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  HYDRODYNAMIC STUDIES IN TWO-PHASE 
STIRRED FLUIDIZED BED WITH THREE 
TYPES OF IMPELLERS 

Article Highlights 
• Stirring the bed provides the required energy to breakdown interparticle bonds 
• Stirring enhances the performance of fluidization and reduces the minimum fluidiz-

ation velocity 
• Using three types of impellers provides efficient mixing 
• Pressure drop and power increase with increase in gas velocity and stirrer speed 
• Fluidization performance is enhanced in the stirred bed 
 
Abstract 

Fluidized beds are extensively used in petrochemical, chemical process indus-
tries, pharmaceutical, food and biotechnology industries. They are preferred to 
process materials with a wide range of particle size distribution and offer even 
temperature distribution and excellent heat and mass transfer. To improve the 
quality of the fluidized bed, mechanical stirring can be employed along with 
aeration. Hence, an attempt was made to study the hydrodynamics of stirred 
fluidized bed using air-water system. The characteristics of the fluidized bed 
can be well understood by studying its hydrodynamics. Pressure drop is one of 
the vital factors which affect the performance of fluidized bed. Hence, the 
effects of gas velocity and stirrer speed on pressure drop and power were 
studied for both stirred and unstirred bed conditions. It was observed that pres-
sure drop and power increases with increase in gas velocity and stirrer speed. 
Also, the pressure drop and power are lower for the stirred bed condition than 
the unstirred bed condition. 

Keywords: hydrodynamics, stirred fluidized bed, stirrer speed, gas velo-
city, two-phase system. 

 
 

In the fluidized bed, excellent fluidization quality 
is necessary for gas-solid contact, heat and mass 
transfer. But often it is very difficult to maintain fluidiz-
ation due to particle agglomeration [1]. Though aerat-
ion of the bed gives better fluidization, too much aer-
ation leads to slugging and bubble formation. So, 
mechanical stirring can be employed along with aer-
ation in fluidized beds for improving fluidization per-
formance. Particle size distribution plays a major role 
in easiness on which the particle gets fluidized and 
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withstand fluidization. Generally, fine particles agglo-
merate and defluidize the bed [2]. So, a mechanical 
stirrer [3] can be employed and the bed can be oper-
ated at higher gas velocities to eradicate agglomeration. 

Mechanical agitation enhances the performance 
of fluidized bed with respect to gas-solid contact in 
heat transfer, catalytic reaction, homogeneous mixing 
of powders [4]. Stirred fluidized bed is an excellent 
device for solids blending (Leve 1960). Stirring dec-
reases porosity and minimum fluidization velocity, 
controls sticking of particles and overheating in case 
of sticky materials [5]. Various efforts were made to 
alter the particle and bubble behaviour by external 
means inside a fluidized bed. Acoustic fields are used 
to improve the fluidization quality of cohesive powders 
[6]. Also, ferromagnetic particles are exposed to mag-
netic fields and they alter the way the bed fluidizes, 
extending the bubble free operation in fluidization 
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state [7]. Agitated fluidized bed dryer is used to dry oil 
palm frond particles [8]. Inter-bond properties of fibre 
prevent flow of air within the bed and agitation of the 
bed results in reducing the bond, thereby the state of 
fluidization is attained [9]. Furthermore, using special 
methods like gas injection also improves the fluidiz-
ation quality. Use of a rotary distributor can improve 
solids mixing and bubble distribution in fluidized bed 
[10]. The use of a distributor reduces bubble channel-
ling and stimulated particle radial dispersion in the 
fluidized bed. Fluidization of nanoparticles can be sig-
nificantly improved by both vibration and stirring [11]. 
Addition of a stirring device into the fluidized bed 
reduces the dead zone of gas-solids fluidized beds 
[12]. The particle mixing and fluidization quality can 
also be improved by inclined injection of the fluidizing 
air [13].  

Stirred fluidized beds find application in the rec-
overy of lysozyme from chicken egg white [14,15], 
operations related with particle separation [16], etc. 
The application of fluidized beds can be extended to 
wet and sticky materials and drying of granular mat-
erials [17] by introducing vibration in the fluidized bed. 
Some applications of agitated beds are fluidization of 
bentonite particles [18] and phosphor particles [19], 
drying of apple pulp [20] and pharmaceutical products 
[21]. 

Due to extreme agglomeration and channelling, 
the improvement in fluidization requires a design that 
should be capable to offer high levels of energy in the 
entire bed volume. Hence, mechanical stirring is emp-
loyed to overcome the difficulties in a conventional 
fluidized bed. Stirring the bed offers the required 
energy to break the interparticle bonds, eradicate 
channelling and reduces agglomeration. Very few 
studies have been reported on hydrodynamics in a 
stirred fluidized bed. Therefore, the present study 
deals with the hydrodynamic studies in a stirred fluid-
ized bed with three types of impellers using air-water 
system. The three types of impellers used are pitched 
blade upflow, pitched blade downflow and Rushton 
turbine. The effects of gas velocity and stirrer speed 
on pressure drop and power were studied. 

MATERIALS AND METHODS 

The photographic view experimental setup is 
shown in Figure 1. The acrylic column is 1 m in height 
with 0.05 m internal diameter and 0.06 m outside 
diameter. U-tube manometer is used to measure the 
pressure drop across the column. A compressor 
driven by 5 hp motor is used to supply air. Water is 
drawn from the surge tank located at the bottom 

through a motor. Water flow rate and air flowrate are 
measured by flow meters with a range of 0-5 L/min 
and 0-10 L/min, respectively. The stirrer is 1 m in 
length and 0.06 m in diameter and it is rotated by a 
Tullu motor with a speed regulator. Three different 
impellers namely, Rushton turbine (1 no.), pitched 
blade upflow (1 no.) and pitched blade downflow (4 
nos.) are used for stirring the bed and are placed at 
equal distance. The diagrammatic view of impellers 
and its location in stirrer is shown in Figures 2 and 3, 
respectively. Compressed air and tap water were 
used as gas and liquid phases, respectively. Table 1 
shows the specifications of the experimental setup. 

 
Figure 1. Photographic view of the experimental setup. 

Using the above laboratory setup, hydrodynamic 
studies on two phase stirred fluidized bed were car-
ried out using an air-water system. Water pumped 
from the surge tank flowed at a continuous flow rate 
of 2 L/min. Air from the compressor was introduced at 
the bottom of the column. The gas velocity was varied 
from 0.02 to 0.09 m/s. Stirrer speed was varied from 
600-1400 rpm and the speed were measured by a 
digital tachometer. A differential manometer with car-
bon tetrachloride as manometric fluid was used to 
measure pressure drop across the column. Power is 
calculated as the product of volumetric flow rate and 
pressure drop. The effect of gas velocity and stirrer 
speed on pressure drop and power was studied with-
out and with stirrer. 

RESULTS AND DISCUSSIONS 

Hydrodynamic studies are vital to understand 
the design and operation of fluidized bed. The charac-
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Figure 2. Stirrer with impeller. Figure 3. Schematic view of impellers. 

 
Table 1. Specifications of the experimental setup 

Acrylic Column 

Column height 1 m 

Inner Diameter 0.05 m 

Outer diameter 0.06 m 

Wall thickness 0.005 m 

Stirrer details 

Stirrer height 1 m 

Stirrer diameter 0.06 m 

Impeller types 

Rushton turbine  1 no. 

Pitched blade down flow 45o 4 nos. 

Pitched blade up flow 1 no. 

Rotameter 

Gas 0–10 L/min 

Liquid 0 – 5 L/min 

teristics of fluidized bed can be enhanced by under-
standing the hydrodynamics. The most important 
parameter which affects the fluidization quality is the 
pressure drop, which measures the drag in combin-
ation with phase holdups and buoyancy. Pressure 
drop controls the slug formation and channelling.  

Effects of gas velocity and stirrer speed on pressure 
drop 

Figure 4 shows the effect of gas velocity on 
pressure drop for various stirrer speeds. It is obs-
erved from the figure that pressure drop increases 

with gas velocity and stirrer speed. This is because 
when air is pumped from the bottom of the column 
larger size bubbles will be produced. The bubble 
reaches the top of the column quickly due to higher 
buoyancy force, hence the fractional holdup is low for 
an unstirred bed. At low gas velocity, the bubble size 
is larger. Further increase in velocity leads to break-
age of bubbles, its size gets reduced and due to lower 
buoyancy force the bubble reach the top of the col-
umn very slowly. At higher velocity, the pressure drop 
should be constant, but due to slugging and channel-
ling the pressure drop increases to some amount. By 
increasing the velocity further, the pressure drop 

Figure 4. Effect of gas velocity on pressure drop for various 
stirrer speeds. 
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inside the column also increases. Pressure drop is 
lesser in the stirred bed than in unstirred bed con-
ditions, since the stirred bed reduces bubble size 
thereby resulting in reduction of the bulk density and 
the same is confirmed from the graph. 

Figure 5 depicts the effect of stirrer speed on 
pressure drop for various gas velocities. It is observed 
that on increasing the stirrer speed the pressure drop 
increases. This effect is due to the fact that bulk den-
sity of the fluid in the column is inversely proportional 
to the fractional holdup. Further increase in stirrer 
speed results in increase in fractional hold up and 
there is decrease in bulk density of the fluid in the 
column. The stirrer is designed in such a way that the 
pitched blade downflow impeller is placed at the top 
of the column, which pushes the liquid down the col-
umn resulting in an increase in pressure drop. 

 
Figure 5. Effect of stirrer speed on pressure drop for various 

gas velocities. 

Two observations were made from the experi-
mental results: one is reduction in bubble size and the 
other is downflow of the fluid at a higher stirrer speed. 
The reduction in bubble size reduces the bulk density 
of the fluid. The downflow of fluid at higher velocity is 
mainly due to the type of blade. In axial flow impel-
lers, when the particle is pushed up there will be inc-
rease in bed density or when the particle is pushed 
down there will be decrease in density; these effects 
are mainly due to blade type [22]. In this study, the 
stirrer has pitched blade downflow impeller at the top, 
hence the effect of downflow is greater which inc-
reases the pressure drop, on increasing the stirrer 
speed. The outcomes are in good agreement with the 
study on effect of agitation in fluidized bed done by 
Reed III and Fenske [23], in which they stated that 
pressure drop rises due to agitation by the stirrer. 
Thus, the pressure drop increases with increase in 
stirrer speed. 

Effects of gas velocity and stirrer speed on power 

The effect of gas velocity and stirrer speed on 
power is depicted in Figures 6 and 7. It is observed 
that power increases with increase in gas velocity and 
stirrer speed. At low gas velocity, the bubble size will 
be relatively large and it reaches top of the column 
quickly and hence the power requirement is low. 
When the gas velocity increases, the power require-
ment is also high. Similar report was reported by Leva 
et al. in studies on pressure drop and power require-
ment in stirred fluidized bed [24]. The requirement of 
power for stirring the aerated bed depends on the 
stirrer design and sense of operation [24]. Also, red-
uction in inter-blade distance rises the power require-
ment [3]. In the present study, three types of impellers 
are used, namely, pitched blade downflow, pitched 
blade upflow (4 nos.) and Rushton turbine. The impel-
lers are positioned at equal distance. The power 
requirement for stirring depends on the arrangement 

Figure 6. Effect of gas velocity on power for various 
stirrer speeds. 

Figure 7. Effect of stirrer speed on power for various 
gas velocities. 
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and types of impellers. Power is directly proportional 
to the third power of stirrer speed and hence, power 
increases with the increase in stirrer speed. Also, the 
total power consumed in a stirred vessel increases 
with the pressure drop [25]. This is in good agreement 
with the results reported by Joshi and Sharma [26]. 
Although mechanical agitation increases the power 
consumption it significantly enhances the quality of 
fluidization [20].  

CONCLUSIONS 

Hydrodynamics study in a two-phase stirred 
fluidized bed was carried out using an air-water 
system. The effects of gas velocity and stirrer speed 
on pressure drop and power were studied for stirred 
and unstirred bed conditions. It was observed that the 
pressure drop and power increases with increase in 
gas velocity. This is due to the fact that at higher gas 
velocity the bubble size will be reduced and would 
take a longer time to reach the top of the column due 
to a lesser buoyancy force, which results in increase 
in pressure drop across the column. With the increase 
in stirrer speed, both the pressure drop and power 
increase; this effect is mainly due to the arrangement 
of impellers. On comparing stirred and unstirred 
conditions of the bed, it is evident that though pres-
sure drop and power are increased in  the stirred bed 
more than in the unstirred bed, the fluidization per-
formance is enhanced in the stirred bed. 
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NAUČNI RAD 

  ISTRAŽIVANJE HIDRODINAMIKE DVOFAZNIH 
FLUIDIZIRANIH SLOJEVA MEŠANIH TRIMA 
VRSTAMA MEŠAČA 

Fluidizirani slojevi se široko koriste u petrohemijskoj, hemijskoj procesnoj industriji, 
farmaceutskoj, prehrambenoj i biotehnološkoj industriji. Poželjni su za obradu materijala 
sa širokim spektrom raspodele veličine čestica i nude ravnomernu raspodelu tempera-
ture i odličan prenos toplote i mase. Da bi se poboljšao kvalitet fluidizovanog sloja u 
sistemima vazduh-voda, može se primeniti mehaničko mešanje. U ovom radu, prouča-
vana je hidrodinamika fluidizovanog sloja u sistemu vazduh-voda sa mehaničkim meša-
njem. Karakteristike fluidizovanog sloja mogu se objasniti proučavanjem njegove hidro-
dinamike. Pad pritiska je jedan od važnih faktora koji utiče na performanse fluidizovanog 
sloja. Otuda su proučavani uticaji brzine gasa i brzine obrtanja mešača na pad pritiska i 
snagu u slojevima sa mešanjem i bez mešanja. Zapaženo je da se pad pritiska i snaga 
povećavaju sa povećanjem brzine gasa i brzine obrtanja mešalice. Takođe, pad pritiska 
i snaga su manji za sloj sa mehaničkim mešanjem. 

Ključne reči: hidrodinamika, fluidizovani sloj sa mehaničkim mešanjem, brzina 
mešača, brzina gasa, dvofazni sistem. 
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  MAGNESIUM REMOVAL FROM PHOSPHORIC 
ACID BY PRECIPITATION: OPTIMIZATION BY 
EXPERIMENTAL DESIGN 

Article Highlights 
• High magnesium contents in phosphoric acid increase in the viscosity of the acid 
• The removal of magnesium from the acid has important advantages in the phosphoric 

industry 
• The reduction of magnesium by precipitation was achieved by the addition of alu-

minum and fluorine 
• The magnesium is precipitated in one of the following forms: MgAlF5 or MgAl2F8 
• The parameters influencing the removal of magnesium are temperature, fluorine form 

and F/Mg ratio 
 
Abstract 

High content of magnesium in phosphate and phosphoric acid affects negat-
ively the performance and operating conditions in phosphate industry. A con-
tent of more than 0.3% in phosphate increases the P2O5 losses during phos-
phate digestion and filtration, and also increases steam consumption and solid 
settling kinetics during concentration. In this work, the removal of magnesium 
from phosphoric acid by precipitation in one of the compounds, MgAlF5 or 
MgAl2F8, was studied. Magnesium precipitation is achieved by the simultane-
ous addition of aluminum and fluorine. The experimental design methodology 
was used to carry out this work. Tests were conducted according to the 
NEMRODW software using industrial quality phosphoric acid. The screening 
study of parameters affecting the removal efficiency of magnesium from indus-
trial wet phosphoric acid showed that from the following parameters: tempe-
rature, F/Mg and Al/Mg ratios, aluminum form and fluorine form, only tempe-
rature and F/Mg ratio have an effective influence on magnesium removal. The 
optimization of magnesium removal from phosphoric acid was performed 
according to the response surface methodology using a composite matrix. By 
applying this methodology, the optimum parameters corresponding to a maxi-
mum magnesium removal efficiency in phosphoric acid were determined. The 
values of the optimum parameters obtained by this method are T = 80 °C, 
ratios: Al/Mg = 1 and F/Mg = 16. 

Keywords: phosphoric acid, impurities, magnesium, optimization, 
design of experiments. 

 
 

The manufacture of phosphoric acid by the wet 
process is carried out by contacting the phosphate 
rock with sulfuric acid. During this operation, most of 
the impurities contained in the rock dissolve in the 
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phosphoric acid produced. The presence of mag-
nesium in phosphoric acid affects its quality and the 
operating conditions in fertilizer and phosphoric pro-
duction units. 

Various works have been published focusing on 
phosphoric acid treatment and purification in order to 
remove impurities such as heavy metals, organic 
matter and uranium [1,2]. Koopman developed a new 
in-line technique for the removal of impurities from the 
product acid, and simultaneously avoid their incorpor-
ation into the calcium sulfate solids [3]. Other authors 
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were focused on a specific impurity, such as cad-
mium, iron, aluminum, magnesium, etc. [4–7]. Berg-
lund, for example, described a method for removing 
cadmium. This method relates to a separation in a 
solid using sulphur compounds added to the phos-
phate-containing medium after its neutralization. 
Abdennebi studied the iron and aluminum removal 
from phosphoric acid at low pH by the precipitation of 
an organometallic complex. The latter is formed using 
an organophosphorus reagent [8]. Nevertheless, no 
work has tackled the problem of MgO with the method 
of experimental design. 

Phosphate magnesium solubilizes almost ent-
irely in phosphoric acid during the phosphate rock 
attack by sulfuric acid [9,10]. High magnesium con-
tents in phosphoric acid result in an increase in the 
viscosity of the acid, making its handling and concen-
tration difficult. It leads also to a decrease in extract-
ion efficiency during phosphoric acid purification and 
clogging equipment by magnesium-based solid. The 
removal of magnesium from phosphoric acid, there-
fore, has important advantages in the phosphoric 
industry.  

Several techniques have been developed for the 
removal of magnesium from phosphoric acid. Numer-
ous researches on the purification of the acid involved 
liquid-liquid extraction for the recovery of MgO and 
other impurities [11,12]. Moreover, Berry and Baroody 
[13] used a continuous ion exchange approach to 
recover the magnesium as a minor element. This 
technique allows the reduction of minor elements with 
minimal phosphate losses and dilution to produce a 
phosphoric acid that is suitable for the production of 
fertilizer products. Mills [14] and Parks [15] argue that 
the magnesium can be recovered by precipitation. 
The magnesium is removed by adding calcium or flu-
oride ion donating compound, such as hydrofluoric 
acid. The latter was the most widely used [16]. Mag-
nesium can precipitate in phosphoric acid under sev-
eral compounds such as: MgSiF6; MgAlF5; MgAl2F8; 
NH4MgAl(F,OH)⋅H2O, NaxMgxAl2–x(F,OH)6⋅H2O [17].  

The aim of this work is to study the optimization 
of the removal of magnesium from weak phosphoric 
acid by its precipitation in one of the forms, MgAlF5 
and MgAl2F9, by applying experimental designs. The 
experimental design method consists in organizing 
the experimental approach and decision analysis by 
applying rigorous rules based on the exploitation of 
the algebraic and statistical properties of the matrices 
describing the experiments [18,19]. The parameters 
were selected to determine their influence in the fixed 
experimental plan, using Hadamard matrices. Then, 
the mathematical model explaining the phenomenon 

was established by using complete factorial designs 
to determine the interaction effects of the parameters 
and the experimental conditions corresponding to an 
optimum (maximum or minimum) of the studied res-
ponse. 

EXPERIMENTAL 

The removal of magnesium from weak industrial 
phosphoric acid 28-30% P2O5, by precipitation of the 
compounds MgAl2F8, MgAlF5, is achieved by the 
simultaneous addition of aluminum and fluorine under 
specific conditions. The tests for the removal of mag-
nesium from industrial weak phosphoric acid by pre-
cipitation were carried out in 20 L double-jacketed 
stirred reactor. The acid is stirred at 350 rpm and 
heated to 60 and 80 °C. Heating was provided by 
thermal oil circulation using a thermostat bath. Alu-
minum and fluorine are added at the same time, 
according to the Al/Mg and F/Mg ratios given in Table 
1. After 2 h, the agitation is stopped; the time agitation 
was fixed in this work. The precipitate is recovered by 
vacuum filtration. According to the analysis of the ind-
ustrial phosphoric acid used in laboratory tests, it is 
mainly composed of 0.36% of Al2O3, 0.52% of CaO, 
0.42% of MgO, 1.53% of SO3, 1.96% of F and 27.10% 
of P2O5; this composition leads to Al/Mg ratio of 0.79 
and F/Mg ratio of 7.78. During our tests we used one 
source quality of industrial wet phosphoric acid, which 
lead to fixing the P2O5 content, with an objective to 
gives a MgO content less than 1% MgO. 

Table 1. Experimental plan used for the removal of magnesium 
by phosphoric acid precipitation 

Name 
U1 U2 U3 U4 U5 

Al/Mg F/Mg Al Form F Form Temperature 

Unit – – – – °C 

Level -1 1 5 Metallic NaF 60 

Level +1 2 16 Salt HF 80 

The tests were carried out according to the exp-
erimental design matrix proposed by the NEMRODW 
software at each stage. The solid formed after each 
test is separated from the phosphoric acid by settling. 
The treated phosphoric acid is analyzed by ICP to 
evaluate magnesium removal efficiency. 

Asymmetric screening study 

The objective of this part of the study is to select 
the most influential parameters on the magnesium 
removal from phosphoric acid by precipitation. In 
order to evaluate their effects on the response of vari-
ations in the factor levels, an asymmetric screening 
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design was used [15]. The asymmetric screening 
design allows a rapid examination of factors at differ-
ent numbers of levels. Among different parameters 
influencing the reaction, the following parameters 
were selected for the screening study: Al/Mg and 
F/Mg concentration ratios, forms of added aluminum 
and fluorine, and temperature. For each parameter 
the two levels (-1) and (+1) were indicated. Table 1 
presents the experimental plan set for screening 
study. The experiment matrix is constructed from the 
Hadamard matrix for a number of factor k equal to 5; 
the experiment matrix in this case consists of 8 exp-
eriments. The experimental design is obtained by rep-
lacing the -1 and +1 values of the variables in the 
experimental matrix with the actual values of the cor-
responding factors (Table 2). These matrices were 
edited by the NEMRODW.  

RESULTS AND DISCUSSION 

The tests were performed according to the exp-
erimental design in Table 2. The results of the mag-
nesium removal efficiency from phosphoric acid are 
summarized in Table 3. 

The effect of the parameters is estimated by 
calculating the coefficients of the assumed mathe-
matical model (1): 

= + + + + +0 1 1 2 2 3 3 4 4 5 5   Y b bU b U b U b U b U  (1) 

 

Y represents the magnesium removal efficiency from 
phosphoric acid. 

The coefficients of the model (1) are calculated 
by the least-squares method. The coefficient b0 repre-
sents the average value of the response to the 8 exp-
eriments. It is equal to 25.875. The main effect b1 
represents the variation in response Y when the vari-
able U1 changes from level -1 to level +1. The values 
of the coefficients b0 to b5 obtained are presented in 
Eq. (2): 

= − + +
+ − +

1 2

3 4 5

25.875 4.375 24.125
3.875 9.625 7.875  

Y U U
U U U

 (2) 

From the results of Eq. (2) and Figure 1, it is 
noticed that the value b1 is equal to -4.375, which 
means that the elimination efficiency of magnesium in 
phosphoric acid decreases on average by 8.75% 
when the ratio Al/Mg was increased from value 1 to 2. 
The value b2 = 24.12 means that, on average, the 
efficiency increases by 48.24% when the ratio F/Mg 
was increased from 5 to 16. The value b3 = 3.87 
means that, on average, the efficiency increases by 
3.9% when switching from the metallic aluminum form 
to the salt form (Al2(SO4)3). The value b4 = -9.62 
means that, on average, the yield decreases by 
19.24% when switching from the fluorine NaF form to 
the HF form. The value b5 = 7.87 means that, on 
average, the efficiency increases by 15.74% when 
going from 60 to 80 °C. Analysis of the data in Figure 

Table 2. Eight-run asymmetric screening matrix and experimental design used in the screening study 

No. Exp. U1 U2 U3 U4 U5 Al/Mg F/Mg Aluminum form Fluorine form Temperature, °C 

1 1 1 1 -1 1 2 16 Salt NaF 80 

2 -1 1 1 1 -1 1 16 Salt HF 60 

3 -1 -1 1 1 1 1 5 Salt HF 80 

4 1 -1 -1 1 1 2 5 Metallic HF 80 

5 -1 1 -1 -1 1 1 16 Metallic NaF 80 

6 1 -1 1 -1 -1 2 5 Salt NaF 60 

7 1 1 -1 1 -1 2 16 Metallic HF 60 

8 -1 -1 -1 -1 -1 1 5 Metallic NaF 60 

Table 3. Experimental design 

No. Exp. Al/Mg F/Mg Aluminium form Fluorine form Temperature, °C Rd (%) 

1 2 16 Salt NaF 80 65.00 

2 1 16 Salt HF 60 49.00 

3 1 5 Salt HF 80 0.00 

4 2 5 Metallic HF 80 0.00 

5 1 16 Metallic NaF 80 70.00 

6 2 5 Salt NaF 60 5.00 

7 2 16 Metallic HF 60 16.00 

8 1 5 Metallic NaF 60 2.00 
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2 shows that the parameter F/Mg has a contribution 
rate in the response of 75.15%, followed by the flu-
orine form at a rate of 12.02% and then the tempe-
rature at a rate of 8.05. The parameters aluminum 
form and Al/Mg have a low contribution rate in res-
ponse Y. This means that the magnesium removal 
efficiency of phosphoric acid depends, essentially, on 
the variation of the F/Mg parameter. These results 
can be approved by different studies [13–15]. Accord-
ing to the authors, the precipitation and the recovery 
of magnesium depends on the temperature, Al/Mg 
ratio, and F/Al ion ratio. 

 
Figure 1. Individual Pareto effects of parameters on 

Y responses. 

 
Figure 2. Cumulative Pareto effects of the parameters on the 

Y response. 

The P2O5 content does not change during the 
precipitation of MgO. The choice of doping with alu-
mina and fluorine allows targeting the precipitation of 
the two compounds MgAlF5 or MgAl2F8. However, a 
slight decrease in uranium and calcium has been 
observed. 

Optimization for the MgO removal efficiency from 
phosphoric acid 

The optimization of magnesium removal from 
phosphoric acid was carried out according to the res-
ponse surface methodology using the second-degree 
composite matrix. The objective is to achieve the opti-
mum (maximum or minimum) of the Y response (effi-
ciency removal) in the set experimental domain. The 

parameters selected for the optimization study were 
as follows: ratios (Al/Mg and F/Mg) and temperature 
shown in Table 4 with the experimental plan. The 
postulated model is a complete second-degree plan 
with the following Eq. (3): 

= + + +  2
0  i i ii i i j i jY b b X b X b X X  (3) 

Table 4. Factors studied and experimental field 

Variable Factor Center Pace  

U1 Temperature 65 15 

U2 Al/Mg 1.5 0.5 

U3 F/Mg 10.5 5.5 

The tests were carried out according to the exp-
erimental plan edited by the software and presented 
in Table 4. The results of the elimination efficiency 
obtained for each test performed are presented in the 
5th column of Table 5. 

From the experimental results of the value of the 
Y response, the software was used, to estimate the 
model coefficients and statistical analysis. Table 6 
presents the values of the model’s coefficients and 
Table 7 presents the result of the statistical analysis. 
It should be noted that the determination of the coef-
ficients is carried out by the least-squares method. 

For the validation of the model, it is required that 
0<R2<1 and R2 adjusted <R2. The values of R2 and R2 
adjusted obtained following the regression analysis 
are mentioned in Table 7 and show that the model is 
valid because of R2 = 0.981 (0<R2<1); and R2 adjus-
ted = 0.953<R2. After the validation of the model, the 
variation of the response was studied in the plan 
(F/Mg; temperature) and (F/Mg; Al/Mg).The results 
are presented in Figures 3 and 4. 

The analysis of the results in Figure 3 shows 
that the value of the response Y in the plan (F/Mg; 
temperature) varies with the variation in the F/Mg 
ratio and is independent of the variation in tempera-
ture in the experimental domain studied. This explains 
why the magnesium removal efficiency in the plan 
(F/Mg; Temperature) depends only on the variation in 
the F/Mg ratio. 

The analysis of Figure 4 shows that the value of 
the response Y in the experimental design (F/Mg; 
Al/Mg) varies with the variation in the F/Mg ratio and 
is independent of the variation in the Al/Mg ratio in the 
experimental domain studied. This explains why the 
magnesium removal efficiency in the plan (F/Mg; 
Al/Mg) depends only on the variation in the F/Mg 
ratio. According to these results, only the parameter 
F/Mg affects the value of the response in the experi-
mental domain. These results were approved by Mills 
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explaining that the MgO to F ratio is the primordial 
criterion for the removal of MgO [14]. 

Using the validated model, the values of the 
factors were determined at the optimum and then 
calculated the optimal value of the response in these 
coordinates. According to the values of the factors 
edited by the software the optimal temperature is 
79.66 °C, the optimal Al/Mg ratio is 1.00 and the 
optimal F/Mg ratio is 15.99. Tests at the conditions 
related to the optimum (Y) were performed, then com- 

 
Figure 3. Same response curve variation of in plan (F/Mg; 

temperature). 

Table 5. Design of experiments with the response values obtained for each test performed 

No. Exp. Temperature, °C Al/Mg F/Mg Y (%) 

1 50.00 1.00 5.00 10.90 

2 80.00 1.00 5.00 0.00 

3 50.00 2.00 5.00 10.90 

4 80.00 2.00 5.00 2.20 

5 50.00 1.00 16.00 56.50 

6 80.00 1.00 16.00 71.70 

7 50.00 2.00 16.00 63.00 

8 80.00 2.00 16.00 56.50 

9 50.00 1.50 10.50 10.90 

10 80.00 1.50 10.50 0.00 

11 65.00 1.00 10.50 10.90 

12 65.00 2.00 10.50 8.70 

13 65.00 1.50 5.00 10.90 

14 65.00 1.50 16.00 52.20 

15 65.00 1.50 10.50 8.70 

16 65.00 1.50 10.50 6.50 

Table 6. Estimation of the value of the coefficients 

No. Exp. Coefficient Inflation factor Standard deviation texp Signif., % 

b0  6.948   2.649 2.62 3.87 * 

b1  -2.180 1.00 1.769 -1.23 26.4 

b2  -0.870 1.00 1.769 -0.49 64.3 

b3 26.500 1.00 1.769 14.98 < 0.01*** 

b11 -1.172 1.42 3.445 -0.34 74.2 

b22 3.178 1.42 3.445 0.92 39.5 

b33 24.928 1.42 3.445 7.23 0.0515*** 

b12 -2.437 1.00 1.978 -1.23 26.4 

b13 3.537 1.00 1.978 1.79 12.2 

b23  -1.363 1.00 1.978 -0.69 52.2 

      

Table 7. Statistics of responses 

Standard deviation of the response 5.594 

R2 0.981 

R2 Adjusted 0.953 

R2 Predicted 0.732 

PRESS 2667.680 

Number of degrees  6 
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pared the calculated Y value with the experimental 
value obtained. The results obtained are presented in 
Table 8. 

 
Figure 4. Same response curves variation in plan (F/Mg; Al/Mg). 

Table 8. Ycal and Yexp values at optimum 

Response Response name Value (%) Residue (Yexp – Ycal)

Ycal Calculated yield 66.10 3.2 

Yexp Experimental yield 69.3 

CONCLUSION  

The optimization of the reduction of the mag-
nesium concentration in phosphoric acid by experi-
mental designs was the subject of this study. The red-
uction of magnesium by precipitation was achieved by 
the simultaneous addition of aluminum and fluorine to 
precipitate it in one of the following forms: MgAlF5 or 
MgAl2F8. With the use of experimental designs, 
through the postulated models, the most influential 
parameters on the magnesium elimination pheno-
menon, and the optimum parameters corresponding 
to the optimal magnesium elimination efficiency in 
phosphoric acid were defined. The parameters influ-
encing the removal efficiency of magnesium in phos-
phoric acid, determined during the screening study, 
are temperature, fluorine form, and F/Mg ratio. The 
latter has an influence rate of 75% in relation to all the 

parameters used. The optimum parameter values det-
ermined during the optimization study are tempera-
ture T = 80 °C, ratio Al/Mg = 1 and F/Mg = 16. The 
predictive model for the study of magnesium removal 
from phosphoric acid by precipitation has been valid-
ated. The prediction of the value of the response Y to 
the optimum was performed with a low residue com-
pared to the experiment of about 3.2. 
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  STATISTIČKA OPTIMIZACIJA UKLANJANJA 
MAGNEZIJUMA IZ FOSFORNE KISELINE 
PRECIPITACIJOM 

Visok sadržaj magnezijuma u fosfatu i fosfornoj kiselini negativno utiče na performanse i 
radne uslove u industriji fosfata. Dok sadržaj veći od 0,3% u fosfatu povećava gubitke 
P2O5 tokom digestije i filtracije fosfata, a i povećava potrošnju pare i kinetiku taloženja 
čvrstih čestica tokom koncentrisanja. U ovom radu, proučavano je uklanjanje magne-
zijuma iz fosforne kiseline taloženjem u obliku jedinjenja MgAlF5 ili MgAl2F8 primenom 
metode statističke optimizacije. Taloženje magnezijuma postiže se istovremenim doda-
vanjem aluminijuma i fluora. Istraživanja su sprovedena prema softveru NEMRODV 
koristeći fosfornu kiselinu industrijskog kvaliteta. Skrining parametara koji utiču na efi-
kasnost uklanjanja magnezijuma iz industrijske vlažne fosforne kiseline pokazao je da 
od više parametara (temperatura, odnosi F/Mg i Al/Mg, oblik aluminijuma i oblik fluora), 
samo temperatura i odnos F/Mg imaju efektivni uticaj na uklanjanje magnezijuma. Opti-
mizacija uklanjanja magnezijuma iz fosforne kiseline izvedena je prema metodologiji 
površine odziva kombinovanom sa kompozitnim planom. Primenom ove metodologije 
utvrđeni su optimalni parametri koji odgovaraju maksimalnoj efikasnosti uklanjanja mag-
nezijuma iz fosforne kiseline. Vrednosti optimalnih parametara dobijenih ovom metodom 
su 80 °C, odnos Al/Mg = 1 i odnos F/Mg = 16. 

