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OPTIMISATION OF MASS TRANSFER
KINETICS DURING OSMOTIC DEHYDRATION
OF PORK MEAT CUBES IN COMPLEX
OSMOTIC SOLUTION
Article Highlights
• The effects of process temperature, time and solution concentration on osmo-dehydration of pork meat
• Analyzed system’s responses: water loss, solid gain, and water activity
• Optimal osmotic conditions determined using RSM & superimposing the contour plots
of each variable
• Solids and water transfer transport coefficients & energy of activation for all samples
determined
Abstract

This paper presents the effects of process temperature (20, 35 and 50 °C),
immersion time (1, 3 and 5 h) and the concentration of sugar beet molasses +
NaCl + sucrose water solution on osmotic dehydration of 1 cm3 pork meat (M.
triceps brachii) cubes at atmospheric pressure. The main objective was to examine the influence of different parameters on the mass transfer kinetics during
osmotic treatment. The observed system’s responses were: water loss, solid
gain, and water activity. The optimum osmotic conditions (temperature of 40
°C, treatment time of 4.1 h and concentration 67%) were determined using
response surface methodology, by superimposing the contour plots of each
process variable, and the responses were: water loss, 0.46, solid gain, 0.15,
and water activity, 0.79. Transport coefficients for both solids and water transfer, and energy of activation for all samples were also determined.
Keywords: osmotic dehydration, pork meat, sugar beet molasses, ternary
osmotic solution, response surface methodology.

Physicochemical, sensory and technological
properties of fresh meat are related to water content.
Water is held in myofibrils, functional organelles of
meat, but also it may exist in the intracellular space
between myofibrils and sarcoplasm. The water content in meat depends on many factors, including the
tissue itself and how the product is handled (time,
temperature, treatments) [1].
Many traditionally techniques and their combinations, such as salting, drying, cooking, smoking and
marinating, are used to prevent spoilage of meat and
its products by reducing its water content. A common
step in these processes is placing the product (meat)
Correspondence: V. Filipović, Faculty of Technology, University
of Novi Sad, Bulevar Cara Lazara 1, 21000 Novi Sad, Serbia.
E-mail: vladaf@uns.ac.rs
Paper received: 11 May, 2012
Paper revised: 5 November, 2012
Paper accepted: 28 February, 2013

in contact with a concentrated solution (salt, sugar,
acids, seasonings, etc.) [2].
One of the potential preservation techniques for
producing products with low water content and improved nutritional, sensorial and functional properties
is osmotic dehydration. During osmotic dehydration,
partial removal of water content from plant or animal
tissue is achieved by osmotic pressure difference
between product and hypertonic solution, which are in
direct contact. Mass transfer is caused by a difference
in osmotic pressure: water outflow from product to
solution, solute transfer from solution into the product,
and leaching out of the products own solutes [3].
Osmotic dehydration is an environmentally
acceptable method, with its ultimate aim of keeping
the initial characteristics of the final product, which
received considerable attention because of the low
processing temperature, low waste material and low
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energy requirements [4,5]. Removal of water in liquid
form, use of mild temperatures and osmotic solution
reusability are the main advantages of osmotic dehydration process in comparison with other drying treatments [6,7].
The application of osmotic dehydration in food
industry has many advantages: improvement of texture, flavor and color, no chemical pretreatment,
energy efficiency, providing stable and quality product
[8]. Mass transfer mechanism and quality of the final
product are affected by many factors such as composition and concentration of osmotic agents, immersion time of the product in the solution, agitation/circulation of osmotic solution, operating temperature,
solution to sample ratio, nature and thickness of food
material and pre-treatment [9-11].
The kinetics of water removal and solid gain is
greatly influenced by the type of osmotic agent.
Ternary aqueous solutions containing salt and sugar
are usually used as osmotic agents for meat dehydration [2,12]. The use of a ternary system (water/
/sugar/salt) in the osmotic dehydration of fruits has
been studied by some researchers [13-16] and the
results have shown that higher rates of water loss are
achieved when salt is added, even with solutions with
low concentrations of solutes [13]. Most of the articles
published using the ternary solution provide only diffusion of solids, through determination of total solids
by a gravimetric method, without analyzing separately
the diffusion of the two solutes used in the solution
[13-15,17].
According to Bohuon et al. [18], the use of ternary solutions presents some advantages in the
osmotic dehydration process, such as higher levels of
dehydration without excessive over-sweetness or
over-salting the product and without reaching the
limits of saturation. Moreover, these authors reported
that a poor understanding of the mechanisms involved
in three simultaneous flows (water removal and salt
and sugar penetration) inside the product has hindered the development of industrial applications of
osmotic dehydration with ternary solutions.
Recent research has shown that use of sugar
beet molasses as a hypertonic solution improves
osmotic dehydration processes [19]. Sugar beet molasses is an excellent medium for osmotic dehydration, primarily due to the high dry matter (80%) and
specific nutrient content. From the nutrient point of
view, an important advantage of sugar beet molasses
use as a hypertonic solution is enrichment of the food
material in minerals and vitamins, which penetrate
from the molasses into the plant tissue [20,21]. The
presence of complex solute compositions maintains
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a high transfer potential favorable to water loss, and
at the same time by the presence of sugar, salt impregnation is hindered [22]. High salt concentrations decrease the water holding capacity, which contributes to
meat dehydration and shrinkage while there is no
swelling of muscle fibers or myofibrils [1,23].
In literature, although there is a lot of information
about osmotic dehydration of plant material, there is
little information available about osmotic dehydration
of meat and none about osmotic dehydration of meat
in molasses. Preliminary sensory analyses have
shown that meat processed in osmotic solution that is
a mixture of ternary aqueous solution and molasses
have given more satisfactory sensory results in comparison to the meat dehydrated in each of the osmotic
solutions separately. The use of sugar beet molasses,
as constituent of the osmotic solution during osmotic
dehydration improves the nutritional profile of pork
meat, which chemical composition after the process is
in optimal range for human health [24].
The specific objective in this study was to examine the influence of complex osmotic solution, its
concentration, temperatures and immersion times on
the efficiency of osmotic dehydration process of pork
meat. Response surface methodology is used for
optimizing the process parameters.
EXPERIMENTAL
Pork meat (M. triceps brachii) was purchased at
the butcher shop “Mesara Štrand” in Novi Sad, just
before use. Initial moisture content of the fresh meat
was 72.83%. Before the osmotic treatment, whole
muscle (Musculus triceps brachii, 24 h post mortem,
with removed fat tissue), was cut into 1 cm3 cubes,
and then homogenized before the samples were
taken for the process. Sugar beet molasses, with
inital dry matter content of 85.04%, was obtained from
the sugar factory Pećinci, Serbia. Terenary Aqueous
solution (TAS) of sodium сhloride and sucrose was
made from the commercial sucrose and NaCl in the
quantity of 1200 g/kg, and 350 g/kg, respectively, in
distilled water [25,26]. Osmotic solution used in this
research was prepared by mixing molasses and TAS
in mass ratio 1:1. Distilled water was used for dilution
of osmotic solution. The osmotic solution concentrations were 52.5, 61.25 and 70 mass%. The sample to
solution mass ratio was 1:5. The process was performed in laboratory jars at temperature of 20, 35 and
50 °C under atmospheric pressure, in a constant temperature chamber (KMF 115 l, Binder, Germany).
Meat samples were stirred every 15 minutes to facilitate movement of water that had diffused from the
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center of the meat cube to its surface and allowing
better homogenisation of the osmotic solutions. The
processing conditions, regarding steering, intesity,
duration and frequency of stirring, were the same for
all concentrations of osmotic solutions at all temperatures, so the results could be comparable.
After 1, 3 and 5 h, the samples were taken out
from osmotic solutions to be lightly washed with water
and gently blotted to remove excessive water. Process variables were coded, according to Box and
Behnken’s full factorial experimental design (3 level-3
parameter), with 27 runs, and the values assigned
were –1 for the low values, 0 for the medium values,
and +1 for the high values of the temperature, time
and concnetration.
Dry matter contents of the fresh and treated
samples and osmotic solutions were determined by
drying the samples of meat and solutions at 105 °C
for 24 h in a heat chamber until constant mass was
achived (Instrumentaria Sutjeska, Serbia). All analytical measurements were carried out in accordance
to AOAC [27]. Water activity (aw) of the osmotic
dehydrated samples was measured using a water
activity measurement device (TESTO 650, Germany)
with accuracy of ±0.001 at 25 °C.
Osmotic dehydration
In order to describe the mass transfer kinetics of
the osmotic dehydration, experimental data from
three key process variables are usually obtained:
moisture content, change in weight and change in the
soluble solids. Using these, water loss (WL) and solid
gain (SG) were calculated for different solutions and
processing times [3]:

Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014)

Peleg equation
Azuara et al. [29] calculated WL and SG during
osmotic dehydration using equations with two parameters obtained from mass balances. The Peleg
equation was also used in some research instead of
equilibrium approach equation [30-34]. In this paper,
Peleg’s equation is expressed in terms of WL or SG
change. In the following equations, Y represents WL
or SG:

Y =

t
k 1Y + k Y2 t

(3)

where k1Y and k2Y are Peleg constants for WL or SG.
The Peleg capacity constant k2 relates to minimum
attainable moisture content. As t→∞, Eq. (5) gives the
relation between equilibrium WL∞ or SG∞ and k2, as
follows:
limY = lim

t →∞

t →∞

t
1
=
k 1Y + k Y2 t k Y2

(4)

When evaluating the effective diffusivities of
water and solids (Dew and Des), the meat cube is considered as a perfect cube with initially uniform water
and solid contents. In that case, the solution for Fick’s
equation for constant process conditions, for long
osmotic dehydration time can be written in logarithmic
form as follows [35]:

 8   π 2Dew t
ln M r = ln  2  − 
2
π   L
 8
ln S r = ln  2
π

  π 2Des t
 − 
2
  L


M −M∞
 , M r = M − M
0
∞



S − S∞
 , S r =
S
0 − S∞


(5)

(6)

WL =

m i z i − mf z f
mi



g


g
fresh
sample



(1)

SG =

mf s f − m i s i
mi



g


g
fresh
sample



where Mr and Sr are the moisture and solute ratio; Dew
and Des are effective diffusivities of water and solute,
respectively; L is the sample length, m, t is the time, s.

(2)

Response surface methodology

where mi and mf are the initial and final mass (g) of
the samples, respectively; zi and zf are the initial and
final mass fraction of water (g water/g sample), respectively; si and sf are the initial and final mass
fraction of total solids (g total solids/ g sample),
respectively. The mass loss during osmotic dehydration can be evaluated by subtracting SG from WL.
The moisture content in dry matter at any time can be
calculated by dividing subtract of initial water present,
and water loss, with initial dry solids [28]. Similarly,
the solid content, on dry basis at any time, can be
calculated as the ratio of subtract of initial dry solids
and solid gain with initial dry solids [28].

Response surface methodology (RSM) was
selected to estimate the main effect of the process
variables on mass transfer variables, during the
osmotic dehydration of pork meat cubes (1 cm3). The
accepted experimental design was according to Box
and Behnken’s full factorial design. The independent
variables were temperature (X1) of 20, 35 and 50 °C;
osmotic time (X2) of 1, 3 and 5 h; X3 is the concentration of osmotic solution concentrated to 52.5, 61.25
and 70 mass%, according to [19-21], and the dependent variables observed were the response: WL (Y1),
SG (Y2), and aw (Y3). The experimental data used for
the optimization study were obtained using a central
composite full factorial design (3 level-3 parameter)
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with 27 runs (1 block). The variables osmotic temperature, treatment time, and solution concentration
were coded as X1, X2, and X3, respectively and the
responses WL, SG and aw as Y1, Y2 and Y3. A model
was fitted to the response surface generated by the
experiment. The model used was function of the
variables:

Y k = f k ( time,temp.,conc.)

(7)

The following second order polynomial (SOP)
model was fitted to the data. Two models of the
following form were developed to relate four responses (Y) such as WL and SG to four process
variables (X):
3

Y k = βk 0 +

β

3

ki X i

i =1

k = 1-4,

+

β
i =1

2

kii X i

2

+

3

β

kij X i X j

i =1 j =i +1

(8)

where βkn are constant regression coefficients; Y,
either WL (Y1), SG (Y2) and aw (Y3); X1, osmotic temperature; X2 treatment time and X3, solution concentration.
Analysis of variance (ANOVA) and response
surface regression method (RSM) were performed
using StatSoft Statistica v.10 for Windows [36]. The
model was obtained for each dependent variable (or
response) where factors were rejected when their
significance level was less than 95%. The graphs of
the responses with significant parameters were superimposed to determine optimum drying conditions,
plotted on optimization graphic. After the optimum
conditions were established, separate experiments
were performed for model validations of the models.
The RSM study was conducted to determine the
optimum osmotic dehydration conditions for pork
meat cubes dehydration process. In order to simplify
the complex computation, the following assumptions
were used in the development of the models: samples
of pork meat are cube shaped, initial water and solute
concentrations in the pork meat samples are uniform,
the process is isothermal, the diffusion of water from
the pork meat and the diffusion of sugar beet molasses, sucrose and salt into the pork meat are only considered. Other mass transfer does not occur, shrinkage is neglected, and external resistance to mass
transfer is negligible.
Effective diffusivity
The effective diffusivity, De, was calculated at
each corresponding moisture/solid content and time
in this article. The average effective diffusivity, De,avg,
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was calculated from positive De obtained using the
data for all effective moisture and solute diffusivity as:

De ,avg =

1

tf

tf

 D (t )dt
e

(9)

0

where tf is the final process time. De,avg for moisture
and solute content, can be also calculated as average
of De obtained using process data, when time intervals are equal [35].
The diffusivity dependence on the temperature
can be represented by the Arrhenius type equation
(De,avg = D0exp(−Ea/RT)), where Ea is the activation
energy, D0 the Arrhenius factor, and T is the absolute
temperature, R is the gas constant, 8.314×10-3 kJ mol1
K-1. Ea/R was obtained as the slope of the straight
line of nature log of De,avg vs. 1/T. Activation energy,
for both solid and water transfer is getting lower when
the solution concentration rises.
RESULTS AND DISCUSSION
Table 1 shows changes in WL, SG, and aw responses in the meat samples during osmotic dehydration for 1, 3, and 5 h of osmotic dehydration process.
WL is increased with the increase of all treatment variables (concentration of the osmotic solution,
time and temperature of the process). The maximum
value of WL was achieved, after 5 h, for sugar beet
molasses+NaCl+sucrose solution concentrated to 70
mass%, at maximum concentrations was 0.481±0.048
(Table 1). The huge difference in osmotic pressure
between hypertonic solution and the immersed meat
tissue causes the vast initial loss of the water at the
beginning of the dehydration process.
The SG value indicates the degree of penetration of solids from hypertonic solution into the meat
sample. Table 1 shows that SG increases with immersion time, with the increase of the concentration of
osmotic solution and with the increase of the temperature of the process. Increase of all of this variables
leads to the increased mass transfer of the solids
from the osmotic solution to the osmo-dehydrated
meat tissue. The aim of osmotic dehydration is the
achievement of as low as possible solid uptake, and
the most acceptable results were achieved by using
molasses+NaCl+sucrose solution concentrated to
nearly 70 mass% (0.14 g/g initial sample weight,
(i.s.w.)), after more than 4 h of osmotic process.
These results of the solid uptake of the pork meat are
similar with the results of SG of the osmodehydrated
fruits and vegetables [19-21].
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Table 1. Experimental design and data for the response surface analysis
t/h

Temperature
°C

Concentration
mass%

WL, g/g i.s.w.

SG, g/g i.s.w.

MR, g/g i.s.w.

DEI

aw

1

1

20

70

0.255±0.033

0.089±0.024

0.166±0.009

2.94±0.44

0.892±0.010

2

3

20

70

0.388±0.030

0.117±0.026

0.271±0.004

3.39±0,51

0.858±0.016

3

5

20

70

0.449±0.023

0.137±0.016

0.312±0.007

3.29±0.22

0.856±0.006

4

1

35

70

0.284±0.019

0.099±0.016

0.185±0.003

2.90±0.28

0.899±0.036

5

3

35

70

0.410±0.020

0.132±0.025

0.278±0.005

3.16±0.46

0.872±0.033

6

5

35

70

0.477±0.021

0.152±0.035

0.325±0.014

3.23±0.62

0.842±0.033

7

1

50

70

0.319±0.041

0.107±0.028

0.212±0.013

3.06±0.43

0.895±0.032

8

3

50

70

0.448±0.037

0.139±0.023

0.309±0.014

3.25±0.28

0.857±0.027

9

5

50

70

0.481±0.048

0.134±0.053

0.347±0.005

3.59±0.35

0.846±0.035

10

1

20

61.25

0.234±0.009

0.087±0.022

0.147±0.013

2.79±0.62

0.898±0.004

11

3

20

61.25

0.366±0.012

0.112±0.020

0.254±0.008

3.33±0.49

0.872±0.006

12

5

20

61.25

0.416±0.012

0.132±0.020

0.284±0.008

3.19±0.40

0.861±0.005

13

1

35

61.25

0.253±0.022

0.092±0.017

0.161±0.005

2.78±0.28

0.887±0.013

14

3

35

61.25

0.386±0.005

0.140±0.020

0.246±0.015

2.79±0.37

0.868±0.005

15

5

35

61.25

0.430±0.048

0.166±0.045

0.264±0.003

2.67±0.45

0.865±0.003

16

1

50

61.25

0.340±0.038

0.123±0.016

0.217±0.022

2.77±0.05

0.890±0.007

17

3

50

61.25

0.464±0.024

0.152±0.013

0.312±0.011

3.06±0.10

0.863±0.006

18

5

50

61.25

0.498±0.026

0.165±0.016

0.333±0.010

3.03±0.14

0.862±0.006

19

1

20

52.5

0.213±0.012

0.091±0.016

0.122±0.004

2.37±0.29

0.896±0.001

20

3

20

52.5

0.339±0.008

0.129±0.007

0.21±0.001

2.63±0.08

0.881±0.011

21

5

20

52.5

0.373±0.007

0.142±0.010

0.231±0.003

2.63±0.14

0.876±0.001

22

1

35

52.5

0.264±0.014

0.108±0.012

0.156±0.002

2.46±0.14

0.894±0.005

23

3

35

52.5

0.366±0.010

0.149±0.009

0.217±0.001

2.46±0.08

0.872±0.014

24

5

35

52.5

0.398±0.012

0.180±0.008

0.218±0.004

2.21±0.03

0.879±0.004

25

1

50

52.5

0.301±0.010

0.116±0.016

0.185±0.006

2.62±0.28

0.894±0.004

26

3

50

52.5

0.408±0.007

0.153±0.030

0.255±0.023

2.73±0.50

0.886±0.016

27

5

50

52.5

0.431±0.012

0.164±0.021

0.267±0.009

2.65±0.27

0.869±0.008

Run No.

During the osmotic dehydration process, total
mass of the meat samples was evidently reduced.
Table 1 shows that mass reduction (MR = WL – SG) is
most intensive in the first hour of the process, and
after 3 h the highest value was achieved. At the end
of the process, MR value decreased. The larger MR
(0.347) was observed after 5h of osmotic dehydration
process, using 70 mass% solution at 50 °C.
To determine optimal condition for the osmotic
dehydration water loss/solid gain ratio, also named
dehydration efficiency index (DEI = WL/SG) must be
considered. High value of DEI is the most important
indicator of the effectiveness of osmotic dehydration
treatment. The increase of the concentration of the
osmotic solutions, the temperature of the process and
the duration of the process have led to the increase of
the DEI values, indicating that the biggest efficiency
of the process is at the maximum values of the treatment variables (c = 70 mass%, T = 50 °C, t = 5 h;
DEI = 3.59).

Table 2 shows the ANOVA calculation regarding
the response models developed when the experimental data were fitted to a response surface. The
response surface used a second order polynomial
(SOP) in the form of Eq. (8) in order to predict the
function fk (Eq. (7)) for all the dependent variables.
The analysis revealed that the linear terms contributed substantially in most of the cases to generate
a significant SOP model. The SOP models for all variables were found to be statistically significant and the
response surfaces were fitted to these models. The
linear terms of SOP model were found significant, at
95% confidence level, and their influence was found
most important in all model calculation.
ANOVA test showed the significant effects of the
independent variables to the responses and which of
responses were significantly affected by the varying
treatment combinations (Table 2).
According to ANOVA, WL was significantly
affected by all process variables, treatment time,
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temperature, and concentration, at 99% confidence
level. The main influential variable seems to be the
treatment time. Quadratic terms for treatment time
was also significant at 99% confidence level, while
quadratic terms for temperature and concentration
were found significant at 90% significant level.

Linear

Quad.

Cross product

Source

r2
a
c

SG

t

0.123

a

T

0.024

a

c

0.010

a

t

0.001

a

T

0.010

c

c

0.001

c

t
T

0.001

c

t
c

Error

WL

0.001

T
c

0.000

Error

0.003

b

ns

a

Regression
coefficient

ns

β0

aw

0.012

a

4.65E-03

0.003

a

4.57E-05

0.001

a

0.000

b

0.001

b

0.000

ns

0.000

ns

0.000

ns

0.000

ns

3.74E-04

a

3.48E-07

a

β1
β11

98.411

-0.465±0.264

ns

0.074±0.016

a

-0.010±0.001

Y3

-0.032±0.171

ns

0.042±0.010

a

0.005±0.007

a

0.002±0.001

0.974±0.117

a

ns

a

-0.002±0.001
0.005±0.002

a

a

0.000±0.001

-0.000±0.000

a

-0.000±0.000

ns

-0.002±0.004

ns

ns

β2

0.002±0.002

1.98E-05

ns

β22

0.000±0.000

ns

6.38E-06

ns

β3

0.017±0.008

ns

0.001±0.005

ns

β33

-0.000±0.000

ns

0.000±0.000

ns

0.000±0.000

-0.000±0.000

ns

-0.000±0.000

-0.000±0.000

ns

-0.000±0.000

-0.000±0.000

ns

5.58E-04
1.12E-06

ns

5.42E-04

93.357

92.433

0.001

Y2

9.68E-04

a

ns

ns

b

SG most strongly responded to liner term of
osmotic time, at 99% confidence level, while temperature and concentration reached the same confidence level. Quadratic terms for osmotic time and
temperature are significant at 95% level, while concentration term seems to be insignificant. The treatment time was also the main influential processing
parameter for water activity. The temperature’s linear
term was marked statistically insignificant, during
ANOVA test, while time and concentration terms were
significant at 99% level. The only significant quadratic
term seems to be treatment time (at 99% level), while
temperature and concentration quadratic terms were
insignificant.
Also shown in Table 2 is the residual variance
where the lack of fit variation represents other contributions except for the first order terms. All SOP
models had insignificant lack of fit tests, which means
that all the models represented the data satisfactorily.
The coefficient of determination, r2, is defined as
the ratio of the explained variation to the total variation and is explained by its magnitude [38]. A high r2
is indicative that the variation was accounted and that
the data fitted satisfactorily to the proposed model
(SOP in this case). The r2 values for WL (98.411), SG
(93.357), and aw (92.433), were found very satis-

b

β12

-0.000±0.000

β13

a

β23
a

ns

Y1

ns

Significant at 99% confidence level; significant at 95% confidence level;
significant at 90% confidence level, nsnot significant
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factory and showed the good fitting of the model to
experimental results.
Table 3 shows the regression coefficients for the
response SOP models of WL, SG and aw used by Eq.
(8) for predicting the values at optimum conditions.
Table 3. Regression coefficients (based on coded data) of the
SOP models for the four responses

Table 2. Analysis of variance for the four responses
Term

Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014)

0.001±0.000

-0.000±0.000

ns

ns

-0.000±0.000

ns
a

ns

b

Significant at 95% confidence level; significant at 90% confidence level;
not significant

ns

Optimization of the process of osmotic dehydration requires obtaining high values of WL, along
with obtaining low values of SG and aw. Using these
values, the contour plots of WL, SG and aw were
plotted and superimposed to ascertain the optimum
osmotic dehydration conditions for pork meat cubes,
used in the experiment. Figure 1 shows the superimposed graph of the dehydration conditions of pork
meat in osmotic solutions. An optimum operating area
was derived and crosshatched and point A was
deduced by approximating the optimum position in
obtained area on graph. Moving point A to the left of
the obtained area, by decreasing osmotic time, would
lead to the increase of temperature coordinate, and
also solution concentration, and translating this point
to the right, would result in process temperature
enhancement, while decreasing of processing time
and solution concentration. Optimization of the dehydration process is performed to ensure rapid processing conditions yielding an acceptable product quality
and a high throughput capacity. The coordinates of
the optimized point in the temperature, time concentration plot (Figure 1) were: 40 °C, 3.7 h and 63
mass%. These coordinates represent the optimum conditions for osmotic dehydration process for pork meat,
in sugar beet molasses+NaCl+sucrose solution.
Contour plots (Figure 1) of both WL and SG
showed that maximum value was slightly lower than
the upper right corner of the plot, tending to grow with
temperature and processing time. The value of aw
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L=

aw=0.79

W
6
0.4

SG=
0.14

aw=0.80

0

58

0.15

aw=0.79

62

a w=0.8

35

WL
=0.
46

0.43

40

.15
=0
SG

A

A

WL=

66
Concentration

3

SG=0.14

4
=0.

45
Temperature

70

WL

50

Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014)

SG =

30
2.5

3

3.5

4

4.5

2.5

5

3

3.5

4

4.5

5

Time

Time

Figure 1. Optimum regions obtained after superimposing the contour plots of the system responses,
for sugar beet molasses+NaCl+sucrose solution.

decreased with the increase of all process parameters. For the osmotic dehydration of pork meat
cubes in this study, the optimum conditions would
have to be similar to the operating conditions from
literature and meet the desired product specifications
[24,39]. The desired responses for the optimum drying conditions in sugar beet molasses+NaCl+sucrose
solution were found to be: WL = 0.46, SG = 0.15 and
aw = 0.79.
To determine the adequacy of the SOP models,
independent experiments were performed at optimum
conditions for validation, [38]. Table 4 shows the
model validation results. As shown in the previous
ANOVA Tables 2 and 3, the predicted values were
comparable to the actual values in the experiment.
Very good coefficients of variation (CV) of less than
10% for all process variables were calculated. CV
values higher than 15% for response variables show
great influence to the statistically minor significance of
its SOP model [38]. The low CV values for response
variables WL, SG and aw indicated the adequacy of
these models.
The effective diffusivities of water loss and solid
gain were calculated by Eqs. (5) and (6) using experimental values and WL∞ and SG∞ from Table 5. The
average effective diffusivity values, evaluated using

Eq. (9), are presented in Table 6, according to osmotic dehydration process conditions. These coefficients
were determined and the effects of process parameters (concentration and temperature) on these
coefficients were modeled by using non-linear regression analyses.
Table 5. Water loss and solid gain at equilibrium, according to
the Peleg model, for different temperature and concentration,
(all WL∞. . SG∞. values are significant at 0.05 level)
T / °C
20

35

50

c / mass%

Water loss

Solid gain

WL∞

r2

SG∞

r2
0.979

70

0.549

0.998

0.153

61.25

0.565

0.994

0.171

0.988

52.5

0.554

1.000

0.149

0.943
0.972

70

0.515

1.000

0.146

61.25

0.522

1.000

0.205

0.995

52.5

0.565

1.000

0.178

0.994

70

0.463

0.999

0.165

1.000

61.25

0.455

1.000

0.209

0.979

52.5

0.487

0.999

0.183

1.000

Osmotic pressure gradient is the driving force
for osmotic mass transfer. As seen from Table 6, this
driving force depends on concentration and tempe-

Table 4. Predicted and observed responses at optimum conditions; sugar beet molasses+NaCl+sucrose solution, time, 3.7 h,
concentration, 63 mass%, temperature 40 °C
Response

Predicted

Observed

Standard deviation

Coefficient of variation

WL

0.46

0.45

0.40

8.69

SG

0.15

0.14

0.01

6.66

aw

0.79

0.80

0.06

7.59
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rature of the osmotic solution. The enrichment in
osmotic solution concentration increases this gradient
and also the driving force. The transport coefficients
for water loss and solid gain (De,avg) rise with an
augment in osmotic solution concentration due to
change in the physical properties of the food (such as
porosity and cell permeabilization). These coefficients
decrease in time, to the end of the osmotic dehydration process, as seen from Eqs. (5) and (6). The
concentration of osmotic medium is more pronounced
in affecting the diffusion coefficient that the temperature. Evaluated data for activation energy are represented in Table 7. Activation energy, for both solid
and water transfer is getting lower when the solution
concentration rises.
Table 6. The diffusion coefficient for WL and SG
T / °C
50

35

20

c / mass%

Dew,avg / m2 s-1

Des,avg / m2 s-1

52.5

1.89E-09

1.90E-09

61.25

1.93E-09

1.91E-09

70

1.99E-09

1.93E-09

52.5

1.86E-09

1.82E-09

61.25

1.92E-09

1.92E-09

70

1.99E-09

1.98E-09

52.5

1.84E-09

1.85E-09

61.25

1.92E-09

1.87E-09

70

1.97E-09

1.91E-09

Table 7. Activation energy for different sugar beet molasses+NaCl+sucrose solution concentration
c / mass%

Parameter

50

35

20

Water loss
ln k0

Ea / J mol-1

4.171

4.176

4.184

79180.918

82243.830

85338.472

0.997

1.000

0.892

r2

Ea / J mol-1

4.165

4.169

4.173

79200.388

81320.500

84919.325

0.997

0.958

0.983

r2

CONCLUSIONS
The RSM algorithm was used to optimize the
osmotic dehydration of pork meat cubes, in sugar
beet molasses+NaCl+sucrose solutions, utilizing WL,
SG and aw, as responses. SOP models for all system
responses were statistically significant while predicted
and observed responses correspond very well. The
optimum dehydration process parameters were found
by superimposition of the contour plots of all responses.

312

Treatment time was the most influential process
parameter for all system responses (WL, SG and aw)
while temperature and concentration were also influential process parameters but less in comparison to
the time for all system responses.
During osmotic dehydration of meat, the water
removal process is the most intensive at the beginning, and after 3 h had tendency of stabilization.
Optimum process parameters, for osmotic
dehydration in sugar beet molasses+NaCl+sucrose
solution were evaluated using RSM, with regards to
maximum of water reduction of 0.6 w/w, and the ratio
WL/SG = 3.0, as: 40 °C, 3.7 h and 63 mass%.
Obtained system responses were: WL = 0.46 mass%,
SG = 0.15 and aw = 0.79.
Transport coefficients, for both solid and water
transfer rise with an augment in osmotic solution concentration, while increase of the concentration have
lead to the decrease of the Ea for both water and
solids. The highest diffusion coefficient for transport of
water observed was 1.99×10–9 and 1.93×10–9 m2/s for
transport of solids, both recorded at temperature of 50
°C and sugar beet molasses+NaCl+sucrose solutions
concentration of 70 mass%. The maximum activation
energy were reached at 20 °C, 85.338 kJ/mol, for
water transport, and 84.919 kJ/mol for solid transport.
Considering obtained results it can be concluded that this solution is satisfying osmotic agents
regarding the OD results, expressed as mass reduction and DEI were achieved using solution of complex
content of sugar beet molasses+NaCl+sucrose as
osmotic agent.
A new environmentally friendly value has been
added to the molasses, which is a by-product of sugar
beet production, by extension of its usage as a substantial part of osmotic solution in a low energy
required process of osmotic dehydration.
Acknowledgement
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Nomenclature
TAS - Terenary aqueous solution of sodium сhloride
and sucrose
aw - Water activity
WL - Water loss
SG - Solid gain
Dew - Effective diffusivities of water
Des - Effective diffusivities of solids
Ea - Activation energy
RSM - Response surface methodology
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ANOVA - Analysis of variance
MR - Mass reduction
DEI - Dehydration efficiency Index
SOP - Second order polynomial
CV - Coefficients of variation

[19]

G. Koprivica, N. Mišljenović, Lj. Lević, T. Kuljanin, J.
Process. Energy Agric. 13(2) (2009) 178- 180

[20]

G. Koprivica, N. Mišljenović, Lj. Lević, M. Petkova, V.
Pribiš, J. Process. Energy Agric. 12(4) (2008) 215-218

[21]

G. Koprivica, N. Misljenović, Lj. Lević, V. Pribiš, APTEFF
40 (2009) 35-46

REFERENCES

[22]

S.J. Santchurn, A. Collignan, G. Trystram, J. Food Eng.
78 (2007) 1188-1201

[1]

J. Barat, M. Alino, A. Fuentes, R. Grau, J. B. Romero,
J.Food Eng. 93 (2009) 108-113

[23]

M. Aliñoa, R. Graua, A. Fernández-Sáncheza, A. Arnold,
J.M. Barat, Meat Sci. 86 (2010) 600-606

[2]

A.Collignan, P. Bohuon, F. Deumier, I. Poligne, J. Food
Eng. 49 (2001) 153-162

[24]

[3]

G. Koprivca, N. Mišljenović, Lj. Lević, L. Jevrić, J. Process. Energy Agric. 14 (2010) 27-31

M.R. Nićetin, B.Lj. Ćurčić, V.S. Filipović, G.B. Koprivica,
Lj.M. Lević, Lj.M. Milašinović, ICoSTAF 2012, Szeged,
Hungary, Review of Faculty of Engineering, Analecta
Technica Szegedinensia 3-4 (2012) 112-118

[4]

N.M. Panagiotou, V.T. Karathanos, Z. Maroulis, Dry
Technol. 17 (1999) 175-189

[25]

A. Collignan, P. Bohuon, F. Deumier, I. Poligne, J. Food
Eng. 49 (2001) 153-162

[5]

K.N. Waliszewiski, H.D. Cortez, V.T. Pardio, M.A. Garcia,
Dry Technol. 17 (1999) 955-960

[26]

H. Qi, M. LeMaguer, S.K. Sharma, J. Food Process Eng.
21 (1998) 75-88

[6]

M. Della Rosa, F. Giroux, J. Food Eng. 49 (2001) 223–236

[27]

AOAC, Official Methods of Analysis, Washington DC,
2000

[7]

D. Torreggiani, Food Res. Int. 26 (1993) 59-68

[28]

A. Ispir, I. T. Togrul, ChERD 8 (2009) 166–180

[8]

A. Abbas El-Aouar, P. Moreira Azoubel, J. Jr. Lucena
Barbosa, F. Elizabeth Xidieh Murr, J.Food Eng. 75 (2006)
267-274

[29]

E. Azuara, C.J. Beristain, H.S. Garcia, J. Food Technol.
29 (1992) 239–242

[30]

[9]

S. K. Jain, R. C. Verma, L. K. Murdia, H. K. Jain, J.Food
Sci. Technol. 48 (2011) 211-217

P.M. Azoubel, F.E.X. Murr, J. Food Eng. 61 (2004) 291–
-295

[31]

[10]

P. Gracia-Segovia, C. Mognetti, A. Andres-Bello, J. Martinez-Monzo, J. Food Eng. 97 (2010) 154-160

A.A. El-Aouar, P.M. Azoubel, F.E.X. Murr, J. Food Eng.
59 (2003) 85-91

[32]

[11]

T. Tsironi, I. Salapa, P. Taouki, Innov. Food Sci. Emrg. 10
(2009) 23-31

K.J. Park, A. Bin, F.P.R. Brod, T.H.K.B. Park, J. Food
Eng. 52 (2002) 293–298

[33]

[12]

P. Moreira Azoubel, F. Elizabeth Xidieh Murr, J. Food
Eng. 61 (2004) 291-295

E. Palou, A. López-Malo, A. Argaiz, J.Welti, Rev. Esp.
Cien. Tec. Ali. 33 (1993) 621-630

[34]

R. M. Khoyi, J. Hesari, J. Food Eng. 78 (2007) 1355-1360

[13]

S. Rodrigues, F. Fernandes, J. Food Eng. 80(2) (2007)
678-687

[35]

J. Crank, The mathematics of diffusion, 2 ed., Clarendon Press, Oxford, London, Chapters 1,4,10, 1975

[14]

G. Sacchetti, A. Gianotti, M. Della Rosa, J. Food Eng. 49
(2001) 163-173

[36]

STATISTICA (Data Analysis Software System), v. 10,
StatSoft, Inc, Tulsa, OK, 2010 (www.statsoft.com)

[15]

A.M. Sereno, R. Moreira, E. Martinez, J. Food Eng. 47
(2001) 43–49

[37]

N. Singh, M. Gupta, Ind. J. Exp. Biol. 45 (2007) 1055-1062

[16]

V.R.N. Telis, R.C.B.D.L. Murari, F.Yamashita, J. Food
Eng. 61 (2004) 253–259

[38]

P.S. Madamba, LWT - Food Sci. Technol. 35 (2002) 584-592

[17]

D.G. Alves, J.L. Jr. Barbosa, G.C. Antonio, F.E.X. Murr,
J. Food Eng. 68 (2005) 99–103

[39]

V. Filipović, B. Ćurčić, M. Nićetin, D. Plavšić, G. Koprivica, N. Mišljenović, Hem. Ind. 66 (2012) 743-748.

[18]

P. Bohuon, A. Collignan, G.M. Rios, A.L. Raoult-Wack, J.
Food Eng. 37 (1998) 451–469

nd

313

V. FILIPOVIĆ et al.: OPTIMISATION OF MASS TRANSFER KINETICS…

VLADIMIR FILIPOVIĆ1
LJUBINKO LEVIĆ1
BILJANA ĆURČIĆ1
MILICA NIĆETIN1
LATO PEZO2
NEVENA MIŠLJENOVIĆ1
1

Tehnološki fakultet, Univerzitet u
Novom Sadu, Novi Sad
2
Institut za opštu i fizičku hemiju,
Beograd
NAUČNI RAD

Chem. Ind. Chem. Eng. Q. 20 (3) 305−314 (2014)

OPTIMIZACIJA KINETIKE PRENOSA MASE TOKOM
OSMOTSKE DEHIDRATACIJE KOCKICA
SVINJSKOG MESA U KOMPLEKSNOM
OSMOTSKOM RASTVORU
Ovaj rad prikazuje uticaje različitih procesnih temperatura (20, 35 i 50 °C), vremena
potapanja (1,3 i 5 h) i koncentracija osmotskog rastvora, koji se sastoji iz melase šećerne
repe i vodenog rastvora NaCl i saharoze, na proces osmotske dehidratacije kockica od
svinjskog mesa (M. triceps brachii), veličine1 cm3, pri atmosferskom pritisku. Glavni cilj je
bio ispitivanje uticaja različitih parametara na kinetiku prenosa mase tokom osmotskog
tretmana. Praćeni odzivi sistema bili su: gubitak vode, prirast suve materije i aktivnost
vode. Optimalni uslovi osmotske dehidratacije (temperatura od 40 °C, vreme tretmana od
4,1 h i koncentracija od 67%) su ustanovljeni koristeći metodu odzivne površine i preklapajući konturne površine za svaki procesni parametar, a dobijeni optimalni odzivi bili su:
gubitak vode: 0,46, prirast suve materije: 0,15 i aktivnost vode: 0,79. Takođe su određeni
transportni koeficijenti za transfer vode i rastvoljivih materija, kao i energija aktivacije za
sve uzorke.
Ključne reči: osmotska dehidratacija, svinjsko meso, melasa šećerne repe, tercijarni osmotski rastvor, metoda odzivne površine.
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OPTIMIZATION OF OPERATING CONDITIONS
IN OXIDATION OF DIBENZOTHIOPHENE IN
THE LIGHT HYDROCARBON MODEL
Article Highlights
• The oxidation of DBT in a light hydrocarbon model was examined by response surface
methodology
• The considerable interactive effects of process variables were investigated and optimized
• The global reactions mechanism and the effects of process variables on them were
discussed
• The optimum value of H2O2 oxidant was obtained near the stoichiometric amount
Abstract

In this research, the effects of process variables on the efficiency and mechanism of dibenzothiophene oxidation in formicacid/H2O2 system for deep
desulfurization of a light hydrocarbon model were systematically studied by
statistical modelling and optimization using response surface methodology and
implementing the central composite design. A quadratic regression model was
developed to predict the yield of sulfur oxidation as the model response. The
model indicated that temperature was the most significant effective factor and
suggested an important interaction between temperature and H2O2/sulfur ratio;
at temperatures above 56 °C, more excess oxidant was necessary because of
instability of active peroxo intermediates and loss of H2O2 due to thermal
decomposition. In contrast, the water hindrance effect of H2O2 aqueous solution in desulfurization progress was more significant at temperatures bellow 56
°C. In the optimization process, minimizing H2O2/sulfur ratio and catalyst consumption for maximum yield of desulfurization was economically considerable.
The optimal condition was obtained at temperature of 57 °C, H2O2/sulfur mole
ratio of 2.5 and catalyst dosage of 0.82 mL in 50 mL solution of DBT in n-hexane leading to a maximum oxidation yield of 95% after 1 h reaction. Good
agreement between predicted and experimental results (less than 4% error)
was found.
Keywords: oxidative desulfurization, response surface methodology,
central composite design, dibeznothiophene, light hydrocarbon.

Deep desulfurization of fuels to obtain a product
with less than 10 ppm sulfur has become an important
research subject worldwide [1]. The conventional
hydrodesulfurization process (HDS) is highly efficient
in removal of thiols, sulfides and disulfides from fuel
but less effective for eliminating dibenzothiophene
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(DBT) and its derivatives, due to the steric hindrance
of these compounds on the catalyst surface [2].
Therefore, elimination of these compounds by HDS
requires severe operating conditions, including high
H2 pressure and temperature as well as larger
reactors and high active catalysts. From the
economical point of view, catalytic oxidative desulfurization (ODS) is one of the most promising alternative processes for obtaining ultra-low sulfur fuel.
This process can potentially be used after HDS for
deep desulfurization of fuel. In this process the organosulfur compounds are oxidized to their corresponding polar sulfones and then removed by solvent
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extraction or solid adsorption. The main advantage of
ODS is theremoval of refractory organosulfur compounds such as DBT and its derivatives under atmospheric pressure and mild temperature (bellow 80
°C), without the use of expensive hydrogen.
Various oxidant agents including hydrogen peroxide [3,4], oxygen [5] and tertbutyl hydroperoxide
[6,7] have been used in the previous studies. However, hydrogen peroxide has been reported as the
more promising oxidant due to the high selectivity,
safety, environmental friendliness and process economics. To enhance the oxidation activity of the oxidizing reagent, several homogenous and heterogeneous catalysts including organic acids [3,4,8], polyoxometalates [2,9], Ti-containing zeolites [10], mesoporous molecular sieves [10-13] or metal oxide supported on alumina or silica [14-18] are evaluated in
different ODS systems. Some extractive solvents
such as acetonitrile [15,19], DMF [4,20], methanol
[4,19] and DMSO [21] have been used for subsequently removal of the polar sulfones which were
produced during ODS reactions in different systems.
Recently, some ionic liquids (ILs) such as Brønsted
acidic ILs such as [Hnmp]BF 4 [22] and
[(CH2)2COOHmim][HSO4] [23], Lewis acidic ILs such
as [C4mim]Cl/MCl2 (M = Zn, Fe, Cu, Mg, Sn or Co)
[24] and [Cn3MPy] FeCl4 (n = 4, 6 or 8) [25], acetic
acid-based ILs [26] have also been used as both
extractant solvent and catalyst providing a new efficient option for ODS process. In addition, the previous research studies have investigated the effect of
various operational variables to enhance the yield of
desulfurization using classical methodology (varying a
single variable while keeping all other variables fixed),
with no consideration of the possible interactions
between variables. In this regard, no systematic optimization has been performed and the reported results
are questionable. For industrial application, selection
of the cost effective ODS process with maximum yield
of sulfur elimination is highly preferred. Response
surface methodology (RSM) is a suitable statistical
technique for systematic experimental design and
modelling in order to investigate the effects and interactions of experimental variables and also to find the
optimal process conditions, with a limited number of
experiments [27]. The main purpose of this paper is to
apply response surface methodology as a novel
approach for examination of the interactive effects of
ODS process variables including temperature, H2O2/
/sulfur ratio and catalyst dosage on the mechanism
and the yield of DBT oxidation when hydrogen peroxide is used as oxidant and formic acid as catalyst.
Furthermore, this paper presents the optimal oper-
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ational conditions for maximum efficiency of DBT oxidation for deep oxidative desulfurization of light hydrocarbon model via development a quadratic statistical model.
EXPERIMENTAL
Materials
All chemical materials used in this study were
purchased from Merck chemical company and were
used without further purification. The solution of
dibenzothiophene (DBT) in n-hexane with 500 ppm
concentration of sulfur was used as the light hydrocarbon model. Hydrogen peroxide (aqueous solution,
30 wt.%) was used as the oxidation reagent and
formic acid (HCOOH, purity > 99%) as the catalyst.
Experiment method
Oxidation of DBT was carried out using H2O2
and formic acid catalyst in a 100 mL glass batch
reactor equipped with a condenser, thermometer,
magnetic stirrer and a water bath for temperature
control. In a typical run, 50 mL of solution of DBT in
n-hexane with 500 ppm sulfur concentration was
added to the reactor at atmospheric pressure. The
reactor was heated up to a specified temperature.
Then the desired amount of H2O2 and formic acid
catalyst were added and the solution was vigorously
stirred (800 rpm) to minimize the resistance to mass
transfer. The effect of three control factors including
constant reaction temperature, initial molar ratio of
H2O2 to total initial amount of sulfur, and catalyst dosage were investigated. Upon completion of the reaction (after 1 h), the oil phase was taken for analysis of
DBT oxidation. The samples were analyzed by a
3420A gas chromatograph using a flame ionization
detector (GC-FID). A DB-5 capillary column (32 m
length and 0.25 mm inner diameter) was used for the
separation. Nitrogen was used as a carrier gas at a
flow rate of 5 mL/min. The column temperature program used was: 100 °C for 3 min, heating rate of 6
°C/min up to 280 °C and maintaining for 10 min. The
injector and detector temperatures were set at 280
and 300 °C, respectively.
Experimental design
Central composite design (CCD) which is the
most popular response surface method (RSM) was
selected for design of the experiments. All factors are
studied in five levels (–α, –1, 0, +1 and +α) and the
significance of the results is tested. Equation (1) is
applied to transform a real value of each variable (Xi)
to a dimensionless coded value (xi) for statistical
calculations [27]:

A. AKBARI et al.: OPTIMIZATION OF OPERATING CONDITIONS…

x i = (X i − X 0 ) / δ X
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(1)

Y =

where X0 is the real value in the central point and δX
is the distance between the real value in the central
point and real value in the superior or inferior level of
the variable [27]. In this study, the reaction temperature (X1), initial H2O2/sulfur mole ratio (X2) and
catalyst dosage (X3) are chosen as three independent
control variables. Levels of these variables and the
central composite design including four replicate at
the central point (eighteen oxidation experiments) are
shown in Tables 1 and 2, respectively. In the designed
experiments, the effect of temperature variation is
investigated from ambient to bellow n-hexane boiling
point (67 °C) in order to avoid solvent evaporation.
Also, the variation effect of H2O2/sulfur ratio is studied
using excess amount of oxidant (H2O2/sufur ratio > 2)
to ensure the presence of available oxidant for DBT
oxidation. High and low axial levels of catalyst dosage
were specified by range finding experiments.
The response is the yield of desulfurization in
the oxidation reaction as the dependent variable
which is calculated from:

(C 0 − Ct )

C0

× 100

(2)

where C0 and Ct are initial and final sulfur concentration (ppm) in the oil phase of the reaction mixture,
which was determined by GC-FID analysis.
For statistical modeling, as well as description
and optimization of the response, a quadratic model
was chosen and fitted to the results according to [27]:
k

Y = β0 +



k

βi x i +

i =1



k

βii x i2 +

i =1

β x x
ij

i

j

+ε

1≤i ≤ j

(3)

where Y, k, β0, xi and ε represent the predicted
response, number of variables, constant term, independent variables, and residual associated to the
experiments, respectively; βi, βii and βij represent
linear, quadratic and interaction coefficients, respectively [27].
RESULTS AND DISCUSSION
Evaluation of the developed model
The results of desulfurization at experimental
conditions were listed in Table 2. The yield of desul-

Table 1. The levels of variables in CCD
Variable

Low axial (α = −1.68) Low factorial (−1)

Center (0)

High factorial (+1)

High axial (α = +1.68)

X1: Temperature (°C)

25

33.1

45

56.9

65

X2: H2O2/sulfur mole ratio

2.5

4.43

7.25

10.07

12

X3: catalyst dosage (mL)

0.1

0.28

0.55

0.82

1

Table 2. Experimental plan and results of DBT oxidation
Run

Temperature (x1)

Coded value of variables

Actual value of response

H2O2/sulfur (x2)

Desulfurization yield, %

Catalyst dosage (x3)

1

-1

-1

-1

33.1

2

+1

-1

-1

78.8

3

-1

+1

-1

15.0

4

+1

+1

-1

81.0

5

-1

-1

+1

62.6

6

+1

-1

+1

96.8

7

-1

+1

+1

45.8

8

+1

+1

+1

95.3

9

-1.68

0

0

34.4

10

+1.68

0

0

96.3

11

0

-1.68

0

72.4

12

0

+1.68

0

59.1

13

0

0

-1.68

22.0

14

0

0

+1.68

84.1

15

0

0

0

69.2

16

0

0

0

64.5

17

0

0

0

66.6

18

0

0

0

71.0
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furization was varied from 15 to 96.8%. Design Expert
(DX 7) was employed for determination of the response model coefficients and the statistical analysis
of the results. The predicted quadratic model was
obtained as follows:

Y = +67.70 + 21.93 X 1 − 4.14 X 2 + 14.43 X 3 +
4.45 X 1X 2 − 3.50 X 1X 3 − 0.30 X 2 X 3 − 0.32 X 12 −
2

−0.18 X 2 − 4.67 X 3

(4)

2

where X1, X2 and X3 represent the temperature,
H2O2/sulfur ratio and catalyst dosage, respectively. All
the variables are in terms of coded values. The presented results of analysis of variance (ANOVA) in
Table 3 indicate that the developed quadratic model
is significant for prediction of yield of desulfurization
under the studied experimental domain. The P-value
(< 0.05) shows that the fitted model is significant by
95% confidence.
The comparison of the predicted and actual
values of the sulfur elimination yield is presented in
Figure 1. The high value of correlation coefficient
(R2 = 0.97) indicates that the proposed mathematical
model is well fitted to the experimental data.

