 s and average temperature of 

110 °C and to the pellet press (die specifications: 660 

mm diameter, 60 mm deep and 4.5 mm diameter die 

holes, without relief). For the simple 

conditioned-pelleting treatment, diets were 

steam-conditioned and then transported to the pellet 

press using the same equipment parameters that were 

used for the conditioned-expanded-pelleted treatment.  

2.2 Production and Sampling of Test Feed 

A total of 1,440 tons (240 batches of 6 tons) of a 

broiler diet was manufactured in this experiment. The 

three main factors (two thermal processes, three 

roller-die gap and five press throughput) were 

combined in a 2 × 3 × 5 factorial arrangement in a 

eight randomized block design consisting of eight 

production series, totaling 30 different combinations. 

These combinations were repeated in eight production 

series distributed along the experimental period.  

The sampling point was between the pellet press 

and the cooler. Eight samples of pelleted feed (one 

sample per production series), corresponding to eight 

replicates, were collected for each experimental 

treatment for determination of amount of intact pellets 

(%), PDI (%), protein solubility in KOH (% of the 

total protein content) and degree of starch 

gelatinization (% of total starch content). These 

pelleted feed samples were cooled under 

environmental conditions for 24 h before the chemical 

analysis.  

2.3 Feed Analysis 

Feeds from the different treatments were analyzed 

for the following chemical parameters:  

(1) PDI: determined according to method S269.4 

from ASAE standards [19]; 

(2) Amount of intact pellets: 200 g of feed is sieved 

in a screen of 3.0 mm round holes screen and the 

portion of feed that is retained in this screen is 

considered as intact pellets; 

(3) Protein solubility in KOH: determined 

according to method described by Parsons et al. [20]; 

(4) Amount of gelatinized starch (% of total starch): 

determined according to method 27 of Compendio 

Brasileiro De Nutrição Animal [21]; 

(5) Moisture content: determined according to the 

method 930.15 referenced at the Association of 

Official Analytical Chemist International [22]; 

(6) Particles size: determined according to the 

method referenced by the American Society of 

Agricultural and Biological Engineers [23]. 

2.4 Statistical Analysis 

The statistical model included type of thermal 

processing, roller-die gap, press throughput and 

interactions between factors, as Eq. (1):  

Yijklm = µ + TPi + RDGj + PTk + (TPi × RDGj) + 

(TPi × PTk) + (RDGj × PTk) + (TPi × RDGj 

× PTk) + εijkl                      (1) 

where, Yijklm = dependent variable (amount of intact 

pellet or PDI or protein solubility in KOH or degree of 

starch gelatinization), µ = the population mean, TPi = 

effect of thermal processing (i = 

conditioned-expanded-pelleted or conditioned-pelleted), 

RDGj = effect of roller-die gap (j = 0.50, 0.75 or 1.00 

mm), PTk = effect of press throughput (k = 18 ton/h to 

30 ton/h) and εijkl = residual error. 

A general linear model was employed to analyze 

the effects of categorical and quantitative factors 

present in the statistical model. Analysis of variance 

and multiple regression tools of Statgraphics 

Centurion XVI (Stat Point Technologies, Inc.) and 
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Statistica 8.0 version (StatSoft, Inc.) were used to 

perform the analyses of the collected data. The 

Anderson-Darling test from Minitab version 16 was 

used to check the normality of the residuals of the 

estimated model for the starch gelatinization. 

According to Razali and Wah [24], the Shapiro-Wilk 

test and Anderson-Darling test are the most powerful 

normality test, followed by Lilliefors test and 

Kolgomorov-Smirnov test. Linear and quadratic 

effects of press throughput were determined by 

multiple regression associated with backward 

elimination method. The factors and their interactions 

(TP × RDG, TP × PT, RDG × PT and TP × RDG × PT) 

were excluded from the final regression equation 

when P > 0.05. The factors type of thermal processing 

and roller-die gap were included in the regression as 

dummy variables (TP = 1 when conditioned- 

expanded-pelleted, 0 when conditioned-pelleted). The 

significance of the performed tests were accepted 

when P  0.05. 