Ključne reči: fosforna kiselina, nečistoće, magnezijum, optimizacija, planiranje 
eksperimenata. 
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  ELECTROCHEMICAL HARVESTING OF 
MICROALGAE꞉ PARAMETRIC AND 
COST-EFFECTIVITY COMPARATIVE 
INVESTIGATION 

Article Highlights 
• The current research highlighted the commercial feasibility of electrochemical har-

vesting 
• The high harvesting efficiency was obtained in short electrolysis time with aluminum 
• However, similar harvesting efficiency could be obtained with graphite with lower 

operating cost 
• The operating cost can be optimized by controlling pH of the broth 
• The operation cost achieved in this method is distinctly lower than that of traditional 

methods 
 
Abstract 

The cost of microalgae harvesting constitutes a heavy burden on the commer-
cialization of biofuel production. The present study addressed this problem 
through economic and parametric comparison of electrochemical harvesting 
using a sacrificial electrode (aluminum) and a nonsacrificial electrode (gra-
phite). The harvesting efficiency, power consumption, and operation cost were 
collected as objective variables as a function of applied current and initial pH of 
the solution. The results indicated that high harvesting efficiency obtained by 
using aluminum anode is achieved in short electrolysis time. That harvesting 
efficiency can be enhanced by increasing the applied current or the electrolysis 
time for both electrode materials, where 98% of harvesting efficiency can be 
obtained. The results also demonstrated that the power consumption with the 
graphite anode is higher than that of aluminum. However, at 0.2 A the local 
cost of operation with graphite (0.036 US$/m3) is distinctly lower than that of 
aluminum (0.08 US$/m3). Furthermore, the harvesting efficiency reached its 
higher value at short electrolysis time at an initial pH of 6 for aluminum, and at 
an initial pH of 4 for graphite. Consequently, the power consumption of the har-
vesting process could be reduced at acid- nature conditions to around 0.46 
kWh/kg for aluminum and 1.12 kWh/kg for graphite. 

Keywords: electrochemical harvesting, electrocoagulation, microalgae, 
sacrificial electrode, cost efficiency, energy consumption. 

 
 

The growing concern for biomass as a source of 
renewable energy is a response to vast global 
demands for energy and uneasy prices of fossil fuels 
due to the deficiency of its reserve, beside the rein-
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forcement of greenhouse gases resulting from util-
izing fossil fuels[1]. 

Due to the high growth rate and lipid accumul-
ation capability of microalgae, they are recognized as 
an important feedstock for biofuels, food, feed and 
fine chemicals. Furthermore, microalgae contribute in 
the reduction of greenhouse gas emissions employing 
their ability of CO2 capture [2,3]. However, the bioref-
inery processing of biofuel production from micro-
algae sources is facing serious challenges that must 
be taken into consideration. The high cost of har-
vesting comes as the primary challenge for commer-
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cialization of the biofuel industry, which may require 
investment up to 30% of the total cost of biofuel pro-
duction due to high-energy consumption [4]. 

The high capital cost and energy consumption of 
microalgae harvesting comes due to the fact that the 
algae concentration in the solution is very low (1-2 
g/l); consequently, a large volume is required. The 
small size of microalgal cells, most of which are less 
than 10 μm in diameter, further complicate the separ-
ation process [5,6]. 

Researchers have adopted various microalgae 
harvesting techniques that include gravity flotation 
and flocculation, sedimentation, filtration and screen-
ing and centrifugation. However, all of these tech-
niques have disadvantages associated with power 
consumption and process efficiency that affect the 
overall economic feasibility of the process [6-9]. 

Electrocoagulation accompanied with electroflo-
tation of microalgae comes into view as a promising 
harvesting technique. The harvesting process starts 
with the formation of coagulants through dissolving of 
a metallic anode due to the electrochemical oxidation 
reaction. Simultaneously, hydrogen and oxygen mic-
robubbles are produced on the anode and cathode 
[10-12]. 

The following reactions occur during the process 
at the anode when an aluminum anode is used: 

−→ +3Al Al + 2e  
−→2 22H O  4H + O + 4e  

( ) ++ −+ →3 Al   OH  Al OH
z

x y
x y  

The main reaction at the cathodes is reduction 
of water:  

− −+ → +2 22H O  2e  H  2OH  

The flocs are formed by the reaction of the neg-
ative surface charge microalgae and the positive 
charge coagulants. These algal flocs can be lifted to 
the surface of the solution by the aid of the bubbles 
[5,6]. 

Low energy consumption and no direct addition 
of chemicals are the major advantages that distin-
guish this technique from the other traditional harvest-
ing methods. The process is also considered eco- 
-friendly, easy to control, and mostly cost-efficient [7]. 
However, the main drawback of the electrocoagul-
ation process is the periodical replacement of the 
metallic anodes which are usually Al or Fe. Res-
earchers also indicate the negative effect of the 
excessive doses of dissolved anode material on the 
biomass [8,9]. Consequently, electrochemical har-

vesting could be enhanced by adopting nonsacrificial 
anode material for the process. 

It is well known that the electrode material has a 
massive effect on the electrochemical harvesting pro-
cess, where it is directly related to the removal effi-
ciency and energy consumption of the process [6]. 
Aluminum and iron have extensively been used as 
electrode materials in the electrocoagulation process 
for harvesting strains of microalgae. Electrochemical 
harvesting was also investigated using other anode 
materials like boron-doped diamond [6] and carbon 
electrodes [10,11]. However, limited information is 
available about the comparison of the electrochemical 
harvesting of microalgae with sacrificial and non-sac-
rificial anode material. 

The current work focuses on exploration and 
comparison of the performance of electrochemical 
harvesting of microalgae with using sacrificial anode 
material (aluminum) and nonsacrificial anode material 
(graphite). The influence of key parameters, including 
applied current and initial pH of the solution on the 
harvesting process, was investigated. The results were 
assessed based on harvesting efficiency, energy con-
sumptions, and the total operation cost. The operation 
cost was estimated according to local prices of 
energy input (kWh) and aluminum. 

METHODS 

Cultivation of microalgae 

Chlorella microalgae were provided kindly by 
the department of Biology, Ibn-Haitham College of 
Education, University of Baghdad. First, the micro-
algae were inoculated in two 250 ml flasks in Chu-13 
media at 25±2 °C. Then the microalgae were incub-
ated into two 5-L glass containers in a fresh culture 
medium. Cultures were grown at 16/8 h light/dark at a 
controlled temperature of 25±2 °C. The light intensity 
was 2500 lux measured by a photometer (Milwaukee/  
/China). The air was supplied to each reactor at 500 
mL/min flowrate for six hours daily.  

Electrocoagulation experiments 

The experiments of microalgae harvesting were 
conducted using a cylindrical cell made of plexiglass 
with a diameter of 9 cm and a height of 10.5 cm. Two 
types of anode material were used in the current 
study which are graphite and aluminum. A horizontal 
aluminum plate was used as a cathode. All electrodes 
in experiments had the same dimensions of 9.5 cm×6 
cm×1 cm.  

The distance between the anode and cathode 
was 15 mm. The anode was connected to the positive 
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pole and cathode was connected to the negative pole 
of DC power supply (Smart Power System, model 
EMA-01-32-15-P, USA). All experiments were con-
ducted at constant current mode, and the applied cur-
rent was changed in the range of (0.2-1 A).  

The experiments were performed with 450 ml of 
broth at room temperature (25±2 °C). The effect of 
initial acidity of microalgal broth was studied by 
changing pH of the solution (2, 4, 6, 8 and 10). The 
initial pH of microalgal broth was adjusted by adding 
0.1 M of H2SO4 and 0.1 M of NaOH. The pH of broth 
was measured by (Basic pH Crison, USA). The reac-
tor was constantly stirred at speed of 200 rpm by a 
magnetic stirrer (Corning, model PC-410, USA). 

Before each run, the aluminum electrode was 
kept in a 1 M HCl solution for a half-hour, mechanic-
ally ground with abrasive paper, and then washed 
with distilled water. 

Determination of electrochemical harvesting 
efficiency 

The microalgae harvesting efficiency was deter-
mined based on the change in optical density and the 
turbidity of the microalgal suspension. Samples were 
collected periodically during the ECH process. The 
samples were taken at a distance of 5 cm from the 
liquid surface. The flocs of microalgae floated to the 
top surface of microalgal broth by the action of gases 
formed at the anode and cathode.  

After 10 min of salting time, the optical density of 
samples was measured using UV-Vis spectrometer 
(Bio-Rad, SmartSpec Plus, USA) measured at 680 
nm.  

The harvesting efficiency was subsequently 
calculated as: 

−=% 100  i t

i

OD ODECH
OD

  (1) 

where ODi is the optical density of the initial sus-
pension, and ODt is the optical density of the sus-
pension at a time t. 

Calculation of power consumption and operation cost  

The power consumption PC (in kWh/kg of rec-
overed microalgae) was estimated according to the 
following formula: 

μ
=  

1000 a i

PtPC
V C

 (2) 

where P is the power (W), t the electrolysis time (h), V 
the volume of the microalgal broth treated (m3), µa the 
microalgae recovery efficiency, and Ci the initial mic-
roalgae biomass concentration (kg/m3). 

The operating costs OC in US$/m3 was exp-
ressed in terms of the energy consumption and elec-
trode dissolved and is calculated by the following 
relation [15,16]: 

= +e AlOC Ep Wp     (3) 

The unit price of electricity pe equivalent to 0.03 
US$/kWh in Iraq in 2019 [17], and the price of alu-
minum pAl equivalent to 1.93 US$/kg in Iraq in 2019. 

The energy consumption E (kWh/m3) can be cal-
culated according to the following relation [5,10,11]:  

= IUtE
V

 (4) 

where I is the applied current (A), U is the cell voltage 
(V) which assumed to be constant. 

Faraday’s Law was used to calculate the theo-
retical amount of aluminum dissolved W during the 
harvesting process [13]: 

=  
 

I t MW
nFV

 (5) 

where W = aluminum dissolved (g/m3); M = molecular 
weight of aluminum (M = 27 g/mol); n = number of 
electrons involved in the oxidation reaction (n = 3); 
F = Faraday’s constant, 96,500 C/mol. 

RESULTS AND DISCUSSION 

Effect of applied current 

The applied current is found to be an essential 
factor that influences the electrochemical harvesting 
process of microalgae as it affects process efficiency, 
time and power consumption. 

In the investigation, the experiments of effects of 
current density on harvesting efficiency were carried 
out with a range of 0.2-1 A, at constant initial pH of 
10. The microalgae concentration was fixed for all 
experiments. 

For the aluminum anode, the removal efficiency 
of microalgae increased with the rising of current den-
sity, as shown in Figure 1. At a current density of 1 A, 
around 99% removal efficiency was achieved within 
the first 2 min and remained around this value for the 
rest of electrolysis time. Reducing the applied current 
to 0.2 A led to a decline in the removal efficiency, 
where it took 15 min of electrolysis time to reach 
around 95% efficiency. 

That behavior could be attributed to the fact that 
the increase in current density resulted in an abun-
dance of aluminum that was released from the elec-
trodes according to Faraday’s law. The amount of 
positively charged dissolved metal hydroxides neut-
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ralized the negative charge surface microalgae which 
promoted the formation of low-density flocs. In addit-
ion, increases in the applied current increase the mic-
robubble producing rate by the electrodes, which 
results in higher upward momentum flux and speed 
up algae flotation [18]. 

The performance of aluminum and graphite 
electrodes for the effect of applied current is com-
pared in Figure 2. The trend of removal efficiency for 
the graphite electrode is similar to that of the alu-
minum electrode where the efficiency increased with 
increasing of applied current; however, the removal 
efficiency for aluminum is higher than that of graphite 
for the same applied current. With applied current of 
0.5 A, the graphite electrode achieved removal effi-
ciency of 98.5% after 12 min of electrolyte time, while 
it was about 91% for the graphite in the same electro-
lysis time. Furthermore, for low applied current of 0.2 
A, harvesting efficiency of 95% was achieved in 15 
min, while it was around 85% for graphite during the 
same electrolysis time.  

With nonsacrificial electrodes like graphite, the 
principle of electroflotation of microalgae is based on 
the migration of negative charge cells of microalgae 
by the action of the electric field. The algae accu-
mulate on the positive anode’s surface and the neg-
ative charge of the algae cells is neutralized resulting 
in the formation of algal aggregates. The microbub-
bles generated on both electrodes in electrolysis of 
water will cause flocculation and flotation of the micro-
algae aggregates [9,15]. With the increasing of applied 
current, the electrical charges produced by the 
electrode increase the generation of bubbles as well. 
This results in an increase in the effective harvesting 
of microalgae with applied current [20]. In electro-
coagulation-flocculation, using a sacrificial electrode 
like aluminum, the process mechanism is different, 
when Al3+ released from the electrode react with 
water to form -BNm soluble monomeric and polymeric 
hydroxo-metal complexes which act as chemical floc-
culants [15,17]. In both types of anodes (sacrificial and 
nonsacrificial), the microbubbles do the same action.  

 
Figure 1. Effect of current on harvesting efficiency for aluminum electrode. 

 
Figure 2. Removal efficiency of microalgae at different applied currents for aluminum and graphite anodes, at initial pH of 10. 
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From the results above, it seems that the phys-
ical and chemical process involved in electrocoagul-
ation-flocculation with sacrificial anodes (aluminum) 
has an advantage over the electro-flotation with sac-
rificial anodes, where the harvesting efficiency of alu-
minum achieved higher values than that obtained with 
graphite at the same operating conditions. 

The results of the influence of applied current on 
the harvesting process in the current work were found 
to be harmonious with those observed in several res-
earches that used aluminum, carbon and other anode 
materials [8,9,16,18] 

Effect of acidity  

The influence of initial pH has been recognized 
to be a decisive parameter on the microalgae har-
vesting process. Natural acidic conditions were found 
to be optimum for harvesting processes using carbon 
anode [20]. In addition, with the aluminum anode, the 
microalgae harvesting efficiency could be enhanced 
by decreasing the initial pH of the solution [5,19]. 
Despite that, some researchers found that alkaline 
conditions are more suitable for algal harvesting 
[17,20]. The effect of broth acidity on electrocoagul-
ation was investigated by varying the starting of acid-
ity from 2 to 10. From Figure 3, it can be observed 
that the harvesting efficiency reached its higher value 
at natural acidic conditions. For an initial pH of 6, the 
removal efficiency achieved 94% after 10 min of elec-
trolysis time and around 98% after 13 min. On the 
other hand, in the alkaline range of initial pH, the effi-
ciency process faded. The harvesting efficiency dec-
reased to 81% after 10 min with increase of pH to 8 
and reached 88% after 13 min. 

In acidic and neutral conditions, the aluminum 
hydroxide precipitates and monomeric hydroxo-
aluminum and polymeric cations like +7

13 4 24Al O (OH) , 
+3 +4 +4 +7

6 15 7 17 8 20 13 4 24Al (OH) , Al (OH) , Al (OH) , Al O (OH)  are 
present significantly in the bulk. Consequently, the 
negative surface charge microalgae are readily neut-
ralized by those cations. Increasing initial pH to alka-
line conditions, the negatively charged aluminum hyd-
roxide −

4Al( )OH  is dominant in solution, which does 
not react with the surface of microalgae, resulting in 
slower removal of microalgae [5,19,21]. The −

4Al( )OH  
species are not active for most water treatment appli-
cations [26]. However, for extremely acidic conditions 
of pH 2, it seems that the removal efficiency reached 
its lowest value. It may be due to the changing in mic-
roalgae surface properties at this pH value. The cell 
surface charge of microalgae is a result of the exist-
ence of ionizable functional groups, which are part of 
the cell wall, or may be found in the attached extra-
cellular algogenic organic matter (AOM). The pH 
value of the surrounding medium forces these groups 
to become protonated or deprotonated. For green 
algae, zeta potential was found to be electronegative 
for pH 4-10, while for pH around 3-4, isoelectric point 
is determined [15,22]. In addition, it is found that the 
surface charge of the cell is a function of the species 
life cycle [19].  

The effect of initial solution pH was also inves-
tigated using graphite anode. Figure 4 shows that the 
harvesting efficiency increased by decreasing initial 
solution pH, except for pH 2. The highest removal 
efficiency of 90.2% is achieved at pH 4 at electrolysis 
time of 13 min. Similar behavior was also obtained at 
electrolysis time of 10 min, where the curve has a 

 
Figure 3. Effect of pH on the harvesting efficiency for aluminum electrode. 
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sharp peak at pH 4 and the removal efficiency of 
78.3%. The current results are concordant with those 
obtained in electrochemical harvesting of oleaginous 
green microalgae S. obliquus [20]. It was found that 
the harvesting efficiency achieved maximum values at 
pH 5, and it has been attributed to the formation of 
positively charged ions in acid conditions. However, 
increasing the electrolysis time results in increasing of 
harvesting efficiency, which applied for both types of 
anode material. 

 
Figure 4. Effect of pH on harvesting efficiency for graphite 

electrode. 

From the results obtained with the aluminum 
and graphite electrodes, it seems that the acidic to 
natural conditions are the most favorable for harvest-
ing Chlorella microalgae by using both electrodes, 
except in extremely acidic conditions, around pH 2, 
where the harvesting is inhibited. 

The experimental results also show that the 
recovery efficiencies achieved with applying a high cur-
rent or low pH during a short electrolysis time could 
be obtained by applying a low current density or high 
pH during a longer electrolysis time. Bearing in mind 
that when an industrial scale is the aim, a long elec-
trolysis time requires a bigger reactor volume and may 
affect the quality of the microalgae in the process [23]. 

Power consumption and operation cost 

Assessing the economic feasibility of the har-
vesting process using both types of electrodes is the 
ultimate goal of the research. In addition to the har-
vesting efficiency, the effect of the key parameters 
should be highlighted in terms of electrical energy 
consumption and local cost of operation. 

The results demonstrate that the high removal 
efficiency of microalgae obtained with aluminum elec-
trodes is accompanied with low energy consumption 
during the harvesting process. Figure 5 shows the 

average energy consumption for both types of anodes 
with different applied currents. The estimation of the 
average energy consumption based on 92% harvest-
ing efficiency. 

 
Figure 5. Power consumption with different applied currents for 

aluminum and graphite anodes. 

It is obvious from Eq. (2) that the energy con-
sumption increased with the increasing of applied cur-
rent for both electrode materials, which isusually 
accompanied by increases in total cell potential. How-
ever, the time required to reach to the desired har-
vesting efficiency is an effective parameter to deter-
mine energy consumption. The results reveal that the 
graphite associated with high energy consumption in 
comparison with that obtained with aluminum. It can 
be observed from Figure 5 that with aluminum anode, 
the energy consumption is 0.759 kWh/kg of micro-
algae for applied current of 0.7 A, while it’s around 2.3 
kWh/kg of microalgae for the graphite anode. Like-
wise, at a low applied current of 0.2 A, the energy 
consumption for the aluminum anode is 67% lesser 
from that obtained with graphite. The reason behind 
relatively low energy consumption of aluminum 
anodes maybe due to a high overpotential of oxygen 
evaluation for graphite anodes. Also, Al3+ released by 
aluminum anodic oxidation increases the electrical 
conductivity of the solution that reduces electrical 
power consumption. 

The optimization of process energy consumption 
is crucial to reflect its impact on the total cost of 
operation and the economic feasibility of the process. 
The operation cost of microalgae harvesting in the 
current study is expressed by Eq. (3), which exp-
resses the total cost in terms of the energy cost and 
the cost of consumable anode materials. The micro-
algae separation efficiency of 92% is taken as a ref-
erence to estimate the total cost of operation. Figure 6 
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shows the operation cost of aluminum and graphite 
anodes at different applied currents. The figure 
demonstrates that the cost of operation is obviously 
high for aluminum for the applied currents of 0.2, 0.5 
and 0.7 A, despite that the time for achieving the 
required separation efficiency is obviously shorter, 
and the power consumption is much lower, which can 
be noticed from Figures 1 and 6. The high cost of 
power consumption obtained with the graphite anode 
is vanquished by the cost of aluminum dissolved 
during the harvesting process, which raises the total 
cost operation of the aluminum electrodes. The per-
centage of dissolved electrode cost is about 78% of 
the total process cost at applied current of 0.2 A, 
while this percentage increases to about 82% when 
the applied current increases to 0.7 A.   

However, it has been recognized that the oper-
ation cost of electrocoagulation process using alu-
minum electrodes is obviously lower than that of iron 
electrode at different applied currents [15]. 

It can be observed from Figure 7 that alteration 
of microalgae broth acidity from an energy consump-
tion point of view, the harvesting process with alu-
minum anode shows a clear superiority over the gra-
phite anode. Generally, the energy consumption 
(kWh/kg) is reduced with the decrease of pH values, 
where the values energy consumption for pH 4 and 6 
are lower than those obtained with pH 8 and 10 for 
both aluminum and graphite. That may be due to the 
addition of H2SO4 that enhances the conductivity of 
the mixture, which typically reduces the overpotential. 
In addition, the power consumption estimated at the 
point in time corresponded to 92% recovery effici-
ency, which gives lower energy consumption for the 
acidic region. Consequently, the power consumption 
achieved minimal value for aluminum of 0.46 kWh/kg 
at pH 6, which is due to shorter electrolysis time to 
reach 92% recovery efficiency. 

The high cell potential obtained with graphite 
anode reflects on the overall behavior of power 

 
Figure 6. Operation cost at different applied currents for aluminum and graphite anodes. 

 
Figure 7. Power consumption at different initial pH for aluminum and graphite anodes. 
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consumption for the harvesting process. Where at pH 
4, the power consumption of graphite is 1.127 kWh/kg 
and for aluminum 0.657 kWh/kg, that disparity in 
energy consumption is applied for all pH range. How-
ever, the power consumption at pH 2 is eliminated 
from the calculation due to insufficient harvesting pro-
cess efficiency at that pH value. 

In spite of effective harvesting of algae and mini-
mal power consumption achieved by using aluminum 
anode for all pH range, the harvesting process pro-
vided higher operation cost values in comparison to 
that obtained with graphite which can be observed 
clearly from Figure 8. The lowest operation cost for 
graphite anodes was at pH 4 which is 0.0218 US$/m3, 
while it was 0.075 US$/m3 for the aluminum anode at 
the same conditions, while the lowest operation cost 
for aluminum is 0.056 US$/m3 obtained at pH 6, 
which refers to the best broth pH condition.  

However, the medium of microalgae growth is 
usually in alkaline condition, and accordingly, lower-
ing the pH of the medium toward the acidic-natural 
region will require additional cost. It’s required to add 
chemicals to adjust the required pH value for the 
broth, i.e., H2SO4 (24 $/L), which adds extra cost to 
the process. However, this cost was equal for both 
modes of operation with both electrodes (Al or gra-
phite) at a certain pH value. For instance, it required 
∼0.28 $/m3 to adjust the broth acidity to pH 2, ∼0.2 
$/m3 for pH 4, ∼0.14 $/m3 for pH 6 and ∼0.06 $/m3 for 
pH 8.  

Both electrolysis time and cell potential played 
important roles in the optimization of operation cost. 
However, the local prices of the aluminum and the 
electricity power, which differ from place to another, 
have the lion’s share of the impact on optimization of 
the operation cost. 

In comparison to other harvesting technology, 
the performance of the electrochemical harvesting 

process of microalgae could be optimized to be a 
promising harvesting technology in which minimum 
energy is consumed [9]. Technologies like tangential 
flow filtration, polymer flocculation, and centrifugation 
require high energy for operation [14,23]. On the 
other hand, pressure filters and vacuum filters require 
to be periodically replaced [29]. Sedimentation may 
require low power for operation but it is denoted with 
low separation efficiency (up to 66%) [30]. The pre-
sent work showed that the target of low energy con-
sumption and long-life parts could be met in the elec-
trochemical harvesting process. 

The operation cost obtained in current study 
was relatively lower than in other electrocoagulation 
processes. That comes from low applied current, the 
high harvesting efficiency in relatively low electrolysis 
time, the local prices of electrical energy, local elec-
trodes materials, and the composition of electrolyte. 
The operation cost for electrocoagulation process of 
kaolinite and bentonite suspensions using aluminum 
electrode was 0.1-1 US$/m3 and depends on oper-
ation conditions [31]. The operation cost reduced to 
0.768 US$/m3 when the technique was applied for the 
treatment of waste metal cutting fluids [26]. It was 
concluded that around 1.190 US$/m3 was required for 
the electrocoagulation process of metalworking fluid 
wastewater treatment at the optimum study conditions 
[32]. Similarly the operating cost of treatment of dye-
house wastewater using aluminum electrode was 
1.851 US$/m3 [33].    

Generally, for non-sacrificial anode like graphite, 
the low cost of operation compensates the relatively 
long electrolysis time to fulfill high harvesting effici-
ency. In addition, the metallic electrodes as aluminum 
will need periodic process shutdown for electrode rep-
lacement, while with the non-sacrificial electrode like 
graphite the replacement process will be omitted. 
Furthermore, the graphite electrodes will not conta-

 
Figure 8. Operation cost at different initial pH for aluminum and graphite anodes. 
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minate the water or microalgae biomass as will met-
allic electrodes [8,22].  

CONCLUSION 

The electrochemical harvesting of microalgae 
was investigated using two types of anode materials, 
aluminum and graphite anodes. Based on the expe-
rimental results, the study concluded that high har-
vesting efficiency could be achieved either by apply-
ing high current at short electrolysis time and vice 
versa. Consequently, the electrolysis time and the 
applied current can be optimized to obtained lower 
power consumption. The comparison between the 
behaviors of the two types of electrodes showed that 
a higher harvesting efficiency could be obtained with 
electro-coagulation-flotation using aluminum anode 
with relatively short electrolysis time. 

Despite the power consumption obtained, the 
graphite was generally higher than that of the alu-
minum, and the operation cost of the harvesting pro-
cess with the graphite was considerably lower.  

The electrochemical harvesting exhibited higher 
harvesting efficiency under acidic-natural initial pH 
conditions for both anode materials. Consequently, 
the power consumption can be reduced to lower 
values. In addition, the operation cost could be shifted 
to a lower value at the optimum pH values. 

The process of microalgae electrochemical har-
vesting could be optimized to be cost-competitive and 
an environment-friendly process with a lower oper-
ation cost of 0.037 US$/m3, which may contribute to 
the development and deployment of the marketing of 
this biorefinery process. 
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  ELEKTROHEMIJSKO IZDVAJANJE MIKROALGI: 
UPOREDNO ISTRAŽIVANJE EFEKTIVNOSTI 
PARAMETARA I TROŠKOVA 

Troškovi izdvajanja mikroalgi predstavljaju veliko opterećenje za komercijalizaciju proiz-
vodnje biogoriva. Ovaj rad se bavio ekonomskim i parametarskim upoređivanjem elek-
trohemijskog izdvajanja pomoću žrtvene (aluminijum) i nežrtvene (grafit) elektrode. Efi-
kasnost izdvajanja, potrošnja energije i operativni troškovi korišćeni su kao objektivne 
promenljive u zavisnosti od primenjene struje i početnog pH rastvora. Rezultati su poka-
zali da se visoka efikasnost izdvajanja postiže aluminijumskom anodom za kratko 
vreme. Ova efikasnost izdvajanja može se povećati povećanjem primenjene struje ili 
vremena trajanja elektrolize za oba elektrodna materijala, pri čemu se može postići efi-
kasnost izdvajanja od 98%. Rezultati su, takođe, pokazali da je potrošnja energije većas 
sa grafitnom nego sa aluminijumskom anodom. Međutim, pri 0,2 A, okalni troškovi rada 
sa grafitnom elektrodom (0,036 USD/m3) su znatno niži od troškova rada sa aluminijum-
skom elektrodom (0,08 USD/m3). Dalje, efikasnost izdvajanja dostiglo je bila veća za 
kratko vreme elektrolize pri početnom pH 6 za aluminijumsku elektrodu, odnosno pri 
početnom pH 4 za grafitnu elektrodu. Shodno tome, potrošnja energije procesa izdva-
janja može se smanjiti u uslovima kisele sredine na 0,46 kWh/kg za aluminijumsku elek-
trodu i 1,12 kWh/kg za grafitnu elektrodu. 

Ključne reči: elektrohemijsko izdvajanje, elektrokoagulacija, mikroalge, žrtvena 
elektroda, efikasnost troškova, potrošnja energije. 
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  Xanthomonas campestris BIOCONTROL 
AGENT: SELECTION, MEDIUM 
FORMULATION AND BIOPROCESS 
KINETIC ANALYSIS 

Article Highlights 
• Antagonists from 7 genera were tested to select the most promising black rot biocon-

trol agent 
• B. velezensis has showed the highest potential for suppression of X. campestris 
• Glycerol and yeast extract were selected as optimal nutrients in B. velezensis culti-

vation medium 
• Cultivation of B. velezensis was performed in a laboratory-scale bioreactor (2 L work-

ing volume) 
• Bioprocess kinetics of biomass growth and carbon source consumption was inves-

tigated 
 
Abstract 

Black rot, caused by Xanthomonas campestris pv. campestris, is one of the 
most important diseases of cruciferous crops which causes significant yield 
losses. Biological control of black rot by microbial biocontrol agents represents 
a promising alternative to chemical treatments and good agricultural practices 
which show only limited success. This study was carried out to assess a 
potential of different antagonists, including Bacillus, Pseudomonas, Lactobacil-
lus, Streptomyces, Saccharomyces and Trichoderma genera, for biological 
control of black rot. Cultivation broth samples and their filtrates were examined 
against seven X. campestris strains, isolated from diseased cruciferous plants, 
using the diffusion-disc method. Bacillus velezensis has showed the highest 
inhibition zone diameter of 35.62±3.76 mm. Afterwards, different combinations 
of carbon and nitrogen sources were used in the cultivation medium to maxi-
mize antagonistic activity of B. velezensis. The best combinations were gly-
cerol and yeast extract, lactose and peptone, as well as sucrose and yeast 
extract, suggesting the potential of biodiesel, dairy and sugar industry effluents 
in the production of bioactive compounds effective against the black rot patho-
gen. The validation experiment was performed in a laboratory-scale bioreactor, 
in order to investigate bioprocess kinetics of biomass growth and carbon 
source consumption, using the cultivation medium containing the optimal car-
bon and nitrogen source. 

Keywords: Bacillus, biological control, black rot, carbon source, culti-
vation, organic nitrogen source. 

 
 

Black rot is one of the most economically imp-
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of Brassicaceae family and wild Capparales species 
[1]. The causal agent of this disease is Xanthomonas 
campestris pv. campestris (Xcc), Gram-negative 
aerobic bacteria which is known for producing extra-
cellular polysaccharide xanthan. The most important 
host plants of this pathogen are cabbage, cauliflower, 
kale, broccoli and Brussels sprouts, where Xcc 
causes significant yield losses [2] because diseased 
crops have poor market value and rot fast after har-
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vest. Black rot is primarily a seed-borne disease, but 
infected transplants, soil and crop remains could also 
represent a reservoir of contamination. Bacterial 
pathogens can be carried over from plant to plant by 
wind, irrigation water, aerosol, rain, insects, and by 
equipment and people. Xcc enters the plant through 
hydathodes on leaf margins by reabsorption of gut-
tation droplets into the leaf [2]. Some races can infect 
the plant entering through stomata and colonizing 
apoplastic space before penetrating into the vascular 
tissue. This mode of infection is rare because it 
requires reduced hydrophobicity, i.e., modification of 
cuticular waxes around stomata. Other sites of infect-
ion include wounds or roots, but in any case, the final 
destination of the pathogen is vascular tissue [1]. Inf-
ection could be latent at low temperatures, where 
pathogens rest in the vascular system without pro-
ducing symptoms. When the temperature rises over 
25 °C bacteria move through the vascular system, 
simultaneously producing xanthan, which plugs xylem 
vessels and restricts water flow, resulting in chlorotic 
yellow V-shaped lesions on leaves and roots. The 
name black rot originates from dark veins which 
ensue due to pathogen movement through vascular 
tissue. Affected tissues could become necrotic and 
cause premature leaves falling. Secondary infection 
by other pathogenic bacteria, such as Erwinia caro-
tovora or Pseudomonas marginalis, is responsible for 
the rotting of the diseased plant [2]. Disease manage-
ment usually includes usage of assayed healthy 
planting material (seeds and transplants), crop rot-
ation, elimination of other potential inoculum sources 
(infected crop remains and weeds) and use of resist-
ant cultivars, but these methods have showed only 
limited success in practice [3]. Reduction of disease 
spreading is achieved by avoiding overhead irrigation 
and by usage of chlorine dioxide in the irrigation 
water. Physical and chemical seed treatments, such 
as application of hot water, sodium hypochlorite, zinc 
sulfate, acidified cupric acetate, hydrogen peroxide 
and antibiotics, are also used, but these treatments 
are not completely efficient [2]. Therefore, res-
earchers have been looking for alternative ways to 
control black rot disease, among which biological 
control represents the promising solution.  

Biological control is one of the ecologically 
acceptable solutions for management of different 
plant diseases. It represents the usage of beneficial 
microorganisms and/or their metabolites for control of 
different plant pathogens by several mechanisms that 
include competition for nutrients and space, antibio-
sis, induced plant resistance or parasitism [4]. Util-
ization of bio-based agents implies reduction of chem-

ical compounds usage in agricultural production, 
which leads to lower environmental pollution and dec-
reases risks for negative effects of pesticides to 
human and animal health [5]. Besides, several anta-
gonistic microorganisms used for biological control of 
plant pathogens show the ability to promote plant 
growth and induce its defensive mechanisms against 
pathogens [6]. Root antagonists have also proven to 
enrich the rhizosphere of plants with essential nutri-
ents, providing a favorable environment for growth 
and multiplication of beneficial microorganisms. Many 
of these antagonists have also been investigated for 
adoption of soil contaminants [7].  

Bacteria of the genus Bacillus are among the 
mostly favorable microorganisms for biological control 
of black rot, due to their high potential for application 
as biocontrol agents [8-11]. The formation of endo-
spores is one of the desirable characteristics due to 
their tolerance to high temperatures, desiccation, UV 
radiation and organic solvents, which imply higher 
viability compared to vegetative cells, as well as suit-
ability for formulation [11]. One of the most important 
characteristics of these bacteria is the ability to pro-
duce a wide spectrum of antibiotics and other meta-
bolites with antagonistic activity against fungal and 
bacterial phytopathogens [12]. Bacillus species are 
commonly found in soil, the rhizosphere and the phyl-
losphere, therefore they are well adjusted to condit-
ions where they should be applied [13]. Bacteria of 
this genus are known for plant growth-promoting cap-
abilities and they have also showed ability to colonize 
plants endophytically, which is an important feature 
for biocontrol of vascular pathogens [11]. Among the 
Bacillus species, the most commonly used are Bacil-
lus subtilis, Bacillus amyloliquefaciens and Bacillus 
pumilus [14]. Pseudomonas species are also suitable 
candidates for biological control of black rot [15]. 
Pseudomonads produce several bioactive metabo-
lites, such as antibiotics, siderophores and volatile 
compounds [16]. There have been several mech-
anisms proposed for plant growth promoting activity 
of Pseudomonas spp.: stimulation of nutrients adopt-
ion, production of phytohormones, antagonistic act-
ivity against pathogens and induction of systemic 
resistance response [17]. Lactobacillus spp. have 
been considered as biocontrol agents due to pro-
duction of different antimicrobial compounds, such as 
bacteriocins, organic acids, antimicrobial peptides 
and hydrogen peroxide [18]. Due to generally reg-
arded as safe (GRAS) status, they usually comply 
with all recommendations for food and agricultural 
products. Different lactic acid bacteria are examined 
for biological control of Xcc [19]. Streptomycetes are 
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also considered as potential candidates for biological 
control of black rot [20], due to their beneficial trait of 
producing large number of different metabolites, 
enzymes and antibiotics with antagonistic activities 
against microbial pathogens [21]. Different yeasts are 
also investigated as biological control agents for black 
rot [22]. Genus Trichoderma represents hemibio-
trophic fungi, whose main biocontrol traits are anta-
gonism or mycoparasitism against plant pathogens 
and induction of systemic or localized resistance in 
plants. Also, fungi of the genus Trichoderma produce 
over 40 secondary metabolites that play a role in 
plant-microbe interaction and phytopathogen sup-
pression [23]. Trichoderma viride [20] and Tri-
choderma harzianum [13] were investigated for bio-
logical control of Xcc.  

