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Abstract. In this paper a kinetic study is performed on the drying process 
of beet pulp with additions of macro-elements (Ca2 +, Mg2 +, PO4

2 +) from 
hydrated lime, hydrated dolomite lime, phosphoric acid and microelements 
(Co2 +, Zn2 +, Fe2 +, Mn2 +), with the purpose of obtaining premixes with 
substantially improved value for animal feed. The experimental 
measurements made served to elaborate the mathematical model by means 
of which the speed with which the drying process is carried out is 
described, thus being able to calculate the stationing time of the material in 
the dryer. The equations for calculating the stationary time of the material 
in the dryer can be used for designing dryers (sizing them). 

1 Introduction 

The technological process of sugar production from beet processing has as a by-product a 
fibrous material (pulp) which represents about 5 % from the processed quantity of beet [1, 
2]. This pulp could be used as valuable fodder with high energy potential and increased 
efficiency in feeding animals, especially ruminants: milk cows of high productivity, bulls 
and rams that are intensively fattened. 

From the point of view of energy, the nutritional value of the sugar beet pulp is 
comparable with that of good quality hay with the mention that its assimilation is much 
easier and of high efficiency that can reach 90-95 % [3]. 

From a chemical point of view the pulp resulting from the technological process of 
sugar production is a macromolecular complex of the beet cellular membrane, composed of 
protopectin which under the influence of pectolytic enzymes from the digestive system is 
easily hydrolysed both in an acidic and alkaline medium in the intestinal tract of animals. 

As a result of the process of hydrolysis the protopectins are transformed into pectinic 
acid and polypectins, products of low molecular mass, water soluble, that are absorbed 
easily and quickly [4, 5]. Another significant feature which recommends the use of pulp in 
the feed ration of animals is the high fiber content, 200-240 g/kg DM, material of good 
absorption capacity and ionic exchange, thus contributing to the adjustment of the Ph in the 
digestive tract of animals, [6]. On another hand, both the beet and the pulp represent major 
sources of protein, 150-160 g/kg DM, minerals: P-0.9 g/kg DM, K-4.8 g/kg DM, Na-
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0.4 g/kg DM, Mg-2 g/kg DM, Ca-(9-10) g/kg DM and vitamins: biotin 10-50 mg/kg DM 
important for animal health [7-9]. 

The nature and chemical structure of carbohydrates and the other compounds from the 
composition of sugar beet pulp allows their easy transformation into useful compounds that 
have a positive effect on milk production and determine an increase in fat content of 8-
11 % [10]. Direct metabolization of the pulp into useful compounds achieves a noticeable 
reduction in green-house gases (CO2 și CH4) produced during digestion by the ruminants, 
which is a phenomenon with a positive impact on the environment. [5, 9, 11, 12]. 

Introduction of beet pulp or beet in animal feed is a very topical issue even if this is not 
a new concept. The economic efficiency of beet pulp is also due to the shorter vegetation 
cycle compared to that of cereals (wheat, barley etc). 

The beet is a plant that adapts easily to osmotic pressure, so it can be cultivated in high 
alkalinity soils, which not only doesn’t damage, but increases production which can reach 
80 t/ha (15-17 t/ha DM) successfully replacing some cereals in the feed of ruminants and 
also swine [13]. 

Although both beet pulp and beet are highly efficient in animal feed, they cannot be 
stored for longer periods of time, because a higher water content determines a higher 
perishability. To eliminate this drawback, it is necessary to process them before storage in 
such a way that they will maintain their nutritional properties for longer. In practice this 
problem can be solved by reducing the humidity (drying) to a water content of 8-12 %, at 
which value the products do not spoil any more. 

Another factor that requires drying the beet pulp with the purpose of long-term storage 
is given by the seasonal nature of operation of the sugar factories, from which, in 
comparatively short periods of time, large quantities of pulp are obtained that cannot be 
used completely at the time of production [14-17]. 