3. Results and Discussion 

The average moisture content of mash feed samples 

prior to conditioning was 10.86% and diet’s particle 

sizes achieved in the test diets was 741 μm. The data 

concerning amount of intact pellets (%) and protein 

solubility in KOH (%) did not have normal distribution 

(Anderson-Darling test, P < 0.05). Yeo and Johnson 

[25] reported a type of Box-Cox transformation that 

was capable to approximate database to normality. In 

the present study, this procedure, known as Johnson 

transformation, was used to fit these data to Gaussian 

distribution, as Eqs. (2) and (3):  

Amount of intact pellets (%) =  

-1.40849 + 1.10279 × ln[(amount of intact pellets%  

– 74.1136)/(100.313 – amount of intact pellets%)] (2) 

Protein solubility in KOH (%) =  

0.592168 + 1.37685 × ln[(protein solubility in KOH – 

59.9674)/(93.5563 – protein solubility in KOH)]  (3) 

Data were initially analyzed according to the 

original statistical model (Table 2) and then backward 

elimination method was employed to remove 

non-significant factors from the prediction equations 

(Tables 3-6). The resultant models presented R2 values 

close to that of the entire model for amount of intact 

pellet (0.69 and 0.65, respectively, for the entire and 

backward models), PDI (0.88 and 0.85, respectively, 

for the entire and backward models), protein solubility 

in KOH (0.62 for both entire and backward models) 

and degree of gelatinized starch (0.25 for both entire 

and backward models). 

3.1 Thermal Processing 

The feed submitted to conditioning-expanding- 

pelleting treatment returned a greater amount of 

intact pellet and PDI (95.6% and 90.3%, 

respectively), as compared to conditioning-pelleting 

treatment (90.6% and 77.8%, respectively). Similar 

results were observed in previous study done by 

Muramatsu et al. [12], where pellets from 

conditioned feed at 82 °C for 15 s were compared to 

those manufactured from conditioned feed under the 

same parameter and sequentially submitted to 

expander at 110 °C for 5 s. These authors reported 

that the use of expander combined with conditioner 

reduced the amount of fines in pelleted feed up to 

200 g/kg of feed, and PDI was enhanced from 69% 

to 87% when compared to single conditioning. Also 

a survey held in North American feed manufacturers 

indicated that diets processed on expander before 

pelleting when compared to single 

conditioning-pelleting improved pellet quality by 

15%-25% [26]. In these two studies, as the expander 

treatment imposed greater heat transfer and shear 

force to the feed, a higher starch gelatinization and 

conditioning where ended in better pellet physical 

quality. 

3.2 Roller-Die Gap 

Although the differences between pellet physical 

parameters were not extensive, the 0.5 mm roller-die 

gap returned the finest pellet quality (95% intact pellets 
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Table 2  Effect of TP, RDG and PT on the amount of intact pellet (g/kg), PDI, protein solubility (%) and degree of starch 
gelatinization (%) of broiler feeds.  

Parameter 
Amount of intact 
pellet (%) 

PDI (%) 
Protein 
solubility (%) 

Degree of starch 
gelatinization (%) 

Main effects         

TP         

Conditioned-pelleted 90.6 77.8 77.3 27.7 

Conditioned-expanded-pelleted 95.6 90.3 70.0 31.7 

P value < 0.01 < 0.01 < 0.01 < 0.01 

RDG (mm)   

0.50 94.9a 86.3a 76.8a 28.9a 

0.75 91.8b 81.7c 72.5b 29.9ab 

1.00 92.6b 84.3b 72.2b 30.2b 

P value < 0.01 < 0.01 < 0.01 < 0.05 

PT (ton/h)   

18 95.2 85.2 73.6 29.7 

21 93.0 84.9 75.2 29.2 
24 93.0 84.3 74.9 29.6 
27 93.6 83.7 73.6 29.9 

30 93.1 82.2 71.9 29.9 

Regression Quadratic Linear Quadratic - 

P value < 0.01 < 0.01 < 0.01 0.442 

Interactions P value 

TP × RDG < 0.01 0.48 0.61 0.40 

TP × PT 0.12 < 0.01 < 0.01 0.91 

RDG × PT 0.10 0.19 0.09 0.43 

TP × RDG × PT 0.08 0.07 0.67 0.45 

Whole model P value < 0.01 < 0.01 < 0.01 < 0.01 
Whole model adjusted R2 0.69 0.88 0.62 0.25 

Standard error of estimate 0.54 2.48 3.43 3.51 

Residual degree of freedom 194 227 227 227 

TP = thermal processing; RDG: roller-die gap; PT: press throughput. 
 

Table 3  Regression equation for the amount of intact 
pellets adjusted by backward elimination method.  