The aim of this study was the selection of the 
antagonistic microorganism with the highest potential 
for biological control of black rot, whose antimicrobial 
activity was tested against seven phytopathogenic 
Xcc strains isolated from diseased cruciferous plants. 
After the selection of the best producing microorg-
anism, another aim of this study was the determin-
ation of an optimal combination of carbon and organic 
nitrogen sources in the cultivation medium for the pro-
duction of bioactive agents effective against black rot 
causers. Selected carbon sources were represent-
ative for different industrial waste streams in order to 
evaluate the potential of these waste streams in pro-
duction of biocontrol agents. Validation experiment 
was carried out in a laboratory-scale bioreactor using 
the cultivation medium containing optimal carbon and 
nitrogen source, where the aim was to investigate 
bioprocess kinetics. The aims set in this study repre-
sent important steps in defining of a techno-econom-
ically viable bioprocess solution for the production of 
biocontrol agent for black rot management, which is a 
basis for potential commercialization of this product. 

EXPERIMENTAL 

Pathogens 

Test microorganisms used in this study were 
pathogenic isolates of the genus Xanthomonas, iso-
lated from diseased plants of Brassicaceae family. 
The pathogens were isolated using standard phyto-
pathological techniques. All isolates were charac-
terized according to their pathogenic, morphological 
and ecological characteristics as the members of X. 
campestris species [24]. Microorganisms were stored 
on YMA (yeast maltose agar) medium (glucose 15.0 
g/L, yeast extract 3.0 g/L, malt extract 3.0 g/L, pep-
tone 5.0 g/L and agar 20.0 g/L) at 4 °C and subcul-

tured every four weeks. Working cultures were pre-
pared by subculturing pathogens on YMA medium, 
and by incubating at 26 °C for 48 h. Test suspensions 
of pathogens were obtained by suspending microorg-
anisms from YMA medium in 20 ml of sterile NaCl 
solution (9 g/L).  

Antagonists  

Antagonistic microorganisms used in this study 
were: Bacillus subtilis ATCC 6633 (M 1), Bacillus cer-
eus ATCC 10876 (M 2), Bacillus amyloliquefaciens 
(M 3), Bacillus sp. (M 4) and Bacillus velezensis (M 5) 
isolated from soil, Pseudomonas aeruginosa ATCC 
27853 (M 6), Pseudomonas aeruginosa isolated from 
water (M 7), Pseudomonas putida isolated from water 
(M 8), three isolates of genus Lactobacillus isolated 
from food (M 9-M 11), Streptomyces hygroscopicus 
isolated from soil (M 12), Saccharomyces cerevisiae 
(M 13) and Trichoderma reesei QM 9414 (M 14). 
Antagonists were stored on appropriate media at 4 °C 
and subcultured every four weeks. The selected anta-
gonist with the highest potential to suppress X. cam-
pestris was identified using 16S rDNA sequencing, 
based on query coverage of 100% and sequence 
homology of 99%. 

Media and cultivation conditions for screening of 
producing microorganisms 

Media used for growth and biosynthesis of anti-
microbial compounds by antagonistic microorganisms 
were: nutrient broth (HiMedia, India) for Bacillus and 
Pseudomonas strains, MRS (de Man, Rogosa and 
Sharpe) broth (HiMedia, India) for Lactobacillus 
strains, SM (Sabouraud maltose) broth (HiMedia, 
India) for T. reesei, while S. hygroscopicus and S. 
cerevisiae were grown in semi-synthetic media. 
Medium used for cultivation of S. hygroscopicus con-
tained (g/L): glucose (5.0), soybean defatted flour 
(10.0), (NH4)2HPO4 (0.5), K2HPO4 (1.0), CaCO3 (3.0), 
NaCl (3.0) and MgSO4 (0.5). Medium for S. cerevisiae 
cultivation contained (g/L): barley malt extract (14.0) 
(Malteks®, Prena-M Inžinjering, Serbia), glucose (2.0) 
and peptone (0.1). Volume of each medium was 50 
mL, while the volume of the Erlenmeyer flasks was 
200 mL. Inoculation was performed directly from 
tubes with microorganisms previously grown on the 
same medium that was used for cultivation, but con-
taining agar (20 g/L) for 48 h at 28 °C, except for 
Pseudomonas strains, which were grown at 37 °C. 
Cultivation was carried out at 30 °C during 96 h, with 
aeration on a laboratory shaker (KS 4000i control, 
IKA® Werke, Germany) at agitation rate of 150 rpm.  
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Media and cultivation conditions for determination of 
an optimal carbon-organic nitrogen source combination  

Inoculum was prepared by transferring the sel-
ected producing microorganism using inoculation loop 
from nutrient agar to an Erlenmeyer flask containing 
50 mL of nutrient broth. Incubation was carried out at 
28 °C for 24 h, with spontaneous aeration and agit-
ation (150 rpm) on a laboratory shaker. After 24 h, the 
liquid culture was poured into an Erlenmeyer flask 
containing 150 mL of nutrient broth under sterile con-
ditions, which was then incubated at 28 °C for 24 h, 
with spontaneous aeration and agitation (150 rpm) on 
a laboratory shaker. Liquid media used for production 
of bioactive agents by the selected producing micro-
organism contained (g/L): carbon source (15.0), org-
anic nitrogen source (3.0), (NH4)2SO4 (1.5), 
MgSO4·7H2O (0.3), K2HPO4 (3.0), and pH value was 
adjusted to 7.0±0.2 prior to sterilization performed by 
autoclaving at 121 °C and 2.1 bar (20 min). Varied 
carbon sources were glucose, sucrose, lactose, 
starch and glycerol, while varied organic nitrogen 
sources were yeast extract, peptone, soybean meal, 
L-glutamic acid and urea. Inoculum volume was equal 
to 10 vol.% of cultivation medium volume. Production 
of bioactive compounds was carried out in Erlen-
meyer flasks (200 mL) containing 50 mL of cultivation 
medium at 28 °C during 96 h, with an agitation rate of 
150 rpm under aerobic conditions on a laboratory 
shaker (KS 4000i control, IKA® Werke, Germany).  

Validation experiment  

Cultivation of the selected producing microorg-
anism was carried out in a laboratory-scale bioreactor 
(Biostat® Aplus, Sartorius AG, Germany) using culti-
vation medium containing selected optimal carbon 
and organic nitrogen sources. Inoculum in this experi-
mental stage was prepared in the same way as in the 
previous stage. Working volume of the bioreactor was 
2 L, where 10 vol.% of inoculum was added com-
pared to cultivation medium volume. Cultivation para-
meters were set to temperature of 28 °C, agitation 
rate of 250 rpm and aeration rate of 1 vvm (volume of 
air/volume of medium/min) using sterile air. During 96 
h of cultivation, cultivation broth was sampled at pre-
defined time intervals (12 h) to determine biomass 
concentration, carbon source content and antimic-
robial activity of the produced bioactive agents, as 
well as the kinetics of microbial growth and carbon 
source consumption.  

In vitro assaying of antimicrobial activity  

In this study, antimicrobial activities of cultivation 
broth samples and their filtrates obtained after culti-

vation of the aforementioned antagonists were exam-
ined against seven X. campestris pathogenic isolates 
using the diffusion-disc method. Suspensions con-
taining phytopathogens were prepared using sterile 
saline to achieve 108 CFU/mL. Biomass concentration 
in these suspensions was measured using the calib-
ration curve between plate count and spectrophoto-
metric measurement at 600 nm (UV 1800, Shimadzu, 
Japan). Each cultivation broth was filtered through 
nylon filter (Agilent Technologies, Germany) with pore 
diameter of 0.22 µm to obtain biomass-free filtrates. 
Commercial discs containing 30 μg of streptomycin 
(Torlak, Serbia) (K) were used as control to compare 
antimicrobial activity of the tested antimicrobial 
agents. Cultivation media used for antimicrobial acti-
vity assaying were prepared by adding suspension of 
pathogens (1 mL) to melted YMA media, which were 
previously tempered at 50±1 °C. After homogeniz-
ation, prepared media were poured into Petri dishes. 
Every cultivation broth sample and its filtrate were 
examined against each pathogenic strain using three 
diffusion discs in triplicate tests. Each sample volume 
was 15 µL. Petri dishes were incubated at 26 °C 
during 72 h, and afterwards inhibition zone diameters 
were measured using a ruler for accurate zone 
reading (Antibiotic ZoneScale, Himedia®, India). In 
vitro assaying of antimicrobial activity of bioactive 
agents produced by the selected producing microorg-
anism was carried out in triplicate tests against each 
pathogenic isolate using cultivation broth samples (15 
μL) with different combinations of carbon and organic 
nitrogen sources. 

Quantification of glycerol content  

Supernatants obtained after centrifugation of 
cultivation broth samples at 10000 rpm during 10 min 
(Rotina 380R, Hettich, Germany) were used for deter-
mination of glycerol content. Glycerol content was 
determined using the HPLC instrument (Thermo 
Scientific Dionex UltiMate 3000 series, Thermo Fisher 
Scientific, MA, USA), which was equipped with the 
pump HPG-3200SD/RS, the autosampler WPS- 
-3000(T)SL (10 μL injection loop), the column Zorbax 
NH2 (250 mm×4.6 mm, 5 μm) (Agilent Technologies, 
Germany) and the refractive index detector (ERC 
RefractoMax520, Germany). The mobile phase was 
mixture of acetonitrile and bidistilled water (70:30 
volume ratio) and the conditions of analysis were: 
eluent flow rate 1 mL/min, elution time 20 min and 
temperature 30 °C.  

Quantification of biomass content  

Biomass content was determined using DCW 
(dry cell weight) method. Cultivation broth samples 
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(20 mL) were centrifuged (10000 rpm, 10 min) to 
separate biomass from the liquid phase. The obtained 
biomass pellets were dried at 105 °C until reaching 
constant weight. Biomass concentration (g/L) was cal-
culated based on the measured dry cell weight and 
initial volume of cultivation broth sample (20 mL). 

Experimental data analysis  

In vitro assaying of the produced antimicrobial 
agents’ activity was performed in triplicate tests, and 
mean values of inhibition zone diameters along with 
standard deviations were calculated using Microsoft 
Excel 2010 (Microsoft Corporation, WA, USA). 
Obtained results were analyzed using several differ-
ent statistical tests. Levene’s test was applied for test-
ing homogeneity of variances, followed by ANOVA 
and Duncan’s multiple range tests. Statistical analysis 
using all applied tests was carried out at significance 
level of α = 0.05 in Statistica software 13.0 (StatSoft, 
OK, USA).  

Bioprocess kinetics investigation 

Bioprocess kinetic parameters were determined 
using the GraphPad Prism software, v. 8.1.0 
(GraphPad Software, Inc., CA, USA). Biomass growth 
kinetics was described using the Gompertz model 
(Eq. (1)): 
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( ) ( )
teXX t X
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where biomass concentration X(t) during cultivation 
could be calculated using initial biomass concen-
tration X0, maximal biomass concentration Xmax, and 
specific growth rate μ. 

Glycerol consumption was described using 
modified Luedeking-Piret equation (Eq. (2)): 
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where glycerol concentration S(t) during cultivation 
could be calculated using initial glycerol concentration 
S0, kinetic parameters previously determined using 
the Gompertz equation (X0, Xmax and μ), as well as by 
using γ and δ, considered as glycerol consumption 
constants related to growth and metabolites pro-
duction, respectively [25]. 

RESULTS AND DISCUSSION 

Analysis of antimicrobial activity of antagonistic 
agents against phytopathogenic X. campestris 
isolates 

Production of preparations based on different 
microorganisms and their products for protection of 
agricultural crops has been gaining increasing inter-
est in the last decade. Since microorganisms are an 
almost inexhaustible source of different bioactive 
compounds, great efforts are still invested in the 
development of new and efficient preparations. 
Therefore, this research investigates the possibility of 
applying different microbial antagonist for suppres-
sing phytopathogenic isolates of X. campestris 
species. Cultivation broth samples obtained after cul-
tivation of 14 antagonists and their filtrates, as well as 
commercial streptomycin discs, were tested against 
seven X. campestris isolates. Mean values of inhibit-
ion zone diameters obtained due to antimicrobial act-
ivity of cultivation broth samples and filtrates were cal-
culated. Experimental results were analyzed using 
several statistical tests in order to adequately asses 
which preparation is the most efficient against phyto-
pathogenic X. campestris isolates. 

Results of the Levene’s test for inhibition zone 
diameters measured after testing of cultivation broth 
samples have confirmed homogeneity of variances 
(p = 0.9970). Considering that the antagonistic effect 
can be expressed by both microorganisms’ cells and 
its metabolites, inhibition zone diameters formed by 
the cultivation broth samples and their filtrates were 
compared (Figure 1). Filtration was carried out using 
filters with pore diameter of 0.22 μm in order to 
remove cells of antagonistic microorganisms.  

Filtrates obtained by filtration of cultivation broth 
after cultivation of B. subtilis ATCC 6633 (M 1), B. 
cereus (M 2), P. aeruginosa ATCC 27853 (M 6), Lac-
tobacillus sp. (M 10), S. hygroscopicus (M 12) and S. 
cerevisiae (M 13) didn’t show antimicrobial activity 
against tested phytopathogenic isolates, which clearly 
indicates that the bioactive compound in these pre-
parations is the biomass of cultivated antagonists. 
Monteiro et al. [11] and Issazadeh et al. [26] have 
showed similar antimicrobial activity of B. subtilis and 
B. cereus cultivation broths against X. campestris 
phytopathogenic strains. Research of P. aeruginosa 
strains activity has shown that bioactive compounds 
effective against Xcc [15] are metabolites contained in 
biomass-free filtrates or supernatants of cultivation 
broth, which is opposite to the results of this research. 
Different Lactobacillus strains were examined for their 
antimicrobial activity against pathogenic Xantho-
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monas strains. Kannan et al. [27] demonstrated anti-
microbial activity of extracellular bioactive compounds 
of Lactobacillus against X. campestris. Encheva-Mali-
nova et al. [28] demonstrated that cultivation broths of 
different Streptomyces isolates show antimicrobial 
activity against few Xanthomonas species. Biomass 
of T. harzianum has been shown to suppress growth 
of Xcc [13], while Deivamani and Muthamilan [20] 
showed antagonistic activity of different Trichoderma 
species’ spores against black rot pathogen. The same 
authors have shown antagonistic activity of S. cere-
visiae against Xcc [20].  

Filtrates of cultivation broth samples obtained by 
cultivation of other antagonists showed certain anti-
microbial activity, but in case of each antagonist, 
inhibition zone diameter obtained by cultivation broth 
testing was larger than the inhibition zone diameter 
obtained by filtrate testing. Statistical analysis of the 
presented results has showed that only for strain M 4 
(Bacillus sp.) there wasn’t statistically significant dif-
ference between inhibition zone diameters resulting 
from cultivation broth and filtrate activity (p = 0.2919). 
These results indicate that the bioactive compound is 
synthesized extracellular antimicrobial metabolite. On 
the other hand, preparations based on Bacillus spp. 
(M 3, M 5), P. aeruginosa from water (M 7), P. putida 
(M 8), Lactobacillus spp. (M 9, M 11) and T. reesei 
QM 9414 (M 14) have showed statistically significant 
larger inhibition zone diameters when applied as unfil-
tered cultivation broth, which is confirmed by p-values 
of 0.0023, 0.0956, 0.0051, 0.0182, 0.0000, 0.0000 
and 0.0039, respectively. Higher antimicrobial activity 
of cultivation broth could suggest that biomass is 

more likely to be the bioactive agent against phyto-
pathogenic X. campestris isolates.  

Homogenous groups of antagonists and signific-
ance of differences were established using Duncan’s 
multiple range test (Table 1).  

Table 1. Mean values of inhibition zone diameters obtained by 
assaying cultivation broth samples of tested antagonists 
against Xanthomonas campestris isolates; values marked with 
the same superscript letter are at the same level of significance 
with confidence level of 95% (Duncan’s test) 

Antagonist Inhibition zone diameter, mm 

M 12 12.10±3.28a 

M 13 15.24±3.40b 

M 2 15.67±3.32bc 

M 1 15.86±3.31bc 

M 4 16.29±3.49bc 

M 3 17.29±3.36bc 

M 8 17.76±3.85c 

M 7 20.81±3.72d 

M 10 21.71±3.48de 

M 6 22.33±3.29de 

M 9 23.43±3.44ef 

M 11 24.81±3.72f 

M 14 27.33±3.80g 

M 5 35.62±3.76h 

Ka 36.10±3.53h 
aCommercial streptomycin disks 

Results presented in Table 1 show that culti-
vation broth samples for each examined antagonist 
have manifested antimicrobial activity against tested 
phytopathogenic X. campestris isolates and that there 

 
Figure 1. Inhibition zone diameters against seven Xanthomonas campestris strains for cultivation broth samples and filtrates obtained 

after cultivation of 14 antagonists. 
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was statistically significant difference between their 
activities. The antagonist that has showed the weak-
est antimicrobial activity (the smallest inhibition zone 
diameter) against tested phytopathogens was S. hyg-
roscopicus (M 12), while the best antagonist for this 
purpose was B. velezensis (M 5), which has shown 
the highest potential for suppressing infections 
caused by phytopathogenic X. campestris strains. In 
order to confirm antagonistic activity of biomass of B. 
velezensis, centrifugation of the cultivation broth 
sample was performed (10000 rpm, 10 min). The 
obtained solid phase after the supernatant had been 
discarded was resuspended in the same volume of 
sterile saline and homogenized using vortex. Anti-
microbial activity of resuspended biomass was also 
tested using the diffusion-disc method against the 
tested phytopathogenic X. campestris strains under 
the previously defined conditions. Mean value and 
standard deviation of the obtained inhibition zone dia-
meters was 32.85±3.82 mm, suggesting that the most 
of B. velezensis antimicrobial effect arises from bio-
mass activity. Furthermore, presented results point 
out that there was no statistically significant difference 
between antimicrobial activity of this antagonist and 
bactericidal activity of commercial streptomycin discs 
(K) (p = 0.6615), indicating that B. velezensis has a 
great potential for application in biological control of 
diseases caused by phytopathogenic X. campestris 
strains.  

Analysis of different carbon and organic nitrogen 
sources’ effects on antimicrobial activity of B. 
velezensis against phytopathogenic 
X. campestris isolates  

Since B. velezensis has arisen as the best pot-
ential antagonistic agent among tested antagonists, 
the next step was to determine the optimal combin-
ation of carbon and organic nitrogen sources in the 
medium for its cultivation. Cultivation broth samples of 
this isolate were tested against phytopathogenic X. 
campestris strains in further assays, since they have 
shown a larger inhibition zone diameter compared to 
filtrate. The chosen carbon sources were selected to 
represent the main nutrients in effluents of different 
food industries in order to estimate the potential of 

application of different waste streams in production of 
bioactive agents effective against black rot patho-
gens. Glucose was selected as the main carbon 
source in effluents from fruits and vegetables pro-
cessing, as well as in vinery wastewaters, simul-
taneously being most widely used sugar in biotech-
nological production. Industrial waste containing high 
levels of glucose was used for biosurfactant product-
ion by B. subtilis [29]. Sucrose is the main component 
of molasses, a by-product of sugar beet and sugar 
cane processing. Molasses has been mainly used as 
cultivation medium for biosurfactants production by 
different Bacillus strains [30]. Płaza et al. [31] inves-
tigated antifungal activity of Bacilli cultivated on differ-
ent agro-industrial wastes, including molasses. Lac-
tose is mainly distributed in waste streams from the 
dairy industry. Gomaa [32] investigated antimicrobial 
activity of biosurfactant produced by B. licheniformis 
M104 using whey as cultivation medium. Starch can 
be found in wastewaters and effluents of grains, cas-
sava and potato processing. Cassava wastewater 
was proved as good cultivation medium for production 
of surfactant by B. subtilis [33]. Starch processing 
water was used for production of B. thuringiensis bio-
pesticide [34]. Glycerol is obtained in significant 
amount as by-product of continuously growing bio-
diesel industry and there has been significant sci-
entific interest in its conversion to different value-
added products using microorganisms [35]. Crude 
glycerol from biodiesel synthesis was used as carbon 
source in cultivation medium for production of biosur-
factants by B. subtilis ATCC 6633 [36]. Examined 
organic nitrogen sources were commonly used yeast 
extract, peptone, soybean flour, L-glutamic acid and 
urea.  

Two-way ANOVA was employed to determine 
whether there were significant differences between 
inhibition zone diameters obtained by assaying culti-
vation broth samples of B. velezensis against seven 
X. campestris phytopathogenic isolates, as a result of 
using different carbon and organic nitrogen sources in 
the cultivation medium. ANOVA results have showed 
that the effects of carbon and organic nitrogen 
sources, as well as their interaction, were significant 
(p-values less than 0.05, Table 2).  

Table 2. Two-way ANOVA of inhibition zone diameter obtained by assaying Bacillus velezensis cultivation broth samples against 
Xanthomonas campestris isolates; SS - sum of squares; DF - degree of freedom; MS - mean square 

Source of variability SS1 DF2 MS3 F p-value 

Carbon source 717.7 4 177.9 13.63 0.0000 

Nitrogen source 1506.0 4 376.5 28.85 0.0000 

Carbon source*Nitrogen source 1954.1 16 122.1 9.36 0.0000 

Error 1631.5 125 13.1 - - 
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In order to determine which combination of car-
bon and organic nitrogen source is the most suitable 
for production of bioactive agents effective against 
tested X. campestris isolates by B. velezensis, 
Figures 2 and 3 were generated, which present the 
mean values of inhibition zone diameters for each 
carbon and organic nitrogen source, respectively. As 
it can be seen in Figure 2, the best carbon sources 
were glycerol and lactose, followed by starch and 
sucrose, while the presence of glucose in the culti-
vation medium has resulted in the lowest inhibition 
zone diameter. These results indicate the high poten-
tial of glycerol, as the by-product of biodiesel product-
ion, and dairy waste streams, which contain lactose, 
for production of bioactive agents by B. velezensis for 
biological control of black rot. Considering that the 
ability to degrade β-1→4 glycosidic bond of lactose is 
not a common characteristic among microorganisms 
[37], utilization of dairy industry waste streams by 
microbial conversion is therefore limited. Since the 
dairy industry generates one liter of wastewater per 
one liter of produced milk [38], the fact that B. vele-
zensis metabolize lactose as a carbon source opens 
up a new chapter of possibilities for dairy industry 
waste streams utilization for the production of value- 
-added microbial products. On the other hand, the 
ability of B. velezensis to metabolize glycerol presents 
a basis for utilization of raw glycerol from biodiesel 
industry. This effluent represents a major problem 
since it has been generated in large amounts (10% 
compared to the produced biodiesel amount) and 
contains very high concentrations of different impur-
ities arising from raw materials used for biodiesel pro-

duction, as well as from the biodiesel production pro-
cess itself [39]. There is an ongoing scientific chal-
lenge to reveal possible routes for raw glycerol exp-
loitation, where microbial conversion into different 
microbial products represents one of the attractive 
solutions [39]. Therefore, further research of product-
ion of biocontrol agents by B. velezensis will include 
the investigation of suitability of raw glycerol as a 
carbon source in this bioprocess.   

When it comes to organic nitrogen sources (Fig-
ure 3), yeast extract was shown to be the best sol-
ution, followed by peptone, L-glutamic acid and urea. 
Since amino acids are the preferred nitrogen source 
for the most Bacillus species, yeast extract, that con-
tains variety of amino acids, and peptone, which con-
tains peptides and amino acids, were shown to be the 
best nitrogen sources for B. velezensis. Although 
yeast extract has been considered an expensive nit-
rogen source, further optimization of cultivation 
medium composition in terms of nutrients’ content 
would show the required amount of this nitrogen 
source and the economical profitability of its applic-
ation in cultivation medium. Also, the usage of com-
plex carbon sources, such as dairy wastewater and 
molasses, could satisfy producing microorganism’s 
nutritional requirements for amino acids, therefore 
optimization could show that the required amount of 
organic nitrogen source could be low. Soybean flour, 
although the economically most payable organic 
nitrogen source, was shown to be the least suitable 
solution in this particular case. 

Mean values of inhibition zone diameters 
obtained by testing B. velezensis cultivation broth 

 
Figure 2. Inhibition zone diameters against seven Xanthomonas campestris strains obtained using different carbon sources in cultivation 

medium for Bacillus velezensis. 
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samples against seven X. campestris isolates for 
each investigated combination of carbon and organic 
nitrogen sources and the results of Duncan’s test are 
given in Table 3. Duncan’s test was performed to 
examine whether any combinations of carbon and 
organic nitrogen sources are at the same level of 
statistical significance. 

As the results presented in Table 3 show, the 
lowest antimicrobial activity of B. velezensis was 
evinced when sucrose and L-glutamic acid were used 
as carbon and organic nitrogen sources in the culti-
vation medium. The highest inhibition zone diameter 
was obtained when a combination of glycerol and 
yeast extract was used, but data also suggests that 
combinations of lactose and peptone, as well as suc-
rose and yeast extract, are at the same level of sta-
tistical significance, indicating that the potential of 
these carbon sources, i.e., dairy effluents and mol-
asses, is only slightly lower than the potential of gly-
cerol when it comes to the production of biocontrol 
agents. Since molasses, as a sucrose source, and 
dairy wastewater, as a lactose source, contain sig-
nificantly smaller amounts of amino acids compared 
to standard organic nitrogen sources, as yeast ext-
ract, these cultivation media should be supplemented 
with yeast extract or peptone as the preferred nitro-
gen sources by B. velezensis. 

Bioprocess kinetics 

Since the previously discussed experimental 
results suggest that biomass of B. velezensis pre-
sents the major biocontrol agent against phytopatho-
genic X. campestris strains, it is of a great importance  

Table 3. Mean values of inhibition zone diameters obtained by 
assaying Bacillus velezensis cultivation broth samples against 
Xanthomonas campestris isolates, obtained due to usage of dif-
ferent carbon and organic nitrogen sources in cultivation medium; 
values marked with the same superscript letter are at the same 
level of significance with confidence level of 95% (Duncan’s test) 

Carbon source Nitrogen source Inhibition zone diameter, mm

Sucrose L-Glutamic acid 40.83±0.41a 

Glucose Soybean flour 41.33±2.66ab 

Lactose Urea 44.00±1.26abc 

Starch Soybean flour 44.83±0.75abc 

Sucrose Soybean flour 44.83±0.98abc 

Glucose Yeast extract 45.83±1.33bcd 

Glycerol Peptone 45.83±1.33bcd 

Glucose Peptone 46.50±3.08cde 

Starch Urea 46.67±2.25cde 

Lactose Soybean flour 46.83±4.31cde 

Glucose Urea 47.50±0.84cdef 

Glycerol Soybean flour 47.83±5.31cdef 

Starch Peptone 48.67±1.21cdef 

Sucrose Urea 48.83±0.98cdef 

Glucose L-Glutamic acid 49.83±4.75defg 

Glycerol Urea 50.50±3.56defgh 

Starch L-Glutamic acid 51.33±5.20efghi 

Sucrose Peptone 51.67±0.52fghi 

Starch Yeast extract 53.50±6.32ghi 

Lactose Yeast extract 54.00±5.55ghi 

Glycerol L-Glutamic acid 55.00±2.61hij 

Lactose L-Glutamic acid 55.50±1.76ijk 

Sucrose Yeast extract 58.50±3.87jkl 

Lactose Peptone 59.50±7.15kl 

Glycerol Yeast extract 60.83±6.21l 

 
Figure 3. Inhibition zone diameters against seven Xanthomonas campestris strains obtained using different nitrogen sources in 

cultivation medium for Bacillus velezensis. 
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to investigate the kinetics of biomass growth, as well 
as the kinetics of carbon source (i.e., glycerol) con-
sumption, and to establish kinetic models suitable for 
description of these bioprocess outcomes. Data 
required for determination of bioprocess kinetic para-
meters are biomass concentration and glycerol con-
tent in different periods during the bioprocess. These 
data were gathered by sampling the cultivation broth 
during a validation experiment in a laboratory-scale 
bioreactor at predefined time intervals. The obtained 
kinetic parameters using the Gompertz model for 
biomass growth and modified Luedeking-Piret Equat-
ion for glycerol consumption are given in Table 4. 

Experimental data fitting using the obtained 
parameters of Gompertz biomass growth model and 
modified Luedeking-Piret equation for glycerol con-
sumption are given in Figures 4 and 5, respectively. 

 
Figure 4. Experimental data fitting for Bacillus velezensis 

biomass concentration using Gompertz growth model. 

Initial biomass concentration obtained using the 
Gompertz growth model was 0.282 g/L, which is in 
accordance with the experimental value of 0.287 g/L. 
Exponential growth phase could be observed until the 
48th hour of cultivation, when the predicted value of 
maximal biomass concentration was 1.409 g/L (Fig-
ure 4). Afterwards, a slight decrease of biomass con-
tent was noticed until the end of the bioprocess. Cal-
culated average specific growth rate for B. velezensis 
was 0.118 1/h. Coefficient of determination for the 
Gompertz growth model was 0.9860, indicating very 
good fitting of the experimental data using this equat-

ion. Since the maximal biomass content was obs-
erved at 48th hour of cultivation, there is a possibility 
to shorten bioprocess duration from 96 to 48 h. In this 
way, significant savings could be made when it 
comes to the bioprocess cost, especially considering 
the possibility of bioprocess scale-up to pilot or indus-
trial scale, which would be the ultimate goal of bio-
process development. 

 
Figure 5. Experimental data fitting for glycerol consumption by 
Bacillus velezensis using modified Luedeking-Piret equation. 

When it comes to the usage of modified Luede-
king-Piret Equation for describing glycerol consump-
tion during batch cultivation of B. velezensis (Figure 
5), it could be concluded that the given equation has 
shown satisfying fitting ability of the obtained experi-
mental data, with coefficient of determination of 
0.9979. Also, initial glycerol content predicted by this 
equation was 14.89 g/L, which is in a very good 
accordance with 15 g/L of glycerol initially added 
during cultivation medium preparation. Glycerol con-
sumption constant related to growth (γ), being signific-
antly higher than constant related to metabolites 
production (δ), has also suggested that the major 
amount of glycerol was utilized for growth of B. vel-
ezensis, while only a minor amount of glycerol was 
used for metabolites production. These kinetic para-
meters confirm previously discussed results, where 
only slight difference of inhibition zone diameters 
could be observed during testing of antimicrobial act-
ivity of cultivation broth samples and B. velezensis 

Table 4. Bioprocess kinetic parameters and model predicted values for biomass growth and glycerol consumption during cultivation of 
Bacillus velezensis in the laboratory-scale bioreactor 

Model Parameter Value of the kinetic parameter R2 value 

Gompertz – biomass concentration Xmax (g/L) 1.409 0.9860 

X0 (g/L) 0.282 

μ (1/h) 0.118 

Modified Luedeking-Piret – glycerol concentration S0 (g/L) 14.89 0.9979 

ϒ (gS/gX) 8.916 

δ (gS/gX·h-1) 0.032 
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biomass, indicating that biomass of B. velezensis is 
the main biocontrol agent effective against tested 
phytopathogenic X. campestris strains.  

Further steps in bioprocess development should 
include optimization of cultivation medium compo-
sition in terms of main nutrients’ quantity aiming at 
maximal yield of B. velezensis biomass, as well as 
investigation of cultivation parameters effect on bio-
process outcomes. Also, since the literature data sug-
gest that B. velezensis shows supreme ability to syn-
thesize a wide range of different antimicrobial meta-
bolites [40], including lipopeptide antibiotics, further 
research will include analysis of cultivation broth 
supernatants using LC-MS and MALDI-TOF in order 
to identify and characterize antimicrobial compounds 
produced by this strain. The reason for further inves-
tigation in this field is the fact that the biomass-free 
filtrate from the first experimental stage in this study 
has also shown antimicrobial activity against tested 
phytopathogenic X. campestris strains isolated from 
plants with black rot symptoms, suggesting the pre-
sence of some antimicrobial compounds biosynthe-
sized by B. velezensis. Further optimization of culti-
vation medium composition and cultivation conditions 
could also be aimed at directing metabolic activity of 
B. velezensis towards synthesis of targeted antimic-
robial compounds in larger amounts. Formulation of 
final biocontrol product could be adjusted for biomass 
of the producing microorganism or targeted, separ-
ated and purified antimicrobial compounds, but as 
well as for product containing both biomass and bio-
active compounds, depending on the requirements of 
eventual product application in the field.  

CONCLUSION 

B. velezensis has shown the greatest potential 
among tested antagonists to be used as biocontrol 
agent against phytopathogenic X. campestris strains, 
causing black rot of cruciferous crops. The optimal 
combinations of nutrients in the cultivation medium for 
production of bioactive compounds by B. velezensis 
were glycerol and yeast extract, lactose and peptone, 
as well as sucrose and yeast extract. Kinetic study 
performed during the validation experiment in the 
laboratory-scale bioreactor, using optimal carbon and 
nitrogen sources in the cultivation medium, has con-
firmed the results which indicate that biomass of B. 
velezensis presents the major bioactive agent effect-
ive against phytopathogenic Xanthomonas spp. Since 
the biomass-free filtrate has also shown antimicrobial 
activity against tested phytopathogens, further 
research will also include LC-MS and MALDI-TOF 

analysis to identify the produced antimicrobial com-
pounds. The results of this study confirm biocontrol 
potential of B. velezensis and represent a basis for 
further bioprocess development in terms of optimiz-
ation of cultivation medium composition and culti-
vation parameters, including investigation of different 
industrial waste streams, ultimately aimed at defining 
of a techno-economically viable bioprocess solution 
applicable at industrial scale. 
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  BIOKONTROLNI AGENS PATOGENA Xanthomonas 
campestris: ODABIR, FORMULACIJA HRANLJIVE 
PODLOGE I ANALIZA KINETIKE BIOPROCESA 

Crna trulež uzrokovana patogenom Xanthomonas campestris pv. campestris je jedna od 
najznačajnijih bolesti biljaka iz porodice kupusnjača, koja izaziva značajne gubitke pri-
nosa. Biološka kontrola crne truleži mikrobiološkim biokontrolnim agensima predstavlja 
obećavajuću alternativu hemijskim tretmanima i dobroj poljoprivrednoj praksi, koji poka-
zuju samo ograničenu uspešnost u suzbijanju bolesti. U ovom radu ispitan je potencijal 
različitih antagonista iz rodova Bacillus, Pseudomonas, Lactobacillus, Streptomyces, 
Saccharomyces i Trichoderma za biološku kontrolu crne truleži. Antimikrobna aktivnost 
uzoraka kultivacione tečnosti i njihovih filtrata testirana je protiv sedam sojeva Xantho-
monas campestris, izolovanih iz obolelih biljaka, primenom disk-difuzione metode. Naj-
veći prečnik zone inhibicije (35,62±3,76 mm) pokazao je izolat Bacillus velezensis. 
Nakon toga su ispitane različite kombinacije izvora ugljenika i azota u kultivacionom 
medijumu u cilju maksimizacije antagonističke aktivnosti odabranog soja. Najbolje kom-
binacije su bile glicerol i ekstrakt kvasca, laktoza i pepton, kao i saharoza i ekstrakt 
kvasca, što ukazuje na potencijal efluenata industrije biodizela, mleka i šećera kao siro-
vina za proizvodnju bioaktivnih komponenti efikasnih protiv izazivača crne truleži. Vali-
dacioni eksperiment je izvršen u laboratorijskom bioreaktoru u cilju ispitivanja kinetike 
bioprocesa u pogledu rasta biomase i potrošnje izvora ugljenika, primenom kultiva-
cionog medijuma koji sadrži optimalni izvor ugljenika i azota. 

