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ABSTRACT. Hex and other tiled tori can be derived from square tori. This 
way of building toroidal fullerenes is a versatile one, enabling various tilings: 
rhomboidal C4, polyhex C6, C4C8, azulenic C5C7 as well as twisted lattices. 
The stability of polyhex toroids is discussed in terms of molecular mechanics 
energy.  

 
 

INTRODUCTION 
Among the carbon allotropes, the only orientable closed surface entirely 

coverable by a bezenoid lattice is the torus. The polyhedral (combinatorial) 
torus obeys the Euler theorem:1 

gFEN 22 −=+−      (1) 

(N, E, F, g being respectively the number of vertices, edges, faces, and genus 
– for the torus g = 1). Formula is useful for checking the consistency of an 
assumed structure. 

"Circle crops" structures were first observed by Liu et at.2 and then by 
other groups.3-5 Martel et al.5 argued that the observed rings were coils rather 
than perfect tori, but these structures have continued to attract a multitude of 
theoretical studies, dealing with construction, mathematical and physical 
properties of graphitic tori.6-14 

 This paper describes a novel way of generating polyhex tori, starting 
from quadrilateral tori. Several cutting procedures and transformations of the 
square toroidal nets are proposed in the view of obtaining chemically significant 
lattices. The stability of polyhex tori, the main toroidal objects herein generated, 
is discussed in terms of the MM+ energy.  
 

SQUARE TORI GENERATION 
Covering a torus by hexagons is achieved mainly by the well-known 

graphite zone-folding.11-16 The method finds an equivalent planar parallelogram, 
tiled by a polyhex lattice. The graphite sheet is folded to form a tube and finally 
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the two ends of the tube are glued in order to form a torus. A torus Tp,q,t thus 
obtained is completely defined by four integers, reducible to three parameters:14,16 
p and q count the hexagons stacked in a p x q-parallelogram and t is the 
twisting parameter, i.e., the number of hexagons offset before final pasting.  

An alternative to the parallelogram procedure is the AME (i.e., adjacency 
matrix eigenvectors). 17-20 Our construction starts from a square net embedded 
on the toroidal surface.21-24 A c-fold cycle, circumscript to a tube section of 
radius r, is circulating along the toroidal circle, of radius R > r (Figure 1). Its 
subsequent n images, equally spaced and joined with edges, point by point, 
form a polyhedral torus tiled by a square pattern. The position of each of the n 
images of the circulant around the large circle is characterized by angle θ while 
angle ϕ locates the c points of the circulant around the small circle. In all, c x n 
points are generated. 

 

Toroidal parameters A square tiled torus:  T12,36,C4  

 

 

 

Figure 1. Construction of a toroidal surface. 

The parameters are calculated by the following formulas: 

  ),,( zyxP :      (2) 

 φ)cos)(θcos( rRx +=  

  φ)cos)(θsin( rRy +=  

  φsinrz =  

1,...,0;
2 −== nii
ni
πθ  

   1,...,0;
2 −== cjj
cj
πϕ  
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The problem is how to transform a square net covering the toroidal 
surface into patterns of chemical interest. At this stage, the genuine length of r 
and R is not a matter. 

The square lattice generated as described above is a torus, C4[c,n] 
completely defined by two integers: c –dimension of the tube and n –dimension 
of the torus (i.e., the combinatorial dimensions of the square toroidal net). The 
subscript in C4 specifies the size of the polygonal tiling pattern.  

In case of single-wall tori, the square net consists of c x n vertices, c x n 
squares and 4 x c x n/ 2 edges, 4 being the vertex degree of the net (which is 
a regular graph). The above relations come out as a consequence of Euler’s 
formula. 

 
HEX TORI FROM SQUARE TORI  
A cutting operation consists of deleting appropriate edges in a square 

lattice in order to produce some larger polygonal faces. By deleting each 
second horizontal edge and alternating edges and cuts in each second row it 
results in a standard HC6 pattern (Figure 2 (a), top).  

After optimizing by a molecular mechanics program, a phenacenic 
pattern appears on the torus (Figure 2 (a), bottom).  
 A vertical action of the above algorithm leads to a standard VC6 pattern 
(Figure 2, (b)). It means that, after optimization, an acenic pattern is obtained 
(Figure 2 (b), bottom). 
 Note that each hexagon consumes exactly two sqares in the square-
like lattice. By construction, the number of hexagons in the HC6 pattern is half 
the number of squares on dimension c of the torus HC6[c,n] while in the VC6[c,n] 
torus the reduced number of hexagons appears on dimension n. Recall that, 
the above cutting procedure leaves unchanged the number of vertices in the 
original qsuare torus. The name of a polyhex torus, thus generated, has to 
remind the type of cutting (H or V), as well as the size of cycles occurring in a 
given pattern. Figures 3 illustrates two isomeic objects originated in C4[12,24]. 
Within this paper no twsted, chiral polyhex tori are discussed. 

HC6 pattern VC6 pattern 
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Figure 2. Standard C6 patterns and their optimized forms. 
 

HC6[12,36] (side) HC6[12,36] (top) N = 432  
h =5.90 d =2.90; D = 23.91 

  
 

Figure 3a. Polyhex tori HC6[c,n]: height h, tube diameter d  
and torus diameter D, respectively (in Angstroms)  

 
 

VC6[12,72] (side) VC6[12,72] (top) N = 864  
h =11.44 d = 3.51; D = 27.52 

 

Figure 3b. Polyhex tori VC6[c,n]: height h, tube diameter d  
and torus diameter D, respectively (in Angstroms)  
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MOLECULAR MECHANICS CALCULATIONS 
Our TORUS software package enabled us to generate huge tori, up to 

20,000 atoms, which could be optimised by a molecular mechanics procedure.  

y = 173.87x -0.8697 
R 2  = 0.9904 

y = 6912.2x -1.7186 
R 2  = 0.9735 
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Figure 4. Plot of MM+ energy per atom vs the n-dimension 

 
The MM+ energy per atom decreases as n (i.e., the central hollow) 

increases, by a power function (Figure 4). The tori of V-series are more stable 
than those of H-series.  

Note that the MM+ energy for C60 is about 4.454 kcal/mol, value reached 
in HC6[20,n] series at more than 120 atoms while in VC6[20,n] series around 
160 atoms. However, in toroids with thousend atoms, the MM+ energy lowers 
very much, as shown in Table 1. 

                                Table 1.  
MM+ energy per atom (kcal/mol) in tori of series [20,n] 

 

MM+ for H-series MM+ for V-series n 

Tori Tubes Tori Tubes 

20 17.7158 1.0427 36.3829 -0.7782 
30 10.3547 1.0313 19.9559 -0.8227 
40 7.2618 1.0256 9.7139 -0.8450 
50 5.6703 1.0222 7.1764 -0.8584 
60 4.6234 1.0212 5.5514 -0.8673 
70 4.0344 1.0183 5.3005 -0.8737 
80 3.6848 1.0148 4.2428 -0.8785 
90 3.3578 1.0181 3.4806 -0.8822 
100 3.0931 1.0172 2.9123 -0.8850 
150 2.1789 1.0135 1.4550 -0.8941 
200 1.7113 1.0149 0.8847 -0.8986 
250 1.4706 1.0120 0.6008 -0.9010 
300 1.3348 1.0111 0.2310 -0.9029 
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The energy of the corresponding open tubes is even less, for V-tubes 
(Table 1) approaching to the graphite sheet value (about (-) 1.85 kcal/mol). 

Strain energy (per atom) is here defined as the difference between the 
energy of a torus minus the energy of the corresponding open tube. Strain 
energy was found proportional to the diameters ratio: 

D

d
S =         (3) 

where d and D are given in number of hexes. Thus, the two series: H and V 
show different strain energy laws: 

n

c
S

n
D

c
d nHCnHCnHC 2

;;
2 ],20[],20[],20[ 666

===
ππ

 (4) 

n

c
S

n
D

c
d nVCnVCnVC

2
;

2
; ],20[],20[],20[ 666

===
ππ

 (5) 

Despite this difference, the same trend appeared: the strain energy 
decreases by enlarging the torus central hollow (i.e., by decreasing the d/D 
ratio). The excellentt correlating equations given in Figure 5 support the strain 
energy as a function of d/D ratio.  

Figure 5. Plot of strain energy S vs the d/D ratio 
 

The d/D dependency of the strain energy is in disaccord with that 
reported by Han25 which found it to be a of 1/D² (for a given tube dimension). 
The author reported the following features of polyhex toroids, as D increases: 

(i) a buckling tube (for 10nm < D < 20 nm), with oscillating energy minima 
and migrating buckle position; 

(ii) an elliptic cross section tube (for medium D valued, e.g., D > 20 nm, in 
case of torus (8,8)), as a transition state, and 

(iii) a perfect circular tube and an energetically stable torus (for higher D 
values). 
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In our approach, the same stages were observed. H-series approaces 
the circular cross-section shape at HC6[20,500] while in the V-series at 
VC6[20,1000], a normal result keeping in mind that the V-torus is twice thicker 
than the corresponding H-torus. Note that our tori are next huge objects (20 x 
1000 = 20,000 atoms) after the larges 30,000 atoms reported by Han, in his 
NAS report.25 

Figure 6 illustrates some different shapes of polyhex tori. Observe the 
"elongated" cross-section26 in case of V-tori. 
 

HC6[20,50_100_150]  (side) HC6[20,50_100_150]  (top) 

 

 

VC6[20,50_100_150]  (side) VC6[20,50_100_150]  (top) 

  
Figure 6. A collection of polyhex tori. 

 

MM+ calculations have been performed on the HiperChem software 
package.27 

 
CONCLUSIONS 

 Generation of hex tori from square tori is a third major route, along with 
the graphite zone - folding and adjacency matrix eigenvectors methods. Our 
method is far more versatile, enablind various polygonal coverings.28-30 

 A d/D dependency of the strain energy obtained by us is in disaccord 
with the previously reported 1/D2 dependency. Very large polyhex toroids 
approache to the MM+ energy of graphite. 
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ABSTRACT. Single wall nanotubes, covered by hexes can be generated 
from square tiled lattices, embedded on the cylinder. This route enables 
the "in silico" synthesis of a variety of tubes: crenelated (i.e., armchair, or 
acenic), zig-zag (or phenacennic), as well as twisted (i.e., chiral) objects. 
The energetic stability and topological characterization of such pure 
carbon lattices is discussed. 

 
 

INTRODUCTION 
Novel forms of carbon allotropes, besides ancient graphite and diamond, 

have been designed and obtained by condensing the vaporised graphite.1 
Finite molecular cages have been synthesised, characterised, functionalized or 
inserted into some supramolecular compounds.2-6 Besides the well known 
near-spherical fullerenes, cylinders, capped tubules and tori have aroused 
both theoretical and experimental interest.7-23 Multi elemental large cages have 
also been studied.24 

This paper describes a novel way of generating single-walled nanotubes 
SWNTs, starting from square tiled cylinders. Several cutting procedures and 
transformations of the square nets are proposed in the view of obtaining 
chemically significant lattices. The stability of SWNTs, as given by the MM+ 
energy calculations, is discussed.  
 
 

SQUARE AND HEX NET GENERATION 
Covering a cylindrical surface by hexagons (and other polygons) is mainly 

achieved by the graphite zone-folding procedure, as follows.25,26  
A SWNT is generated by rolling up a graphite sheet (despite the metal 

nanoparticle catalyzed tube synthesis suggests a different way). The structural 
characteristics (diameter and helicity) are uniquely characterized by the roll-up 
vector Ch = na + mb with a and b being the graphite net vectors and n, m 
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integers. The translation vector T follows the tube axis and is orthogonal to Ch. 
The rolled up area, delimited by T and Ch (Figure 1) corresponds to the repeat 
unit of an (n,m) chiral tube, (3,2) in this example. The limiting, achiral cases, 
(n,0) zigzag or phenacenic, and (n,n) armchair or acenic, are drown with 
dashed lines in Figure 1.  
 

(n,m) Ch

T

(n,0)

(n,n)

a

b

 
 

Figure 1. A graphite sheet with its net vectors a and b and the roll-up vector Ch = na + mb 
and the translation vector T, along the tube axis and normal to Ch. The chiral (n,m)  
tube is actually a (3,2) tube. The achiral cases: (n,0) zigzag and (n,n) armchair are 

indicated by dashed lines. 
 

In our procedure, a cylindrical surface is covered by squares by moving 
a cross section c-fold polygon along the cylinder generator Figure 2,a). Next, 
bonds are alternatively removed in order to change the squares into hexagons. 
If the deleted edges laid horizontally (i.e., parallel to the cylinder generator) a 
standard HC6 (i.e., a phenacenic) pattern results (Figure 2,b). If vertical edges 
are cut off, a standard VC6 (i.e., an acenic) pattern is obtained (Figure 2,c). 
Several cutting procedures have been developed in this respect.19-23 

 

TUC4 [6,8]  (a) TUHC6 [6,8]  (b) 

   
Figure 2. A square cylindrical net (a) and its derived HC6 (b) and VC6 (c) patterns. 
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After optimising by a molecular mechanics program, the polyhex nanotubes 
look like in Figure 3. The phenacenic (i.e., HC6 patterned) tube ends in "zig-
zag" while the tips of the acenic (i.e., VC6 patterned) one are "crenelated" 
(or "armchair").  

 

TUHC6[12,n] (a) TUVC6[12,n] (b) 

  
 

Figure 3. A phenacenic (i.e., zigzag – (a)) and an acenic (i.e., armchair) tube. 
 

Note that, by cutting some edges within a torus, a spanning tube can be 
obtained. The name of a tube, e.g., TUHC6[12,n], is derived from that of the 
original torus. The two first letters come from "tube", the third one specifies the 
type of cut edges, further letters and numbers denote the type of tiling. In 
brackets, the (combinatorial) dimensions of the net are given: c-fold cross-
section polygon and n-slices of the cylinder. Tne number of points (i.e., atoms) 
in the structure is ncN ⋅= . 

Let’s now switch the connections, in a horizontal row of squares, one 
edge to the right (or to the left – Figure 4, a). Next, cut horizontal (Figure 4, b) 
or vertical (Figure 4, c) edges in an alternating manner (see above). Twisted 
nets are thus obtained. Note that the number of switched rows must be even 
for a pure polyhex net. 
 

TU2C4 [6,8]  (a) TUH2C6 [6,8]  (b) TUV2C6 [6,8]  (c) 

 

Figure 4. Cylindrical twisted nets, covered by: squares (a), H-hexes (b)  
and V-hexes (c) 

 
After optimization, the polyhex tubular net is a chiral one (see below). 

The name of the twisted tubes is formed by adding, after the letter of cut type, 
the number of twisted rows t, e.g., TUVtC6 [c,n].   
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A CHIRAL TUBE FAMILY: TUtC6 [12,60]. 
In the following, a family of twisted nanotubes is presented. First, their 

topology is given: number of hexes h, number of zig-zag’s zz, and number of 
crenels cr. Also given are the length L and tube diameter d (in Angstroms - see 
Figures 5 and Table 1). 
 

TUVC6 [12,60] 
L = 71.54; d = 8.04; h =12; zz = 0; cr = 6 

TUV2C6 [12,60] 
L =70.53; d = 8.04; h =12; zz = 2; cr = 5 

TUHC6 [12,60] 
L = 124.07; d = 4.71; h = 6; zz = 6 

TUH2C6 [12,60] 
L = 120.93; d = 4.75; h = 7; zz = 7 

  
Figure 5. a. 

 

TUV4C6[12,60] 
L =69.04; d =8.18; h =12; zz = 4; cr = 4 

TUV6C6[12,60] 
L =67.97; d = 8.23; h = 12; zz = 6; cr = 3  

TUH4C6[12,60] 
L =110.20; d =5.39; h = 8; zz = 8 

TUH6C6[12,60] 
L =95.76; d =6.14; h = 9; zz = 9 

  
Figure 5. b. 

TUV8C6[12,60] 
L = 66.57; d = 8.57; h =12; zz = 8; cr = 2 

TUV10C6[12,60] 
L = 63.68; d =8.88; h = 12; zz = 10; cr = 1 

TUH8C6[12,60] 
L = 81.92; d = 7.09; h =10; zz = 10 

TUH10C6[12,60] 
L = 70.25; d = 8.13; h = 11; zz = 11  

  
Figure 5. c. 
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TUV12C6[12,60] 
L = 61.65; d = 9.26; h =12; zz = 12; cr = 0 

TUHC6[24,30] 
 L = 61.65; d = 9.26; h =12; zz = 12 

TUH12C6[12,60] 
L = 61.65; d = 9.26; h =12; zz = 12 

 

  
Figure 5. d. 

 
At t = c, TUHtC6 [c,n] switches the class of size (i.e., becomes twice 

thick and half long), while TUVtC6 [c,n] switches the class of cutting (becoming 
a H-cut tube).  

Encoding the type of tessellation can be achieved by means of the ring 
spiral code.27,28 It was first proposed for coding and constructing spherical 
fullerenes. Diudea29 proposed recently a modification, useful in tubular structures. 
In a periodic tubular net, the spiral code brings information on size and sequence 
of faces and embedding the actual net on the parent all-C4 [c,n ]. The spiral 
code for the polyhex tubes is given in Table 1. Also included in this table are 
the net parameters (for calculating, by the spiral code formulas, the number of 
hexes in the cross-section of twisted tubes - in general non-integer numbers, 
as exemplified in Table 2) as well as the number of zig-zags and crenels, as 
twisting feature data. 

Table 1. 
Formulas for the spiral code, net parameters and the number of zig-zags (crenels). 

Tube Spiral code Net parameters zz; {cr} 
TUHC6[c,n] )1(2/ ]6[ −nc

 c; n c/2 

TUHtC6[c,n] tntc /)1(])6([ 2/ −
 )2/1/(' ctcc −=  

)2/1(' ctnn −=  
2/)( tc +  

TUVtC6 [c,n] 
tczzntc 2/})]2({[])6[( ++−  c; n 

2c; n/2 
t; { 2/)( tc − } 

TUVC6[c,n] 
2/})]2({[]6[ czznc ++−  c; n { c/2} 

 z = mod(n,2)  
Table 2 

  Parameters of the TUH(V)tC6[12,60] family 
No  t 

[12,60] 
c' n' Cut type zz k 

 TUH t       
1 0 12 60 H 6 0 
2 2 13.091 55 H 7 0 
3 4 14.400 50 H 8 0 
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No  t 
[12,60] 

c' n' Cut type zz k 

4 6 16.000 45 H 9 0 
5 8 18.000 40 H 10 0 
6 10 20.571 35 H 11 0 
7 12 24 30 H 12 0 
 TUV t       
8 0 12 60 V 0 6 
9 2 12 60 V 2 5 
10 4 12 60 V 4 4 
11 6 12 60 V 6 3 
12 8 12 60 V 8 2 
13 10 12 60 V 10 1 
14 12 24 30 H 12 0 

 
 

MOLECULAR MECHANICS CALCULATIONS 
Our TORUS software package enables generation of huge tubes, up 

to 20,000 atoms, which could be optimised by a molecular mechanics 
procedure (see Figures 5).  

The energy calculated by MM+ force field (by HyperChem software 
package)30 decreases as twisting t increases (Table 3). Thiss energy (per atom) 
is ploted against t, with a rather good correlation (Figure 6). 

 
Table 3 

MM+ Energy E (Kcal⋅mol-1 ) and Wiener index W in tubes TUH(V)tC6[12,60]  
t 
 

MM+ E 
TUHtC6 

W MM+ E 
TUVtC6 

W 

0 3697.395 10416420 604.008 6009408 
2 3384.387 9277724 585.336 5995628 
4 2656.301 8314604 535.643 5953396 
6 1814.103 7468448 458.833 5883634 
8 1093.638 6724178 361.800 5789712 
10 546.411 6083308 253.726 5677120 
12 141.162 5553216 141.165 5553216 

 
Compared with the MM+ energy of C60 (about 4.454 kcal/mol – per 

atom value), it appears that the structure of twisted tubes (of the discussed family) 
quickly stabilise, as t increases, a fact confirmed by experimental data.25  

Note that both series TUHtC6 and TUVtC6 converge to one and the 
same structure: TUHC6[24,30], which is a non-chiral nanotube, identical with 
the totally twisted tubes TUH12C6[12,60] and TUH(V)12C6[12,60] (see Tables 
2 and 3). This identity holds (at least) for tubes having n = pc; p = 1, 2, … The 
MM+ energy can be predicted, with good accuracy, from the topological distance 
count, also known as the Wiener index31,32 (see Table 3 and Figures 7 and 8). 
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y = -0.4441x + 5.3103 
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Figure 6. MM+ energy per atom vs twisting t in polyhex tubes 
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Figure 7. MM+ energy per atom vs log W in TUHtC6[12,60] series 
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Figure 8. MM+ energy per atom vs log W in TUVtC6[12,60] series 
 
 

CONCLUSIONS 
Generation of hex tubes from square tubes, proved to be a simple and 

versatile method. Topology and enrgetic stability of a family of chiral/twisted 
nanotubes was invstigated.  

By twisting, major changes in the tube topology occur: the tube 
becomes chiral and, at t = c, TUHtC6 [c,n] switches the class of size, while 
TUVtC6 [c,n] switches the class of cutting (becoming a H-cut tube).  

Twisting inducees a relaxation of the total MM+ energy of the polyhex 
tubular net. 

MM+ energy can be predicted by a topological descriptor, such as the 
Wiener index, counting all the topological distances in a given graph. Analytical 
formulas for calculating this parameter were given elsewhere.33,34 
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ABSTRACT. Novel small fulleroids were "in silico" synthesized by 
enlarging some Archimedean well-known polyhedra. The energetic 
stability and topological characterization of such pure carbon cages is 
discussed. 
 
 
 
INTRODUCTION 
A fullerene is an all-carbon molecule in which the atoms are arranged 

on a pseudospherical framework made up entirely of pentagons and 
hexagons. "Nonclassical" extensions to include rings of other sizes have been 
considered1,2 and may be competitive in energy with the classical fullerenes.  

The initial fascinating appeal, coming from their beautiful symmetry3-5 
shifted later to real chemistry.6-8 Carbon allotropes with finite molecular cage 
structures have been functionalized or inserted in supramolecular assemblies.9-11 

Besides the well known near-spherical fullerenes, cylinders, capped tubules 
and tori have aroused both theoretical and experimental interest.12-20 Multi 
elemental large cages have also been studied.21 

EXTENDED ARCHIMEDEAN CAGES 
 In addition to the earlier five Platonic polyhedra: the tetrahedron (Td), 
cube (Oh), octahedron (Oh), dodecahedron (Ih), and icosahedron (Ih), other 13 
elegant objects, resulting mainly by a truncation operation, are due to 
Archimede.22 Two of them attracted our attention: the truncated octahedron 
(Oh) and truncated cuboctahedron (Oh), (OT4 and COT4, respectively) in 
connection with some successful synthesis of phenylenes, organic compound 
having alternating sequence: C4, C6.

23,24 
 Our goal was the building of some cubic cages (i.e., trivalent cages), 
originating in (or related to) the above two Archimedean objects, keeping in 
mind that the smallest cage obeying the "12 pentagon" definition of fullerenes 
is just the dodecahedron. Semiempirical AM1 calculations, performed by 
the HyperChem25 software package, were aimed to give information on the 
energetic stability of such all-carbon cages, possibly appearing in the synthesis 
of fullerenes. By enlarging the polar ring from 4 up to 8, families of cages are 
generated. In the following we illustrate the cages and give semiempirical and 
spectral (see below) data in tables for each family. 
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OT4; (D4h ); N = 24  (side) OT4  (top) 

  
 

OT8; (D8h ); N = 48 
 

OT8; (top) 

  
 
 

Spectral Data   
Cage 

 
N 

 
Sym. 

AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

1 OT5 30 D5h 33.044 6.4437 0.4772 -0.4142 0.8914 PC 
2 OT6 36 D6h 35.068 6.5199 0.4142 -0.4142 0.8284 PC 
3 OT7 42 D7h 45.213 2.5661 0.3922 -0.4142 0.8064 PC 
4 OT8 48 D8h 47.584 - 0.4142 -0.4142 0.8284 PC 

PC = properly closed shell 
 

COT4; (C4h); N = 48 (side) COT4 (top)  
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COT8; (C8h); N = 96 (side) COT8 (top)  

  
 

Spectral Data  Cage N Sym. AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

1 COT5 60 C5h 29.275 1.6354 0 0 0 OP 
2 COT6 72 C6h 28.907 5.6600 0 0 0 M 
3 COT7 84 C7h 30.934 5.4804 0 0 0 OP 

OP = open shell; M = metallic shell 
 

 
A554; (C4h); N = 40 (side) A554 (top) 

 
 

 
 

A558; (C2v); N = 80 (side) 

 
 

A558 (top) 
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Spectral Data   
Cage 

 
N 

 
Sym. 

AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

1 A555 50 CS 20.425 4.8581 0.4142 0.3111 0.1031 PSC 
2 A556 60 C2h 20.379 5.5507 0.4142 0.3111 0.1031 PSC 
3 A557 70 C1 24.076 6.0451 0.4142 0.3111 0.1031 PSC 
4 A558 80 C2v 30.134 6.6226 0.4142 0.3111 0.1031 PSC 

 
PSC = pseudoclosed shell 

 
 

 
COTX4; (S8); N = 48 (side) COTX4 (top) 

  
 

 
COTX8; (S16); N = 96 (side) 

 
COTX8 (top) 

 

  
 
 

This family is derived from COT by a twist-1 coupling. 
 

Spectral Data   
Cage 

 
N 

 
Sym. 

AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

1 COTX5 60 S10 24.591 4.9335 0 0 0 OP 
2 COTX6 72 S12 24.891 4.6341 0 0 0 OP 
3 COTX7 84 S14 26.000 4.3729 0 0 0 OP 

 
OP = open shell 
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AA4; (D4h) N = 32 (side) AA4 (top) 

 
 

 
 

 
AA8; (D8h); N = 64 (side) 

 
AA8 (top) 

 
 

 
 

Spectral Data   
Cage 

 
N 

 
Sym. 

AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

9 AA5 40 D5h 30.202 3.3198 0.2056 0 0.2056 PC 
10 AA6 48 C1 30.949 5.2355 0 0 0 OP 
11 AA7 56 D7h 39.484 1.8858 -0.0612 -0.0612 0 OP 
12 AA8 64 D8h 43.246 5.8994 0 0 0 M 

PC = properly clossed shell; OP= open shell; M = metallic shell 
 

 
AAX4; N = 32 (side) AAX4 (top) 
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AAX8;  (D8); N = 64 (side) AAX8 (top) 
 

 
 

 
 

Note that this family is obtained by a twist -1 coupling performed on the 
above AA family. 
 

Spectral Data   
Cage 

 
N 

 
Sym. 

AM1 
HF/atom 

AM1 
GAP 

2/Nλ  12/ +Nλ  GAP Shell 

1 AAX5 40 C1 24.311 2.1470 0.4865 0.1133 0.3732 PSC 
2 AAX6 48 D6 25.789 6.1145 0.4142 0.2007 0.2135 PSC 
3 AAX7 56 D7d 31.374 6.6641 0.4856 0.1851 0.3005 PSC 
4 AAX8 64 D8 38.821 6.9308 0.4444 0.1559 0.2885 PSC 

PSC = pseudo clossed shell 
 

In cages with larger polar rings, the strain is so high that a cross-
section cutting results in more stable spiral objects (see the two spirals, 
corresponding to the OT and COT families). This tendency appears by 
examination of the semiempirical data: an increase in the heat of formation, in 
going to larger polar rings, is observed. Spiral structures have been reported 
by the group of Volhardt.23,24  
 
 

OT11spiral, N = 132;  
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COT16 spiral;  N = 192 

 
 

SCHLEGEL PROJECTION OF RELATED ARCHIMEDEAN CAGES 
A graph is said to be embedded in a surface S when it is drawn on S 

so that no two egdes intersect.26 A graph is planar if it is embeddable in the 
plane (or in the sphere). Any spherical polyhedron obeys the Euler theorem:27 

2=+− FEV       (1) 

The graph associated to a polyhedron, consisting of its vertices V, 
edges E and faces F, is a planar map, and clearly satisfies relation (1). Thus, a 
polyhedron can be drawn on the plane as a Schlegel progection. We use this 
representation in the case of our extended Archimedean polyhedra, as 
illustrated below. In the top of each Schlegel diagram, the point group 
symmetry and spiral code28,29 are given. The spiral sequence starts from the 
polar ring (of size k) and finishes to the opposite pole.  
 

OTk; (Dkh) A55k;  k = 5; 6 (fullerene)   
k 6k (4 6)k k k 6k (5 6)k (5 6)k k 

k

 

k

 
 

COTk;  (Ckh) COTXk; (S2k) 
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2k (4 6)k (4 8)k (4 6)k 2k 2k (4 6)k (6 6)k (4 6)k 2k 

k

 
 

k

 

 

AAk; (Dkh) AAXk;  k = 5; 6 (fullerene); ( Dk ) 
k 6k (4 6)k 6k k k 6k 52k 6k k 

 

k

 

 

k

 
 

 
 

DISCUSSION 
The semiempirical data indicate an increase in the heat of formation in 

going to larger polar rings. The cross-section cut performed on such cages 
leads to spiral objects. Spiral structures have already been synthesized in 
phenylenes. 

The topology of polyhedral cages herein designed could be rationalised 
by the spiral code:28,29 the polar ring size k is the generalizing parameter. 

Some of the proposed polyhedra belong to the classical fullerenes: 
A55k; k = 5; 6 (A555, N = 50, HF = 20.425 kcal/mol; A556, N = 60, HF = 20.379 
kcal/mol) and AAXk; k = 5; 6 (AAX5, N = 40, HF = 24.311 kcal/mol; AAX6, N = 50, 
HF = 25.789 kcal/mol ). Their AM1 HF is, however, far from that of C60, of 
16.208 kcal/mol.  
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The HOMO-LUMO gap is a measure of the kinetical stability; a value 
around 6 eV would be satisfactory. This desiderate is approached by the k = 6 
members of the studied objects. In the spectral theory,30 the type of the band 
gap is used to classify the π-electronic shell of the molecules: properly clossed 
shells are expected for the isolable fullerenes, such as C60. 

From the above data, it appears that none of the extended Archimedean 
cages can be considered candidates to the real fullerene status. 

 
CONCLUSIONS 
Two of the Archimedean polyhedra: the truncated octahedron (Oh) and 

truncated cuboctahedron (Oh), have been extended in view of finding information 
on the thermodynamic and kinetic stability of the derived polyhedra (some of 
them having alternating sequence: C4, C6, as in phenylenes). Related polyhedral 
cages have also been designed. The conclusion of this study is the following: 
even the modelled cages hardly compete the already synthesized C60 molecule, 
but they can be useful in understanding the possibility of synthesis of some 
non-classical fullerenes and/or related structures. 

Acknowledgement. This paper was supported by a Romanian CNCSIS 
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ABSTRACT. Spectral data revealed some cluster properties of tubulenes. 
The "zig-zag" cylinder rule on the π-electronic structure states that properly 
closed shell exists in two complementary series of fullerenes derived from 
the 13k cluster, k = 4m; 4m+2, m = 1,2,…, by adding a 3kn, n =1,2,…, 
nanotube distancer between the two zig-zag ended caps. Semiempirical 
calculations support this finding. 

 
 

INTRODUCTION 
A fullerene is, according to a classical definition, an all-carbon molecule 

consisting entirely of pentagons (exactly 12) and hexagons (N/2-10).1 Besides 
the well known near-spherical fullerenes, open ended nanotubes, capped 
tubules and tori have aroused both theoretical and experimental interest.2-10 
Non-classical fullerene extensions to include rings of other sizes have been 
considered.11,12 Multi elemental large cages have also been studied.13 

In simple π-only Hückel theory, the energy of the i th molecular orbital 
βλα iiE +=  is calculated on the ground of the adjacency matrix associated 

to the molecular hydrogen depleted graph. Systematic studies on this matrix 
and their eigenvalue spectra (i.e., the decreasing sequence of eigenvalues λi ), 
provided some magic number rules for the stability of molecules, such as the 
oldest Hückel14 4n +2 rule for aromatic rings and the more recent 60 + 6m (m ≠ 1) 
leapfrog rule15 for the properly closed fullerenes (see also ref. 16).  

The π-electronic shells of neutral fullerenes are classified, function of 
their eigenvalue spectra, as:17 (i) properly closed, PC, when 12/2/ 0 +≥> NN λλ ; 
(ii) pseudo-closed, PSC, in case 012/2/ >> +NN λλ ; (iii) meta-closed, MC, with 

12/2/0 +>≥ NN λλ and (iv) open, OP, when the N/2th (HOMO) and N/2+1th 

(LUMO) molecular orbitals are degenerate, 12/2/ += NN λλ . The bandgap is 
taken as the absolute value of the difference EHOMO - ELUMO. The most frequent 
case is that of the pseudo-closed shell, since the number of positive 
eigenvalues is, in general, larger than that of the negative ones, n+ ≥ n- .18 
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The other rule predicting closed-shell fullerenes is the cylinder rule.19,20 
Fullerenes with k-fold cylindrical symmetry, of general formula CN,k-V[2k,n]-[6], 
have a closed shell at each nuclearity )37(2 mkN += , m = 0, 1, 2,…, (k = 4 to 
7 in this paper). These cages have a non-degenerate non-bonding orbital (NBO) 
LUMO separated by a gap from HOMO; in this case n+ = 1 + n -. Exceptions 
exist, e.g., the first term of series k = 6, C72,6-V[2k,1]-[6], has LUMO triply 
degenerate, and the first term of series k = 7, C84,7-V[2k,1]-[6], has its NBO not the 
LUMO (actually is 32/ +Nλ ).  

The cylinder rule, better called the "armchair" cylinder rule, can 
equivalently be written, in distancing tube dimension, as: mn 31+= .  

Recall that, our notations for nanotubes TUVC6[c,n] and TUHC6[c,n] 
correspond to the "armchair" (c/2,c/2) and "zig-zag" (c/2,0), respectively. 

This paper describes a further investigation of fullerenes with the aim of 
finding some novel rules of their electronic stability. 
 
 

TUBULENES BY "ZIG-ZAG" NANOTUBE DISTANCER 
A spherical fullerene, say C60 (Ih), can provide a cap suitable for joining 

an armchair nanotube (i.e., a TUVC6); the cap, having a k-fold polar ring, will 
be denoted by CN,k-V[2k,0] with N being the number of atoms in the parent 
fullerene. In a fullerene cluster the polar ring can vary, in our work most often     
k = 4, 5, 6, 7 (with the main term at k = 5). The cap CN,k-V[2k,0] can be used in 
generating a cluster of tubulenes by using a TUV distancer. The procedure is 
illustrated in Figure 1. This is the cluster CN,k-V[2k,n]-[6], obeying the armchair 
cylinder rule (initially defined for k = 5; 6).19  
 

 
 

Figure 1. "Armchair" tubulene construction 
 

C60,k -V[2k,0] ; k = 5 
 

C60,k -V[2k,0] + TUVC6[2k,1] 
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C72,k -V[2k,0] + TUVC6[2k,3]; k = 6 C18k 

      
Figure 1. (continued) 

 
The first term of the sub-cluster C60,5-V[10,1]-[6] is just the isolated fullerene C70 

(see below). Its topology is given as the spiral code.21,22 We amended this code by 
specifications for the mode of inserting the new polygon, either by an edge (e) or by 
an angle (a). 
 

C60,5-V[10,1]-[6] = C70  C70; (top) 

 
 

k, 6k, (a5, e6)k, (e6, e6)k, (a5, e6)k, k Cluster C14k;  k = 4; 5; 6; 7 
k = 4; 5; 6; 7      N =14k;  56; 70; 84; 98 

 
A different cap, denoted CN,k-H[2k,0], is that favoring the coupling with a zig-

zag nanotube (i.e., TUHC6).
20 Figure 2 gives such an example. 

 
2(C60,5-H[10,0]) + TUHC6[10,2] C60,5-H[10,3]-[7,6,7] 

   
   

Figure 2. "Zig-zag" tubulene construction 
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 A tubulene CN,k-V[2k,6]-[6] can be viewed as originating in the coalescence 
product of two spherical fullerenes, namely the CN,k-H[2k,1]-[7], from which it 
results by a series of Stone-Wales23,24 edge flipping. Similar coalescence 
reactions between spherical cages and nanotubes have been considered.25  

Resuming to the nomenclature, the C letter (i.e., cage) is followed by 
the number of atoms N of the parent fullerene, having a k-fold polar ring, the 
cap being attached to a V/H[c,n] tube (with a cross-section of c atoms, and n 
atom rows distancing the two caps; n = 0 for the cap, only). The numbers in 
the last brackets denote the tiling polygons in the region between the two caps. 

A quite different cap CN,k-H[c,0] is provided by the isolated fullerene C78, 
the two of its IP (i.e., isolated pentagon) isomers being given below. 
 
 

C78a; CS  

 
C78c; C1 

  
k, (5, 6)k/2, (a6, a6, e5)k/2, (a6)k, 

(e5, a6, a6)k/2, (6, 5)k/2, k 
Cluster C13k; k = 4; 6; 8; 10 

k = 6 N =13k;    52;    78; 104;  130 
 
 
The formal building of the related tubulenes is illustrated in Figure 3. 
 

C78,k-H[3k,0] ; k = 6 
 

C78,k-H[3k,0] + TUHC6[3k,1] 
 

 
 

     

C78,k-H[3k,0] + TUHC6[3k,2] C78,k-H[3k,2]-[6] = C19k; k = 6 
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Figure 3. "Zig-zag" tubulenes derived from C78 
 
 
 

SPECTRAL PROPERTIES OF THE NOVEL CLUSTER 

 The zig-zag tubulenes derived from the cluster C13k form a properly 
closed shell tubulene cluster with the general formula C13k,k-H[3k,n]-[6]  and the 
following construction ,...2,1;1,0,...;2,1;24;313 ===+=+= nzmzmkknkN . It shows 
the same bandgap for a given z value at each positive n. The last parameter is 
just the n-dimension of the distancing tube and it discriminates between the 
twin odd and even sub-clusters (see Figures 4 and 5).  
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Figure 4. The plot of the spectral gap vs. n, in the series k = 4m 
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Figure 5. The plot of the spectral gap vs. n, in the series k = 4m+2 

 
In the opposite to the 1st (armchair) cylinder rule, the terms for n = 0  do 

not (properly) belong to the new cluster. In the series k = 4m, LUMO is an 
NBO (not encountered at higher n-values) while in the series k = 4m+2, the 
gaps are different for different m-values. The identity of the gaps appears only 
at  n > 0. Figure 6 gives the repeating units of the twin sub-clusters, in the so-
called geodesic projection. 

 
n = odd n = even 

 

odd

 
 

 

even

 

Figure 6. Geodesic projection of the repeating units of the twin sub-clusters 
with the general formula C13k,k-H[3k,n]-[6] 

 
The novel cluster C13k,k-H[3k,n]-[6], of properly closed shell fullerenes, 

having ,...2,1;313 =+= nknkN and equal number of positive and negative eigen-
values n+ = n-, we call the zig-zag cylinder rule, to specify the type of the tube 
distancing the two caps. This cluster does nos superimposes over the 
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leapfrog15,18,19 (properly closed-shell) fullerenes with the exception of the cages 
having k = 6. The spectral data are supported by semiempirical calculations 
(see Table 1). 

In going from one sub-cluster to the other, complementary (twisted) 
series of pseudo-closed shell tubulenes appear. Figure 7 shows the plots of 
PSC and PC series corresponding to k = 6 (viewed as single odd&even 
series). Clearly, the gap is deeper for the PC series, suggesting a higher 
kinetic stability of the corresponding tubulenes. Note that the term n = 0 in PSC 
is just the C78c; C1 (see above). 
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Figure 7. Comparison between the PSC and PC series corresponding to k = 6 

 
 

In the case of objects with formula CN,k-H[2k,n]-[7,6,7] (see Figure 2) the 
open shell appears, starting with the first row of hexes (n = 2) distancing the 
two caps. The two frontier orbitals degenerate within the positive domain of 
eigenvalue for k = 4, while for higher k they are located either in the positive or 
negative domain (as in some tetrahedral fullerenes, with 628≥N ).18 The most 
important exception is C72,6-H[12,2]-[7,6,7] (N = 156), with a meta-closed shell. The 
"accidental" gap is, however, very thin (-0.026439; -0.028345). This is the only 
case of MC shell reported in spherical fullerenes (more exactly, fullerenes of 
genus zero).18 

 
SEMIEMPIRICAL CALCULATIONS 
The semiempirical calculations were calculated with the PM3 

Hamiltonian (by HyperChem software package).26 Data are given in Table 1. 
 Fowler27 has found that geometric instability appears in fullerenes at a 
"small" gap of ca. 5 eV, in semiempirical calculation, or 0.4 |β| in simple Hückel 
calculation. At least the first terms, and particularly in the series k = 4m+2 
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(Table 1, entries 4-6 and 10-12), show favorable bandgap and relatively low heat 
of formation (per atom). Compare these data with those for C60: HF = 13.512; 
PM3 Gap = 6.594 and find that we are in the same domain. Besides the 
isolated C78 (entry 4), some other tubulenes can be candidates to the status of 
real molecules. A cage having a 10-fold face could appear strange but it just 
obeys the Hückel 4m+2 aromatic rule. 