Amount of intact pellets Y 

R2 0.65 
Model (probability) < 0.01 
Standard error of estimate 0.58 

Factors Probability 

TP < 0.01 
RDG < 0.01 
PT < 0.01 
PT^2 < 0.01 
TP × PT < 0.01 

TP = thermal processing, 1 if expanded and 0 if pelleted; RDG: 
roller-die gap, 1 if 0.50 mm and 0.75 mm and 0 if 1.00 mm; PT: 
press throughput. 
Johnson transformation: Y = 5.53527102 + 1.05412384 × TP + 
0.672848624 × RDG in 0.5 mm – 0.11945324 × RDG in 0.75 
mm – 0.51954367 × PT + 0.010049927 × PT^2 + 0.568866201 
× TP × RDG in 0.50 mm + 0.358661550 × TP × RDG in 0.75 mm. 

and 86% PDI) compared to 0.75 mm and 1.00 mm 

which attained 92% and 93%, respectively, for amount 

of intact pellets, and 82% and 84%, respectively, for 

PDI. The data reported in this experiment differ from 

that found by Miladinovic and Svihus [15]; these 

authors compared roller-die gaps ranging from 0.10 

mm to 2.00 mm, and they reported a significant PDI 

improvement (P < 0.05) achieved with the ultimate 

setting (84.2% and 88.1% PDI, respectively, for 0.10 

mm and 2.00 mm gap). This distinct trend between the 

trials probably is due to the fact that the PDI 

enhancement was a mixed effect of two factors: the 

largest roller-die distance (2.0 mm) which resulted in 

the highest PDI, and a 50% press throughput reduction 

which increased feed passage time in the conditioner 
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Table 4  Regression equation for PDI adjusted by 
backward elimination method.  

PDI Y 

R2 0.85 

Model (probability) < 0.01 

Standard error of estimate 2.78 

Factors Probability 

TP < 0.02 

RDG < 0.01 

PT < 0.01 

PT^2 < 0.01 

TP × PT < 0.01 

Johnson transformation: Y = 87.5373095 + 5.00979842 × TP + 
1.99111396 × RDG in 0.50 mm – 2.6018065 × RDG in 0.75 
mm – 0.39468478 × PT + 0.307804773 × TP × PT. 
 

Table 5  Regression equation for protein solubility in KOH 
adjusted by backward elimination method.  

Protein solubility in KOH  Y 

R2 0.62 

Model (probability) < 0.01 

Standard error of estimate 0.66 

Factors Probability 

TP < 0.01 

RDG < 0.01 

PT < 0.01 

PT^2 < 0.01 

TP × PT < 0.01 

Johnson transformation: Y = -4.3452351 – 3.4130811 × TP + 

0.789244161 × RDG in 0.5 mm – 0.01942882 × RDG in 0.75 

mm + 0.482086779 × PT – 0.01131980 × PT^2 + 0.085241161 

× TP × PT. 
 

Table 6  Statistical mode for degree of starch 
gelatinization adjusted by backward elimination method.  

Degree of starch 
gelatinization (%) 

Regression for PT (not 
significant) 

R2 0.25 

Model (probability) < 0.01 

Standard error of estimate 3.50 

Factors Probability 

TP < 0.01 

RDG 0.04 
 

and also feed retention inside the die channels [15]. 

Interactions between roller-die gap and thermal 

processing were detected for pellet quality (Fig. 1). In 

the conditioned-expanded feed, the amount of intact 

pellets was diminished with increasing roller-die gap 

(98.1%, 95.7% and 94.5% intact pellets, respectively, 

for 0.50, 0.75 and 1.00 mm gap); whereas in single 

conditioned feed, the lowest amount of intact pellet 

was achieved in the 0.75 mm settings (92.8%, 88.7% 

and 91.6% intact pellets, respectively, for 0.50, 0.75 

and 1.00 mm gap). 

3.3 Press Throughput 

The current research identified an impairment of 

pellet physical quality, when press production rate 

was increased. PDI was linearly decreased (P < 0.01) 

from 85.2% to 82.2%, when press throughput was 

increased from 18 ton/h to 30 ton/h. The amount of 

intact pellet showed a quadratic trend (P < 0.01) and 

the values ranged from 95.2% to 93.1% pellets, when 

press throughput varied from 18 ton/h to 30 ton/h. 

These findings are in accordance with Behnke [27] 

and Lowe [14], who mentioned that high press 

throughput is detrimental for manufacturing of stable 

and resistant pellets. In the same way, Briggs et al. [5] 

observed that when the press production rate in a 

specific diet increased from 1,100 kg/h to 1,460 kg/h, 

the PDI of the respective pellets declined from 55.8% 

to 28.6% and the rate of fines raised from 120 kg/h to 

311 kg/h. Finally, Miladinovic and Svihus [15] 

reported a PDI increase (84.7% up to 88.0%), when 

the press yield was scaled down in 50%. 