Chem. Ind. Chem. Eng. Q. 20 (3) 315−323 (2014)

Consideration of main variables effects
According to the previous studies and our
experimental results, the reversible reaction of formic
acid with H2O2 produces peroxyformic acid (Scheme
1a) as a high active oxidant which can efficiently
oxidize DBT to respective sulfoxide (DBTO) and then
to respective sulfone (DBTO2), as shown in Scheme
1b and c, respectively. Filippis et al. [28] conducted a
kinetic and mechanism study on the peroxyformic
acid formation in H2O2/formic acid system at temperatures ranging 30–60 °C, which is very close to our
present experimental conditions. No hydrogen bonded
dimer pairs were postulated and observed by Filippis
et al. in their proposed reaction kinetics and mechanism at the investigated conditions. Therefore, the
global reaction mechanism in Scheme 1 for H2O2/
/formic acid ODS system is different from that proposed by Heimlich and Wallace [29] based on dimeric
oxidizing agent for ODS of white oil solutions in a
H2O2/acetic acid system at 50–100 °C. No DBTO was
observed by GC-FID analysis of the oxidized DBT in
n-hexane solution that confirmed a rapid oxidation of
DBTO to DBTO2. Moreover, thermal decomposition of
H 2 O 2 can occur at our experimental condition

Table 3. ANOVA results of the response model
Degree of freedom

Sum of squares

Mean square

F value

P>F

Model

9

10190.6

1132.3

27.8

< 0.0001

Residual

8

326.2

40.8

-

-

Total

17

10516.8

-

-

-

Item

Figure 1. Predicted vs. actual values of the response (R2 = 0.97).
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Scheme 1. Possible reactions for the oxidation of DBT by formic acid/H2O2 system.

(Scheme 1d), especially at higher temperatures [30].
The ANOVA results of the predicted statistical model
for the yield of desulfurization confirm that three
independent design variables have significant effects
on the response. However, temperature has the highest positive coefficient in the model and therefore is a
more significant variable than H2O2 and formic acid
amount variables for implementation of reversible
reaction of Scheme 1a toward peroxyformic acid production and then DBT oxidation reactions illustrated in
Scheme 1b and c. The positive coefficients of temperature and catalyst dosage factors in the obtained
model (Eq. (4)), confirm positive effects of these two
variables on desulfurization, while H2O2/sulfur ratio
has a negative coefficient confirming its negative
effect. Moreover, significant interaction between temperature and H2O2/sulfur ratio was obtained from
analysis of the model, which is shown in Figure 2.
According to Figure 2, decrease of the H2O2/sulfur
ratio from 10.1 to 4.4 at temperatures less than 56 °C
increases sulfur elimination, while at temperatures
above 56 °C, decrease H2O2/sulfur ratio from 10.1 to
4.4 reduces the yield of desulfurization. Accordingly, it
can be suggested that at temperatures less than 56
°C, the steric hindrance effect of water present in oxidant solution and produced from Scheme 1a is high
significant in reduction of the efficiency of DBT oxidation by Scheme 1b and c. Therefore, low oxidant
solution is desirable for DBT oxidation at lower tem-

peratures. However, because of instability of peroxyformic acid at temperatures above 56 °C, higher H2O2
concentration is necessary to prevent more reversing
of Scheme 1a. Furthermore, thermal decomposition
of H2O2 at temperatures above 56 °C (Scheme 1c)
can arise and partly reduce the oxidant concentration.
Thus, a higher H2O2/sulfur ratio is desirable for DBT
oxidation at higher temperatures than 56 °C, which
was confirmed by Figure 2.

Figure 2. Interaction between temperature and H2O2/sulfur
molar ratio effects on the response.
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To display and compare the combined effects of
two variables, three-dimensional response surface
and the corresponding contour plots obtained from
the fitted model are shown in Figure 3a–c. Each of
these plots shows the effect of variation of two inde-

Chem. Ind. Chem. Eng. Q. 20 (3) 315−323 (2014)

pendent variables in the studied experimental range
on the response, while the third variable is fixed at its
central level.
Figure 3a illustrates that both temperature and
catalyst amount have positive significant effects on

Figure 3. Response surface and contour plots of variables effects.
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the response, but the influence of temperature is
slighty more pronounced. Figure 3b indicates that at
central level of temperature (45 °C), the increase of
excess H2O2/sulfur ratio does not enhance the yield of
DBT oxidation with hydrogen peroxide and formic
acid mixture as the oxidizing system, because of the
steric hindrance of water which has been in attendance of H2O2 aqueous solution. Thus, as shown in
Figure 3b, the effect of formic acid is much stronger
than H2O2 for improvement the formation of peroxyformic acid (Scheme 1a), and then the oxidation of
DBT (Scheme 1b and c). The combined effect of temperature and H2O2/sulfur ratio shown in Figure 3c,
illustrates that except at high temperatures (above 56
°C), the higher yields of sulfur elimination are located
at lower H2O2/sulfur ratios near the stoichiometric
value of 2. In addition, Figure 3c can confirm the interaction between temperature and H2O2/sulfur ratio,
previously shown in Figure 2. As a result, the water
hindrance of excess H2O2 aqueous solution in desulfurization progress is in contrast with the effect of
excess reactant for the further formation of unstable
active intermediates at high temperatures and reparation of H2O2 concentration declined due to the thermal decomposition. Hence, the control and optimization of these operational variables should be very
important for the maximum yield of sulfur elimination
in this system.
Determination of the optimal conditions by proposed
model
The purpose of response surface optimization in
this research is to find the optimal process conditions
for maximum yield of sulfur elimination. Moreover,
minimizing H2O2/sulfur ratio and catalyst consumption
are the other two principal targets for the industrial
interests. Table 4 shows the results of three optimal
cases obtained by the regression model based on the
aforementioned targets. In the first case, the objective
is only the maximization of sulfur elimination yield.
This has been achieved as 96% when the temperature is 57 °C, H2O2/sulfur molar ratio is 7.3 and
catalyst dosage is 0.81 mL. The objective in second
case is maximizing the yield of sulfur elimination and

Chem. Ind. Chem. Eng. Q. 20 (3) 315−323 (2014)

minimizing H2O2/sulfur ratio together. Here the model
suggests that temperature of 57 °C, H2O2/sulfur molar
ratio of 2.5 and catalyst dosage of 0.82 mL are the
optimal conditions predicting a yield of 95% for desulfurization process. This means that for 1% growth in
process yield from 95 to 96%, H2O2/sulfur ratio is to
be increased from 2.5 to 7.3 which does not seem
economical. The third case deals with the most
general situation when the objective is maximizing
yield of sulfur elimination along with minimization of
H2O2/sulfur ratio and catalyst consumption. In this
case the model reveals that the temperature of 57 °C,
H2O2/sulfur ratio of 2.5 and catalyst dosage of 0.4 mL
are the optimal conditions leading to maximum yield
of 80% for sulfur elimination.
Validation of the model
The desulfurization process was carried out
under predicted optimal conditions to validate the statistical model and optimization. The obtained experimental results are presented in the last column of
Table 4. Comparison between predicted and actual
values of maximum desulfurization yields indicates a
good agreement (less than 4% error).
CONCLUSION
Efficient oxidation of DBT with H2O2 and formic
acid catalyst was modelled and optimized by central
composite design. The results indicated that temperature was the most effective variable on the oxidation mechanism. At high temperatures, thermal
decomposition of H2O2 and instability of peroxyformic
acid intermediates led to increase oxidant usage for
DBT oxidation. The maximum yield of desulfurization
and the use of minimum amount of oxidant and catalyst were the main targets for optimization. The
results showed that after 1 hour, the maximum yield
of desulfurization (95%) is achieved at temperature of
57 °C, minimum H2O2/sulfur ratio of 2.5, while catalyst (formic acid) dosage was 0.82 mL in 50 mL of
model hydrocarbon. The actual optimum result
obtained from experiment (93%) was in good concurrence with the predicted result.

Table 4. Optimum process conditions and desulfurization results
Target

X1 / °C

X2

X3 / mL

Predicted desulfurization yield, %

Actual desulfurization yield, %

Desulfurization yield

Maximize

57

7.3

0.81

96

97

57

2.5

0.82

95

93

57

2.5

0.40

80

83

Case
1
2
3

Desulfurization yield

Maximize

H2O2/sulfur ratio

Minimize

Desulfurization yield

Maximize

H2O2/sulfur ratio

Minimize

Catalyst dosage

Minimize
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OPTIMIZACIJA OPERATIVNIH USLOVA
OKSIDACIJE DIBENZITIOFENA U MODELU
LAKOG UGLJOVODONIKA
U ovom radu je proučavan uticaj promenljivih parametara na efikasnost i mehanizam
oksidacije dibenzotiofena u sistemu mravlja kiselina/H2O2 u procesu duboke desulfurizacije modela lakog ugljovodonika statističkim modelovanjem i optimizacijom pomoću
metode odzivne površine i centralnog kompozitnog plana. Razvijen je kvadratni regresioni
model radi predviđanja prinosa oksidacije sumpora kao odgovor primenjenog modela. Na
osnovu modela je zaključeno da je temperatura najznačajniji faktor i da je interakcija između temperature i odnosa H2O2/sumpor veoma važna; na temperaturama iznad 56 °C,
neophodan je višak oksidanta zbog nestabilnosti aktivnih perokso intermedijera i gubitka
H2O2 usled termičkog razlaganja. Nasuprot tome, uticaj sternih smetnji vode u vodenom
peroksidnom rastvoru u procesu desulfurizacije je značajniji na temperaturama manjim od
56 °C. U procesu optimizacije, minimiziranje odnosa H2O2/sumpor i potrošnje katalizatora
pri maksimalnom prinosu desulfurizacije je od ekonomskog značaja. Maksimalni prinos
oksidacije od 95% ostvaren je nakon 1 h pri sledećim optimalnim uslovima: temperatura 57
°C, molski odnos H2O2/sumpor 2,5 i količina katalizatora 0,82 ml u 50 mL rastvora DBT u
n-heksanu. Postignuto je dobro slaganje između predviđenih i eksperimentalnih rezultata,
sa greškom manjom od 4%.
Ključne reči: oksidativna desulfurizacije, metoda odzivne površine; centralni
kompozitni plan; dibeznotiofen; laki ugljovodonik.
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In this study, feasibility of a back-propagated artificial neural network to correlate the binary density of ionic liquids (ILs) mixtures containing water as the
common solvent has been investigated. To verify the optimized parameters of
the neural network, a total of 1668 data points were collected and divided into
two different subsets. The first subset, consisting of more than two thirds (1251
data points) of the data bank, was used to find the optimum parameters including weights and biases, number of neurons (7 neurons), transfer functions
in hidden and output layers, which were tansig and purelin, respectively. In
addition, the correlative capability of network was examined using a testing
subset (417 data points) not considered during the training stage. The overall
obtained results revealed that the proposed network is accurate enough to
correlate the binary density of the ionic liquids mixtures with average absolute
relative deviation (AARD) and average relative deviation (ARD) of 1.56% and
–0.04%, respectively. Finally, the correlative capability of the proposed ANN
model was compared with one of the available correlations proposed by Rodriguez and Brennecke.
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Room temperature ionic liquids (RTILs), briefly
called ionic liquids (ILs), with low melting points are
liquids at or near room temperature, which have
become increasingly interesting during the past decade due to their unique physicochemical properties
such as suitable viscosity, high thermal stability, its
salvation strength, wide electrochemical window and,
most importantly, negligible vapor pressure [1–3]. In
the light of characteristics of this new class of solvents, it is possible to design green and environmentally friendly processes based on ILs.
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The earliest discovery of an IL can be dated to
the middle of the 19th century, when some “red oil”
was observed in a Friedel-Crafts reaction [4]. A few
decades later, in 1914, the first room-temperature IL –
ethylammonium nitrate, [EtNH3][NO3] – was synthesized [5]. In 1951 AlCl3-based ionic liquids were developed by Hurley and Wier [6] at Rice Institute in Texas
as a bath solution for electroplating aluminium. In
1963, the U.S. Air Force Academy became interested
in that work and developed it further with the aim of
finding new electrolytes for batteries. In the 1970s,
Osteryoung [7] and Wilkes [8] succeeded in preparing
room-temperature liquid chloroaluminate melts.
In this regard, applicability of ILs through different processes, e.g., catalysis, chemical reactions,
separations, electrochemistry, and nano-science has
been investigated [9–11] (see Figure 1).
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Figure 1. Different applications of the ILs [12].

The most commonly ILs contain asymmetrically
substituted nitrogen-containing cations (e.g., imidazolium, pyridinium and ammonium) or a phosphorus
containing cation (e.g., phosphonium) with organic or
inorganic anions such as Cl–, BF–4, PF–4 and NTf–.
Utilization of ionic liquids in many fields requires the
reliable thermophysical data such as conductivity,
viscosity, density and surface tension. To date, a
number of papers have measured some thermo-physical properties of systems containing ILs such as
density, viscosity, speed of sound, surface tension,
conductivity, and phase equilibria [13–16].
However, despite their many unique properties,
there are still several problems in the practical applications for RTILs because of the difficulties encountered in the purification and separation process as
leads to higher production cost. As a way out, one
can mix an IL with another ionic liquid or with certain
organic solvent and sometimes, it is possible to gain
some new favorable performance. In this direction,
many researchers especially after 2005 have performed several experimental studies to measure the
different binary or higher mixtures physiochemical
properties [4].
For example, some of the examples of experimentally measured physical property and thermodynamic data of mixtures with ILs include the phase
behavior of supercritical CO2 + IL [18,19], water + IL
[20], and ethanol + water + [bmim][PF6] [21,22], the
conductivity [23] and the viscosity [24] of supercritical
CO2 + [bmim][PF6], and the effect of impurities on the
viscosity of [bmim][PF6] [25].
In addition, Brennecke and Rodriguez reported
dynamic viscosities and densities of water +
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[C2mim][EtSO4], water + [C2mim][TfO], and water +
[C2mim][TFA] over the entire mole fraction range [26].
The main advantage of ILs is that the cation and
anion can be selected from among a large amount of
compounds to obtain an appropriate ionic liquid for a
specific purpose. Therefore, there are large numbers
of possible ILs which researchers need to measure
their transport properties for laboratory or industries
application. But, this advantage may consider as a
disadvantage considering the experimental measurements. In other words, although it is possible to tailor
a vast number of ILs, the necessity to measure a
huge number of physiochemical properties renders
the expense of experimentations for all of these ILs
significant. This concern becomes more serious and
crucial if consider the physiochemical properties of
the ILs mixtures (impurities present in the samples)
are more common in industries [25].
Mainly because ILs properties is required to
decide whether the use of ILs could be extended from
the laboratory level to large-scale industrial applications and to make faster progress on modeling,
simulation and design of processes involving these
amazing fluids, the application of predictive theoretical models to estimate their thermo-physical properties is of great interest.
In this regard, many researchers have reported
different predictive tools and correlations for different
physiochemical properties of ILs such as density [27–
-33], viscosity [34–39], surface tension [40,41]. However, most of the available predictive tools are usually
time-consuming and complex. Other needed properties are not experimentally available or must be measured via expensive or difficult procedures. Espe-
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cially, in the field of binary or ternary mixtures prediction is more complex and the successfulness of the
available predictive tools is more doubtful. Thus, it is
obvious that proposing accurate correlative or predictive tools for the prediction of the binary or ternary
systems properties will be an important improvement.
Among the different physiochemical properties,
density is one of the important ones required in several design problems [42]. In other words, the design of
equipment such as condensers, reboilers, liquid/liquid
two phase mixer–settler units, sizing of storage vessels, calculation of tower heights, material and energy
balances involving liquids, vapor–liquid and liquid–
-liquid separation processes, all require accurate
values of liquid density. In this direction, several
researches have been measured the density experimentally for the pure, binary and ternary systems of
ILs [43,44]. But among the pure, binary and ternary
systems, the binary or ternary systems are more
common and unfortunately more complex to be predictable via available simple correlations or other predictive tools. Unfortunately, the proposed correlations
for binary density of the ILs mixtures are different from
one case to another case. For example, Rodriguez
and Brennecke [26] proposed a second-order polynomial correlation for only ILs (1-ethyl-3-methylimidazolium ethylsulfate, 1-ethyl-3-methylimidazolium trifluoroacetate and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate) + water, which satisfactorily correlate the change of density with temperature
throughout the whole range of composition using the
equation:

ρ = k 2T 2 + k 1T + k 0

(1)

where T is the absolute temperature and k2, k1, and k0
refer to the fit coefficients. The point must to be noted
is that the fitting parameters of k2, k1, and k0 are
specific for each water composition interval. For
example, the fitting parameters of k2, k1, and k0 are
2.55×10–7, –8.32×10–4 and 1.46274 for xwater = 0, respectively, while these fitting parameters are –0.43×10–7,
–6.68×10–4 and 1.41698 for xwater = 0.5939, respectively. With respect to this, the vast number of fitting
parameters necessary to cover the entire compositional range makes it a drawback for this correlation.
In addition, Abdulagatov et al. [43] have been
reported a correlation for the density prediction of the
ILs mixtures in particular methanol + [bmim][PF6] for
the high temperature and pressure systems which is
not the concern of this study. Also, Zhao et al. [44]
reported a correlation for the 16 different absorbents
which were prepared by mixing two or three compounds of 2-aminoethanol (MEA), 2-[2-hydroxyethyl-
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(methyl)amino]ethanol (MDEA), 2-[bis(2-hydroxyethyl)amino] ethanol (TEA), ILs and water. The
common concern for all of these proposed correlations is their case-specific applications. In other
words, there is no generalized correlation to correlate
a vast number of binary densities of ILs mixtures. So,
the proposed correlations are only able to correlate a
limited number of densities and binary systems of ILs.
To the best of our knowledge, there is no
reported application of artificial neural networks
(ANNs) on the correlation and prediction of the binary
densities of the ILs at the presence of water.
Artificial neural networks (ANN) are being increasingly utilized in recent years to predict the properties of different substances, including ILs. A neural
network is a system of functions and data structures
that approximates the operation of the human brain. A
neural network usually involves a large number of
processors operating in parallel, each with its own
small sphere of knowledge and access to data in its
local memory [45]. Generally, throughout the years,
the computational changes have brought growth to
new technologies. In this way, several predictive
methods that can predict unknown values from data
observed at other known locations with any degree of
complexity, such as the Kriging method [46,47], the
radial basis function [48], artificial neural networks,
etc. Among these methods, artificial neural networks
have gained popularity in the past decades as feasible tools in a variety of industries due its simplicity
and multi-functionality. In addition, one of the main
attractions of the ANN approach is that it does not
require an explicit understanding of the mechanisms
underlying the process in the phenomenon studied.
Instead, the ANN approach possesses the capability
to learn from data sets pertaining to the process.
According to this capability, AAN over the years have
given various solutions to the industry. Neural networks are significantly capable to map any relationship with any complexities.
Typically, a neural network is initially “trained” or
fed large amounts of data. A program can then tell the
network how to behave in response to an external
stimulus. In making determinations, neural networks
use several principles, including gradient-based training, fuzzy logic, genetic algorithms and Bayesian
methods [49]. Neural networks are sometimes described in terms of knowledge layers, with, in general,
more complex networks having deeper layers [50].
Detailed descriptions of ANN are available in the
literature [51,52], and some specific applications are
also available [53–56]. Taskinen and Yliruusi [57] presented a complete list of properties that have been

327

S.A. SHOJAEE et al.: PREDICTION OF THE BINARY DENSITY OF THE ILs…

analyzed in literature using different approaches of
ANN. Properties such as normal point, critical temperature, critical pressure, vapor pressure, heat capacity, enthalpy of sublimation, heat of vaporization,
density, surface tension, viscosity, thermal conductivity, and acentric factor, among others, were thoroughly reviewed. Applications of neural networks to
mixture properties (PVT properties and activity coefficients) have also been published [58,59]. In addition,
Lazzus [60] estimated the solid vapor pressures (PS)
of pure compounds at different temperatures using a
hybrid model that includes an artificial neural network
with particle swarm optimization and a group contribution method.
Years later, Lazzus [61] estimated the flash
points of organic compounds using a combined hybrid
method that includes a simple group contribution
method (GCM) implemented in an artificial neural
network (ANN) with particle swarm optimization
(PSO). Also, Lazzus [62–64] utilizes neural network
and its combination with swarm particle method to
predict the thermal properties, solid vapor pressure
and ρ-T-P of organics and ionic liquids.
Moreover, trainable cascade-forward back-propagation network modeling of spearmint oil extraction
in a packed bed using SC-CO2 has been successfully
utilized [65]. The results revealed that the proposed
ANN model was able to predict the spearmint oil
extraction more accurate comparing to the existing
correlations, namely Goodarznia and Eikani and Kim
and Hong. Furthermore, feed forward ANN model
was proposed by Lashkarbolooki et al. [66] for prediction of bubble and dew points pressures of binary
systems containing carbon dioxide (CO2) and hydrocarbon systems as functions of reduced temperature
of non-CO2 compounds, critical pressure, acentric
factor of non-CO2 compounds and CO2 composition.
The obtained results revealed the capability of the
proposed ANN model to correlate these properties
with AARD of 2.66% more accurately comparing to
those obtained by the Peng–Robinson (PR) Equation
of state (EOS).
More recently, we proposed a feed-forward neural network to predict the electrical conductivity of ternary systems containing ILs [67]. The proposed network was able to predict the ternary electrical conductivities with an acceptable level of engineering
accuracy (AARD = 1.44%). Further properties, including pure IL thermal conductivities, in addition to
binary-mixture heat capacities, binary-mixture densities, and ternary-mixture viscosities, all involving an
ionic liquid in the mixture were successfully correlated
using different types of neural networks [68–71].
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Further, a feed forward neural network has been
proposed that was able to predict/correlate the binary
density of the ionic liquid mixtures containing
methanol as the common solvent with minimum
AARD of 0.85% [72].
In this regard, a back-propagated feed forward
artificial neural network able to correlate a rather vast
number of binary densities (1668 data points) was
proposed to correlate the density of the binary systems with an acceptable level of engineering deviation when the water is the common compound.
METHODOLOGY
During the past decades, proposing predictive
tools that are able not only to deal with a large
number of inputs and outputs but also to deal with any
relation with any complexities have been gaining
attention in different areas of science, and in particular chemical engineering. Among those proposed
predictive tools, artificial neural networks (ANNs) are
welcome in advance as feasible tools in a variety of
industries. An ANN is a system based on the operation of biological neural networks, i.e., it is an emulation of the biological neural system [73]. The advantages of artificial neural networks can generally be
considered as its ability to map any relation with any
complexities and self-learning ability makes it dependent from reprogramming [73–75].
Although there are different kinds of ANN models,
the feed forward type of neural network has been
increasingly utilized through different chemical engineering areas such as property correlation in the light
of its unique characteristics.
Like many other neural network types, the feed
forward neural network begins with an input layer.
This input layer must be connected to a hidden layer.
This hidden layer can then be connected to another
hidden layer or directly to the output layer. There can
be any number of hidden layers so long as at least
one hidden layer is provided. In common use most
neural networks will have only one hidden layer. It is
very rare for a neural network to have more than two
hidden layers. Generally, Cybenko [56] claim that a
network with only one hidden layer is able to correlate
any complexities.
In other words, neural networks with more than
two hidden layers are less common because Hornik
and Stinchombe [76] have shown that a single hidden
layer feed-forward network, with arbitrary sigmoid
hidden layer activation functions, can approximate an
arbitrary mapping from one finite dimensional space
to another.
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In addition, among the available ANN models
the other widely applicable one is back-propagated
artificial neural network (BPANN). In other words,
without any question, back-propagation is currently
the most widely applied neural network architecture.
This popularity primarily revolves around the ability of
back-propagation networks to learn complicated multidimensional mapping.
So, it seems that selection of a back-propagated
network with only one hidden layer is applicable to
correlate any physiochemical properties. However,
unfortunately, the above theoretical results are of
great importance, they don’t give us an indication of
how to choose the number of hidden neurons needed
per hidden layer. On the other hand, when no a priori
knowledge about the problem is available, one has to
determine the network size by trial and error. Usually,
one has to train different size networks and if they do
not yield an acceptable solution, then they are discarded. This procedure is repeated until an appropriate network is found.
Training and testing
Training of neural networks means finding optimum parameters of the proposed network including
number of hidden layers, number of neurons in the
hidden layer, activation functions through hidden and
output layers, weights and biases.
There are several ways to find weights that will
minimize the error function. The most popular approach is to use the gradient descent method [73]. The
algorithm that evaluates the derivative of the error
function is known as back-propagation, because it
propagates the errors backward through the network.
Back-propagation is a very common method for training multilayered feed-forward networks. Back-propagation can be used with any feed-forward network that
uses an activation function that is differentiable. To
train the neural network, a method must be determined to calculate the error. As the neural network is
trained, the network is presented with samples from
the training set. The result obtained from the neural
network is then compared with the anticipated result
that is part of the training set. The degree to which the
output from the neural network differs from this anticipated output is the error.
In particular, there are really two decisions that
must be made with regards to the hidden layers since
those layers do not directly interact with the external
environment these layers have a tremendous influence on the final output. The first is how many hidden
layers to actually have in the neural network. Secondly, one must determine how many neurons will be
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in each of these layers. As aforementioned, it is applicable to consider a network with one hidden layer as
the optimum network, but selection of the number of
neurons in the hidden layer is more complicated [56].
Using too few neurons in the hidden layers will
result in something called under-fitting. Under-fitting
occurs when there are too few neurons in the hidden
layers to adequately detect the signals in a complicated data set. Using too many neurons in the hidden
layers can result in several problems. First, too many
neurons in the hidden layers may result in over-fitting.
Over-fitting occurs when the neural network has so
much information processing capacity that the limited
amount of information contained in the training set is
not enough to train all of the neurons in the hidden
layers [67–71]. A second problem can occur even
when there is sufficient training data. An inordinately
large number of neurons in the hidden layers can
increase the time it takes to train the network. The
amount of training time can increase enough so that it
is impossible to adequately train the neural network.
Obviously, some compromise must be reached
between too many and too few neurons in the hidden
layers [36].
Generally, the selection of the architecture of
neural network will come down to trial and error. But,
it is obvious that a pure trial and error approach
started with throwing random numbers of neurons
would be very time-consuming. In this regard, there
are two methods they can be used to organize the
trial and error search for the optimum network architecture which are forward and backward selection
methods. The first method, used in this study, is the
forward selection method, which begins by selecting a
small number of hidden neurons. This method usually
begins with only two hidden neurons. Then the neural
network is trained and tested [37]. The number of
hidden neurons is then increased and the process is
repeated so long as the overall results of the training
and testing improved.
Based on the above statements, in the present
study, a forward selection method combined with the
Levenberg-Marquardt (LM) optimization method [36–
-38] was utilized to find the optimum number of the
neurons in the hidden layer. It should be mentioned
that the objective function through the trial and error
method was average absolute relative deviation
(AARD) combined with other statistical error analysis
parameters including average relative deviation
(ARD), and relative deviation (RD) for better investigation on the correlative capability of the proposed
network:
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N

 (ρ
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− ρ cal / ρ exp )

(2)

(3)
(4)

where N is the number of binary densities, ρexp is the
experimental binary density and ρcal is the calculated
binary density.
It should be noted that the collected data which
were randomly divided into two subsets, namely the
training and testing data subsets, are selected in a
way that covers all the range of the experimental
conditions, since the ANN approach is a correlative
method.
Finally, it must be considered that it is necessary
to differentiate the different chemicals to the network.
In this regards, some properties must be introduces to
the network not only to define the chemical compounds to network, but also to define the different
involved systems. In this direction, in the present
study, the binary density of the ILs mixtures containing water was considered a function of molar mass
and melting point. Moreover, IL composition and system temperature was used to define the different
binary systems to the proposed neural network. In
other words, the functionality of the binary densities of
ILs mixtures considered as:

ρ= f(xL, Tsystem, Tm, Mw)

(5)

In addition, the used melting points and molecular weights of ILs are listed in Table 1.
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The point should be clarified about the selection
of compositions, molar mass and melting point as the
input variables:
• Defining the involved substances to the network: the network needs some specifications to differentiate the different involved substances. In this direction, molar mass and boiling point were used as the
parameters to discriminate between the involved substances.
• Defining the different systems regarding compositions: there are different parameters that can lead
to different systems including pressure, temperature
and different compositions. In the present study, the
effect of temperature and pressure were not considered, so only the different compositions can leads to
having different systems; in this regard, the compositions were considered as the input variables to
discriminate between the different involved systems.
Finally, the point should not be forgotten is that,
because of different reported melting points for one
specific IL, the melting point which have been
reported more times by different researchers or that
has the higher purity was selected for the network
optimization. For example, there were three reported
melting points for 1-ethyl-3-methylimidazoliumtrifluoro-methanesulfonate: 263 [77], 264 [78] and
264.15 K [79–81], out of which the third one was
selected because it has been reported three times
with three different groups of researchers.
RESULTS AND DISCUSSION
The capability of the back-propagated feed forward neural network including only one hidden layer

Table 1. Melting point and molecular weight of the used ILs in this study
IL

Melting point, K

Molecular Weight (g/mol)

1-Butyl-2,3-dimethylimidazolium tetrafluoroborate

240.05

310.15

1-Butyl-3-methylimidazolium dicyanamide

205.26

267.15

1-Hexyl-3-methylimidazolium tetrafluoroborate

254.08

191.15

1-Butylpyridinium tetrafluoroborate

223.02

288.45

1-Butyl-3-methylimidazolium trifluoromethanesulfonate

288.29

289.55

1-Butyl-3-methylimidazolium tetrafluoroborate

226.03

192.15

1-Butyl-2,3-dimethylimidazolium tetrafluoroborate

240.05

310.15

1-Butyl-3-methylimidazolium chloride

174.67

314.15

1-Hexyl-3-methylimidazolium chloride

198.15

202.73

1-Methyl-3-octylimidazolium chloride

230.78

191.15

1-Ethyl-3-methylimidazolium trifluoromethanesulfonate

260.24

264.15

1-Butyl-3-methylimidazolium hexafluorophosphate

284.18

283.15

1-Ethyl-3-methylimidazolium tetrafluoroborate

197.97

288.15

1,3-Dimethylimidazolium methylsulfate

208.24

308.90

1-Butyl-3-methylimidazolium methylsulfate

250.31

253.15

1-Ethyl-3-methylimidazolium ethyl sulfate

236.29

236.29
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to correlate the binary density of ILs mixtures containing water as the common part was investigated.
With this aim, a total of 1668 experimental data were
collected from different previously published research
studies [82–103]. It should be mentioned is that
generally there are several reported data sets for a
specific binary system. For example, there are different reported sets of binary densities for 1-butyl-2,3-dimethylimidazolium tetrafluoroborate + water, 1-butyl-3-methylimidazolium dicyanamide + water, 1-butyl-3-methylimidazolium tetrafluoroborate + water,
1-ethyl-3-methylimidazolium
trifluoromethanesulfonate + water, 1-butyl-3-methylimidazolium methylsulfate + water, 1-ethyl-3-methylimidazolium ethyl sulfate + water.
The main concern regarding properties measurements is the validity of the measured data and
accuracy level of the used method. So, the selection
of the reliable experimentally measured properties to
verify any correlation is a crucial stage that must be
carefully carried out. Abildskov et al. [17] have
reported that different level of accuracies were
obtained through the prediction of ionic liquids properties using different sets of experimentally measured data points. Although examining the reliability
of the reported data requires its own skills, the point is
that several parameters such as the accuracy of the
used method for measurements and purity of the
used chemicals are the most important ones. Further,
due to the complex nature of ILs especially its mixtures, proposing a model that is able to correlate different sets of the measured properties with a rather
good accuracy seems applicable. In this regard, we
tried to collect all of the reported data sets of binary
densities of the ILs mixtures containing water as the
common part to propose a generalized ANN-based
correlative tool.
After gathering the necessary data, the collected
data bank was divided into two different subsets,
namely training and testing subsets. The training data
subset consisted of more than two-thirds of the total
data and was randomly selected in a way that covers
all the systems specifications, including temperatures
and IL compositions. This kind of data selection was
used because the main advantage of the neural network is their correlative capability. So, the data must
be selected in a way that covers all the ranges of the
input data to enhance the correlative capability of the
neural network.
After selecting the training data points, the proposed three-layered feed forward artificial neural network (FFANN) was trained to find the optimum parameters including transfer functions in the hidden layer
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and outputs using trial and error approach. The
results revealed that using tansig and purelin as the
hidden and output layers transfer functions, respectively, lead to the best correlated binary densities.
Moreover, the results revealed that using 7 neurons in
the hidden layer lead to the lowest AARD through the
testing data subsets, indicating that this is the optimum number of neurons in the hidden layer. The
error analysis results of using different numbers of
neurons in the hidden layer are listed in Table 2.
Table 2. Results of topology studies to find the optimal ANN
configuration
Error analysis
Hidden neuron
5
6
7
8
9
10

ARD

AARD

%

%

Min (RD)
%

Train -0.19

3.29

-17.17

14.41

Test

3.42

-15.72

12.19

-0.28

Max. (RD)
%

Train -0.10

2.36

-8.36

9.18

Test

2.45

-8.77

9.17

-0.13

Train -0.04

1.55

-7.17

7.11

Test

1.56

-5.77

5.51

-0.05

Train -0.08

1.94

-15.25

7.51

Test

2.03

-14.29

7.49

0.00

Train -0.14

2.86

-15.76

7.75

Test

-0.15

2.90

-13.01

7.91

Train -0.15

2.87

-12.26

12.42

Test

2.85

-12.03

13.05

-0.12

Since the initial guess of the network parameters (weight and bias coefficients) could affect the
final values of MSE and AARD, the network was
trained several times by applying different randomly
generated initial values of the network parameters
[104]. The values presented in Table 2 are the best
values of AARD, MSE and R2 obtained from the network training for several initial guesses. According to
Table 2, the optimal neural network configuration for
the estimation of binary density has one hidden layer
with 7 neurons. In addition, the optimum values of the
weights and biases of the proposed FFANN reported
in Table 3 enable one to recalculate the correlated
binary densities of the ILs mixtures if combined with
proper equations.
In brief, in the case of a neural network with
hidden layers, the back-propagation algorithm is
given by the following three equations (modified after
Gallant [104]):

Δw ij m = εδ j p ai q

(6)

δ j p = a j p (1 − a j p )(t j p − a j p ) (for output neurons)

(7)
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Table 3. The optimum values of the weights and biases of back-propagation neural network
Neuron

Hidden Layer

Output Layer

a

Weights (wij)

TmIL

MwIL

T

xIL

Biases

Weight

Bias

bj

wjkb

bk
568.849

1

0.013

0.010

-0.005

-10.065

-5.657

-684.020

2

-43.112

53.559

11.097

64.521

-2174.094

-129.094

3

-172.931

202.590

-0.016

1.731

-7003.463

85.449

4

-236.403

-244.819

373.602

-5921.979

2801.341

-13.072

5

431.677

-25.253

1923.482

4605.809

89.033

-40.119

6

-25.625

53.956

0.018

-15.847

-7277.231

-164.685

-29.559

184.309

-169.377

380.363

15369.040

-25.861

0.665

3.500

-0.758

38.202

7

wik

c

a

b

c

Weight connection from the input layer to hidden layer; weight connection from the hidden layer to output layer; weight connection from the input layer to
output layer

δ

δ j p = a j p (1 − a j p )

k x w jk x

(for intermediate neurons)

(8)

where i is the emitting or preceding layer of nodes, j is
the receiving or subsequent layer of nodes, k is the
layer of nodes that follows j (if such a layer exists for
the case at hand), ij is the layer of weights between
node layers i and j, jk is the layer of weights between
node layers j and k, weights are specified by w, node
activations are specified by a, delta values for nodes
are specified by d, subscripts refer to particular layers
of nodes (i,j,k) or weights (ij,jk), sub-subscripts refer
to individual weights and nodes in their respective
layers, and epsilon is the learning rate.
In addition, similar to the conventional feed forward artificial neural networks, the activation functions, number of neurons in the hidden layer and number of hidden layers must be optimized. Also, the
required files including data.xls, binary density-

water.m and ANNmodel provided as supplementary
data files allow anyone to repeat the calculations and
examine the reproducibility of the proposed ANN
model. In addition, one can predict the binary density
of any arbitrary IL + water system by inserting the
required data in data.xls in the worksheet under the
name of test.
The results of the correlated binary densities
through the training and tastings stages are demonstrated in Figures 2 and 3, where the star points mark
the ANN correlated binary densities vs. the experimental ones, while the solid line represents the exact
fit of correlated binary densities to the experimental
ones. The closer the star points to the solid line, the
more the accurate binary density correlation is.
Therefore, it is completely obvious that the proposed ANN model is not only able to well correlate
the training data set of binary densities but also is

Predicted Binary Specific Density (kg/m 3)

1450
1400

R2=0.95

1350
1300
1250
1200
1150
1100
1050
1000
950

1000
1100
1200
1300
1400
Experimental Binary Specific Density (kg/m 3)

Figure 2. Plot of experimental specific density data vs. developed ANN prediction for training.
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Predicted Binary Specific Density (kg/m 3)
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1000
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1000
1100
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1300
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Experimental Binary Specific Density (kg/m 3)

Figure 3. Plot of experimental specific density data vs. developed ANN prediction for testing.

able to extremely well correlate the binary density of
the testing data set not considered during the training
stage. Also, the deviation plot for all of the correlated
binary density data points (Figure 4) revealed a relatively good level of accuracy for correlations of the
binary density of ILs solution containing water as the
common part. Furthermore, all of the results for the
involved binary systems during this study (Table 4)
revealed that the proposed back-propagated artificial
neural network (BPANN) models a capable and
feasible tool to correlate well the complex binary
systems of ILs containing water as the common part.
Finally, the correlated binary densities were
compared with the correlation proposed by Rodriguez
and Brennecke [26] for water + ILs. But, as afore-

mentioned, unfortunately the proposed correlation by
Rodriguez and Brennecke [26] is limited to the binary
systems of 1-ethyl-3-methylimidazolium ethylsulfate +
water, 1-ethyl-3-methylimidazolium trifluoroacetate +
water and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate + water. So, the comparison was performed only between the correlated binary densities
of two ILs + water using the Rodriguez and Brennecke correlation and ANN model. The obtained
results revealed that the proposed correlation by Rodriguez and Brennecke was able to correlate the binary
densities of 1-ethyl-3-methylimidazolium ethyl sulfate
+ water and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate + water mixtures with AARD of
5.83 and 0.01%, respectively, while the proposed ANN

Figure 4. Relative deviation plot of training and testing data sets used during the ANN modeling.
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Table 4. AARD, ARD and relative deviation for the binary density of ILs mixtures containing water as the common part
Error analyses

Temperature, K

xIL Range

Na

Ref.

298.15

0-1

14

[82]

-1.63

298

0.02-0.56

31

[82]

298

0.0003-0.002

6

[82]

298.15

0-1

11

298.15

0-1

30

298.15

0.01-1

278.15-358.15

0.52-1

298.15

0-1

18

[84]

2.07

2.07

0.54

3.50

298.15

0.30-1

8

[85]

3.30

3.30

3.09

3.43

1-Butylpyridinium tetrafluoroborate

283.15-343.15

0.14-1

119

[86]

2.61

2.61

1.46

6.08

1-Butyl-3-methylimidazolium
trifluoromethanesulfonate

303.15-343.15

0-1

77

[87]

-0.40

0.69

-2.01

2.33

293.15-318.15

0.05-0.95

84

[89]

-0.13

1.16

-1.23

4.01

1-Butyl-3-methylimidazolium
tetrafluoroborate

303.15-353.15

0-1

88

[90]

-0.04

0.65

-1.92

2.19

283.2-323.2

0.2-0.84

130

[91]

-1.55

1.85

-4.08

2.05

298.15

0.0006-0.002

5

[92]

-0.14

0.14

-0.18

-0.08

Component IL
1-Butyl-2,3-dimethylimidazolium
tetrafluoroborate

1-Butyl-3-methylimidazolium dicyanamide
1-Hexyl-3-methylimidazolium
tetrafluoroborate

ARD / % AARD / % Min (RD), % Max (RD), %
2.44

-3.49

1.52

-0.21

1.20

-3.52

1.52

1.39

1.39

1.35

1.41

[83]

-1.80

2.50

-3.47

1.53

[83]

-1.73

1.80

-3.00

0.23

11

[84]

-0.24

3.44

-4.62

5.62

63

[83]

-2.71

2.71

-4.40

-1.58

298.15

0-1

10

[92]

1.25

1.29

-0.23

2.05

298.15

0.005-1

17

[93]

1.18

1.18

0.14

2.13

298.15

0.002-1

28

[86]

1.17

1.18

-0.06

2.10

1-Butyl-3-methylimidazolium chloride

298.15-343.15

0.01-0.4

36

[94]

-1.66

2.47

-5.20

2.95

293.15-318.15

0-0.4

54

[95]

-0.94

2.46

-5.07

3.67

1-Hexyl-3-methylimidazolium chloride

298.15-343.15

0-1

40

[94]

2.78

2.78

-0.05

5.46

298.15

0-1

11

[96]

2.13

2.13

0.02

4.88

1-Methyl-3-octylimidazolium chloride

298.15-343.15

0-1

44

[94]

0.13

2.42

-4.29

7.11

1-Ethyl-3-methylimidazolium
trifluoromethanesulfonate

278.15-348.15

0-1

80

[89]

-0.20

1.26

-4.80

1.95

278.15-338.15

0.02-0.95

133

[26]

0.46

0.93

-1.91

1.92

293.15-318.15

0.02-0.86

66

[97]

0.83

1.01

-0.53

2.02

1-Butyl-3-methylimidazolium
hexafluorophosphate

298.15-318.15

0-0.01

25

[98]

-0.14

0.30

-0.72

0.62

1-Ethyl-3-methylimidazolium
tetrafluoroborate

298.15

0.005-1

11

[84]

-0.70

2.28

-4.48

4.53

298.15

0-1

19

[86]

-0.73

2.85

-5.06

4.25

1,3-Dimethylimidazolium methylsulfate

298.15

0.02-0.94

14

[99]

1.48

2.75

-3.28

4.03

1-Butyl-3-methylimidazolium methylsulfate

1-Ethyl-3-methylimidazolium ethyl sulfate

298.15-328.15

0-1

39

[100]

2.10

3.12

-5.77

4.25

298.15

0.05-0.98

12

[100]

-1.44

1.44

-1.73

-1.20

298.15-328.15

0-1

35

[89]

-1.62

1.62

-4.71

-0.68

293.15-318.15

0.02-

72

[101]

-1.51

1.51

-2.87

-0.68

278.2-338.2

0.1-1

137

[89]

-0.05

0.52

-2.25

1.18

298.15-328.15

0-1

30

[102]

-0.67

1.25

-7.17

1.06

293.15-318.15

0.05-91

60

[26]

0.19

0.73

-2.79

2.31

278.15-358.15

0-1

1668

-0.04

1.56

-7.17

7.11

a

Number of data

was able to correlate the binary densities with AARD
of 0.73 and 0.93%, respectively.
A more detailed comparison between the
obtained densities by Rodriguez and Brennecke [26]
and those obtained by ANN model for 1-ethyl-3-methylimidazolium trifluoromethanesulfonate + water
system at four different isotherms including 278.15,
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298.15, 318.15, and 338.15 K was performed (Table
5). The obtained results revealed that the proposed
correlation by Rodriguez and Brennecke is able to
well correlate the binary densities of binary mixtures
of 1-ethyl-3-methylimidazolium trifluoromethanesulfonate + water. However, the proposed correlation
introduces limited functionality only for the investi-
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Table 6. Comparison between the predictive capability of Rodriguez and Brennecke correlation [26] and ANN model
Temperature, K
278.15

298.15

318.15

338.15

Water
composition

Experimental

0.2295

1.3883

1.3882

1.3643

1.3714

1.3713

1.3492

1.3546

1.3545

1.3340

1.3380

1.3379

1.3447

0.4310

1.3724

1.3723

1.3558

1.3554

1.3553

1.3407

1.3385

1.3384

1.3256

1.3217

1.3216

1.3364

0.6157

1.3473

1.3473

1.3435

1.3304

1.3303

1.3287

1.3133

1.3133

1.3137

1.2962

1.2961

1.3113

0.7825

1.2999

1.2999

1.3070

1.2835

1.2835

1.2916

1.2666

1.2666

1.2750

1.2494

1.2494

1.2696

0.8608

1.2548

1.2549

1.2569

1.2394

1.2395

1.2392

1.2233

1.2234

1.2193

1.2064

1.2066

1.2098

0.9353

1.1719

1.1719

1.1641

1.1597

1.1595

1.1446

1.1459

1.1458

1.1238

1.1308

1.1307

1.1152

0.9712

1.0975

1.0973

1.0521

1.0891

1.0887

1.1009

1.0782

1.0779

1.0739

1.0653

1.0650

1.0649

0.9924

1.0304

1.0306

1.0591

1.0259

1.0257

1.0430

1.0179

1.0180

1.0276

1.0072

1.0074

1.0262

-

0.01

1.44

-

0.01

0.94

-

0.01

0.85

-

0.01

1.00

Overall
AARD / %

Predicted Predicted Experi- Predicted Predicted Experi- Predicted Predicted Experi- Predicted Predicted
by correl- by ANN mental by correl- by ANN mental by correl- by ANN mental by correl- by ANN
ations
ations
ations
ations

gated systems, while the proposed ANN model is
able to correlate all 1668 binary data points with
rather acceptable overall deviation AARD of 7.11%.
Based on the better accuracy of the proposed
ANN model for binary density correlation, one can
concluded that the proposed ANN model is more
generalized to be applicable and feasible during the
binary density correlation compared to the Rodriguez
and Brennecke or other correlations, which only cover
a limited range of compositions, number of ionic
liquids and binary systems.
CONCLUSIONS
In this investigation, the capability of back-propagated feed forward artificial neural network was
examined to correlate the binary density of the ILs
mixtures containing water as the common part. The
proposed model was comprised of three layers: input,
hidden and output layer. With the aim of network
verification and finding the optimum parameters of the
network architecture, a total of 1668 binary experimental data points were collected. Then, using training and testing data subsets obtained from dividing
total experimental data to these two subsets, the
optimum parameters including transfer functions for
the layers, weights and biases and number of neurons in the hidden layer were obtained. The results
revealed that using 7 neurons in the hidden layers
and tansig and purelin as the transfer functions in the
hidden and output layers, lead to correlations of the
binary density of the ILs mixtures with overall AARD
and ARD values of 1.56 and –0.04%, respectively,
with maximum relative deviation of 7.11%. Finally, the
obtained results using the ANN model revealed better

predictive capability when compared with the Rodriguez and Brennecke correlation. The proposed ANN
model is more general compared with Rodriguez and
Brennecke correlation, which makes it a good candidate as a predictive tool.
Supplementary material
The files related to ANN model are available
from the corresponding author on request.
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JONSKA TEČNOST-VODA VEŠTAČKOM
NEURONSKOM MREŽOM SA POVRATNIM
RASPROSTIRANJEM SIGNALA UNAPRED
U ovom radu je ispitana primenljivost veštačke neuronske mreže sa povratnim rasprostiranjem signala unapred za korelisanje gustine binarne smeše jonskih tečnosti sa vodom
kao rastvaračem. Za verifikovanje optimizovanih parametara neuronske mreže sakupljeno
je ukupno 1668 podataka i podeljeno u dva različite podgrupe. Prva podgrupa, koja sadrži
više od dve trećine (1251) podataka, je korišćena za nalaženje optimalnih parametara kao
što su: težinski koeficijenti, broj neurona (7 neurona) i prenosne funkcije u skrivenom i
izlaznom sloju, tj. sigmoidna tansig i linearna purelin aktivaciona funkcija. Korelaciona
sposobnost mreže je ispitana koristeći podgrupu za testiranje (417 podataka) koja nije
korišćena za učenje mreže. Ukupni dobijeni rezultati su pokazali da je predložena mreža
dovoljno precizna za korelaciju gustine binarne smeše jonskih tečnosti sa prosečnom
apsolutnom relativnom devijacijom od 1,56% i prosečnom relativnom devijacijom od
0,04%. Konačno, korelaciona sposobnost predloženog modela veštačke neuronske mreže
je upoređena sa jednom od dostupnih korelacija koju su predložili Rodrıgez i Brenecke.
Ključne reči: veštačke neuronske mreže, gustina binarne smeše, povratno rasprostiranje signala unapred.
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THERMOCHEMICAL SYNTHESIS OF
NANOSTRUCTURED Cu-Al2O3 COMPOSITE
POWDER
Article Highlights
• Synthesis of Cu-Al2O3 nanocomposite powder via thermochemical method
• CuAlO2 and CuAl2O4 phases can be formed in thermochemical method
• Most of the Al2O3 particles are in the range of 20–50 nm
• Alumina can be formed during the oxidation heat treatment at temperatures higher
than 800 °C
• The morphology of Cu and Al2O3 phases are dendritic and round, respectively
Abstract

Synthesis of Cu-Al2O3 nanocomposite powder through a thermochemical
method from the water solution of copper nitrate (Cu(NO3)2⋅3H2O) and aluminum nitrate (Al(NO3)6⋅9H2O) is studied in this research. X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the synthesized powder. The XRD
results show that the γ-Al2O3 phase begins to form at the temperature ≈800 °C
during the heat treatment process. The SEM micrographs proved that the
nanosized Al2O3 particles are homogenously dispersed in the copper matrix.
The XRD results also show that the disappearance of CuO peaks after performing a reduction chemical reaction at temperatures above 800 °C in hydrogen atmosphere indicates that such chemical reaction at temperatures
above 800 °C is required in order to achieve Cu-Al2O3 nanocomposite powder.
Keywords: Cu-Al2O3, nanocomposite, heat treatment, thermochemical
process.