 
Table 1.  

Data for the tubulenes C13k,k-H[3k,n]-[6] 
 

PM3 Spectral Data  
 

 
Cage 
k; n 

 
N 

 
Sym. HF/at. 

(kcal/mol) 

PM3 
GAP 
(eV) 2/Nλ  12/ +Nλ  GAP 

(|β| units) 
Shell 

1 4; 0 52 D2h 21.585 5.533 0.2564 0 0.2564 PC 
2 4; 1 64 S4 19.271 5.783 0.3789 -0.0774 0.4563 PC 
3 4; 2 76 D2h 18.162 5.469 0.3260 -0.0470 0.3731 PC 
4 6; 0 78 Cs 12.294 6.083 0.5157 -0.1176 0.6333 PC 
5 6; 1 96 D3d 11.015 5.564 0.4329 -0.0844 0.5173 PC 
6 6;2 114 Cs 10.381 5.195 0.3688 -0.0721 0.4409 PC 
7 8; 0 104 C4h 11.453 5.730 0.2564 0 0.2564 PC 
8 8; 1 128 D4d 10.158 5.497 0.3789 -0.0774 0.4563 PC 
9 8; 2 152 C4h 9.390 5.112 0.3260 -0.0470 0.3731 PC 
10 10; 0 130 C5h 12.518 5.998 0.4579 -0.0874 0.5453 PC 
11 10; 1 160 D5d 11.875 5.512 0.4329 -0.0844 0.5173 PC 
12 10; 2 190 C5h 10.715 5.115 0.3688 -0.0721 0.4409 PC 

 
 
 

CONCLUSIONS 
 The zig-zag cylinder rule, first reported in this paper, presents a cluster 
with the general formula C13k,k-H[3k,n]-[6], of properly closed shell tubulenes, 
having ,...2,1;313 =+= nknkN .The number n is just the number of atom rows in 
the tube distancing the two caps. It shows the same bandgap for either odd or 
even k value at each positive n. The semiempirical calculations support the 
idea of relatively stable molecules, possible appearing in the soot of the 
vaporized graphite. 
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ABSTRACT. This paper reviewes the most important results in 
using Cluj type indices in correlating tests on several sets of organic 
compounds (alkanes, cycloalkanes, dipeptide ACE inhibitors, substituted 
3-(phthalimidoalkyl)-pyrazolin-5-ones, aromatase inhibitors, nitrogen-
containing compounds and poly-chlorinated bipheniles).  

 
 
 

INTRODUCTION 
QSPRs/QSARs (Quantitative Structure-Property Relationships/ Quantitative 

Structure-Activity Relationships) link in a quantitative manner the physico-
chemical or biological properties of chemicals with their molecular structure.1  

Some molecular properties (i.e., those of which numerical value vary 
with changes in the molecular structure) such as the normal boiling point, 
critical parameters, viscosity, solubility, retention chromatographic index, are 
often used for characterizing chemicals in databases. However, a certain property 
is not always available in tables or other reference sources. It is just the case 
of newly synthesized compounds. As a consequence, methods of evaluating 
physico-chemical properties from the structural features of organic molecules 
become very important. 
 In this work several correlating results, both QSPRs and QSARs, by 
using Cluj type topological indices are reported, with the aim to demonstrate 
the capability of our indices to model the molecular properties or activities of 
organic compounds. 
 Cluj indices are calculated on the ground of the Cluj matrices2-9. 
 

Cluj type indices 
 The graph-theoretical descriptors CJ and CF represent the theoretical 
ground for counting the fragmental property indices. They are vertex sets 
defined by: 

CJi,j,p = {v |v∈V(G); di(G)v,i < di(G)v,j; and ∃ w∈Wv,i, V(w)∩V(p) = {i}}  (1) 
 

CFi,j,p = {v |v∈V(G); di(Gp)v,i < di(Gp)v,j ; Gp = G – p           (2) 
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 In the above relations, Gp = G - p is the spanning subgraph, resulted by 
deleting the path p joining the vertices i and j (except its endpoints), di(G) and 
di(Gp) denote the topological distances measured in G and Gp, respectively. 
 The sets CJi,j,p and CFi,j,p represent subgraphs (connected or not) in G, 
referred to the endpoint i and related to j and path p.  
 In defining Cluj indices, the path p plays the central role in selecting the 
subgraphs (eqs 1 and 2), particularly in cycle-containing graphs, where more 
than one path could join the pair (i,j). In such graphs, more than one subgraph 
(i.e., fragment), referred to i, can be counted. By this reason, the non-diagonal 
entries [UM]ij in Cluj matrices are defined as the maximum cardinality of the 
sets supplied by eq 1 or 2 

 pji
p

Vmax
ij ,,][ =UM                 (3) 

where pjiV ,,  is either CJi,j,p or CFi,j,p and consists of vertices, v, lying closer to 

the vertex i than to the vertex j. When p ∈Di(G), (i.e., the set of all topological 
distances, or geodesics in G) then M = CJDi (Cluj-Distance) or CFDi (Cluj-
Fragmental-Distance). When p ∈ De(G), (i.e., the set of all topological detours, 
or the longest distances in G) M = CJDe (Cluj-Detour) or CFDe (Cluj-Fragmental-
Detour). The diagonal entries are zero. The Cluj matrices are square arrays, of 
dimension NxN, usually unsymmetric (excepting some symmetric regular graphs).  
 Figure 1 illustrates the construction of CJDe matrix. 

3

1

4

2

5

6
7 8

4

8  
 

Cluj Detour Sets CJDei,j,p ; pair (3, 4): 

( 3, 4 ) [ 3, 6, 7, 5, 2, 1, 4 ]{ 3 }  ( 4, 3 ) [ 4, 1, 2, 5, 7, 6, 3 ]{ 4, 8 } 

Cluj-Detour Matrix UC  JDe 
 0   1   1   1   1   1   2   1     8 
 2   0   2   2   2   2   2   3   15 
 2   1   0   1   1   1   1   1     8 
 1   1   2   0   2   2   1   1   10 
 1   1   1   1   0   1   1   1     7 
 1   1   1   1   1   0   1   2     8 
 3   2   2   2   2   2   0   2   15 
 1   2   1   1   1   1   1   0     8 

    11   9 10   9  10 10  9  11  79 
IP2(CJDe) = 56 
IE2(CJDe) = 15 

Figure 1. Construction of Cluj Detour matrix, UCJDe 
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 The unsymmetric matrices can be symmetrized, e.g., by the Hadamard 
product with their transposes 

SMp = UM • (UM)T      (4) 
SMe = SMp • A       (5) 

 
 The symbol  •  indicates the Hadamard (pairwise) matrix product (i.e.,   
[Ma • Mb]ij = [Ma]ij [Mb]ij ). In eq 5, the Hadamard product between the path-
defined matrix SMp and the adjacency matrix A (i.e., the matrix having the non-
diagonal entries unity for two adjacent vertices and zero otherwise) provides 
the corresponding edge-defined matrix, SMe, which is a weighted adjacency 
matrix. For the symmetric matrices, the letter S is usually missing. 
 In trees, CJDi, CJDe, CFDi and CFDe, are identical, due to the 
uniqueness of the path joining a pair of vertices (i,j). 
 The above matrices allow the calculation of indices by relations given 
for the fragmental property indices9. 
 

Model Description 
 Let (i,j) be a pair of vertices and Fri,j any fragment referred to i and 
related to j. 
 

Dense Topological Model 
 Let v be a vertex in the fragment Fri,j. The property descriptor applies to 
the vertex property pv and topological distance dTv,j. The fragmental property 
descriptor PD, resulting by the vertex descriptor superposition, gives the 
interaction of all the points belonging to the fragment Fri,j with the point j: 

PD( jiFr , ) =
jiFrv

Ψ
,∈
( Ω ( dT v,j , pv ) )    (6) 

The j  point can be conceived as an internal probe atom with no 
chemical identity.  
 

Rare Topological Model 
 Within this model, the property descriptor applies to the fragmental 
property and topological distance dT i,j. The fragmental property descriptor 
models the interaction of the whole fragment Fri,j with the point j and looks the 
global property being concentrated in the vertex i: 
 

 PD( jiFr , ) = Ω ( dT i,j ,
jiFrv

Ψ
,∈
( pv ))   (7) 

 
Dense Geometric Model  
The fragmental property descriptor is the vector sum of the vertex 

descriptor vectors. It applies the property descriptor to the vertex property pv 
and the Euclidean distance dE v,j in providing a point of equivalent (fragmental) 
property located at the Euclidean distance dE CP,j

 (with dE CP,j being the distance 
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of property). The vector of the fragmental property has the orientation of this 
distance vector. The model simulates the interactions in non-uniform fields 
(gravitational, electrostatic, etc): 

PD( jiFr , ) = ( )vj,vE
Frv

p,d
j,i

ΩΣ
∈

r
; Ω
r

= Ω⋅
j,vE

j,vE

d

d
r

; P( jiFr , ) = )(
,

v
Frv

pΨ
ji∈

; 

 dE CP,j =
1−Ω p ( DG( jiFr , ),P( jiFr , )),   (8) 

where dE CP,j is the distance that satisfies: Ω( dE CP,j , P( jiFr , ) ) = PD( jiFr , ) 

 
Rare Geometric Model 

 The scalar fragmental descriptor applies the property descriptor to the 
center of fragment property and Euclidean distance between this center and 
the vertex j.  

The model simulates the interactions in uniform fields (uniform 
gravitational, electrostatic, etc.): 

PD( jiFr , ) =Ω( jCPE i
d , , )(

,
v

Frv
pΨ

ji∈
);  

 CPi( j,CPi
x , j,CPi

y , j,CPi
z ); j,CPi

x = ∑∑
∈∈

⋅
j,ij,i Frv

v
Frv

vv ppx   (9) 

j,CPi
y = ∑∑

∈∈

⋅
j,ij,i Frv

v
Frv

vv ppy ; j,CPi
z = ∑∑

∈∈

⋅
j,ij,i Frv

v
Frv

vv ppz  

 
Fragmental Property Matrices 

 The fragmental property matrices are non-symmetric square matrices 
of order N (i.e., the number of non-hydrogen atoms in the molecule). The non-
diagonal entries in such matrices are fragmental properties corresponding to 
any pair of vertices (i,j) by a chosen model.  

In case of Cluj criteria, the fragmentation can supply more than one 
maximal fragment for the pair (i,j). In such cases, the matrix entry is the 
arithmetic mean of the individual values. 
 Thus, if i, j ∈ V(G), i ≠ j and Pi,j = { k

jijiji ppp ,
2
,

1
, ,...,, } paths joining i and j, 

then cf. CJ or CF definition, the fragments k
jijiji FrFrFr ,

2
,

1
, ,...,,  are generated. Let 

m be the number of maximal fragments among all the k fragments, 1≤ m ≤ k, 
and let σ1, …,σm be the index for the maximal fragments. 
 By applying any of the above models, for all m maximal fragments we 
obtain m values, e.g.: 

PD( 1
,
σ
jiFr ), PD( 2

,
σ
jiFr ), …, PD( m

jiFrσ
, ) 

and consequently, the matrix entry associated to the pair (i,j) is the mean value: 



CORRELATING ABILITY OF CLUJ TYPE INDICES 
 
 

 45

 
m

FrPD

PD

m

t
ji

ji

t∑
== 1

,

,

)( σ

      (10) 

Fragmental Property Indices 
 Fragmental property indices are calculated at any fragmental property 
matrices above discussed, by applying four types of index operators: P_, P2, 
E_, E2 according to the relations: 
 

P_(M)=½ΣΣ[M]i,j  ;  P2(M)= ½ΣΣ[M]i,j[M]j,i; 
 E_(M)= ½ΣΣ[M]i,j [A]i,j  ; E2(M) = ½ΣΣ[M]i,j[M]j,i[A]i,j (11) 

where M is any property matrix, symmetric or unsymmetric. 

Symbolism of the Fragmental Property Matrices and Indices 
 The name of fragmental property matrices is of the general form: 

 ABcDdEfffffG       (12) 
where: 

A ∈ {D, R}; D = Dense; R = Rare; 
B ∈ {T, G}; T = Topological; G = Geometric; 
c ∈ {f, j, s}; f = CF-type; j = CJ-type; s = Sz-type; 

  Dd ∈ {Di, De}; Di = Distance; De = Detour; 
  E ∈ Φ (i.e., E∈{M, E, C, P}  

where M = mass; E = electronegativity; C = cardinality;  
P = other atomic property - implicitly, partial charge; explicitly,  

a property given by manual input); 
 

fffff ∈ Ω (i.e., fffff∈{__p__, _1/p_, __d__, _1/d_, _p.d_, _p/d_, _p/d2, p2/d2}  
 G ∈ Ψ (i.e., G∈{S, P, A, G, H} with the known meaning (see above). 

The name of fragmental property indices is of the general form: 
 ABcDdEfffffGii       (13) 

 
where:  ii ∈ {P_, P2, E_, E2} with the known meaning (eq 24). 
 If an operator, such as f(x)=1/x (inverse operator) or f(x)=ln(x), is 
applied the indices are labeled as follows: 

lnABcDdEfffffGii := ln(ABcDdEfffffGii);  

 1/ABcDdEfffffGii :=   
fGiiABcDdEffff

1
             (14) 
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 For example, index lnDGfDeM__p__SP_ is the logarithm of index 
DGfDeM__p__SP_ computed on the property matrix DGfDeM__p__S. The 
model used is dense, geometric, on fragment of type CF, with the cutting path 
being detour. The chosen property is the mass, the descriptor for property is 
even the property (mass) and the sum operator counts the vertex descriptors. 
 The fragmental indices were calculated by the aid of Cluj3Cmd 16-bit 
windows computer programs. 
 

CORRELATING STUDIES 

A mathematical model for correlating some biological activities or 
physical properties with molecular structures can be built up by using multy 
linear regression MLR.  

MLR, for n observations and m independent variables is represented 
by equation 

 ∑∑∑∑++++====
m

j
ijij0i XbbY       (15) 

The regression coefficients bij can be determined by the least-squares 
method. Eq (28) can be used for estimating a chosen property in any other 
sets of chemical structures. 

To avoid the chance correlations, it is recommended that the number 
of descriptors submitted to regression be less than 60 % of the number of 
observations in the training set.10 

 
Physico-chemical properties 

Cycloalkanes 
A set of 25 cycloalkanes4 (Table 1) was chosen for testing the 

correlating ability of some Cluj type indices with viscosity (as log η)14-15 (Table 
1). Topological indices and several properties are presented in ref 4, while the 
statistics of multilinear regression (MLR) appear in Table 2.  

Table 1. 

Structural formula for some cycloalkanes. 
 
No. Structural formula No. Structural formula 
1 

 

14 

 
2 15 

 

3 

 

16 
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 Table 1. (continued) 
   

No. Structural formula No. Structural formula 
4 

 
 

17 

 
5 
 

 

18 

 

6 
  

19 

 
7 
 

 

20 

 
8 
 

 

21 

 
9 
 

 

22 

 
10 
  

23 

 
11 
 

 

24 

 
12 
 

 

25 

 

13 
  

  

 
Table 2.  

MLR data: Y = a + ∑i biXi ; Y = viscosity of structures in Table 1. 
No. Xi bi a r s cv(%) F 
1 CJDp 0.0001 0.1489 0.8760 0.1721 34.746 75.897 
2 CJDe 0.0008 0.0387 0.9213 0.1389 28.020 129.074 
3 CJ∆p 0.0001 0.1872 0.8530 0.1864 37.598 61.459 
4 CJ∆e 0.0008 0.1178 0.8887 0.1638 33.037 86.392 
5 lnCJDp 0.3018 -1.7589 0.9944 0.0377 7.600 2044.310 
6 ln CJDe 0.3905 -1.8722 0.9922 0.0446 9.002 1450.474 
7 ln CJ∆p 0.2619 -1.3651 0.9920 0.0451 9.094 1420.770 
8 lnCJ∆e 0.3172 -1.3142 0.9887 0.0536 10.824 996.154 
9 lnCJDp 

CJDp 

CJ∆p 

0.2684 
0.0002 
-0.0002 

-1.5958 0.9969 0.0292 5.879 1137.362 

10 lnCJ∆p 
CJDp 

CJ∆p 

0.2169 
0.0003 
-0.0003 

-1.1728 0.9970 0.0289 5.833 1162.764 
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 The logarithm of the values of both Wiener and Cluj-type indices led to 
good correlation coefficients (over 0.99, already in single variable regression) 
and coefficients of variance less than 10 %.  
 A cross-validation procedure (leave one out – loo) indicated a good 
predicting ability of our indices:  

lnCJDp (entry 5 –Table 3), r(loo) = 0.9933; s = 0.0414; v% = 8.349; 
lnCJDp&CJDp&CJ∆p (entry 9), r(loo) = 0.9957; s = 0.0330; v% = 6.661;  
lnCJ∆p&CJDp&CJ∆p (entry 10), r(loo) = 0.9957; s = 0.0329; v% = 6.638.  

 
 N-containing compounds 
 A set of 90 N-containing compounds (Table 3) of industrial importance 
was taken from the paper.23 The tested property was the normal boiling point, 
B.P. The authors modeled this property by using four categories of molecular 
descriptors: topological, geometric, electronic and charged-partial surface area 
descriptors (CPSA).24,25  
 The nitrogen-containig compounds were problematic in modeling a 
diverse set of organic chemicals, so that the authors excluded such 
compounds from their initial model.  
 The best found MLR model involved ten descriptors (1. dipole moment; 
2. partial negative surface area; 3. relative negative charge; 4. relative negative 
charged surface area; 5. number of aromatic bonds; 6. path 2 molecular 
connectivity index; 7. cluster 3 valence connectivity index; 8. sum of all path 
weights from heteroatoms; 9. surface area of donatable hydrogens and 10. 
charge of donatable hydrogens) and showed the following statistics: n = 90 
compounds; R = 0.990; s = 10.7 K. The largest pairwise R value of descriptors 
was 0.83. The modeling was performed by the ADAPT system.26 

 Our aim was to verify the quality of our property descriptors exactly in 
the same conditions as given in ref.23 Thus, we extracted from the initial set of 
104 N-containing compounds the same subset of 90 structures. 
 Molecular geometries and partial charges were calculated by the 
semiempirical AM1 method. The set of 19350 descriptors were reduced to 
16383 after the monovariate regression.19 Our procedure for finding the 
optimal subset of descriptors led to a subset of 72 descriptors.  
 The best scores in ten variate regression for the set of 90 compounds 
of Table 3 are listed in Table 4. 
 The best model was: 
BPcalc = 225.441 - 59.627*lnDTsDiP_p/d2SE2 + 316.627*RTsDiPp2/d2AE_  
      1.124*DGfDePp2/d2PP_ - 1729.562*1/DTsDiE_p*d_HE2 - 
      0.010*1/DTsDePp2/d2SP2 - 49.623*1/DGsDeP_p*d_HE_ +  
      8.846*lnDGjDiPp2/d2GP_ - 4.698*1/RGjDeP_p*d_GP_ -  

    12.188*lnDGjDeP_p/d_HP_ + 33.597*DGjDeE__p__SE2 
 
 
 

 R = 0.98543; s = 13.149; n = 90    (16) 
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Table 3.  

Nitrogen-Containing Compounds and Their Boiling Points. 

No. Compound BP No. Compound BP 
1.  2-ethylpyridine 422.2 46.  n-tetradecylamine 564.5 
2.  2-ethylpiperidine 416.2 47.  acridine 619.2 
3.  1-ethylpiperidine 404.2 48.  tri-n-butylamine 487.2 
4.  2,2-dimethyl-1,3-diaminomethane 426.2 49.  n-dodecylamine 532.4 
5.  N,N-dimethyl-1,3-diaminomethane 418.2 50.  diamylamine 476.1 
6.  3,3-dimethylpiperidine 410.2 51.  tripropylamine 429.7 
7.  p-fluorobenzylamine 456.2 52.  n-nonylamine 475.4 
8.  cianogene 252 53.  quinoline 510.8 
9.  m-bromoaniline 524.2 54.  acetonitrile 354.8 

10.  o-bromoaniline 502.2 55.  isoquinoline 516.4 
11.  N-ethylbutylamine 381.2 56.  n-octylamine 452.8 
12.  triethylamine 362 57.  indole 526.1 
13.  N,N-diethylamin¾ 337.2 58.  n-heptylamine 430.1 
14.  o-nitrotoluene 498.2 59.  p-nitrotoluene 511.7 
15.  nitrocyclopentane 453.2 60.  benzonitrile 464.1 
16.  N-alylaniline 492.2 61.  3-nitrobenzotrifluoride 475.9 
17.  ethylamine 289.7 62.  di-n-propilamine 382 
18.  p-nitrophenole 552.2 63.  nitrohexane 436.8 
19.  cyclopentylamine 380.2 64.  phenilhidrazine 516.7 
20.  2-methylbutylamine 368.7 65.  methylamine 266.8 
21.  N-methylbutylamine 364.2 66.  3-methylpyridine 417.3 
22.  benzylamine 457.7 67.  aniline 457.2 
23.  p-methoxyaniline 514.7 68.  p-chloroaniline 503.7 
24.  m-methoxyaniline 524.2 69.  m-chloroaniline 501.7 
25.  o-methoxyaniline 498.2 70.  n-pentylamine 377.6 
26.  t-pentylamine 350.2 71.  isobutylamine 340.9 
27.  dimethylamine 280 72.  diethylamine 328.6 
28.  1-(2-aminoethyl)-piperidine 459.2 73.  tert-butylamine 317.5 
29.  1-(2-aminoethyl)-piperidine 493.2 74.  n-butylamine 350.6 
30.  9-methyl carbazole 616.8 75.  Pirolidine 359.7 
31.  carbazole 627.8 76.  nitromethane 374.4 
32.  4-methylaniline 473.6 77.  isobutyronitrile 376.8 
33.  3-methylaniline 476.5 78.  n-butyronitrile 390.8 
34.  2-methylaniline 473.5 79.  cis-crotonitrile 380.6 
35.  2-propylamine 304.9 80.  trimethylamine 276 
36.  1-naphtylamine 573.8 81.  2-nitropropane 393.4 
37.  nitroethane 387 82.  1-nitropropane 404.3 
38.  piperidine 376.4 83.  propionitrile 370.5 
39.  4-methylpyridine 418.5 84.  acrylonitrile 350.5 
40.  2-methylpyridine 402.5 85.  N-methylhexylamine 414.2 
41.  pyridine 388.4 86.  n-heptylamine 428.2 
42.  pyrole 402.9 87.  N-t-butyl-i-propylamine 371.2 
43.  2-butylamine 335.9 88.  2-aminoheptane 416.2 
44.  triamylamine 516.2 89.  malononitrile 491.5 
45.  ethylenimine 329 90.  hydrogen cyanide 298.8 
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Table 4.  
The Best Multivariate Regressions for the 90 Structures of Table 14. 

 X1 X2 X 3 X 4 X 5 X 6 X 7 X 8 X 9 X 10 R 

1 7 4959         0.9446 

3 5 4959         0.9487 

5 5 4959 10990 9671       0.9628 

6 5 4959 10990 7206       0.9671 

8 5 4959 10990 9671 3320 6422     0.9761 

9 5 4959 10990 9671 3528 6422     0.9766 

11 5 4959 10990 9671 3528 6422 16148 6895   0.9798 

12 5 4959 10990 9671 3528 6422 6895 15789   0.9800 

14 5 4959 10990 9671 3528 6422 16158 16225 15060 15789 0.9843 

12 6 6895 4 16275 963 841 163 13920 1 4727 0.9854 

 

 The plot corresponding to eq 16 is given in Figure 1. 
 Our result is slightly lower (s = 13.149 K) than that reported in ref.2  (s = 
10.7 K). It is possible to further improve the model by mining the whole 
descriptor pool not only within the limits of a heuristic procedure. Another 
possibility is to use different training subset selection and outlier elimination. 
Such procedures will be reported in a future paper. 

200 300 400 500 600 700 200 

300 

400 

500 

600 

700 

B
P

 o
bs
 

BP calc  
Figure 1. The plot of calculated vs observed normal boiling points 

(the set of Table 4). 

R  = 0.98543 
s = 13.149 
n = 90 
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Polychlorinated Biphenils 
Polychlorinated biphenils, PCBs, have been synthesized and used as 

dielectric fluids in electrotechnics, fire retardents, plasticiers or pesticides.39-41 

The occurrence of PCBs in the environment42 is detrimental for the 
reproduction43 of several animal species and is hazardous to humans.44 

By these reasons, PCBs were monitorized in the environment45 and 
their biological activity was modeled.46-48  

In the present work the vapor pressure of PCBs (as logVP), taken from 
the Rouvray's report46) at 25 oC (VP25) and 100 oC (VP100), respectively are 
modeled by using FPIF. The property is important in connection with PCBs 
spread and toxicity. Tables 5 lists the VP25 values and the corresponding TIs 
(showing the best scores in mono and bivariate regression). 

 
Table 5.  

Polychlorinated Biphenils PCBs, logVP25, logVP100 and FPIF Descriptors 

PCBs logVP 
25 (oC) 

logVP 
100 (oC) 

lnDGfD
eP_p/ 
d2HP2 

lnDGjD
eP_p/ 
d2HP2 

1/RGjD
eCp2/ 
d2GE_ 

1/RTjDi
C_p* 

d_HP2 

1/DGjDi
E_p/ 

d_GP2 

1/RTjDi
M_p* 

d_AP2 
    (1)a (2) (3) (13325) (13060) (14595) 
1 Biphenyl  0.0043 - 5.6402 5.6449 0.1846 0.0179 0.0123 0.0011 
2 2-Chloro- 0.1847 2.4553 5.8422 5.8669 0.1856 0.0104 0.0078 0.0006 
3 3-Chloro- -0.1409 - 6.0050 6.0077 0.1876 0.0103 0.0068 0.0005 
4 4-Chloro- -0.757 - 6.1627 6.1660 0.1883 0.0088 0.0059 0.0005 
5 22'-Dichloro- -0.8729 - 6.0255 6.0105 0.1865 0.0066 0.0056 0.0003 
6 33'-Dichloro- -1.5889 1.3257 6.3264 6.3291 0.1908 0.0059 0.0041 0.0003 
7 44'-Dichloro- -2.58 1.0667 6.6288 6.6313 0.1924 0.0044 0.0030 0.0002 
8 25'-Dichloro- -1.1107 1.679 6.1390 6.1595 0.1889 0.0063 0.0042 0.0003 
9 2'34-Trichloro- -1.8601 1.0366 6.3540 6.3721 0.1924 0.0038 0.0030 0.0002 
10 246-Trichloro- -1.9066 1.4201 6.4185 6.4252 0.1903 0.0042 0.0029 0.0003 
11 22'55'-Tetrachloro- -2.3036 0.9128 6.5843 6.5947 0.1934 0.0027 0.0020 0.0001 
12 22'455'-Pentachloro- -2.9547 0.3892 6.9262 6.9279 0.1976 0.0018 0.0013 0.0001 
13 22'44'66'-Hexachloro- -2.762 0.4518 7.0418 7.0554 0.1963 0.0014 0.0010 0.0001 
14 22'33'55'66'-Octachloro- -4.5391 - 7.7351 7.7474 0.2018 0.0010 0.0007 0.0001 
15 22'33'44'55'66'-

Decachloro- 
-7.2757 -2.9914 8.9277 8.9613 0.2127 0.0005 0.0004 0.0001 

    mono mono mono bi bi bi 
       lnDGfD

eP_p/ 
d2HP2 

lnDGfD
eP_p/ 
d2HP2 

lnDGfD
eP_p/ 
d2HP2 

   n = 15    ( 1) (1) (1) 
   r -0.9869 -0.9863 -0.9852 0.9889 0.9890 0.9881 
   s 0.323 0.330 0.343 0.314 0.315 0.320 
   F 486.528 465.831 429.922 258.661 256.989 249.513 
   b0 13.003 12.912 48.234 11.844 11.813 12.135 
   b1 -2.284 -2.266 -260.973 35.455 51.568 468.873 
   b2    -2.138 -2.135 -2.174 

 a score in monovariate regression. 
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The best monovariate regression reveals the fact that the vapor 
pressure of PCBs is a function of the molecular geometry (G - four of six best 
descriptors - Table 5 - are of geometric model), that further control the distribution 
of partial charges (P) and, ultimately, the molecular polarity. Other important 
local properties are electronegativity (E) and atomic mass (M).  

Recall that, in biphenils, the torsion angle between the two benzene 
rings depends on the number and nature of attached substituents. It is involved 
in the extend of aromatic conjugation and thereafter in the charge distribution. 

 

logPV25 = 13.003 - 2.284* lnDGfDeP_p/d2HP2  (17) 
  n = 15; r = -0.98690; s = 0.323; F = 486.528 
 

In bivariate regression, the model is slightly better (Table 5, columns 6-8). 
We compared the models supplied by FPIF with those given by some 

graph theoretical descriptors: IP(Di) = Wiener index W, IP2(CJDi), IE2(CJDi), 
IP2(CJDe), IE2(CJD2) and IP2(CFDi). The values of descriptors are included 
in Table 8. The drop in correlation coefficient r of the best models is of 1.7 % 
(with IP2(CJDi), column 3, Table 6) and 0.4 % (with IE2(CJDi) & IE2(CJDe), 
column 5) in monovariate and bivariate regression, respectively. Clearly the 
computational cost is far more less for the graph theoretical descriptors. 
This result is not surprising since the rotation of the two rings around the 
joining bond is quite hindered in substituted biphenils (see the occurrence 
of atropisomery in this class of organic compounds). 

Table 6.  

Polychlorinated Biphenils PCBs and Graph Theoretical Descriptors vs. logVP25. 
PCBs / Index IP(Di) IP2(CJDi) IE2(CJDi) IP2(CJDe) IE2(CJDe) 

1 Biphenyl  198 1169 360 381 72 
2 2-Chloro- 240 1406 426 513 100 
3 3-Chloro- 246 1501 438 508 94 
4 4-Chloro- 252 1545 450 489 94 
5 22'-Dichloro- 287 1679 499 678 133 
6 33'-Dichloro- 301 1906 527 663 119 
7 44'-Dichloro- 315 2008 555 616 119 
8 25'-Dichloro- 294 1792 513 670 126 
9 2'34-Trichloro- 358 2236 618 810 155 
10 246-Trichloro- 348 2031 600 750 156 
11 22'55'-Tetrachloro- 412 2511 700 1003 192 
12 22'455'-Pentachloro- 488 3038 824 1164 226 
13 22'44'66'-Hexachloro- 555 3325 927 1335 279 
14 22'33'55'66'-Octachloro- 702 4291 1152 1855 364 
15 22'33'44'55'66'-Decachloro- 907 5706 1483 2274 459 

 n = 15 mono mono mono mono mono 
 r 0.9627 0.9703 0.9647 0.9470 0.9443 
 s 0.543 0.485 0.528 0.648 0.660 
 F 164.349 209.448 173.327 112.982 106.953 
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Table 6. (continued) 
PCBs / Index IP(Di) IP2(CJDi) IE2(CJDi) IP2(CJDe) IE2(CJDe) 

 b0 1.705 1.633 2.018 1.067 0.932 
 b1 -0.009 -0.002 -0.006 -0.003 -0.017 
  bi bi bi bi  
 n = 15 IP(Di) IP2(CJDi) IP2(CJDi) IE2(CJDi)  
  IE2(CJDe) IP2(CJDe) IP2(CFDi) IE2(CJDe)  
 r 0.9846 0.9822 0.9833 0.9848  
 s 0.364 0.392 0.380 0.362  
 F 190.879 164.390 175.340 193.354  
 b0 3.710 2.284 2.043 4.445  
 b1 -0.036 -0.004 -0.009 -0.021  
 b2 0.048 0.005 0.007 0.041  

 

 The vapor pressure at 100 0C, as logVP100, is modeled using the 
descriptors shown in Table 6. The best monovariate model is: 

logPV100 = 7.713 - 1.625* lnRGsDeM_p/d2SE2  (18) 
   n = 10; r = -0.98318; s = 0.281; F = 231.873 

Looking at eq (18) reveals that: the geometry is again important in 
modeling the property but the local property governing VP100 is the atomic mass 
(M). It is correlated with the loss in the electrostatic interactions of molecules in 
liquid phase and increase of gravitational interactions (see the rare geometric 
model. Figure 2 shows the plot of lnRGsDeM_p/d2SE2 vs logVP100. 
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s = 0.28125, n = 10 

Y
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X = lnRGsDeM_p/d2SE2 
 

Figure 2. The plot: lnRGsDeM_p/d2SE2 vs logVP100. 

In bivariate regression, the model is still better. The best model gives 
an additional support of the conclusion that vapor pressure of PCBs is better 
modeled by FPIF descriptors including information on geometry, partial charges 
and atomic mass: 
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log VP100 = -15.005 - 1.926*lnRGsDeM__p/d2SE2 
+15.095*lnRGjDeP_1/d_HE2 

n = 10; r = 0.9956; s = 0.155; F = 390.790  (19) 
By using the classical descriptors (Table 6), other two excellent 

correlations were found: 

log VP100 = 2.8123 + 0.0137 IE2(CjDi) – 0.0045 IP2(CjDi) (20) 
n = 10; r = 0.9934; s = 0.188; F = 265.920 

log VP100 = 3.5364 - 0.0044 IP2(CjDi) + 0.0207 IP2(Di) (21) 
n = 10; r = 0.9941; s = 0.179; F = 291.910 

The best reported data in literature are as follows: Rouvray,46               
W (r = 0.9632/VP25; r = -0.8863/VP100) and Khadikar,47 SZ (0.9843/VP25 - in 
error with the reported data!; corrected result: r = 0.9647, see Table 6, column 4;           
r = - 0.8921/VP100). The fragmental property indices take into account the 
chemical nature of atoms (mass, electronegativity and partial charge), various 
kinds of interactions between the fragments of molecules as generated by Cluj 
and Szeged criteria and the 3D geometry of molecular structures as well. 
 

Biological activity 
Pirazolidin-3,5-diones 
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Figure 3. The set of Pirazolidin-3,5-diones. 
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The molecules presented in Figure 2 were synthesized in our laboratory50. 
The molecular structures were input and optimized by HyperChem (HyperCube 
Inc.) package. Partial charges were calculated by AM1 semiempirical approach. 

 
 

  Modeling Biological Activity 
Pirazolidin-3,5-diones are known having antiinflamatory activity50. They 

also show some antimicrobial and antifungal activity (on Staphylococus 
aureus, Bacilus subtilis, Escherichia coli, Pseudomonas aeruginosa, Candida 
albicans, etc.). Table 7 shows the biological activity, in mm inhibition zone. 

 

Table 7.  
Antimicrobial Activity; Inhibition Zone (mm). 

Gram-positives Gram-negatives Fungi 
Staphyl. Staphyl Bacill Esc Prot. Pseu. Cand. 

 
Compound 

aureus epider subtilis coli vulg. aerug. albicans 
1 0 0 0 0 0 0 0 
2 10 10 10 0 0 0 0 
3 14 10 13 0 0 10 0 
4 12 17 14 0 0 10 10 
5 0 0 10 0 0 10 10 
6 0 0 10 0 0 10 10 
7 12 0 10 0 0 10 0 
8 12 0 10 0 0 10 0 
9 12 0 10 0 0 10 0 
10 12 10 10 0 0 0 10 
11 12 13 13 0 0 10 12 
12 0 0 12 0 0 10 13 
13 0 0 0 0 0 10 12 
14 0 0 0 0 0 0 0 

15 0 0 0 0 0 0 0 
 

In the following, only two activities are considered for modeling: BA vs 
Bacillus subtilis and BA vs Candida albicans. 
 The activity vs. Bacillus subtilis, was estimated, in monovariate 
regression. The best three regression equations are given below: 
 

BAcalc = – 147,1950 + 35,4337* lnRGjDeE_p/d_HP2                 (22) 
  n = 15; r = 0.8320 

BAcalc = – 147,3113 + 35,4626* lnRGfDeE_p/d_HP2        (23) 
n = 15; r = 0.8319 

BAcalc = – 75,9515 + 35,6724* lnRGjDeC_p/d_HP2      (24) 
n = 15; r = 0.8316 
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In bivariate regression the model is still improved: 
 

BAcalc = 21.0809 - 306.3117*1/RGfDeC_p/d_HP2 + 4.4915*lnDGjDeP__p__GE_ 
  n = 15; r = 0.9857                 (25) 

BAcalc = 6.2856 - 578.8831*1/DGjDeP_p/d2PE_ + 4.8740*lnDGjDeP_p*d_GE_  
 n = 15; r = 0.9883                 (26) 

BAcalc = 4.0166 - 191.7906*1/RGjDeC_p/d2HE_+ 4.9157*lnDGjDeP_p*d_GE_ 
n = 15; r = 0.9885                    (27) 

 

Table 8 includes the observed inhibitory activity vs. Bacillus subtilis and 
calculated BA by the above equations. 

Table 8.  
Biological Activity BAobs. and BAcalc by eqs 25-27. 

Comp. No. BA (eq 25) BA (eq 26) BA (eq 27) 
1 9.9993 9.9997 9.9998 
2 10.2281 10.6001 10.6068 
3 9.9127 10.1988 10.1479 
4 10.5830 10.3631 10.4159 
5 10.0743 9.4243 9.7268 
6 12.2185 12.4991 12.6593 
7 13.2109 12.0148 12.1553 
8 11.7282 10.7701 10.9012 
9 0.0143 0.6821 0.6908 
10 0.7988 -0.0707 -0.0435 
11 -0.4674 -0.5345 -0.5304 
12 12.6072 13.3293 13.4258 
13 11.2599 11.9890 11.6189 
14 10.1309 10.8491 10.3785 
15 -0.2987 -0.1143 -0.1529 

 

As can be seen from eqs 25-27, the inhibiting activity of phtalazines vs 
Bacillus subtilis is controlled by the geometry (G in the symbol of indices) 
and electronic features of these molecules (E - electronegativity and P - partial 
charges). 
 The activity vs. Candida albicans, was estimated, in monovariate 
regression, as shown below: 

 BAcalc = - 4.3416 + 1.5663* lnDTfDeP_p*d_PP2  (28) 
  n = 15; r = 0,9252 

 BAcalc = - 4.1732 + 1.5461* lnDTjDeP_p*d_PP2  (29) 
  n = 15; r = 0,9235 

 BAcalc = - 2.3616 + 1.4733* lnDTfDiP_p*d_PP2  (30) 
  n = 15; r = 0,8777 

In bivariate regression the improvement of correlation was not so sound 
as in case of Bacillus subtilis: 
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BAcalc = 58.0019 + 1.9258 lnDTfDiP_p*d_PP2 - 14.1524 lnRGsDiEp2/d2GP2  
n = 15 ; r = 0.9415       (31) 

BAcalc = 39.1986 + 1.9336*lnDTfDiP_p*d_PP2 - 18.7211*lnRGsDiE_p/d2AP2 
n = 15; r = 0.9429       (32) 

BAcalc = 7.0326 + 2.3522 lnDTjDiP_p*d_PP2 - 42.8766 RGfDeP_p/d_AP2 
n = 15; r = 0.9523      (33) 

 

From eqs 31-33, it is suggesting that the antimycotic activity of 
phtalazines is controlled basically by the topology (T) and geometry (G), on 
one hand and electronic features (P - partial charges and E - electronegativity) 
of molecules. 
 
 

Dipeptide ACE Inhibitors 

The set consists of 58 dipeptides and was taken from Cocchi's report16. 
The molecular structure of these peptides was input and optimized by using 
the MM+ and then by semiempirical AM1 procedure of the HyperChem 
Program (HyperCube Inc.). Table 4 includes the dipeptide names by using the 
one-letter code for aminoacids, the observed ACE inhibitory activity (biological 
activity, BA, as log(1/IC50)), the calculated BA according to the best model and 
the corresponding residuals. As above mentioned, FPIF descriptors take explicitly 
into account 3D-structural features of the whole molecule of dipeptides17. 
 Table 9 collects the statistics of monovariate and bivariate regression 
in modeling the ACE inhibiting potency of dipeptides by FPIF. Cross-validation 
tests (Leave-20%-out L20%o or Leave-one-out Loo procedures) are given 
here only for bivariate regressions.  