Both conditioned-expanded and single conditioned 

pellet’s PDI was linearly impaired (P < 0.05) by 

higher press output. PDI slightly changed from 90.7% 

to 89.8% with an increase of production rate from 18 

ton/h to 30 ton/h (Fig. 2). The single conditioned 

treatment presented a more pronounced negative 

effect caused by press throughput. PDI decreased from 

79.8% to 74.6% along the 18 ton/h to 30 ton/h output 

range. Possibly, in the conditioned-expanded feed, the 

higher processing temperature and shear forces 

induced enough chemical changes (starch 

gelatinization, protein denaturation) to compensate the 

minor retention time in the higher output rates. 
 



Effect of Thermal Processing, Press Throughput and Roller-Die Gap on  
Physicochemical Properties of Broiler Feed Pellets 

 

104

 

 
Fig. 1  Interaction of thermal processing and roller-die gap on amount of intact pellets (%). 
Vertical bar denotes 0.95 confidence intervals. 
 

 
Fig. 2  Interaction of thermal processing and press throughput (ton/h) on PDI (%).  
Vertical bar denotes 0.95 confidence intervals. 

                        0.5 mm            0.75 mm           1.0 mm 



Effect of Thermal Processing, Press Throughput and Roller-Die Gap on  
Physicochemical Properties of Broiler Feed Pellets 

 

105

 

3.4 Protein Solubility in KOH 

Protein solubility in KOH of mash feed samples 

collected before thermal processing had an average 

value of 78.8% and decreased after feed exposure to 

heat treatment. As expected, protein solubility loss 

was evident in conditioning-expanding-pelleting 

treatment (70.0%), whereas in conditioning-pelleting 

treatment, the damages were the minimum (77.3%). 

Muramatsu et al. [12] also described reductions in 

protein solubility when diets were submitted to 

thermal processing. These authors compared 

conditioning-expanding-pelleting, where feed was 

firstly conditioned at 82 °C for 15 s and then 

expanded at 110 °C for 5 s, with 

conditioning-pelleting process, and observed a greater 

loss in the expander than in single conditioning 

(64.5% versus 68.6% protein solubility in KOH). In 

accordance to these two studies, when soybean meal 

was expander treated at 130-136 °C, the protein 

solubility in KOH decreased from 81% to 64% [18]. 

Protein solubility was also reduced (P < 0.01), 

when roll-die gap was increased from 0.50 mm to 

0.75 mm or 1.00 mm (means were, respectively, 

76.8%,  72.5% and 72.2% for the crescent 

distances). Miladinovic and Svihus [15] mentioned 

that as the roller-die distances increase, the multiple 

layers of feed allocated in this space increase the 

coefficient of friction between the die and the feed. 

Also, the authors pointed out that larger roller-die 

distance results in a pressing angle, which maximize 

the pressure over the feed entering the die channels. 

This combination of pressure and friction may have 

generated extra heat which denatured the dietary 

proteins.  

3.5 Starch Gelatinization 

Mean starch content of the samples was 491.3 g/kg 

of feed. The samples of mash feed collected at the 

mixer discharge, previous to thermal processing, 

already presented 10.9% gelatinized starch. These 

findings are in accordance to data reported by 

Muramatsu et al. [28]. Once cereals grains, after 

harvest, are frequently submitted to hot air drying in 

order to achieve appropriate moisture content for 

storage, starch granules may get some starch 

gelatinization. Malumba et al. [29] and Yang et al.  

[30] reported that when starch granules were 

submitted to hot air above 80 °C, the thermal 

processing led to starch granules swelling and weaken 

Maltese crosses, suggesting the occurrence of starch 

pre-gelatinization. 

In the present study, the expander induced a higher 

(P < 0.01) starch gelatinization rate (31.7% of total 

starch was gelatinized) when compared to single 

conditioning (27.7%). Goelema et al. [31] and 

Muramatsu [28] also verified that expander treatment 

promoted larger gelatinization rate of dietary starch 

regards to single conditioning. The roller-die gap 

evaluated in this study also affected rate of starch 

gelatinization. Feed processed with 1.00 mm roller-die 

distance presented 30.2% of gelatinized starch, which 

were significantly greater (P < 0.05) than the 28.9% 

starch gelatinization rate observed with the 0.50 mm 

gap. The stronger pressure and friction rates generated 

by wider roller-die gap may have intensified starch 

granules disruption. 

4. Conclusions 

This study indicates that conditioning-expanding- 

pelleting treatment, narrower roller-die gap and 

reduced press throughput are effective strategies to 

enhance pellet physical quality. Protein solubility in 

KOH was decreased and starch gelatinization rate was 

enhanced, when feed was submitted to expander 

process. The wider roller-die gap may increases 

coefficient of friction and pressure force over the feed 

prior its entry to die channel, which increases starch 

granules disruption (higher starch gelatinization 

degree) and protein denaturation (lower protein 

solubility in KOH). 
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