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RESIN TYPE INFLUENCE ON MOULDED PARTS  
FINAL DIMENSIONS 

 
 

SEVER-ADRIAN RADUa, VASILE DANUȚ LEORDEANa, 
NICOLAE BÂLCa, OVIDIU NEMEȘb,* 

 
 

ABSTRACT. Silicone rubber moulding is a perfect solution to fill the gap 
between rapid prototyping and prototyping injection moulding. Silicone moulds 
reproduce the tiniest of details, so the quality of the pattern is critical; they are 
also a fast and affordable solution for functional prototypes and low volume 
production. A experimental method using vacuum casting of resin parts in flexible 
moulds is presented in this paper. During the experimental investigations 
technological features of casted material, volume of air traps, optimal working 
parameters and dimensional accuracy of the manufactured parts were studied. 
Based on these results, the corrective coefficients applicable to CAD dimensions in 
order to fabricate the master models by SLS were determined. 

 
Keywords: Rapid Prototyping, Resin injection, Viscosity, Silicone rubber moulds 

 
 
 
INTRODUCTION 
 

The Rapid Tooling (RT) technology has evolved a lot in the last decades. 
Today it is possible to fabricate a complex pattern and other tooling for casting 
in a few hours while a casting may take up to several days. In the last decades, 
many companies have made great investments to improve manufacturing 
technologies in order to develop new products [1]. These technologies include 
CAD (Computer Aided Design) software and they are used to design complex 
geometries and also for solving some problems with high degrees of difficulty, 
including the medical field [2, 3]. In the last decade, many researches about RP 
(Rapid Prototyping) and RT (Rapid Tooling) technologies have been released, 
while the casting of the wax parts in a silicone rubber moulds was less studied 
[4÷6]. The resin patterns can be obtained at room temperature or in special 
conditions with good accuracy using vulcanizing silicone rubber moulds. Others 
author like Yang and Hannula, [7] studied the influence of injection parameters 
                                                 
a Technical University of Cluj-Napoca, Faculty of Machine Building, 103-105 Muncii Blvd., RO-

400641, Cluj-Napoca, Romania. 
b Technical University of Cluj-Napoca, Faculty of Materials and Environmental Engineering, 

103-105 Muncii Blvd., RO-400641, Cluj-Napoca, Romania. 
* Corresponding author: ovidiu.nemes@sim.utcluj.ro 
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on the dimensional stability of resin patterns produced by injection moulding 
process. In our case, we found the relation between various process parameters 
and their dependency on other parameters [8]. From all the parameters studied, 
it was found that the injection temperature is relevant for the dimensional accuracy 
of the parts. Nowadays, RT technology is the perfect options to solve the 
problems on resin moulded request by the market. It is estimated that total profits 
on new products are often reduced by as much as 60% because of the 
company’s inability to get the product market quickly enough [9]. 

In the last few years, RT technology has evolved toward building moulds 
that provide up to 40% faster cycles than are possible with conventional technology 
[10]. That emphasis on productivity accompanies a shift in applications from 
prototype to full production tooling. 

The advantages of flexible moulds are: efficiency, by reducing waste and 
energy consumption; agility for enable customization and flexibility for the 
modification and implementation of design concepts [11÷14]. 

In this paper, a new concept for obtaining flexible moulds together with 
the CAD model used for optimal dimensioning of rubber moulds is presented. 
 
 
RESULTS AND DISCUSSION 
 

In order to determine the influence of the resin type used in the 
manufacture of flexible moulds, measurements of resins moulded parts were 
achieved using Zeiss Navigator Prismo equipment, according to the sketch 
shown in Figure 1. 

 
 
 

Figure 1. Moulded part sketch. 
 
Additionally, the circularity deviations of diameters D1 = 24, D2, D3 = 

8.4 has been analysed (denoted in the following by D1 = Dim. 1.1, D2 = Dim. 
2.1, and D3 = Dim. 3.1) as well as the flatness deviation relative to dimension 7 
in measurement sketch (denoted in the following by Dim. 7.1). Dimensions 

x 

y 

z 
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measured were compared with CAD model and master model dimensions. 
Dimensions 1, 2, 3 are measured on the Y axis, 4, 5, 6 are the dimensions 
measured in the X axis and 7 is the only dimension measured on Z. It can be 
seen that on the axis X the average deviation is below the 1.5%, on the Y axis 
it has a value less than 0.65%, while the Z axis deviations occur up to 4%.  
 Then the percentage contractions of each dimension have been 
measured by comparing the required dimensions of resins parts and the CAD 
model, but also in relation to the dimensions of SLS master model. Deviations 
recorded (mean of 5 values measured) are shown in figure 2 and figure 3. 

 
Figure 2. Deviations of resins parts dimensions related to CAD model  

and SLS master model 

 
Figure 3. Flatness and circularity deviations 
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One of the main experimental parameters, important in achieving the 
flexible moulds, is the viscosity of the resin. 

Figure 4 shows the variation in viscosity of the polyurethane resin based on 
mixing time of the two components of the resin while keeping constant the 
temperature at which the mould is heated. We observe that, if the times 
mixing increase, the resin viscosity increase also, due to the polymerization 
reaction. 

Figure 5 presents the variation of viscosity according to the temperature of 
the mixture, keeping this time constant during the mixing of the components. It is 
noted that the viscosity increases also with the temperature if the mould is heated. 

 

 
Figure 4. The variation of the viscosity depending on the time of mixing. 

 
Figure 5. The variation of the viscosity depending on the temperature of the mould. 
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Experimental determination of resin density after polymerization is also 
very important in making the final product with the desired characteristics. 
 Because the resins used in casts are made up of two components (the 
density is known to each one) it is very difficult to determine the density of the 
mixture by theoretical methods. For this reason they have been made geometric 
forms with defined volume, for which the density is easily calculated [16]. 

After the curing of the resins and weighing each rectangular piece 
(figure 6) the calculating the volume density was easily determined. 

 
Figure 6. Rectangular pieces well defined volume 

 
In order to determine resin density (ρ) after polymerization, the volume 

for each parallelepiped was calculated according to the relationship: 

hlLV       (1) 

where: V – part volume [cm3]; L – length of the part [cm]; l – width of the part 
[cm]; h – height of the part [cm]. 
 The experimental values of density after polymerization, ρ = m/L l h, 
were showed in table 1 together with the main geometrical parameters of the 
rectangular obtained pieces.  
 

Table 1. Determination of resins density after polymerization 
 

 Polyurethane 
F19 resin 

Epoxy resin Polyester resin 

Parts dimensions [cm] L = 3.8360 
l = 1.3840 
H = 1.2550 

L = 2.7980 
l = 2.2400 
H = 0.4850 

L = 2.8200 
l = 2.4500 
H = 0.7500 

The volume [cm3] 6.6628 3.0397 5.1818 
Weight rectangular pieces [g] 7.0995 3.5056 6.0512 
Density [g/cm3] 1.0655 1.1533 1.1678 

 

Experimental determination of density resin after polymerization led to 
the determination of the weightings of the CAD model [17]. The resin parts 
dimensions, based on the relationship 3, are presented in table 2. 
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Table 2. Resin parts dimensions 
 

Sample 
D1 

[mm] 
D2 

[mm] 
D3 

[mm] 
L1 

[mm] 
L2 

[mm] 
L3 

[mm] 
H 

[mm] 
CAD model 24.0000 8.4000 8.4000 60.0000 30.0000 30.0000 17.2500 
SLS part 23.7158 8.1326 7.5519 59.6925 29.9099 29.7820 17.2502 
P. 1.1 24.3669 8.5692 7.8162 60.3033 30.1146 30.1885 16.7955 
P. 1.2 24.3929 8.5398 7.8669 60.6776 30.3894 30.2871 16.3860 
P. 1.3 24.0076 7.7905 8.2621 59.7460 29.7431 30.0022 16.8426 
P. 1.4 24.5381 7.9463 8.8660 60.7144 30.3630 30.3505 15.7217 
P. 1.5 24.4680 8.5664 8.0395 59.9678 30.1239 29.8433 16.4893 
P. 2.1 24.4064 8.5830 8.2510 59.7979 30.2808 29.5160 15.4736 
P. 2.2 24.5332 8.1908 8.7364 60.1256 29.9437 30.1803 15.8147 
P. 2.3 24.6897 8.2416 8.8475 60.2111 30.1658 30.0431 15.4242 
P. 2.4 24.6918 8.2649 8.8297 60.4084 30.1153 30.2913 15.8715 
P. 2.5 24.4099 8.0754 8.7258 59.9858 29.9291 30.0553 15.6499 
P. 3.1 24.1477 7.8780 8.3704 59.8086 29.7456 30.0606 17.0035 
P. 3.2 24.3205 8.4434 8.0568 60.2403 30.3325 29.9072 16.1595 
P. 3.3 24.3405 8.5333 7.9884 60.1635 30.1717 29.9907 16.5231 
P. 3.4 24.4162 8.7627 7.9184 60.2740 30.0003 30.2723 17.1941 
P. 3.5 24.3462 8.0380 8.5589 60.0662 29.9231 30.1398 16.8124 
P. 5.1 24.4812 8.0184 8.5206 60.6067 30.1122 30.4931 16.4912 
P. 5.2 24.3312 7.8027 8.4163 60.4418 30.0365 30.4053 16.8814 
P. 5.3 24.4570 8.4673 8.1602 60.4080 30.4476 29.9589 16.0380 
P. 5.4 24.1264 7.9940 8.4313 59.7262 30.2254 29.5007 17.5102 
P. 5.5 24.2779 7.9265 8.5231 60.1156 29.9969 30.1183 17.1020 





n

i
ixn

M
1

1

 (3) 
where: n – the number of items summed; xi – measured dimensions which will 
be summed; 
 In order to calculate the contraction, the relation 4 was applied. 

100
CAD

masuratCAD

d
ddC

 (4) 
where: dCAD – projected dimensions [mm]; dmasurat – measured dimensions [mm];  
 From Table 3 it is noted that the dimensional deviations relative to the 
CAD model for 24 mm rate does not exceed the value of 0.55 mm in absolute 
value (for polyester resin), which is the relative error of less than 2.27%.The Z 
axis is the biggest errors found in polyester resin which reached 9.29% relative 
error. On the Y axis we share dimensional deviations from 60 mm up to 0.28 mm 
for epoxy resin which means maximum relative errors of 0.46%. It was determined 
experimentally by mixing polyurethane resin viscosity 40 g component A and 60 g 
component B using rotational viscometer using a disc Rheotest S6 18 mm 
diameter at a speed of 50 rev/min. 
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 The initial temperature of the two components was increased to 22°C 
and 30°C temperature in just 45 seconds. Following research it was noted that 
the Z axis all types of vacuum casting resin used to have high levels of dimensional 
variation, to around 3 ÷ 9.3% with a maximum deviation of about 8% for the 
polyester resin. These high values and deviations occurred because of problems 
closing the moulds, because, if the both halves of the mould are not tightening, 
the risk that the mould is not filled with resin appears.  
 
Table 3. The relative dimensional error of the resin parts compared to the CAD model 

 

Dimensions 
Value 
[mm] 

Resin 
Measured average 
dimensions [mm] 

Error 

[mm] [%] 
 
 

D1 

 
 

24 

Epoxy resin  24.3547 +0.3547 1.47 

Polyester resin 24.5462 +0.5462 2.27 

Polyurethane F19 24.3142 +0.3142 1.3 

Polyurethane SG95 24.3347 +0.3347 1.39 

 
 

D2 

 
 

8.4 

Epoxy resin  8.2824 -0.1176 1.39 

Polyester resin 8.2711 -0.1289 1.53 

Polyurethane F19 8.3310 -0.0690 0.82 

Polyurethane SG95 8.0417 -0.3583 4.26 

 
 

D3 

 
 

8.4 

Epoxy resin  8.1701 -0.2299 2.73 

Polyester resin 8.6780 +0.2780 3.31 

Polyurethane F19 8.1785 -0.2215 2.63 

Polyurethane SG95 8.4103 +0.0103 0.12 

 
 

L1 

 
 

60 

Epoxy resin  60.2818 +0.2818 0.46 

Polyester resin 60.1057 +0.1057 0.17 

Polyurethane F19 60.1105 +0.1105 0.18 

Polyurethane SG95 60.2596 +0.2596 0.43 

 
 

L2 

 
 

30 

Epoxy resin  30.1468 +0.1468 0.48 

Polyester resin 30.0869 +0.0869 0.28 

Polyurethane F19 30.0346 +0.0346 0.11 

Polyurethane SG95 30.1637 +0.1637 0.54 

 
 

L3 

 
 

30 

Epoxy resin  30.1343 +0.1343 0.44 

Polyester resin 30.0172 +0.0172 0.05 

Polyurethane F19 30.0741 +0.0741 0.24 

Polyurethane SG95 30.0952 +0.0952 0.31 

 
 

H 

 
 

17.25 

Epoxy resin  16.4470 -0.8030 4.65 

Polyester resin 15.6467 -1.6033 9.29 

Polyurethane F19 16.7385 -0.5115 2.96 

Polyurethane SG95 16.8045 -0.4455 2.58 
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 To avoid this inconvenient it is recommended that future the CAD model 
to be compensated with some correction factors. 
 
 
CONCLUSIONS 
 
 Thermosetting resins generally are practical in nature at temperatures 
between 40C and 70C responsive to 2 and 5 minutes.  
 Viscosity of polyurethane resin should be up to a maximum of 1400 cPs, 
after this value there is a risk that the rapid polymerization of the silicone rubber 
moulds not to be filled. The amount of 1400 cPs viscosity is reached by mixing the 
two components of the resin for up to 3 minutes, to a mould temperature of 40C. 
 The resin parts are casted in vacuum moulding the silicone rubber on 
the Y axis deviation does not exceed 1%. 
 Vacuum castings polyester resin has high dimensional deviations on 
the 3 axis, Z axis is the most affected with the relative error of 9.29%. 
 X -axis scaling coefficient is 1, the scaling factor Y-axis has the value 
0.99, while the Z-axis scaling coefficient has the value of 1.04 for the epoxy resin 
Larit L285, 1.1 to H68372 polyester resin, 1.03 for F19 polyurethane resin and 
polyurethane resin 1.02 for SG95. 
 
 
EXPERIMENTAL SECTION 
 

 For experimental determination of the density, function of body weight, 
the piece it weighed in air and in a liquid. The relationship used for calculating 
the density of moulded parts [15], of the resin is: 

water
waterpairp

airp
p mm

m
 




__

_
 (2) 

where: 
ρp – density of analysed part [g/cm3]; mp_air – piece mass, weighed in air [g]; 
mp_water – piece mass, weighed in water [g]; ρwater – water density [g/cm3]. 
 The viscosity of the used resins was determined using rotational 
viscometer Rheotest S6. The unit contains 19 sets of wheels and gears (from 
0.3 - 100 rpm), thus allowing optimal choice of scales for measuring structural 
viscosity and it is used not only for determining the dynamic viscosity of 
Newtonian liquids but also to conduct thorough examinations on rheological 
non-Newtonian fluids. 

The volumes of bubbles in casting in silicone rubber moulds were made 
using Shimadzu electronic balance, model AX 120. 
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Water density was measured using thermo-digital dens meter. The value 
of measured density is 0.9976 g/cm3 at 22 °C. 
 The density of the water was measured using a thermo-digital dens 
meter, Anton Paar DMA 33N and the balance used to weighing the parts resin is 
VWR SE 1202 model. 
 In terms of measuring the vacuum castings a machine Zeiss Navigator 
Prismo was used.  
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COMPUTING THE ANTI-KEKULÉ NUMBER OF CERTAIN 
NANOTUBES AND NANOCONES 

 
 

MEHAR ALI MALIKa,*, MUHAMMAD IMRANa 

 
 

ABSTRACT. Let G(V,E) be a connected graph. A set M subset of E is called a 
matching if no two edges in M have a common end-vertex. A matching M in G 
is perfect if every vertex of G is incident with an edge in M. The perfect 
matchings correspond to Kekulé structures which play an important role in the 
analysis of resonance energy and stability of hydrocarbons. The anti-Kekulé 
number of a graph G, denoted as ak(G), is the smallest number of edges which 
must be removed from a connected graph G with a perfect matching, such that 
the remaining graph stay connected and contains no perfect matching. 

In this paper, we calculate the anti-Kekulé number of TUC4C8(S)[p,q] 
nanotube, TUC4C8(S)[p,q] nanotori for all positive integers p, q and CNC2k-1[n] 
nanocones for all positive integers k and n. 
 
Keywords: Perfect matching, Anti-Kekulé number, Nanotubes, Nanocones 

 
 
 
INTRODUCTION 
 

Mathematical chemistry is a branch of theoretical chemistry in which 
we discuss and predict the chemical structure by using mathematical tools 
and does not necessarily refer to the quantum mechanics. Chemical graph 
theory is a branch of mathematical chemistry in which we apply tools of graph 
theory to model the chemical phenomenon mathematically. This theory plays a 
prominent role in the fields of chemical sciences. A moleculer / chemical 
graph is a simple finite graph in which vertices denote the atoms and edges 
denote the chemical bonds between these atoms in the underlying chemical 
structure. It is important to mention that the hydrogen atoms are often omitted 
in a molecular graph. 

A nanostructure is an object of intermediate size between microscopic 
and molecular structures. It is a product derived through engineering at molecular 
scale. This is something that has a physical dimension smaller than 100 nanometers, 
ranging from clusters of atoms to dimensional layers. Carbon nanotubes (CNTs) 
                                                 
a Department of Mathematics, School of Natural Sciences, National University of Sciences 
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are types of nanostructure which are allotropes of carbon and have a cylindrical 
shape. Carbon nanotubes, a type of fullerene, have potential in fields such as 
nanotechnology, electronics, optics, materials science, and architecture. Carbon 
nanotubes provide a certain potential for metal-free catalysis of inorganic and 
organic reactions. Nanotube-based field emitters have applications as nanoprobes 
in metrology and biological and chemical investigations and as templates for the 
creation of other nanostructures. Carbon nanocones are conical structures 
which are allotropes of carbon having at least one dimension of the order one 
micrometer or smaller. 

An edge set M  of a graph G  is called a matching if no two edges in M  
have a common end vertex. A matching M  of G  is perfect if every vertex of G  
is incident with an edge in M . In organic moleculer graphs, perfect matchings 
correspond to Kekulé structures, playing an important role in analysis of the 
resonance energy and stability of hydrocarbon compounds [1]. For example, it 
is well known that carbon compounds without Kekule structures are unstable. 
The study of Kekule structures of chemical compounds is very important, because 
they have many “hidden treasures” that may explain their physical and chemical 
properties [2]. The notations used in this paper are mostly taken from [3]. 

The anti-Kekulé number of a connected graph G  is the smallest number 
of edges that must be removed from the graph G  such that the remaining graph 
is still connected but has no Kekulé structures. For benzenoids, Vukičević and 
Trinajstić proved in [4] that the anti-Kekulé number of parallelograms with at least 
three rows and at least three columns is equal to 2, they also showed in [5] that 
cata-condensed benzenoids have anti-Kekulé number either 2 or 3 and both 
classes are characterized. Later on, Veljan and Vukičević showed that the anti-
Kekulé numbers of the infinite triangular, rectangular and hexagonal grids are 
9, 6 and 4, respectively [6]. For fullerene graphs, Vukičević showed that the anti-
Kekulé number of the icosahedron  (buckminister fullerene) is 4. In 
general, Kutnar et al. proved in [7] that the anti-Kekulé number of all leapfrog 
fullerene graphs is either 3 or 4 and afterwards Yang et al proved that the 
anti-Kekulé number of all fullerene graphs is 4 [8]. For further study on anti-
Kekulé number of different graphs please consult [9, 10, 11]. 

Let ),( EVG  be a connected graph with vertex set V  and edge set 
E  and let G  has at least one perfect matching (i.e., Kekulé structure). For 

)(GES  , let SG   denote the graph obtained from G  by deleting all the 
edges in S . We call S  an anti-Kekulé set if SG   is connected but has no 
perfect matching. The anti-Kekulé set of minimum cardinality in G  is called 
the anti-Kekulé number, and denoted by )(Gak . 
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MAIN RESULTS 
 

In this paper, we calculate the anti-Kekulé number of ],)[(84 qpSCTUC  
nanotube and ],)[(84 qpSCTUC  nanotori. The anti-Kekulé number of ][2 nCNC k  
nanocones N k , was discussed by the present authors in [12]. Now we 
discuss the anti-Kekulé number of ][12 nCNC k  nanocones N k . 
 
 
RESULTS FOR NANOTUBES 
 

In this section, we compute the anti-Kekulé number for ],)[(84 qpSCTUC  
nanotube. This nanotube is a net of 4C  and 8C , and it can be constructed by 
alternating 4C  and 8C  following a trivalent decoration as shown in Fig. 2. This 
type of tiling can cover a cylinder and a torus nanotube. In a 2 -dimensional lattice 
of the ],)[(84 qpSCTUC  nanotube, p  is the number of octagons in one row and 

q  is the number of periods in the whole lattice. A period consist of two rows of 
edges as shown in Fig. 1. Further detail on the construction of ],)[(84 qpSCTUC  
nanotubes can be found in [13]. 

Carbon nanotubes are molecular-scale tubes of graphitic carbon with 
outstanding properties. They are among the stiffest and strongest fibres 
known, and have remarkable electronic properties and many other unique 
characteristics. For these reasons they have attracted huge academic and 
industrial interest, with thousands of papers on nanotubes being published 
every year. Commercial applications have been rather slow to develop, 
however, primarily because of the high production costs of the best quality 
nanotubes. 

For our purpose, we call the vertices of degree 2  as the boundary 
vertices of a nanotube. One can observe that the boundary vertices lie on 
the first and the last layer of the nanotube. 

Theorem 2.1 Let ],)[(= 84 qpSCTUCG  nanotube, then 3=)(Gak . 

 Proof. Consider the set )(},,{= 321 GEeeeS  , then the graph SG   
contains a vertex v  such that v  is adjacent to two vertices of degree 1, say u  
and w  (see Fig. 1). Since the vertices u  and w  cannot be matched simultaneously, 
the graph SG   is connected but contains no perfect matching. This implies 
that 3)( Gak . 
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Conversely, let )(},{= GEeeU  . We will show that the graph 

UG   is connected and it contains a perfect matching. Clearly, the graph 
UG   will be connected if and only if e  and e  are not adjacent to the same 

boundary vertex. 

 
Figure 1. One period of the graph of ],)[(84 qpSCTUC  with Anti-Kekulé set 

},,{= 321 eeeS  shown by the red edges. 

 
The graph G  is tiled with the cycles of lengths 4  and 8 , such that each 

period contain p  octagons and there are q  such periods. Then the order of G  

is pqGV 8|=)(|  and the number of cycles of length 4  (and length 8  as well) in 

G  is 1)(2 qp . Let us label all the cycles of length 4  and 8  in G  by 4
,lkC  and 

8
,lkC  (respectively), where qk 1  and pl 1  (see Fig. 2). Let )( 4

,lkCE  

(and )( 8
,lkCE ) denote the edge set of the cycle 4

,lkC  (resp. 8
,lkC ) and let 

)()(=)( 4
,

24
,

14
, lklklk CECECE  , where )( 4

,
1

lkCE  and )( 4
,

2
lkCE  be the sets 

containing alternatively the edges of the cycle 4
,lkC , for each k  and l . 

 

Figure 2. The cycles of length 4  and 8  in ]
2

1,)[(84
qpSCTUC  nanotube 
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Similarly, let )()(=)( 8
,

28
,

18
, lklklk CECECE  , where )( 8

,
1

lkCE  and 

)( 8
,

2
lkCE  be the sets containing alternatively the edges of the cycle 8

,lkC , for 

each k  and l . 
It can be observed that 2|=)(|=|)(| 4

,
24

,
1

lklk CECE . Clearly, either 

)( 8
,

1
lkCE  or )( 8

,
2

lkCE  contains some edges of the cycles of length 4 . Without 

loss of generality, we assume that  












,=,=)}()({)(
;=,=)}()({)(

4
,

4
,

8
,

2

4
,

4
,

8
,

2

evenkforCECECE
oddkforCECECE

jlkliklk

jlkliklk     (1) 

{0,1}.1,1},{  jiwhere  We can define two disjoint perfect matchings in 

G  as follows. 

).(=)(= 8
,

2

,
2

8
,

1

,
1 lk

lk
lk

lk

CEMandCEM 
                       

(2) 

Clearly, )(= 4
,,1 lklk

CEM   and 12 )(= MGEM  . We consider the 

following three cases. 
Case 1. Let e  and e  do not lie on a cycle of length 8 . Then we have 

a perfect matching 1M  (or 2M ) in the connected graph UG  . 

Case 2. Let one of e  and e  lie on a cycle of length 8 . Suppose on 

contrary that e  lies on 8
,lkC , then without loss of generality we can assume that 

)( 8
,

1
lkCEe . Then we have a perfect matching 2M  in the connected graph 

UG  . 

Case 3. Suppose that both e  and e  lie on the cycles 8
,lkC  and 8

,tsC  

(respectively), for qsk  ,1  and ptl  ,1 . 

When ),(),( tslk   then if )( 8
,

1
lkCEe  and )( 8

,
1

tsCEe  , then 2M  is 

a perfect matching in the connected graph UG  . Similarly, when 

)( 8
,

1
lkCEe  and )( 8

,
2

tsCEe  , then )()(= 8
,

28
,

1
1 lklk CECEMM   is the 

required perfect matching in the connected graph UG  . 
When ),(=),( tslk , both edges e  and e  lie on the same cycle of 

length 8 , say 8
,lkC . Then we have the following two subcases. 

(1) Let e  and e  lie in the same class, say )( 8
,

1
lkCE . Then 2M  will be 

a perfect matching in the connected graph UG  . 
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(2) Let e  and e  lie in different classes, say )( 8
,

1
lkCEe  and 

)( 8
,

2
lkCEe  . When e  and e  are adjacent, it is clear that the edges e  and 

e  cannot be adjacent to the same boundary vertex, as the graph will be 
disconnected. Then consider a matching N   in UG   defined in four cases 
corresponding to the possibilities of the edges e  and e , as follows. 














 

2,0).((0,0)
1);(0,(0,0)

(2,0);(0,0)
(0,1);(0,0)

=),(},{)(= 8
,

1

,
1

and
and
and
and

jiwhereeCEMN jlik
ji
    (3) 

It can be seen that each pair of octagons in the matching defined in 
Equ. 3 are joined by the cycle 4

, jlikC  , where  













1,0).(

;=(0,0)=1)(0,
(1,0);

;=(0,1)=(0,0)

=),(
evenkforandoddkfor

evenkforandoddkfor

ji         (4) 

Since )( 8
,

1
lkCEe  therefore 1Me  and thus lies on a cycle of length 

4 , whereas e  does not. Let },,,{=)( 4321
4

, ccccCE jlik  , for ),( ji  as mentioned 

in Equ. 4. Clearly, },,,{ 4321 cccce . Then label these edges with 1= ce  in the 

clockwise direction starting from e . 
Now, using the matching defined in Equ. 3, we can construct a 

matching N  in the graph UG   as follows. 

}.,{}{= 423 cccNN                                                      (5) 

Then N  is a perfect matching in the connected graph UG  , which 
implies that 3)( Gak , and completes the proof. 

 
Figure 3. The matching for the pair of octagons corresponding to the first two 
cases in Equ. (3). The rest of the periods are matched by the matching . 
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RESULTS FOR ],)[(84 qpSCTUC  NANOTORI 

 
The ],)[(84 qpSCTUC  nanotorus (or nanotori) is obtained from the 

],)[(84 qpSCTUC  nanotube by joining the ends of the tube, so giving it the 
shape of a torus. The spoke type edges in the last layer will be joined to the 
corresponding vertices in the first layer (see Fig. 4). 

 
Figure 4. The embedded graph of the )[3,2](84 SCTUC  nanotori 

 
Theorem 2.2 Let ],)[(= 84 qpSCTUCG  nanotori, then 4=)(Gak . 
Proof. Consider a period of the 3 -regular graph of ],)[(84 qpSCTUC  

nanotori, as shown in Fig. 5. Let 1E , 2E  and 3E  be the edge partitions of )(GE  
containing all the edges labelled 1e , 2e  and 3e , respectively. It is easy to see 
that 1E , 2E  and 3E  form three (disjoint) perfect matchings in G . 

Let )(},,,{= 4321 GEhhhhS  , as shown in Fig. 4. Then the graph 
SG   contains a vertex v  such that v  has two pendent vertices adjacent to 

it, which cannot be matched simultaneously. Since no more than two vertices 
from S  are adjacent to a single vertex, the graph G  remains connected. 
Thus, 4)( Gak . 

Conversely, let )(},,{= 321 GEbbbU  , where all edges of U  are not 
adjacent to a single vertex in G . We have the following three cases to be 
discussed. 

Case 1. When all elements of U  belong to same edge class, say 1E . 
Then we have 2M  (or 3M ) as a perfect matching in the graph UG  .  

Case 2. When two elements of U  belong to the same edge class, 
say 1E . Then the third element of U  can be in one of the remaining two edge 
classes, say 2E . Thus 3E  will be a perfect matching in the connected graph 

UG  . 
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Figure 5. A period of ],)[(84 qpSCTUC  nanotori 

 
Case 3. When all elements of U  belong to different edge classes, say 

11 Eb  , 22 Eb   and 33 Eb  . Consider the labeling of all the cycles of length 4 
and 8 in G , as done in Theorem 2.1, respectively by 4

,lkC  and 8
,lkC . With one 

extra row of edges joining the vertices in the last row to corresponding vertices 
in the first row, and thus 11  qk  and pl 1 . Since 11 Eb  , which is the 
class of all horizontal edges, we can assume that )( 4

,1 lkCEb  , for some k  and 
l . Label the edges of 4

,lkC  with },,,{ 4321 cccc  and let 11 = cb . Consider a 
matching M  in UG   defined as follows.  
                                     }.,{},{= 42311 ccccEM                                      (6) 

Clearly, M  is a perfect matching in the connected graph UG  . 
Thus 4)( Gak , which completes the proof. 
 
RESULTS FOR ][nCNCk  NANOCONES 
 

Now we determine the anti-Kekulé number of ][nCNCk  nanocones, 
where 12,1,2=  nqqk . This family of nanocones is parameterized in 
such a manner that k  denotes the length of the cycle placed at the core of 
the nanocone and n  is the number of hexagonal layers placed at the conical 
surface of the nanocone. Now we calculate the anti-Kekulé number of this 
class of nanocones. 
 

Theorem 2.3 Let G  be the graph of ][nCNCk  nanocone, where 
12,1,2=  nqqk , then 2=)(Gak . 

Proof. First we show that 2)( Gak . For this purpose, consider a set 
},{= 21 ssS )(GE  and a }{uvw path in G  as shown in Fig. 6. Then, 
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Figure 6. A representation of ][nCNCk  nanocone, with k  being an odd integer, 

with 1nC  cycles and a uvw path. 
 
there does not exist any perfect matching in the graph SG  . Thus 2)( Gak . 

 
Figure 7. The perfect matching 1M  in [3]3CNC  nanocone obtained by matching 

the edges on Axis-1. 2M  and 3M  can be obtained by matching other Axis. 
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Conversely, let },,,{= 21
i

im
ii

im
vvvC  , for 11  ni , be the 

cycles as shown in Fig. 7. Then the length of the cycle 
im

C  is 1)(2= ikmi . 

Clearly, im  (for 11  ni ) is always odd. 

There are k  different perfect matchings of the graph G  (as constructed 
in Fig. 7, for 3=k ), which can be obtained by relabeling the vertices of the 
graph or just by rotating the graph G . Let kMMM ,,, 21   be the perfect 
matchings in the graph G  obtained by selecting the edges of the graph G  
lying on different axis. The k  axis of the ][nCNCk  nanocone ( k  odd) are 
shown in Fig. 8. 

 
Figure 8. The k  axis for the ][nCNCk  nanocone for odd k  

 
 

The k  perfect matchings lM , for kl 1 , are defined as follows. 

| ,,{= 1
11)2(

1
1)2(11)1)(2(1)1)(2(

1
1)2(1)1)(2(










i
sill

i
sill

i
sill

i
sill

i
ill

i
illl vvvvvvM  

}.,,)(mod1,1 oddaresiwheremzzsni i  

It can be seen that the )(l phase of the matchings lM  and 1lM , 
for 11  kl , are same (see Fig. 7, for instance), and the rest of the phases 
are all different. The edges lying on the axis lines are not included in any 
phase. 
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Let )(GEe , then we have the following two cases. 

Case 1. When e  lies on an axis line. Since each matching lM , 

kl 1 , contains a single axis line. There will be 1k  perfect matchings in 

the graph }{eG  . 

Case 2. When e  does not lie on an axis line. Then e  lies in one of 

the k  phases of the nanocone, say phase )(l . Then if e  belongs to the 

edges of the graph G  matched under lM  then we have 2k  perfect 

matchings tM , kt 1  where lt   and 1 lt , in the connected graph 

}{eG  . Thus 2)( Gak , which completes the proof. 
 
 

CONCLUDING REMARKS 
 

The perfect matchings in a graph correspond to Kekulé structures 

which play an important role in the analysis of resonance energy and stability 

of hydrocarbons. Nanotubes and nanocones are allotropes of carbon having 

enormous applications in the field of nanotechnology, electronics, optics, materials 

science, and architecture. In this study, we proved that the anti-Kekulé number of 

the finite families of ],)[(84 qpSCTUC  nanotubes, ],)[(84 qpSCTUC  nanotubes 

N qp,  and for ][2 nCNC k  nanocones N nk, , is respectively 3, 4 and 

2. Calculations showed that the anti-Kekulé number of almost all nanotubes 

is 2  or 3  in finite case and 4  or 5  if we consider their infinite 2 D lattices. 

Furthermore, our result of the anti-Kekulé number of a nanotorus agree with 

the anti-Kekulé number of fulerenes [8]. 
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ON SOME TOPOLOGICAL INDICES OF THE GENERALIZED 
HIERARCHICAL PRODUCT OF GRAPHS 
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ALI REZA ASHRAFIb 

 
 

ABSTRACT. The generalized hierarchical product of graphs was introduced 
very recently by L. Barriére et al. In this paper, revised Szeged and new version 
of Zagreb indices of generalized hierarchical product of two connected graphs 
are obtained. Using the results obtained here, some known results are deduced 
as corollaries. Finally, we obtain the Sz*, M*1 and M*2 indices of the zig-zag polyhex 
nanotube TUHC6[2n, 2], linear phenylene Fn, hexagonal chain Ln and truncated 
cube as a consequence of our results. 

 
Keywords: Generalized hierarchical product, Cartesian product, Revised Szeged 
index, Zagreb indices. 

 
 
 
INTRODUCTION 
 
 Throughout this paper all graphs considered are finite, simple and 
connected. The distance d(u,v) between the vertices u and v of a graph G is 
equal to the length of a shortest path that connects u and v. Suppose G is a 
graph with vertex and edge sets V = V(G) and E = E(G), respectively. Suppose 
e = uv E(G). The set of vertices of G whose distance to the vertex u is smaller 

than the distance to the vertex v is denoted by (e)NGu . In addition, let (e)NG0  
denote the set of vertices with equal distances to u and v. The Szeged and 
revised Szeged indices of the graph G are defined as: 
 

Sz(G) = ∑e=uvE(G) | (e)NGu || (e)NGv | [1, 2, 3], 

Sz*(G) = ∑e=uvE(G) ( | (e)NG
u | + 2

(e)NG0 )( | (e)NG
v | + 2

(e)NG0 ) [4, 5, 6]. 
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The Zagreb indices have been introduced by Gutman and Trinajstic as 
M1(G) = ∑uV(G) (degG(u))2 and M2(G) = ∑uvE(G) degG(u)degG(v), where degG(u) 
denotes the degree of vertex u [7, 8]. In [9], a new version of Zagreb indices 

were defined as M*
1 (G)=∑uvE(G)[G(u)+G(v)], M **

1 (G)= ∑uV(G) (G(u))2 and M*
2

(G)=∑uvE(G) G(u)G(v), where G(u) is the largest distance between u and any 
other vertex v of G. The total connectivity index (G) of a graph G is defined as 
(G)= ∑uV(G) G(u), see [10].  

A graph G with a specified vertex subset U  V(G) is denoted by G(U). 
Suppose G and H are graphs and U  V(G). The generalized hierarchical 
product, denoted by G(U)  H, is the graph with vertex set V(G)  V(H) and two 
vertices (g, h) and (g′, h′) are adjacent if and only if g = g′ U and hh′  E(H) or, 
gg′  E(G) and h = h′, see Figure 1. This graph operation introduced recently by 
Barriere et al. [11, 12] and found some applications in computer science. The 
Cartesian product, G  H, of graphs G and H has the vertex set V(GH) =V(G)  
V(H) and (u, x)(v, y) is an edge of G  H  if  u = v  and  xy E(H) or, uv  E(G) 
and x = y [13, 14]. 

We denote by Pn and Cn the path and cycle with n vertices, respectively. 
A bipartite graph is a graph whose vertices can be partitioned into two disjoint 
subsets U1 and U2 such that every edge connects a vertex in U1 to one in U2; 
that is, U1 and U2 are independent sets. Our other notations are standard and 
taken mainly from the standard books of graph theory.  
 
 
RESULTS AND DISCUSSION 
 

We first introduce some notations. Let G = (V, E) be a graph and U  V. 
In G(U), an u–v path through U is an u–v path in G containing some vertex w  U 
(vertex w could be the vertex u or v). Let dG(U)(u,v) denote the length of a shortest 
u –v path through U in G. Notice that, if one of the vertices u and v belong to U, 
then dG(U)(u,v) = dG(u,v). Furthermore, let ɛG(U)(u) = max{ dG(U)(v, u) | v  V(G(U)}, 
then ζ(G(U)), M*

1 (G(U)), M*
2 (G(U)) and M **

1 (G(U)) can be defined as follows: 

ζ(G(U))= 
 ))((

)()(
UGVu

uε UG , M*
1 (G(U))= )]()([ )(

))((
)( vu UG

UGEuv
UG  


, 

M **
1 (G(U))= 

 ))((
)( )()(

2

UG
uUGε

Vu
 and 
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M*
2 (G(U))= )()(

))((
)()( vu

UGEuv
UGUG


 . 

For an edge e = ab of G(U), (e )N G (U )

a denotes the set of vertices closer 

to a than b through U in G and (e )N G (U )

0  denotes the set of equidistant vertices 
of e through U in G(U), i.e. 

(e)N G(U)a  = { u   V(G(U)) | dG(U)(u,a) < dG(U)(u,b)}, 

(e)N G(U)0  = { u   V(G(U)) | dG(U)(u,a) = dG(U)(u,b)}. 

Then Sz
*
(G(U)), Sz

**
 (G(U)) and Sz

***
(G(U)) can be defined as follows: 

Sz*(G(U))= )2
|(e )N||(e )N) (|2

|(e )N||(e )N(|
G (U )

0G (U )

v
E (G )uve

G (U )
0G (U )

u 


, 

Sz**(G(U))= )|(e )N||(e )N||(e )N||(e )N|( G
u

G (U )

v
E (G (U ) )uve

G
v

G (U )

u 


2
1 , 

Sz**(G(U))= )|(e )N||(e )N||(e )N||(e )N|( G
v

G (U )

v
E (G (U ) )uve

G
u

G (U )

u 


2
1 . 

Therefore, it is clear that if U = V(G), then Sz
**
(G) = Sz(G).  

 

 
 

Figure 1. Hexagonal chain Ln = P2n+1(U)  P2, where U= {v1, v3, v5, …, v2n+1}. 
 

Lemma 1. (See [12]). Let G and H be graphs with UV(G).Then we have 

(a) If U = V(G), then the generalized hierarchical product G(U)  H is 
the Cartesian product of G and H , 

(b) |V(G(U)  H)| = |V(G)||V(H)|, |E(G(U)  H)| = |E(G)||V(H)| + |E(H)||U|, 
(c) G(U)  H is connected if and only if G and H are connected, 
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(d) d ΠHG (U ) ((g,h), (g′,h′ )) = 







.hhgg,d
,hhhh,dgg,d
''

G

''
H

'
UG

if)(
if)()()(  

Theorem 2. Let G and H be two connected graphs and let U be a 
nonempty subset of V(G). Then 
 

Sz
*
(G(U)H ) = |V(H)|(|V(H)| – 1)

2
Sz

*
(G(U)) + |V(H)|Sz

*
(G) 

+ |V(H)|(|V(H)| – 1)  ))(())(( UGSzUGSz *****   

+
2
1 |E(G)||V(G)|

2
|V(H)|(|V(H)| – 1) + |U||V(G)|

2
 Sz

*
(H). 

 

Proof. Let G and H be two connected graphs and let U be a nonempty 
subset of V(G). For our convenience, we partition the edge set of G(U)  H 
into two sets, 
 

E1 = {(g,h)(g′,h′) | gg′ E(G) and h = h′   V(H)}, 
E2 = {(g,h)(g′,h′) | hh′ E(H) and g = g′   U}. 

 

Let e = (g,h)(g′,h)   E1. Suppose (x,y)   V(G(U)  H), thus by Lemma 1, 

(x,y)   N HG (U )

h )(g,
 (e), if y = h and x  NG

g (gg′) or, y  h and x  N )(UG
g (gg′). 