Table 9.  
Statistics for ACE inhibitors set. 

Index DTfDiM_p 
/d2GP_ 

lnDGsDiE_1 
/p_GE_ 

DTjDeM_p 
/d2GP_ 

lnDTjDeEp2 
/d2AE_ 

DTsDeP_1 
/d_GP2 

lnRGsDeMp2 
/d2AE_ 

  DTfDiM_p 
/d2GP_ 

 DTjDeM_p 
/d2GP_ 

 DTsDeP_1 
/d_GP2 

r 0.7819 0.8870 0.7884 0.8754 0.7923 0.8717 
r2 0.6114 0.7867 0.6216 0.7663 0.6277 0.7599 
s 0.630 0.471 0.622 0.493 0.616 0.500 
F 88.106 101.426 91.999 90.147 94.420 87.029 
b0 -0.759 35.992 0.776 21.816 0.479 3.325 
b1 0.286 -11.802 0.143 -6.681 0.268 -3.194 
b2  0.822  0.529  0.571 
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Table 9. (continued) 
 Cross-validated     
  L20%o a  L20%o  L20%o 
r  0.8715  0.8592  0.8552 
r2  0.7595  0.7382  0.7314 
s  0.495  0.517  0.524 

a average of twenty five 20% sets of randomly chosen objects. 
 
 The best-found model was: 

BAcalc = 35.992 + 0.822 * DTfDiM_p/d2GP_ - 11.802 * lnDGsDiE_1/p_GE_  
   n = 58; r = 0.88696; s = 0.471; F = 101.426   (34) 

 
Table 10.  

Comparative statistics of QSAR models of 58 ACE inhibitors  
and 48 sweeteners dipeptides. 

 
Peptide Set  
(Reference) 

Descriptors 
per Residue 

No. 
Comp. 

r2 

(fitting) 
r2 

(cross-validated) 

1 ACE (Cocchi et al.)16 7 1 0.744 nda 

2 ACE (Collantes et al.) 19 2 nd 0.700 nd 
3 ACE (Zaliani et al. -extended)18 3 2 0.708 0.637 
4 ACE (Zaliani et al. -rotameric)18 3 6 0.657 0.541 
5 ACE (FPIF) [this work] 2 2 0.787 0.759b 

6 Sweeteners (Jonsson et al.)20 3 1 nd 0.780 
7 Sweeteners (Collantes et al.)16 2 2 0.847 nd 
8 Sweeteners (Zalini et al. -extended)18 3 3 0.754 0.710 
9 Sweeteners (Zalini et al. -rotameric)18 3 3 0.704 0.633 
10 Sweeteners (FPIF) [this work] 2 2 0.851 0.833b 

a Not determined; b Leave-20%-out, 25 times, of randomly chosen objects. 
 
Both topology (T - in the index symbol) and geometry (G) contribute to 

the best model. As local property, the atomic mass (M) and electronegativity 
(E) modulate the structure-activity relationship. For the best model (see also 
column 3, Table 10) the L20%o cross-validation was averaged on 25 randomly 
chosen 20% objects. The drop in r is around 1.6 % that proves a good 
predicting ability of the models. The plot of observed BA vs calculated BA is 
presented in Figure 1. 

The model given by BA equation is superior, both in estimation and 
prediction, to those reported in literature (see Table 11). Note that the Zaliani's 
results refer both to a single conformation (i.e., extended) of amino acids and 
to a library conformation family (i.e., rotameric).  
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Figure 4. The plot of observed vs calculated BA. 

Table 11.  
The best ten bivariate regressions in ACE inhibitors test. 

No. Score 1 Score 2 Index 1 Index 2 r 
1 89 5831 DTfDiM_p/d2GP_ lnDGsDiE_1/p_GE_ 0.8870 
2 54 1771 DTjDeM_p/d2GP_ lnDTjDeEp2/d2AE_ 0.8754 
3 29 7894 DTsDeP_1/d_GP2 lnRGsDeMp2/d2AE_ 0.8717 
4 29 2644 DTsDeP_1/d_GP2 lnRTjDeEp2/d2HE_ 0.8686 
5 18 8213 DTsDeM_p/d_GP2 lnRGsDeEp2/d2AE_ 0.8681 
6 18 7725 DTsDeM_p/d_GP2 lnRGsDeE_p/d2AE_ 0.8624 
7 15 6476 DTfDeM_p/d_PP_ lnRTsDiEp2/d2AE2 0.8618 
8 1 15876 RTfDeE_1/p_PP2 lnRGsDeCp2/d2HP2 0.8614 
9 1 8719 RTfDeE_1/p_PP2 DGfDiP_p/d_GP_ 0.8518 
10 1 6485 RTfDeE_1/p_PP2 lnRTsDiEp2/d2GE2 0.8465 

 
 Table 11 shows the occurrence of descriptors in the best 10 regression 
equations. All indices of the first variable in bivariate regression are topological 
(T in index symbol) while only six of ten of the second variable are geometric 
(G in index symbol). In general, a model is built up by using a training set of 
structures (that provides a calibration equation) and further it is validated by a 
cross-validation procedure and also by using an external prediction set. Due to 
the fixed mode of selection, the Loo procedure strongly requires an external 
set for prediction. It is not the case of averaged L20%o procedure, when the 
predicting sets (and implicitly the 80% training sets) can be randomly selected, 
thus getting enough statistical meaning for the model. A similar procedure was 
used in Zaliani's report18. This result correlates with the Zaliani's best result 
when used extended conformations (see Table 10). 
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As local property, the atomic mass (M) occurs five times in the first 
variable while the electronegativity (E) seven times in the second variable. 
Other occurring properties are the partial charge (P) and cardinality (C). Clearly, 
the chemical features play an important role in discriminating vertices (i.e., atoms 
or atom groups), fragments and whole molecules of dipeptides. They are strongly 
involved in modeling the biological activity of dipeptide ACE inhibitors. 

 
 
Dipeptide Sweeteners 
The set including 48 dipeptides was taken from Jonsson's paper20. The 

molecular structures were input and optimized by using MM+ and then by 
semiempirical AM1 procedure of the HyperChem Program (HyperCube Inc.).  
 Table 12 collects the statistics of monovariate and bivariate regression 
in modeling BA of dipeptide sweeteners by FPIF. The same remark holds for 
the cross-validation tests. 
 The best-found model was: 

 BAcalc = 1.142 + 0.474* RTsDiM_1/p_SP_ - 0.043 * DGsDiE_1/p_AP_  
n = 48; r = 0.92272; s = 0.248; F = 128.922       (35) 

As in the previous test, both topology and geometry contribute to 
the best model and again the local property, was the atomic mass (M) and 
electronegativity (E). 
 In predicting tests, (see Table 12, columns 3, 5 and 7) the drop in r 
was around 1 %, proving a good stability of the models. The plot of observed 
BA vs calculated BA (eq 35) is presented in Figure 5. The model given by eq 
35 surpasses those reported in literature (see Table 10).  
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Figure 5. The plot of observed vs calculated BA (eq 35). 
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Table 12.  
Statistics for sweeteners dipeptides. 

1 2 3 4 5 6 7 

Index RTsDiE_1/
p_AE2 

RTsDiEp2/ 
d2AE_ 

RTsDeE_1 
/p_AE_ 

lnRTsDiEp2/ 
d2GE2 

RTsDiM_1 
/p_SP_ 

DGsDiE_1/ 
p_AP_ 

  RTsDiE_1/ 
p_AE2 

 RTsDeE_1/ 
p_AE_ 

 RTsDiM_1/ 
p_SP_ 

r 0.81448 0.9169 0.8008 0.91525 0.7719 0.9227 
r2 0.66337 0.8407 0.6413 0.8377 0.5959 0.8514 
s 0.369 0.257 0.381 0.259 0.404 0.248 
F 90.650 118.714 82.231 116.116 67.821 128.922 
b0 0.106 0.482 0.115 0.471 -0.058 1.142 
b1 0.898 -0.058 0.315 -0.006 0.085 -0.043 
b2  4.479  1.364  0.474 

 Cross-validated     

  L20%o  L20%o  L20%o 
(aver.)a 

r  0.9067  0.9047  0.9129 
r2  0.8221  0.8185  0.8333 
s  0.268  0.271  0.259 

a average of twenty five 20% sets of randomly chosen objects. 
 

Table 13. 
The best ten bivariate regressions in sweeteners dipeptides test. 

No. Score 1 Score 2 Index 1 Index 2 r 
1 1219 7437 RTsDiM_1/p_SP_ DGsDiE_1/p_AP_ 0.9227 
2 6076 132 RTsDiEp2/d2AP2 DGsDeEp2/d2GE_ 0.9209 
3 33 6051 RTsDeE_1/p_AE_ RTsDiEp2/d2GE2 0.9153 
4 1 3180 RTsDiE_1/p_AE2 RTsDiEp2/d2AE_ 0.9169 
5 1 3154 RTsDiE_1/p_AE2 RTfDiE_p/d2AP2 0.9076 
6 1 3093 RTsDiE_1/p_AE2 RTsDiEp2/d2AP_ 0.9027 
7 1 3074 RTsDiE_1/p_AE2 RTjDiE_p/d_GP2 0.8846 
8 1 3012 RTsDiE_1/p_AE2 RTsDeE_p/d_GP2 0.8846 
9 1 2769 RTsDiE_1/p_AE2 lnDGsDeE_1/p_PP2 0.8768 
10 1 2076 RTsDiE_1/p_AE2 DTsDiEp2/d2SE 0.8755 

 
Table 13 shows the occurrence of descriptors in the best 10 regression 

equations. Seventeen indices in bivariate regression are topological while only 
three geometric. This result proves that the topology is the main feature in 
describing this dipeptide activity. In fact, topological indices are descriptors 
invariant to rototranslation, so that it is not surprising that Zaliani obtained the 
best correlation when used extended conformations of aminoacids. 
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As local property, the electronegativity (E) occurs nineteen times while 
the atomic mass (M) only once, in bivariate regression. It appears that the 
bitter tasting activity is controlled by electronic factors. The fragmental property 
indices take into account the chemical nature of atoms (mass, electronegativity 
and partial charge), various kinds of interactions between the fragments of 
molecules as generated by Cluj and Szeged criteria and the 3D geometry of 
molecular structures as well. For other FPIF modeling examples the reader 
can consult9. 
 

Substituted 3-(Phthalimidoalkyl)-pyrazolin-5-ones 

 We tested the correlating ability of FPIF on a set of 17 molecular 
structures from the class of substituted 3-(Phthalimidoalkyl)-pyrazolin-5-ones9 
with the sum of one-electron energy calculated at single point semi-empirical 
extended-Huckel and the inhibitory activity on Lepidium sativum L. (Cresson). 
 The molecular structure of the selected chemicals is given in Figures 6. 
It was performed by using the MM+ (for 3D-geometries) and semiempirical 
AM1 (for partial charge calculation) procedures of the HyperChem Program 
(HyperCube Inc.). The modeled properties were the sum of one-electron 
energy calculated at the Extended-Huckel level and the inhibitory activity (in %) 
of a solution of 0.05 mg/ml pyrazolin-5-one on Lepidium sativum L. (Cresson). 
The data are listed in Table 14. 

Table 14. 
The Sum of One-Electron Energy Calculated at Single Point Semi-Empirical 
Extended-Huckel and the Inhibitory Activity on Lepidium sativum L. (Cresson)  

for 17 Substituted 3-(Pthalimidoalkyl)-Pyrazolin-5-Ones* 
Molecule 

no. 
Energy 

(kcal/mol) 
Inhibition 

(%) 
1 50978.19 28.4 
8 64751.09 65.2 
7 64752.65 49.4 
6 62330.33 68.3 
5 38604.68 14.3 
4 53416.95 27.7 
3 53441.43 30.4 
2 51000.36 28 
17 41057.46 15.1 
16 67104.64 50.6 
15 64701.39 71.7 
14 43473.37 18.2 
13 41020.54 12.2 
12 55832.12 32.6 
11 55729.99 28.9 
10 53424.19 29.3 
9 50012.42 46.9 

• Values of inhibition are taken from ref. 21 
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Figure 6. Structure of 17 substituted 3-(Phthalimidoalkyl)-pyrazolin-5-ones. 
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Monovariate Regression for Energy 
 The best results, in monovariable and divariable regression for energy 
are listed in Table 15. 

                                                    Table 15.  
The Bests Correlations of Energy in Monovariate and Divariate Regression. 

Index No. Index Name R b0 b1 
1 lnDGjDeE_p/d2PE_ 0.9997 5370 3760 
2 DTjDeEp2/d2SE_ 0.9996 8802.3 138 
3 lnDGjDeE_p/d2PE2 0.9996 1289.5 3671.1 
4 DTjDeMp2/d2SE_ 0.9994 9188.7 922.34 
4 

4315 
DTjDeMp2/d2SE_ 
DTfDiE_p/d_AP2 

0.9999 13056 1108.8 
-95.598 

34 
5947 

RTsDiM_p/d2GP2 
DTjDeEp2/d2AP_ 

0.99997 -1193 1674.3 
-41.168 

492 
1698 

RTjDeM_p/d2SP_ 
1/RTsDeM_p/d2AE2 

0.99997 58267 
 

46.095 
-686800 

492 
1737 

RTjDeM_p/d2SP_ 
1/RTsDeM_p/d2AP2 

0.99998 56222 47.864 
-711240 

 
The best single variable QSPR (boldface in Table 15) was 

 Predicted energy = 5370 − 3760 * lnDGjDeE_p/d2PE_ (36) 
R = 0.99973; n = 17 

This correlation could be satisfactory but usually a molecular property 
shows more than one dimension dependency. For this reason, we performed 
the bivariate regression. 
 

Bivariate Regression for Energy 
 The first 16383 indices, labeled in decreasing order of their score in 
monovariate regression, are submitted for bivariate correlation. A procedure 
for finding subsets of optimal even number descriptors was developed. It is 
a simple, iterative technique that eludes the investigation of all possible 
descriptor combinations and reduces the time for drawing the best property 
model. More details will be presented in a future paper. 
 Here, the bivariate correlation for six pairs of indices is exemplified. 
The pairs are: (1, 2); (1, 10175); (4, 4315); (34, 5947); (492, 1698) and 
(492, 1737). The first two pairs are taken to show that the first scored index 
in monovariate regression does not provide the best bivariate correlation. 
Selection of the pairs of indices for bivariate correlation must be done by 
traversing the whole pool (1...16383). For additional descriptors, our procedure 
for optimum descriptor selection avoid the mining of all possible index 
combinations. 
 The best bivariate score was provided by the pair (492, 1737): 
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Predicted energy = 56221.885 + 47.864*RTjDeM_p/d2SP_  (37) 
  711240.703*1/RTsDeM_p/d2AP2 

R = 0.99998; s = 57.40; n = 17 
 

An insight in Table 15 reveals that the best models (i.e., those showing 
R > 0.9999) show a dependency of this energy by the molecular topology 
(topological models) and the nature of atoms (mass and electronegativity). 
 

Monovariate Regression for Inhibition 
For the first six best indices in monovariate regression the indices and 

statistics are given in Table 16. 
The best monovariate QSAR was: 

 

Predicted inhibition = -336.760 + 96.378* lnDGsDeC_1/p_SE_ (38) 
  R = 0.9539; n = 17 
 

which is, of course, not satisfactory, despite in ref.21 a value of R = 0.92 was 
reported. Thus, we performed the bivariate regression. 
 

                                                     Table 16.  
The Best Correlations of Inhibition in Monovariate and Divariate Regression. 

Index No. Index Name R b0 b1 
1 lnDGsDeC_1/p_SE_ 0.9539 -336.76 96.378 
2 1/DGsDeC_1/p_SE_ -0.9523 137.01 -4754.8 
3 lnDTjDeE_p*d_HE_ 0.9517 135.80 -493.02 
18 

16842 
DTjDeEp2/d2AE_ 
RGjDeP_p/d_GP_ 

0.9883 121.21 1.076 
-1.5194 

37 
11362 

DTjDeE_p/d_AE_ 
lnDGjDeP_p/d_PE2 

0.9906 -73.183 2.1644 
-4.1769 

4304 
7649 

DTsDiM_p*d_HP_ 
DGjDeE_p/d2SE2 

0.9927 -26.846 1.5619 
-1.7043 

 
 

Bivariate Regression for Inhibition 
 Six pairs of indices are considered here for bivariate correlation: (1, 2); 
(1, 1369); (2, 13227); (18, 16842); (37, 11362) and (4304, 7649). 
 As in the case of energy, the best scored index in monovariate correlation 
is not present in the pair of best bivariate correlation.  

The best bivariate score was done by the pair (4304, 7649): 
 

Predicted inhibition = -26.846 + 1.562*DTsDiM_p*d_HP_ - 
1.704*DGjDeE_p/d2SE2 

R = 0.9927; s = 2.374; n = 17   (39) 

Figure 7 illustrates the plot of inhibition vs predicted inhibition cf eq 39. 
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Figure 7. The plot: inhibition vs predicted inhibition cf eq 32. 

  
The constant high correlation (see Table 16) between the best indices 

and the mitodepressive activity on Lepidium Savitium L. (Cresson) demonstrate 
ability of this family of indices to estimate the biological activity of the considered 
set of chemical structures. The models with R > 0.983 suggest that the mito-
depressive activity on Lepidium Savitium L. (Cresson) is dependent both on the 
geometric and topological features of molecules, the nature of atoms (mass and 
electronegativity) and the electrostatic field of atoms induced by their partial 
charges. 
 

Aromatase Inhibitors 

A set of substituted dichlorodiphenyls (4, 4’-dichlorodiphenyl-methanes) 
inhibitors of aromatase22 were considered. Enzymatic aromatization of androgens 
is involved in the biosynthesis of estrogens, and consequently in the estrogen-
dependent diseases. 

For modeling the inhibition, the authors42 used two dipole moment 
related descriptors. We modeled the inhibition in monovariate regression but 
no satisfactory correlation (R2 around 0.828) was found. In divariate regression, 
the correlation improved. 

           Predicted inhibition = 6.177 + 0.513*lnRTjDiP__p__HP2 – 
                    0.071*1/DGjDeP_1/p_SP2 

R2 = 0.9716; s = 0.205; n = 10     (40) 
 

 The best reported22 correlation for this subset was: R2 = 0,89; s = 0.44. 
In our model, both the topology and geometry (see the indices in eq 40) are 
important in modeling the aromatase inhibition by dichlorodiphenyl methanes. 

R  = 0.99268 
s = 2.374 
n = 17 
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      Table 17.  

Dichlorodiphenyl Methanes Aromatase Inhibitors. 
 

C ClR

Cl

H

 
 

No. R -log EC50 obs 

1 

N

N

 

7.43 

2 
N

 

8.03 

3 N

 

8.06 

4 

N

5.70 

5 
NHN

 

5.71 

6 
N

N

 

5.30 

7 

N
N

N

 

5.30 

8 N

N
N

 

6.80 

9 

N N
N

 

5.30 

10 

N
N

N

 

7.26 
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Nitrophenols 
 A set of 25 nitrophenols27 showing herbicidal activity (Table 18) was 
considered for correlation with the Cluj Property indices. Nitrophenols are 
known to inhibit the electronic flux of photosynthesis. 
 

Table 18.  
Nitrophenols and Their Herbicidal Activity 

OH

R1R3

R2

NO2  
 

No R1 R2 R3 pI50 

1 H methyl methyl 3.3 
2 H methyl isopropyl 4.1 
3 H H t-butyl 5.7 
4 H H phenyl 4.35 
5 H H cyclohexyl 4.85 
6 Cl methyl methyl 4.89 
7 Cl methyl isopropyl 6.07 
8 Cl H t-butyl 6.88 
9 Cl H phenyl 6.45 
10 Cl H cyclohexyl 6.52 
11 Br methyl methyl 5.25 
12 Br methyl isopropyl 6.70 
13 Br H t-butyl 6.15 
14 Br H phenyl 6.52 
15 Br H cyclohexyl 6.75 
16 I methyl methyl 6.24 
17 I methyl isopropyl 6.70 
18 I H t-butyl 7.03 
19 I H phenyl 6.86 
20 I H cyclohexyl 6.65 
21 NO2 H H 3.00 
22 NO2 H methyl 3.70 
23 NO2 H s-butyl 5.10 
24 NO2 H t-butyl 5.79 
25 NO2 H cyclohexyl 6.05 

 
Table 19 lists the best scores of correlation in decreasing order. From 

this table it can be seen that the monovariate and divariate regression are not 
satisfactory. Additional variables are needed for good statistics (entries 6-13).  
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Table 19.  
Mono- and Multivariate Regression for Nitrophenols 

No X1 X2 X3 X4 X5 X6 R 
1 1      0.9499 
2 6 155     0.9709 
3 7 174     0.9697 
4 11 10620     0.9665 
5 5 260     0.9662 
6 13028 15806 91 15636   0.9908 
7 13028 15806 12 15398   0.9901 
8 12 15806 13891 15749   0.9907 
9 7 13028 382 14214   0.9893 
10 13028 15806 12 15398 15228 15865 0.9985 
11 12 15806 13891 15749 15648 16378 0.9967 
12 7 13028 382 14214 13186 16282 0.9965 
13 13028 15806 91 15636 14064 14943 0.9956 

 
The best model is given in eq 41 (see also entry 10, Table 19): 
 
Predicted activity = 8.062 - 0.003*RGsDeM_p/d2PE2 +  
         + 0.395*1/DTsDiP_p*d_HE_ - 0.000008*1/RTsDiPp2/d2HE2  
          - 229.564*1/DGjDeMp2/d2PE2 + 0.003*RGjDiPp2/d2HP_  
         + 0.004*DTsDeP_p*d_HP2  

R = 0.9985; s = 0.067; n = 25    (41) 

The plot of the predicted vs observed herbicidal activity, cf. eq 41, is 
shown in Figure 8.  

3 4 5 6 7 
3 

4 

5 

6 

7 

pI
C

50
-o

bs
 

pIC50-calc.  
Figure 8. The plot of predicted vs. observed herbicidal activity. 

 
The descriptors involved in eq 41 show a rather low inter-correlation 

(Table 20). The average absolute value of the pairwise correlation coefficients 
was 0.2200. 

R = 0.9985  
s = 0.067  
n = 25 
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Table 20.  
Intercorrellation of the indices in entry 10, Table 19. 

 X2 X3 X4 X5 X6 
X1 0.216489 0.6970 0.0674 0.1217 0.1710 
X2  0.1371 0.0150 0.0609 0.2646 
X3   0.2018 0.0397 0.2698 
X4    0.6824 0.2219 
X5     0.1337 

 
 The fragmental property indices take into account the chemical nature 
of atoms (mass and electronegativity), various kinds of interactions between 
the fragments of molecules and the 3D geometry of molecular structures. 
 Bivariate correlation with indices belonging to FPIF offer good quality 
models for quite diverse molecular properties such as the inhibition of mito-
depressive activity on Lepidium Savitium L. (R > 0.99) and the aromatase 
inhibition as well. The same is true for the sum of one-electron energy calculated 
at the Extended-Hückel level (R > 0.9999).  
 Multivariate regression provided good models for the boiling points of a 
very diverse set of N-containing organic molecules or for the herbicidal activity.  
 

Benzimidazole Derivatives 
 The correlating ability of FPIF was tested on a set of 15 molecular 
structures belonging to the class of benzimidazole28. Derivatives of benzimidazole 
are known to show various biological activities.29,30  

The antiviral activity of a set of sexteen alkyl-benzimidazoles was proved 
by Tamm et al.31 This set was studied by Kier and Hall32 by using connectivity-
type descriptors and recently by Estrada and Rodriguez,33 by the aid of some 
sub-structural distance-based descriptors. 
 The first group of authors32 founs the best model of the biological activity 
BA (as log(1/C)) of benzimidazoles after excluding one (of sixteen structures) 
N-methyl- derivative: 

    PBA χ640.111.1 +=       (42) 
   n = 15; r = 0.950; s = 0.166; F = 120.3 

where Pχχχχ6  is the molecular connectivity index of the sixth path order.33 The 
authors supposed it may act by a different mechanism.  
 The second group,33 foud another outlier in the remaining 15 members 
set: the compound no. 13 (see Table 18). They eliminated this compound 
by the following statistical tests: residuals, standardized residuals, studentized 
residuals and Cooks distance.35,36  
 The new equation, in terms of Kier and Hall,32 is: 
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 PBA χ636.192.0 +=       (43) 
  n = 14; r = 0.971; s = 0.125; F = 195.1 

 

Estrada and Rodriquez33 have modeled the antiviral activity of these 
benzimidazoles by using the number of pairs of homodistant vertices of 
different length in the graph. Their bivariate regression equation is: 

 

 612 0599.00884.026.0 ηη ++=BA     (44) 

 n = 14; r = 0.976; s = 0.118; F = 110.7 
 

where the first variable describes global molecular features and the second 
one is related to some specific paths in benzimidazoles.  

Within this paper, we tried the modeling ability of the novel molecular 
descriptors FPIF on structures calculated by using MM+ (for 3D-geometries) 
and semiempirical AM1 (for partial charge calculation) procedures of the 
HyperChem Program (HyperCube Inc.). The optimized geometries and partial 
charges thus obtained were submitted to the Cluj programes. Topological 
indices and several properties are presented in ref 28. Table 21 shows the 
statistics of the regression analysis.  

In monovariate regression, only the index DTjDeE_p/d2PE2 (read: 
Dense Topological, CJ- Detour, Electronegativity, property per squared 
distance, Product, Edge-calculated index) succeeded in giving a better model 
(r = 0.9685; s = 0.132, n = 15, entry 11). The leave-one-out Loo procedure 
indicated the structure 13 as an outlier, confirming the finding of Estrada. Table 
21 clearly shows improved results for all the used indices in the set of 14 
structures. Again, the index DTjDeE_p/d2PE2 was the best.  

 
Table 21. 

 Statistics of Benzimidazole Regressions. 
 Index n a bi r s cv % F 

1 IP(Di) 15 1.8872 0.0069 0.9102 0.2197 7.020 62.7504 
2 lnIP(Di) 15 

14 
-3.2524 
-3.1411 

1.2456 
1.2174 

0.9428 
0.9729 

0.1767 
0.1205 

5.646 
3.905 

104.0777 
212.2853 

3  IP(RDe) 15 1.6298 0.1308 0.9292 0.1960 6.263 82.1537 
4  ln(IP(RDe)) 15 

14 
-0.2685 
-0.2293 

1.4228 
1.3920 

0.9420 
0.9735 

0.1780 
0.1191 

5.689 
3.859 

102.3426 
217.5559 

5  IP2(CJDi) 15 2.0610 0.0011 0.8964 0.2351 7.511 53.1575 
6  ln(IP2(CJDi)) 15 

14 
-4.3584 
-4.2002 

1.1072 
1.0792 

0.9443 
0.9703 

0.1745 
0.1260 

5.577 
4.084 

106.9970 
192.9996 

7  IP2(CFDi) 15 2.0286 0.0010 0.9018 0.2291 7.322 56.6254 
8  ln(IP2(CFDi)) 15 

14 
-4.5475 
-4.3974 

1.1155 
1.0890 

0.9433 
0.9716 

0.1761 
0.1232 

5.627 
3.992 

104.8861 
202.5371 

9  IP2(SZDi) 15 2.2051 0.0006 0.8946 0.2370 7.572 52.0955 
10  ln(IP2(SZDi)) 15 

14 
-3.4295 
-3.3325 

0.9105 
0.8922 

0.9390 
0.9725 

0.1823 
0.1213 

5.826 
3.932 

96.9773 
209.1839 
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Table 21. (continued) 

 Index n a bi r s cv % F 

11 DTjDeE_p / 
d2PE2 

15 
14 

7.3955 
7.2489 

-0.0700 
-0.0680 

0.9685 
0.9771 

0.1319 
0.1109 

4.216 
3.595 

196.9635 
252.6036 

12 DTjDeE_p / 
d2PE2 
lnDTsDiM_p / 
d2PE2 

15 
 

14 
 

9.7711 
 

9.2202 

-0.0950 
0.0885 
-0.0888 
0.0721 

0.9822 
 

0.9864 

0.1036 
 

0.0893 

3.309 
 

2.896 

164.4465 
 

198.4100 

 
Figure 9 shows the plot of DTjDeE_p/d2PE2 vs. BA, in the set of 14 

benzimidazoles. This result surpasses the Estrada's results both in mono and 
bivariate regression.  

50 55 60 65 70 75 2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 

a = 7.24888 
b = -0.06791 
r = -0.97706 
s = 0.11092, n = 14 

Y
 =

 B
A
 

X =  DTjDeE_p/d2PE2 
 

Figure 9. The best nomovariate regression model of antiviral activity of 14 Benzimidazoles 
 
In bivariate regression, the best scored property index (above 

discussed) and lnDTsDiM_p/d2PE2 offered the best model (the covariance cv 
less than 3% - entry 12, Table 21) reported in literature.  

 

BA = 9.2202 - 0.0888* DTjDeE_p /d2PE2 + 0.0721* lnDTsDiM_p/ d2PE2 
n = 14; r = 0.9864; s = 0.0893; cv % = 2.896; F = 198.41  (45) 

 

Note that, in monovariate regression, the best four FPIF descriptors are of 
topological model (T - in the index symbol) and among the first ten descriptors 
only three are of geometric model (G). Similarly, in bivariate regression, the best 
three couples of indices are of topological model and only the fourth pair is mixed 
topological and geometric. It appears that the topology, reflecting the basic 
structure of imidazoles, is the dominant feature involved in their antiviral activity. 
The geometry comes as a fine tuning, that cannot, alone, decide the basic activity.  
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This result suggests that: the more suitable molecular description, the 
less outliers in modeling a chosen property of a set of compounds. The question: 
how large should be the drop in standard deviation (or variation in other statistical 
parameter) for assuming the outlier status for a given structure (or better, for its 
measured property) - is a matter of choice. Recall that the topological descriptors 
(even the Cluj property indices) are only mathematical properties of the molecular 
graphs representing chemical compounds and, therefore, no direct causal 
relationship can be addressed to QSAR equations. 
 

Urea Derivatives 

It is known that hydroxyureas inhibit the enzymatic conversion of 
ribonucleotides to deoxyribonucleotides.37 The molecular mechanism of this 
inhibition is not known but QSAR studies38 suggested that position and identity 
of substituents may control the ability of hydroxyureas to complex some 
metallo-enzymes possibly involved in.  
 In monovariate regression, the best model shows the statistics:            
r = 0.96878; s = 9.096; cv% = 10.07 (column 4, Table 22). The best ten 
monovariate regressions show a variance cv% between 10 and 11.  

In bivariate regression, the model is still improved:  
 

=BA  84.905 - 13.909*lnDGjDiP__p__GP2 + 2.035*DGsDeE_p*d_PP2   (46) 
  n = 9; r = 0.99391; s = 4.367; cv % = 4.834; F = 244.081 
 

The best ten monovariate regressions show a variance cv% between 5 
and 6. Some best models, both in mono- and bivariate description, show a 
strong dependence of bioactivity by the molecular geometry (G in the symbol 
of indices) and electronic properties (partial charge P and electronegativity E).  
 

Table 22.  

Topological Data and Statistics for the Set of Hydroxyureas 

No Compound BA lnDGjDiP 

__p__GP2 

lnRTsDeE_p 

/d2HP2 

lnDGfDiP 

__p__GP2 

DGsDeE_p 

*d_PP2 

DGsDiE_p 

*d_PP2 

lnDGsDeE 

_p*d_PP2 

1 Hydroxyurea HU 100 1.4641 0.1038 1.4641 20.0153 20.0153 2.9965 
2 N-Methyl-HU 133 0.0465 0.1020 0.0465 23.8930 23.8930 3.1736 
3 N-Ethyl-HU 91 3.2254 0.1148 3.2254 25.2829 25.2829 3.2301 
4 N-Acetyl-HU 111 2.0073 0.1059 2.0073 25.5269 25.5269 3.2397 
5 3-Phenyl-1-HU 38 4.9244 0.1729 4.6653 8.7658 14.8164 2.1709 
6 Di-HU 108 1.5595 0.1087 1.5595 21.8853 21.8853 3.0858 
7 N-Hydroxyurethane 92 2.2266 0.1282 2.2266 20.6392 20.6392 3.0272 
8 N-Hydroxyguanidine 110 1.7146 0.1089 1.7146 20.8342 20.8342 3.0366 
9 3-Phenyl-1-hydroxy 

-2-thiourea 
30 5.2621 0.1783 4.9578 10.5093 16.7358 2.3523 

   (1)a (2) (18) (2716) (7478) (2021) 
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Table 22. (continued) 

No Compound BA lnDGjDiP 

__p__GP2 

lnRTsDeE_p 

/d2HP2 

lnDGfDiP 

__p__GP2 

DGsDeE_p 

*d_PP2 

DGsDiE_p 

*d_PP2 

lnDGsDeE 

_p*d_PP2 

   monovar.   bivar.   

      lnDGjDiP 

_p__GP2 

lnDGjDiP 

_p__GP2 

lnDGfDiP 

_p__GP2 
      (1) (1) (18) 

  r 0.9688 0.9658 0.9611 0.9939 0.9932 0.9913 
  s 9.096 9.520 10.125 4.367 4.611 5.231 
  cv% 10.070 10.539 11.208 4.834 5.105 5.791 
  F 106.875 96.961 84.910 244.081 218.552 169.178 
  b0 139.260 229.056 140.865 84.905 71.330 20.173 
  b1 -19.632 -1111.106 -20.798 2.035 4.609 35.522 

  b2    -13.909 -12.234 -13.868 
a score in monovariate regression  
 

CONCLUSIONS 

 Despite a correlational model does not involve a causal relationship 
between descriptors and a molecular property. However, a look upon the 
nature of the best scored fragmental property indices can give insight of the 
type of intra- and/or intermolecular interactions. The results are encouraging in 
case of modeling the activity vs Bacillus subtilis and Candida albicans as well 
as for the Rf index. They demonstrate the usefulness of our descriptors in 
modeling biological and physical properties of organic compounds.  

FPIF offer good description for various molecular properties of this 
class of compounds: the antimicrobial and antifungal activity, surface tension ε, 
the antiviral activity of benzimidazoles, enzyme inhibiting activity of hydroxyureas, 
vapor pressure of PCBs and TLC Rf index. The fragmental property indices 
take into account the chemical nature of atoms (mass, electronegativity and 
partial charge), various kinds of interactions between the fragments of molecules 
as generated by Cluj criteria and the 3D geometry of molecular structures as 
well. As it is known, a correlational model does not involve a causal relationship 
between descriptors and a molecular property. However, a look upon the 
nature of most occuring FIPF indices with the best scores (and implicitly best 
structure description) can give insight of the type of intra- and/or intermolecular 
interactions. The above results demonstrate the usefulness of our descriptors 
in modeling biological and physical properties of organic compounds.  

The original Cluj type indices demonstrated a good ability in modeling 
some important physico-chemical properties. In some the particular case, the 
recorded results surpass that reported in literature and can be used in predicting 
studies. It represents a promise for further QSPR/QSAR studies. 
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ABSTRACT. Current general aspects of the so-called polyoxometalate/ 
metal oxide-based clusters are reviewed. 

Anionic molecules, for which the term polyoxometalate clusters is 
accurate and similar neutral molecules, for which the term metal 
oxide-based clusters should be used are discussed.  

The justification for using the term cluster in the case of polyoxometa-
late/ metal oxide-based molecules, which contain only metal centres 
bonded exclusively through bridging oxygen atoms are presented. 

Two generations of polyoxometalate/metal oxide-based clusters, 
named clusters of classic type, respectively clusters with supramolecular 
properties are also described and exemplified.  

 
 
 
 INTRODUCTION 
 Over the last ten years, the polyoxometalates have undergone a 
spectacular development surpassing even the most optimistic expectations of 
the relatively few research groups involved in investigations dedicated to this 
class of substances. The ceaseless diversification of polyoxometalates through 
the synthesis of an impressive number of new molecules having interesting 
electronic structures, high symmetry and unexpected topologies has broadened 
the frontiers of chemistry in a meso-physical world or nano-world, to be found 
somewhere between the micro- and the macroscopic realms [1]. 
 All the above justifies, in our opinion, a review of certain current aspects 
of these amazing substances, in the wider context of the new tendencies and 
trends in chemistry.  
 The first part is dedicated to the presentation of several general aspects. 

 
POLYOXOMETALATE/METAL OXIDE - BASED MOLECULES 

 According to a widely used definition, polyoxometalates (POMs) are 
the polyoxoanions of the early transition elements, especially Mo, W and V, 
constructed of linked MOn units [2]. The M metal centres, which may belong to 
one or more atomic species, are named addenda.  



ADRIAN PATRUT, ADRIAN NICOARA , DRAGOS MARGINEANU  
 
 

 78 

 Under the usual definition, POMs are exclusively anionic molecules (or 
molecular anions). The corresponding (electroneutral) compounds are in fact 
salts, usually hydrated, of the POM anions. For example, the yellow precipitate 
that is produced when ammonium molybdate is added to phosphoric acid, 
already described by Berzelius in 1826, correspond to the (NH4)3[PMo12O40] ·

   
· nH2O compound. Its main constituent is the molecular unit, namely the 
[PMo12O40]

3- anionic molecule, which in fact represents the POM proper. But 
between the POM molecular anion and the NH4

+ external cations there are 
only electrostatic interactions (i.e. ionic bonds) and the crystal water is linked 
to the compound, more precisely to the external cations and to the molecular 
unit, only through noncovalent bonds (i.e. hydrogen bonds). 
 However, recently, the situation has undergone a change, especially 
through the reduction of a number of metal centres and/or the introduction of 
other metal centres having lower oxidation numbers than those usually associ-
ated with POMs. Thus, molecules having identical or similar structures with well-
known POMs but which are however electroneutral and not anionic, were 
obtained. Consequently, POM clusters with giant sphere-type structures are well-
known especially through their prototype, the [MoVI

72MoV
60O372(CH3COO)30(H2O)72]

42- 
cluster, abridged as [Mo132] or [MoVI

72MoV
60] [3]. But other molecules with 

similar structure containing only 102 metal centres were obtained, such as 
the [H4MoVI

72FeIII
30O252(CH3COO)12(H2O)98] cluster, abridged as [Mo72Fe30] 

or [MoVI
72FeIII

30] [4], respectively the [MoVI/V
72MoV

30O282(CH3COO)12(H2O)78] 
cluster, abridged as [Mo102] or [MoVI/V

72MoV
30] [5]. These cluster molecules 

are electroneutral. (It is to be mentioned that in the particular case of such 
electroneutral substances the terms compound and molecule are identical.)  

It is obvious that for such neutral molecules the term POM with the 
ending -ate can no longer be used. They can be called simply metal oxide-
based clusters, according to the term molybdenum-oxide based clusters used 
by Müller to designate the above mentioned molecules [4, 5]. 

We mention in passing that the term metal oxide-based (MOB) clusters 
is of a more general nature and can be applied to both electroneutral and 
electrically charged molecules (be they a anionic or, why not, even cationic). 
On the other hand, the traditional term POM clusters is valid only in the case 
of anionic molecules. 

Possibly a hybrid term, such as polyoxometalate/metal oxide-based 
clusters, POM/MOB clusters for short, would be appropriate for covering 
completely the range of these remarkable molecules.  

 
 

CLUSTERS WITHOUT DIRECT METAL-METAL BONDS 
 Initially the term (metal) cluster was used to designate coordination 
compounds which, instead of the central atom, contain a polyhedron made up 
of metal atoms linked by metal-metal bonds, forming a sort of cage surrounded 
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by ligands. Later on, the term cluster was extended to cover the compounds/ 
molecules (the distinction compound-molecule is ignored again) also containing 
in the polyhedron non-metal atoms and having certain bridged by ligands (and 
not direct) metal-metal bonds. Currently, the term cluster is used for polymetallic 
compounds/molecules with direct metal-metal bond(s).  
 But, in the last few years, POM/MOB molecules are more and more 
frequently called clusters, although the bonds between metal centres are 
exclusively bridged by oxygen atoms. This could also be a consequence of 
the frequent use of the abridged formula of POM/MOB molecules, involving 
only heavy atoms (more precisely, the species acting as central atoms in a 
certain group of the molecule) which often are identical with the metal centres, 
e.g. [Mo132], [Mo154], [Mo176], [Mo368] etc.  
 Certain authors working directly in the POM field are in favour in this 
tendency, which extends the term cluster to cover all compounds/molecules 
having several metal centres, without going into any distinction as to the nature 
of the metal-metal bonds [6]. Other authors, especially those who have made 
their mark in other fields than POMs, question such an extrapolation and 
affirm that POMs and similar substances should be considered only cage 
compounds [7]. In fact, it is all a matter of option and preference. 
 Working in the POM chemistry, we will use the general term POM/ MOB 
clusters, also allowing the avoidance of the trap represented by the terms 
compound and molecule, frequent in the case of these substances.  
 