It is known that introducing finely dispersed
ceramic particles, especially nanoparticles, into a
metallic matrix improves the mechanical properties
(including hardness, strength and wear resistance) at
elevated temperatures [1–4]. Despite these advantages, utilizing ceramic particles to reinforce a metallic matrix is not free of downsides and negative points
such as decreasing the electrical and thermal conductivity of the metallic matrix.
Oxide dispersion-strengthening has been identified as an effective method to increase the strength
of copper and its alloys without considerably decreasing their electrical and thermal conductivity [5].
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Amongst ceramic particles, alumina is a common
dispersoid because of its good properties such as
high toughness, hardness and melting point and its
low density [5].
Cu-Al2O3 nanocomposites can be produced in
different ways, which include chemical and mechanical methods [6–9]. Undoubtedly, each of these
methods has its advantages and disadvantages. One
of the main disadvantages of the chemical method,
internal oxidation, is the non-homogeneous distribution of the oxide particles, which adversely affects
the mechanical and electrical characteristics of Cu-Al2O3 composite [10]. On the other hand, although
mechanical methods overcome such problems, they
have shown contamination [10]. Hence, utilizing a
thermochemical method to prepare Cu-Al2O3 is preferred because high purity and complete homogeneity
of dispersed oxide particles in the matrix can be
obtained.
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The aim of this work is to study the synthesis of
Cu-Al2O3 nanocomposite powder through a thermochemical process. The prepared powders are characterized by means of X-ray diffraction (XRD), scanning (SEM) and transmission electron microscopy
(TEM).
EXPERIMENTAL
The proposed thermochemical process consists
of the following stages:
1) Making the water solutions of copper nitrate
(Cu(NO3)2⋅3H2O) and aluminum nitrate (Al(NO3)6⋅9H2O).
The weight ratio of the mentioned salts was set
according to obtain the final product of Cu-5 wt.%
Al2O3.
2) Preparation of precursor powder by heating
the water solutions for 1 h.
3) Salt-removing heat treatment of precursor
powder at 400 °C for 3 h in air atmosphere (in order to
remove water and NO3 components).
4) Oxidation heat treatment to form alumina at
temperatures ranging from 700 to 850 °C for 1 h in air
atmosphere.
5) Reduction chemical reaction of the powder in
H2 atmosphere at 820 °C for 1 h to produce the final
Cu–Al2O3 nanocomposite powder.
The obtained powder was analyzed with an X-ray diffractometer (JEOL-JDX8030) using CuKα
radiation (λ = 0.1504 nm). DTA/TGA analysis was
performed using a dilatometer (Netzesch-402E).
According to DTA/TGA results, the salt-removed powder (at 400 °C for 3 h) was heated at 1100 and 1150
°C for 1 h in order to study the phases formed at
those temperatures. Scanning electron microscopy
was utilized to investigate the microstructure of the
produced powder and establish whether the nano-
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sized Al2O3 particles have been formed in the thermochemical process.
RESULTS AND DISCUSSIONS
X-Ray diffraction analysis
Figure 1 shows the X-ray diffraction patterns of
the precursor powder containing 5 wt.% Al2O3 after
removing moisture and NO3 components at 400 °C for
3 h. According to Figure 1, there are only reflects of
copper oxide (CuO) indicating that the moisture and
NO3 components have been appropriately eliminated.
In fact, when the salt is removed in the air atmosphere, the almost pure copper is changed into the
copper oxide. Since no alumina crystalline peak is
detected after the salt-removing process, which means
alumina was not formed or the size of crystalline alumina is not large enough to be detected by XRD, it is
concluded that the diffusivity of the oxygen of the air
into the precursor powder is very low at 400 °C.
Therefore, a second heat treatment in the air atmosphere at a higher temperature is required to form
stable alumina crystals.
Figure 2 illustrates the XRD patterns of the saltremoved powder after heating at 700, 750, 800 and
850 °C for 1 h. According to Figure 2, detecting the
single phase of γ-Al2O3 peaks shows that the γ-Al2O3
phase begins to form at ≈800 °C. This means that the
activation energy for the formation of the alumina
nuclei and growth during the air heat treatment can be
overcome at temperatures higher than 800 °C.
Figure 3 illustrates the DTA/TGA curves of the
salt-removed powder (at 400 °C for 3 h). DTA analysis shows two endothermic peaks at ≈1030 and
≈1140 °C. The former is accompanied by 8 mass%
decrement. That decrement in mass amount represents the reduction of the powder. The latter endo-

Figure 1. X-Ray diffraction patterns of the precursor powder containing 3 wt.% Al2O3 after removing moisture and
volatile components at 400 °C for 3 h.
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thermic peak indicates the slight increment in the
mass amount. The increment shows that after the
reduction process at ≈1030 °C the oxidation process
occurred at ≈1140 °C.

Chem. Ind. Chem. Eng. Q. 20 (3) 339−344 (2014)

ponds to the third phase, CuxAlyOz, which appears in
the structure due to the eutectic reaction of (Cu +
+ Cu2O) with Al2O3. The formation of this phase is
thermodynamically possible at Cu-Al contact surfaces. During the eutectic joining of copper and Al2O3,
the eutecticum formed by heating to the eutectic temperature expands and reacts with Al2O3 also forming
CuxAlyOz, which is compatible with both phases on
the inter-surface [11,12]. The formed third phase influences the nature of the dislocative structure and,
therefore, the improvement of the mechanical properties and achievement of a good combination of
mechanical and electrical properties of the sintered
systems [12]. Furthermore, with respect to formation
of CuAlO2 (Figure 4) and Eq. (1) [13]:
Al2O3 + Cu2O → 2CuAlO2

Figure 2. XRD Patterns of the salt-removed powder after
heating for 1 h at a) 700, b) 750, c) 800 and d) 850 °C.

XRD Patterns of the salt-removed powder after
heating at 1100 and 1150 °C for 1 h are shown in
Figure 4. Detection of Cu2O as a result of reduction of
CuO phase reveals the mass decrement at ≈1030 °C.
In accordance with the literature, this peak corres-

(1)

it is concluded that Al2O3 phase is formed at temperatures lower than 1030 °C. On the other hand, the
XRD pattern of the powder after heating at 1150 °C
(Figure 4b) contains CuAl2O4 peaks indicating the
increment in the mass amount shown in Figure 3 is
related to oxidation of CuAlO2 into CuAl2O4.
Figure 5 shows the TEM image of oxide powder
after heat treatment at 850 °C. Since the XRD pattern
shown in Figure 2d indicates that the CuO phase is in
the major phase in the sample, it is concluded that the
small spherical particles (shown by circles) in the
TEM image correspond to Al2O3.
In order to achieve Cu-Al2O3 composite powder,
the heat-treated powder at 850 °C for 1 h was
reduced in hydrogen atmosphere at different temperatures in the range of 500–900 °C. According to Figure 6a, CuO phase still remains after performing the
reduction process at 800 °C. CuO appears in the
structure due to incomplete reduction. However, the
reduction process is properly performed at tempe-

Figure 3. DTA/TGA Curves of the salt removed powder.
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Figure 4. XRD Patterns of the salt-removed powder after heating for 1 h at a) 1100 and b) 1150 °C.

ratures above 800 °C and the CuO peaks completely
disappeared at 820 °C (Figure 6b) to achieve the
desired structure without oxides.

200nm

Figure 5. TEM Micrographs of the salt-removed powder after
heating for 1 h at 850 °C.

SEM Analysis
SEM Micrographs of the reduced powder at 850
°C are shown in Figure 7. Agglomeration of finer
particles is a consequence of their large surface, i.e.,
high surface energy and an effect of bonding forces
between them. Due to contacts between particles, inter-
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Figure 6. XRD Patterns of the achieved powder after reduction
process in hydrogen atmosphere at a) 800 and b) 820 °C.

atomic bonds were introduced. The magnitude of
those bonds depends directly on the surface energy
of particles. Taking into account appearance of agglomerates, a particular attention will be paid in future
research to production of non-agglomerated powders,
where the surface-active agents will be used for
deagglomeration. Nowadays, applications of polyethyl-
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100 nm (most of the particles are in the range of
20–50 nm) indicating that synthesis of Cu-Al2O3 nanocomposite through thermochemical process is performed successfully.
CONCLUSION
Synthesis of Cu-Al2O3 nanocomposite powder
through thermochemical process has been confirmed
by XRD and SEM results. The XRD results indicate
that Al2O3 phase can be formed during the oxidation
heat treatment process at the temperatures higher
than 800 °C. XRD and DTA/TGA results prove that
CuAlO2 and CuAl2O4 phases can be synthesized by
the thermochemical process. Furthermore, according
to SEM results, most of the Al2O3 particles are in the
range of 20–50 nm and the morphology of Cu and
Al2O3 phases are dendritic and round, respectively.
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TERMOHEMIJSKA SINTEZA Cu-Al2O3
NANOSTRUKTURNOG KOMPOZITNOG PRAHA
U ovom radu je proučavana sinteza Cu-Al2O3 nano-kompozitnog praha termohemijskom
metodom iz vodenog rastvora bakar-nitrata i aluminijum-nitrata. Za karakterizaciju sintetisanog praha korišćene su XRD, SEM i TEM analize. XRD rezultati pokazuju da γ-Al2O3
počinje sa formiranjem na temperaturi od oko 800 °C tokom procesa zagrevanja. Proučavanje SEM mikrografa pokazuje da su čestice Al2O3 nano-veličine homogeno dispergovane u matrici bakra. XRD rezultati pokazuju, takođe, da nestajanje CuO pikova nakon
hemijske reakcije redukcije na temperaturama iznad 800 °C u atmosferi vodonika ukazuje
na to da je ova reakcija na temperaturama iznad 800 °C neophodna da bi se formirao
Cu-Al2O3 nanokompozitni prah.
Ključne reči: Cu-Al2O3, nanokompoziti, toplotni proces, termohemijski proces.
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KINETICS OF SACCHAROSE
FERMENTATION BY KOMBUCHA
Article Highlights
• Kinetics of saccharose fermentation by Kombucha was analysed
• A saccharose concentration model was defined as a sigmoidal function
• Reaction rates were calculated as first derivatives of Boltzmann’s functions
• Saccharose fermentation by Kombucha occurred according to complex kinetics
Abstract

The kinetics of saccharose fermentation by Kombucha is not yet well defined
due to lack of knowledge of reaction mechanisms taking place during this
process. In this study, the kinetics of saccharose fermentation by Kombucha
was analysed using the suggested empirical model. The data were obtained
on 1.5 g L-1 of black tea, with 66.47 g L-1 of saccharose and using 10 or 15%
(V/V) of Kombucha. The total number of viable cells was as follows: approximately 5×105 of yeast cells per mL of the inoculum and approximately 2x106 of
bacteria cells per mL of the inoculum. The samples were analysed after 0, 3, 4,
5, 6, 7 and 10 days. Their pH values and contents of saccharose, glucose,
fructose, total acids and ethanol were determined. A saccharose concentration
model was defined as a sigmoidal function at 22 and 30 °C, and with 10 and
15% (V/V) of inoculum quantity. The determination coefficients of the functions
were very high (R2 > 0.99). Reaction rates were calculated as first derivatives
of Boltzmann’s functions. No simple correlation between the rate of reaction
and independent variables (temperature and inoculum concentration) was
found. Analysis of the empirical model indicated that saccharose fermentation
by Kombucha occurred according to very complex kinetics.
Keywords: Kombucha, saccharose fermentation, kinetics, empirical
model.

The consortium of yeasts and acetic acid bacteria known as the Kombucha culture exhibits a metabolic activity on sweetened tea, under batch conditions, giving a pleasant sour beverage containing useful compounds such as some organic acids and certain vitamins. The activity of Kombucha on the traditional carbon source saccharose was investigated by
several authors [1–6] and the main pathways of saccharose transformation were determined. It has been
proven that the yeast cells are responsible for the
extracellular enzymatic hydrolysis of saccharose into
glucose and fructose, and transformation of glucose
and fructose into ethanol and CO2, while acetic acid
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bacteria cause the conversion of glucose into gluconic and ketogluconics acid and fructose into acetic
acid as a consequence of the metabolic chain reactions [1]. The association between the two types of
microorganisms is unique. Yeasts produce ethanol,
which stimulates the growth of acetic acid bacteria
and production acetic acid [7]. Thanks to the bacteria’s ability to synthesize cellulosic network during
fermentation, parts of the yeast cells are entrapped
within this network.
Apart from the monosaccharides and the mentioned main metabolites, reaction mixture contains a
great number of organic acids, such as glucuronic,
succinic, mannonic, propionic, ascorbic, saccharic,
etc. [8–13]. Also present are proteins (enzymes) produced during fermentation, tannins and their derivatives introduced by the tea broth [14,15], terpenoids, carotenoids, lipids and linoleic acid, due to
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degradation of amino acids [16], as well as a certain
amount of useful compounds [14,17–22] such as vitamins B1, B2, B3, B6 and B12, folic acid [23,24] and
vitamin C [10,25].
Kombucha beverages have been intensively
consumed during a long time worldwide for its prophylactic and therapeutic properties. Novel studies
show antimicrobial activity [26], hepatoprotective properties [27] and beneficial effects on different diseases including diabetes [28].
According to the available published literature,
an exact mechanism of saccharose fermentation by
Kombucha is not known. Accordingly, very little knowledge on the kinetics of such fermentation is available. Also, no attempts to suggest an empirical model
has been reported to date. Although hydrolysis of
saccharose is a single-substrate step, subsequent
reactions are multi-substrate with extremely complex
kinetics [2]. The best understood reaction parameters
are temperature, composition of Kombucha and inoculum concentration. Several authors reported 28 °C
as an optimal temperature for Kombucha fermentation [25,29]. It has been proven that the composition
of fermented tea greatly depend on the individual
Kombucha association [1,23] as well as on the concentration of inoculum solution. As far as saccharose
(substrate) is concerned, several concentrations were
studied: 30, 50, 70 and 100 g L-1 [1,2,6,23].
This paper presents the kinetics of saccharose
fermentation by Kombucha, as a function of temperature and inoculum concentration. Experimental data
were fitted to an empirically-derived model.
EXPERIMENTAL
Kombucha culture
Local domestic Kombucha, used for the fermentation, contains at least five yeast strains (Sac-

charomycodes ludwigii, Saccharomyces cerevisiae,
Saccharomyces bisporus, Torulopsis sp. and
Zygosaccharomyces sp.) as determined by Markov et
al. [30]. It is well known that Kombucha bacteria
belong to the strains of the genus Acetobacter [1,2,5].
The total number of viable cells was as follows:
approximately 5×105 of yeast cells per mL of the inoculum and approximately 2×106 of bacteria cells per
mL of the inoculum.
Kombucha fermentation
Tap water was boiled, sweetened with 66.47 g L-1
of saccharose and mass of 1.5 g L-1 of black tea
(Indian tea, "Vitamin", Horgoš, Serbia) was added
and removed by filtration after 15 min. Tea was
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cooled to room temperature and afterwards inoculated with 10 or 15% (V/V) of fermentation broth
obtained from previous Kombucha fermentation. The
beakers (beaker volume 2 L, diameter 13 cm, liquid
volume 1.1 or 1.15 L) were covered with cheesecloth
and incubated in a temperature-controlled bath at 22
and 30 °C for 10 days. The samples from Kombucha
fermentation were taken after 0, 3, 4, 5, 6, 7 and 10
days and following quantities were measured: pH
value, total acids, saccharose content, glucose content, fructose content and ethanol content.
Methods of analysis
The pH values were determined using a pH-meter (pH Spear, Eutech Instruments Oakton, England).
Total acids content was determined as titratable
acidity. After removing CO2 from the fermentation
broth, a sample of 20 mL was taken and titrated with
0.1 mol L-1 of NaOH, while phenolphthalein was used
as an indicator and calculated in g L-1 acetic acid
according as: macetic acid = 50(VNaOHcNaOHMacetic acid/1000).
Saccharose, glucose and fructose contents
were determined by using the Boehringer Mannheim
Kit (Cat. No. 716260) and ethanol content by
Boehringer Mannheim Kit (Cat. No. 176290).
Total counts of cells of yeasts and acetic acid
bacteria in the fermentation mixture were determined
by plate counting method. The medium for determining yeasts was Sabouraud-4% maltose Agar
(Merck, Darmstadt, Germany) with addition of 50 mg
L-1 of chloramfenicol (Sigma–Aldrich, St. Louis, MO,
USA). The plates were incubated for 72 h at 28 °C.
The medium for determining acetic acid bacteria was
yeast peptone mannitol Agar (Difco, Detroit, MI,
USA), containing 500 mg L-1 cycloheximide (actidione; Sigma–Aldrich, St. Louis, MO, USA) to inhibit
yeasts growth. The incubation at 28 °C lasted for 5–7
days.
All experiments were performed in duplicate,
under the same conditions. Each quantity was measured three times and the arithmetic mean values
were calculated. The means were used as relevant
data basis for further processing.
RESULTS AND DISCUSSION
Results of measurements
Kinetics of saccharose fermentation by Kombucha, at two temperatures (22 and 30 °C) and in the
samples inoculated with two inoculum quantities (10
or 15% (V/V)), was examined through measuring pH
change during fermentation (Figure 1) as well as
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Figure 1. Change of pH as a function of temperature and
inoculum concentration; lines (B-spline) used only
as guide to the eye.
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As it is known, reaction (1) is catalysed by
enzymes produced by the cultures from Kombucha
inoculum. Saccharose molecules bind to the enzyme’s active sites where they are transformed into
glucose and fructose, which continued to convert to
other products through a number of consecutive and
parallel reactions. Therefore, the reaction mixture
changes its composition (qualitative and quantitative)
during fermentation. This change is described by the
stoichiometric coefficients (υ) which are time dependent.
During the fermentation, pH of the broth decreased almost exponentially, without a noticeable lag
phase, due to accumulated organic acids (Figure 1).
The acids were determined as the titratable acidity,
which was expressed in grams of acetic acid per litre
of the sample (Figure 2). Approximately 15% lower
pH values were achieved at higher temperatures in
samples that had been inoculated with larger quantity
of inoculum solution. This is in accordance with the
measured values of total quantity of generated acids,
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through determining concentration change of substrate (saccharose) and intermediates/products – glucose, fructose, total acids and ethanol (Figure 2).
Such a plan of experiments intended to approve the
assumed chemical model written in a general form:
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0.0

Figure 2. Kinetics of saccharose fermentation as a function of
temperature and inoculum concentration; lines (B-spline) used
only as guide to the eye.
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which were found to be: 2.2 g L-1 (22 °C and 10%
(V/V)), 2.4 g L-1 (22 °C and 15% (V/V)), 3.4 g L-1 (30
°C and 10% (V/V)), and 3.9 g L-1 (30 °C and 15%
(V/V) at the 10th day of fermentation. Apart from total
acids, quantities of other intermediates/products were
measured. It was found that the reaction mixtures
contained 1.2–2 g L-1 of glucose and 0.75–3.25 g L-1 of
fructose after 10 days of fermentation, showing that
glucose was consumed more rapidly than fructose.
The amount of ethanol produced was very small (0–
0.5%) and could be tolerated in soft drinks. Greater
quantities of all products were present in the samples
obtained at 30 °C and inoculated with 15% (V/V) of
starter culture.
Based on the mass balance, at the 10-th day of
fermentation, it can be concluded that less than 15%
of saccharose converts to the mentioned products
(glucose, fructose, total acids and ethanol). Following
amounts of saccharose were converted: 6.2% (22 °C
and 10% (V/V)), 9.4% (22 °C and 15% (V/V)), 11.2%
(30 °C and 10% (V/V)), 13.9% (30 °C and 15% (V/V)).
The unconverted saccharose quantities were found at
rather high levels: 47.4% (22 °C and 10% (V/V)),
44.2% (22 °C and 15% (V/V)), 39.2% (30 °C and 10%
(V/V)) and 34% (30 °C and 15% (V/V)). It is typical of
fermentation by Kombucha that a network of cellulose, which can be seen with the naked eye, is generated. The film from the surface, together with the
attached cellulose fibres, was taken after the 10th day
of batch fermentation. The obtained values at 22 °C
with addition of 10 and 15% (V/V) of inoculum were
0.198 and 0.218 g L-1, respectively. At 30 °C and with
10 and 15% (V/V) of inoculum, the films total solid
were 0.304 and 0.321 g L-1, respectively. Before the
measurement, the mentioned system was washed
with water and completely dried to constant mass.
Saccharose concentration model
Following the trends of changes of saccharose
quantity (Figure 2), it can be concluded that three
stages exist: i) slight initial decrease at the beginning
of fermentation, ii) very steep decrease in an intermediate stage and iii) slight decrease at the end of
fermentation, with the slope similar to the initial one,
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under all experimental conditions (temperatures and
concentrations of inoculum). The best model to present the curve consisting of two retaining stages and
very steep decline in-between is Boltzmann’s (sigmoidal) function:

S (t ) = A2 +

A1 − A2

(2)

t −t o
1 + e Δt

where S denotes saccharose concentration (g L-1),
which changes in time t. Parameters A1 and A2
correspond to the positions of two asymptotes to the
S(t) curve (upper and lower), to is the t-coordinate of
the point at which the slope has the highest value,
while Δt is the width of the step of an exponential
decrease. Four parameters (A1, A2, to and Δt) were
determined by applying the Levenberg-Marquardt
method (Origin 6.1) over the experimental data (saccharose concentrations in Figure 2). The values presented in Table 1 were obtained. S(t) functions were
determined for all investigated reactions at the
chosen temperatures and in the presence of different
inoculum concentrations. The achieved coefficients of
determination are very high (R2 > 0.99), indicating a
good fit of the data to the selected model within the
entire interval of variable values.
Significance of each particular parameter of the
concentration model (2) was assessed by statistically
determined t-factors (Table 2). An analysis of t-factors
gives a physical meaning to the parameters and to
the model itself. Obviously, the most significant parameter is A1 (42–44.5%), which is closely related to the
initial concentration of saccharose. Almost equally
significant are parameters to (27–29%) and A2 (21–
–24%). They correspond to the middle point on the
concentration curve (at which fast reaction starts to
decelerate) and to the final concentration of saccharose, respectively. The least significant is parameter Δt
(7–9%), which defines the width of the steepest part of
S(t) curve, associated with the period of time when
the most intensive consumption of saccharose occur.

Table 1. Parameters of sigmoidal (Boltzmann) concentration model
Parameters in Eq. (2)

Conditions
22 °C, 10% (V/V)

22 °C, 15% (V/V)

30 °C, 10% (V/V)

30 °C, 15% (V/V)

A1

67.51

A2

31.57

66.17

67.10

68.78

30.62

28.81

to

4.812

22.72

4.458

4.070

3.749

Δt

1.1000

0.7987

0.9215

1.248

R2

0.99539

0.98793

0.99816

0.99740
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Table 2. Statistical assessment of the parameters by t-factors
Conditions

t-Factors for parameters in Eq. (2)

22 °C, 10% (V/V)

22 °C, 15% (V/V)

30 °C, 10% (V/V)

30 °C, 15% (V/V)

t-Factor for A1

44.40%

41.60%

41.80%

42.00%

t-Factor for A2

21.90%

23.10%

23.60%

21.00%

t-Factor for to

26.70%

29.10%

27.70%

27.90%

t-Factor for Δt

7.03%

6.20%

6.96%

9.15%

Reaction rate model

Since the derivative (3) is obtained analytically,
its application does not cause any error in calculations. Derivatives, calculated from Eq. (3), are graphically presented in Figure 3 as the rate curves,
along with the S(t)-curves (experimental and estimated). Also, experimental rate values were presented for all investigated cases. The experimental
rates were calculated from the measured saccharose
concentrations at different temperatures and inoculum
concentrations. The rate estimates were done using
the derivative of S(t) function at the middle point of
each time interval, S (t )i +1 − S (t )i / Δt . Errors in

Because Kombucha fermentation is a complex
process, an empirical approach to modelling of fermentation kinetics was used. The model is based on
saccharose concentration change during fermentation. The first derivative of the concentration Eq. (2)
defines the rate of reaction (1):
t −t o

dS (t ) e Δt ( A 1− A2 )
−
=
2
t −t o 
dt

Δ
t
Δt  1 + e






(3)
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Figure 3. Reaction rate as a function of temperature and inoculum concentration; lines show mathematical models,
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such calculations could be significant, as depicted in
Figure 4, which makes the numerical approximation
of reaction rates less precise. When the deviations of
experimental rates from the calculated ones (model 3)
are expressed as a sum of squared differences
divided by total number of experimental points, the
following values are obtained: 1.35 (22 °C and 10%
(V/V)), 1.92 (22 °C and 15% (V/V)), 1.67 (30 °C and
10% (V/V)) and 1.48 (30 °C and 15% (V/V)), all in
g L-1 day-1.
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Reaction rate, g L day

-1

o

10

22 C,
o
22 C,
o
30 C,
o
30 C,

10%
15%
10%
15%

6
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-1

Figure 4. Saturation curves – reaction rates versus substrate
concentration; lines (B-spline) used only as guide to the eye.

The analysis of the rate curves (Figure 3) shows
that each one passes through a maximum, indicating
that the rate of fermentation increases to a maximum
after approximately 4-5 days. This acceleration phase
is partly caused by the microbial composition of
Kombucha cultures. Namely, yeast transforms glucose to ethanol, which in turn stimulates the production of acetic acid [7]. On the other hand, bacteria
synthesize a floating cellulosic pellicle that entraps
yeast cells and bacteria cells. The immobilization of
microorganisms improves the fermentation process. A
floating cellulosic pellicle could be observed as carrier
for the Kombucha yeasts and bacteria. All these interactions contribute to a kind of reaction self-acceleration. After reaching a maximum, the rate of reaction
decreases rapidly, probably due to an effect of overacidity, typical of later phases of fermentation, which
might suppress metabolic activity of the relevant cultures. This observation is supported by the results of
Chen and Liu [31] who investigated prolonged fermentation of saccharose by Kombucha. They also
found that accumulation of organic acids might reach
harmful levels to health despite the fact that some
valuable compounds may appear later in fermentation.
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The highest rate (11 g L-1 day-1) was achieved in
the system at 22 °C, previously inoculated with 15%
of starter culture. High rates (10.5 and 9.5 g L-1 day-1)
were obtained for reactions at 30 °C. The lowest maximum (8 g L-1 day-1) occurred in the reaction at 22 °C,
which was initiated with 10% (V/V) of starter culture. It
can be concluded that the results are generally in
agreement with the expectations related to the positive effect of temperature on kinetics of reactions.
Also, higher quantity of inoculum does not increase
the maximal rate of reaction, at 30 °C, suggesting that
inoculum concentration of 10% (V/V) would be an
acceptable level [29]. The fermentation conducted at
22 °C and 15% (V/V) starter cultures (Figure 3) is an
exception in terms of both relevant factors – temperature and inoculum concentration. Namely, the rate
of this reaction deviates from the expected high value.
An exact explanation of reasons for such a departure
of what is expected requires further investigation. As
far as duration of reaction is concerned, a longer
period of time (4.5–5 days) is required for achieving
maximal rate at low temperature, while a shorter
period of time (3.8–4 days) is enough at high temperature. Generally, reactions rates are higher at higher
temperature. When the data related to the rate curves
are known, the saturation curves (reaction rates
versus substrate concentration) can be presented
(Figure 4). The saturation curves show sigmoidal
kinetics at low substrate concentrations, indicating a
complex non-Michaelis-Menten type kinetics, which
were successfully modelled by the empirical model.
One of the benefits of knowing the rate of fermentation is the possibility for determining the optimal
duration of the process of Kombucha beverage production in order to achieve the required acidity (pH) of
the final product. Various authors suggest different pH
values, but none lower than pH 3.5. In our experiments, the fermentation broth reached this value
between 6.5 and 10 days (Figure 1). On the other
hand, if the fermentation were performed only within
the range of accelerated rates (3.8–5 days), the
achieved pH values would be approximately 4–4.3,
respectively. From our point of view [32], these values
are adequate.
CONCLUSION
By processing the experimental results, two
mathematical models for the kinetics of saccharose
fermentation by Kombucha were obtained – one for
the change of saccharose concentration during its
fermentation, and the other for the rate of the mentioned fermentation. It has been shown that both
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empirical models enable better insight into saccharose transformation, so the following conclusions can
be drawn:
• rate of fermentation increases to a maximum
within approximately 4–5 days for all
investigated
cases;
• after achieving maximum, rate of reaction decreases rapidly;
• rate of fermentation mostly increases with the
increase of working temperature in the range of 22
to 30 °C;
• rate of fermentation is slightly affected by the
concentration of inoculum in the range of 10 to 15%
(V/V);
• optimal duration of fermentation, under the applied
conditions, is 3.5–5 days;
• saturation curves show sigmoidal kinetics at the
chosen concentration of substrate.
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KINETIKA FERMENTACIJE SAHAROZE
KOMBUHOM
Mehanizmi reakcije tokom fermentacije saharoze uz primenu Kombuhe nedovoljno su
objašnjeni. U radu je analizirana kinetika fermentacije saharoze Kombuhom korišćenjem
predloženog empirijskog modela. Podaci su dobijeni na 1,5 g L-1 crnog čaja, sa 66,47 g L-1
saharoze i dodatkom 10 ili 15% (V/V) inokuluma Kombuhe. Ukupan broj vijabilnih ćelija bio
je sledeći: približno 5×105 ćelija kvasaca po mL inokuluma i približno 2×106 bakterijskih
ćelija po mL inokuluma. Uzorci su analizirani nakon 0, 3, 4, 5, 6, 7 i 10 dana. Određene su
pH vrednosti, sadržaj saharoze, glukoze, fruktoze i etanola kao i ukupna kiselost. Koncentracioni model saharoze definisan je kao sigmoidalna funkcija na 22 i 30 °C, i sa dodatkom
10 ili 15% (V/V) inokuluma. Determinisani koeficijenti funkcije bili su veoma visoki (R2 >
> 0,99). Brzine reakcija izračunate su kao prvi izvodi Boltzmanove funkcije. Nije utvrđena
jednostavna korelacija između brzine reakcije i nezavisno promenljivih (temperature i
koncentracije inokuluma). Analiza empirijskog modela ukazuje da fermentacija saharoze
Kombuhom podleže veoma kompleksnoj kinetici.
Ključne reči: Kombuha fermentacija saharoze, kinetika, empirijski model.
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IMPACT OF HIGH AND ZERO
FORMALDEHYDE CROSSLINKERS
ON THE PERFORMANCE OF
THE DYED COTTON FABRIC
Article Highlights
• Performance of toxic crosslinker DMDHEU and its alternative BTCA was assessed on
cotton fabrics
• Shade change of the crosslinker treated dyed fabrics were assessed and compared
• Performance of the alternative catalyst of sodium phosphate for BTCA was also
examined
• Both crosslinkers impart similar effect on the easy care and tensile strength retention
Abstract

Performance of colored cotton fabrics dyed with sulphur, vat, direct and reactive dyes was investigated using two crosslinkers. DMDHEU was used as a
formaldehyde-based crosslinker and BTCA was assessed as a zero formaldehyde alternative. The shade change of the fabrics treated with both crosslinkers was comparable and in acceptable range apart from all sulphur dyes
and two reactive dyes. However, the shade change of the sulphur dyed fabrics
was significantly improved when typical sodium hypophosphite based catalyst
for BTCA was replaced with sodium phosphate. In addition, tensile strength
and easy care performance of the crosslinker treated dyed fabric was also
assessed.
Keywords: coloration, formaldehyde based crosslinkers, polycarboxylic
acid, shade change, textile easy care performance.

Cotton is among the most imperative apparel
fibers of the world due to it numerous end use performance advantages [1,2]. Typically, cotton fabric is
first dyed and then finished with easy care crosslinkers to achieve the desired color and wrinkle free
performance. Easy care crosslinkers are among the
most commonly used finishes for cotton to overcome
the drawback of wrinkling of cotton especially after
washing [3–5]. Unfortunately, crosslinkers impart
negative effect on the shade of the dyed fabric [6–9].
Requirement of acidic pH, metal catalyst, high temperature and longer curing time are some of the major
reasons for the observed change in the shade of dyed
fabric after easy care crosslinker treatment.
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Formaldehyde based crosslinkers are the most
commonly used easy care crosslinkers for cotton due
to their excellent performance and low cost [10,11].
Unfortunately, formaldehyde has toxic issues associated with its use. Formaldehyde can cause difficulty
in breathing, headaches, skin irritation, but most problematic of all, it is a human carcinogen [12–18]. Therefore, zero add-on formaldehyde crosslinkers are gaining importance. Consequently, intensive efforts have
been undertaken to develop environmentally friendly
finishing systems.
Polycarboxylic acids (PCA) are formaldehydefree crosslinking agents and BTCA (Butanetetracarboxylic acid) is the most effective among them
[19,20,26]. Sodium hypophosphite (SHP) was identified as being the most effective catalyst from the
range of catalysts evaluated [21–23]. However, SHP is
a strong reducing agent and consequently has a
negative effect on the shade of the dyed fabric [24–
–25]. Shade change is very prominent in case of sulphur dyes due to the strong reducing nature of SHP.
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Most of the easy care fabrics are first dyed and then
finished; therefore, it is necessary for zero formaldehyde crosslinkers to have the least or no deleterious effect on the color of the dyed fabric.
Crosslinkers also tend to impart negative effect
on the tensile strength of the finished fabric. However,
most research related to tensile strength retention
after crosslinker treatment is focused on white fabrics
rather than dyed, while in practice, cotton fabrics are
first dyed and then finished. There is also no literature
available on the effects of different crosslinkers on the
crease recovery performance of the range of dyed
fabrics.
Therefore, this study was conducted to analyze
the effect of formaldehyde based crosslinker
(DMDHEU) and BTCA as zero formaldehyde crosslinker, on the performance range of dyed cotton fabric.

Chem. Ind. Chem. Eng. Q. 20 (3) 353−360 (2014)

Vat green 3

Vat blue 4

EXPERIMENTAL
Vat green 1

Material
100% Bleached cotton fabric was used in this
study. Butanetetracarboxylic acid (BTCA), sodium
hypophosphite monohydrate (SHP), sodium phosphate, dimethyloldihydroxyethylene urea (DMDHEU)
and MgCl2 were supplied by Aldrich chemicals.
Different commercial dyes were obtained from
various sources. Three sulphur dyes used in this
research were sulphur black 1 (Diresul black RDT-LS
200%), leuco sulphur green 2 (Diresul green RDT-N)
and leuco sulphur red 10 (Diresul bordeaux RDT-6R):

Three direct dyes consisted of direct black 22
(Everdirect black VSF 600%), direct red 80 (Red 3B
conc) and direct yellow 106 (Solophenyl yellow ARLE
154%):

Direct black 22

Direct red 80
Sulphur black 1

Leuco sulphur green 2

Leuco sulphur red 10
Vat green 3 (Cibanone olive B), vat blue 4 (Cibanone blue RS) and vat green 1 (Cibanone green BF)
were among the three vat dyes used:

354

Direct yellow 106
Following nine different commercially available
reactive dyes were used: reactive blue 38 (Remazol
brilliant green 6B), reactive black 5 (Remazol black
B), reactive orange 4 (Procion orange MX-2R), reactive red 2 (Procion red MX-5B), reactive green 12

M. MOHSIN et al.: IMPACT OF HIGH AND ZERO FORMALDEHYDE…

(Drimarene brilliant green X-3G), reactive red 238
(Cibacron red C-R), reactive orange 91 (Cibacron yellow F-3R), reactive red 184 (Cibacron red F-B) and
reactive blue 182 (Cibacron blue F-R).

Chem. Ind. Chem. Eng. Q. 20 (3) 353−360 (2014)

:1999 was used to determine the tensile strength of
the treated fabric. Color change rating was given by
using spectrophotometer, Spectra Flash 600, on the
scale of 1–5 where 1 represents the highest color
change and 5 represents the least or no color change.
RESULTS AND DISCUSSION

Reactive black 5

Reactive red 2

Reactive orange 91

Reactive orange 4
Chemical structures of Reactive red 238 (monoazo benzotriazines based), Reactive blue 38 (phthalocyanine based), reactive blue 182 (Formazan copper
complex based), Reactive red 184 (Monoazo based)
and Reactive green 12 (Phthalocyanine based) are
kept confidential by the manufacturer.
Method
Dye concentration used for dyeing was 2% (on
the weight of the fabric). The dyeing process was performed according to manufacturer recommendation.
After dyeing the fabric, it was padded with the desired
crosslinker recipe (50 g/l of the crosslinker) with a wet
pick up of 80%. Fabric was dried at 100 °C for 5 min
and cured at 160 °C for 3 min in case of DMDHEU
and 180 °C for 1.5 min when BTCA was used.
British and European standard BS EN 22313:
:1992 was used to assess the crease recovery performance of the cotton fabric. BS EN ISO 13934-1:

The crease recovery angle of the cotton fabric
without being dyed and finished was only 117°. In
addition, the dyeing of the cotton fabric resulted in no
significant improvement in the easy care performance
of the dyed fabric. The crease recovery angle of the
dyed samples range from only 117 to 129°, reflecting
the need to apply a crosslinker in order to boost the
easy care performance of the dyed fabric.
Effect of crosslinker treatment on shade of the
sulphur dyed fabric
Two different crosslinkers, carboxylic acid based
BTCA and formaldehyde based DMDHEU, were
analyzed on the three sulphur dyed cotton fabrics.
Treatment of DMDHEU crosslinker on the sulphur
dyed fabrics did change the shade of the dyed fabrics.
The color change rating of 4 was achieved when
sulphur black 1 and leuco sulphur green 2 dyed
fabrics were treated with DMDHEU. However, rating
was reduced to 3–4 for leuco sulphur red 10. Nevertheless, 35–40% decrease of in tensile strength was
observed while using DMDHEU as a crosslinker.
However, treatment with BTCA and SHP imparted
a significant negative impact on the color change of
the dyed fabric. The color change rating was as low
as 1 with BTCA and SHP, due to the strong reducing
nature of SHP. This problem was reported in literature
when SHP was used with sulphur dyes [25]. Therefore, catalyst based on SHP was replaced with sodium
phoshphate leading to comparable rating of color
change as that of DMDHEU treated fabric, Table 1. In
addition, sulphur dyed fabric treated with sodium
phoshphate and BTCA exhibited about 5% better tensile strength retention than DMDHEU treated fabric.
Crease recovery of the dyed fabric was significantly improved by using any of the crosslinkers as
compared to the untreated cotton fabric. However, all
three sulphur dyed fabrics exhibited different crease
recovery angles with both of the crosslinkers. BTCA
and SHP treatment on leuco sulphur green 2 dyed
fabric demonstrated higher crease recovery than
DMDHEU treated fabric (Figure 1). However, DMDHEU
treatment on sulphur black 1 dyed fabric exhibited two
degrees better crease recovery than BTCA. In contrast, BTCA with SHP, and DMDHEU treatment on
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Table 1. Effect of crosslinker treatment on shade of the sulphur dyed cotton fabric; S.D. – standard deviation
Conditions
BTCA = 50 g/l; SHP = 40 g/l

C.I. Reference
sulphur

Sulphur black 1

DMDHEU = 50 g/l; MgCl2 = 10 g/l

Color change
rating

Tensile strength
retention, % (S.D.)

Color change
rating

Tensile strength
retention, % (S.D.)

BTCA = 50 g/l;
sodium phosphate = 40 g/l
Color change
rating

Tensile strength
retention, % (S.D.)

2

59 (0.43)

4

60 (0.42)

4

64 (0.44)

Leuco sulphur green 2

2-3

65 (0.48)

4

64 (0.51)

4

69 (0.48)

Leuco sulphur red 10

1

62 (0.41)

3-4

65 (0.46)

3-4

70 (0.40)

sulphur red 10 dyed fabric exhibited the same crease
recovery angle of 240°.
Sulphur black 1 has the lowest molecular weight
of 184 among the three sulphur dyes used in this
research. Fabric dyed with this dye and treated with
the crosslinker exhibited the highest crease recovery
angle than the remaining two sulphur dyes. Leuco
sulphur red 10 has the second lowest molecular weight
of 186 among the three sulphur dyes and Leuco
sulphur green 2 has the highest molecular weight of
433. The crease recovery angle of the lower molecular weight sulphur red 10 was higher than sulphur
green 2. It can be concluded that the molecular
weight of the dye plays a vital role in the crease
recovery angle of the dyed and finished fabric. From
Figure 1, a trend could be noticed that greater the
molecular weight of the dye lesser will be the crease
recovery angle of the dyed and finished fabric; this

might be due to the relatively more fiber pore area
occupation by the high molecular weight dye than the
lower molecular weight dye, consequently limiting the
amount of the crosslinker that gets inside the pores
and can crosslink.
It is also observed that when sodium phosphate
was used as a catalyst with BTCA for all three sulphur
dyed fabrics then crease recovery angle is lower than
BTCA with SHP and DMDHEU. However, it is not
surprising as SHP is reported to be the most effective
catalyst for BTCA [21].
Effect of crosslinker treatment on shade of the vat
dyed fabric
Vat dyed fabrics were the second class of dyed
fabrics on which crosslinkers performance was analyzed to assess the change in shade of the finished
fabric. DMDHEU treated fabric exhibited good rating
of color change of 3-4 to 4-5 (Table 2). However,

Figure 1. Effect of crosslinkers on the crease recovery angle of the sulphur dyed fabric.
Table 2. Effect of crosslinker treatment on shade of the vat dyed cotton fabric; S.D. – standard deviation
Conditions
C.I Reference Vat
Vat green 3
Vat green 1
Vat blue 4
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BTCA = 50 g/l; SHP = 40 g/l

DMDHEU = 50 g/l; MgCl2 = 10 g/l

Color change rating

Tensile strength retention, % (S.D.)

Color change rating Tensile strength retention, % (S.D.)

4-5

66 (0.53)

4

60 (0.57)

4

57 (0.56)

4-5

71 (0.55)

4-5

69 (0.59)

3-4

68 (0.52)
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fabric treated with BTCA and SHP also exhibited the
color change rating of 4 to 4-5. Nevertheless, shade
change due to the treatment of BTCA with SHP was
equal or better than DMDHEU treatment. In addition,
vat dyed fabric treated with BTCA and SHP demonstrated similar tensile strength retention as that of the
DMDHEU treated fabric.
The order of molecular weight (MW) of the vat
dyes used for dyeing cotton in this research is vat
green 1 (MW = 516) > vat green 3 (MW = 449) > vat
blue 4 (MW = 442). The order of dry crease recovery
angle of the dyed and finished fabric was vat blue 4 >
> vat green 3 > vat green 1 (Figure 2). These results
confirm that the greater the molecular size of the
dyes, the lower will be the crease recovery angle of
the dyed and finished fabric. Therefore, the size of the
dye used for dyeing does affect the easy care performance of the vat dyed and finished fabric.
Effect of crosslinker treatment on shade of the direct
dyed fabric
The third class of the dye examined for the
shade change by the crosslinker treatment was direct
dyes. Again DMDHEU treatment on the direct dyed
cotton fabric exhibited good color change rating of 3-4
to 4-5. Nonetheless, direct dyed fabric treated with
BTCA and SHP exhibited exactly the same color
change rating as that of DMDHEU for all three direct
dyes (Table 3). In addition, there is hardly any performance difference in terms of tensile strength retention between the two crosslinkers for all the three
direct dyed fabrics.

Chem. Ind. Chem. Eng. Q. 20 (3) 353−360 (2014)

The direct dyes used in this research have relatively higher molecular weight than other dyes; consequently, the crease recovery angle exhibited by the
direct dyed and finished fabric is comparatively lower
than other dyed fabrics. The lowest molecular weight
among direct dyes was of direct black 22 (MW =
= 1119) and therefore, exhibited the highest crease
recovery angle than the remaining two higher molecular weight direct dyed fabrics (Figure 3). These
results provide further evidence that greater the molecular weight of the dye lesser will be the crease recovery angle of the dyed fabric after crosslinker treatment.
Effect of crosslinker treatment on shade of the
reactive dyed fabric
Reactive dyes are an important class of dyes for
the coloration of cotton fabrics. Therefore, fabric dyed
with various reactive dyes was also examined for the
color change due to the crosslinker treatment.
DMDHEU treatment on the range of reactive dyed
fabrics did exhibit the change in the color of the
treated fabrics, Table 4. However, it was in good
range of 3-4 to 4-5 for all the reactive dyes used in
this research. In addition, most of the reactive dyed
fabrics treated with BTCA and SHP exhibited acceptable shade change rating of 3 to 4-5. Nevertheless,
reactive black 5 dyed fabric and tertiary color dyed
fabric containing mixture of reactive orange 91, reactive red 184 and reactive blue 182 demonstrated poor
color change rating of 2. Reactive black 5 is a vinyl
sulfone based dye and, consequently, the change in

Figure 2. Effect of crosslinkers on the crease recovery angle of the vat dyed fabric.
Table 3. Effect of crosslinker treatment on shade of the direct dyed cotton fabric; S.D. – standard deviation
C.I Reference
Direct
Direct black 22

Conditions
BTCA = 50 g/l; SHP = 40 g/l
Color change rating

Tensile strength retention, % (S.D.)

3-4

57 (0.50)

DMDHEU = 50 g/l; MgCl2 = 10 g/l
Color change rating Tensile strength retention, % (S.D.)
3-4

56 (0.57)

Direct red 80

4-5

70 (0.53)

4-5

72 (0.58)

Direct yellow 106

4-5

59 (0.51)

4-5

61 (0.54)
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Figure 3. Effect of crosslinkers on the crease recovery angle of the direct dyed fabric .
Table 4. Effect of crosslinker treatment on shade of the reactive dyed cotton fabric; S.D. – standard deviation
Conditions
C.I. Reference
reactive

BTCA = 50 g/l; SHP = 5 g/l

DMDHEU = 50 g/l; MgCl2 = 10 g/l

BTCA = 50 g/l;
sodium phosphate = 40 g/l

Color change
rating

Tensile strength
retention, % (S.D.)

Color change
rating

Tensile strength
retention, % (S.D.)

Color change
rating

Tensile strength
retention, % (S.D.)