Therefore, we have 
 

|N HG (U )

h )(g,
 (e)| = (|V(H)| – 1) |NG (U )

g (gg′)| + |NG
g (gg′)| , 

|N HG (U )

h ),'(g
  (e)| = (|V(H)| – 1) |NG (U )

'g
(gg′)| + |NG

'g
(gg′)| , 

|N HG (U )

0
 (e)| = (|V(H)| – 1) |NG (U )

0 (gg′)| + |NG
0 (gg′)| . 

 

Thus, the summation of [|N HG (U )

h )(g,
 (e)| + 2

1 |N HUG )(
0 (e)|]  [|N HUG

hg
)(
),( '' (e)| 

+ 2
1 |N HUG )(

0 (e)|] over all edges of E1, is equal to: 
 

Sz1 = |V(H)|(|V(H)| – 1)
2

Sz*(G(U)) + |V(H)|Sz*(G) 
+|V(H)|(|V(H)| – 1)  ))(())(( UGSzUGSz *****   

+
2
1 |E(G)||V(G)|

2
|V(H)|(|V(H)| – 1). 

 

On the other hand, assume that e = (g,h)(g,h′)E2 and let (x,y)V(G(U) 
 H ), thus by Lemma 1, (x,y)N HG (U )

h )(g,
 (e) if  yN H

h (hh′). Then 
 

|N HG (U )

h )(g,
 (e)| = |V(G)|| N H

h (hh′)|,  |N HG (U )
)

'h(g,
 (e)| = |V(G)|| N H

'h
(hh′)|, 
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|N HH (U )

0
 (e)| = |V(G)|| N H

0 (hh′)|. 
 

Therefore, the summation of  

[|N H)(
)(

UG
hg, (e)| + 2

1  |N H)(UG
0 (e)|] [|N HUG

h,g ''
)(
)( (e)| + 2

1 |N HUG
0

)( (e)|]  

over all edges of E2, is equal to: 
 

Sz2 = |U||V(G)|2Sz*(H). 
 

By summation of Sz1 and Sz2, the result can be proved.                  
 

By definition of Sz*, Sz** and Sz***, we have 
 

2Sz*(G) – Sz**(G) + Sz***(G) = 
2
1 |E(G)||V(G)|2. 

 

In the above theorem, if we set U = V(G), then by the above equality, 
we obtain the following corollary. 
 

Corollary 3. Let G and H be two connected graphs. Then 
 

Sz*(GH) = |V(H)|3Sz*(G) + |V(G)|3Sz*(H).                         
 

Theorem 4. Let G and H be two connected graphs and let U be a 
nonempty subset of V(G). Then 
 

M*
1 (G(U)  H) = |V(H)|M*

1 (G(U)) + |U|M*
1 (H) + 2|E(G)|ζ(H) 

+2|E(H)| 
Uu

G (U )(u )ε . 

 

Proof. Let G and H be two connected graphs and let U be a nonempty 
subset of V(G). For our convenience, we partition the edge set of G(U)  H into 
two sets, 
 

E1 = {(g,h)(g′,h′) | gg′  E(G) and h = h′  V(H)}, 
 

E2 = {(g,h)(g′,h′) | hh′  E(H) and g = g′  U}. 
 

Suppose (x,y)   V(G(U)  H), then by Lemma 1, 
 

HG (U )ε  ((x,y)) = (x )εG (U )  + (y )ε H . 
 

Therefore, 
 

M *
1 (G(U)H)= 


 

))(())((
)() ))](())(([

HUGE,hgg,h

''
HUGHG (U

''
h,gεhg,ε  
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1

' Eh,ghg,

'
HUGHUG h,ghg,

))((
)()( ))](())(([ εε  




 
2

' Ehg,hg,

'
HUGHUG hg,hg,

))((
)()( ))](())(([ εε  

     
 


)( )(

)()( )()()(
HVh GEgg

'
UGHUG

'
gh2g εεε  

  
 


Ug E (H )hh

'
HHG (U )

'

)(hε(h )ε(g )2ε =|V(H)|M *
1 (G(U)) + |U|M *

1 (H) + 2|E(G)|ζ(H) + 2|E(H)|
Uu

UG u )()(ε .             

 
 

Figure 2. The zig-zag polyhex nanotube TUHC6[2n,2] = C2n(U)  P2,  
where U = {v2, v4, …, v2n}. 

 
By a similar argument as in the proof of the previous theorem, we have: 

 
Theorem 5. Let G and H be two connected graphs and let U be a 

nonempty subset of V(G). Then 
 

i). M*
2 (G(U)  H) = |V(H)|M*

2 (G(U)) + |U|M*
2 (H) + ζ(H)M*

1 (G(U)) + |E(G)|M **
1

(H) + |E(H)| 
Uu

2
G (U )(u ) )(ε + M*

1 (H) 
Uu

G (U )(u )ε . 

ii). M **
1 (G(U)  H) = |V(H)|M **

1 (G(U)) + |V(G)|M **
1 (H) + 2ζ(G(U))ζ(H).           
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The exact formulas for M*
2  of the Cartesian product of graphs were 

obtained in [9]. We claim that this result is incorrect. The aim of the next corollary 

is to improve this result. In the part (i) of the above theorem, if we set U = V(G), 

we obtain the following corollary. 
 
 

Corollary 6. Let G and H be two connected graphs. Then 
 

M*
2 (G × H) = |V(H)|M*

2 (G) + |E(G)|M **
1 (H) + ζ(H)M*

1 (G) 
+ |V(G)|M*

2 (H) + |E(H)|M **
1 (G) + ζ(G)M*

1 (H).                
 

For the graphs in Figs.1 and 2, namely, zig-zag polyhex nanotube 

TUHC6[2n,2] and hexagonal chain Ln , some graph invariants were studied in 

[15, 16, 17, 18]. Here we obtain Sz*, M*
1 , M*

2  and M **
1  of zig-zag polyhex 

nanotube and the hexagonal chain Ln. 
 

Example 7. Consider the zig-zag polyhex nanotube TUHC6[2n,2] (see 

Fig. 2). Diudea, who was the first chemist which considered the problem of 

computing topological indices of nanostructures, introduced the notation TUHC6. 

The zig-zag polyhex nanotube is the graph C2n(U)  P2, where U = {v2, v4, …,v2n}, 
see Fig. 2. On the other hand, one can easily see that Sz**(C2n(U)) = 

Sz***(C2n(U)) = Sz*(C2n) = 2n3 and Sz*(C2n(U)) = 2n(n2 – 1) and so, by Theorem 2, 

we have 
 

Sz*(TUHC6[2n,2]) = 20n3 – 4n. 
 

Example 8. Consider the hexagonal chain Ln (see Fig. 1). The 

hexagonal chain Ln is the graph P2n+1(U)  P2, where U = {v1, v3, …,v2n+1}, see 

Fig. 1. On the other hand, it is not difficult to check that Sz*(P2n+1) = Sz*(P2n+1(U)) = 

3
4 n3 + 2n2 + 3

2 n, Sz**(P2n+1(U)) = 3
4 n3 + 2n2 + 3

5 n and Sz***(P2n+1(U)) = 3
8 n3 + 

2n2 – 3
2 n and so, by Theorem 2, we obtain 

 

Sz*(Ln) = 
3
44 n3 + 24n2 + 

3
43 n +1. 

 



F. RAHBARNIA, M. TAVAKOLI, A. R. ASHRAFI 
 
 

 
248 

 
 

Figure 3. The linear phenylene Fn = P3n(U)  P2, where  
U = {v3k+1 | 0≤ k ≤ n – 1 }  { v3k | 1 ≤ k ≤ n}. 

 
Example 9. Consider the linear phenylene Fn including n benzene ring 

(see Fig. 3). The linear phenylene Fn is the graph P3n(U)  P2, where U = {v3k+1 | 0≤ 
k ≤ n – 1 } { v3k | 1 ≤ k ≤ n}, see Fig. 3. On the other hand, it is not difficult to 

check that Sz*(P3n) = Sz*(P3n(U)) = 2
9 n3 – 2

1 n, Sz**(P3n(U)) = 2
9 n3 + 2

1 n and 

Sz***(P3n(U)) = 9n3 – 2
9 n2 – 2

1 n and so, by Theorem 2, we obtain Sz*(Fn) = 

Sz*(P3n(U)  P2) = 54n3. 

In [19, Example 3.2], the authors claim that Sz(Fn) = 54n3 – 4n. We claim 

that this result is incorrect. By [19, Example 3.2], Sz(F1) = 50 and Sz(F2) = 424 

that, are incorrect. The correct values are Sz(F1) = 54 and Sz(F2) = 432. Note 

that Fn is bipartite and so Sz*(Fn) = Sz(Fn). On the other hand, by the above 

example, Sz*(Fn) = 54n3 and so, Sz(Fn) = 54n3. 
 
 

 
 

Figure 4. The molecular graph of truncated cube H = G(U)  P2,  
where U = {v1, v4, v9, v12}. 
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Example 10. Let H be the graph of truncated cube. Then H = G(U)  
P2, where U = {v1, v4, v9, v12}, as shown in Figure 4. It is not difficult to check that 

Sz*(G) = Sz*(G(U)) = 526, Sz**(G(U)) = 380, Sz***(G(U)) = 280 and so, by 

Theorem 2, we have Sz*(H) = Sz*(G(U)  P2) = 3264. 

 
Example 11. Consider the hexagonal chain Ln and the zig-zag polyhex 

nanotube TUHC6[2n,2] and truncated cube H depicted in Figs. 1, 2 and 4, 
respectively, such that n ˃ 1. One can easily see that  M*

1 (P2n+1(U)) = 6n2, 

M*
2 (P2n+1(U)) = 3

14 n3 – 3
2 n, M*

1 (C2n(U)) = 4n2, M*
2 (C2n(U)) = M

**
1 (C2n(U)) =  

M **
1 (C2n) = 2n3, M*

1 (G(U)) = 160, M
*
2 (G(U)) = 400, 

Ug

(U )2nC (g )ε = n2, 


Ug

2

(U )2nC (g ) )(ε =n3, 



Ug

(U )12nP (g )ε =








n|22nn
n|22nn

2
2
3

2
12

2
3

 , 

2

Ug

(U )12nP )(g )(ε


 = 








n|2n4nn
n|2n4nn

3
223

3
7

3
523

3
7

 , 
Ug

G (U )(g )ε = 20,  

2

Ug
G (U ) )(g )(ε



= 10 and so, by Theorems 4 and 5, for n ˃ 1, we have: 

1. M*
1 (Ln) = M*

1 (P2n+1(U)  P2) = 






n|2214n15n
n|2314n15n

2

2
. 

2. M*
1 (TUHC6[2n,2]) = M*

1 (C2n(U)  P2) = 10n(n+1). 

3. M*
2 (Ln) = M

*
2 (P2n+1(U)  P2) = 









n|21n19nn
n|22n19nn

3
2523

3
35

3
2823

3
35

. 

4. M*
2 (TUHC6[2n,2]) = M*

2 (C2n(U)  P2) = 5n3 + 10n2 + 5n. 

5. M*
1 (H) = M*

1 (G(U)  P2) = 432. 

6. M*
2 (H) = M*

2 (G(U)  P2) = 1296. 
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SOME CONNECTIVITY INDICES OF CAPRA-DESIGNED 
PLANAR BENZENOID SERIES Can(C6) 

 
 

MOHAMMAD REZA FARAHANIa, MIRANDA PETRONELLA VLADb 
 
 

ABSTRACT. A molecular graph can be transformed using map operations, 
one of these, named Capra, being defined by Diudea. In this paper, we 
focus on the structure of Capra-designed planar benzenoid series Can(C6) 
(k≥0) and compute some connectivity indices of this family. A connectivity 
index is a real number related to a molecular graph and is invariant under 
graph automorphism.  

 
Keywords: Benzenoid, Capra map operation, Connectivity index. 

 
 
 
INTRODUCTION 
 

Let G=(V,E) be a molecular graph with the vertex set V(G) and the 
edge set E(G). |V(G)|=n, |E(G)|=e are the number of vertices and edges. In 
chemical graph theory, the vertices and edges correspond to the atoms and 
bonds, respectively; the number of incident edges in the vertex v is its degree, 
denoted by dv. The vertices u and v are adjacent if there exist an edge e=uv 
between them. A molecular graph is a connected graph, i.e. there exist a path 
between any pair of vertices. 

A variety of topological indices have been defined; a topological 
index is a real number related to the structure of graph, which is invariant 
under graph automorphism.  

In 1975 Randić proposed a structural descriptor called the branching 
index [1-4] that later named the Randić molecular connectivity index (or 
simply Randić index). It is defined as:  

( )

1( )
 

 
e uv E G u v

G
d d
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Recently, a version, called the Sum-connectivity index, was introduced 
by Zhou and Trinajstić [5,6]: 

 
1( )

u vv v u v

X G
d d


  

 
where du and dv are the degrees of the vertices u and v, respectively.  

More recently, Vukicevic and Furtula [7] proposed two topological 
indices, named geometric-arithmetic index and atom-bond connectivity index 
(denoted by GA(G) and ABC(G), respectively), see [7-9]. They are defined 
as follows:  

( )

2 ( ) ( )
( )

( ) ( ) 





e uv E G

d u d v
GA G

d u d v
 

 

( )

( ) ( ) 2( )
( ) ( )e uv E G

d u d vABC G
d u d v 

    

 
Definition 1. Let G be a molecular graph and dv being the degree of 

vertex ( ).v V G  We divide the vertex set V(G) and edge set E(G) of G into 
several partitions, as follow: 
 

, , { ( ) | },i vi i V v V G d i      
, 2 2 , { ( ) | }j v uj j E e uv E G d d j          

2 2 *, , { ( ) | }.k v uk k E e uv E G d d k          

 
Note that { | ( )}vMin d v V G    and { | ( )}.vMax d v V G    

 
 
MAIN RESULTS AND DISCUSSION 

 
In this section, we compute Randić connectivity index, sum- connectivity 

index, geometric-arithmetic index and atom-bond connectivity index of Capra-
designed planar benzenoid series Cak(C6).  

A mapping is a new drawing of an arbitrary planar graph G on the 
plane. Capra map operation was introduced by Diudea [10,11]. This method 
enables one to build a new structure, according to Figure 1 and Definition 2:  
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Figure 1. Capra map operation on the square and hexagonal face, respectively 
 

Definition 2. Let G be a cyclic planar graph. Capra map operation is 
achieved as follows:  

(i) insert two vertices on every edge of G;  
(ii) add pendant vertices to the above inserted ones and  
(iii) connect the pendant vertices in order (-1,+3) around the boundary 

of a face of G. By running these steps for every face/cycle of G, one 
obtains the Capra-transform of G Ca(G), see Figure 1.  
By iterating the Capra-operation on the hexagon (i.e. benzene graph C6) 

and its Ca-transforms, a benzenoid series, as shown in Figures 2 and 3, can 
be designed. We will use the Capra-designed benzene series to calculate 
some connectivity indices (see below).  

 

 
 

Figure 2. The first two graphs: Ca(C6) and Ca2(C6) of the benzenoid family Cak(C6). 
Coloring is according to Definition 1. 
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Figure 3. Graph Ca3(C6) is the third member of Capra-designed planar benzenoid series. 
 
 

Theorem 1. Let G=Cak(C6) k N  be the Capra-designed planar 
benzenoid series. Randić connectivity index is as follows: 
 

1

6
2(7 ) (4 6 1)3 1( ( ))

2

k k

kCa C
    

 

Proof. Let G=Cak(C6) (k≥0) be the Capra-designed planar benzenoid 
series. The structure Cak(C6) collects seven times of structure Cak-1(C6) (we 
call "flower" the substructure Cak-1(C6) in the graph Cak(C6)). Therefore, by 
a simple induction on k, the vertex set of Cak(C6) will have 7×|V(Cak(C6))|-
6(2×3k-1+1) members. Because, there are 3k-1+1 and 13k   common vertices 
between seven flowers Cak-1(C6) in Cak(C6), marked by full black color in 
the above figures. Also, by a similar inference, the edge set E(Cak(C6)) has 
7×|E(Cak(C6))|-6(2×3k-1+1) members. Thus, there are 3k-1 and 3k-1 common 
edges, see Figures 2 and 3. Now by solving the recursive sequences, 
nk=|V(Cak(C6))| and ek=|E(Cak(C6))|. Thus the size of vertex set and edge 
set of Capra-designed planar benzenoid series Cak(C6) (k≥0) are equal to: 
 

|V(Cak(C6))|=2×7k+3k+1+1, |E(Cak(C6))|=3(7k+3k). 
 

Now, we can divide V(Cak(C6)) and E(Cak(C6)) to two and three 
partitions, respectively (See Definition 1). According to Figures 2 and 3, we 
see that the number of vertices with degree two of graph Cak(C6) (denoted 
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by ( )
2
kv ) is equal to 

( 1)
26(3 ) 6.
6

kv  
 

 
 Therefore, we have ( ) ( 1)

2 23 6k kv v    

( 2)
23(3 6) 6kv     

1(0)
2 0

3 6 3kk i
i

v  


     k 13 3  and 
( ) *
4 4 4| | | |ke E E   

( 1)
2 .kv   k3 3  

Alternatively, the number of vertices of degree three is 

3 6| |{ ( ( )) | 3}| 2(7| 1),k
k vV v V Ca C d      (denoted by ( )

3
kv ).  

On the other hand, according to the structure of Capra-designed 
planar benzenoid series, G=Cak(C6), ( ) * ( ) ( )

5 5 6 2 4| | | | .2 2k k ke E E v e     Thus, 
( ) ( ) ( 1)
5 2 22 2k k ke v v    ( ). k4 3  The size of edge set 5E  and *

6E  is: 
( ) 1
5 2(3 3 3 3) ( ).k k ke      k4 3  Thus, it is obvious that: 

 

 ( ) * ( ) ( )
6 6 9 5 4| | | | 3 7 3k k k k ke E E e e       

                                  13 7 3 4 3 3 3k k k k        

                                  3 7 2 3 3k k      

                                  ( ( ) ).  k k 13 7 2 3 1  

Then, by using of size * *
2 3 4 4 5 6 6, , , , , ,V V E E E E E  and *

9 ,E  we can 

compute Randić connectivity index of Capra-designed planar benzenoid 
series G=Cak(C6) as follows:  

 

6

6
( ( ))

1( ( ))
( ) ( )k

k
uv E Ca C

Ca C
d u d v




   

                
* * *
9 6 4

1 1 1
( ) ( ) ( ) ( ) ( ) ( )uv E uv E uv Ed u d v d u d v d u d v  

      

                   
* * *
9 6 4| | | | | |
9 6 4
E E E    

                   
13(7 2(3 ) 1) 4(3 ) 3 3.

9 6 4

k k k k      

 

Finally, the Randić index of Cak(C6) is 
 

χ(Cak(C6)) ( ) ( ) .
  

k k 12 7 4 6 1 3 1
2

 

thus completing the proof of Theorem 1. 
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Theorem 2. Sum-connectivity index of Capra-designed planar benzenoid 
series Cak(C6) for integer k is equal to: 
 

 

3( ) 6(7 )( 12 5 5 6
5

( )) .X


    


   


k 1 k
k 1

k 6
3 1 1Ca C 3

2
 

 

Proof: By using the results from the above proof, it is immediate that 
 

6
( )

1( ( ))k
e uv E G u v

X Ca C
d d 


  

                  
4 5 6

1 1 1
e uv E e uv E e uv Eu v u v u vd d d d d d     

  
      

                  5 64 | | | || |
4 5 6

E EE    

                  
13 3 4(3 ) 3(7 2(3 ) 1) .

4 5 6

k k k k       

 

Thus 3( ) 6(7 )( 12 5 5 6
5

( )) .X


    


   


k 1 k
k 1

k 6
3 1 1Ca C 3

2
 

 
Theorem 3. Geometric-Arithmetic index and Atom-Bond connectivity 

index of Capra-designed planar benzenoid series are equal to (for all k N ) 
 

6 ) 8 6( ( )) 3(7 1 3
5

k k
kGA Ca C

 
    

 
 

1
6

15 2 8 3 2 4( ( )) 2(7 ) ( )3 ( )
2 2

k k
kABC Ca C      

 
Proof. Let G=Cak(C6) (k≥1) be Capra-designed planar benzenoid 

series. According to the proof of Theorem 1, we have 
* 1

6 9| | | | 3(7 2(3 ) 1),k kE E      *
5 6| | | | 4(3 )kE E   and *

4 4| | | | 3 3.kE E    Thus, 

we can compute two connectivity topological indices geometric-arithmetic 
index and atom-bond connectivity index of G=Cak(C6) for any k≥1 as 
follows: 
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                     ( ) ( ) ( )
6 5 4
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                     8 63(7 1 3)
5
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The geometric-arithmetic index of Cak(C6) is 

 

6
8 6( ( )) 3(7 1 3) .

5
k k

kGA Ca C
 

    
 

 

Finally, 
 

6

6
( ( ))

( ) ( ) 2( ( ))
( ) ( )

k

k
uv E Ca C

d u d vABC Ca C
d u d v

    

                       
* * *
9 6 4

1 1 1
( ) ( ) ( ) ( ) ( ) ( )uv E uv E uv Ed u d v d u d v d u d v  

      

( ) ( ) ( )
6 5 4

6 2 5 2 4 2
9 6 4

k k ke e e      

1 2 2 23(7 2(3 ) 1) 4(3 ) (3 3) .
3 2 2

k k k k       

 
Therefore, atom-bond connectivity index of Cak(C6) will be 
 

ABC(Cak(C6))= ( ) ( ) ( ).  k k 115 2 8 3 2 42 7 3
2 2

 

 
Here, the proof of Theorem 3 is completed. 
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FAT CONTENT IN YOGHURTS VERSUS NON-FAT 
FORTIFYING–A RHEOLOGICAL AND SENSORIAL 

APPROACH 
 
 

INA VASILEANa, IULIANA APRODUa, LIVIA PATRASCUa* 
 
 

ABSTRACT. This study investigated the effect of fat content (3.5; 1.5 and 0.1 
% w/w), together with total solids content on selected rheological and sensorial 
characteristics of yoghurt samples fermented with exopolysaccharides 
producing lactic acid bacteria (Streptococcus termophilus and Lactobacillus 
delbrueckii ssp. Bulgaricus). Rheological flow and oscillatory tests showed that 
all tested yoghurt samples behave like thixotropic fluids. Pronounced 
hysteresis areas were obtained for skimmed yoghurts with added solids (skim 
milk powder and lactose, 2 and 3% w/v). Higher levels of fat favored the flow 
properties of the yogurt samples, enabling the formation of more stable 
viscoelastic gel networks. Sensorial characteristics were highly appreciated for 
samples with higher fat content. 

 
Keywords: yoghurt, exopolysaccharides, fat content, fortification, flow, 
viscoelastic gel 

 
 
 
INTRODUCTION 
 
 Fermented milk products are very popular all over the world[1], 
mainly because of their sensorial characteristics but also due to their 
potential in maintaining and even improving consumers` health [2]. The most 
widely used lactic acid bacteria for yogurt fermentation are Streptococcus 
thermophilus and Lactobacillus delbrueckii ssp. Bulgaricus, which are 
responsible for the development of specific taste and consistency.  

The structure, microstructure and rheological characteristics of the 
yogurts highly influence the perception of the product during consumption [3]. It 
is well known that many technological parameters and starter culture can 
modulate textural properties of the yoghurts [4]. The knowledge of the yoghurt 
rheological properties can offer essential information about products texture 
                                                 
a Universitatea Dunarea de Jos, Facultatea de Stiinta si Ingineria Alimentelor, Str. Domneasca, 

Nr. 111, RO-800201 Galati, Romania. 
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and gel stability. Skriver et al. [5] investigated both rheological and sensorial 
characteristics of stirred yogurts showing that gel firmness can be correlated 
with viscoelastic properties (G′, G′′) while palatability was closely related to the 
shear stress. It is well known that textural and rheological characteristics of 
fermented lactic products with low fat and high protein content differ from those 
with no added solids, milk supplementation strongly influencing the texture of 
fermented products [6]. In order to improve rheological properties of skimmed 
dairy products different methods for increasing total solids content are 
approached. These compositional modifications are required in order to 
overcome problems associated with weak texture gels and whey separation [7]. 

Yoghurt bacteria can form a polysaccharide covering lair named 
glycocalyx. These macromolecular compounds can be partially released 
during fermentation process being generically named exopolysaccharides 
(EPS). The EPS producing starter bacteria ensure a stable yoghurt structure, a 
more consistent texture and higher viscosity by preventing gel rupture and 
whey releasing [8, 9, 10, 11,12]. The presence of EPS in lactic fermented milk 
products was found to improve rheological properties due to their thickening 
capacity, texture and products taste [13]. The EPS also have excellent water 
binding properties [14]. It was shown that yoghurt viscosity depends on EPS 
concentration and their specific volume [11]. However, Amatayakul et al. [15] 
concluded that using EPS-producing lactic acid bacteria could not compensate 
the reduction of total solids of yoghurt and these starter cultures are not 
efficient in improving the firmness of the low solid content products. 

The aim of the present study was first to obtain yoghurt samples 
with different fat contents through fermentation with a pure culture of EPS 
producing lactic acid bacteria, and to characterize the obtained products in 
terms of rheological and sensory properties. Moreover, the influence of 
skim milk powder and lactose addition on the properties of skimmed yogurt 
was tested. 
 
RESULTS AND DISCUSSION 
 

Quality of the set yogurt obtained by fermenting milk with different 
fat contents (3.5, 1.5 and 0.1%) with EPS producing lactic acid bacteria 
was estimated by testing rheological behavior and sensory properties of the 
samples. 

Rheological analyses. Two different types of tests were performed 
for rheological characterization of the samples: controlled shear-rate 
measurements by progressively increasing and decreasing the shear rate 
to check the viscosity dependence by the shear rate and small deformation 
oscillatory rheological test to gain insight into the structural particularities of 
the samples. 
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The flow parameters and hysteresis loop area obtained when 
performing shear thinning tests on the yoghurts with different fat contents 
are presented in Table 1. 

 
Table 1. Rheological flow parameters for yoghurt samples with different fat and 

total solids content 
 

Sample 
Yield 

stress, Pa 

Hysteresis 
area, 
Pa/s 

Rate index Viscosity, Pa*s 

up curve down curve up curve down curve 

FY 1.907±0.01 18.1±0.35 0.350±0.01 0.409±0.01 1.017±0.03 0.778±0.02 

NY 0.348±0.01 4.5±0.01 0.644±0.01 0.679±0.00 0.107±0.01 0.091±0.01 

SY 1.632±0.01 30.4±0.21 0.324±0.02 0.445±0.01 0.907±0.01 0.516±0.01 

SY1 3.210±0.3 70.0±0.74 0.263±0.01 0.384±0.1 2.007±0.2 1.107±0.1 

SY2 3.344±0.3 71.2±0.77 0.260±0.00 0.374±0.01 2.098±0.12 1.198±0.03 

Values represent means of three replicates ± SD. FY - Yoghurt with high fat content (3.5% fat w/w); 
NY – Partially skimmed yoghurt (1.5% fat w/w); SY – Skimmed yoghurt (0.1% fat w/w); SY1 – Skimmed 
yoghurt enriched with 2% skim milk powder and 2% lactose (w/v); SY2 - Skimmed yoghurt enriched with 

3% skim milk powder and 3% lactose (w/v). 

 
The flow behavior of the yogurt samples is represented in Figures 1 

and 2. In order to improve appearance and quality of low fat yoghurts we 
proceeded to the fortification with skim milk powder (2 and 3% w/v) and 
lactose (2 and 3% w/v). Rheological characteristics of skimmed yoghurt 
were compared with those of the fortified products (Figure 2). Flow test 
revealed the thixotropic behavior for tested yoghurt samples as indicated by 
rate index values (Table 1). The shear thinning characteristic can be also 
seen in viscosity curves (decreasing viscosity when increasing shear rate) 
(Figures 1 and 2).  

Regarding hysteresis phenomenon one can see that yoghurt with 
normalized fat content to 1.5% (w/w) recorded the lowest value, indicating that 
when speaking of yoghurts, high fat content does not necessary ensure flow 
stability. Moreover, samples with high fat contents (3.5% w/w) requested a 
rather high yield stress value (calculated with Bingham equation) in order to 
flow, compared to the samples with 1.5% and 0.1% fat contents and no added 
foreign solids. Adding solids to the skimmed yoghurt samples resulted in 
higher values for the yield stress, with no significant differences (p>0.05) 
between SY1 and SY2 sample (Table 1). The yoghurt samples supplemented 
with 2% of lactose and skim milk powder (SY1) presented higher values of the 
hysteresis area compared to the un-fortified skimmed yogurt. Further increase 
of the solid content (SY2 sample) did not led to significant differences (p>0.05) 
in terms of hysteresis area. 
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Figure 1. Flow behaviour of yoghurt samples with different fat contents. FY - Yoghurt 
with high fat content (3.5% fat w/w); NY – Partially skimmed yoghurt (1.5% fat w/w); 

SY – Skimmed yoghurt sample (0.1% fat w/w); 
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Figure 2. Flow behaviour of the skimmed and fortified yoghurt samples. SY1 – Skimmed 

yoghurt sample enriched with 2% skim milk powder and 2% lactose (w/v); SY2 - 
Skimmed yoghurt sample enriched with 3% skim milk powder and 3% lactose (w/v) 
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Protein addition to the skimmed milk samples (SY1 and SY2) resulted 
in higher viscosity and shear stress values compared to the skimmed yoghurt 
with no added solids (SY) (Figure 1 and 2). Therefore, protein addition might 
be considered appropriate for improving yogurt structure by favoring a thicker 
gel network formation. These findings are in agreement with Bhullar et al. 
[16], who stated that supplementation of the yogurt samples with 2% (w/v) of 
whey protein concentrate led to increased viscosity and reduced syneresis. 
The lack of fat in yoghurt structure could affect EPS interaction with product 
components, resulting in higher hysteresis areas during flow (Figure 2). This 
phenomenon can be explained by the presence of higher number of protein-
protein links, which result in a denser gel network and fewer protein-water 
links [17, 18, 15]. 

EPS presence into the samples highly influences the viscosity and 
other rheological properties of the yogurts. Patel et al. [19] stated that EPS 
exhibit remarkable thickening and shear-thinning properties, and display 
high intrinsic viscosities. Broadbent et al. [20] found that the amount of EPS 
produced in lactic fermented milk products is influenced by the environment 
composition (C:N ratio) and growing conditions. In our case the amount of 
synthesized EPS, reported by Vasilean et al. [21] when using the same 
yogurt preparation procedure, was relatively close in case of the samples 
obtained from whole fat and partially skimmed milk (71.46 and 71.07 mg/l 
respectively), and lower in case of the yogurt obtained from skimmed milk 
(63.65 mg/l). The addition of protein and lactose to the skimmed milk before 
fermentation did not favor the EPS amount from yoghurt samples (63.51 
mg/l for SY1 sample and 68.89 mg/l for SY2). Thus the viscosity increment 
in fortified samples could not be necessarily attributed to EPS presence. 

Analyzing oscillatory rheology results presented in Figure 3, the soft 
solid structure can be observed for all yoghurt samples. For the entire range of 
tested frequency, G’ values overcame the G``, indicating that yoghurt samples 
behaved like elastoviscous fluids. The yoghurt sample with high fat content 
(FY) presented the highest value of elastic modulus. In agreement with the 
flow test observations, the SY sample presented a more elastic (solid like 
behaviour) structure with respect to NY sample. We appreciate that this 
phenomenon could be explained by different molecule distribution within 
the gel network and by the different bond type participating to network 
formation and stabilization. As indicated by Van Vliet et al. [22] the rheological 
properties of yoghurts are influenced by the strength of protein-protein 
interactions, the number of bonds per cross-section of the strand, relaxation 
times for the network bonds, and the orientation of the strands within the 
matrix. Thus presence of higher amount of protein-fat-protein links alowed 
higher fluidity in comparison to the samples where the protein-protein 
interactions are predominant.  
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Figure 3. The influence of total fat content and milk fortification on viscoelastic moduli 
of set yoghurt samples. FY - Yoghurt with high fat content (3.5% fat w/w); NY – Partially 

skimmed yoghurt (1.5% fat w/w); SY – Skimmed yoghurt (0.1% fat w/w); SY1 – Skimmed 
yoghurt enriched with 2% skim milk powder and 2% lactose (w/v); SY2 - Skimmed 

yoghurt enriched with 3% skim milk powder and 3% lactose (w/v). 
 
Addition of 2% skim milk powder together with 2% lactose to the 

skimmed yoghurt samples determined an increase of the gel network density. 
The fortification most probably led to the reduction of pores dimensions thus 
causing the increase of viscoelastic moduli values. There observations are in 
agreement with the literature [23, 24, 5, 4, 25]. Lee and Lucey [26] stated that 
the physical and sensory properties of yogurt gels are greatly influenced by the 
total solids content of the yogurt milk, especially the protein content, the G′ 
values of yogurt increasing with the increase of the total solids content. 
However, further increase of the total solids quantity in case of SY2 sample 
did not led to significant variation of G` and G`` values. 

Sensorial analysis. The results of sensorial analysis of the yoghurt 
samples are represented in figure 4. As one can see fat content together with 
product fortification significantly influenced products sensorial characteristics 
(p<0.01). 

The color of the samples with higher fat contents (3.5% and 1.5%) 
was better appreciated by the assessors probably because of their higher 
luminosity, and no significant differences between these two samples 
(p>0.05) was obtained. Concerning the samples with low fat content, 
regardless of the enrichment with skim milk powder and lactose, the color 
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was medium appreciated (Figure 4). The non-fat solid addition to the skimmed 
milk before fermentation with EPS producing lactic acid bacteria had no 
significant influence on the color attribute (p>0.05).  

Panelists found no odor for the yoghurt samples with 3.5 and 1.5% fat 
(FY and NY), with no significant differences between the two samples (p>0.05). 
On the other hand, some unspecific smell was identified in case of the skimmed 
yogurt samples, regardless of non-fat solids supplementation (p>0.05). 

The same trend was observed in case of the syneresis attribute. No 
syneresis phenomenon was observed for FY and NY samples (p>0.05). 
The highest amount of separated whey was obtained in case of skimmed 
yoghurt sample (SY), and the addition of skim milk powder and lactose 
resulted in the decrease of released whey, with significant differences 
between SY2 and SY or SY1 samples. 

Regarding firmness, the most appreciated sample was FY, while the 
lowest score was obtained for SY sample. The firmness values (p<0.01) 
varied significantly with the yogurt sample, except for NY and SY2 samples 
when no differences were registered (p>0.05). The addition of higher amounts 
(3% w/v) of skim milk powder and lactose to the skimmed yoghurts determined 
the perception of firmness attribute similar to yoghurts with medium fat content. 
The same trend was observed in case of consistency.  
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Figure 4. Sensorial characteristics of set yoghurt types fermented with EPSs releasing 

starter culture, as a function of fat and total solids content. FY - Yoghurt with high fat 
content (3.5% fat w/w); NY – Partially skimmed yoghurt (1.5% fat w/w); SY – Skimmed 

yoghurt (0.1% fat w/w); SY1 – Skimmed yoghurt enriched with 2% skim milk powder and 
2% lactose (w/v); SY2 - Skimmed yoghurt enriched with 3% skim milk powder and 3% 

lactose (w/v). 
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The sourish taste of the yogurt was masked by the fat content and 

lactose addition, being perceived with similar intensity for FY, NY and SY 
samples (p>0.05). The SY1 with SY2 samples registered the lowest scores 
with no significant differences between values (p>0.05), but with significant 
differences with respect to FY, NY and SY samples (p<0.01). 

The flavour of the fat containing yogurt samples (FY and NY) was 
better appreciated, whereas the addition of lactose and skim milk powder 
had no contribution to flavour attribute. 

Regarding mouth thickness, the skimmed yoghurt got the lowest 
appreciation scores. The addition of non-fat solids to the skimmed milk 
before lactic fermentation led, to some extent, to the improvement of the 
yogurt thickness.  

When considering the global perception, the yogurt samples with fat 
in composition (FY and NY) the most appreciated by the panelists, while 
with the skimmed yoghurt sample got the lowest scores (Figure 4). The same 
conclusion was drawn based on the real score values estimated by taking into 
account the importance coefficient of every attribute as seen in Figure 5. 
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Figure 5. Global perception of yoghurt samples as indicated by importance 

coefficient of every assessed sensory attribute. 
 
 

CONCLUSIONS 
 

Yogurt samples with different fat contents were obtained through 
fermentation with EPS producing lactic acid bacteria. Rheological tests 
showed that all yoghurt samples behave like viscoelastic gels. We 
appreciate that the interactions between EPS released by lactic acid 
bacteria and other macromolecular components, such as proteins, allowed 
formation of viscoelastic network with proper flow characteristics. Better 
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rheological properties were obtained in case of the yogurts with high fat 
levels. When considering the skimmed yoghurt, increasing the total solids 
level proved to be an appropriate method of improving the rheological 
characteristics of the gel. This observation is in good agreement with sensorial 
appreciation showing that increasing the non-fat solid content of yogurts 
support denser and firmer gel structure formation. However, sensorial 
characteristics were better appreciated in case of the samples with 3.5% 
and 1.5% fat with respect to the skimmed yogurts.  
 
EXPERIMENTAL SECTION 

 
Yoghurt preparation. Commercial UHT treated milk with different fat 

contents was used for yogurt preparation: whole milk with 3.5% (w/w) fat 
and 11.82% (w/w) total solids; partially skim milk with 1.5% (w/w) fat and 
10.67 % (w/w) total solids and skim milk with 0.1% (w/w) fat and 9.02% 
(w/w) total solids. 

In order to increase the total solids content, the skim milk was 
fortified with skim milk powder (2 and 3% w/w) and lactose (2 and 3% w/w). 
The addition of lactose to the milk is favorable for lactic acid bacteria 
growth [21]. Set yoghurt was produced using mixed culture of thermophilic 
lactic acid bacteria containing Streptococcus termophilus and Lactobacillus 
delbrueckii ssp. Bulgaricus (commercial name YF-L 812, Chr. Hansen). 
This lactic acid bacteria mixture was shown previously to produce EPS in 
yoghurt samples [21]. 

The milk was first tempered at 45°C and afterwards was inoculated 
with the starter culture according to producer specifications. The inoculated 
milk was immediately poured in plastic containers and was incubated at 
43°C until pH 4.6 was reached. Yoghurt samples were subsequently cooled 
and were stored in refrigeration at 4°C before analysis. All samples were 
obtained in triplicate. 

Rheological analyses. The rheological behaviour of the yogurt 
samples was determined after 24h of storage 4°C with an AR2000ex 
rheometer (TA Instruments, Ltd). Analyses were performed using a cone - 
plate geometry with 40 mm in diameter and 2o cone angle, and a gap of 1000 
μm. Prior to analyses yoghurt samples were stirred in order to homogenize 
composition with released whey if any. 

In order to observe flow behaviour of tested samples, a stepped flow 
step was applied and shear rate was increased from 0.1 to 100 s-1, and 
then decreased back to 0.1 s-1. Temperature was set to 20 oC. Tests were 
performed in triplicate and mean values were represented in graphs. 

The viscoelastic domain was determined by performing strain 
sweep test and a critical strain of 5% was estimated. The frequency sweep 
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tests were further performed at a controlled strain of 0.5% and the elastic 
modulus (G’) and viscous modulus (G”) were monitored while increasing 
the oscillation frequency from 0.1 to 2 Hz. 

The rheology data were analyzed using TA Rheology Advantage 
Data Analysis Software V 4.8.3 and the mathematical models of Power Low 
and Bingham were used to fit the experimental results. 

Sensory evaluation. The sensory analysis of the yoghurt was 
performed after 24 hours of storage at 4oC by a panel consisting on twenty 
trained assessors, equally distributed by gender, aged between 20 to 30 
years in proportion of 70 % the other 30 % were aged between 30 to 40 
years old. The samples (~100 mL of yoghurt) were purred in plastic cups 
and tempered at 10÷12 oC before testing. 

The ten attributes assessed are listed and defined in Table 2. Products 
quality was appreciated by a 5 points system. The Importance Coefficients 
(Table 2) for each attribute was decided based on the relevance to the global 
quality of the yogurt. The real/final sensory score was estimated by multiplying 
the score of each attribute by its importance coefficient [27]. The importance 
coefficient is established individually, depending on the research aim so that 
the most significant characteristics for the study could be followed. 

 
Table 2. Attributes used by the sensory panel for describing 

the sensory properties of yoghurt samples 
 

Attribute Definition Importance 
coefficient 

Odor Identification of characteristic smell or any flavour defects 
as unspecific, foreign or masked odor 

0.05 

Flavour General evaluation of flavour and identification of any 
defects 

0.05 

Colour Colour evaluation (white, whitish, yellow or yellowish) 0.1 

Syneresis Visual observation of separated whey on the surface of the 
set yoghurt 

0.15 

Gel firmness Estimation of gel fragility, hardness, gelatinous or 
gumminess structure 

0.15 

Consistency Evaluation of gel viscosity by stirring the yoghurt sample 
with a spoon 

0.15 

Sourish taste Evaluation of the sour taste intensity 0.05 

Sweetness Evaluation of the sweet taste intensity 0.05 

Mouth thickness Perceived as the degree of thickness when swallowing the 
yogurt at normal-high eating rate 

0.1 

Global perception Global appreciation of the product considering the above 
mentioned attributes 

0.15 
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ABSTRACT. Regioselective C-formylation of phenothiazine using N,N-
dimethylformamide is revisited and optimized synthesis of 10-methyl-
10Hphenothiazine-carbaldehyde regioisomers are presented. Recorded NMR 
and UV-Vis spectroscopic data are compared in the regioisomers series. 
Fluorescence emissions in the visible range are described. Density Functional 
Theory (DFT) computational results regarding structural characteristics in the 
regioisomers series are supporting the recorded spectral properties.  