 

TWO GENERATIONS OF POLYOXOMETALATE /  
/METAL OXIDE-BASED MOLECULES 

 As mentioned above, in the past ten years the chemistry of POM/MOB 
clusters brought about spectacular changes, due to the synthesis and char-
acterization of giant molecules with new structures having high symmetry and 
remarkable topological and electronic properties. Consequently, we can talk 
about two distinct generation of POM/MOB clusters: one of classical type and 
another with supramolecular properties.  
 The classical POMs, which are exclusively anionic molecules, have 
the characteristics and properties of the traditional coordination compounds, 
more exactly of the molecules which form the so-called complex. They are 
obtained through simple intermolecular condensation of certain oxoanions that 
generates polyoxoanionic buildings. Depending on the nature of the oxoanion(s) 
involved in the condensation process and the pH value, a large number of 
POMs with various structures and properties were obtained. In an exaggeratedly 
simplified classification, polyoxometalates (POMs) are divided in isopolyoxome-
talates (IPOMs) and heteropolyoxometalates (HPOMs), while in the condensation 
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process are involved oxoanions from one or several atomic species. Rigorously 
speaking, in the case of IPOMs are present exclusively one of more atomic 
species with addenda role, while in the case of HPOMs are also present one 
or more atomic species with heteroatom role. The positions of the addenda 
and the heteroatom(s) are well defined for every structure.  
 20-30 years ago, the chemistry of IPOMs had become a closed area, 
with very limited perspectives of future development. The maximal number 
of metal centres seems to be limited to 10-12 atoms. On the other hand, the 
HPOM chemistry field knew a constant if not spectacular development. The 
presence of another atomic species having heteroatom role, which can be 
selected from about 70 elements of the periodic table, gives to the POMs not 
only more stability, a larger variety or the possibility of increasing the number 
of metal centres, but also new properties which allow for new applications. 
Practically, until quite recently, the POM chemistry was concentrated almost 
exclusively on the synthesis and investigation of new HPOMs, to which are 
added the research of new application. 
 Our chosen example of classical POM is a cluster synthesized and 
characterized by us, with the formula [H3SbIIIVIVW17O60]

8-, not published until now 
[8]. The corresponding neutral compound is Na2(NH4)6[H3SbIIIVIVW17O60] 

. 16H2O.  
 Single-crystal X-ray diffraction analysis shows that the anionic HPOM 
molecule is made up of two halves, each of trilacunary Keggin-type, i.e. [SbM9O33] 
and [M9O33], linked by corners and edges and sharing six O atoms, see Fig. 1. 
Practically, the SbIII heteroatom is statistically distributed between the two 
halves. The SbIII heteroatom is tricoordinated building a trigonal SbO3 pyramid in 
the [SbM9O33] unit. The unshared pair of electrons of SbIII which has a nonbonding 
character is pointed towards the other half-anion.  
 The 17 W atoms and the VIV atom, which belong to the two atomic 
species having an addenda role, can occupy any of the 18 addenda position 
noted with M (M=W, V). Practically, all the 18 addenda atoms are delocalized 
and cannot be differentiated. (We dislike to consider and to call the VIV centre, 
which occupy an addenda position, as secondary heteroatom.) 
 It should also be mentioned the fact that every M addendum/metal 
centre is located in the centre of a distorted MO6 octahedron. The addenda 
occupy off-centre position towards the external edges, due to certain π M→O 
(dπ-pπ) bonds, which reinforce the coordinative covalent M←O bonds. Each M 
metal centre has only one terminal O atom. 
 All the bonds figured in the ORTEP diagram are covalent, namely the 
bonds between addenda/metal centres and oxygen atoms, respectively between 
the heteroatom and oxygen atoms, i.e. M-O and X-O. As can be noticed, the 
addenda/metal centres are linked between each other and with the heteroatom 
exclusively by oxygen bridged covalent bonds. 
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Fig. 1. ORTEP diagram of the [H3SbIIIVIVW17O60]
8- HPOM cluster (M=W, V). 

 
 Investigations on POM clusters with the general formula [HnXM18O60]

p- 
have revealed that the nH atoms are non-ionizable and belong to the anionic 
building. Evidently, the small H atoms cannot be identified by single-crystal X-
ray diffraction analysis. Given that Keggin-type and Keggin-derived structures 
with central lacunae (in the place reserved for the heteroatom) are not known, 
Krebs and Klein consider that the non-ionizable H atoms are to be found 
inside the O3 cavity [9]. The nature of the bonds in the unusual H3O3 group is 
not known, but it is probably the case of weak multicentre covalent bonds.  
 The [H3SbIIIVIVW17O60]

8- HPOM anion has a C3 symmetry axes and an 
orthogonal symmetry plane. Because it shows similarities but also differences 
compared to the well-known Dawson structure of the HPOMs with the formula 
[X2M18O62]

q-, Krebs and Klein proposed the term non-Dawson for the HPOMs 
with a structure similar to the one studied by us, having the general formula 
[HnXM18O60]

p-. As we have serious reservation concerning the use of the prefix 
non- in denominations, we prefer to name this structure pseudo-Dawson. 
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 The new generation of POM/MOB clusters appeared only around ten 
years ago, but its representatives became instantly well-known worldwide and 
their reputation has gone beyond the realm of chemistry, mainly as a result of 
the Bielefeld University research team led by Achim Müller. 
 The new generation of very large POM/MOB molecules is based upon 
a novel synthesis strategy that allows, on the basis of a number of simple 
combinatory linkable building blocks/units at disposition, the obtaining by suc-
cessive and rapid processes of self-assembly, self-organization and molecular 
growth of a large variety of huge molecules. The basic chemical principles for 
the synthesis of the new giant molecular species are: the existence of a library 
of linkable building blocks/units, the presence of reducing agents in the system 
to reduce a number of metal centres, the introduction of heteroatoms with different 
oxidation numbers, the introduction and/or exchange of various ligands other 
than oxygen (the oxide ion), which offer the possibility to tune the electron density 
etc. [10-13]. 

 
Fig. 2. The [MoVI

72MoV
60O372(CH3COO)30(H2O)72]

42- ≡ [Mo132] POM cluster in ball-and-
stick representation. Color code: MoVI blue, MoV yellow, C black, O red. 
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 In the case of classical POM/MOB clusters, the most interesting 
structures belong to the HPOMs with W as addendum. Somewhat surpris-
ingly, the new generation of POM/MOB clusters developed inside or within the 
IPOMs with Mo as addendum. This is due mainly to the fact that Mo can offer 
a much larger variety of linkable building blocks and the reduction of certain MoVI 
to MoV metal centres occurs more easily than in the case of W. However, for 
the new generation of POM/MOB clusters the distinction iso-/hetero- is surpassed. 
The specific positions of the (metal) centres are those of addendum and linker/ 
spacer, which are localized in the centre of building blocks/units and linker/spacer 
units.  
 The mixed valence [MoVI

72MoV
60O372(CH3COO)30(H2O)72]

42- POM cluster, 
abridged as [Mo132] or [MoVI

72MoV
60], obtained in 1999 by Müller and his team, 

is probable the most aesthetically molecule synthesized so far [3]. The spherical 
[Mo132] POM cluster is constructed of 12 [MoVI/V

11] building blocks, which 
can also be decomposed in 12 [(MoVI)MoVI

5O21(H2O)6]
6- ≡ [(MoVI)MoVI

5] and 
30 [MoV

2O4(CH3COO)]+ ≡ [MoV
2] units, the latter with linker/spacer role. 

 The so-called "giant sphere" structure of the [Mo132] cluster having an 
overall icosahedral symmetry is presented in Fig. 2. 
 All the bonds between the atoms of the [Mo132] POM cluster are 
covalent. These demonstrate that the term "the new generation of very large 
supramolecular POM clusters" we used in a previous review could be considered 
exaggerated [14]. If in the case of molecules, the mandatory characteristic is 
the existence of covalent bonds between the constituent atoms, to which 
possibly other bonds can be added, supramolecules are characterized by the 
mandatory presence of noncovalent bonds and by certain special properties. 
These special properties (the presence of a few is sufficient) are: multicomponent 
nature, cooperative action of the components, self-assembly and even self-
organization, host-guest interactions etc.  
 A first observation is that usually the supramolecule is not also a 
discrete molecule, but rather an assembly/entity of discrete molecules linked 
by noncovalent bonds. Initially Lehn, one of the fathers of supramolecular 
chemistry, considered that the unusual properties of supramolecules, which 
open up new avenues in chemistry, are mainly due to the existence of 
noncovalent bonds. He even defined supramolecular chemistry as "the 
chemistry of noncovalent bonds" [15]. 
 Perhaps it would have been better to define supramolecules exclusively 
by their characteristic properties, that truly bring something new to chemistry, 
and not through the existence of certain types of bonds. And that because it 
was consequently demonstrated that there exist substances, and we mean 
especially the POM/MOB clusters, having the properties of supramolecules 
but lacking noncovalent bonds. And not only that but the largest synthesized 
and structurally characterized molecules, which contain up to 368 metal 
centres, belong to these very clusters. 
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 As a consequence, we appreciate that the new generation of the 
molecules under discussion could be named POM/MOB clusters with 
supramolecular properties or pseudosupramolecular POM/MOB clusters. 
 The second part of the review will be dedicated to the presentation of 
certain special aspects of these clusters with supramolecular properties. 

 Acknowledgement. The authors would like to thank Prof. Dr. Dr. h. c. mult. 
Achim Müller and Dr. Hartmut Bögge for providing the figures included in this 
paper. 
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ABSTRACT. Current special aspects of the polyoxometalate/metal 
oxide-based clusters are presented and discussed.  

Polyoxometalate/metal oxide-based clusters with infinite molecules, 
generated through an inflationary multiplication of a certain discrete 
molecule, are described and exemplified. 

Supramolecular entities that consist of a guest polyoxometalate / 
metal oxide-based cluster incorporated in the cavity of a larger host 
polyoxometalate/metal oxide-based cluster are also presented and 
exemplified. 

Eventually, a new complex system of 100 water molecules 
encapsulated in the internal cavity of the [Mo132] “giant sphere", having 
the surface pores closed by organic cations, is presented. The probability 
that this new system with amazing symmetry could open the way 
towards a new super-supramolecular chemistry is discussed.  
 
 
 

 The first part of the presentation of certain current aspects of the 
polyoxometalate/metal oxide-based (POM/MOB) clusters was dedicated to 
some general aspects [1]. The second part is reserved for the presentation of 
several special aspects concerning mostly the new generation of these 
clusters having supramolecular properties.  
 
 POLYOXOMETALATE/METAL OXIDE-BASED CLUSTERS  
 WITH INFINITE MOLECULES 
 The great majority of POM/MOB clusters are discrete/individual molecules, 
generated by condensation of the corresponding oxoanions. But sometimes the 
condensation process may continue, resulting eventually in infinite/collective 
molecules. These infinite clusters are molecular assemblies, generated through 
an inflationary multiplication of a discrete molecule in one, two or three dimen-
sions, with formation of chain (1D), layers (2D) or networks (3D).  
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Fig. 1. Section of a [Fe(H2O)4Mo8O27]∞  layer showing the [Mo8O27]

6- fragments in polyhedral 
representation and the octahedral FeII coordination sphere in ball-and-stick representation. 
The Fe centres form parallelograms in the ac plane. Color code: [Mo8O27] = blue; Fe = yellow; 

 O = red. 
 

We shall illustrate the POM/MOB clusters with infinite molecules by 
presenting the structure of an interesting layer cluster, not published until now [2]. 
 Initially, the chemical analyses suggested the formula 
Na4[FeII(H2O)4Mo8O27]

.16H2O for the corresponding neutral compound. But 
the fact that the compound is insoluble in water indicates a more complex 
structure. Consequently, the single-crystal X-ray diffraction analysis revealed 
that the compound and the corresponding POM/MOB cluster have a layer-
type structure, composed of [Mo8O27]∞  chains cross-linked by partially hydrated 
FeII centres.  
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Fig. 2. Linking of two [Fe(H2O)4Mo8O27]∞  layers (shown as section of each 2 × 3 connected 
[Mo8O27]

6- fragments) by stacked Na centres. One O-Na-(H2O)2-Na-O group is 
emphasized. Color code: [Mo8O27] = blue; Fe = yellow; Na = green; O = red. 

 
 The basic fragment [Mo8O27] 

6- is built up of eight MoO6 edge sharing 
octahedra. The [Mo8O27]

6- units are linked through bridging O atoms belonging 
to Mo-O-Mo groups, forming [Mo8O27] ∞ chains parallel to the crystallographic a 
axis. Each chain is cross-linked to an adjacent chain through  Fe-O-Mo bridges, 
parallel to the c axis, thus forming a [Fe(H2O)4Mo8O27] ∞  layer in the ac plane. 
The FeII centres form intra-layer parallelograms having identical dimensions to 
those of the parallelograms spanned by the crystallographic a and c axes, see 
Fig. 1. 

It should be also noticed that chains of Na+ ions based on staggered 
groups of four Na centres extend parallel to the c axis between the layers. Five 
H2O ligands and one O atom from a [Mo8O27]

6- unit are linked to each Na 
centre, which is also connected to an adjacent Na centre through two Na-H2O-Na 
bridges and to one [Mo8O27]

6- unit through a Na-O-Mo bridge. This determines 
additional cross-linking within and between the [Fe(H2O)4Mo8O27]∞   layers 
through formal Mo-O-Na-(H2O)2-Na-O-Mo linkages, see Fig. 2.  
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 The structure of the presented layer cluster with [FeII(H2O)4Mo8O27]∞ 

chains is similar to that of another layer cluster having [MnII(H2O)4Mo8O27]∞   
chains [3]. 
 

PURE SUPRAMOLECULAR POLYOXOMETALATE/METAL OXIDE-
BASED CLUSTER ENTITIES 

 In the first part of the study we underlined that the new generation of 
the substances under discussion, having only covalent bonds between atoms, 
can be named POM/MOB clusters with supramolecular properties or pseudo-
supramolecular clusters. 
 On the other hand, the fact that POM clusters have internal cavities which 
can incorporate/enclose small atoms or molecules (neutral, cationic or anionic), 
thus building supramolecular entities was well known. For instance, the cage 
of certain polyoxovanadates acting as host can encapsulate simultaneously 
cations and anions, such as [(2NH4

+, 2Cl-) ⊂ V14O22(OH)4(H2O)(C6H5PO3)8]
6- [4, 5]. 

The cage of the POM cluster consists of two half-shells formed from isopoly-
oxovanadate and phenylphosphonate units. The central guest (2NH4

+, 2Cl-) 
system is a cation/anion aggregate encapsulated within the cavity of the host 
POM cluster, which is formally separated into two segments by two H2O 
molecules bound to VIV centres. The two H2O molecules stabilize the guest 
(2NH4

+, 2Cl-) system by hydrogen bonds. 
 But very recent research which started in 2000, led to the synthesis of 
certain pure POM/MOB clusters which are truly supramolecular, having all the 
characteristics and properties nominalized for these substances/entities. Thus, 
several supramolecular entities which consist of a POM/MOB cluster (guest, 
nucleus) incorporated in the cavity of a larger POM/MOB cluster (host, capsule) 
have been synthesized.  

The first such example is the  
[HxPMo12O40⊂H4MoVI

72FeIII
30CH3COO)15O254(H2O)98]

 ca. 60 H2O  
supramolecular entity, abridged as [PMo12 ⊂ MoVI

72FeIII
30]

 . ca. 60 H2O. The 
supramolecular MOB entity consists of two POM/MOB clusters [6, 7]:  

- an oxidized icosahedral capsule as host, corresponding to the 
[MoVI

72FeIII
30]

 cluster (internal cavity diametre ≈ 16 Å);  
- a Keggin molecule as nucleus or guest, corresponding to the reduced 
[HxPMo12O40]

3- (x=1-2) POM cluster (diametre ≈ 12 Å). 
 The novel pure POM/MOB supramolecular entity is presented in Fig. 3.  
 The noncovalent host-guest interaction indicates that the reduced 
Keggin cluster fits exactly into the capsule cavity. The shortest Ohost…Oguest 
bond lengths of ≈ 2.6 Å are typical for hydrogen bonding. The new absorption 
band observed in visible at ≈ 550 nm, which contributes to the dark green 
colour of the compound, was temporarily assigned to a new electronic transition 
of the type reduced nucleus ↔ oxidized capsule, but this assumption need to 
be confirmed [6]. 
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Fig. 3. Structure of the supramolecular [PMo12 ⊂ MoVI

72FeIII
30]

 entity. The [Mo72Fe30] 
capsule (host) is figured in wire frame representation with the 30 FeIII centres (highlighted 
as yellow wires) linking the 12 [(Mo)Mo5] pentagons (figured in blue and turquoise). The 
reduced [PMo12] nucleus (guest) is shown in polyhedral representation (with the P 
heteroatom as gray large sphere and the O atoms as small red spheres). 
 
 

THROUGH POLYOXOMETALATE/METAL OXIDE-BASED CLUSTERS 
TOWARDS A NEW SUPER-SUPRAMOLECULAR CHEMISTRY?  

 The huge spherical POM/MOB clusters with giant sphere-type structure 
having overall icosahedral symmetry can also be formulated, according to a 
building block principle, as (pentagon)12(linker)30. The prototype is the very large 
[MoVI

72MoV
60O372(CH3COO)30(H2O)72]

42- POM cluster, abridged as [Mo132] or 
[MoVI

72MoV
60] [8, 9]. Like all clusters with identical or similar structure, the 

pentagons are represented by 12 [(MoVI)MoVI
5O21(H2O)6]

6- units, abridged 
as [(MoVI)MoVI

5]. In the case of the [Mo132] cluster, 30 [MoV
2O4(CH3COO)]+ 

units, abridged as [MoV
2], act as linkers/spacers.  

 The 12 pentagonal units and the 30 linkers/spacers, out of which the 
[Mo132] giant sphere is built up, allow not only overall object sizing but also a 
sizing of the large number of tailor-made pores. The 20 [Mo9O9] pores on the 
surface are rings with diametres between ≈ 0.6-0.8 nm.  
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 The [Mo132] POM cluster with an external diametre of ≈ 2.9 nm has a 
large internal cavity having a diametre of ≈ 2.0 nm. The 20 pores are large 
enough to allow the passage of small spheres into the internal cavity. The 
fact that the [Mo132] POM cluster normally contains 100 encapsulated H2O 
molecules was known. Interacting through the open pores with the crystal 
water, the assembly of 100 H2O molecules has no special organization.  
 But late 2002 brought an unexpected surprise [10, 11]. If the 20 surface 
pores/rings, having receptor properties, are filled with organic ions, such as 
[(NH2)3C]+ guanidinium cations, which fit exactly into the pores, the whole giant 
sphere surface becomes closed, see Fig. 4. 
 Closing the pores decreases the high negative charge of the cluster, 
stabilizes it and, especially, influences the structure of the encapsulated 
[H2O]100 system. Consequently, the 100 H2O molecules are organized in a 
highly symmetrical spherical structure, in which 3 x 12 = 36 pentagons built 
up of H2O molecules can be identified, see Fig. 5. 
 

 
Fig. 4. Space filling representation of the [Mo132] POM cluster with the 20 pores closed 
with [(NH2)3C]+ guanidinium cations. Color code: Mo=blue, O=red, C=black, N=green. 
 
 The amazing [H2O]100 aggregate/system consists of two Platonic solids, 
namely two dodecahedrons having each 20 pentagons as faces, and a very 
complex Archimedean solid, namely a rhombicosidodecahedron with 12 
decagons, 20 hexagons and 30 tetragons as faces. Thus, the [H2O]100 system 
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has in its centre a [H2O]20 dodecahedron, which is inside another larger [H2O]20 
dodecahedron, surrounded in its turn by a [H2O]60 a rhombicosidodecahedron, 
see Fig. 6. The 100 H2O molecules are thus linked that they form altogether a 
novel icosahedral cluster with tetrahedrally coordinated O atoms. (Each H2O 
molecule is tetrahedrally surrounded by other four H2O molecules.) 
 Such an auto-organization leading to structures never before met in 
chemistry is unprecedented. That is why, Müller considers that this could open 
the way towards a new super-supramolecular chemistry. He states that "we 
could now cross the frontier (of supramolecular chemistry) to a rather large 
multitude of receptor sites positioned on a stable nanoobject". While it became 
evident that a receptor-substrate supramolecule is characterized by its geometric, 
thermodynamic and kinetic features, new categories of receptor-substrate types 
appear in the present super-supramolecule and offer the chance to study a 
variety of relevant cooperative effects [10]. 
 
 

 
 

Fig. 5. Ball-and-stick representation of the organized [H2O]100 system (encapsulated in 
the [Mo132] POM cluster with closed pores). 
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[H2O]20             [H2O]20            [H2O]60 

Fig. 6. Mixed wire frame and ball-and-stick representation of the first [H2O]20 
dodecahedron (left), the second [H2O]20 dodecahedron (centre) and the [H2O]60 
rhombicosidodecahedron (right), out of which the [H2O]100 system is built up. 

 
 Only the future will show whether Müller’s suppositions were correct. 
The future will also reveal what other surprises are in store for us concerning 
these amazing substances which are the POM/MOB clusters. 

Acknowledgement: The authors would like to thank Prof. Dr. Dr. h. c. mult. 
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ABSTRACT . The hydrolysis of 1,2,3-cyclohexanetrione-1,3-dioxime 
(CTD) and 1,2,3-cyclohexanetrione-2-imine-1,3-dioxime (CTDI) was 
studied polarogaphically at different concentrations of perchloric acid. 
It was followed the time course of diffusion current intensity of the 
polarographic wave. First order rate constants were derived and the 
influence of perchloric acid concentration was studied. A mechanism of 
hydrolysis reaction consisting of a protolytic pre-equilibrium, followed 
by a slow competitive water addition onto both the protonated and 
non-protonated forms of the dioxime has been suggested. The final step is 
presumed to be a fast elimination of hydroxylamine. On the basis of this 
mechanism it was derived a relationship among the rate constants, acidity 
constant and the hydrogen ion concentration. Acidity constants were 
calculated for the protonated oximes. 
 
 
 
Introduction 
Both aliphatic and alicyclic α-dioximes are stable in neutral and basic 

aqueous solutions. The spectrophotometric investigations showed that the 
dioximes are not stable in acidic solutions, they undergo hydrolysis with 
liberation of hydroxilamine and the corresponding diketone [1-3]. In presence 
of mineral acids protonation of a nitrogen atom occurs. 

The hydrolysis of the oximes can be studied by means of polarography 
as well. Polarographic measurements are suitable also for kinetic studies. 

It has been observed that hydrolysis of the alicyclic α-dioximes, namely 
the 1,2-cycloheptanedione-dioxime [4] and 1,2-cyclohexanedione-dioxime [5] 
and the alicyclic trioximes as 1,2,3-cyclohexanetrione-trioxime [6] are apparently 
first-order reactions. It has been observed that the increasing acidity causes 
the increase of rate contants, without existing of a direct proportionality between 
them. This indicates that protolytic pre-equilibrium is established. In order to 
explain the experimental results, it was presumed that a water addition onto 
the protonated form is the rate-determining step, followed by a fast elimination 
of hydroxylamine. 
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The aim of the present paper was to study the hydrolysis reaction of 
the 1,2,3-cyclohexanetrione-1,3-dioxime (CTD) and 1,2,3-cyclohexanetrione-2-
imine-1,3-dioxime (CTDI) at 20˚C, to suggest a mechanism for hydrolysis 
reaction, to derive a mathematical relation among rate constants, acidity 
constant and hydrogen ion concentration and to calculate acidity constant for 
the protonated oximes. The influence of the group in position 2 was studied on 
the value of acidity constant of protonated oximes and rate constants. 
 

Experimental 
Experiments were performed in a 25-ml double-walled, water-jacketed, 

temperature controlled by a circulating water bath (VEB-MLW type thermostat) 
glass cell. A dropping mercury electrode was used by applying the forced 
dropping method (RADELKIS OH-991 type "Fast rapid adapter") and the 
reference electrode was a saturated calomel electrode (SCE). Polarograms 
were recorded on a Radelkis OH-120 type polarograph. 

The CTD and CTDI were dissolved in distilled water to obtain a 10-2 M 
stock solution. It has been prepared before each set of measurements. 
Samples were prepared with perchloric acid solutions in order to ensure a final 
concentration of CTD and CTDI equal to 2.5•10-3 M and the perchloric acid 
concentrations: 0.05, 0.1, 0.2, 0.5 M. Sodium perchlorate was added to ensure 
a constant ionic strength. The oxygen was eliminated from the solutions with 
purified methane gas. 

From our previous paper [7] we can conclude that it is not necessary 
the chemical freezing of the reaction and addition of buffer solution. The 
reaction is sufficiently slow and can be investigated by the simple registration 
of the polarograms at different time steps. 

 
Results and Discussion 
In Table 1 the diffusion current intensities (id) are given as a function of 

the perchloric acid concentration and of the time elapse for the hydrolysis of 
CTD to occur. 

Table 1.  
Time dependence of the diffusion current intensity of the wave; cCTD=2.5•10-3 M. 

T(K) [H+] (M) t(s) i d (µA) lg i d kapp (s
-1) 

50 9.76 0.989 
185 9.48 0.977 
535 9.20 0.964 
963 8.90 0.949 
1260 8.78 0.943 
1560 8.42 0.925 

293 0.05 

1860 8.14 0.911 

0.92•10-4 
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A plot of lg id vs. time indicates a good linearity, pleading for an apparent 
first order reaction. It allows determination of apparent rate constants by means 
of linear regression. The apparent rate constants for the hydrolysis of CTD are 
presented in Table 2 and for the CTDI in Table 3. 

 

 
As it can be observed in these tables, apparent rate constant increases 

with increasing perchloric acid concentration, but very slowly, suggesting a 
protolytic pre-equilibrium, implying very fast protonation and deprotonation 
processes. Protonation entails the polarization of the π-bond, facilitating water 
addition. Nevertheless the water addition onto the non-protonated form cannot 
be excluded either. The proposed mechanism contains two competing paths: 
the hydrolysis of protonated oxime and the non-protonated one. 

 

-NH2OH

N OHC

C Y

C N OH

C

C Y

C N OH

OH

NH OH

C

C Y

C N OH

OH C

C Y

C N OH

OH

OH

C

C Y

C N OH

O
Ka

k1

k2

H+

+ H2O

+ H2O -N+H3OH

+

N+H
N+H2

Y: =O, =NH  

Table 3.   
Apparent rate constants of the 

hydrolysis at 20°C; c CTDI=2.5•10-3M. 
[H+] (M) kapp·104

 (s
-1) 

0.05 1.42 

0.1 2.08 

0.2 2.88 

0.5 3.88 

Table 2.   
Apparent rate constants of the 

hydrolysis at 20°C; c CTD=2.5•10-3M. 
[H+] (M) kapp·104 (s-1) 

0.05 0.92 

0.1 1.41 

0.2 2.10 

0.5 3.15 
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On the basis of the above mechanism the apparent first-order rate 
constant can be described well by the following equation: 

][HK

K
k

K][H

][H
kk

a

a
2

a
1app ++

+

+
⋅+

+
⋅=

   (1) 
 

Table 4.   

The hydrolysis rate constants and acidity constant of CTD at 20˚C. 

[H+] (M) 104·kapp (s-1) 104·k1 (s
-1) 105·k2 (s

-1) Ka 

0.05 0.92 
0.1 1.41 
0.2 2.10 
0.5 3.15 

4.93 2.73 0.310 

 
By determining four values for four H+ concentrations, we obtained a 

system of equations, which can be easily solved. The results for the CTD are 
presented in Table 4. 

In case of CTDI, the Table 5 presents the rate constants and acidity 
constant. 

Table 5.  

The hydrolysis rate constants and acidity constant of CTDI at 20˚C. 

[H+] (M) 104·kapp (s-1) 104·k1 (s
-1) 105·k2 (s

-1) Ka 

0.05 1.42 
0.1 2.08 
0.2 2.88 
0.5 3.88 

5.16 4.04 0.183 

 
 
It is worth be mentioning that k1 and k2 are pseudo first-order rate 

constants since water addition is a bimolecular reaction, but the water is the 
solvent and its concentration practically does not vary. 

It can be observed that in both cases the value of rate constant k2 
represents approximately 10 % of value of k1. This fact is in a good agreement 
with the presumption that the water addition onto the non-protonated form 
cannot be neglected. For the hydrolysis of CTDI both rate constants have a 
greater value than in case of CTD, reactions are carried out easier.  

It is interesting to compare the value of acidity constants of protonated 
forms with other data obtained in a similar way (see Table 6). 
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If one compares the values of acidity constants in Table 6 it is obvious that 
α-dioximes are the weakest acids. The strongest acid is 1,2,3-cyclohexanetrione-
trioxime, in case of which protonation occurs in position 2 and the effects of the 
oxime groups in both positions 1 and 3 are cumulated [4]. 

The CTD and CTDI are stronger acids than α-dioximes. The electron 
withdrawing effect of groups situated in position 2 can explain this. Since the 
electron withdrawing effect of =O group is larger than that of =NH, protonation 
of CTDI occurs much easier and acidity constant of protonated form is smaller. 

 
 

Table 6.   
Acidity constants of the protonated forms derived from 

hydrolysis kinetics' data, at 20ºC. 
 

Oxime K a 

1,2-cycloheptanedione-1,2-dioxime 0,110 
1,2-cyclohexanedione-1,2-dioxime 0,133 
1,2,3-cyclohexanetrione-2-imine-1,3-dioxime 0,183 
1,2,3-cyclohexanetrione-1,3-dioxime 0,310 
1,2,3-cyclohexanetrione-trioxime 1,340 

 
 
Value of acidity constant of protonated oximes calculated on the basis 

of hydrolysis reaction kinetics is used for determination of the recombination 
reactions rate constant. 
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ABSTRACT . Hydrolysis reaction of 1,2,3-cyclohexanetrione-1,3-dioxime 
and 1,2,3-cyclohexanetrione-2-imine-1,3-dioxime was studied in presence 
of different concentrations of perchloric acid and at different tempera-
tures. The hydrolysis reaction was studied polarographically. Time course 
of diffusion current intensity was followed. Apparent rate constants were 
determined at different temperatures and activation parameters were 
calculated. 

 
 
 

Introduction 
Spectrophotometric investigations demonstrated that dioximes are 

not stable in acidic solutions [1-3], they undergo hydrolysis with liberation of 
hydroxylamine and the corresponding diketone. 

Hydrolysis reaction of oximes can be studied polarographically. In case 
of 1,2-cyclohexanedione-dioxime [4], 1,2-cycloheptanedione-dioxime [5] and 
1,2,3-cyclohexanetrione-trioxime [6] rate constants were determined. The 
hydrolysis of 1,2,3-cyclohexanetrione-1,3-dioxime (CTD) and 1,2,3-cyclohex-
anetrione-2-imine-1,3-dioxime (CTDI) was studied at 20˚C at different 
perchloric acid concentration [7]. 

In presence of acids protonation of nitrogen atom occurs [8], causing 
the polarization of the π-bond and facilitating water addition. It cannot be 
excluded the addition of the water onto the non-protonated oxime either. The 
proposed mechanism contains two competing paths: the hydrolysis of 
protonated oxime and the non-protonated one. On the basis of the proposed 
mechanism for the apparent first-order rate constant the following equation can 
be derived: 
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The hydrolysis reaction mechanism can be expressed by the following 
steps for both CTD and CTDI: 



G.SZABÓ, J. ZSAKÓ, CS. BOLLA 
 
 

100 
 

-NH2OH

N OHC

C Y

C N OH

C

C Y

C N OH

OH

NH OH

C

C Y

C N OH

OH C

C Y

C N OH

OH

OH

C

C Y

C N OH

O
Ka

k1

k2

H+

+ H2O

+ H2O -N+H3OH

+

N+H
N+H2

Y: =O, =NH  
 
Apparent rate constants can be determined at different concentration 

of acid and using equation (1) values of k1 and k2 rate constants as well as 
acidity constant Ka can be calculated. 

The aim of the present paper was to determine apparent rate constants 
as a function of hydrogen ion concentration and at different temperatures and 
to calculate activation parameters. From the values of activation parameters 
can be drawn some conclusion concerning the proposed mechanism. 

 
Experimental 
Polarographic measurements were carried out in a 25 ml double 

walled, water jacketed, temperature controlled with a circulating water bath 
(VEB-MLW type thermostat), glass cell. A dropping mercury electrode was 
used. By connecting the capillary to the RADELKIS OH-991 type "Fast rapid 
adapter" the mercury dropping was forced. The reference electrode was a 
saturated calomel electrode. Polarograms were recorded on a Radelkis OH-
120 type polarograph. 

Stock solutions of CTD and CTDI were prepared before each set of 
measurements. Perchloric acid was added to the oxime solutions in such a 
way that the final concentrations for oximes to be equal to 2.5·10-3 M and for 
perchloric acid 0.05, 0.1, 0.2, 0.5 M. In order to ensure the constant ionic 
strength sodium perchlorate was added to the mixtures. Dissolved oxygen was 
eliminated with inert gas. 

Polarograms were recorded at different time steps. Time course of 
diffusion current intensity was followed. 
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Results and Discussion 
The hydrolysis of CTD and CTDI was performed at different 

temperatures. In Table 1 are presented the apparent rate constants obtained 
at different acidity's and at different temperatures for CTD. 

Table 1 . 
 Hydrolysis rate constants and acidity constant of the protonated CTD,  

at different temperatures 
T(K) [H+] (M) 104·kapp (s-1) 104·k1 (s

-1) 105·k2 (s
-1) Ka 

0.05 1.09 
0.1 1.63 
0.2 2.40 

298 

0.5 3.58 

5.63 3.80 0.320 

0.05 1.43 
0.1 2.00 
0.2 2.82 

303 

0.5 4.08 

6.30 6.81 0.326 

0.05 1.94 
0.1 2.52 
0.2 3.36 

308 

0.5 4.68 

7.07 11.90 0.342 

 
In the proposed mechanism the rate-determining step is the water 

addition onto the protonated and non-protonated form of dioximes. The k1 and 
k2 rate constants are pseudo-first order rate constants. The water addition is a 
bimolecular reaction, but because the water is the solvent its concentration 
practically does not vary. 

Comparing the obtained values for the rate constants it is obvious that 
k2 cannot be neglected beside k1. By this mean the presumption referring the 
water addition onto the non-protonated oxime is quite realistic. 

For the CTDI these values of rate and acidity constants are presented 
in Table 2. 

Table 2 . 

 Hydrolysis rate constants and acidity constant of the protonated CTDI  
at different temperatures 

T (K) [H+] (M) 104·kapp (s-1) 104·k1 (s
-1) 105·k2 (s

-1) Ka 

0.05 1.48 
0.1 2.18 
0.2 3.06 

298 

0.5 4.21 

5.76 4.45 0.206 

0.05 1.93 
0.1 2.67 
0.2 3.60 

303 

0.5 4.80 

6.41 8.23 0.2029 

0.05 2.54 
0.1 3.28 
0.2 4.23 

308 

0.5 5.49 

7.25 14.60 0.218 
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The rate constants have been worked up by means of Eyring-Polányi-
Evans equation: 

 










 ∆−∆⋅⋅κ=
RT
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The activation parameters calculated by performing linear regression 
are presented in Table 3 for the water addition onto the protonated oximes. 

 

Table 3. 

 Activation parameters for the water addition onto the protonated oximes 

Oxime ∆H* (kJ/mol) ∆S* (J/mol·K) 
CTD 15.46 -255 
CTDI 14.46 -258 

 

Activation parameters for the non-protonated oximes are presented in 
Table 4. 

Table 4. 

Activation parameters for the water addition onto the non-protonated oximes 

Oxime ∆H* (kJ/mol) ∆S* (J/mol·K) 
CTD 72.41 -85.6 
CTDI 64.35 -110.7 

 

The activation enthalpy values of the water addition in the case of the 
protonated form are lower than for the non-protonated forms. 

The relatively important negative activation entropy are in agreement 
with the presumption that the rate determining step in an addition reaction. 
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ABSTRACT . The Briggs-Rauscher oscillating reaction was studied in 
a batch mode. Mixtures were prepared in such a way that reactant 
concentrations were at the limit of that concentration interval in which 
oscillations happen. Iodate-ion concentration was varied and its influence 
on the oscillations was investigated. Time course of redox potential and 
iodide-ion concentration were recorded. At low iodate-ion concentration 
oscillating break was founded. 
 
 
 
Introduction 

A chemical reaction is oscillatory if two or more intermediate's 
concentration have extreme values. Briggs-Rauscher (BR) is an oscillatory 
reaction and is representing the oxidation of malonic acid by hydrogen 
peroxide and iodate with manganese (II) ion as a catalyst, in acidic medium. 
The formation velocity of oxygen and carbon dioxide as well as iodine and 
iodide-ion concentration presents oscillation in this system. 

Several scientists investigated the mechanism of BR, namely Cook [1], 
Furrow and Noyes [2, 4], De Kepper and Epstein [7], Fujieda and Ogata [8] 
and others [3, 5, 6]. According to their proposal, the global reaction is 
symbolized with the following equation: 

 IO-
3+2H2O2 +CH2(COOH)2 +H+

→ICH(COOH)2+2O2+3H2O (R1) 

This represents the sum of the following two steps: 

 IO-
3+2H2O2+H+

→HOI+2O2+2H2O (R2) 

 HOI+CH2(COOH)2→ICH(COOH)2+H2O (R3) 

Reaction (R2) takes place in two different ways. The way in which the 
system developes is a function of iodide-ion concentration. If the iodide-ion 
concentration is high, the mechanism will obey the following non-radical steps: 

 IO-
3+I-+2H+

→HIO2+HOI   (R4) 
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 HIO2+I-+H+
→2HOI (R5) 

 HOI+H2O2→I-+O2+H++H2O (R6) 

(R2)=(R4)+(R5)+2(R6) 

If the iodide-ion concentration is smaller than the critical value, the 
reaction (R2) will follow the radical path: 

 IO-
3+HIO2+H+

→2IO2•+H2O (R7) 

 IO2•+Mn2++H2O→HIO2+Mn(OH)2+  (R8) 

 Mn(OH)2++H2O2→Mn2++H2O+HOO• (R9) 

 2HOO•→H2O2+O2  (R10) 
 2HIO2→IO-

3+HOI+H+ (R11) 

 (R2)=2(R7)+4(R8)+4(R9)+2(R10)+(R11) 

 In BR reaction the non-radical way will change into the radical one if 
the iodide-ion concentration decreases bellow the critical value. The reaction 
oscillates between these two processes. The mechanism presented above is 
only a skeleton of what happens during the reaction. It explains the origin of 
oscillations in the concentration of iodine and iodide-ion, but not elucidates the 
path of carbon dioxide's formation, nor identifies the final organic product. That 
is why BR is still under research.  
 In most of the cases BR was investigated in continuous-flow stirred 
tank reactor (CSTR). Nevertheless in some papers batch mode experiments 
are related.  

The system exhibits oscillatory behavior only if the initial concentrations 
of the reactants fit in a concentration interval. These intervals for the different 
reactants are: [H2O2]=0.3-3.5 M, [IO3

-]=2*10-2-1*10-1 M, [H+]=5*10-2-2*10-1 M, 
[Mn(II)]=3*10-3-3*10-2 M, [malonic acid]=2*10-2-1*10-1 M [9]. 

The aim of the present paper is to notice about the system's behavior 
in case in which the initial mixture is a non-classical one and the iodate-ion 
concentration is smaller than the inferior limit. 

 
Experimental 
Batch experiments were carried out in a 40 ml double walled, 

water-jacketed cylindrical-shaped glass reactor. Its temperature was controlled 
by a circulating water bath (VEB-MLW type thermostat). A magnetic stirrer was 
used to ensure uniform mixing. Time course of redox potential and iodide-ion 
concentration was followed. Platinum electrode and double-junction saturated 
calomel electrode was used. Iodide-ion concentration was determined by 
using an ion selective electrode EMIS-I-. The time course of the redox potential 
was monitored with a “Metrohm E 478" recorder, or stored on a PC. Data 
acquisition was accomplished with a PCI-6023E board (National Instruments) 
and the Digix program was used. 
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The reactants sodium iodate (Chemapol, c.p.), manganese (II) sulfate 
(Reactivul, c.p.), hydrogen peroxide (Merck p.a.), sulfuric acid (Riedel De Haen, 
p.a.), malonic acid (Reachim, p.a.), potassium iodide (Reactivul, p.a.), potassium 
nitrate (Reactivul, p.a.) were used without further purification. Parent solutions 
were made. The first solution was obtained by mixing the sulfuric acid and 
the sodium iodate. The acid's concentration was kept 0.1 M and the iodate's 
concentration was varied. 0.2 M malonic acid and 2.6*10-2 M manganese (II) 
sulfate composed the second solution. The third solution was the hydrogen 
peroxide. These solutions were mixed in such a way that [H+]=2.5*10-2 M; 
[malonic acid]=5*10-2 M; [Mn(II)]=6.5*10-3 M [H2O2]=2.2*10-1 M and variable 
iodate concentrations were ensured. 