4

54 (0.44)

4

52 (0.45)

–

–

Reactive orange 4

4-5

60 (0.47)

3-4

59 (0.48)

–

–

Reactive red 2

3-4

61 (0.51)

3-4

63 (0.43)

–

–

Reactive blue 38

Reactive red 238

3

69 (0.43)

3-4

72 (0.47)

–

–

Reactive black 5

2

52 (0.46)

4

50 (0.46)

4

57 (0.43)

Reactive green 12

3-4

53 (0.49)

3-4

54 (0.51)

–

–

Reactive orange 91
Reactive red 184
Reactive blue 182

2

57 (0.50)

4

54 (0.53)

4

63 (0.41)

color of the dyed fabric using this particular dye and
then finishing is due to the reaction between strong
reducing catalyst SHP and vinyl sulphone. It is also
noticed that reactive blue 182 is among the dyes used
in the tertiary shade dyeing of the fabric and reactive
blue 182 is based on formazan copper complex.
Therefore, in the presence of strong reducing catalyst
SHP and copper complex, fabric dyed with this dye
and then after treated with BTCA and SHP exhibited
the
colour
change.
However, shade change rating was raised to the
rating of 4 for both fabrics; equivalent to the rating of
DMDHEU treated fabric, when SHP based catalyst
was replaced with sodium phosphate for BTCA. The
tensile strength retention of the reactive dyed fabric
treated with any of the crosslinker is similar to each
other, as it was observed in case of other classes of
dyed and finished fabrics.
Seven of the reactive dyed fabrics finished with
both the crosslinkers exhibited different crease recovery angle performance. However, it could easily be
noticed that the molecular weight of the dye determines the crease recovery performance of the dyed
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and finished fabric when crosslinker amount is kept
constant. Reactive red 238 has the lowest molecular
weight of 366 among the all reactive dyes used in this
research and consequently, it has the highest crease
recovery angle among the all reactive dyed and
finished fabrics (Figure 4). In contrast, reactive green
12 has the highest molecular weight of 1283 and has
the lowest crease recovery performance among all
reactive dyes used in this research.
CONCLUSION
The shade change of cotton fabric dyed with
sulphur, vat, direct and reactive dyes was assessed
after the application of DMDHEU and BTCA. Acceptable shade change rating of 3-4 to 4-5 was obtained
with the application of DMDHEU. Dyed fabrics after
treatment with zero formaldehyde based crosslinker
BTCA exhibited similar shade change in most of the
cases apart from three sulphur dyed and two reactive
dyed fabrics. However, shade change ratings were
brought back to the acceptable range by replacing the
strong reducing catalyst sodium hypophosphite with
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Figure 4. Effect of crosslinkers on the crease recovery angle of the reactive dyed fabric.

sodium phosphate. Nonetheless, easy care performance and tensile strength retention of the BTCA and
DMDHEU finished dyed fabric were in the similar
range. It was observed that the greater the size of the
dye, the lower the crease recovery angle of the
finished fabric was. Therefore, the molecular weight
of the dye should be considered during the selection
of dye for cotton fabric on which easy care treatment
has to be performed at the later stage. Overall, it
could be concluded that BTCA treated fabric exhibited
similar performance as compared to toxic formaldehyde-based crosslinker DMDHEU, thus BTCA could
replace DMDHEU treatment for cotton fabric.
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Article Highlights
• For the adsorbent formation process, the optimal ratio of SDBAC and zeolites is 50–75
+
mmol M /kg
• Larger grains have lower zeolite adsorption potential of SDBAC on the surface of
zeolite
• The most favorable percentage of solids content in the zeolite suspension is 10–20%
• Temperature has no significant effect on adsorption of SDBAC on the surface of the
zeolite
Abstract

This paper investigates the effects of several parameters (amount of organic
matter, grain size, content of solid phase, stirring rate, and temperature) on the
adsorption of stearyl dimethyl benzyl ammonium chloride (SDBAC) in natural
zeolite tuff in the process of formation of adsorbents based on organo-zeolite,
a potential filter in wastewater treatment process. The obtained results show
that the most favorable ratio between the amount of SDBAC and zeolites is
50–75 mmol M+/kg. Larger grains have lower zeolite adsorption power of organic cations on the surface of zeolite, while favorable percentage of content of
solids in the zeolite suspension is 10–20%. Interference between adsorption of
mixture and temperature, especially in volumes of SDBAC lower than 75 mmol
M+/kg of zeolite, has no significant impact on adsorption of organic cations on
the surface of the zeolite. The obtained results present an initial step for defining the optimal operating parameters for forming adsorbents based on organo-zeolite as a potential filter in wastewater treatment.
Keywords: organo-zeolite, surface active substances, adsorption, filtration.

The interest of researchers in natural zeolite and
organo-zeolite has increased over the years, mainly
because of their potential for much wider practical
application. Zeolites, because of their morphstructural characteristics, have found wide applications in water purification and wastewater treatment
processes, especially in removal of ammonia, nitrogen, phosphate, heavy metals and numerous other
toxicants [1].
Zeolites are crystalline, hydrated aluminosilicates of alkali and earth-alkaline elements. They are
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Serbia.
E-mail: drgara@gaf.ni.ac.rs
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made of three-dimensional network of SiO44- and AlO4
tetrahedrons, where all four corner modes of each
tetrahedron of oxygen ions are shared with neighboring tetrahedrons [2]. Each tetrahedron in the network contains silicon or aluminum as the central cation, while the structure itself is electroneutral. Zeolites
have ability to exchange some of their constitutive
cations without major change in their structure, and to
lose or receive water.
Zeolites contain hydrated inorganic cations,
which implies that their surface is hydrophilic and
shows no affinity toward hydrophobic weak polar organic molecules. In order to be used for the sorption of
nonpolar and weakly polar organic pollutants, it is
necessary to modify zeolite with surface-active substances [2]. The modification process exchanges cations on the surface of the zeolite and replaces them
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with a long chain of organic cations, surfactants,
thereby building up organic-mineral complexes. The
obtained complex is hydrophobic. This allows the
adsorption of nonpolar and weakly polar organic pollutants that could not be adsorbed by the natural zeolite [2].
Quaternary ammonium salts are commonly
used for surface modification of clay minerals and
zeolites [3]. At lower concentrations, organic cations
in solution exist in form of monomers, whereas at
higher concentrations, in some cases, it leads to the
formation of micelles or some type of bilayer. The
concentration at which micelles are formed is called
the critical micelle concentration (CMC) [4].
Quaternary amine adsorption of clay minerals
and zeolite depends on their functional properties
(surface charge, cation exchange capacity and
exchangeable cation species and the flexibility of the
layers). The mechanism of adsorption of quaternary
amines on the surface of the zeolites depends on,
among other things, the concentration of amine in
solution and the ratio of amines to the external cation
exchange capacity of zeolite (ECEC). At concentrations lower than the external cation exchange capacity (ECEC), organic cation is linked to the surface of
zeolite by electrostatic interactions with the negatively
charged surface, whereas at higher concentrations of
organic cations (ECEC), leads to the formation of a
bilayer, with the second layer binding through hydrophobic interactions to the first [5]. The initial part of
the second layer is available for changing the anion
[6]. This effect generates an adsorbent with higher
adsorption ability of anions, but it is very important
that this adsorbent has the capability of simultaneous
adsorption of some cationic and organic contaminants. The adsorption of pollutants depends on the
properties of adsorbent, such as crystal structure, net
charge and charge distribution, the availability of
surface, and the properties of the pollutant itself.
Numerous options exist to modify surface of minerals,
and they provide a solid basis for further investigation
of potential adsorption of other significant pollutants.
Formation of organo-mineral adsorbents, as a
potential filter for water and wastewater treatment
process, depends on several important factors. In
addition to the factors affecting the cost of obtaining
organo-mineral adsorbents, mainly the amount of
organic matter and content of the solid phase, the
special significance have the factors that influence the
potential application of adsorbents organo-mineral as
a filter for water and wastewater treatment, especially
the grain size.
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With the increase of solid phase content, in
terms of adsorption, the number of contacts between
the organic modifier and the active centres on the
surface of clinoptilolite is increased also. From an
economic perspective, it reduces the organo-zeolite
drying costs, thereby significantly reducing the costs
of production. For potential application of adsorbents
as an organo-mineral filter in water and wastewater
treatment process, the grain size is a very important
feature since the decreased grain size reduces the
filtering capacity of adsorbent, and thereby the possibility of its application as a filter.
The research presented in this paper examines
the effects of surface adsorption of active substance
quaternary ammonium salt stearyl dimethyl benzyl
ammonium chloride (SDBAC) in the process of
obtaining organo-zeolite depending on various parameters (amount of organic matter, grains size, content of solid phase, stirring speed, and temperature).
The main objective is to define the optimal parameters for obtaining surface modified zeolite that will
be used as a filter in wastewater treatment, primarily
for the adsorption of organic pollutants present in the
water. It should be noted that the effects of various
parameters are studied separately, and the best combination of parameters to obtain surface-modified
zeolite is not analyzed. Such an analysis requires
more extensive research and certainly will be the subject of further interest by the author.
The obtained organo-zeolite has the ability to
adsorb nonpolar and weakly polar organic pollutants,
while the larger amounts of adsorbed SDBAC on the
surface of zeolite does not indicate better adsorption
characteristics of zeolite. Hydraulic characteristics of
the filter formed of organo-zeolite and reduction efficiency of basic parameters of wastewater in the filtering process of organo-zeolites with different granulometric composition, will be presented in a separate
paper. The verification of the obtained adsorption
capacity of modified zeolite in elimination of nonpolar
and weakly polar organic pollutants will be analyzed
in the future.
EXPERIMENTAL
Materials
Adsorbent is formed using granular organozeolite. The initial used material was zeolite tuff from
the reservoir Beočin, Fruška Gora, Serbia. As an
organic component in the synthesis of organo-zeolite,
quaternary ammonium salt stearyldimethylbenzyl
ammonium chloride (SDBAC) was used (Hoechst,
Germany).
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Zeolite samples were prepared by grinding and
wet classification procedure. This process isolated
four fractions for the purpose of analysis: sample Z-I
(fraction 0–0.5 mm), sample Z-II (fraction 0.4–0.8 mm),
sample Z-III (fraction 0.8–3.0 mm) and sample Z-IV
(fraction 3.0–5.0 mm). Subsequently, 0.5 kg of the
starting zeolite and the zeolite thermally treated at
temperature of 100 °C for 2 h, were added to 500 ml
SDBAC solutions with concentrations of 50, 75, 100
and 150 mmol SDBAC/l heated at a temperature of
25 or 80 °C. The suspensions were filtered after 30
minutes; precipitates were washed with distilled water
and dried at a temperature of 70 °C. The altered cation content and equilibrium concentration of SDBAC
were measured in the filtrate. The extent of adsorbed
organic components was determined as the difference between the amount of added SDBAC and residual cations in the filtrate after adsorption. These
samples were tested on influence of laboratory conditions on adsorption of organic components on the
surface of zeolites. The adsorption experiments were
performed at room temperature.
Adsorption experiments
Amounts of organic substances required for the
surface modification of zeolite were studied by means
of adsorption experiments, so that the added amount
of organic substances gives the following relations
ECEC (mmol M+/kg sample)/SDBAC (mmol M+/kg
sample): 1:0.33, 1:0.67, 1:1, 1:1.33, 1:2, 1:2.67 and
1:4.
The effects of grain size on adsorption of
SDBAC on the zeolite were investigated by monitoring the kinetics of SDBAC adsorption on the surface of formed samples Z-I to Z-IV.
The effects of the solid phase on SDBAC
adsorption were investigated using following method:
adsorption mixtures, containing the solid phase of 5,
10 and 20%, were mixed at a speed of 2000 rpm at a
given time, while the kinetics of adsorption on the
surface of clinoptilolite SDBAC was monitored.
The effect of mixing intensity on the adsorption
SDBAC was studied by the adsorption kinetics followed by SDBAC on the surface of zeolite fraction
0.4–0.8 mm (20% concentration of suspension) at the
following rates of mixing: 1500, 2000, 2500 and 4000
rpm. For comparison, an experiment was performed
and adsorption measured without interference with
adsorption of the mixture.
Temperature effects on SDBAC adsorption were
investigated by adding the initial sample at 25 °C
(labeled HZ) and thermally processed zeolite sample
at 100 °C (TZ), to reduce the moisture content pre-
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sent on the surface, the quaternary ammonium salt
solutions SDBAC whose temperature was 25 (HR)
and 80 °C (TR). Four combinations of suspensions
with different SDBAC concentrations were prepared
(50, 75, 100 and 150 mmolM+/kg of zeolite): HZ (25
°C) – HR (25 °C), TZ (100 °C) – HR (25 °C), HZ (25
°C) – TR (80 °C), and TZ (100 °C) – TR (80 °C). After
30 min of interaction, the samples were filtered and
the contents of altered cations and the balance concentrations of organic cations in filtrates were determined.
Methods for determining characteristics of zeolites
and organo-zeolite
The initial samples of zeolite and obtained organo-zeolites were characterized using the following
methods: determination of chemical composition and
mineral compositions, determination of total cations
exchange capacity (CEC), the external cations
exchange capacity (ECEC) and free amine in solution
(SDBAC).
Quantitative chemical analysis of the initial zeolite samples for determination of chemical composition was performed on a Perkin Elmer 703 atomic
adsorption spectrophotometer after the destruction of
the sample by melting.
The mineralogical composition of the initial zeolite samples was determined by a Philips PW-1710
X-ray diffraction diffractometer with a Cu anticathode
and graphite mono-chromator. The sample was recorded in the range of angles 2θ between 4 and 65°,
with a time constant of 0.25 s and a step of 0.02°.
The total cation exchange capacity of initial zeolite sample with different grain size was determined
by the standard method of ion exchange with ammonium chloride [7]. The mass of 1 g sample was left to
stand for 24 h in 100 ml of ammonia solution, at pH 7,
with occasional shaking. After completion of ion
exchange, the suspension is filtered and the concentration of exchangeable Ca2+, Mg2+, K+ and Na+ was
determined in the filtrate, whose sum calculated per
kg of sample is total CEC. The concentrations of Ca2+
and Mg2+ were determined by titration with standard
EDTA solution. The concentrations of Na+ and K+
were determined by a flame photometer (Dr Lange
Flammen-Photometer M&D – Propane).
The external cation exchange capacity of zeolites initial sample with different grain sizes was
determined by the method of Ming and Dixon [8], and
modified by Bowman [6].
The method of titration with a standardized solution of Na-lauryl sulfate was used to determine the
free amines in solution that were not adsorbed on the
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surface of clinoptilolite in the presence of mixed indicator system dimidium bromide and disulfin blue [9].
RESULTS AND DISCUSSION
Characteristics of the initial sample of zeolite
Quantitative chemical analysis revealed that the
basic sample of zeolite contains 66.87% SiO2,
13.46% Al2O3, 8.12% of other oxides (Fe2O3, CaO,
MgO, Na2O and K2O), while the annealing loss (loss
of ignition) was 11.45%.
XRPD analysis of the initial sample was used to
obtain the zeolite powder diffraction. Based on this, it
can be concluded that the dominant phase is a present mineral clinoptilolite, while other accompanying
minerals are quartz, feldspar and carbonate. Semiquantitative X-ray analysis of multiphase samples
showed that the mineral clinoptilolite is present in
range between 75 and 80%.
The type and content of exchangeable cations in
the initial zeolite samples of different fractions are
shown in Table 1. The total cation exchange capacity
was obtained by adding the contents of exchangeable
cations.
Impact of SDBAC amount on the formation of
organically modified zeolite
When it comes to the effects of the amount of
added organic substance SDBAC on its adsorption on
zeolites, the obtained results show a linear
dependence of the adsorbed amount relative to the
added amount of organic substance SDBAC up to the
amount of added organic substance SDBAC of 150
mmol M+/kg (ECEC/SDBAC ratio 1:2). Also, for all
added amounts of organic substance SDBAC, linear
dependence of the percentage of adsorbed amounts
relative to the amount of added organic substance
SDBAC was observed.
For the added quantity of organic substance
SDBAC of 25 mmol M+/kg (ECEC/SDBAC ratio
1:0.33) the total amount added organic substance, or
100%, was adsorbed. However, for added quantities
of organic substance SDBAC of 50, 75 and 100 mmol
M+/kg (ECEC/SDBAC ratio 1:0.67, 1:1.33 and 1:1),
the following amounts were adsorbed: 45, 65 and 80
mmol M+/kg or 90.0, 86.7 and 80.0% of added organic
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substance, respectively. For added quantities of organic substance SDBAC of 150 and 200 mmol M+/kg
(ECEC/SDBAC ratio 1:2 and 1:2.67), the maximum
amount of 105 mmol M+/kg, that is 70 and 52.5% of
added organic substance were adsorbed. For the
added quantity of organic substance SDBAC of 300
mmol M+/kg (ECEC/SDBAC ratio 1:4), and the adsorbed amount decreased to 90 mmol M+/kg, or 30%
of added organic substance.
The maximum value of SDBAC adsorption in the
zeolite sample is 105 mmol M+/kg and it exceeds the
value of external capacity of clinoptilolite, while for the
tested samples is Z-IV (fraction 3.0–5.0 mm) ECEC =
= 73 mmol M+/kg, Z-III (fraction 0.8-3.0 mm) and Z-II
(fraction 0.4-0.8 mm) ECEC = 75 mmol M+/kg, Z-I
(fraction 0.0–0.5 mm) ECEC = 78 mmol M+/kg (Table
1). This result confirmed the information presented in
the literature indicating that the adsorption of SDBAC
takes place through several mechanisms, not only
through the mechanism of cation exchange [10]. Two
major mechanisms are generally proposed for the
adsorption of cationic surfactants onto different clays
and zeolite minerals are ion exchange and hydrophobic interactions [11,12].
Since the maximum value of SDBAC adsorption
in the sample is 105 mmol M+/kg and it exceeds the
value of external capacity of clinoptilolite, the recommend ratio of SDBAC and zeolite is in the range of
50–75 mmol M+/kg zeolite (ECEC/SDBAC ratio 1:0.67–
–1:1).
Figures 1 and 2 present results of the effect of
grain size on SDBAC adsorption on zeolites.
The results shown in Figure 1 indicate that the
increase in grain size reduces the adsorption of organic cations on the surface of clinoptilolite, which is
not reflected in the size of the 75 SDBAC mmol
M+/kg. When the amount of added SDBAC is less
than 75 mmol M+/kg in the samples of zeolites with
smaller grains Z-I (fraction 0–0.5 mm) and Z-II (fraction 0.4–0.8 mm, the adsorption SDBAC is complete
(the index of adsorption 100%), while the samples
with larger grains Z-III (fraction 0.8-3.0mm) adsorption
index of about 90%, and Z-IV (fraction 3.0–5.0 mm)
about 80%. The difference is especially noticeable at
higher added concentrations of SDBAC (greater than
100 mmol M+/kg of zeolite). For the amount of added

Table 1. The content of exchangeable cations, CEC and ECEC initial zeolite samples of different grain size ( mmol M+/kg)
2+

2+

Na

+

CEC

ECEC

Ca

Mg

Z-I (0.0–0.5 mm)

1025

115

394

35

1569

78

Z-II (0.4–0.8 mm)

960

107

370

32

1469

75

Z-III (0.8–3.0 mm)

850

110

400

30

1390

75

Z-IV (3.0–5.0 mm)

843

110

389

30

1372

73
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Figure 1. SDBAC adsorption on zeolite samples of different fractions.
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Figure 2. Inorganic cations altered the SDBAC adsorption the zeolite samples.

150 mmol M+/kg SDBAC of zeolite index adsorption
SDBAC in a sample of zeolite Z-I (fraction 0–0.5 mm)
was 90% (135 mmol M+/kg sample) in contrast to the
sample Z-IV (fraction 3.0–5.0 mm), where the adsorption index was 57% (86 mmol M+/kg sample).
The results shown in Figures 1 and 2 present
equivalent ionic exchange between the exchangeable
cations in the zeolite and SDBAC in the case of Z-I
samples (fraction 0–0.5 mm) and Z-II (fraction 0.4–0.8
mm) when the amine is added in a quantity equal to
or less than the ECEC value. Also, the sum of cations, changed at different amounts of added amines,
does not exceed the ECEC value of the zeolite. For
Z-III (fraction 0.8-3.0 mm) and Z-IV (fraction 3.0–5.0
mm) samples change with organic cations are not
equivalent. Although the adsorbed SDBAH value is
equal to or greater than the value ECEC zeolite cations, the content of the filtrate is significantly smaller

than the zeolite samples with smaller grain size distribution. The obtained results indicate that the increase in grain size of zeolite reduces the availability of
exchangeable cations in the reaction of ion exchange
with organic cations.
Figure 3 shows the value of adsorbed amount of
organic cations as a function of time for different fillings of the solid phase. From the perspective of
adsorption, the number of contacts between the organic modifier and the active centers on the surface of
clinoptilolite increases with the increased content of
the solid phase. Adsorption rate is proportional to the
total amount of active centers on the surface of
clinoptilolite.
Figure 3 shows that the maximum rates of
adsorption occur in the first 5 min of mixing, while the
suspensions containing 5, 10 and 20% of solid phase
adsorb close to 20, 35 and 50% of the initial amount
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Figure 3. Dependence of SDBAC adsorbed on the zeolite surface of contact time for different rates of solid phases.

of added organic cations, respectively. The rate of
adsorption in the first 5 min of mixing is the highest for
the suspension containing 20% of solid phase, while
nearly 50% of the initial volume of added organic
cations is adsorbed. This can be explained by the fact
that the suspension containing 20% of solid phase
has the largest contact frequency of organic cation
and active centers on the surface of zeolite.
The adsorption rate rapidly decreases subsequently due to the reduced number of active centres
available for adsorption and, after 30 minutes, it is
practically equal for all three suspensions with different content of the solid phase.
In suspensions containing 20% of solid phase
majority of the quantity of organic cations (95%) is
adsorbed in 90 min, while in the suspensions containing 5 and 10% of the solid phase the equivalent
amount of organic cations (91 and 93%) is adsorbed
in 120 min. If a suspension contains more than 20%

of the solid phase, it is possible to adsorb more than
95% of organic cations, which requires further investigation.
Based on the obtained results, the recommended percentage of solids content in the zeolite
suspension ≈10–20% with 30–60 min of mixing time.
The amount of adsorbed organic cations on the
surface of the zeolite as a function of time at different
mixing speeds is shown in Figure 4.
Figure 4 indicates that the maximum rates of
adsorption occur in the first 5 min of mixing, while the
suspensions with different mixing speeds adsorb
approximately 30–50% of the initial amount of added
organic cations. The adsorption rate drops abruptly
after 15 min. It is slightly different for suspensions
with different mixing speeds, and, after 30 min, it decreases with increasing agitation speed. Organic modifier is adsorbed completely after 120 minutes at mixing speeds of 1500 and 2000 rpm, while at the stirring
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Figure 4. Dependence of SDBAC adsorbed on the zeolite surface of contact time for different mixing intensities.
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speeds of 2500 and 4000 rpm, after 120 min of adsorption of 95%, or slightly less than 90% organic
modifier. As can be seen from Figure 4, the stirring
speed has little effect on the amount of adsorbed
organic modifier, especially for the mixing times up to
30 min. This is confirmed by the fact that the suspension that is not mixed after 30 min contains identical amounts of adsorbed organic modifier as the
suspension mixed at 4000 rpm.
Given the significant influence of grain size of
zeolite to the possibility of its application in wastewater treatment, a set of experiments were conducted
to investigate the influence of mixing rates on the
grain zeolite fragmentation. The obtained results
show that the stirring at low speed (1500 rpm) increases the portion the of finer fraction (less than 0.4
mm) from 0% in the initial sample to 16%, while the
stirring speeds of 2500 rpm and higher, increases this
share to 25%, that is, a significant reduction grain size
of zeolites occurs. Based on the obtained results, it
can be concluded that the stirring rate has no significant influence on the course and speed of adsorption. Moreover, it has no significant influence on the
amount of adsorbed organic modifier, but it has a
negative effect, especially at high mixing rates, on the
significant grain refinement of zeolite.
The amount of adsorbed cations depending on
the added amount of SDBAC, for different temperatures, is shown in Figures 5 and 6.
Figure 5 shows that the adsorption of organic
cations on the surface of clinoptilolite and the starting
amine concentration of 50 mmol M+/kg of zeolite is
complete, regardless of the thermal treatment of
zeolite and the temperature of the suspension. When
the amount of added amine is between 50–75 mmol
M+/kg of zeolite the adsorption of organic cations on
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the surface of the zeolite is nearly complete (greater
than 95%) regardless of the suspension temperature.
When the SDBAC is added, there is an evident positive effect of temperature on adsorption of organic
cations. When the amount of added SDBAC is 75,
100 and 150 mmol M+/kg of zeolite the effect of temperature increases in the series: TZ (100 °C) < TR (80
°C) < TZ (100 °C) + TR (80 °C). In the case of added
SDBAC quantities of 75 and 100 mmol/kg of zeolite,
the adsorption was complete (100%), and it was
necessary to warm the solution of organic salts. The
maximum adsorption was 123 mmol M+/kg of sample,
added in case quantities of 150 mmol/kg of zeolite in
the sample and heating the solution, which is in agreement with literature data [13]. This value exceeds
the value of the external cation exchange capacity,
and based on basis we can conclude that there is a
so-called “double-layer” adsorption.
Figure 6 presents approximately equivalent
exchange of inorganic cations with organic cation
SDBAC+ if the initial amine concentration is 50 mmol/kg
of zeolite. In case of added amount of amine in range
75, 100 and 150 mmol M+/kg of zeolite (adsorbed 75,
100 and 123 mmol M+/kg of zeolite in the heating of
the sample and the solution of organic salts) content
of altered cation was 75, 74 and 72 mmol M+/kg of
zeolite. These values of changed inorganic cations
are expected since the values are equivalent to the
external cation exchange capacity (ECEC). The
results confirm the formation of a monolayer on the
surface of clinoptilolite mineral based on the cation
exchange mechanism. Based on the obtained results
it can be concluded that temperature has no significant effect on adsorption of organic cations on the
surface of the zeolite if the amounts of added SDBAC
is less than 75 mmol M+/kg of zeolite, but the inc-
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Figure 5. Dependence of adsorbed SDBAC quantities on the zeolite surface and temperature.
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Figure 6. Dependence of altered cation content in the filtrate after the adsorption of organic cations and temperature.

reased amount of added amine the positive effect of
temperature on adsorption of organic cations becomes
evident.
CONCLUSION
Based on the results of experimental investigation of the effects of various parameters on the adsorption effects of quaternary ammonium salts stearyl
dimethyl benzyl ammonium chloride (SDBAC), in
obtaining organo-zeolite adsorbents for the formation
of a filter for wastewater treatment, it is found that:
- The most favorable ratio of the quantity
SDBAC and zeolite is 50-75 mmol M +/kg.
- Larger grains have lower zeolite adsorption of
organic cations on the surface of zeolite.
- The most favorable portion of zeolite solid
phase in suspension is ≈10–20%.
- Mixing of the absorption suspension has no
significant effect on the amount of adsorbed organic
cations on the zeolite surface, especially at higher
speeds, but it negatively affects the grain crushing of
the zeolite.
- The temperature has no significant effect on
adsorption of organic cations on the surface of zeolite
in amounts of added SDBAC lower than 75 mmolM+/kg
of zeolite, but, with the increasing amount of added
amines, the positive effect of temperature becomes
evident.
The presented results are a starting point for
defining the optimum operating parameters for forming adsorbents based on organo-zeolite as a filter for
wastewater treatment.
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FORMIRANJE MODIFIKOVANIH ZEOLITA KAO
FILTARSKE ISPUNE ZA PREČIŠĆAVANJE
OTPADNIH VODA
U radu je ispitivan uticaj više parametara (količina organske supstance, veličina zrna,
sadržaj čvrste faze, brzina mešanja i temperatura) na adsorpciju stearildimetilbenzil
amonijum-hlorida (SDBAH) na prirodnom zeolitskom tufu, pri formiranju adsorbenata na
bazi organo-zeolita kao mogućeg filtra za prečišćavanje otpadnih voda. Rezultati pokazuju
da je najpovoljniji odnos količine kvateralnog amina i zeolita 50-75 mmol M+/kg. Veća zrna
zeolita imaju manju adosrbciju organskog katjona na površini zeolita, a najpovoljniji procenat sadržaja čvrste faze zeolita u supsenziji je 10-20%. Mešanje adsorbcione smeše i
temperatura, posebno pri količinama dodate kvaternarne amonijumove soli nižim od 75
mmol M+/kg zeolita, nemaju značajniji uticaj na adorbciju organskog katjona na površini
zeolita. Dobije rezultati su polazna osnova za definisanje optimalnih radnih parametara za
formiranje adsorbenata na bazi organo-zeolita kao mogućeg filtra za prečišćavanje
otpadnih voda.
Ključne reči: organo-zeolit, površinski aktivne substance, adsorpbcija, filtracija.
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USE OF MESOPOROUS MnO2 AS A
SUPPORT FOR IMMOBILIZATION OF
LIPASE FROM Candida rugosa
Article Highlights
• We used a new mesoporous carrier for immobilization of lipase from Candida rugosa
• The amount of enzyme loading on support was reached to 700 units per 1 g of support
• The thermal resistance of the enzyme was enhanced by immobilization
• The physical adsorption of enzyme to the support was strong
Abstract

In this study, immobilization of lipase from Candida rugosa on mesoporous
manganese dioxide by adsorption was carried out and the effect of three
immobilization variables including temperature, process time and enzyme/support ratio on immobilization efficiency were studied. The characteristics of
synthesized MnO2 and lipase-bound MnO2 were investigated by scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and
Fourier transform infrared spectroscopy (FT-IR) methods. The porous property
of the support particles was also studied by X-ray diffraction (XRD) and Brunauer, Emmett and Teller (BET) measurements. The thermal stability of immobilized lipase was determined to be better than that of free enzyme. Also the
operational stability of lipase-bound MnO2 was studied and showed an almost
strong attachment of enzyme to support. The Michaelis-Menten kinetic parameters (Km and Vmax) were also determined for both free and immobilized
lipases. It was observed that there is an increase of the Km value (672.96
mg/ml) and a decrease of the Vmax value (130.99 U/mg) for the immobilized
enzyme comparing with the corresponding values of the free lipase.
Keywords: immobilization, Candida rugosa Lipase, physical adsorption,
mesoporous manganese dioxide.

Lipases (triacylglycerol acylhydrolases, EC
3.1.1.3) are largely used as biocatalysts in biotechnology and modern chemistry [1]. These enzymes are
also capable of catalyzing several reactions like esterification [2], transesterification (acidolysis, interesterification and alcoholysis), aminolysis, oximolysis, thiotransesterification and ammoniolysis in anhydrous
organic solvents [3]. Considering the current high cost
of lipases, it is necessary to use immobilization processes to make large-scale utilization of enzymatic
reactions economically possible. Immobilization of
enzymes can also change their secondary structure
Correspondence: A. Karimi, Department of Chemical Engineering, University of Tabriz, Tabriz, Iran.
E-mail: akarimi@tabrizu.ac.ir
Paper received: 9 October, 2012
Paper revised: 29 January, 2013
Paper accepted: 14 May, 2013

leading to modification of their activity [4], better operation control, easier product recovery and flexibility of
reactor design [5]. Aside from the application in industrial processes, the immobilization techniques are the
basis for making a number of biotechnological products with applications in diagnostics, bioaffinity chromatography and biosensors. Therapeutic applications
are also foreseen, such as the use of enzymes in
extra-corporeal shunts [6]
Lipases can be immobilized on various supports
by physical adsorption, covalent binding, ionic interactions or by entrapment [7]. Among these methods,
adsorption of lipase onto insoluble support is the most
commonly used approach because of its easy use
and low cost. The forces between the support and the
enzymes in this method include hydrogen bonding,
van der Waals forces and hydrophobic interactions
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[8]. Lipase of Candida rugosa was adsorbed on different types of supports including synthetic or natural
polymers [8-11], bentonite [12], kaolin [13], acrylic
resins and textile membranes [14], glass beads [15]
and magnetic beads [16].
Mesoporous MnO2 is made up of nanoparticles
with a large specific surface area that makes the high
load of enzyme possible. There are certain requirements for the supports used in immobilization process
that should be fulfilled to increase the efficiency of the
process, such as large internal surface and high
superficial density, and easy recovery of support at
the end of process [17], which are all satisfied by
utilizing MnO2 as an immobilization host [18]. These
characteristics have led MnO2 nanoparticles to be
successfully used in the fabrication of electrochemical
biosensors [18,19]. In our previous work, MnO2 nanoparticles were also successfully used as a support for
immobilization of glucose oxidase [20].
In this study, lipase from C. rugosa was immobilized on mesoporous MnO2 particles by physical
adsorption. The manganese dioxide particles were
characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The
adsorption of lipase onto MnO2 particles was confirmed by Fourier transform infrared spectroscopy
(FT-IR). The porous property of the support particles
was also studied by X-ray diffraction (XRD) and Brunauer, Emmett and Teller (BET) measurements. The
effects of three main immobilization variables (time,
temperature and enzyme/support ratio) on process
efficiency were studied. The properties of the immobilized lipase such as thermal and operational stability
were also investigated.
EXPERIMENTAL
Materials
Lipase from Candida rugosa type VII (700 U/mg),
sodium dihydrogen phosphate, di-sodium hydrogen
phosphate, MnCl2, KMnO4 and CCl4 in the analytical
grade were all purchased from Sigma Chemical Co.
Preparation of mesoporous MnO2
Mesoporous MnO2 was prepared according to
the method described in our previous work [20]. 80 ml
CCl4 and 30 ml of 1 M MnCl2 solutions were added to
a container and made a biphasic system. 40 ml of 0.5
M KMnO4 was added by two drops per second to the
CCl4 layer and upon reaching the interface, a brown
material appeared at the interface. After 48 h, the
brown MnO2 was collected and washed with distilled
water and ethanol for several times. The material was
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then dried at 150 °C for 12 h, and stored for future
use [21].
Immobilization method
0.5 g of MnO2 was dispersed in 10 ml of enzyme
solution in 0.1 M sodium phosphate buffer, pH 7, and
put into the shaker for a definite time at constant
temperature. The resulting lipase-bound MnO2 particles were separated by centrifuging and the supernatant was taken for activity analysis. The lipasebound particles were washed with distilled water for
several times to ensure that all the unbound lipases
were washed off. The enzyme loading on support was
calculated by the following equation [22]:

U imm. =

Ui -U f
m

(1)

where Uimm. is the enzyme loading on support (U/g),
Ui is the activity of enzyme in the attachment solution
at the beginning of process and Uf is the activity of
supernatant at the end of process, and m is the mass
of support (g).
Characterization of biocatalyst
The morphology and size of samples was studied by scanning electron microscopy (SEM) Leo
1455 VP model with 10 kV voltage, and by transmission electron microscopy (TEM) using the Philips
CM120 at 100 kV. The FT-IR spectra of mesoporous
MnO2, free lipase and lipase-bound MnO2 was
recorded by a Tensor 27 Model (Bruker German)
spectrophotometer using KBr pellets. The X-ray diffraction (XRD) pattern of the mesoporous MnO2 was
determined using a D5000 diffractometer (Siemens
German) with Cu Kα radiation source (λ = 1.54056 Å).
The surface area and pore volume of the prepared
MnO2 were obtained through the Brunauer-Emmett-Teller (BET) with a Micromeritics Gemini 2375 (USA)
analyzer.
Enzyme activity assay
The hydrolytic activity of free and immobilized
lipase was tested by olive oil hydrolysis [23]. The activity assay was carried out with reaction mixture containing 4 ml of olive oil and 5 ml of phosphate buffer
(0.1 M, pH 7) in a 25 mL flask. The reaction was
accomplished by adding a predetermined amount of
free enzyme solution (1 mL) or supernatant (1 mL) or
immobilized enzyme (0.1 g) to the mentioned reaction
medium and shaking the flask at a constant temperature of 37 °C in a shaking incubator for 30 min. The
liberated fatty acids were measured by titrating the
flask content with 50 mM NaOH using a phenolphthalein indicator. One unit of lipase activity was
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defined as the amount of enzyme that liberates 1
μmol fatty acid per minute under the assay conditions
[24]. All the activity assay experiments were repeated
3 times and the average amounts were used in
calculations.
RESULTS AND DISCUSSION
Characterization of synthesized mesoporous MnO2
particles
The morphology of MnO2 samples was studied
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) as shown in
Figure 1. According to the figure, the average size of
particles is about 1 μm and the porous property of
MnO2 is obvious. Also from TEM image, the size of
MnO2 particles is 38 nm length and 10 nm width.
Figure 2 shows the FT-IR spectra of lipase, the
lipase-bound MnO2 and the uncoated MnO2. As it can
be seen in spectra of MnO2 particles, adsorption
bands at 521 cm-1 and 602 cm-1 are related to Mn–O,
and a band at 3360 cm-1 indicates tension vibration of
–OH with Mn atoms [20,25]. For the pure lipase,
Amide I band corresponding to –CO carbonyl stretching mode of the peptide, is present in the region of
1700–1600 cm-1 [26]. This band consists of a group of
overlapped signals, which contain information on secondary protein structure of the enzyme. Bands centered at around 1547 cm-1 are assignable to the
amide II band, which is an out-of-phase combination
mode of the NH in plane bend and the CN stretching
vibration with smaller contributions from the CO in
plane bend and the CC and NC stretching vibrations
[27]. Finally, a set of bands can be distinguished in

Figure 1. SEM (a) and TEM (b) images of the mesoporous
MnO2 samples.

the region of 1400–1200 cm-1 due to amide III mode.
This mode is assigned to the in-phase combination of
the NH deformation vibration with CN, with a minor
contribution of CO and CC stretching [27]. The presence of amide I and amide III band of lipase enzyme
in MnO2 particles can be clearly discerned by com-

Figure 2. FT-IR Spectrum of pure lipase (blue), lipase-bound MnO2 (black) and MnO2 (red).
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paring the spectra of lipase-bound MnO2 with the one
of uncoated MnO2 in the region of about 1650 cm-1
and 1269 cm-1, respectively (Figure 2). As it can be
seen the band shape in lipase-bound MnO2 is different from that of pure lipase, which indicates that
some changes have occurred in the conformation of
the enzyme after adsorption to the support. These
conformational changes could be attributed to the
loss of α-helix structure and probable rising of β-sheet
and/or self-aggregates [28].
The N2 adsorption–desorption measurement
using liquid N2 (temperature of –196 °C) was performed to determine the mesoporosity and textural
property of the MnO2 sample (Figure 3a). Comparing
the obtained isotherm to IUPAC classification proves
that synthesized MnO2 is of type IV with strong affinities [29-31]. SBET, the surface area of the sample
calculated from the nitrogen isotherm using the BET
method, was 176.93 m2/g and its total pore volume
was 0.47 ml/g at P/P0 = 0.99.
The X-ray diffraction pattern of the MnO2 which
was recorded at 2θ = 10–70° is illustrated in Figure 3b.
Five distinct peaks are seen at 2θ values of: 25.1,
32.0, 37.1, 42.5, and 57.1°. A peak at 2θ = 32° related to γ-MnO2 (JCPDS 14-0644), peaks at 2θ 25.1
and 37.1° represent α-MnO2 (JCPDS 44-0141), and
peaks at 2θ 42.5 and 57.1° illustrate β-MnO2 (JCPDS
24-0735) [32,33]. So the synthesized MnO2 crystalline
state is a combination of α, β and γ-MnO2.
The spacing distance between crystals was
calculated from the Scherer equation:

Chem. Ind. Chem. Eng. Q. 20 (3) 371−378 (2014)

dc = Kλ/(bhklcos θ)

(2)

where dc (nm) is the spacing distance, θ is the Bragg
angle, K is the constant of diffraction, λ (1.54056 nm)
is the X-ray wavelength and bhkl is the peak width at
the half-maximum, corrected for instrument broadening. The distance (nm) between adjacent pore
centers for all the phases was calculated according to
following equation:

a = 2dc/31/2

(3)

The dc and a values of diffraction peaks are
listed in Table 1. From this table, it can be seen that
the probable pore size of the synthesized MnO2 was
approximately in the range 9–12 nm, indicating that
the pore size was in the mesoscale range. These
properties indicate that MnO2 has enough specific
surface area and suitable pore size.
Effect of different variables on immobilization
efficiency

Enzyme/support ratio
The lipase from C. rugosa was immobilized onto
mesoporous MnO2 particles by physical adsorption
method. This process was carried out under different
immobilization variables to determine the optimum
condition. Various amounts of enzyme/support ratios
of the range 5.9-174 mg/g with temperature and time
set at 15 °C and 3.5 h, respectively, were tested and
the experimental results are shown in Figure 4a. It
can be seen that by increasing the enzyme/support
ratio to 120 mg/g, the amount of enzyme adsorbed on

(a)

(b)

Figure 3. Nitrogen adsorption isotherm of the synthesized MnO2 (a), and XRD pattern of the mesoporous MnO2 (b).
Table 1. Crystalline XRD properties of the synthesized MnO2
Deffraction angle (2θ / °)

Intensity

Average size of MnO2 crystal dc, nm

Distance between adjacent pore centers, a / nm

37.10

25

10.52

12.15

43.12

15

11.83

13.66

56.68

24

7.59

8.77

374

M. SOKIĆ et al.: THE POSSIBILITIES OF OBTAINING METALLIC CALCIUM…

CI&CEQ 20 (3) 371−378 (2014)

amount of enzyme loading on support was only increased by 3.7%. It can be predicted that by increasing
enzyme/support ratio, there would be no significant
raise in immobilization amount due to the saturation
of active sites of support by enzyme.

Immobilization process time
The effect of immobilization process time on the
efficiency of immobilization of lipase from C. rugosa
was studied by carrying the process with enzyme/
/support ratio of 90 mg/g at 15 °C for different immobilization time of 1–6 h. The results are shown in
Figure 4b. It can be seen that by increasing immobilization process time from 1 to 3.5 h, the amount of enzyme loaded on support is doubled. However, by continuing the immobilization process for another 2.5 h,
the amount of enzyme loading on support was increased by only 8.7%. Considering the energy consumed during this additional time of 2.5 h and insignificant amount of enzyme loading gain of 8.7%, it is
not reasonable to continue the process over 3.5 h.
Also by increasing immobilization time, the protein conformation of lipase might denature and result in activity decrease and limitation of immobilization process
[34].

Immobilization process temperature
The amount of heat energy that is introduced to
the immobilization system is an important parameter.
Increasing the temperature improves the accessibility
and mobility of enzyme, but over a certain temperature, it would lead to the possible inactivation of enzyme by thermal denaturation. Therefore the immobilization process was carried out with enzyme/support ratio of 90 mg/g for 3.5 h at different temperatures ranging 15–50 °C, to find the optimum temperature. The results are shown in Figure 4c. It can be
seen that the highest enzyme loading on support was
achieved by running the immobilization process at 30 °C.

Effect of temperature on activity of free and
immobilized enzymes

Figure 4. The effect of enzyme/support ratio (a), immobilization
time (b) and temperature (c) on enzyme loading on MnO2.

1 g of support reaches to 530 U. Further increasing of
this ratio to 174 mg/g accounts to loaded enzyme
addition of only 20 U. This means that by introducing
45% more enzymes to the attachment solution, the

The effect of temperature on activity of both free
and immobilized lipase was studied in the range of
25–60 °C as shown in Figure 5. It is obvious that the
activity of free lipase is very dependent on temperature and the maximum amount of activity is
observed at approximately 35–40 °C, while it shifts to
a wider range of 35–45 °C for the immobilized lipase.
The increase in optimum temperature range might be
a result of reduced conformational flexibility that
demands higher activation energy for the molecule to
reorganization the proper conformation for binding to
substrate [35]. One of the main advantages of enzyme immobilization is the mentioned increase in its
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stability due to restricted conformational mobility of
the protein molecule. Comparing the rate of activity
loss for immobilized lipase from C. rugosa to the corresponding profiles of other carriers like magnetic
microspheres [36] and sol-gel support [1] shows that
lipase-bound MnO2 retains 10 and 30% more activity
at 60 °C, respectively.

Chem. Ind. Chem. Eng. Q. 20 (3) 371−378 (2014)

MnO2 particles were washed with phosphate buffer
solution (0.1 M, pH 7) and used again to catalyze the
aforementioned hydrolysis reaction. This procedure
was repeated for 6 times and the results were presented in Table 2. After 6 times of reusing, reduction
of activity was 30%. This would be caused by leakage
of protein from support upon washing.
Table 2. Strength of lipase attachment to the MnO2
Number of reusing

0

1

2

3

Residual activity, % 100 92.5 87.5 82.5

4

5

6

75

72.5

70

Thermal stability of free and immobilized enzymes

Figure 5. The effect of temperature on the relative activity of the
free and immobilized enzymes.

Reusability and operational stability of free and
immobilized enzymes
Reusing the immobilized enzyme requires strong
attachment of lipase to the support to assure activity
retaining after several operations. To investigate
whether the lipase-bound MnO2 holds its catalytic
activity during several operation, the immobilized particles were incubated at 37 °C in a flask containing 4
ml of olive oil and 5 ml of phosphate buffer (0.1 M, pH
7) for 30 min. The amount of lipase enzyme bound to
the support is directly proportional to the yield of hydrolysis reaction in the flask. The biocatalyst particles
were separated by filtration, and the flask content was
analyzed by titrating. The separated lipase-bound

The thermal stability of immobilized enzyme is
one of the important criteria for its application. The
activity of immobilized enzyme must be more resistant than that of the free form against heat and denaturing agents. This was studied by incubating both free
and immobilized enzyme in phosphate buffer (0.1 M,
pH 7) at 50 °C. The activity of both free and immobilized enzyme decreased during the time, whereas
the activity of lipase-bound MnO2 decreased more
slowly than the free one (Figure 6). It can be seen that
the free enzyme lost its activity during 2.5 h of incubation period, but the activity loss of immobilized one is
only 3% during the same time. Immobilized lipase
was inactivated at a much slower rate than that of the
free form, that the immobilized enzyme retains 71% of
its initial activity after 14 h. This could be explained by
the protein-surface interaction in immobilized enzyme
that protects it from unfolding and prevents the conformation transition of the enzyme at high temperatures [31,37].
Kinetic parameters
The kinetics of simple enzyme catalyzed reactions can be determined by Michaelis-Menten equation. To determine the Michaelis-Menten kinetic para-

Figure 6. Stability of the free and immobilized lipase at 50 °C.
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meters (Km and Vmax) for both free and immobilized
lipase, different concentrations of olive oil over the
range of 0.2–0.85 g/ml were used and the activities
were measured. The parameters were calculated by
the Lineweaver-Burk method as follows:
1

ν

1
  K   1  
=  m     +
V
S
V
max
  max    

(3)

A plot of ν against 1/S will give a straight line
with the slope of Km/Vmax and an intercept on the
ordinate at 1/Vmax as shown in Figure 7. The Michaelis-Menten constants Km and Vmax were calculated as
131.93 mg/ml and 280.96 U/mg protein for free lipase, and 804.89 mg/ml and 149.97 U/mg support for
immobilized lipase, respectively. The attachment of
enzyme molecule to the support by means of noncovalent forces (hydrogen bonds, ionic, and van der
Waals interactions) leads to a reduction of molecular
mobility. Also, the immobilization of enzyme limits the
accessibility of substrate to reach the active sites of
enzyme. These all result in an increase of Km value
during the immobilization process. However, the
aforementioned structural changes of lipase enzyme
due to immobilization procedure improve the enzyme
resistance to changes of temperature, pH and enhances its lifetime significantly [38]. As a result, the lower
reaction rate of immobilized enzyme is still considered
more economical.

Figure 7. Lineweaver-Burke lines for free and immobilized
lipase.

CONCLUSION
In the present work, lipase from Candida rugosa
was immobilized on mesoporous MnO2 by physical
adsorption and the effect of different immobilization
variables were studied. The best result of the immobilization process was achieved at enzyme/support
ratio of 120 mg/g, immobilization temperature of 30
°C, and incubation time of 3.5 h. In addition, the

Chem. Ind. Chem. Eng. Q. 20 (3) 371−378 (2014)

immobilized enzyme exhibited better resistance to
temperature inactivation and thermal stability than the
free form. The reusability of the immobilized enzyme
was studied, showing that it retained 70% of its initial
activity after 6 times of reutilizing. By applying the
Michaelis-Menten equation for the lipase catalyzed
reaction, the Km value for immobilized lipase was
determined to be higher than that of the free one. This
shows that the rate of immobilized-lipase catalyzed
reaction is lower than free lipase. However, the thermal and operational stability of immobilized lipase
makes the immobilized lipase more suitable for industrial and large-scale operations. Considering the
simplicity and low cost of the immobilization process,
it can be concluded that mesoporous MnO2 is an efficient carrier for lipase immobilization.
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PRIMENA MEZOPOROZNOG MNO2 KAO NOSAČA
ZA IMOBILIZACIJU LIPAZE Candida rugosa
U ovom radu izvršena je imobilizacija lipaze Candida rugosa na mezoporoznom magnan-dioksidu adsorpcionom metodom. Ispitan je uticaj temperature, vremena trajanja procesa
i odnosa enzim/nosač na efikasnost imobilizacije. Karakteristike sintetizovanog MnO2 i
MnO2 vezanog za enzim su ispitane metodama skenirajuće elektronske mikroskopije
(SEM), transmisione elektronske mikroskopije (TEM) i infracrvene spektroskopije sa
Furijevom transformacijom (FT-IR). Poroznost nosećih čestica je ispitana difrakcijom Xzraka (XRD) i BET metodom. Utvrđeno je da je termalna stabilnost imobilisane lipaze bolja
u odnosu na termalnu stabilnost slobodnog enzima. Na osnovu ispitivanja operacionih
stabilnosti dokazana je jaka veza enzima i nosača. Određeni su kinetički parametri Mihaelis-Menten jednačine (Km i Vmax) za slobodnu i imobilisanu lipazu. Utvrđeno je da postoji
povećanje vrednosti Km (672,96 mg/ml) i opadanje vrednosti Vmax (130,99 U/mg) kod
imobilisanog enzima u odnosu na vrednosti kod slobodne lipaze.
Ključne reči: Imobilizacija, lipaza Candida rugosa, fizička adsorpcija, mesoporozni mangan-dioksid.
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THE EFFECT OF DENDRIMER ON COTTON
DYEABILITY WITH DIRECT DYES
Article Highlights
• Unique properties of PPI (propylene imine) dendrimer
• Methods of dyeing cotton fabric with dendrimer
• The effect of dendrimer on cotton dyeability with direct dyes
Abstract

Pretreatment of cotton fabric with poly(propylene imine) dendrimer enhanced
its colour strength using C.I. Direct Red 81 and C.I. Direct Blue 78. Application
of this dendrimer and the direct dye simultaneously on cotton fabric by the
exhaust and the continuous dyeing method were studied; slight improvements
in the dyeing results were obtained. Pretreatment of the cotton fabric with dendrimer in an emulsion form using the pad-dry method followed by continuous
dyeing markedly increased the color strength. In addition, level dyeing was
obtained, and no negative effects on the fastness properties of the dyes used
were observed.
Keywords: dendrimer, cotton, dyeing, surface modification, direct dyes,
encapsulation.