Ključne reči: Bacillus, biološka kontrola, crna trulež, izvor ugljenika, kultivacija, 
organski izvor azota. 
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  OPTIMIZATION OF LOW-COST COW DUNG 
BASED ACTIVATED CARBON FOR THE 
REMOVAL OF CARBOFURAN FROM 
AQUEOUS SOLUTION 

Article Highlights 
• Cow dung can be utilized to produce low-cost activated carbon by waste-to-wealth 

concept 
• Cow dung-based activated carbon can be employed for removing pesticides from 

aqueous solution 
• Maximum activated carbon yield and pesticide removal were 16 and 94%, respect-

ively 
• The optimized activated carbon yield and pesticide removal were 14.78 and 89.187%, 

respectively 
• Most significant factors include activation temperature and impregnation ratio 
 
Abstract 

Water pollution has become a serious issue of this century due to increased 
industrialization. Several methods have been adopted to tackle this issue, 
including adsorption by activated carbon (AC). Conventional sources of AC 
preparation are costly and non-renewable as well. Several fruit and agricultural 
wastes have characteristics to become sustainable feedstock for AC prepar-
ation. This study aims to prepare cost effective AC from sustainable raw 
material, cow dung. The preparation has been analyzed and optimized by util-
izing central composite design (CCD). The effect of activation temperature, 
time, and impregnation ratio (IR) on responses of percent yield (R1) and 
percent pesticide removal (R2) has been analyzed. Quadratic models have 
been suggested with R2, adjusted R2, and predicted R2 values of 0.98, 0.96, 
0.89 for R1, and 0.97, 0.94, 0.87 for R2, respectively. Activation temperature 
and KOH/Feedstock ratio significantly influence the yield and pesticide 
removal. Optimized conditions of activation temperature, KOH/Feedstock ratio, 
and activation time are 708.07 °C, 1.22 and 0.66 h, respectively. These con-
ditions produced 14.78% yield and 89.18% pesticide removal. SEM and BET 
analysis of optimized AC also confirmed porosity development and large 
surface area availability due to activation process. Findings of this study 
suggest that cow dung can be used to prepare low-cost AC for pesticide rem-
oval from aqueous solution. 

Keywords: adsorbent, activated carbon, biowaste, cow dung, pesti-
cides, wastewater treatment. 

 
 

Pesticides are synthetic substances used to 
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yield of crops. However, along with the benefits of 
pesticides, there exist some hazards associated with 
their use. Most of the pesticides are toxic for living 
organisms and some of these are persistent in the 
environment posing a great hazard. Their persistence 
in environmental bodies like food, soil and water have 
potential to bio-accumulate and ultimately bio-magnify 
in living organisms causing detrimental effects [1]. 
Moreover, inappropriate and excessive use of pes-
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ticide pollutes the water bodies endangering the 
aquatic life and rendering the water bodies unsuitable 
for routine operations [2].  

The global amount of sprayed pesticide has 
reached above 4.6 million tons per annum. The effec-
tive amount accounts for only 1% and the rest 99% 
ends up in different environmental bodies. A report of 
United States’ EPA says that out of 127 pesticides at 
least one is present in many rural wells. A study 
reported the presence of pesticides in 90 different 
sites, from the equator to cold regions. Considerable 
amounts have also been found in Greenland ice 
sheets and Antarctic penguins [3].  

In Pakistan, 245 metric tons of pesticides were 
consumed in 1954 and by 2011 it has reached up to 
70,000 tons. The extra amount applied, the careless 
handling and storage, improper transportation and use 
of outdated and banned pesticides have led to a num-
ber of environmental problems [4].  Some studies have 
indicated the presence of pesticides in water bodies 
of different agricultural areas of Pakistan [5-11].  

Carbofuran is a carbamate pesticide, widely 
used for a variety of fruits and vegetables. It is highly 
toxic to humans, birds and aquatic life, having acute 
and chronic effects. It causes cholinesterase inhibition 
in humans and animals and has been found to be 
responsible for escalated risks of diabetes [12]. The 
World Health Organization (WHO) has recommended 
the drinking water standard of 3 μg/L for carbofuran 
[5]. However, in Pakistan it has been found in some 
water samples above permissible limits [5,7]. So, 
there is dire need to regulate its exposure into the 
environment and to eliminate the existing quantities 
from environmental bodies.  

Various processes have been proposed for the 
treatment of contaminated water to make it potable 
and safe for other applications. These processes 
include adsorption, membrane filtration and advanced 
electrochemical oxidation methods. Adsorption is ext-
ensively studied and applied due to lower cost, easy 
operation and higher efficiency than the other 
methods [13]. Activated carbon has been used as 
adsorbent material and it provides exceptional results. 
A recent study employed an activated carbon fixed 
bed setup for adsorption of Ni ions from aqueous 
solution. The effects of different parameters were 
studies and the adsorption mechanism was deter-
mined by CFD analysis. The study concluded that 
activated carbon is capable of 90% removal of metal 
ions from solution [14]. Activated carbons available on 
the market are expensive owing to their reliance on 
conventional non-sustainable and non-renewable raw 
materials and hence the high cost of production 

cannot be justified for use in wastewater treatment. 
So, in search of inexpensive and renewable raw mat-
erials, researchers have successfully prepared acti-
vated carbons for water treatment from fruit and agri-
cultural bio-wastes like orange tree leaves [15], hemp 
fibers [16], and corncobs [17] following the waste-to- 
-wealth concept [18]. However, due to a large spec-
trum of pollutants it is highly desirable to produce very 
specific activated carbon for specific application.  

The major factors controlling the qualities of car-
bon are its preparation conditions which can be mani-
pulated to get suitable properties. The effect of vari-
ous factors can easily be analyzed through an appro-
priate experimental design. Response surface 
methodology (RSM) is an opposite tool to analyze the 
interaction of different factors. RSM can also be used 
to optimize the experimental conditions and it has 
been used for many processes and preparation of 
activated carbons as well [19].  

Cow dung is an abundantly available waste mat-
erial due to a huge livestock industry. The compo-
sition of cow dung (35.97% holocellulose and 19.02% 
lignin) implies that it can be a worthy feedstock for 
activated carbon preparation [20]. 

Bhattacharjya et al. prepared cow dung-based 
activated carbon for electrodes of capacitors. Surface 
area of 1500-2000 m2/g with different KOH ratios and 
maximum capacitance of 124 F/g was obtained [21]. 
Demiral et al. studied the surface properties of cow 
dung-based activated carbon and reported that sur-
face area as high as 1916 m2/g can be achieved with 
KOH activation [22]. Elaigwu prepared activated car-
bon from cow dung to remove metallic ions from 
simulated water solution and described that cost 
effective adsorbent can be prepared by cow dung 
having good capability to remove lead(II) ions [23]. Li 
et al. carried out activation of cow dung using various 
activating agents and stated that ZnCl2, KOH and 
K2CO3 produced good activated carbons. Moreover, 
sewage from cow farm was treated to remove chem-
ical and biological oxygen demand effectively and it 
was showed that after treatment the sewage met the 
discharge standards [20]. 

Limited studies were found utilizing the cow 
dung-based activated carbon for water treatment, 
especially using RSM. Thus, the novelty of the current 
work is to produce a low-cost, highly selective and 
sustainable cow dung-based KOH-activated AC for 
carbofuran removal from simulated water solution 
using RSM. Moreover, the effect of different variables 
and optimal conditions for maximum pesticide rem-
oval and yield are also a point of interest. Potassium 
hydroxide (KOH) is used for activation of cow dung as 
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it is an environment-friendly activating agent and it 
keeps tar formation at minimum. It reacts with carbon 
in the feedstock to make K2CO3 which upon reaction 
with more carbon produces potassium, potassium 
oxide, carbon monoxide and carbon dioxide. All these 
reactions produce porosity and large volumes of acti-
vated carbon [24,25]. 

EXPERIMENTAL 

Materials and instruments 

Analytical grade 99% pure carbofuran (C12H15NO3) 
and ≥85% pure potassium hydroxide (KOH) were 
utilized, purchased from a local dealer of Sigma Ald-
rich. Distilled water and hydrochloric acid (37%, 
Sigma Aldrich) were used for washing of samples. All 
solutions were made in distilled water. Cow dung was 
fetched from a local dairy farm in dried form. Scan-
ning electron microscope (Tescan Vega LMU) was 
used for surface morphology of AC. Surface area and 
porosity measures were taken by using BET surface 
area and porosity analyzer (Tristar II 3020). 

Preparation of activated carbon 

Dry cow dung fetched from a local dairy farm 
has been used as feedstock for AC preparation fol-
lowing the steps given in Figure 1. The feedstock was 
pulverized using mortar and pestle and sieved to get 
uniformity of particles. The powdered feedstock was 
dried in oven at 100 °C to eliminate the moisture con-
tent until constant weight. The dried feedstock was 
mixed with KOH in different ratios (KOH: Feedstock) 

and activated at different conditions according to 
experimental design in a furnace at constant heating 
rate. The obtained material was allowed to cool down 
to room temperature and rinsed with water to eli-
minate the activating agent. Washing with 0.5 M HCl 
was also carried out to remove the ash contents. 
Washing with water was continued till the pH of 
washed solution reached about 6-7. Washed carbon 
was dried in an oven at 1000 °C until it attained 
constant weight. 

Performance measurements 

Percentage yield 
Yield of cow dung-based AC was computed on 

dry basis. Eq. (1) [26, 27] was used to calculate the 
percentage yield of prepared samples: 

= 100 o

i

wYield
w

  (1) 

where wo and wi are final weights of dry AC and dry 
feedstock, respectively. 

Percentage pesticide removal 
Batch tests were conducted to evaluate the 

adsorption capacity of prepared activated carbons. 
Carbofuran solution having 100 mg/L concentration 
was taken in an Erlenmeyer flask and 0.30 g of cow 
dung-based AC (pH around 7.8) was mixed with it. 
The flask was kept in an isothermal shaker at 250 °C 
and 100 rpm and was occasionally checked for nor-
mal operation until the attainment of equilibrium which 
was around 6 h. The solution was then filtered to 
separate the AC and the remaining concentration of 
solution was measured by UV-1800 Perkin Elmer 750 
nm spectrophotometer. The wavelength of carbofuran 
for maximum absorption was determined by taking 
100 μg/mL in a cuvette and measuring its absorption 
at different wavelengths. It was found near 275 nm for 
carbofuran as evident from spectrum given in Figure 
2. The calibration curve for carbofuran was found by 
measuring the absorbance of standard solutions of 

 
Figure 1. Steps of cow dung-based activated carbon 

preparation. 

 
Figure 2. Maximum absorption spectrum for carbofuran. 
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carbofuran and the regression coefficient (R2) for the 
calibration curve was 0.998. The calibration curve 
was used to measure the unknown concentration of 
solutions. The removal of carbofuran was determined 
by using Eq. (2) [27,28]: 

−0C
Percentage removal = 100 f

f

C
C

  (2) 

where C0 and Cf  (mg/l) refer to initial and final con-
centrations of carbofuran in solution, respectively. 

Design of experiments 

Central Composite Design (CCD) was employed 
to study the effect of selected factors on activated 
carbon preparation. CCD is an efficient design able to 
employ appropriate mathematical models to study 
and optimize the effect of different factors on prepar-
ation of a product with a minimum number of experi-
ments. It is a vital tool for experimentation as it allows 
modeling the data points with minimum number of 
experiments in a limited time and cost. Besides data 
fitting in an appropriate model, RSM is capable of 
optimization of results for desired outcome or to pro-
duce a highly specific product. Usually, it involves 
three types of points; (1) “2k” Factorial/Cube (2) “2k” 
Axial/Star and (3) “C” Center points. The minimum 
number of experimental runs required for given num-
ber of factors (k) can be calculated by Eq. (3) [27]: 

= + +2 2kn k C   (3) 

Three important factors with their ranges were 
selected from literature. These factors included acti-
vation temperature, impregnation ratio (IR) and acti-
vation time. The total numbers of experiments for 
three factors based on Eq. (3) were 20, with 6 center 
points. These factors are important in deciding the 
characteristics of AC [29]. Cow dung-based AC yield 
and carbofuran removal were two responses mea-
sured and used to develop polynomial mathematical 
equations showing the relationship between the res-
ponse and selected factors. Second order polynomial 
equation (Eq. (4)) was used to model the data points 
and to estimate the regression equation for both 
responses [28]: 

ε
<

= α + α + α + α +   2
0i i i ii ij i ji i jR X X X X  (4) 

where Ri, α0, αii, αij, Xi, Xj and ε are the i-th response, 
constant, linear coefficient, square coefficient, inter-
action coefficient, i-th variable, j-th variable and ran-
dom error, respectively. ANOVA along with other 
model adequacy checks were performed to check the 
significance of variables. Design Expert 7.0.0 was 
employed for data analysis. Selected factors for AC 
preparation and responses are given in the Table 1. 
The α values refer to the axial points of design. 

ANALYSIS OF RESULTS 

The design matrix of cow dung-based AC along 
with two responses is given in the Table 2, and the  

 

Table 1. Selected factors and responses 

Factor -α Lower level Center point Upper level +α 

Activation temperature (°C) (A) 432 500 600 700 768 

Impregnation ratio (B) 0.32 1 2 3 3.68 

Activation time (h) (C)  0.66 1 1.5 2 2.34 

Responses 

1 Yield of AC, % (R1) 

2 Removal of pesticide, % (R2) 

Table 2. Design matrix with responses of yield and pesticide 
removal 

Run 
Variable factor 

R1 R2 / % 
(A) (B) (C) 

1 500 1 1 16.33 62.90 

2 700 1 1 13.33 87.00 

3 500 3 1 13.40 85.00 

4 700 3 1 10.53 94.60 

5 500 1 2 14.80 70.00 

6 700 1 2 11.73 81.60 

7 500 3 2 13.20 84.30 

8 700 3 2 10.20 91.00 

9 432 2 1.5 13.80 69.80 

10 768 2 1.5 9.00 93.60 

11 600 0.32 1.5 15.20 61.00 

12 600 3.68 1.5 10.33 89.10 

13 600 2 0.66 14.10 88.30 

14 600 2 2.34 12.33 88.70 

15 600 2 1.5 11.40 93.60 

16 600 2 1.5 11.13 88.40 

17 600 2 1.5 10.86 88.20 

18 600 2 1.5 10.66 88.00 

19 600 2 1.5 10.80 88.10 

20 600 2 1.5 11.10 91.00 
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coded factor-based models for responses are given 
by Eqs. (5) and (6). The magnitude of coefficients of 
the equation indicates the relative effect of factors on 
response. These equations can be used to predict the 
response at given levels of factors. The usefullness 
and quality of models can be assessed through the 
value of R2. Usually the value of R2 ranges from 0 to 1 
and indicates good or bad fit of expermental data in 
the suggested model. A value closer to 1 suggests a 
good fit of experimental data in the model. However, 
adjusted and predicted R2 is a better indicator of good 
fit as contrary to simple R2, as simple R2 always inc-
reases with the addition of the independent factor. 
Adjusted R2 improves only when the new term in the 
model improves it. The predicted R2 is calculated by 
deleting response points one by one and then re-esti-
mating them using the developed model and hence it 
represents how accurately the developed model esti-
mates the data point. With an increased number of 
factors the value of simple R2 may increase due to 
random noise, providing the likelihood of overfitting of 
model with a high R2 value but with a poor ability of 
making predictions. So, reporting the other two R2 
values for the validation of model becomes of great 
significance in such scenarios. For Eq. (5) the values 
of R2, adjusted and predicted R2 are 0.98, 0.96 and 
0.89, respectively. The high value of R2 suggests a 
good fit of the data in the suggested model. The 
adequately high values of adjusted R2 and predicted 
R2 suggests that the model is accurate and can be 
used to estimate the response. For Eq. (6) the values 
are 0.97, 0.94 and 0.87, respectively. The adequacy 
of the model is confirmed by these appropriate values 
and hence it is suggested that the model can used to 
predict the response accurately. 

= − − − + −

− + + + +
1

2 2 2

1 0.98 1.47 1.25 0.49 0.025

0.025 0.33 0.23 0.71 0.87

R A B C AB

AC BC A B C
 (5) 

= + + − − −

− − − − −
2

2 2 2

 89.53 6.74 7.37 0.14 2.42

1.92 0.75 2.61 4.96 0.21

R A B C AB

AC BC A B C
 (6) 

Eq. (4) can be used to predict the impact on R1 

by putting the levels of each factor and then changing 
the level of one factor to estimate its impact on R1. 
The code for upper level is 1 and -1 for lower level. 
Below is given the calculation for R1 for lower level 
(-1) of factor ‘A’ and upper level (1) of factor ‘B’ and 
‘C’: 

R1 = 10.979 - 1.4654*(-1) -1.2485*(1) - 0.486*(1) + 
+ 0.025*(-1)*(1) - 0.025*(-1)*(1) +0.325*(1)*(1) + 
+ 0.22686*(-1)2+0.70946*(1)2+0.86856*(1)2 

Hence, the value of R1 comes out to be 12.8398.  

By taking upper level (1) of factor ‘A’ with higher 
levels (1) of factor ‘B’ and ‘C’, the R1 becomes 9.9089: 

R1 = 10.979 - 1.4654*(1) -1.2485*(1) - 0.486*(1) + 
+ 0.025*(1)*(1) - 0.025*(1)*(1) + 0.325*(1)*(1) + 
+ 0.22686*(1)2 + 0.70946*(1)2 + 0.86856*(1)2 

It can be seen that by switching the factor ‘A’ 
from lower to upper level, the value of response dec-
reases. Hence it can be predicted that yield (R1) dec-
reases by increasing the activation temperature (A).  

Similarly, the effect of factor level can be esti-
mated for R2 by taking lower level (-1) of factor ‘A’ and 
upper level (1) of factor ‘B’ and ‘C’. By putting the 
level values in Eq. (5): 

R2 = 89.53 + 6.74*(-1) + 7.37*(1) - 0.14*(1) -  
- 2.42*(-1)*(1) - 1.92*(-1)*(1) - 0.75*(1)*(1) - 
- 2.61*(-1)2 - 4.96*(1)2 - 0.21*(1)2 

R2 = 85.83 

Now Eq. (5) can be solved for upper level (1) of 
all factors to analyze the effect of factor level: 

R2 = 89.53 + 6.74*(1) + 7.37*(1) - 0.14*(1) -  
- 2.42*(1)*(1) - 1.92*(1)*(1) - 0.75*(1)*(1) - 
- 2.61*(1)2 - 4.96*(1)2 - 0.21*(1)2 

R2 = 90.63 

It is evident from the above calculation that car-
bofuran removal (R2) is lower for lower level (-1) of 
activation temperature (A) and it becomes higher for 
upper level (1) of activation temperature (A) keeping 
the other two factor levels constant. It can be inferred 
that more activation is achieved at higher temperature 
due to which more removal is observed. 

Analysis of variance (ANOVA) 

ANOVA is another check of the model and it 
also provides information about significant terms. The 
significant terms have considerable effect on res-
ponses and play an important role in predicting the 
overall response. Ignoring any significant term ren-
ders the model less precise to estimate the response. 
The ANOVA results of R1 and R2 are provided in the 
Tables 3 and 4, respectively. F-value is defined as the 
ratio of source variability to residual variability. A high 
F-value suggests that residual variability is lower and 
the selected model can better explain the behavior of 
response. The P-value, smaller than 0.05, suggests 
that the specific term is significant. P-value is the 
probability of null hypothesis to be true for the obs-
erved F-value. Hence P-value lower than 0.05 sug-
gests the rejection of the null hypothesis which states 
that an additional term would not render the model 
better. Rejection of the null hypothesis means that 
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additional terms have effect on the response and are 
called significant terms. 

From Table 3, the F-value for R1 is 62.698 sug-
gesting that the model is significant. The terms ”A, B, 
C, BC, A2, B2, C2” are significant for R1. 

The F-value of 40.94 for R2 presented in Table 4 
specifies significance of the suggested model. Other 
significant terms of the model include “A, B, AB, AC, 
A2, B2”. 

The root mean square error (RMSE), mean abs-
olute percentage error (MAPE), coefficient of variance 
(C.V) and variance accounted for (VAF) values are 
0.25, 1.819, 2.91 and 98.26 for R1, and 1.59, 1.59, 
2.67 and 97.34 for R2, respectively. The coefficient of 
variance C.V measures the dispersion of data around 
the mean and a lower values of C.V for R1 and R2 
indicate a precise estimate of data and less disper-
sion around the mean. Lower RMSE and MAPE value 
are desirable for model adequacy. The obtained 
values of RMSE and MAPE are considerably low and 
hence suggest an accurate reproducibilty of data. The 
higher values of VAF for both models implies the 
closeness of experimental and predicted data [30]. 

Model diagnostics 

Normal probability plots are employed to exam-
ine that if the data is normally distributed or not. The 

data is assumed to be normally distributed if all the 
residuals are adequately near to the straight line [31]. 
It can be seen from Figures 3 and 4 that for both 
responses the residual points are sufficiently close to 
the standard line suggesting the normality of data. 
Figure 5 presents the actual vs. predicted values of 
yield and pesticide removal data. The closeness of 
the points with the straight line discloses that actual 
and predicted values differ slightly. It also confirms 
the model adequacy. 

Factor effects on cow dung AC yield (R1) 

Temperature of activation has the highest effect 
as indicated by a highest F-value of 232.02 from 
Table 3. Impregnation ratio and activation time also 
have an effect on yield but to a lesser extent than the 
temperature. It is observed that all three factors have 
a negative effect on the yield as evident from Table 2. 
The effect of activation time and impregnation ratio on 
R1 with constant activation temperature at center point 
(T=600 °C) is shown in Figure 6(a). It is evident that 
higher yield is obtained at lower activation time and 
impregnation ratio. However, IR seems to have more 
effect than activation time on yield. Figure 6(b) 
depicts the response graph of activation time and 
temperature with constant IR at center point (IR=2). A 
higher value of these factors produces lower yield. 

Table 3. ANOVA for percent yield 

Source Sum of squares Degrees of freedom Mean square F-Value P-value 

Model 71.323 9 7.924 62.698 < 0.0001 

A 29.326 1 29.326 232.021 < 0.0001 

B 21.287 1 21.287 168.417 < 0.0001 

C 3.225 1 3.225 25.517    0.0005 

AB 0.005 1 0.005 0.039    0.8463 

AC 0.005 1 0.005 0.039    0.8463 

BC 0.845 1 0.845 6.685    0.0272 

A2 0.742 1 0.741 5.868   0.0359 

B2 7.254 1 7.253 57.389 < 0.0001 

C2 10.872 1 10.871 86.015 < 0.0001 

Table 4. ANOVA for percent carbofuran removal 

Source Sum of squares Degrees of freedom Mean square F-Value P-value 

Model 1867.22 9 207.47 40.94 < 0.0001 

A 620.12 1 620.12 122.36 < 0.0001 

B 741.91 1 741.91 146.39 < 0.0001 

C 0.27 1 0.27 0.05 0.8215 

AB 47.04 1 47.04 9.28 0.0123 

AC 29.64 1 29.64 5.85 0.0361 

BC 4.50 1 4.50 0.89 0.3682 

A2 98.34 1 98.34 19.40 0.0013 

B2 355.02 1 355.02 70.05 < 0.0001 

C2 0.62 1 0.62 0.12 0.7330 
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Figure 3. Normal probability plot for % yield. 

 
Figure 4. Normal probability plot for % carbofuran removal. 

 
Figure 5. Parity chart (A) pesticide removal (B) yield. 
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Activation temperature seems to have more sig-
nificant effect than time. Figure 6c presents the res-
ponse graph of activation temperature and IR with 
constant activation time at center point (t = 1.5 h). A 
higher value of both factors lowers the yield consider-
ably. Both have almost same effect on yield but relat-
ively higher than activation time.  

The increase in temperature increases the dis-
charge of volatile matter owing to enhanced elimin-
ation reactions along with increased C-KOH and 
C-CO2 reaction, thus causing a lower yield [32]. 
Higher IR also produces a lower yield due to excess-
ive burn-off of surface carbon atoms and emission of 
volatile matter. At higher amounts of KOH, the gas-
ification of surface carbon atoms is increased result-
ing in a lower carbon yield [33].  

In the present study, the percentage yield 
obtained varies from 9 to 16.33%. In another study a 
yield of (12.58±1.2)% was obtained using KOH as 
activating agent at 800 °C [19]. Percentage yield of 
the present study is comparable with the stated work 
and the difference can be attributed to small differ-
ences in preparation techniques. 

Factor effects on pesticide removal (R2) 

Activation temperature and IR seem to have 
higher effect on R2 as it can be noticed in Table 4. 

Activation time has been found insignificant in this 
case. Interaction effect of IR, activation temperature, 
and activation time is moderate while that of IR and 
activation time is not significant. The quadratic effect 
of IR is higher than the quadratic effect of activation 
temperature, while for activation time it is insignificant.  

Figure 7a depicts the response graph of activ-
ation temperature and IR for R2 with constant activ-
ation time at center point (t = 1.5 h). It reveals that at 
the lower end of these factors, a lesser amount of 
removed carbofuran is obtained while the reverse is 
true when both factors are at the higher end. Indi-
vidually, these factors affect the response in same 
fashion. Figure 7b describes the response graph of 
activation temperature and time with constant IR at 
center point (IR = 2). It is clearly visible that activation 
time has constant response at all values while activ-
ation temperature has a positive effect. A higher rem-
oval is obtained at higher temperature. From Figure 
7c it is apparent that activation time has a constant 
response at all values while IR has significant positive 
effect on the response as higher removal is obtained 
at higher IR. 

Sudaryanto et al. [34] also stated the insignific-
ance of activation time towards pore development 
and structure and hence it had no effect on adsorption 

 
Figure 6. Three-dimensional graph of AC yield with: a) activation time and IR; b) activation temperature and time; 

c) activation temperature and IR. 
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capability of AC. The higher pesticide removal at 
higher IR and activation temperature is credited to 
higher activation of AC and porosity development. 
Shoaib et al. [35] also reported that activation at 
higher temperature increases the porosity and hence 
the uptake capacity of the product. Porosity develop-
ment at higher temperature is due to the increased 
C-KOH, gasification and de-volatilization reactions. 
The higher IR favors oxidation reaction due to which 
porosity is developed [36]. 

Optimization of responses 

It has been seen that the activated carbon yield 
and pesticide removal results have a conflicting situ-
ation. The conditions favoring higher activated carbon 
yield produce lower pesticide removal capacity and 
vice versa. To overcome this conflict, a tradeoff is 
necessary to get acceptable results. The desirability 
function of Design Expert 7.0.0 is used to get optimal 

results in this situation. The result with maximum 
desirability value is selected as optimal among all fea-
sible solutions. Table 5 presents the optimized results 
for the preparation of cow-dung based activated car-
bon to have optimal responses. 

Characterization of activated carbon 

Figure 8 represents the SEM image (x1000) of 
cow dung-based AC prepared under obtained opti-
mized conditions. Well-developed porosity can be 
observed from the image and it can be attributed to 
the activation process. These pores are responsible 
for adsorption of carbofuran molecules on AC sur-
face. BET and Langmuir surface area were found to 
be 1123.37 and 1563.28 m2/g, respectively. The pre-
pared AC had total pore volume of 0.631 cm3/g and 
average pore diameter of 2.53 nm. The prepared AC 
was classified as mesoporous as its pore diameter 
was found to be 2.53 nm. The high surface area and 

 
Figure 7. Three-dimensional graph of pesticide removal with: a) activation temperature and IR; b) activation temperature and time; 

c) IR and activation time. 

Table 5. Optimized preparation conditions 

Activation temperature (°C) Impregnation ratio Activation time (h) Yield (%) Carbofuran removal (%) 

708.07 1.22 0.660 14.785 89.187 
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pore volume are achieved due to chemical activation 
process and these are directly related to enhanced 
adsorption of carbofuran onto the surface of AC. Por-
osity also adds to the available surface area and can 
be improved by using higher amounts of activating 
agent. 

 
Figure 8. SEM Image of cow dung-based activated carbon 

under optimum conditions. 

Validation of developed models 

Some additional experimental runs were per-
formed to validate the proposed models after data 
analysis. The selected data points for experimentation 
were different than the design points previously emp-
loyed for experimentation and analysis. Percentage 
error was measured between the predicted and actual 
values. An absolute percent error of below 5% was 
observed for all validation runs, thus validating the 
adequacy of proposed models. Table 6 shows the 
validation data points along with percent error. Per-
cent error was calculated by using Eq. (7): 

=

=

Percent Error
|Actual value - Predicted value|

100
Predicted value

 (7) 

Table 6. Validation runs 

Factor 
Run 

1 2 3 

A 550 650 708 

B 1.50 1.50 1.22 

C 1.25 1.8 0.66 

Actual yield 13.55 10.72 14.4 

Predicted yield 13.11 11.01 14.784 

Error, % 3.35 2.67 2.60 

Actual removal 77.600 89.110 87.2 

Predicted removal 79.318 87.407 89.187 

Error, % 2.166 1.949 2.25 

CONCLUSION 

Cow dung was utilized to make AC and tested to 
remove pesticide from simulated contaminated water. 

CCD was employed to model and optimize the exp-
erimental results. IR and activation temperature had a 
significant effect on AC yield and uptake capacity. 
Higher values of both factors favor the removal of 
pesticide at the cost of AC yield. The optimized con-
ditions of 708.07 °C activation temperature, 1.22 IR, 
and 0.66 h of activation time produced 14.78% yield 
and 89.18% pesticide removal. SEM image of opti-
mized AC revealed that it has numerous pores on its 
surface which aid in adsorption. BET analysis con-
firmed the availability of large surface area and pore 
volume for better adsorption. These optimized condit-
ions not only produce best results but are also econ-
omical from a cost point of view. Hence a low-cost 
and highly selective AC can be obtained from cow 
dung and the problem of water contamination by car-
bofuran can be addressed by exploiting an apparent 
waste following the waste-to-wealth concept.  
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  OPTIMIZACIJA JEFTINOG AKTIVNOG UGLJA OD 
KRAVLJE BALEGE ZA UKLANJANJE 
KARBOFURANA IZ VODENOG RASTVORA 

Zagađenje vode postalo je ozbiljno pitanje ovog veka zbog povećane industrijalizacije. 
Usvojeno je nekoliko metoda za rešavanje ovog problema, uključujući adsorpciju aktiv-
nim ugljem. Konvencionalni izvori dobijanja aktivnog uglja su, takođe, skupi i neobnov-
ljivi. Nekoliko voćnih i poljoprivrednih otpadaka ima karakteristike održivih sirovina za 
dobijanje aktivnog uglja. Cilj ovog istraživanja je dobijanje isplativog aktivnog uglja iz 
održive sirovina - kravlje ibalege. Postupak dobijanja je analiziran i optimizovan prime-
nom centralnog kompozitnog dizajna. Analiziran je uticaj temperature aktivacije, vre-
mena i odnosa impregnacije na odgovore prinos (R1) i stepen uklanjanja pesticida (R2). 
Predloženi su kvadratni modeli sa koeficijentima determinacija R2, Radj

2 i Rpred
2 od 0,98, 

0,96, 0,89 za prinos pesticida i 0,97, 0,94 i 0,87 za stepen uklanjanja pesticida, redom. 
Temperatura aktivacije i odnos KOH/sirovina značajno utiču na prinos i stepen uklanja-
nje pesticida. Optimizovani uslovi temperature aktivacije, odnosa KOH/sirovina i vre-
mena aktivacije su 708 °C, 1,22 i 0,66 h, redom. Pri ovim uslovima, ostvern us prinos 
14,78% i stepen uklanjanje pesticida 89,18%. SEM i BET analize optimizovanog aktiv-
nog uglja su, takođe, potvrdile njegovu poroznost i veliku površinu. Rezultati ovog istra-
živanja sugerišu da se kravlja balega može koristiti za dobijanje jeftinog aktivnog uglja 
za uklanjanje pesticida iz vodenog rastvora. 

Ključne reči: adsorbent, aktivni ugalj, biootpad, kravlja balega, pesticidi, prečiš-
ćavanje otpadnih voda. 
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Abstract 

To produce biodiesel, one of the most important factors is the quality of the oil 
used in the production. However, other factors such as price and availability 
should also be taken into consideration. Chicken wastes oil shows a very 
promising option for this sector, since it comes from a waste. The aim of the 
present study was a methodology for extraction and characterization of 
chicken wastes oil for production of biodiesel by ethylic transesterification, 
besides presenting the characterization and optimization of the process vari-
ables of the production of biodiesel, the applying of RSM involving CCD. The 
investigation was performed following evaluation of the characterization para-
meters for the oil: viscosity, density, acidity index, moisture of the sample, ref-
ractive index, and saponification index. For biodiesel, viscosity, density, acidity 
index and ester content were evaluated. An optimum point was reached for the 
production of chicken biodiesel where the concentration of the catalyst is 2.1% 
by mass, the oil/ethanol ratio is 1:5.5 and the reaction temperature of 30 °C; at 
that point, a 95% conversion was achieved. At the optimum point obtained 
from the statistical technique for a p-value of 0.05 the results found for the phys-
ical-chemical characterization of biodiesel are found in the ANP standards. 

Keywords: biodiesel; chicken wastes; ethyl transesterification; optimiz-
ation. 

 
 

Over the years, diesel motors became one of 
the main sources of power generation around the 
world, due to the efficiency and economy, being used 
in transport, agriculture, etc. However, with techno-
logical advancement and population growth, the high 
consumption and rapid depletion of fossil fuels com-
pel the energy sector to adapt to this new reality [1,2]. 
In this way, also aiming at the significant reduction of 
the emission of polluting gases and, consequently, to 
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contribute to the minimization of the environmental 
impacts on the planet, several energy sources were 
studied and implemented over the years [3]. 

Biodiesel, with an energy efficiency equivalent 
to that of diesel oil obtained from petroleum refining, 
is derived from vegetable oils and animal fats. They 
present advantages to petroleum diesel for not emit-
ting carbon monoxide, sulfur and hydrocarbons, have 
low emission of vapors, are biodegradable and non-
flammable [4]. Some raw materials used for the pro-
duction of biodiesel are vegetable oil [5], algae bio-
mass [6-9], residual cooking oil [10-13], and animal 
fats [14-16]. Many countries use methanol as an alco-
holic reagent to produce biodiesel. However, by pro-
ducing a fuel with raw materials from fully renewable 
sources, ethanol can be used in the transesterification 
of biodiesel.  
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In Brazil, although most of the biofuel is ethanol, 
obtained from sugarcane, biodiesel is already part of 
the energy matrix. Currently, 10% of the percentage 
of diesel oil sold to the consumer is biodiesel and the 
estimated consumption was 5.3 billion L in 2018. 
Most of the oils used in biodiesel production in Brazil 
come from traditional oleaginous oils such as soy-
bean oil. However, the inclusion of other raw mat-
erials in this matrix is important and aims to reduce 
confrontation with the food industry.  

