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ABSTRACT: Vacuum dehydration technique (VDT) is known as a rapid evaporative technique for 
moist and porous solid products. Known advantages of VDT is short processing time, extension of 
products shelf life and improvement of product properties related to quality and safety issues. In this 
study, animal feed wheat-based diets with different particle size distributions, ground by hammermill, 
through 1, 3 and 5mm screen size was manufactured through different pellet-die hole diameters (2, 
3.5 and 5mm). Moisture was removed by traditional air dehydration technique (ADT) or VDT. Measur-
ing the dry matter was done immediately after the dehydration of feed pellets. Pellet durability index 
(PDI %) and hardness analysis were done 30 days after the dehydration. Successive dynamics of 
water loss was performed better while using the VDT compared to ADT where VDT appeared to reach 
the industrial moisture equilibrium much faster. It was not observed a clear pattern of influence on 
dehydration efficiency of different feed structure represented by particle size distribution. The volume 
increase of the product confirmed to have negative influence on moisture removal from feed pellets 
when conventional ADT was subjected whereas no clear outline was confirmed for VDT. This explains 
that increase of feed pellets diameter can limit the moisture removal for both, VDT and ADT. The VDT 
has demonstrated positive influence on PDI when compared to traditional ADT. Pellet hardness analy-
sis didn’t show clear influence of the different dehydration techniques on manufactured feed solids.  
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INTRODUCTION 
At a given temperature and pressures, molecules of the moist solids vibrate in a random and 
chaotic way and the water molecules are getting easily released from solids in the gaseous 
state. At a rate that depends on temperature and the state of binding at the surface, water 
molecules may break their bonds, leave the solid surface and enter the gaseous phase 
(Chambers et al., 1998). In porous feed solids, an internal mass transfer may occur through 
the solid part or within the void spaces (Karel, 1975). Dehydration technique (DT) used on 
feed solids differs by the heat transfer properties.  Moisture-containing solids can be dehy-
drated by subjecting them to reduced pressures, better known as the vacuum. Vacuum 
treatment can be defined as an act to reduce the density of a gas in a vessel to a value ade-
quate for its planned purpose. First known commercial vacuum product dehydration was per-
formed in 1948 for reducing field heat of lettuce (Thompson and Rumsey, 1984). All recent 
research advances have confirmed that vacuum technique is a method to shorten processing 
time and improve product quality (Zheng and Sun, 2004).  Many factors affect the speed and 
efficiency of the product being dehydrated by vacuum technique. These factors are: the sur-
face area exposed to the atmosphere (Do et al., 1999), specific heat of the product prior the 
dehydration (Haas and Gur, 1987), density (Cheyney et al., 1979; Krokida et al., 2000) as 
well as porosity (McDonald and Sun, 2001a,b; Tsami and Katsioti, 2000) and particle size of 
the product (Krokida et al., 2000). 
Different moisture removal rate between conventional ADT and VDT is caused by differences 
in dehydration mechanisms (Sun and Wang, 2000). Air dehydration is principally achieved 
through heat transfer (conduction and convection), while vacuum dehydration is managed by 
mass transfer, or water evaporation in the micro pores and at the surface of the product. 
Vacuum dehydration is caused by pressure difference between the saturation pressure on 
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the walls of the micro pore and diffusion of water vapor through the pore spaces to the sur-
face of the moist-solids and surrounding atmosphere (Wang and Sun,  2002b).  In VDT the 
porous structure plays important role in determination of water evaporation (Zheng and Sun, 
2004). Important factor in VDT is that a manufactured solids are being dehydrated in con-
trolled atmosphere which gives advantages as prolonging the shelf life (McDonald and Sun, 
2000). The steam is the important ingredient for manufacturing the animal feed, among the 
other reasons because of the given hydrogen bonds which are connecting various particles 
of mixed ingredients with the help of adhesion process (Kinlock, 1987). Moisture content and 
its type play an important role in these processes (Behnke, 2001). Close contact between the 
wetting adhesive molecules (water) and the solid surface of the feed mash particles give rise 
to attractive forces known as physical intermolecular interactions (Van der Waals forces). In 
this way different size of macromolecules in the feed solids inter-diffuses and creates an in-
terpenetration layer in the capillary microstructure capable to bear mechanical load (Possart, 
2005). In such microstructure there are some driving forces for the mass transfer of water 
molecules defined as pressure gradients and capillary forces. The exchange of a gas or liq-
uid in vacuum environment is driven by a pressure difference (Fito and Chiralt, 2000).  
Moisture removal by VDT presumably can decrease the time for such requiring operation in 
the feed production. Moisture removal from feed pellets in vacuum environment can influ-
ence positively on intermolecular bonding, thus assumable better physical properties of the 
feed pellets might occur. The exhaust air from cooler and dryer used in the feed industry is 
usually highly contaminated with fine powder carry-over which must be run through a cyclone 
separator to recover the carry-over and also an exhaust air filter in order to reduce the air 
pollution to an acceptable level. This can potentially create an unstable product quality. With 
the VDT these problems can be avoided. Advantages of the animal feed dehydration by VDT 
might meet the quality control requirements much easier than ADT. So far, no detailed exper-
imental study has yet been done for determining the influence of VDT on the quality of feed 
solids and its final moisture. The current experiment was undertaken to test the assumption 
that different texture, volume and surface area of the animal feed products have an influence 
on the moisture removal and the physical quality by VDT and ADT.  
 