Accelerating cotton dye uptake with anionic
dyes (such as direct and reactive dyes) has been
investigated by several researchers using various techniques. The earliest attempts focused on using salts
to neutralize the negative charges on cotton fibers
that are acquired in an aqueous medium [1]. However, the most recent techniques have been directed
towards the chemical modification of cotton, such as
using quaternary ammonium compounds as a cationic agent to attract the anionic dyes towards the
fibres [2].
In the present study, the goal was to deliver and
concentrate direct dye molecules on the surface of
cotton fabrics. Then, as stated by Fick’s first law, the
rate of dye diffusion increases because of the high
concentration of dye molecules on the fiber surface
[3]. To achieve this goal, highly hyper-branched polymers known as dendrimers, capable of encapsulating
several dye molecules, were considered as dye carriers [4]. Dendrimers contain internal cavities and are
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able to encapsulate the dye molecules inside their
structure (Figure 1) [5].
Dendrimers are highly hyper-branched polymers
and contain internal cavities, excess branches and a
number of end groups. The branches of a dendrimer
are uniform in structure [1]. Generally, dendrimers
have various generations, sizes and molecular weights,
which can be controlled during their synthesis. The
branches of a dendrimer might have different molecular structures, which greatly impacts its chemical
properties. The dendrimers used in this work contain
of tertiary amine groups, which are able to give an
acid-base interaction with acid dyes at low pH. For
example, a fourth-generation dendrimer with 30 tamine groups can absorb up to 30 dye molecules.
The mining operation is dependence on pH medium
and at higher pH the dendrimer releases the absorbed dye again. This method is very important in the
treatment of textile wastewater [6].
Dendrimers are seeing application in modification of surface properties of polypropylene fibers,
organic dyes with improved properties and prevent
damage to external factors such as light, washing,
UV, etc., to dissolve a hydrophilic dye in a nonpolar
solvent and extraction of the dye. Dendrimers have
proven to be feasible for the dyeing of hydrophobic
fibers such as polypropylene (PP) fibers that cannot
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Figure 1. The encapsulation of dye molecules inside a dendrimer structure (D: dye).

be dyed in conventional dyeing processes. In this
case, a hyperbranched polymer is blended with PP
and the blend is subsequently spun into fibres. Adding a hyperbranched polymer to polypropylene in
spinning increases the dye uptake significantly due to
the polar groups on the hydrophobic fibers [2]. The
removal of textile dyes from aqueous solutions by
poly(propylene imine) dendrimer (PPI) is one of many
applications of dendrimers. Dendrimer and dye concentration, salt (inorganic anions), and together with
pH of the media are effective factors on dye removal.
The dendrimer is an environmentally friendly adsorbent with relatively large adsorption capacity and can
be a suitable alternative for elimination of dyes from
colored textile wastewater [6].
Selective encapsulation of Cy5 dye molecule by
DNA hybridization in dendrimer/polymer multilayer
microcapsules is also one of the other applications of
dendrimers. Encapsulation by dendrimers can be
applied for many low molecular weight molecules,
which are usually difficult encapsulate because of
their diffusion [7]. Amine-terminated generation 5 (G5)
poly(amidoamine) (PAMAM) dendrimers were used
as a general drug carrier to encapsulate various
cancer drugs for targeted therapy of different types of
cancer [8]. Also, dendrimers alter the color of the
dyed cotton/polyester blended fabrics. This alteration
is due to the nanoparticle-sized dendrimer (DWR),
dendrimer–fluorocarbon (DWOR), and fluorocarbon
(FWOR) finishing onto their surfaces [9].
Dendrimers with amino end group branches can
be protonated and develop positive charges in acidic
conditions. Therefore, it is possible to attract and trap
the anionic dyes in their internal cavity. Because of
the positive charge of the impregnated dendrimers,
they can also be attracted to the negatively charged
cotton fibers in the dye bath. Thus, with this method,
the dyeing of cotton fibers with anionic dyes might be
achieved more rapidly and with less salt than normally needed.
EXPERIMENTAL
Throughout this work, C.I. Direct Red 81 (675
Mw.) and C.I. Direct Blue 78 (1055 Mw.) in com-
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mercial form were used. Both dyes are stable in acidic media. The applied dendrimer, PPI (poly[propylene imine], Figure 2), was the second-generation
(G2) dendrimer, which is a derivative of Am16decanamide8, provided by DSM Business Development
[10].

Figure 2. The structure of PPI dendrimer (Generation 2).

The dendrimer (772 Mw.) was terminated by
hydrophilic groups and hence was soluble in polar
solvents like water. Woven, desized, scoured and
bleached cotton fabric was purchased from Borojerd
textile company and used as received. The colour
strength of the dyed samples was evaluated by measuring the K/S value using an X-Rite CA22 spectrophotometer. The Kubelka Munk function, which is
derived from the reflectance spectra by the Eq. (1), is
directly related to colorant concentration:
K (1 − R )2
=
S
2R

(1)

It can be shown that the K/S for a combination of
n colorants with concentrations of Ci at a specific
wavelength is given by:
K 
k 
= 
+
 
S
 mix  s sub

n

C  ks 
i

i =1

(2)

i

where “sub” stands for substrate. The linear relationship of the K–M function against the dye concentration
as well as its additive nature permits the determination of the magnitude of each dye concentration in
any given mixture.
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Application of dendrimer
In this work, the dendrimer was used as a pretreatment agent and an auxiliary product in the dye
bath for both the exhaust and continuous methods.
Exhaust dyeing
The effect of the dendrimer as a dyeing auxiliary
on colour strength was examined using a commercial
direct dye, Solophenyl Red 3BL (C.I. Direct Red 81),
from Ex-Ciba.
The results were evaluated and compared with
a sample dyed with the conventional dyeing method.
All dyeing was carried out using an Ahiba laboratory
dyeing machine with profiles shown in Figures 3 and 4.
Continuous dyeing

Method 1: One bath continuous dyeing

Chem. Ind. Chem. Eng. Q. 20 (3) 379−385 (2014)

Table 1. Pad-liquor recipe for method 1 (pick-up 70%, temperature 25 °C)
Material

Amount, g/l

Dendrimer

5.00

Dye (C.I. Direct Red 81)

20.00

Urea (NH2CONH2)

50.00

Invadin JFC (wetting and penetrating agent)

10.00

Fumexol As (anti foaming agent)

10.00

Table 2. Pad-liquor recipe used for the pretreatment of samples
(pick-up 70%, temperature 25 °C)
Material

Amount, g/l

Irgasol NA (dispersing agent)

20.00 g/l

Water

500.00 ml

White sprite

475.00 g/l

PPI dendrimer

The fabrics were padded in a padding machine
(Konrad Peter AG Liestal - MF25) with the pad liquor
indicated in Table 1. The padded samples(pick-up
70%, temp. 25 °C) were dried at 100–110 °C and
steamed for 30 min at 102 °C in drier salvis AG- TSK.

Method 2: Continuous dyeing on pretreated samples
The samples were impregnated using the pad
liquor indicated in Table 2. The padded samples
(pick-up 70%, temp. 25 °C) were dried at 100–110 °C
and steamed for 30 min at 102 °C.

5.00 g/l

The pretreated samples were then dyed continuously with the pad liquor described in Table 3 (pickup 70%, temp. 25 °C).
According to the positive results obtained on the
pretreated samples, two direct dyes with different
chemical constitutions – Solophenyl Red 3BL (C.I.
Direct Red 81) and Solophenyl Blue 7GL (C.I. Direct
Blue 78) from Ex-Ciba – were used.

95 ºC

1hr

2 ºC/min
Cold rinse
30 ºC
0.50 % Dendrimer
2.00 g/l

2.00 % Dye

ammonium sulphate

X ml/l acetic acid (pH = 5)

L:G = 30:1

Figure 3. Exhaust dyeing method in acidic conditions.

95 ºC

1hr

2 ºC/min.
20.00 g/l Na2SO4
30 ºC

Cold rinse

20.00 g/l Na2SO4

0.50 % Dendrimer

2.00 % Dye

L:G = 30:1

Figure 4. Exhaust dyeing method in neutral conditions.

381

F. KHAKZAR BAFROOEI et al.: THE EFFECT OF DENDRIMER ON COTTON…

Table 3. Pad-liquor recipe used for dyeing pretreated samples
with method 2 (pick-up 70%, temperature 25 °C)
Material

Amount, g/l

Dyes (C.I. Direct Red 81, C.I. Direct Blue 78)

20.00

Urea

50.00

Invadin JFC

10.00

Fumexol As

10.00

Chem. Ind. Chem. Eng. Q. 20 (3) 379−385 (2014)

Improving the percentage of K/S when dendrimer was used, in presence of salt in neutral condition
of this method was 18.75%. The percentage of K/S is
given by Eq. (3):
Percentage of K/S = [K/S(with dendrimer) –
- K/S(without dendrimer)] / K/S(without dendrimer) (3)

RESULTS AND DISCUSSION

As indicated in Figure 6, no noticeable differences in the rate and extent of dyeing occurred from the
use of dendrimer in the dye bath.

Exhaust dyeing method

Continuous dyeing method

As shown in Figure 5, no pronounced effect was
obtained for the dendrimer used as an auxiliary in
conjunction with the anionic dye in the dye bath.
Exhaust dyeing had a slight effect on color strength.
The lower color strength achieved while dyeing in acidic conditions might be due to encapsulation of the
dye molecules inside the dendrimer cavities in such a
way that they could not be released.
K/S values of different methods in λmax are as
follows:
In presence of salt and dendrimer in neutral
condition: 19.
Without dendrimer in presence of salt in neutral
condition: 16.
In presence of dendrimer in neutral condition
without salt: 10.
Without dendrimer without salt in acid condition: 9.
In presence of dendrimer in acid condition
without salt: 3.

According to Figure 7, the presence of dendrimer in the pad liquor in neutral conditions had no
marked effect on the colour strength, and no level
dyeing was observed.
K/S values of different methods in λmax = 520 nm
are as follows: with dendrimer: 13.5; without
dendrimer: 12.
The improving percentage of K/S in this method
was 12.5%.
Figure 8 shows the effect of pretreatment of the
cotton fabric with dendrimer in an emulsion form
(method 2), followed by continuous dyeing with two
dyes. The colour strength of the cotton fabric pretreated with dendrimer emulsion was considerably
higher than the untreated one. Pretreatment of the
cotton fabric with dendrimer in an emulsion form was
the best method. Therefore, this experiment was only
carried out on C.I. Direct Blue 78, which gave satisfactory results.

25
20

K/S

15
10
5
0
400

450

500

550
600
650
Wavelenght (nm)
in presence of salt and dendrimer in neutral condition
without dendrimer in presence of salt in neutral condition
in presence of dendrimer in neutral condition without salt
without dendrimer without salt in acid condition
in presence of dendrimer in acid condition without salt

700

Figure 5. The effect of the dendrimer on the colour change of the dyed samples (exhaust dyeing, dyeing time: 1 h).
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20

K/S

15
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5
0
0

10

20

30

40

50 60 70
Time(min)

without dendrimer

80

90

100 110 120

with dendrimer

Figure 6. The effect of the dendrimer and the time of dyeing on the colour strength of the dyed samples in neutral conditions with salt.

25

without dendrimer
with dendrimer

20

K/S

15

10

5

0
400

450

500

550

600

650

700

Wave le ngth (nm)

Figure 7. The effect of the dendrimer on the colour strength.

with dendrimer,Red dye
without dendrimer,Red dye
with dendrimer,Blue dye
without dendrimer, Blue dye

25
20

K/S
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Wavelength (nm)
Figure 8. The effect on the dyeing results of dendrimer in an emulsion form as a pretreatment agent.
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K/S values of different methods in λmax 520 and
570 nm for Red and Blue dye, respectively, are as
follows:
With dendrimer, Red dye: 21.5
Without dendrimer, Red dye : 17.5
With dendrimer, Blue dye: 21.5
Without dendrimer, Blue dye: 16
Improving percentages of K/S in this method for
Red and Blue dye were 22.86 and 34.37%, respectively. The fastness properties of the dyed samples
were also evaluated. Light fastness of samples was
measured using xenon light fastness tester model
B02. Crock-O meter and Launder-O meter testing
machines were used to assess the samples rubbing
and washing fastnesses. As noted in Table 4, slight
improvements in the rubbing, washing and wet
fastnesses were achieved.

CI&CEQ 20 (3) 379−385 (2014)

dendrimer in acidic media encapsulated the dye
molecules inside its cavities and so decreased the
affinity of the dye molecules towards the fiber. The
use of dendrimer in this method changes the rate and
extent of dyeing.
Application of the dendrimer in pad liquor using
the continuous dyeing method (pad steam) had a very
slight effect on the dyed samples, whereas application of the dendrimer in an emulsion form as a pretreating agent, followed by the continuous dyeing
method (pad steam), had a pronounced effect on the
color strength of the dyed samples. Improving percentages of K/S in this method for Red and Blue dye
were 18.60 and 25.58%, respectively. Addition of
functional groups on fabric surface by application of
dendrimer in emulsion form creates many places for
adsorption of dye on the cotton surface. The dye is a

Table 4. Fastnesses results, obtained on 1/1 standard depth dyeings, on untreated and pretreated fabrics with dendrimer in an emulsion form
Washing fastness
Sample

C.I. Direct

Untreated fabric
Pre-treated fabric with PPI
a

b

Light fastness

a

Alternation

b

Rubbing fastness

Staining
WO

CO

Wet

Dry

Red 81

3

3

4

2-3

2-3

4-5

Blue 78

-

3

4

4

4-5

4-5

Red 81

3

3-4

3-4

2

3

4-5

Blue 78

-

5

4-5

4-5

4-5

4-5

c

c

Xenon lamp, ISO/R 105/V, part 2); ISO/R 105/IV, part 9; ISO/R 105/IV, part 18

Dyeing with method 2 showed higher colour
strength and an improvement in level dyeing compared with method 1. The reason for unlevel dyeing
using method 1 might be due to the aggregation of
dendrimer molecules in the dye bath, an explanation
that has been proposed by other researchers [11].
The use of the dendrimer in an emulsion form
(method 2) prevented the aggregation of dendrimers,
and level dyeing and satisfactory color strength were
achieved as a result. Application of the dendrimer in
emulsion form creates additive functional groups on
fabric surface and thus there are more places for
adsorption of dye on cotton surface than using the
usual cotton surface. The dye is a guest encapsulate
within the dendrimer achieving dyeing with high color
strength.
CONCLUSIONS
The use of PPT dendrimer in the dye bath when
the exhaust method was used showed only a slight
improvement in color strength, whereas in neutral
conditions, higher color strength was achieved compared with acidic media. It seems that the protonated
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guest encapsulate within the dendrimer achieving
dyeing with high color strength. Proper level dyeing
with no negative effect on fastness properties was
also achieved.
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UTICAJ DENDRIMERA NA BOJENJE PAMUKA
DIREKTNIM BOJAMA
Predtretman pamučne tkanine pomoću poli(propilen-imin)dendrimerom poboljšava jačinu
obojenja pomoću C.I. Direct Red 81 i C.I. Direct Blue 78. U ovom radu je proučavan simultana primena ovog dendrimera i direktne boje na pamučnu tkaninu iscrpljivanjem boje i
metodom kontinualnog bojenja, pri čemu je bojenje malo poboljšano. Predtretman pamučne tkanine pomoću dendrimera u obliku emulzije se sprovodi metodom fulardovanje-sušenje, nakon čega sledi kontinualno bojenje, značajno povećava jačinu obojenja. Pored
toga, dobijen je nivo obojenja, pri čemu nisu uočeni negativni efekti na trajnost osobina
boja koje se koriste.
Ključne reči: dendrimer, pamuk, bojenje, modifikacija površine, direktno bojenje,
enkapsulacija.
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EXPERIMENTAL SOLUBILITY
MEASUREMENT OF CEPHALEXIN IN
SUPERCRITICAL CARBON DIOXIDE
Article Highlights
• Solubility of cephalexin in supercritical carbon dioxide was measured in wide range of
temperature and pressure
–5
–3
• Solubility of cephalexin was in range of 1.13×10 to 4.89×10 based on mole fraction
• Obtained solubilities were correlated using four different semi-empirical correlations
Abstract

In recent years, the use of supercritical carbon dioxide for different chemical
processes, in particular particle micronization, has surprisingly increased.
Knowing the substance solubility in supercritical solvent is a critical parameter
during the particle size reduction processes. In this direction, solubility of cephalexin was measured in the supercritical carbon dioxide by changing the temperature and pressure between 308.15 and 338.15 K and from 16 to 40 MPa,
respectively. The measured solubility of cephalexin in supercritical carbon
dioxide was in the range of 1.13×10–5 to 4.89×10–3 based on the mole fraction
at the different operational condition. Besides the experimentally measurement
of cephalexin solubility, modeling of the results using four commonly used correlations, namely Mendez-Santiago and Teja (MST), Bartle, Kumar and
Johnston and Chrastil models were utilized. The results revealed that the
Chrastil model was the most accurate used semi-empirical correlation in the
present study with the lowest average absolute relative deviation percent of
(AARD) of 9.43%.
Keywords: solubility, cephalexin, supercritical carbon dioxide, semi-empirical correlation.

Using conventional pharmaceutical techniques
such as emulsification and solvent evaporation introduces several disadvantages; in particular, the remaining residual organic solvent in the product reduces
the final product quality [1]. The increasing health
concerns about the presence of solvents such as
methylene chloride in the products motivate the investigators and scientists to direct their research to finding replacements that are “environmentally benign” for
the conventional solvents. In other words, the researchers around the world are trying to find a new
kind of solvent which are green and highly efficient [2].
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So, over the last thirty years, research has
focused on supercritical carbon fluids (SCFs), especially carbon dioxide, as a replacement for the conventional solvents. The mild critical conditions of temperature and pressure of carbon dioxide (CO2) compared with several other possible solvents makes it a
good candidate for the supercritical based-technologies [3-6]. Generally, supercritical carbon dioxide
(SC-CO2)-based technologies seem efficient for the
drug processing considering the aforementioned disadvantages of traditional pharmaceutical industries
accompanied with the advantages of the SC-CO2.
Among the different applications of the SC-CO2,
the precipitation of drug particles using supercritical
and near SC-CO2 both as a solvent and anti-solvent
has been increasingly investigated, since it can be
industrialized [7-12]. Common SC-CO2 based-technologies for particle engineering are rapid expansion
of supercritical fluid solutions (RESS), gas antisolvent
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(GAS), precipitation by compressed anti-solvent
(PCA), etc. [13,14].
It should be highlighted that the crucial parameter that must be known during the equipment sizing is the solubility (one of the most important phase
behavior parameters) of a compound in the SC-CO2,
to enable the designer to select the best pharmaceutical processing method and operational conditions.
Often, the solubility of substances is a limiting factor
during the particle size engineering processes [15]. In
this regard, many research groups around the world
have measured and reported solubility of different
substances in SC-CO2 at different temperatures and
pressures and at the presence and absence of cosolvents [16-24].
However, experimental measurement is not
always a feasible tool, i.e., due to a wide range of
operational conditions including pressure and temperature and many possible substances, it is expensive
and in some cases impossible to experimentally measure the equilibrium solubility of substances in the
SCF. Thus, apart from the measurements of the solubility of substances, researchers have been focused
on proposing accurate and simple correlations and
models to correlate/estimate the solubilities of solids
such as the pharmaceutical compounds in CO2
[25-37].
The two most widely used methods for correlating the solubilities of solid substances in SC-CO2
are equations of state (EoSs) and semi-empirical correlations. In some cases, using EoSs is not recommended since these methods needs several properties such as critical pressure and temperature,
acentric factor, etc., that cannot be easily measured
experimentally. Therefore, it would be necessary to
use the predicted/estimated parameters, introducing
errors into the obtained predicted solubilities.
Based on these facts, cephalexin solubility in
SC-CO2 was measured using a simple gravimetric
method coupled with static method. To the best of our
knowledge, no reported experimental data on the
cephalexin solubility is reported. Since there are
limited reports on the solubility on the active pharmaceutical ingredients (APIs) in the SCF [14], it seems
applicable to measure the cephalexin solubility in the
SC-CO2 in a different temperatures and pressures.
Cephalexin (also called Cefalexin), an active
pharmaceutical ingredient drug (API drug), is a semisynthetic cephalosporin antibiotic intended for oral
administration with the molecular formula of
C16H17N3O4S and molecular weight of 347.41 g/mol.
Cephalexin, which is commonly found in monohydrate
form, introduces a low water solubility of about 1 or 2

388

Chem. Ind. Chem. Eng. Q. 20 (3) 387−395 (2014)

mg/mL. Cephalexin is commonly prescribed to cure
different disease and disorders such as urinary tract
infections, respiratory tract infections, and skin and
soft tissue infections. Generally, due to a vast range
of application, cephalexin is one of the most prescribed antibiotics around the world.
EXPERIMENTAL
Material
Cephalexin supplied by Alma Concept Company
(France) was used as a model drug without any
further purification as received. Before the main
experiments, cephalexin was exposed to SC-CO2
under the pressure and temperature of 40 Mpa and
308.15 K, respectively, for 3 h. Also, carbon dioxide
(99.8% purity) was kindly supplied by Abughadareh
Industrial Gas Company (Iran) was used as a solvent
for all the measurements. Before and after each
experiment, the cephalexin powder was heated up to
318.15 K in an oven (Behdad, Iran) overnight to
ensure no presence of carbon dioxide in the sample.
Laboratory apparatus
In this investigation, a home-made apparatus
rated for pressures of 60 MPa at 673 K equipped with
a sapphire window was used to measure the solubility
of model drug using a static method coupled with a
gravimetric method [23,24,33-36]. The used apparatus in this study was the modified form of its last
version used in the previous works [33]. The volume
of the modified equilibrium cell was increased so that
it could handle a larger amount of carbon dioxide. As
a result, the capability of supercritical carbon dioxide
to dissolve the model drug was increased, which led
to reduction of the error of weighing the sample.
In other words, a higher volume of supercritical
carbon dioxide at the desired pressure and temperature means a higher amount of solubilized solid,
which enhances the accuracy of weighing the sample.
In this regard, the volume of the equilibrium cell was
enhanced to 50 cm3. The used procedure of the measurements in this study was as follows: CO2 was filled
into the upper section of a displacer. The lower section of the displacer was filled by fresh water pressurized via a reciprocating manual pump (Haskel
Pump, Burbank, USA). The pressure of displacer was
indicated by a pressure gauge ranged up to 45 MPa
in increments of 0.1 MPa (DEWIT).
After pressurizing to the desired value, CO2 was
allowed to flow into the homemade variable volume
cell. The pressure of the equilibrium cell was monitored using WIKA type pressure indicator in the range
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of 0–40 MPa with precision of 0.01 MPa. A PT-100
resistance thermometer with precision of 1 K was
used to control the temperature of the system at
desire value using a PID controlling method. Also, the
system pressure was maintained constant within
±0.5% of the desired value throughout the experiment. For each experiment, 1 g of pure model drug
powder was compacted (with no additives) in a compactor instrument (Compactor, T555228, Mellat
Mashin Sazi Company, Iran) under a pressure of 2
MPa, to change the powder into a 5 mm diameter
tablet. After charging the sample into the equilibrium
cell, the piston inside the cell was moved forward in
order to reduce the available volume as much as
possible. After that, the carbon dioxide was allowed to
pass through the equilibrium cell while the outlet valve
was open. After a few seconds, the outlet valve was
closed, and the piston inside the equilibrium cell was
moved backward to increase the volume to its maximum value of 50 cm3. Then, the system was pressurized to the desired value. This step was done to
discharge the air from the equilibrium cell, which
might affect the composition of supercritical carbon
dioxide. During the experiments, compacted drug
powder was held at constant desired pressure and
temperature in contact with SC-CO2 for about 2.5–3 h
and the equilibrium cell was shaken in order to ensure
the attainment of equilibrium. Finally, the equilibrium
cell was suddenly depressurized to the ambient conditions and the remaining drug was weighed to 0.1
mg using a Sartorius BA110S Basic series balance.
The potential error due to weighing was 2 wt.% since
the typical mass of solute for each experiment was
greater than 5 mg. now by dividing the difference
between the initial and final weight of solute the mole
value of solubilized drug calculated. Then, the weight
of used carbon dioxide in each experiment was
obtained by using the density of carbon dioxide at the
specific temperature and pressure reported by Yamini
et al. [18], while the used volume of carbon dioxide for
all the experiments was 50 cm3.
Similar to the previous stage, by dividing the
weight of carbon dioxide to its molar mass, the used
mole of carbon dioxide in each experiment calculated.
Finally, the solubility of cephalexin calculated as:
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y =

moles of cephalexin
moles of cephalexin+moles of carbondioixide

(1)

RESULTS AND DISSCUSION
The cephalexin solubility was measured at
seven pressure values (16, 20, 24, 28, 32, 36 and 40
MPa) and four temperatures (308.15, 318.15, 328.15
and 338.15 K). For each data point, at least three
independent measurements were performed and then
the average of those measurements was reported as
the solubility of that point. In addition, the statistical
and error analysis revealed that measurements introduce a maximum percent relative standard deviation
of ±7.5% during the solubility measurements.
In statistics, the value of the coefficient of the
variation is generally called the relative standard deviation. The relative standard deviation has its own
importance in the field of science and plays a vital
role in the calculation and measurement process. In
general, standard deviation is a measure of how precise the average is, that is, how well the individual
numbers agree with each other. In total, lower relative
standard deviation means higher repeatability capability of the measurements. Relative standard deviation is calculated by dividing the standard deviation
of values by the average of the values (Eq. (2)):

Relative standard deviation (RSD ) =
=

100 × Standard deviation
Average of solublity at each point

(2)

It must be noted that the accuracy of the used
method (along to the application of pellet instead of
drug powder) was previously examined by measuring
the solubility of piroxicam (Table 1) [33]. Although the
measured solubilities revealed a systematic lower
measured solubility of piroxicam, the general average
absolute relative deviation of 6.28% showed a rather
good accuracy of the used method. So, it seems that
although there is no direct mixing in the equilibrium
cell, shaking of the system can compensate to some
extent the shortage of direct mixing. In other words,
due to no direct mixing of equilibrium cell content, it is
possible to measure lower solubility than its real

Table 1. Comparison of the obtained solubilities of piroxicam with solubilities reported in other literature (mol solute/105 mol CO2) [37] ;
temperature: 312.5 K
Pressure /MPa

Literature

This work

10

1.30

1.21

13

2.08

1.92

16

3.12

2.92

19

4.41

4.23
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value. However, the prior examinations revealed that
this method and settling time can lead to rather accurate measurments of the solubility.
In more details, the used procedure was validated in the previous work with a typical AARD error
lower than 7% [33]. Also, using this established,
validated and published method solubility of other
pharmaceuticals including ceterizine [24], diclofenac
acid [33], phenylephrine hydrochloride [36], sulindac
[35], fluoxetine hydrochloride [34], mefenamic acid
[23] were successfully measured.
The measured solubility data points of cephalexin have been reported in Table 2. Considering the
solubility trend variation, one can find that cephalexin
solubility shows a direct relation to pressure while a
slightly more complex effect was obtained for temperature.
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The obtained pressure pattern can be contributed to the phenomenon that the carbon dioxide
pressure increases when the pressure enhances.
Besides, the pressure enhancement decreases the
mean distance between the CO2 and solute molecules increases the specific interaction between the
model drug and supercritical fluid molecules [38].
However, temperature introduces different effects,
including variation of solute vapor pressure, density of
SC-CO2 and the interaction between the molecules in
the fluid phase.
The obtained results revealed that when the
pressures are below the crossover pressure (for the
cephalexin 16–18 MPa), solvent densities significantly
reduce as the temperature increases. However,
above the crossover pressure, the solvent density is
more independent of temperature, in which the solubility increases under the effect of higher solid vapor

Table 2. The solubility of the cephalexin (mol solute/105 mol CO2) at different pressures and temperatures based on the mole fraction;
Overall relative standard deviation: 7.5%
Pressure, MPa

Solubility

Standard deviation

Relative standard deviation, %

T = 308.15 K
16

1.68

0.126

7.5

20

2.21

0.135

6.1

24

3.98

0.221

5.6

28

6.89

0.345

5.0

32

11.3

0.520

4.6

36

15.4

0.698

4.5

40

20.8

0.984

4.7

16

1.42

0.108

7.5

20

3.87

0.169

4.4

24

9.31

0.365

3.9

28

18.7

0.875

4.7

32

36.5

0.112

3.1

36

52.3

0.387

7.4

40

73.2

0.552

7.5

T = 318.15 K

T = 328.15 K
16

1.13

0.0850

7.5

20

5.21

0.312

6.0

24

1.76

0.124

7.0

28

41.1

2.89

7.0

32

74.5

4.58

6.1

36

131

9.89

7.5

40

179

11.9

6.6

16

–

–

–

20

5.54

0.235

4.2

24

25.4

0.987

3.9

28

72.1

4.25

5.9

32

154

8.88

5.8

36

301

10.3

3.4

40

489

22.2

4.5

T = 338.15 K
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pressure [38]. But, plotting the measured solubility
data as a function of density, it is completely obvious
that the crossover effect that has been observed in
Figure 1 (solubility vs. pressure plot) is a density
effect. In other words, if pressure replaced by density
(see Figure 2), the solubility isotherms no longer
cross each other. So, it can be concluded that within
the pressure region investigated, there is still a monotonous increase of solubility. In addition, Foster et al.
[39] reported that the reliability and consistency of
experimental solubility data can be examined by the
existence of a crossover pressure in solid-SCF
systems.
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In the second stage of this investigation, four
different correlations were applied to model the
obtained solubility data measured experimentally in
this study (Table 3).
Table 3. The obtained fitting constants for four density based
correlations
Model

Constants

a

b

c

Bartle [28]

52.710

-19216.00

0.026

Mendez-Santiago-Teja [27]

27123-

58.04

8.745

Kumar and Johnston [30]

26.35

-17368

0.979

Chrastil [29]

-17362

-74.70

19.110

For the first stage of the modeling, the solubility
of cephalexin was correlated using MST model as the
functions of temperature, pressure and density of
supercritical fluid. The general form of the MST model
(Eq. (3)) comprises of three adjustable parameters,
which were calculated using a simple linear
regression:
yp 
= a + b (K −1)T (K) + c (kg-1 m3 )ρ (kg m-3 )
ref 
p 

T ln 

Figure 1. Experimentally measured solubility of cephalexin in
wide range of temperature and pressure (isotherms: o – 308.15,
□ – 318.15, × – 328.15 and • – 338.15 K).

(3)

The regression results revealed a high capability
of the MST model to accurately model the cephalexin
solubility with an AARD of 11.5%. In addition, the extrapolative capability of the MST model was examined
by a self-consistency test. The result of this test
(Figure 3) not only shows a linear behavior of cephalexin solubility illustrated consistent measured solid
solubility data at all experimental conditions, but also
can be used to extrapolate the solubility of cephalexin.

Figure 2. Solubility of gabapentin as a function of density (isotherms: o – 308.15, □ – 318.15, × – 328.15 and • - 338.15 K).
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Figure 3. The self-consistency test of the measured cephalexin
solubility using MST model (isotherms: o – 308.15, □ – 318.15,
× – 328.15 and • - 338.15 K).

In the second stage, the measured cephalexin
solubility was correlated by the Bartle et al. model
[28]:
y p
ln  2ref
p


b (K)
+ c (kg−1 m3 )( ρ − ρref )
=a +
T
(K)


(4)

where a, b and c are fitting parameters, y is the solute
solubility and ρ is the density of carbon dioxide at a
specific pressure and temperature modified by subtracting 700 kg m–3 considering as the reference density, ρref.
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In this regard, using the least-squares regression method and plotting ln(yp/pref) against density,
leads to a straight line which parameter of c can be
easily obtained from it. Theoretically in this stage,
according to the Bartle et al. model [28] one expects
to observe straight lines with similar slopes through
the plots. But, the scattering nature of the experimental measurements leads to different slopes makes
to use average of these slope values for the rest of
modeling procedure. Then, by using the average
value of c and solubility data values of a and b for the
Bartle et al. model can be obtained by another data
regression [28]. The obtained results graphically
demonstrated in Figure 4 revealed that using the
Bartle et al. model leads to an AARD of 10.7%.
It should be mentioned is that the fitting parameter of b in the Bartle et al. model is a parameter
that one can roughly obtain heat of sublimation using
the following equation [40]:
ΔH sub = − Rb

(5)

where R is the gas universal constant. Finally, the
measured solubility of cephalexin was correlated with
the aid of two other semi-empirical correlations of
Chrastil [29] and KJ [30].
The Chrastil correlation was based on this
assumption that the solute molecules surrounded by c
molecules of a solvent form a solute-solvent complex.
In other words, in the Chrastil model (Eq. (6)), the
fitting parameter c indicates the number of solvent
molecules surrounding the solute molecule:

Figure 4. Correlated cephalexin solubility using Bartle et al. [28] model (isotherms: o – 308.15, □ – 318.15, × – 328.15 and • - 338.15 K).
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ln S = a + b (K ) /T (K ) + c ln ρ

(6)

where a, b and c are the fitting parameters and S is
the solute solubility in kg m–3. The b parameter can be
utilized to estimate the solute heat of sublimation (ΔH
sub = –Rb).
Also, the K-J model proposed in 1988 (see Eq.
(7)) is:
ln y = a + b (K) /T (K) + c (m3 kmol-1) ρ (m-3 kmol)

(7)

The fitting parameters of this correlation can be
easily obtained by a simple data regression. In
details, in the first step, the logarithm of the solute
solubility data was plotted versus density of carbon
dioxide in for all isotherms. Then, the slopes of the
curves were calculated by a passing a linear curve.
The average of each slope was used for the rest of
calculations. In other words, by plotting ln y – caverageρ
against T–1, a and b can be obtained and now it is
possible to correlate the solubility of cephalexin
(Table 3).
In total, similar to the previous sections, using a
simple curve fitting leads to find the fitting parameters
of these two correlations reported in the Table 3. In
addition, for better representation, the obtained results
for the K-J model shown in Figure 5 revealed a rather
good agreement between the experimental and correlated solubilities. The obtained results revealed that
the Chrastil and K-J models leads to AARD of 9.43
and 10.8%, respectively which Chrastil model leads to
the lowest AARD among the examined correlation in
this study.
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We finally note that although a rather good correlative capability of used semi-empirical models are
observed, the self-consistency test results (Figure 4)
revealed a deviation from the linear behavior of in
these correlations. This observed deviation can possibly relate to the fact that at the higher pressures
which the density of the of compressed carbon dioxide amounts to a value of 972.3 kg m–3, which is not
so far away from water at ambient conditions, can
lead to a phenomenon called “squeezing out”. In
other words, at higher pressure and liquid-like densities, the effect of “squeezing out”, that is a retrograde solubility, can often be observed leads to this
fact that the density-based models do no longer work
willingly in that regions. This phenomenon was
reported by Kurnik and Reid [41] while further similar
behavior was observed by Kraska et al. [42] for
β-carotene solubility. They have described this observed trend based on this fact that the deviation of the
experimental data at pressures above 125 MPa can
be due to a special isomerization occurred by an
enrichment of cis-isomers in the solution while the alltrans β-carotene is squeezed out of the solution and
crystallizes.
CONCLUSIONS
Solubility of cephalexin in supercritical carbon
dioxide at different temperatures and pressures was
measured experimentally using a static method
coupled with gravimetric method. The measurements
were applied in the temperature and pressure range

Figure 5. The correlated experimental cephalexin solubility using K-J model (isotherms: o – 308.15, □ – 318.15,
× – 328.15 and • - 338.15 K).

393

S.A. SHOJAEE et al.: EXPERIMENTAL SOLUBILITY MEASUREMENT…

of 308.15 to 338.15 K and 16 to 40 MPa, respectively.
The solubility measurements revealed that the solubility of the cephalexin ranged between 1.13×10–5–
–4.89×10–3 (based on the mole fraction) at the different
operational conditions. The obtained results that an
increase in pressure increases the solubility. However, a complex behavior of temperature effect on the
solubility was observed. In other words, the obtained
results revealed that the cephalexin-SC-CO2 system
shows a crossover pressure of about 16 to 18 MPa. In
addition, the possible mechanisms were discussed in
details. Finally, the measured solubility data were correlated using four semi-empirical density based correlations, namely Mendez-Santiago and Teja (MST),
Bartle, Kumar and Johnston, and Chrastil models with
AARD of 11.5, 10.7, 10.8 and 9.43%, respectively.
Finally, it was found that at higher temperatures, more
deviation was observed in the solubility data correlation, which was related to the phenomenon of
“squeezing out”.

Chem. Ind. Chem. Eng. Q. 20 (3) 387−395 (2014)

[17]

M. Ashraf-Khorassani, M. Combs, L.T. Taylor, F.K.
Schweighardt, P.S. Mathias, J. Chem. Eng. Data 42
(1997) 636- 640

[18]

M.R. Fathi, Y. Yamini, H. Shargi, M. Shamsipur, Talanta
48 (1999) 951-957

[19]

S.J. Macnaughton, I. Kikic, N.R. Foster, P. Alessi, I.
Colombo, J. Chem. Eng. Data 41 (1996) 1083-1086

[20]

Y. Yamini, J. Hassan, S. Haghgo, J. Chem. Eng. Data 46
(2001) 451-455

[21]

A.M. Winters, L.B. Knutson, P.G. Debeneedetti, H.G.
Sparks, J. Pharm. Sci. 85 (1996) 586-594

[22]

M. Johnnsen, G. Brunner, J. Chem. Eng. Data 42 (1997)
106-111

[23]

A.Z. Hezave, M.H. Khademi, F. Esmaeilzadeh, Fluid
Phase Equilib. 313 (2012) 140-147

[24]

A.Z. Hezave, A. Mowla, F. Esmaeilzadeh, J. Supercrit.
Fluids 58 (2011) 198-203

[25]

B.E. Poling, J.M. Prausnitz, J.P. O’ Connell, The properties of gases and liquids, Fifth ed., McGraw-Hill, New
York, 2004

[26]

S. Garnier, E. Neau, P. Alessi, A. Cortesi, I. Kikic, Fluid
Phase Equilib. 158 (1999) 491–500

REFERENCES

[27]

J. Méndez-Santiago, A.S. Teja, Fluid Phase Equilib. 158
(1999) 501–510

[1]

Y. Wang, R. N. Dave, R. Pfeffer, J. Supercrit. Fluids 28
(2004) 85–99

[28]

K.D. Bartle, A.A. Clifford, S.A. Jafar, G.F. Shilstone, J.
Phys. Chem Ref Data 20 (1991) 713–756

[2]

M. Khajeh, Y. Yamini, R. Miri, B. Hemmateenejad, J.
Chem. Eng. Data 50 (2005) 348-351

[29]

J. Chrastil, J. Phys. Chem. 86 (1982) 3016–3021

[30]

[3]

J. R. Dean, S. Khundker, J. Pharm. Biomed. Anal. 15
(1997) 875-886

S. Kumar, K.P. Johnston, J. Supercrit. Fluids 27 (1988)
1551–1553

[31]

[4]

B. Subramaniam, R. R. Rajewski, K. Snavely, J. Pharm.
Sci. 86 (1997) 885-890

M. Hojjati, A. Vatanara, Y. Yamini, M. Moradi, A.R. Najafabadi, J. Supercrit. Fluids 50 (2009) 203-209

[32]

[5]

Z. Knez, M. Skerget, P. Sencar-Bozic, A. Rizner, J.
Chem. Eng. Data 40 (1995) 216-220

M. Hojjati, Y. Yamini, M.Khajeh, A. Vatanara, J. Supercrit.
Fluids 41 (2007) 187–194

[33]

[6]

Z. Knez, A. Rizner-hras, K. Kokot, D. Bauman, Fluid
Phase Equilib. 152 (1998) 95-108

A. Zeinolabedini Hezave, F. Esmaeilzadeh, J. Chem.
Eng. Data 57 (2012) 1659-1664

[34]

[7]

B. Subramanina, R. A. Rajewski, K. Snavely, J. Pharm.
Sci. 86 (1997) 885-890

A. Zeinolabedini Hezave, M. Lashkarbolooki, F. Esmaeilzadeh, J. Supercrit. Fluids 73 (2013) 57-62

[35]

[8]

J. Fages, H. Lochard, J. J. Letourneau, M. Sauceau, E.
Rodier, Powder Technol. 141 (2004) 219- 226

A. Zeinolabedini Hezave, S. Aftab, F. Esmaeilzadeh, J.
Supercrit. Fluids 68 (2012) 39-44

[36]

[9]

S. Sethia, E. Squillante, Int. J. Pharm. 272 (2004) 1-10

H. Rajaei, A.Z. Hezave, M. Lashkarbolooki, F. Esmaeilzadeh, J. Supercrit. Fluids 75 (2013) 181-186

[10]

O. Guney, A. Akgerman, J. Chem. Eng. Data 45 (2004)
1049-1052

[37]

[11]

S.G. Kazarian, G.G. Martirosyan, Int. J. Pharm. 232
(2002) 81-90

S.J. Macnaughton, I. Kikic, N.R. Foster, P. Alessi, A.
Cortesi, I. Colombo, J. Chem. Eng. Data 41 (1996) 1083–1086

[38]

[12]

S.P. Velaga, R. Ghaderi, J. Carlfors, Int. J. Pharm. 231
(2002) 155-166

Z. Knez, M.Skerget, P.Senear-Bozic, A. Rizner, J. Chem.
Eng. Data 40 (1995) 216-220

[39]

[13]

E. Reverchon, J. Supercrit. Fluids 15 (1999) 1–21

[14]

Y-M. Chen, P-C. Lin, M. Tang, Y-P. Chen, J. Supercrit.
Fluids 52 (2010) 175–182

N.R. Foster, G.S. Gurdial, J.S.L. Yun, K.K. Loing, K.D.
Tilly, S.S.T. Tiny, H. Singh, J. H. Lee, Ind. Eng. Chem.
Res. 30 (1991) 1955-1964

[40]

D.J. Miller, S.B. Hawthorne, A.A. Clifford, S. Zhue, J.
Chem. Eng. Data 41 (1996) 766–779

[41]

R.T. Kurnik, R.C. Reid, AIChE J. 27(5) (1981) 861-863

[15]

S. Palakodaty, P. York, Pharm. Res. 16 (1999) 976–985

[16]

R.B. Gupta, J. J. Shim, Solubility in Supercritical Carbon
Dioxide, CRC Press, Boca Raton, FL, 2007

394

T. Kraska, K.O. Leonhard, D. Tuma, G.M. Schneider, J.
Supercrit. Fluids 23 (2002) 209–224.

S.A. SHOJAEE et al.: EXPERIMENTAL SOLUBILITY MEASUREMENT…

SAFAR ALI SHOJAEE1
HAMID RAJAEI2
ALI ZEINOLABEDINI HEZAVE2
MOSTAFA LASHKARBOLOOKI2
FERIDUN ESMAEILZADEH3
1

Department of Chemical Engineering,
Amirkabir University of Technology of
Iran (Mahshahr Branch), Iran
2
Islamic Azad University, Dashtestan
Branch, Borazjan, Iran
3
Chemical and Petroleum Engineering
Department, School of Engineering,
Shiraz University, Iran
NAUČNI RAD

Chem. Ind. Chem. Eng. Q. 20 (3) 387−395 (2014)

EKSPERIMENTALNO ODREĐIVANJE
RASTVORLJIVOSTI CEFALEKSINA U
SUPERKRITIČNOM UGLJEN-DIOKSIDU
Prethodnih godina naglo je poraslo interesovanje za upotrebu superkritičnog ugljen
dioksida u raznim hemijskim procesima koji se koriste za mikronizaciju čestica. Poznavanje rastvorljivosti odgovarajuće supstance u superkritičnom rastvaraču je vrlo važno za
procese usitnjavanja čestica. Zbog toga je ispitana rastvorljivost cefaleksina u superkritičnom ugljen-dioksidu pri promeni temperature od 308.15 do 338.15 K i pri promeni
pritiska od 16 do 40 MPa. Za ove operacione uslove je izmerena rastvorljivost u opsegu od
1,13×10-5 do 4,89×10-3 izražena u molskim frakcijama. Osim eksperimentalnog merenja
rastvorljivosti cefaleksina, izvršeno je modelovanje pomoću poznatih korelacija, i to:
Mendez-Santjago i Teja (MST), Bartle-Kumar-Džonstona i Črastila. Rezultati pokazuju da
je Črastilov model najtačniji semi-empirijski korelacioni model sa najmanjom srednjom
apsolutnom relativnom devijacijom od 9,43%.
Ključne reči: rastvorljivost, cefaleksin, superkritičan ugljen-dioksid, semi-empirijska korelacija.
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THE POSSIBILITIES OF OBTAINING
METALLIC CALCIUM FROM SERBIAN
CARBONATE MINERAL RAW MATERIALS
Article Highlights
• Defined technological scheme of the calcium production from Serbian limestones
• The influence of operating parameters on CaCO3 calcination was examined
• The dissociation is completed in 15 min at 1200 °C
• The satisfactory rate for CaO aluminothermic reduction is accomplished at 1200 °C in
2h
• The content of hardly evaporated metals in obtained Ca is very low
Abstract

We present experimental investigations that define both the technological
scheme of calcium production from limestone by aluminothermic process and
the basic operating parameters of the particular technological phases. The
limestone with high content of Mg, Na and K was used in the study. X-ray
analysis reveals that the samples contain mainly calcite with small amount of
dolomite. At first, the effects of temperature, time and granulometry on the
calcium carbonate calcination were examined. The dissociation process was
completed in 10–15 min at 1200 °C, and the dissociation rate increased with
decreasing particle size down to 5 mm. Afterwards, the aluminothermic reduction process of calcium oxide was investigated. At a temperature of 1200 °C
and vacuum of at least 3 kPa, the reduction process completed within 2 h. The
chemical composition of calcium oxide and calcium showed increased content
of magnesium oxide and alkaline oxides (especially sodium).
Keywords: limestone, calcination, calcium oxide, aluminothermic, calcium.