 
Results and Discussion 
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Figure 1.  Time course of iodide-ion activity and redox potential for  

iodate-ion initial concentration [IO-
3]=8,5*10-2 M 

 
BR was investigated in closed reactor. It is to be mentioned that batch 

experiments can be used only for a few oscillating reactions, but BR is one of 
them. 

As it was revealed above, non-classical initial mixtures were prepared 
with variable iodate-ion concentration. 

These initial concentrations for the iodate-ion had different values 
between: 8.5*10-2-1,25*10-2 M. It has been distinguished three different 
behaviors of the system. 
 At high iodate-ion concentration the reaction started with a few, large 
period and small amplitude oscillation. These were followed by the classical 
oscillations, with smaller period and larger amplitude. The above-described 
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behavior is represented in Figure 1. The oscillations had classical shape when 
iodate-ion's concentration value was included in 2,5*10-2-6,5*10-2 M interval. 
Such an oscillation is represented in Figure 2. In this case the system 
contained 6*10-2 M iodate-ion.  

0 50 100 150 200 250 300

600

700

800

E
 (

m
V

)

t (s)

0 50 100 150 200 250 300
2

4

6

p(
a I _

)

 
Figure 2.  Time course of iodide-ion activity and redox potential for  

iodate-ion initial concentration [IO-
3]=6*10-2M 

 
 With decreasing iodate-ion concentration the increases of amplitude 
and decreases of period was observed.  
 At low iodate-ion concentration the system acted in a peculiar way. The 
cessation of the oscillatory regime and subsequent regeneration of oscillations 
followed the starting few normal oscillations. This behavior is presented in 
Figure 3.  

The shapes of the oscillations before and after the break are quite 
different. This can be caused by the different parametrical condition of the 
oscillation before and after the break. 
 Oscillation break was described referred to Belousov-Zhabothinsky 
reaction. In the case of BR was also described an oscillation break, but this 
was caused by an antioxidant added to the system which scavenged the free 
radicals [10, 11, 12]. 

We can conclude that even the non-classical initial mixture exhibits 
so called normal oscillations. The low iodate-ion concentration causes an 
oscillating break. The appearance of the break can be explained with the 
low rate of one of the steps trough which the reaction is developing. It can be 
caused by the too low concentration of one intermediate species, like the 
iodide-ion. 
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Figure 3. Time course of iodide-ion activity and redox potential for  

iodate-ion initial concentration [IO-
3]=1,38*10-2 M 

 
 
The following step will be the modeling of the described oscillation. The 

comparison of the computational behavior and the real one will elucidate some 
issues of this nonlinear phenomenon.  
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ABSTRACT. Flow graphs used in physics and electronics have 
been applied to chemical kinetics. Rate laws and expressions of 
various concentrations of species involved in the mechanisms have 
been described for several simple systems. Flow graphs were 
constructed in agreement with the mechanism and differential 
equations that characterize the time evolution of molecules or 
radicals involved, and the characteristic determinants for the system. 
A short introduction of basic principles of flow graphs, their properties 
and algebra are also presented. The same results were straightly 
obtained as those resulted from classical integration or by applying 
quasi-steady-state approximation. 

 
 

 
Introduction 
Graphs and diagrams of various types have been used to depict reaction 

mechanisms in chemistry as chain processes, catalyzed processes, and 
enzyme-catalyzed processes1-2. Temkin3-5 has proposed a convenient version 
of cyclic graphs. These graphs incorporate only intermediate species as 
vertices. They were used to deduce - in a quite simple way - the concentration 
of reactive intermediates and the overall reaction rate6-8. Numerous chemical 
chain reactions, photochemical reactions involving propagation of chain as 
elementary steps, enzyme-catalyzed reactions or even heterogeneous reactions 
were approached this way. Temkin and Bonchev and their co-workers9-12 have 
classified various types of complex mechanisms on the ground of graphs 
associated with these mechanisms. 

Inspired by the flow graphs used in electronics, physics and engineering13-15, 
we show in this work haw to use flow graphs to associate them with reaction 
mechanisms in order to obtain some kinetic characteristics of any reaction 
scheme. Besides the intermediates, these graphs incorporate also the starting 
chemical species, the main and secondary products. At the same time, we 
associated determinants to chemical change and construct graphs on this 
base. Our approach has the advantage of offering the opportunity to calculate 
the concentration of any species involved either being in a quasi-steady-state 
or a transient concentration. These flow graphs can be used for various types 
of mechanisms with linear sequence, opposing processes, single route chain 
reactions, homogeneous and heterogeneous catalyzed reactions. 



MARIUS SOCOL, IOAN BALDEA 
 
 

 110 

Some basic principles of flow graphs 
A flow graph is a diagram that represents a set of simultaneous linear 

algebraic situations (linear differential equations)13. It is used to represent a 
system and to obtain the relationships among the system variables. By using 
the Cramer method16 with determinants one could solve the system. 

A flow graph consists of a network in which nodes (or vertices) are 
connected by directed edges (or branches). Each node (vertex) represents a 
system variable, and each edge connected between two vertices acts as a 
signal multiplier. An arrow placed on the edge indicates the direction of a 
signal flow and the multiplication factor is indicated along the edge. This 
multiplication factor is named transmittance and it can be obtained from the 
coefficients of the equations. The signal flow graph depicts the flow of signals 
from one point of the system to another and gives the relationships among the 
signals and it describes the determinant of the system13. 

Definitions related to flow graphs. Before discussing flow graphs 
certain terms should be defined: 

Node (Vertex) is a point representing a variable or a signal. In chemistry 
it represents a chemical species undergoing some transformation. 

Edge (branch) is a directed line segment joining two nodes. The gain of 
a branch is the transmittance. 

Weighting of an edge (transmittance) is a real or complex gain between 
nodes. Such gains can be expressed in terms of transfer function between two 
nodes. In chemical kinetics it represents a pseudo-first- or a true first-order rate 
constant measuring the frequency with which chemical event takes place. 
By multiplying it with the actual concentration of the species in the vertex of 
outgoing branch and the volume of the system, the chemical flux, in the 
indicated direction, is obtained.  

Input node or source is a node that has only outgoing edges. This 
corresponds to an independent variable. In chemical kinetics it represent 
the reactant species. 

Output node or sink is a node that has only incoming edges. This 
corresponds to a dependent variable. In chemical kinetics, it corresponds to 
a reaction product. 

Mixed (internal) node is one that has both outgoing and incoming 
edges. 

Path or way is a traversal of connected branches in the direction of the 
branch arrows. 

Forward path (way) is a path from an input node (source) or from a 
mixed node, if the source is missing, to an output node (sink). The way should 
not visit any node more than once. 

Forward path gain is the product of the branch transmittances of a 
forward path. A flow graph example is presented in figure 1. 
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Properties of flow graphs. A few important proprieties of flow graphs are 
as follows: 

A branch indicates the functional dependence of one signal on another.  
 

A B C I2
a

d

c

f

e

b

I1
 

Fig.1. An example of a flow graph. A is an input node (source); I1 I2 are output nodes 
(sinks); a, b, c, d, e, and f are weighting of the edges; B, C are the internal nodes. 

 

A signal passes trough only in the direction specified by the arrow of 
the branch. 

A node adds the signals of all incoming branches and transmits their 
sum to all outgoing branches. 

An interval node, which has both incoming and outgoing branches, may 
be viewed as an output node by ignoring its outgoing branches. Note, however, 
that a mixed node never can be a source (input node) in this approach. 

For a given system a flow graph is not unique. More than one flow 
graphs can be drawn for a given system by writing the system equations or the 
corresponding determinants in a different way13-15. 

Flow graphs algebra. A flow graph of a linear system can be drawn 
using the above definitions. The independent and dependent variables of 
the equations become the input nodes and the other nodes respectively. To 
determine these variables, the system is solved by using the Cramer method. 
Each value is a ratio of two determinants. From the reaction mechanism, the 
system of equations and corresponding determinants can be written. On the 
determinants base the flow graph can be constructed by following some rules. 
A simple example related to figure 1 is given bellow: 

 





=++−
=−+
d]C)[fc(]B[b

a]C[c]B)[eb(
     (1) 

and   [I1]=e[B],   [I2]=f[C] 
 

Laplacian matrix of the system is defined by the formula (2)17: 
 

La(G) = Deg(G) –A(G)   (2) 
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To form the flow graph for this determinant, which characterizes the 
system, the rules are18: 

1. The above determinant can be written as: 

      
fcb

ceb

+−
−+

=∆     (3) 

2. The variables become nodes in the graph: the variables from the 
system (B and C) become the mixed nodes and I1 and I2 turn into output 
nodes. 

3. The branch transmittance can be obtained from the coefficients of 
the system as follows: 

-The element of line 1, column 1 represents all the transmittances of 
the edges, which are outgoing from the node B with the sign plus. 
 -The element of line 1, column 2 represents transmittance of edge 
outgoing from C and incoming to B with the sign minus in front of it, because it 
means a decrease of C variable. 

The line 2 is obtained in the same way. The flow graph is presented 
in figure 2: 

e

fb

c

I1

I2B C

 
Fig. 2. The flow graph of the main determinant 

 

The reciprocal of the above discussion is also valid. The main 
determinant of the system can be derived from this flow graph. 

By tacking into account this flow graph and by using its properties 
given above, the global gain of the flow graph, which is the value of the main 
determinant, can be computed18. The global gain of the flow graph is the sum 
of the forward path gain, considering every possible way, and is represented 
in figure 3: 
 The global gain of the flow graph, which is the value of the determinant, 
is the sum of the all-possible forward path gain: 

321 ∆+∆+∆=∆      (4) 

In accordance with the definition concerning the visit of a node, the 
paths presented in the figure 4 cannot be considered because, in these cases, 
the nodes B and C have two output branches respectively. They were already 
considered as separate ways in figure 3. Also, the cyclic form (figure 5) cannot 
be considered because it disagrees with the mass conservation and has not 
any flux to an output node. 
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The path

2=ce
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e c

I1

fb
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1

2
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Fig. 3. The global gain of the flow graph. 

 

I1

e

fb
B C I2

e c

I1

B C I2
f

 
Fig. 4. Nodes with two output branches 

 

    
c

B Cb

  
Fig. 5. Cyclic branches 

 
As stated above, in order to calculate the dependent variables of the 

system, the species are considered target species or output nods. The 
corresponding determinant for their formation are: 

A C
B

C
B

AB

C
=and CB=

a

d

A

where (5)

 
is the matrix of the free coefficients. They are the transmittances of the 
independent variable (the input node A). The sign plus is attributed to a and d 
in the determinant because positive gains of B and C occur from the input 
node A. 
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The flow graph for the determinant ∆B, where B becomes an output 
node (figure 6): 

 

A B C I2
a

d

c f

 
Fig. 6. The flow graph for ∆B 

 
and his value calculated from the above rules is : 
 

B2=ac

= dcB3

a
BA Cc

c

d

A CB

a
BA f I2C

The path The forward path
gain

1

2

3

=afB1

 
Fig. 7. Schematic ways to compute ∆B. 

 

The way through d and f, ∆B4= df, is not considered because the target 
species B is not visited. The value of the determinant corresponding to B 
species is: 

dcacaf3B2B1BB ++=∆+∆+∆=∆    (6) 

In the same way, when C is the output node ∆C is obtained as                 
∆C = ab+bd+ed following the same rules as shown in figure 8. 

d

e

b

I1

B CA
a

 
Fig. 8. The flow graph for ∆C 

If all three graphs are combined, the global graph can be constructed. 
It represents the flow graph for the system (eq. 7) as a whole14,15,18, as presented 
in figure 1. 
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(b+e)[B]

-b[B]

-c[C]

+(c+f)[C]

= a

= d
B

C

B C A
    b+e -c      -a

-b      c+f      -d

B

C

B
C A

(7)

 
 

Application to methane pyrolysis. 
The first example to be discussed is the methane pyrolysis. The 

following elementary processes represent the simple mechanism19, when the 
reverse reactions are not considered: 

⋅⋅ +→ HCHCH 3
k

4
1             k1 = 4.3*10-6 s-1 

⋅⋅ +→+ HHCCHCH 62
k

43
2            k2 = 6.57*105 L/mol s 

23
k

4 HCHCHH 3 +→+ ⋅⋅   k3 = 4*108 L/mol s (8) 

62
k

3 HCCH2 4→⋅              k4 = 9.0125*109 L/mol s 
 

The accepted values of the rate constants are also given. The 
stoichiometry is represented by the equation: 
 

 2624 HHCCH2 +→       (9) 
 

In this case, the quasi steady state approximation (QSSA) can be 
applied for the active radicals. Their steady state concentrations are: 
 

 ]CH[
k

k
]CH[ 4

4

1
3 =⋅  [ ] [ ]2

1

4
4

1

3

2 CH
k

k

k

k
H =⋅   (10) 

 

According to the mechanism (8), the rate law is obtained as the 
summation of the two steps yielding ethane: 
 

 
[ ] [ ][ ] [ ]234432

62 CHkCHCHk
dt

HCd
r ⋅+⋅==    (11) 

and therefore 

 [ ] [ ]41
2/3

4
4

1
2 CHkCH

k

k
kr +=     (12) 

 

By taking into account the values of the rate coefficients it simplifies to 
the form: 

 [ ] 2/3
4

4

1
2 CH

k

k
kr =       (13) 

 An alternative way of dealing with the system is to use the flow graph 
method. The differential equations for the reaction system are: 



MARIUS SOCOL, IOAN BALDEA 
 
 

 116 













−+−==

−−+==

⋅⋅
⋅

⋅⋅
⋅

]CH[k]H[ak]CH[ak0
dt

]H[d

]CH[k]H[ak]CH)[xk2ak(0
dt

]CH[d

41332

413342
3

 (14) 

 

The following notations are used further on: [CH4] = a and [CH3
.] = x. 

With these the following equations ca be written: 
 

 






+−=

−+=
⋅⋅

⋅⋅

]H[ak]CH[akak

]H[ak]CH)[xk2ak(ak

3321

33421     (15) 

 

Here the matrix of the free coefficients represents the matrix of the 
transmittances of branches outgoing from the input node  

C

CH4

A B

=

 CH3  H

CH3

H

k2a+2k4x         -k3a              

-k2a                  k3a              

CH3

H k1a

k1a
(16)

 
The flow graph is the one in which we can transpose the extended 

determinant (16), as has been shown above, obtaining a perfect image of 
the mechanism (figure 9) 

 

k1

ak1 k3aH CH3 C2H6CH4

ak2

2k4x

a
 

Fig. 9. Flow graph for methane pyrolysis 
 

where C2H6 is the final product of termination step (the output node) and CH4 
is the main reactant (the input node). The starting species CH4, the radical 
species CH3⋅ and H⋅ and the final product C2H6 represent the nodes and the 
pseudo-first order rate constants k1, k2a, k3a, and 2k4[CH3⋅] represent the 
branch transmittance, obtained from the coefficients of the system. 

The main determinant, or the global consumption of the radicals’ 
determinant, is that one of matrix A denoted here by ∆: 

det. A = ∆ = akxk2
akak

akxk2ak
34

32

342 =
−

−+
  (17) 
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The value of main determinant is also equal with the global gain of the flow 
graph, without considering the reactant (the input node). Therefore it can be 
obtained straight from the graph by multiplying the branch transmittances 
which are outgoing from radicals to the final product, taking into account every 
possible ways and every radical involved in the mechanism. 

The determinant for CH3⋅, the formation determinant is: 
 

∆x = aakk2
akak

akak
31

31

31 =
−

     (18) 

 

The value of the formation determinant is also equal with the gain of 
flow graph considering the radical species an output node. It is obtained by 
adding the product of transmittance of the branches, which are outgoing from 
the reactant CH4 to the target radical on every possible ways, using the rules 
of the flow graphs. 

The radical concentration CH3, can be obtained by applying the 
Cramer rules in the same way as King and Altman did for enzyme catalyzed 
reactions2: 
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Thus, the determinant for H⋅(the formation determinant for H. species) 
is: 
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Finally, the rate law,  
 

 2/3
4

4

1
2 ]CH[

k

k
kr =       (22) 

is identical with the one obtained by the quasi-steady-state approximation. 
 
 

Application to a series of first-order reactions 
The next goal of the present work is to analyze an infinite series of 

consecutive first-order reactions: 

...A...AAA i1i321 k
i
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k
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k
1 → →→→→ −  (23) 
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The concentration of the first term in the series is calculated by 
solving the simple differential equation: ]A[kdt/]A[d 1=−  yielding the solution 

tk
0

1e]A[]A[ −= . The last term concentration in the series, which is the final 
product, can be calculated from the mass balance. It is obvious that the 
concentration of any species depends on the concentrations of all previous 
species, starting from the reactant A1. By using the Cramer method, the linear 
system of the differential equations can be solved. It follows that: 

∑∑
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−

=

γ−
= ===

i

1j

tk
j

i

1j

t
jii,1jji

jj eBeB]A[;])A([f]A[ for i = 2,n-1; 
jB

i
jB

∆
∆=  (24)  

 

where γj is the exponential factor and, in this case, the factors are equal with 
the rate constants [20] and Bj is an irreducible ratio found after simplifications of 
common terms. For the determination of [Ai] one has to calculate "i" coefficients: 
B1, B2, B3,… Bi; therefore there is a number of  i determinants ∆Bj. The term 

tk
j

jeB −
represents the contribution of species j at the formation of species  i  as 

part of the ensemble formed by all the species: i  and the precursors.  
∆i is the determinant which indicate the formation of species Ai and 

it is calculated directly from the principal flow graph, representing the 
mechanism, following the rules already given. The value of the determinant 
is equal to the flow graph gain: product of the branch transmittance of a 
forward path that goes to the formation of species i from the reactant A1 as 
indicated in figure 10. 

 

A1 A2 A3 A i

k2 k3 ki-1
k1

[A0]  

Fig. 10. The formation flow graph of Ai species. 
 
 

Therefore 

∏
−

=
− ==∆

1i

1j
j01i210i k]A[k...kk]A[      (25) 

We have shown, in the case of chain reaction, that the main determinant 
(in the denominator) suggests a flow graph without the input node, the 
reactant that provides the formation of the specie involved. It is named the 
global consumption determinant because it indicates the consumption of all 
species in the favor of products. 
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jB∆ - the global consumption determinant -, being part of the term 

( tk
j

jeB
− ), which refers to the contribution of "j" species to the formation of "i" 

species, it is obtained as a sub-graph that result from the principal flow graph, 
representing the mechanism, by eliminating the species "j", with his 
corresponding rate constant. Then one has to subtract kj from every rate 
constant on the branches and eliminate Aj: It is shown in the figure 11. 

A1

kj-1-kj kj+1-kjk2-kj
k1-kj kj-2-kj ki-1-kj

ki-kj

A2 Aj-1 A j+1 A i
A i+1

 

Fig. 11. The consumption flow graph of the term 
tk

j
jeB

−
 

 The phenomenological explanation consists in the fact that consumption 
of any intermediate species concentration involved could not occur before 
this species is formed. (the rate of consumption cannot exceed the rate of 
its formation).  
 

∏∏
≠=≠=

−+−−

γ−γ=−=

−−−−−−−=∆

i

jl;1l
jl

i

jl;1l
jl

jij1ij1jj1jj2jj2j1B

)()kk(

)kk)(kk)...(kk)(kk)(kk)...(kk)(kk(
j

(26) 

 

By tacking into account the graph in figure 10, the formation determinant 
for the i species is: 
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and the consumption determinant, in accordance with figure 11 is20:  
 

∏∏
==

−

−
γ−γ=−=

−−

−−−
−

=∆
i

2j
1j

i

2j
1j

1i

1j11j

1312

12

B )()kk(

k......................................................0

................................................................

0)........kk()kk..(....................

0....................................................0

.............................)kk()kk(

00000)kk(

1

 (28) 



MARIUS SOCOL, IOAN BALDEA 
 
 

 120 

By using these determinants the concentration of each species in the 
mechanism is obtained and it is the same as obtained by classical integration 
of the system21. 
 

Application to a mixed series and parallel reactions. 
Another relevant example, encountered in the case or radioactive 

series, more complex in the sense it contains parallel processes, is: 
 

B
C

D
E FA

k1

k5

k6

k4

k3

k2

(29)

 
 

It starts from [A]0 in the absence of any intermediate or final product. 
The starting species concentration decays exponentially. To calculate [B] a 
new flow graph should be constructed. It is a basic flow graph, for global 
consumption of B species, as presented in figure 12: 

A B P

k1 k2 k3+

 
Fig. 12. For the consumption of B scheme  

 
P stands for the products coming from B species when it reacts. 
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∆i is the formation determinant and it can be calculated directly from 
mechanism (29) starting from A to the specie (B); ∆Bj is the consumption 
determinant and it is obtaining eliminating the species one after another from 
the basic flow graph for the consumption(fig.12): 
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In order to calculate [C] one has to construct a new basic flow graph, 
the one for global consumption:  
 

k1 k4
k2

'

A B C P
 

Fig. 13. The consumption flow graph for determining [C]. 
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Similar for determination [D]: 
 

A B D P
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Fig. 14. The consumption flow graph for determining [D]. 
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 The global consumption determinants for [E] results from the two basic 
flows graph (figure 15) because there are two different ways to obtain it. 
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Fig. 15. The two ways of consumption of E species 
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 (36) 

 
 

The final species concentration is obtained from the mass balance: 
 

 [A]0-[A]-[B]-[C]-[D]-[E]= [F]     (37) 
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A new approach of methane pyrolysis 
The same way of treatment can be applied to the methane pyrolysis in 

its simple mechanism presented above, considered as an open sequence. If 
QSSA is not taken into consideration, from the flow graph depicted in figure 9, 
the global determinant, which provides the exponential factor, is20,22: 
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∆γ = (2k1-γ)[γ
2-γ(k2a + k3a + 2k4x)+ 2k4x k3a = 0   (39) 

 
 

where [CH3
.] = x, γ1 = 2k1,  γ2 ≈ k3a  and  γ3 ≈ 2k4x. Because the transformation 

of the intermediate species is considered now as consecutive steps, the 
methyl radical concentration is: 
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Now, considering that the terms two and three in the summation are 
much smaller than the first, a simpler expression is obtained:  

x ≈ tk2

1413

31 1e
)k2xk2)(k2ak(

akak2 −
−−

       (42) 

 

Because the first step rate coefficient is very small as compared to the 
others, the exponential is close to unity at least at the short reaction period 

tk2 1e−  ≈ 1, Consequently 2k1 << 2k4x and 2k1 << k3a. It results that: 
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which is the same result as the one obtained by applying QSSA method (see 
eq.10). The rate of the final product formation is k2ax + k4x

2≈ k2ax, the same as 
obtained by QSSA. 

Various other complex mechanisms as the homogeneous catalyzed 
reactions, enzyme catalyzed reactions, single route chain reactions and multiple 
route chain reactions in the classification of Zeigarnik and Tenkin11, will be 
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treated by using flow graph in the future papers of the series. They will involve 
situations where QSSA is used as well as opposing reactions, mixed series 
with opposing reactions, where QSSA is not appropriate. 
 

Conclusions 
The main conclusion concerning the flow graph employment in 

chemical kinetics is that a straight way to calculate the concentration of any 
species either for reactive intermediates or for transient intermediate, 
accumulating and decaying during the reaction.  

In the case of the systems where QSSA is applicable, the flow graph 
is unique and the image of the reaction mechanism. In the case of open 
sequences, when the concentration of the intermediate species is not in a 
steady state, more than one graph should be considered. They can be 
constructed from the mechanism by taking into consideration several 
simple rules to form the formation and consumption determinants. 
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ABSTRACT . The oxidation of o–xylene in aqueous acidic media, using 
perchloric acid, has been followed spectrophotometrically. A first-
order dependence on Ce(IV) concentration and a complex dependence 
on o-xylene and hydrogen ion concentrations have been established. 
The effect of ionic strength on the reaction rate has been studied 
and activation parameters were calculated. The global reaction rate is 
consistent with a mechanism involving the rapid formation of a complex, 
suffering an intramolecular electron transfer.  
 
Keywords : cerium, o-xylene, kinetics and oxidation 
 
 
 
INTRODUCTION 
In acidic media, Ce(IV) is a strong oxidizing agent and is widely used in 

analytical and inorganic chemistry. The oxidation of different types of organic 
compounds is mentioned in literature and the kinetics of such reactions has 
been studied1-28. The rate laws and mechanisms for the oxidation of toluene 
and some substituted toluene in aqueous sulphuric acid media were reported29-31, 
and in the case of p-xylene oxidation with Ce(IV), the activation energy has 
been determined30. In order to get more details concerning the kinetic and the 
mechanism of o-xylene oxidation, we have investigated this reaction by using 
perchloric acid as a hydrogen ion source, where no complex formation between 
Ce(IV) and ClO4

– is to be expected. 
 

EXPERIMENTAL 
The chemicals used in this study were of reagent grade purity, 

purchased from commercial sources (Reactivul Bucharest, Merck and Fluka) 
and employed without further purification. 

Kinetic measurements were performed by means of an Able Jasco 
V-530 spectrophotometer, provided with a temperature jacket surrounding 
the cell holder.  



GABRIELA-CRISTINA BUCŞA, CLAUDIA GEMMA MUREŞANU, IOAN BÂLDEA 

 
 

 126

The cuvette jacket was connected to a Lauda M-20 recirculatory 
water bath. Reaction mixtures were prepared directly in the quartz cell of 
the spectrophotometer with 5cm-path length. A rapid adding of a measured 
amount of cerium (IV) stock solution over the reaction mixture containing 
HClO4, NaClO4,o-xylene in twice-distilled water at desired concentration, started 
the reaction. The reaction progress was followed by monitoring the decrease 
of absorbance at 315 nm, where the UV/VIS spectrum of Ce(IV) exhibits an 
absorption band. 
 

RESULTS AND DISCUSSIONS 
Preliminary investigations 
Check of Lambert-Beer law. The validity of Lambert-Beer law has been 

verified over the concentration range used, because the kinetic study consists 
in absorbance measurements. Figure 1 presents the linear dependence of 
absorbance upon Ce(IV) concentration in the absence and the presence of 
o-xylene. 
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A
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e

104*[Ce(IV)] (mol/L)

 Ce(IV)
 Ce(IV) + o-xylene

 
Fig. 1.  Dependence prescribed by Lambert-Beer law at 315 nm 

[H+] = 1 mol/L; µ = 1 mol/L; [o-xilen]0 = 4*10-4 mol/L; t = 200C 
 

As it can be seen, only a slight decrease of molar absorption coefficient 
occurs when the mixture contains also o-xylene, but the linearity is maintained. 
Table 1 contains the values for the molar absorption coefficients for the 
experimental conditions. These facts suggest that a new absorbing species is 
formed, either in a small concentration, or it absorbs similarly to Ce(IV). 

Table 1 
Molar absorptivities in the absence and the presence of o-xylene 

[H+] = 1 mol.L-1; [ClO4
-] = 1 mol.L-1; µ = 2 mol.L-1; t = 200C 

Reaction mixture 
Ce(IV) Ce(IV) + o-xylene 4⋅10-4mol.L-1 

λ, nm 315 320 315 320 
ε L.mol-1cm-1 4039±198 4047±207 3958±209 3898±201 
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Check for an intermediate species formation. By recording the spectra 
of reaction mixture immediately after mixing at 200C and various increasing 
concentration of organic hydrocarbon, a small but systematic decrease of the 
intensity of Ce(IV) absorption band and the occurrence of an isosbestic point 
located at 375 nm have been noticed (fig. 2). This is brought about by the 
presence of a new absorbing species besides Ce(IV). It can be a complex 
involving Ce(IV) and the substrate. 
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Fig. 2.  Some spectra recorded immediately after mixing of Ce(IV) and o-xylene 
at various concentration (8.0x10-5 to 1.0x10-3) of o-xylene 

 

Stoichiometry determination. The stoichiometry of the reaction has been 
determined by a spectrophotometrical titration. Various mixtures having 
increasing ratios of [o-xylene]:[ Ce(IV)] were allowed to react to completion 
at constant acidity. The absorbance values of the unreacted Ce(IV) were 
determined. Part of the Ce(IV) was consumed by the water molecule oxidation. 
Nevertheless, the mixture reacted the same period of time, and comparison has 
been done to the blank probe. The plot of absorbance difference between blank 
probe and those with o-xylene shows a turning point at the ratio 0.5, as can be 
seen in fig. 3. It predicts a ratio of 2 Ce(IV) ions to a molecule of o-xylene, 
indicating the oxidation yields o-methylbenzylic alcohol as the main oxidation 
product. 
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Fig. 3 . Remainder absorbance difference at various molar ratios. 
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Kinetics 
Experimental measurement consists in absorbance readings against 

time.  
According to the shape of the experimental curve absorbance versus 

time, which looks like a biphasic plot, the oxidation of o-xylene by Ce(IV) 
consists in two consecutive stages of the type: 

 

Ce(IV) + 

CH3
CH3

 ADDUCT  Ce(III) + PRODUCT                                                (1)
kobs1 kobs2

 
 

The first stage, perceptible at low degrees of transformation, could be 
attributed to the formation of an adduct between Ce(IV) and o-xylene. The 
second stage, perceptible at higher degrees of transformation, may be 
associated with the redox process consisting of an inner electron transfer 
within the complex, yielding the products of the reaction. 

The reaction order with respect to Ce(IV) was determined from the 
dependence lg (r) = f (lg[Ce(IV)]). As can be seen in the figure 4, first-order 
with respect to cerium has been found for both stages of the reaction. 
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a) in the first stage    b) in the second stage 

Fig. 4 . Determination of reaction order with respect to cerium (IV)  
in the two stages of the reaction described above 

The experimental curves, A = f (t), were the subject of derivation, at the 
initial moment and at t = 1000s, while the reaction rates and the corresponding 
concentrations of cerium were calculated by taking ε = 4039 M-1 cm-1. 

Once it has been established, we preferred to determine the rate 
constants by a non-linear fitting of the experimental A = f (t) curves, with the 
bi-exponential equation: 

)tkexp(C)tkexp(CAA 0
2obs2

o
1obs1 ⋅−+⋅−=− ∞         (2) 
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which describes the decay of the absorbance of the limiting component in a 
first order follow up reaction. A and A∞ stand for the absorbance at actual 
time and at the end of the reaction respectively. The parameters C1 and C2 
are constants including the molar absorbance coefficients and Ce(IV) initial 

concentration. 0
1obsk  and 0

2obsk  are apparent rate constants of the two reaction 
steps. 

Parallel to the oxidation of o-xylene, oxidation of water by Ce(IV) 
takes place, according to the stoichiometry: 

 

2OH2Ce2
k

O2HCe2 2/1
3

0
obs4 ++++ ++  →          (3) 

 

The kinetics was of a first-order. We determined the influence of 
different parameters over the oxidation of water. Because in the literature32 
we found that Ce(III) (which is a product of the reaction) diminishes the rate 
of the water oxidation reaction we put it in the reaction mixture in equal 
concentration to Ce(IV). The experimental curves for the water oxidation 
reaction were determined by a fitting method with the equation: 
 

)tkexp(CAA 0
obs3 ⋅−=∞−            (4) 

 

Once we had all the rate constants, we subtract the rate constants 
for the oxidation of water from the rate constants of the overall reaction as 
follows: 
 

0
obs

0
1obs1obs kkk −=             (5) 

0
obs

0
2obs2obs kkk −=             (6) 

 

where: kobs1 and kobs2 are the observed first-order rate constants of the xylene 

reaction for the first and the second step and 0
obsk  is the observed first-order 

rate constant for the water oxidation reaction. 
The effect of o-xylene excess concentration upon the apparent rate 

coefficient, at constant hydrogen ion concentration and ionic strength, is 
presented in Table 2. Observed rate constants were obtained using 
equation (5) and (6). 

In order to find the reaction order with respect to the ortho–xylene 
concentration, the logarithm of the apparent rate constants were plotted 
against the logarithm of ortho–xylene concentration excess. 
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Table 2 
Effect of o-xylene concentration on the apparent rate constants. 

[Ce(IV)] = [Ce(III)] =8·10-5mol.L-1; [H+]=1mol.L-1; µ =1mol.L-1; t=400C 

104·[o-xylene] 
(mol/L) 

103·kobs1 
(s-1) 

104·kobs2 
(s-1) 

4 1.13 0.86 
6 1.73 1.06 
7 1.94 1.14 
8 2.22 1.23 
9 2.58 1.31 
10 2.9 1.39 

 
For the first stage of reaction, we found first-order dependence with 

respect to o-xylene and sub-unit fraction order for the second stage. The best 
fit, we could find for the data from table 1 was obtained by using the equations: 

0
55

1obs ]xyleneo)[08.089.2()106103(k −±+⋅±⋅−= −−          (7) 

0

0
2obs ]xyleneo)[4841308(1

]xyleneo)[06.032.0(
k

−±+
−±

=            (8) 

It is easy to recognize in the dependence of the second stage a 
Michaelis – Menten pattern, suggesting also the involvement of an intermediate. 
 

3.5 7.0 10.5
0.6

1.2

1.8

2.4

3.0

k ob
s(s

-1
)

104*[o-xylene]
0
 (mol/l)

 103*k
obs1

 104*k
obs2

 
Fig. 5.  The effect of o-xylene for the first and the second stage of the reaction;  

[Ce(IV)] = [Ce(III)] =8·10-5mol/L; [H+]=1mol/L; µ =2mol/L; t=400C 

Even under high acid concentration, the hydrolysis of Ce(IV) ion, and 
the formation of polynuclear ions complicate the kinetics of Ce(IV) reaction. It is 
revealed from the influence of hydrogen ion concentration on the rate constant 
that it is quite complex, investigated in the limits presented in the Table 3. 
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Table 3 
Effect of hydrogen ion concentration on the apparent rate constant; [Ce(IV)]=8·10-5mol.L-1; 

[Ce(III)]=8·10-5 mol.L-1; [o-xylene]= 4·10-4 mol/L; µ = 3 mol.L-1; t = 400C 

[H+] (mol.L-1) 103·kobs1 (s
-1) 104·kobs2 (s

-1) 
0.5 11.39 0.99 
1 8.37 2.25 

1.5 6.9 3.09 
2 5.87 4.22 

2.5 5.12 5.34 
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 104*k
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Fig. 6 . Dependence of rate constant upon the hydrogen ion concentration; 

[Ce(IV)]= [Ce(III)]= 8·10-5 mol.L-1; [o-xilen]= 4·10-4 mol.L-1; µ = 3 mol/L; t = 400C. 
 
 

As it can be seen the concentration of hydrogen ion has an opposite 
effect on the two stages of the reaction (fig. 6). It diminishes the rate constants of 
the first step, according to equation above, and revealing the loss of the proton: 

]0.14)[H(0.91

)31024.1(0.016
obs1k +±+

−⋅±=             (9) 

and causes a linear increase of the rate constant on the hydrogen ion 
concentration of the form: 

]H[)51014101.2(obs2k +−⋅±−⋅=           (10) 

The influence of ionic strength on the reaction rate was also studied. 
As can be seen from table 4, ionic strength has a positive effect on both the 
first and the second stages of the reaction. Although Debye – Hückel relation 
for activity coefficients could be applied only at lower ionic strengths (≈10-2 mol/L) 
we have plotted equation of the form: 

 
µ+

+=µ=
Ba1

µz2Az
0lnkµlnk BA           (11) 
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Table 4 
Influence of ionic strength on the rate constants for both processes 

[Ce(IV)]= [Ce(III)]= 8.0x10-5 mol.L-1; [o-xylene]= 4.0x·10-4 mol.L-1; t = 400C 

µ (mol.L-1) 103 kobs1 (s
-1) 104 kobs1 (s

-1) 
0.5 1.39 0.28 
1 2.19 0.56 

1.5 2.88 0.77 
2 4.08 1.03 

2.5 5.28 1.25 
3 6.17 1.43 

 
which can be seen in the figure 7. 
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-11
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Fig. 7. Dependence of rate constant upon ionic strength. Debye – Huckel representation; 

[Ce(IV)]= [Ce(III)]= 8.0x10-5 mol.L-1 8·10-5; [o-xilene]= 4.0x·10-4 mol.L=1;  
[H+] = 0.5 mol.L-1 and t = 400C 

The relation (11) lead to the following expressions with our data: 

µ+
µ

±+±−=
1

)36.083.6()2.049.9(1obskln       R2 = 0.960, χ2 = 0.013, N = 18 

µ+
µ

±+±−=
1

)19.04.7()1.052.13(kln 2ap       R2 = 0.991, χ2 = 0.0026, N = 18 

 As can be seen in the figure 6, the plots are linear for both stages. Even 
so, we can only say that the influence of ionic strength has a contribution of 
primary salt effect as well as secondary salt effect and involves ions of like 
charges. 

Activation parameters were determined for both stages of the reaction 
from the Arrhenius and from the Eyring plot. The effect of the temperature 
is presented in table 5. The plots of the linear form of Arrhenius and Eyring 
equations were linear with quite good correlation coefficients. The results are 
presented in table 6. 
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Table 5  
Temperature effect on the first-order rate constants. [H+]=1.5 mol.L-1; µ=3 mol.L-1; 

[Ce(IV)]= [Ce(III)]=8.0x·10-5 mol.L-1; [o-xylene]=4.0x·10-4 mol.L-1 

Temp. (K) 308 313 318 323 328 333 
102*kobs1 (s

-1) 0.46 0.56 0.66 0.93 1.81 2.64 
104*kobs2(s

-1) 0.46 0.54 1.13 1.39 2.69 3.4 
 

 The relatively small values of activation energy and activation enthalpy 
could be explained by the involvement of an adduct formation pre-equilibrium, 
and intramolecular electron transfer. Concerning the rate determining step 
the rate law is, depending on the concentrations of organic compound, of 
hydrogen ion and of oxidizing agent, of the form: 

0

0
2

]xyleneo[b1

)]IV(Ce[]H[]xyleneo[a
kr

−+

+−
=         (12) 

Table 6 
Activation parameters for the two stages of oxidation of o-xylene. 

Stage Ea (kJ/mol) ∆H≠ (kJ/mol) ∆S≠ (J/K) 
1 61.1±7.8 58.5±7.7 -101.6±0.02 
2 87±4.9 84.4±4.9 -55.6±0.2 

 
A reaction mechanism (13) can be suggested, based on spectral 

measurements, the stoichiometry, the rate law and literature data. It involves 
the formation of an adduct between o-xylene and the hydrocomplex of Ce(IV), 

Ce4+ + H2O  CeOH3+ + H+k1

k-1

CH3
CH2

.
ADDUCT + H+ 

k3, edv
 + Ce3+ + H2O + H+

CeOH3+ + 

CH3
CH3

   ADDUCT
k2

k-2

CH3
CH2OH

 + H2O 
k5

CH3
CH2

+

 + H+

+ Ce4+  

CH3
CH2

.
k4  + Ce3+

CH3
CH2

+

                               (13)
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followed by the inner electron transfer. This step is the rate determining. The 
subsequent steps are very rapid leading finally to the major oxidation product, 
which is o-methylbenzylic alcohol. 

If the first two pre-equilibria from the mechanism are combined as 
follows: 

                                                     (14)Ce4+ + 

CH3

CH3
 ADDUCT  +  H+

 
 

than the rate equation determined from the mechanism suggested by us 
will have the form: 
 

0]xyleneo[K]H[K1

]xyleneo[]H[)]IV(Ce[
KKkr

2h

0
2h3

−+++

−+
=         (15) 

 

in accordance with the kinetic and extra-kinetic data. The complex between 
Ce(IV) named here adduct is formed at the interaction of Ce(OH)3+ and xylene, 
when a hydrogen ion coming from a methyl group bonds to hydroxyl ion and 
carbon anion bonds to Ce(IV) entering its coordination sphere. In the rate-
determining step the supplementary proton seems to be necessary to stabilize 
the methylbenzyl free radical formed. 
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ABSTRACT. Trifluralin is a preemergent herbicide with little postemer-
gent activity. When incorporated in the soil it is effective for the control 
of annual grasses and broad–leaved weeds in beans, soyabeans, 
sugar beet, sunflower, and tomatoes. That is why trifluralin can be found 
in small quantities in the soil and accidentally, in greater concentrations 
in soil and water as a consequence of other human activities in the field.  