MATERIAL AND METHODS  
Nine feed experimental diets were produced by pelleting technique at the Center for Feed 
Technology (Fôrtek) at the Norwegian University of Life Sciences (UMB), Ås, Norway. Major 
feed ingredient in the experimental feed formulation was wheat and the formulation was typi-
cal broiler feed diet. Wheat was milled in Bliss hammer mill (Bliss Industries, Inc. Oklahoma 
U.S.A. Model E-22115-TF) fitted with 1, 3 and 5-mm screens with the constant energy con-
sumption of 15 amps. The hammermill chamber was equipped with two screens and was 
driven by 18.5kW electric motor with a rotational speed of 3000 rpm. Air was sucked through 
the hammermill screens by the speed of 7.2 m/s with the use of a Jesma Co (Sprout Matador 
A/S, Esbjerg, Denmark) fitted with a type DFC filter. Mixing of all experimental diets was 
done in a twin-shaft paddle mixer Dinnissen (Pegasus Menger 400 l, Sevenum, Holland) for 
180 seconds. Prior to production, apparent bulk density of a mash was measured by filling up 
the mash in 1000 ml beaker by the free fall, in order to ensure the same production output 
(table 1). The production output for all the diets was 1100 kg/h. The temperature of the feed 
mash prior production for all diets was 20 ℃. The feed-mash was conditioned for 30 seconds 
prior pelleting. Conditioning temperature was 75°C (± 1 °C) in a continuous conditioner with 
the steam produced at 5.4 bars and 153.23°C by fire -tube boiler (Peder Halvorsen A/S, Nor-
way, No. 18388, 1997, Model: PH Kvikk-600 kg/hr, max.10 bar) and steam pressure regulat-
ed down to 2.5 bar by steam regulating valve (Gestra 1,1 – 10 bar, AG type 5801, F-340, 
Bremen, Germany) prior pelleting process. The ring-die pellet press (Munch Wuppertal, 
Germany, 1.2 t/h, 2×17.5kW, RMP350.100) was used. The die hole diameter of the pellet 
dies used for the experiment was 2, 3.5 and 5 mm. Rolls distance from the die inner-surface 
was set on 1mm for all the dies used for this experiment. Pellet length and diameter was set 
proportionally to pellet diameter (table 1).  
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Table 1, Feed pellet length, diameter, sieve size used before and after holmen durability analysis and 
the feed mash densities 

Pellet  Sieve size used before & after                              Feed mash  

diameter Pellet length  Holmen durability analysis¹     milling particle size and densities (HM- hammermill)                 

      (mm) (mm) (mm)                                      (kg / liter) 

2 8 1,6 HM 1mm  - 0,59; HM 3mm  - 0,61; HM 5mm  - 0,68 

3,5 14 2,8 HM 1mm - 0,59; HM 3mm  - 0,61;  HM 5mm  - 0,68 

5 20 4 HM 1mm  - 0,59; HM 3mm  - 0,61; HM 5mm  - 0,68 
¹ Pre-sieving of all the experimental pellet samples was done to give us precise weight of pellets without any dust, thus more 

precise results for holmen durability analysis. Sieving was run for 30 seconds with vortexing amplitude of 1.5 mm prior and after 

the holmen durability tests. The size of the sieves for pre and post holmen durability analysis sieving was chosen upon the pellet 

diameter.    