 
Keywords: Phenothiazine carbaldehyde, UV-Vis absorption, Fluorescence, DFT. 

 
 
 
 
INTRODUCTION 

 
Phenothiazine is a redox-active compound well known as a potent 

pharmacophoric group for medicinal applications [1], but also a suitable 
building block for new materials mainly based on UV-Vis absorption and 
fluorescence emission properties modulated by carrefully selected substitution 
patterns [2]. In this context, phenothiazine carbaldehide derivatives appear as 
versatile substrates for extending the functionalization of the parent heterocyclic 
unit. Literature survey indicate the phenothiazine-3-carbaldehyde as the most 
widely employed precursor mainly because it can be readily prepared by 
rather simple Vilsmeyer [3], or Duff [4] formylation procedures. Even though 
the preparation of phenothiazine-1-, 2-, and 4-carbaldehyde regioisomers was 
also previously reported, these regioisomers were less employed as precursors 
for further functionalization of phenothiazine unit. 
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The Vilsmeier-Haack formylation of a phenothiazine substrate is based 
on aromatic electrophilic substitution reaction directed by the electron donor 
effect of the heterocyclic N atom mainly increasing the electron density in 
the para position of the adjacent aromatic ring. This procedure was first 
applied to 10-methyl-phenothiazine substrate and generated 3-formyl-10-
methyl-phenothiazine in up to 50% yields [5]. Convenient formylation conditions 
were described for the preparation of 3-formyl-10-methyl-phenothiazine and 
3,7-diformyl-10-methyl-phenothiazine using N,N-dimethylformamide (DMF) 
and phosphorous(V)oxychloride for generating the electrophile [6]. A modified 
procedure gave 97% yield 10-ethyl-3-formyl-phenothiazine when using 
chloroform solvent [7]  

The microwaves assisted Duff formylation procedure using urotropine in 
acetic acid showed regioselectivity for position 3 and gave satisfactory results in 
the formylation of both phenothiazine and 10-methyl-phenothiazine substrates 
with less environmental burden [8]. 

Lithiation and subsequent formylation using DMF as electrophile is 
another method designated to the preparation of heteroaromatic aldehydes 
bearing a formyl group adjacent to the heteroatom. When subjected to this 
procedure, phenothiazine may generate both C1 (ortho to the N directing atom) 
and C4 (ortho to the S directing atom) substitution products [9]. However a 
preference for substitution in the position ortho to the heterocyclic nitrogen 
atom was observed in the case of 10H-phenothiazine. A double lithiation 
experiment indicate the C1

 substited product in the presence of DMF, but 
other electrophiles such as acetyl chloride gave the N substited product [10]. An 
ingenious two step procedure was developed based on the formation of an 
unstable carbamate intermediate which favorize C1-lithiation and generate 
the electrophilic substitution product exclusively at the carbon center [11] When 
sterically hindred N-methylformanilide was employed, 4-formyl-phenothiazine 
was preferentially formed [12]. 10-alkyl-phenothiazines appeared to undergo 
lithiation at position C4 when using butyl lithium in the presence of TMEDA [13]. 
This strategy can be applied for the introduction of a formyl group at position C3 
of the phenothiazine core only based on a halogen-litium exchange reaction 
applied to a halogenated phenothiazine substrate followed by subsequent 
treatment with DMF electrophyle [14].  

In this work, the regioselective C-formylation of phenothiazine substrate 
in the presence of DMF was achieved by modulating the chemical reactivity 
of the heterocycle towards electrophilic substitution and optimal experimental 
conditions are described. The electronic properties of the prepared C-formyl-N-
methyl-phenothiazine regioisomers were discussed based on NMR and UV-Vis 
absorption/emission spectroscopic data recorded in solution. Theoretical 
computational data were employed in supporting the fine tunable electronic 
properties in the regioisomers series. 
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RESULTS AND DISCUSSIONS 
 

Synthesis of 10-Methyl-phenothiazine carbaldehyde regioisomers 

10-Methyl-10Hphenothiazine-1-, 2- and 4-carbaldehyde regioisomers 1, 
2, 4 were successfully obtained by a two-steps procedure involving a 
phenothiazine-lithium intermediate further trapped by the treatment with 
dimethylformamide (DMF) electrophile. A careful selection of the reaction 
conditions (substrate, lithium reagent, reaction temperature) was required 
in order to obtain satisfactory yields of each target regioisomer (scheme 1). 
Thus, when starting with N-methyl-phenothiazine substrate and n-BuLi reagent 
a hydrogen lithium exchange occurred at 0 oC preferentially under the orto 
directing effect of the heterocyclic sulfur atom (affording phenothiazine-4-
carbaldehyde 4 in 43% yields). At 0 oC the nitrogen orto directing effect was 
prevalent in the 10H-phenothiazine substrate and the sterically hindered 
10-methyl-phenothiazine-1-carbaldehyde 1 was obtained in 25% yield after 
a subsequent alkylation of the 1-formyl-10Hphenothiazine intermediate. 
The preparation of phenothiazine 2-carbaldehyde 2 was best achieved by 
subjecting 2-chloro-10-methyl-phenothiazine substrate to halogen-lithium 
exchange using metallic lithium under sonochemical conditions in the presence 
of DMF. 10-Methyl-10Hphenothiazine-3-carbaldehyde was obtained in 80% 
yields by an adapted Vilsmeyer procedure using 1,2-dichloroethane solvent. 
 

S

N

R

X

S

N
CH=O

DMF
1

2

3
4

R=H,   X=H,           i) nBuLi/Et2O  0oC, 
                                      ii) NaH/THF, H3C-I                     1 1-CHO   22%
R=Me, X= Cl          i) Li/Et2O, ))), 30 oC, 6h                 2 2-CHO   43%
R=Me, X=H           i) POCl3/DCE, 90 oC, 6h                 3 3-CHO   80%
R=Me, X=H           i) TMEDA/nBu-Li,r.t.,20 min           4 4-CHO    61%

i)

 
 

Scheme 1. Regioselective C-formylation of 10Hphenothiazine derivatives. 
 
 

The recorded 1H-NMR spectra are collectively presented in figure 1 
for regioisomers 1-4, thus giving the possibility of inspecting the key signals 
and comparing the deshielding effects induced by electronic conjugation, 
steric hindrance and magnetic anisotropy of the aldehyde group. 
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Figure 1. 400 MHz 1H-NMR spectra of 10-methyl-10-Hphenothiazine-carbaldehyde 
regioisomers in CDCl3 (from top to bottom: 1, 2, 3, 4) in CDCl3 

 
 

Electronic properties 

The molecular structures of the regioisomesr 1-4 have been studied 
by using density functional theory. The energies corresponding to the optimized 
geometries (E) in ground states and frontier molecular orbitals (EHOMO, 
ELUMO) were computed at the using Spartan programme [15] and the results 
are presented in Table 1. 

Taking into consideration the calculated E values (Table 1) the stability 
of regioisomers 1-4 may be correlated to the substitution pattern of the 
phenothiazine unit and falls in the order: phenothiazin-1-< 4-< 2-< 3-yl in 
concordance with a steric hindrance in positions 1 of the heterocycle and 
favourable extended n-π conjugation in position 2, or 3 respectively. 

The frontier molecular orbital plots presented in figure 2 show a 
participation to the HOMO of all the atoms joint in the heterocyclic system, 
while LUMO appears localized on the formyl substituent and its adjacent 
benzene ring with a selective participation of the heteroatoms according to 
the substitution pattern (N atomic orbitals participates to LUMO in the case 
of 1 and 3, while S atomic orbitals participates to LUMO in the case of 2 
and 4 regioisomers).  
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LUMO  
Egap [eV]   3.65 3.62 3.81 3.67 

 
HOMO      

1 2 3 4 

Figure 2. Frontier molecular orbital plots of  
10-methyl-phenothiazine-carbaldehyde regioisomers 

 
Each phenothiazine carbaldehyde 1-4 show two absorption bands, 

situated in the UV region (Table 1) with larger extinction coefficients for the 
higher frequency band which can be assigned to allowed π→π* transitions 
involving the excitation of the electrons from the aromatic rings; the forbidden 
n→π* transitions may be responsible for the low intensity band situated at 
longer wavelengths. These absorption bands appear slightly affected by the 
position of the auxochrome formyl group, except for the case of 3 which 
reveals a hypsochromic shift of aprox. 30 nm for the band situated at longer 
wavelength (Table 1); in agreement with this experimental evidence 3 is also 
characterized by the largest computed HOMO-LUMO energy gap of the 
series (figure 2). 

Upon excitation with either of the two UV absorption maxima, each 
regioisomer 1-4 exhibited emission bands in solution with maxima situated in the 
visible region (figure 3). A correlation between the position of the emission band 
and the substitution pattern of the heterocycle indicate a red shift of the 
emission maxima according to the auxochrome position in the following order: 
phenothiazine-1yl-<2-yl<-3-yl<-4-yl-carbaldehyde. Larger Stokes shift values are 
noticeable in the case of 1 and 3 which can be correlated to geometrical 
changes upon excitation, from a non-planar ground-state of the phenothiazine 
moiety to a largely planarized excited state [16] and corroborated with 
computational results regarding LUMO electron distribution (figure 2). 
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Figure 3. Fluorescence emission spectra of 10-methyl-10Hphenothiazine 
carbaldehyde regioisomers 1-4 in 0.02mM in DCM. 

 
 

Table 1. Electronic properties of phenothiazine carbaldehyde 1-4 determined by 
UV-Vis absorption/emission spectroscopy 10-4 M in DCM and molecular modelling 

 
 
 
CONCLUSIONS 
 

Adequate experimental conditions for regioselective C-formylation 
of 10-methyl-10H-phenothiazine substrate were described. 

Evidences of photophysical properties of phenothiazine carbaldehyde 
regioisomers were brought by means of UV-Vis absorption/emission 
spectroscopy which indicated fine tunable absorptions in the UV region and 
fluorescence emission in visible region according to the position of the 
formyl auxochrome. 

Cpd λmax, abs (ε) 

[nm] 
λmax, em 

[nm] 
Stokes shift

[cm-1] 
EHOMO

[eV] 
ELUMO

[eV] 
E 

[hartree] 
1 277 (54400) 

411 (3180) 
543 
670 

9400 -5.25 -1.60 -1068.264 

2 282 (109200) 
418 (4730) 

551, 
730 

5700 -5.35 
 

-1.73 
 

-1068.274 
 

3 282 (60950) 
381 (5900) 

567 8600 -5.37 
 

-1.56 
 

-1068.275 
 

4 277 (58600) 
419 (6170) 

571 6300 -5.37 
 

-1.70 
 

-1068.269 
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EXPERIMENTAL SECTION 
 

10-methyl-10Hphenothiazin-1-carbaldehyde (1). 
a) To a solution of phenothiazine (4 g, 20 mmol) in 150 ml of dry 

ethyl ether n-BuLi (31 ml 25 mmol, 1.6 M in hexane) was added under argon 
atmosphere at 0oC. The reaction mixture was stirred 10 hours at room 
temperature and then DMF (1.5 g, 20 mmol, 0.944 g/cm3) was added drop 
wise at 0oC. After it was stirred one hour at room temperature, the reaction 
mixture was hydrolyzed with ice cold aqueous HCl 0.5 N. The mixture was 
shaken vigorously and the organic layer was then separated. The aqueous 
phase was extracted three times with ethyl ether (50 ml). The organic 
phases were collected, washed with water and dryed ower magnesium sulfate. 
After the evaporation of the solvent under vacuum, the red viscous residue 
was purified by column chromatography (silica gel, hexane/ethyl acetate= 10/1) 
to give 10Hphenothiazin-1-carbaldehyde 1.14g (25%) m.p.= 81-82oC, (lit. 81-
83oC [12]) 

b) To a suspension of NaH (0.174 g, 4.4 mmol) in dry THF (20 ml) 
was added under continuous stirring, a solution of 10H-phenothiazine-1-
carbaldehyde (1g 4.4 mmol) in 10 ml dry THF (under inert atmosphere). The 
mixture was stirred for 4h, at 0-5oC. To the obtained solution, was added 
methyl iodide (0.62g, 4.4 mmol 2.28 g/cm3) and the mixture was stirred at room 
temperature for 10 hours. The reaction mixture was treated with 100 ml water 
and extracted three times with ethyl ether (30ml). The organic phase was 
collected and dryed over magnesium sulfate. After evaporation of the organic 
solvent the crude product was purified by column chromatography (silica gel, 
hexane/ethyl acetate= 10/1) to give (0.95 g 90%) yellow powder m.p.= 75-
77°C, (lit. 70-71°C [17]) 

δH (300 MHz, CDCl3) 3.62 (3H, s, CH3), 6.85 (1H, d, J 7.8 Hz, H9), 
7.00 (1H, td, J 7.5, 1.9 Hz, H7), 7.07-7.13 (2H, m, H6, H8), 7.14 (1H, dd, J 
2.0, 7.8 Hz, H4,), 7.28 (1H, t, J 7.8 Hz, H3,), 7.43 (1H, dd, J 2.0, 7.6 Hz, H2), 
9.56 (1H, s, CHO); δC (75 MHz, CDCl3) 43.9, 118.4, 122.6, 124.1, 125.6, 
126.5, 126.6, 127.6, 130.6, 131.1, 131.3, 146.4, 146.8, 189.7; MS m/z (EI, 
70eV) 241 (M+). 

10-methyl-10Hphenothiazin-2-carbaldehyde (2). 
10-methyl-2-chloro-10Hphenothiazine (247 mg, 1 mmol) was solved 

in dry diethyl ether (25ml) under inert atmosphere, metallic lithium (7 mg, mmol) 
and dry dimethylformamide (146 mL, 2 mmol) were added. The reaction 
mixture was sonicated in an ultrasonic bath at 30°C for 6h. The mixture was 
poured into ice (50 g), and then extracted with dichloromethane and the two 
layers were separated; after evaporation of the organic solvent the crude 
product was purified by column chromatography with toluene as eluent. Yellow-
brown powder (103.6 mg, 43%), mp 69-71°C, (lit bp 220°C/3 torr [18]);  
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δH (600 MHz, CDCl3) 3.39 (3H, s, CH3), 6.82 (1H, d, J 8.1Hz, H9), 
6.95 (1H, t, J 7.4Hz, H7), 7.11 (1H, d, J 7.5Hz, H6), 7.19 (1H, t, J 7.4 Hz, 
H8), 7.23-7.24 (2H, m, H1, H4), 7.37 (1H, d, J 7.6 Hz, H3), 9.89 (s, 1H, CHO); 
C (150 MHz) 35.5, 112.2, 114.6, 121.9, 123.0, 125.8, 127.2, 128.1(2C), 
132.6, 135.9, 144.9, 146.4, 191.6; MS m/z (EI, 70eV), 241 (M+.). 

10-methyl-10Hphenothiazin-3-carbaldehyde (3) 
DMF (24 mmol) was cooled to 0oC, then POCl3 (24 mmol) was added 

drop wise and the mixture was stirred at room temperature for one hour. A 
solution of 10-methyl-10H-phenothiazine (20 mmol) dissolved in 1,2-dichloroethane 
(30 ml) was added slowly and the reaction mixture was stirred at 90°C for 6 
hours. After cooling, an ice cold saturated solution of sodium acetate (30 ml) 
was added drop wise to the reaction mixture. The product was extracted with 
ethyl acetate, and the extract was dried over magnesium sulfate and then 
concentrated to dryness. 

Yellow precipitate recrystallized from toluene (3.85g, 80%), mp 
88°C lit 81-82 [19]; δH (600 MHz, CDCl3) 3.36 (s, 3H), 6.78 (1H, d, J 8.0 Hz, 
H9), 6.80 (1H, d, J 8.4 Hz, H1), 6.95 (1H, t, J 8.4 Hz, H7), 7.08 (1H, dd, J 
1.4, 7.6 Hz, H6), 7.15 (1H, td, J 1.4, 8.4 Hz, H8),7.53 (1H, d, J 2 Hz, H4), 
7.60 (1H, dd, J 2.0, 8.4 Hz, H2), 9.76 (1H, s, CHO); δC (150 MHz, CDCl3) 
35.8, 113.7, 114.8, 122.4, 123.6 123.8, 127.2, 127.8, 130.5, 131.1, 144.0, 
150.9, 190.0; m/z (EI, 70eV) 241 (M+.). 

10-methyl-10Hphenothiazin-4-carbaldehyde (4) 

10-methylphenothiazine (2 g, 8.8 mmol) was dissolved in dry ethyl 
ether (50 cm3). After 10 min under argon atmosphere, TMEDA (3.32 cm3, 22 
mmol) was added followed by n-butyllithium (13.8 cm3 of a 1.6 M solution in 
hexane, 22 mmol). The mixture was kept at room temperature for 0.5 h, 
then cooled at 0oC before dry DMF (1.6 g, 0.948 g/cm3, 22 mmol) was added. 
The mixture was stirred for 20 min at room temperature. The reaction mixture 
was poured into cooled aqueous HCl (4.5% w/v; 180 cm3) and further stired 
for 30 min. The organic phase was separated and the aqueous phase was 
extracted with chloroform (3x100 cm3). The combined organic phases were 
dried and evaporated to give an orange oil. The crude product was subjected to 
column chromatography (silica gel, hexane/ethyl acetate=8/1), yellow crystals 
(1.38 g, 61%) mp 110-112°C (lit. 110-111oC [20]) 

Yellow crystals, (0.97g, 43%), mp 110-112°C (lit13, 110-111°C); δH 
(600 MHz, CDCl3) δ 3.46 (s, 3H, CH3), 6.89 (1H, d, J 8.1 Hz, H9), 6.95 (1H, 
t, J 7.8 Hz, H7), 7.03 (1H, d, J 7.8 Hz, H1), 7.17-7.21 (2H, m, H6, H8), 7.28 
(1H, t, J 7.8 Hz, H2), 10.31 (1H, s, CHO); δC (150 MHz, CDCl3) 36.5, 115.3, 
119.8, 122.8, 123.6, 124.5, 126.7, 127.7, 127.9, 130.4, 133.0, 145.2, 145.9, 
190.4. m/z (EI, 70eV) 241 (M+.), 226. 
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ABSTRACT. Near infrared spectroscopy (NIRS) is a technique widely 
used for direct and non-destructive analysis of solid samples. A NIRS 
method for the simultaneous quantification of atorvastatin and amlodipine 
in fixed-dose combination tablets was developed and fully validated. The 
PLS calibration model was developed based on the 26 samples prepared 
according to a D-optimal experimental design with 2 factors and 5 levels. 
The best predictive model for atorvastatin was developed using standard 
normal variate pre-processing method, 7 PLS factors; the best predictive 
model for amlodipine was developed using first derivate followed by standard 
normal variate pre-processing method and 7 PLS factors. The method was 
validated in terms of linearity, trueness, precision and accuracy. The validation 
results show that the method is reproducible, precise and has good accuracy 
and linearity profiles. Furthermore, comparative data obtained on independent 
samples shows no statistical difference (p>0.05) between the results predicted 
by the NIRS method and the values obtained using HPLC reference method. 
So, NIRS based on PLS multivariate calibration could be a suitable tool for the 
non-destructive, direct and simultaneous prediction of the chemical composition 
of a fixed-dose combination that includes two APIs in a single tablet and is 
helpful in achieving the goals of Process Analytical Technology (PAT). 
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INTRODUCTION 
 
A single-pill combination drug is a fixed-dose combination (FDC) that 

includes two or more active pharmaceutical ingredients (APIs) combined in 
a single dosage form. FDC can benefit patients through the potential increase 
in efficacy and/or a reduced incidence of adverse effects, the convenience 
in terms of administration and compliance and potentially lower costs of 
manufacturing compared to the costs of producing separate products 
administered concurrently [1]. The amlodipine/atorvastatin single pill has been 
shown to improve patients‘ achievement of national-guideline-recommended 
blood pressure and lipid target levels and exhibits a safety profile consistent 
with its parent compounds. This  combination pill is now available in Europe in 
formulations containing either 5 or 10 mg amlodipine and 10 mg atorvastatin 
[2,3].The combination is indicated for patients suffering from both high blood 
pressure and high levels of cholesterol and has had worldwide sales of more 
than $600 million in 2013. 

The manufacturing process typically involves several unit operations, 
such as blending, granulation, tableting, and coating, all of which can have 
critical influences on the final quality of the product. Process monitoring is a 
methodology that guarantees a high-predefined quality standard and offers the 
possibility to react during the process if any parameters drift from the normal 
operating range, but it requires quick methods. Process monitoring is the goal 
of Process Analytical Technology (PAT). PAT is defined by the Food and Drug 
Administration (FDA) and European Medicines Agency (EMA) as a concept 
which implies the design and control of pharmaceutical processes through 
real time measurements of critical process parameters that could affect quality 
assurance [4,5]. Direct analysis of intact solid dosage forms as whole 
tablets is considered to be a very important goal for NIRS analysis in the 
pharmaceutical industry, with increasing needs of on-line or in-line testing 
for process monitoring according to PAT [6,7]. 

In the field of APIs quantification in tablets, including fixed-dose 
combinations, the high performance liquid chromatography (HPLC) technique 
is widely used due to good selectivity, specificity and linear range [8]. Until 
now, only HPLC methods were developed and validated for the simultaneous 
quantification of both APIs (atorvastatin and amlodipine) in fixed-dose 
combinations [9,10]. However, this requires sample preparation, chromatographic 
separation of the analytes and takes hours, so therefore it is currently only 
done off-line [6,7,11]. Near InfraRed Spectroscopy (NIRS) is a non-destructive 
technique that allows the direct quantification of chemical properties such as the 
active pharmaceutical ingredients content [6,7,12] or physical characteristics as 
pharmaceutical properties [13,14] of tablets and powder blends for tableting 
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[11,15,16]. NIRS can be used to perform quantitative analysis of one, two or 
more compounds in different matrices, like pharmaceutical powder blends 
for tableting or tablets. The advantages of the NIRS method are numerous: 
non-invasive and non-destructive techniques, no sample preparation, high 
frequency of spectrum acquisition, as well as a large number of molecules 
which could be quantified [6]. Many papers are reporting the determination 
of API content in tablets by NIRS methods [12,17], but only a few are focusing 
on the prediction of two or more APIs and/or excipients in the composition 
of powder blends or tablets [6,7,18]. 

The aim of this work was to develop and validate a NIRS method for 
direct and simultaneous quantification of amlodipine and atorvastatin in 
tablets, using a direct, fast, non-invasive and non-destructive technique that 
requires no sample preparation. 
 
 
RESULTS AND DISCUSSION 

 
The NIR spectra of tablets contain both chemical information related 

with APIs and excipients contents and physical information related with tablet 
compaction. Therefore, pre-processing methods and wavelength selection 
ranges should be carefully chosen to extract the chemical information that 
is mainly correlated with the APIs concentration, in order to develop robust 
calibration models. 

 
Spectra investigation 

The calibration model was built after recording twenty spectra of each 
tablet formulation. Overall 520 tablets spectra were recorded and analyzed 
for the calibration model development (Figure 1). The NIR spectra of pure APIs 
is also presented (a1 – atorvastatincalcium; b1 – amlodipinebesilate) in the 
same figure. 

 
Development of calibration models 

The development of calibration models for APIs assay is an iterative 
technique and consisted in checking the predictive ability of several spectral 
pre-processing methods in association with different spectral regions with 
high NIR absorbance of the APIs of interest. By applying different spectra 
pre-processing methods in combination with different spectral regions a large 
number of models was generated. Among these, the most potentially interesting 
6 models for each API were selected and presented in Table 1.  
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Table 1. Statistical parameters and number of principal components for 
atorvastatincalcium and amlodipinebesilate, without data pre-processing  

as well as after different spectra pre-processing 

Atorvastatincalcium

Pre-processing method* 
none 

a 
SLS 

b 
SNV 

C 
FD 
d 

SLS-4 
e 

SNV-4 
f 

Spectral range (cm−1)** R1 R1 R1 R1 R4 R4 

Number of PLS factors 8 7 7 7 7 7 
R2 0.9408 0.9411 0.9423 0.9349 0.9586 0.9588 
RMSECV (% w/w) 0.353 0.352 0.348 0.374 0.295 0.292 
Bias -0.00015 -0.00026 0.000301 -0.00010 -0.000477 -0.00025 

 
Amlodipinebesilate

Pre-processing 
method* 

none 
g 

MSC 
h 

SLS 
i 

SNV 
j 

FD+SLS 
k 

FD+SNV 
l 

Spectral range (cm−1)** R1 R1 R1 R1 R1 R1 

Number of PLS factors 9 8 8 8 7 7 

R2 0.9675 0.9737 0.9733 0.9738 0.9757 0.9768 

RMSECV (% w/w) 0.353 0.318 0.320 0.318 0.306 0.299 

Bias -0.000073 -0.00074 -0.00054 -0.00034 -0.000592 -0.000551 

*none-no pre-processing, SLS-straight light substraction, SNV-standard normal variate, FD-first 
derivate, MSC-multiplicative scattering correction, FD+MSC – first derivative followed by 
multiplicative scattering correction, FD+SNV – first derivative followed by standard normal variate 

**R1-Spectra range 1 region: 10000-4200cm−1; R4-Spectra range 4 region: 10000-8270; 7700-
7120; 6800-5616; 5400-4243 cm−1. 

 
In the case of the atorvastatincalciumcalibration, based on the analysis 

of different calibration models, the models generated using 4 spectra range 
had the best results. As the R2 values of the models are very close, this 
parameter does not allow any clear differentiation between the models. 
Regarding RMSECV, the (f) model seems to be slightly better than the (b), 
(c) and (e) models: its RMSECV is the smallest. Thus, (f) was the selected 
model which was the most fitted for this purpose, and the model candidate 
for method validation according to current pharmaceutical requirements. The 
shape of the spectra after pre-processing according to this model is presented 
in Figure 1, a2. In the case of the amlodipine besilatecalibration, the results 
look very similar, R2 values of the models are very close, so the models were 
selected based on RMSECV values. Regarding RMSECV, the (l) model seems 
to be slightly better than the (h), (i), (j) or (k) models: its RMSECV is the smallest. 
The shape of the spectra after pre-processing according to this model is 
presented in Figure 1, b2. The predictive ability of the chosen models was 
checked on independent samples in the validation step. 
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a1 
 

b1 

a2 

 
b2 

Figure 1. NIR spectra of tablets without preprocessing (a1, b1) and pre-processed 
using SNV-4 method (a2) for atorvastatin calcium and FD+SNV method for 

amlodipine besilate (b2); blue line in a1, a2– atorvastatincalcium;  
blue line in b1,b2 - amlodipine besilatespectrum 

Validation of the method 

Validation was based on ICH Q2 guidance and included linearity, range 
of application, accuracy, precision (repeatability and intermediate precision), 
and was done on validation samples. Independent validation samples similar 
to the calibration samples were prepared at 3 different active content levels 
(corresponding to 80, 100 and 120% concentrations) of each API (formulation N7, 
N13, N19, Table 4). The predictive performance of the chosen models was 
evaluated based on accurate profiles computed on the external validation 
samples. Accuracy represents the total error concept which is the sum of 
the trueness (systematic error) and precision (random error) and was evaluated 
by determining the accuracy profile following the methodology proposed by 
Hubert et all [23, 24]. Table 2 shows the validation results obtained with the 
developed NIR model (f, SNV-4) for atorvastatincalcium (standard normal 
variate pre-processing, 7 PLS factors and 4 spectral regions: 10000-8270; 7700-
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7120; 6800-5616; 5400-4243cm−1) and model (l, FD+SNV) for amlodipine 
besilate (first derivative followed by standard normal variate pre-processing, 
7 PLS factors and 1 spectral regions: 10000-4200cm−1). 
 

Table 2. Validation results of the NIRS method 
 
 

for the quantification of atorvastatin calcium (f, SNV – 4) 

Conc. 
level  

(mg/tablet) 

Trueness Precision Accuracy 
Relative 

bias 
(%) 

Recovery 
(%) 

Repeatability 
(RSD %) 

Intermediate 
precision  
(RSD %) 

Relative 
tolerance 
limits (%) 

Tolerance 
limits  

(mg/tablet) 
9.31 -0.568 99.43 1.54 1.65 [-4.50, 3.37] [8.89, 9.62] 
10.34 1.475 101.48 0.99 1.09 [-1.13, 4.08] [10.22, 10.77] 
11.37 -0.091 99.91 0.50 0.80 [-2.57, 2.38] [11.08, 11.64] 

 
for the quantification of amlodipine besilate (l, FD+SNV) 

Conc. 
 level  

(mg/tablet) 

Trueness Precision Accuracy 
Relative 

bias 
 (%) 

Recovery 
(%) 

Repeatability 
(RSD %) 

Intermediate 
precision 
(RSD %) 

Relative 
tolerance 
limits (%) 

Tolerance 
limits 

(mg/tablet) 
12.48 -0.823 99.18 1.33 1.49 [-4.48, 2.84] [11.92,  12.83] 
13.87 0.498 100.50 1.03 1.17 [-1.84, 2.83] [13.61,  14.26] 
15.26 -0.257 99.74 1.83 2.11 [-4.40, 3.88] [14.59, 15.85] 

 
 

The trueness of the method was evaluated by calculating the 
relative bias and the recovery. The recovery had very good values (close to 
100%) for both APIs at all three concentration levels. The minimum value 
was 99.18 at a low concentration level of amlodipine besilate and maximum 
101.48 at a medium concentration level of atorvastatincalcium. The precision 
evaluated as repeatability (intra-day precision) and intermediate precision 
(repeatability over different days) shows also good values for both APIs and 
at all concentration levels. The best repeatability and intermediate precision 
values were obtained at medium concentration levels for both APIs.  

Figure 2 shows the linearity profile and the accuracy profiles of the 
NIRS method. The linearity profile of the method was evaluated by plotting 
the determinate concentration of APIs in validation samples by NIRS 
method as a function of introduced concentration. The linearity profile of the 
NIRS method for both APIs is shown in Figure 2 (left).The dashed limits on 
the graph correspond to the accuracy profile and the dotted curves represent 
the acceptance limits at ±5% expressed in the concentration unit per tablet. 
As seen in the Figure 2, the R2 and the slope values are close to 1 for both 
APIs, confirming the linearity of the method for the direct and simultaneous 
quantification of atorvastatin and amlodipine in tablets. 
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For the accuracy profile the acceptance limits were set at ±5%, as 
required for the determination of API in pharmaceutical products [13].The β-
expectation tolerance limits should be included in the acceptance limits. As 
seen in Figure 2, the β-expectation tolerance limits are fully included within 
the ±5% acceptance limits for both APIs, so it can be concluded that the 
NIRS method provides results with adequate accuracy for simultaneous 
atorvastatin and amlodipine assay, in tablets without any sample preparation 
over the range of 9.31-11.37 mg/tablet for atorvastatincalcium and 12.48-15.26 
for amlodipinebesilate. The largest relative tolerance limits for atorvastatin calcium 
(-4.50%, 3.37%) were at the lowest concentration level and the largest 
relative tolerance limits for amlodipine besilate (-4.40%, 3.88%) were at the 
highest concentration level. The best accuracy was obtained at the medium 
concentration level for both APIs. 
 

 
a

 
b

Figure 2. The linearity profiles (left) and accuracy profiles (right) the obtained  
for the NIRS method of simultaneous quantification of atorvastatincalcium (a)  

and amlodipine besilate (b). 
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According to the data presented above in Table 2 and Figure 2, the 
NIRS method using model (f, SNV-4) for atorvastatincalcium (standard normal 
variate pre-processing, 7 PLS factors and 4 spectral regions: 10000-8270; 
7700-7120; 6800-5616; 5400-4243cm−1) and model (l, FD+SNV) for amlodipine 
besilate (first derivative followed by standard normal variate pre-processing, 
7 PLS factors and 1 spectral region: 10000-4200cm−1) is reproducible, accurate 
and linear (has an accuracy profile and a linearity profile within the acceptance 
limits set at ±5%,). So, it can be concluded that the NIRS method is linear, 
sufficiently precise and accurate for the direct (without any sample preparation) 
and simultaneous quantification of both APIs (atorvastatin and amlodipine) 
in tablets. 
 

Application of the method 

The results presented in the validation section indicated that the method 
could be used for the direct and simultaneous determination of atorvastatin 
and amlodipine content in tablets with active content 10 mg APIs/table (over the 
range of 9.31-11.37 mg/tablet for atorvastatin as atorvastatin calcium and 
over the range of 12.48-15.26 for amlodipine as amlodipine besylate). The NIRS 
method has been applied for the simultaneous quantification of both APIs in 4 
control samples of tablet batches containing 10 mg APIs/tablet, strength which 
is the expected in the tablets available on the market. A reference HPLC 
method has also been used for APIs assay in the same control samples. The 
results obtained with the NIRS method and reference HPLC methods are 
shown in Table 3. 
 

Table 3. Results obtained on control samples by NIRS method and  
HPLC reference method 

  Atorvastatin  Amlodipine 

Control 
samples 

HPLC* NIRS 
Recovery** 

(%) 
 

HPLC* NIRS 
Recovery**  

(%) 

P1 10.22 10.64 104.15  13.91 13.63 97.95 
P2 10.29 10.45 101.56  13.81 14.01 101.43 
P3 10.34 10.51 101.65  13.54 13.90 102.71 
P4 10.60 10.43 98.39  13.80 14.11 102.24 

 Mean 10.36 10.51 101.44  13.77 13.91 101.08 

 SD  0.09    0.21  

 texp 1.519    1.133  

 P (type 1 error) 0,179    0.301  
*HPLC reference method 
** Calculated as 100 ×NIR/HPLC 
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The NIRS predicted values for APIs content in control samples were 
compared with values obtained by the reference HPLC method, in terms of 
active content recovery, and the Student t test has been used for comparison of 
the methods. As presented in Table 3, similar results were obtained by both 
methods (NIRS and reference HPLC method). The average recovery was 
101.44 for atorvastatin and 101.08 for amlodipine. The results did not show 
any statistical difference (p>0.05) between the results obtained using NIRS 
method and results obtained using the reference HPLC method. 
 
 
CONCLUSIONS 

 
In this work a NIRS method was explored for the direct, fast, non-

destructive and non-invasive quantitative analysis of two APIs in a fixed-
dose combination tablet. The two components were determined simultaneously 
using pre-processed spectra (standard normal variate, first derivative followed 
by standard normal variate) together with PLS multivariate calibration. The 
method was validated in terms of trueness, precision and accuracy, for active 
contents of 90-100-110%. The validation shows good statistical results and 
furthermore, application of the method and on real samples similar with the 
tablets on the marked proved that results obtained with NIRS are similar 
with those obtained by HPLC, used as reference method.  

According to the data presented in this paper, NIRS based on PLS 
multivariate calibration could to be a suitable tool for non-destructive, direct 
and simultaneous prediction of the chemical composition of a fixed-dose 
combination that includes two active pharmaceutical ingredients (atorvastatin 
and amlodipine) combined in a single dosage form and is helpful in achieving 
the goals of Process Analytical Technology (PAT). 
 
 
EXPERIMENTAL SECTION 

 
Materials 

Atorvastatin calcium (Hetero, India), amlodipine besylate (Hetero, India), 
microcrystalline cellulose (JRS Pharma, Germany), calcium carbonate (SPI 
Pharma, France), sodium croscarmellose (JRS Pharma, Germany), corn starch 
(Colorcon, UK) silicon dioxide (RohmPharma Polymers, Germany), magnesium 
stearate (Union Derivan, Germany). 
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Sample preparation for NIR analysis 

A protocol was followed for calibration and validation, in order to 
develop and validate a robust NIRS method for the simultaneous quantification 
of two APIs. The protocol included batches and days as sources of variability. A 
training calibration set consisting in 26 different formulations of tablets containing 
different amounts of atorvastatincalcium and amlodipine besilate was prepared 
according to a D-optimal experimental design with 2 variables and 5 levels 
generate by Modde 10 software (Umetrics, Sweden) (Table 4).  
 

Table 4. Composition of calibration/validation set according  
to an D-optimal experimental design 

Exp Name 
X1 

mg/tablet 
X2

mg/tablet 
  

Exp 
Name 

X1

mg/tablet 
X2 

mg/tablet 
N1 8,27 11,09  N14 11,37 13,87 
N2 9,31 11,09  N15 12,41 13,87 
N3 10,34 11,09  N16 8,27 15,26 
N4 11,37 11,09  N17 9,31 15,26 
N5 12,41 11,09  N18 10,34 15,26 
N6 8,27 12,48  N19* 11,37 15,26 
N7* 9,31 12,48  N20 12,41 15,26 
N8 10,34 12,48  N21 8,27 16,64 
N9 11,37 12,48  N22 9,31 16,64 

N10 12,41 12,48  N23 10,34 16,64 
N11 8,27 13,87  N24 11,37 16,64 

N12 9,31 13,87 
 N25 12,41 16,64 

N13* 10,34 13,87  N26 12,41 16,64 

X1– atorvastatincalcium, X2 - amlodipinebesilate * - validation samples 
 

Table 5. Qualitative and quantitative composition of calibration  
and validation samples 

Concentration level 
1a   2 a,b   3 a,b   4 a,b   5 a 

80% 90% 100% 110%   120% 

Tablets composition (mg/tablet) 
Atorvastatin calcium 8.27 9.31 10.34 11.37  12.41 
Amlodipine besylate 11.09 12.48 13.87 15.26  16.64 
Microcrystalline Cellulose 78.26 75.84 73.42 71.00  68.58 
Calcium carbonate 30.00 30.00 30.00 30.00  30.00 
Croscarmellose sodium 6.00 6.00 6.00 6.00  6.00 
Corn starch 15.00 15.00 15.00 15.00  15.00 
Silicon dioxide 0.38 0.38 0.38 0.38  0.38 
Magnesium stearate 1.00  1.00  1.00  1.00   1.00 
  150.0 150.0 150.0 150.0   150.0 

a calibration samples for API assay; b validation samples for API assay; 
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In the tablets the amount of APIs was between 8.27 – 12.41 mg/tablet 
for atorvastatin calcium and between 11.09–16.64 mg/tablet for amlodipine, 
respectively. This amount results from the preparation of atorvastatincalcium 
and amlodipine tablets with 10mg of each API/tablet and 150 mg tablet 
weight. The amount of API/tablet was 8.27, 9.31, 10.34, 11.37, 12.41 mg 
atorvastatin calcium and 11.09, 12.48, 13.87, 15.26, 16.64 mg amlodipine 
besilate respectively, corresponding to 80, 90, 100, 110 and 120% API 
content in the formulations (Table 5). 

Tablets were prepared by direct compression. In detail, atorvastatincalcium, 
amlodipinebesilate, microcrystalline cellulose, calcium carbonate, sodium 
croscarmellose, corn starch and silicon dioxide were mixed using a planetary mixer 
(PRS type, Erweka, Germany) for 5 min. The powder blend for tableting was 
passed through the 0.8 mm sieve and remixed for 3 minutes in the same 
mixer. Subsequently, magnesium stearate was added to the mixture and 
mixed for 1 minute. A total of 150 mg of powder for tableting was filled in a 
die (Ø 7mm) and compressed using an eccentric tablet press (Riva, UK). 

 
NIR analysis 

NIR spectra were recorded using a Fourier-transform NIRS analyser 
(Antaris, TermoElectron, SUA) in Reflectance Sampling configuration. Each 
reflectance spectrum was acquired via OMNIC software (Termo Scientific, 
USA) by integrating 32 scans taken over a wave number between 4000cm-1 
to 10000cm-1 with 8cm-1 resolution. Twenty different NIR measurements on 
twenty different tablets of the same batch tablets sample were recorded.  

 
Model calibration 

For the development of calibration models the PLS (Partial Least 
Squares) regression method from the OPUS Quant 6.5 (Bruker Optics, Germany) 
was used. Different pre-processing methods were applied in combination with the 
whole spectra or different spectral regions in order to find models with high 
predictive ability [19]. The predictive ability of a model was evaluated 
according to the following classical criteria: RMSECV (root mean square 
error of cross-validation), high correlation coefficient (R2), low number of 
PLS factors and low bias [20,21]. The optimal numbers of factors for PLS 
were determined by a cross-validation procedure with groups of two spectra 
(each side of the sample being represented by a spectrum) [22]. 