In the analytical chain, sample handling is very important for the 
accuracy and the precision of the analysis. this pesticide is extracted 
from environmental water sample using liquid-liquid extraction and 
solid phase extraction.  

The present paper deals with solid phase extraction (SPE) of trifluralin 
on C18 cartridge. The efficiency of the sample treatment was evaluated 
by the recovery degree of the pesticide from spiked water samples.  

When methanol was used as a conditioning and elution solvent, 
the recovery was higher than 90% and the reproductibility was better. 

Keyword: trifluraline, SPE, GC, HPLC, water. 
 
 
 

I. Introduction 
 Trifluralin or 2,6- dinitro-N,N-dipropyl-4-trifluoromethylaniline (fig. 1) is 
an orange crystalline solid, have the melting point at 48,5 – 49oC, small solubility 
in water 1mg/mL and maximum solubility in xilen 580g/mL.  

N(CH
2
CH

2
CH

3
)
2

NO
2

NO
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3
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Figure 1. Trifluralin structure. 
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Trifluralin is a preemergent herbicide with little postemergent activity. 
When incorporated in the soil it is effective for the control of annual grasses 
and broad–leaved weeds in beans, soyabeans, sugar beet, sunflower, and 
tomatoes. That is why trifluralin can be found in small quantities in the soil and 
accidentally, in greater concentrations in soil and water as a consequence of 
other human activities in the field.  
 In the analytical chain, sample handling is very important for the 
accuracy and the precision of the analysis. This pesticide is extracted from 
environmental water sample using liquid-liquid extraction or solid phase 
extraction.  
 The present paper deals with solid phase extraction (SPE) of trifluralin 
on C18 cartridge. The efficiency of the sample treatment was evaluated by 
the recovery degree of the pesticide from spiked water samples.  

In a study [1] for the determination of trifluralin from water, Colina used 
the solid phase extraction on C18 cartridge. The sorbent conditioning was 
achieved with 5 mL isooctane, ethyl acetate, methanol and water passed 
successively through the cartridge. After analyt retention achieved at a flow 
rate 10-15 mL/min the sorbent was washed with water and dried with air. The 
elution was perform with a solvent mixture consisting in ethyl acetate – 
isooctane (1:1, v/v). The elution solvent was evaporated and the residuum was 
dissolved in 1 mL methanol. This procedure provides a 96% recovery. The 
same procedure applied on river water provides a 85% recovery. When 
Empore C18 discs and ethyl acetate as elution solvent were used the recovery 
for trifluralin from water samples was 72,3% [2]. Other solvents like ethyl 
ether [3] or a dichlormethan-acetone (1:1, v/v) mixture [4] were also used, the 
recovery ranging between 65%-96%.  

In last period sample preparation for trifluralin involved solid phase 
microextraction (SPME), a new technique that do not need solvents [5]. 

Generaly gas chromatography is used for trifluralin identification and 
quantification [6-8].  

 
 
II. Experimental 
Because of the high volatility of these solvents and because they 

are not mixable with water, in this paper we try to use methanol either as 
conditioning and elution solvent.  

For the extraction of trifluralin three types of home made Sil C18 
was used. The chemicaly modified surface was achived using three different 
procedure, obtaining three sorbent with different properties (Sil C18 I, Sil C18 II, 
Sil C18 III) [9]. It was also used a comercial SepPack C18 cartridge from Merck.  

Also we try to use liquid-chromatography instead of gas chromatography.  
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Chemicals and standard solution 
Solvents from Chimopar (Bucuresti, Romania), trifluralin – technical 

grade from CIG –Turda (Romania), solid phase cartridge SepPack C18, Merck 
(Darmstadt, Germany) were used and a methanol solution containing 10,85 µg 
trifluralin / mL for gas-chromatography and another one containing 100µg 
trifluralin / mL for liquid chromatography analysis were prepared. 

 
Procedure 
Sample preparation using SPE 
1. Water Sample Preparation for Liquid-Chromatography 

The extraction cartridge containing 300 mg sorbent was prepared. The 
sorbent conditioning was achieved in two ways:  

a) 5 mL methanol 
b) 5 mL acetone followed by 5 mL methanol. 
The solvent excess was removed with 5-mL water. The trifluralin 

retention from the synthetic sample (100mL water spiked with 1 mL stock 
solution - 100µg trifluralin / mL ) was achieved by passing it through the cartridge 
at a flow rate 10 mL/min. The cartridge was then washed with 5-mL water, 
air- dried and the analyt eluted in two ways: 

a) 3 mL methanol 
b) 3 mL acetone. 
The organic solvent was evaporated and the solid residuum was 

dissolved into 1 mL methanol. The symbols for this sample are given in Table 1. 

Table 1.  
The symbol for each sample obtained after the SPE procedure. 

Sorbent Conditioning and elution type Nr. of extraction Symbol 
Sil C 18 I A 1 ; 2 ; 3 Ia1 ; Ia2 ; Ia3 
 B 1 ; 2 ; 3 Ib1 ; Ib2 ; Ib3 
Sil C 18 II A 1 ; 2 ; 3 IIa1 ; IIa2 ; IIa3 
 B 1 ; 2 ; 3 IIb1 ; IIb2 ; IIb3 
Sil C 18 III A 1 ; 2 ; 3 IIIa1 ; IIIa2 ; IIIa3 
 B 1 ; 2 ; 3 IIIb1 ; IIIb2 ; IIIb3 
Sil C18 IV  A 1 ; 2 ; 3 IVa1 ; IVa2 ; IVa3 
(Sep Pack C18) B 1 ; 2 ; 3 IVb1 ; IVb2 ; IVb3 

 
2. Water Sample Preparation for Gas-Chromatography 
After cartridge preparation the sorbent was conditioned in two ways: 

 a) 5 ml methanol 
            b) 5 ml ethyl acetate followed by 5 mL methanol. 

The conditioning solvent was then removed with 5 mL water. The 
trifluralin retention from the synthetic sample (100 mL water spiked with 1 mL 
stock solution 10,85µg/mL) was achieved at a 10 mL/min flow rate. After the 
sorbent was dried, trifluralin was eluted in two ways: 
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a) 1 mL methanol 
b) 1 mL ethyl acetate. 
The volume of the sample was then adjusted to 1 mL with methanol, 

respectively with ethyl acetate. 
 
Chromatographic analysis 
1. HPLC Analysis  
The determination was achieved on a Hewlett Packard 1100 liquid-

chromatograph, with manual injection (20 µm microcolumn), operated at 25oC. 
A Lichrosphere RP 60 Select B, 250mmx4mm column was used. The mobile 
phase was an acetonitrile – water (85:15, v/v) mixture, at a 1 mL/min flow rate. 
The detection was achieved in UV at 275nm, where the trifluralin has a 
maximum absorbance spectrum (fig.2). 

 
Figure 2. Absorbance spectrum. 

 

2. Gas-Chromatography Analysis  
The determination was achieved on a Fractovap 2450, Karlo Erba gas 

chromatograph equipped with capture electron detector. The stainless steel 
column filed with OV 17 (methylfenil silicon), 3% on a Gas-Chrom support, was 
operated at 170oC. Nitrogen at 15mL/min flow rate was used as eluent.  
 

III. Results and discussion 

1. Water Sample Analysis by Liquid-Chromatography  
In Figure 3 the chromatogram for trifluralin in stock solution is presented. 

The chromatographic peak of trifluralin was observed at 3.89 min retention 
time. The recovery was calculated by dividing the peak area of trifluralin from 
the processed sample by the peak area of trifluralin from the stock solution. 
Table 2 presents the recoveries after the SPE procedures presented above.  

The small recovery values can be explained only by analyt losses in 
the evaporation phase, when variable quantities of trifluralin also evaporated. A 
slighty increasing of recovery was observed in case of methanol elution. 
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Figure 3. The trifluralin chromatogram (λ= 275). 

Table 2.  
The recoveries of trifluralin when using different sorbents and elution solvents. 

Recovery (GR%) Sample 
Extr. 1 Extr. 2 Extr. 3 

Average 
GR% ± RSD% 

Ia 52,51 54,75 53,29 53,52 ± 2,124 
Ib 45,50 43,25 44,45 44,4 ± 2,536 
IIa 52,62 48,43 48,26 49,77 ± 5,00 
IIb 49,92 43,52 45,92 46,45 ± 6,96 
IIIa 60,80 54,60 58,54 57,98 ± 1,961 
IIIb 51,66 54,74 53,49  53,30 ± 2,908 
IVa 54,77 57,55 56,39 56,24 ± 2,489 
IVb 41,96 45,93 40,88 42,92 ± 6,198 

 
2. Water Sample Analysis by Gas-Chromatography 
In these condition the peak of trifluraline was observe at 7.4 min. retention 

time. In Table 3 are given the recoveries calculated in the same manner like 
presented before.  

In this experiment, it can be observe that the recovery values are higher 
as first attempt. These can be explained by avoiding the looses from evaporation 
step. So, the recovery increased from 50% at 90%.  

Table 3.  
The recoveries of trifluralin when using different sorbents and elution solvents. 

Recovery (%) 
Solvent 

Methanol 

Sorbent 

Ethyl 
Acetate Era. 1 E 2 Ext 3 Ex. 4 E. 5 

Average 
GR±RSD 

(%) 

Sil C18 I 107,5 98,35 103,75 107,25 81,75 81,00 94,42±12,33 
Sil C18 II 83,14 107,25 99,38 99,14 78,87 80,62 93,05±12,59 
Sil C18 III 87,43 99,00 105,00 102,00 86,25 80,25 94,50±10,7 
Sil C18 IV 92,57 95,14 96,75 94,50 99,75 96,00 96,43±2,04 
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IV. Conclusions 
It is clear that the preparation step is very important in obtaining accurate 

results. So, when evaporation step is eliminated the recovery increased from 
50% to 90%. For different C18 phases, better reproductibility were achieved 
when a polar organic solvent, like methanol, mixable with water was used. 
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ABSTRACT. A galvanostatic technique for deposition of nanocrystalline 
titanium dioxide thin films on titanium sheet was developed. This 
techniques is a two-stage process: 1) cathodic electrodeposition of 
titanium oxyhydroxide gel film from aqueous solution containing a Ti 
precursor and 2) subsequent heat-treatment of this gel film results in 
the formation of titanium dioxide film. The deposition current density 
and the pH of the electrolyte have a considerable effect on the formation 
of nanocrystalline film. 

 
 

1. Introduction 
 Semiconductor photocatalytic reaction has been investigated extensively, 
with applications focussing on solar energy conversion and storage [1,2], 
reductive fixation of CO2 [3-5], organic synthesis [6,7] or mineralization and/or 
detoxification of organic compounds [8-10]. Among semiconductors, titanium 
dioxide is one of the most popular and promising materials as a photocatalyst 
because it is stable in various solvents under photoirradiation, nontoxic, available 
commercially, and easy to prepare in the laboratory and has potent ability to 
induce various types of redox reactions.  

In a series of studies on TiO2 photocatalytic reactions [11-14] it has 
shown that the overall kinetics depend on both amount of substrate adsorbed 
on the surface to be reduced or oxidized by photoexcited electron (e-) or 
positive hole (h+), respectively, and rate of geminate recombination of e- or 
h+. To obtain highly active TiO2 photocatalyst, therefore, it is necessary to 
give it, simultaneously, a couple of properties: large surface area to adsorb 
substrates and high crystallinity to diminish the e- - h+ recombination. When 
the semiconductor is a powder suspended in the wastewater, many pollutants, 
even at low concentrations (ppm), can be completely mineralized [15]. This 
method, however, cannot work continuously because, after the degradation 
process, the photocatalyst must be removed from the suspension, either by 
filtering or sedimentation, which can leave traces of particulate in the treated 
fluid. In this context, fixed bed photoreactors are more practical because they 
can work continuously. Moreover, when the support is a conducting one, the 
process efficiency can be improved by applying a suitable potential [16]. 
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 A TiO2 photoanod can be obtained by sol-gel method (SGM) [17-22], 
chemical vapor deposition (CVD) [23], cathodic electrodeposition (CE) [24], 
electrochemical oxidation of titanium metal [25], anodic dissolution of titanium 
metal followed by cathodic photodeposition [26] or anodic oxidation of 
hydrolyzed TiCl3 [27]. 
 Our research focused on preparation of TiO2 films by cathodic 
electrodeposition in galvanostatic conditions and study of its electrochemical 
behavior.  
 

2. Experimental Section 
Materials. Powder titanium (>98,5%) and plate titanium (99,99%) were 

supplied from Fluka AG. Ammonia (25%) was purchased from Reactivul - 
Romania and hydrogen peroxide (30%) from Chimopar- Romania. Sulfuric 
acid (97-98%) and potassium nitrate were supplied from Primexchim- 
Romania and Reactivul- Romania, respectively. Doubly distilled water was 
used to make the aqueous solutions throughout this study. 

Preparation of titanium (IV) oxide precursor. In order to prepare the 
aqueous titanium oxysulfate solution, titanium powder was dissolved in H2O2 

and ammonia (1:2 v/v) mixture.  
 

OHHOHOOH 2222 +→+ −−         (1) 
−+− +→++ HOTiOOHHOTi 42 2

22     (2) 
 

The excess H2O2 and ammonia was decomposed by heating the 
solution on a hot plate until a yellow colored gel was obtained. This yellow 
gel may be in monomeric or oligomeric form [28]. But, for simplicity, it was 
considered that this Ti (IV) species exists in monomeric form as mentioned in 
reaction 3. 
 

( ) OxHOHTiOOxHHOTiO 222
2 2 ⋅→++ −+    (3) 

 

By dissolving the yellow gel in 2 M H2SO4 a red colored solution was 
obtained.  
 

( ) ( ) OHxTiOSOSOHOxHOHTiO 244222 2 ++→+⋅   (4) 
 

This red solution was used as the stock solution for further deposition. 
The concentration of titanium oxysulfate solution was determinate by spectro-
photometric method [29].  

Cathodic electrodeposition of TiO2 thin films. For electrochemical 
experiments a potentiostat/galvanostat (PS3 Meinsberg, Germany) and a three 
electrodes cell were used. A Pt-foil as the counterelectrode and a saturated 
calomel electrode (SCE) as reference electrode were used. The substrate for 
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TiO2 thin film was a 10x10-mm titanium sheet. Before electrodeposition, the 
titanium plates were introduced in HCl (37%) : H2O (1:1 v/v) solution, for 30 
min. and then, washed by water and ethanol. The deposition electrolyte 
contained both Ti precursor and KNO3. The concentration of nitrate ions was 
at least equal with TiO2+ concentration. Due to the reduction of nitrate ions at 
potentials more negative than – 0,9 V, the hydroxyl ions were generated as 
shown in reaction (5): 
 

−−− +→++ OHNHeOHNO 986 323         (5) 
 

The generation of OH- ions increased the local pH at the electrode 
surface resulting in the TiO(OH)2 ·xH2O gel film formation on the electrode, 
reaction 3 [24]. The gel films were prepared in galvanostatic conditions, at 
10, 15, 20 and 25 mA/cm2 and different pH values (0,5; 2). 

Thermal treatment of the obtained gel film. The gel films obtained in 
the preceding step was heat-treated at 400º C, for 30 min, to form TiO2 film 
(reaction 6): 
 

222)( TiOOxHOHTiO →⋅ ∆     (6) 
 

Measurement techniques. Cyclovoltammetric measurements were 
performed with a PGSTAT 10 AUTOLAB computer-controlled potentiostat 
driven by Model GPES 4.4 electrochemical analysis software. A single – 
compartment cell with a working electrode, consisting of approximately 19 mm2 
of a TiO2/Ti and a Pt-plate as counter-electrode was used. A Pt-wire served 
as a quasi-reference electrode. The measurements were carried out in the 
1M LiClO4 / acetonitrile. 

X-ray diffraction measurements were made using a DRON 3M X-ray 
diffractometer using a Co (Co Kα λ = 1,7902Ǻ) anode. 

The morphology and thickness of TiO2 films were observed using 
scanning electron microscopy (type Leica Cambridge Instruments S 360) with 
an accelerating voltage of 5 kV. 
 

3. Results and Discussion 
In the figure 1, cyclic voltammograms on the TiO2/Ti electrode in LiClO4/  

acetonitrile solution with different lithium ion concentrations are shown. The 
potential scan was carried out in the potential range 0 to –3 V with scan rate of 
10 mV/s. On the cathodic scan, when the potential was scanned till –3V, two 
broad peaks are seen and on the anodic scan two humps are seen. This 
shows that two redox reactions are involved. One must be reaction 7 and 
the other is probably lithium reduction/oxidation (reaction 8). 
 

a) +−+ →+ 34 TieTi      (7) 

b) LieLi →+ −+      (8) 
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Figure 1. Voltammograms of TiO2 films (deposited at 20 mA/cm2, pH =0,5 and 250C)  
in LiClO4/acetonitrile at different lithium ion concentrations 

 
Using an electrolyte solution with 0.5M lithium ion concentration, a 

twice decreasing of the cathodic peak intensity to –1.9V was observed; this 
confirm that this peak (b) corresponds to Li reduction. 

Table 1 shows that the optimal current intensity for the electrodeposition 
of the TiO2 films is 15 mA/cm2, the cathodic peak being at least twice higher 
than of those deposited at others current densities. 

Table 1. 
Ti4+ reduction peak intensities measured in 1M LiClO4  (sweep rate 10 mV/s)  
of TiO2 electrodes obtained at different current densities, in 1.25 M TiO(SO4) 

solution, pH =0,5 at 250C 
 

Current density 
[mA/cm2] 

Cathodic peak intensity 
[mA] 

10 0.38 

15 3.56 

20 0.64 

25 1.25 

 
The voltammograms of TiO2 films obtained at two different pH values 

of TiO(SO4) solution (fig. 2) show that the cathodic peak of titanium ions 
(IV) deposited in aqueous titanium oxysulfate solution with pH=0,5 is three 
times higher than that obtained in electrolyte with pH=1,95. It means that 
the more acidic solution favours the preparation of a thicker film. 
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Figure 2. Voltammograms of TiO2 films (obtained at two pH values of TiO(SO4) 
solution, 25mA), in 1M LiClO4 / acetonitrile, at 25o C (v=10 mV/s) 

 

  Fig. 3 shows a linear relationship between the TiO2 film thickness 
and the number of coating cycles. The line does not go through the origin 
due to the fact that the films from the second and subsequent coatings 
formed on previously formed material, while the first coating formed on the 
titanium substrate. The thickness of the first coating is about 0.15µm, while 
the average film thickness per coating cycle from the second coating onward 
is estimated to be about 0.08µm. The thickness was measured using scanning 
electron microscopy and the weight method. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Relationship between film thickness and number of coating cycles  
(pH=0.5; i =15mA/cm2; 25o C)  
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X-ray diffraction of the films deposited at 15 mA/cm2 showed the 
formation of TiO2 - anatase films (fig.4).  

Fig. 5 presents the scanning electron microscopy of the surface of 
TiO2 film deposited on titanium by 4 coating cycles. It is observed that the 
TiO2 film has a nanocrystalline structure. 

 

 
Figure 4. X-ray diffraction of the films deposited at 15 mA/cm2  

(pH=0.5; i =15mA/cm2; 25o C) 
 

 
Figure 5. Scanning electron microscopy of the surface of TiO2 film  

deposited on titanium by 4 coating cycles (pH=0.5; i =15mA/cm2; 25o C) 
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Conclusions 
 The results showed that by cathodic electrodeposition of titanium 
oxyhydroxide gel film from aqueous solution containing a Ti precursor, 
followed by heat-treatment of the gel film, nanocrystalline titanium dioxide-
anatase thin films are obtained. 
 The optimal current density for electrodeposition of TiO2 films is        
15 mA/cm2. 
 The better pH value of aqueous titanium oxysulfate solution used to 
electrodeposition of TiO2 films is 0,5. 
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ABSTRACT. An evaluation of Cu, Pb and Zn in sediment and water 
collected in the catchment of the Somes river one year and a half after 
the cyanide spill accident in January 2000 is presented. The sediments 
show a high content of heavy metals in the range (mg Kg-1): 8.9 – 339 
(Cu); 59 – 465 (Pb) and 56 – 2060 (Zn) that demonstrate their potential 
toxicity for the ecosystem. As compared to data recorded after the 
accident, the content of heavy metals decreased at the station near the 
place of cyanide spill and increased downstream. Copper exceeds the 
admissible level in water near the place of cyanide spill (0.070 mg L-1), 
while Pb is below the admissible level. The high concentration of Zn up 
to 1.038 mg L-1 in water can not be attributed exclusively to the pollution 
but is also due to natural background. The situation in the investigated 
period is better than that after the accident, when Cu and Zn exceeded 
up to 10 and 68 times, respectively the permissible limits.  

 
 

INTRODUCTION 
 Baia-Mare area, situated in the nord-west of Romania, is one of the 
“environmental hot spot". The town is the site of two major plants and a 
flotation station for Pb, Cu and Zn ore processing, which caused in time a 
significant pollution with heavy metals. These phenomena were investigated in 
previous studies concerning the speciation of Pb, Zn and Cu in sedimented 
dust and soil [1] and the determination of Cd in sedimented dust [2]. The 
speciation indicated that in the sedimented dust Pb and Zn occurred mainly as 
sulfides and sulfates, while Cu as sulfides and oxides. The analysis of soil 
revealed a residual pollution with sulfides. Besides plants to process Cu, Pb 
and Zn ores, a company for gold extraction exists in the area of Baia-Mare. 
The technological process involves extracting gold and silver by cyanide 
leaching from older tailings in an existing dam situated near the town. Gold 
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and silver are extracted by carbon-in-pulp technology, since the resulting slurry 
is transported by pipeline on a distance of 6 km to be deposited in a 
decantation pond. The resulting slurry contains about 400 mg L-1 cyanide, half 
of which as free cyanide, and the rest as complexed cyanide. After decantation 
the resulted water containing cyanide is fed back to the plant. 

In January 2000 a major cyanide spill took place following a breach in 
the decantation pond as a result of improper structural elements and operational 
conditions. It caused the release of a huge volume of liquid mine tailings 
containing a high quantity of cyanide and heavy metals. The pollution spread 
across the local fields and entered the river system through the Lapus and 
Somes rivers. The spill was recognized as having long-term consequences for 
the ecosystem that has determined periodical evaluation of the river system.    

The aim of this paper is to present an evaluation of Cu, Pb and Zn in 
sediment and water collected from the Somes and Lapus rivers one year and 
a half after the cyanide spill and to compare data with those recorded after the 
accident. These elements were selected for the study as they are the main 
products of the mining and nonferrous metallurgical industry in the area and 
are more likely to be found in the tailings and in the wastewater in a significant 
amount.  

 
EXPERIMENTAL 
Sample collection and digestion procedure. Sediment and water 

samples were collected during June 2001 from 10 sites upstream (20 km) and 
downstream (30 km) from the Somes and Lapus rivers confluence. Sampling 
stations were divided on equal split number between upstream and downstream. 
In addition, two more stations were included in the study, namely Bozanta 
Mare, the first village downstream from the dam and a station further upstream 
from the dam in the mountainous area of Codru Butesii. The last station was 
selected to act as a control one since it is high up in the low population area of 
the mountains, free from any industrial or agricultural activities. The twelve 
collection sites are shown on the map in Fig. 1. In order to get an overall 
picture of the distribution of heavy metals in the Somes river in the vicinity of 
the confluence with the Lapus river, sediments for the deposited particulate 
phases as well as water samples for the dissolved and suspended phases 
were collected.  

Reagents. Single element stock solutions of 1000 µg mL-1 were 
prepared by dissolution of the high-purity metal (Merck, Darmstadt, Germany) 
in the minimum volume of HNO3 (Cu, Pb) or HCl (Zn) and diluting to 1 L. 
Starting from these, multielement standards were prepared. The reagents 
used for the digestion of sediment and water samples and for standards 
preparation were HNO3 puriss 65%, HCl purris p.a.>36.5% (Flucka, Riedle-de 
Haen) and H2O2 puriss 30% (Merck, Darmstadt, Germany). The blank sample 
contained only the reagents used for the digestion. All solutions were stored in 
plastic vials cleaned with acid solution and rinsed with distilled water. 
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Fig. 1. Sampling sites for sediments and water 
 

Sediment. At each station two sediment samples were collected from 
the surface of the riverbeds in order to obtain samples from the same surface 
layer and to ensure the same environmental conditions for all samples. 
Samples were transferred into polyethylene bags and closed. The samples 
were first dried at 105 oC to constant weight, homogenized and sieved through 
a 2 mm sieve, then through a 125 µm sieve. Five g of precise weight aliquot of 
dried sample were refluxed with 20 mL concentrated (65%) HNO3 for 15 min. 
The mixture was cooled and again refluxed with 10 mL 30% H2O2. After 
cooling the resulting solution was quantitatively filtrated through a precleaned 
G4 glass filter and diluted to 250 mL.  

Water. At each station, three water samples were collected in nitric acid 
(65%) clean polyethylene bottles, acidified to pH ≤2 and stored at 4oC. Before 
analysis, a 50 mL sample was digested with HNO3 (0.5 mL) and HCl (1.5 mL) 
by heating on a sand bath for 15 min. After cooling, the filtrate was diluted 
to 50 mL.  

Copper, Pb and Zn in sediment and water samples were determined 
by ICP-AES. 
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Instrumentation. The determination by ICP-AES was performed using 
a SPECTROFLAME (SPECTRO, Kleve, Germany). The main characteristics 
and the operating conditions are presented in Table 1.  

Table 1 
Instrumental conditions used for measurements by ICP-AES 

 

Plasma frequency 27.12 MHz 
RF power / W 1200 
Torch Ar flow cooling 12 L min-1; nebulizer 1 L min-1 
Auxiliary Ar flow 1L min-1 
Observation height 15 mm 
Nebulizer Concentric, Meinhardt type  
Pump rate for analysis 2 mL min-1 
Flush time 20 s 
Calibration 4 – point linear 
Data acquisition Smart Analyzer Soft, Pentium III CPU 450 MHz 

 

  Cu Pb Zn 
Wavelength / nm  324.76 283.31 213.86 
Standard range / 
mgL-1 

 0 - 10 0 - 10 0 - 50 

RESULTS AND DISCUSSIONS 
Distribution study of Cu, Pb and Zn in sediment and water. The 

concentration range for Cu, Pb and Zn in sediment and water collected from 
the stations in Fig.1 are summarized in Table 2, while their distribution in 
the sampling points along the rivers is presented in Fig. 2. Data corresponding 
to a site represent the average of 2 independent sediment samples and 3 
independent water samples, respectively.  

Table 2  
Concentration range for Cu, Pb and Zn in sediment and water in the Somes river 

 Cu Pb Zn 
Water / mg L-1 < 0.007 – 0.070 < 0.030 – 0.045 < 0.005 – 1.038 
Control sample / mg L-1 < 0.007  < 0.030  0.055 
Sediment / mg Kg-1 8.9 - 339 59 - 465 56 - 2060 
Control sample/ mg Kg-1 59 120 315 

 
Maximum admissible con-
centration in watera /mg L-1 

0.050 0.050 0.030 

a  Romanian Standard 4706/88 
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 For the content of heavy metals in sediment, values in order of 
hundreds of mg Kg-1 were recorded. The maximum level of Cu, Pb and Zn 
occurred at Bozanta Mare station. From data in Fig. 2, curves 1, it is 
evident that there is a marked difference between the ranges of heavy 
metals concentrations in sediments upstream and downstream from the 
inflow of Lapus in Somes river. Data are related to both natural background 
of the river and water quality. Other characteristics, like flow, velocity and 
turbulence are decisive factors for the sediment quality and composition.  

A comparison of the mean contents of heavy metals in the Somes 
river, upstream and downstream from the inflow of the Lapus river, revealed 
different situations for Cu and Zn on one side and Pb on the other side. Thus, 
for Cu the means were 17.1 and 109.1 mg Kg-1 and their ratio, expressing a 
concentration factor, was 6.4. The corresponding data for Zn were 104.5 
and 854.5 mg Kg-1, respectively and the concentration factor was 8.2. In the 
case of Pb, the two means were closer, 100.2 and 176 mg Kg-1 and the 
concentration factor was only 1.8. The fact could be explained on the basis 
of the history of Pb pollution in the area resulting from its industrial past. 
This generated a widespread dispersal of Pb in the area, reflected in a 
more uniform Pb content in sediments upstream and downstream from the 
confluence. 

On the other side, a comparison with data recorded after the cyanide 
spill in 2000 [3] revealed that the Cu content in sediment from Bozanta 
Mare station decreased in time, since that of Pb and Zn remained almost 
constant. Downstream from the confluence with the Lapus river the content 
of all three elements has increased during the period after the accident. 

The possible toxic potential of heavy metals in the sediment is difficult 
to evaluate since there are no Romanian Standards regarding the maximum 
admissible level of heavy metals in sediment. The toxic potential could be 
estimated either by assimilating the sediment with soil and the application 
of the Romanian Standards [4] and /or by using Canadian sediment quality 
guideline, which gives the Probable Effect Levels (PEL) [3,5]. In fact, there 
is a relation between these values, as PELs for Cu and Pb are similar with 
Romanian intervention level for soil in sensitive area (mg Kg-1: Cu-200; Pb-90) 
and PEL for Zn with Romanian alert level for soil in sensitive area (300 mg Kg-1). 
These limits are exceeded many times at most of the stations downstream 
from the inflow of Lapus river, which demonstrates the potential toxicity of 
the sediments on ecosystem.  

In the case of water (Fig. 2, curves 2), the Cu content was below the limit 
of detection throughout the collection sites excepting Bozanta Mare, where it 
reached 0.070 mg L-1 and exceeded the admissible limit. The situation was better 
than in 2000 after the accident [3], when the recorded levels were 0.491 and 
0.120 mg L-1 Cu at Bozanta Mare and in the Somes river immediately after the 



M. PONTA, T. FRENłIU, C. McCORMICK, B. ABRAHAM, C. ROMAN, E. CORDOŞ 
 
 

 156 

Fig. 2. Graphical sketch of Cu, Pb and Zn concentrations in sediment (1) and water (2) 
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confluence with Lapus, namely 10 and 2.5 times the permissible limits. For Pb, 
the present study revealed concentrations that scarcely exceeded the limit 
of detection in two sites and, unlike Cu and Zn, there was no maximum 
corresponding to Bozanta Mare station. In fact, Pb did not exceed the 
admissible level even after the cyanide spill in 2000. The case of Zn is 
different. The present study indicated that Zn exceeded the admissible level 
in 10 out of 12 collection sites. However, compared to results recorded in 2000 
after the accident, the Zn concentration in Bozanta Mare station decreased 
to half, but remained almost constant in the Somes river after the confluence 
with the Lapus river. An interesting case is that of the station taken as control. 
Codru Butesii is a small village situated in the Lapus Gorges, far from the 
units with mining profile and close to its springs. However, the found Zn 
concentration in water exceeded the admissible level. This proves that the 
high content of Zn in the Lapus river is due to the natural background. The 
chemistry of rivers is often greatly affected by the physical surroundings 
that characterize the water [6].  

The concentrations of Cu, Pb and Zn were determined also in several 
filtered water samples and were generally lower than in unfiltered water. Thus, 
Pb level was throughout below the limit of detection, while Cu content was 
above the limit of detection only at Bozanta Mare. The concentration of Zn 
in filtered water was below the limit of detection upstream from the confluence, 
up to 0.928 mgL-1 at Bozanta Mare, and did not decrease below 0.037 mg L-1 

downstream from the inflow of Lapus in Somes river, exceeding 3-30 times 
the admissible concentration.   

The concentration of heavy metals in surface water depends on 
sampling date, because the pollution level is strongly influenced by the river 
flow and temperature. Our samples were collected during summer, period 
of minimum velocity flow of water. Consequently, it is expected that the 
majority of the suspended matter most associated with the river transport  
of pollution [7,8] will be in the deposited side of the equilibrium between     
re-suspension and deposition.   

Summarizing, the water quality does not represent an alarming 
problem, even though several critical values were recorded. In the case of 
Zn they can not be attributed exclusively to the pollution. The water quality 
strongly depends on the discharge of the used waters from the ore processing 
units in the area.  
 

Analytical merits of chemical analysis  
Limit of detection (LD). The limits of detection for Cu, Pb and Zn were 

calculated as three times the standard deviation of replicate background 
readings. For sediment they were related to dry mass taking into account 
the weight of the sample and the dilution (Table 3).  
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For sediments the use of ICP-AES as analytical method was the 
best one as its dynamic range cover several orders of magnitude. For Cu 
and Zn the admissible levels in water are seven and six times respectively, 
the detection limit and there is no difficulty in establishing them. The limit of 
detection for Pb was not low enough in comparison with the admissible 
level, but it raised no problem, as in most of water samples Pb was below 
the limit of detection.   

Internal precision (Relative Standard Deviation, RSD). The internal 
precision was evaluated on the basis of three subsequent readings taken 
during the measurements of each of the samples.  

Table 3 
Analytical merits of Cu, Pb and Zn determination by ICP-AES using 

SPECTROFLAME (SPECTRO, Kleve, Germany) 
 

Matrix  Units Cu Pb Zn 
Sediment Precision (n=24) % 0.3 – 2.3 0.4 – 3.3 0.2 – 6.6 
 Concentration range mg Kg-1 8.9 - 339 59 - 465 56 - 2060 
 Reproducibility (n=3) % 1.8 – 3.6 0.5 -2 5 – 6 
 Concentration range mg Kg-1 34 - 130 190 - 219 218 - 1099 
 Limit of detection mg Kg-1 0.35 1.5 0.25 
Water Precision (n=36) % - 48.9 – 61.1 0.5 – 3.7 
 Reproducibility (n=3) % - - 0.8 – 37.6 
 Concentration range mg L-1 - 0.036 – 0.045 0.038 – 0.240 
 Limit of detection mg L-1 0.007 0.030 0.005 
 

Reproducibility. To evaluate the reproducibility selected sediment 
samples (3) were chosen and 4 sub-samples were subject to the same 
chemical sample preparation step and subsequent measurements. The 
samples chosen were encompassing low and high concentrations. With 
respect to the water samples, three aliquots were measured from each 
sample. 

As seen in Table 3, the internal precision was good for all the 
sediment data and in general below 3% except slightly higher errors for Zn 
in the low concentration ranges (RSD between 3 and 6.6% for concentrations 
below 200 mg Kg-1). This good internal precision is due to the fact that 
measured concentrations are relatively high compared to the limit of detection. 
The lowest concentration was at least 10 times above the limit of detection 
(for Pb) but in general well above 50 fold. The water samples show good 
internal precision (RSD<3%) for Zn, where concentrations are well above 
the limit of detection. In the determinations of Pb just above the detection 
limit, the RSD was higher than 50%.  



AN INVESTIGATION INTO THE Cu, Pb, AND Zn POLLUTION… 
 
 

 159 

The reproducibility of the analysis in sediments indicated similar 
trends like the internal precision. Different concentration ranges had similar 
errors (RSD<5%) for all three elements.  
 

Conclusions 
In the investigated period the water quality of the Somes river was 

within the range of Romanian standards in respect of Cu and Pb. Critical 
values were found in a few sites, but they did not represent a major problem. 
The situation was found to be better than after the cyanide spill accident 
when the concentrations of Cu and Zn exceeded many times the admissible 
values. The high content of Zn in water can not be attributed exclusively to 
the pollution, but also to natural background.   
 The sediment situation is different, as the contents of the investigated 
heavy metals are exceeding manifolds the critical limits for soil in Romania 
or Canadian Possible Effect Limits (Canada) and demonstrates the potential 
toxicity of sediments for the ecosystem.  

The cyanide spill accident that occurred close to Baia-Mare, Romania, 
in 2000, was recognized as having long-term consequences for the ecosystem, 
which impose further periodical evaluation of the river system status.    
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ABSTRACT. We have evaluated procedures to improve the repro-
ducibility and sensitivity of the voltamperommetric methods for the 
copper ions determinations in wastewaters. The influence of the ana-
lytical parameters (pH, electrolyte composition, deposition time and 
potential) on the performances of the method has been investigated. 
The optimal analytical conditions were found. Using these methods the 
copper concentration in the wastewaters after the electrochemical 
synthesis of the m-amino sulphonic acid on copper electrode and after 
the copper recovery by electrochemical methods, was determinated. In 
these conditions, the limit of detection was 0.05 – 1.5 ppm copper, with 
standard deviation 2 - 10%, depending of the concentration range and 
method.  
 
Key words: copper ions determinations, stripping and voltammetry methods 

 
 
 

Introduction 
Continuing our interest in the field of the electroanalytical determination 

of the heavy metal ions [1], this contribution compares the performances of 
different electrochemical methods, applied for copper ions determinations. 

The data published in the field of environmental pollution and related 
effects of the heavy metals on the flower cultivation [2] have been reported the 
negative influence of the high concentration of copper and other ions on the 
bottom and flower system of the plant.  

One important property of the cyclic voltamogramms (CV) or of the 
polarogramms corresponding to the reduction of the ions is the proportionality 
of the peak current with the solution concentration. The detection limit of cyclic 
voltammetry (CV) is relatively high (10-2 – 10-5 M), but the method could be 
used for the quantitative control of the composition of the wastewater in the 
specified concentration range. The quantitative use of CV has been limited by 
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the fact that the dependence of the i/E curves on electrochemical and chemical 
(concentration) parameters in general is very complicated. [3]. Stripping analysis 
is an analytical method that uses a bulk electrolysis step (preelectrolysis) to 
preconcentrate the electroactive species from solution into a small volume of a 
mercury drop, on mercury film or on the surface of other electrodes (e.g. glassy 
carbon electrode - GCE) followed by the oxidation step. The major advantage 
of the stripping method, as compared to direct voltammetric analysis is the 
high surface concentration responsible for a high peak current, so the answer 
is less perturbed by the small currents due to the impurities oxidation. The 
technique is useful for the analysis of trace concentration (ppm and ppb). 
There are a few stripping methods valuable for the Cu (II) and other ions 
determination, from anodic stripping voltammetry (ASV) to adsorptive stripping 
methods. Adsorptive stripping voltammetry (AdSV) has been known to give 
excellent sensitivity for a variety of trace (ppb) metals at the mercury electrode 
[4]. This method involves complexation of the metal ion with different ligands 
and adsorption of the resulting complex onto the mercury drop or mercury film 
surface. The adsorbed complex is removed by scanning the electrode potential, 
usually in a reductive direction – cathodic stripping analysis (CSA). The metal 
ions are reduced and simultaneously amalgamated. Due to the peak separation 
the mixture of different metals could be analysed. Other variants, such as 
stripping by a current or potential step or different combined procedures have 
been also proposed [5, 6].  

The electrochemical techniques like the stripping methods ensure the 
determination of the traces –ppb- metals ions [1]. There are two main stages in 
the stripping analysis: 

• Preconcentration (plating) consists in the application of a constant reductive 
potential for a period of time, when takes place the adsorptive accumulation 
of metal on Hg surface:  Men+ + ne- ⇒ Me(Hg) 

• Stripping, when the metal ions or metal-complex accumulated on Hg 
surface is oxidised and the oxidation current, proportional with the metal 
concentration, is determinated. 

 Copper could be determinated by the anodic stripping voltammetry 
directly in organic solvents [1]. There are two conditions for that: solubility of 
the copper (II) complex species in the given solvent and the possibility to 
assure the conductivity of the supporting organic electrolyte [6].  
 The most common pre-treatment of GCE is pre-anodisation and pre-
cathodisation. The effect of treatment procedure on electrochemical response 
depends on the applied voltage, pH value of the electrolyte solution and the 
duration of the treatment. The treated GCE usually behaves as a metal film-
coated electrode (MFCE) [7].  

The aim of this paper is to compare the performances of copper ions 
determination by different voltamperommetric methods.   
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Experimental 
Instrumentation and software 
The computer aided instruments used for potential control was BAS 

100W equipped with Controlled Growth Mercury Electrode (CGME) West 
Lafayette, USA and the Portable Trace Element Analyser, PTEA –WAGTECH 
equipped with glassy carbon electrode, GCE. The classical three electrodes 
cell has been used for the cyclic voltammetry determinations (WE- GCE; CE- Pt 
wire and RE - Ag/AgCl). Reference (Ag/AgCl) and Pt wire auxiliary electrodes 
used to this work, were from BAS Co. The UNICAN Helios β UV-VIS spectrometer 
has been used to control the results of the electrochemical methods. 
 

Reagents 
All solution were prepared with MiliQ purified water and analytical grade 

chemicals (Merck). 
 