 
Figure 1, The schematic diagram of the research vacuum moisture removal apparatus:  
(1) Pressure release valve (2) Vacuum chamber (3) Pressure control valve and barometer, (4) Steam condenser, (5) Air filter, 
(6) Vacuum pump  

Two different DTs, VDT and ADT, were used immediately after the production of feed pellets. 
Conventional air flow (ADT) was used for all the diets with the same volume of feed pellets in 
the batch coolers (UMB - Center for Feed Technology, Ås, Norway). The average air speed 
in the batch coolers was 1,5 m/s created by the fan (W2E 300-DA 01, W-160) with the air 
volume capacity of 2550 m³/h. For moisture removal by VDT the research vacuum moisture 
removal apparatus (figure 1) was used. In the vacuum chamber a residual pressure of 200 
mbar was used. A preset heated vacuum chambers wall had a temperature of 75 ºC for all 
the diets in order to avoid condensation of water on the vacuum-chambers inner-walls. Tem-
perature was measured by digital thermometer (Arnitsu-M, HA-250k; Arnitsu meter co.ltd., 
Japan).The dwell time for dehydration of the feed was five minutes for all the diets and both 
DTs. After the moisture removal by VDT the vacuum pump was switched off and the air was 
re-admitted into the chamber very fast in order to avoid the back-return of any potential re-
maining condensate from chamber into the pellets. For ADT the air flow was stopped by 
switching off the fan. All experimental representative feed pellet samples were placed into 
the sealed plastic bags and stored immediately on the constant temperature of -18°C for 30 
days prior the analysis. Dry-matter analysis was performed in the oven (Termaks) with the 
standardized procedure (EU 71/393). Thereafter, duplicate samples were weighed, and the 
differences between the wet and the dry weights were given as calculated mean for moisture 
level. Durability of pellets was measured using the holmen durability tester (Holmen Chemi-
cal Ltd., Borregaard Group, Norsolk, UK), where 100 g of pre-sieved feed pellets, without any 
dust, were conveyed pneumatically in a closed circuit for 60 s, followed by sieving through a 
sieve size chosen proportionally to feed pellet diameter (table 1). PDI (%) was recorded as 
the proportion of feed not passing through the given sieve size after the stress applied by 
holmen tester. Durability test was run as duplicate. Hardness analyses defined as the maxi-
mum force needed to crush a pellet were performed by Kahl cylinder tester. Methods have 
been described in detail by Thomas and Van der Poel (1996). The uniformity of feed pellets 
ready for the analysis (30 per sample) was recorded with an electronic digital caliper (Würth 
0-150mm) before the hardness analysis. The experimental data were partially subjected to t-
test analysis to examine possible effects of the dehydration methods on the responses, feed 
moisture and the physical pellet properties. Software used for descriptive and inferential sta-
tistics was SAS (SAS Institute Inc., 1999). Significant differences between treatments were 



 

4 
 

determined by using the GLM procedure, LSD t-test. The Unscrambler (CAMO Software AS, 
Norway) was used as a tool for complete multi-factorial data analysis to examine possible 
effects and interactions between the production factors on the responses as well as an inter-
actions between the responses. 
 
RESULTS AND DISCUSION  
Comparison of the results obtained from usage of different DTs and its influence on physical 
properties of feed pellets with the results from the literature was difficult due to differences in 
product composition, production technology, treatment and the structure of the product.  
 