Pure calcium is a bright silvery-white metal,
extremely soft and ductile. The metal oxidizes rapidly
in the presence of moisture or in a dry air at temperature above 300 °C [1,2]. Calcium reacts readily with
water, forming hydrated lime (calcium hydroxide) and
hydrogen. It melts at 845 °C, boils at 1420 °C, and
can be purified by distillation in an inert atmosphere
or in a vacuum.
Owing to its chemical reactivity with oxygen, calcium never occurs naturally in the free state although
the compounds of the element are widely distributed
among geological materials. The main calcium-bearing minerals are: the three carbonates – calcite, araCorrespondence: A. Patarić, Institute for Technology of Nuclear
and Other Mineral Raw Materials, Bulevar Franše d'Eperea 86,
11000 Belgrade, Serbia.
E-mail: a.pataric@itnms.ac.rs
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gonite and dolomite; the sulphates – gypsum and
anhydrite; and fluorites in the form of fluorite or
fluorspar. Calcite is the major constituent of sedimentary rocks such as limestone, chalk, marble, dolomite,
eggshells, and pearls, while aragonite is the main
components of stalactites and stalagmites. Besides
its wide application [2–5], limestone is also the main
mineral used for metallic calcium production.
Calcium is an excellent reducing agent, and at
elevated temperatures it reacts with oxides or halides
of almost all metallic elements to form the corresponding metal. Calcium is used in lead refining (for
removal of bismuth), steel refining (as a desulphurizer
and deoxidizer) and as an alloying agent for aluminum, silicon and lead. Calcium is also used in the
recovery of refractory metals (e.g., chromium, rare
earth metals and thorium) from their oxides and in the
reduction of uranium dioxide [3].
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For the first time, in 1808, Davy prepared calcium by electrolysis of anhydrous, molten calcium
chloride [4]. Over time, this old electrolysis process
for making calcium has been mainly substituted with
metallothermic processes. Now, pure calcium metal is
made by metallothermic reduction on an industrial
scale by reducing calcium oxide with molten silicon or
aluminium. Pure limestone or calcite is calcinated in a
kiln at 1000 °C to produce calcium oxide for aluminothermic reduction. The thermal decomposition of calcite has been the subject of extensive research over
the last 50 years [5-11]. Hills [6] investigated the
calcium carbonate decomposition, and showed that
the decomposition reaction takes place on a definite
boundary between the undecomposed carbonate,
and the layer of porous lime formed outside it. The
rate of the reaction is controlled by the transfer of heat
to this reaction boundary, and by the transfer of CO2
away from it. Calcium oxide is ground and mixed with
aluminum powder. The mixture is heated up to 1200
°C, and the reduction begins producing calcium metal
and calcium aluminates [12]. The calcium is removed
from the slag by distillation in a vacuum and is being
condensed in a cold mold. Calcium alloys are produced industrially by various techniques such as
direct alloying or chemical reduction of the raw components.
The purpose of this experimental investigation
was to define a technological scheme of the aluminothermic process for calcium metal production from
Serbian carbonate mineral raw materials. Also, the
basic technological parameters of the particular process phases and necessary equipment for the different technological operations were determined.
EXPERIMENTAL
There are numerous limestone deposits that can
be used as a basis for elemental calcium production

Chem. Ind. Chem. Eng. Q. 20 (3) 397−405 (2014)

in Serbia. Two samples from the deposits nearby
Čačak (“C I” and “C II”) and one sample from the
deposit “Strezovac” (S) were used in the calcination
and reduction experiments, due to the high calcium
content. These samples were firstly prepared by
grinding.
The dissociation degree dependence on temperature, time and sample size was investigated in order
to determine the optimal conditions for calcination
process. The dissociation degree of calcium carbonate was determined based on the weight changes of
the samples during the calcinations process.
The apparatus scheme for investigation calcination of calcium carbonate is shown in Figure 1. The
quartz reaction tube (1) heats up in resistance furnace (7). The thermocouple is used for temperature
measuring (5). The speed of nitrogen inlet is regulated by flow meter (6). The outgoing gas is over triple
gas outlet pipe (2) being directed to the exit through
the rinsing flask (4) or the gas analysis burette (3).
The investigation of dissociation degree at -0.14,
+0.14, -5 and +5 15 mm particle size fractions was
done at the same apparatus, after grinding and sieving to obtain the appropriate sample size.
The aluminothermic reduction of calcium oxide
obtained from dissociation of calcium carbonate was
carried out in a laboratory heat-resisting steel retort.
The scheme is shown in Figure 2. The aluminum
powder is used as the reducing agent. Samples of
calcium oxide and aluminum mixtures were pressed
on hydraulic press at pressure of 15 MPa, and briquettes with volume density of 2–2.2 kg/dm3 were
obtained.
The retort body (2) is a heat resisting steel tube.
The retort bottom is calotte-shaped (1) and the flange
(3) with a rubber seal (4) is on the top of the cover,
which is water cooled (5). The retort is over a pipe
flange (6) connected to vacuum system. The conden-

Figure 1. Experimental set-up for the CaCO3 dissociation process: 1 - reaction tube, 2 - outlet pipe,3 - gas burette, 4 - rinsing flask,
5 - thermocouple, 6 - flow meter and 7 - resistance furnace.
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Figure 2. The retort for aluminotermic reduction process of CaO: 1 - retort bottom,.2 - retort body, 3 - flange, 4 - rubber seal,
5 - water cooling, 6 - pipe flange, 7 - copper spiral, 8 - water cooled pipe, 9 - calcium condensate, 10 - funnel screen,
11 - stainless crucible and 12 - bricket.

ser is a water cooled pipe (8), at which is formed calcium condensate (9). Thin layer of calcium condensate is also formed on the retort walls cooled with
cooper spiral (7). The funnel-shaped screen (10) with
the 25 mm diameter hole is placed in the retort for
separation the metal vapor condensation room from
the reduction room. The stainless crucible (11) with
bricket (12) is placed in the reduction room.
The retort is being heated up to the reduction
temperature in the resistance furnace with silicate
sticks. The vacuum system is connected through the
retort flange (6) and flexible metallic pipe.
The crucible with prepared briquettes for reduction was put into the retort and both were placed in
the chamber furnace equipped with the vacuum system.
To allow moisture evaporation, the retort was
left open up to 300 °C. Afterwards it was closed, the
vacuum system was turned on and the retort heated
up to 1200 °C. It was observed that the pressure in
the system increased in the temperature range of
600–700 °C, as a result of the degassing process. The
heating up to 1200 °C lasted about 5 h, while the
reduction process in all experiments lasted 2 h.
Thereafter, the retort was taken out from the furnace
and cooled under the vacuum. After opening, the
metallic calcium was removed from condenser and
placed in a desiccator. It was impossible to remove a
fine layer of condensate from the retort walls because
its highly developed surface was burned upon a
touch. The reduction degree was determined based
on the amount and composition of the remaining slag,
due to the inability to remove all the condensate.
To determine the chemical composition of limestone, slag and metallic calcium, the samples were
dissolved in mineral acids. The content of calcium
and magnesium was determined by volumetric (complexometric) methods, while the content of other
admixtures was determined by atomic absorption

spectroscopy using a Perkin Elmer Aanalyst 300
spectrometer. To determine the calcination loss, the
limestone was calcined at 1100 °C.
The phase and mineralogy composition of limestone samples were determined by XRD (X-ray diffraction) using a Philips PW-1710 diffractometer and
transmitted light microscopy (Carl Zeiss-Jena,
LENAPOL-U).
Differential thermal analysis/Thermo-gravimetric
analysis (DTA/TG) analysis of the samples, each of
100 mg, was carried out on a Derivatograf 1500
device in air atmosphere, using alumina as the reference material, with the heating rate of 10 °C/min.
RESULTS AND DISCUSSION
The chemical composition of the limestone
samples is presented in Table 1. In comparison with
the required limestone composition for aluminothermic process (54.5% CaO, up to 2.5% R2O3
(Al2O3+Fe2O3), 0.5% MgO and 0.1% Na2O+K2O), the
samples (Table 1) are not high-grade. The contents of
CaO and R2O3 are satisfying, while the contents of
MgO and Na2O+K2O are higher than the required
amounts.
Table 1. The chemical composition (%) of used limestone samples
Component

Sample
CI

C II

S

CaO

53.65

53.72

54.13

MgO

1.18

1.52

0.98

Al2O3

0.19

0.03

0.13

Fe2O3

0.15

0.18

0.24

SiO2

1.21

0.39

0.67

Na2O

0.09

0.16

0.19

K2O

0.03

0.02

0.05

43.36

43.88

43.48

Loss of annealing
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Figures 6–8. The dissociation degree dependence on
grain size and time for the S sample is shown in
Figure 9.
The process rate can be assessed by measuring the dissociation degree dependence on time
and temperature. From these measurements it can be
concluded that the dissociation rate is approximately
the same at appropriate temperatures, for both
sample site “Čačak” samples C I and C II (Figures 6
and 7). Thus, the dissociation is completed in 10 min
at temperature of 1200 °C, and in 30 min at 1050 °C.
The dissociation rate for sample “Strezovac” (S) is
slightly lower, so the process is completed in 15 min
at 1200 °C, and in 45 min at 1050 °C. The reason for
this is significantly higher proportion of calcite larger
particles in the sample S.
The investigation of the limestone particle size
influence on the process rate shows as expected that
the process rate increases by grinding the limestone
(Figure 9). When fragmentation is less than 5 mm, the
process rate does not differ significantly, because the

The X-ray diffraction analysis and light microscopy were used to determine the mineralogy and
phase composition of samples. The X-ray diffractograms of the samples with minimum and maximum
magnesium content (S and C II) are presented in
Figure 3a and b. Figure 3a shows the presence of
calcite, while Figure 3b shows the presence of calcite
and dolomite.
Crystals and aggregates of calcite are shown in
Figure 4, obtained by transmitted light microscopy.
The DTA/TG analysis of the limestone samples
is presented in Figure 5. The obtained DTA curves of
both C I and C II samples show endothermic peaks,
because the dissociation process is followed by endothermic heat effect. Since the DTA curves show only
one clearly defined peak, it can be concluded that the
calcium carbonate is solely in the form of calcite,
while aragonite is not present in the samples.
Calcination of calcium carbonate
The calcium carbonate dissociation degree
dependence on temperature and time is shown at
300
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Figure 3. X-Ray diffractogram of the S (a) and C II sample (b).

Figure 4. Crystals and aggregates of calcite: Magnification: 10×, II nicols.
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(b)

Figure 5. DTA/TG Analysis of the C I (a) and C II sample (b).

Figure 6. The dissociation degree dependence on the temperature and time for the C I sample.

Figure 7. The dissociation degree dependence on the temperature and time for the C II sample.
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Figure 8. The dissociation degree dependence on the temperature and time for the S sample.

Figure 9. The dissociation degree dependence on the granulation at 1150 °C for the S sample.

maximum dissociation degree is achieved in approximately the same time of 15 min. The required quantity of calcium oxide needed for aluminothermic reduction was determined after the dissociation process.

Table 2. The chemical composition of calcium oxide (%)

Calcium oxide aluminothermy
For reduction process with aluminum the three
samples of calcium oxide were used:
- the sample of calcium oxide obtained from
limestone calcination deposit “C I”,
- the sample of calcium oxide obtained from
limestone calcination deposit “C II” and
- the sample of calcium oxide obtained from
limestone calcination deposit “S”.
The chemical composition of calcium oxide
samples is presented in Table 2.
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Component

Sample
CI

C II

S

CaO

94.71

95.68

95.79

MgO

2.09

2.73

1.74

Al2O3

0.38

0.06

0.25

Fe2O3

0.24

0.34

0.43

SiO2

2.17

0.69

1.16

Na2O

0.18

0.29

0.34

K2O

0.054

0.04

0.08

The chemical composition of calcium oxide
shows increased content of magnesium oxide and
alkaline oxides (especially sodium), Table 2, which is
undesirable for the calcium aluminotermic process.
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Magnesium oxide and alkaline oxides (sodium and
potassium) are reduced together with calcium. Being
easily evaporative metals, they evaporate at lower
temperatures than the calcium and they are being
condensed together with calcium. Metal obtained in
this way has increased content of magnesium and
alkaline metals. The manipulation with metallic calcium, which has increased content of alkaline metals,
is very difficult because of their high reactivity and
ignitability. Weight loss of calcium oxide due to calcination should not exceed 0.2%. For this reason, the
calcium oxide obtained by calcination process must
be protected from moisture and carbon dioxide
absorption before aluminothermy process.
The discontinuous retort process was chosen for
laboratory investigation of calcium oxide reduction.
Charge preparation for reduction was carried out by
mixing of components and their briquetting. The aluminum powder is used as the reducing agent. The
measured amount of calcium oxide and aluminum powder samples were homogenized by long-term mixing.
The briquettes had satisfactory strength and did
not smash by falling to the floor from a height of 0.7
m. The values of 6.8 MPa was obtained by crushing
resistance testing at the hydraulic press. However, it
should be noted that the briquettes should be charged
in the reduction retort immediately after pressing,
because they could be broken up after a few hours
due to absorption of moisture and carbon dioxide
from the air; otherwise they must be stored in hermetic containers.
Aluminothermic reduction process is carried out
according to the following reaction:
14CaO + 6Al = 5CaO·3Al2O3 + 9Ca + Q

(1)

which can be replaced by:
33CaO + 14Al = 12CaO·7Al2O3 + 21Ca + Q

(2)

Stoichiometric amount of aluminum, calculated
according to Eq. (2) is 17 wt.% of charge. The charge
with 20 wt.% Al was used for experiments. The
required vacuum for conducting experiments was at
least 3 kPa, to prevent oxidation of obtained calcium
[13]. The satisfying rate of reduction process is carried out at temperature of at least 1200 °C. Due to the
highly exothermic process, the charge for experiments weighed only 0.1 kg, so the reduction was
completed within 2 h.
Calcium metal vapors originated in the reaction
space are directed towards condenser where calcium
was condensed. The residual slag after reduction
represented a useful refractory material.
The chemical composition of obtained calcium
from different starting materials is shown in Table 3.
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By analyzing the chemical composition of the obtained
calcium (Table 3) it can be concluded that the content
of hardly evaporated metals (Fe, Cu, Ni and Si) is
very low, what meets the requirements for the calcium
of commercial quality. Extremely low content of aluminum indicates that there was no mechanical transfer of aluminum particles to the place where the metallic calcium vapor condensed. It was expected that
magnesium, sodium and potassium contents are higher
in calcium, because the contents of these metals
were higher than allowed in the starting material.
Since these metals are reduced by aluminum and
since they are more evaporative then calcium, they
condensed together. As the condenser construction
did not allow fractional condensation of metal vapors,
their presence in calcium was inevitable.
Table 3. Impurities content in calcium (%)
Component
Fe

Sample
CI

CII

S

Ca, commercial grade

0.006

0.0074

0.010

0.01

Cu

0.040

0.025

0.033

0.05

Ni

0.003

0.007

0.005

0.01

Mn

0.150

0.190

0.170

0.10

Al

0.015

0.023

0.006

0.50

Si

0.065

0.001

0.016

0.20

Mg

3.360

4.170

2.750

0.10

Na

0.290

0.450

0.590

-

K

0.082

0.064

0.119

-

The vacuum refining distillation with fractional
condensation of metal vapors in a specially constructed condenser was necessary to obtain calcium
refined from impurities. Residual slag after reduction
process in the form of solid sintered product remains
in the crucible. After grinding, the chemical composition of slag samples was examined and it is presented in Table 4. The ratio of CaO and Al2O3 in the
slag according to the phase diagram of CaO-Al2O3
system [14] shows that the metallothermic reduction
process does not occur, according to Eq. (2).
Table 4. The chemical composition of slags (%)
Component

Sample
CI

CII

S

CaO

54.70

57.38

55.62

Al+Al2O3

39.68

38.96

40.08

MgO

0.98

1.44

0.88

Fe2O3

0.51

0.63

0.81

SiO2

3.85

1.31

2.15

Na2O

0.09

0.12

0.17

K2O

0.034

0.031

0.0425
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CONCLUSION
Increased content of magnesium, sodium and
potassium was determined by chemical analysis of
limestone. XRD and light microscopy analysis
showed that calcium is present in the form of calcite
and dolomite, and the magnesium in the form of
dolomite.
The examination of calcium carbonate dissociation shows that the dissociation rate is approximately the same at appropriate temperatures. Thus,
the dissociation is completed in 10 min at 1200 °C,
and in 30 min at 1050 °C. The dissociation rate for
sample “Strezovac” is slightly lower, so the process is
completed in 15 min at 1200 °C, and in 45 min at
1050 °C.
The charge was prepared by mixing of components and briquetting. The aluminum powder was
used as the reducing agent. The total briquetting
pressure was 15 MPa, where the obtained briquettes
had a density of 2–2.2 kg/dm3.
The charge with 20 wt.% Al was used for experiments. The required vacuum for conducting experiments was at least 3 kPa. The satisfactory rate of
reduction process is carried out at temperature of at
least 1200 °C. Due to the highly exothermic process,
the charge for experiments weighed just 0.1 kg, so
the reduction completed within 2 h.
The chemical composition analysis of obtained
calcium shows that the content of hardly evaporated
metals (Fe, Cu, Ni and Si) is very low. The magnesium, sodium and potassium contents are higher
because these metals are reduced by aluminum and
they are more evaporative than calcium.
The chemical composition analysis of slag and
phase diagram of CaO-Al2O3 system showed that the
metallothermic reduction process does not occur,
according to Eq. (2).
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MOGUĆNOSTI DOBIJANJA KALCIJUMA IZ
KARBONATNIH MINERALNIH SIROVINA
REPUBLIKE SRBIJE
Eksperimentalnim istraživanjima su definisani kako tehnološka šema dobijanja kalcijuma iz
krečnjaka aluminotermijskim procesom tako i osnovni radni parametri pojedinih tehnoloških faza. Uzorci krečnjaka koji su korišćeni u radu imaju visok sadržaj Mg, Na i K.
Rendgenska analiza je pokazala da uzorci uglavnom sadrže kalcit i u manjoj količini dolomit. Na početku je ispitan uticaj temperature, vremena i granulometrijskog sastava na kalcinaciju kalcijum-karbonata. Vreme trajanja procesa disocijacije je 10-15 min na 1200 °C i
povećava se sa smanjenjem veličine čestica do 5 mm. Nakon toga, ispitana je aluminotermijska redukcija kalcijum-oksida. Na temperaturi od 1200 °C i vakuumu od 3 KPa proces redukcije se završava za 2 h. Analiza hemijskog sastava kalcijum-oksida i kalcijuma
pokazuje povećan sadržaj magnezijum-oksida i oksida alkalnih metala, posebno natrijuma.
Ključne reči: krečnjak, kalcinacija, kalcijum-oksid, aluminotermija, kalcijum.
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EFFECTS OF TEMPERATURE AND METHOD
OF HEAT TREATMENT ON MYOFIBRILLAR
PROTEINS OF PORK
Article Highlights
• Thermal processing of meat cases proteins denaturation
• Meat was processed by roasting and cooking in water at atmospheric pressure
• By capillary electrophoresis was performed quantitative and qualitative proteins
determination
• Proteins during heat treatment showed a drastic decline in solubility with increasing
temperature
• Thermal processing by cooking had greater impact on proteins denatururation
Abstract

During the tests in this paper, meat processing was carried out at different temperatures in the range of 51 to 100 °C. The meat was processed by dry heat
(roasting) and wet heat treatments (cooking) in water at atmospheric pressure.
After heat treatment, myofibrillar proteins were extracted from solutions at
constant ionic strength. Quantitative and qualitative determinations of protein
fractions were performed by capillary electrophoresis. Myofibrillar proteins
were also analized for fresh pork meat sample. Results obtained in fresh meat
were compared with those recorded after roasting and cooking. In the fresh
and thermally processed pork the following proteins were identified: myosin,
light chain 3; myosin, light chain 2; troponin – C; troponin – I; myosin, light chain
1; tropomyosin; troponin – T; actin; desmin; α – actinin; C – protein; M – protein
(Mβ); M – protein (Mα); heavy meromyosin – HMM. For both methods of thermal
processing, with increasing heat treatment temperature, concentration of soluble protein in the extract decreases rapidly after 51 °C. Cooking treatment had
a more intense effect on the proteins change and denaturation than roasting.
Keywords: pork meat, cooking, roasting, protein denaturation, capillary
electrop.

Protein denaturation in the most general form
can be considered as a change in the structure of
proteins, which occurs during thermal processing of
meat. It is known that protein denaturation involves
important changes in their structure, which may occur
during thermal processing of meat. The temperature
at which these changes occur is called denaturation
temperature. In much of the literature, pertaining to
the biochemistry of meat and studying the effect of
heat treatment technology on the quality and charactCorrespondence: D. Vujadinović, University of East Sarajevo,
Faculty of Technology, Karakaj bb, Zvornik, Bosnia and Herzegovina.
E-mail: draganvjd@yahoo.com; draganvjd@gmail.com
Paper received: 8 February, 2013
Paper revised: 10 May, 2013
Paper accepted: 19 June, 2013

eristics of products, denaturation temperature was
identified as a key moment in which the traits of meat
rapidly changing. Besides heat, processes of protein
denaturation are affected by other factors, such as pH
and ionic strength of the solution. After protein denaturation in heat treated meat, intense reactions occur
between protein chains (protein-protein interactions).
The result of these changes is protein aggregation
(coagulation or gelation) [1]. The above changes can
be qualitatively and quantitatively determined by measuring changes in protein solubility and protein composition of the extracts using electrophoretic methods
[2].
Heat treatment cause a change in myosin helix
structure and surface hydrophobicity of light meromyosin LMM at pH 6 and 0.6 M KCl. LMM content in
the form of a helix structure begins to fall at 30 °C and
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reaches a minimum at 70 °C. Along with that surface
hydrophobicity increases in the samples heated to 65
°C, after which it begins to decline sharply. Reduction
of surface hydrophobicity at higher temperatures suggests that a part of the hydrophobic residues in protein chains is involved in protein-protein interactions,
during which aggregate networks are formed and the
formation of gel occurs [3,4].
Protein-protein interactions in myofibrillar proteins already begin at a temperature range from 36 to
40 °C. This process precedes the first expansion and
unfolding of long molecules of globular proteins at
temperatures from 30 to 32 °C. More intensive myofibrillar protein gelation begins from 5 to 50 °C, as it
can be seen by the intense increase in density of protein solutions. These processes are not affected by
rigor state of the meat. All this reduces the solubility
of newly formed aggregates of myofibrillar proteins at
a given ionic strength [5–8].
Hydrophobicity of myofibrillar proteins, soluble in
saline solution does not directly depend on the type of
muscle, but of the way and type of protein-protein
interactions and degree of gel formation. Accordingly,
heat-induced denaturation of myofibrillar proteins in
solution results in gel formation. Myosin has a high
aggregation affinity in very small protein concentration of 0.5% [5,6,9,10].
If the myosin solution is heated, maximum gel
strength, which is formed during that process, is
reached at a temperature of 45 °C and pH 5.5 or 60
°C at pH 6 of the solution. If the myosin solution contains actin, gel strength increases at the same temperatures and pH values. Ionic strength and pH are
important factors that determine whether the myosin
is in monomeric form or in the form of connected filaments. At an ionic strength greater than 0.3 and neutral pH, myosin molecules are dispersed in solution as
monomers that build coarse grid with large pores. At
low ionic strength solutions, myosin molecules are
linked into filaments, like naturally thick filaments in
muscle. Such a gel consists of a fine and uniform
mesh with small pores [7,11].
Myofibrillar protein gel formation during warming
takes place in two steps and in two separate temperature intervals. The first part of the reaction occurs at
temperatures between 30 and 50 °C, and second part
of the reaction at temperatures above 50 °C. The first
step involves aggregation process, where are protein-protein connections occur over myosin globular head.
In the second step, changes occurring at the level of
myosin helix structure, which leads to formation of
networks, where hydrophobic groups have a primary
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role in creating linkages at the level of protein-protein
interactions [12].
Myosin-myosin interactions do not occur in
myosin solution, which has been heated for 30 min at
30 °C. When the same solution is heated for 30 min at
a temperature of 35 °C, interactions between myosin
molecules begin, where the solution becomes denser
and has a prominent optical properties. Myosin molecules still dominate in their natural form in these conditions as well [13].
Heating at temperatures over 40 °C results in
the change in myosin, which causes the loss of properties which the protein had in its natural form.
Above 50 °C, the aggregation process is significantly
accelerated and it is difficult to see individual myosin
tails. Between 50 and 60 °C, if the myosin solution is
heated for 30 min, leads to formation of large globular
aggregates. At temperatures above 60 °C, individual
myosin tails cannot be observed more in solution. By
further heating (above 60 °C), helices are formed
through the hydrophobic groups on the myosin chains
[14].
Myofibrillar proteins build highly compact and
stable gels, which have a high water holding capacity
and good rheological properties. The conditions under
which the resulting gel (ionic strength, pH, heating
time, etc.) is formed affect the properties of the
formed gel [1,7,14].
Unlike myofibrillar proteins with a high power of
aggregation and creation of conglomerates with higher
molecular weight even at very low concentration
values in analyzed solutions, to start the process of
sarcoplasmic protein aggregation, proteins must be
present in solution at a concentration greater than 3%
[15].
During heating process, meat proteins is denaturated, which causes a variety of changes in the
structure of meat (destruction of cell membranes,
tearing of muscle fibers, coagulation and gel formation of myofibrillar and sarcoplasmic proteins, breaking and dissolving protein of connective tissue, etc.).
It is known that there are differences in the connective
tissue and muscle structure that may affect the degree of the above changes and temperature at which
these changes occur [16].
To the best of our knowledge, there are no available literature data on application of this electrophoretic technique for evaluation of changes of meat protein in the thermally treated meat sample so far. Here,
for the first time, a lab-on-a-chip technique was
applied to detection of protein changes in both cases
of heat treatment.The main objective of this paper
was to prove that different temperatures in tempera-
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ture range from 51 to 100 °C and various heat treatment processes (roasting and cooking) can differently
affect the state of myofibrillar proteins during heat
treatment.
EXPERIMENTAL

After extraction, the solution was centrifuged in
an Eppendorf 5415C centrifuge at 16000g for a
period of 10 min. After centrifugation, the supernatant
was applied to the chip for capillary gel electrophoresis (Protein KIT 230 kDa, Agilent) by micropipette.

Samples and sample preparation

Qualitative and quantitative determination of protein
status

The study was conducted on the pork meat,
reared on a modern farm in Bosnia and Herzegovina.
Pigs were between eleven and twelve months of age
and had an average gross weight of about 130–140
kg. The animals were bled under identical conditions.
After cooling at 4 °C for 24 h, Longissimus dorsi from
six carcasses was removed. The muscles were frozen
at –20 °C, cut into slices of 2.0 cm of thickness.After
labeling the samples were packed in polyethylene
bags, refrozen at a temperature of –30 °C and kept at
that temperature until the moment of testing. At the
time of analysing the samples were thawed overnight
in a refrigerator at a temperature of 4-5 °C.
Heat treatment of samples
Thawed samples were subjected to wet and dry
heat treatment. Dry heat treatment was carried out by
roasting (slices thickness of 2.0 cm) in oven type “Elit”
3 kW. The samples were heated to achieve desired
temperature in the center of sample in range from 51
to 100 °C. The air temperature in the oven during all
the experiment was 163±2 °C. The temperature in the
oven and the temperature in the center of the sample
were continuously monitored using a dual-channel
thermocouple “TESTO” and “HANNA” HI 98810.
Wet heat treatment was carried out in a water
bath. Before putting in water, samples were wrapped
in thermosetting plastic bags in absence of air, and
then heated to achieve the desired temperature in the
center of the sample. The temperature was continuously monitored using a dual-channel thermocouple,
“TESTO” and “HANNA” HI 98810. In case of wet treatment, thermocouple probe was placed in the center of
the sample, and then wrapped in a plastic bag and
tied at the top of the bag in the absence of air.
Determination of protein status

Sample preparation and protein extraction
Extraction was carried out for samples of fresh
and heated meat. The sample mass of 0.5 g was
taken for extraction and mixed with 5 cm3 extraction
buffer (8 M urea and 0.6 M NaCl to volume ratio
1:10), then homogenized using an Ultra turrax IKA
T25 homogenizer for 30 s at 10000 rpm and left to
stand for 12 h at 4 °C for protein extraction. During
extraction, samples were continuously mixed with magnetic stirrers [16].

Separation of proteins in prepared samples was
performed by electrophoresis on a chip device Agilent
2100 bioanalyzer (Agilent Tehnologies, Santa Clara,
CA) by using Protein 230 Plus Lab Chip kit.
The results were analyzed by the Agilent 2100
bioanalyzer software and shown in simulated images
of gels (as scanned SDS-PAGE gels). Separation of
proteins was carried out on the basis of their relative
mobility in the gel. The specific proteins are qualitative separated by molecular weight of protein fractions, and quantified by the concentration of each of
the identified protein fractions.
Meat samples which were roasted to end-temperatures from 51 to 100 °C, were marked as 51 °C
(1), 61 °C (3), 71 °C (5), 81 °C (7), 91 °C (9) and 100
°C (11), shown in Figure 1. Meat samples which were
cooked to end-temperatures from 51 to 100 °C, were
marked as 51 °C (2), 61 °C (4), 71 °C (6), 81 °C (8),
91 °C (10) and 100 °C (12), shown in Figure 2. As a
control a sample of fresh meat (sample that is not
thermally processed) was included in Figures 1 and 2
marked as (0).
Statisitcs and data analysis
The experiments were a completely randomized
design with four replications. Data were subjected to
analysis of variance (ANOVA) and means were separated by Duncan’s multiple range test at p < 0.05
significance level.
RESULTS AND DISCUSSION
The research results are presented in Figures 1
and 2, which show protein gel images separated by
electrophoresis for fractions of fresh meat and meat
processed by either roasting or cooking. Figures 3
and 4 show the change in the concentration of total
soluble protein and number of bands for both
methods of thermal processing. Tables 1 and 2 represent the mean change in the concentration of individual proteins identified from samples of pork meat,
processed by roasting and cooking, at different temperatures in the middle of the sample in chosen temperature range from 51 to 100 °C.
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Figure 1. Gel images of electrophoresis separated meat protein fractions processed by roasting heat treatment.
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Figure 2. Gel images of electrophoresis separated meat protein fractions processed by cooking heat treatment.

Qualitative protein determination
Figures 1 and 2 separately show results for samples processed by roasting and cooking, respectively.
The gel images, obtained by separating the proteins from meat samples treated with both heat treatment processes, differ from each other according to
the number of bands and according to their concentration. All gel images of thermally processed samples
are quite different compared to the gel image samples
of fresh meat. The total amount of soluble proteins
decreased in the whole molecular range and at all
preparation temperatures, regardless of the method,
compared to fresh meat (Figures 1 and 2).
Dynamics of qualitative changes in protein from
fresh meat to heat treated meat shows that in the
range from 51 to 61 °C there was a disappearance of
bands with molecular weights from 130 to 346 kDa.
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Thermal treatment in the temperature range from 61
to 91 °C leads to disappearance of bands with molecular weights (60–130 kDa) and at the end, from 91 to
100 °C, only protein bands with molecular weight (30–
-60 kDa) remains in the extract.
In fresh meat, 54 bands were identified and this
increased in roasted meat until 61 °C where 93 bands
were identified. Above 61 °C, the number of bands
decreased and at 100 °C 59 bands were identified
(Figure 3). In cooked samples the total number of
bands increased to the temperature of 61 °C (93
bands), then droped at 71 °C to 54 bands. From 71 to
91 °C, the number of bands increased to a value of
131, and finally at 100 °C 95 bands were identified
(Figure 4). In the temperature range from 61 to 81 °C,
when changes in the myofibril are most intense, the
number of bands are approximately equal, and at the
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Figure 3. Changes in total protein concentration and the number of bands during roasting heat treatment; a, b, c..., e - different letters in
superscript indicate statistical significance (P ≤ 0.05).
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Figure 4. Changes in total protein concentration and the number of bands during cooking heat treatment; a, b, c..., e - different letters in
superscript indicate statistical significance (P ≤ 0.05).

temperature of 81 °C identical numbers of bands (76)
for both methods of thermal processing are seen
(Figures 3 and 4). Compared to the previous temperature intervals, the methods of thermal processing
have significantly different (P ≤ 0.05) effects on the
changes and breakdown of myofibrils helix structure
in the temperature interval from 91 °C to 100 °C, as
can be seen from the significantly different number of
bands (P ≤ 0.05).
Different types of heat treatment and age of the
animals from which it is extracted have different
effects on the properties and gelation of collagen,
which begins above 80 °C [1,11,17]. The results presented in this paper are largely consistent with previous results.
Myosin HMM is first band, that disappears dramatically on 51 °C, at samples processed by cooking,
while at roasted samples can occur in decreased concentrations and in 61 °C [1,18]. The research results

that were obtained in this paper are in partial agreement with previous results concerning to the solubility
of myosin HMM. This is due to the different experimental conditions in terms of height of ambient temperature, the heating rate (51 to 100 °C) and heat
diffusion during the heat treatment. In addition, there
is a significant impact of the extraction buffers ionic
strength.
Between 65 and 87 °C many changes are taking
place in the myofibrillar proteins, which causes their
coagulation, decreases the solubility and disappearance of the bands. Great contribution to protein heat
denaturation, appearance and layout of bands has
hydrolysis of proteins. [19]. As can be seen from Figures 1 and 2 in the fresh and thermally processed
pork the following proteins were identified: myosin,
light chain 3; myosin, light chain 2; troponin – C; troponin – I; myosin, light chain 1; tropomyosin; troponin –
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Table 1. Mean values of individual differences in the concentration of proteins (c in μg/cm3 ±SD) identified from samples of pork meat
processed by dry heat (roasting) process at different temperatures in the middle of the sample; a, b, c..., e - different letters in
superscript indicate statistical significance (P ≤ 0.05)
Protein name

Desired temperature in the centre of the samples, tc / °C

Fresh

51

61

71

81

91

100

MLC 3

6.4a±0.98

45.2b±2.34

11.4c±0.54

22.3d±1.75

9.0c±0.69

16.7e±1.89

24.4d±1.93

MLC 2

71.7a±2.43

22.4b±1.90

0.0c±0.00

2.8d±0.54

2.8d±0.94

8.6e±0.94

5.8f±0.89

Troponin - C

28.6a±1.42

31.3b±2.12

5.9c±0.96

90.9d±2.98

5.2c±0.51

14.9e±0.87

13.1e±1.11

Troponin - I

244.4a±5.90

57.2b±3.56

8.7c±0.87

8.4c±0.74

4.4d±0.49

21.1e±1.73

9.2c±0.23

MLC 1

596.1a±23.1

0.65b±0.11

4.8c±0.25

7.3d±0.39

5.3c±0.73

26.5e±1.84

17.4f±0.98

115.1a±6.89

0.0b±0.00

Tropomyosin

0.0b±0.00

0.0b±0.00

0.0b±0.00

0.0b±0.00

0.0b±0.00

Troponin - T

1393.6a±42.98 267.7b±23.56

50.7c±3.46

11.8d±0.68

23.7e±1.79

50.1c±2.85

8.0f±0.56

Actin

2419.5a±87.93 348.8b±37.91

98.0c±4.28

37.6d±1.89

67.9e±3.29

29.2f±1.94

25.6f±1.59

Desmin

128.8a±21.69

39.7b±2.97

21.1c±1.89

0.6d±0.09

2.2e±0.12

1.4e±0.08

2.8e±0.34

α - Actinin

158.5a±31.32

2.7b±0.23

0.2c±0.01

0.4c±0.08

0.4c±0.01

0.5c±0.02

1.3c±0.25

C - protein

141.1a±12.85

0.0b±0.00

0.0b±0.00

0.6b±0.04

0.0b±0.00

1.7c±0.14

5.5d±0.71
5.6e±0.69

M – Protein (Mβ)

8.7a±1.12

0.3b±0.02

1.5c±0.13

2.8d±0.35

4.5e±0.29

0.7b±0.09

M – Protein(Mα)

0.7a±0.05

0.5a±0.01

0.2a±0.01

2.4b±0.12

1.1c±0.11

0.2a±0.01

3.5d±0.92

807.9a±32.67

0.2b±0.01

0.1b±0.00

4.3c±0.68

0.7b±0.03

0.0b±0.00

1.5d±0.10

Heavy meromyosin HMM

Table 2. Mean values of individual differences in the concentration of proteins (c in μg/cm3 ±SD) identified from samples of pork meat
processed by wet heat (cooking) process at different temperatures in the middle of the sample; a, b, c..., e - different letters in
superscript indicate statistical significance (P ≤ 0.05)
Protein name

Desired temperature in the centre of the samples, tc / °C

Fresh

51

61

71

81

91

100

MLC 3

6.4a±0.83

28.5b±2.23

6.4a±0.67

39.9c±2.94

22.2d±1.58

12.5e±0.84

9.4f±0.49

MLC 2

71.7a±3.67

16.2b±1.56

0.0c±0.00

7.4d±0.49

24.8e±2.91

1.4c±0.09

8.2d±0.72

Troponin - C

28.6a±1.98

12.1b±1.23

0.9c±0.02

12.1b±0.99

3.5d±0.28

7.6e±0.38

42.0f±3.91

Troponin - I

244.4a±19.87

47.5b±3.12

1.9c±0.13

8.4d±0.91

5.3e±0.42

3.7e±0.41

26.6f±2.94

MLC 1

596.1a±29.34

20.9b±1.82

0.0c±0.00

7.6d±0.37

6.0d±0.31

6.0d±0.49

88.8e±3.67

Tropomyosin

115.1a±19.81

0.0b±0.00

Troponin - T

1393.6a±37.91 108.5b±27.43

Actin
Desmin

0.0b±0.00

0.0b±0.00

0.0b±0.00

0.0b±0.00

0.0b±0.00

32.4c±1.54

7.5d±0.84

0.6e±0.00

32.9c±2.94

45.3f±3.94

2419.5a±42.98 118.6b±12.85

61.3c±2.82

8.1d±0.81

7.1d±0.83

28.0e±1.99

28.0f±1.39

128.8a±12.81

24.1b±2.13

21.0b±1.86

0.1c±0.01

1.3c±0.04

0.0c±0.00

0.0c±0.00

α - Actinin

158.5a±13.16

0.6b±0.01

1.4b±0.11

0.2b±0.01

1.5b±0.08

0.5b±0.02

0.5b±0.01

C - protein

141.1a±18.47

0.1b±0.01

0.1b±0.01

1.3b±0.11

0.3b±0.02

0.6b±0.01

0.4b±0.02

M – Protein (Mβ)

8.7a±1.82

1.0b±0.09

0.6b±0.02

3.3c±0.22

3.1c±0.11

1.4b±0.07

0.3b±0.01

M – Protein(Mα)

0.7a±0.04

0.3a±0.01

0.6a±0.01

1.4b±0.37

1.7b±0.12

0.0a±0.00

0.0a±0.00

807.9a±31.32

0.2b±0.01

1.0b±0.07

4.6c±0.89

1.1b±0.09

0.8b±0.06

0.0b±0.00

Heavy meromyosin HMM

T; actin; desmin; α – actinin; C – protein; M – protein
(Mβ); M – protein (Mα); heavy meromyosin – HMM.
Quantitative protein determination
Changes in total protein concentration in
extracts obtained from samples of fresh meat and
meat samples thermally processed by cooking and
roasting at temperatures from 51 to 100 °C, are
shown in Figures 3 and 4.
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The total concentration of soluble myofibrillar
proteins in the samples of meat extract processed by
roasting in the observed temperature range shows a
trend of rapid reduction from 51 to 81 °C; then, it
shows a slight increase in the temperature interval
from 81 to 91 °C; finally, there is a re-reduction of
concentration of soluble protein from 91 to 100 °C
(Figure 3). As with roasting, the total concentration of
myofibrillar proteins in the meat extract treated by
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cooking tends to decrease rapidly with increasing
temperature in the center of the sample from 51 to 71
°C; after that, further increase in temperature retains
an approximately constant value. Up to 100 °C, the
value is higher compared to the previous interval (Figure 4).
Tables 1 and 2 show the changes in the concentration of individual proteins identified by both
methods of thermal processing. There are three
intense bands in the extract from fresh samples
(Tables 1 and 2): heavy meromyosin-HMM (∼200
kDa), concentration 807.9±32.67 μg/cm3, actin (∼44
kDa), concentration 2419.5±87.93 μg/ cm3 and troponin – T (∼37 kDa), concentration 1393.6±42.98
μg/cm3. In SDS-PAGE electrophoresis profiles of beef
extract many authors have detected all three bands,
with the greatest concentration of myosin and actin
[1,20–22].
As can be seen from Tables 1 and 2 for both
methods of thermal processing, with increasing heat
treatment temperature, the concentration of soluble
protein in the extract decreases rapidly after 51 °C.
The only exception was myosin, light chain 3 whose
concentration increases, from 6.4±0.98 μg/cm3 in the
extract of fresh meat, to 9.4±0.49 μg/cm3 after reaching 51 °C in the center of the sample treated by cooking. By dry heat treatment (roasting), after reaching
51 °C concentration of myosin, light chain 3 was
24.4±1.93 μg/cm3. After 51 °C all identified proteins
larger than 100 kDa, such as α – actinin, C – protein,
M – proteins and heavy meromyosin – HMM show a
major decline in intensity. This is characteristic for
both methods of thermal processing. In addition to
these proteins with higher molecular mass, only tropomyosin with molecular weight less than actin disappears completely after 51 °C.
With increasing temperature during heat treatment, solubility of myofibrillar proteins decreases
sharply, especially those with higher molecular mass.
Exceptions are small proteins with molecular masses
less than 50 kDa, which may in some cases deviate
from this rule at temperature in the center of 50 °C
[8,18,23]. The results in this paper are consistent with
results of previous research.
With further increase of temperature up to 100
°C, the tropomyosin band does not appear, and the
concentration of proteins with larger molecular weight
appear only in traces, on the order of 10–6 g/cm3 at the
ionic strength of the solution used for extraction. The
presence of these protein fractions traces is a result
of their denaturation and confirmational changes in
observed temperature range from 51 to 100 °C. The
high thermal stability shows actin and desmin, interfil-

Chem. Ind. Chem. Eng. Q. 20 (3) 407−415 (2014)

amental constituent of myofibrils. Their concentration
in roasting heat treatment slightly increases above 81
°C in relation to the interval of myofibrils collapse
(Table 1). Desmin vanishes for both processes of
heat treatment after 71 °C and there is still in a trace,
and actin appears throughout the observed temperature range, although with decreased concentration
from 51 to 100 °C. This is consistent with studies that
suggest that desmin and actin have high stability with
increasing temperature during heat treatment [23].
The decrease in concentration is larger for the
cooking samples. Characteristic for all identified proteins with lower molecular weight, maximum concentration changes occur in the temperature range from
61 to 81 °C. It is the interval during which decomposition of myofibrils appears as a consequence of
this conformational change. All identified proteins with
lower molecular weight than actin, except tropomyosin, show good thermal stability and also appear on
100 °C. At heat processing by cooking, this increase
of concentration is higher (Table 2) than the heat
treatment by roasting, but happens above 91 °C.
In contrast to the decrease in protein fractions in
the present experiment, amino acid fraction in sample
extracts increased with increasing heat treatment
temperature [24,25].
Thus, above 51 °C, proteins with molecular
weight greater than 100 kDa, such as α – actinin, C –
protein, M – proteins and heavy meromyosin – HMM,
did not get more soluble in any of the heat treatments.
In both procedures of heat treatment, characteristic is
that a tropomyosin disappears at 51 °C and above.
On average, at heat treament above 61 °C, the extract in quantitative terms contains mainly desmin,
actin, troponin – T, troponin – I, i.e., proteins with lower
molecular weight. This can be explained by the
decomposition of myofibrillar structure and numerous
conformational changes that occur at the level of protein-protein interactions. During heat treatment, products of proteins hydrolysis are also appearing in extracts, resulting in an increase of light proteins fraction (≤ 30 kDa), as the temperature rises. This is more
evident in the process of heat treatment by cooking,
because of more uniform heat diffusion due to lower
temperature gradient and prolonged residence time to
achieve the targeted temperature [25,26].
As could be seen from the increase in temperature during heat treatment, those proteins that are
disappearing from the extract solution, which are
mainly proteins of larger molecular weight, such as,
e.g., heavy meromyosin – HMM, first enter into a protein-protein interactions and form aggregates with
larger molecular weights. For extraction solution that
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was used in this study, these aggregates have low
solubility and appear in trace. As a continuation of this
research it would be useful to identify hardly soluble
aggregates of molecular weight greater than 300 kDa.
To do so, it is necessary to use the increased ionic
strength solutions in order to increase the solubility of
aggregates with higher molecular weight. In this way,
it could be possile to detect the proteins and make a
more accurate identification. Also, it should be noted
that in this paper is used the protein detection kit
whose detection range of molecular weights is ranged
from 4.5–240 kDa. Thus, in future studies, a recommended protein detection kit with upper molecular
weight minimum of 400 kDa could also be used.
CONCLUSION
The results in this paper prove that different heat
treatment techniques have different effects on the
state of proteins at the same temperature in the center of sample. As presented, electrophoretic examination of state of proteins during heat treatment
showed a drastic decline in the solubility of protein
fractions with increasing temperature in the center of
the sample during heat treatment. A significant faster
decrease (P < 0.05) in concentrations of soluble proteins was observed in cooked compared with roasted
samples. This result is a consequence of more uniform heat diffusion in samples processed by cooking
heat treatment, and a longer residence time to
achieve the desired temperature in the center of the
sample. Potential application of results that were
obtained in this study lies broadly in industrial conditions with respect to the selected interval of the heat
treatment, which is usually the most common used.
Based on this study, it can be concluded that thermal
treatment by cooking has more intensified impact of
changes in protein structure.
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UTICAJ TEMPERATURE I METODE TOPLOTNE
OBRADE NA STANJE MIOFIBRILARNIH PROTEINA
MESA SVINJA
Tokom ispitivanja u ovom radu, toplotna obrada mesa je provedena na različitim temperaturama u temperaturnom intervalu od 51°C do 100°C. Meso je obrađeno suvom
toplotnom obradom (pečenjem) i vlažnom toplotnom obradom (kuvanjem) u vodi na atmosferskom pritisku. Nakon toplotne obrade, miofibrilarni proteini su ekstrahovani slanim rastvorima konstantne jonske jačine. Kvantitativna i kvalitativna određivanja proteinskih frakcija izvršena su upotrebom kapilarne elektroforeze. Miofibrilarne proteinske frakcije analizirane su i iz uzorka svježeg mesa. Dobijeni rezulteti za svježe meso su poređeni sa
rezultatima za uzorke obrađene toplotnim obradama kuvanje i pečenje. Kako u svježem,
tako i u toplotno obrađenom mesu svinja, identifikovani su sledeći proteini: miozin, laki
lanac 3; miozin, laki lanac 2; troponin – C; troponin – I; miozin, laki lanac 1; tropomiozin;
troponin – T; aktin; dezmin; α – aktinin; C – protein; M – protein (Mβ); M – protein (Mα); teški
meromiozin – HMM. Za obe metoda toplotne obrade, sa povećanjem temperature tokom
toplotne obrade, koncentracija miofibrilarnih proteina u ekstraktu značajno opada posle 51
°C. Toplotna obrada kuvanjem imala je značajnji uticaj na promjene i denaturaciju proteina, posmatrano u odnosu na toplotnu obradu pečenjem.
Ključne reči: meso svinja, kuvanje, pečenje, denaturacija proteina, kapilarna
elektroforeza.
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SIMULATION OF THE MULTICOMPONENT
DISTILLATION OF SPEARMINT ESSENTIAL
OIL BY A PREDICTIVE SOAVE-REDLICHKWONG EQUATION OF STATE AND
COMPARISON WITH EXPERIMENTS
Article Highlights
• Pilot scale of separation of spearmint oil components was carried out in a column
• The results are compared to predictions based on a computer simulation
• For the simulation of the multicomponent distillation studied, a BP method is used
• The consistency between the experiments and simulations was good
• The distillation was found to be sensitive to the number of trays and reflux ratio
Abstract

In this study, enrichment in major component of spearmint oil has been investigated by continuous multicomponent distillation. A mathematical model was
evaluated to predict the enrichment by multicomponent distillation of spearmint
oil. The aim of the work was to obtain simulation data to compare with experimental data of spearmint oil enriching. The simulation model is based on the
bubble point method, the Wang-Henke algorithm and predictive Soave-Redlich-Kwong (PSRK) equation. In this method, MESH equations are solved and
a diagonal matrix method for solving equations is used. The model was validated by experimental data obtained from a pilot-plant system, using a continuous distillation column with 1–5 trays. The simulation was able to predict
satisfactory the experimental data. The results of simulation and experiments
show that the major component of spearmint essential oil is enriched from 31
to 62% by the distillation column with five trays. The results show that the addition of a tray to the distillation column with a low number of trays is more
effective relative to addition of a tray to the distillation column with a higher
number of trays. The results indicate that increasing of reflux ratio from 2 to 3
increases separation of the major component from 62.04 to 67.04%.
Keywords: spearmint essential oil, simulation, separation, multicomponent distillation, bubble point method, PSRK equation.

A large number of plant species contain volatile
chemical compounds that can be extracted as an
essential oil. The main components of essential oils
are used in many industries, such as the pharmaceutical and cosmetics industries. Carvone is one of the
most important components of spearmint essential oil
[1]. Due to its high taste and smell, it is widely used in
spices and cultivated in several countries [2].
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Although it seems relatively simple to separate
such a component from oils, the yield of the main
component may vary to a large extent depending on
the separation method used. The advantages and
disadvantages of some methods such as solvent
extraction, simultaneous distillation-extraction, supercritical carbon dioxide extraction and the use of microwave ovens have been discussed extensively [3].
None of these processes is universal; in fact, each
process presents particular advantages and disadvantages when used for a particular material. A literature survey indicated a lack of published data on
the main component separation of spearmint essential oil by multicomponent distillation.
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The main objective of this article is to obtain a
better understanding of spearmint multicomponent
distillation. The paper is subdivided into two specific
parts:
1. The separation of main component of spearmint essential oil and determination of recovery yield
under pilot plant conditions.
2. The development of a numerical model able
to predict of the main component enrichment from
process variables. The numerical model is validated
by qualitatively and quantitatively comparing with the
pilot plant results. This model will be used in future
work to optimize process conditions and product quality.
EXPERIMENTS
The experimental pilot plant is shown in Figure
1. It was designed and constructed at the Khorasan
Research Institute for Food Science and Technology.
The unit was mainly composed of 316A stainless
steel column (diameter 20 cm and height 207 cm) that
contained one to five perforated plates. The column
was insulated in order to minimize heat losses. The
column was equipped with a total condenser, an electrically heated thermosyphon reboiler and a protection
heating to ensure adiabatic operation.