According to the report of the Brazilian Asso-
ciation of Animal Proteins (ABPA), Brazil is the sec-
ond largest producer of poultry meat in the world, with 
a production of 13,056 million tons, behind only the 
18,596 million tons produced by the United States of 
America [17]. Thus, the meat processing industries 
produce a large amount of animal fat, where part of 
this by-product is destined for the chemical, pharma-
ceutical and chemical industries [16]. However, just a 
part of the animal fat receives suitable management 
and reaches its destination, especially the ones that 
come from chicken slaughterhouses that do not have 
a processing unit to deal with them, which makes them 
have problems for the elimination of those residues. 

The study of process variables such as the use 
of ethyl route from an environmental point of view is 
more attractive because ethanol can be obtained from 
renewable sources. It is important to consider that 
other factors influence biodiesel yield and multivariate 
optimization has stood out for evaluating the inter-
action between variables in the process response.  

In this study, a Central Composite Design (CCD) 
to optimize the reaction parameters was used to get 
the best yield in the production of biodiesel from 
chicken wastes. The parameters considered were the 
oil/ethanol mass ratio, catalyst concentration and 
temperature on the production of ethylic biodiesel via 
basic catalysis. 

MATERIALS AND METHODS 

Raw materials 

The residues used on this work, which resulted 
from cutting chicken meat, were provided by Cortez 
Supermarket, Coruripe, Brazil. From these residues 
we were able to extract the raw materials (chicken 
fatty oils). 

For the realization of the analytical methodol-
ogies and reaction transesterification, ethyl alcohol, 
heptane, hydrogen gas and sodium hydroxide were 
analytical grade and purchased commercially and 
used without any prior purification. The materials 
were weighed on a precision balance (Mars, model 
AM220, Brazil) that had an uncertainty of ±0.0001g.  

Obtaining the oil 

The crude residue was obtained from chicken 
wastes from the supermarket ground. The cooking of 
the residue was carried out in a vessel with water, in a 
ratio of 2:1 water/fat. The oil was separated by 
decantation and filtered through a vacuum filter to 
melt the fat. The obtained fat was then filtered to 
remove impurities and stored in bottles kept under 
refrigeration. This oil was taken to a greenhouse 
where any residual water was removed to be used in 
transesterification reactions. 

Gas chromatography 

For the identification of the fatty acids in chicken 
oil, a transesterification reaction was carried out with 
NaOH to form ethyl esters. These samples of ethyl 
esters were then analyzed by gas chromatography, 
by adapting the method prescribed by the European 
standard EN 14103, where approximately 0.05 g of 
the sample was dissolved in 1.0 mL of heptane. CG- 
-2010/Shimadzu was used equipped with a split/split-
less injection system operating at 250 °C, split ratio of 
100:1, sample volume of 1.0 μL and flame ionization 
detector operating at 250 °C. A 30-meter-long apolar 
capillary column ZB-WAXplus, with a 0.32 mm inter-
nal diameter and 0.25 micron-thick film and high pur-
ity hydrogen gas, used as drag, was used. The tem-
perature programming was constant temperature of 
200 °C (10 min). The fatty acid composition was cal-
culated based on the identification and integration of 
the peak areas by normalization. 

Transesterification process  

Biodiesel from chicken wastes was obtained by 
transesterification reaction, where anhydrous ethanol 
was used as the alcoholic agent and sodium hydro-
xide was used as the catalyst. The reactions were 
carried out in 1500 mL reactors with a magnetic stirrer 
and equipped with temperature control. Initially, the 
catalyst was dissolved in the anhydrous alcohol and 
subsequently added to the chicken waste oil. The 
reaction time was 30 min. Subsequently, the mixture 
was transferred to a separating funnel and allowed to 
stand for 12 h. The lower layer of the glycerol was 
removed, and the upper phase of the biodiesel sub-
jected to the washing process with distilled water, at 
room temperature. After that, the oven was dried for a 
total time of 24 h to remove water and alcohol 
present.  

Optimization and data analysis 

Experiment planning techniques were used to 
optimize the operating conditions of the production of 
biodiesel from fatty residues of chicken. To determine 
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the experimental conditions optimizing the experi-
ment, the effect of variables and their interactions 
were evaluated, which influence the yield of the 
transesterification reaction [12,18]. In this step, the 
oil/ethanol ratio, amount of catalyst and temperature 
in the conversion of the reaction were evaluated. In 
literature reports, experiments were carried out on 
agitation speed, the type of paddles, temperature, 
catalyst and alcohol/molar ratio; the factors that pre-
sented a greater significance for chicken waste bio-
diesel were temperature, catalyst and alcohol mole 
ratio [19,20]. The experimental data obtained by fol-
lowing the above procedures were analyzed by the 
response surface regression procedure using the 
following second-order polynomial equation, Eq (1): 

β β β β= + + + +  


2
0    j j ij i j jj j

j i j j

y x x x x e  (1) 

where y is the response (percentage conversion); xi 
and xj are the uncoded independent variables and 
β0, βi, βii and βij are intercept, linear, quadratic and 
interaction constant coefficients, respectively. Design 
Expert software package was used for regression 
analysis and analysis of variance (ANOVA) [21]. The 
software used for evaluation and validation of the 
data obtained was Statistica® 13.0 Statsoft, Inc.  

Physical and chemical properties 

The physicochemical properties were evaluated 
according to the methods established by the Amer-
ican Society for Testing and Materials (ASTM), the 
results compared to the European standards and the 
Brazilian National Agency of Petroleum, Natural Gas 
and Biofuels (ANP). 

The investigation was performed following para-
meter characterization for the oil: viscosity, humidity, 
acidity index, and saponification index were evalu-
ated, presented in Eqs. (2)-(5): 

v = tK         (2) 

where v is a viscosity (mm²/s), t is the time (s); K is 
constant (0,1125 mm2/s2). 

The humidity was determined in Eq. (3), where 
U is humidity, N is difference between final and initial 
mass, P is initial mass: 

= 100 
 

NU
P

         (3) 

Eq. (4) presented the acidity index, where IA is 
acidity index (mg NaOH/g), V is the volume of NaOH 
(ml), f is correction factor, M is molarity and m is the 
mass of the sample. 

= 28.2
 

VfMIA
m

         (4) 

The saponification index, IS, is presented in Eq. 
(5) where A is volume of the sample titration, B is 
volume of the white sample, f is correction factor of 
the solution HCl 0,5 M, P is initial mass of the sample: 

−= 26.6 ( )
 

f B AIS
P

         (5) 

The density was analyzed by ASTM D 4052 and 
the refraction index was checked by Abbe refracto-
meter.  

RESULTS AND DICUSSION 

Physical and chemical properties 

Transesterification is influenced by the physical 
and chemical characteristics of the raw materials, so 
some properties of biodiesel can be predicted from 
the analysis. The results found in this study are 
shown in Table 1.  

Table 1. Physical-chemical properties of chicken oil and bio-
diesel of chicken oil 

Property Chicken oil 
Chicken 
biodiesel 

Refractive index  1.4646±0.0001 – 

Viscosity 40 °C (mm²/s) 48.46±0.2 5.839±0.2 

Density 20 °C (kg/m³) 917.30±0.5 884.35±0.5 

Humidity (%) 0.398±0.0018 – 

Acidity index (mg KOH/g) 0.759±0.05 0.716±0.05 

Saponification index (mg KOH/g) 191.51±0.8 – 

Compared with soybean oil, which is the main 
raw material for biodiesel production in Brazil (ANP), 
the oil of chicken had similar density and a lower vis-
cosity, which is satisfactory for the production of bio-
diesel, since high values of viscosity and density can 
cause problems related to the fuel injection in the 
engine, damaging its performance [22,23].  

For base-catalyzed transesterification, the gly-
cerides and alcohol must be substantially anhydrous; 
the water causes partial saponification that produces 
soap, consuming the catalyst and reducing the catal-
ytic efficiency, in addition to causing increased visco-
sity, gel formation and difficulty in reaching separation 
of glycerol [19,24]. Humidity in biodiesel acts increas-
ing the acidity and subsequent formation of soap, as 
well as causing corrosion of fuel supply systems, mic-
robiological growth and hydrolysis of the methyl ester 
[25]. Humidity was not a problem, neither in terms of 
favoring side reactions nor reagent consumption. 
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The acid number is defined as the number of mg 
of potassium hydroxide needed to neutralize 1 g of 
the sample. For transesterification to be efficient, the 
amount of free fatty acids present in the raw material 
must be less than 3% [26]. Researchers suggest that 
to use an alkaline catalyst, the level of free fatty acids 
in the raw materials should be reduced to less than 
1% [27,28], but as can be seen in Table 1, the index 
found was less than 1 mass%, thus, no oil treatment 
step was necessary. 

Most of the raw materials used for biodiesel pro-
duction have higher values than the one found in this 
study. The chicken oil had an adequate acid index, 
with a low presence of free fatty acids, indicating a 
good raw material for the biodiesel production, with-
out compromising the transesterification process. 

The saponification index of the chicken oil found 
in this study was 190.51 mg KOH/g. Like the viscosity 
and the density, the saponification index does not have 
a standard value set in resolution of the ANP, but com-
pared to the literature, the value found is within the 
parameters [29]. A lower saponification index leads to 
a higher yield in the reaction, due to the decrease of 
the parallel reactions that can lead to the formation of 
soap. This index directly influences the amount of 
alcohol in the transesterification since an excess of 
alcohol is used to avoid the formation of soap. 

Gas chromatography 

The gas chromatography technique is used to 
determine the fatty acid profile of the raw material. 
Table 2 shows the oil profile used as raw material for 
this study. Chicken oil is composed of 25 to 35% of 
saturated fatty acids and 40 to 75% of unsaturated 
fatty acids [30,31]. Thus, with the known composition 
and after a transesterification reaction, the respective 
triglycerides were obtained. Thus, through the per-
centage of each component of the oil, the molar mass 
was obtained (Table 2). With 95.5% of the oil compo-
sition known and that this percentage corresponds to 
820.592 g/mol, this basis of calculation was used to 
obtain the total molar mass of 859.26 g/mol. 

Ester content and optimization 

The variables studied in the experimental 
design, their respective levels, and the results of ester 
concentration in the biodiesel of chicken oil obtained 
are shown in Table 3. 

Table 3. Experimental matrix for factorial design 2³, with triplic-
ate at the central point and 6 axial points, with maximum con-
version of esters 

Case
Temperature

°C 
Proportion 

Catalyst content 
% 

Ester content
% 

B1 35 (-1) 1;5.0238 (-1) 1.25 (-1) 73.46 

B2 65 (1) 1;5.0238 (-1) 1.25 (-1) 51.82 

B3 35 (-1) 1;10.9762 (1) 1.25 (-1) 58.28 

B4 65 (1) 1;10.9762 (1) 1.25 (-1) 86.83 

B5 35 (-1) 1;5.0238 (-1) 2.25 (1) 92.88 

B6 65 (1) 1;5.0238 (-1) 2.25 (1) 52.88 

B7 35 (-1) 1;10.9762 (1) 2.25 (1) 91.59 

B8 65 (1) 1;10.9762 (1) 2.25 (1) 67.91 

B9 50 (0) 1;8 (0) 1.75 (0) 88.99 

B10 50 (0) 1;8 (0) 1.75 (0) 89.02 

B11 50 (0) 1;8 (0) 1.75 (0) 89.09 

B12 24.8 (-1.68) 1;8 (0) 1.75 (0) 86.67 

B13 75.2 (1.68) 1;8 (0) 1.75 (0) 59.52 

B14 50 (0) 1;3 (-1,68) 1.75 (0) 68.95 

B15 50 (0) 1;13 (1,68) 1.75 (0) 75.34 

B16 50 (0) 1;8 (0) 0.91 (-1.68) 68.86 

B17 50 (0) 1;8 (0) 2.59 (1.68) 41.34 

The data obtained in the experimental design 
were treated statistically and, in this way, it was 
observed the need of adding the axial points to the 
planning due to the non-representativeness of the 
linear model to the obtained data was observed. 

Through CCD planning it was possible to ana-
lyze the effects of the studied variables, allowing to 
verify statistically their significance for biodiesel pro-
duction. The Pareto graph (Figure 1) shows the 
effects of variables that are statistically important, as 
well as presenting the effects of two-to-two inter-
actions between these variables. 

Table 2. Composition of fatty acids and triglycerides present in chicken oil 

Fatty acid Content (%) Triglyceride Correspondent molar mass (g/mol) 

Myristic 0.6 Trimyristate 4.332 

Palmitic 22.3 Tripalmitate 179.738 

Palmitoleic 4.5 Tripalmitoleate 36.000 

Stearic 4.9 Triestearate 43.610 

Oleic 35.4 Trioleate 312.936 

Linoleic 26 Trilinoleate 228.280 

Linolenic 1.8 Trilinolenate 15.592 

Others 4.5 – – 
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The effect of a variable is more significant the 
further it is on the right side of the line p = 0.05, which 
represents a significance level of 95%, so those 
behind the line are not considered to be statistically 
significant. Once the significant effects have been 
defined, we can evaluate their interference in the res-
ponse variable by studying the Response Surface 
Methodology (RSM), analyzing two variables simul-

taneously. For the comparison of ester conversion in 
biodiesel as a function of catalyst concentration and 
reaction temperature, the oil/ethanol ratio was kept 
fixed at the center point (Figure 2).  

For the comparison of the ester conversion as a 
function of the oil/ethanol ratio and catalyst concen-
tration, the reaction temperature was maintained at 
the central point of the planning (Figure 3). 

 
Figure 1. Pareto graph. 

 
Figure 2. Response surface for ester conversion as a function of catalyst concentration and temperature 

with a fixed oil/ethanol ratio of 1:8. 

 
Figure 3. Response surface for ester conversion as a function of catalyst concentration and the oil/ethanol ratio 

with a fixed temperature of 50 °C. 
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Finally, the ester conversion was evaluated as a 
function of the oil/ethanol ratio and reaction 
temperature, with the catalyst concentration at the 
center point (Figure 4). 

In Figures 2 and 3 we can see that the optimum 
biodiesel conversion range is between 1.8 and 2.2%, 
for the catalyst concentration. High concentrations of 
the catalyst tend to form salts of fatty acids, making 
the purification process difficult and causing product 
losses. The low concentrations of the catalyst are insuf-
ficient for the reaction to occur, reducing the yield [32].  

Figures 3 and 4 show that the optimum biodiesel 
conversion range is between 1:5 and 1:9, for the oil/  
/ethanol ratio. Low oil/ethanol ratios reduce the yield 
due to the reversibility of the reaction and, on the 
other hand, the excess alcohol deactivates the per-
formance of the catalyst [33]. Thus, an optimized 
mole ratio will reduce the cost of producing biodiesel, 
decreasing the amount of ethanol used. In Figures 2 
and 4 it is observed that the temperature extremes 
reduce the reaction yield for some analyses and the 
optimum conversion range is between 20 and 40 °C. 

Because it is a fat, at low temperatures the 
chicken oil is in a solid state, which makes the react-
ion difficult. The reaction temperature is normally dep-
endent on the type of alcohol used, so the tempe-
rature is kept below the boiling point of the alcohol, 
keeping its level constant in the reaction bottle [3]. 

With the obtained data it was possible to obtain 
an optimization for biodiesel production for the 
variables and levels studied, that can be expressed 
by Eq. (6) (Table 4): 

=− + − + −
− + − + −
− −

 136.203 1.930 0.019 0,.43

0.511 208.924 42.94 0.186

1.176 0.512

Ester L Q L

Q L Q L L

L L L L

C T T R
R C C T R
T C R C

 (6) 

whereCEster corresponds to ester concentration in 
biodiesel (g/g),RL, the linear ratio oil/ethanol (g/g), RQ, 
the quadratic ratio oil/ethanol (g/g),CL, the linear 
catalyst concentration (g of cat./g of oil),CQ, the 
quadratic catalyst concentration (g of cat./g of oil),TL, 
the linear temperature (°C) and TQ, the quadratic 
temperature (°C). 

Table 4. Regression coefficients of predicted quadratic poly-
nomial model 

Term Regression coefficient Standard error

Intercept β0 -136.203 96.02255 

Linear β1 1.930 1.83354 

β2 0.843 8.57747 

β3 208.924 56.11116 

Quadratic β11 -0.019 0.01433 

β22 -0.511 0.36412 

β33 -42.194 12.90127 

Interaction β12 0.186 0.08576 

β13 -1.176 0.51050 

β23 -0.512 2.57290 

Physical-Chemical properties of biodiesel 

Table 1 shows data on the physicochemical 
characterization of biodiesel obtained from optimized 
operating conditions (temperature: 30 °C, catalyst 
concentration: 2.1%, oil/ethanol ratio: 1:5.5). It can be 
observed that the biodiesel of chicken oil is in accord-
ance with the specifications of the ANP Resolution Nº 
45/2014 in all the tests. 

The value obtained for the specific mass, 884.35 
kg/m³, complies with ANP Resolution 45/2014, which 
defines the limit between 850 and 900 kg/m³. The 
value obtained is close to the diesel value of 853 
kg/m³. The density of the oil varies according to the 
nature of the raw material and, in determining the 

 
Figure 4. Response surface for ester conversion as a function of temperature and the oil/ethanol ratio 

with a fixed catalyst concentration of 1.75%. 
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density of the biodiesel, it is possible to guarantee the 
longevity and the good functioning of the engine due 
to the influence on the fuel atomization efficiency 
[15,34,35]. 

The value obtained for the viscosity, 5.839 
mm²/s, complies with the ANP Resolution 45/2014, 
which defines the limit between 3.0 and 6.0 mm²/s, 
the value of the range established for conventional 
diesel. The viscosity of the biodiesel is influenced mainly 
by the experimental conditions and the extension of 
the transesterification reaction. It is a parameter that 
affects the atomization of the fuel at the time of 
injection in the combustion chamber and, ultimately, 
the formation of deposits in the engine [3,15,24,36]. 

Viscosity and density are important parameters 
in the biodiesel quality and may be related to the 
purity of the product obtained, assuming that there 
are no possible interactions between the ethyl ester 
and the glycerides. Factors such as incomplete react-
ion, the presence of mono-, di- and triglycerides or 
the presence of glycerin, due to inefficient purification, 
promote changes in viscosity and density. In this way, 
we can associate one of these physical properties 
with the degree of purity of the prepared biodiesel oil, 
being an efficient, fast, and low-cost analytical method 
for determining the quality and purity of biodiesel. 

For the acid value, the obtained value of 0.716 
mg KOH/g is within the limits allowed by the ANP. 
The acid control is extremely important to prevent 
corrosion of the engine. In addition, the monitoring of 
the acidity of biodiesel is also of great importance for 
its storage since the change of values in this period 
can mean the presence of water. Viscosity and, 
mainly, the period of induction of Rancimat are para-
meters that can be used to monitor the oxidative deg-
radation of the biodiesel during the time of storage [15]. 

About 3.33 chickens are produced per m2, so 
about 33,300 chickens per ha are produced. The 
average unit weight of chicken is 2.7 kg, where 8% is 
greasy residue. As 43.8% (data obtained in this 
work), about 3,150 kg are obtained per ha. As the 
production of chicken for slaughter occurs five times a 
year, we have a final value of about 15,750 kg of oil 
per ha per year. Comparing this yield with those of 
other oilseeds, we can theoretically produce about 25 
times more chicken oil per ha than soybean oil, the 
main raw material for biodiesel production in Brazil 
[11,24,34]. 

CONCLUSION 

The studies show that the reuse of the fatty 
residues of chicken is a viable alternative for the pro-

duction of biodiesel, since it has an excellent extract-
ion yield and a high productivity - approximately 25 
times higher than soybean oil per hectare, the most 
used raw material for biodiesel production in Brazil. 
The factorial design was efficient in the screening of 
significant variables to a 95% confidence interval and 
it was possible to describe the process. The central 
composite design resulted in optimized conditions 
being determined for the maximum biodiesel chicken 
wastes yield where the concentration of the catalyst is 
2.1% by mass, the oil/ethanol ratio is 1:5.5 and the 
reaction temperature is 30 °C. From the equation 
obtained (Eq. (6)) it is possible to predict the condit-
ions required to obtain a higher yield.  

The biodiesel of chicken oil presented adequate 
characteristics for its use, since its specifications 
agree with specification parameters listed in Tech-
nical Regulation Nº 7/2008 of the National Agency of 
Petroleum, Natural Gas and Biofuels.  

Nomenclature 

A Volume of the sample titration, mL 
ABPA Brazilian Association of Animal Proteins 
ANOVA Analysis of Variance 
ANP Brazilian National Agency of Petroleum, 

Natural Gas and Biofuels 
ASTM American Society for Testing and Materials 
B Volume of the white sample, mL 
βi Linear coefficient 
βii Quadratic coefficient 
βij Interaction coefficient 
β0 Intercept coefficient 
CCD Central composite design 
CEster Ester concentration, g/g 
CL Linear coefficient of catalyst concentration, 

g of cat./g of oil 
CQ Quadratic coefficient of catalyst 

concentration, g of cat./g of oil 
f Correction factor 
IA Acidity index, mg NaOH/g 
IS Saponification index, mg KOH/g 
K Constant, mm2/s2 
m Mass of the sample, g 
M Molarity, mol/mL 
N Final and initial mass difference, m 
P Initial mass, m 
RL Linear coefficient of ratio oil/ethanol, g/g 
RQ Quadratic coefficient of ratio oil/ethanol, g/g 
RSM Response Surface Methodology 
t Time, s 
TL Linear coefficient of temperature, °C 
TQ Quadratic coefficient of temperature, °C 
U Humidity, % 
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v Viscosity, mm²/s 
V Volume of NaOH, mL 
xi Independent variable 
xj Independent variable 
y Model response 
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NAUČNI RAD 

  STATISTIČKA OPTIMIZACIJA PROIZVODNJE 
BIODIZELA IZ PILEĆEG OTPADA I ETANOLA 

Za dobijanje biodizela, jedan od najvažnijih faktora je kvalitet ulja koje se koristi u proiz-
vodnji. Međutim, i druge faktore, kao što su cena i raspoloživost, treba, takođe, uzeti u 
obzir. Otpadno pileće ulje je vrlo obećavajuća mogućnost za ovu proizvodnju, jer potiče 
iz otpada. Cilj ovog rada bio je razvoj metodologije za ekstrakciju i karakterizaciju otpad-
nog pilećeg ulja i njegovu primenu za proizvodnju biodizela etanolizom, kao i optimiza-
cija procesnih uslova proizvodnje biodizela primenom metodologiji površine odziva kom-
binovanom sa centralnim kompozitnim planom. Određene su  karakteristike ulja: visko-
zitet, gustina, kiselost, vlažnost uzorka, indeks refrakcije i saponifikacioni broj, kao i 
karakteristike biodizela: viskozitet, gustina, kiselost i sadržaj estra. Pri optimalnim uslo-
vima proizvodnju biodizela iz pilećeg ulja (koncentracija katalizatora 2,1%, odnos ulje/ 
/etanol 1:5,5 i reakciona temperatura 30 °C) postignuto je 95% konverzije. Fizičko-he-
mijske karakteristike dobijenog biodizela zadovoljavaju ANP standarde. 

Ključne reči: biodizel; ileći otpad; etanoliza; optimizacija. 
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Abstract 

In this work, the ethanol fuel dehydration process was optimized using the 
Aspen Plus® simulator and a multivariate statistical technique based on the 
desirability function. The suitability of the ionic liquids 1-methylimidazolium 
chloride ([Mim][Cl]), 1-ethyl-3-methylimidazolium chloride ([Emim][Cl]), 1-butyl-
-3-methylimidazolium chloride ([Bmim][Cl]) and 1-hexyl-3-methylimidazolium 
chloride ([Hmim][Cl]), as extractive distillation entrainers, was also evaluated 
and compared to the conventional solvents, ethylene glycol and cyclohexane. 
Among the solvents studied, [Mim][Cl] required the lowest energy consump-
tion, about 8% less energy use when compared to the optimized process using 
ethylene glycol. The multivariate statistical techniques employed were effective 
in the optimization of the extractive distillation processes as the process 
energy consumption could be minimized while achieving ethanol purity in 
agreement with the current specifications as well as obtaining a high solvent 
recovery. With the desirability approach it was possible to improve the process 
performance with little or no modification of existing processing plants. 

Keywords: bioethanol, desirability, energy, extractive distillation, ionic 
liquid, optimization. 

 
 

The increasing contribution of liquid biofuels to 
the world energy matrix is a consequence of the 
growing concern about environmental issues and the 
adoption of public policies to reduce fossil fuel usage. 
One important liquid biofuel is ethanol. Ethanol can 
be used directly or as ethanol/gasoline blends in int-
ernal combustion engines with spark ignition. The 
former is hydrated ethanol fuel (HEF), containing 
about 5 vol.% water, while the latter is dehydrated 
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ethanol fuel (DEF) with a water content of about 0.5 
vol.% [1]. 

Brazil and the United States of America together 
account for 85% of the global ethanol fuel production 
[2], two largest producers of ethanol fuel in the world, 
with distillation still as the dominant ethanol recovery 
process [3,4,5]. Particularly in the northeast region of 
Brazil, the process of ethanol dehydration by azeotro-
pic distillation continues to be the most used as the 
majority of industrial plants are very old. However, the 
adoption of the molecular sieve technology is grow-
ing, especially for new industrial units.  

In those units where DEF is produced by azeo-
tropic and extractive distillation, the solvents cyclo-
hexane [6] and ethylene glycol (EG) [7-9] are widely 
used. As the use of cyclohexane presents environ-
mental and exposure risks, new technologies to 
dehydrate ethanol are preferred, among which are the 
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use of molecular sieves, membranes and extractive 
distillation using less toxic and more efficient solvents 
such as EG and ionic liquids (ILs) [10]. ILs have the 
advantage of having a good ability for separation, 
easy handling and low contamination in distilled pro-
ducts [11,12]. Examples of the ILs used for dehyd-
ration of ethanol are: 1-butyl-3-methylimidazolium tet-
rafluoroborate and 1-ethyl-3-methylimidazolium tetra-
fluoroborate [13], 1-butyl-3-methylimidazolium chlo-
ride [14], 1-ethyl-3-ethylimidazolium diethyl phos-
phate [15] and 1-hexyl-3-methylimidazole chloride 
[16]. A modeling and simulation study on extractive 
distillation using ILs showed advantages with respect 
to the distillate purity and recovery [17]. Imidazolium-
based ILs were compared and the process optimized 
using a univariate procedure of sensitivity analysis 
[18]. A high-purity (>99.9 mol%) ethanol was 
achieved with a lower energy consumption compared 
to conventional solvents. 

Optimization through sensitivity analysis is a 
univariate procedure. Generally, this approach is not 
suitable for the evaluation of phenomena that depend 
on many variables as it cannot estimate the interdep-
endency among the variables. By neglecting the inter-
action among variables, the resulting optimum does 
not necessarily correspond to the global optimum.  

The optimization of a process can be accom-
plished, in general, by means of deterministic or sto-
chastic approaches. In the first class of methods, all 
the steps can be predicted if the starting points are 
known. In other words, a deterministic method always 
leads to the same response if it starts from the same 
initial point. In contrast, stochastic methods have a 
random character. Several choices are made based 
on random numbers, drawn at runtime. Both appro-
aches are widely used in optimization problems in 
chemical engineering when the goal is to maximize or 
minimize a given response while keeping others sub-
jected to certain constraints [19,20]. 

The deterministic approach is composed of trad-
itional optimization methods (direct and gradient- 
-based methods) and has the disadvantages of 
requiring the first and/or second order derivatives of 
the objective function and/or constraints, and not 
being efficient in non-differentiable or discontinuous 
problems. In addition, the deterministic methods are 
dependent on the initial conditions chosen. The sto-
chastic approach does not have these disadvantages, 
since it does not need to have any information about 
the search space, requiring only an objective/ade-
quacy function that assigns a value to any solution 
[20]. However, even if starting from the same initial 
point, each run will follow its path, possibly leading to 

a different final response. It is important to remark 
that global optimization can only be guaranteed with 
deterministic methods. This is not guaranteed before-
hand with stochastic techniques due to their pro-
babilistic character. Both approaches are used when 
optimizing many factors and responses simultane-
ously. The application of these optimization appro-
aches to separation processes has been reported by 
several authors [21-27].   

Another optimization strategy is the use of a 
multivariate statistical optimization methodology, 
which consists of experimental design strategies to 
explore efficiently the space of the process variables; 
and empirical statistical modeling to develop an 
approximate relationship among the response (dep-
endent variables) and the process variables (indepen-
dent variables) in order to find optimized conditions 
[28]. Using this approach, interpretation of the 
models’ coefficients (or main and interaction effects) 
contributes to enhancing process understanding.  

The use of multivariate statistical optimization 
techniques along with process simulation still has not 
gained widespread usage. The ethanol dehydration 
process simulation and the use of response surface 
methodology to evaluate the interaction of the vari-
ables and their effects on the process can be found in 
the literature [29-32]. Their objective was to maximize 
the distilled ethanol concentration and to minimize the 
energy consumption. For these purposes, different 
surfaces were evaluated separately in order to iden-
tify a condition that would simultaneously satisfy the 
responses studied. This strategy may be satisfactory 
when different responses show similar behavior upon 
changing factor levels. When the responses have a 
certain degree of divergence, however, it is difficult to 
find a combination of the factor levels that simul-
taneously satisfies all the responses under investig-
ation. A change in the level of one factor may improve 
a specific response while it may have a deleterious 
effect on the other responses [33]. A better approach 
to deal with multiple responses is to use mathematical 
functions to combine different responses into one, 
such as the desirability function proposed by [34]. 
Derringer’s desirability function has proved to be effi-
cient in optimizing processes [35,36]. However, the 
usefulness of the desirability function together with 
process simulation has not yet been reported in the 
literature. 

In this work, the ethanol dehydration process by 
extractive distillation was optimized using multivariate 
statistical techniques, which consisted of simultane-
ously evaluating the relationship among several pro-
cess variables through experimental design and sta-
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tistical empirical modelling. The goal was to improve 
the performance of the process by means of simple 
modifications in an existing industrial plant. The desir-
ability function was used to identify the set of factors 
that simultaneously optimize multiple responses rel-
ated to the purity of the produced ethanol fuel and 
energy consumption. Results were compared to 
azeotropic distillation using cyclohexane, this still 
being a common process in the sugarcane ethanol 
industry. The Aspen Plus® simulator was employed to 
carry out the simulations with conventional process 
plant configurations. The following ILs were used as 
extractive distillation entrainers: 1-methylimidazolium 
chloride ([Mim][Cl]), 1-ethyl-3-methylimidazolium chlo-
ride ([Emim][Cl]), 1-butyl-3-methylimidazolium chlo-
ride ([Bmim][Cl]) and 1-hexyl-3-methylimidazolium 
chloride ([Hmim][Cl]). 

METHODOLOGY 

Process simulation 

Figure 1a shows the simulated process flow-
sheet of the extractive distillation process [17]. The 
process is composed of the extractive distillation 
column (C-Column), which is fed with HEF and the 
solvent. Its distillate is DEF and the bottom stream is 
a mixture of water and solvent (water + solvent) which 

in turn is sent to the second column, the solvent rec-
overy column (P-Column). The P-column separates 
the water (as the distillate), from the solvent, which is 
recovered at its base and recycled to C-column along 
with the pure solvent make up (MKUP stream). 

The simulated azeotropic distillation process is 
shown in Figure 1b [6,37]. Cyclohexane was used as 
the separation agent. The process consists of two 
distillation columns: the first column (C-Column) is the 
azeotropic column where ethanol is rectified from the 
HEF feed, reflux and recycle streams. The bottom 
product is the DEF. The distillate is an azeotropic mix-
ture of solvent, ethanol and water, separated into org-
anic and aqueous phases in a decanter. The majority 
of the solvent is recovered in the organic phase which 
returns to the C-column as a reflux stream along with 
the pure solvent make up (MKUP feed). The aqueous 
phase is fed to the P-column for solvent recovery; its 
bottom product is recovered water and the distillate is 
a mixture rich in ethanol and cyclohexane which is 
then recycled to the C-column. The column model 
used for the simulations was the rigorous RadFrac 
module available in Aspen Plus®. 

Thermodynamic model 

A simplified vapor-liquid equilibrium (VLE) rel-
ation for the ethanol/water/solvent ternary mixture 
was used because of the low pressures involved: 

 
Figure 1. Process flowsheet of the extractive (a) and azeotropic (b) distillation processes. 
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γ= vap
i i i iPy x P  (1) 

where P is the total pressure, yi is the vapor phase 
mole fraction of component i, xi is the liquid phase 
mole fraction of component i, γi is the activity coef-
ficient of component i, and vap

iP  is the pure compo-
nent i vapor pressure. Activity coefficients were cal-
culated using the NRTL model [38]. Despite the fact 
that this model was developed for systems involving 
non-electrolytes [39], it has been widely used for 
mixtures with ILs [14,18,40,41]. 

The pure component properties were used as 
given in the Aspen Plus® databank, except for the ILs, 
not found in the database. In this case, the ILs were 
inserted into the simulator as pseudo-components. In 
order to estimate their vapor pressure, the data 
shown in Table 1 are introduced along with their 
pseudo-component definition.  

The NRTL binary interaction parameters avail-
able in the Aspen Plus®.databases were used for the 
well-known ethanol/water/cyclohexane and ethanol/  
/water/ethylene glycol ternary mixtures. For the sys-
tems with ILs, the NRTL binary interaction parameters 
were used as presented by [47] ([Mim][Cl]), [40] 
([Emim][Cl]), [14] ([Bmim][Cl]) and [16] ([Hmim][Cl]). 

Simulation setup 

Table 2 presents the operational conditions for 
the simulated azeotropic [37] and extractive [17] dis-
tillation processes. In all cases, a flow rate of 100 
kmol/h with a mass fraction of 95.2% ethanol was 
adopted for the HEF feed stream. A mass fraction 
greater than 99.3% ethanol was also specified for the 
DEF stream. Pressure in all distillation columns was 
set at 101.3 kPa [18,30,31]. 

Experimental design 

Simultaneous evaluation of process factors was 
carried out using the Statistica® software, version 8. 
The factors evaluated were: reflux ratio of the dehyd-
ration (C-column) and recovery (P-column) columns, 
solvent to feed ratio (S/F), HEF feed stage, solvent 
feed stage and the recovery column (P-column) feed 
stage. The evaluated responses were: DEF purity (% 
mass), solvent recovery (%), purity of recovered sol-
vent (% mass) and energy consumption per unit mass 
of DEF produced. 