Influence of the feed structure, DT and volume of t he feed pellets on dehydration rate 
and physical quality of feed pellets 
No notable changes were seen in process parameters during the feed production to rational-
ize the differences in moisture content and PDI for all the diets. That should be addressed to 
experimental production parameters as pellet diameter, length, particle size distribution and 
DTs. 
The dehydration rate during the ADT is initially dependent on the evaporation rate of un-
bound water at the surface of the feed solids where water needs to diffuse between the feed 
particles to its dry surface in order to be removed. Yet, during the VDT critical moisture con-
tent was easily reached in the vacuum conditions where the moisture loss was balanced 
within the entire volume of the product. This has shown that dehydration in vacuum condi-
tions is faster while at the atmospheric pressure and air flow slower. Results presented in 
table 2 and figure 2 shows that the DT has major influence on moisture removal. 
Milling with the hammer-mill and the screen size-set of 1, 3 and 5 mm showed to have 
different particle size distribution with the major particle size mean between 0.2 and 0.5 mm. 
The mobility of water in feed pellets is shown to be dependent of the pore structure and that 
is in agreement with Van Brakel and Heertjes (1974) (table 2). The mechanism of DT during 
VDT showed to be influenced by the difference in particle size distribution and larger pellet 
volume. However, a clear pattern for ADT was not observed. For more dense feed pellets, 
with small void space between the particles (HM 1mm) the quantity of water, existed as the 
vapor which takes part in diffusion, showed better results than in less dense feed pellets (HM 
3 and 5mm). That is not in correspondence with findings from Waananen and Okos (1996). 
In 5 mm pellet diameter no clear difference was observed between particle size distribution 
obtained by grinding through 5 mm and 1 mm hammer mill screen. Possible reason for this 
might be an unstable steam quality while feed mash was conditioned hence different 
adsorption between the particles.  
 
Table 2, Influence of dehydration techniques on moisture content and physical properties in the feed 
product 5 minutes after dehydration (means and p values) 

Test name ¹ 
2mm 
HM 1 

2mm 
HM 3 

2mm 
HM 5 

3.5mm 
HM 1 

3.5mm 
HM 3 

3.5mm 
HM 5 

5mm 
HM 1 

5mm 
HM 3 

5mm  
HM 5 

   Product moisture (%),VDT 11,5 11,61 11,8 12,43 13,03 13,34 13,6 12,67 13,58 

   Product moisture (%), ADT 12,44 12,49 13,25 13,49 13,54 13,7 13,25 12,92 13,51 

   Moisture (%) – p-value, ADT VS VDT 0,002 0,035 0,011 0,003 0,018 0,049 0,75 0,108 0,431 

   ² PDI %, VDT 91,79 89,3 91,11 93,22 91,67 84,69 90,42 85,5 78,83 

   ² PDI %, ADT 89,6 86,13 88,12 92,08 89,6 82,7 89,13 83,31 72,77 

   ² PDI % - p-Value, ADT VS VDT 0,041 0,015 0,0001 0,022 0,0001 0,026 0,046 0,043 0,01 

   Hardness (kg), VDT 3,32 3,33 3,3 5,11 4,84 4,16 7,71 6,17 6,05 

   Hardness (kg), ADT 2,67 3,09 3,09 4,95 5,03 4,2 7,07 5,8 4,93 

   Hardness (kg) p-Value, ADT VS VDT 0,002 0,108 0,347 0,748 0,687 0,944 0,074 0,299 0,477 
PDI and moisture means are derived from the diet and its replica statistically analyzed (P<0.01) in a GLM procedure - LSD t-test  

¹ 2.5; 3.5 & 5 mm indicates the pellet diameter 

¹ HM 1, 3 & 5 indicates hammer mill grinding with the screen hole size of 1, 3 & 5 mm   

² PDI (%) indicates Pellet Durability Index % (a predictor of pellet fines produced during mechanical handling) 
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Figure 2, Unscrambles Partial Least Square (PLS) I regression. The DT (Dehydr_m) shows the great-
est influence on diagonally positioned moisture (Moist) when compared to other factors.  

 
Figure 3, Unscrambles Partial Least Square (PLS) II regression test with jack knifing. The black rings 
not positioned in the same squared field in the figure assign what factors are influencing moisture and 
PDI. No influence of products moisture content on PDI %. 
 