C
A
B

D
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The distillate flow rate and the reboiler heat duty
were set. Once the system reached steady state, both
temperature and pressure remained constant. A
stable steady state was typically observed after 35
min. Measurements were made after at least 25 min
of steady state operation. Pressure gauges were
placed at the top and bottom of the column to measure pressure and three thermocouples were used to
measure the temperature inside the column. The
enriched vapor of essential oil at the column outlet
was condensed in a stainless steel condenser, which
was designed to cope with various operating conditions of flow rates and pressures. The condensate
was collected in a sealed vessel and partially refluxed
to the column.
Concentrations and temperatures were also
measured in the feed, bottom product and distillate.
For five experiments, the feed location was above the
first tray for column with one tray, above the first tray
for column with two trays, above the middle tray for
column with three trays, above the second tray for
column with four trays, above the middle tray for column with five trays, respectively. The external reflux
ratios were two and three. The feed flow rate was 25
L/h and containing 31% carvone.
Main components of essential oil were measured on a Pye Unicam/Philips PU 4500 gas chromatograph with equipped with packed SE-30 (1.52 m×4
mm) column. Nitrogen was used as carrier gas at a
flow rate of 30 mL/min. The temperature program was
from 55 (6 min) to 210 °C, at a rate of 4 °C/min. Carvone and limonene were identified by comparing their
retention times with those of standard compounds.
The percentage composition of carvone and limonene
was calculated using a calibration curve with components injected at different concentrations.
All experiments were conducted at the same
conditions and showed reproducible results. The
relative error for each of the major component separation results is typically below 2%.
COMPUTER SIMULATION

F
E

G
Figure 1. Picture of the distillation pilot plant: A – feed vessel;
B – distillation column; C – condenser; D – decanter; E – reboiler;
F – vessel for product from top of column; G – vessel for product
from bottom of column.
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Spearmint essential oil has a narrow boiling
point range (160 to 240 °C). When the feed(s) to the
distillation column contains components of a narrow
boiling-point range, the bubble point (BP) method is
very efficient [4,5].
In the bubble-point (BP) method, a new set of
stage temperatures is computed at each iteration
from bubble-point equations. In the method, all equations are partitioned and solved sequentially except
for the modified M-equations, which are solved sepa-
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rately for each component by the tridiagonal matrix
technique [5].
Governing equations
For a system with N stages and NC components, the equations that describe the counter-current, multistage separation processes are derived by
making material and enthalpy balances around the jth
tray of the model (see Figure 2).
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flow rates leaving or entering stage j and feed molar
flow rate entering stage j.
2. E-equations. phase-equilibrium relation for
each component (C equations for each stage):

Ei ,j = yi ,j −K i ,j xi ,j = 0

(2)

where Ki,j, is the phase equilibrium ratio.
3. S-equations. mole-fraction summations (one
for each stage):
C

(S y ) j =

y

i ,j

− 1.0 = 0

(3)

i ,j

− 1.0 = 0

(4)

j =1
C

(S x ) j =

x
j =1

4. H-equation. energy balance (one for each
stage):

H j = L j −1H L j −1 +V j +1HV j +1 + Fi H F j −
−(L j + U j )H L j − (V j +W j )HV j − Q j = 0

(5)

where kinetic and potential energy changes are
ignored.
A total material balance equation can be used in
place of Eqs. (3) or (4). It is derived by combining
these two equations and using Σzi,j = 1.0 with Eq. (1)
summed over the C components and over stages 1
through j to give:
j

L j = V j +1 +

 (F

m

− U m −Wm ) −V1

(6)

m =1

Solution of governing equations

Figure 2.. General countercurrent cascade of N stages [5].

The equations are often referred to as the
MESH equations after Wang and Henke [6]. These
equations are:
1. M-equations. material balance for each component (C equations for each stage):

M i , j = L j −1x i , j −1 +V j +1y i , j +1 + F j z i , j −
−(L j + U j )x i , j − (V j +W j )y i , j = 0

(1)

where xi,j, yi,j, and zi,j are the mole fractions of component i on stage j, respectively, in the liquid phase,
vapor phase, and feed stream; Lj, Vj, Uj, Wj and Fj are
liquid, vapor, liquid side stream, vapor side stream

In the BP methods, the MESH equations are
grouped by types. With this approach, stage temperatures and flow rates are estimated. The M-equations, Eq. (1), are combined with the E-equations, Eq.
(2), to form the first subset of equations. These equations are linearized by holding the values of the flow
rates and separation factors invariant and then solved
component-wise for stage composition, using the
Thomas algorithm (see, for instance, work by Chapra
and Canale [7]). Using the calculated composition,
the S-equations, Eqs. (3) and (4), and the H-equations, Eq. (5), are then solved separately for the new
values of tray temperatures and flow rates. The boiling range of spearmint oil is chosen for the first iteration. The entire procedure is repeated until convergence is achieved [5,6].
The following five components: carvone, dihydrocarvone, cineol, limonene and α-pinene, represents
93 to 98 mass% of spearmint essential oil, so calculations are performed for these five components.
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Pure component physical properties required in the
calculation were taken from Chemstations [8] and/or
the work by Daubert et al. [9], Poling et al. [10], and
Valderrama and Silva [11].

K-values
To solve equations by the Thomas method, Ki,j
values are required. When they are compositiondependent, initial assumptions for all xi,j and yi,j values
are needed. Ideal K-values, employed for the first
iteration, are computed from:

K ideal =

ΦiLo
ΦiVo

(7)

where ΦiLo and ΦiVo are the pure-species fugacity
coefficients which were computed from PSRK equation of state. The PSRK equation of state is widely
applied in process calculations, particularly for saturated vapors and liquids [5,11,12].
The K-values are updated between iterations
using Chao-Seader K-value:
(8)

where γ iL and ΦˆiVo are the activity coefficient of a
species in a liquid and partial fugacity coefficient of a
species in a vapor, respectively.
The PSRK equation
The PSRK equation is in the following form [11]:

a α(T )
RT
− c r
V - b V(V + b)

(9)

R 2Tc2
a c = 0.42748
Pc

b = 0.08664

ΦiLo and ΦiVo are obtained from PSRK equation
[5,11] and γ iL is computed from Flory-Huggins equa-

tion [5]. The complete expression for the activity coefficient of a species including the Flory-Huggins correction is:
C


Φi δ i )2
ν iL (δ i −

v
v 
i =1
γ iL = exp 
+ ln( iL ) + 1 − iL 
RT
vL
vL







(10)

R 2Tc2
Pc

(11)

Tr < 1: α (Tr ) = [1 + c1(1 −Tr 0.5 ) + c 2 (1 −Tr 0.5 )2 +
+c 3 (1 −Tr 0.5 )3 ]2

(12)
0.5

2

Tr > 1: α (Tr ) = [1 + c1(1 −Tr )]

where c1, c2 and c3 are empirical constants given in
the literature [8].

(13)

where ν iL , δ i , Φi , ν l , R and T are the molar volume in
liquid phases, solubility parameter, volume fraction,
molar volume of a species, universal gas constant
and temperature, respectively.
Simulation convergence criterion
The following convergence criterion based on
successive sets of the stage temperatures was
considered [4,5]:
N

τ=

γ Φo
K i = iL oiL
ΦˆiV

P=
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j =1

2

T j(k ) −T j(k −1)  ≤ 0.01N



(14)

where τ and N are the convergence criterion and
number of stages.
The original code is written in FORTRAN and
numerical computations were performed on a Pentium 4 computer. Typical CPU times ranged from 8 to
10 min.
RESULTS AND DISCUSSION
Comparison between the model predictions and the
experimental data
Only some typical results from the experimental
study are presented here together with their prediction by the multicomponent distillation model described above. In the simulations, the feed flow rate
and the column pressure as well as the reflux and
distillate flow rate were specified according to the
experimental values.
a) Carvone enriching
The enriched carvone exits from a reboiler connected to the bottom of the column. Table 1 shows
the experimental and simulation results of the car-

Table 1. Experimental and simulation results for carvone enriching with reflux ratios of 2 and 3 for the pilot plant considered in this study
Reflux ratio
2
3

420

Results (weight percent)

One tray

Two trays

Three trays

Four trays

Five trays

Experiment

37.42

44.46

49.50

58.40

62.04

Simulation

42.96

55.55

58.90

67.92

71.81

Experiment

38.93

48.51

52.91

59.89

67.04

Simulation

46.53

58.14

67.46

72.60

74.77
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vone enrichment for reflux ratios of 2 and 3. In addition, the results are presented in Figure 3.
The predicted profiles of simulation are in qualitative agreement with the experimental data. Deviations, however, occur in the predictions of the carvone concentration for greater number of trays. The
relative error is shown in Figure 4 and is about 20%.
The deviations can be interpreted as a result of the
use of PSRK equations. Another source of deviation
from exponential results is the plat efficiency. The
plate efficiency is taken as 100% but it is always

Chem. Ind. Chem. Eng. Q. 20 (3) 417−423 (2014)

lower in real columns. The real plate efficiency should
be taken into account in the future version of the
model.
Furthermore, the slope of the lines shows that
the value of separation is reduced for large number of
trays relative to the small number of trays, although
the total rate of separation is increased. Separation
theories show that these findings are typical for all
distillation processes [5].
The variation of the reflux has an important influence on the column performance. By increasing the

6

5

Number of trays

4

exp. R=2
sim. R=2
exp. R=3
sim. R=3

A
B
C
D

Difference between
experimental and
simulation results (R=2).

3

2

Difference between
experimental and. simulation
results (R=3).

1

0
30

40

50

60

70

80

Carvone (weight percent)

Figure 1. A comparison between experimental and numerical results for the evolution of carvone separation (exit concentration vs.
number of trays and reflux R): A – experimental results (R = 2); B – numerical results (R = 2); C – experimental results (R = 3);
D – numerical results (R = 3).
6

A
B
C
D

5

Number of trays

4

,R=2
,R=3
,R=2
,R=3

3

2

1

0

0

30

60

90

Error (%)
Figure 2. The relative deviation between the results of computer simulations and the experimental results: A – carvone enrichment with
R = 2; B – carvone enrichment with R = 3; C – limonene removal with R = 2; D – limonene removal with R = 3.
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of 270 cm height equipped with a condenser and
reboiler. The influence of different number of trays (1
to 5 trays) with reflux ratio of 2 and 3 was studied.
The results are compared to predictions based on a
computer simulation. For the simulation of the multicomponent distillation studied in the present work, the
BP method is used. With MESH equations and PSRK
state equation, the multicomponent distillation model
is entirely predictive. The results of the model were
compared and validated with the experiments. The
results of model show satisfactory agreement with
experimental data.

reflux ratio the internal flows in the column are increased, so that enriching in the column performance
is improved. Figure 3 shows results of the carvone
separation, which was carried out with reflux ratios
equal to 2 and 3.
b) Limonene removal
Table 2 shows the experimental and simulation
results on the limonene concentration in the exit from
a reboiler connected to the bottom of the column. The
results are also presented in Figure 5 for reflux ratios
of 2 and 3.
It can be seen that the concentration profiles for
limonene are correctly predicted. The concentrations

Table 2. Experimental and simulation results for limonene removal with reflux ratios of 2 and 3 for the pilot plant considered in this study
Reflux ratio

Results (weight percent)

One tray

Two trays

Three trays

Four trays

Five trays

Experiment

15.31

12.75

10.68

7.865

7.310

Simulation

12.88

9.617

7.342

6.457

6.023

Experiment

14.53

10.31

9.410

6.960

6.595

Simulation

11.41

8.311

6.542

5.483

5.313

2
3

6

exp. R=2
sim. R=2
exp. R=3
sim. R=3

A
B
C
D

5

Number of trays

4

Difference between
experimental and simulation
results (R=2).

3

2

1

0

Difference between
experimental and simulation
results results (R=3).

4

6

8

10

12

14

16

18

20

limonene (weight percent)

Figure 3. A comparison between experimental and numerical results for the evolution of limonene separation (exit concentration vs.
number of trays and reflux R): A –experimental results (R = 2); B – numerical results (R = 2); C – experimental results (R = 3);
D – numerical results (R = 3).

of limonene observed in the experiments are higher
than the model predictions. The relative error is
shown in Figure 4. Also, these deviations can be
interpreted as a consequence of the effect of the
PSRK equation.

The distillation process was found to be sensitive to the number of trays and the value of reflux
ratio. The results show that increasing the number of
trays has an impact on the carvone separation.

CONCLUSION
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SIMULACIJA VIŠEKOMPONETNE DESTILACIJE
ETARSKOG ULJA NANE PRIMENOM
SOAVE-REDLICH-KWONG JEDNAČINE STANJA I
POREĐENJE SA EKSPERIMENTOM

NAUČNI RAD

U ovom radu je ispitano povećanje koncentracije glavnih komponenti etarskog ulja nane
kontinualnom višekomponentnom destilacijom. Za predviđanje povećavanje koncentracije
glavnih komponenti etarskog ulja nane korišćen je matematički model. Cilj rada je bio
dobijanje simulacionih podataka da bi se poredili sa eksperimentalnim podacima. Simulacioni model je zasnovan na tačkama ključanja, Wang-Henkel algoritmu i Soave-Redlich-Kwong. U ovoj metodi, MESH jednačine su rešene, a korišćena je metoda dijagonalne
metrije. Model je validiran eksperimentalnim podacima dobijenim iz pilot postrojenja sa
kolonom za kontinualnu destilaciju sa jednim do pet podova. Simulacijom je moguće zadovoljavajuće predvideti eksperimenatlne podatke. Rezultati simulacije i eksperimenti pokazuju da se destilacijom u koloni sa pet podova glavne komponente etarskog ulja nane obogaćuju od 31 do 62%. Rezultati pokazuju da dodatak jednog poda destilacionoj koloni sa
malim brojem podova ima mnogo veći efekat u odnosu na dodatak poda destilacionoj
koloni sa većim brojem podova. Rezultati ukazuju da povećanje refluksnog odnosa od 2 na
3 povećava separaciju glavnih komponenti od 62,04 do 67,04%.
Ključne reči: etarsko ulje nane, simulacija, separacija, multikomponentna destilacija, metoda tačke ključanja, PSRK jednačina.

423

Available on line at
Association of the Chemical Engineers of Serbia AChE
www.ache.org.rs/CICEQ

Chemical Industry & Chemical Engineering Quarterly

Chem. Ind. Chem. Eng. Q. 20 (3) 425−439 (2014)

IVANA LUKIĆ1
ŽELJKA KESIĆ1
SVETOLIK MAKSIMOVIĆ1
MIODRAG ZDUJIĆ2
JUGOSLAV KRSTIĆ3
DEJAN SKALA3
1

University of Belgrade, Faculty of
Technology and Metallurgy,
Belgrade, Serbia
2
Institute of Technical Sciences of
the Serbian Academy of Sciences
and Arts, Belgrade, Serbia
3
University of Belgrade, Institute of
Chemistry, Technology and
Metallurgy, Center for Catalysis
and Chemical Engineering,
Belgrade, Serbia
SCIENTIFIC PAPER
UDC 662.756.3:544.47:544.344
DOI 10.2298/CICEQ130514025L

CI&CEQ

KINETICS OF HETEROGENEOUS
METHANOLYSIS OF SUNFLOWER OIL WITH
CaO·ZnO CATALYST: INFLUENCE OF
DIFFERENT HYDRODYNAMIC CONDITIONS
Article Highlights
• Heterogeneous methanolysis of sunflower oil using CaO·ZnO catalyst
• Influence of different hydrodynamic conditions on overall rate of methanolysis
• Mathematical modeling of triglycerides methanolysis
• Resistance of mass transfer and chemical reaction at different hydrodynamic conditions
• Correlation defining interfacial area between oil and methanol for three-phase system
Abstract

The kinetics of heterogeneous methanolysis of sunflower oil was studied at 60
°C using mechanochemically synthesized CaO·ZnO as catalyst. The influence
of agitation speed, catalyst amount, and methanol-to-oil molar ratio on the rate
of reaction was analyzed. The rate of the process depends on the two
resistances – mass transfer of triglycerides to the catalyst surface and chemical
reaction on the catalyst surface, which are defined as the values of the overall
triglyceride volumetric mass transfer coefficient, kmt,TG, and the effective
pseudo first-order reaction rate constant, k, respectively. These kinetic
parameters actually determine the value of the apparent reaction rate constant,
kapp, the time dependence of which is defined by the change of triglyceride
(TG) conversion. A kinetic model is proposed and the model parameters are
determined.
Keywords: biodiesel, heterogeneous catalyst, kinetics, model, CaO, ZnO.

Biodiesel consisting of fatty acid methyl esters
(FAME) is considered to be a promising alternative
fuel with properties similar to conventional diesel
fuels. It is usually produced from renewable sources
by methanolysis of vegetable oils or animal fats in a
presence of a catalyst. Although homogeneous base
catalysts are most commonly used for biodiesel synthesis, a heterogeneous catalyst could be a better
choice since it is easily separated from the reaction
mixture by filtration, regenerated, and has a less corrosive character, leading to safer, cheaper and more
environment-friendly operation [1,2].
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Among various heterogeneous catalysts, CaO is
one of the most widely used in research [3-12]. Its
properties regarding the leaching of the catalyst could
be improved by fixing it to some support, e.g. silica
[13] or alumina [14], or mixing with other oxides of
which the mixture of CaO and ZnO oxides showed
excellent activity under moderate reaction conditions
[15-19].
The reaction kinetics of heterogeneous catalyzed methanolysis, as fundamental to reactor design,
was the subject of several studies [20-26] and usually
described by a first-order kinetic model. Heterogeneously catalyzed methanolysis reaction is very complex because it occurs in a three-phase system consisting of a solid (catalyst) and two immiscible liquid
phases (oil and methanol), so combinations of different chemical and physical processes will affect its
kinetics. The TG mass transfer resistances play important role at the beginning of the process, while in
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the later stage the rate of process is governed by chemical reaction at catalyst surface.
Different variables influence the rate of reaction,
and among them the amount of catalyst, the molar
ratio of methanol to oil, the reaction temperature and
the agitation intensity seem to be the most important.
Agitation allows better contact between the reactants
and contributes to the breakage of methanol drops
thus causing the increase in the specific interfacial
area between methanol and oil [27]. The agitation
intensity influences only the initial step of methanolysis during which mass transfer conditions dominate
the system and mass transfer limitation is effectively
minimized at agitation speeds of 400−600 rpm [28]
and is not significant using 600 rpm [29].
Stoichiometrically, the methanolysis of vegetable oil requires three moles of methanol (MeOH) for
each mole of oil (TG). However, in practice a higher
molar ratio is employed in order to shift the reaction
equilibrium towards the products side and produce
more methyl esters. Heterogeneously catalyzed
methanolysis was studied in the wide range of molar
ratio, from 4:1 to 50:1.
Since in the case of heterogeneous catalysis the
reaction occurs at the active sites of the catalyst, the
amount of the catalyst affects strongly the rate of
reaction. With higher amount of the catalyst, the
active specific catalyst surface where the reaction
takes place is higher allowing faster reaction.
The present work investigates the effect of catalyst amount, stirring speed, and methanol:oil molar
ratio on the rate of heterogeneous methanolysis of
sunflower oil using mechanochemically synthesized
CaO·ZnO as catalyst. The rate of methanolysis may
be presented as irreversible pseudo-first order reaction with the variable apparent rate constant kapp,
which takes into account the overall volumetric mass
transfer coefficient, kmt,TG, which is the function of
triglycerides conversion, and the reaction rate constant, k. The change of kapp with time is defined with
the change of FAME yield with time. A kinetic model
is proposed and model parameters are determined for
different working conditions.
Theoretical background
The overall reaction of triglycerides (TG) methanolysis occurs as a sequence of three reversible consecutive reactions where TG molecule converts into
diglyceride (DG), monoglyceride (MG) and glycerol
(GLY), while in each step one mole of FAME is produced.
TG + MeOH → DG + FAME

(1)

DG + MeOH → MG + FAME

(2)
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MG + MeOH → GLY + FAME

(3)

When the concentrations of diglyceride and
monoglyceride formed in complex series-parallel
reactions, Eqs. (1)–(3) are negligible, this complex
reaction could be represented as only one reaction
with following equation:
TG + 3MeOH → 3FAME + GLY

(4)

Due to the high molar ratio of methanol to oil the
concentration of adsorbed methoxide ion at catalyst
surface can be assumed constant and the rate of
methanolysis may be presented as irreversible
pseudo-first order reaction:
( −rTG ) = kc TG,v

(5)

where cTG,v is the triglyceride concentration very close
to the active centers of catalyst (in methanol phase)
and k is the reaction rate constant for pseudo-first
kinetic model.
The molecules of triglycerides must be transferred from the liquid phase close to the active centers of catalyst, and the mass transfer rate must be
equal to the reaction rate between TG and methanol
at catalyst surface:

Φ MTa = ( −rTG ) = k mt,TG (c TG − c TG,v )

(6)

After elimination of the unknown concentration

cTG,v from Eqs. (5) and (6), it is possible to write the
rate of triglyceride methanolysis in the simple form:

( −rTG ) = k appc TG

(7)

The rate of the process depends on the two
resistances – the resistance of mass transfer to the
catalyst surface of TG and resistance of chemical
reaction on the catalyst surface, which are defined as
the values of the overall triglyceride volumetric mass
transfer coefficient, kmt,TG, and the effective pseudo
first-order reaction rate constant, k, respectively. The
mechanism of methanolysis process based on the
use of CaO·ZnO as a heterogeneous catalyst is
defined according to the Eley-Rideal model and has
recently been reported in detail [30].
The apparent reaction rate constant, kapp,
depends on the value of the mass transfer coefficient
of TG from oil to methanol phase, kmt.TG, and on the
reaction rate constant, k:

k app =

kk mt,TG
k mt,TG + k

(8)

Very complex three-phase system (L-L-S),
where the heterogeneously catalyzed methanolysis
takes place, consists of a solid (catalyst) and two
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immiscible liquid phases (oil and methanol). In such
liquid–liquid–solid system the mass transfer resistance
at the liquid–liquid interface, 1/(akd,TG), bulk of liquid
phase, 1/( am TG k c,TG ), and liquid–solid interface,
1/(asmTGks,TG) are connected in series. The overall
volumetric mass transfer resistance represents the
sum of all above mentioned resistances and the overall volumetric mass transfer coefficient can be calculated using Eqs. (9) and (10):

1

k mt,TG
=

=

1

(

1

a k d,TG

+

1

m TGk c,TG

1

+

1

a sm TGk s,TG

)=
(9)

s
ak mt,TG

1
(k mt,TG )0

=

1
s
a 0k mt,TG

(10)

By dividing Eq. (9) and (10) the following relation
is valid:
1

k mt,TG

=

a
a 0 (k mt,TG )0

(11)

The overall volumetric mass transfer coefficient,
(kmt,TG)0, at the beginning of the process depends on
interfacial area, a0, between the oil and methanol. In
this study, for the analysis of different working
parameters, which define increase of interfacial area
with conversion of triglycerides, a correlation proposed in a recently published paper [30] was used:
a
 a
 0


β
 = 1 + α X TG


(12)

Thus, the proposed correlation assumes that the
overall volumetric mass transfer coefficient, kmt,TG, is a
function of triglycerides conversion [30]:
β
k mt,TG = (k mt,TG )0 (1 + α X TG
)

(13)

The main idea of this study was to test this
correlation and to investigate dependence of kinetic
parameters, which define the rate of mass transfer
((kmt,TG)0, α and β) on mixing intensity, the mass of
catalyst, and ratio of methanol to oil used for methanolysis. Formation of even small amounts of MG and
DG act as surface-active compounds and increase
the rate of mass transfer from beginning of triglyceride conversion. The final or maximal value of mass
transfer coefficient is for XTG = 1, (kmt,TG)max =
= (kmt,TG)0(1 + α). At the end of the methanolysis process, the formed glycerol and methanol are competitive compounds for creating at the active site of
catalyst glyceroxide or methoxide ions. It means that
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for theoretical analysis of mass transfer resistance it
must be taken into account the mass transfer coefficient of TG through methanol as dispersed phase at
the beginning of process and through the mixture of
methanol and glycerol at the end of reaction. A creation of new type of dispersion (from methanol−oil to
methanol/glycerol−FAME) will stabilize the interfacial
area of the L-L system to the some new and finite
value of average drop size.
The assumptions defined by Eqs. (12) and (13)
indicate that for some conversion of triglycerides, XTG,
as a consequence of DG, MG, glycerol and FAME
formation, the mass transfer rate (i.e. the volumetric
mass transfer coefficient) starts to be equal or in
some cases even higher than the chemical reaction at
catalyst surface (i.e. the reaction rate constant, k),
and then, the chemical reaction at catalyst surface
start to control the overall process rate [30].
The goal of this study is to analyze the influence
of different hydrodynamic conditions in batch process
(mixing intensity, different molar ratio of methanol and
oil, mass of used catalyst) to the value of apparent
reaction rate constant. The value of initial mass transfer coefficient was calculated according to corresponding theory and correlations reported in literature
and compared to the value determined after fitting
experimental data of XTG versus time by optimal
simulation curves.
EXPERIMENTAL
Catalyst preparation
CaO (obtained by calcination of lime originated
from southern part of Serbia) and ZnO (Kemika,
Zagreb, Croatia) were used for catalyst synthesis.
Mechanochemical treatment was carried out in the
planetary ball mill Fritsch Pulverisette 5, in air atmosphere. Two zirconia vials of 500 cm3 volume each
charged with 500 g zirconia 10 mm diameter balls
were used as milling medium. The balls to powder
mass ratio was approximately 30. A powder mixture
of CaO and ZnO, in the molar ratio of 1:2 with stoichiometrically required addition of water, was used as
starting materials for mechanochemical treatment.
Milling was done for 1 h and subsequently for 2 h with
angular velocities of basic disc, measured by tachometer, of about 150 rpm (15.7 rad s–1) and 250 rpm
(26.2 rad s–1), respectively.
Catalyst characterization
Catalyst was characterized by various analytical
procedures. X-ray powder diffraction, XRD (Philips
PW1710 diffractometer using CuKα graphite-mono-
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chromatized radiation (λ = 1.5418 Å) in the 2θ range
4−65° (step-length: 0.02° 2θ, scan time: 5 s) was
used to investigate phase composition of the samples
after mechanochemical treatment and subsequent calcinations. Scanning electron microscopy/energy-dispersive spectroscopy, SEM/EDS (JEOL JSM-6610LV
equipped with and energy dispersive X-ray spectrometer) was applied to analyze sample morphology
and elemental chemical analysis. Particle size distribution was measured by particle size laser diffraction
distribution, PSLD (Mastersizer 2000, Micro Precision
Hydro 2000 μP sample dispersion unit, Malvern Instruments Ltd.). The base strength of the samples (H-)
was determined using following Hammett indicators:
phenolphthalein (H- = 9.3), thymolphthalein (H- =
= 10.0), thymolviolet (H- = 11.0) and 4-nitroaniline
(H- = 18.4). The solubility of the catalyst in methanol
at 60 °C was determined by measuring the calcium(II)
and zinc(II) concentration (HITACHI Z-2000 polarized
atomic absorption spectrophotometer).
Methanolysis reaction
The catalytic activity was evaluated in the
methanolysis of commercial edible sunflower oil (Dijamant, Zrenjanin, Serbia; acid value of 0.29 mg KOH
g−1) and methanol (99.5% purity, Fluka, Switzerland).
All the experiments were conducted in 1 liter
jacketed glass reactor Series 5100 (Parr, USA) equipped with a heater and a mixer, as shown in Figure 1a.
Heating of reaction mixture was achieved by a SE-6
heating circulator (Julabo, Germany) equipped with a
PID controller and an external Pt100 sensor placed
inside of reaction mixture. Recording of measured

(a)
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temperature values was obtained trough a RS232
interface for PC connection. The pressure in the reactor was monitored by data acquisition system and
computer using a Pressure Meter F-502C (Bronkhorst, Nederland). Stirrer speed was controlled by a
4836 Controller (Parr, USA).
Figure 1b shows a typical pressure and temperature heating profile in the reactor during the experiment. In the initial stage of heating, the stirrer speed
was set to 100 rpm to ensure uniform heating of the
reaction mixture and prevent possible hot spots on
inner wall of the reactor. It might be seen that a
temperature of 60 °C is reached in less than 40 min.
The moment when the temperature of 60 °C in reactor
is reached indicates the beginning of sunflower oil
methanolysis (t = 0). The temperature in reactor
slowly increased to 60.8 °C over the following 15 min,
and after 10 min stabilized to 60 °C. For t = 0, the
stirrer speed was also increased to the desired value
(1000 or 300 rpm) and temperature and intensity of
mixing were maintained at the same value until the
end of the experiment.
The following standard conditions (S.C.) for
analysis influence of different hydrodynamic conditions were used in this study: 60 °C, 2 wt.% of
CaO·ZnO catalyst based on oil, 300 rpm stirring intensity in batch reactor, and molar ratio of methanol to
sunflower oil of 10:1. Methanolysis of sunflower oil at
60 °C was performed to find the effect if higher mixing
intensity (1000 rpm), the smaller mass of catalyst (1
and 0.5 wt.%) or lower molar ratio od reactant (6:1) is
used for FAME synthesis.

(b)

Figure 1. a) Experimental set-up: 1. jacketed glass reactor; 2. stirrer; 3 stirrer controller; 4. PC interface; 5. Heating unit; 6. PC;
7. pressure transducer; 8. valve for sample withdrow from reactor. b) Control of temperature and pressure in reactor.
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The samples were taken out of the reactor at
different reaction times, and after filtration, analyzed
by gas chromatography (Varian 3400) equipped with
an FID detector, on-column injector and MET-Biodiesel capillary GC column (14 m×0.53 m, film thickness 0.16 μm).
RESULTS AND DISCUSSION
Catalyst characterization
Detailed characterization of prepared catalyst
has recently been reported [30] and only a short overview of these results is reported in this paper.
The XRD analysis indicated that the bulk composition of mechanochemically prepared catalyst consisted of calcium zinc hydroxide hydrate
(CaZn2(OH)6·2H2O) and some amount of ZnO phases.
It was concluded that about 20% of ZnO remained as
unreacted, while corresponding CaO or Ca(OH)2 are
dispersed into the powder matrix. After calcination at
700 °C only CaO and ZnO phases were revealed.
The SEM images of CaO·ZnO catalyst indicated the
existence of the agglomeration of small round-shape
particles, including nanoparticles. The small particles
were merged together giving large agglomerates. The
atomic Zn/Ca ratios detected using EDS are around
2.2, which is close to the theoretical values suggesting very fine CaO·ZnO composite powder.
The particle size distribution of the catalyst is
within the size range of 0.2–3 μm and the rest is within
the range of 3–100 μm. The median particle size decreased from 6.9 to 4.3 μm after calcination at 700 °C
and the specific surface area increased from 1.97 to
3.1 m² g−1.
The result of Hammet titration (basic strength of
9.3–10) also suggested that the catalyst contains different types of surface basic sites.
The amount of Ca2+ present in methanol has
been investigated after the contact of catalyst with
methanol at 60 °C for 2 h and catalyst removal. The
result showed that the concentration in methanol of
dissolved Ca2+ was 62 mg L−1. To compare this value
to the leaching of pure CaO, the same analysis has
been done with the pure CaO used for catalyst synthesis. In this case, concentration of dissolved Ca2+
was 91 mg L−1. Other authors [12] reported that the
solubility of Ca2+ was 96 and 121 mg L−1 after 1 and 3
h contact time of Ca2+ and methanol, respectively.
Very fine composite powder is most likely the reason
for the lower solubility of the obtained catalyst in
methanol.
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Analysis of the reaction mixture composition
Results of the reaction mixture composition
analysis showed that in all cases the amount of
formed MG was minimal, while the identified amount
of DG was up to 12% (Figure 2). Data presented in
Table 1 indicate time necessary to obtain complete
conversion of TG (depending on the working conditions) and time when amount of MG and DG reached
their maximal value in reaction mixture.
Influence of stirring intensity on the methanolysis of
sunflower oil
The reaction rate in initial stage of the process is
controlled by the mass transfer of the reactant from
the bulk liquid phase to the surface of the catalyst
particles [30]. The role of the mass transfer is usually
studied through the effect of agitation speed on the
reaction rate of TG conversion under the same other
reaction parameters.
The S-shape of the curve representing the variations of TG conversion versus time for methanolysis
of sunflower oil (SO) at 60 °C with different agitation
speed (Figure 3) indicate that the change of mechanisms which determine the rate of process obviously
exists. For the purpose of simulation and modeling of
XTG versus time the Matlab software package was
used, and the values of the model parameters based
on the complex process mechanism were optimized.
Model parameters α, β, k and kmt,0 (i.e., (kmt,TG)0) for
methanolysis of SO at S.C. are given in Table 2 and
corresponding simulation curves (solid lines) are
shown in Figure 3.
In the initial phase of the process at S.C., the
immiscibility of methanol and vegetable oil causes
slow mass transfer and represents important resistance in the overall rate of vegetable oil transesterification. The mass transfer of TG from the oil phase
towards the methanol/oil interface limits the rate of
methanolysis reaction and controls the kinetics at the
beginning of the reaction. Moreover, the mass transfer in liquid–liquid system (methanol-oil) is related to
the drop size of the dispersed phase, which is rapidly
reduced with the progress of the methanolysis reaction. The size of drops are stabilized to the final minimum value by creating even small amounts of surface
active compounds (MG and DG) and causing the increase of the interfacial area available for mass transfer. Finally, after a certain degree of TG conversion
the fast increase of the overall process rate is usually
detected.
The data presented in Figure 2 prove conclusion
that formation of even small quantities of DG and MG
are crucial for creation a large interfacial area between
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Figure 2. The variation of the reaction mixture composition with time; a) methanol:oil = 10:1, 2 wt.% of catalyst, 1000rpm; b) methanol:oil
= 6:1, 2 wt.% of catalyst, 1000 rpm; c) methanol:oil = 10:1, 1 wt.% of catalyst, 1000 rpm; d) methanol:oil = 10:1, 0.5 wt.% of catalyst,
1000 rpm; e) S.C. - methanol:oil = 10:1, 2 wt.% of catalyst, 300 rpm; Used symbols: ■ – FAME; ● – MG; ▲ – DG; ▼ – TG.
Table 1. Methanolysis of sunflower at 60 °C – working conditions
MG,max
time, min

Maximal yield of FAME

12.1/90

1.55/80

97.2/105

10.5/180

0.97/240

98.2/270

8.2/270

0.76/300

97.1/330

1000

6.3/390

3.11/360

97.9/420

300

11.1/150

1.7/150

96.5/240

Methanol:oil
mole ratio

Mass of used
catalyst, wt.%

Stirring
intensity, rpm

1

10:1

2

1000

2

6:1

2

1000

3

10:1

1

1000

4

10:1

0.5

5 (S.C.)

10:1

2

Experiment
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DG,max
time, min

time, min
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Table 2. Determined reaction rate constants for methanolysis of sunflower oil
Kinetic parameter

k / min−1

Mixing intensity
1000

300 (S.C.) [30]

0.530

0.043

α

210

378

β

2.35

1.37

kmt,0 / min−1

0.0017

0.000205

Standard deviation, σ

0.0481

0.0419

Figure 3. Triglyceride conversion vs. time as a function of agitation speed at 60 °C, methanol:oil molar ratio 10:1, catalyst amount
2 wt.%. Legend: solid lines – simulation curve calculated using optimal values of kinetic parameters; ● − 1000; ■ − 300 rpm.

oil and methanol. Experimental data and performed
calculation of mass transfer resistances (Appendix)
also indicated that at 1000 rpm the methanol−oil dispersion is stabilized by formation of very fine drops of
dispersed (methanol) phase. At higher agitation
speeds (1000 rpm) breakage is more rapid than coalescence of drops causing decrease of average drop
size. The Sauter mean drop diameter d32 could be
calculated according to the equation proposed by Stamenkovic et al. [36]: d32 = 4782n−1.825 (Appendix) indicating that its decrease is from 0.144 to 0.016 mm.
However, theoretical analysis and calculation showed
that the Sauter mean size of 0.144 mm must result in
almost 2.5 times larger value of kmt,0 (0.0038 instead
0.0017 min-1, determined from simulation curve). It
must be noted that the equation given by Stamenkovic et al. [36] was derived for an L-L system (homogeneous methanolysis); however, this study concerns
an L-L-S system, which could be the main reason for
the observed difference.
The value of apparent reaction rate of methanolysis process is thus affected by the presence of

formed surface-active compounds by TG methanolysis (DG and MG). Also, it depends on transferred
energy into reaction mixture by mixing, which plays
an important role in breakage of dispersed phase
drops. However, the obtained results showed that agitation speed also significantly affects the slope of the
curve which represent the TG conversion versus time
(Figure 3). It means that increasing stirring intensity
from 300 to 1000 rpm is important for better utilization
of available catalyst surface. It was found that for S.C.
(300 rpm) some amount of catalyst remained at the
bottom of the reactor but such situation was not detected in the case of higher stirring intensity (1000 rpm).
Calculation of mass transfer coefficient at beginning of methanolysis is shown in the Appendix.
According to theory, at 1000 rpm, calculated volumetric mass transfer coefficient at beginning of process is
0.0038 min–1, and at 300 rpm only 0.000174 min–1.
The volumetric mass transfer coefficient at 1000 rpm
is almost 20 times higher compared to the mass
transfer at S.C. Simulation curves show the best
agreement with experimental data only for 8.3 times
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higher ratio (0.0017/0.000205). Analyzing the ratio
between the volumetric mass transfer calculated
according to theory and experimentally determined
(kmt,0) at same mixing intensity one can conclude that
at lower mixing intensity it is in a range of 15% difference (Appendix and Table 3), while at 1000 rpm,
such difference is more than 200%. Because the
main resistance for mass transfer exists in disperse
(methanol) phase the difference between theory and
experimental data could be a consequence of used
equation for calculation the Sauter mean drops diameter (disperse phase). Experiments indicated that
Sauter mean diameter must be slightly larger than the
value determined using correlation from literature
[36], which is possible taking into account that the
proposed equation was derived for an L-L and not for
an L-L-S system used in this study.
Table 3. Determined model parameters for methanolysis of SO
used for simulation process of FAME synthesis performed with
different amount of catalyst
Parameter

Catalyst amount, wt.%
2

1

0.5

0.53

0.53

0.53

α

210

1300

3600

β

2.35

2.01

2.28

kmt,0

0.00170

0.00015

0.00010

kmt for X = 0.1

0.0033

0.0021

0.0020

a/a0 for X = 0.1

2

14

20

kapp,0

0.0017

0.00015

0.00010

kapp for X = 0.1

0.0033

0.00210

0.0020

kapp for X = 0.9

0.183

0.122

0.185

k
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Influence of catalyst amount on the methanolysis of
sunflower oil
TG conversion versus time is shown in Figure 4
for different initial amount of catalyst (0.5; 1 and 2
wt.% based on oil).
It can be observed that in all cases there is a
characteristic period of time for which TG conversion
in reaction mixture reaches 10−15%, after which very
fast methanolysis begins. For reaction mixture containing 2 wt.% of catalyst based on oil, this characteristic time is 50−60 min, with 1% about 270 min and for
0.5% 380 min. Furthermore, duration of fast process
of methanolysis is approximately the same either 0.5
wt.% of catalyst or more (1 or 2 wt.%) was used.
Namely, the TG conversion reached from 10−15%
conversion to approx. 97% for 40−50 min for different
amount of catalyst at 60 °C, 1000 rpm and 10:1 mole
ratio of methanol and oil. Since the agitation speed is
the same for all cases, these results could be
explained by taking into account two effects. The first
one is that the presence of larger amount of solid
catalyst particles causes faster droplet diameter decrease, and the second is that the total surface of the
catalyst at which the reaction takes place during the
period of fast methanolysis, does not affect the rate of
the process. Practically the rate of methanolysis is
only defined by achieved interfacial area between the
oil and methanol.
The optimal values of kinetic parameters were
defined to give the minimal value of standard deviation between simulation curve and experimental
data, and shown in Table 3.

Figure 4. Influence of the catalyst amount on triglyceride conversion at 60 °C, methanol:oil molar ratio 10:1, agitation speed 1000 rpm.
Legend: solid lines – simulation curve calculated using optimal values of kinetic parameters; ● – 2; ▼ – 1; ▲ – 0.5 wt.%.
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The apparent reaction rate constant, kapp,
depends on mass transfer resistance in the L-L-S
system and on chemical reaction at the surface of the
catalyst. The proposed model assumed that only
parameters kmt,0, α and β could be dependent on used
amount of the catalyst. The best agreement of simulation with experimental data are obtained if kmt,0 decreases by decrease of used amount of catalyst, while
α increases and β practically remains its value. Decrease of kmt,0 for smaller amount of catalyst is a result
of smaller value of oil−methanol interfacial area at a
beginning of process. More time is necessary for the
formation of critical amount of DG and MG (Table 1),
which are responsible for creation a large interfacial
area important for higher mass transfer of TG from oil
into methanol phase. It might be seen that kinetic
parameter α is in a direct correlation to time of critical
DG and MG formation. A lower amount of catalyst
leads to higher value of α, and if 10−15% conversion
of TG is used as critical, the difference between the
value of mass transfer coefficient kmt is much smaller
then difference between the kmt,0 values (Table 3). It
might be concluded that the presence of smaller amount
of catalyst needs more time for reaching critical
conversion of TG but also that delayed initial period of
methanolysis is followed by larger increase of oil-methanol interfacial area (a/a0 for X = 0.1; Table 3).
According to experimental data as well as from
results of performed simulation, the reaction rate constant, k, have the same value in all cases since the
slope for all experimental curves TG conversion
versus time is practically identical. Experimental data
shows that change in TG conversion from 10% to
97−98% is realized within 60−65 min when methanolysis was performed with 2, 1 and 0.5 wt.% of catalyst.
The results indicate that almost same value of the
apparent reaction rate constant, k app , has to be
achieved before the period of fast methanolysis starts
(Table 3).
All of above comments and calculation prove
original assumption that in order to obtain so-called
“autocatalytic” effect of methanolysis process and
very high increase of overall rate of methanolysis for
a short period of time, the reaction mixture has to
contain small amounts of MG and DG which promote
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the increase of the interfacial area between methanol
and oil at the beginning of process. The combination
of α and β parameters, more precise an enlargement
mainly and only of α parameter (β parameter could be
assumed as constant), as well as decrease of parameter kmt,0 may result in the same value of apparent
reaction rate constant for experiments performed with
0.5, 1 or 2 wt.% of catalyst. Modeling of XTG conversion with time shows that the same sigmoid
change of the apparent reaction rate constant with
time exists, but is shifted to longer time if smaller
amount of catalyst used for methanolysis.
According to equations for kc and kd calculations
(Appendix), the catalyst amount does not influence
any of both parameters, but it does influence ks, the
mass transfer resistance through parameter as (liquid–
solid interfacial area). Namely, the mass transfer
resistance from the liquid (methanol) to solid phase
(catalyst) is slightly higher when a smaller amount of
the catalyst is used due to lower available surface,
but optimization of kinetic parameters showed a
larger difference mainly caused by initial value of
interfacial methanol−oil area (Table 3). It might be
concluded that according to the value of determined
kc and thus kmt,0 parameter the presence of 2% of
catalyst will cause a smaller initial value of interfacial
methanol−oil area than expected according to correlation proposed in literature. Thus, the following correction of correlation proposed for Sauter mean drop
value calculation (L-L system) is used in the case of
L-L-S system:

d 32 = (69490 − 29760m )n −1.825

(14)

where m is mass percent of catalyst used for oil
methanolysis (valid for 0.5 ≤ m ≤ 2).
The resistances for mass transfer of TG to
catalyst surface are calculated using the proposed
correlation and shown in Table 4.
As can be seen, calculated value of kmt,0 (Table
4) and that obtained using simulation curve (Table 3)
are identical supporting the assumption that initial
interfacial area (i.e., the d3/2 – Sauter mean size drop
diameter) between methanol and oil calculated using
correlation from literature [36] must be corrected by
Eq. (14) which takes into account the presence of
solid phase in reaction mixture.

Table 4. Calculation of kmt,0 for experiments performed with different amount of catalyst (MeOH:oil molar ratio 10:1; mixing intensity 1000
rpm; 60 °C)
Mass of
catalyst, wt.%
2

a0
m

−1

50330

kc×106

−1

kd

ks
−1

−1

m min

m min

m min

8.04

0.019

0.022

4

10 /a0kd

1/mTGa0kc

1/mTGasks

10.3

588.3

0.269

kmt,0×104
min

–1

17.0

1

4441

8.04

0.019

0.022

116.5

6667.4

0.54

1.5

0.5

2960

8.04

0.019

0.022

174.8

10003.3

1.08

1.0
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Influence of methanol to oil molar ratio on the
methanolysis of sunflower oil
The rate of the methanolysis is higher when
molar ratio of methanol to oil is higher. However,
there is a characteristic period until the critical conversion of TG is achieved (TG conversion of about
10%), after which the rates of methanolysis become
similar. It was determined that when methanol to oil
molar ratio is 10:1 the moment when fast methanolysis begins is about 50−60 min after commencement
of methanolysis, and almost complete TG conversion
was finished after 40−45 min. When the molar ratio is
6:1, intense methanolysis begins after 200 min and
finishes after 60−70 min (Figure 5).
Molar ratio methanol:oil affects the mass transfer rate since fraction of dispersed phase in the
reaction mixture is changed, and thus the specific
interfacial area between oil and methanol. Assuming
that the drop size is the same (agitation speed is the
same) in both experiments calculated by Eq. (14), the
total surface for mass transfer, defined by the expression: a = 6φ/d32, is directly proportional to the
fraction of dispersed phase in the reaction mixture.
Fractions of dispersed phase when molar ratio is 10:1
and 6:1 are 30 and 18%, respectively. It is reasonable
to assume that methanol to oil molar ratio mass
affects mainly the mass transfer rate and only minor
the chemical reaction rate at catalyst surface. Based
on that assumption, simulation using Matlab software
was performed, and optimal parameters defined for
molar ratio 6:1 (1000 rpm; 2 wt% of catalyst, 60 °C)
was determined: k = 0.53 min−1, kmt,0 = 0.00036 min−1,
α = 1175 and β = 2.49.

Chem. Ind. Chem. Eng. Q. 20 (2) 425−439 (2014)

Standard deviation between simulated curve
(solid line, Figure 5) and experimental data for mole
ratio 6:1 is 0.0343.
Calculated values kmt,0 after using Eq. (14) and
volume fraction of methanol φ = 0.18 is even 2.7
times higher, and with equation proposed in literature
[36] it is only 7 times higher (Appendix) then the
experimentally determined value. Knowing that resistance of mass transfer through the methanol phase
again control the overall rate of mass transfer it
seems that correction which take into account the
volume of methanol in reaction mixture must be
included into equation (14):

d 32 = M c (69490 − 29760m )n −1.825
Mc = M

M
−M 
1.2  max

 M max 
max

(15)
(16)

where Mmax is maximal and minimal mole ratio of
methanol and oil, and for M = 6 (i.e., M = 6:1), Mmax =
10 (i.e., 10:1), the correction factor is 3.02, while for M
= 10 it is equal 1. Calculated value of Sauter mean
diameter is for M = 6:1, 0.107 mm, the interfacial area
between oil and methanol at beginning of methanolysis 10110 m−1, and resistance of mass transfer in
methanol phase 2929 min. It is much larger than resistances of TG through the oil phase and near the
solid phase surface and determine the overall mass
transfer coefficient. Finally, difference between calculated (0.00034 min−1) and experimentally determined kmt,0 (0.00036 min−1) is only 2.6%.
Simulation and calculation results show that
when methanolysis start with molar ratio of methanol

Figure 5. Influence of molar ratio of methanol and oil on triglyceride conversion at 60 °C. Legend: solid lines – simulation curve calculated
using optimal values of kinetic parameters; ● – 10:1; ♦ – 6:1.
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to oil 6:1, 2mas% catalyst and 1000 rpm at 60 °C, a
lower TG mass transfer rate to the catalyst surface,
kmt,0, is obtained in the initial phase compared to the
same condition but with higher molar ratio of methanol to oil (10:1). The overall surface of the dispersed
phase is 5.5 times smaller for 6:1 compared to that
when molar ratio is 10:1. Although the energy that is
transferred to the reaction mixture by mixing in both
cases is the same (the same agitation speed), the
specific energy consumption based on the volume of
dispersed phase is higher when molar ratio of methanol to oil is lower. This means that just at the beginning of the process the energy consumed for phase
mixing is not sufficient for creating fine dispersion of
methanol into oil phase. A difference of drop sizes
causes also difference in initial rate of methanolysis
and it will be continued till small amounts of MG and
DG are created, acting as surface-active compounds.
It must be pointed out that practically very similar
value of apparent reaction rate constants could be
detected for TG conversion of approx. 10%, either 6:1
or 10:1 molar ratio of methanol and oil are used. However, at 6:1 mole ratio, as a consequence of initially
formed smaller interfacial area, the longer process is
necessary for achieving 10% conversion of TG.