A. L. VONICA-GLIGOR, T. CASIAN, A. REZNEK, I. TOMUȚĂ, F. GLIGOR 
 
 

 
292 

Method validation 

For validation, external independent sets of samples are needed. In 
order to validate the NIRS methods, the formulations from calibration sets 
corresponding to 90, 100 and 110% APIs content, (formulations N7, N13 
and N19) were prepared using the same methodology presented previously. 
Four replicates for each concentration level were prepared in three different 
days as validation samples. There are several validation parameters that 
must be determined in order to be consistent with the recommendations of 
International Conference of Harmonization (ICH) and other regulatory (EMA, 
FDA) guidelines: accuracy, precision (repeatability and intermediate precision), 
linearity and range of application. The validation was performed according 
to the strategy proposed by Hubert et al [23] with slight modification according 
with a recent review on NIRS methods validation [24]. Calculation of the 
validation parameters (trueness, precision, accuracy) was performed in 
Microsoft Office Excel 2010 (Microsoft Corporation, USA) 

 
Reference methods 

Atorvastatin and amlodipine assay in tablets were performed using 
a reference HPLC-UV validated method. The chromatographic parameters 
were: column Phenomenex Luna C18 (2) 150 x 4,6mm x5µm; mobile phase 
acetate buffer (0.025M, pH 4.5): acetonitrile in gradient (0-2min, 55:45v/v; 
2-5min 75:25vv); flow rate of 1.5 ml/min. The detection was performed at 236nm 
for atorvastatin and 246nm for amlodipine. Under the given chromatographic 
conditions the retention time was 2.01 minutes for atorvastatin and 4.01 
minutes for amlodipine. 
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MINOXIDIL AND NEOPTIDE TOPICAL APPLICATION 
REINFORCED BY LOW-LEVEL LASER THERAPY  

ON AN ANIMAL MODEL OF ALOPECIA 

MEDA SANDRA ORĂSANa, ANDREI CONEACb*,  
CARMEN MIHAELA MIHUb, CODRUŢA MAREc, ADRIANA MURESANd 

ABSTRACT. This study investigated on a rat model the hair regrowth effects of 
Low-Level Laser Therapy as monotherapy or concomitant therapy with topical 
application of two chemical treatments that are used in human patients with 
hair loss: Minoxidil 2% - Hairgrow (Dar Al Dawa Pharma/Amman, Jordan) 
and Neoptide (Ducray/ Boulogne, France). 
 Results of hair regrowth evaluated by macroscopical images (photographs), 
trichoscopy (with a dermatoscope) and grown hair weight (from a surface 
area of 1cm²) revealed that Minoxidil 2% therapy was more efficient than 
Neoptide. Topical treatments were less efficient than LLLT exposure alone. 
Both combined therapies: LLLT plus Minoxidil 2% and LLLT with Neoptide 
induced better hair regrowth than topical applications. Our study proves that not 
all the products recommended for human use have the same hair regrowth 
efficiency on an animal model and that a combined therapy (laser plus topical 
substance) may bring supplementary benefits. 

Keywords: hair regrowth, low-level laser therapy, combined treatment, 
Minoxidil 2%, Neoptide, trichoscopy 

INTRODUCTION  

More than half of the population worldwide suffers from a hair loss 
disorder [1]. Androgenetic alopecia (AGA) is the most common cause of hair 
loss, affecting more than half of the males over 40 years old and females over 
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65 [1]. AGA is a chronic dermatological disorder defined as thin diffuse hair loss 
over the vertex and frontal area of the scalp in females and it is accompanied 
by hairline recession at the temples in males. The disease is caused by 
androgen excess (testosterone and its derivate dihydrotestosterone) and it is 
due to the susceptibility of hair follicles to androgen miniaturization. Heredity 
also plays a part [1]. 

Minoxidil 2% topical therapy in female patients, as well as Minoxidil 
5% and Finasteride treatment in males represent the only FDA approved 
drugs for AGA. As currently used therapies proved not to be effective in all 
patients, scientists focused on finding new quality therapies for hair loss 
and treatment. Laser has thus become an interesting and encouraging field 
of research as it has already been demonstrated that red or near-infrared 
light determines tissue repair. Low Level Laser Therapy (LLLT) may provide a 
promising treatment option for patients who do not respond to classical 
treatment. LLLT represents a type of laser which produces low power, coherent 
monochromatic red light, promotes regeneration and stimulates cellular 
activity [2]. The device was previously tested and recorded positive results 
on wound healing, nerve regeneration, joint pain relief, stroke recovery and 
mucositis treatment [3,4,5,6,7,8,9]. LLLT delivers fluences of 1-10J/cm² with a 
power density of 3-90mW/cm² and has demonstrated beneficial effects in 
various skin conditions as well [10]. 

In the late 1960’s the usual wavelengths ranged from 500-1100 nm, 
therefore Endre Mester used a low-power ruby laser (694nm) on a mice animal 
model. During his study on cargiogenic potential of lasers, he discovered that 
the therapy applied determined an unexpectedly significant hair regrowth 
on the test areas [11,12]. LLLT was since considered a potential treatment 
for hair loss [13]. The photobiomodulation produced by LLLT stimulates 
epidermal stem cells in the follicle bulge and determines the shifting of the 
follicles from telogen (resting phase) to the anagen (active) phase of the hair 
growth cycle [1]. Laser phototherapy is thought to prolong the duration of 
anagen and prevent premature catagen development (hair falling phase) 
[14,15]. LLLT alters cell metabolism through photodissociation of inhibitory 
nitric oxide (NO), leading to increase adenosine triphosphate (ATP) production 
and modulation of reactive oxygen species (ROS) [16]. It also determines 
induction of transcription factors that cause protein synthesis, triggering cell 
proliferation, alteration of cytokine levels, growth factors, inflammatory mediators 
and significant tissue oxygenation [17]. LLLT has been proved to produce 
vasodilation and increased blood flow with important therapeutic effect in 
alopecia [17-19].  

Recently, a large number of commercial devices using LLLT have been 
promoted with increased media attention and significant marketing budgets. 
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Professional and home-based LLLT devices may have a hand-held design 
or consist of a therapy helmet for hands-free use. Most of the studies claim 
that LLLT of the scalp at 655nm significantly improves the hair counts in males 
with AGA, with an increase in the number of terminal hairs and in shaft diameter, 
together with a decrease of vellus hairs [20, 21]. Few clinical trials have been 
conducted on these LLLT devices and results are controversial. The therapeutic 
effect remains unclear due to the lack of independent long-term placebo-
controlled clinical studies and due to analyzing issues [21, 22]. Further research 
is required to establish the efficacy on hair regrowth in comparison to classic 
topical solutions [22, 23]. 

The objective of our study was to determine whether treatment with 
a low-level laser device, the US FDA-cleared HairMax Lasercomb, is efficient in 
inducing hair growth in vivo, on an animal model in single usage (standard 
parameters, 3 minutes therapeutic exposure) and in combination with topical 
therapy: Minoxidil 2% (Hairgrow, Dar Al Dawa Pharma/Amman, Jordan) 
and Neoptide (Laboratoires Dermatologiques Ducray/ Boulogne, France). 

RESULTS AND DISCUSSION 

A) Macroscopic and Microscopic Evaluation

Macroscopic examination of the skin surface on day 30 of treatment 
enabled us to assess the in vivo hair regrowth effect induced by topical daily 
application of Minoxidil 2% in Group I. We comparatively evaluated the test 
area and the control area of each rat from this group and the majority of rats 
showed positive hair regrowth under this therapy. Regarding the macroscopic 
score, 4 rats had Type 4 hair regrowth on the test area (marked increased hair 
regrowth, full, thick fur), 2 rats had Type 3 (moderately increased hair growth 
with no visible skin area), one rat showed Type 2 (low hair density, with the 
visualization of the skin) and another one Type 1 (uneven hair growth on 
the test area, skin easily seen). Trichoscopic examination of the same study 
group revealed an equal distribution (3:3 ratio) between Type 4 and Type 3 
hair regrowth pattern.  

Group II (treated with Neoptide 0.3 ml topical daily application) had a 
moderate hair growth effect, as the test area presented Type 3 hair regrowth 
in 4 rats, Type 2 hair regrowth in 3 rats and only 1 rat recorded a maximum 
hair regrowth result (Type 4 hair regrowth pattern). Tricoscopy evaluation 
however showed that Type 4 pattern was misinterpreted and, in fact, it was 
a case of moderately increased hair growth.  
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LLLT laser therapy in Group III (applied for 3 minutes, three times per 
week) enhanced hair regrowth. Both microscopic and macroscopic assessment 
revealed that half of the rats in the study group had Type 4, marked 
increased hair regrowth on the test area. Type 3 pattern was diagnosed in 
2 rats and an equal number had Type 2 pattern.  

When evaluated by macroscopic aspect, the majority of animals in 
Group IV (LLLT plus Minoxidil 2%) revealed marked increased hair regrowth 
(Type 4 in 5 rats), suggesting a powerful therapeutic effect. Moderately 
increased hair regrowth (Type 3) was encountered in 2 rats on the test area, 
and only one had low hair density (Type 2). Tricoscopy evaluation enabled 
us to correctly assess the hair regrowth result and to notice that one Type 3 
pattern was misinterpreted as marked increased hair growth. 75% of the 
animals in this group recorded an efficient hair growth effect induced by this 
combined therapy. 

Group V, treated with LLLT plus Neoptide, recorded similar results to 
LLLT laser Group III: 4 rats with Type 4 hair regrowth, 2 rats with Type 3 and 2 with 
Type 2. The results were arrived at by macroscopic and trichoscopic assessments. 

The comparative evaluation of the experimental groups show that 
the lowest hair regrowth effect was noticed in Group II (Neoptide) (p>0.05). 
As far as topical treatment is concerned, we found out that topical Minoxidil 
2% application (in Group I) was significantly better in inducing hair regrowth, 
even thought the p-value was over 0.05 (Table 1, Table 2). 

Table 1. The macroscopic score from the treated area and the control area, 
expressed in the 0-5 scale described in literature. Results are expressed  

with Exact Wilcoxon-Signed-Rank Test * = p<0.05. 

Treatment Macroscopic score
Median Percentile 
(25th-75th) 

Mean ± SD P value 

Group 1 
Minoxidil 2%  

3.00 (2.25-3.75) 2.88±0.991 

2.38±1.061 
0.102 

Control 2.50 (1.25-3.00) 
Group 2 
Neoptide  

3.00 (2.00-3.00) 2.75±0.707 

2.38±1.188 
0.257 

Control 2.00 (1.25-3.75) 
Group 3 
HairMax  

3.00 (2.25-3.75) 3.00±0.756 

2.25±1.035 
0.034* 

Control  2.00 (1.25-3.00) 
Group 4 
HairMax + Minoxidil 2% 

4.00 (3.00-4.00) 3.50±0.756 

2.50±0.926 
0.038* 

Control 2.50 (2.00-3.00) 
Group 5 
HairMax + Neoptide  

3.50 (2.25-4.00) 3.25±0.886 

2.25±1.035 
0.023* 

Control 2.00 (1.25-3.00) 
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By comparing the outcomes of LLLT performed with HairMax Laser 
Comb, we noticed that in Group III (treated only with the laser device) it had 
a significant hair growth effect (p<0.05). Still, LLLT monotherapy was less 
efficient on hair regrowth than the combined treatment regimen with daily 
topical application of the Minoxidil or Neoptide compounds. 

LLLT plus Minoxidil 2% (in group IV) and LLLT with Neoptide (in 
Group V) seem to be equally successful therapies in inducing hair regrowth, 
facts revealed both by macroscopic and trichoscopic assessment (p<0.05). 
Out of the five study groups, the best hair regrowth effect was noticed by 
macroscopic and trichoscopic assessment in Group IV (Laser + Minoxidil 
2%) (p<0.05) (Table 1, Table 2). 

Table 2. Trichoscopy score from the treated area and the control area,  
expressed in the 0-5 scale defined by using a dermatoscope. Results are 

expressed with Exact Wilcoxon-Signed-Rank Test. * = p<0.05. 

Treatment Trichoscopic score
Median Percentile (25th-75th) 

Mean ± SD P value

Group 1 
Minoxidil 2%  

3.00 (2.25-4.00) 3.00±1.069 

2.38±1.061 
0.102 

Control 2.5 (1.25-3.00) 
Group 2 
Neoptide  

3.00 (2.25-3.00) 2.75±0.463 

2.25±1.035 
0.157 

Control 2 (1.25-3.00) 
Group 3 
HairMax  

3.00 (2.25-3.75) 3.00±0.756 

2.25±1.035 
0.034* 

Control  2 (1.25-3.00) 
Group 4 
HairMax + Minoxidil 2% 

4.00 (3.25-4.00) 3.63±0.744 

2.50±0.926 
0.024* 

Control 2.5 (2.00-3.00) 
Group 5 
HairMax +Neoptide 

3.50 (2.25-4.00) 3.25±0.886 

2.25±1.035 
0.023* 

Control 2 (1.25-3.00) 

B) HAIR WEIGHT DETERMINATION

Regarding the hair growth differences recorded between the test 
area and control area of the same animal, hair weight evaluation showed 
that the sum of differences in the Minoxidil study group was of 40.6 mg/cm². 
The weight of newly grown hair was the lowest in the Neoptide treatment 
protocol (Group II), the difference in hair weight being of 38,3 mg/cm². Both 
Minoxidil and Neoptide topical compounds induced a statistically significant 
hair regrowth on the test areas (p<0.05) (Table 3). 
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Compared to the control area from the same rat, the hair weight 
increased significantly in the LLLT treated groups (Group III, IV and V). 
Group III had a hair weight difference of 45.4mg/cm² between the test and 
control area of the rats. The highest hair weight was recorded for LLLT plus 
Minoxidil treated animals (Group IV), with a sum of hair weight differences 
of 57.1mg/cm². Group V (LLLT and Neoptide) has a lower, but still significant 
hair growth result, with a total of hair increase, (evaluated by hair weight 
difference) of 51.8 mg/cm². Statistic analysis enabled us to say that LLLT 
therapy (in monotherapeutic regimen or in combination with Minoxidil or 
Neoptide) has induced a better regrowth effect than topical therapy alone 
(p<0.05) (Table 3). 

Table 3. The hair weight removed from one cm2 in the treated area  
and the control area, expressed in mg/cm2. Results are expressed with  

Exact Wilcoxon-Signed-Rank Test. * = p<0.05. 

Treatment 
Hair weight (mg/cm2)
Median Percentile (25th-
75th) 

Mean ± SD P value 

Group1 
Minoxidil 2%  

42.40 (38.37-48.15) 42.53±6.03 

37.46±6.09 0.012* 
Control 38.25 (31.25-42.47) 

Group 2 
Neoptide  

44.10 (42.02-47.15) 44.51±2.83 

39.72±3.99 
0.012* 

Control 39.25 (36.00-42.95) 
Group 3 
HairMax  

44.25 (42.30-51.62) 45.48±5.68 

39.81±5.47 
0.012* 

Control  38.85 (35.5-43.47) 
Group4 
HairMax + Minoxidil 2% 

48.50 (44.87-52.3) 48.70±4.77 

41.56±5.29 
0.012* 

Control 40.35 (36.87-45.82) 
Group5 
HairMax +Neoptide 

45.15 (41.82-49.27) 44.80±5.01 

38.32±5.74 
0.012* 

Control 39.00(34.37-42.22) 

In the attempt to discover an effective treatment for hair loss, new 
therapies for alopecia have been studied on rats, hamsters and even stump-
tailed macaque [24, 25].  

LLLT has been tested on animal models and significant hair regrowth 
has been reported, but the optimum wavelength and dosimetric parameters 
still need to be determined [26]. According to literature LLLT stimulates hair 
regrowth in mice under chemotherapy-induced alopecia. LLLT applied on a rat 
animal model determined a significant hair regrowth in the HairMax treated 
groups, 5 days earlier than in the control and sham-control animals, as reported 
by a Satino study [27].  
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HairMax Laser Comb Professional 12 was screened for safety and 
received the US-FDA approval for medical use since 2007 [28]. In clinical 
use it is recommended for the scalp, 8 minutes, three times per week and 
its good compliance is due to the fact that it does not leave residue on the 
scalp, as topically applied substances do [10]. 

The incidence of adverse effects of LLLT is rather low: dry skin (5.1%), 
pruritus (2.5%), skin tenderness (1.3%), irritation (1.3%) and warm sensation 
at the site of application (1.3%) [1,10]. In our study no side effects were recorded 
in the LLLT treated groups (III, IV and V). 

Minoxidil 2%, that we used in two of our study groups (I and IV) 
was not specially devised for hair loss problems and its hair growing effect 
has accidentally been discovered as a side effect.  

The mechanism underlying the hair growth effect is therefore not 
completely clear yet. The drug action is directed to the mesenchymal cells 
from the follicular dermal papilla of the hair follicle (DP) which controls the 
growth and differentiation of hair matrix cells [26]. DP associated stem cells 
are the site of expression of genes related to hair growth, being under the 
negative effect of androgen mediated events, and under the positive stimulation 
of Wnt proteins and wound growth factors [29]. 

Possible indirect drug action is represented by the vasodilation 
produced by Minoxidil that generates an increased blood flow to the DP [26]. 
Minoxidil contains an N-oxide group able to release NO, an important cellular 
signaling molecule, also functioning as a vasodilator [30]. Minoxidil is also a 
potassium channel blocker, which also leads to vasodilation of the scalp 
blood vessels. This direct mechanism of action involving the ATP sensitive 
K+ channels was highly investigated [31]. New hair growth induced by 
Minoxidil can also be due to local irritation related to it or some components 
of the vehicle [26]. Researchers also suspect that Minoxidil may act in inducing 
hair regrowth through the immune system, as it stimulates prostaglandin 
synthethase-1 and the subsequent production of PGE(2) [32,33].  

Literature did not mention any dysplastic or atypical changes in 
follicular germinal epithelium during or after application of topical minoxidil, 
and did not reveal the development of new follicles (follicular neogenesis) [26]. 
Studies performed on animal models with Minoxidil topical therapy described 
the shortening of telogen (resting phase), a premature entry in anagen phase 
(active) of the resting follicles, an action meant to prolong the anagen and 
leading to hair regrowth [34,35]. Larger hair follicles were reported in the 
morphometric evaluation of human scalp biopsies after treatment with topical 
minoxidil in a vehicle made up of propylene glycol, water and ethanol [26]. 
The alcohol and propylene glycol present in topical preparations can dry 
the scalp, causing dandruff and contact dermatitis. Nanosome formulation 
reduces the rate of contact dermatitis from the vehicle [36,37].  
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A systemic review of the side-effects of Minoxidil as hair loss treatment 
for AGA patients, done by Cochrane, underlined significant differences between 
2% and 5% formulation, the latter determining an increased rate of general 
side-effects, such as: pruritus, skin irritation, dermatitis with a slightly elevated 
rate of hair growing in places other than the scalp, burning or irritation of 
the eye, redness, unwanted hair growth elsewhere on the body and even 
temporary hair loss or exacerbation of hair loss [38,39,40]. Serious side 
effects such as: severe allergic reactions, chest pain, dizziness, fainting, 
tachycardia, unexplained weight gain, or swelling of the hands and feet, were 
rarely reported [41]. Our study findings are in agreement with literature reports 
as no side effects were recorded in the Minoxidil 2% treated animal groups 
(I and IV). 

The three types of evaluation methods applied in our study 
support the idea that Minoxidil 2% has a good hair growth inducing effect in 
the topical application regimen on animal model. Our results correlate with 
other literature data on Minoxidil efficacy. An Uno and Kurata study, performed 
on fuzzy rats in 1993, reported that topical application of Minoxidil, Diazoxide 
and Copper peptide produced a conversion from short vellus to long terminal 
hairs, an enlargement of the follicular size and a prolongation of anagen phase 
[31,42]. In human studies, hair loss reduction and growth of new hair is noticed 
after 4 months of 1 ml application/day Minoxidil topical treatment and after 6 
months there was an increased in hair count with 13.2% [43,44,45]. Unfortunately, 
even though Minoxidil is the most commonly used topical hair growth compound, 
the monotherapy has a positive response rate in just 20-56% of the cases 
and AGA continues to progress [31,45].  

Neoptide, on the other hand, is a promising topical treatment for 
hair regrowth as some human studies revealed. With a proper blend of vitamin 
B3, amino acids and botanicals, it significantly reduces the hair loss in female 
patients, simultaneously boosting the hair mass. The association of Neoruscine, 
Nicotinamide and GP4G facilitates optimal nutritional exchange in the hair bulb 
and provides an energy-activating role. 

In agreement with this, our own study data revealed that just the 
topical therapy does not offer a proper therapeutic response. We also noticed 
that LLLT is a powerful hair growth promoter by itself. Our results showed 
that hair density was increased when topical treatment and LLLT therapy 
were associated. The combination of the two induced a statistically significant 
hair regrowth which suggests that LLLT reinforces the chemical compound. 
Another possible hypothesis is that through the vasodilation created by 
LLLT the substance applied topically on the scalp has a better absorption 
rate which eases the active compounds delivery to the hair bulb. It will be our 
purpose, in a next research, to determine through high affinity chromatography, 
the absorption rate of the topical treatment.  
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The originality of our study research relies on the fact that LLLT was 
applied in conjunction with the gold standard treatment of AGA (Minoxidil 2%) 
and also with a new compound (Neoptide) which is thought to be an effective 
hair growth inducer in clinical practice. Another innovative aspect is Neoptide 
application on an animal model of alopecia, which was not done before. 

CONCLUSIONS 

An overall improvement of the test area with higher hair density was 
reported in all our study groups, though the results did not reach statistical 
significance for groups I and II when evaluation by macroscopical images 
(photographs) or trichoscopy (with a dermatoscope) was performed. 

Results of the hair weight assessment (from a surface area of 1cm²) 
revealed that treatment with Minoxidil 2% induced significant hair regrowth. 
The lowest hair growth effect was noticed after treatment with Neoptide. Thus 
our study proves that not all the products recommended for human use are 
having the same hair regrowth efficiency on an animal model.  

We also found a statistically significant difference in the increase of 
hair density between LLLT treated areas and control areas. Our results suggest 
that low-level laser treatment is more efficient than single use of topical 
therapy while the combined therapy (laser plus topical application) brings even 
supplementary benefits. The applied therapy was well tolerated as no adverse 
effects were reported on the animal model used.  

Research on prevention and reversal hair loss continues to be a 
challenging subject. Further studies are required not only to compare efficiency 
of different therapies but also to identify the optimal length of laser treatment, 
the duration of the response and more importantly the long term safety of the 
newly implemented LLLT. 

EXPERIMENTAL SECTION 

Study design 

40 adult Wistar-Bratislava rats were preselected for their telogen 
(resting) phase of the hair cycle according to age (around 120 days) from 
the Animal Facility of UMF “Iuliu Hatieganu” Cluj-Napoca. The Wistar albino 
rats of either sex, weighing about 200 g, were acclimatized to the experimental 
room in the Physiology Department of UMF Cluj, at a temperature of 23 
Celsius degrees, in controlled humidity conditions with a 12:12 h light and 
dark cycle for 14 days prior to the experiment. We housed maximum 2 animals 
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per cage, offering them free access to standard pellets as basal diet and 
water ad libitum. Following the experiment they were euthanized according 
to the current regulations. 

The study has obtained ethical committee clearance from the Institutional 
Animal Ethics Committee (IAEC) of Iuliu Hatieganu University of Medicine 
and Pharmacy Cluj-Napoca. 

In order to create the alopecia animal model we induced general 
anesthesia and used electric hair clippers for the dorsal animal fur, followed 
by shaving which allowed us to create two rectangular areas, each of 2 cm 
width and 4 cm length. The denuded areas were symmetrically situated on 
both sides of the mid dorsal line, the right area provided for testing and the 
left as control.  

We randomly assigned the animals to 5 experimental groups, each 
consisting of 8 rats. The treatment was performed for 1 month (Table 4). 

Table 4. Experimental groups and treatments 

GROUP PRODUCT MANUFACTURER/
CITY, COUNTRY DETAILS EXPOSUR

E DOSE 
TREATMENT 
FREQUENCY  

I Minoxidil 2%, 
HairGrow 

Dar Al Dawa Pharma /
Amman, Jordan

topical
application 0.3 ml daily 

II 
Neoptide, 
Traitement 
antichute 

Laboratoires
Dermatologiques 
Ducray/Boulogne, 
France

topical 
application 0.3 ml daily 

III 
HairMax  
Laser Comb 
12 

Lexington International 
LLC/ USA  

laser
exposure 
655nm, 
<5mW

3 minutes three times/ 
week 

IV Minoxidil 2% + 
HairMaxLaser 

Dar Al Dawa Pharma,

Lexington International 
LLC 

topical

laser 
exposure

0.3 ml

3 minutes 

daily 

three times/ 
week 

V Neoptide + 
HairMaxLaser 

Laboratoires
Dermatologiques,  
Lexington International 
LLC 

topical

laser 
exposure

0.3 ml

3 minutes 

daily 

three times/ 
week 

The Lasercomb device 

LLLT was applied by exposing the test area of each rat in Group III 
to HairMax Laser, at standard parameters (<5mW, continuous emission) for 
3 minutes, with a frequency of three times/week. Group IV received daily 
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application of 0.3 ml Minoxidil 2% plus LLLT exposure three times per week, 
while Group V had 0.3 ml Neoptide daily topical application associated with 
3 minutes LLLT, three times per week (Monday, Wednesday, Friday).  

The HairMax Laser Comb Professional 12 is a hand-held Class 3R 
lower level laser therapy device. It contains a single laser module that emulates 
12 beams: 6 of them at a wavelength of 635nm (±5%) and 6 beams at 
655nm (±5%) [10].The device uses a technique of parting the subject’s hair 
by special combs that are attached to it. By aligning the teeth with the laser 
beams, the hair can be parted, excluding possible obstruction and improving 
the delivery of distributed laser light energy to the skin surface.  

The topical therapy 

Topical therapy consisting of 0.3 ml solution was applied on the denuded 
test area of the rats daily in all test groups, except Group III, restricted to 
LLLT exposure. Group I received Minoxidil 2% daily application, while Group II 
was topically treated with Neoptide. Group IV had Minoxidil 2% topical 
application associated with LLLT for 3 minutes, three times per week (Monday, 
Wednesday, Friday). Group V also received combined therapy with Neoptide 
daily application together with laser therapy exposure, in the same specified 
regimen. 

The systematic (IUPAC) name of Minoxidil is 6-Piperidin-1-ylpyrimidine-
2,4-diamine 3-oxide. The chemical formula is a Chemical data formula 
C9H15N5O, with a molecular mass of 209.251 g/mol. The Pharmacokinetic 
data include: its biotransformation (metabolism) primarily hepatic (90%), a 
half-life of 4.2 h and renal excretion [24].  

Neoptide (Laboratoires Dermatologiques Ducray/Boulogne, France) is 
a hair growth promoter containing a peptide complex: Tetrapeptide, Neoruscine, 
Niconamid and guanosine (5’) tetraphospho (5’) guanosine abbreviated as 
GP4G.  

Efficacy evaluation 

On day 0, during the hair removal procedure with electric clippers, 
we defined a surface of 1 cm² and gathered the cut hairs in an aluminum 
foil. The hairs were then weighed with an analytical balance in the Chemistry 
Experimental Laboratory of the Physiology Department. Once the alopecia 
animal model was prepared, we photographed the macroscopic aspect and 
stored the images for each experimental group in electronic folders. We also 
used a hand held Dermatoscope (Dermlite DL3) to visualize the denuded 
area of the rats, followed by the capturing of the trichoscopy images and 
storage in electronic folders.  
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At the completion of 1 month treatment, the assessment of hair 
regrowth was evaluated in all study groups. We used both qualitative and 
quantitative methods, to ensure a correct evaluation process. For qualitative 
assessments of macroscopic and trichoscopic stored images, an observer, 
blind to the experiment, was used.  

Macroscopic aspect and Trichoscopy are two qualitative assessments 
with results expressed on a scale of clinical aspect, subjectively perceived. 
The scale may be either defined in percentage according to the examples 
provided by literature, or devised by the researcher. We applied an evaluation 
scoring system based on the comparison of the treated area with the control of 
the same animal, as it has been successfully used before. The 4 stages of 
our scoring system were defined as: Type 1 (uneven hair growth on the 
tested area, skin can be easily seen), Type 2 (low hair density, with the 
visualization of the skin), Type 3 (moderately increased hair growth with no 
visible skin area), Type 4 (marked increased hair regrowth, full, thick fur). 
Both methods are approximations of hair growth that do not provide the 
possibility of precise measurement of the new grown hairs, as counting the 
number of hairs per unit and the determination of their diameter are not 
possible. Macroscopic aspect and Trichoscopy cannot quantify minor increases 
in hair density, which are considered a reliable sign of hair regrowth.  

On the other hand, hair weight evaluation is able to determine slight 
increases in hair density. Hair weight is a quantitative and objective evaluation 
technique, based on precise measurement of hair from a predetermined 
area. 

Statistic analysis 

Descriptive statistics of the variables were expressed through mean 
and standard deviations. As variables are either ordinal or scale, but not 
normally distributed, the median value and the first and third quartile are 
also presented. Comparison between the treated area and the control one 
was based on the Wilcoxon Rank Test, a non-parametric test applied for 
two related samples. Significant effect of the treatment applied was considered 
when a p-value < 0.05 was obtained.  
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RAPID SIMULTANEOUS LC/MS2 DETERMINATION OF 
RIFAMPICIN AND 25-DESACETYL RIFAMPICIN IN HUMAN 

PLASMA FOR THERAPEUTIC DRUG MONITORING 
 
 
CRISTINA MIHAELA GHICIUCa, NICOLETA RADUCANUb,  

FARCZÁDI LÉNÁRDc, LAURIAN VLASEd,*, CĂTĂLINA ELENA 
LUPUȘORUa, CONSTANTIN MIRCIOIUe, BRINDUSA TILEAf 
 
 
ABSTRACT. A rapid and sensitive liquid chromatography coupled with 
tandem mass spectrometry (LC/MS2) method for the simultaneous quantification 
of rifampicin and its main active metabolite 25-desacetyl rifampicin in human 
plasma was developed and validated. The separation was performed on a 
Gemini NX C18 column under isocratic conditions using a mobile phase of 
40:60 (V/V) methanol and 2mM ammonium formate in water, at 40 ºC, with 
a flow rate of 0.6 mL/min. The detection of rifampicin and its metabolite 
was performed in multiple reaction monitoring mode using an ion trap mass 
spectrometer with positive electrospray ionization. The human plasma samples 
(0.1 mL) were deproteinized with methanol and aliquots of 0.3 μL from 
supernatants obtained after centrifugation were directly injected into the 
chromatographic system. The method shows a good linearity (r > 0.993), 
precision (CV < 8.2%) and accuracy (bias < 6.3%) over the range of 411 - 
19737 ng/mL for rifampicin and good linearity (r > 0.992), precision (CV < 
10.1%) and accuracy (bias < 8.2%) over the range of 70 - 3379 ng/mL for 
25-desacetyl rifampicin. The lower limit of quantification (LLOQ) was 411 ng/mL 
and recovery was between 90.3-108.2% for rifampicin, whereas for 25-
desacetyl rifampicin the LLOQ was 70 ng/mL and recovery between 93.1-
107.5%, respectively. The developed and validated method is simple, rapid 
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and specific for the high throughput simultaneous determination of rifampicin 
and 25-desacetyl rifampicin in human plasma and was successfully applied 
in therapeutic drug monitoring of rifampicin in patients with tuberculosis.  
 
Keywords: rifampicin, 25-desacetyl rifampicin, LC/MS2, human plasma 

 
 
 
INTRODUCTION 

 
Rifampicin, a semisynthetic antibiotic produced from Streptomyces 

mediterranei (Fig. 1) is used as first-line therapy for the treatment of 
tuberculosis in combination with at least one other anti-tuberculosis drug. 
As the incidence of infections is increasing, rifampicin is also preferred in 
combination therapy in the treatment of infections associated with prosthetic 
devices (e.g., implantable cardiac electronic devices) or in antimicrobial-
resistant infections, especially methicillin-resistant Staphylococcus aureus 
(MRSA) [1,2]. 

Rifampicin is characterized by wide inter- and intra-individual 
variability in healthy volunteers, but also in tuberculosis patients [3]. Although 
the majority of patients respond to a standardized therapy, low drug 
concentrations are commonly associated with treatment failure or bacteria 
resistance, resulting in poor clinical outcomes [4,5]. 25-desacetyl-rifampicin 
is the main active metabolite of rifampicin, thus it is also responsible on the 
clinical efficiency of the treatment [3]. Rifampicin stimulates the metabolism 
of isoniazid and of other concomitant administered drugs and also induces 
its own metabolism over the first few weeks of treatment. In most patients with 
reduced renal or hepatic function, the doses should be reduced to prevent 
toxicity, but for rifampicin doses might need to be increased to avoid under-
dosing due to enzyme induction. The determination of rifampicin and its 
metabolite in biological samples is useful for the evaluation of rifampin 
pharmacokinetics in combination therapy, facilitating early screening of 
therapeutic failure and preventing adverse effects [6,7]. Pharmacokinetic/ 
pharmacodynamic studies are needed to evaluate the interrelation between 
the free plasma drug concentration and microbiological and clinical outcomes 
of the treatment with rifampicin [5]. 

Several chromatographic analytical methods have been reported for 
the determination of rifampicin and 25-desacetyl rifampicin involving 
various techniques such as high performance thin layer chromatography 
(HTPLC) [7], high performance liquid chromatography (HPLC) [11], liquid 
chromatography coupled with mass spectrometry (LC-MS/MS) [10,12,13]. 
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Figure 1. Chemical structures of rifampicin (left) and 25-desacetyl rifampicin (right) 
 
Rifampicin can be determined using HPTLC [7], which is a quick 

and cheap method, however LC/MS methods are much more sensitive and 
more selective. HPLC methods have also been used for the determination 
of rifampicin [11], but we decided to develop a new LC/MS method due to 
its better selectivity in comparison to HPTLC and HPLC methods. 

For analysis of biological samples using chromatographic methods, the 
samples must first undergo an extraction / purification process. A purification 
process often used is solid phase extraction (SPE) [9]. Although it is a very 
effective purification method, it is time consuming and raises the cost of analysis 
significantly. A fast, simple and inexpensive method for biological sample 
purification is protein precipitation (PP) method, widely used especially 
when LC/MS analysis is employed [10,12,13].  

 
 

RESULTS AND DISCUSSION 
 
Sample preparation 

Although the MS detection type and parameters greatly influence 
the sensitivity of LC/MS assay methods, the sample preparation method 
can also have an influence on the chromatographic background noise level 
and can create suppression effects. Generally the analyte is extracted from 
the matrix prior to analysis using SPE or LLE for reasons such as sample 
purification and sample pre-concentration. The extraction processes (both 
SPE and LLE) are tedious, time and resource consuming, and will usually 
require the use of internal standards in order to reduce extraction variability. 
For these reasons PP as a sample processing technique is recommended 
whenever high-throughput and low extraction variability are required. The 
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disadvantage of PP is the fact that the samples are not highly purified as in 
the case of SPE or LLE, samples get diluted in the process, thus reducing 
sensitivity. The sample preparation technique must be chosen in a way to 
assure the best performance needed for a given analysis, whether reduced 
time and costs are needed, or a high sensitivity is needed.  

The range of the calibration curves was adapted to the expected 
concentration levels of biological samples to be analyzed, 411.2 - 19737.6 
ng/mL for rifampicin and 70.4 - 3379.2 ng/mL for 25-desacetyl rifampicin, 
respectively. As the developed analytical method shows good sensitivity for 
both analytes, the PP extraction method (which implies sample dilution) was 
considered a good alternative to SPE or LLE providing shorter processing 
times and high reproducibility. 

The method developed by us requires samples of only 0.1 mL plasma, 
processed by PP with methanol (0.3 mL), the supernatant being injected into 
the HPLC system directly after centrifugation. The sensitivity obtained meets 
the requirements in order for the method to be usable for the given drug 
monitoring application and absolute recoveries were close to 100%. 

 
LC-MS assay 

The detection parameters were optimized in order to achieve best 
sensitivity and specificity for both rifampicin and 25-desacetyl rifampicin. 
Both compounds were ionized in ESI source by proton addition, giving 
pseudomolecular ions with m/z 824 for rifampicin and m/z 750 for 25-
desacetyl rifampicin. By fragmentation, these ions are broken down to ions 
with m/z 792 for rifampicin and m/z 732 for 25-desacetyl rifampicin respectively 
(Fig. 2 and Fig 3). The extracted ion chromatograms (EIC) of m/z 792 from 
m/z 824 for rifampicin and m/z 732 from m/z 750 for 25-desacetyl rifampicin 
were analyzed for quanfication purposes. In the chromatographic conditions of 
the method the retention times were 1.1 minutes for rifampicin and 0.6 minutes 
for 25-desacetyl rifampicin, with a run-time per sample of 1.4 minutes. 
Typical chromatograms of human plasma samples spiked with rifampicin 
and 25-desacetyl rifampicin at LLOQ are shown in Fig. 3. No interfering 
peaks attributed to plasma components were observed at the retention 
times of rifampicin and 25-desacetyl rifampicin (Fig.3). 

Assay validation 

Validation of the method was carried out in accordance with international 
regulations [14]. Calibration curves prepared in human blank plasma were 
linear for both rifampicin and 25-desacetyl rifampicin over their concentration 
ranges of 411.2 - 19737.6 ng/mL, and 70.4 - 3379.2 ng/mL respectively. 
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Correlation coefficients were greater than 0.993 for rifampicin and greater 
than 0.992 for 25-desacetyl rifampicin. The lower limit of quantification (LLOQ) 
was established at 411.2 ng/mL for rifampicin and 70.4 ng/mL for 25-desacetyl 
rifampicin. Results for within-day and between-day precision and accuracy 
determined during the validation are shown in Tables 1 and 2 for rifampicin, and 
Tables 3 and 4 for 25-desacetyl rifampicin, respectively. All values for accuracy 
and precision were within acceptance criteria (< ±15%) [14]. Recovery values 
were between 90.3-108.2% for rifampicin and 93.1-107.5% for 25-desacetyl 
rifampicin.  
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Figure 2. MS spectra of rifampicin – MS spectra (upper image),  

MS/MS spectra (lower image) 
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Figure 3. MS spectra of 25-desacetyl rifampicin – MS spectra  

(upper image), MS/MS spectra (lower image) 
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Method application 

The validated method for simultaneous determination of rifampicin 
and 25-desacetyl rifampicin in human plasma was successfully applied in 
therapeutic drug monitoring and pharmacokinetic assessment of rifampicin 
and 25-desacetyl rifampicin in tuberculosis patients. Typical chromatograms of 
rifampicin and 25-desacetyl rifampicin in a tuberculosis patient plasma sample 
is shown in Fig. 3 and the overlapped plasma profiles obtained in the whole 
study (spaghetti plot chart) are presented in Fig. 4. 

 

 
Figure 4. Overlapped plasma profiles of rifampicin (left) and 25-desacetyl rifampicin 

(right) administrated to patients with tuberculosis (600 mg rifampicin/day) 
 
 
CONCLUSION 

 
Antimicrobial therapeutic drug monitoring could be an important tool 

in clinical practice if the administered drug shows large inter-subject variability in 
pharmacokinetics or when the patient’s compliance is poor. Therefore, 
quantification of drug in plasma is an important issue in clinical practice to 
enhance efficacy and to reduce toxicity.  

The LC/MS2 method developed by us for the quantification of 
rifampicin and 25-desacetyl rifampicin is specific, accurate, fast and inexpensive, 
as long as the analytical technology used (LC/MS) is available. It is one of 
the fastest analytical methods for simultaneous determination of rifampicin 
and 25-desacetyl rifampicin in biological matrices published, also having the 
advantage of using a simple, high throughput sample preparation technique. 
The method has a runtime of 1.4 minutes. Compared to other methods 
described in literature with runtimes of 2.1 minutes [10], 3.5 minutes [12] and 6 
minutes [13]. This allows for shorter analysis times and higher throughput, 
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especially when large batches of samples need to be analysed. The faster 
runtimes were achieved without loss of accuracy or precision of the method. 
For rifampicin the within-day precision ranged from 1.0% to 7.7%, with an 
accuracy (bias, %) of -6.3% to 5.3%, while between-day precision ranged from 
3.0% to 8.2%, with an accuracy (bias, %) of -3.2% to 4.7%. For 25-desacetyl 
rifampicin the within-day precision ranged from 1.8% to 4.2%, with an 
accuracy (bias, %) of 0.1% to 8.2%, while between-day precision ranged from 
5.3% to 10.1%, with an accuracy (bias, %) of -2.5% to 1.0%. These values are 
similar to those of other methods described in literature [10,12,13]. The sample 
preparation using protein precipitation is simple and fast, ideal for high 
throughput LC-MS methods, and is also used in other methods described in 
literature [10, 12, 13]. The lower limit of quantification was 411 ng/mL for 
rifampicin and 70.4 ng/mL for 25-desacetyl rifampicin, higher than other 
methods described for the quantification of rifampicin [10, 12, 13] and 25-
desacetyl rifampicin [10]. However, the purpose of our analytical method 
was its suitability for therapeutic drug monitoring, when steady-state plasma 
concentrations are much higher than after single-dose administration and a 
shorter analysis time is more desirable than a higher sensitivity. 

The method was successfully applied in therapeutic drug monitoring of 
rifampicin and 25-desacetyl rifampicin in patients with tuberculosis.  

 
Figure 5. Representative chromatograms of blank sample (upper image); plasma spiked 
with rifampicin at lower limit of quantification (411 ng/mL, middle image); and a plasma 

sample from a patient under treatment with 600 mg rifampicin/day, sample taken  
after 2h from administration, concentration found 13672 ng/mL (lower image). 
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Figure 6. Representative chromatograms of blank sample (upper image); plasma spiked 
with 25-desacetyl rifampicin at lower limit of quantification (70 ng/mL, middle image); and  

a plasma sample from a patient under treatment with 600 mg rifampicin/day, sample  
taken after 2h from administration, concentration found 645 ng/mL (lower image). 

 
Table 1. Within-day precision, accuracy and recovery (n = 5) for rifampicin 

cnominal  
ng/mL 

Mean cfound  
ng/mL  
(± S.D.) 

CV % Bias % Recovery % 
(± S.D.) 

411.2 436.5±33.6 7.7 6.2 94.8±8.6 
822.4 770.4±13.5 1.8 -6.3 100.8±10.2 

3289.6 3241.0±67.8 2.1 -1.5 108.2±11.6 
9868.8 10390.5±101.6 1.0 5.3 96.6±9.6 

Table 2. Between-day precision, accuracy and recovery (n = 5) for rifampicin 

cnominal  
ng/mL 

Mean cfound  
ng/mL  
(± S.D.) 