To increase the efficiency of beet pulp used in animal feed, it can be combined with 
macro-elements (Ca2+, Mg2+, PO4

2+) and micro-elements (Co2+, Zn2+, Fe2+, Mn2+). For 
example, an addition of calcium is very important especially for high productivity milk 
cows which need a daily amount of 70-100 g of calcium, a quantity that cannot be provided 
only from feed [18]. 

It is desirable that the addition of macro-elements should be in the form of compounds 
that can be easily assimilated. Thus, the addition of Ca2+, Mg2+, PO4

2+ as lime and hydrated 
dolomitic lime to the beet pulp before drying leads to creation of organo-mineral 
compounds, from which the assimilation of macro-elements is superior to carbonates. 
Ensuring the requirements of micro-elements (Co2+, Zn2+, Fe2+, Mn2+) is achieved by 
adding ionic salts, respectively as sulphates (MnSO4, ZnSO4, CoSO4, FeSO4). 

In this paper we conducted a kinetic study of the influence of temperature and additions 
of lime, hydrated dolomitic lime, H3PO4 and micro-elements on the speed of drying. The 
experimental measurements taken have been used to develop a mathematical model which 
can be used to describe the speed of the drying process and calculate how long the material 
should stay in the drier when the process takes place in the temperature interval 60-95 ℃. 

2 Materials and methods  

The experimental study was performed with beet pulp resulted from technological process 
of sugar production from TEREOS-LUDUS-ROMANIA. As source for Ca2+ ions, hydrated 
lime obtained from industrial lime hydration was used. Mg2+ ions were added in the form of 
hydrated dolomitic lime prepared in laboratory by calcination at t = 850 ℃ of the 
VOLȘLOBENI dolomite followed by hydration. The source for PO4

3+ ions was phosphoric 
acid (H3PO4) -85% P.A. from the supplier NORDIC-CHEMICALS CLUJ. The micro-
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elements Co2+, Zn2+, Fe2+, Mn2+ were added as sulphates, sulfuric acid salts of P.A. quality,  
from NORDIC-CHEMICALS CLUJ. 

The study of drying process was carried out with the AXIS-100 moisture analyzer with 
0.01% humidity accuracy and maximum working temperature 160 ℃, the heat input 
required to evaporate the moisture is achieved by means of two halogen lamps, with which 
the moisture analyzer is provided. Also, this analyzer has an automatic temperature control 
system and a software for automatic measurement at predetermined time intervals of the 
sample mass. The software allows the collection and storage of measured values on a PC 
connected to the moisture analyzer.  

The samples composition is presented in Table 1. 

Table 1. Composition of samples subjected to drying in relation to the dry matter 

Sample 
Organic part 
quantity [%] 

CaO MgO P2O5 
Micro-

element PPP 
P0 – Raw pulp 18.7 - - - - 
P1- Raw pulp+lime+ dolomitic lime 65.63 28.5 5.85 - - 

P2 - Raw pulp+lime+ dolomitic lime + 
H3PO4+micro-elements 

61.5 23.2 5.5 9.8 

Co=1.2 
Zn=2.1 

Cu=0.15 
Fe=1.5 

Mn=0.25 

The influence of temperature on the drying speed of the samples was studied in the 
range 60-90 ℃ for a thin layer of material 

3 Results and discussions 

Knowing the laws according to which the complex drying process takes place allows to 
find the optimal solution of the engineering problems regarding the selection and sizing of 
the dryer and the drying process automatization. Establishing the laws that shows the 
evolution in time of a certain process, physical or chemical, can be done by theoretical 
modeling or empirical modeling  

Theoretical modeling, which implies the knowledge of the kinetic equation of  studied 
phenomenon, is difficult to achieve for the drying process due to the large number of 
parameters that influence the drying speed, the multitudes and complexities of the 
phenomena that form the global process (internal and external diffusion of water vapor, 
thermal transfer, etc.) as well as due to the fact that the mechanisms by which this process 
is carried out may change during the course.  