Initially, a screening of the six factors studied 
was performed through an experimental design, in 
order to choose the most significant factors. Then, 
using these most-significant variables, central compo-
site designs were used to find the optimized condit-
ion. In the screening step, a six-factor full factorial 
design (with a central point) was used for each sol-
vent, except for the azeotropic distillation process 
using cyclohexane in which only five factors could be 
studied. This is justified by the fact that the reflux ratio 
of the C-column is determined by the liquid-liquid 
phase splitting in the decanter. The C-column con-
denser was represented by a combination of a heat 
exchanger and a decanter (Figure 1b). Table 3 pre-
sents the levels of the factors studied, which were 
defined based on a previous sensitivity analysis. 

Normal probability plots were employed in order 
to identify the significant factors for the process, as it 
is not possible, in simulations, to estimate the expe-
rimental random error. After selecting the most sig-
nificant factors, factor levels were expanded using 
central composite designs (CCD), and the desirability 
function was used to find the optimal conditions. 

 

Table 1. IL basic properties used in the creation of the pseudo-components in the simulator; NBP – normal boiling point 

IL Molecular formula Molar mass (g/mol) Density (kg/m3) NBP / K Reference 

[Mim][Cl] C4H7ClN2 118.56 1183.0 504.8 [42,43] 

[Emim][Cl] C6H11ClN2 146.62 1186.0 484.6 [44] 

[Bmim][Cl] C8H15ClN2 174.67 1080.0 547.5 [45] 

[Hmim][Cl] C10H19ClN2 202.73 1040.4 593.2 [46] 

Table 2. Process data used in the simulations 

Specification [Mim][Cl] [Emim][Cl] [Bmim][Cl] [Hmim][Cl] EG Cyclohexane 

Number of stages of C-column  33 33 33 33 33 31 

HEF feed stage 20 20 20 20 20 15 

Solvent feed stage 6 6 6 6 4 10 

C-Column reflux ratio 2 2 2 2 1.4 - 

Number of stages of P-column  12 12 12 12 12 22 

Feed stage of P-column  11 9 9 11 4 11 

P-Column reflux ratio  2 2 2 2 1.5 0.35 
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In this approach, the individual responses were 
converted into values between 0 and 1, called indi-
vidual desirability (di), where 0 and 1 represent 
undesirable and desirable responses, respectively 
[48]. In cases of response maximization, di was cal-
culated by: 

<


− = ≤ ≤ − 
 >

0,  

, 

1, 
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y L

y Ld L y T
T L

y T

 (2) 

where y is the response being monitored, L is the 
lowest acceptable response and T is the target res-
ponse. In addition, it is possible to weigh the res-
ponse through the exponent s. In the cases of mini-
mization of the response, di  was given by: 

<
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U is the highest acceptable response and t is the 
response weighing parameter. A third possibility can 
be evaluated when the target value (T) is between the 
lowest (L) and the highest (U) values [48].  

All the individual desirabilities were then com-
bined by means of a geometric mean to calculate the 
global desirability D, given by: 

=

 
=  
 
∏

1/

1

mm

i
i

D d  (4) 

where m is the number of individual desirabilities. 
After the set of conditions that maximize the global 
desirability has been determined, the individual 
behavior of each response should be examined to 
ascertain that they are all within acceptable regions 
and with all constraints satisfied, and then analyze the 
practical feasibility [49]. 
 

RESULTS AND DISCUSSION 

Residual curve maps analysis 

The separation ability of the ILs as extractive 
distillation entrainers was initially evaluated by means 
of residual curve maps, as shown in Figure 2a-d. For 
comparison purposes, residual curve maps are also 
shown for EG and cyclohexane in Figure 2e and f, 
respectively. As can be observed, the ILs under study 
presented the same behavior as EG. As there are no 
stationary points in Figure 2a-e, a ternary mixture 
separation by extractive distillation is feasible.  

For the ethanol/water/cyclohexane ternary (Fig-
ure 2f), on the other hand, there are three stationary 
points: binary azeotropes ethanol/cyclohexane at 
64.92 °C, water/cyclohexane at 69.49 °C and ethanol/  
/water at 78.15 °C. The unstable node for the ternary 
mixture at 62.39 °C defines three regions where the 
fed compositions will result in pure ethanol (region 1), 
pure water (region 2) and pure cyclohexane (region 3). 

Factorial design screening 

The complete factorial design with six factors 
shown in Table 3 was carried out in a preliminary 
screening stage for all solvents, except for cyclohex-
ane where only five factors were taken into consider-
ation. In all cases, the factorial design was performed 
again taking into consideration only the statistically 
significant factors from the previous step. This pro-
cedure was repeated until all remaining factors were 
significant. Analysis of the normal probability plots led 
to the results summarized in Table 4. 

For illustration purposes, the normal probability 
plots for [Bmim][Cl] are shown in Figure 3. As can be 
seen, main effects 1, 2 and 4 and interaction between 
factors 1 and 4 are the most significant for the DEF 
purity and the recovered solvent purity responses 
(Figure 3a and c). For the recovered solvent purity, 
factor 6 also appears to be significant. In the case of 
the recovered solvent response (Figure 2b), the main 
effects 3, 4 and 5 and the interactions 3*4 and 3*5 
were significant. For the energy consumption res

Table 3. Design factors and levels used in the screening step 

Factor [Mim][Cl] [Emim][Cl] [Bmim][Cl] [Hmim][Cl] EG Cyclohexane 

− 0 + − 0 + − 0 + − 0 + − 0 + − 0 + 

(1) HEF feed stage 16 24 32 20 26 32 18 25 32 20 26 32 22 27 32 11 14 17 

(2) Solvent feed stage 4 11 18 2 5 8 2 7 12 2 5 8 3 6 9 2 6 10 

(3) Feed stage of P-column  3 7 11 3 6 9 3 6 9 2 6 10 2 5 7 2 11 20 

(4) Reflux ratio of C-column  0.5 1.25 2.0 0.5 1.25 2.0 1.2 1.6 2.0 0.5 1.25 2.0 0.8 1.22 1.65 ‒ ‒ ‒ 

(5) Reflux ratio of P-column  0.9 1.45 2.0 0.9 1.45 2.0 0.9 1.45 2.0 0.5 1.25 2.0 0.5 1.0 1.5 0.1 0.45 0.8 

(6) S/F 0.19 0.24 0.28 0.25 0.28 0.31 0.30 0.35 0.40 0.44 0.46 0.48 0.55 0.60 0.65 0.110 0.115 0.121
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Figure 2. Residual curve maps for ethanol-water-solvent, where the solvent is: a) [Mim][Cl], b) [Emim][Cl], c) [Bmim][Cl], d) [Hmim][Cl], 

e) EG and f) cyclohexane. 

Table 4. Factors and levels after the screening step 

Factor [Mim][Cl] [Emim][Cl] [Bmim][Cl] [Hmim][Cl] EG Cyclohexane 

− 0 + − 0 + − 0 + − 0 + − 0 + − 0 + 

(1) HEF feed stage ‒ ‒ ‒ 20 26 32 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 

(2) Solvent feed stage ‒ ‒ ‒ ‒ ‒ ‒ 2 7 12 2 5 8 ‒ ‒ ‒ 2 6 10 

(3) Feed stage of P-column  ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 2 5 7 2 11 20 

(4) Reflux ratio of C-column  0.5 1.25 2.0 0.5 1.25 2.0 1.2 1.6 2.0 0.5 1.25 2.0 0.80 1.22 1.65 ‒ ‒ ‒ 

(5) Reflux ratio of P-column  0.9 1.45 2.0 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 0.5 1.0 1.5 ‒ ‒ ‒ 

(6) S/F 0.19 0.24 0.28 0.25 0.28 0.31 0.30 0.35 0.40 0.44 0.46 0.48 ‒ ‒ ‒ 0.110 0.115 0.121
 

ponse, the main effects of factors 4, 5, 6 and 2 are 
clearly significant. 

Factor 3 seems not to be significant for any of 
the responses investigated. Factor 1 is only signific-
ant for the following responses: purity of anhydrous 
ethanol and purity of recovered solvent, showing a 
negative signal for each. Thus, after observing the 
normal graphs and the responses for the design 

matrix, factor 3 was the positive level and factor 1 at 
the negative level, as at these levels the best results 
show. 

A new design was proposed for the remaining 
factors (factors 2, 4, 5 and 6). In this design, factor 5 
only showed significance for the response of energy 
consumption, and by setting this factor at the negative 
level, lower values of energy were obtained. And 
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finally, a face-centered design of three factors (2, 4 
and 6) was proposed. 

In order to carry out the simulations, values for 
some factors, including the non-significant factors, 
were chosen as described next. [Mim][Cl]: non-signi-
ficant factors 1 (HEF feed stage), 2 (solvent feed 
stage) and 3 (P-column feed stage) were all set at the 
negative level, 16, 4 and 3, respectively. [Emim][Cl]: 
non-significant factors 2 (solvent feed stage), 3 (P- 
-column feed stage) and 5 (reflux ratio of P-column) 
were set at the positive (8), positive (9) and negative 
(0.5) levels, respectively. [Bmim][Cl]: non-significant 
factors 1 (HEF feed stage), 3 (P-column feed stage) 
and 5 (reflux ratio of P-column) were set at the posi-
tive (32), negative (3) and negative (0.9) levels, res-
pectively. EG: non-significant factors 1 (HEF feed 
stage), 2 (solvent feed stage) and 6 (S/F) were set at 
the negative (22), negative (3) and positive (0.65) 
levels, respectively. Cyclohexane: non-significant fac-
tors 1 (HEF feed stage) and 5 (P-column reflux ratio) 
were set at 15 and 0.45, respectively. 

Desirability function 

Following the desirability definition, undesirable 
conditions (di = 0) were chosen as DEF purity less 
than 99.3% and purity of recovered solvent less than 
99%. On the other hand, the desirable conditions (di =  
= 1) were defined as DEF purity greater than 99.7% 

and purity of recovered solvent greater than 99.6%. 
Energy consumption and solvent recovery specificat-
ions were defined according to the results obtained 
for each experimental design. In the processes in 
which ionic liquids were used, it was not necessary to 
evaluate the response of the recovered solvent, since 
the recovery was 100% for all cases. The desirability 
function was generated in the Statistica® software. 
For illustration purposes, results for the extractive 
distillation process using the [Mim][Cl] IL are shown in 
Figure 4. 

The curves in Figure 4 show the effect of each 
factor on the responses while the levels of the 
remaining factors are held at the specified values. 
The last column of graphs in Figure 4 shows the des-
irability previously set for each response. Taking fac-
tor 4 (C-Column reflux ratio) as an example, its effects 
on the responses can be observed in the first column 
on the graphs, where the first graph corresponds to 
the DEF purity. Its optimal point is located at level -1 
of the design. A similar behavior was observed for the 
purity of the recovered solvent. At level -1, the energy 
consumption was minimized. Thus, level -1 meets the 
best combination of optimal conditions for factor 4, 
which is endorsed by the global desirability shown at 
the bottom left in Figure 4. 

The second column of graphs in Figure 4 shows 
the effects of factor 5 (P-Column reflux ratio). As can 

 
Figure 3. Normal probability plots for the 26 factorial design for the extractive distillation using [Hmim][Cl]; responses are: a) DEF purity, 

b) solvent recovery, c) purity of recovered solvent and d) energy consumption. 
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be observed, the response variation is smaller in 
comparison to factor 4, but DEF purity, purity of the 
recovered solvent and energy consumption also 
reach optimal conditions at level −1. As a result, the 
global desirability indicates that factor 5 meets all 
specifications at level −1. 

Finally, the third column of graphs in Figure 4 
presents the effects of factor 6 (S/F ratio). Here, the 
optimal conditions are observed at level -0.5 for DEF 

purity, purity of the recovered solvent and energy 
consumption. Thus, the best condition for all the 
responses is located at level -0.5 as given by the 
global desirability. 

The analysis described above was repeated for 
each process. Results are summarized in Figure 5. 
The decoded optimal levels are presented in Table 5 
along with the responses obtained from process 
simulations at the corresponding levels. Table 5 also 

 
Figure 4. Desirability function results for the extractive distillation process using [Mim][Cl] IL. 

 
Figure 5. Global desirability for each simulated process. 
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presents factors and the corresponding responses 
from simulations based on the data used for the 
screening step (Table 3). Detailed information for 
each optimized flowsheet is available upon request to 
corresponding author as the supplementary material. 

As can be observed in Table 5, a DEF mass 
fraction purity ≥99.3% was obtained in all cases as 
well as a high solvent recovery, thus, reducing the 
amount of solvent needed make up. With respect to 
energy consumption, a decrease was observed in all 
cases under the optimized conditions, reaching 
45.9% for the [Mim][Cl] process, except for the azeo-
tropic distillation using cyclohexane where an inc-
rease of 4.7% was obtained. This observation can be 
rationalized by the fact that the feasible operating 
conditions for the azeotropic distillation process are 
constrained to a narrow region (Figure 2f) so that the 
starting setup can be used as the optimal set of con-
ditions. However, for the majority of cases, the multi-
variate statistical technique used was effective in pro-
ducing the specified DEF accompanied by a decrease 
in the energy consumption and requiring only small 
modifications of an existing process plant. 

The optimized results obtained were compared 
with the literature from an extensive review of recent 
advances in the development of bioethanol recovery 
and dehydration processes [50]. Fifty-four publicat-
ions were identified on the topic. They were classified 
according to the concentration of ethanol used in the 
process feed. Sixteen papers reported a process feed 
close to the azeotrope point of the ethanol/water mix-
ture (90-95%), which was the EHF concentration we 
used in this article. These works were also classified 

according to the type of technology used for dehyd-
ration, all of them used distillation.  

Hence, an approximate comparison was made 
with the cases that used hydrated ethanol feeds close 
to the azeotrope point. Table 6 presents a compar-
ison of the energy consumption and DEF purity 
obtained in our study in relation to the most relevant 
works in the literature as well as other information 
about these publications. 

The azeotropic distillation process simulated in 
this work presented energy consumption 36.1% lower 
than that presented by [6]. In the case of extractive 
distillation with EG, the energy consumption obtained 
in this study was 3.3% higher than that reported by [7] 
who used the same solvent, the difference being due 
to different simulation configurations. The use of the 
EG/calcium chloride mixture [30] presented an energy 
consumption 27.6% lower than the extractive distillat-
ion process with EG. Relative to EG and tetraethylene 
glycol [10], higher values of energy consumption were 
observed. However, in these cases only the energy 
used by the dehydration column was reported, so that 
the energy used in the solvent recovery step was not 
taken into account. Finally, EG [51], EG/glycerol mix-
ture [52] and glycerol [53] presented higher energy 
consumptions when compared to EG case studied in 
this work. 

In the case of IL, in our work, especially for 
[Emim][Cl] and [Bmim][Cl], based on the [17], there 
was a reduction of 23.9% and 29.7% in relation to 
energy consumption, respectively. Unfortunately, the 
same was not observed for [Hmim][Cl], with only a 
small difference of 1.2% between the cases studied 
relative to the results from [17]. Other ILs found in the 

Table 5. Comparison of simulation results for starting (S) and optimized (O) process conditions 

Factor [Mim][Cl] [Emim][Cl] [Bmim][Cl] [Hmim][Cl] EG Cyclohexane 

S O S O S O S O S O S O 

(1) HEF feed stage 20 16 20 20 20 32 20 20 20 22 15 15 

(2) Solvent feed stage 6 4 6 8 6 2 6 4 4 3 10 10 

(3) P-Column feed stage  11 3 9 9 9 3 11 10 6 6 11 20 

(4) C-Column reflux ratio  2 0.5 2 0.5 2 1.6 2 0.9 1.4 0.8 ‒ ‒ 

(5) P-Column reflux ratio  2 0.9 2 0.5 2 0.9 2 0.5 1.5 1.25 0.35 0.45 

(6) S/F ratio 0.19 0.22 0.25 0.295 0.30 0.325 0.44 0.48 0.60 0.65 1.20 1.21 

Response 

DEF purity 
(mass fraction, %) 

99.6 99.9 99.4 99.9 99.4 99.6 99.3 99.6 99.9 99.6 99.9 99.9 

Solvent recovery (%) 100 100 100 100 100 100 100 100 100 99.2 97.08 97.25 

Purity of solvent recovered 
(mass fraction, %) 

99.3 99.7 99.3 99.9 99.6 99.7 99.6 99.8 99.9 99.6 95.2 95.3 

Energy consumption 
(kJ/kg of DEF produced) 

3078 1665 3631 2495 3482 3065 4072 3045 2340 1818 3101 3248 
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literature are included on the table in order to com-
pare with energy consumption, indicating that all IL 
proposed in this article showed lower energy con-
sumption. 

The lowest energy consumption among the ILs 
presented was observed for [Mim][Cl], about 8% 
lower than that obtained for the optimized process 
with EG. Among the IL, the following order of inc-
reasing energy was obtained: [Mim][Cl] (1665 kJ/kg 
DEF) < [Emim][Cl] (2495 kJ/kg DEF) < [Hmim][Cl] 
(3045 kJ/kg DEF) ≈ [Bmim][Cl] (3065 kJ/kg DEF). The 
difference between the energy consumption of the 
last two ionic liquids is less than 1%. Among the 
studied ILs, [Mim][Cl] was found to be the most pro-
mising solvent for the production of anhydrous etha-
nol with high purity at lower energy levels, having the 
lowest S/F (0.22) required to separate the ethanol- 
-water mixture. 

 

CONCLUSIONS 

The suitability of the ILs used for ethanol dehyd-
ration was evaluated with optimized process condit-
ions presenting improvements when compared to 
base cases, except for azeotropic distillation using 
cyclohexane. This process is still used in the Brazilian 
industry, although its operational conditions are con-
strained to quite narrow ranges. As a result, the pro-
posed starting setup may be taken to seamlessly be 
included at the optimal point. For the extractive distil-
lation processes, however, it was possible to find opti-
mal conditions meeting the specified goals. Among 
the ILs used as entrainers in the extractive distillation, 
[Mim][Cl] presented the best results with 8% less 
energy use when compared to the optimized process 
using EG. The use of the multivariate statistical tech-
nique and the desirability function made it possible to 
evaluate simultaneously the relationships among sev-
eral process variables and their effects on the spe-

Table 6. Comparison of the energy consumption, DEF purity and HEF feed results for ethanol dehydration 

Solvent 
HEF feed 

wt.% 
DEF purity 

wt.% 
Energy consumption (kJ/kg 

of anhydrous ethanol) 
Remarks Reference

[Mim][Cl] 95.2 99.9 1665 - Authors 

[Emim][Cl] 95.2 99.9 2495 - 

[Bmim][Cl] 95.2 99.6 3065 - 

[Hmim][Cl] 95.2 99.6 3045 - 

EG 95.2 99.6 1818 - 

Cyclohexane 95.2 99.9 3101 - 

[Emim][Cl] 89.0 99.5 3278 - [17] 

[Bmim][Cl] 90.0 99.6 4359 

[Hmim][Cl] 93.0 99.6 3008 

[Bmim][SO4] 93.0 99.6 4118 

[Bmim][BF4] 93.0 99.5 8689 

[Emim][BF4] 93.5 99.9 2270 - [18] 

Tetraethylene-glycol 93.5 99.6 4600* *Energy consumption calculation based on the 
dehydration column only 

[10] 

EG 93.5 99.6 3600* 

EG 93.5 99.9 2200 New operating flowsheet was proposed including 
three columns: an extractive distillation column, 
solvent recovery column, and a concentrator. 

[51] 

EG 93.5 99.9 1760 Simulation based on laboratory experiments and 
a pilot plant. 

[7] 

EG + Calcium Chloride 94.9 99.9 1425 Vacuum distillation used on the solvent recovery 
column 

[30] 

60% EG + 40% Glycerol 94.9 99.9 2018 Vacuum distillation used on the solvent recovery 
column 

[52] 

Glycerol 93.5 99.5 1900 Vacuum distillation used on the solvent recovery 
column 

[53] 

Cyclohexane 90.0 99.9 7900-14000 Dividing-wall column used for heterogeneous 
azeotropic distillation 

[54] 

Cyclohexane 93.5 * 4853 *Anhydrous ethanol obtained within specification [6] 

Gasoline 93.5 * 3180 
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cified responses. This approach was effective in find-
ing the optimal process conditions, making significant 
improvements possible in the processes studied with 
only minor modifications of a preexisting process 
plant. The application of this methodology to the 
energy intensive ethanol dehydration process is an 
important contribution to the sustainability of the 
sugarcane industry by increasing ethanol fuel com-
petitiveness against fossil fuels. 
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  MULTIVARIJABILNA STATISTIČKA OPTIMIZACIJA 
PROCESA DEHIDRATACIJE ETANOLA 
KORIŠĆENJEM JONSKIH TEČNOSTI 

U ovom radu, optimizovan je postupak dehidratacije etanola pomoću simulatora Aspen 
Plus® i multivarijabilne statističke tehnike zasnovane na funkciji poželjnosti. Pogodnosti 
jonskih tečnosti 1-metilimidazolijum-hlorida ([Mim] [Cl]), 1-etil-3-metilimidazolijum-hlo-
rida ([Emim] [Cl]), 1-butil-3-metilimidazolijum-hlorida ([Bmim] [Cl ]) i 1-heksil-3-metilimi-
dazolijum-hlorida ([Hmim] [Cl]), kao modifikatora ekstraktivne destilacije, su procenjene i 
upoređene sa konvencionalnim rastvaračima, etilen-glikolom i cikloheksanom. Među 
korišćenim rastvaračima, [Mim] [Cl] je zahtevao najmanju potrošnju energije, oko 8% 
manje u odnosu na etilen-glikol. Korišćene multivarijabilne statističke tehnike bile su 
efikasne u optimizaciji procesa ekstraktivne destilacije, jer se potrošnja energije u pro-
cesu može svesti na minimum, dok se postiže čistoća etanola u skladu sa važećim spe-
cifikacijama i visok povraćaj rastvarača. Ovim pristupom bilo je moguće poboljšati uči-
nak procesa sa malo ili bez modifikacije postojećih procesnih postrojenja. 

Ključne reči: bioetanol, poželjnost, energija, ekstraktivna destilacija, jonska teč-
nost, optimizacija. 
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  STUDIES ON THERMOPHYSICAL PROPERTY 
VARIATIONS OF GRAPHENE NANOPARTICLE 
SUSPENDED ETHYLENE GLYCOL/WATER 

Article Highlights 
• Graphene/ethylene glycol/water mixed nanofluids were prepared 
• The thermophysical characteristics of the graphene suspended base fluid was studied
• Obtained results were compared with models proposed in the literature 
 
Abstract 

The objective of the study is to determine the thermophysical property vari-
ations (such as viscosity, density, specific heat capacity and thermal conduct-
ivity) of graphene suspended base fluid (ethylene glycol (EG)/water (W)), with 
respect to graphene nanoparticle concentration and hot fluid inlet temperature. 
Graphene nanoparticle concentrations (0.2, 0.4, 0.6, 0.8 and 1 vol.%) and the 
base fluid of 30:70 vol.% of EG: Water is prepared initially. The impact of gra-
phene nanoparticle addition on base fluids based on experimentation in the 
commercial plate heat exchanger was studied. In this experiment, the hot fluid 
inlet temperature was varied at 55, 65 and 75 °C. The experimental results of 
thermophysical properties were compared with the selected models proposed 
in the literature. Einstein (1956), Kitano (1981) and Bachelor models (1977) 
have been used to consider the effect of viscosity. The measured density and 
specific heat capacity were validated with Pak and Cho and Xuan models, 
respectively. To consider the effect of thermal conductivity, three different 
models (Maxwell (1954), Vajjah (2010) and Sahoo (2012)) have been used. 
Study revealed that the thermophysical properties of base fluid significantly 
affect the graphene nanoparticle suspension. 

Keywords: graphene, nanoparticle, thermophysical property, ethylene 
glycol, water. 

 
 

Viscosity, density, specific heat capacity and 
thermal conductivity are significant thermophysical 
properties, which alter the properties of conventional 
heat transfer fluids. Viscosity is a significant property 
which measures a fluid friction and its internal flow 
resistance. Density of a fluid is directly proportionate 
with respect to pressure and indirectly proportionate 
with respect to temperature. Also, this property is imp-
ortant in the stage of preparation of nanoparticle sus-
pensions, since for materials with different densities is 
difficult to get a homogeneous mixture. Specific heat 
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capacity represents the quantity of heat needed to 
increase the temperature of one kg of mass by 1 K. It 
is a significant factor since it decides the requirement 
of heat transfer fluid. Among the four properties, ther-
mal conductivity is a very significant factor, since it is 
expected, when high thermal conductivity nanometer-
sized particles are added to a conventional heat 
transfer fluid, to reach for achieving higher value of 
thermal conductivity of the nanoparticle mixture. This 
property plays important role in the design and fabric-
ation of energy-efficient heat transfer equipment. 
From the available literature, it was found that low 
thermal conductivity is a primary drawback in the 
growth of energy-efficient heat transfer fluids. Hence, 
nanoparticle suspended base fluids are needed to 
show high thermal conductivities compared to those 
of base heat transfer fluids for efficient utilization in 
heat transfer processes. These fluids are beneficial in 
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various industries such as transportation, chemical, 
electronics cooling, space, nuclear and food indus-
tries [1]. Corrugated heat exchangers are very useful 
in dairy industries because of their outstanding heat 
transfer coefficient characteristics and compact 
designs [2]. 

The following literature are studies based on the 
effect of thermophysical properties with respect to 
nanofluid: the initial idea was proposed by Choi et al. 
[3] for enhancing the thermal conductivity of base 
heat transfer fluids by adding and mixing nanopar-
ticles in a base fluid. They observed that metals and 
metal oxides possess higher thermal conductivity 
than the base fluids. Sarafraz et al. [4] framed a 
research work for studying the pool boiling heat trans-
fer behaviour of MEG/DEG/water ternary mixture sus-
pended nanofluid and developed a new correlation. 
Rasher et al. [5] studied the viscosity effect on alu-
minium oxide suspended pure propylene glycol at a 
temperature range of 30 to 60 °C and a nanoparticle 
volume fraction of 0.5 to 3%; they varied the nanopar-
ticle size (27, 40 and 50 nm). They reported incre-
mental effect on viscosity of nanoparticle suspension. 
Kulkarni et al. [6] performed investigation on rheo-
logical properties with copper oxide nanoparticles 
suspended in a propylene glycol/water mixture. Their 
operating temperature ranged between -35 and 50 
°C; they have also varied the particle volume fraction 
(0-5.9%). They made comparative analysis of experi-
mental data with ASHRAE data (2005) and Bache-
lor’s correlation equation (1977), and observed better 
agreement with ASHRAE data, whereas the Bache-
lor’s correlation showed substantial deviation. The 
thermodynamic feasibility of the liquid chemical loop-
ing gasification (LCLG) in syngas production was 
made by Sarafraz et al. [7]. In this study, copper oxide 
is implemented as an oxygen carrier for chemical 
looping gasification process. The proposed system 
offers a potential benefit to avoid agglomeration and 
sintering, which implies that no further process is 
required in separation of the evaporated copper oxide 
from the syngas. 

Aluminium oxide and copper oxide suspended 
water nanofluid was analysed by Nguyen et al. [8] for 
the effect of nanoparticle addition on viscosity of base 
fluids. They have conducted the study by varying the 
nanoparticle volume fraction, size of the nanoparticle 
and operating temperature. The obtained results rev-
ealed that viscosity is strongly influenced by the vol-
ume concentration of the nanoparticle. However, with 
respect to particle size the dependency of the visco-
sity is less significant. The experimental study was 
conducted by Namburu et al. [9] with SiO2 nanopar-

ticle suspended in a base fluid of water and ethylene 
glycol mixture. Their objective was to find the visco-
sity effect on the addition of SiO2 nanoparticle with 20, 
50 and 100 nm. They observed lowest viscosity 100- 
-nm-sized SiO2 nanoparticle at 8% volume fraction. 
Silver nanoparticle suspension in water was used by 
Godson et al. [10] to find the viscosity effect of silver 
nanoparticle dispersed in deionized water. Their oper-
ating conditions were experimental temperature of 50 
to 90 °C and the nanoparticle volume concentration of 
0.3-0.9%. The study demonstrates the effect of Brow-
nian motion and thermophoresis on the thermophys-
ical properties of base fluid. They also developed an 
experimental correlation for viscosity relating with the 
temperature and nanoparticle volume fraction. Sara-
fraz [11] prepared dispersions of CuO nanoparticles 
in water/ethylene glycol mixture at 50-50 volumetric 
concentrations, in order to study the sedimentation 
effects and convective boiling characteristics of the 
prepared fluid. Comparative analysis was made 
between the experimental results and correlations 
(Chen, Gun-gor-Winterson, Rohsenow) and the study 
recommends Chen correlation is suitable to deter-
mine the convective flow boiling heat transfer coeffi-
cient of prepared nanofluid. The study was conducted 
by Sarafraz et al. [12] with biologically produced sil-
ver/coconut oil nanofluid. The objective of the study 
was to quantify the thermal conductivity, viscosity and 
boiling heat transfer coefficient of biologically pro-
duced nanofluid. The assessment of thermal perform-
ance is also made with the prepared nanofluid in 
annular heat exchanger. Due to the enhancement in 
thermal conductivity and viscosity of the base fluid, 
the study reveals that this nanofluid can be used as a 
lubricant as well as a coolant in engines. 

The density variation with ZnO, Sb2O5:SnO2 and 
Al2O3 nanoparticles suspended in ethylene glycol/  
/water mixture base fluid was studied by Vajjha et al. 
[13]. They measured the changes in density of nano-
particle suspended base fluid. They operated at the 
temperature range between 0 and 50 °C with 1-10 % 
volume fraction of nanoparticle suspension. Their 
experimental results were compared by Pak and Cho 
model and obtained better agreement with the mea-
sured values at all temperatures. They have noted 
1.2% deviation for Al2O3 and Sb2O5:SnO2 nanopar-
ticles and 8% deviation for ZnO nanoparticle. The 
effect of ZnO nanoparticle suspension on density of 
water/ethylene glycol mixture base fluid was done by 
Mahian et al. [14]. They have prepared EG/water 
mixture of weight ratio 40-60, their temperature range 
between 25 and 40 °C and the ZnO volume fraction 
was 4.0%. They observed maximum density of 1328 
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kg/m3 at a temperature of 25 °C for a 4.0% nanopar-
ticle volume fraction. 

The specific heat capacity of titanium oxide and 
aluminium oxide nanoparticles suspended in a base 
fluid mixture of water and ethylene glycol (20/80 
wt.%) was measured by Yiamsawasd et al. [15]. They 
have determined specific heat based on a differential 
thermal analysis technique with a temperature 
between 15 and 65 °C and nanoparticle volume frac-
tion of 8.0 vol.%. They framed new correlation to esti-
mate the specific heat capacity of suspended nano-
particles in a form of specific heat ratio between 
nanofluid and base fluid. Satti et al. [16] prepared 
CuO, Al2O3, SiO2, ZnO and TiO2 nanoparticles diluted 
in water/propylene glycol (40:60 volume ratio) base 
fluid. They measured the variation in specific heat 
capacity with respect to the effects of nanoparticle 
volume fraction between 0.5 and 6 vol.%, operating 
temperature ranges between 243 and 363 K and par-
ticle sizes of 15 and 76 nm. The results revealed that 
the specific heat capacity decreases with increase in 
nanoparticle volume fraction and the specific heat cap-
acity increases with increase in temperature, which 
were in good agreement with already published results. 

The experiment was performed by Lee et al. [17] 
to study the thermal conductivity effect on Al2O3/  
/ethylene glycol, Al2O3/water, CuO/water and CuO/  
/ethylene glycol base fluids with vol.% from 1 to 5. 
They reported that only a small amount of nanopar-
ticles have considerably high values of thermal con-
ductivities than the base fluid without nanoparticles. 
The study conducted by Xuan and Li [18] by the 
suspension of copper nanoparticle, reported that the 
thermal conductivity of nanofluid is affected by the 
shape, size, volume fraction, and properties of the 
nanoparticle. Eastman et al. [19] studied the perform-
ance of copper nanoparticles directly suspended in 
ethylene glycol and reported significant enhancement 
in thermal conductivity of the base fluid containing 
smaller-sized copper nanoparticles. An experiment 
study was conducted by Das et al. [20] to determine 
the effects of temperature variation on thermal con-
ductivity. They have used Al2O3/CuO nanoparticles 
suspended in water base fluid. By applying wavering 
method, they have calculated the thermal conduct-
ivity. They observed an increasing trend of thermal 
conductivity with an increase in temperature. Their 
finding also reveals that nanoparticle suspensions will 
be better at high temperature. Murshed et al. [21] 
studied the thermal conductivity effect of TiO2 sus-
pended deionized water and reported that nanopar-
ticles in small quantity have much higher thermal con-
ductivities than conventional fluid. Evans et al. [22] 

studied the variations of temperature and Al2O3 
nanoparticle size and demonstrated the hydrodyn-
amics effects associated with Brownian motion on the 
thermal conductivity of the nanoparticle suspended 
base fluid. Their finding shows that a nanoparticle is 
approximately 10 times more conductive than base 
fluid. Li and Peterson [23] investigated with copper 
oxide and aluminium oxide suspension in water with 2 
to 10 vol.% of nanoparticle volume fraction and 27.5 
to 34.7 °C of temperatures. A linear regression equat-
ion was proposed to determine the thermal conduct-
ivity ratio based on temperature and nanoparticle 
volume fraction. The experimental study was con-
ducted by Vajjah and Das [24] for Al2O3, CuO and 
ZnO nanoparticle suspension in a base fluid of water 
and ethylene glycol. Their test conditions were 10% of 
nano particle volume fraction and 298 to 363 K tem-
perature range. Their study reveals there is an inc-
rease in thermal conductivity of nanofluid with respect 
to nanoparticle volume fraction and temperature, and 
18% thermal conductivity ratio enhancement was 
observed for ZnO suspension at the 7% volume frac-
tion of nanoparticle. Xie et al. [25] studied with ethyl-
ene glycol (EG) suspended with TiO2, MgO, ZnO, 
Al2O3 and SiO2 nanoparticles and reported that the 
MgO/EG suspension has the highest thermal con-
ductivity and the lowest viscosity. They concluded 
that at 30 °C the thermal conductivity enhancement 
was 40.6% for a 5% volume concentration for MgO 
nanoparticle. The thermal conductivity study with 
titanium dioxide and aluminium oxide nanoparticle 
suspended in propylene glycol base fluid was made 
by Palabiyik et al. [26]. Their observation was differ-
ent to the many literature results, since they have 
reported results of nonlinear behaviour with the sel-
ected nanoparticle volume fraction. They also rep-
orted that with respect to temperature, the enhance-
ment in thermal conductivity was not varying signific-
antly. The rheological behavior and heat transfer 
performance of various metal-based nanofluids (sil-
ver, copper, alumina, TiO2) were studied by Pour-
mehran et al. [27] and reported that the Brownian 
motion is considered to simulate viscosity of nano-
fluid. They have used the Patel model to predict the 
thermal conductivity. According to their results it was 
observed that maximum value of heat transfer enhan-
cement is obtained by selecting the silver (Ag) as 
nanoparticle. 

Silicon dioxide and EG/water were used by 
Sahoo et al. [28] to investigate the impact of nano-
particle suspension in EG/water base fluid on the 
thermal conductivity. They observed 20% enhance-
ment in a base fluid thermal conductivity. Their pro-
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cess conditions were 20 to 90 °C temperature and a 
nanoparticle concentration of 10 vol.%. 