CV % Bias % Recovery % 
(± S.D.) 

411.2 430.3±35.4 8.2 4.7 96.2±12.8 
822.4 804.6±44.2 5.5 -2.2 100.1±12.9 

3289.6 3182.8±203.3 6.4 -3.2 90.3±4.7 
9868.8 10191.6±304.1 3.0 3.3 102.2±12.7 
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Table 3. Within-day precision, accuracy and recovery (n = 5)  
for 25-desacetyl rifampicin 

cnominal  
ng/mL 

Mean cfound  
ng/mL  
(± S.D.) 

CV % Bias % Recovery % 
(± S.D.) 

70.4 74.0±2.7 3.7 5.1 99.4±6.6 
140.8 152.3±2.7 1.8 8.2 102.1±4.9 
563.2 577.8±24.5 4.2 2.6 97.3±6.3 

1689.6 1691.8±61.3 3.6 0.1 99.4±7.0 

Table 4. Between-day precision, accuracy and recovery (n = 5)  
for 25-desacetyl rifampicin 

cnominal  
ng/mL 

Mean cfound  
ng/mL  
(± S.D.) 

CV % Bias % Recovery % 
(± S.D.) 

70.4 71.13±4.9 7.0 1.0 99.6±9.2 
140.8 140.33±14.1 10.1 -0.3 96.4±2.3 
563.2 549.35±29.0 5.3 -2.5 93.1±0.9 

1689.6 1659.9±126.2 7.6 -1.8 107.5±3.2 
 
 
EXPERIMENTAL SECTION 

 
Reagents 

 Rifampicin and 25-desacetyl rifampicin reference standards were from 
USP (Rockville, MD, USA). Gradient grade methanol for liquid chromatography 
and ammonium formate of analytical-reagent grade were supplied by Merck 
KGaA (Darmstadt, Germany). Bidistilled deionised water for injections was 
supplied by the Infusion Solution Laboratory of the University of Medicine 
and Pharmacy Cluj-Napoca (Cluj-Napoca, Romania). Human blank plasma 
was obtained from healthy volunteers, both male and female. 

Apparatus 

The apparatus and equipment used were: Sigma (Osterode am Harz, 
Germany) 204 series Centrifuge; Mettler-Toledo (Greifensee, Switzerland) 
Analytical Plus Balance and Mettler-Toledo (Greifensee, Switzerland) Precision 
Standard Balance; Scientific Industries (New York, USA) Vortex Genie 2 mixer; 
Elma (Singen, Germany) Transsonic 700/H Ultrasonic bath. An Agilent 
Technologies (Darmstadt, Germany) 1100 series LC/MS system was used 
consisting of: G1312A binary pump, G1379A in-line degasser, G1329A 
autosampler, G1316A column thermostat and an 1100 SL Ion Trap Detector. 
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Chromatographic and spectrometric conditions 

A Phenomenex (Torrance, California, USA) Gemini NX C18 (50 x 
2.0 mm i.d., 3.0 m) chromatographic column was used for separation, 
using a mobile phase of a 40:60 (V/V) mixture of methanol and 2mM 
ammonium formate in water under isocratic conditions, kept at 40 ºC with a 
flow rate of 0.6 mL/min. Detection of rifampicin and 25-desacetyl rifampicin 
was carried out using multiple reaction monitoring (MRM) mode of the ion 
trap mass spectrometer with electrospray ionization (ESI) source, positive 
ionization (capillary exit 175 V, nebulizer 60 psi (nitrogen), dry gas 
(nitrogen) at 11 L/min, dry gas temperature 350ºC). The column effluent 
was diverted to waste for the first 0.4 minutes in order to keep the ESI 
source clean of contamination. The extracted ion chromatograms (EIC) of 
m/z 792 from m/z 824 for rifampicin and m/z 732 from m/z 750 for 25-
desacetyl rifampicin were analyzed (MS2 mode). 

Standard solutions 

Stock solutions of 1.028 mg/mL rifampicin and 0.440 mg/mL 25-
desacetyl rifampicin were prepared by dissolving the appropriate quantity of 
substance in methanol. Working solutions of rifampicin (41.12 g/mL) and 
25-desacetyl rifampicin (7.04 g/mL) were prepared by appropriate dilution 
of stock solutions in human blank plasma. The working solutions were then 
used to prepare seven plasma calibration standards and three quality 
control standards for both rifampicin and 25-desacetyl rifampicin. 
Concentrations of calibration standards for rifampicin were between 411.2 
ng/mL and 19737.6 ng/mL, and quality control standards had 
concentrations of 822.4 ng/mL (low), 3289.6 ng/mL (medium) and 9868.8 
ng/mL (high). For 25-desacetyl rifampicin the calibration standards were 
between 70.4 ng/mL and 3379.2 ng/mL, and quality control standards had 
concentrations of 140.8 ng/mL (low), 563.2 ng/mL (medium) and 1689.6 
ng/mL (high). All calibration standards and quality control standards were 
prepared by diluting the appropriate volumes of the working solutions with 
blank plasma.  

Sample preparation 

0.1 mL of standard and plasma sample respectively were added to 
a 1.5 mL plastic tube and precipitated with 0.3 mL methanol. The samples 
were then vortex-mixed (10 seconds) and centrifuged (3 minutes at 12000 
rpm), and 0.15 mL of the supernatants were transferred to autosampler 
vials and 0.3 μL were injected into the HPLC system. 
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Method validation 

Rifampicin and 25-desacetyl rifampicin concentrations were determined 
automatically by the instrument’s QuantAnalysis data system using the peak 
areas, using the external standard method. The calibration curve model was 
determined to be y = b + ax, weighted (1/y2) linear regression, where y is the 
peak area and x is the concentration of the analyte (g/mL).  

Within-day precision and accuracy were determined analyzing five 
different samples (n = 5) of each of the QC standards (low, medium, high) 
in the same run. The between-day precision and accuracy were determined 
analyzing five different samples (n = 5) of each of the QC standards (lower, 
medium, higher), each on one of five different days. Precision was expressed 
as the coefficient of variation (CV %) of five samples, while accuracy was 
expressed as relative difference between mean of measured and the 
calculated concentrations (bias %). The lowest calibration standard with an 
accuracy and precision within the 20% acceptance was established as the 
lower limit of quantification (LLOQ). Relative recovery values (at LLOQ and 
low, medium, high QC levels) were determined by comparing chromatographic 
peak areas of spiked plasma samples with peak areas of samples in pure 
solvent, both having the same concentration of rifampicin and 25-desacetyl 
rifampicin respectively [15-16].  
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SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF 
STRONTIUM CONTAINING BIOACTIVE GLASSES 

 
 

MARIA STEINERa, ROZALIA VERESa,*, VIORICA SIMONa 

 
 

ABSTRACT. Bioactive glasses of SiO2-CaO-SrO-P2O5 system, wherein SrO 
progressively replaced up to 4 mol% CaO, were produced using the sol–gel 
route. Their structural properties and bioactivity were tested using differential 
thermal analysis (DTA), X-ray diffraction (XRD) and Fourier transform infrared 
spectroscopy (FT-IR). Based on the DTA results, the 110 ºC dried gels were 
subjected to heat treatment at 600 ºC. X-ray diffractograms show a 
predominant amorphous character for all samples. FT-IR results indicate few 
changes in the local structure by progressive addition of strontium. The soaking 
of samples for 14 days in biological fluid resulted in the formation of hydroxyapatite 
layer that delivered characteristic infrared absorption band sensitive to strontium 
content.  
 
Keywords: bioactive glasses; sol-gel; strontium; in vitro bioactivity.  

 
 
 
INTRODUCTION 

 
Osteoporosis is a skeletal disorder characterized by compromised 

bone strength predisposing to an increased risk of fracture [1]. In osteoporotic 
bone, osteoclasts resorb too much bone, while osteoblastic bone formation 
is not sufficient to counterbalance this, resulting in reduced bone mineral 
density, weak and brittle bones [2]. 

Therefore, in last decades there has been large amount of work on 
developing synthetic materials for bone regeneration and replacing. Bioactive 
glasses are a group of synthetic materials with bone bonding properties first 
discovered by Hench [3, 4]. They have the ability of direct bonding to bone 
via formation of a surface carbonated hydroxyapatite layer when exposed to 
simulated body fluid (SBF) [5, 6]. Many bioactive glass compositions including 
copper [7], silver [8] magnesium [9], zinc [10, 11] and strontium as dopants have 
been studied and have shown considerable efficacy in bone regeneration 
[12-15]. 

                                                 
a Babeș-Bolyai University, Faculty of Physics & Institute of Interdisciplinary Research in Bio-

Nano-Sciences, Cluj-Napoca RO-400084, Romania 
* Corresponding author: rozalia.veres@ubbcluj.ro 



M. STEINER, R. VERES, V. SIMON 
 
 

 
322 

It was reported that the introduction of strontium ions into silicate 
matrix leads to bone formation and inhibites bone resorption by osteoclasts, 
promoting the increase of bone density and resistance [16, 17]. The advantages 
of strontium-doped bioactive glasses are based on the controlled release of 
the Sr ions that stimulate the activity of osteoblast cells. Strontium can substitute 
for calcium in bioactive glasses, and this replacement may induce few structural 
changes [14] that influence the gradual degradation of the bioactive material, with 
effects on new bone formation on the implant surface [18, 19]. 

The objective of the present study was to produce new sol–gel derived 
bioactive glasses of SiO2-CaO-SrO-P2O5 system and to characterize their 
structural properties and bioactivity. 
 
 
RESULTS AND DISCUSSION 

 
In the investigated 65SiO2·5P2O5·(30-x)CaO·xSrO glass system 

(0≤x≤4 mol%) we explored five compositions, i.e. x = 0, 0.5, 1, 2 and 4 mol%. 
The corresponding samples were noted Sr0, Sr0.5, Sr1, Sr2 and Sr4, 
respectively. 

The TGA curves for all samples present several regions of weight 
loss (Figure 1). The first weight loss is associated with an endothermic peak in 
DTA curve that occurs around 80 ºC and can be ascribed to the loss of free 
water molecules. A second weight loss can be observed until 400 ºC. This 
loss can be associated with the elimination of water caged in pores and the 
decomposition of residual nitrates. The peaks observed around 550 ºC arise 
from dehydroxylation [20]. Based on these results, a thermal treatment at 
600 ºC was considered. 

The X-ray diffraction patterns for all samples treated at 600 ºC for 2 
hours (Figure 2) indicate a predominant amorphous structure, without significant 
crystalline phases. The large diffraction peaks at about 32º might show a tendency 
to calcium strontium phosphate crystals (JCPDS 34-0484), excepting the sample 
without strontium oxide. 

The structural properties of the glasses treated at 600oC were also 
analyzed through Fourier Transform Infrared Spectroscopy (FTIR). The absorption 
band recorded at 3512 cm-1 (Figure 3) can be assigned to silanol groups 
linked to molecular water through hydrogen bonds and the band appeared 
at 1648 cm-1 to the bending mode of adsorbed molecular water [21]. The 
bands occurring in the spectral region 1560-1370 cm-1 correspond to carbonate 
species arising from the slight reaction between the glass samples and 
carbon dioxide from the atmosphere and might be also due to the formation 
of small quantities of calcium/strontium carbonates [22]. The broad band located 
in 1300-800 cm-1 range is present in all the samples and is specific for silica-
based bioactive glasses [23-24]. The shoulder at 1234 cm-1 is attributed to 
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bending mode of Si–O–Si group. The peak observed at 1062 cm-1 can be 
assigned to the Si-O-Si asymmetric stretching mode of bridging oxygen (BO), 
whereas the shoulder situated at 939 cm-1 can be attributed to the Si-O 
asymmetric stretching mode of the non-bridging oxygen bonds (NBO) [25, 26]. 
A decrease of this signal intensity is noticed with the increase of SrO content. 
Withal, a shift of the absorption band assigned to Si–O–Si vibrations to lower 
wavenumbers is observed, suggesting the shortening of Si–O–Si bonds in the 
vicinity of large Sr cations [27, 28]. In all the investigated glasses is observed 
around 551 cm-1 a band which corresponds to bending vibration of amorphous 
P-O bond [29]. Furthermore, the band situated in the range 510-460 cm-1 
can be ascribed to the Si–O–Si bending mode. 

 
Figure 1. The DTA and TGA curves for xerogel samples dried at 110 ºC. 
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Figure 2. XRD patterns of 65SiO2·5P2O5·(30-x)CaO·xSrO glass samples. 

 

 
Figure 3. FT-IR spectra of 65SiO2·5P2O5·(30-x)CaO·xSrO glasses  

treated at 600 ºC. 
 
The bioactivity of the glasses was evaluated by soaking the samples 

during 14 days in SBF solution and characterizing them by XRD and FTIR 
techniques. 
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The XRD patterns for the immersed samples indicate the formation 
of a crystalline layer on the surface of the glasses (Figure 4), being observed 
one peak well developed at value 2θ=32.2º which corresponds to the formation 
of hydroxyapatite (HA) crystals. This characteristic peak of apatite is 
observed in all specimens having lower peak intensity with the increase of 
strontium amount. It can be observed that for all the Sr concentrations, the 
glasses still indicate a good bioactivity. 

 
Figure 4. XRD patterns of 65SiO2·5P2O5·(30-x)CaO·xSrO samples  

after immersion in SBF for 14 days. 

 
FTIR spectra of all glasses show few changes after immersion in 

SBF (Figure 5) in comparison with the spectra before immersion. 
All the spectra clearly show as the non-bridging oxygen Si-O band 

situated at 920 cm-1 decreased in intensity after immersion. The band from 
790 cm-1 appeared in the spectra after immersion being assigned to Si-O-Si 
between the two adjacent silicates tetrahedra [30-32] which is an indicator for 
the formation of a silica gel layer. Furthermore, the band situated at 878 cm-1 
appeared in all the glasses and might correspond to the formation of complex 
carbonate species connected with the presenceof Ca2+ ions on the surface [33]. 
Very clear changes can be seen in the region 520–620 cm-1, being the 
characteristic area for apatite. The doublet observed at 567 and 614 cm-1 in 
all the investigated glasses corresponds to P–O bending vibrations in a PO4

3- 
tetrahedron in hydroxyapatite [33] and denotes the glasses bioactivity.  
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Figure 5. FTIR spectra of 65SiO2·5P2O5·(30-x)CaO·xSrO glasses  

after immersion in SBF for 14 days. 
 
 

CONCLUSIONS 
 
Bioactive glasses based on SiO2-CaO-SrO-P2O5 system were 

obtained by sol–gel method. The structure of the samples thermally stabilized at 
600 ºC has a predominant amorphous character. The substitution of CaO with 
SrO up to 4 mol % does not inhibit the samples bioactivity, but the progressive 
increase of SrO content leads to the decrease of the absorption band 
assigned to the bioactive self-assembling hydroxyapatite layer. The samples 
can be considered for further investigation with respect to their bioactivity 
required for biomaterials used as scaffolds in bone tissue regeneration. 
 
 
EXPERIMENTAL SECTION  
 
 Samples of 65SiO2-5P2O5-(30-x)CaO-xSrO bioactive glass system 
(x= 0, 0.5, 1, and 4 mol%) were prepared following the sol-gel route. The 
precursors of SiO2, P2O5, CaO and SrO used for the synthesis of the glasses 
were tetraethylorthosilicate (TEOS), triethylphosphate (TEP), calcium nitrate 
tetrahydrate and strontium nitrate, respectively. All reagents were of analytical 
grade purity. In the first stage TEOS was mixed with HNO3 aqueous solution 
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having molar ratios TEOS:H2O:HNO3=1:9:0.1 and stirred for 1h, then was 
added TEP and the stirring was continued for more 1h. In the second stage 
both strontium and calcium nitrates were dissolved in water. Finally the solutions 
were mixed together under continuous stirring for 1 h for the completion of 
hydrolysis reaction. The obtained sols were left 7 days at 37 ºC for gelation 
and maturation, then the samples were dried for 24 h at 110 ºC, and 
thermally treated at 600 ºC for 2 h. 

Differential thermal analysis and thermogravimetric analysis 

DTA/TG analysis were performed on Shimadzu type derivatograph 
DTG-6OH SHIMADZU equipment, with a heating rates of 10 ºC/min using 
alumina open crucibles, in order to investigate the thermal behavior of the 
dried sample. 

X-ray diffraction 

The 600 ºC treated samples were analyzed using an X-ray Shimadzu 
XRD-6000 diffractometer with a monochromator of graphite for CuKα radiation 
(λ=1.5418Å) with Ni-filter. The diffractograms were recorded in 2θ range 
from 10º to 80º with a speed of 2°/min. The operation voltage and current 
were 40kV and 30mA, respectively. 

FT-IR spectroscopy 

The FT-IR spectra were recorded at room temperature in the 400-4000 
cm-1 spectral range in absorbance mode with a JASCO FT/IR-6200 spectrometer, 
with an instrumental resolution of 4 cm-1. An amount of 2 mg of powder sample 
was thoroughly mixed with 200 mg of KBr and compressed to form pellets. 

Assessment of the bioactivity  

Hydroxyapatite forming ability of the bioactive glasses was studied 
by immersing the samples in simulated body fluid (SBF) that has the ion 
concentrations and pH nearly equal to that of human blood plasma [34]. 
The samples immersed in SBF were kept in an oven at 37 ºC for 14 days. 
The weight of glass per volume of SBF was 10 mg/ml for each sample. 
After 14 days the powders were filtrated, rinsed several times with distillate 
water and dried at room temperature. 
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ABSTRACT. This paper reports a multiwalled carbon nanotubes (MWCNTs) 
modified with 3-amino-7-dimethylamino-2-methylphenazine (Neutral Red, NR) 
as a new solid phase extractor for determination of ultra trace amounts of 
Mn(II) and Sn(IV). The metal ions were retained on -column filled with the 
solid phase at a flow rate of 3.0 mL/min. The retained metal ions were eluted 
with 3 mol L−1 solution of HCl and measured by flame atomic absorption 
spectroscopy (FAAS). The effect of different variables such as, sample pH, 
concentration of 3-amino-7-dimethylamino-2-methylphenazine (Neutral Red, 
NR), sample flow rate, eluting solution and the effect of interfering ions have 
been investigated systematically. The calibration graph was linear in the range 
of 0.4-100 µg L−1 and 0.6-150 for Mn(II) and Sn(IV), respectively. Under 
optimized conditions, the limit of detections (LOD) were 0.12 and 0.16 µg L−1 for 
Mn(II) and Sn(IV), respectively. The method was used for determination of 
target metal ions in some water samples from rivers located in industrial and 
nonindustrial areas. 
 
Keywords: Solid phase extraction; 3-amino-7-dimethylamino-2-methylphenazine 
(Neutral Red, NR); Multiwalled carbon nanotubes; river water samples; Flame 
atomic absorption spectrometry, Mn(II) AND Sn(IV) 

 
 
 
INTRODUCTION  

 
Natural processes as well as antropogenic activities are both sources of 

metals and their compounds into the environment. Since exposure to heavy 
metals is potentially harmful their monitoring in environmental, biological and 
clinical samples even at trace levels is nowadays required by law and other 
regulations in many cases [1]. Mining operations and heavy industry in the 
developing world is leading to the accumulation of high concentrations of 
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toxic heavy metals in natural waters. Today, it is understood that exposure 
to heavy metals may seriously affect human health. [2] 

Manganese is an essential element for human life, however, excessive 
levels of manganese are detrimental to the organism. Humans exposed to 
very high levels of manganese over a long time can develop mental and 
emotional disturbances and slow, clumsy body movements. Therefore, the 
determination of trace amounts of manganese in samples from various matrices 
is very important for certain areas of study. [3] 

Tin is widely used in industry due to features such as low melting point, 
affinity to form alloys, and corrosion resistance. Exposure to Sn and its 
compounds can produce several effects such as neurological, hematological 
and immunological. Inhalation of inorganic compounds of Sn can induce to 
pneumoconiosis and ingestion may lead to gastrointestinal effects. Exposure to 
organic compounds of Sn inhibits the synthesis of hemeoxygenase and may be 
genotoxic, while its skin contact may cause severe irritation and burning. 
Other effects include kidney and liver damage [4]. 

Solid-phase extraction (SPE) is one of the most employed preconcentration 
methods that can be applied in off-line or online systems, with the advantage of 
possible automatization. SPE consists of the retention of metal species (or its 
derivatives) on the appropriate solid sorbent packed in a column or microcolumn 
and the later desorption with the adequate solvent. Thus, the concentration 
and separation of the analyte from the rest of sample matrix is achieved. [5] 
Solid-phase extraction (SPE), owing to its flexibility, absence of emulsion, 
simplicity, sampling in the field, safety, and ease of automation, is a preferred 
method for separation and enrichment of the target. SPE requires that the 
adsorbent possess a stronger selective adsorption ability. [6] 

Carbon nanotubes (CNTs) are one of the most commonly used 
building blocks of nanotechnology. With one hundred times the tensile strength 
of steel, thermal conductivity better than all but the purest diamond, and 
electrical conductivity similar to copper, but with the ability to carry much higher 
currents, they seem to be a very interesting material. Carbon nanotubes (CNTs) 
have been proposed as a novel solid phase extractor for various inorganic 
and organic materials at trace levels. [7] 
 Carbon nanotubes (CNTs) have become attractive materials, since 
its discovery in 1991, because of their novel structure characteristics. [8-18] 
Recently, Carbon nanotubes as an adsorbent for the preconcentration of traces 
heavy metals have become very popular. [19-29] 

In this article, we have modified MWCNTs using NR and applied this 
functionalized material to SPE coupled with FAAS for simultaneously 
determination of Mn(II) and Sn(IV) in the water samples from rivers located 
in industrial and nonindustrial areas. Also for the validity of the method the 
Mn(II) and Sn(IV) levels in the final solutions were determined by ICP-AES 
using the general procedures. 
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RESULTS AND DISCUSSION 
 

To obtain a sufficiently high efficiency of a SPE procedure, the study 
was focused on optimization of the extraction parameters containing, pH, 
amounts of NR and adsorbent, sample volume, elution conditions such as 
volume and concentration of eluent, flow rate of solution and matrix ions. 

Effect of pH 

The pH value plays an important role with respect to the adsorption 
of different ions on CNTs.[25] To evaluate the effect of pH on the extraction 
efficiency of Mn(II) and Sn(IV) as NR chelates adsorb on multiwalled carbon 
nanotubes, the pH of the sample solutions, were adjusted to fit in the range 
of 2–10. It is observable in Fig. 1, quantitative recoveries (>95%) were 
obtained for all studied ions at the pH range of 6–8. So, the pH 7 was selected 
for all subsequent studies.  

 
Figure 1. The effect of pH on the recoveries of the metal ions (N= 3.0.) 

 
Effect of eluent type 

The elution of the absorbed analytes could be achieved by using an 
appropriate eluent solution capable of effectively striping them from the 
MWCNTs and bring them into the solution [26]. Thus, the effects of various 
eluents (nitric acid, hydrochloric acid and acetic acid) on the recoveries of 
Mn(II) and Sn(IV) ions from multiwalled carbon nanotubes modified with NR 
were also investigated. The results are shown in Table 1. The results indicated 
that 3 mol L−1 HCl was sufficient for quantitative elution (>95%). Furthermore, 
the influence of eluent volume (1–5 mL) on the recoveries was studied by 
using 3 mol L-1 HCl. By adding 2 mL of 3 mol L−1 HCl, quantitative recoveries 
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were obtained for all analyte ions. The recoveries were not quantitative for the 
other eluents listed in Table 1. Therefore, 2 mL of 3 mol L−1 HCl was used as 
eluent for further work. 
 

Table 1. The effect of various eluents on the analyte ion recoveries. 

 Eluent Recovery %
 

                                           Mn(II)             Sn(IV)   
1 mol L-1 HCl 92±0.4 91±1.3
2 mol L-1 HCl 95±3.0 95±2.4
3 mol L-1 HCl 99±2.2 98±1.6
1 mol L-1 HNO3 85±2.8 88±1.2
2 mol L-1 HNO3 89±1.1 91±1.1
3 mol L-1 HNO3 91±3.0 90±2.0
1 mol L-1 CH3COOH 67±2.6 73±3.1
2 mol L-1 CH3COOH 73±1.2 78±2.5
3 mol L-1 CH3COOH 77±1.3 68±2.5

 
Effect of amount of chelating agent 

To evaluate the effect of ligand on the recovery of metal ions, different 
amounts of NR solution (3×10-4 mol L-1) in the range of 0-5 mL was investigated. 
As presented in Fig. 2, the recoveries of analyte ions increased with increasing 
amounts of NR added and reached a constant value over 95% with at least 3 mL. 
The recovery values of analytes were quantitative at the amounts of ligand range 
of 3-5 mL. Hence, 3 mL of ligand was selected for subsequent studies. At lower 
concentrations, the amount of ligand is insufficient to extract all the analyte in the 
solution. But at higher concentrations, all the analyte species were used, thus, 
process of complex formation was stop and the percentage of recoveries remained 
nearly constant, in other words, the limiting factor is analyte concentration. 

 
Figure 2. Effect of amount of ligand solution on the recoveries of analytes. 
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Effect of amounts of adsorbent (MWCNTs) 

The amount of solid phase extraction material is another important 
factor on the column studies to obtain quantitative recoveries. On the other 
hand, an excess amount of the adsorbent can also prevent the quantitative 
elution of the retained metals by a small volume of the eluent. To estimate 
the impact of adsorbent mass on the recovery of metal ions, different amounts 
of adsorbent (50-400 mg), packed into an SPE column, were investigated, 
following the preconcentration procedure. The recoveries of metal ions increased 
with increasing amounts of adsorbent. For less than 200 mg of adsorbent, 
the recoveries amounts are not quantitative and it is due to by-passing of the 
liquid in the SPE column [19]. Thus absorbent weight of 200 mg was found 
to be suitable for this purpose. 
 

Effect of the sample volume  

The preconcentration and separation of the analytes are usually 
performed at a lower concentration. In order to improve the relative sensitivity of 
the procedure when determining very low concentration of analytes, a relative 
large sample volume is usually suggested. Therefore, the maximum volume of 
sample solution was investigated by increasing the volume of metal ion solution 
by passing 100–600 mL of sample solutions. The effects of sample volumes on 
the recoveries of the two analytes are shown in Figure 3. The results showed that 
the maximum sample volume could be up to 500 mL with the recovery >95%. 
Therefore, 500 mL of sample solution was adopted for the preconcentration of 
analytes from sample solutions. The preconcentration factor (PF) is calculated by 
the ratio of the highest sample volume (500 mL) and the lowest eluent 
volume (2 mL). The preconcentration factor was calculated as 250. 

 

 
Figure 3. Effect of sample volume on the recoveries of analytes (N= 3.0) 
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Flow rates of sample and eluent solutions 

The influences of the flow rates of sample and eluent solutions on the 
retentions of Mn(II) and Sn(IV) were also investigated keeping other 
conditions constant. Low flow rates can be time consuming. The flow rates were 
investigated in the range of 1–5 mL min−1 and under the optimum conditions (pH 
and eluent type). It was found when the flow rates of the sample and eluent 
solutions were at the range of 1.0-3.0 and 1.0-4.0 mL min-1, The recoveries 
of analytes were quantitative. At higher flow rates, there was a decrease in 
the recovery in that there was not sufficient contact time between MWCNTs and 
sample solution. Therefore, all the studies were carried out for flow rates of 
sample and eluent solutions at a flow rate of 3.0 mL/min. 

 
 
Effect of foreign ions  

The influences of possible matrix ions in the environmental samples 
and some transition metals on the recoveries of analytes on multiwalled 
carbon nanotubes were also examined. 

The obtained results were presented in Table 2. The tolerance limit 
is defined as ions had no significant interferences in the preconcentration and 
determination of the analyses. This is due to the low adsorbing capacity or 
rates for interfering ions. These results demonstrate that the method has a good 
tolerance to interference and is suitable for Mn(II) and Sn(IV) detection. 
 
 

Table 2. Effect of interfering ions on the recoveries  
of the analytes (N= 3). 

Ion Concentration 
(mg L-1) 

Recovery (%)a 
 
    Mn(II)         Sn(IV) 

Ag+, K+, Na+, Cl- , Li+, I- 10000 98±1 95±1 
SO4

-2, Ca2+, CO3
-2, Br-, C2O4

-2 8000 98±1 97±2 
Mg2+, F- 6000 96±2 98±1 
HCO3

-2, NO3, 3000 99±1 97±2 
PO4

-3, CH3COO- 1500 95±2 96±3 
Ni2+, Pb2+ 500 96±3 95±1 
Cd2+ , Mo5+ 250 98±2 98±2 
Pd2+ 100 95±1 98±3 
Hg2+, Al3+, Cr3+ 10 97±2 99±2 

a Mean ± standard deviations. 
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Adsorption capacity 

For investigation of the adsorption capacity of multiwalled carbon 
nanotubes, 0.1 g MWCNTs was added to 50 ml of solution containing 1.0 mg of 
metal ion at pH 7.0. After shaking for 30 min, the mixture was filtered. Ten 
milliliters of the supernatant solution was diluted to 100 ml and determined by 
flame atomic absorption spectrometry. This procedure was repeated for each 
analyte ions separately. The capacity of modified MWCNTs for Mn(II) and 
Sn(IV) was found to be 86.6 and 77.8 mg g-1, respectively.  

 
 
Analytical performance  

Using the optimized experimental conditions, calibration curves of 
enrichment process were linear in the range of 0.4-100 µg L−1 and 0.6-150 
µg L−1 for Mn(II) and Sn(IV), respectively. The detection limits, based on three 
times the standard deviation of 10 runs of blank solution, were found to be 
0.12 and 0.16 µg L−1 for Mn(II) and Sn(IV), respectively. The relative standard 
deviation (RSD), nine determinations of 1.0 µg L−1 of Mn(II) and Sn(IV) were 4.0 
and 2.6%, respectively (N=9). The correlation coefficients for Mn(II) and Sn(IV) 
were 0.9997, 0.9995, respectively. The preconcentration factor for the proposed 
method was 250.  
 
 

Analytical applications  

A solid phase extraction method was applied to determination of trace 
Mn(II) and Sn(IV) in water samples from river located in industrial and 
nonindustrial areas. Various amounts of analytes were also spiked to these 
water samples. The results are given in Table 3 and Table 4. A good agreement 
was obtained between the added and measured Mn(II) and Sn(IV) amounts. The 
accuracy of the method was verified by the analysis of samples spiked with 
known amounts of the analytes. These results indicated the suitability of NR-
MWCNT for selective SPE and determination of trace Mn(II) and Sn(IV) in 
environmental samples. The river water samples were also analysed by (ICP-
AES). As Table 3 and Table 4. shows there is a good agreement between the 
results obtained by the proposed method with those obtained by the ICP-AES. 
This reveals the capability of the method for determination of Mn(II) and Sn(IV) 
in all real samples without considerable error. In Table 5, the relative 
comparison of analytical performance with those reported in the literature 
[26-29]. 
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Table 3. The results for determination of Pd(II) and Cd(II)  
in various river water samples by FAAS 

 
Sample 

Added (µg L-1) 
 

Mn(II) Sn(IV) 

Found a (µg L-1) 
   
 Mn(II)         Sn(IV) 

Recovery (%) 
 

  Mn(II)      Sn(IV) 

RSD(%) 
 
Mn(II)  Sn(IV) 

River Waterb - - 71.48±0.06 84.28±0.02 - - 1.1 2.3 
100 100 173.93±0.02 182.52±0.03 101.43 99.04 1.1 1.4 
200 200 275.12±0.04 285.65±0.05 101.34 100.48 1.3 1.3 

River Waterc - - 65.25±0.05 50.65±0.04 - - 3.0 2.1 
100 100 164.79±0.07 153.56 ±0.09 99.72 101.93 2.9 2.7 
200 200 265.61±0.05 241.41±0.09 100.51 96.31 3.1 2.5 

River Waterd - - 61.14±0.01 67.19±0.02 - - 1.9 2.6 
100 100 162.22±0.02 164.74±0.01 100.67 98.53 1.5 2.2 
200 200 263.16±0.04 260.11±0.03 100.77 97.35 2.8 1.5 

River watere - - 5.31±0.05 12.61±0.05 - - 1.8 2.1 
100 100 103.31±0.03 109.64 ±0.07 98.10 97.36 2.6 1.5 
200 200 205.16±0.09 211.51±0.09 99.92 99.48 1.5 2.3 

a ̅ݔ ± ts	√݊  at 95% confidence (N = 5)  
b From karoon river, located in a industrial area 
c From zayande rood river, located in a industrial area 

d From khour musa, located in a industrial area 
e From pole zohre located in a nonindustrial area 

 
Table 4. The results for determination of Pd(II) and Cd(II)  

in various river water samples by ICP-AES. 

Sample Added (µg L-1) 
 
Mn(II)  Sn(IV) 

Found a (µg L-1) 
 

 Mn(II)          Sn(IV) 

Recovery (%) 
 

 Mn(II)         Sn(IV)

 RSD(%) 
 
Mn(II)    Sn(IV) 

River Waterb - - 71.35 ±0.01 84.15±0.01 - - 2.1 2.1 
100 100 173.62±0.05 181.85±0.03 101..32 98.75 1.1 1.9 
200 200 275.12±0.04 285.65±0.05 101.51 100.79 1.2 2.1 

River Waterc - - 65.25±0.05 50.65±0.04 - - 1.2 2.1 
100 100 164.79±0.07 153.56 ±0.09 99.56 100.89 2.4 2.7 
200 200 265.61±0.05 241.41±0.09 100.04 99.18 1.2 1.7 

River Waterd - - 61.14±0.01 67.19±0.02 - - 1.8 2.1 
100 100 162.22±0.02 164.74±0.01 102.47 99.14 1.5 2.2 
200 200 263.16±0.04 260.11±0.03 101.99 97.17 1.2 2.9 

River watere - - 5.31±0.05 12.61±0.05 - - 1.0 2.0 
100 100 103.31±0.03 109.64 ±0.07 97.66 101.03 2.2 2.9 
200 200 205.16±0.09 211.51±0.09 99.89 100.27 1.6 3.1 

a ̅ݔ ± ts	√݊ at 95% confidence (N = 5)  
b From karoon river, located in a industrial area 
c From zayande rood river, located in a industrial area 

d From khour musa, located in a industrial area 
e From pole zohre located in a nonindustrial area 
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Table 5. Comparison of the proposed method with recent studies reported in 

literature using solid phase extraction 

Analytes Medium Eluent ( mol L-1) PFa LODb ( µg L-1) Reference 
Cu2+ , Cd2+ , Mn2+ pH=9 1 (HNO3) 28.9 0.13–0.58 26 

Mn2+ pH=10 0.5 (HCl) 17 0.7 27 

Sn2+, Sn4+ pH=2 1.0 (HNO3) 100 0.7-1.1 28 

Mn2+, Pb2+ pH=9 2.0 (HNO3)  - 0.6-1 29 
Mn2+, Sn4+ pH=7 3 (HCl) 250 0.12-0.16 This work 

a PF: Preconcentration factor 
b LOD: Limit of detection 
 
 
 
EXPERIMENTAL 
 

Apparatus 

A Metrohm pH-meter (model 691, Switzerland) was used in order to 
adjust the pH at desirable values. A Chemtech Analytical Instrument model 
CTA-3000 atomic absorption spectrometer (Bedford, England) equipped with 
a flame burner was used for analysis of the understudy metals, including 
lamp currents and wavelength were those recommended by the manufacturer. 
All metals were measured under optimized operating conditions by FAAS 
with an air–acetylene flame. Inductively coupled plasma (ICP) model Varian 
Liberty 150AX Turbo was used for the validity of concentration determination 
of the analyte. 

 
Standard solutions and reagents 

Analytical reagent-grade chemicals were used in this work. All the 
plastic and glassware were cleaned by soaking in 10% HNO3 solution and then 
rinsed with distilled water prior to use. Standard solutions (1000 mg L−1) of 
Mn(II) and Sn(IV) ions were prepared from high purity compounds, supplied by E. 
Merck (Darmstadt, Germany). The working standard solutions were prepared by 
diluting stock standard solution. A 3×10-4 mol L-1 solution of (NR) reagent 
was prepared by dissolving 0.008 gr of it it in 100 mL water. McIlvaine's buffer 
solution in the pH range of 2-10 was used to adjust pH values by adding 
16.47 mL of Na2HPO4 and 3.53 mL of acid citric. Multiwalled carbon nanotube 
was purchased from Aldrich, (Milwaukee, WI, USA). The BET (Brunauer–
Emmett-Teller) surface area and density of nanotubes were 300 m2 g−1 and 
2.1 g mL−1, respectively. 
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Preparation of the column 

 Two-hundred milligrams of multiwalled carbon nanotubes was loaded 
into an SPE column (10 mm × 150 mm). A polypropylene frit was placed at each 
end of the column to prevent loss of the adsorbent. Before use, 3 mol L−1 HCl 
were passed through the column to clean it. 
 

Recommended procedure 

A standard solution containing 0.4-100 µg L-1 of Mn (II) and 0.6-150 µg L-1 
of Sn(IV) and the pH value was adjusted to 7 with McIlvaine's buffer solution. 
then NR was added to form the [metal-(NR)] chelates. After that, the solutions 
passed through the column gravitationally. Subsequently, metal ions retained on 
the MWCNT, were eluted with the desired volume and concentration of eluent. The 
eluent was analyzed for the determination of metal concentrations by flame 
atomic absorption spectrometry and inductively coupled plasma atomic emission 
spectrometry (ICP-AES). 

 
Sample preparations 

The river water samples were collected from the rivers located in 
industrial and non industrial areas. The water samples were filtered through a 
0.45 µm PTFE Millipore filter. After adjusting to the desired pH values, the solutions 
were passed through the column gravitationally.  
 
 
CONCLUSION 

 
The proposed method offers a simple, inexpensive, selective and 

sensitive method for the enrichment of Mn(II) and Sn(IV) using MWCNTs 
modified by NR as a solid-phase extractant for SPE coupled with FAAS. The 
proposed method was proved to be simple, rapid and reliable and could be 
used for studied metal ions determination in environmental samples. The high 
accuracy of the proposed method was confirmed by recovery test with 
standard addition method. The possible interference of some important ions 
was investigated and no important interference was encountered. The MWCNTs 
has great potential as an adsorbent for the preconcentration and determination 
of trace metal ions in complex samples. The accuracy and validity of the method 
is provable by the comparison among the resultant results of the proposed 
method and those obtained by ICP-AES method (Table 3 and Table 4). High 
sensitivity and selectivity, and also the good detection limits and high 
preconcentration factor (PF=250.0) which is comparable or higher than the 
other solid-phase extraction methods in literature (mentioned at section 2.10) 
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ABSTRACT. Cloud point methodology was successfully used for the extraction 
of trace amounts of arsenic (III) s a prior step to their determination by spectro-
photometry. For the proposed method, Brilliant Black BN (BBB), trioctylamine 
(TOA), Triton X-114, and NaCl were applied as chelating, sensitizing agent, 
extraction and co-extraction agents, respectively. A linear calibration curve in the 
range of 8-1000 µg L-1 of Brilliant Black BN (BBB) was acquired. Under the 
optimized conditions, the limit of detection (LOD) was 2.4 µg L-1 and the relative 
standard deviation (RSD) for 2.4,100 and 400 µg L-1 were 1.26, 2.05 and 
1.18, respectively (n = 11). The application of the work is determination of 
arsenic (III) quantities in the various samples by spectrophotometric method. In 
addition, in this work TOA plays the same role of cationic surfactant and as 
a novel ion pairing reagent that was innovatively used instead of common 
cationic surfactants such as cetyltrimethylammonium bromide (CTAB). 
 
Keywords: Cloud point extraction; Brilliant Black BN (BBB); trioctylamine 
(TOA); water samples; Spectrophotometry, As(III) 

 
 
 
INTRODUCTION  
 

Arsenic (As) is widely distributed in the environment, water, soils, 
sediments and rocks in its different forms (As(III), As(V) and organic species) [1]. 
Occupational exposure and arsenic poisoning may occur in persons working 
in industries involving the use of inorganic arsenic and its compounds, such as 
wood preservation, glass production, nonferrous metal alloys, and electronic 
semiconductor manufacturing. Inorganic arsenic is also found in coke oven 
emissions associated with the smelter industry [2]. It was ranked as the No. 1 of 
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hazardous element and has serious effects on plants, animals and human 
health [3]. Millions of people worldwide are exposed to arsenic in their drinking 
water and ingested arsenic is an established cause of bladder, lung, and skin 
cancer. In addition to cancer, arsenic in water has also been associated with 
cardiovascular disease, skin lesions, diabetes, reproductive disorders, 
cognitive deficits in children and other health effects [4]. The linkage between 
arsenic contamination in water, arsenic concentration and accumulation in various 
biological samples, and oxidative DNA damage, has been proved [5]. Exposing to 
arsenic induces increases in DNA double strand breaks in both cell lines [6]. 
Because of the importance of this issue, a lot of researchers have done 
studies regarding measuring of Arsenic by various methods [7]. Also there are 
some works previously reported regarding determination of arsenic by 
spectrophotometric methods in the literature [13-16]. 

Cloud point extraction (CPE) is an outstanding alternative to conventional 
solvent extraction method because it produces high extraction efficiencies and 
pre-concentration factors, by using inexpensive and non-toxic reagents [3]. 