Considering these reasons, in the case of solids drying, empirical modeling is used, that 
involves experimental measurements, performed under conditions similar to those of 
industrial practice, whose numerical values will be correlated in a kinetic equation [19-21]. 

Experimentally, the drying process with constant air parameters on the surface of the 
material is studied. The experimental values regarding  the variation in time of the sample 
mass are processed in the form of drying curves, which reproduce the variation in time of 
the material moisture content. 

The analysis of  results, figure 1, shows the influence of the temperature on the time 
required for the total humidity removal, presented in table 2. 

The strong influence of temperature on the time required for total elimination of 
humidity is manifested for all three samples. Significant decrease, 40-44 %, of the time 
required for total  removal of humidity at temperatures higher than 85 ℃, especially in the 
case of P0 sample, is determined by the modification of the porous structure of the material. 
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Fig.1. Variation in time of moisture content at temperatures: 60; 70; 85; 95 ℃ 

 

Table 2. The time required for the total removal of humidity 

          Temp, [℃] 
Samples           

Time [s] 
60 70 85 95 

P0 5500 3700 2800 2300 
P1 4000 2650 2100 2100 
P2 3600 2650 2100 2100 

 
At temperatures higher than 70 ℃ the cell walls of the pulp are broken and with this the 

micropores disappear, turning into macropores, in which the humidity is retained with 
lower forces, the desorption of vapors and diffusion through the crust towards the outer 
surface becoming easier. At low temperatures, the microporous structure of the pulp from 
which water vapor diffuses harder is maintained. 

The results in Figure 1 and Table 2 show, on the other hand, the strong influence of 
micro- and macro-element additions. The additions, even at low temperatures, cause the 
pulp's cell walls to rupture, leading to a substantial reduction in the time required for total 
removal of humidity. In the case of the sample in which besides lime and dolomitic lime, 
H3PO4 and microelements were added, the breakdown of the cell walls and the 
modification of the porous structure occurred mainly at 60 ℃, which is why the influence 
of the temperature is less pronounced above this temperature threshold.  
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3.1 Mathematical modeling 

Due to the reasons stated above, theoretical modeling is difficult to approach. To describe 
the rate of moisture removal, the empirical models presented in Table 3 will be used. 

Table 3. Equations of proposed empirical models for drying speed of a thin layer of material 

Model name Model References 
Newton  MR=exp(-kt) [22] 

Page MR=exp(-ktn) [22] 
Modified Page MR=exp[-(kt)n] [22] 

Henderson and Pabis MR=a∙exp(-kt) [23] 
Logarithmic MR=a∙exp(-kt)+c [24] 

Two term MR=a∙exp(-k0t)+b∙ exp(-k1t) [25] 
Two term exponential MR=a∙exp(-k∙t)+(1-a)exp(-k∙a∙t) [26] 

Wang and Singh MR=1+at+bt2 [27] 
 

 

    
 

    
Fig. 2. Comparative values of  drying speed resulted from experimental measurements with those 
calculated based on the proposed model 

 
Validation of the empirical models proposed in Table 3 and their transposition into 

mathematical models of beet pulp drying process implies identification of the coefficients 
in the proposed equations. 

Using the finite differences method, the experimental results, Figure 1, regarding the 
variation in time of humidity content were used to determine the drying speed and its 
variation over time. 

Verification of the empirical models showed that the two-term model represents very 
well the experimental measurements on drying speed. 
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The mathematical processing of the experimental results that shows variation in time of 
the drying speed led to the numerical values of the constants K and A, presented in Table 4. 