The thermal conductivity behaviour of deionized 
water and ethylene glycol after ing graphene and 
graphene multi-walled carbon nano-tubes (MWCNTs) 
was studied by Aravind and Ramaprabhu [29]. They 
reported that 9.2 and 73% improvement in deionized 
water for nanoparticle concentration of 0.04% at 
temperature of 25 and 50 °C, respectively. The 
enhancement was 6.9 and 20% for ethylene glycol 
base fluid at the same nanoparticle volume fraction 
and temperature, respectively. They concluded that 
the increase in nanoparticle volume fraction increases 
thermal conductivity of nanofluid. Manikandan et al. 
[30] performed heat transfer studies in a corrugated 
plate heat exchanger with TiO2 and ZnO diluted in a 
base fluid mixture of water and ethylene glycol and 
reported there is a significant improvement in the heat 
transfer rate by the nanoparticle suspension. The 
experimental study performed by Sundar et al. [31] 
with the prepared magnetic Fe3O4 nanoparticle dis-
persed in water, showed 8.4 and 17% enhancement 
in thermal conductivity at temperatures of 20 and 60 
°C, respectively. They have prepared 0 to 2% volume 
fraction of nanoparticle suspension. Barbés et al. [32] 
measured the thermal conductivity and specific heat 
capacity for aluminium oxide suspended in water as 
well as ethylene glycol base fluid. Their study con-
ditions were 298 to 338 K temperatures and a nano-
particle volume fraction of 1.0-10.0%. Their results 
reveal that thermal conductivity of suspension inc-
reased but the specific heat capacity of suspension 
decreased with respect to nanoparticle concentration. 
Graphene suspended water base fluid was prepared 
by Ahammed et al. [33] to study the thermal con-
ductivity variation of a nanoparticle addition. Their 
concentrations of nanoparticle were 0.05, 0.1 and 
0.15 vol.% and temperatures were in the range of 10- 
–50 °C. They have noted that the thermal conductivity 
ratio was improved by 6.7 and 18.6% at 10 and 50 °C, 
respectively, for a nanoparticle volume fraction of 
0.05%. The result confirmed that the thermal conduct-
ivity of graphene based nanofluid has a considerable 
impact against process temperature. It was also 
noted from the study that 3.3% higher thermal con-
ductivity enhancement occurred with the increase in 
volume concentration. Graphene and copper sus-
pended ethylene glycol/water base fluid used by Peri-
asamy et al. [34,35] observed that the nanoparticle 
volume fraction has the significant effect on thermal 
conductivity of base fluids. A new correlation was pro-
posed by Sarafraz [36] for the determination of the 
Nusselt number based on the investigation of the 

thermal performance and pressure drop character-
istics of liquid indium mixed with copper oxide nano-
particles in a rectangular micro-channel. 

Different metal oxide nanoparticles (CuO, Al2O3, 
SiO2 and ZnO) were suspended by Satti et al. [37] in 
a propylene glycol and water mixture. They deter-
mined the thermal conductivity at a 6% volumetric 
fraction of nanoparticles and 30 to 90 °C temperature 
range. They observed an increase in thermal con-
ductivity of nanoparticle suspension with increasing 
nanoparticle volume fraction and fluid temperature. 
The effect of ethanol/MEG/DEG ternary mixture sus-
pension on nucleate pool boiling heat transfer char-
acteristics were studied by Sarafraz et al. [38] and 
observed significant changes in thermophysical pro-
perties. They summarized the factors affecting the 
thermal conductivity of nanoparticle suspensions 
which are properties of particles and the base fluid, 
nanoparticle volumetric concentration, particle size 
and temperature. This result is helpful because the 
thermal conductivity improved working fluids may be 
utilized at higher temperature applications. The 
potential application of a liquid metal enriched with 
Al2O3 nanoparticle was studied by Sarafraz et al. [39] 
in a micro-channel solar thermal receiver with 5, 10 
and 15% (mass fractions). They investigated thermal 
performance of the suspended nanoparticle and 
achieved the highest thermal performance index of 
3.5 and 2.9 for the laminar and turbulent flow, res-
pectively, at mass fraction of 10%. In order to study 
the heat transfer coefficient, thermal resistance and 
the thermal performance of a thermosyphon heat 
pipe, zirconia-acetone nanofluid was prepared by 
Sarafraz et al. [40]. Results showed that the presence 
of the nanofluid decreases the total thermal resist-
ance and enhanced the boiling heat transfer mech-
anism, which resulted in the thermal performance 
enhancement of the heat pipe. To assess the thermal 
performance, a new correlation was proposed from 
the study to predict the Kutateladze number. Sarafraz 
et al. [41] made an experimental investigation on the 
thermal performance and efficiency of an evacuated 
tube solar collector (ETSC) with graphene-methanol 
nanofluid. It was revealed from the study that the 
presence of nanoparticles improved the thermal con-
ductivity of methanol, while the heat capacity of the 
nanofluid decreased by a decrease in the mass fract-
ion of the graphene. The different concentrations of 
Fe3O4 nanoparticles in water were used by Sarafraz 
et al. [42] to quantify the heat transfer coefficient of 
nanofluid under constant magnetic field. Results 
showed that the magnetic field can lower the fouling 
resistance providing that the nanosuspension is 
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stable. Hence the heat transfer coefficient value was 
also improved with the Fe3O4 nanosuspensions. 

Some of the significant studies with respect to 
graphene nanoparticles are given in the following 
section; graphene oxide/water nanofluid was syn-
thesized by Liu et al. [43] using modified Hummers’ 
method. They have investigated the stability of the 
prepared nanofluids using UV spectroscopy and 
showed that nanofluid stability is >3 months and also 
that 1.0 mg/ml nanofluid can work in applications with 
an operational range up to 1000 °C. The study pro-
vides new correlation to calculate thermal conductivity 
of nanofluids. It is revealed from the study that gra-
phene oxide nanoparticles synthesized by modified 
Hummers’ method, can be used as a stable nanofluid 
with acceptable heat transfer potential in thermal sys-
tems. Heat transfer studies in a three-dimensional 
spiral heat exchanger were performed by Bahiraei et 
al. [44]. In this study, thermal and hydraulic attributes 
of a graphene nanofluid in a countercurrent spiral 
heat exchanger were evaluated. They determined the 
performance index (ratio of heat transfer rate to pres-
sure drop) and reports that performance index 
enhances with increase in either nanoparticle concen-
tration or Reynolds number. Bahiraei et al. [45] made 
an investigation on thermo-hydraulic performance of 
graphene nanoplatelets. They performed the test 
within a tube enhanced with rotating twisted tape. The 
results revealed that the convective heat transfer 
coefficient and pumping power increase by increasing 
the rotational speed and weight fraction, while they 
decrease by increasing the twisted ratio. The effect of 
nitrogen-doped graphene (NDG) nanofluids concen-
tration on heat transfer and fluid flow in double-pipe 
heat exchangers was made by Marjan Goodarzi et al. 
[46]. A novel MATLAB code solved the governing 
equations were used to analyze the resulting heat 
transfer coefficient, pressure drop, wall temperature 
reduction and pumping power. Khan et al. [47] inves-
tigated a blend of Nigella sativa biodiesel, diesel, n-
butanol, and graphene oxide nanoparticles to 
enhance the performance, combustion and symmetric 
characteristics and to reduce the emissions from the 
diesel engine of a modified common rail direct inject-
ion (CRDI). The results obtained indicate that 90 ppm 
of graphene oxide nanoparticles and 10% n-butanol 
in Nigella sativa biodiesel are comparable with diesel 
fuel. Safaei et al. [48,49] used graphene oxide nano-
fluids in solar-driven water desalination process and 
developed an empirical equation to correlate the aver-
age Nusselt number as a function of Rayleigh number 
(Ra), the Stefan number (Ste), the sub-cooling factor 
(Sb), and the Fourier number (Fo). Sarafraz et al. [50] 

conducted an experimental investigation on heat 
transfer performance of graphene nanoplatelets/pen-
tane nanofluid in a gravity-assisted heat pipe. They 
observed enhancement in heat transfer coefficient by 
increasing the heat flux. Experimental heat transfer 
studies were conducted by Sarafraz et al. [51] by 
using graphene nano-platelets dispersed in water-
ethylene glycol mixture and reported that the thermal 
performance of the system increased by 21% in terms 
of heat transfer coefficient. The new preparation 
method for the decoration of platinum (Pt) on the 
functionalized graphene nanoplatelet (GNP) was 
introduced by Yarmand et al. [52]. Based on the 
stability analysis, it was noticed that nanofluids were 
stable and no significant sedimentation was observed 
for a long time (22 days). 

According to the published articles, extensive 
research was conducted only on thermal conductivity 
measurement of nanofluids. The influence of other 
thermophysical properties such as viscosity, density 
and specific heat capacity variations were not studied 
much with added nanoparticles. Since these thermo-
physical properties may improve the heat transfer 
performance of the conventional base fluids, and also 
improve the application of nanofluid in heat exchan-
gers, a complete understanding of the thermophysical 
properties is necessary. Also, from the published lite-
rature, it was identified that ethylene glycol is a viable 
heat transfer fluid because of its thermal character-
istics, but it was noticed that only limited studies were 
performed with ethylene glycol as a base fluid.  

Graphene is one of the most studied carbon- 
-based nanofluids because of its larger surface/vol-
ume ratio, higher thermal conductivity, lower erosion, 
corrosion and clogging. It was found from the litera-
ture that mostly thermal conductivity studies were per-
formed with graphene nanofluid. Since there will be a 
scope for exploring other thermophysical properties 
(viscosity, density and specific heat capacity) of gra-
phene nanoparticle, this study was chosen. The nov-
elty of the present study is considering graphene as a 
nanoparticle and performing the thermophysical char-
acteristics analysis of the graphene suspended ethyl-
ene glycol/water mixture. 

MATERIALS AND METHODS  

Experimental setup 

In order to study the thermophysical character-
istics of graphene nanoparticle suspended EG/water 
base fluid, the experimental setup consists of a hot 
and cold fluid tank (20 L), four thermocouples, two 
pumps, two flow meters, and a corrugated plate heat 
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exchanger (PHE) was fabricated and the outline and 
photograph of the experimental setup is shown in 
Figures 1 and 2, respectively. 

 
Figure 2. Photograph of experimental setup. 

Experimental procedure 

The water is pumped from the hot fluid tank and 
its temperature is constantly maintained at approxi-
mately 55 °C using a thermostat and the outlet is 
returned to the outlet tank.  

Hummers’ method was employed for producing 
graphene nanoparticles. 

The prepared nanoparticle suspension (graph-
ene/EG/water) in the cold fluid tank is also pumped 
into the plate heat exchanger.  

The inlet and outlet temperatures of cold and hot 
fluid were measured using the inserted thermocouples.  

A rotameter was used to measure and control 
the flow rates. 

Experiments were repeated by varying the hot 
fluid temperatures to 65 and 75 °C and the nano-
particle suspension volume fractions of 0.2, 0.4, 0.6, 
0.8 and 1%.  

In order to compare the results, experiments 
with base fluid (EG/water) used as cold fluid were 
carried out first and the results were compared with 
the graphene suspended base fluid.  

Nanofluid preparation and characterization 

Graphene nanoparticles were produced by the 
Hummers’ method [53]. The prepared nanoparticles 
were dispersed in the base fluid (ethylene glycol/  
/water mixture) as per the proposed ratio and the 
nanofluids were used in our study. Figure 3 provides 
the TEM image of graphene nanofluids at 1.0 volume 
fraction. 

 
Figure 3. TEM image of graphene nanofluids at 1.0 volume 

fraction. 

Calculation of thermophysical properties 

In order to calculate thermo physical properties 
such as viscosity, density, specific heat capacity and 

 
Figure 1. Outline of experimental setup. 
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thermal conductivity of nanoparticle suspension, the 
following thermophysical property models were used 
in the present study. 

(i) Viscosity models 
1. Einstein model 

( )ϕμ μ= +1 2.5nano base  

2. Kitano model 

ϕμ μ
ϕ

  
= −  
   

1nano basem
 

3. Bachelor model 

( )ϕ ϕμ μ= + + 21 2.5 6.2nano base  

(ii) Density model 
1. Pak and Cho model 

( )ϕ ϕρ ρ ρ= − +1nano base base  

(iii) Specific heat capacity model 
1. Xuan model 
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2. Pak and Cho model 
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(iv) Thermal conductivity models 
1. Maxwell model 
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2. Vajjha Model 
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RESULTS AND DISCUSSION 

Impact of graphene nanoparticle concentration on 
viscosity of base fluid suspension 

Viscosity indicates the resistance offered by the 
fluid. To consider the effect on viscosity, Einstein 
(1956), Kitano (1981) and Bachelor (1977) models 
have been taken to compare experimental results.  

Figure 4a shows the influence of graphene 
nanoparticle suspension on the viscosity of base fluid 
at a hot fluid inlet temperature of 55 °C and base fluid 
concentrations of 30:70 (EG:W). From the figure, it 
was observed that the viscosity increases with the 
increase in graphene nanoparticle concentration. This 
is due to the fact that viscosity is strongly influenced 
by the volume concentration of the nanoparticle. Fig-
ure 4b presents the effect of nanoparticle addition on 
viscosity of base fluid at a hot fluid inlet temperature 
of 65 °C. At this temperature, an increase in nano-
particle volume fraction increased the viscosity in all 
the selected models with approximately equal values. 
It was also observed that the magnitude of viscosity 
decreases with increase in hot fluid inlet temperature. 
Figure 4c provides the plot for the influence of nano-
particle concentration on viscosity of base fluid sus-
pension at the hot fluid inlet temperature of 75 °C. It 
was observed that at a hot fluid inlet temperature of 
75 °C, an increase in nanoparticle concentration inc-
reased the viscosity of base fluid at the prepared base 
fluid concentration. This behaviour is attributed to the 
fact that the increase in nanoparticle concentration 
increases the viscosity of base fluids but the increase 

Figure 4. The influence of graphene nanoparticle concentration 
on viscosity of a base fluid concentration of 30:70 (EG:W) at a 

hot fluid inlet temperature of: a) 55, b) 65 and c) 75 °C. 
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in hot fluid inlet temperature decreases the viscosity 
of nanoparticle suspended base fluids.  

Impact of graphene nanoparticle concentration on 
density of nanofluid 

The density of metal oxides is greater than that 
of liquids. Density and specific heat capacity are 
determined as a function of particle volume fraction 
on the principle of two-phase mixtures. Density is 
considered an important parameter for evaluating the 
heat transfer performance of nanofluid. Figure 5a–c 
presents the effect of graphene nanoparticle addition 
on the density of nanofluid for the base fluid concen-
trations of 30:70 (EG:W) at the hot fluid inlet tempe-
rature of 55, 65 and 75 °C, respectively. The mea-
sured density data was validated with the Pak and 
Cho model.  

The addition of graphene nanoparticle increased 
the density of the base fluid mixture. The reason for 
this is the nanofluid density is higher than that of the 
base fluid. It was noticed that the density of base fluid 
increased gradually with respect to the entire particle 

volume fraction, but the density decreases with res-
pect to all the three hot fluid temperatures. The maxi-
mum density was observed at 1.0 vol.% for all the 
base fluid concentrations. The maximum density obs-
erved in the Pak and Cho model is 1037 kg/m3 for 
30:70 (EG:W). The result shows that nanofluid den-
sity increases with increase in nanoparticle concen-
tration and decreases with increase in hot fluid inlet 
temperature. 

Effect of graphene nanoparticle concentration on 
specific heat capacity of nanofluid 

Specific heat is the amount of heat required to 
raise the temperature of one gram of nanofluid by one 
degree centigrade. Specific heat is one of the impor-
tant properties and plays an important role in influen-
cing the heat transfer rate of nanofluid. Figure 6a–c 
presents the effects of graphene nanoparticle volume 
fraction on specific heat capacity of nanoparticle sus-
pension at a hot fluid inlet temperature of 55 °C and 
base fluid concentrations of 30:70 (EG:W) at a hot 
fluid inlet temperatures of 55, 65 and 75 °C, res-
pectively. 

Figure 5. The influence of graphene nanoparticle concentration 
on density of a base fluid concentration of 30:70 (EG:W) and a 

hot fluid inlet temperature of: a) 55, b) 65 and c) 75 °C. 

Figure 6. The influence of graphene nanoparticle concentration 
on specific heat capacity of base fluid concentration of 30:70 

(EG:W) at a hot fluid inlet temperature of: a) 55, b) 65 and c) 75 °C.
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Increase in nanoparticle concentration leads to 
decrease in specific heat capacity. It can be observed 
from the results that the values of specific heat 
capacity decreased from 3.762 to 3.7582 kJ/(kg K) 
with increase in volume concentration between 0.2 
and 1.0% as per the Pak and Cho model for a base 
fluid concentration of 30:70 (EG:W) and a tempera-
ture of 65 °C. The reason for this is due to the fact 
that specific heat capacity is a mass specific quantity 
and this effect depends on the density of components 
and its mixture. The effect of graphene nanoparticle 
addition on specific heat capacity of nanofluid at a hot 
fluid inlet temperature of 75 °C and a base fluid con-
centration of 30 vol.% of ethylene glycol base fluids is 
shown in Figure 5c. The nanoparticle specific heat 
capacity decreased with increase in nanoparticle con-
centration for all the three base fluid concentrations. 
No significant variations were observed in specific 
heat capacity of nanofluid with respect to tempera-
ture. The experimental result was validated with Pak 
and Cho, and Xuan models. A better agreement was 
obtained between the measured values with selected 
models at all base fluid concentrations.  

Effect of graphene nanoparticle concentration on 
thermal conductivity ratio of nanofluid 

Thermal conductivity ratio (Knf/Kbf) is an impor-
tant parameter in measuring the effectiveness of the 
nanoparticle addition in the base fluid. For this pur-
pose, comparisons between thermal conductivity ratio 
values of graphene nanoparticle with respect to base 
fluid concentration (30:70 (EG:W)) and at a hot fluid 
inlet temperatures of 55, 65 and 75 °C were plotted in 
Figure 6a-c, respectively. To consider the effect of 
Thermal conductivity ratio, three different models 
(Maxwell model (1954), Vajjah model (2010), and 
Sahoo model (2012)) have been used to compare 
experimental results with base fluids. 

Figure 7a depicts the effects of nanoparticle 
addition on thermal conductivity ratio of the nanofluid 
at a hot fluid inlet temperature of 55 °C. The thermal 
conductivity ratio increased gradually at all the nano-
fluid concentrations due to the fact that nanoparticle 
volume fraction is directly proportional to thermal con-
ductivity. At the variation of hot fluid inlet temperature 
at 65 °C (Figure 7b, the thermal conductivity inc-
reases with increase in volume fraction of nanopar-
ticle in the base fluid concentration of 30:70 (EG:W). 
The improvement is higher than at the hot fluid tem-
perature of 55 °C, due to the temperature effect (if 
temperature increases then thermal conductivity also 
increases). Further increase of hot fluid inlet tempe-
rature at 75 °C (Figure 7c) shows significant inc-

reases in thermal conductivity ratio. This is due to the 
fact that thermal conductivity is significantly affected 
by temperature and nanoparticle volume fraction, 
because of the expanded surface area of the dis-
persed nanoparticle in base fluid. The thermal con-
ductivity predictions based on the selected published 
models were compared. Thermal conductivity inc-
reased gradually in all the selected models, which is 
due to the addition of nanoparticle to the base fluid. 
From the comparison of the thermal conductivity with 
the standard correlations (Maxwell model (1954), Vaj-
jah model (2010) and Sahoo model (2012)) it is evi-
dent that increase in volume fraction of nanoparticle 
improved the thermal conductivity due to random 
Brownian motion, particle morphology, inter-particul-
ate diffusion effects, and possible decrease in the 
boundary layer thickness. 

There exists good agreement between the 
results calculated from experimental and different 
models. It was noticed that the density and specific 
heat capacity variations fall within ±5% deviation with 
experimental results and ±8 % deviation for viscosity 
and thermal conductivity variations. Hence, there 
exists good agreement between the correlation 

Figure 7. The influence of graphene nanoparticle concentration 
on thermal conductivity ratio of a base fluid concentration of 

30:70 (EG:W) and a hot fluid inlet temperature of: a) 55, 
b) 65 and c) 75 °C. 
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results and experimental results, which shows the 
accuracy of the results of the experiment. 

CONCLUSION 

The study revealed that the hot fluid inlet tempe-
rature and nanofluid concentration have significant 
effects on the thermophysical properties of graphene 
suspended base fluids. There is an increase in vis-
cosity from 1.247 to 1.272 kg/(m s) with respect to 75 
°C of inlet temperature. At 55 °C, the base fluid has a 
higher density of 1041 kg/m3 at 1.0 vol.%, however, 
the density of the mixture has the lowest value of 
1028 kg/m3 at 75 °C. Hence, the density increases 
with nanoparticle concentration and decreases with 
hot fluid inlet temperature. The dispersed nanoparticle 
shows lower specific heat than the values of base 
liquid. The observed specific heat capacity at 55 °C is 
3.752 kJ/(kg K) (at 0.2 vol.%) which is reduced to 
3.747 kJ/(kg K) (1.0 vol.%). Hence, the specific heat 
of nanofluid decreases with the increase in nanopar-
ticle concentration, and the specific heat of nanofluid 
does not vary significantly with hot fluid inlet tempera-
ture. The obtained thermal conductivity ratios of base 
fluid are maximum at 75 °C and 1.0 vol.% with a value 
of 1.031, which is higher than those of base fluid. For 
all the thermophysical properties, the selected correl-
ation models showed good agreement with the expe-
rimental results.  
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Nomenclature 

Vol.% Volume % 
EG Ethylene glycol 
W Water 
Cp Specific heat capacity, J/(kg.K) 

Greek symbols 
k Thermal conductivity, W/(m.K) 
μ Viscosity, kg/m.s 
ρ Density, kg/m3 
ϕ Particle volume fraction 

Subscripts 
nano Nanofluid 
base Base fluid 
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  PROUČAVANJE PROMENA TERMOFIZIČKIH 
SVOJSTAVA NANOČESTICA GRAFENA 
SUSPENDOVANIH U SMEŠI ETILEN-GLIKOLA I 
VODE 

Cilj ovog rada je bio da se utvrde promene termofizičkih svojstava (kao što su viskoz-
nost, gustina, specifični toplotni kapacitet i toplotna provodljivost) bazne tečnosti (etilen-
-glikol/voda, EG/V) sa koncentracijom nanočestica grafena i ulaznom temperaturom 
vruće tečnosti. Korišćene koncentracije nanočestica grafena su 0,2, 0,4, 0,6, 0,8 i 1 
vol.%, a bazna tečnost je sa 30 vol.% EG. Istraživan je uticaj dodavanja nanočestica 
grafena baznoj tečnosti u komercijalnom pločastom razmenjivaču toplote. U ovom eks-
perimentu temperatura ulaska vruće tečnosti bila je na 55, 65 i 75 °C. Eksperimentalni 
rezultati termofizičkih svojstava upoređeni su sa odabranim modelima predloženim u 
literaturi. Modeli Ajnštajna, Kitanoa i Bačelora korišćeni su za razmatranje uticaja na 
viskozitet. Izmerene vrednosti gustine, odnosno specifičnog toplotnog kapaciteta potvr-
đeni su modelima Paka i Ćua, odnosno Ksuana. Za toplotnu provodljivost korišćena su 
tri različita modela. Istraživanja su otkrila da se termofizička svojstva bazne tečnosti 
značajno menjaju dodtakom nanočestica grafena. 

Ključne reči: grafen, nanočestice, termofizička svojstva, etilen-glikol, voda. 
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  PREPARATION AND CHARACTERIZATION OF 
PVA-SIO2 NANOCOMPOSITE MEMBRANES 
FOR SEAWATER DESALINATION BY 
PERVAPORATION 

Article Highlights 
• For PVA-SiO2 membrane, a permeate flux of 4.93 kg m-2 h-1 was obtained at 50 °C 
• The highest selectivity value was calculated as 99.8% at 30 °C 
• The nano-SiO2 incorporation into a PVA matrix increased the water flux value more 

than two-fold 
• The pervaporation performance of PVA membrane was enhanced remarkably 
 
Abstract 

Pervaporation is a membrane process that offers high separation performance 
and has an important potential for the treatment of saline water sources. In this 
study, poly(vinyl alcohol) (PVA) and PVA-SiO2 nanocomposite membranes 
were prepared by the solution-casting method, and pervaporative water desal-
ination studies were carried out for synthetic seawater (35 g L-1) at 30, 40 and 
50 °C. Effects of the temperatures and the incorporation of SiO2 on the pervap-
oration performance of polymeric nanocomposite membranes were investig-
ated. Membranes were characterized by scanning electron microscopy (SEM), 
Fourier-transform infrared spectroscopy (FT-IR) and thermogravimetric ana-
lysis (TGA). In experiments conducted at 50 °C, a permeate flux of 4.93 kg m-2 
h-1 with a salt rejection of 99.3% were obtained. The highest salt rejection was 
99.8% at temperature of 30 °C. The results showed that the pervaporation per-
formance of PVA membranes was remarkably enhanced with the incorporation 
of nano-SiO2 into polymeric matrix. 

Keywords: desalination, nano-SiO2, nanocomposite, pervaporation, 
poly(vinyl alcohol), seawater. 

 
 

Freshwater demand is rapidly increasing for 
industrial, agricultural, and domestic use. In addition, 
the amount of water per capita is decreasing rapidly 
due to the lack of underground and surface water 
resources (about 1% of all water sources), increased 
industrialization, global warming, and population 
growth rate. Seawater is the most abundant water 
source compared to other natural freshwater res-
ources, and seawater desalination is an important 
process for meeting freshwater demands. Among 
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desalination technologies, membrane-based techno-
logies are becoming increasingly important as mem-
brane processes have advantages such as great sep-
aration performance, energy-saving, high operational 
stability, and easy integration with industrial systems 
[1,2]. 

For the desalination of seawater and brackish 
water, reverse osmosis (RO), multi-stage flash (MSF), 
multi-effect distillation (MED), electrodialysis (ED) and 
vapor compression distillation (VCD) technologies are 
commonly used worldwide [3,4]. RO and MSF domin-
ate the market, together constituting >90% of the glo-
bal desalination capacity [5]. However, RO has major 
disadvantages such as high capital and operating 
costs, high energy requirements, and membrane foul-
ing [6].  

PV is a promising membrane process for desal-
ination studies due to its non-pressure-driven separ-
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ation mechanism, high selectivity, energy efficiency, 
and durability for pollutants [7]. In this process, the 
driving force is the chemical potential gradient 
between the two sides of the membrane, applying 
either vacuum or sweeping gas at the permeate side 
of the membrane [8]. The transport mechanism 
through the nonporous membrane is explained by the 
solution-diffusion model consisting of three steps: 
sorption, diffusion and desorption. The feed liquid is 
brought into contact with one side of the membrane at 
atmospheric pressure and permeate is continuously 
removed in vapour form from its other side [9].  

The key component in pervaporation as with all 
other membrane processes is the membrane itself 
and selecting an appropriate membrane material is a 
crucial step in membrane studies. In the pervapor-
ation process, water-selective membranes are pre-
pared using polymers with hydrophilic characteristics. 
For the pervaporation separation of water from feed 
mixture, PVA is one of the best choices due to its high 
hydrophilic nature, which is provided by the hydroxyl 
(–OH) groups on its chain segments. Additionally, 
PVA has excellent membrane-forming properties, 
good thermal stability, chemical and mechanical 
strength, and commercial availability and is nontoxic, 
biocompatible and biodegradable [8,10]. 

Inorganic fillers can be incorporated into poly-
meric matrices to improve the membrane separation 
performance. Inorganic-organic composite memb-
ranes prepared using materials with different struc-
tures and properties, namely mixed matrix memb-
ranes (MMMs), combine the separation properties of 
inorganic and organic materials [11,12]. Nanocom-
posites have an important role in membrane applic-
ations. In membrane technology, inorganic nanomat-
erials such as TiO2, SiO2, Al2O3, Si, Ag, ZnO and ZrO2 
and organic nano-materials such as graphene oxide 
(GO), carbon nanotubes (CNT), and carbon nano-
fibers (CNF) are used as nano-sized fillers to provide 
thermal, physical, and chemical resistance and imp-
rove the membrane separation performance [13,14]. 

Xie et al. [15] prepared PVA/maleic anhydride/  
/silica hybrid membranes via the sol-gel method and 
investigated the effects of temperature, salinity and 
pressure on the desalination of a NaCl/water solution. 
They reported a water flux of 11.7 kg m-2 h-1 and salt 
rejection values of 99.9% with hybrid membranes 
containing silica particles (<10 nm) for the pervap-
oration desalination of NaCl/water solution with NaCl 
concentrations of 0.2-5.0 wt.% at permeate pressures 
of 2-40 Torr and temperatures of 20-65 °C. In another 
study, they also investigated the effect of the thick-
ness of PVA/maleic anhydride/silica membrane on 

the desalination performance [16] and obtained a 
water flux of 6.93 kg m-2 h-1 with >99.5% salt rejection 
at 22 °C and 6 Torr for a 2000 ppm NaCl solution. 
Cho et al. [17] prepared an inorganic NaA zeolite 
membrane for the pervaporative desalination of sea-
water. Water flux and salt rejection were 1.9 kg m-2 h-1 
and 99.9%, respectively. Chaudhri et al. [18] prepared 
hollow-fiber PVA membranes on a polysulfone sup-
port and reported a water flux of approximately 7.4 L 
m-2 h-1 at 71 °C. Liang et al. [19] used the electrospin-
ning/electrospraying technique to prepare thin-film 
nanofibrous pervaporation composite (TFNPVC) mem-
branes using poly(vinyl alcohol), polyacrylonitrile (PAN) 
nanofibrous scaffold and polyethylene terephthalate 
(PET) to make a three-layered composite membrane. 
They obtained water fluxes of 8.53, 7.24 and 5.57 L 
m-2 h-1 for 5000, 35000 and 50000 ppm NaCl sol-
utions, respectively, with salt rejection of > 99.5%. 

In the present study, a nano SiO2-filled PVA 
membrane was prepared by the solution-casting 
method and pervaporation desalination studies were 
carried out at different temperatures. Glutaraldehyde 
(GA) was used as the cross-linking agent for PVA. 
The effects of temperature and nano-SiO2

 incorpor-
ation on pervaporation performance were investigated 
for synthetic seawater desalination. Experiments were 
carried out at 30, 40, and 50 °C and the permeate 
flux, rejection, permeance and selectivity results were 
compared with pristine PVA membranes [20]. 

EXPERIMENTAL 

Materials 

PVA (98-99% hydrolyzed, average M.W. 88000- 
-97000) and GA (25% aq. sln.) were purchased from 
Alfa Aesar. GA was used as the cross-linking agent 
for PVA. Sulfuric acid was used as a catalyst for 
cross-linking reaction, and sulfuric acid and methanol 
were purchased from J.T. Baker and Lab Scan, res-
pectively. Sodium chloride (NaCl) was purchased 
from Merck. SiO2 (99.65%, P-Type) with a particle 
size of 13-23 nm was supplied by Nanografi Nano 
Technology. Synthetic seawater (35 g L-1) was pre-
pared in the laboratory. 

Membrane preparation 

In this study, pristine PVA and PVA-SiO2 nano-
composite membranes were prepared by a solution 
casting method. PVA (10 wt.%) was dissolved in 
deionized water by mixing at a moderate stirring 
speed for 2 h in a glass reactor placed in a water bath 
at 90 °C. Subsequently, nano-SiO2 solution was 
added to the PVA solution while stirring, and the 
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whole solution was stirred again for a further 1 hour to 
ensure a well dispersion. SiO2 nanoparticle was incur-
porated into polymer matrix in an amount of 10 wt.% 
with respect to weight of PVA to avoid an agglomer-
ation of the nanoparticles, and a brittle membrane. 
The nanomaterial was dispersed in water using a 
magnetic stirrer and an ultrasonic bath before adding 
it to the polymer solution. The membrane solution 
was cast onto glass plates as a thin film and was then 
dried at 40 °C for 24 h. The drying temperature was 
determined as 40 °C, as the changes in ambient tem-
perature can affect the membrane drying process. 
The dried membranes were peeled-off from the glass 
plates and were immersed in a mixture containing 3% 
GA, 5% H2SO4, 23% water, 69% methanol for 24 h 
and were cross-linked [21]. The cross-linked mem-
branes were removed from the mixture. Figure 1 
shows a schematic representation of the cross-linking 
reaction between PVA and GA [22].  

 
Figure 1. Cross-linking reaction between PVA and GA [22]. 

The membranes were weighed, and then kept in 
deionized (DI) water overnight to remove the residues 
of the cross-linking mixture. After washing with deion-
ized water, the membranes were dried again in an 
oven at 105 °C for 2 h to remove the water content of 
the membranes [23]. There was no weight loss in the 
prepared membranes. For the pristine PVA mem-
branes, the PVA solution (10 wt.%) was prepared by 
stirring at a moderate speed for 3 h in a reactor 
placed in a water bath at 90 °C. The membrane sol-
ution was cast onto glass plates, and the resulting 
membrane films were dried at 40 °C for 24 h. A 
similar procedure was used to prepare the pristine 
PVA membranes. The membrane thicknesses were 
measured with a digital micrometer, and the flux 
values were normalized to 100 μm. 

Characterization 

Scanning electron microscopy (SEM) 
Cross-sectional morphologies of the PVA and 

PVA-SiO2 nanocomposite membranes were observed 
by scanning electron microscopy. Membranes were 
immersed in liquid nitrogen, and then fractured and 
gold sputter-coated before the SEM analysis.  

Fourier-transform infrared (FT-IR) 
A Perkin-Elmer Spectrum 100 FT-IR instrument 

was used to characterize the functional structure and 
the chemical groups in the PVA and PVA-SiO2 nano-
composite membranes. The wave range of the FTIR 
spectra was between 4000 and 650 cm-1. 

Thermogravimetric analysis  
The thermal properties of the PVA and PVA- 

-SiO2 nanocomposite membranes were investigated 
using Exstar TG/DTA 6300. TGA studies were con-
ducted under a continuous nitrogen flow with a 10 °C 
min-1 heating rate from 25 to 600 °C. 