Procedure 
PTEA is equipped with a classical three electrodes cell, all built into the 

unit. The sample volume is 20 cm-3.  
 The glassy carbon electrode (GCE) has been activated according to 
literature data [8], before the copper determination. The reactivation procedure 
has been according to the PTEA producer [9]. All the measurements have 
been made in the appropriate supporting electrolyte (ASE), containing :117g 
NaCl, 35.5g ascorbic acid, 7.7 g NaOH in 500 mL MiliQ purified water. 
 

Results and discussions 
We compared the results obtained by different electrochemical 

techniques: 
- Direct voltammetric and polarographic measurements on mercury 

electrode; 
- Stripping voltammetric analysis (SVA) on the CGME 

 Prior the Cu (II) determination with CGME, Hg (II) has been added into 
the sample, when the following reactions take place: 

Hg(II) + 2e- → Hg and Cu(II) + 2e- → Cu(Hg). 

The reduced species Cu (Hg) is then re-oxidized: 

Cu(Hg) � Cu(II) + Hg + 2e- 

 

Influence of the Cu (II) concentration 
The electrochemical answer depending on Cu (II) concentration has 

been investigated by polarography, cyclic voltammetry and stripping techniques. 
The reversible one electron reduction of Cu (II) in (ASE) supporting electrolyte, 
demonstrated the proportionality of peak current with the concentration – figure 1. 
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 The effect of Cu (II) concentration on peak current, (Figure 1) and on 
polarographic limiting current (Figure 2) is demonstrated by the linear 
increasing of the current with increasing concentration.  
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Figure 1. Cyclic voltammograms (CV) of Cu(II) with increasing concentration from 

0-25 µgmL-1 along with the resulting calibration plots. 
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Figure 2. Calibration curve obtained from polarographic data; drop size:  

6 µm;v: 10 mVsec-1. 
 
In the concentration range from 1–25 ppm, figure 1 and 10–60 ppm, 

figure 2, the slope is 0.1133, respectively 0.1818 µA/ppm. The detection limit is 
higher for cycic voltammetry.  
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The reproducibility of the CV response is good, with R2 = 0,99. A 4.5% 
relative standard deviation of peak currents was obtained under 6 measurements 
of 20.0 µgmL-1.   
 

Influence of mercury drop size 
 In order to find the optimal conditions for the Cu (II) determination we 
investigated the influence of Hg drop size on the peak current – Figure 3.  
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Figure 3. Influence of drop size on the polarographic current. 

 
 The dependence follows the equation of y = -0.0109x2 + 0.1957x + 0.7075 
and the drop size of 8-10 µm gives higher currents. 
 
 

Stripping analysis 
 The best results have been obtained on CGME, by stripping techniques 
(Figure 4), when the calibration curve is described by the equation                   
y = 3.2566x + 3.012, for the smaller concentration (1-12 ppm). 
 The peak area for Cu oxidation can be used to estimate the adsorbed 
amount of ions at the CGME. From the equation Г = Q/nFA, the surface 
coverage Г of the adsorbed species can be calculated from the values of the 
charge Q ( the area of the peak ) and electron transfer number n - the value 
2 is taken into account for the oxidation of Cu to Cu(II).   
 The voltammogram of 20.0 µgmL-1 adsorbed at CGME gives a peak 
area of 7.3 µC and the surface coverage Г of  3.01x10-10 molcm-2 can be 
obtained. 
 Obviously, the surface coverage of adsorbed species is close to the 
theoretical value of a monolayer.  
 The slope indicates that the electrode process is simultaneously 
controlled by surface adsorption and heterogeneous electron transfer rate. 
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Figure 4. Plots of ip – concentration for the oxidation of accumulated copper on CGME. 
 

Influence of the Accumulation Time 
 With increasing accumulation time, the peak current initially increases 
and then trends to saturation value after 500 s, as illustrated in Figure 5.  
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Figure 5. Effect of accumulation time on peak current. (500s was chosen as the 

accumulation time for all experiments). 
 

 The detection limit for stripping method is about 0.05 ppm, with a R2     
of 0.9992 and it is lower comparing to other electrochemical investigated 
methods. The stripping techniques seem to give the best results, comparing to 
other analytical methods – table 1. 
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Table 1. 
Performance of the applied methods (* for 4 ppm) 

Method Detection 
limit [ppm] 

Concentration 
range [ppm] 

R2 Standard 
deviation [%] 

Spectrophotommetry* >10 50-100 0.9600   3-6.8 
Polarography 9 9-50 0.9752   4.2-4.5 
Cyclic voltammetry 1 1-10 0.9928   2.25-3.23 
Stripping (on CGME) 0.05 0.05-10 0.9992   1.37-1.91  
Stripping ( on MFGC)  0.05-10 0. 9880   7-10.33* 

 * comparing method 
 

Conclusion 
 The proposed stripping method on CGME is selective and enough 
sensitive for the determination of low concentration of Cu (II), up to 0.05 ppm. 
Using the Wagtech PTEA (Portable Trace Element Analyser) equipped with 
thin mercury film on glassy carbon electrode (MFGC), the detection limit and 
the standard deviation are lower than those obtained using other electrochemical 
methods – Table 1. The obtained results were compared with the simple 
voltamperommetric (detection limite 1 ppm) and spectrophotometric methods 
(detection limite >10 ppm).  
 For the future, we propose to continue the research by using different 
complexing agents (azodyes) for the determination of other polluting ions; the 
preliminary data concerning the adsorptive stripping voltammetry using azodyes 
like ligands are promising. The stripping method on CGME will be used to control 
the depollution of wastewaters using PRIAM reactor.  
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ABSTRACT. The main experimental results regarding the SO2 absorption 
kinetics in ammonia sulfite are shown in this paper. The working conditions 
in which the mass transfer through the gaseous and liquid phase does not 
influence the chemical reaction speed have been determinate. The paper 
describes the temperature and concentration of influence on the reaction 
rate. The activation energy of the reaction and the reaction order for the 
ammonia sulfite was determined. The obtained kinetic data can be used 
for calculation of process acceleration factor taken into consideration in the 
design calculation of the absorption devices. 

 
 
 

1. Introduction 
The gas emissions desulphurisations containing sulfur dioxide is of 

great importance nowadays, given its ecological impact. For the elimination of 
SO2 from waste gases were proposed many processes: the Battersa process 
which uses as absorbent a very diluted alkaline solution, the process of 
eliminating SO2 by absorption in xylidine uses as an absorbent a mixture of 
xylidine and water, etc [1]. These processes allow the SO2 recovery, but from 
resulting compounds don’t recovery of the absorbents.  

In comparison with these processes were developments processes, 
which allow the recovery of the absorbents, and producing the pure SO2, 
which is an important source of sulfur by reduction. Thus processes are:  

a) the Wellman-Lord (WL) process [2, 3] is currently the leading SO2 
recovery process, where SO2 is absorbed in an aqueous solution of sodium 
sulfite, producing sodium bisulfite. 

The loaded solution is termally regenerated by evaporation of H2O+SO2. 
After condensing the water vapor, nearly pure gaseous SO2 is obtained as 
an overhead product, ready for further processing. Solid Na2SO3, which is 
precipitated in the evaporator, is redissolved in condense/water to the appropriate 
concentration for a new absorption cycle.  
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b) the citrate absorption – steam-stripping process is best known as 
the Flakt-Boliden process. In this process absorption and regeneration take 
place in packed towers whit small pressure losses, no solids formation and 
very small oxidation losses. The most serious limitation of this process 
concerns its application to gases whit very low SO2 contents, such as are often 
found in thermal power plants, since the specific steam requirement will 
then be too high. The citrate absorption process is considered to be very 
competitive for SO2 recovery from relatively rich gas [4]. 

c) the adipate absorption – steam-stripping process offers the same 
advantages as the citrate process and, in addition, a system specific possibility 
of reducing the specific steam requirement. The adipate process is therefor 
suitable for much lower feed gas SO2-partial pressures than the citrate 
process. However, both these processes require relatively high the specific 
steam requirement values for very lean gases, and problems may arise when 
extremely low emission limits have you be met [4]. 

Such procedures present a great disadvantage: their economic efficiency 
is satisfactory only when the concentration of SO2 in the gases is relatively 
high. To the same category of processes belongs the separation of SO2 by 
absorption into buffer solution of mono- and disodic phosphates. This process 
is characterized by in the desorption phase the steam consume is very low, a 
relatively high capacity of absorption and a reduced oxidability of the SO2 to 
SO4

2-.The study upon the absorption within the buffer solutions made by Erga [4] 
reveals the fact that one can obtain relatively easy concentrations of SO2 in the 
purified gases at low values of 10 ppm even when the temperature is between 
50 – 60 degrees Celsius; this denotes that such a solution is an excellent 
absorbant which can be used whit weak, diluted gases; consequently this 
method will have good perspectives in the future. The literature in the field 
does not come up whit studies referring to the kinetic of the chemosorption 
process. This paper present a part of the possible kinetic models as well as the 
experimental data obtained in order to determine the kinetic parameters 
determination (constant rate of the chemical reaction, the reaction order, and 
activation energy) of the chemosorption of the SO2 within phosphate buffer. 
The paper also draws a comparison between the rate of absorption within the 
disodic phosphate solutions and that within the buffer phosphate solutions.  
 
  2. The possible macrokinetics models 

The absorption process of SO2 into phosphate solution is a gas-liquid 
process [5, 6, 7], which has the following scheme: 

TSO2 [ ] g                             DisSO2  TSO2 [ ] l 

                                                                                                           Am.m.         R.ch. 
                                                     TNa2HPO4 
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This scheme shows that SO2 gas is first transferred through gas phase 
(TSO2 [ ] g), until the gas-liquid interface, then SO2 is dissolved into the liquid 
phase (DisSO2), then dissolving SO2 is transferred through liquid phase (TSO2 [ ] l). 
The Na2HPO4 is transferred through into liquid phase (TNa2HPO4) too, then 
chemical reaction (R) between SO2 and Na2HPO4 is taking place in the liquid 
phase.  

The comparing the chemical reaction rate between SO2 and Na2HPO4 
(vr) with transfer process rate (vtr) carries at the following models: 

• vr << vtr, when the chemical reaction is very slow and global process 
rate is equal with chemical reaction rate, and the kinetics equation for 
this case is given by: 

m
HPONa

n
SOSO CCkr

4222 1 ⋅⋅=−      (1) 

• vr >> vtr, when the chemical reaction is practically instantaneous 
and this has been placed at the gas-liquid interface. The SO2 transfer 
process is slower than the SO2 dissolving process, and the kinetics 
equation is given by: 
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• rtr vv ≈ , chemical reaction rate is equal with transfer process rate 

and in this case the global process is described by the equation for 
diffusion with chemical reaction in the stationary system: 
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If n=1, for an irreversible reaction, equation (3) can be write: 
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The solution of equation (4) is: 
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At the gas-liquid interface (x = 0) the rate of gas absorption at any time 
is given by equation: 
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when is equal to the Hatta number (Ha) and x0 is equal to DSO2/kSO2 and the 
global process rate is given by equation: 
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The SO2 transfer process rate without chemical reaction is given by 
equation: 

 ( )
222, SOSOSOltr CCkr −= ∗      (8) 

The enhancement factor, E, is the ratio of the process rate with chemical 
reaction and without chemical reaction is given by equation: 
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where ∗=
22

/ SOSO CCφ . In general φ  has low value and 1
2

→SOC  and the 

enhancement factor in this case is: 

 
tgHa
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E =         (10) 

( )
222, SOSOSOltr CCkErEr −⋅⋅=⋅= ∗      (11) 

The equation (11) shows that the chemical reaction speeds the 
absorption process rate and the influence of the chemical reaction about global 
process rate is given by enhancement factor, which depends, from number of 
Hatta. 

To agreement with these theoretical studies is necessary experimental 
determination of kinetic parameters as the constant rate of the process, k, 
activation energy, Ea, and reaction order.  
 
 

3. Experimental 
In order to determine the kinetic parameters that we have discussed 

above, we must establish if the conditions of the transfer phenomena during 
the liquid and gaseous phases do not influence the process. To avoid the 
influence of the transfer during the gaseous phase, pure SO2 has been 
used. To eliminate the influence of the transfer during liquid phase, kinetic 
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studies upon different rotation speeds of the agitator proved necessary. In  
a previous paper it has been determined that at an agitator speed higher 
than 80 rotations/minute the speed of the process remains constant - as a 
consequence, the transfer of the mass through the liquid phase is not o 
factor of influence. The SO2 used has the 99% concentration and flow was 
measured using a flow meter. The SO2 that was not absorbed at first was 
transferred in a bubbling container and absorbed in NaOH (sodium hydroxide). 
The conditions were temperatures = 15o, 33o, and 50oC, and the concentration 
variation of ammonia sulphite. 

The process evolution in time was determined noting the SO2 con-
centration from the phosphate solution. The determination of SO2 concentration 
was made on iodometric means, titration with Na2S2O3 0.1N the excess of 
iodine. 

4. Results 
The first experimental determination draws out the influence of the 

absorbent nature on the rate and capacity of absorption. In this scope we 
worked at three different concentration of ammonia sulfit and different 
temperatures. 

The kinetic results were processed for the reaction rate estimation, 
for which the ln C =f(t) curves were traced, from the straight lines slopes 
obtained the k constants rate. Fig 1 shows the variation of SO2 absorption 
rate at different concentration of ammonia sulfit at rotation speed of stirrer 
n=70 rot/min. Fig. 2 shows the variations of the absorbed SO2 concentrations 
in time and that the absorbed SO2 ratio increases at temperatures. The 
activation energy was determined, having as a purpose the drawing of the 
diagrams lnk = f(1/T) on the basis of the Arhenius equation.  

 

Fig. 1. SO2 absorption rate versus time at different concentration of ammonia 
sulphit, at the rotation speeds of the stirrer 70 rot/min 
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Fig. 2. SO2 absorption rate versus time at different temperatures  
and the different rotation speeds of stirrer. 

 
 
 

5. Conclusions 

1. It was established the constants rate, k, and activation energies, 
Ea of the SO2 absorption into ammonia sulfite. The high values of the 
activation energies show that the chemical reaction is the limitative step of 
the absorption process in the experimental conditions. 

2. It was determined the reaction order of SO2 absorption into 
ammonia sulfite, and the obtained results show that the order of the 
reaction between SO2 and ammonia sulfite is equal to one. 

3. The determined kinetic parameters can be used for determination 
the enhancement factor of the absorption process from the mathematics 
model of the SO2 chemisorption process into ammonia sulfite. 
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Symbol used 
 

∗
2SOC  [mol/l] SO2 concentration at gas-liquid interface  

2SOC  [mol/l] SO2 concentration into bulk liquid 

2SOD  cm2/s diffusivity of SO2 in liquid 

E - enhancement factor 
E0 cal/mol.K activation energy 

2,SOlk  cm/s liquid-film mass transfer coefficient  

k s-1 constant of reaction rate 
r mole/m2min absorption process rate 
S cm2 surface 
vr mole/m2min reaction rate 
vtr mole/m2min SO2 transfer process rate in liquid phase 
τ  s time 
η  transformation rate 
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ABSTRACT. Horseradish peroxidase catalyzed the selective oxidation 
of some hydroxymethyl-furan derivatives to the corresponding aldehydes 
only in the presence of a thiol, manganous ions, sodium malonate and 
a co-solvent.  
 
 
 
INTRODUCTION 

 Horseradish peroxidase (HRP) is a haemoprotein known to catalyze 
the oxidation of a wide range of compounds. Its normal catalytic cycle involves 
the oxidation by hydrogen peroxide of the native state of the enzyme (ferric) to 
an intermediate two oxidation equivalents above (termed Compound I), which 
contains a porphyrin radical cation and a ferryl group. Compound I then interacts 
with the substrate, yielding Compound II (one oxidation equivalent above the 
native state) and substrate radical cation. Compound II similarly reacts with 
another substrate molecule to yield the ferric state of the enzyme and a 
substrate radical cation [1].  

While the oxidation of typical substrates (phenols and aromatic amines) 
presents low selectivity and often proceeds towards rather complex reaction 
mixtures, a few more selective reactions are also performed by HRP [1]. Among 
these is the oxidation of benzyl-type alcohols to the respective aldehydes. The 
earliest example in that respect was provided by Saunders [2], while oxidizing 
mesitol with HRP and H2O2 (Fig. 1).  
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CH3
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Fig. 1. Mesitol oxidation as performed by HRP/H2O2. All of the above compunds 
were recovered from the reaction mixture [1]. 
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However, this has remained for a long time an isolated observation, 
although other peroxidases are known to perform the same reaction on a 
larger number of substrates.  

Soybean peroxidase (SBP) has been shown to oxidize benzyl-type 
alcohols at extremely acid pH’s [3]. Although the SBP reactivity is rather similar 
to that of HRP, SBP is characterized by stronger resistance to external factors 
(either temperature or pH). Thus, although HRP was eventually shown to 
oxidize the hydroxymethyl group, the enzyme was rapidly inactivated at the 
respective pH [3].  

Lignin peroxidase and manganese peroxidase have veratryl alcohol as 
a natural substrate (while employing manganous ions as cofactors). Although 
the veratryl alcohol redox potential is outside the range of HRP substrates, the 
selective oxidation of veratryl and benzyl alcohols (mediated by thiols and 
Mn2+) to the respective aldehydes has been surprisingly reported [4]. O2 is 
consumed and H2O2 is not required in the process. An organic chelator (such as 
malonate) was also required. Aerobically generated thiyl radicals were found to 
have a key role both in initiating the reaction and in providing a complex with the 
manganous ion that would eventually interact with the substrate and generate 
substrate radical cations. Only two substrates were tested (veratryl alcohol and 
benzyl alcohol) [4]. 
 While the influence of all components of the reaction mixture has been 
examined in the previous study [4], little attention was paid to the possibility 
of using non water-soluble substrates. However, performing the reaction in 
organic media would greatly enhance the range of prospective substrates.  

Our interest in the chemistry of heterocycles has recently led to the 
synthesis of some hydroxymethyl-substituted furan derivatives as well as of the 
respective aldehydes [5-8]. In order to perform the HRP-catalyzed oxidation of 
the former to the latter, the problem of substrate insolubility in water had to be 
overcome.  
 

RESULTS AND DISCUSSION 
 The oxidation of the hydroxymethyl substituted furan derivatives 1A-8A 
to the corresponding aldehydes 1B-8B (Fig. 2)  was performed in conditions 
 

O CH2OHX

Y

O CHOX

Y

1: X=H, Y=4-F
2: X=H, Y=4-I
3: X=H, Y=3-Br
4: X=H, Y=2-Cl

5: X=H, Y=2-Br
6: X=H, Y=2-Y
7: X=3-Me, Y=5-NO2
8: X=4-Me, Y= 3-NO2

 
Fig. 2. The selective oxidation of some furan derivatives. 
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identical to those already reported, with the significant exception of the 
presence of a large quantity of co-solvent (its concentration was chosen in the 
range of 40-70% in order to provide a homogenous reaction mixture). Of the 
co-solvents tested, the better yields were obtained with methanol. Although 
no side reactions were observed (significantly, no carboxylic acid could be 
detected), the yields were not very high (20-60%, depending mainly on the 
co-solvent used). 
 Control experiments were run with the furan derivative 1 (see EXPERI-
MENTAL) using HRP and hydrogen peroxide as oxidizing agents in water/ 
methanol mixtures, in the pH range 2-8. No aldehyde could be detected over a 
24h period. Longer exposure brought about non-enzymatic degradation of the 
substrate. On the other hand furfurol was easily oxidized to furoic acid under 
the same conditions. Control experiments with the aldehyde counterpart of 1 
as substrate showed that on exposure to either HRP/H2O2 or HRP/ thiol/Mn2+ 
over more than 24 hrs gradual consumption of the aldehyde occurred. This 
was expected since carbonyl derivatives (especially isobutyraldehyde and 
acetophenone) are known peroxidase substrates [1]. 

The reaction mechanism suggested for this oxidation is illustrated in 
Fig. 3. 

H

ArC O H
.

R SH  + O 2 R S  +  H O 2

R S  +  RS   R S SR

R S SR  + O 2 R S SR +   +  O 2
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H R P H R P-I H R P-II

.
. .
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A r-C H 2O H
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R S H

R S
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.

. .

1. peroxide generation:

2 . "c lassical" perox idase reaction:

M n 2+ +  R S H

 
Fig. 3. The proposed mechanism for the oxidation of benzyl-type alcohols [4]. HRP-I and HRP-II 
are the peroxidase Compounds I and II, respectively. The mechanism implies two distinct steps: 

(1) peroxide generation from molecular oxygen (initiated by thiols), and  
(2), a peroxidasic reaction sustained by peroxide generated in (1).  
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 Thus, the method described proves to be an interesting synthetic route 
towards aldehydes, and is of use for both water soluble and non-water soluble 
substrates. 
 

EXPERIMENTAL 
 Horseradish peroxidase was an aqueous preparation [9]. A single 
stock solution was used and the enzyme concentration (ε = 98000 at 408 nm), 
as well as its RZ and activity [10] were routinely checked by known procedures. 
All other reagents were of analytical grade. 1A-8A were prepared as previously 
described [6,7].  
 A typical reaction mixture included a thiol (glutathion or cysteine, 16 mM), 
MnCl2 (1 mM), sodium malonate (10 mM) and the substrate (1 mM) in acetate 
buffer (0,1M, pH=4)/organic solvent (methanol, DMSO or dioxane). The reaction 
was started by adding the enzyme (1 µM). After stirring for 60-90 min the 
mixture was extracted with ether; the organic solvent was evaporated and the 
residue recrystalyzed from petroleum ether, thus providing the aldehyde (yields 
20-60%; the best yield was obtained with 1 using methanol as a co-solvent).  

The 1H-NMR spectra were recorded on a Varian Gemini 300 Spec-
trometer operating at 300MHz, in CDCl3 solution and TMS as internal standard. 
IR spectra were obtainded in KBr pellets on a Nicolet FT205 spectrometer and 
are reported in wavenumbers (cm-1). The mass spectra were recorded on 
Double focusing Varian Matt 311 Spectrometer, with an electronic impact 
source at 70eV and 300mA. 

The melting points and the spectral data of 1B-8B have identical 
values with those previously described [8,9] confirming the reaction products. 
 
1B: 5-(4-fluorophenyl)-furan-2-carboxaldehyde: white crystals, mp: 69;  
IR (KBr) 1650 (CHO);  
1H-NMR (CDCl3) δ 6.8(d,1H) 7.34 (d,1H) 7.80 (d,2H) 7.82 (d,2H) 9.64 (s,1H); 
MS m/e: 190(92)M, 171(5), 162(21), 144(2), 133(100). 
2B: 5-(4-iodophenyl)-furan-2-carboxaldehyde: white crystals, mp: 1440C;  
IR (KBr) 1680(CHO);  
1H-NMR (CDCl3) δ 6.87(d,1H) 7.34(d,1H) 7.55(d,2H) 7.90(d,2H) 9.65(s,1H); 
MS m/e: 298(100)M, 270(13), 241(28), 171(3). 
3B: 5-(3-bromophenyl)-furan-2-carboxaldehyde: white crystals, mp: 1070C;  
IR (KBr) 1700(CHO);  
1H-NMR (CDCl3) δ 6.87(d,1H) 7.34(d,1H) 7.33(d,1H) 7.53(d,1H) 7.75(d,1H) 
7.98(s,1H) 9.67(s,1H);  
MS m/e: 250, 252 (100)M, 222, 224(8), 193, 195(33). 
4B: 5-(2-chlorophenyl)-furan-2-carboxaldehyde: white crystals, mp: 770C;  
IR (KBr) 1673(CHO);  
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1H-NMR (CDCl3) δ 7.30-8,05(m,6H) 9.69(s,1H); 
5B: 5-(2-bromophenyl)-furan-2-carboxaldehyde: white crystals, mp: 570C;  
IR (KBr) 1683(CHO);  
1H-NMR (CDCl3) δ 7.37-7.97(m, 6H) 9.69(s,1H);  
MS m/e: 250, 252(100)M, 222, 224(10), 193, 195(33). 
6B: 5-(2-iodophenyl)-furan-2-carboxaldehyde: white crystals, mp: 640C;  
IR (KBr) 1675(CHO);  
1H-NMR (CDCl3) δ 6.87(d,1H) 7.34(d,1H) 7.55-7.93(m,4H) 9.65(s,1H); 
MS m/e: 298(100)M, 270(13), 241(32), 171(2). 
7B: 5-(3-methyl-5-nitrophenyl)-furan-2-carboxaldehyde: white crystals, mp: 
1130C;  
IR (KBr) 1680(CHO);  
1H-NMR (CDCl3) δ 2.68(s,3H) 6.96(d,1H) 7.41(d,1H) 8.03 (d,2H) 8,14(d,2H) 
8.18(s,1H) 9.75(s,1H),  
MS m/e: 231(100)M, 205(3)M-28, 201(13)M-30, 185(7), 128(43) 
8B: 5-(4-methyl-3-nitrophenyl)-furan-2-carboxaldehyde: white crystals, mp: 
1430C;  
IR (KBr) 1675(CHO);  
1H-NMR (CDCl3) δ 2.65(s,3H) 6.95(d,1H) 7.37(d,1H) 7.45 (d,1H) 7.95(d,1H) 
9.39(s,1H) 9.69 (s,1H); 
MS m/e: 231(100)M, 205(3)M-28, 201(13)M-30, 185(7), 128(43). 
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ABSTRACT . The separation of flocculated caolin-water-suspensions on 
the sedimentation process was examined using a simple test 
laboratory device. The sedimentation behaviour, the optimal conditions 
of the flocculation, the settling rate of the flocculated network or the 
bulk and the kinetic evolution of flocculated caolin-water-suspension 
during the sedimentation prosses were determined by representative 
methods. The measurements were based on the determination of the 
temporal variation of the local position of the interface particle free fluid/ 
flocculated suspension in tubes with constant cross section. 

 
 
 

 EINLEITUNG 
 Eine der Hauptaufgaben der Trink-, Abwasseraufbereitung und Reinigung 
von Abwässern aus der chemischen, pharmazeutischen, mineralischen und 
keramischen Industrie ist das Entfernen von Schwebestoffen. Diese bestehen 
aus organischen oder anorganischen Partikeln und enthalten feinste bis kolloidale 
Partikel.  

In der Verfahrenstechnik wird Sedimentation als kostengünstiges 
Verfahren zur Auftrennung von dispersen Gemischen aus Feststoff und 
Flüssigkeit in den einzelnen Phasen eingesetzt. 

Bei den meisten mechanischen Verfahren zur Trennung von 
Suspensionen in Feststoff und Flüssigkeit ist es erwünscht, dass der Feststoff 
aus möglichst grossen Partikeln besteht. 
 Bei der Sedimentation sinken grosse Partikel schneller als kleine Partikel, 
wie an der Stokesschen Gleichung (1) für die Sinkgeschwindingkeit wSt eines 
Partikels im laminaren Bereich zu erkennen ist. 

gdw
f

fp
St ⋅⋅

−
⋅= 2

18

1

η
ρρ

     (1) 

mit ρp – Dichte des Partikels; ρf –Dichte des Fluids; ηf – dynamische Viskosität 
des Fluids; d – Partikeldurchmesser und g – Erdbeschleunigung. 
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Für die Abschätzung des Einflusses der gegenseitigen Behinderung 
der Teilchen während des Absetzens und Berücksichtigung der Flockenbildung 
hat sich die Beziehung von Richardson und Zaki [1] als besonders geeignet 
erwiesen: 

( ) 65.41 v
St

c
w

w −=       (2)  

wobei: w ist die Geschwindingkeit der Flocken und cv – Flockenkonzentration 
(Volumen %). 

Bei den Partikeln, die so klein sind, dass sie im Gravitationsfeld der 
Erde gar nicht oder nur langsam sediementieren, um diese Partikel dennoch 
vom Wasser zu trennen, gibt man Flockungsmittel mit langkettigen Molekülen 
oder Flockungshilfsmittel zu, damit sich aus den Partikeln Agglomerate 
bilden. Die Partikelagglomerate können weiter durch Sedimentation oder 
Filtration aus der Flüssigkeit entfernt werden. 
 Eine Agglomeration von suspendierten Feinstpartikeln zu Flocken 
verfolgt im wesentlichem zwei Ziele: a) Verbesserung der Sedimentations-
geschwindigkeit und somit eine Beschleunigung der Absetzgeschwindigkeit 
des Feststoffes und b) eine günstige Beeinflussung der Porenstruktur des 
Haufwerkes mit verbesserten Kuchenbildungs- und Entwässerungseigens-
chaften bei Filtrationspressen.  

Die Agglomeration setzt sich prinzipiell aus zwei Vorgängen zusammen. 
Sie ist das Ergebnis eines Entstabilisierungsvorganges und eines Transport-
vorganges [2]. Der erste bewirkt durch Koagulation und Flocculation eine 
hinreichende Haufwahrscheinlichkeit pro Stoβ zwischen Partikel-Partikel, 
Partikel-Agglomerate oder Agglomerat-Agglomerate. 

Der zweite Vorgang bestimmt durch Trägheit (bei den Partikeln, die 
grösser als 1 µm sind) und Diffusion (bei den Teilchen, die kleiner als 1 µm 
sind) die Stoβwahrscheinlichkeit zwischen den agglomerierenden Feststof-
fteilchen. Man spricht entsprechend von orthokinetischem und perikine-
tischem Teilchentransport. 
 Die Entstabilisierung lässt sich in dem Koagulationsmechanismus und 
dem Flocculationsmechanismus unterteilen. Beide Mechanismen können 
sich dabei in ihrer Wirkung überlagern [3,4]. Bei der Koagulation lagern sich 
Teilchen infolge interpartikulärer Kräfte zusammen. Dabei wirken auf der einen 
Seite elektrostatische Abstoβungskräfte und auf der anderen van-der-Waalssche 
Anziehungskräfte. Vom Kräfteverhältnis hängt es ab, ob eine Agglomeration der 
Feststoffpartikel erfolgt, oder ob die Suspension stabil bleibt. Durch Variation 
von Menge und Ladung der zugesetzten Ionen können die Potenzialverhältnisse 
verändert werden und somit wird eine Koagulation ermöglicht. 
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In den Praktischen Anwendungen werden die Ionen hauptsächlich in 
Form von Aluminium- und Einsensalze verwendet. Bei einer Koagulation, bei 
der sich das Oberflächenpotential auf null reduziert, spricht man von einer 
isoelektrischen Flockung.  

Bei der Flocculation werden die Partikel mit Hilfe von synthetischen 
und polymeren Flockungsmittel durch die Bildung permanenter Brücken aus 
makromolekularen Substanzen, miteinander vernetzt. Es haldelt sich bei 
diesen Flockungsmitteln in der Regel um wässerlösliche Kohlenwasserstoff 
Verbindungen mit unterschiedlichem Molekulargewicht und reaktiven Grup-
pen. Es gibt zwei Typen zwischen natürliche organische Flockungsmittel (wie 
z.B. Stärke oder Glucose) und synthetische hergestellte Polymere. 

Man unterscheidet sie nach ihrem Polymerisationsgrad, sowie nach 
ihrer Ladung. Die Ladung wird durch reaktive chemische Gruppen erzeugt, 
die in den Polymerketten eingefügt sind.  

Die Anlagerung der Polymermoleküle an der Oberfläche der 
Feststoffteilchen kann nach der Art des Flockungsmittels über einen oder 
mehrere der folgenden vier Mechanismen erfolgen: a) Wasserstoffbrücken-
bildungen zur Hydrathülle des Teilchens; b) elektrostatische Wechselwirkungs-
kräfte; c) Bildung von Ionenbrücken zwischen den gleichsinnig geladenen 
Feststoffoberflächen und den reaktiven Gruppen des geladenen Polymer-
moleküls und d) Bildung von höherer Ionenkonzentration in Feststoffnähe.  

Für diese Mechanismen gibt es zwei Modellvorstellungen. Bei dem 
Brückenbildungsmodell haften Polymermoleküle (mit hochmolekularen oder 
langkettigen Molekülen) nur mit wenigen reaktiven Gruppen an der Feststof-
foberfläche und verbinden die Partikeln über eine Entfernung, die grösser 
sein kann als die Reichweite der interpartikulären Kräfte. Für kurzkettige Poly-
mermoleküle lagern sich diese vollständig an der Feststoffoberfläche an und 
beeinflussen dort die Ladung des Partikels. Die Adsorption von Polymer-
molekülen mit einer der Feststoffoberflächenladung entgegensetzten Ladung 
kann an der Partikeloberfläche eine partielle Ladungsumkehr bewirken. 
Dadurch kann es an der Feststoffoberfläche zu negativ und positiv geladenen 
Oberflächenbereichen kommen. Eine Zusammenlagerung der Partikeln zu 
Flocken erfolgt in diesem Fall über die elektrischen Wechselwirkunskräfte 
zwischen den unterschiedlich geladenen Zonen der Partikel. 

Die Flocculation der kolloidalen Teilchen einer Suspension hat eine 
zunehmende Bedeutung in der Abwasseraufbereitung [4,5]. Im Rahmen dieser 
Arbeit wurden die Sedimentationsprozesse einer geflockten Kaolin-Wasser-
Suspension mit verschidenen Flockungsmittelskonzentrationen im Vergleich 
mit einer reinen Kaolin-Wasser-Suspension untersucht. Die Eigenschaften der 
geflockten Suspensionen wurden im Verlauf der Sedimentation analysiert und 
das kinetische Modell der Flocculation wurde bei den Kompressionszonen 
festgesetzt. 
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VERSUCHSDURCHFÜHRUNG 

Die Trennung einer Kaolin-Wasser-Suspension (d50% < 20 µm) wurde 
durch reine Sedimentation und Flocculation in einem Schüttelapparat (mit vier 
Standzylindern; diskontinuierlicher Absetzversuch) durchgeführt. 

Der Standzylinder (Durchmesser φ = 50 mm  und Höhe H = 300 mm) 
des Schüttelapparats wurde mit einer 10 % konzentrierten Kaolin-Wasser-
Suspension gefüllt. Dazu gab man 40 g Kaolin der Qualität KO1 (die Dichte 
des trockenen Feststoffs ρp = 2500 kg/m3) und 400 ml Wasser. Der Zylinder 
wurde mit dem Stöpfel verschlossen und im Schüttelapparat kräftig geschüttelt, 
so dass eine homogene Suspension entstand. Die Höhe der Suspension 
(ho) wurde dann in jedem Fall gemässen.  

Polyacrylamid und die Copolymeren des Polyacrylamids sind 
Flockungsmittel, die oft im Flockungsvorgang zu empfehlen sind [6, 7]. Die 
Synthese der hier vorgeschlangenen Flockungsmittel beruht wie auf Abbildung 
1 durch Copolymerisierung in organischen Lösungmittelln (t-Butanol) aus 
Acrylamid, Acrylsäure und N-iso-Propylacrylamid in gewissen Mol Verhältnissen 
in Anwesenheit von Azo-bis-isobutyronitryl (AIBN) nach einem modifizierten 
Verfahren [8] von F.M. Winnik [9]. Das Molgewicht der hergestellten Polymere 
liegt im Bereich von 150-200000. Diese Werte wurden durch HPLC über eine 
PlGel GP-MXB Säule im Vergleich mit Standard - Polymermustern überprüft [8].  

In diesem Artikel werden die Ergebnisse der Flocculation der Kaolin-
Wasser-Suspensionen mit nichtionischem Polyacrylamid (PAA) von unter-
schiedlichen Flockungsmittelskonzentrationen vorgelegt.  

Das Flockungsmittel wurde von 0.5 g nichtionisches Polyacrylamid 
und 500 ml Leitungswasser nach einer starken magnetischen Vermischung 
hergestellt.  

Es wurde bei jedem neuen Versuch verschiedene Volumen des 
Flockungsmittels PAA 0.1 % zugegeben und zwar folgende Mengen: 1.0 ml; 
2.0 ml; 4.0 ml; 5.0 ml;10.0 ml; 15.0 ml und 20.0 ml. So wurden flockulate 
Suspensionen unterschiedlicher Konzentration erhalten und zwar 2.25 ppm; 
4.5 ppm; 9.0 ppm; 11,2 ppm; 22.5 ppm; 35.0 ppm und 43.4 ppm. Die pH-Werte 
liegen in dem Bereich 6.3 - 6.5 in jedem Fall.  

Die Zylinder wurden danach im Apparat 10 mal geschüttelt. Weil der 
Flockungsvorgang mit der Art der Dosierung des Flockungsmittels und 
dessen Vermischung mit der Suspension beginnt, wurden alle Versuche in 
denselben Bedingungen mehrmals durchgeführt. Danach wurden die Mittelwerte 
vorgestelt. 

Der Sedimentationsvorgang wurde beobachtet und analysiert. Dazu 
wurde die Bewegung des Trennspiegels (die Grenze zwischen den sedi-
mentierenden Partikeln/sedimentierenden geflocketen Suspensionen und 
der geklärten Flüssigkeit) im Laufe der Zeit (alle 30 Sekunden) aufgenommen.  
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Abb. 1. Synthetische Flockungsmittel. 
 
 

ERGEBNISSE UND DISKUSSION 
Die Durchführung dieser Versuche erfolgt nach mehreren standardi-

sierten Testmethoden in Zusammenhang mit den theoretischen Grundlagen 
[7, 10].  

Für alle Versuche wurde die genannte Höhe des Trennspiegels h in 
Abhängigkeit von der Zeit in der Abbildung 2 dargestellt.  
 

Abb. 2. Höhe der Gränzfläche Wasser/geflockte Suspe nsion in Abhängigkeit von der Zeit.  
◆ 4.5 ppm PAA; ■ 9.0 ppm PAA; ▲ 11.2 ppm PAA; ✷ 22.5 ppm PAA und ■ 35.0 ppm PAA. 
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Die Analyse des Sedimentationsverhaltens zeigt, dass die charak-
teristischen Eigenschaften der geflockten Suspensionen sich mit dem Grad 
der Flockenbildung (Flockungsmittelskonzentration) ändern, obwohl alle 
h(t) – Kurven des Trennspiegels im Bereich der Sedimentations- und 
Kompressionszonen verläuft.  

Mit zunehmender Flockungsmittelskonzentration wurden die nächsten 
Absetzverhalten verfolgt.  

Bei kleiner Flockungsmittelskonzentration CFM = 2.25 ppm wurde die 
Sedimentation sehr schwach und unvollständig. Die meisten Feststof-
fteilchen des Kaolins setzen sich mehr in Form einzelner Partikeln ab und 
nur wenige Teilchen bewegen sich als Einzelflocken. Beim diskontinuierlichen 
Absetzversuch zeigen die Suspensionen keine Grenzlinie zwischen den 
absetzenden Festsoffteilchen und Flüssigkeit. 

 Die Suspension ist noch eine Trübe, mit einem kolloidalen Aspekt, 
die sehr langsam sedimentiert. Das bedeutet, dass nicht alle Kaolinteilchen 
der Suspension geflockt wurden und nur die grossen Kaolinteilchen sich als 
geflockte Suspension lagern. Auf Grund der niedriegen Konzentration des 
Flockungsmittels wurden nur Mickro-Flocken ausgebaut, die noch nicht alle 
feinsten Teilchen zussamenballen konnten.  

Mit zunehmender Flockungsmittelskonzentration (4.5 ppm; 9.0 ppm 
und 11.2 ppm PAA) tretet ein Trennspiegel auf, obwohl die Flüssigkeit über 
der geflockten Suspension noch nicht klar ist (Abb. 2). In diesen Fällen 
bewegt sich der Trennspiegel nicht gleichförmig nach unten. Wesentlich ist, 
ob und wie stark die Einzelteilchen der Suspension zu den aufgetreten 
Flocken, mit zunehmender Flockungsmittelkonzentration, sich zusammenballen. 
Nicht alle Einzelteilchen der Suspension lagern sich mit den Flocken, die 
durch Adsorbtion an den Feststoffoberflächen zu einer Agglomeration führen. 
Nicht flockende Feststoffteilchen sind langsamer als die geflockte Suspension 
gelagert.  

Man bemerkt, dass die charakteristischen Eigenschaften der Suspension 
sich ändern und die Absetzgeschwindigkeit grösser wird. Die geflockten 
Feststoffteilchen sedimentieren mit einer einheitlichen Stuktur. Mit zuneh-
mender Konzentration und wachsender Ausbildung von Flocken geht der 
Absetzvorgang in der Sedimentationszone über. Die Absetzgeschwindigkeit 
des Trennspiegels wurde in diesem Bereich zwischen 0.1 – 0.15 mm/s 
berechnet. Von der Abbildung 2 wurde der Übergang zwischen Sedimentations 
- und Kompressionszone bei etwa 630 Sekunden bestimmt.  