Table 4. Numerical values of coefficients K and A of the two-term  model 

Constants              T[℃] 
 Sample  

60 70 85 95 

1 
P1 1.09 1.89 3.98 4.54 
P2 0.977 1.94 3.16 3.31 

K2 
P1 5.36 8.85 10.07 12.3 
P2 7.45 8.41 9.81 10.3 

A1 
P1 6.29 6.77 7.28 7.3 
P2 6.21 6.59 6.98 6.96 

A2 
P1 8.97 9.89 9.23 9.62 
P2 10.03 10.02 9.33 9.90 

 
The verification of the proposed model by means of the constants K and A shows that at 

humidity of the material greater than 90 % (± 1.5 %) there is a modification of the 
mechanism after which the process is carried out. Thus, two zones are distinguished: the 
first zone which lasts for a period of time until approx. 90 % of the moisture contained in 
the pulp is eliminated. During this period the drying process is carried out at a speed 
corresponding to the values K1 and A1 of the proposed model with the duration τ1. The 
second zone corresponds to the elimination of approx. 10 % of the moisture of the pulp. 
This area is characterized by the K2 and A2 values of the proposed model and corresponding 
to a time duration τ2. The time required to eliminate the total humidity, representing the 
sum of the time for the both zones. 

By comparing the results of the experimental measurements of the drying speed with 
those calculated on the basis of the proposed model (Figure 2), a good agreement is 
observed throughout the studied temperature range. 

Determining the time required to remove the humidity at temperatures other than those 
at which the experimental measurements were made implies establishing the temperature 
dependence of K coefficients of the mathematical model. The mathematical processing of 
the numerical values in Table 4 led to the equations in Table 5. 

Table 5. Calculation equations for constants K and A as function of temperature in range 60-95 oC. 

Sample 
Calc. eq.of constant K Calc. eq.of constant A 

K1  η=0-0.9 K2  η=0.9-1 A1  η=0-0.9 A2  η=0.9-1 
P1 K1=1.09+0.098ΔT K2=5.36+0.2ΔT A1=6.29+0.029ΔT A2=1.09+0.098ΔT 
P2 K1=0.977+0.0661ΔT K2=7.45+0.074ΔT A1=6.21+0.0214ΔT A2=9.82 

where: ΔT=Ti-60   
Ti – working temperature [℃] in the range 60-95 ℃ 

In order to establish the calculation formulas of the necessary time of stationing of the 
material in the dryer, so that its humidity decreases from the initial value Xi to the final Xf, it 
is based on the equation that shows the moisture content of the material, Cu, depending on 
the degree of its removal η 

𝐶 = = =
( )

                          (1) 

where:  
Mi, Mf – the initial and final humidity of the material [kgH2O/kg DM] 
η – degree of humidity removal 
m- mass of dry material [kg] 
Cu- humidity content of the material.  
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By combining Equation 1 with the corresponding ones in Table 5, we obtain the 

relations that allow determination of the time of stationing of the material in the dryer for 
temperature values in the range 60-95 ℃.  

 
( )

= 𝜏 + 𝜏                                                    (2) 

where:       τ = 𝐴 ∙ 𝑒  
τ = 𝐴 ∙ 𝑒  

4 Conclusions 
The kinetic study on drying process of beet pulp showed that the addition of Ca2+ and Mg2+ 
microelements in the form of lime and hydrated dolomitic lime determines the breakdown 
of the cell walls, modifying its porosity, which leads to a substantial increase of the speed 
of moisture removal. 

The extra addition of PO4
3+ in the form of H3PO4 and microelements Co2+, Zn2+, Fe2+, 

Cu2+ causes a more pronounced rupture of cell walls of the pulp at lower temperatures with 
a positive effect on the speed with which the drying takes place. 

The results of the kinetic study carried out served to concretize the mathematical model 
by means of which the variation in time of the process is highlighted. 

The concretization of the coefficients in the mathematical model allowed to establish 
the equations of calculation of the time of stationing the material in the dryer. 

The equations for calculating the stationary time of the material in the dryer can be used 
when sizing the dryer. 
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Institutional performance – Projects for financing excellence in RDI, contract no. 16PFE. 
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