In the last decade, the increase of attention and interest upon the use of 
aqueous micellar solution has been found in field of separation science [17]. The 
cloud point extraction (CPE) technique has also been applied as a procedure for 
determination and removal of dyes and pigments as well as analyzing metals. 
[18,19]. In the present work, we applied CPE for the determination of arsenic (III) 
quantities in the various samples by BBB as the ligand which has made the 
work as a novel method. 
 
 
RESULTS AND DISCUSSION 

 
In this study, As (III) ion interacted with Brilliant Black BN, an anionic dye, 

which led to the formation of (As-Brilliant Black BN) complex. This complex was 
extracted by mixed-micelle mediated extraction through the ion pairing 
reagent (TOA) and non-ionic (Triton-X114) surfactants. The absorption spectra 
of As-BBB-TOA complexation showed a maximum absorption band at 616 nm. 
To obtain the maximum absorbance and sensitivity, we need to optimize 
various conditions which can affect the extraction. Hence, the effects of various 
operating conditions have been investigated and the optimum concentrations 
have been established for CPE. 

In the present work, in order to study As (III) ion, a procedure is adopted 
which As (III) was used in the presence of BBB ion as a chelating agent. The 
interaction between arsenic and BBB that has four anionic sites to interaction 
with target metals led to the formation of [As-BBB]1- anionic complex. With 
regard to the fact that, hydrophobic ion-associated complexes could be more 
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efficiently extracted into surfactant-rich phase than ionic ion-associated 
complexes, small amount of ion pairing reagent (TOA) also as the sensitizing 
agent and a cationic auxiliary ligand was added. The addition of ion pairing 
reagent (sensitizing agent) improves the selectivity and sensitivity of the 
metal determinations. So, TOA+ as sensitivity enhancement agent was added, 
producing a neutral and stable ion-pair complex (ternary ion-association 
system), [As-BBB-TOA]. Most importantly, a colored ligand such as BBB takes 
the solution to visible area and as a matter of fact, in spectrophotometric 
method, the study of visible absorption area would be the most convenient and 
accurate type of detection because numerous solvents and reagents used in 
CPE and liquid-liquid extraction (LLE) have adsorption spectra in UV area which 
interfere in the determination of the goal analytes. After that, we used TOA 
as the ion pairing reagent, cationic surfactant, sensitizing agent and a 
cationic auxiliary ligand. ion pairing reagent can interact with dye and/or the 
metal–dye complex as an individual molecule or aggregates. With regard to 
the fact that, hydrophobic ion-associated complexes could be more efficiently 
extracted into surfactant-rich phase than ionic ion-associated complexes, small 
amount of ion pairing reagent (TOA) was added. The addition of sensitizing 
agent improves the selectivity and sensitivity of the metal determinations. In the 
last step, NaCl was used as the electrolyte to increases the efficient extraction. 

 
Effect of pH 

pH is an important analytical parameter that significantly influence the 
formation of metal–ligand complex. Therefore, in order to acquire the favorable 
preconcentration efficiencies, the pH values were studied in the ranges of 
1.0–8.0. For this range we studied the various values of Na2HPO4 with acid 
citric to make the buffer to reach the desired pH.  

 
Figure 1. The concentration effect of pH on CPE 
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Thus the highest absorbance was obtained at pH 3. It is shown in Fig. 
1. Probably, at lower pH values the rate of complex formation is low and at 
higher pH values the complex decomposes. Hereby, pH 3 was selected for 
the further experiments by 1.5 mL of McIlvaine's buffer solution. 
 

Effect of Brilliant Black BN dye concentration 

For studying the effect of Brilliant Black BN on extraction of Arsenic 
(50 µg L-1), a solution containing Arsenic and various amounts of Brilliant 
Black BN was provided. The extraction efficiency was the highest when 
1.3310-5 mol L-1 (2ml) of Brilliant Black BN was applied. Thus, it was chosen for 
subsequent experiment. As it is observable in Fig. 2, at higher concentrations the 
absorbance declined, because the excessive Brilliant Black BN could be co-
extracted into the surfactant rich phase, thus decreased the extraction 
efficiency of target complex.  

 
Figure 2. The concentration effect of Brilliant Black BN on CPE 

 
Effect of ion pairing reagent concentration 

With regard to the fact that, hydrophobic ion-associated complexes 
could be more efficiently extracted into surfactant-rich phase than ionic ion-
associated complexes, small amount of TOA+ was added in the presence of 
50 µg L-1 of arsenic.  

Amines lead to aminium salts in the presence of acids like HCl, HBr 
and HI due to protonation. 
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The result was the formation of [As-(BBB)-TOA] hydrophobic complex. 
Also, in order to improve the sensitivity and selectivity as well as increasing the 
efficiency of CPE, initially, three amines such trioctylamine (TOA), triethyamin 
(TEA) and tripropylamine (TPA) were considered and investigated in the range 
of 0.05-0.4% v/v. The best extraction yield was obtained in presence of TOA. 
Therefore, to the use of TOA was decided for further studies. The effect of TOA 
concentration, used as sensitive improving auxiliary ligand, on the extraction yield 
of As(III) was studied in range of 0.05-0.4% v/v. The effect of concentration of 
TOA as well as TEA and TPA on extraction yield is shown in Fig. 3. The 
extraction yield gradually increased by increasing TOA concentration up to 
0.2% v/v, and quickly declined at higher concentrations. This is probably 
because of an increase in the blank absorbance and decrease the absorbance 
of ternary ion association also, excessive presence of TOA+ in the solution 
can act as a competitor for As(III) in complexation with BBB. As a result, the 
0.2% v/v TOA solution was selected as the optimal ion pairing reagent 
concentration. 

 
Figure 3. The concentration effect of ion pairing reagent on CPE 

 
Effect of non-ionic surfactants 
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minimum desirable surfactant concentration with maximum extraction efficiency. 
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selected due to its higher extraction efficiency. Triton X-114 was chosen as 
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a surfactant due to its low cloud point temperature and high density of 
surfactant-rich phase, this facilities phase separation by centrifugation. So, for 
further studies it was chosen. With increasing the surfactant concentration up to 
0.3% (v/v) the signal increased. Thus, it was used as optimum concentration. At 
lower concentrations, the extraction efficiency of the complexes is low, probably 
because of an inadequacy in the assemblies to entrap the hydrophobic complex 
quantitatively. The preconcentration was decreased at higher concentrations 
due to increase in the volume of the surfactant-rich phase. Therefore, the 
measured absorbance as a result of sensitivity is decreased. The results are 
shown in Fig. 4. 

 
Figure 4. The concentration effect of Non-ionic Surfactant on CPE 

Effect of ionic salt concentration 

To investigate the influence of electrolyte concentration on the extraction 
efficiency, 0.1 mol L-1 NaCl and KCl were surveyed to solution in various 
amounts as the co-extraction agents. NaCl showed a more increase on the 
absorbance of solution. Thus, it was chosen for the further studies. It 
increased the extraction efficiency of arsenic up to 1.010-2 mol L-1 and was 
chosen to next studies. The salting-out ability of the cations follows the 
Hofmeister series (Na+> K+) and can be related to the ions from Gibbs’ free 
energy of hydration. (Fig. 5) 
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Figure 5. The concentration effect of salt on CPE 

 

Effect of incubation time and centrifuge time and rate 

For investigation of effective preconcentration and easy phase separation, 
the centrifugation time, equilibration temperature and incubation time were 
optimized. The results demonstrated that centrifuging for 5 min at 3500 rpm 
leading to the highest extraction of As(III). Additionally, the influence of time 
on the extraction of As(III) was surveyed in the time range of 5-20 min which the 
maximum absorbance was acquired 10 min. The influence of equilibration 
temperature in the range of 20-60 °C was investigated. It was established 
that 45 °C is sufficient for the quantitative analysis.  

 
Analytical performance 

Analytical characteristic data of the proposed CPE for As(III) was 
studied. In the range of 8 to 1000 µg L-1 the calibration curve for arsenic was 
linear. The limit of detection (LOD) was 2.4 µg L-1 and was calculated 
according to 3 Sblank /s, where S blank was obtained from the standard 
deviation for 10 replicate measurements of a blank solution, and s is the 
slope of the calibration graph. The regression equation was acquired by the 
least square method is A = 2.19 ×10-3 CAs + 1.75 ×10-2 for 8-1000 µg L-1 of As(III) 
with a correlation coefficient of 0.998 (n = 10), where A is the absorbance and 
CAs shows the concentration of As(III) in µg L-1. The relative standard deviation 
(RSD) at 2.4 and 100 and 400 µg L-1 were 1.26, 2.05 and 1.18, respectively 
(n = 11). The preconcentration factor was 21.4. 

 

Interference studies 

The validity of the method was assessed by investigating the effect 
of various foreign ions which are likely to interfere in the determination. 
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Usually coexisting ions may influence on objective determination of As(III) by 
CPE. To verify this assumption, solutions containing 100 µg L-1 of As(III) were 
taken with different amounts of foreign ions and recommended procedure 
was followed. The results were summarized in Table 1.  
 

Table 1. The effect of other species on the determination of 100 µg L−1 of As(III) 
 
 

Foreign ions                                                            Tolerance limit  (µg mL-1) 

Cl-, Na+, K+, NH4
+, NO3

-                                                         1000                                             
Cu2+, Pb2+,Li+, Ca2+                                                                 800                                             
Ag+, HCO3

-, Cd2+                                                                     500                            
Br-,  HPO4

2-                                                                              250                                             
Ni2+, Sn2+, Co2+                                                                        100 
Al3+ , Fe3+, Cr6+, Sb3+                                                                 50  

 
 
APPLICATION 

 
The proposed method was employed for the determination of As(III) in 

various water samples. Five replicates determinations were carried out and 
the obtained results (Table 2) were satisfactory. The high percentage recovery 
was confirmed the accuracy, precision and the independence of the procedure 
from the matrix interference.  
 
Table 2. Determination of Arsenic in different Water samples and recovery tests 

Sample         As (III) added          As (III) Found a          Recovery         RSD  
                         ( µg L−1 )               ( µg L−1)                     (%)              (%)           

River water b             -                     61.17 ± 0.12                      -                    2.1 
                                 50                110.58 ± 0.16                 99.47                 1.6 
                               100                159.15 ± .080                 98.75                 2.9 

River water c            -                      14.96 ± 0.51                      -                   1.1 
                                50                   62.76 ± 0.17                 96.61                 3.0 
                              100                 112.50 ± 0.11                 97.86                 2.5 

Tap water                -                        8.21 ± 0.16                      -                    2.1   
                                50                   58.14 ± 0.10                  99.88                2.1 
                              100                 110.51 ± 0.19                102.12                2.3 

Well water              -                        20.15 ± 0.03                     -                    2.1       
                                50                    71.81 ± 0.17               102.37                1.7 
                              100                  118.60 ± 0.04                 98.81                1.8   

Spring water            -                       22.17 ± 0.09                     -                    2.0     
                                50                    70.84± 0.18                  98.16                2.5   
                              100                  121.15 ± 0.04                 99.16                3.0   

a ̅ݔ ± ts√݊ at 95% confidence (n = 5) 
b zayande rood river, Esfahan (located in an industrial area) 
c beshar river-tang-e-sorkh village branch(located in a nonindustrial area) 
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EXPERIMENTAL 
 

Apparatus 

Absorption spectra and absorbance measurements were made by a 
Shimadzu UV-1800, UV–Vis spectrophotometer using 1 cm quartz cells (1.0 mL). 
A Metrohm digital pH meter (model 691) with a combined glass electrode was 
applied to measure pH values. A Hettich universal 320 centrifuge was used to 
hasten the phase separation. 

 
Standard solutions and reagents 

The non-ionic surfactant Triton X-114 (3%, v/v) (Sigma-Aldrich, Steinheim, 
Germany) was used without further purification. Stock standard solution of 
Arsenic was prepared from the 1000 mg L−1 As(III) standard by dissolving 
appropriate amount of As2O3 (Merck, Darmstadt, Germany) in 3 M NaOH and pH 
7.0 with 5 M HCl solution. The 1.010-4 mol L-1 of Brilliant Black BN(Merck, 
Germany), solution was obtained by dissolving 0.0086 g of it in 100 ml water. 
A 3% v/v stock solution of trioctylamine (TOA) (Sigma-Aldrich) was attained 
by diluting 3.0 mL of the reagent to 100 mL water containing 1 mL of HCl (0.1 
mol L-1) in a volumetric flask. The McIlvaine's buffer solution was provided by 
4.11 ml of 0.2 M Na2HPO4 in 15.89 ml of 0.1 M citric acid. Stock solution of 
NaCl (1.010-1) was prepared by dissolving 0.584 gr of it in distilled water 
and diluting to 100 mL in a flask. 

 
Procedure 

An aliquot of the solution containing As(III) (in the range of 8-1000 µg L-1), 
2 mL of Brilliant Black BN (1.010-4 mol L-1), 1.5 mL of 3% (v/v) of Triton X-114, 
1 mL of 3% TOA, 1.75 mL of 0.1 mol L-1 of NaCl and 1.5 mL of McIlvaine's 
buffer (pH =3) was transferred into a 15 mL tube, and equilibrated at 45 o C 
in a thermostat bath for 10 min. The separation into two phases was accelerated 
by centrifuging at 3500 rpm for 5 min. The contents of tubes were cooled in an 
ice-bath for 6 minutes, the surfactant-rich phase became viscous, and the upper 
aqueous phase was decanted. The surfactant-rich phase of this procedure was 
dissolved and diluted to 0.7 mL with the methanol and transferred into a quartz 
cell. The absorbance spectrum of the solution was measured at the 616 nm. 
A blank solution that was prepared in the same way except that distilled water 
was used instead of As(III) was also submitted to the same course of action 
and its spectrum was measured. 
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Sample preparation 

Different water samples were preconcentrated. All the collected samples 
were spiked with a suitable amount of standard solution of As(III). All the 
aforementioned samples were filtered through a 0.44µm membrane to remove 
the suspended and floated particles. Standard addition method was applied so 
as to calculate recovery values and check accuracy of results.  
 
 
CONCLUSION 

 
The proposed work was found to be very simple, direct, very selective and 

sensitive. The limit of detection of the proposed method seems to be satisfactory. 
The possible interference of some important ions was investigated and no 
important interference was encountered. The Simplicity in operation, good 
precision, being economical, low extraction time and the lack of the toxic 
solvents presence in the method are from other benefits of the work. The 
proposed method formed hydrophobic ion-associated complex, and the 
hydrophobic complexes are more extractable by Triton X-114 than the non 
hydrophobic complexes. Spectrophotometry of such colored ternary complexes 
probably provides the most sensitive, relatively simple and fast approach to trace 
metal analysis. This reason is extendable to contrast among the ligandless 
extractions and those have one or more ligands. In addition, the percentage 
recoveries were higher than 96% confirming the accuracy. Considering the 
achieved results, the arsenic quantities, in water samples of the river located 
in industrial area is considerably higher than the nonindustrial one. And well water 
and spring water (as unpurified samples) have more quantities of arsenic as 
compared to tap water (as purified sample). This method gives reasonably 
good detection limit, wide linearity and also good standard deviations. 
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ABSTRACT. Reported here is a first detailed analysis of the antioxidant 
activity in traditional fruit-derived distilled alcoholic beverages from Romania 
(“țuica”). A distinctly highest activity, paralleled by Folin-Ciocalteu data and 
UV-vis absorbances, was seen in the most common type of such brandy, 
made of plums; other samples included brandies made of apples, pears, fruit 
mixtures, wine, and cereals. In fact, the values seen for the plum brandy were, 
even before maturation with wood, similar to those of commercially-available 
wood-maturated whisky. Increases of up to one order of magnitude in 
antioxidant activity were seen in all brandies upon maturation with various 
types of wood – with mulberry tree by far the most efficient, followed by oak 
and cherry – and with lowest values seen for acacia. Attempts to identify 
anticancer activity in concentrated extracts prepared from plum brandy, 
failed. Copper electron paramagnetic (EPR) signals are shown for the first 
time in such brandy samples. 
 
Keywords: brandy; antioxidant; polyphenol; hemoglobin; EPR 

 
 
 
 
INTRODUCTION  

 
The beneficial effects on human health and disease prevention 

(cardiovascular, neurodegenerative, colon cancer) of moderately consumed 
wine and brandy are correlated with their antioxidant capacity, especially due 
to the higher ability of the polyphenolic compounds to quench free radical 
species [1-14]. 
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Polyphenols and antioxidant capacity are almost absent in the case 
of vodka, gin and rum. However, whisky and brandy have an intermediate 
antioxidant capacity between red and white wine. In this case, polyphenols 
come from the wood of the storage container during the maturation process 
[15,16]. Numerous studies show that storage of wine or other alcoholic 
beverage, especially in oak barrels, may lead to significant changes in the 
polyphenolic composition, due to the transformation of native compounds 
as well as to the hydrolysis of tannins or lignin from the woods [7,17-25]. 
Recently, new technologies have been developed in order to simplify the aging 
process and to decrease the cost of preservation of brandy in wood barrels. 
Thus, one potential alternative technology consists in adding of wood pieces 
to the beverage kept in stainless steel tanks [26,27]. 

Although there are numerous studies regarding the antioxidant 
capacities of some distilled alcoholic beverages (cognac, liquor, whisky) 
[9,28,29], limited data have been obtained in the case of traditionally-produced 
brandies in Romania (tuica or palinca). As opposed to the use of cereals in 
other European countries (Scotland, Ireland, Northern Europe), traditional 
Romanian distilled beverages are based on processing of various autochthonic 
of fruits such as plums, apples, pears, cherries, apricots, berries. The distillation 
of the fermented fruit pulp is typically performed in cooper stills, with open 
fire, followed by a maturation phase in oak barrels [30]. 

According to the alcoholic concentration (37 vol % cf. current legislation), 
Romanian fruit brandies are classified as superior distilled drinks palinca 
(the name is a translation of the similar Hungarian product, palinka), obtained by 
a mixture of fruits, or slibovita, obtained by distillation and redistillation of plum 
marc, and inferior assortments known as spirits. The tuica, other traditional 
beverage obtained typically exclusively from plums, is produced at various 
alcohol concentrations, depending on region [31,32]. 

The purpose of this study was to investigate the relationship between 
polyphenolic content of various types of traditional distilled Romanian 
beverages and the antioxidant capacities under the influence of different types 
of wood used during the maturation process. Herein, besides traditional 
methods used to investigate antioxidant capacities of food and drinks (ABTS, 
DPPH) [16,33,34], a new physiologically relevant method based on hemoglobin 
ascorbate peroxidase activities is applied.  
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RESULTS AND DISCUSSION 
 

General features 

There are only a few data regarding the quality of Romanian distilled fruit 
beverages, mainly focused on technical analyses such as relative density, 
alcohol concentration, total and volatile acidity, pH, total dry extract, total 
polyphenol index and volatile compounds [31,32,35]. However, a detailed 
analysis of the antioxidant character has not been reported. By contrast, it 
is known that several kinds of polyphenolic compounds such as ellagic acid, 
gallic acid and lyoniresinol could be detected in whisky; nevertheless, a majority 
of them come from oak barrels, due to the higher concentration of alcohol, 
in the maturation process [36]. Here, some traditional and new methods for 
the characterization of antioxidant capacities were applied for the analysis 
of 5 types of Romanian brandy; additionally, the effect of maturation in the 
presence of different species of wood was also examined.  

All studied brandy samples have an alcoholic concentration between 47 
and 52 % very close to the commercial distilled beverage, whisky. Copper 
is the only detected metal in all samples, having a concentration between 
0.1627-0.377 ppm; this is an acceptable level according to the current legislation 
(5 ppm legal limit (Monitorul oficial al Romaniei, part I, Nr. 268.11 VI 1999)). 
The metals found in alcoholic beverage may have different sources including 
raw materials, brewing, process type and equipment, bottling, aging/storage 
and adulteration [37]. The presence of Cu in the studied alcoholic distilled 
beverage was detected here for the first time, in our knowledge, using not only 
elemental analysis but also EPR spectroscopy (Supplementary Information, 
Figure S1). 

 
UV-vis spectra 

All analyzed brandy samples display UV-vis absorbance between 
200 and 320 nm (Figure 1 A) - a region specific for the absorption of aromatic 
and unsaturated compounds. The difference in the absorption intensity of 
spectra suggests the diversity of the compounds found in these brandies. 
The highest intensity was obtained for plum brandy and the lowest for wine 
and corn ones. Considering that antioxidants present here are organic 
compounds, presumably polyphenolic compounds, one would expect a 
good correlation between the intensity of the spectra and the antioxidant 
activity of the samples. Compared to other distilled beverages (Fig. 1 B), 
the spectrum of the Romanian tuica has a visible difference in the intensity 
of absorbance at 250 nm. At 275 nm, the tuica appears to be more similar 
to whisky and tequila; in fact, below 300 nm, its absorbance (and, hence, its 
organic content – implying antioxidant activity) are the highest among all 
samples tested. 
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Figure 1. UV-vis spectra of Romanian brandy samples (A)  

and other commercial distilled beverage (B). 
 
 
Chromatographic analyses 

The attempts to detect antioxidant compounds from tested Romanian 
brandies by TLC were, unfortunately, unsuccessful even in the case of 
concentrated samples. This may suggest that part of the responsible 
compounds for antioxidant activity were also volatile (as seen in the following 
sections, chemical analysis does reveal a certain polyphenolic content). On the 
other hand, the chromatogram obtained for the maturated brandies (Fig. 2) 
indicates specific and obvious differences in the type and content of 
compounds: the highest amounts were in mulberry tree (1), cherry (3) and 
oak (2) samples. It must be specified that in the case of maturated brandies 
the sample pre-concentration is not necessary.  
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mulberry        oak          cherry    hornbeam  hazelnut     acacia          fir        control
tree

mulberry        oak          cherry    hornbeam  hazelnut     acacia          fir        control
tree  

Figure 2. TLC separation of maturated brandies on silica gel 60 F254 with ethyl 
acetate: methanol: water (7.7: 1.3: 1, v/v/v) as mobile phase. Derivatization  
with NP/PEG, UV 366nm. Control sample is represented by plums brandy  
before maturation, obtained by concentration of initial extracts 20 times by 

evaporation, lyophilization and suspension of the residue in ethanol. 
 

The separation shows that the largest number of separated compounds 
are found in the brandy maturated in mulberry, followed by brandies maturated 
in oak and cherry. Furthermore, a distinction regarding the number of separated 
compounds and their concentration can be done. The specific compounds 
presented only in the particular brandy are marked with arrow on the 
chromatogram. All these characteristics of TLC separation allow the differentiation 
of analyzed samples according to the wood and can be used as fingerprinting of 
maturated brandies. 
 

DPPH and Folin-Ciocalteu reagent based assays 

Figure 3 reveals a close correlation between the DPPH assay, which is 
widely used for biologically relevant antioxidant capacity evaluation, due to 
its simplicity and low cost, and total polyphenolic content, determined by Folin-
Ciocalteu assay. Both methods are based on electron transfer mechanisms and 
are suitable for aqueous systems. 
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The simple end-time measurement of DPPH percentage bleached 
used for the analyses of the 5 Romanian types of brandy indicates that the 
highest polyphenolic contents appears to be in the case of the plum brandy. 
No significant differences were obtained between the apple brandy and the 
mixed sample (apple + plum mixture); the lowest concentration of polyphenols 
was found in the corn brandy. Also, kinetic measurements were employed to 
compare a plum brandy sample (not maturated with wood) and commercial 
whisky. Similar results were obtained measuring the area under the curve 
(described in Methods section) between plum brandy (553±5) and whisky 
(551±1) and a slight difference was shown in the case of end point experiments 
(0.048±0.006 for the plum brandy and 0.075±0.001 for whisky). Taking into 
account that plum brandy samples had not been maturated yet with wood, the 
antioxidants in this brandy originate mainly from consumable plant materials, 
not from wood hydrolysis – which may in principle be considered an advantage 
over other European distilled beverages such as whisky or vodka. 
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Figure 3. DPPH based assay and Folin-Ciocalteu data  

for the 5 types of Romanian brandy. 
 

TEAC assay 

 In Fig. 3 the antioxidant capacity of the aqueous and ethanolic extracts 
of the brandies is analyzed, using the simplest and cheaper test TEAC, which is 
based on the ability of antioxidants to react directly with ABTS• radical. The 
extracts, obtained after lyophilization and resuspension in 20-time smaller 
volumes of solvent (either water or alcohol) would be expected to contain a 
higher concentration of antioxidants (10-20 times) than the original brandy 
samples.  
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Kinetic measurements were performed measuring both the difference 
of the absorbance, which is directly correlated with the antioxidant capacities of 
the samples and area under the curve, which is inversely correlated with the 
antioxidant capacities. Thus, for the first case, (Fig. 4 A) the ethanolic extract 
displayed measurable amounts (in line with DPPH and Folin-Ciocalteu assays 
on the intact brandy), much larger than the water extracts. 
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Figure 4. ABTS assay reflected in total change in absorbance (A)  
and area under the curve (B), obtained for aqueous and ethanolic  

extract of 5 types of Romanian brandy. 
 
A good correlation could be observed between the difference of 

absorbance and the second parameter used for the characterization of 
antioxidant capacities - area under the curve shown in Figure 4 B. Although 
one may have expected a higher antioxidant capacity of the ethanolic extract, 
due to the increased concentration of original solution (20 times), this could not 
be observed - most probably due to loss of antioxidant content during the 
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lyophilization process. Indeed, one must consider that since these brandies 
are obtained via distillation, the majority of the compounds would also be 
volatile (of the type illustrated in Table S3 in Supporting Information) – or at 
least predisposed to being carried by vapors of the volatile compounds. 
Reference [35] does in fact list a few compounds that, while volatile, may 
also be targets for free radicals and hence act as antioxidants. 

The characteristic parameters of the kinetic curve, fitted using a bi-
exponential function, are described in Tab. S1 (Supporting Information). Thus, 
two concomitant processes of different rates occur during this reaction, most 
probably due to the structure of the antioxidants, reflected in a different rate 
consuming of ABTS• radicals. 

Kinetics data of the consumption of ABTS radical by polyphenols, 
obtained by EPR measurements fitted using a mono-exponential function (due 
to the different time scales between this experiment and UV-vis experiment), 
show a good correlation with UV-vis experiments for plums and corns brandy 
(Figure 5).  
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Figure 5. Kinetic of the consumption of ABTS.+ radical during an EPR experiment 

for 5 type of Romanian brandy. Area under the curve was normalized and 
corresponded to the integration of each EPR spectrum. 

 
Effects of maturation 

UV-vis spectra of maturated brandies with wood show an increase in 
the intensity of absorbance, especially in the case of mulberry tree, compared 
with original sample (Figure 6). A good similarity can be observed for oak 
and cherry spectra. One would expect a correlation between the UV-vis 
characteristics and the antioxidant capacity.  
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Figure 6. UV-vis spectra of the maturated brandies. 
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Figure 7. The effect of different wood used in the maturation process  

of plums brandy, reflected in the ABTS parameters: total change  
in absorbance (A) and area under the curve (B). 
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Indeed, a significant improvement of the antioxidant capacity (compared 
to original samples) was achieved after the maturation of brandies using different 
pieces of wood species. The results presented in Fig. 7 (kinetic parameters fitted 
using a bi-exponential function are presented in Supplementary Information, 
Table S2) show that the best improvement, in agreement with the chromatogram 
shown in Figure 2 and UV-vis spectra shown in Figure 6, was obtained for 
mulberry tree followed by oak. Acacia and fir woods proved to have the lowest 
influence on this process. 
 

HAPX assay 

A new physiologically relevant method proposed for the evaluation 
of antioxidant capacities is based on the ascorbate peroxidase activity of 
hemoglobin, as described in detail in [38-44]. Under some natural (physical 
effort) or pathological conditions such as haemolytic anaemias, subarachnoid 
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Figure 8. A. HAPX results reflected in the change of slope at 290 nm, for the 

Romanian analyzed brandies. S1/s1 represents the ratio between slope 1  
and slope 2. B. HAPX assay results reflected in the change of slope at  
290 nm, for the plums brandy maturated with different types of wood. 
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haemorrage and rhabdomyolysis, globins can initiate free radical chemistry, 
in particular by interaction of the ferric form of hemoglobin (met) with peroxide 
yielding two strong oxidants: ferryl iron and a protein-bound free radical. 
Ascobate has the ability to reduce plasma methhemglobin, ferryl hemoglobin 
and globin radicals. Other antioxidants compounds present in the sample can 
also interact with these highly oxidant species during the catalytic cycles of 
these reaction; these easily could be observed in the inhibition of ascorbate 
hemoglobin dependent oxidation [45]. 

HAPX applied for Romanian brandy shows a good correlation with 
traditional methods used for evaluation of antioxidant capacity (ABTS, DPPH) 
(Figure 8 A). Plums sample was proved to have the best antioxidant capacity, 
and corn brandy the lowest. The results obtained using this method for the 
maturated samples are shown in Figure 8 B. With some few exceptions, a 
good correlation can be observed between the results obtained here and in the 
ABTS test. Thus, the higher antioxidant capacity was achieved for the brandy 
maturated in the presence of a piece of mulberry tree species, followed, unlike 
on the ABTS results, by the fir wood, oak and cherry. The lowest antioxidant 
capacity was observed, as in the ABTS experiments, for the acacia wood.  
 

Cell culture tests 

The antioxidant contents of various foodstuffs is often cited as indicative 
of health-promoting effects; alcoholic beverages make no exception, as 
reviewed in the Introduction. Biological tests were in this context performed 
on 20-fold concentrated extracts of the plum brandy, following methodologies 
described elsewhere [46]. Unfortunately, no anticancer effect was detected – 
nor was any other protective or toxic effect noticed. 
 
 
CONCLUSIONS 

 
Reported here is a first detailed analysis of the antioxidant activity in 

traditional fruit-derived distilled alcoholic beverages from Romania (“țuica”). 
By far, the highest activity is seen in the most common type of such brandy, 
made of plums. In fact, these values are, even before maturation with wood, 
similar to those of commercially-available wood-maturated whisky. Increases 
of up to one order of magnitude in antioxidant activity were seen in all brandies 
upon maturation with various types of wood – with mulberry tree by far the most 
efficient, followed by oak. Attempts to identify anticancer activity in concentrated 
extracts prepared from plum brandy were not successful. Copper electron 
paramagnetic (EPR) signals are shown for the first time in such brandy samples. 
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EXPERIMENTAL SECTION 
 
5 types of brandy (from plums, mixture of plums and apples, apples, 

wine and corn) produced simultaneously with a similar alcoholic concentration 
were collected directly from a producer originating from the Bistrita-Nasaud 
county in Romania. From the same region, 7 pieces of different species of 
wood were collected from mulberry tree, oak, hazelnut, acacia, fir, cherry and 
hornbeam. Whisky (commercial brand, 40 vol % alcohol) was obtained from 
a local store.  

ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), DPPH, 
and ascorbic acid were purchased from Sigma-Aldrich (Germany). The Folin-
Ciocalteu reagent (standard solution 2 N, 1: 10 dilution) was obtained from 
Merck KGaA (Germany). Bovine hemoglobin, purified according to the Antonini 
and Brunori procedure [47], was oxidized to met hemoglobin (metHb) by 
ferricyanide treatment. 

Silica gel 60F254 thin layer chromatographic (TLC) plates (10x10cm) 
were purchased from Merck, Darmstadt (Germany). NP (Natural Product) was 
prepared by dissolution of 1 g of diphenylboronic acid aminoethyl esther in 
200 mL ethyl acetate; PEG solution was prepared by dissolution of 10 g 
polyethylene glycol 400 (Macrogol) in 200 mL dichloromethane.  

Brandy aging (maturation) occurred in the presence of a piece of wood 
(3 cm3), in plastic containers, at 4ºC, during 24 hours. Then, the samples were 
decanted and analyzed. Selected samples of brandies were concentrated on a 
water bath at 40oC under mild vacuum (water suction), until the final volume of 
sample was decreased 20-fold. The obtained extracts were lyophilized and 
then, the residues were suspended in ethanol and water, respectively. 

 
Thin layer chromatography 

20 L of each concentrated brandy samples and those obtained by 
maturation with different types of wood were applied as 8mm bands with a 
rate of 30nL/s to the TLC plate using a semi-automatic applicator device 
(Linomat V, Camag). The plates were developed in normal chromatographic 
twin trough chamber (Camag) pre-saturated for 30 minutes with mobile phase - 
ethyl acetate: methanol: water (7.7: 1.3: 1, v/v/v). The dried developed plate 
was heated at 1000C for 3 min, dipped while still hot in the NP solution, dried in 
cold air and then immersed in the PEG solution. The plates dipping were 
performed using an immersion device (Camag). The detection was performed 
under UV light (254 nm and 366 nm) and under visible light, before and after the 
dipping of the plates in the NP/PEG solutions and the documentation of the 
plates was performed using a TLC vizualizer device (Digistore 2 - Camag). 
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The total polyphenolic content was determined using the Folin-Ciocalteu 
assay, described in [45]. For each sample, 1.5 mL Folin-Ciocalteu reagent were 
added to 1 mL brandy, and samples were incubates in the dark for 5 minutes. 
Then, 1.2 mL sodium carbonate (0.7 M) were added and samples were incubated 
in the dark for 2 h, at which point the solution turned deep blue to various 
degrees, depending the sample. The absorbance of the blue samples was 
recorded at 760 nm, on a Cary 50 UV-vis spectrometer (Varian). 
 

DPPH assay 

A stock solution of 0.09 mg/mL was prepared. 1 mL of DPPH solution 
was added to the 2 mL brandy and the samples were incubated for 15 
minutes at room temperature, followed by measurement of the absorbance 
at 517 nm. Besides the end-point experiment, kinetics measurements were also 
performed for 30 minutes, at 517 nm. Typical decay curves were obtained 
for every sample, allowing one to calculate the total change in absorbance 
(∆A), which is directly correlated with antioxidant capacities of the samples, 
as well as the calculation of the area under the curve, which is inverse 
correlated with the antioxidant capacities.  

 
Trolox equivalent antioxidant capacities (TEAC) assay 

The ABTS radical was enzymatically obtained by 2 hours of incubation 
of 2 mM reduced ABTS solution in 5 mM sodium acetate pH 5.5, with 50 nM 
horseradish peroxidase and 1.3 mM hydrogen peroxide. The radical was 
separated from the enzyme using a 10 kDa cut-off amicon filter. For this 
assay, kinetic measurements were performed. In a quartz cuvette, 50 µl ABTS 
radical was added to the 900 µl PBS buffer and 10 µl brandy. The decrease 
of the ABTS radical absorbance was monitored at 420 nm. As in the DPPH 
methods, the evaluation of the antioxidant capacities of the sample can be 
obtained using the total change in absorbance as well as via the calculation 
of the area under the curve. 

The inhibition of hemoglobin ascorbate peroxidase activity (HAPX) 
assay was conducted as in [45]. For this experiment, kinetic measurements 
were performed. Thus, in a quartz cuvette, 14 µl metHb of 1mM, 13 µl peroxide 
of 60 mM and 10 µl were added to 952 sodium acetate buffer, pH 5.5 - after 
which the absorbance changes were monitored at 290 nm. After absorbance 
stabilization, the reaction was triggered by the addition of 50 µl ascorbate of 
50 mM. The kinetic profile for ascorbic acid degradation after the addition of 
met-Hb, was linear for least 100 s. For the evaluation of the hemoglobin ascorbate 
peroxidase activity, the slope of the linear decrease was calculated (corresponding 
to the oxidation of ascorbate).  

EPR measurements were performed as described in [46].  
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LUIZA GĂINĂa, ADRIANA GROZAVb,*, VALENTIN ZAHARIAb  

AND LUMINIŢA SILAGHI-DUMITRESCUa 

 
 

ABSTRACT. A series containing 1-, 2-, 3- and 4-(benzothiazol-2yl)-10Hphenothiazine 
derivatives was advantageously prepared by the condensation of each corresponding 
phenothiazine-carbaldehyde regioisomer with 2-amino-benzenethiol. The reaction 
conditions were optimized and the structures of the new compounds were 
unambiguously assigned based on high resolution nuclear magnetic resonance 
spectroscopy and mass spectrometry.  
 
Key words: phenothiazine, benzothiazole, NMR 

 
 
 
INTRODUCTION 

 
Benzothiazole derivatives consisting of a cumulative structural motif 

formed by the 5-membered heteroaromatic ring, the fused benzene unit and 
diverse substituents attached in various positions (especially mercapto groups) 
already found important industrial applications in anti-oxidant formulations, 
components in metal finishing liquors [1], vulcanization accelerators in the 
rubber industry [2] and fungicides [3]. Various 2-substituted benzothiazoles (2-
aryl benzothiazole) received much attention due to potential uses as imagining 
agents [4] and anticancer agents [5]. 

Several procedures were developed for the synthesis of benzothiazoles 
(scheme 1). One method involves the condensation of 2-aminothiophenols with 
carboxylic acids [6] or aldehydes [7, 8] respectively, under oxidative conditions 
(reported oxidants: bromine, iodine, quinine, metal salts). Another method involves 
the transition-metal-catalyzed intramolecular cyclization of thioanilides [9]. Most 
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efforts were focused on noble metal catalysts, such as Ru, Rh, Pd, but the iron-
catalysed [10] synthesis may benefit from the low toxicity and large availability 
of iron derivatives. Metal-free methods starting from alkyl amines [11] or aryl 
ketones [12] at high temperature under oxidative conditions were also reported. 
The third method involves the condensation of 2-aminothiophenols with  
β-ketonitriles [13], β-ketoesters [14] or β-diketones [15] under microwave 
activation at high temperature or in the presence of catalytic ammounts of 
Bronsted acids.  
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Scheme 1 
 

Continuing our investigations dedicated to the synthesis of new 
polyheteroaromatic structures containing phenothiazine and thiazole units 
assembled in the same molecular structure [16], in this work we described 
an advantageous procedure for the synthesis of new derivatives with joint 
phenothiazine and thiazole units. 

 
 

RESULTS AND DISCUSSIONS 
 
The synthetic strategy applied in this work is based on the condensation 

of aldehydes with o-aminobenzenethiols under thermal activation conditions. A 
series of benzothiazolyl-phenothiazine derivatives was prepared starting with a 
phenothiazine-carbaldehyde derivative (10H-phenothiazin-1-carbaldehyde, 
10-methyl-10H-phenothiazin-1-, 2-, 3-, and 4-carbaldehyde regioisomers, 
10-methyl-7-bromo-10H-phenothiazin-3-carbaldehyde and 10-methyl-10H-
phenothiazin-3,7-dicarbaldehyde respectively) and ortho-aminobenzenethiol 
which were severely heated in DMSO solvent (Scheme 2). No other oxidant 
was required when working-up in the presence of atmospheric oxygen. 
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Scheme 2 

This convenient procedure gave satisfactory yields even in the case 
of sterically hindered substrates such as 10-methyl-10H-phenothiazin-1-
carbaldehyde or 10H-phenothiazin-1-carbaldehyde Best yields were obtained 
in the preparation of 2-benzotiazolyl-phenothiazine. The products are stable 
crystalline compounds with a yellow colour.  

ppm 
Figure 1. 600 MHz 1H-NMR spectra of benzothiazol-2yl-phenothiazine 

regioisomers in CDCl3 
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The structures of the new compounds were unambiguously assigned 
based on HRMS and NMR spectroscopic data. 2D-NMR 1H-1H homocorrelation 
and 1H-13C-heterocorrelation experiments were performed in order to completely 
assign the signals of the nuclei present in the two heterocyclic units. As it may 
be seen from figure 1 which collectively presents the 1H-NMR spectra of the 
series of regioisomers 1-5, the benzothiazolyl moiety is responsible for 
generating the most deshielded signals, accompanied by the protons of the 
phenothiazine unit situated in the closest neighboring position. An inspection of 
the chemical shifts recorded in the case of sterically hindered structures 1 and 2 
suggest a preferred bisectional orientation of the benzothiazolyl substituent 
in respect to the aromatic ring of the phenothiazine unit. The ring current of the 
benzothiazolyl unit induces a magnetic anisotropy observable in the chemical 
shifts of the substituents situated in the peri position (a deshielding of the 
NH signals in 1 and a shielding of –CH3 signals in 2 respectively). 
 
 
CONCLUSIONS 

 
A convenient procedure for the preparation of new heteroaromatic 

compounds with joint phenothiazine and thiazole units was developed 
based on thermal activated condensation of ortho-aminobenzenethiol with 
phenothiazine carbaldehydes. 
 
 
EXPERIMENTAL SECTION 
 

HRMS spectra were recorded using Thermo LTQ Orbitrap XL mass 
spectrometer. 

NMR spectra were recorded at room temperature on 400 or 600 
MHz Bruker Avance instruments. Chemical shifts are expressed in δ (ppm) 
relative to standard tetramethylsilane (TMS). 

O-amino-benzenethiol was purchased from Sigma_Aldrich.  
Phenothiazine carbaldehydes were prepared according to previously 

reported procedures. 

General procedure for the synthesis of benzothiazol-2yl- 
phenothiazine derivatives 

Ortho-Aminobenzenethiol (4mmol, 0.5g) and the corresponding 
phenothiazinyl aldehyde (4mmol) dissolved in 50 ml DMSO were heated 
at 180 oC on oil bath for 6 h. After cooling down to room temperature, 
the mixture was poured in water and extracted with ethyl acetate. The 
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organic phase was dried over Mg2SO4 and the solvent was removed 
under vacuum. The residue was purified by recrystallisation from ethanol 
or by column chromatography (eluent toluene). 