Chem. Ind. Chem. Eng. Q. 20 (2) 425−439 (2014)

Comparison between experimentally determined and
calculated TG conversion
Correlation between experimentally determined
and calculated values of TG conversion for different
hydrodynamic conditions used in this study is shown
in Figure 6. The calculated standard deviation for all
the experimental data is:
p

σ=

(X

TGexp

− X TGmod

1

p

)

2

= 0.049

CONCLUSION
The agitation speed, added amount of catalyst
and used methanol-to-oil molar ratio affect the overall
rate of sunflower methanolysis. The proposed kinetic
model, which takes into account the chemical reaction
between methanol and triglyceride and mass transfer
of triglyceride into methanol phase was checked and
the model parameters were determined. The model
assumed that the reaction rate constant, k, is not
influenced neither by the value of the methanol-to-oil
molar ratio nor the used amount of catalyst, but
depends on the stirring intensity. It was shown that
the rate of sunflower methanolysis depends greatly
on the mass transfer rate defined by kmt = kmt,0

Figure 6. Comparison of experimentally determined and calculated triglyceride conversion using model equation at different
hydrodynamic condition. Used symbols:
– 300 rpm, 2 wt.% cat., 10:1;
– 1000 rpm, 2 wt.% cat., 10:1;
– 1000 rpm, 2 wt.% cat., 6:1;
– 1000 rpm, 1 wt.% cat., 10:1;
– 1000 rpm, 0.5 wt.% cat., 10:1.
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(1+αXTGβ). Parameters kmt,0, α and β are influenced by
different hydrodynamic conditions which is explained
using the corresponding theory.
The proposed model suggests that the rate of
the process depends greatly on the mass transfer rate
at the beginning of the process and for a longer
period of time until certain amounts of diglyceride and
monoglyceride are formed.
The main resistance of mass transfer exists in
the methanol phase and it is higher for a larger value
of the Sauter mean drop diameter of the dispersed
phase (methanol). This study proposed a correction
of the correlation derived in literature for the calculation of the Sauter mean drop diameter, taking into
account different values of the methanol:oil molar
ratio as well as different initial mass of catalyst used
for methanolysis of triglycerides.
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Nomenclature
specific interfacial area, m−1
specific interfacial area at the beginning of
the process, m−1
am
active specific catalyst surface, m2 g−1
as
liquid–solid interfacial area, m−1
cTG
triglyceride concentration in the liquid phase,
mol dm−3
cTG,v
triglyceride concentration close to the active
centers of catalyst, mol dm−3
dp
particle diameter, m
d32
Sauter mean drop diameter, mm
D
diffusion coefficient, m2 s−1
Di
impeller diameter, m
gravity constant, m s−2
g
k
pseudo first-order reaction rate constant,
min−1
kapp
apparent rate constant, min−1
kapp,0
initial value of apparent rate constant, min−1
kc,TG
mass transfer coeﬃcient for the continuous
phase, m min−1
kc
mass transfer coeﬃcient for the continuous
phase, m min−1
kd,TG
mass transfer coeﬃcient for the dispersed
phase, m min−1
kd
mass transfer coeﬃcient for the dispersed
phase, m min−1
(kmt,TG)0 overall triglyceride volumetric mass transfer
coefficient at the beginning of the process (experimentally determined), min−1

a
a0
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kmt,0

overall triglyceride volumetric mass transfer
coefficient at the beginning of the process
(experimentally determined), min−1
kmt,TG overall triglyceride volumetric mass transfer
coefficient, min−1
kmt
overall triglyceride volumetric mass transfer
coefficient, min−1
ksmt,TG overall triglyceride mass transfer coefficient,
m min−1
ksmt
overall triglyceride mass transfer coefficient,
−1
m min
ks,TG
mass transfer coeﬃcient for the solid phase,
m min−1
ks
mass transfer coeﬃcient for the solid phase,
m min−1
m
mass percent of catalyst on the basis of oil
M
mole ratio of methanol and oil
Mc
correction parameter defined by equation
(16)
Mmax
10:1 maximal molar ratio of methanol and oil
used in this study
Mmin
6:1 minimal molar ratio of methanol and oil
used in this study
mcat
mass of catalyst, g
mTG
distribution coefficient of triglyceride between
the methanol phase and the oil phase
n
stirring velocity, rpm
P
power dissipated by the agitator, kg m2 s−3
(–rTG)
rate of methanolysis, mol dm−3 min−1
t
time, min
V
reaction mixture volume, m3
Vc
volume of the continuous phase, m3
XTG
conversion of triglyceride

Greek symbols
α
β
φ
μc
ρc
ρd
ρp
ρmix
σ
ψ

fitting parameter
fitting parameter
the dispersed phase holdup
viscosity of the continuous phase, Pa s
density of the continuous phase, kg m−3
density of the dispersed phase, kg m−3
density of catalysts particle, kg m−3
density of the mixture, kg m−3
standard deviation
agitator power consumption number equal to

1.5

ФMT

rate of mass transfer, mol dm−2 min−1
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APPENDIX
Calculation of mass transfer coefficient

a. The mass transfer coefficient in the continuous phase [31,32]:
P μ 
k c = 1.3 × 10−3  c 
Vc ρc 

1/ 4

 μc 


 D ρc 

2/3

(A.1)

The diffusion coefficient of TG through methanol and TG estimated by the Wilke and Chang correlation [35]
are 7.8×10–10 and 6.1×10−11 m2 s−1, respectively. The factor P is equal to ψρmixn3Di5, where ψ is the agitator power
consumption number equal to 1.5 [31], ρmix (kg m−3) is the density of the mixture equal to ρmix = ϕρd + (1 − ϕ )ρc [36].
The dispersed phase holdup, φ, was estimated as the volume fraction of methanol in the reaction mixture at the
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beginning of reaction. For the molar ratio of methanol to oil 10 to 1 the volume fraction of the methanol in the
reaction mixture was 0.3. Using values for density of oil and methanol at 60 °C [35], ρmix, was calculated.

P = ψρmixn 3Di5 P

(A1.1)

ψ = 1.5
n = 300 rpm or 1000rpm
Di = 0.05 m

ρmix = ϕρd + (1 − ϕ )ρ c

(A 1.2)

ρc (60 °C) = 891 kg m−3
μc (60 °C) = 17.2 mPa·s
Vc = 2.76×10–4 m3
D = 6.1×10–11 m2 s−1
b. The mass transfer coefficient in the disperse phase [31,32]:
2π 2D
3d 32

kd =

(A 2)

The Sauter mean drop diameter, d32, was calculated from the correlation given by Kolmogorov’s theory of
homogeneous isotropic turbulence and according to the equation proposed by Stamenkovic et al. [36]. The
following correlation between the Sauter mean drop diameter (in mm) and the agitation speed (in rpm) was derived
for L−L system (methanol−oil):

d32 = 4782n−1.825
D = 7.8×10

−10

(A 2.1)
−1

2

m s

c. The mass transfer coefficient near the solid surface [31,32]:
3

ks =

d g ( ρp − ρ c )
D
(2 + 0.31 p
)
dp
μcD

(A 3)

dp = 4.3 μm
g = 9.81 m2 s−1
ρp = 3350 kg m−3
d. The overall volumetric mass transfer coefficient:
1

k mt,TG

=

1

(

1

a k d,TG

+

1

m TGk c,TG

+

1

a sm TGk s,TG

) ==

1
s
ak mt,TG

(A 4)

At the beginning of the process:
1
(k mt,TG )0

=

1
s
a 0k mt,TG

(A 4.1)

d 32 = 4782n −1.825
a0 =

6ϕ
d 32

as =

amm cat
V
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mTG = 0.0042
ρmix

Methanol:oil
mole ratio

Mass of
catalyst, wt.%

Stirring
intensity, rpm

Vc / 10-4 m3

φ

1

10:1

2

1000

6.52

0.3

850

2

6:1

2

1000

6.52

0.2

864

3

10:1

1

1000

6.52

0.3

850

4

10:1

0.5

1000

6.52

0.3

5

10:1

2

300

6.52

0.3

Experiment

Experi- MeOH:oil
Mass of
Stirring
ment
mole ratio catalyst, wt.% intensity, rpm

kc×106
−1

m min

kd,

k s,
−1

m min

d32

a0 / m–1

as / m–1

0.016

112500

40300

0.016

75000

45421

0.016

112500

20043

850

0.016

112500

10021

850

0.144

12500

40300

1/mTGa0kc

1/mTGasks

kg m−

3

4

−1

m min

10 /a0kd

mm

(kmt,TG)0×10
–1
min

1

10:1

2

1000

8.04

0.019

0.022

4.6

263.2

0.269

3.8

2

6:1

2

1000

8.22

0.019

0.022

6.9

386.2

0.238

2.6

3

10:1

1

1000

8.04

0.019

0.022

4.6

263.2

0.54

3.8

4

10:1

0.5

1000

8.04

0.019

0.022

4.6

263.2

1.08

3.8

5 S.C..

10:1

2

300

3.32

0.0021

0.022

380

5737

0.269

0.174
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VISCOSITIES AND REFRACTIVE INDICES OF
BINARY SYSTEMS ACETONE+1-PROPANOL,
ACETONE+1,2-PROPANEDIOL AND
ACETONE+1,3-PROPANEDIOL
Article Highlights
• Binary mixtures of acetone with 1-propanol, 1,2-propanediol and 1,3-propanediol were
analyzed
• Viscosity and refractive index were measured
• Deviations in viscosity and refractive index were calculated
• Modeling of viscosity and refractive index was performed
Abstract

Viscosities and refractive indices of three binary systems, acetone+1-propanol,
acetone+1,2-propanediol and acetone+1,3-propanediol, were measured at
eight temperatures (288.15, 293.15, 298.15, 303.15, 308.15, 313.15, 318.15
and 323.15 K) and at atmospheric pressure. From these data, viscosity
deviations and deviations in refractive index were calculated and fitted to the
Redlich-Kister equation. The viscosity modelling was done by two types of
models: predictive UNIFAC-VISCO and ASOG VISCO and correlative Teja-Rice and McAlister equations. The refractive indices of binary mixtures were
predicted by various mixing rules and compared with experimental data.
Keywords: viscosity, refractive index, experimental measurements,
modelling.

Thermodynamic investigation of acetone and
alcohols (or diols) binary mixtures is of great interest
due to the complex molecular interactions [1] present
in these mixtures and their diverse industrial application. Acetone has a wide range of practical applications in the pharmaceutical, cosmetic and food
industry. In the chemical industry, acetone is used as
a solvent for most plastics and synthetic fibers, including those used in laboratory bottles made of polystyrene, polycarbonate and some types of polypropylene. In the laboratory, acetone is used as a polar
solvent in organic chemical reactions but also for
rinsing laboratory glassware and instruments. Acetone is fluorescent under ultraviolet light, and its vapor
may be used as a tracer in fluid flow experiments [2].

Correspondence: M.Lj. Kijevčanin, Faculty of Technology and
Metallurgy, University of Belgrade, Karnegijeva 4, 11120 Belgrade, Serbia.
E-mail: mirjana@tmf.bg.ac.rs
Paper received: 5 March, 2013
Paper revised: 23 April, 2013
Paper accepted: 18 July, 2013

Alcohols, including 1-propanol, alone or in combination with other solvents, are widely used in the
pharmaceutical and chemical industry [3-6], for pesticides, fats, oils, rubber, paints, varnishes, waxes,
plastics, explosives, drugs, detergents, perfumes and
cosmetics. Some alcohols (especially ethanol and
1-buthanol) are used as biofuels derived from biomass sources [7].
Alkanediols such as 1,2-propanediol or 1,3-propanediol have a variety of applications in automotive,
aviation, explosives, textile, surface coatings, food,
cosmetic, pharmaceutical, tobacco, petroleum and
other industries [8]. They are also basic structural
units for polyhydroxy compounds, which find widespread application as solvents, coolants, antifreezes,
plasticizers, chemical intermediates, food additives
and heat transfer fluids [9].
Both 1,2-propanediol and 1,3-propanediol are
environmentally friendly, biodegradable and of very
low human toxicity [10-12]. Due to the similarity of its
properties, 1,2-propanediol is recommended as a replacement for more toxic ethylene glycol. 1,2-Propanediol finds application as a solvent in the pharma-

441

E.M. ŽIVKOVIĆ et al.: VISCOSITIES AND REFRACTIVE INDICES…

ceutical industry in many oral, injectable and topical
formulations and in the cosmetic industry. In the food
industry, 1,2-propanediol is used as a solvent for food
colors and flavorings and as a food additive [10]. In
the chemical industry, 1,3 propanediol is mainly used
in the production of polymers, composites, adhesives,
laminates and coatings [13]. It is also a solvent and
used as antifreeze and wood paint.
In this work experimental dynamic viscosities
and refractive indices are reported for three binary
mixtures (acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol) at eight temperatures (288.15, 293.15, 298.15, 303.15, 308.15,
313.15, 318.15 and 323.15 K) and at atmospheric
pressure. From these experimental data, deviations in
viscosity ( Δη ) and deviations in refractive index
( ΔnD ) were calculated and correlated by the Redlich-Kister equation [14]. The predictive UNIFAC-VISCO
[15,16] and ASOG-VISCO [17] models were used for
modelling the viscosity of the investigated binary mixtures. The viscosity data were also correlated by
Teja-Rice [18, 19] and McAlister [20] correlation
equations. The refractive indices of binary mixtures
were calculated by different mixing rules (Lorentz–
Lorenz, Dale–Gladstone, Eykman, Arago–Biot, Newton, and Oster [21]) and compared with experimental
data.
EXPERIMENTAL
Chemicals
Acetone (99.8 mass%) and 1-propanol (99.5
mass%) were supplied by Merck, 1,2-propanediol
(99.5 mass%) and 1,3-propanediol (98.0 mass%)
were supplied by Fluka. Chemicals were kept in dark
bottles, in an inert atmosphere and ultrasonically
degassed before a sample preparation. In Table 1,
dynamic viscosities and refractive indices of pure
substances are compared with literature values at
298.15 K [4,22-24]. The agreement between literature
and our experimental values is very good with differences within 2×10-2 mPa·s for viscosity measurements of less viscous fluids and in most cases within
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6×10-4 for refractive indices. The differences between
experimental and literature values of viscosity are
somewhat higher by absolute value for more viscous
fluids, especially 1,3-propanediol, but still below 2%
deviation.
Apparatus and procedures
Viscosity measurements were performed using
a digital Stabinger viscometer (model SVM 3000/G2).
The instrument contains two measuring cells; one of
them is used for measuring the density of the sample,
while the other one measures dynamic viscosity. The
kinematic viscosity is calculated from the measured
density and dynamic viscosity. The stated reproducibility of the dynamic viscosity and density measurements is 0.35% and 0.5 kg m-3 in the temperature
interval 288.15–378.15 K. During this procedure temperature in the cell was regulated to ±0.01 K with a
built in solid-state thermostat. The relative uncertainty
in dynamic viscosity measurements was estimated to
be within ±0.40%.
Refractive index measurements were performed
using an automatic Anton Paar RXA-156 refractometer, which works with the wavelength of 589 nm.
Throughout this procedure temperature of the sample
was kept constant with a built-in thermostat within an
accuracy of ±0.03 K. The refractive index data have
the uncertainty of ±0.00005 units.
A Mettler AG 204 balance, with a precision
1×10-4, was used for precise measuring of mass composition for all binary mixtures, using the cell and the
procedure described previously [25]. The uncertainty
of the mole fraction calculation was less than ±1×10-4.
RESULTS AND DISCUSSION
The experimental data of viscosity, η, refractive
index, nD, as well as the calculated values of viscosity
deviation, Δη, and deviations in refractive index, ΔnD,
for three binary systems (acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol)
at eight temperatures (288.15, 293.15, 298.15,
303.15, 308.15, 313.15, 318.15 and 323.15 K) and at
atmospheric pressure are reported in Table 2.

Table 1. Dynamic viscosities η and refractive indices nD of pure components at 298.15 K
η /mPa⋅ s

Component
Acetone

nD

Exp.

Literature

Exp.

Literature

0.31858

0.302[22]

1.35622

1.35596[4]

0.304[4]
1-Propanol

1.9503

1.943 [23]

1.38369

1.3837 [4]

1,2-Propanediol

43.437

43.428 [24]

1.43081

1.4314 [4]

1,3-Propanediol

41.041

40.067 [24]

1.43805

1.4386 [4]
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Table 2. Viscosity, η, refractive index, nD, viscosity deviation, Δη, and deviations in refractive index, ΔnD, for the binary mixtures
acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol
x1

η /mPas

Δη /mPas

nD

ΔnD

Acetone (1) + 1-propanol (2)
288.15 K
0.0000

2.5139

-

1.38780

-

0.0998

1.7806

-0.5160

1.38547

0.0003

0.1998

1.2992

-0.7796

1.38312

0.0006

0.3000

0.99045

-0.8701

1.38071

0.0008

0.4001

0.79067

-0.8519

1.37815

0.0008

0.4999

0.65812

-0.7671

1.37549

0.0008

0.6000

0.54172

-0.6655

1.37271

0.0006

0.6998

0.47064

-0.5192

1.36988

0.0004

0.8002

0.42313

-0.3481

1.36703

0.0002

0.9000

0.38431

-0.1696

1.36428

0.00003

1.0000

0.33611

-

1.36163

-

293.15 K
0.0000

2.2085

-

1.38576

-

0.0998

1.5942

-0.4266

1.38339

0.0003

0.1998

1.1800

-0.6527

1.38089

0.0005

0.3000

0.91131

-0.7329

1.37833

0.0006

0.4001

0.73501

-0.7210

1.37570

0.0007

0.4999

0.61748

-0.6508

1.37301

0.0007

0.6000

0.51373

-0.5663

1.37023

0.0006

0.6998

0.44932

-0.4430

1.36735

0.0004

0.8002

0.40695

-0.2965

1.36442

0.0001

0.9000

0.37277

-0.1430

1.36155

-0.0001

1.0000

0.32765

-

1.35894

-

0.0000

1.9503

-

1.38369

-

0.0998

1.4327

-0.3548

1.38119

0.0002

0.1998

1.0750

-0.5493

1.37862

0.0004

0.3000

0.84069

-0.6201

1.37599

0.0005

0.4001

0.68440

-0.6130

1.37331

0.0006

0.4999

0.58006

-0.5545

1.37055

0.0006

0.6000

0.48754

-0.4837

1.36771

0.0005

0.6998

0.42897

-0.3795

1.36476

0.0003

0.8002

0.39103

-0.2536

1.36175

0.00004

0.9000

0.35307

-0.1287

1.35883

-0.0001

1.0000

0.31858

-

1.35622

-

0.0000

1.7270

-

1.38162

-

0.0998

1.2920

-0.2935

1.37906

0.0003

0.1998

0.98217

-0.4615

1.37638

0.0004

0.3000

0.77739

-0.5242

1.37368

0.0005

0.4001

0.63794

-0.5218

1.37091

0.0006

0.4999

0.54561

-0.4726

1.36810

0.0006

0.6000

0.46286

-0.4134

1.36520

0.0005

0.6998

0.40941

-0.3253

1.36217

0.0003

0.8002

0.37514

-0.2173

1.35907

-0.00002

0.9000

0.33997

-0.1109

1.35609

-0.0002

298.15 K

303.15 K
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Table 2. Continued
x1

η /mPas

Δη /mPas

nD

ΔnD

1.35346

-

1.37918

-

Acetone (1) + 1-propanol (2)
303.15 K
1.0000

0.30910

308.15 K

0.0000

1.5419

-

0.0998

1.1689

-0.2490

1.37656

0.0002

0.1998

0.89942

-0.3942

1.37384

0.0003

0.3000

0.72028

-0.4488

1.37111

0.0005

0.4001

0.59495

-0.4498

1.36833

0.0005

0.4999

0.51297

-0.4077

1.36548

0.0005

0.6000

0.43889

-0.3574

1.36255

0.0005

0.6998

0.39107

-0.2812

1.35949

0.0002

0.8002

0.35995

-0.1876

1.35634

-0.0001

0.9001

0.32207

-0.1014

1.35332

-0.0002

1.0000

0.29925

-

1.35072

-

313.15 K
0.0000

1.3783

-

1.37695

-

0.0998

1.0605

-0.2091

1.37423

0.0002

0.1998

0.82501

-0.3357

1.37147

0.0003

0.3000

0.66839

-0.3831

1.36870

0.0005

0.4001

0.55377

-0.3887

1.36588

0.0005

0.4999

0.48153

-0.3522

1.36300

0.0006

0.6000

0.41576

-0.3090

1.36001

0.0005

0.6998

0.37335

-0.2427

1.35687

0.0002

0.8002

0.34485

-0.1618

1.35364

-0.0001

0.9000

0.30095

-0.0970

1.35055

-0.0003

1.0000

0.28903

-

1.34795

-

0.0000

1.2365

-

1.37469

-

0.0998

0.9672

-0.1737

1.37186

0.0001

0.1998

0.75829

-0.2868

1.36902

0.0003

0.3000

0.62057

-0.3285

1.36620

0.0004

0.4001

0.51467

-0.3385

1.36332

0.0005

0.4999

0.44951

-0.3080

1.36038

0.0005

0.6000

0.39197

-0.2697

1.35730

0.0004

318.15 K

0.6998

0.35427

-0.2118

1.35407

0.0002

0.8002

0.32858

-0.1413

1.35079

-0.0001

0.9000

0.28746

-0.0868

1.34765

-0.0003

1.0000

0.27842

-

1.34499

-

0.0000

1.1241

-

1.37231

-

0.0998

0.88788

-0.1507

1.36939

0.0001

0.1998

0.69722

-0.2557

1.36650

0.0002

0.3000

0.57604

-0.2910

1.36363

0.0004

0.4001

0.47693

-0.3044

1.36072

0.0005

0.4999

0.41949

-0.2763

1.35772

0.0005

0.6000

0.36606

-0.2440

1.35459

0.0004

0.6998

0.33173

-0.1928

1.35131

0.0001

323.15 K
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Table 2. Continued
x1

η /mPas

Δη /mPas

nD

ΔnD

Acetone (1) + 1-propanol (2)
323.15 K
0.8002

0.31556

-0.1230

1.34797

-0.0002

0.9000

0.27902

-0.0740

1.34479

-0.0003

1.0000

0.26733

-

1.34210

-

Acetone (1) + 1,2 propanediol (2)
288.15 K
0.0000

81.206

-

1.43411

-

0.1000

39.825

-33.294

1.42939

0.0025

0.2000

18.409

-46.623

1.42332

0.0037

0.2998

8.7428

-48.219

1.41695

0.0046

0.3999

4.6465

-44.220

1.41012

0.0050

0.5004

2.7258

-38.013

1.40294

0.0051

0.5999

1.7303

-30.962

1.39558

0.0050

0.6999

1.0193

-23.586

1.38811

0.0047

0.8000

0.63096

-15.879

1.38008

0.0040

0.9001

0.49360

-7.9214

1.37142

0.0025

1.0000

0.33611

-

1.36163

-

293.15 K
0.0000

58.753

-

1.43247

-

0.1000

29.944

-22.967

1.42765

0.0025

0.2000

14.459

-32.609

1.42147

0.0037

0.2998

7.1453

-34.092

1.41499

0.0046

0.3999

3.8748

-31.514

1.40815

0.0051

0.5004

2.3634

-27.154

1.40081

0.0051

0.5999

1.5324

-22.171

1.39337

0.0050

0.6999

0.93400

-16.927

1.38580

0.0048

0.8000

0.60104

-11.412

1.37772

0.0041

0.9001

0.46710

-5.6972

1.36890

0.0026

1.0000

0.32765

-

1.35894

-

298.15 K
0.0000

43.437

-

1.43081

-

0.1000

22.953

-16.172

1.42589

0.0025

0.2000

11.537

-23.276

1.41960

0.0037

0.2998

5.9181

-24.592

1.41304

0.0046

0.3999

3.3029

-22.891

1.40617

0.0052

0.5004

2.0662

-19.794

1.39872

0.0052

0.5999

1.3556

-16.215

1.39117

0.0051

0.6999

0.85967

-12.399

1.38345

0.0048

0.8000

0.56884

-8.3734

1.37528

0.0041

0.9001

0.44630

-4.1798

1.36628

0.0026

1.0000

0.31858

-

1.35622

-

0.0000

32.754

-

1.42915

-

0.1000

17.903

-11.607

1.42410

0.0025

0.2000

9.3403

-16.925

1.41772

0.0037

0.2998

4.9645

-18.063

1.41104

0.0046

0.3999

2.8822

-16.897

1.40412

0.0052

303.15 K
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Table 2. Continued
x1

η /mPas

Δη /mPas

nD

ΔnD

0.0053

Acetone (1) + 1,2 propanediol (2)
303.15 K
0.5004

1.8207

-14.698

1.39663

0.5999

1.2013

-12.089

1.38895

0.0052

0.6999

0.79430

-9.2515

1.38115

0.0050

0.8000

0.53792

-6.2602

1.37283

0.0042

0.9001

0.42092

-3.1294

1.36368

0.0027

1.0000

0.30910

-

1.35346

-

308.15 K
0.0000

25.156

-

1.42751

-

0.1000

14.187

-8.4833

1.42230

0.0025

0.2000

7.6623

-12.522

1.41578

0.0036

0.2998

4.2078

-13.496

1.40905

0.0046

0.3999

2.5499

-12.666

1.40197

0.0052

0.5004

1.6137

-11.104

1.39440

0.0053

0.5999

1.1033

-9.1411

1.38666

0.0052

0.6999

0.73563

-7.0231

1.37885

0.0051

0.8000

0.52083

-4.7498

1.37043

0.0044

0.9001

0.39528

-2.3872

1.36117

0.0028

1.0000

0.29925

-

1.35072

-

0.0000

19.646

-

1.42581

-

0.1000

11.408

-6.3023

1.42051

0.0025

0.2000

6.3619

-9.4127

1.41388

0.0036

0.2998

3.6019

-10.241

1.40702

0.0046

0.3999

2.1892

-9.7159

1.39978

0.0051

0.5004

1.4396

-8.5202

1.39222

0.0054

0.5999

0.99244

-7.0413

1.38437

0.0053

0.6999

0.68217

-5.4159

1.37648

0.0052

0.8000

0.49449

-3.6659

1.36796

0.0044

0.9001

0.37701

-1.8458

1.35854

0.0028

1.0000

0.28903

-

1.34795

-

0.0000

15.581

-

1.42407

-

0.1000

9.2973

-4.7534

1.41870

0.0025

0.2000

5.3408

-7.1797

1.41194

0.0037

0.2998

3.1092

-7.8841

1.40496

0.0046

0.3999

1.9707

-7.4908

1.39752

0.0051

0.5004

1.2979

-6.6257

1.38979

0.0053

0.5999

0.89437

-5.5066

1.38206

0.0054

0.6999

0.63173

-4.2390

1.37396

0.0052

0.8000

0.47309

-2.8659

1.36537

0.0046

0.9001

0.36908

-1.4381

1.35585

0.0030

1.0000

0.27842

-

1.34499

-

313.15 K

318.15 K

323.15 K
0.0000

12.535

-

1.42230

-

0.1000

7.6715

-3.6367

1.41687

0.0026

0.2000

4.5290

-5.5525

1.40995

0.0037
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Table 2. Continued
x1

η /mPas

Δη /mPas

nD

ΔnD

Acetone (1) + 1,2 propanediol (2)
323.15 K
0.2998

2.7102

-6.1470

1.40296

0.0047

0.3999

1.7173

-5.9119

1.39520

0.0050

0.5004

1.1749

-5.2214

1.38743

0.0053

0.5999

0.81498

-4.3606

1.37958

0.0054

0.6999

0.58126

-3.3676

1.37143

0.0053

0.8000

0.45332

-2.2675

1.36278

0.0046

0.9001

0.34767

-1.1452

1.35315

0.0030

1.0000

0.26733

-

1.34210

-

Acetone (1) + 1,3 propanediol (2)
288.15 K
0.0000

66.527

-

1.44089

-

0.1008

36.589

-23.266

1.43524

0.0023

0.1914

21.190

-32.668

1.42960

0.0039

0.3021

10.972

-35.559

1.42281

0.0059

0.4009

6.1318

-33.859

1.41595

0.0068

0.5100

3.3985

-29.371

1.40744

0.0070

0.6004

1.9768

-24.809

1.39989

0.0066

0.7000

1.5738

-18.620

1.39053

0.0051

0.7983

1.3466

-12.340

1.38113

0.0035

0.9002

1.1853

-5.7556

1.37114

0.0016

1.0000

0.33611

-

1.36163

-

293.15 K
0.0000

51.913

-

1.43947

-

0.1008

29.203

-17.511

1.43367

0.0023

0.1914

17.284

-24.756

1.42795

0.0039

0.3021

9.1621

-27.167

1.42101

0.0059

0.4009

5.2293

-26.003

1.41403

0.0068

0.5100

2.9423

-22.662

1.40542

0.0070

0.6004

1.7643

-19.177

1.39775

0.0066

0.7000

1.3209

-14.482

1.38837

0.0053

0.7983

1.1797

-9.5528

1.37869

0.0035

0.9002

1.0405

-4.4353

1.36861

0.0016

1.0000

0.32765

-

1.35894

-

0.0000

41.041

-

1.43805

-

0.1008

23.553

-13.383

1.43206

0.0023

0.1914

14.219

-19.028

1.42629

0.0039

0.3021

7.7206

-21.018

1.41919

0.0059

0.4009

4.4957

-20.220

1.41210

0.0069

0.5100

2.5672

-17.705

1.40341

0.0071

0.6004

1.5834

-15.008

1.39556

0.0066

0.7000

1.1396

-11.396

1.38609

0.0053

0.7983

1.0380

-7.4943

1.37629

0.0036

0.9002

0.91743

-3.4652

1.36605

0.0017

1.0000

0.31858

-

1.35622

-

298.15 K
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Table 2. Continued
x1

η /mPas

Δη /mPas

nD

ΔnD

Acetone (1) + 1,3 propanediol (2)
303.15 K
0.0000

32.843

-

1.43665

-

0.1008

19.212

-10.351

1.43047

0.0022

0.1914

11.815

-14.801

1.42463

0.0039

0.3021

6.5535

-16.461

1.41735

0.0058

0.4009

3.8938

-15.906

1.41013

0.0068

0.5100

2.2566

-13.994

1.40137

0.0071

0.6004

1.4281

-11.882

1.39333

0.0066

0.7000

1.0313

-9.0380

1.38367

0.0053

0.7983

0.91728

-5.9539

1.37396

0.0037

0.9002

0.81225

-2.7437

1.36348

0.0017

1.0000

0.30910

-

1.35346

-

0.0000

26.580

-

1.43526

-

0.1008

15.863

-8.0683

1.42892

0.0022

0.1914

9.9219

-11.628

1.42296

0.0039

0.3021

5.6090

-13.032

1.41552

0.0058

0.4009

3.3955

-12.649

1.40816

0.0068

0.5100

1.9968

-11.180

1.39929

0.0071

0.6004

1.2934

-9.5076

1.39126

0.0068

0.7000

0.93314

-7.2503

1.38142

0.0053

0.7983

0.81384

-4.7862

1.37164

0.0039

0.9002

0.72199

-2.2001

1.36098

0.0018

1.0000

0.29925

-

1.35072

-

0.0000

21.737

-

1.43387

-

0.1008

13.224

-6.3514

1.42740

0.0022

0.1914

8.4161

-9.2158

1.42126

0.0038

0.3021

4.8498

-10.408

1.41364

0.0057

0.4009

2.9793

-10.159

1.40612

0.0067

0.5100

1.7800

-9.0185

1.39709

0.0070

308.15 K

313.15 K

0.6004

1.1752

-7.6844

1.38908

0.0068

0.7000

0.84417

-5.8793

1.37914

0.0054

0.7983

0.72482

-3.8903

1.36916

0.0039

0.9002

0.64420

-1.7853

1.35843

0.0019

1.0000

0.28903

-

1.34795

-

318.15 K
0.0000

17.950

-

1.43244

-

0.1008

11.128

-5.0408

1.42585

0.0022

0.1914

7.1910

-7.3767

1.41960

0.0039

0.3021

4.2151

-8.3964

1.41170

0.0057

0.4009

2.6333

-8.2322

1.40413

0.0068

0.5100

1.5966

-7.3409

1.39497

0.0071

0.6004

1.0699

-6.2701

1.38672

0.0068

0.7000

0.76316

-4.8167

1.37673

0.0055

0.7983

0.64789

-3.1949

1.36664

0.0040

0.9002

0.57680

-1.4652

1.35570

0.0020
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Table 2. Continued
η /mPas

x1

Δη /mPas

nD

ΔnD

1.34499

-

Acetone (1) + 1,3 propanediol (2)
318.15 K
1.0000

0.27842

323.15 K

0.0000

14.958

-

1.43099

-

0.1008

9.4598

-4.0174

1.42424

0.0022

0.1914

6.1981

-5.9481

1.41787

0.0039

0.3021

3.6787

-6.8413

1.40988

0.0057

0.4009

2.3430

-6.7255

1.40211

0.0068

0.5100

1.4330

-6.0328

1.39276

0.0071

0.6004

0.97369

-5.1640

1.38442

0.0068

0.7000

0.69461

-3.9799

1.37423

0.0055

0.7983

0.58114

-2.6493

1.36439

0.0044

0.9002

0.51825

-1.2152

1.35310

0.0021

1.0000

0.26733

-

1.34210

-

The viscosity deviations, Δη, were calculated
from the viscosity of the mixture, η, and pure component i, ηi, according to the equation:
n

Δη = η −

x η

(1)

i i

i =1

where n is the number of components and xi is the
mole fraction of the component i.
The deviations in refractive index were calculated from the equation:
n

Δn D = n D −

x n
i

(2)

Di

i =1

where nD and nDi refers to the refractive index of the
mixture and the pure component i, respectively. In all
the above given equations n denotes the number of
components.
Viscosity deviations, Δη, and deviations in refractive index, ΔnD, were correlated with the Redlich-Kister (RK) equation [14]:
k

Y = xi x j

A

p

p =0

( 2 x i − 1)

p

(3)

where Y represents the binary viscosity deviation, Δη,
or deviation in refractive index ΔnD of the mixture, Ap
are fitting parameters, and k+1 is the number of parameters, which was optimized using the F-test. The
quality of correlation was assessed by calculating the
root-mean-square deviations (rmsd), σ, defined as:





σ =

m

(

Y exp −Ycal

i =1

)

1/2

2


/m 



(4)

where m is the number of experimental data points.
The viscosity deviations obtained from experimental viscosity data, together with the curves calculated from the Redlich-Kister equation are shown in
Figure 1. Although values of Δη are negative over the
entire temperature and composition range for all
investigated binary mixtures, the systems with diols
are characterized with much higher negative viscosity
deviations than system with 1-propanol. Increase in
temperature decreases the viscosity deviation negative values for all investigated binary mixtures.
The deviation of refractive indices for acetone+1-propanol, acetone+1,2-propanediol and acetone+1,3-propanediol binary systems, together with
the curves calculated from the Redlich-Kister equation are displayed in Figure 2.
In mixtures with diols, the ΔnD values are positive over the whole range of mixture compositions and
at all temperatures. For acetone+1-propanol binary
system, the deviation of refractive index is positive for
lower mole fraction of acetone but turns negative in
the acetone rich region. Comparison with literature
data [26] of ΔnD values for acetone+1-propanol binary
system shows that two sets of data follow the same
trend line with positive maximum between 0.3 and 0.4
and negative minimum around 0.9 mole fractions of
acetone. The temperature effect on refractive indices
deviations is relatively weak, particularly in the solutions with 1,3-propandiol.
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Figure 1. Experimental values of viscosity deviation Δη as a function of acetone molar fraction x1 for the systems: a) acetone+1propanol; b) acetone+1,2-propanediol; c) acetone+1,3-propanediol; at following temperatures: (◊) 288.15, (♦) 293.15, (○) 298.15, (●)
303.15, (∆) 308.15, (▲) 313.15, (□) 318.15 and (■) 323.15 K; (⎯⎯) RK equation.
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Figure 2. Experimental values of deviation in refractive index ΔnD as a function of acetone molar fraction x1 for the systems a)
acetone+1-propanol; b) acetone+1,2-propanediol; c) acetone+1,3-propanediol;at following temperatures: (◊) 288.15, (♦) 293.15, (○)
298.15, (●) 303.15, (∆) 308.15, (▲) 313.15, (□) 318.15 K and (■) 323.15 K; (⎯⎯) RK equation.

It has been stated earlier [1,22,27] that excess
thermodynamic properties of mixtures are the consequence of three main types of contributions:
a) physical interaction, such as dispersion forces
or week dipole-dipole interactions, resulting in negative contributions to excess molar volume and viscosity deviation,
b) chemical interaction like hydrogen bonds or
other complex formation leading to negative contributions to VE and positive to Δη and
c) structural interactions due to interstitial
accommodation and changes in free volume.

450

Although straightforward relation between viscosity deviation and molecular interactions was established for a number of solutions [22], excess molar
volume is usually a more convenient property for
molecular interactions analysis. It has already been
pointed out in our previous work [1] that for the mixture of acetone with 1-propanol excess molar volumes are mostly negative, although very small by
absolute value (Figure 3a). For this solution, values of
VE were explained as a balance between positive and
negative contributions. Positive contributions which
are dominant for higher acetone concentrations occur
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Figure 3. Experimental values of excess molar volume V as a function of acetone molar fraction x1 for the systems: a) acetone+1propanol; b) acetone+1,2-propanediol; c) acetone+1,3-propanediol; at following temperatures: (◊) 288.15, (♦) 293.15, (○) 298.15, (●)
303.15, (∆) 308.15, (▲) 313.15, (□) 318.15 and (■) 323.15 K; (⎯⎯) RK equation.

due to a H-bond rupture of 1-propanol associates and
considerable difference in molecular volume between
1-propanol and acetone that leads to important steric
hindrance. Negative contributions are a result of
intermolecular OH and C=O interactions and possible
geometrical fitting between unlike molecules leading
to slightly negative values of VE in the alcohol rich
region. Values of VE for the mixtures of acetone with
1,2-propanediol and 1,3-propanediol are large and
negative (Figures 3b and 3c) thus indicating interaction by hydrogen bonding between C=O group of
acetone and OH groups of diols. The minimum of the
curve for the mixture with 1,2-propanediol is located
near 0.7 acetone mole fraction while the curve with
for the mixture is almost symmetrical. This phenomenon could be attributed to structural factors and
the presence of vicinal hydroxyl group in the molecule
of 1,2-propanediol [1].
According to [22] predominance of chemical
interactions leading to H-bond formation is expected
to result in positive viscosity deviation. Negative deviations obtained for all investigated mixtures indicate
that the strength of the hydrogen bonds is not the only
factor influencing viscosity deviation or excess molar
volume negative values. It was stated earlier [28] that
molecular size and shape of the components are
important factors and negative values of Δη could be
expected for systems of different molecular size in
which the dispersion forces are dominant. Explanation for negative excess molar volumes and negative
viscosity deviations could be attributed to the structural factors, inclusion of acetone molecules in the
aggregates interstices, thus resulting in fewer surfaces available for friction and reduction of mixture

viscosity [29]. For all analyzed binary mixtures, viscosity deviation negative values decrease with temperature rise, probably due to higher intermolecular vibrations and thermal motion.
The refractive indices and their deviations are
intrinsically related to dispersion attractive interactions [30,31]. Since the deviations obtained within
this work are mostly positive for all of the studied
solutions, it can be concluded that the dispersion
interactions between the unlike molecules are higher
than those in the pure components.
Viscosity modeling was performed with two
types of models: predictive and correlative. Predictive
approach for viscosity determination is mostly based
on group contribution models. In this paper UNIFAC-VISCO [15,16] and ASOG-VISCO [17] predictive
models were used for calculating dynamic viscosities
of the selected binary mixtures. In addition, viscosity
data have been correlated with one-parameter Teja
and Rice [18,19], and McAllister [20] two-parameter
Three-body and three-parameter Four-body models.
More details about the models used in this work can
be found in our previous papers [32,33].
The ability of these models to predict dynamic
viscosities of selected binary mixtures and to correlate experimental viscosity data was tested by calculating the percentage deviations (PDmax) between the
experimental and the calculated viscosities from the
following equation:

PDmax (Y ) =

100

n

m

Y exp −Y cal

 (Y )
i =1

(5)

exp max
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(

)

where Y exp
is the maximum of experimental η
max
values.
The results obtained by UNIFAC-VISCO, ASOG-VISCO, Teja-Rice and McAlister models for the binary mixtures of acetone + 1-propanol, +1,2-propanediol and+1,3-propanediol over the investigated temperature range are given in Table 3.
The predictive UNIFAC-VISCO model gives
satisfactory results for all analyzed systems with
maximum percentage deviation (PDmax), in almost all
investigated cases less than 10%. The best results
are obtained for the acetone+1-propanol system with
PDmax below 4%. Results obtained with the ASOG-VISCO predictive model are even better, with maximum percentage deviation in most cases less than
5% and for acetone+1,3-propanediol binary mixture
less than 1.3% at all investigated temperatures.
Two parameter McAlister-3 and three parameter
McAlister-4 correlative models give very good results
for all analyzed systems and at all temperatures with

Chem. Ind. Chem. Eng. Q. 20 (3) 441−455 (2014)

maximum percentage deviation (PDmax) bellow 1%.
Results obtained with the one-parameter Teja-Rice
model are characterized with slightly higher values of
PDmax but still below 2% for all analyzed binary mixtures. The interaction parameters for correlative
models, presented in Table 4, were determined from
experimental data using the Marquardt [34] optimization technique.
The results for refractive indices obtained by
Lorentz–Lorenz (L-L), Dale–Gladstone (D-G), Eykman
(Eyk), Arago–Biot (A-B), Newton (New), and Oster (Ost)
[21] mixing rules for acetone+1-propanol, acetone+
+1,2-propanediol and acetone+1,3-propanediol binary
mixtures over the investigated temperature range are
summarized in Table 5. The predictive ability of these
models was tested by calculating the percentage
deviations (PDmax) from Eq. (5), where Y exp and Y cal
denotes experimental and calculated values of refractive index and Y exp
is the maximum of experimenmax
tal nD values. From the obtained results it can be con-

(

)

Table 3. Results of viscosity prediction and correlation (PDmax / %) for the binary mixtures acetone+1-propanol, acetone+1,2-propanediol
and acetone+1,3-propanediol at temperatures 288.15–323.15 K and atmospheric pressure
T/K

Predictive approach

Correlative models

UNIFAC-VISCO

ASOG-VISCO

288.15

1.36

5.28

293.15

1.52

4.51

298.15

1.98

303.15

2.55

308.15

Teja-Rice

McAlister-3

McAlister-4

1.90

0.36

0.31

1.81

0.37

0.31

3.90

1.80

0.36

0.30

3.40

1.77

0.37

0.30

2.99

2.88

1.57

0.26

0.24

313.15

3.45

2.71

1.58

0.38

0.37

318.15

3.91

2.62

1.39

0.47

0.44

323.15

3.91

3.00

1.11

0.75

0.77

Acetone (1) + propanol (2)

Acetone (1) + 1,2-propandiol (2)
288.15

3.72

5.09

1.41

0.75

0.26

293.15

4.04

4.42

1.32

0.75

0.26

298.15

4.49

3.87

1.21

0.75

0.27

303.15

5.02

3.40

1.08

0.75

0.28

308.15

5.69

2.82

0.99

0.76

0.30

313.15

6.02

2.74

0.88

0.75

0.27

318.15

6.80

2.23

0.78

0.73

0.29

323.15

7.25

2.01

0.70

0.72

0.24

288.15

8.88

1.29

0.86

0.76

0.72

293.15

9.16

0.93

0.88

0.77

0.72

298.15

9.42

0.76

0.80

0.72

0.69

303.15

9.73

0.89

0.79

0.74

0.71

308.15

9.95

0.97

0.66

0.59

0.59

313.15

10.27

1.11

0.65

0.56

0.55

318.15

10.49

1.11

0.58

0.40

0.38

323.15

10.73

1.10

0.66

0.26

0.25

Acetone (1) + 1,3-propandiol (2)
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Table 4. Binary interaction parameters in correlative models for viscosity determination
T/K

Teja-Rice

ψ12

McAlister-3
υ12

McAlister-4
υ21

υ1112

υ2221

υ1122
0.6754

Acetone (1) + propanol (2)
288.15

-0.0360

0.5834

0.8844

0.5694

1.2370

293.15

-0.0027

0.5585

0.8339

0.5523

1.1518

0.6356

298.15

0.0238

0.5359

0.7899

0.5333

1.0757

0.6096

303.15

0.0538

0.5159

0.7433

0.5103

1.0003

0.5794

308.15

0.0786

0.4898

0.7048

0.4735

0.9230

0.5701

313.15

0.1000

0.4654

0.6677

0.4465

0.8576

0.5503

318.15

0.1002

0.4379

0.6353

0.4295

0.8114

0.5110

323.15

0.1012

0.3836

0.6231

0.3668

0.7600

0.5060

288.15

-0.5381

0.4552

7.7193

1.8013

15.6106

0.9294

293.15

-0.4999

0.4600

6.3186

1.5069

12.3293

0.8947

298.15

-0.4597

0.4668

5.2357

1.2993

9.9038

0.8590

303.15

-0.4160

0.4759

4.3919

1.1246

8.0510

0.8391

308.15

-0.3507

0.4902

3.7142

1.0200

6.6262

0.8155

313.15

-0.3227

0.4752

3.2125

0.9014

5.5638

0.7718

318.15

-0.2688

0.4739

2.7785

0.8221

4.6976

0.7486

323.15

-0.2294

0.4553

2.4481

0.7445

4.0342

0.7065

Acetone (1) + 1,2-propandiol (2)

Acetone (1) + 1,3-propandiol (2)
288.15

0.2219

1.2911

9.1834

1.7702

15.8994

2.9980

293.15

0.2164

1.1817

7.7151

1.5548

13.0811

2.1976

298.15

0.2068

1.0774

6.5584

1.3336

10.8603

2.0085

303.15

0.2012

0.9873

5.6245

1.2099

9.1674

1.7910

308.15

0.1880

0.8897

4.8974

1.0094

7.7517

1.6798

313.15

0.1824

0.8127

4.2960

0.9095

6.6764

1.5225

318.15

0.1592

0.7308

3.8177

0.7528

5.7421

1.4558

323.15

0.1303

0.6524

3.4365

0.6387

5.0193

1.3680

Table 5. Results for refractive index nD prediction (PDmax / %) for binary mixtures acetone+1-propanol, acetone+1,2-propanediol and
acetone+1,3-propanediol at temperatures 288.15–323.15 K and atmospheric pressure
T/K

L-L

D-G

Eyk

A-B

New

Ost

Acetone (1) + propanol (2)
288.15

0.03

0.03

0.03

0.03

0.03

0.03

293.15

0.03

0.03

0.03

0.03

0.02

0.02

298.15

0.03

0.02

0.02

0.02

0.02

0.02

303.15

0.03

0.02

0.02

0.02

0.02

0.02

308.15

0.02

0.02

0.02

0.02

0.02

0.02

313.15

0.02

0.02

0.02

0.02

0.02

0.02

318.15

0.03

0.02

0.03

0.02

0.02

0.02

323.15

0.02

0.02

0.02

0.02

0.02

0.02

288.15

0.29

0.27

0.27

0.27

0.24

0.25

293.15

0.29

0.27

0.28

0.27

0.25

0.26

298.15

0.30

0.28

0.28

0.28

0.25

0.26

303.15

0,31

0.28

0.29

0.28

0.26

0.27

308.15

0.32

0.29

0.30

0.29

0.27

0.28

313.15

0.33

0.30

0.31

0.30

0.28

0.29

Acetone (1) + 1,2-propandiol (2)
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Table 5. Continued
T/K

L-L

D-G

Eyk

A-B

New

Ost

0.32

0.31

0.28

0.30

0.33

0.32

0.29

0.31

Acetone (1) + 1,2-propandiol (2)
318.15

0.34

0.31

323.15

0.35

0.32

Acetone (1) + 1,3-propandiol (2)
288.15

0.37

0.34

0.35

0.34

0.31

0.33

293.15

0.38

0.35

0.36

0.35

0.32

0.33

298.15

0.39

0.36

0.37

0.36

0.33

0.34

303.15

0.40

0.36

0.37

0.36

0.33

0.35

308.15

0.40

0.37

0.38

0.37

0.34

0.35

313.15

0.41

0.38

0.39

0.38

0.34

0.36

318.15

0.42

0.39

0.40

0.39

0.35

0.37

323.15

0.43

0.40

0.41

0.40

0.36

0.38

cluded that all the studied mixing rules predict the
experimental refarctive index data satisfactorily, with
the values of maximum percentage deviation less than
0.35%. Temperature effects seem to be negligible for
all analyzed systems and mixing rules.
CONCLUSION
This paper reports experimental data of viscosity
η and refractive index nD for acetone+1-propanol,
acetone+1,2-propanediol and acetone+1,3-propanediol binary systems at eight temperatures (288.15,
293.15, 298.15, 303.15, 308.15, 313.15, 318.15 and
323.15 K) and at atmospheric pressure. From these
data, viscosity deviations Δη and deviations in refractive indices ΔnD were calculated and fitted to the
Redlich-Kister polynomial equation.
The values of Δη are negative over the entire
temperature and composition range for all analyzed
binary mixtures. Increase in temperature decrease
viscosity deviation negative values for all investigated
systems. Viscosity modeling was performed with
Teja-Rice and McAlister correlative models. Also,
UNIFAC-VISCO and ASOG-VISCO group contribution models were used to predict dynamic viscosities of investigated binary mixtures.
The values of ΔnD are positive for acetone+1,2-propanediol and acetone+1,3-propanediol binary
mixtures over the entire temperature and composition
range. For acetone +1-propanol binary mixture, the
deviation in refractive index changes sign from positive to negative for higher acetone mole fractions. In
addition, refractive indices were predicted by different
mixing rules (Lorentz–Lorenz, Dale–Gladstone, Eykman, Arago–Biot, Newton, and Oster) and compared
with experimental results.
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СЛОБОДАН П. ШЕРБАНОВИЋ
Технолошко-металуршки факултет,
Универзитет у Београду,
Карнегијева 4, 11120 Београд,
Србија
НАУЧНИ РАД

ВИСКОЗНОСТИ И ИНДЕКСИ ПРЕЛАМАЊА
БИНАРНИХ СИСТЕМА АЦЕТОН+1-ПРОПАНОЛ,
АЦЕТОН+1,2-ПРОПАНДИОЛ И АЦЕТОН+
1,3-ПРОПАНДИОЛ
Вискозности и индекси преламања три бинарна система ацетон+1-пропанол, ацетон
+1,2-пропандиол и ацетон+1,3-пропандиол измерени су на осам температура
(288,15, 293,15, 298,15, 303,15, 308,15, 313,15, 318,15 и 323,15 K) и на атмосферском
притиску. Из измерених података израчунате су промене вискозности и промене
индекса преламања које су корелисане једначином Redlich-Kister. Подаци за вискозност су моделовани помоћу два типа модела: предиктивних UNIFAC-VISCO и
ASOG VISCO и корелативних Teja-Rice и McAlister. Индекси преламања добијени
предвиђањем различитим правилима мешања поређени су са експерименталним
подацима.
Кључне речи: вискозност, индекс преламања, експериментално мерење,
моделовање.
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