Pervaporation experiments 

Pervaporation experiments for PVA and PVA- 
-SiO2 nanocomposite membranes were carried out at 
30, 40 and 50 °C. The schematic representation of 
the pervaporation setup is given elsewhere [23]. The 
feed tank was kept at a constant temperature in a 
water bath, and the feed mixture was fed to the stain-
less-steel membrane cell with a peristaltic pump. The 
effective membrane area of the membrane cell was 
23 cm2. The synthetic seawater mixture was prepared 
in our laboratory, and the salt concentration was 35 g 
L-1 [7,24]. The pressures on the feed and permeate 
sides of the membrane were kept at atmospheric 
pressure and ≤1 Torr, respectively, and the pressure 
on the permeate side was measured by a Vacuub-
rand DVR-2 digital vacuum meter. Samples were 
collected every hour in Dewar traps containing liquid 
nitrogen and were weighed accurately. Permeation 
fluxes (J) were calculated using the following equation: 

= WJ
At

                           (1) 

where W, A and t are the permeate amount (g), mem-
brane’s effective area (m2) and the time interval (h), 
respectively. The salt rejection (R) was calculated by 
the conductivity method using the following equation: 

−
=(%) 100 f p

f

C C
R

C
               (2) 

where Cf and Cp are salt concentrations in the feed 
and permeate, respectively. The pervaporation select-
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ivity (αi) was calculated using the following equation 
[25,26]: 

α −=
−

/ (1 )
/ (1 )

i i
i

i i

x x
y y

   (3) 

where x and y are the weight fraction of component i 
in feed and permeate, respectively. The permeance 
of membrane (Pi/l) was determined according to Eq. 
(4) [25,27], assuming ideal solution (γwater =1) for NaCl 
solution of 35 g/L [28]: 

γ
=

−
i i

sat p
i i i i

P J
l x P y P

   (4) 

where Pi, l, γi and Pp are the membrane permeability, 
membrane thickness, activity coefficient and perme-
ate pressure, respectively. The term yiPp was ignored, 
as the permeate pressure was maintained at ≤1 Torr. 
The saturated vapor pressure ( sat

iP ) can be calcul-
ated with the Antoine equation [29]: 

= −
+ −

log( / bar)
273.15

sat
i

BP A
T C

   (5) 

where T is the temperature in Kelvin. A, B and C are 
the Antoine constants, and are given in Table 1 [29]. 

Table 1. Antoine constants for water [29] 

Antoine coefficient 

A B C 

5.11564 1687.537 230.17 

RESULTS AND DISCUSSION 

SEM Results 

The cross-sectional SEM images of pristine PVA 
membranes (a) and PVA-SiO2 nanocomposite memb-
ranes (b) are presented in Figure 2. 

Figure 2a shows that the structure of the pristine 
PVA membrane is defect-free and smooth. Figure 2b 
shows homogeneous distribution of the nanomaterials 
within the polymer matrix. No particle agglomeration 
was observed.  

FT-IR Results 

The FT-IR spectra of the PVA and PVA-SiO2 
nanocomposite membranes are shown in Figure 3. 
The spectra can be divided into 4 main regions: I. 
hydroxyl groups (-OH), II. methylene groups (-CH2), 
III. aldehyde groups (-CHO) and IV. acetal/ether 
groups (-COC), corresponding to 3000-3600 cm-1, 
2900-3000 cm-1, 1650-1750 cm-1 and 1000-1100 cm-1 

wavenumbers, respectively. 
The FT-IR analysis of both PVA and PVA-SiO2 

nanocomposite membranes showed a broad peak 
between 3200 and 3300 cm–1, indicating stretching of 
the hydroxyl groups of the polymer. In all spectra, the 
reflection peaks at approximately 2910, 2940 and 
1418 cm-1 were assigned to a stretching vibration and 
flexural vibration of methylene (–CH) (the main struc-
ture of PVA), respectively [30]. The sharp peak obs-
erved at approximately 1700 cm-1 is assigned to C=O 
expansion band caused by ester groups [31]. This 
stretch is smaller in PVA with a higher degree of hyd-
rolysis due to the lower number of acetate groups. 
The appearance of the ether/acetal peak indicates 
that crosslinking occurs between aldehyde groups 
and hydroxyl groups in the polymer [32-34]. The int-
ensity of the peak at 1141 cm-1 is controlled by the 
crystalline segment of the polymer chains. This peak 
is related to the C-C and C-O bonds in the main car-
bon chain [22] and is constant for both PVA and PVA- 
-SiO2 nanocomposite membranes because the crystal 
structure of the polymer is the same for all samples. 
The peaks observed at approximately 3300 and 1100 

     
Figure 2. SEM images of PVA (a) and PVA-SiO2 nanocomposite membranes (b). 
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cm-1 are attributed to hydroxyl (–OH) groups and Si-O-Si 
stretching modes for PVA-SiO2. A reduction in the 
intensity of the –OH and Si–O–Si groups was observed 
[34]. The peaks between 1000-450 cm-1 are attributed 
to the stretching vibrations of Si-O-Si. The peak at 
approximately 3440 cm-1 shifted to a lower wave num-
ber with the increase in nano-SiO2 content, indicating 
an increase in intermolecular hydrogen bonds 
between nano-SiO2 and PVA [35]. 

TGA Results 

Figure 4 shows the TGA thermographs of the 
PVA and PVA-SiO2 nanocomposite membranes. The 
thermal degradation profiles of both membranes rev-
ealed three weight loss stages. 

The first weight loss step observed between 80-
160 °C is due to the evaporation of bound and free 
water in the polymeric matrix and resulted in a loss of 
approximately 8.2 wt.% for PVA and for 26.3 wt.% 
PVA-SiO2 (weight losses not shown). Primary decom-
position of the PVA chain started at approximately 
250 °C and is assigned to the elimination of side-
groups of the polymer chain [36]. Total weight loss of 
the PVA membrane was approximately 74 wt.% and 
occurred at 400 °C. This first degradation step of PVA 
was followed by a final decomposition corresponding 
to the breakdown of the main polymer chain [37]. The 
decomposition of the main PVA chain started at 400 
°C for PVA and 500 °C for PVA-SiO2, and the weight 

 
Figure 3. FT-IR spectra of PVA and PVA-SiO2 nanocomposite membranes. 

 
Figure 4. TGA thermographs of the PVA and PVA-SiO2 nanocomposite membranes. 
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loss profiles of the PVA and PVA/SiO2 nanocomposite 
membranes were similar. The shift towards the higher 
degradation temperature for the PVA-SiO2 nanocom-
posite membrane is assigned to improved thermal 
stability due to the incorporation of SiO2 nanomaterial 
into the PVA matrix.  

Pervaporation results 

The pervaporation desalination experiments 
were carried out at 30, 40, and 50 °C for PVA and 
PVA-SiO2 nanocomposite membranes. Figure 5 
shows the permeate water flux (a) and salt rejection 
(b) values of the PVA and PVA-SiO2 membranes as a 
function of temperature for desalination of 35 g L-1 
synthetic seawater. 

Figure 5a shows that permeation rates increase 
with increasing temperature for both membranes as 
the mobility of the polymer chain and the solubility 
and diffusivity of water molecules through the poly-
meric matrix increase [38]. Salt rejection values 
obtained for PVA and PVA-SiO2 membranes are 
shown in Figure 5b. Owing to the trade-off relation-
ship between flux and selectivity for membrane pro-
cesses, salt rejection values decrease with increasing 
temperature. This is related to the enhanced polymer 

chain mobility that allows free ion transit. It is clear 
from Figure 5a and b that, with the nano-SiO2 incor-
poration into the PVA matrix, both water flux and salt 
rejection increased due to the nanoporous and highly 
hydrophilic structure of the nanomaterial that rejects 
salt passage. A permeate flux of 4.93 kg m-2 h-1 was 
obtained for the PVA-SiO2 membranes at 50 °C, and 
a salt rejection rate of >99% was observed for all 
temperatures.  

Figure 6a and b illustrate the effects of tempera-
ture on permeance and selectivity, respectively. 
Based on the solution-diffusion model, the permeation 
flux depends on the solubility and diffusivity of com-
ponents in the membrane. The permeances of both 
membranes decrease with the increasing of tempe-
rature, except for the permeance of PVA-SiO2 mem-
brane at temperature of 50 °C because the decrease 
in solubility is higher than the increase in diffusivity 
[39]. In contrast, the permeance of PVA-SiO2 memb-
rane increase at 50 °C as the permeation flux through 
PVA-SiO2 membrane increases significantly from 40 
to 50 °C. This also implies that the increase in the 
diffusivity is able to compensate the decreasing in the 
solubility [39,40]. As can be seen from Figure 6b, the 
selectivity of the PVA-SiO2 membrane evidently dec-

 
Figure 5. Flux (a) and salt rejection (b) results of PVA and PVA-SiO2 nanocomposite membranes. 

 
Figure 6. Permeance (a) and selectivity (b) results of PVA and PVA-SiO2 nanocomposite membranes. 
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reases with an increase in temperature, while select-
ivity decreases slightly for the PVA membrane, as the 
frequency and amplitude of the polymer chain mobility 
increase with increasing temperature. 

Table 2 compares the desalination performance 
of the PVA-SiO2 nanocomposite membrane with liter-
ature results based on pervaporation-based desalin-
ation. Considering the membrane thickness and tem-
perature values, the PVA-SiO2 membranes exhibited 
a good performance with high salt rejection and water 
flux.  

CONCLUSION 

The aim of this study was to prepare a mem-
brane with high desalination performance. PVA was 
selected as the polymer matrix for its high hydrophilic 
nature, high thermal, mechanical, and chemical res-
istance, and great film-forming properties. Nanocom-
posite membranes were prepared with nano-sized 
SiO2 and the effects of nanomaterial incorporation 
into a PVA matrix and temperature on water flux and 
salt rejection were investigated. Pervaporation experi-
ments were carried out at different temperatures and 
the performance data for PVA-SiO2 nanocomposite 
membranes were compared with pristine PVA mem-
branes.  

The pervaporation results exhibited that nano 
SiO2 filler positively affected the membrane separ-
ation performance. The nano-SiO2 incorporation into 

the PVA matrix increased the permeate flux values for 
all temperatures and salt rejection values >99% were 
obtained. The nanocomposite membrane seems to 
have much better salt rejection compared to pristine 
membranes. In addition, the TGA profiles showed that 
the decomposition temperature of the PVA 
membranes was improved with nano-SiO2 incor-
poration. In conclusion, the pervaporation desalin-
ation results obtained using nano-SiO2-filled PVA 
membranes are promising for seawater desalination. 
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  DOBIJANJE I KARAKTERIZACIJA PVA-SIO2 
NANOKOMPOZITNIH MEMBRANA ZA 
DESALINACIJU MORSKE VODE 
PERVAPORACIJOM 

Pervaporacija je membranski proces koji nudi visok stepen razdvajanja i ima važan 
potencijal za tretman slanih izvora vode. U ovom radu, pripremljeni su poli(vinilalkohol) 
(PVA) i PVA-SiO2 nanokompozitne membrane metodom livenja rastvora, koje su zatim 
korišćene u istraživanju desalinizacije sintetičke morsku vodu (35 g L-1) na 30, 40 i 50 
°C. Istraživani su efekti temperature i ugradnje SiO2 na performanse pervaporacije poli-
mernim nanokompozitnim membranama. Membrane su okarakterisane skenirajućom 
elektronskom mikroskopijom, infracrvenom spektroskopijom sa Furijeovom transforma-
cijom i termogravimetrijskom analizom. U eksperimentima izvedenim na 50 °C, dobijen 
je fluks permeata od 4,93 kg m-2 h-1 sa uklanjanjem soli 99,3%. Najveće uklanjanje soli 
od 99,8% postignuto je na temperaturi od 30 °C. Rezultati su pokazali da su pervapo-
racione performanse PVA membrana izuzetno poboljšane ugradnjom nano-SiO2 u 
polimernu matricu. 

Ključne reči: desalinizacija, nano-SiO2, nanokompozit, pervaporacija, poli(vinil-
alkohol), morska voda. 
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  THIN-LAYER DRYING MODEL OF 
Cosmos caudatus 

Article Highlights 
• Thin-layer mathematical models to describe the drying characteristic of Cosmos cau-

datus were studied 
• Page model showed the best-fitted drying data with good statistical indicators 
• Deff values increased with the increase of drying temperatures (4.12×10-12–24.71×10-12 

m2/s) 
• Activation energy value calculated at 39.35 kJ/mol for drying C. caudatus 
 
Abstract 

Drying kinetic models and energy characteristics are well known tools to evalu-
ate and predict the most suitable drying physiochemical conditions for a parti-
cular product. In this study, a thin-layer drying model was developed to best 
describe the drying kinetic behaviour of Cosmos caudatus. The drying experi-
ments were conducted using a thermal convection oven and C. caudatus 
leaves were dried at five different temperatures (40, 50, 60, 70, 80 °C). Six dif-
ferent thin-layer drying models were proposed and applied to select the best 
drying model by fitting to the experimental moisture ratio data. The proposed 
drying models included Page, Modified Page, Lewis, Henderson-Pabis, Two 
Term and Weibull, and the results were statically compared and evaluated 
based on their goodness of fit. Among these, the Page model was found to 
best represent the thin-layer drying behaviour of C. caudatus with 99.76%, 
5.93×10-5, 9.68×10-5 for the coefficients determination (R2), reduced chi-square 
(χ2), and root mean square error (RMSE), respectively. The average effective 
moisture diffusion coefficient (Deff) for the temperature 40 to 80 °C ranged from 
4.12×10-12 to 24.71×10-12 m2/s, while the activation energy (Ea) was calculated 
at 39.35 kJ/mol based on the Arrhenius’s equation. 

Keywords: thin-layer drying model, Cosmos caudatus, effective mois-
ture diffusivity, activation energy, thermal convection oven. 

 
 

Cosmos caudatus, also known as Ulam Raja 
(King’s salad), belongs to the Asteraceae family. C. 
caudatus has been utilised as a medicinal plant, 
beginning in Latin America and afterwards developed 
within Southeast Asian countries such as Malaysia, 
Indonesia and Thailand [1,2]. In Malaysia, the plant 
has been cultivated as a commercial crop and widely 
used in many applications such as for culinary and 
therapeutic purposes [1]. As a local delicacy, C. cau-
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datus has numerous biological properties, which have 
been scientifically documented, including being anti- 
-inflammatory, antihypertensive, antidiabetic, anti-
osteoporosis, antiobesity and anticancer [1-4]. The 
presence of important bioactive compounds (poly-
phenols, tannins, saponins, plant sterols, terpenes, 
and phenylpropanoids), minerals, and vitamins is con-
sidered as an essential quality indicator for its util-
isation in many potential applications. [1,5-8].    

The drying process can be considered as the 
most important step in downstream processing. The 
function of drying is to remove moisture from the fresh 
product, particularly from agricultural produce. Drying 
slows down the deterioration process by reducing 
contamination growth of mould or microorganisms, 
helps to prolong the shelf-life as well as simplifies 
packaging, handling, storage, and delivery [9-15]. Dif-
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ferent drying technologies have been widely intro-
duced in the manufacturing industries. Thermal drying 
is one of the most conventionally used drying 
methods for drying biomedicinal herbal products. 
Compared to the traditional drying method using 
ambient temperature, thermal drying has greater effi-
ciency yielding a high quality of dried product at a 
lower operational cost [14]. However, the thermal dry-
ing mechanism is complex, involving simultaneous 
heat and mass transfer for the removal of moisture 
content from the wet material and air [16,17]. Hence, 
studying the drying kinetics will aid the modelling of 
the drying process. 

The thin-layer drying process refers to a dry 
layer of particles when fully exposed to drying air 
[16,17]. The thin-layer drying model through a mathe-
matical solution is widely used to model drying kin-
etics in many agricultural products [16-21]. It is not 
only used to explain the drying characteristics, but 
also the transportation phenomena such as moisture 
diffusion and evaporation during the drying process 
[16-18]. Theoretically, thin-layer drying models are 
derived based on Newton’s law of cooling and Fick’s 
second law of diffusion and can be categorised into 
theoretical, semi-theoretical, and empirical models 
[16–18]. Semi-theoretical models that are modified 
from theoretical models have fewer assumptions and 
are dependent on the experimental data [16,19]. The 
internal factors such as drying temperature, drying air 
velocity, material thickness, initial moisture content, 
and relative humidity are the main constraints in using 
these models [16,20]. The Page, Newton, Midilli- 
-Kucuk, and Henderson-Pabis models are the most 
used semi-theoretical models to describe the drying 
characteristics in many types of plant samples 
[16,17]. In contrast, for empirical models, the funda-
mental aspects are negligible, and the assumptions 
strongly depend on the experimental data and dim-
ensionless analysis, meaning that the important pro-
cess that takes place during drying cannot be exp-
lained [16,17,19]. Wang and Singh reported that the 
Weibull model is among the widely used empirical 
models to predict the drying process of many types of 
plant samples [16,17]. Among the developed thin-
layer drying models, researchers found that both 
semi-theoretical and empirical models provided more 
accurate results and better prediction of drying char-
acteristics in fruits and vegetables [17]. 

Although C. caudatus has been reported to pos-
sess numerous therapeutic potentials, the drying kin-
etics has yet to be studied. From an engineering point 
of view, the drying kinetics is crucial for the des-
cription of the drying mechanism and predicting the 

most suitable drying conditions. Therefore, this study 
has been carried out to evaluate the drying process of 
C. caudatus using a thermal convection dryer at dif-
ferent drying temperatures. By fitting the drying exp-
erimental data to the established mathematical drying 
models, the most suitable drying kinetics model of C. 
caudatus may be established. The effective moisture 
diffusion coefficient and activation energy of C. cau-
datus were also studied to further investigate the 
mass and energy characteristics throughout the dry-
ing process of C. caudatus.  

METHODOLOGY 

Preparation of C. caudatus 

The raw materials were directly collected from 
the research farm of the Innovation Centre in Agri-
technology for Advanced Bioprocessing (ICA), Uni-
versiti Teknologi Malaysia, Pagoh branch, Johor 
Bahru, Malaysia. The freshly harvested samples were 
randomly chosen before the drying experiment. The 
samples were cleaned and cut into small pieces. The 
initial moisture content of fresh leaf (80.5% wet basis) 
was measured using a moisture analyser (MX-50, 
A&D Instruments Ltd, Oxford shire, United Kingdom) 
at 105 °C for 15 min. 

Preparation of drying process 

The C. caudatus leaves were dried using a lab-
oratory convection oven (Memmert UF110, Memmert 
Universal, Schwabach, Germany), and the process 
based on Alara et al. [22] with minimal modification. 
The oven was equipped with an adjustable tempe-
rature function that allowed the user to select the 
required temperature. The temperature of the ambient 
air was 26 °C and the relative humidity (rh) was in the 
range of 80 to 88%. The air velocity in the dryer was 
1 m/s and it was measured using a digital anemo-
meter (Digital Thermo Anemometer, Dwyer, U.S.A). 
Five drying temperatures of 40, 50, 60, 70 and 80 °C 
were used to dry the samples at a constant air velo-
city with three replicates for each treatment. The dry-
ing oven was firstly preheated to the chosen tempe-
rature before sample loading. An aluminium tray with 
a size of 22 cm×16 cm was used to place the sample 
(5 g) in a single layer over the tray of the dryer. Then, 
the sample tray was positioned in the middle of the 
drying chamber to ensure uniform drying. The weight 
loss of the sample was measured with an analytical 
balance (PA214C, OHAUS Corporation, USA) at sel-
ected intervals and replicated thrice. Each of the 
weighing processes lasted about 15 s and it was car-
ried out near to the dryer unit. The sample was dried 
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until a constant weight was achieved in consecutive 
measurements.  

Determination of the thin-layer mathematical 
components 

Moisture content  
The moisture content (M) of the samples was 

calculated using Eq. (1) [13]: 

−= t dm

dm

m mM
m

 (1) 

where M, mt and mdm are the moisture content (g 
water/g dry matter), mass of sample (g) at a specific 
time and mass of dry weight (g), respectively. 

Drying rate 
The drying rate (DR) of the samples was cal-

culated using Eq. (2) [13]: 

+Δ −=
Δ

t t tM MDR
t

   (2) 

where DR, Mt, Mt+Δt and Δt are the drying rate (g 
water/g dry matter min), moisture content at time t (g 
water/g dry matter), moisture content at t+Δt (g water/g 
dry matter), and the drying time (min), respectively.  

Mathematical modeling of drying curves 

The dimensionless moisture ratio (MR) was cal-
culated from Eq. (3). Kinetic models may be used to 
describe the drying kinetics as a relation to the mois-
ture transfer as shown in Table 1. 

−=
−

e

o e

M MMR
M M

                                                    (3) 

where M is the moisture content at any drying time 
(dt), Mo is the initial moisture content and Me is the 
moisture content at equilibrium (g water/g dry matter). 
For long drying, the difference of Me is relatively small 
compared to M, it was therefore simplified as an Eq. 
(4) [13]: 

=
o

MMR
M

              (4) 

The experimental results of MR for C. caudatus 
were fitted to the selected six thin-layer models (Table 
1) and analyzed based on statistical tools such as 
correlation coefficient (R2), root square error (RMSE) 
and Chi-square (χ2), respectively. The equations are 
given in Eqs. (5)-(7), respectively. The higher R2, 
lower RMSE and χ2 values represent a good agree-
ment between the experimental and predicted data 
[13,22]: 
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Estimation of the effective moisture diffusivity 

The determination of the effective moisture dif-
fusion coefficient during the drying process of C. cau-
datus was estimated using Fick’s second law. The 
equation is expressed by Eq. (8) [22,26]: 

π
π

∞

=

 += −  +  


2 2

2 2 2
1

(2 1)8 1
exp

(2 1) 4
eff

n

n D tMR
n L

 (8) 

For a longer drying process, MR < 0.6 the 
equation is simplified to: 

π
π

  = −   
   

2
2 2

8
ln ln

4
effDMR t
L

 (9) 

where MR, Deff, L, t and n is the dimensionless mois-
ture ratio, the effective moisture diffusion coefficient 
(m2/s), half the thickness of the initial C. caudatus 
sample (m), drying time (s) and an integer value, res-
pectively.  

Estimation of the activation energy 

The activation energy is measured by the 
Arrhenius equation and expressed accordingly in Eq. 
(10) [13]: 

 = − 
 

0 exp a
eff

ED D
RT

   (10) 

D0 is a constant in the Arrhenius equation (m2/s), 
T is the temperature in degrees Kelvin (K), R is the 
universal gas constant (kJ/(mol K)), Ea is the acti-
vation energy (kJ/mol). By plotting Deff versus 1/T, the 

Table 1. Mathematical models for drying curves; k is drying rate 
constant (min-1), a, b, n are constant sand t is drying time (min) 

Model Equation 

Page 
Lewis 
Henderson-Pabis 
Modified Page 
Two Term 
Weibull 

MR = exp (-ktn) 
MR = exp (-kt) 

MR = a exp (-kt) 
MR = exp (-kt)n 

MR = aexp (-k1t)+bexp (-k2t) 
MR = exp (-[t/b]a) 
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value of Ea can be determined using exponential reg-
ression.  

Data analysis 

The value of M, MR, DR, Deff and Ea were cal-
culated using Microsoft Excel software. The statistical 
value of R2, RMSE and χ2 of the parameter models 
was estimated by Excel Solver (Microsoft Office 2016). 

RESULTS AND DISCUSSION 

Drying characteristics of C. caudatus 

In this study, C. caudatus leaves were dried at 
40, 50, 60, 70 and 80 °C until equilibrium moisture 
content was reached. Figure 1 illustrates the drying 
curves in terms of moisture ratio versus drying time at 
different temperatures. While Figure 2 shows the rep-
roducibility of the drying curve plot at 60 °C. The initial 
moisture content of the leaves before hitting their 
steady dry weight at 40, 50, 60, 70 and 80 °C was 
81.11, 81.14, 82.13%, 81.30 and 82.10% (w.b), res-

pectively. Such differences are possibly due to the 
different temperatures involved. As seen in Figure 1, 
the time to reach the equilibrium moisture content 
from its initial moisture content to dry C. caudatus 
leaves at 40, 50, 60, 70 and 80 °C were 100, 80, 40, 
20, and 10 min, respectively. The results demon-
strated that higher drying temperature (80 °C) 
entailed the shortest drying time. The lower the tem-
perature (40 °C), the longer it took to dry the sample 
and resulted in slower drying rates. Similar obser-
vations were also reported when drying Vernonia 
amygdalina leaves and piper leaves samples [10,22]. 
The reproducibility of the drying curves weighted by 
the magnitude of standard deviations (SD) and the 
similarity between the curves. Higher reproducibility 
of drying curves has been tested under all tempe-
rature conditions. Figure 3 shows the example of 
equality between the curves. 

The relation in terms of drying speeds and 
drying temperatures is shown in Figure 3. Signific-
antly, the drying rate increased at an elevated drying 

 
Figure 1. Drying curves of C. caudatus at different drying temperatures. 

 
Figure 2. Example of reproducibility result (drying curve) at 60 °C. 
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temperature, resulting in a rapid depletion of moisture 
content [15,22,26]. On the other hand, the higher 
drying rate accelerates further heat transfer and 
causes rapid removal of moisture from the material 
l[15,22,23]. In the drying of Momordica charantia 
slices, a fast-drying rate also occurred at 80 °C using 
a hot air dryer [11]. The moisture removal rate slowly 
reduced when approaching the equilibrium moisture 
content.   

The entire drying process of C. caudatus occur-
red during the falling-rate period, indicating that int-
ernal moisture diffusion was the dominant factor [24]. 
As reported, this falling-rate period induced a shrink-
ing effect when the surface film of the dried product 
appeared [17]. The results were similar to the drying 
behaviour reported for fruits and vegetable products 
[13,22,27]. As seen from Figure 3, no initial constant-
rate period was observed as the evaporation process 
took place rapidly (negligible) at the surface of the C. 
caudatus leaves. This absence is due to the unbound 
moisture being insignificant in the leaves [13,14,22]. 
As drying continued, the material entered a second 
falling-rate period and then encounter a slower red-
uction of moisture until attaining equilibrium moisture 
content. The drying of C. caudatus stopped at this 
stage when no further moisture was transferred from 
the leaf into the surrounding air [14,15,19,24]. 

Thin-layer drying model 

Six thin-layer models, including Page, Lewis, 
Henderson-Pabis, Modified Page, Two Term and 
Weibull, have been proposed and compared (Table 
2). The suitability of the models was assessed using 
statistical analysis and this is shown in Table 2. The 
correlation coefficient (R2) of greater than 0.9900, with 
the lowest root mean square error (RMSE), and the 

lowest chi-square (χ2) values presented the most 
appropriate model for drying C. caudatus. From the 
results, the Page, Modified Page and Lewis models 
provided the appropriate results to fit the experimental 
data. The R2 values of these models were estimated 
between 0.9900 and 0.9976. Based on the results 
shown in Table 1, the Page model gave an accurate 
prediction with the closest fit of R2. The highest R2 
was 0.9976, with an RMSE of 9.68×10−5 and χ2 of 
5.93×10−5 at a drying temperature of 40 °C. Figure 4 
shows the plot of the experimental data and the pre-
dicted moisture ratio by the best model for drying C. 
caudatus. The present results are in line with previous 
studies to best predict the drying kinetic in agricultural 
products such as [23] Momordica charantia [11], 
banana [29,30] and green bean [24]. This increased 
from 0.00246 to 0.2000 when the drying temperature 
was increased from 40 to 80 °C. The k value was line-
arly dependent on temperature and was consistent 
with the previous studies using this model [31].  

The effective moisture diffusivity (Deff) was cal-
culated from the plots of ln MR against drying time (s) 
at different temperatures, and the slope of each linear 
regression plot was applied to estimate the Deff coeffi-
cient. The change in Deff coefficient at different tempe-
ratures (40 to 80 °C) is presented in Table 3. The Deff 
coefficient showed a significant increase with an inc-
rease in temperature from 4.12×10−12 to 24.716×10−12 
m2/s. The result of this study are consistent with the 
reported studies, which lay within the general range of 
10−9 to 10−12 m/s for food materials [13,22,32,33]. Dif-
ferent drying methods have been studied to inves-
tigate the change in the effective moisture diffusivity 
process for drying of different products. However, dif-
ferent drying methods, either using a thermal convect-
ion oven or a hot air dryer, also indicated an increase 

 
Figure 3. The drying rate curves of C. caudatus at different drying temperatures. 
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Table 2. Values of the mathematical coefficients of different models for all drying temperatures 

Temperature (°C) Model Coefficients 
Statistical estimated results 

R2 RMSE χ2 

40 
50 
60 
70 
80 

Page k = 0.0246   n = 0.9203
k = 0.0542   n = 0.8648
k = 0.1529   n = 0.7402
k = 0.1300   n = 0.9001
k = 0.200     n = 0.8000

0.9976 
0.9931 
0.9906 
0.9900 
0.9904 

9.6800×10-5 
3.4273×10-4 
2.8484×10-4 
6.5370×10-4 
7.6275×10-4 

5.9261×10-5 
0.0021 
0.0034 
0.0046 
0.0040 

40 
50 
60 
70 
80 

Modified Page k = 0.1566   n = 0.1100
k = 0.3744   n = 0.1000
k = 0.3100   n = 0.3000
k = 0.400     n = 0.3020
k = 0.200     n = 0.8030

0.9949 
0.9963 
0.9680 
0.9936 
0.9885 

2.0200×10-4 
1.8500×10-4 
7.6200×10-4 
4.1677×10-4 
9.1800×10-4 

0.0013 
0.0012 
0.0134 
0.0068 
0.0029 

40 
50 
60 
70 
80 

Lewis k = 0.0180 
k = 0.0400 
k = 0.1200 
k = 0.1200 
k = 0.1850 

0.9952 
0.9890 
0.9318 
0.9936 
0.9887 

1.8919×10-5 
5.4912×10-4 

0.0032 
4.1677×10-4 
8.9942×10-4 

0.0012 
0.0037 
0.0328 
0.0029 
0.0047 

40 
50 
60 
70 
80 

Henderson-Pabis k = 0.0273   a = 1.1103
k = 1.1046   a = 0.0605
k = 1.0660   a = 0.0600
k = 0.1000   a = 1.0200
k = 0.2250   a = 1.3741

0.9187 
0.9000 
0.9307 
0.9844 
0.9000 

0.0521 
0.0632 
0.0683 
0.0010 
0.1463 

0.0333 
0.0520 
0.0301 
0.0066 
0.0614 

40 
50 
60 
70 
80 

Weibull a = 0.0020   b = 0.1549
a = 0.1353   b = 2.5063
a = 0.2110   b = 2.500 

a = 0.2112   b = 1.5365
a = 0.3000   b = 1.700

0.9104 
0.8999 
0.9724 
0.9860 
0.9880 

0.0036 
0.0045 
0.0013 

9.1183×10-4 
9.5623×10-4 

0.0200 
0.0418 
0.0500 
0.0069 
0.0049 

40 
50 
60 
70 
80 

Two Term a = 0.6692  k1 = 0.0237 
b = 0.6892  k2 = 0.0237
a = 0.4867  k1 = 0.3343 
b = 0.6001  k2 = 0.0189
a = 0.5000  k1 = 0.3500 
b = 0.54      k2 = 0.0665
a = 0.5000  k1 = 0.200  
b = 0.54      k2 = 0.0665
a = 0.5000  k1 = 0.4500 
b = 0.54      k2 = 0.0665

0.9094 
0.9000 
0.9441 
0.9815 
0.9223 

0.0667 
0.0041 
0.0030 
0.0012 
0.0054 

0.0397 
0.0232 
0.0281 
0.0077 
0.0238 

 
Figure 4. Experimental and theoretical moisture ratio of C. caudatus predicted by the Page model (40 °C). 
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Table 3. Values of Deff at different drying temperatures 

Temperature 
°C 

Slope (ko) 
Deff×10-12 

m2/s 
R2 

40 
50 
60 
70 
80 

-0.0003 
-0.0006 
-0.0007 
-0.0012 
-0.0018 

4.1194 
8.2380 
9.6110 

16.4780 
24.7160 

0.9885 
0.9906 
0.9212 
0.9013 
0.9567 

in the Deff coefficient when the temperature was inc-
reased [13,15,22]. This is most likely because high 
temperature increases heat absorption in a material 
that increases mass transfer and drying speed [26,28]. 
Hence, it can be seen that the Deff coefficient highly 
depends on the increase in the drying temperature. 

Activation energy  

The activation energy (Ea) represents the mini-
mum energy required to start the removal of moisture 
from a material. To investigate the activation energy 
for drying C. caudatus with respect to the drying tem-
perature, the Arrhenius equation was used to plot the 
exponential regression graph of ln Deff against 1/T 
[13]. Based on the exponential regression plot as 
shown in Figure 5, the activation energy of drying C. 
caudatus was determined at 39.35 kJ/mol by thermal 
convection oven dryer. According to the literature 
review, more than 90% of the activation energy to dry 
a food product falls within the range between 14.42 
and 43.26 kJ/mol [13,15]. The activation energy 
obtained in this study is also comparable to previous 
studies on food products such as lemongrass (38.35 
kJ/mol) [13], basil (33.21 kJ/mol) [23], quinces (38.29 
kJ/mol) [27], kiwifruits (34.34 to 38.07 kJ/mol) [30] 
and Andrographis paniculata (33.4 kJ/mol) [24]. 
Nonetheless, the difference may be due to the drying 
methods, materials and operating conditions during 
the drying process [13,21]. 

 
Figure 5. The relationship between change of Deff and RTa-1 

based on the Arrhenius’s model (Ea =39.35 kJ/mol); 
y = 2E-05e-39.35x, R² = 0.9756. 

CONCLUSION 

The semi-theoretical Page model was shown to 
be the best-fitting model for predicting the drying kin-
etic behavior of C. caudatus using a thermal con-
vection oven. The effective moisture diffusion coeffi-
cients of the dried C. caudatus increased with inc-
reasing of drying temperature from 4.12×10-12 to 
24.72×10-12 m2/s and the activation energy was cal-
culated at 39.35 kJ/mol. This study highly recom-
mends further investigation be conducted into the 
physiochemical properties of C. caudatus and the 
optimisation process of drying C. caudatus using the 
selected thin-layer drying model as a benchmark. 
This is to improve performance and quality control of 
drying C. caudatus in terms of cost, energy and time. 
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NAUČNI RAD 

  MODEL SUŠENJA LIŠĆA Cosmos caudatus 
U TANKOM SLOJU 

Kinetički modeli sušenja i energetske karakteristike dobro su poznati kao alati za pro-
cenu i predviđanje najprikladnijih fizičkohemijskih uslova sušenja za određeni proizvod. 
U ovom radu, razvijen je model sušenja u tankom sloju koji najbolje opisuje kinetičko 
ponašanje sušenja Cosmos caudatus. Eksperimenti sušenja su izvedeni pomoću termo-
konvekcione peći, a lišće C. caudatus sušeni je na pet različitih temperatura (40, 50, 60, 
70, 80 °C). Šest različitih modela sušenja u tankom sloju (Pejdžov, modifikovani 
Pejdžov, Levisov, Henderson-Pabisov, dvočlani i Vajbulov) su analizirani radi izbor naj-
boljeg modela sušenja u odnosu na slaganje sa eksperimentalnim podacima o vlagi. 
Utvrđeno da je Pejdžov model najbolje opisuje kinetiku sušenja lišća C. caudatus u 
tankom sloju sa koeficijentom detreminacije 99,76%, redukovanim hi-kvadratom 
5,93×10-5 i korenom srednje kvadratne greške 9,68×10-5. Prosečni efektivni koeficijent 
difuzije vlage za temperaturu od 40 do 80 °C kretao se od 4,12×10-12 do 24,71×10-12 

m2/s, dok je vrednost energije aktivacije bila na 39,35 kJ/mol na osnovu Arenijusove 
jednačine. 

Ključne reči: model sušenja u tankom sloju, Cosmos caudatus, efektivna 
difuznost vlage, energija aktivacije, termokonvekciona peć. 
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