1-(benzo[d]thiazol-2-yl)-10H-phenothiazine (1) 
Purification by flash chromatography, gave 0.9 g, 68 % as orange solid. 

HRMS (ESI+): [M+H+] found 333.0454, C13H13N2S requires 333.0515. 
1H-NMR (600MHz, CDCl3): δ (ppm) = 6.72 (d, 1H, H9, 3J =7.62Hz), 

6.76 (t, 1H, H7, 3J = 7.8 Hz), 6.83 (t, 1H, H8, 3J = 7.2 Hz), 6.93 (d, 1H, H4, 
3J = 

7.62Hz), 6.96 (d, 1H, H6, 3J =7.44 Hz), 7.02 (td, 1H, H3, 3J = 7.8 Hz, 4J = 0.9 
Hz), 7.39 (t, 1H, H6’, 3J = 7.44 Hz), 7.44 (dd, 1H, H2, 3J =7.86Hz, 4J = 
0.66Hz), 7.49 (t, 1H, H5’, 3J = 7.32 Hz), 7.85 (d, 1H, H7’, 3J =8.1 Hz), 8.01 (d, 
1H, H4’, 3J =8.1 Hz), 11.38 (s, 1H, NH) 

13C-NMR (125 MHz, CDCl3): δ (ppm) = 115.5 (Cq, C1), 115.8 (CH, C7), 
117.7 (Cq, C4a), 120 (Cq, C5a), 121.1 (CH, C4’), 121.3 (CH, C7), 122.6 (CH, C7’), 
123 (CH, C8), 125.5 (CH, C6), 126.4 (CH, C6’), 127.5 (CH, C2), 128.2 (CH, C6), 
128.5 (Cq, C3), 133.2 (Cq, C7a’), 140.8 (Cq, C9a), 141.7 (Cq, C10a), 153 (Cq, C4a’), 
168.3 (Cq, C2’); 

1-(benzo[d]thiazol-2-yl)-10-methyl-10H-phenothiazine (2) 
Purification by recrystallisation, gave (0.8g, 58 %) as orange solid. 

HRMS (ESI+): [M+H+] found 347.0611, C13H13N2S requires 347.0671. 
1H-NMR (600MHz, CDCl3): δ (ppm) = 3.16 (s, 3H, N-CH3), 7.09 (td, 

1H, H4,3J = 8 Hz, 4J = 1.74 Hz), 7.15  (t, 1H, H3, 3J = 7.7 Hz), 7.23 (d, 1H, 
H9, 

3J =7.56Hz), 7.26-7.31 (m, 3H, H8, H7, H6), 7.45 (t, 1H, H6’, 3J = 7.5 Hz), 
7.55 (t, 1H, H5’, 3J = 7.5 Hz), 7.90 (dd, 1H, H2, 3J = 7.68 Hz, 4J = 1 Hz), 7.99 
(d, 1H, H7’, 3J = 8 Hz), 8.15 (d, 1H, H4’, 

3J = 8.1 Hz); 
13C-NMR (125 MHz, CDCl3): δ (ppm) = 43.3 (CH3, Ca), 121 (CH, C7), 

121.6 (CH, C7’), 123.3 (CH, C4’), 124.3 (CH, C3), 124.6 (CH, C4), 125.4 (CH, C6’), 
126.2 (CH, C5’), 126.9 (CH, C9), 127 (Cq, C4a), 127.7 (CH, C8), 128.7 (CH, C6), 
128.8 (Cq, C5a), 129.8 (CH, C2), 132.8 (Cq, C1); 136.4 (Cq, C7a’), 144 (Cq, C9a), 
147 (Cq, C10a), 152.8 (Cq, C4a’), 165.5 (Cq, C2’); 

2-(benzo[d]thiazol-2-yl)-10-methyl-10H-phenothiazine (3) 
Purification by recrystallisation, gave 1.1 g, 81 % as yellow solid. 

HRMS (ESI+): [M+H+] found 347.0616, C13H13N2S requires 347.0671. 
1H-NMR (400MHz, CDCl3): δ (ppm) = 3.47 (s, 3H, N-CH3), 6.84 (d, 

1H, H9, 3J = 7.8 Hz), 6.95 (td, 1H, H3, 3J = 7.48 Hz, 4J = 0.8 Hz), 7.14 (dd, 1H, 
H6, 3J = 7.6 Hz, 4J = 1.3 Hz), 7.17-7.21 (m, 2H, H4, H8), 7.37 (td, 1H, H6’, 3J = 8 
Hz, 4J = 0.9 Hz), 7.48 (td, 1H, H5’, 3J = 8.2 Hz, 4J = 1 Hz), 7.53-7.56 (m, 2H, 
H1, H7), 7.87 (d, 1H, H7’, 3J = 8 Hz), 8.06 (d, 1H, H4’, 3J = 8.2 Hz); 
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13C-NMR (100 MHz, CDCl3): δ (ppm) = 35.6 (CH3, Ca), 112.2 (CH, 
C1), 114.4 (CH, C9), 121.6 (CH, C7’), 122 (CH, C7), 122.6 (CH, C4a), 122.8 (CH, 
C3), 123.1 (CH, C4’), 125.3 (CH, C5’), 126.4 (CH, C6’), 127.2 (CH, C1), 127.3 
(CH, C6), 127.5 (Cq, C5a), 127.8 (CH, C8), 132.9 (Cq, C2), 135 (Cq, C7a’), 145.3 
(Cq, C9a), 146.4 (Cq, C10a), 154.1 (Cq, C4a’), 167.8 (Cq, C2’); 

3-(benzo[d]thiazol-2-yl)-10-methyl-10H-phenothiazine (4) 
Purification by recrystallisation, gave 0.9 g, 65 % as yellow solid  

(m.p. = 160-161oC). 

HRMS (ESI+): [M+H+] found 347.0610, C13H13N2S requires 347.0671. 
1H-NMR (400MHz, CDCl3): δ (ppm) = 3.39 (s, 3H, N-CH3), 6.82 (d, 

2H, H9, H1,3J = 8.2 Hz), 6.95 (td, 1H, H7, 3J = 7.4 Hz, 4J = 0.8 Hz), 7.14-7.20 
(m, 2H, H8, H6), 7.34 (td, 1H, H6’, 3J = 8 Hz, 4J = 0.84 Hz), 7.46 td, 1H, H5’, 
3J = 8.2 Hz, 4J = 1 Hz), 7.84-7.86 (m, 3H, H7’, H2, H4), 8.02 (d, 1H, H4’, 3J = 
8 Hz); 

13C-NMR (100 MHz, CDCl3): δ (ppm) = 35.6 (CH3, Ca), 114.1 (CH, 
C1), 114.5 (CH, C9), 121.6 (CH, C7’), 122,7 (Cq, C4a), 122.9 (CH, C7), 123.1 
(CH, C4’), 124.2 (Cq, C5a), 124.9 (CH, C2), 125.96 (CH, C5’), 126.4 (CH, C6’), 
127.1 (CH, C1), 127.36 (CH, C6); 127.7 (CH, C8), 128 (Cq, C3), 134.9 (Cq, 
C7a’), 144.8 (Cq, C9a), 148.2 (Cq, C10a), 154.2 (Cq, C4a’), 167.1 (Cq, C2’); 

4-(benzo[d]thiazol-2-yl)-10-methyl-10H-phenothiazine (5) 
Purification by recrystallisation, gave 0.8 g, 60 % as yellow solid. 

HRMS (ESI+): [M+H+] found 347.0615, C13H13N2S requires 347.0671. 
1H-NMR (400MHz, CDCl3, ppm): δ (ppm) = 3.15 (s, 3H, N-CH3), 

6.57 (d, 1H, H9, 3J = 8 Hz), 6.63 (t, 1H, H7, 3J = 7.5 Hz), 6.68 (d, 1H, H1, 3J = 
8.04 Hz), 6.8 (d, 1H, H6, 3J = 7.3 Hz), 6.92 (m, 1H, H8), 7.01 (t, 1H, H2, 3J = 
8 Hz), 7.18 (m, 2H, H6’, H3), 7.29 (m, 1H, H5’), 7.7 (d, 1H, H7’, 3J = 7.92 Hz), 
7.89 (d, 1H, H4’, 3J = 8.08 Hz); 

13C-NMR (100 MHz, CDCl3): δ (ppm) = 35.3 (CH3, Ca), 113.5 (CH, 
C9), 115.5 (CH, C1), 121 (CH, C7’), 122 (CH, C7), 122.9 (CH, C4’), 123.2 (Cq, 
C4a), 123.7 (CH, C6’), 124.9 (Cq, C5a), 125.7 (CH, C3), 126.5 (CH, C5’), 127.2 
(CH, C6), 127.6 (CH, C2); 128.4 (CH, C8), 131 (Cq, C7a’), 135 (Cq, C4), 145.9 
(Cq, C9a), 145.95 (Cq, C10a), 152.8 (Cq, C3a’), 164.8 (Cq, C2’); 

3-(benzo[d]thiazol-2-yl)-7-bromo-10-methyl-10H-phenothiazine (6) 
Purification by recrystallisation, gave 1.1 g, 68 % as greenish-yellow 

solid. 

HRMS (APCI+): [M+H+] found 426.9755, C20H14N2S2Br requires 424.9776. 
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1H NMR (400MHz, CDCl3): δ (ppm) = 3.38 (s, 3H, N-CH3), 6.71 (d, 
1H, H9, 3J = 9.24 Hz), 6.89 (d, 1H, H1, 3J = 8.5 Hz), 7.23-7.26 (m, 2H, H6, 
H8), 7.36 (t, 1H, H6’, 3J = 6.24 Hz), 7.47 (t, 1H, H5’, 3J = 7.3 Hz), 7.81-7.85 
(m, 2H, H2, H4), 7.87 (d, 1H, H7’,3J = 8.2 Hz), 8.02 (d, 1H, H4’,3J = 8.2 Hz); 

13C NMR (100 MHz, CDCl3): δ (ppm) = 35.7 (CH3), 114.3 (CH, C1), 
115.4 (Cq, C7), 115.6 (CH, C9), 121.6 (CH, C7’), 123 (CH, C4’), 125 (Cq, C4a), 
125.1 (CH, C6’), 126 (CH, C4), 126.4 (CH, C5’), 127.3 (CH, C2), 128.4 (Cq, C5a), 
129.5 (CH, C6); 130.4 (CH, C8), 134.9 (Cq, C3), 144.1 (Cq, C7a’), 147.7 (Cq, 
C9a), 154.2 (Cq, C3a’), 166.9 (Cq, C2’); 

3,7-bis(benzo[d]thiazol-2-yl)-10-methyl-10Hphenothiazine (7) 
Purification by recrystallisation, gave 0.6 g, 63 % as yellow solid. 

HRMS (APCI+): [M+H+] found 480.0653, C27H18N3S3 requires 480.0653. 
1H-NMR (400MHz, CDCl3): δ (ppm) = 3.42 (s, 3H, N-CH3), 6.93 (d, 2H, 

H1, H9, 3J = 8.32 Hz), 7.36 (t, 2H, H6’, 3J = 7.6 Hz), 7.48 (t, 2H, H5’, 3J = 7.6 
Hz), 7.81-7.86 (m, 4H, H2, H4), 7.88 (d, 2H, H7’, 

3J = 8.2 Hz), 8.03 (d, 2H, 
H4’, 3J = 8.2 Hz); 

13C-NMR (100 MHz, CDCl3): δ (ppm) = 35.5 (CH3, Ca), 114.9 (CH, 
C9), 121.5 (CH, Ca), 122.8 (CH, C7’), 123.9 (CH, C7), 124.9 (Cq, C4a), 126 (CH, 
C4’), 126.3 (CH, C5’), 126.9 (CH, C6’), 128.3 (Cq, C3), 134.7 (Cq, C7a’), 145.9 
(Cq, C9a), 154 (Cq, C3a’), 166.7 (Cq, C2’). 
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ABSTRACT. Local domains of n-spaces surrounded by the common 
Euclidean 3D-space may exist in complex chemical (mineral or synthetic) 
structures. In this paper, two classes of the simplest clusters embedded in 
n-dimensional spaces higher than three are designed by operations on 
maps and their properties discussed. 
 
Keywords: graph, n-dimensional space, n-cube, torus, cluster 

 
 
 
INTRODUCTION 
 

The gravitational theory (general relativity) describes our universe 
having the geometry of three-dimensional space with the fourth-dimension 
being the time. The so-called 3 + 1 space gives an accurate description of 
the universe we observe. A stellar black hole is believed to be formed by the 
gravitational collapse of a massive star (from five to several tens of the solar 
mass). Understanding the universe led us to the need of learning about 
spaces of dimensions higher than three. The aim of finding domains of n-
spaces surrounded by the common Euclidean 3D-space, in complex 
chemical (mineral or synthetic) structures promoted our efforts towards a 
systematic design of n-dimensional hyper-structures. Let, for the beginning, 
introduce to some basic mathematical notions.   

A convex hull (envelope) [1-3] of a set X of points in the Euclidean 
space is the smallest convex set that contains X. A set of points is called 
convex if it contains all the line segments connecting each pair of its points. The 
convex hull of a finite set S of points is the set of all its convex combinations; in a 
convex combination, each point xi is weighted by a coefficient αi such that 
the coefficients are all non-negative and their sum is one. For each choice of 
coefficients, the resulting convex combination is a point in the convex hull, and the 
whole convex hull can be generated by choosing coefficients in all possible ways. 
One can write the convex hull as the set: 
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The convex hull of a finite point set  forms a convex polygon, 
for n = 2, or, in general, a convex polytope in . Every convex polytope in 

 is the convex hull of its vertices. 
There are six regular 4D-polytopes, also called polychora: 5-Cell 

{3,3,3}; 8-Cell {4,3,3}; 16-Cell {3,3,4}; 24-Cell {3,4,3}; 120-Cell {5,3,3} and 
600-Cell {3,3,5}. Five of them can be associated to the Platonic solids but the 
sixth, the 24-cell has no close 3D equivalent; it consists of 24 octahedral 
cells, 6 cells meeting at each vertex. Among them, 5-Cell and 24-Cell are 
self-cage-dual while the others are pairs: (8-Cell & 16-Cell); (120-Cell & 600-
Cell). In the above, {p, q, r,…} are the Schläfli symbols: the symbol {p} 
denotes a regular polygon for integer p, or a star polygon for rational p; the 
symbol {p, q} denotes a 3D-object tessellated by p-gons while q is the vertex-
figure (i.e. the number of p-gons surrounding each vertex); the symbol {p, q, 
r}  describes a 4D-structure, in which  r 3D-objects join at any edge (r being 
the edge-figure) of the polytope, and so on. The Schläfli symbol has the nice 
property that its reversal gives the symbol of the dual polyhedron. The 4D 
polytopes have been first described by Schläfli [4].  

In dimensions 5 and higher, there are only three kinds of convex 
regular polytopes no non-convex regular polytopes exists. Let us give some 
details, in the following. 

The n-simplex[1], with Schläfli symbol {3n−1}, and the number of its 

k-faces , is a generalization of the triangle or tetrahedron to arbitrary 

dimensions. A simplex is an n-dimensional polytope, which h is the convex 
hull of its n+1vertices. For example, a 0-simplex is a point, a 1-simplex is a 
line segment, a 2-simplex is a triangle, a 3-simplex is a tetrahedron, and a 4-
simplex is a 5-cell. A simplex may be defined as the smallest convex set 
containing the given vertices. A regular n-simplex may be constructed from 
a regular (n − 1)-simplex by connecting a new vertex to all original vertices 
by the common edge length. 

The convex hull of any nonempty subset of k+1 points that define an 
n-simplex is called a face of the simplex; faces are simplexes themselves. In 
particular, the convex hull of a subset of size k+1 (of the n+1 defining points) 
is a k-simplex and is called a k-face of the n-simplex. The 0-faces (i.e., the 
points themselves) are called the vertices, the 1-faces are called the edges, 
the (n − 1)-faces are called the k-faces (or facets), and the sole n-face is the 
whole n-simplex itself.  

nS  R
nR

nR
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The hypercube [1] is a generalization of the 3-cube to n-dimensions; 
it is also called an n-cube and commonly denoted Qn. It is a regular polytope 
with mutually perpendicular sides, thus being an orthotope. It has the Schläfli 

symbol {4,3n−2} and k-faces given by . Figure 1 illustrates the 4-cube, 

i.e., 8-Cell or Tesseract, as painted by the Italian painter Juseppe Zaccuri, 
Milano. 

 
Figure 1. HyperCube by Juseppe Zaccuri, Milano 

 
The n-orthoplex or cross-polytope [1] has the Schläfli symbol {3n−2,4} 

and k-faces ; it exists in any number of dimensions and is the dual 

of n-cube. The cross-polytope is the convex hall of its vertices; its facets are 
simplexes of the previous dimensions, while its vertex figures are other 
cross-polytopes of lower dimensions. 

To investigate an n-dimensional polytopes, a formula, also due to 
Schläfli [4], is used 

 

    (2) 

For n=4, eq (2) reduces to the well-known Euler [5] relation 

     (3) 

with v, e, f and g being the vertices, edges, 2-faces and the genus, respectively; 
g=0 for the sphere and g=1 for the torus. 
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RESULTS AND DISCUSSION 
 

The n-dimensional spaces may be locally present in minerals or 
artificial chemicals [6]. Some 4-dimensional 13-atom clusters: MaMb12 or M13, 
M=Fe, Pd, Ru, Rh was found to show giant magnetic moments [7]. Other 
simple molecules as B4Cl4, Co(Cܱሻସ	ି, etc. may be described in dimensions 
higher than three. In this respect, two simplest classes of clusters showing 
dimensionality higher than three will be introduced as follows. 

 
P-Centered Clusters 

Body centered clusters derived from the Platonic solids are easily 
drawn, as shown in Figure 2; their figure count is given in Table 1. These 
small clusters, excepting DoP.21, were next transformed by operations on 
maps [8-10] in their 2-dual, medial (i.e. rectified) and truncated derivatives 
(Figures 3 to 6). P-centered clusters represent cell-duals of polyhedra with 
the same number of cells around a central one; they are objects of Euclidean 
4D-space, as shown by the figure count (Tables 2 to 5) cf. eq (2). This idea 
can be extended to objects other than Platonics. 

The name of clusters can be made in at least three ways, as shown 
in the bottom of figures and tables; the “endohedral” @ symbol was used, 
starting from the core and going radially, to the exterior, the suffix number 
counting the points/atoms in the whole structure. 
 

  
TP.5 OctP.7 CP.9 DoP.21 IcoP.13 

P@T.5 P@Oct.7 P@C.9 P@Do.21 P@Ico.13 
P@T4@T.5 P@T8@Oct.7 P@(Py4)6@C.9 P@(Py5)12@Do.21 P@T20@Ico.13 

Figure 2. Body centered clusters derived from the Platonic solids 
 

Table 1. Figure count for clusters in Figure 2 
 

Cluster v e f3 f5 f6 f p1 p2 p3 M c Sum(f) Sym pk; (M) 
TP 5 10 10 0 0 10 4 0 0 1 5 0 3 T; 0; 0 (T) 

OctP 7 18 20 0 0 20 8 0 0 1 9 0 4 T;0;0 (Oct) 
CP 9 20 12 6 0 18 0 6 0 1 7 0 4 0;Py4; 0 (C) 

DoP 21 50 30 0 12 42 0 12 0 1 13 0 5 0;Py5;0 (Do) 
Icop 13 42 50 0 0 50 20 0 0 1 21 0 5 T; 0; 0 (Ico) 
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Du(TP).10 
T@Oct.10 

Med(TP).10 
T@Oct.10 

Tr(TP).20 
T@(TT4;T4)@TT.20 

Figure 3. TP-derived structures 
 

Table 2. Figure count for clusters derived from TP cluster 

T-structure v e f3 f5 f6 f p1 p2 p3 M c Sum(f) Sym pk; (M) 
TP.5 5 10 10 0 0 10 4 0 0 1 5 0 3 T; 0; 0 (P; T) 

Du(TP).10 10 30 30 0 0 30 4 4 0 2 10 0 3 
T; Oct= AP3;  
0 (T;Oct) 

Med(TP).10 10 30 30 0 0 30 4 4 0 2 10 0 3 
T; Oct= AP3;  
0 (T;Oct) 

Tr(TP).20 20 40 20 0 10 30 4 4 0 2 10 0 3 T;TT; 0 (T; TT) 

 
 

   

Du(OctP).20 
CO@((AP4)6;T8)@C.20 

Med(OctP).18 
Oct@(Oct8;(Py4)6)@CO.18 

Tr(OctP).36 
Oct@(TT8;(Py4)6)@TO.36 

Figure 4. OctP-derived structures 
 

Table 3. Figure count for clusters derived from OctP cluster 

Oct-structure v e f3 f5 f6 f p1 p2 p3 M c Sum(f) Sym pk; (M) 
OctP.7 7 18 20 0 0 20 8 0 0 1 9 0 4 T;0;0 (P;Oct) 
Du(OctP).20 20 60 44 12 0 56 8 6 0 2 16 0 4 T;Ap4;0 (CO;C) 

Med(OctP).18 18 60 52 6 0 58 8 6 0 2 16 0 4 
Oct; Py4 (Oct; 
CO) 

Tr(OctP).36 36 78 32 6 20 58 8 6 0 2 16 0 4 TT;Py4;0 (Oct;TO) 
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Du(CP).18 
Oct@(Oct8;(Py4)6)@CO.18 

Med(CP).20 Tr(CP).40 
C@((HTO)6;T8)@TC.40 C@((AP4)6;T8)@CO.20 

Figure 5. CP-derived structures 

Table 4. Figure count for clusters derived from CP cluster 

C-structure v e f3 f5 f6 f p1 p2  p3 M c Sum(f) Sym pk; (M) 
CP.9 9 20 12 6 0 18 0 6 0 1 7 0 4 0;Py4; 0 (P;C) 
Du(CP).18 18 60 52 6 0 58 8 6 0 2 16 0 4 Oct; Py4 (Oct; CO) 
Med(CP).20 20 60 44 12 0 56 8 6 0 2 16 0 4 T;Ap4;0 (C; CO) 
Tr(CP).40 40 80 32 6+6 12 56 8 6  0 2 16 0 4 T;HTO;0 (C; TC) 

Du(IcoP).50 
ID@((AP5)12;T20)@Do.50 

Med(DoP).50=Do@((AP5)12;T20)@ID.50 

Med(Icop).42 
Ico@(Oct20;(Py5)12)@ID.42

Tr(Icop).84 
Ico@(TT20;(Py5)12)@C60.84 

Figure 6. IcoP-derived structures 

Table 5. Figure count for clusters derived from IcoP cluster 

Ico-structure v e f3 f5 f6 f p1 p2 p3 M c Sum(f) Sym pk; (M) 
IcoP.13 13 42 50 0 0 50 20 0 0 1 21 0 5 T; 0; 0 (P; Ico) 

Du(IcoP).50 50 150 110 24 0 134 20 12 0 2 34 0 5 
T;AP5;0 

(ID30;Do20) 

Med(Icop).42 42 150 130 60 12 142 20 12 0 2 34 0 5 
Oct; Py5;0 
(Ico;ID30) 

Tr(Icop).84 84 192 80 0 62 142 20 12 0 2 34 0 5 
TT; Py5; 0 
(Ico;C60) 
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Note that Tr(Icop).84 is related to the Samson cluster, that consists 
of twenty truncated tetrahedra TT (Friauf polyhedra), icosahedrally arranged, 
with a central atom inside each TT, all together counting 104 points/atoms 
[11-13]; the central shell forms an icosahedron. It is related to intermetallic 
phases. Intermetallics [14] represent compounds involving two or more metals, 
e.g.Laves phases (AB2), e.g., MgCu2, MgZn2 and MgNi2, size packing phases, 
such as Frank-Kasper, phases, etc. They can display desirable magnetic, 
superconducting and chemical properties, due to their strong internal order and 
mixed (metallic and covalent/ionic bonding, respectively). Intermetallics have 
promoted novel materials development. 
 

Cell-in-Cell Clusters 

Let now introduce the selective truncation operation (for general map 
operations, the reader is invited to consult refs [8-10, 15]: it leaves unchanged 
the non-marked points/atoms. In this simple way, cell-in-cell clusters can be 
designed (Figure 7); the figure count for these structures is listed in Table 6. 

Further examples are shown in Figures 8 and 9 while their figure count is 
given in Table 7. Observe the double-shell torus T(4,12)Q4T5.96 (Figure 9, 
left), with a square tube section; every sector can be counted as an n-cube (see 
Figure 9, right). It was proposed by Diudea [16] as a model for the galactic 
black holes. 

 

  
T@T.8 Oct@Oct.12 C@C.16 Do@Do.40 Ico@Ico.24 

T@(P3)4@T.8 Oct@(P3)8@Oct.12 C@C6@C.16 Do@((P5)12@Do.40 Ico@((P3)20@Ico.24 

Figure 7. Selectively truncated body centered clusters of the Platonic solids 
 

Table 6. Figure count for selectively truncated body centered clusters  
Trs(P@M); M= Platonic solids 

 Trs(P@M) v e f3 f4 f5 f pk M Cell Sum(f) Sym pk; M 
1 .T@T.8 8 16 8 6 0 14 4 2 6 0 3 P3 (T;T) 
2 Oct@Oct_12 12 30 16 12 0 28 8 2 10 0 4 P3 (Oct;Oct) 
3 C@C.16 16 32 0 24 0 24 6 2 8 0 4 P4 (C;C) 
4 Do@Do.40 40 80 0 30 24 54 12 2 14 0 5 P5 (Do;Do) 
5 Ico@Ico.24 24 72 40 30 0 70 20 2 22 0 5 P3 (Ico;Ico) 
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ID@ID.60 

ID@((P5)12;(P3)20)@ID.60 
C60@C60.120 

C60@((P5)12;(P6)20)@C60.120 

Figure 8. Other “cell-in-cell” structures 
 
 

 
T(4,12)Q4T5.96 Q6(TU(4,8)Q6T7.64 

Figure 9. A double-wall torus with the square section and 12 units Q4 (left);  
a detailed Q6 unit (right) 

 
Table 7. Figure count for the objects in Figures 4 and 5 

Structure 0 1 f3 f4 f5 f6 2 p3 p5 p6 m 3 4 5 Sum(f) 

ID@ID.60 60 150 40 60 24 0 124 20 12 0 2 34 0 0 0 

C60@C60.120 120 240 0 90 24 40 154 0 12 20 2 34 0 0 0 

T(4,12)Q4T5.96 96 240 0 216 0 0 216 0 0 0 0 84 12 0 0* 

Q6.64 64 192 0 240 0 0 240 0 0 0 0 160 60 12 0 

* in case of Torus, the right member of (2) gives all time zero, because the torus is a surface 
of genus g=1.  

 

It is the time to show a lower bound for the clusters existing in 
dimensions higher than three: 

Theorem. A cluster of points/atoms with at least two (concentric) 
shells belongs to n-spaces higher than tridimensional. 
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Proof. A polytope is convex if any of its k-facets is shared by at least 
two k+1-facets. In particular, for n=4, k =2 while k+1 is a 3-facet, i.e. a cell. 
In other words, any 2-facet must share at least two 3-facets: the actual cell and 
the whole envelope. Next, the cluster is bound by 3-facets, thus the polytope 
is of dimension 3+1=4. This condition is already reached in P-centered clusters 
(Figure 2; Table 1), as much as in the “cell-in-cell” double-shell clusters 
(Figure 7). This is a lower bound condition and the theorem is demonstrated. 
 At the end, two pairs of clusters are presented: Med(CP).20 & 
Du(OctP).20 (Figure 10, left) and Med(DoP).50 & Du(IcoP).50 (Figure 10, 
right); they illustrate the sphere inversion event and is equivalent to tesseract 
moving on the fourth dimension (i.e. the time), a proof in addition that double-
shell clusters belong to higher-dimensional spaces. 
 

  
CO@C.20 

CO@((AP4)6;T8)@C 
Med(CP).20 

C@CO.20 
C@((AP4)6;T8)@CO 

Du(OctP).20 

ID@Do.50 
ID@((AP5)12;T20)@Do 

Med(DoP).50 

Do@ID.50 
Do@((AP5)12;T20)@ID 

Du(IcoP).50 

Figure 10. Sphere inversion by 4D-clusters: moving on the fourth dimension 
 
 
COMPUTATIONAL DETAILS 
 

The design and properties of the studied structures was performed 
by our original CVNET [17] and Nano Studio [18] software programs. 
 
 
CONCLUSIONS 

 
Some 4D-and higher-dimensional structures have been designed by 

using operations on maps, and their topological properties discussed. Multi-
shell clusters appear frequently in minerals/chemicals and such analysis as 
we performed here could help in structure elucidation efforts. 

There is a trend in Chemistry, Physics and even Astronomy to consider 
the n-dimensional spaces locally mixed/interlaced with the actually perceptible 
3-dimensional Euclidean space. It seems that 3D-space and nD-spaces 
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simultaneously exist, as a manner of highly organizing the matter. The difficulty 
of visualization of the higher dimensions arises from the fact that only 
projections of the whole nD-structure can be seen in 3D- or even 2D-spaces. 
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ANTIOXIDANT AND HEPATOPROTECTIVE EFFECT OF 
CHITOSAN VERSUS VITAMIN E IN EXPERIMENTAL 

CARBON TETRACHLORIDE-INDUCED LIVER INJURIES 
 
 

CRISTIAN CEZAR LOGINa,*, ANDRAS-LASZLO NAGYb,  
ADRIANA MUREŞANa, REMUS MOLDOVANa, NICOLETA DECEAa, 

DOINA DAICOVICIUa, SIMONA CLICHICIa 

 
 

ABSTRACT. The aim of our study was to assess the hepatoprotective and 
antioxidant effects of chitosan as compared with vitamin E in experimental 
toxic liver injury induced by carbon tetrachloride. Blood and liver samples were 
collected in order to assess hepatocytolisis (AST, ALT), oxidative stress (MDA, 
carbonyl proteins, GSH, SH groups, SOD and CAT), and histopathology 
examination was performed in order to asses inflammation and fibrosis. 
Liver enzymes level showed a significant, progressive increase after repeated 
exposure to CCl4, first in liver tissue, then in the blood. Malondialdehyde and 
carbonyl proteins significantly increased, and GSH progressively decreased. 
Chitosan increased the GSH in the liver tissue to a value superior to that of 
the control group and decreased the AST and MDA level both in the liver 
and in the blood to values comparable to that of control group. Chitosan 
decreased carbonyl proteins level in the liver but slightly increased them in 
the blood. Vitamin E had similar effects concerning liver function and lipid 
peroxidation, but paradoxically, it induced protein peroxidation both in blood and 
in liver tissue. Histological modifications support the observed biochemical 
changes.  

 
Keywords: chitosan, vitamin E, fibrosis, antioxidants 

 
 
 
INTRODUCTION 

 
The liver plays an essential role in the metabolism of a numerous 

toxic substances that enter the organism through the gastro-intestinal tract 
[1, 2]. Chronic exposure to small doses of carbon tetrachloride (CCl4) leads 
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to formation of trichloromethyl and trichloromethyl peroxy radicals which, in 
turn, are able to oxidase the polyunsaturated fatty acids (PUFA) of the cell 
membrane and to induce oxidative injuries [3, 4]. Membrane injuries will lead 
to hepatocytes necrosis [5] and release of the liver enzymes. The oxidative 
stress will induce an increase in the activity of antioxidant enzymes (SOD, 
CAT, GPx) [5] and of the endogenous antioxidants level (GSH, SH), followed 
by a decrease, when the endogenous reserves will be depleted [6]. The use of 
synthetic and natural antioxidant substances have positive effects against 
oxidative stress induced liver injuries [3, 4, 7-9]. Vitamin E is capable to protect 
the PUFA against the reactive oxygen species (ROS) and can be used as 
an efficient antioxidant substance for the membranes [8, 9]. In toxic hepatitis 
induced by repeated experimental exposure to small amounts of carbon 
tetrachloride, vitamin E is able to scavenge free radicals, thus reducing the 
lipid peroxidation and protecting the endogenous antioxidants [10, 11]. 
Chitosan (CS) is a polymer obtained through the deacetylation of the chitin 
found in the exoskeleton of the marine shellfish. It has hemostatic [12], anti-
inflammatory and antibacterial properties [13-15]. Recent studies also 
underlined its antioxidant and hepatoprotective properties and its ability to 
reduce the oxidative stress [16]. The aim of our study was to assess the 
antioxidant and hepatoprotective effects of chitosan as compared with 
vitamin E in experimental toxic liver injury induced by carbon tetrachloride. 
 
 
RESULTS AND DISCUSSIONS  

 
The mean values of the lipid and protein peroxidation products are 

presented in tables 1 and 2, of the non-enzymatic antioxidants in tables 3 and 4, 
and of the enzymatic antioxidants in table 5. Statistical significant differences 
(p<0.05) between groups are marked as follows: a (Ctrl-CCl4), b (Ctrl-VitE), 
c (Ctrl-CS), d (CCl4-VitE), e (CCl4-CS), f (VitE-CS). 

 
 

Table 1. Mean values of the malondialdehyde in plasma and liver tissue 

Group Day 15 Day 30 
Plasma 

(nmol/ml) 
Tissue 

(nmol/mg prot.) 
Plasma 

(nmol/ml) 
Tissue 

(nmol/mg prot.) 
Ctrl 2.37±0.36a 0.061±0.017a 1.26±0.17 0.078±0.009a 

CCl4 2.82±0.31 0.092±0.015 1.30±0.60 0.101±0.023 
CCl4+VitE 2.81±0.55 0.072±0.022 1.40±0.20 0.086±0.015 
CCl4+CS 2.42±0.38 0.075±0.020 1.32±0.20 0.085±0.016 
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Table 2. Mean values of the carbonyl proteins in plasma and liver tissue 

Group Day 15 Day 30 
 Plasma 

(nmol/mg prot.) 
Tissue 

(nmol/mg prot.) 
Plasma 

(nmol/mg prot.) 
Tissue 

(nmol/mg prot.) 
Ctrl 1.13±0.32b, c 2.72±0.74c 1.21±0.14b,c 2.77±0.75 

CCl4 1.72±0.59 3.21±0.49e 1.44±0.45d 2.38±0.76 
CCl4+VitE 1.71±0.48 3.22±0.66 2.05±0.47 2.76±0.35 
CCl4+CS 2.10±0.50 1.75±0.61 1.73±0.34 2.82±0.84 

 
Table 3. Mean values of the reduced glutathione (GSH) 

Group Day 15 Day 30 
 Plasma 

(nmol/ml) 
Tissue 

(nmol/mg prot.) 
Plasma 

(nmol/ml) 
Tissue 

(nmol/mg prot.) 
Ctrl 17.62±3.43a,b 0.63±0.28a,b,c 6.13±1.53b,c 1.42±0.36b,c 

CCl4 14.12±2.60d 2.20±0.70e 5.66±0.79d,e 0.93±0.51d,e 

CCl4+VitE 5.90±0.81f 2.41±1.09 10.16±1.64 2.16±0.34 
CCl4+CS 14.85±5.44 3.98±1.45 10.48±1.18 1.97±0.42 

 
Table 4. Mean values of Sulfhydryl Groups (SH) 

Group Day 15 Day 30 
Plasma 

(μmol/ml) 
Tissue 

(μmol/mg prot.) 
Plasma 

(μmol/ml) 
Tissue 

(μmol/mg prot.) 
Ctrl 0.081±0.015c 0.056±0.007 0.132±0.029a,c 0.078±0.013a,c 

CCl4 0.088±0.040e 0.052±0.007 0.084±0.022d 0.054±0.012e 

CCl4+VitE 0.069±0.028f 0.066±0.029 0.158±0.036d 0.062±0.013 
CCl4+CS 0.015±0.003 0.060±0.019 0.064±0.026 0.043±0.007 

 
Table 5. Mean values of the enzymatic antioxidants plasma 

Group SOD (U/ml) CAT (U/ml) 
Day 15 Day 30 Day 15 Day 30 

Ctrl 6848.57±984.86a,b 11344±1721.08a,c 5.26±0.49a 8.98±0.96 
CCl4 10418.16±1463.55 13606±1520.50d,e 6.53±0.40 8.52±0.43 
CCl4+VitE 9259.53±1046.89 10310±684.79f 7.62±1.46 8.23±1.10 
CCl4+CS 8897.06±2608.63 9306±576.22 6.56±1.75 8.57±0.46 

 
After CCl4 administration, our study identified a significant increase 

in MDA level both in plasma (day 30) and in liver tissue (day 15 and 30), 
which suggests the onset of the oxidative stress first in the liver and then in 
the blood. CCl4 administration first stimulated the antioxidant enzymes levels 
(SOD, CAT) and induced a decreased of endogenous antioxidants (GSH, 
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SH). Good correlations between MDA and GSH have been identified (ρ=0.57). 
After vitamin E administration, our studied identified a significant increase of 
GSH level in the liver tissue to a level superior to that of the control group. After 
chitosan administration, a significant GSH increase was observed (day 15) in 
the liver tissue as compared with the CCl4 exposed rats, and the level remained 
increased until the end of the experiment (day 30). Our results identified 
biochemical changes similar to those described in the literature [5, 17-21]. 
Both chitosan and vitamin E are able to decrease the oxidative stress level.  

Carbon tetrachloride also induced an increase in carbonyl proteins 
level in the plasma, but not in the liver tissue. Neither vitamin E, nor chitosan 
protected the proteins against oxidative stress. Paradoxically, both substances 
demonstrated a slightly pro-oxidant effect on the proteins. Vitamin E 
administration induced protein peroxidation in the plasma, while the liver 
tissue values were not significantly modified as compared with the control group, 
changes that can be explained by the dual effect of vitamin E [11, 22, 23]. 
This effect was less visible concerning chitosan; its administration decreased 
protein oxidation in the liver tissue, while the plasma levels remained slightly 
increased. Anraku et al., using a low molecular weight chitosan, also observed 
a decrease in plasma albumin peroxidation [24]. It is possible that the antioxidant 
effect on the proteins might be related to the molecular weight of the chitosan. 

 
Table 6. Mean values of the liver enzymes 

Group AST (U/ml) ALT (U/ml) 
 Day 15 Day 30 Day 15 Day 30 
Ctrl 42.93±8.37a,b,c 58.46±16.15a,b,c 35.88±3.92a,b,c 45.48±13.10a,b,c 

CCl4 153.69±18.55e 229.82±41.09d,e 172.10±20.28e 220.61±54.68d,e 

CCl4+VitE 155.33±27.58f 186.37±18.95 147.00±34.39 152.24±19.45 
CCl4+CS 124.19±16.46 181.99±26.69 129.87±17.54 173.57±35.26 

 
After the oxidative injuries, transaminases (AST, ALT) are released 

in the serum. AST is much more specific for liver injuries [25]. Our research 
identified a significant increase in liver enzymes levels after CCl4 administration 
during the entire experiment, proportional with the duration of the exposure 
to CCl4. AST serum level correlates with MDA level both in plasma (ρ=0.792) and 
in liver tissue (ρ=0.493). After vitamin E administration, some studies identified a 
decrease in the AST and ALT levels. We also identified a gradual decrease in 
AST level after vitamin E treatment, without arriving to values similar to those of 
the control group. The use of natural antioxidants in toxic liver injuries has 
hepatoprotective and antioxidant effects. Previous studies identified the 
antioxidant capacity of the chitosan in toxic liver pathology [16, 26]. Our study 
identified a decrease in AST levels after chitosan administration. Our results are 
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consistent with those found in the literature. Vitamin E and chitosan, administered 
simultaneously with CCl4, have different effect of the oxidative stress and liver 
injuries. Both substances have the ability to decrease the transaminase levels, 
but none of them, in the used doses, completely protects against the action 
of CCl4. In the context of our experiment, chitosan has superior antioxidant 
effects as compared with the vitamin.  

Microscopic examination of the liver sections from animals of the 
control group revealed normal liver architecture. In the experimental groups 
at both sampling intervals, the most obvious lesions were represented by 
vacuolar dystrophy and hepatocellular necrosis, mainly in the central areas. 
Degenerated hepatocytes from the central areas presented clear cytoplasmic 
vacuoles of different size. Some of the hepatocytes presented numerous small 
vacuoles, the cytoplasm having a foamy aspect, other hepatocytes suffer hydropic 
change, characterized by hypertrophy and ballooning of the hepatocytes with a 
centrally located nucleus. Some hepatocytes presented granular degeneration. 
In some areas diffuse dilatation of the sinusoids was also evident (figures 1 
and 2). 

 

 
 

Figure 1. Histological changes in different experimental groups on the 15th day. 
Control group (A): central area, normal hepatic architecture; CCl4 group (B): 
vacuolization of the hepatocytes from central areas; CCl4+VitE group (C): 
hepatocellular vacuolization and necrosis; CCl4+Chitosan group (D): discrete 
microvesicular steatosis, hepatocytes with a foamy aspect near the central 
areas, HE stain, original magnifications of 200×, Scale bar=100 μm.  
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Figure 2. Histological changes in different experimental groups on the 30th day. 
Control group (A): central area, normal morphology, slight congestion; CCl4 group 
(B): vacuolization of the hepatocytes from the central areas, centro-central bridges of 
degenerated and necrotic hepatocytes, oval cell hyperplasia; CCl4+VitE group (C): 
hepatocellular vacuolization and necrosis in the central areas; CCl4+Chitosan 
group (D): microvesicular steatosis and ballooning degeneration of the hepatocytes 
from central areas; HE stain (A,B,C), Masson’s trichrome stain (D) original 
magnifications of 200× (A,B,C), 400x (D); Scale bar=100μm (A,B,C), Scale 
bar=50μm (D). 