As Xiong et al. (1991) have postulated, the binding energy at high moisture levels is small 
and increases as the moisture content decreases. Since moisture was removed faster with 
VDT this can partially explain the enhanced physical properties of feed pellets dehydrated by 
vacuum. In order to acknowledge that moisture did not have any influence on PDI, partial 
least square regression II test with jack knifing was performed (figure 3). The Unscramblers 
model for X-variable (dehydration technique, milling, pellet diameter, interaction between 
particle size distribution and pellets diameter as well as dehydration method and diameter) 
was used against both outputs, PDI (%) and moisture (figure 3).  Durability of feed pellets 
showed to be positively influenced by DT or precisely, when VDT was applied (table 2, figure 
3). This can be explained by allowance of rapid transfer of moisture in the gaseous state to 
vacuum environment where structural collapse is prevented as suggested by Lin et al. 
(1998). During the ADT the increase of porosity was supposedly influencing on weakening 
the inter-particle links inside the feed pellets. Considerably better durability of feed pellets 
after using the VDT presumably can be explained by rapid decreasing of the moisture 
content where vapor is no longer in equilibrium with the liquid and the rate of vapor 
desorption becomes rate-controlling which is a consequence of high binding energy at low 
moistures. Second assumption is that polymerized network among the feed nutrients and its 
complexes were set by VDT from chaotic into the organized network. Therefore the greater 
durability of feed pellets was observed. This phenomenon was explained by Bistac and 
Galliano (2005), when the arranged network increases, macro-friction decreases due to 
chain orientation phenomena. Therefore, the effects of elastic contact and bulk dissipation 
are minimized and the interfacial adhesive behavior of feed components is magnified. 
Molecular orientation during the adhesive interactions at the surface must be mentioned, 
where the cracks on pellets might be recovered by VDT and hence better physical properties 
achieved through formation of attractive properties within the cracks in the polymerized feed 
structure.  Also, better physical properties occurrence by usage of VDT might be explained 
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on the molecular level where the adhesion on polymer fiber interface can be improved by 
static generation of the low-stress matrix, which will all potentially lead to high-bond strength. 
Considering that the durability of pelleted feed was increased by VDT, it can be concluded 
that vacuum has assisted mechanical and chemical adhesion of feed components after the 
pelleting process with dispersive (van der Waals) forces and diffusive adhesion where the 
surface pressure of the liquid vapor was decreased and surface energy increased. On the 
other side, the physical properties defined by hardness analysis didn’t seem to be influenced 
by DTs when statistically analyzed by LSD t-test derived from the GLM procedure.  
 
CONCLUSIONS AND SUGGESTION 
Shown results indicate that a VDT can be used for the moisture removal from the animal 
feed pellets. The advantages of VDT are several. Most important is that a feed product can 
be dehydrated in shorter time. VDT has already demonstrated to provide many benefits to 
the food processing industry as shortening product hold up time, increasing production 
throughput, reducing energy consumption and minimizing microbial growth. Furthermore, 
unlike conventional air flow dehydration, by using the VDT it is easier to remove large propor-
tions of water molecules in the short time span, which makes itself a much more advanta-
geous method for products of high water content, especially in the extruded fish feed and pet 
food. After the extrusion the fish feed is subjected to the high air temperatures for a short 
time where the thermo-labile components with the excess water content, as astaxanthin, and 
vitamin E would be damaged. VDT might be used here as a hybrid DT composed of com-
plementary drying which donate advantages of dehydration of extruded fish pellets on lower 
temperatures where anti-oxidative components can be preserved. In addition to the above, 
the VDT is a more hygienic process since the air goes only into the chamber at the end of 
the cooling process when the chamber is open to release vacuum, thus the hazardous mate-
rial level can be diminished. As VDT is carried out in a static state, there is no mechanical 
load thus damage as in some other DTs. Regarding the apparatus for VDT, the vacuum 
chamber should include some mixing equipment for rearranging the position of product in 
order to prevent uneven product dehydration. The chamber must not allow condensation of 
water on its interior and that’s why should be heated. In case of feed pellets, such condensa-
tion can cause the product to be unevenly dehydrated. High share mixing can damage the 
product being dehydrated, therefore slow speed twin-shaft mixing elements should be set in 
the vacuum chamber with the evaporator. However, modeling of VDT for the feed pellets is 
still largely unexplored and requires further research. Optimal method should be selected 
according to a few factors, such as: the economy, convenience, utilization of equipment, op-
erating conditions, personal preference and product requirement. The cost of VDT is compa-
rable with the cost of other DTs even though the initial capital investment might be high. The 
VDT might make a significant contribution to better quality and easier feed manufacturing. 
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