 
 

CONCLUSIONS 
 
Our study confirmed the antioxidant effects of chitosan. Chitosan is 

able to decrease lipid peroxidation and to protect the endogenous antioxidant 
systems against the toxic effects of CCl4. Only discrete histological liver 
injuries have been observed after chitosan administration. Vitamin E also 
demonstrates antioxidant properties, but the severity of the histological liver 
injuries was higher as compared to chitosan. In the used dose, the chitosan 
has a superior antioxidant and hepatoprotective effect as compared to 
vitamin E.  
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EXPERIMENTAL SECTION 

Sixty four female Wistar rats, randomly distributed into four equal 
groups, have been used. The animals have been maintained at 23±2oC in 
the biobase of the Department of Physiology, Iuliu Haţieganu University of 
Medicine and Pharmacy Cluj-Napoca, Romania. The animals received standard 
food and water ad libitum. The experiment took place with the approval of 
the Ethical Committee of Iuliu Haţieganu University of Medicine and Pharmacy, 
Cluj-Napoca, and respected the Directive 86/609/EEC. Group I (Ctrl) received, 
by gavage, 0.9 ml/kg b.wt. sunflower oil, twice a week, for 30 days. Group II 
(CCl4) received, by gavage, 1.2 ml/kg b.wt. CCl4 25%, diluted in sunflower oil, 
twice a week, for 30 days. Group III (CCl4+vit E) received, in addition to the 
CCl4, 5 mg/kg b.wt. vitamin E (Sicomed®, 30 mg/ml vials) daily, intramuscular 
injections. Group IV (CCl4+CS) received, in addition to the CCl4, daily 
intraperitoneal injection with 3 mg/kg b.wt. chitosan (Sigma-Aldrich®, molecular 
weight 190-310 kDa, deacetylation degree 75-85%). After 15 and 30 days, 
eight animals from each group were anesthetized with ketamine. Blood samples 
were taken from the retroorbitary sinus. Animals were euthanized by cervical 
dislocation. Liver samples were taken for biochemical assessment and a portion 
of the liver was fixed in formaldehyde for histological examination.  

Malondialdehyde levels in the plasma and in the liver were assessed 
using the method of Conti [27]. Protein peroxidation was estimated through 
the measurement of the protein carbonyl groups using the method of Reznick 
[28]. The total amount of proteins was assed using Bradford method [29]. SOD 
activity was assessed using the method described by Flohe [30], and CAT 
activity using the method described by Pippenger et al. [31]. Sulfhydryl groups 
(SH) and reduced glutathione (GSH) were assessed using the method of 
Hu [32, 33]. Liver function was evaluated using the activity of ALT and AST 
enzymes in the blood with commercial assay kits (Diagnosticum Zrt. Budapest) 
[34].  

Liver tissue samples were fixed in 10% buffered neutral formalin, 
embedded in paraffin; the sections were made at 4 micrometers with a 
microtome Leica RM 2125 RT and stained by Haematoxiline-Eosine and 
Masson’s trichrome methods. The slides were examined under a microscope 
Olympus BX 51. The images were taken with Olympus DP 25 digital camera 
and processed by a special image acquisition and processing program: 
Olympus Cell B. Sections were scored by an independent observer blinded 
to the experimental protocol. The following lesions were scored according to 
Knodell Histological Activity Index (HAI): portal inflammation, periportal/bridging 
necrosis, intralobular degeneration/focal necrosis and fibrosis (Knodell) [35].  
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Statistical analysis was performed using non-parametric tests (Mann-
Whitney, Kruskal-Wallis, Wilcoxon, Spearman non-parametric correlation). The 
analysis was done for every moment of the experiment and also concerning 
the dynamic of the parameters, using MedCalc 14.0 sofware. The results were 
expressed as mean±SD. P values were considered significant if <0.05.  
 
ACKNOWLEDGEMENTS  

This paper was published under the frame of European Social Found, 
Human Resources Development Operational Program 2007-2013, project no. 
POSDRU/159/1.5/S/138776, and was partially supported by PNCDI2 Research 
Project no. 12.131/2008.  
 
 

REFERENCES 
 
 
1. P.L. Wolf, Indian journal of clinical biochemistry. 1999, 14, 59. 
2. J.A. Knight, Journal of infusion nursing: the official publication of the Infusion 

Nurses Society. 2005, 28, 108-117. 
3. R. Joshi, J.P. Kamat, T. Mukherjee, Chemico-biological interactions. 2007, 167, 

125. 
4. N. Vargas-Mendoza, E. Madrigal-Santillan, A. Morales-Gonzalez, J. Esquivel-

Soto, C. Esquivel-Chirino, Y.G.-R.M. Garcia-Luna, J.A. Gayosso-de-Lucio, J.A. 
Morales-Gonzalez, World journal of hepatology. 2014, 6, 144. 

5. R. Simeonova, M. Kondeva-Burdina, V. Vitcheva, M. Mitcheva, BioMed research 
international. 2014, 706302. 

6. D.J. Reed, M.W. Fariss Pharmacological reviews. 1984, 36, 25s-33s. 
7. Z.F. Zhang, Y. Liu, L.Y. Lu, P. Luo Chinese journal of natural medicines. 2014, 

12, 488. 
8. G.B. Kavishankar, S.S. Moree, N. Lakshmidevi, Phytomedicine : international 

journal of phytotherapy and phytopharmacology. 2014, 21, 1026. 
9. Y.J. Li, L.Y. Li, J.L. Li, L. Zhang, F. Gao, G.H. Zhou, Asian-Australasian journal 

of animal sciences. 2015, 28, 374. 
10. R. de Cabo, J.R. Burgess, P. Navas, Journal of bioenergetics and biomembranes. 

2006, 38, 309. 
11. H. Ochi, S. Takeda, Gerontology. 2015, 61, 319. 
12. H. Hattori, M. Ishihara, Biomedical materials. 2015, 10, 015014. 
13. Y. Wen, F. Yao, F. Sun, Z. Tan, L. Tian, L. Xie, Q. Song, Materials science & 

engineering. C, Materials for biological applications. 2015, 48, 220. 
14. Y. Tang, L. Xie, M. Sai, N. Xu, D. Ding, Materials science & engineering. C, 

Materials for biological applications. 2015, 48, 1. 
15. S. Ebrahimiasl, A. Zakaria, A. Kassim, S.N. Basri, International journal of 

nanomedicine. 2015, 10, 217. 



ANTIOXIDANT AND HEPATOPROTECTIVE EFFECT OF CHITOSAN VERSUS VITAMIN E … 
 
 

 
397 

16. P. Ramasamy, N. Subhapradha, V. Shanmugam, A. Shanmugam, International 
journal of biological macromolecules. 2014, 65, 559. 

17. E. Al-Sayed, M.M. Abdel-Daim, Planta medica. 2014, 80, 1665. 
18. M.M. Hafez, O.A. Al-Shabanah, N.O. Al-Harbi, M.M. Al-Harbi, S.S. Al-Rejaie, S. 

M. Alsurayea, M.M. Sayed-Ahmed, Oxidative medicine and cellular longevity. 
2014, 893212. 

19. Y. Liu, Q. Liu, G. Ye, A. Khan, J. Liu, F. Gan, X. Zhang, S. Kumbhar, K. Huang, 
Journal of agricultural and food chemistry. 2015, 63, 242. 

20. Y.H. Wang, X.J. Xu, H.L. Li, International immunopharmacology. 2014, 22, 126. 
21. X. Pu, W. Fan, S. Yu, Y. Li, X. Ma, L. Liu, J. Ren, W. Zhang, Canadian journal 

of physiology and pharmacology. 2015, 93, 39. 
22. S.M. Tabei, S. Fakher, M. Djalali, M.H. Javanbakht, M. Zarei, H. Derakhshanian, 

M.R. Sadeghi, E. Mostafavi, F. Kargar, Bratislavske lekarske listy. 2015, 116, 115. 
23. M.F. Vrolijk, A. Opperhuizen, E.H. Jansen, R.W. Godschalk, F.J. Van Schooten, A. 

Bast, G.R. Haenen, Redox biology. 2015, 4c, 272. 
24. M. Anraku, M. Kabashima, H. Namura, T. Maruyama, M. Otagiri, J.M. Gebicki, 

N. Furutani, H. Tomida, International journal of biological macromolecules. 2008, 43, 
159. 

25. S. Lores Arnaiz, S. Llesuy, J.C. Cutrin, A. Boveris, Free radical biology & medicine. 
1995, 19, 303. 

26. T.I. Jeon, S.G. Hwang, N.G. Park, Y.R. Jung, S.I. Shin, S.D. Choi, D.K. Park, 
Toxicology. 2003, 187, 67. 

27. M. Conti, P.C. Morand, P. Levillain, A. Lemonnier, Clinical chemistry. 1991, 37, 
1273. 

28. A.Z. Reznick, L. Packer, Methods in enzymology. 1994, 233, 357. 
29. M.M. Bradford, Analytical Biochemistry. 1976, 72, 248. 
30. L. Flohe, F. Otting, Methods in enzymology. 1984, 105, 93. 
31. C.E. Pippenger, R.W. Browne, D. Armstrong, Methods in molecular biology. 

1998, 108, 299. 
32. M.L. Hu, Methods in enzymology. 1994, 233, 380. 
33. S. Mureşan, A. Filip, V. Simon, A.F. Gal, V. Miclăuş, N. Decea, R. Moldovan, A. 

Mureşan, Studia UBB Chemia. 2003, LVIII, 7. 
34. H.U. Bergmeyer, P. Scheibe, A. W. Wahlefeld, Clinical chemistry. 1978, 24, 58. 
35. R.G. Knodell, K.G. Ishak, W.C. Black, T.S. Chen, R. Craig, N. Kaplowitz, T.W. 

Kiernan, J. Wollman, Hepatology. 1981, 1, 431. 





STUDIA UBB CHEMIA, LX, 2, 2015 (p. 399-408) 
(RECOMMENDED CITATION) 
 
 
 
 

MODELLING AND SIMULATION OF BOD AND COD FOR 
EFFLUENT LEVELS OF AN AERATION TANK FROM 

GHERLA WASTE WATER TREATMENT PLANT 
 
 

MARIUS-DANIEL ROMANa*, RALUCA-ANDREEA FELSEGHIa,  
MIRCEA-VLAD MUREŞANb 

 
 

ABSTRACT. The modelling results of BOD and COD for an aeration tank 
from Gherla’s WWTP by Matlab/Simulink software program has no significant 
difference, because the results are close enough to the real ones that allow the 
user to make a good prediction regarding this parameters. A true validation of 
these results, including experimental validation of simulations of the entire 
collecting data was realistic. Validated process models can be used for dynamic 
simulations, for example, with different kinds of input data. In simulations the 
mathematical equations of process model are solved and the results given. 
Models and software for simulation have the possibility to control and evaluate 
the parameters. The presented control strategies use mainly ideal conditions, 
given the circumstances, for controllers and plant operations.  

 
Keywords: simulation, modelling, Matlab, flow; BOD, COD. 

 
 
 
INTRODUCTION  

 
Simulation of activated sludge, is based on phenomena such as carbon 

oxidation, nitrification and denitrification, must necessarily account for a large 
number of reactions between of components. Mathematically is needed while to 
providing realistic predictions, the reactions must be representative of the most 
important fundamental processes occurring within the system. In this case the 
term process is used to mean a distinct event acting upon one or more system 
components. Furthermore, the model should quantify both the rate, concentration 
dependence and the relationship that one component has to another in a 
reaction, of each process [7].  
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In this case for a model is important to have something representative in 
the design and operation of wastewater treatment systems, it must be possible 
to evaluate parameter values which are wastewater specific and to estimate 
concentrations of important components in the influent [7]. The first step is 
to identify the components of relevance in the model. In this case these are 
BOD, COD, TN and others. The second step is to identify the biological 
processes occurring in the system, for example the transformations or the 
conversions that happen and write mathematical relations that describe the 
process. The third step is to use a simulation program. In this study were used 
Matlab/Simulink software. Although a number of environmental factors can 
influence the parameter values, these are specific factors in the wastewater, pH 
and temperature. 

The two most common parameters used to recognize the composition 
of wastewater are the biochemical oxygen demand (BOD) and the chemical 
oxygen demand (COD). BOD5 is a measure of how much dissolved oxygen 
is consumed by aerobic bacteria in 5 days at 20 oC. It is the broad measure 
of the strength of the organic matter in a waste stream. The typical range of 
BOD5 in domestic wastewater ranges from 100 to 300 mg/L. COD is chemical 
oxygen demand and is measured chemically by digestion with acid. There exists 
a definite correlation between the COD and BOD under certain conditions and 
by determining the COD, the information about the BOD of the wastewater 
can be derived, but it is highly waste dependent [1], [2]. 

When a wastewater treatment system can be modelled, a certain 
number of simplifications and assumptions must be added in order to take the 
model tractable. Often this simplifications and assumptions are implicit, which 
may cause the user to overlook them. The system operates at constant 
temperature, because many of the coefficients are functions of temperature, 
their functionality would have to be explicitly expressed in the rate expressions, 
in order for time-variant temperature fluctuations to be considered.  

It is known that the pH influences many of the coefficients. The 
inclusion of the alkalinity in the model allows the user to detect potential 
problems with pH control. The effects of limitations of nitrogen, phosphorus 
and other inorganic nutrients on the removal of organic substrate and on cell 
growth have not been considered. The coefficients for nitrification are assumed 
to be constant and to incorporate any inhibitory effects that other waste 
constituents are likely to have on them [3]. 

The purpose of this model is to find a mathematical model able to 
determine certain effluent levels, for BOD and COD concentrations depending 
on influent and effluent. 
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Khaled & Gina 2014 obtained in the case studies, for parameters COD 
and BOD in different plants of variable types and treatment capacities, that the 
correlation between BOD5 and COD is generally linear, except in some rare 
cases where the relation was polynomial and sometimes doesn’t have a 
definite pattern. However, this rare indefinite pattern might be due to inaccuracy 
in determination of the BOD5 and COD parameters in such cases. Since 
the BOD and COD are correlated, the estimation of BOD5 values using the 
quick COD test, and plant specific biodegradability index (which is the slope 
of the plotted correlation) became possible and relatively reliable. Thus, it 
can be used as a check parameter to evaluate performance for quick action. 
For existing wastewater treatment plants the BOD/COD correlation should be 
developed, to compromise the use of these parameters. In order to establish 
the BOD/COD correlation for a particular existing wastewater, one should have 
both COD and BOD5 values for several representative wastewater samples. 
From graphics the BOD5 values versus the COD values then use the 
regression analysis to develop the correlation. The plotted BOD5 and COD 
figures indicated that there is a clear linear positive correlation for most 
case studies, which differs from plant to another [2]. 
 
 
RESULTS AND DISSCUSIONS 

 
Were performed 22 simulations for BOD to increasing values of inflow 

starting from 155.79 m3/h up to 400.54 m3/ h. Influent flow values and the 
influent concentrations were taken from experimentally determined data from 
treatment plant using the analysis method according to STAS 6560-82 [5]. 
 

Table 1. Experimental values for BOD 

Probes 
Influent 

flow 
Influent 

BOD 
Effluent

BOD Probes 
Influent

flow 
Influent 

BOD 
Effluent 

BOD 
m3/h mg/l mg/l m3/h mg/l mg/l 

1 155.79 179.00 9.00 12 220.46 261.50 12.35 
2 156.92 264.00 12.00 13 221.04 275.60 12.82 
3 165.67 219.00 11.00 14 236.51 82.00 3.00 
4 179.67 114.00 4.80 15 255.92 132.00 9.00 
5 184.71 155.00 8.10 16 258.10 88.00 3.50 
6 190.58 121.20 5.26 17 276.45 127.00 5.33 
7 193.33 195.50 9.84 18 282.21 123.00 5.10 
8 195.08 203.00 10.78 19 297.42 93.00 3.78 
9 199.42 308.00 6.00 20 302.60 118.00 4.90 

10 201.08 269.50 12.55 21 394.80 106.00 4.00 
11 215.07 83.00 3.10 22 400.54 158.00 8.20 
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Figure 1. Simulated and measured values of BOD from Gherla’s WWTP 

 
 

Simulation results from data obtained were compared with those 
determined experimentally. In the case of biochemical oxygen demand 
after 5 days was obtained the graph from figure 1. It may be noted that the 
data obtained from simulation and the data obtained experimentally keeps 
tendency, which otherwise have no trend. The data measured at the plant 
can vary widely from day to day even for the same rate, this being also very 
difficult to simulate. But with this mathematical model results are close 
enough to the real ones that allow the user to make a good prediction of 
biochemical oxygen demand after 5 days, knowing the inflow of water and 
oxygen concentration standard. 

As was shown in the graphic all data were simulated in according to 
standard NTPA-001/2005, below 25 mgO2/l, although influent  concentrations 
values were between 82 and 308 mgO2/ l. The dissolved oxygen concentration 
can be measured by an electrochemical sensor for continuous determination of 
oxygen [6]. For COD, were performed 19 simulations for the increasing 
values of flow starting from 110.00 m3/h up to 257.00 m3/h. Concentration 
values from the influent and effluent have been determined experimentally 
by potassium dichromate method according to SR ISO 6060/1996 [5]. 
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Table 2. Experimental values for COD 

Probes 
Influent 

flow 
Influent 

COD 
Effluent

COD Probes 
Influent

flow 
Influent 

COD 
Effluent 

COD 
m3/h mg/l mg/l m3/h mg/l mg/l 

1 110.00 346.56 63.84 11 142.63 470.08 54.24 
2 114.38 470.08 54.24 12 171.25 264.00 46.80 
3 121.71 519.20 61.60 13 171.38 331.00 55.90 
4 122.33 546.56 68.32 14 201.42 293.00 92.20 
5 125.04 342.72 28.56 15 202.25 252.72 94.88 
6 125.25 428.40 66.64 16 212.08 288.00 76.80 
7 129.58 508.80 57.60 17 212.63 205.20 84.14 
8 132.25 431.20 70.40 18 255.96 212.00 54.40 
9 130.00 380.64 58.56 19 257.00 280.80 93.60 

10 141.79 518.40 57.60 

 
The results obtained of the simulation are compared to the experimental 

ones as was shown in figure 2. If in the case of biochemical oxygen 
demand after 5 days the results can vary widely from one day to another 
day, from a flow or even at the same flow, in case of oxygen concentration 
determined by the COD also from the influent and effluent varies more than 
in the previous simulation. 

This absence of linearity is present as well in simulation of this 
parameter, but the trend keeps disorganized pattern of actual data. However 
data from simulation is close to the real values and the mathematical model 
can be used to predict the effluent of the oxygen concentration normally 
determined experimentally with COD method. 

 
Figure 2. Simulated and measured values of COD from Gherla’s WWTP 
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All simulation data are below to the maximum allowed by the standard 
NTPA-001/2005, below 125 mg / l. Block diagram of the model in Simulink 
can be seen in figure 3. In the left diagram can be seen the two input quantities 
of inflow in m3/h and biochemical oxygen demand after 5 days from the 
entry into the tank. The two enter in a multiplier which forwards them to the 
position S. 

After completing the steps in the S output as is represented in figure 3, 
but also are sent to the workspace in the form of a matrix. Simulation time is set 
to 120 minutes. 

 

 

Figure 3. Block diagram of the model in Simulink 
 

Data collected from the wastewater treatment plant keeps approximately 
a uniform trend, this was underlined by the results of simulations. In simulation 
we can’t see a very good overlap of simulated results over determined 
experimentally, because the tank is circular and in case of rectangular tanks 
which is enough close to ideal form. 

In some instances the tank geometry is very important for modelling, 
because in circular tanks the flow rate is smaller than in case of rectangular 
tanks, but it is not a rule. 
 
 
CONCLUSIONS 

 
In this paper, a procedure for getting a set of solutions for development 

of a mathematical model must incorporate the major events occurring within a 
system in a manner which is consistent with established knowledge about that 
system. 
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In the model should be included only those processes which are 
essential to a realistic solution and must select rate expressions for them 
that allow the use of simplified solution techniques without detracting from 
the applicability of the results. 

The formal modelling of systems has been done with a mathematical 
model, which attempts to find analytical solutions enabling the prediction of 
the behavior of the system from a set of parameters and initial conditions. 
Modelling techniques include statistical methods, computer simulation, system 
identification, and sensitivity analysis; however, one of these is as important 
as the ability to understand the underlying dynamics of a complex system. 
Models applied for prediction aim at providing an accurate and fast image 
of a real systems behavior under different conditions [7]. 

Models may be linear with respect to variables or parameters; 
furthermore, a model can be nonlinear to parameters and linear to variable 
[8]. Linear models are used frequently, because the analytical solution can 
be found. For nonlinear models numerical solutions are predominant. Term 
mechanistic, physiological and white-box are used to describe that models 
structure is based on physical, chemical and biological laws.  

Simulation is a reasonable way to extrapolate performance and scaling 
up process; additionally, it helps in understanding behavior and mechanisms of 
processes. Also the effects of system parameters and disturbances can be 
investigated using process simulation [9]. 

 
 

EXPERIMENTAL SECTION 
 
We considered a tank which has: width 8.15 m and height of 5.7 m, 

with the volume of 4050 m3. It was considered as a static system with a 
piston-type flow with changing parameters as the water moves into the 
tank. 

Were taken into account the following simplifying assumptions: 

 All parameters are constant in radial section of the reactor (flow 
piston type). 

 The flow rate is considered constant. 
 Flow regime is considered ideal (flow regime shift (type D). 
 Density and water temperature are considered constant and have 

not been taken into account. 
 The influence of pH was not taken into account, which is assumed 

constant. 
 Ammonification was considered constant. 
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 Biomass concentration in the tank was considered constant 
(specific death rates, the increase is much smaller than reaction rates). 

 The vapour pressure of the water surface was not been considered. 

To achieve simulation method was used Matlab/Simulink software. 
The mathematical model of the aeration tank consists of a system by a 
differential equation for each parameter to be determined. For numerical 
solutions of differential equations using the method of integration ODE45 
(Dormánd-Prince) with variable step and relative tolerance of 10-3. For 
calculation was used Matlab program version 7.14.0.739. 

Knowing the size of the tank could calculate the cross section area 
as follows: 

Wetted area is calculated first using the formula: 

lHAu                                                                       (1) 

where:  Au - wetted area [m2] 
H - height of the tank [m] 

    l - width of the tank [m] 

Wetted perimeter is then calculated: 

  lHPu  2                                                                (2) 

Pu - wetted perimeter [m]. 
This is necessary to determine equivalent diameter, which has the 

following formula: 

 
u

u
ech P

AD  4                                                                    (3) 

Dech - equivalent diameter [m] 
Having calculated the equivalent diameter of the cross-sectional 

area can be calculated: 

 
 

4

2
echDA 




                                                               (4) 

A - cross-sectional area of the tank considered [m2] 
Input flow is known from experimental data and calculated using the 

above area can cause water flow rate: 

 
A
Fw                                                                             (5) 

W - water flow rate [m / h]; F - experimentally measured water flow [m3/h] 
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All these equations are part of the mathematical model, namely the 
algebraic equations of the model. 

Differential equations of the model are: 

For BOD5: 

 
w
CBOD

Y
dt

dBOD i
 5

1
5                                            (6) 

 
For COD: 

 
 

w
CCODY

dt
dCOD i

 2                                            (7) 

where: 
 

  
dt

dBOD5  - represents the changes in biochemical oxygen demand after 5 

days 
Y1 - theoretical stoichiometric ration 
Y2 - theoretical stoichiometric ration 
Ci - standard oxygen concentration (1.5 mg / ml) 
In the last decade, stringent quality standards are being applied to 

effluent plants, whether by regulatory authorities or environmentally concerned 
plant management. More often than not now, limits on nitrates, ammonia, 
phosphates, suspended solids, etc. are applied to outfalls [4]. 

To realise an optimum biological process, it is necessary to assure 
the best environment for the bacteria. A few important parameters are oxygen, 
pH and temperature, as well as suspended solids which indicate the bacteria 
concentration in the tank. Advanced monitoring of the bacteriological processes 
based on oxygen, ammonia and nitrate makes it possible to satisfy strict 
legal regulations and to optimize energy consumption at the same time. 
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ABSTRACT. The quality of concrete structures is largely reflected by its 
durability. According to literature, the rebar corrosion initiation is delayed and the 
life duration of concrete structures reinforced with hot dip galvanized rebar is 
extended with up to 70 years compared to life duration of concrete structures 
reinforced with non-galvanized steel rebar. It is well known that the galvanized 
rebar surface activates in contact with the alkaline environment of fresh concrete, 
forming a crystalline compound namely calcium hydroxizincate. This crystalline 
compound is important for the kinetic and corrosion mechanism of rebar 
embedded in concrete. This work aims to evidence the galvanized rebar corrosion 
kinetics in fresh concrete, during the concrete hardening. Electrochemical 
methods were used during experiments. The test results show an activation of 
the zinc layer of galvanized rebar in contact with the alkaline environment of 
concrete, during the first days after rebar embedding in concrete. Zinc corrosion 
products formation lead to better corrosion resistance of galvanized steel rebar, 
compared to the resistance of non-galvanized steel rebar. 

 
Keywords: hot dip galvanized steel reinforcement, concrete, corrosion, calcium 
hydroxizincate  

 
 
 
INTRODUCTION  

 
The quality of reinforced concrete structure is given by its durability, 

which is the period of time the structure maintains all the characteristics required 
for the proper use as established in the design. The technical performances 
of reinforced concrete structures decrease exponentially with time, due to the 
exponential increase of the degradation rate of both concrete and 
reinforcement. [1, 2, 8, 9, 15] 
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According to literature, the main factors that cause the reinforced 
concrete degradation are (starting from the most important to the least 
important): reinforcement corrosion, acid solutions aggression, sulfate attack, 
alternating wet and dry conditions, repeated freeze-thaw cycles, levigation, 
internal stress, external forces, salt crystallization, the aggregates reaction 
with concrete, and abrasion. [10, 11] Note that the reinforcement corrosion 
is the main cause for concrete degradation and for the reinforced concrete 
structures and components durability decrease. 

Corrosion of reinforced concrete structures should be studied regarding 
concrete/steel rebar system interaction with the surrounding environment, 
and regarding the rebar interaction with concrete [12].  

Many rebar corrosion protection methods are proposed worldwide, all 
having both advantages and disadvantages. Among these, hot dip galvanizing 
of steel reinforcement has been studied for the past 50-60 years and based on 
theoretical and electrochemical arguments, laboratory and in situ testing, is 
proved to be one of the most effective corrosion protection methods up to this 
day. [1-7, 13-16] Hot dip galvanizing is used for 2% of the total amount of 
steel reinforcement in the US and for 1% in Europe, but these values are 
increasing every year, especially for the structures designed to be used in 
extremely corrosive, marine or tropical climate environments. [1, 2, 7, 13-16] 

Literature [3-6, 13-16] indicates that corrosion occurs 2-3 days after 
the hot dip galvanized steel rebar contact with fresh concrete. Corrosion 
products forms following the corrosion initiation, some of which some play a 
passivation role, such as calcium hydroxizincate, while other corrosion products, 
such as zinc oxides and hydroxides - that are insoluble in water, do not have a 
passivation role. In order to obtain calcium hydroxizincate, about 10 µm thick zinc 
coating is used. Because the corrosion products layer is adherent and 
compact at the surface of the galvanized steel reinforcement, it is more resistant 
to corrosion. On the other hand, zinc is less noble than steel, thus ensuring steel 
cathodic protection. As such, the steel is protected for as long as the zinc 
layer is not fully consumed.  

Previous results obtained by the authors [17-21] support the fact that by 
using hot dip galvanized reinforcements the durability of concrete structures 
is increased and the work in this paper searches to clear the kinetics of the 
corrosion process of hot dip galvanized steel reinforcement in fresh concrete. 

The aim of the experiments was to analyze the kinetics of hot dip 
galvanized steel rebar in fresh concrete, until concrete hardening. This study is 
important because most reactions in concrete take place in this phase; such as 
the cement hydration – hydrolysis, the concrete pH stabilization, and the 
activation of the hot dip galvanized steel rebar surface, followed by the 
calcium hydroxizincate formation [13-16]. 



STEEL REINFOCEMENT IN FRESH CONCRETE 
 
 

 
411 

RESULTS AND DISCUSSION 
 
The experimental chronoamperometry curves were plotted, showing 

the current density variation for 24 hours, at constant potential. Experimental 
tests of samples with non-protected or with hot dip galvanized reinforcement 
embedded in various concrete age were made. Concrete age is given by the 
time passed since concrete pouring (samples preparations) till the tests. This 
time, the samples were all kept in identical conditions in laboratory. The results 
are shown in Figure 1 and Figure 2.  

 

 
Figure 1. Current density evolution for the galvanized and non-galvanized  

steel rebar, during concrete hardening 
 

 
Figure 2. Current density evolution for the galvanized steel rebar in concrete, 

during concrete hardening 
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Twenty-four hours after concrete casting, the current density is high in 
the case of the hot dip galvanized rebar. This was considered an activation 
indicator due to the fact that the zinc-coating surface of galvanized rebar 
activates when introduced in alkaline concrete environment. Thus, a fraction of 
zinc is consumed, resulting specific corrosion products. The peaks of the 
“HDG 24 hours” plot indicate that the passive layer regenerates. This layer 
is subsequently attacked by alkaline concrete and destroyed.  

According to the chronoamperometry tests of galvanized steel rebar, 
the corrosion current density strongly decreases after 7, respectively 21 days 
from the concrete casting (Figure 2). This is a qualitative sign for the zinc 
corrosion rate dropping due to the formation of a thicker or more compact 
corrosion products layer. Moreover, as it can be seen, the diagram of concrete/ 
HDG rebars samples after 21 days since rebars embedment, does not show 
current densities peaks. This was interpreted as a passive layer formation on 
HDG rebars surface, enough resistant to prevent metal surface activation and 
corrosion.  

By comparing the data obtained, it can be seen that 24 hours after 
concrete casting, the zinc coating on steel rebar exhibit a much stronger 
activation than the non-galvanized steel. The tests conducted 7 days after 
concrete casting, show that the difference between the current densities of 
galvanized and non-galvanized reinforcement is much lower compared to the 
values found 24 hours after rebar embedding in concrete. However, the 
values obtained for the galvanized steel samples are higher, showing a 
higher corrosion rate compared to that of the non-galvanized steel rebar. 

Twenty-one days after rebar embedment in concrete, the current 
density drops significantly, both for the galvanized and non-galvanized rebar. 
This was considered a stabilization point for the two metals surfaces due to 
the formation of specific corrosion products layer. This time however, the 
current density of galvanized steel was very low; it almost linearly increased 
with time and was lower than the current density of non-galvanized steel. 

Twenty-one hours after rebar embedment in concrete, the galvanized 
steel showed a lower corrosion rate compared to the non-galvanized steel, due 
to the protective corrosion products layer formation on zinc surface. Although this 
corrosion products passive layer also formed on the non-galvanized steel 
surface, the passivizing capacity of the corrosion products layer on zinc surface 
was stronger, as shown by the current density decrease with time. 

The linear polarization plots recorded, in Tafel interpretation, are shown 
in Figure 3. The corrosion potential, corrosion current and corrosion rate are 
shown in Table 1. 

From Figure 3 and Table 1 it can be seen that the galvanized rebar/ 
fresh concrete system, noted with „initial HDG”, show the more negative corrosion 
potential (-1424 mV). This indicates a powerful activation of the zinc surface 
immediately after rebar embedment in the alkaline environment of fresh 
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concrete. Also, the corrosion current of this system is the highest (115.62 
µA/cm2), indicating a high corrosion rate. On contrary, the non-galvanized steel 
rebar/ fresh concrete system, noted with „initial N”, shows a potential shifts 
toward positive values, with 794 mV, but still remaining in the negative domain 
of metal surface activation. The corrosion current recorded for the non-
galvanized rebar system is lower compared to the galvanized rebar system. 
Thus, the corrosion rate of the non-galvanized steel rebar system is lower 
immediately after rebar embedment in fresh concrete, when compared to the 
galvanized rebar system. 

 

 
 

Figure 3. Tafel plots recorded for the samples with galvanized or non-galvanized 
steel rebar in concrete 

 
Tests conducted 24 hours after rebar embedment in concrete show a 

corrosion potential fast shifting toward positive values and a corrosion current 
decrease, for all samples. Even so, the corrosion potential of galvanized steel 
remains more negative, with 215 mV, and the corrosion current values remains 
much higher compared to the non-galvanized steel. These results are also 
supported by literature. According to literature [3-6], zinc reacts with the alkaline 
environment when introduced in fresh concrete, forming a passive layer that is 
essential for subsequent corrosion protection. 
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The electrochemical systems kept in laboratory for 7 days were tested. 
The results showed passivation of both rebar types, as the corrosion potential 
shifted towards positive values. Also, the corrosion current decreased. 

Between day 7 and day 21, the both rebar system starts to stabilize. 
The corrosion potential becomes more positive and the corrosion current 
values decrease. During this period of time, the differences between the two 
rebar systems corrosion potentials and corrosion currents are smaller 
compared to previous time intervals. 
 
Table 1. Kinetic corrosion parameters determined from the polarization curves for 

the galvanized and non-galvanized steel samples, at various concrete ages 

Electrochemical system E [mV] icor. [µA/cm2] vcor. [µm/an] 

N Initial -630 19.59 227.19 

N 1 day -525.5 12.11 140.48 

N 7 days -333 1.18 13.69 

N 21 days -313.5 0.94 10.94 

HDG initial -1424 115.62 1734.37 

HDG 1 day -740.5 60.80 911.97 

HDG 7 days -701.5 1.62 24.36 

HDG 21 days -315 0.65 9.69 

 
 
Tests conducted on the electrochemical systems 21 days after 

concrete casting indicate rebar passivation. The corrosion potential for the 
galvanized steel sample is -315 mV, and for the non-galvanized steel sample 
is -313.5 mV. Also, the corrosion current strongly decreases in both rebar 
types. 

As seen in Figure 3, the corrosion current of galvanized rebar is lower 
24 hours after concrete casting. During the first 7 days after rebar embedding 
in concrete, the potential shift toward positive values is stronger (with 722.5 
mV). In the same time, the corrosion current decreases. According to this data, 
most of the passive layer forms during this period of time. Experimental 
results show that the passive layer does not form during the first 24 hours from 
the rebar embedding in concrete. During the time interval between day 7 and 
day 21, the corrosion current decrease was lower (0.98 µA/cm2), even though 
the corrosion potential shifted significantly toward positive values (386.5 mV). 
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The changes that occur in the corrosion kinetics of the non-galvanized 
steel, as shown in Figure 3, are not as significant when compared to the 
galvanized steel system. The corrosion potential shifts toward positive values, 
indicating the steel passivation in hardened concrete. The corrosion current 
also decreases. Although the non-galvanized steel system corrosion current is 
initially lower compared to the galvanized steel, 21 days later after rebar 
embedment in concrete, it becomes higher. This shows a higher rate of non-
galvanized steel corrosion, 21 days after concrete casting. 

Regarding the effectiveness of corrosion protection, the galvanized rebar 
showed a higher corrosion rate in the first 7 days when compared to the non-
galvanized rebar. During the time interval between day 7 and day 21 from rebar 
embedment in concrete, the corrosion rates of both rebar types reverses. 
The effectiveness of corrosion protection EP (Scheme 1) becomes positive: 
11.45%. This is an indicator of a passive layer formation on the galvanized 
rebar surface. 

If we consider the corrosion rate constant during the first 7 days after 
rebar embedment in concrete and equal with the initial corrosion rate, the 
zinc layer thickness would decrease with approximately 34 µm. If we 
consider the corrosion rate constant during the first 7 days after rebar 
embedment in concrete and equal to the corrosion rate in the 7th day after 
rebar embedment in concrete, a 0.5 µm zinc layer thickness would have been 
consumed. As the corrosion rate is not constant during this time interval, the 
simple arithmetic mean of these two values was calculated. Thus, the 
consumed zinc layer calculated thickness, of approximately 17 µm, is close 
to the values found in the literature (10-15 µm) when an efficient passive 
layer forms on the galvanized rebar surface. 

According to data shown in Table 1, neither of the rebar systems 
reaches the passive state condition 21 days after concrete casting. According to 
Table 1, the corrosion potential of the HDG electrochemical system, 21 days after 
concrete casting (HDG 21), indicates a lower rebar corrosion, close to 
passivation state, while the corrosion potential of the N 21 system, indicates a 
higher rebar corrosion (50%). 
 
 
CONCLUSIONS 

 
The conclusions from experimental data are: 
1. Zinc surface activates after galvanized steel rebar embedment in 

fresh concrete. This is evidenced by the corrosion current density recorded 
using chronoamperometric method and by the kinetic parameters recorded 
using the linear polarization method. All the experimental values found 
decreased with time (hours, days) after galvanized rebar embedding in fresh 
concrete. 
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2. The studied parameters decrease with time was due to a passive 
layer formation on the galvanized rebar surface, which inhibits corrosion 
process. Additional testing of passive layer was not conducted, considering 
it was as described/ in accordance with literature. 

3. The galvanized steel rebar surface showed an initial higher 
activation compared to the non-galvanized steel rebar. However, it displayed a 
faster and stronger passivity. Thus, the corrosion potential shift toward positive 
values was more significant (1109 mV) for the galvanized sample, compared to 
the non-galvanized sample corrosion potential (316.5 mV). Also, the 
galvanized steel rebar corrosion rate decreased in time from higher values 
(911.9 μm/year) compared to the non-galvanized steel rebar corrosion rate 
(of 227.2 μm/year) to lower values (9.7 μm/year) compared to the non-
galvanized rebar (10.9 μm/year). 

Initially, the HDG steel surface strongly activates due to contact with 
alkaline concrete. Corrosion products form on the galvanized surface, with 
passivation role, as shown by the corrosion potential shifting toward positive 
values and by the corrosion current and corrosion rate values decrease. 
Twenty-one days after both reinforcement types embedment, the kinetic 
parameters show a much more reduced corrosion of HDG rebars corrosion 
compared to non-galvanized rebars.  
 
 
EXPERIMENTAL SECTION 

 
The electrochemical cell used, as shown in Figure 4, has the following 

components: the working electrode (the rebar), the reference electrode - 
Cu/CuSO4, and the graphite counter electrode, all embedded in the fresh 
concrete matrix. All the experiments were conducted on the same concrete 
type; using PC 52 ø8 mm reinforcement, and using hot dip galvanized (HDG) 
or non-galvanized (N) rebar samples. 

The reinforcement rods were galvanized by immersion in a hot 
galvanizing bath at a temperature of 450°C, thus obtaining a 140 μm thick 
zinc layer. The coating thickness obtained through hot dip galvanizing was 
determined by electromagnetic method, using a PHYNIX – Surfix device, and 
by testing the coating dissolution, according to SR ISO 1460 and SR EN ISO 
2178. 

The samples were built by introducing the three electrodes (working 
electrode, reference electrode and counter electrode) in fresh concrete (right 
after concrete preparation). The samples were kept in laboratory conditions 
until testing. 
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Figure 4. The electrochemical cell 
 
 

The C 20/25 class concrete was prepared according to the mix design 
shown in Table 2, according to NE 012-2007 normative. The CEM I 42.5N 
cement used had the oxide composition as shown in Table 3. 

The built electrochemical systems were coded as following: 
(HDG x) – Hot dip galvanized steel rebar in concrete; tested x days 

after rebar embedment in concrete; 
(N x) – Non-galvanized steel rebar in concrete, tested x days after 

rebar embedment in concrete. 
 

Table 2. The concrete used for samples building, submitted  
to electrochemical testing 

The basic components for 1 m3 concrete [Kg/ m3 concrete] 
Water 123 

CEM I 42.5N cement 308,3 
Total of aggregates 1869 

Size of aggregates used [mm] 
0-4 mm 1121,4 
4-8 mm 747,6 

 
 

Table 3. The oxide composition of the cement used  
for the concrete preparation 

No. 
Cement 

type 
Oxide composition  [%] 

P.C. SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 SO3 Cl- 

1 
CEM I 42.5 

N 
2.05 15.06 6.23 3.5 61.9 7.0 1.0 0.25 0.31 2.58 0.015 
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Information regarding the process kinetics is obtained by analyzing 
the chronoamperometry curves at the constant potential of 500 mV (vs. 
Cu/CuSO4). The current density was recorded every 60 seconds for 24 hours 
at various concrete maturation stages (1 day, 7 days, 21 days after rebar 
embedment in concrete). 

Quantitative information was obtained using linear polarization. The 
potential scanned with a rate of 2 mV/sec, for ±300 mV compared to the open 
circuit potential, at room temperature. Based on the Tafel experimental plots, 
the main kinetic indicators were recorded (corrosion potential, corrosion current 
and corrosion rate). The experiments were conducted after various numbers of 
days since rebar embedment in concrete (immediately after, and 1, 7 and 21 
days after rebar embedment in concrete).  

The effectiveness of corrosion protection offered by hot dip galvanization 
method for each time period after the concrete preparation was calculated 
using equation (1) EP = 	 ௩ೝ.ಿ ି௩ೝ.ೋ௩ೝ.ಿ ∗ 100ሾ%ሿ                                                                          (1) 

where: ݒ.ே  = non-galvanized steel corrosion rate, [mm/year]; ݒ.்  = galvanized steel corrosion rate, [mm/year]. 
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