Zwischen Klarwasser und geflockte Suspension ist bei der Flockungs-
mittelskonzentration ab 22.5 ppm PAA ein deutlicher Trennspiegel erschienen. 
Einzelne feine und feinste Feststoffeilchen bewegen sich zur Gesamtstruktur. 
In diesem Fall wurde die Flockungsmittelkonzentration so hoch, dass die 
gebildeten Flocken eine zueinander banden und sich so, wie ein kompaktes 
Netz nach unten  bewegt haben.  
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Bei höherer Konzentration verläuft die h(t) - Kurve in den Kompres-
sionszonen von Anfang an gekrümmt. In diesem Fall können die Flocken 
aufgrund dichter Lagerung mechanische Kräfte übertragen und aufnehmen, 
die zu einer Verdichtung der Struktur führen.  

Höhere Konzentration des Flockungsmittels in der Suspension bedeutet 
aber auch kleinere Absetzgeschwindigkeit des Trennspiegels (w < 0.03 mm/s).  

Die Durchführung dieser Versuche bestimmt die optimale Flockungs-
mittelmenge bei einer Flockungsmittelskonzentration CFM = 33.0 ppm PAA. 
Alle feine und feinsten Feststoffteilchen der Suspension sind in dem kompakten 
Netz gebunden und man erhaltet klares Wasser als Flüssigkeit. Das 
Flockungsergebnis war in diesem Fall sehr gut.   

Eine Überdosierung von Flockungsmittel ( CFM = 45.0 ppm PAA) führt 
zum gegenteiligen Effekt, zu einer Stabilisierung der Flockungsmittel-Partikel 
und zu einer schwächeren Separation.  

Im Vergleich wurde die Kaolin-Wasser-Suspension ohne Flockungs-
mittel gar nicht sedimentiert. Für die Kaolinpartikel (d50% < 20  µm) muss man 
Flockungsmittel mit langkettigen Molekülen zugeben, damit sich aus den 
Partikeln Agglomerate bilden. 

Im Rahmen dieser Arbeit wurde auch der Einfluss des Flockungs-
mittels auf die Kinetik der Sedimentation in der Kompressionszone untersucht. 
Wie in der Abbildung 2 (Trennspiegelhöhe durch Zeit) dargestellt ist, ändert 
sich die Flockenbildung mit der Flockungsmittelskonzentration und der 
Absetzgeschwindigkeit.  

Im allgemeinen kann die Absetzgeschwindigkeit des Trennspiegels, 
die aus der Steigung der h(t)- Kurve berechnet ist, als Trennspiegelhöhe 
(dh/dt) definiert werden. Sie hängt von der Zeit durch die Gleichung (3) ab [4]: 
 

kh
dt

dh −=                                   (3) 

 

Hierbei ist k die Geschwindigkeitskonstante (s-1) in Abhängigkeit mit 
den Suspensionseigenschaften. Das negative Gleichungszeichen zeigt, dass 
die Absetzgeschwindichkeit kleiner mit der Zeit wird. Durch die Integrierung 
der Gleichung (3) und aus den Grenzbedingungen erhält man die kinetische 
Gleichung (4): 
 

     kte
h

h −=
0

     oder  kte
h

h
=0                    (4) 

 

Die Gleichung (4) beschreibt die liniare Sedimentationkinetik, die eine 
akzeptable Approximation für bestimmte Zeitspannen ist. Für die komplexen 
Fälle kann man die Gleichung (5) benützen: 

    
mkte

h

h −=0                   (5) 
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Die kinetischen Koeffizienten k und m wurden von experimentälen 
Daten graphisch festgesetzt. Im doppeltlogarithmischen Massstab ergibt die 
Gleichung (5) eine Gerade mit der Steigung m und dem Ordinatenabschnitt k 
(Abbildung 3). Weil die bestimmte Steigung m = 0.91 ist, kann man die 
Sedimentation als kinetischen Versuch erster Ordnung betrachten. 

Abb. 3. Doppeltlogarithmische Darstellung der Gleic hung (5) in dem Fall einer 
geflockten Suspension 33.0 ppm PAA im Kompressionsb ereich. 
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ABSTRACT. In this work the solubility of two drugs in supercritical 
carbon dioxide are being measured. There were investigated the 
solubility of terfenadine and griseofulvin in s.c. carbon dioxide at 
pressures in the range of 140 – 180 bar and two temperatures 313,2 K 
and 343,2 K. 

To evaluate the solubility of the two drugs we are using an 
equation of Chrastil type and obtained the values for the association 
number k, and for the two constants a, b which take into account the 
enthalpy of solvation and vapourization of the solute and the molecular 
weight of the species. This chemicals have relatively low solubilities 
with values ranging from 3,092x10-7 to 1,8550x 10-6 mole fraction. The 
solubilities exhibit a clear dependence on the solvent density and this 
has been used to provide a simple and precise correlation of the data. 

The effect of ethanol added to CO2 as an entrainer was 
investigated, varying its concentration in CO2 from 1wt % to 5wt.%.  

 
 
 

1. INTRODUCTION 
In recent years there has been an increasing level of interest in 

utilizing supercritical fluid (SF) technology for processing pharmaceutical 
and nutraceutical materials. The unique feature of the supercritical state is that 
the solvating power strongly depends on the fluid density and can be adjusted, 
without changing chemical composition, by controlling the pressure and 
temperature. This property opens up a wide range of possibilities for selective 
extraction, purification and precipitation processes [1]. Extraction processes 
with supercritical fluids are established even in industrial scale and become 
again more interesting for industry. 

Supercritical fluid extraction of active molecules from medicinal 
plants, extraction from dilute media for metabolite recovery, enzymatic 
reactions, precipitation, micronization and impregnation are some of the 
areas of application under investigation and development [2]. Purification of 
pharmaceuticals and detoxification of hazardous wastes are a few of the many 
applications in wich conventional organic solvents are being replaced by 
environmentally begin supercritical fluids such as carbon dioxide [3]. 
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The experimental determination of drugs solubility in supercritical fluid 
system is important owing to the increasing applications of the dense gases. 

Carbon dioxide is by far the most important proccesing medium 
because of its relatively low critical temperature and pressure (31,3oC and 
72,9 bar), low toxicity and low cost. In the compressed state, supercritical CO2 
can be described as a hydrophobic solvent with a polarity comparable to that 
of hexane or pentane.  

In this work, the solubilities of two Anti-Inflammatory Drugs- Terfenadine 
and Griseofulvin – have been measured in supercritical carbon dioxide. 

The experimental data were correlated by a semiempirical method 
proposed by Chrastil [4] which is based on the hypothesis that one molecule of 
solute associates with k molecules of supercritical fluid forming a complex in a 
state of chemical equilibrium. 

It is well known that the addition of a cosolvent to a supercritical fluid 
often leads to an enhancement in the solubility of a solute [5]. In this work, we 
have used ethanol as a cosolvent, varying its concentration in CO2 from 1 wt% 
to 5 wt%. 
 
 

2. EXPERIMENTAL 

The supercritical fluid – carbon dioxide – was available with purity of 
99,99% from AGA Gas GmbH Hamburg. 

Terfenadine and Griseofulvin were purchased from Merck Co. with 
purity greater than 99,9%. 

The structures of the two drugs are shown in Figure 1. 
 
 
 

 
 
 

Figure1. Structure of the studied drugs: a). Grieofulvin; b). Terfenadine 
 
 

Some of the available physical and chemical property data for the 
compounds used in this study are listed in Table 1. 

b) a) 
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Table 1. 
Molar Mass M, Melting Point Tm, and Solubility S in water for the Drugs 

Compound M [g. mol-1] Tm [K] S [mg/ml H2O] 
Terfenadine 471,29 419,2 – 421,2 0,010 at 30 C 
Griseofulvin 352,8 495,2 40,1 at 25 C 

 
The solubility of terfenadine and griseofulvin in supercritical carbon 

dioxide is not available in the literature. It was determined experimentally using 
the experimental equipment presented in Figure 2. 
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Figure 2. Flow sheet of the apparata 
 

The main part of the experimental equippment is the autoclave with a 
volum of 249,5 ml. The diameter of each inlet and outlet is 1 mm. For a better 
mixing in the liquid phase, the autoclave can be rocked with constant velocity. 
The temperature is maintained by means of a heating jacket and temperature 
controller with an accuracy of ± 1o C. The temperature was measured with 
a Pt 100 thermocouple calibrated by two points measurements. In order to 
determine the solubility of the two drugs in supercritical CO2, a specific amount 
of the substance was filled in a metal cage, weighed and placed on the 
bottom of the autoclave. The autoclave was closed and heated up to a fixed 
temperature (40 and 70o C). 
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The CO2 gas, comes from the tank (1), is compressed in the gas 
pump (3) (membrane compressor, Whitey Model LC-10) and heated up to the 
desired temperature in the heat exchanger (5). Then CO2, preheated to the 
same temperature was pumped into the autoclave up to the desired pressure 
(140; 160; and 180 bar) was reached. The system was stored under stirring for 
24 h. The temperature could be kept constant with an accuracy of ± 1oC and 
the pressure varied within 5 bar. 

After the equilibrium was reached, CO2 was vented out with a 
constant flow rate (~ 20 NL/hour) and then the autoclave was cooled to room 
temperature. 

The metal cage with the rest of the substance was weighed and the 
amount of the dissolved substance calculated. 

The amount of CO2 in the autoclave was calculated from the known 
volume and corresponding CO2 density. The values of CO2 density were taken 
from NIST data base [NIST]. 
 

3. RESULTS AND DISCUSSIONS 
The solubilities of the two drugs along with the temperature, pressure 

and density of CO2 that corresponds to each measurement are listed in Table 2. 
 

                         Table 2. 
Experimental solubility for the Drugs in Supercritical CO2 

106 x Solubility as molar fraction T 
[K] 

P 
[bar] 

DCO2 

[g/l] Terfenadine Griseofulvin 
140 763,27 0,9985 3,6006 
160 794,9 1,2939 6,2735 

313,2 

180 819,51 1,5344 6,9466 
140 456,62 0,33376 0,445876 
160 547,75 1,0435 1,7656 

343,2 

180 612,24 1,9914 6,5678 
 

For the description of the solubility behavior of substances in 
compressed gases different equations were developed including the density 
of the fluid [6], [7] In this work, the solubilities were correlated using the 
density-based equation proposed by Chrastil [4]:  

b
T

a
dkc ++= lnln      (1) 

where c is the concentration of the solute in the supercritical fluid (g/L), d is the 
density of the fluid (g/L), k is the number of fluid molecules associating with 
one molecule of solute to form a solvatocomplex. The constants a, b take into 
account the enthalpy of solvation and vapourization of the solute and the 
molecular weight of the species.  
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The parameters k, and a,b have to be fitted to experimental data and 
are presented in Figures 3 and 4, and summerized in Table 3. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Solubility of terfenadine in CO2. Determination of the solubility  
constants k and a, b. 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 4. Solubility of Griseofulvin in CO2. Determination of the solubility 
constants k and a,b 

 
 

                      Table 3. 
Solubility constants in Carbon Dioxide 

Compound k a b 
Terfenadine 7,108 -5894,0091 -32,8513 
Griseofulvin 10,152 -20480,518 -8,112 
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As a result, the solubility of terfenadine and griseofulvin in CO2 can be 
expressed as follows: 

8513,32
0091,5894

ln108,7ln −−=
T

dc   (2) 

112,8
518,20480

ln152,10ln −−=
T

dc   (3) 

 
The solubilities for the two systems as a function of pressure and 

CO2 density comparative with the predicted solubilities with the Chrastil-
equation [4] are presented in Figures 5 – 8 and summerized in Table 4. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Mole fraction solubility of terfenadine as a function of pressure P  
in supercritical carbon dioxide 

 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 6. Mole fraction solubility of terfenadine as a function of the carbon dioxide density 
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   Figure 7. Mole fraction solubility of griseofulvin as a function of pressure P 
in supercritical carbon dioxide 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Mole fraction solubility of griseofulvin as a function of the carbon  

dioxide density 
 
 
The results from Figures 5 and 7 show an increase of the terfenadine 

and griseofulvin solubility with the experimental pressure while the temperature 
was kept constant. 

For terfenadine has been obtained a higher solubility at 313,2 K at a 
pressure of 170 bar. Over this value of pressure, the solubility is higher at 
343,2 K.  

In the case of griseofulvin we have noticed that in the whole range 
there have been obtained a higher solubility at the temperature of 313,2 K. 

Figures 6 and 8 have show an increase of the terfenadine and 
griseofulvin solubility, with the solvent density. 

The predicted solubilities values presented in Table 4 are in a good 
agreement with the experimental data for the two drugs.  
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Table 4. 
Prediction of terfenadine and griseofulvin solubilities at three density values of 

CO2 according to the Chrastil equation 

106x Mole fraction solubility Compound T 
[K] 

P 
[bar] experimental calculated 

AAD 
[%] 

140 0,9985 1,004   0,55 
160 1,2939 1,2840   0,76 

313,2 

180 1,5344 1,545   0,69 
140 0,3376 1,3092   7,35 
160 1,0435 0,94   7,21 

Terfenadine 

343,2 

180 1,9914 1,8550   6,85 
140 3,6006 3,454   4,07 
160 6,2735 5,88   6,27 

313,2 

180 6,9466 6,786   2,31 
140    0,44586 0,4594   3,03 
160 1,7656 1,977 11,9 

Griseofulvin 

343,2 

180 6,5678 6,4962   1,09 
 
The absolute average percentage deviation of calculated from 

experimental values (AAD) are for terfenadine in the range: 0,55% - 7,35% 
and for griseofulvin these are ranging from 1,09% to 11,9%. 

In order to enhance the dissolution of the two drugs with 
pharmaceutical applications – terfenadine and griseofulvin – it had been 
used as entrainer, ethanol. The experiments were performed with ethanol 
concentration in CO2 varying from 0 to 5 wt. %. The influence of the 
entrainer concentrations on the terfenadine and griseofulvin solubilities are 
presented in Figure 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Influence of Et-OH concentration on the terfenadine and griseofulvin Mole 
Fraction Solubilities at T=313,2 K and P=180 bar 

0,00E+00

1,00E-05

2,00E-05

3,00E-05

4,00E-05

5,00E-05

6,00E-05

7,00E-05

0 1 2 3 4 5 6
CEt-OH [%]

S
o

lu
b

ili
ty

Solubility of Terfenadine Solubility of Griseofulvine



THE SOLUBILITY OF DRUGS IN SUPERCRITICAL CO2 AND THE EFFECT OF ENTRAINERS 
 
 

 199 

The results from Figure 9 show that the solubility of both active 
compounds increases significantly in presence of the entrainer. 

An empirical relation which described the influence of the ethanol 
concentration has the following form [8]: 

m
ewynyy )( 00 +=      (4) 

where y is the solubility of the two drugs in CO2 with entrainer (mol/mol), yo is 
the solubility of the two drugs in pure CO2 (mol/mol) and we is the concentration 
of ethanol in CO2 (g/g). 

From our experimental data, we deduced the following relations 
which described the influence of ethanol added to CO2 as an entrainer on 
the terfenadine and griseofulvin: 

5,0
00 )(0745,0 ewyyy ⋅+=     (5) 

)(04,137 00 ewyyy ⋅+=     (6) 

The experimental solubility of the two drugs in the presence of the 
entrainer and the predicted solubility with the equations (5) and (6) are 
presented in Table 5.  

Table 5. 
Experimental and predicted solubility of terfenadine and griseofulvine in 

supercritical CO2 with Ethanol at T=313,2K and P=180 bar. 

   Et-OH [%] 
Compound 

 0 
 

2,5 5,0 

expy  1,5344 x 10-6 1,5873 x 10-5 2,3343 x 10-5 

.calcy  1,5344 x 10-6 1,6311 x 10-5 2,2705 x 10-5 

Terfenadine 

A.A.D. [%] 0 2,76 2,73 

expy  6,9466 x 10-6 3,1310 x 10-5 5,7143 x 10-5 

.calcy  6,9466 x 10-6 3,1350 x 10-5 5,7048 x 10-5 

Griseofulvin 

A.A.D. [%] 0 0,14 0,17 
 

4. CONCLUSIONS 

The solubilities of two drugs have been measured in supercritical 
CO2 at pressures between 140 – 180 bar and at temperatures of 313,2 K and 
343,2 K. The experimental error is estimated for terfenadine to be in the range of 
0,55% - 7,35% and for griseofulvin these are ranging from 1,09% to 11,9%. 

The parameters required by the predictive method for the evaluating 
the solubilities of solid in supercritical carbon dioxide are the molecular 
weight, structure and the melting temperature. 
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It was shown that the addition of a small amount of ethanol as 
entrainer to the supercritical carbon dioxide can increase selectively the 
solubilities of the two drugs. 
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ABSTRACT. Dynamic interfacial tensions have been measured at the 
benzene/water interface in order to study the adsorption behavior of 
some local anesthetics, namely dibucaine and tetracaine, from the 
aqueous bulk solutions at the interface with pure benzene. For this 
purpose the pendant drop method was used. To describe the 
adsorption kinetics of these anesthetics at liquid interface, a new 
theoretical approach has been developed for the diffusion controlled 
adsorption of surfactants at the benzene/water interface. Therefore, 
various kinetic equations are tested and a new diffusion controlled 
kinetic equation is proposed, based on the Ward and Tordai diffusion 
equation associated with the two dimensional van der Waals state 
equation. This analysis provides a better understanding of the interfacial 
properties of adsorbed anesthetics layers at liquid interfaces. Diffusion 
coefficients, subsurface concentrations and molecular interaction 
parameters are derived from the experimental data and discussed in 
terms of the local anesthetics molecular structure. 

 
 

Key words: adsorption kinetics at liquid interfaces; local anesthetics; dibucaine; 
tetracaine; diffusion coefficient; intermolecular interaction parameters 

 
 

INTRODUCTION 
 The adsorption kinetics of various surfactants at liquid interfaces 
frequently plays a major role in many diverse processes, with a substantial 
scientific and technological impact, such as interfacial turbulence, foaming and 
wetting, as well as in biological processes [1-3]. Thus, the modeling [1-13] of 
the adsorption kinetics represents a key step to understand and improve 
processes which involve the stabilization of interfaces, such as the production 
of emulsions, drug delivery systems, pharmaceuticals and cosmetics, lubrication 
and oil recovery. Moreover, for basic research, the kinetics and mechanisms of 
the surfactant adsorption are also powerful tools to investigate the structure of 
adsorbed layers of surfactants [14-21] and the molecular interactions at the 
liquid interfaces [18-20]. 
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 If an interface is generated between a bulk aqueous solution, 
containing a surfactant, and a pure non-polar solvent, the adsorption of the 
surfactant at the interface occurs. This adsorption is not instantaneous 
since it implies the diffusion of surfactant molecules from the bulk solution 
towards the interface and at the interface the adsorption itself takes place by 
traversing a potential adsorption barrier. The time dependence of surfactant 
adsorption is complicated also by desorption processes. 
 If the rate of adsorption and desorption processes is high as compared 
to the diffusion, the adsorption may be considered as being diffusion-controlled. 
On the other hand, if the diffusion is assumed to be fast as compared to the 
transfer between the subsurface and interface, the process will be kinetic-
controlled or barrier-controlled [1-3]. Both steps are taken into account in 
mixed kinetic controlled models. 
 Local anesthetics are widely used in the anesthesia processes and 
the molecular mechanism of their action is not fully understood. However, 
the anesthesia mechanism has been generally based on the anesthetics 
interactions with biological membranes. Several properties of plasma mem-
branes seem to be modulated by anesthetics, such as, the lipid membrane 
structure [18-25], where the adsorption of anesthetics molecules at liquid 
interfaces is an essential step. 

One of the goals of this study is to develop a kinetic model and to 
apply it to the adsorption of the two local anesthetics, namely dibucaine and 
tetracaine, from aqueous bulk solutions to the interface with pure benzene. 
The interest for this type of studies is recently increased because the 
oil/water interface (e.g., benzene/water) is generally considered as a model 
for biological membranes. 

 
THEORETICAL MODELS FOR ADSORPTION 

 Diffusion Controlled Adsorption Kinetics 
 The quantitative model for the adsorption kinetics controlled by 
diffusion of surfactants from the bulk solution to the freshly formed liquid 
interface was proposed first by the Ward and Tordai [4]:  













ττ−








π
=Γ ∫

1/2t

0

1/2
s

1/2
0

2/1

)d-t(ctc
D

2t)(   (1) 

where Γ(t) represents the surfactant adsorption at the time t, D is the 
diffusion coefficient, π  is  3,1415…, c0  is the bulk solution concentration far 
from the liquid interface, cs represents the subsurface concentration and τ 
is a dummy variable ranging from 0 to t.  

The direct application of this theory is rather complicated. However, 
some asymptotic approximations were derived and commonly used [5], 
namely: 
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for  t � 0, a short time approximation results: 

   ( ) 1/2
2/1

0 t
D

c2t 








π
=Γ    (2) 

and for t � ∞ , a long time approximation [5 - 9] was derived, called also 
the Joos relationship: 
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Joos equation can be also written as: 
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 σ

∞→

   (4) 

 

where R is the gas law constant, T is the temperature, σ (t) and eσ are the 
dynamic and the equilibrium surface tensions, respectively. The Eq. (3) is the 
theoretical basis for the extrapolation eσ = σ  (t - ½)

∞→t
and the intersection 

with the ordinate is frequently used as the equilibrium interfacial tension value. 
The linear relationship between σ (t) and t1  remains valid only for a 
restricted period of time and it indicates that the adsorption process is 
controlled by diffusion. 

Eq. (1) takes into account only the diffusion process and as boundary 
condition the conservation of mass at the interface. Since the subsurface 
concentration cs is unknown, Eq. (1) is not alone suitable to predict the 
surfactant adsorption with time. Frequently, one assumes a local equilibrium 
between the liquid interface and the subsurface (i.e., the adjacent layer only 
a few angstroms away from the interface and still belonging to the bulk 
phase). 

Usually, it has been assumed that the relation between the experimental 
interfacial pressure and the surfactant adsorption curves is better described by 
the Frumkin isotherm than by the Langmuir isotherm. It is argued that the 
Langmuir isotherm does not consider mutual interactions [9] among the 
adsorbed molecules, and therefore, the Frumkin isotherm might be better to 
describe the experimental curves because it introduces such intermolecular 
interactions [12].  

On the other hand, it is well known that the surfactant adsorption 
can be transformed into the mean molecular area of the surfactant. 
Keeping this in mind, we can conclude that the experimental curves of the 
interfacial pressure as a function of the mean molecular area can be quite 
well described by the surface state equations because they introduce the 
intermolecular interactions within the adsorbed layers at liquid interface as 
an adjustable parameter [26-31]. 
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 Langmuir Adsorption Kinetics 

In some cases it is found that experimental data cannot be understood 
by a simple diffusion and one must drop the boundary condition of the local 
equilibrium and replace it by the Langmuir kinetic equation [10, 11]: 

  
∞∞ Γ

Γ−








Γ
Γ−=Γ

2s1 k1ck
dt

d
    ( 5) 

where, k1 is the adsorption rate constant, k2 is the desorption rate constant, 
and ∞Γ  represents the maximum adsorption or the maximum surface coverage 
by the surfactant molecules at the liquid interface. 
 In Eq. (5) the adsorption rate is presumed to be directly proportional 
with the subsurface concentration cs and with the free interface. Also, Eq. (5) 
takes into account a desorption process, with a rate directly proportional with 
the interface occupied by the surfactant. The kinetic Eq. ( 5 ) assumes an ideal 
localized layer [10].  

 Eq. ( 5 ) is valid also at equilibrium, when 0
dt

d =Γ
, Γ = Γe and cs = c0. 

With these equilibrium conditions Eq. ( 5 ) can then be rewritten as: 

ee
201

01 k
kck

ck Γ=Γ
Γ
+=
∞

    (5’) 

 For some cases, with surfactant concentration high enough, a diffusion 
equilibrium can be thought to be established, involving cs = c0. In this case, 
the combination [11] of Eqs. (5) and (5’) results in:  

)k(
dt

d
eΓ−Γ−=Γ

 

relationship and by its integration yields: 

    ∆Γ = ∆Γ0e
-kt            (6) 

with ∆Γ = Γ - Γe, ∆Γ0 = Γ0 - Γe, where Γ0 stands for the adsorption at t = 0, 
i.e.  Γ0 = 0. 
 In the situation that, the increase of adsorption is proportional to the 
decrease of interfacial tension, Eq. ( 6 ) may be written as: 

            ∆σ = ∆σ0⋅e-kt     (6’) 

or in a logarithmic form gives: 

                     ktlnln
e

e00 =
σ−σ
σ−σ

=
σ∆

σ∆
    (7) 

where σ, σe and σ0 stand for the actual, for the equilibrium interfacial tension, 
and for the interfacial tension in the absence of the surfactant, respectively. 
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 In the present paper two local anesthetics, viz. dibucaine and 
tetracaine have been studied by measuring dynamic interfacial tension values 
at the benzene/water interface and for the beginning Eq. (7) has been tested. 
 
 EXPERIMENTAL   

The two local anesthetics used, dibucaine (2-butoxy-N-[2-(diethylamino) 
ethyl]-4-quinoline carboxamide hydrochloride) and tetracaine (4-butyl amino) 
benzoic acid 2-(dimethyl amino)ethyl ester hydrochloride), both synthetic 
commercial products of high purity (minimum 99%) were purchased from 
Sigma. Benzene pro-analysis was purchased from Merck. All chemicals 
were used without further purification. Twice-distilled water of pH 2 was used, 
containing 0.01 mole dm-3 hydrochloric acid. Volumetric aqueous solutions 
of HCl pro-analysis were purchased from Reactivul Bucharest.  

In order to study the anesthetic adsorption at the same liquid interface 
the benzene/water of pH 2 systems were chosen. At pH 2, dibucaine and 
tetracaine may exist in three forms: uncharged (free base) and charged ones, 
i.e., monocation (mono-protonated) and dication (diprotonated) molecules. The 
calculations show at pH 2, that the dibucaine is almost in mono-protonated 
form, and the tetracaine is a mixture of monocation (45%, mono-protonated) 
and dication (55 %, di- protonated) molecular species [32]. At pH 2, the 
molecular species of anesthetics existing in the aqueous solutions are 
completely insoluble in the bulk benzene phase. Therefore, any transport 
across the benzene/water interface can be neglected. The pH of aqueous 
solutions was constant during all experiments and it was measured by an 
MV-84 type pH-meter by using a glass electrode.  

Dynamic interfacial tensions in the time range from 1 minute up to 90 
minutes for the aqueous solutions (pH 2) of various anesthetic concentrations 
at the interface with pure benzene were measured by pendant drop method 
described by us elsewhere[21, 33]. The shape of drops was recorded on a 
highly quality film in order to determine the characteristic drop diameters. 
By using a computer program in Basic language the dynamic interfacial 
tension values were finally determined.  

Experimental data obtained by the pendant drop technique were 
compared with the data obtained by ring method, that was described by us 
previously [34-36]. The agreement between the two methods is excellent and 
the deviations do not exceed the error of the individual method. The accuracy 
of interfacial tension measurements was ± 0.1 mN/m, in agreement with 
literature data [1,6]. All measurements were performed at constant temperature 
of 20 ± 0.1 oC.  

 
RESULTS AND DISCUSSION 

 Dynamic interfacial tension values, together with the equilibrium values 
are presented in Tab. 1 
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In order to test the validity of Eq. (7), the left hand side, denoted as y, 
has been calculated by using experimental σ values presented in Tab. 1      
as well as their equilibrium values σe corresponding to t = ∞, and by taking 
σ0 = 34.7 mN/m. 
 The plot of y vs. t exhibits a quite good linearity, although the straight 
lines do not pass through the origin of the coordinate system, i.e., actually 
Eq. (7) is of the following form: 

ktalny
e

e0 +=
σ−σ
σ−σ=      (7′ ) 

 By performing a linear regression, the parameters a and k have been 
determined. Results are presented, together with the correlation coefficient, 
in Table 2. In the last column n indicates the number of experimental points 
used in the linear regression. 
 

Table 1 
Dynamic interfacial tensions (mN/m) at the benzene/water interface 

 

Dibucaine Tetracaine 

Co, mole dm-3 

Anesthetics 
t, min 

0.001 0.005 0.010 0.001 0.005 0.010 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
∞ 

31.9 
31.1 
30.2 
29.7 
29.2 
28.8 
28.4 
28.1 
27.8 
27.5 
27.3 
27.0 
26.9 
26.6 
26.5 
26.0 

28.7 
27.1 
25.4 
24.6 
23.5 
23.1 
22.1 
21.85 
21.2 
20.9 
20.4 
20.1 
19.7 
19.4 
19.2 
18.6 

26.4 
24.25 
22.2 
20.8 
20.0 
19.2 
18.6 
18.15 
17.5 
17.3 
16.8 
16.6 
16.2 
16.0 
15.8 
15.6 

32.8 
31.85 
31.7 
31.3 
31.1 
30.8 
30.7 
30.5 
30.3 
30.1 
30.0 
29.9 
29.8 
29.6 
29.5 
29.3 

31.1 
30.53 
29.2 
28.75 
28.2 
27.72 
27.5 
27.2 
27.0 
26.7 
26.6 
26.4 
26.3 
26.1 
26.0 
25.6 

29.9 
28.95 
27.5 
27.0 
26.2 
25.9 
25.3 
25.1 
24.7 
24.5 
24.3 
24.0 
23.9 
23.8 
23.7 
23.3 

 
Table 2.  

The a and k parameters of Eq. (7’). 
 

Anesthetics C0 

mole dm-3 
a k 

min-1 
r n 

 
Dibucaine 

   0.001 
   0.005 
   0.010 

0.152 
0.202 
0.284 

0.169 
0.190 
0.234 

0.9932 
0.9918 
0.9909 

15 
15 
14 

 
Tetracaine 

   0.001 
   0.005 
   0.010 

0.342 
0.340 
0.330 

0.154 
0.176 
0.199 

0.9966 
0.9974 
0.9984 

13 
14 
15 
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 As seen from Tab. 2, the a values are rather far from zero. This 
means that the basic hypothesis used at the deriving of Eq. (7) is not perfectly 
valid, presumably the diffusion equilibrium is not yet established and the 
boundary condition cs = c0 is not fulfilled. Nevertheless, from the k values 
reported in Tab. 2, some conclusions can be drawn. As seen, with the 
increasing C0 the obtained k values are also increased. According to Eq. (5’) 
written as follows: 

                      
∞∞ Γ

+
Γ

= 2
0

1 k
C

k
k                      (8) 

it is clear that the plot of  k vs. C0 exhibits indeed an acceptable linearity. 
The k1/Γ∞ and k2/Γ∞ values and the corresponding correlation coefficients 
are presented in Table 3. 
 

Table 3.   
Relative adsorption and desorption rate constants derived from k values,  

given in Table 2. 
 

Anesthetics k1/Γ∞ 
dm3 mole-1 min-1 

k2/Γ∞ 

min-1 
r 

Dibucaine 7.25 0.159 0.9914 
Tetracaine 4.99 0.149 0.9988 

 
 

 Inspection of Tab. 3 shows the quite good agreement with Eq. (8). 
The relative rate constant values are rather reasonable. The k1 values are 
much higher than the k2 ones, pleading for a high interfacial activity of these 
local anesthetics in good agreement with their behavior at liquid interfaces. 
 In the Ward and Tordai Eq. (1) the second term, the back diffusion 
integral being neglected, one obtains: 

    1/2
0

2/1

tc
D

2 ⋅








π
=Γ        (9) 

It is to be noted that the Eq. (9) coincides with the short time 
approximation given by the Eq. (2). 
 At the other hand, by performing an integration by parts of Eq. (1), 
and by neglecting the remaining integral, one obtains: 

                  1/2
2/1

s0 t
D

)cc(2 








π
−=Γ   (10) 

Clearly, both Eqs. (9) and (10) suggest a proportionality of the 
adsorption with t1/2. 
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 In order to establish a correlation between the adsorption and the 
interfacial tension σ or the interfacial pressure Π, frequently, the surface 
state equation: 
 

    Π A = kT  or  Π = ΓkT    (11) 
 

is used, which is the two dimensional analog of the perfect gas state equation. 
A represents the molecular area (A = 1/Γ ) and Γ is the surfactant adsorption 
expressed in molecules per unit interface. 
 By combining Eq. (11) with Eqs. (9) and (10), respectively, one obtains: 
 

                     Π
1/2

0

2/1

tc
D

kT2 








π
=      (12) 

and  

                     Π
1/2

s0

2/1

t)c-(c
D

kT2 








π
=    (13) 

 
Fig. 1. Experimental dynamic interfacial          Fig. 2. Experimental dynamic interfacial 
pressures of dibucaine aqueous solutions         pressures of tetracaine aqueous solutions 
as a function of t1/2 at the interface benzene/         as a function of t1/2 at the benzene/water 
water. Figures indicate the dibucaine bulk          interface. Figures indicate the tetracaine 
concentration C0 in  mole dm-3.          bulk concentration C0 in mole dm-3. 

 
 
In order to test the validity of Eqs. (12) an (13) we performed an 

analysis of the experimental Π vs. t1/2 data. Experimental Π values, calculated 
from σ0 and from σ values given in Tab. 1, are presented in Figs. 1-2, plotted 
vs. t1/2 values, for dibucaine and tetracaine, respectively. 
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If the relations (12) or (13) were valid, the Π vs. t1/2 curves would 
exhibit a linear portion at least at small t values. This is why the tangency to 
the curve for  t = 0 was constructed in Figs. 1 and 2. It is to be noted that 
the experimental curves exhibit an important negative deviation from these 
straight lines. This means that a better approach is needed to describe the 
behavior of anesthetics at the oil/water interfaces. 
 

Deriving of a New Diffusion Controlled Kinetic Equa tion 
 Eqs. (12) and (13) have been obtained by presuming the state 
equation (11) to be valid. But interfacial monolayers do not obey Eq. (11). 
One of the best state equations [21, 26-31] proposed for the surfactant 
monolayers at the liquid interfaces is of the following form: 
 

                     ( ) kTA-A 0 =






 α+Π
3/2A

    (14) 

 

where A stands for the mean molecular area. Eq. (14) was found to describe 
very well the compression isotherms of miscellaneous monolayers [21, 28, 30], 
especially if the interaction parameter α and the own molecular area A0 are 
treated as adjustable parameters.  

Because the equilibrium data for another local anesthetics, namely 
procaine [30], are well described by the Eq. (14) we decided to consider 
this model to describe the experimental data for the local anesthetics used 
in this study.  
 From the state equation (14), Π may be expressed as: 
 

Π
2/3

0
3/2

0 A-1

kT

AA-A

kT Γα−
Γ

Γ=α−=       (15) 

 

 Let us denote: 
2/1

s0

D
)c2(cx 









π
−=                                                    (16) 

 

 Eq. (10) may be written as Γ = xt1/2. Thus, by combining Eqs. (10), 
(14) and (16), one obtains: 
 

        







−

−
=−

−
=Π 3/4

1/2

1/2
0

1/2
3/43/2

1/2
0

1/2

t
kT
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xtA1

t
kTxtαx

xtA1

kTxt
  (17) 

 

 One may expect Eq. (17) to describe better the time dependence of Π, 
than Eq. (13) does. 
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 In order to study the properties and possibilities of Eq. (17), let us 
introduce a reduced time scale. If in an experiment Π has been followed 
from t = 0 up to a maximum time tm, a reduced time can be defined as: 

                     
mt

t=τ                          (18) 

 By combining Eqs. (17) and (18) one obtains: 
 









τα−

τ−
τ=Π 4/34/1

m
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x
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 This equation may be written as: 
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 From the Eq. (20), of the parameters a, b and c, one obtains: 
 

;
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−
=  ;
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 It is clear that, if t = tm, one has τ = 1 and Eq. (20) becomes: 
 

                




 −
−

=ϕ=Π c
b1

1
a)1(am      (22) 

 Let us introduce also for the interfacial pressure a reduced scale: 

 
m

*

Π
Π=Π                 (23) 

which according to Eqs. (20) and (22) can be expressed as: 

                        
)1(
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m

*

ϕ
τϕ=

Π
Π=Π             (24) 
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 Thus one obtains finally for the time dependence of the interfacial 
pressure: 

                         )(
)1(

m τϕ
ϕ
Π

=Π                                                                  (25) 

 By comparing Eq. (25) with Eq. (20) it is obvious that: 

                
)1(

a m

ϕ
Π

=              (26) 

In order to check the possibilities of Eq. (25), we studied the 
influence of the parameters b and c upon the shape of the Π/a vs. τ and Π* 
vs. τ curves. For this purpose theoretic curves have been constructed. Some 
examples are given in Fig. 3. 

In Fig. 3 the influence of parameter c upon the shape of the Π/a = ϕ(τ) 
vs. τ curves is illustrated, by taking the b = 0.1, as a constant value. The dashed 
line curve is the τ1/2 vs. τ plot, corresponding to the validity of Eqs. (12) or (13). 

Fig. 3.  Influence of the c parameter upon  Fig. 4. Influence of the c parameter 
the theoretical ϕ(τ) vs. τ curves; b = 0.1;  upon the theoretical ∏* vs. τ curves. 
curve (1): c 0; (2) 0.2; (3) 0.4; (4) 0.6; (5) 0.8;  b and c values as in Fig. 3 
( 6 ) 1.0. Dashed line curve: b = c = 0. 
 

Since parameters b and c influence also the ϕ(1) value, the shift of 
the theoretical curves makes their comparison more difficult. The influence 
of these parameters is more clear if the Π* = ϕ(τ)/ϕ(1) vs. τ curves are 
constructed. This is shown in Fig. 4. 
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It is worth mentioning that for b = 0.1 and c = 1.0 both ϕ(τ) and Π* 

exhibit a maximum for about τ = 0.3. This would imply the appearance of a 
maximum interfacial pressure at a certain time, followed by the diminution 
of Π. This is of course unrealistic. It is obvious that not all b – c pairs can 
describe real adsorption kinetics. Although not all ϕ(τ) functions correspond 
to real behavior of surfactants the main feature is that in the case of diffusion 
controlled adsorption the own molecular area A0 and the intermolecular 
interactions expressed by the parameter α may account for both positive 
and negative deviations from the t1/2 law. 

The deviation of the reduced surface pressure from the t1/2 law may 
be expressed by the function: 

                             2/1

)1(

)( τ−
ϕ

τϕ=∆     (27) 

 The influence of the c parameter upon the theoretical ∆ vs. τ curves 
is illustrated in Fig. 5.  

Fig. 5.  Influence of the c parameter upon the theoretical ∆ vs. τ curves. 
b and c parameters as in Fig. 3. 

 
It is obvious that both positive and negative ∆ values may appear 

and the deviation from the t1/2 law may be very important. 
 In real systems, as seen in Figs. 1 and 2 with increasing time 
negative deviations from the t1/2 law appear. In a Π* vs. τ plot this means that 
the curve is more convex as compared to τ1/2, i.e. ∆ has positive values. 
Consequently, negative ∆ values indicate unrealistic theoretical curves. Even 
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the positive values have an upper limit, it is easy to see that the Π vs. t curve 
passes through a maximum if ∆ > 1 - τ1/2. The dashed line curve in Fig. 5 
indicates this upper limit ∆ = 1 - τ1/2. 
 
 

Adsorption Dynamics of Dibucaine and Tetracaine at the Benzene/ 
Water Interface 

 In order to derive the parameters a, b and c we adopted the following 
procedure of working up the experimental data given in Tab. 4. We choose 
tm = 15 min in the case of both local anesthetics and calculated for each 
experimental point the reduced parameters τ and Π*. Further we calculated, 
for the found τ values, the theoretical Π* values by taking certain b – c pairs. In 
the first approach we took  b = 0 and calculated theoretical Π* values for 
different c ones. In the case of each c value the standard deviation (noted ∆ ) 
of the experimental Π* values from the theoretical ones was calculated. By 
means of a systematic variation of c the minimum standard deviation was 
sought for.  

Calculations were repeated, then, for other b values too. Thus, a 
double minimization of the standard deviation has been performed and the 
b – c pair ensuring the least value for the standard deviation has been taken 
for the most realistic parameter values. This calculation procedure is visualized 
in Fig. 6, for the aqueous solution of tetracaine for C0 of 0.001 mole dm-3 at 
the interface with pure benzene.  

Curve 1 gives the minimum standard deviation obtained for different 
b values presumed and curve 2 indicates the corresponding c value. Let us 
take e.g. b = 0.062. Eq. (24) allows us to calculate theoretical Π* values 
corresponding to b = 0.062 and to different c values. In each case, i.e. with 
each c value presumed, the standard deviation: 

∑ Π−Π=∆ 2*
e

*
t )(

n

1
      (28) 

is calculated where n stands for the number of points used, *
tΠ  and *

eΠ  stand 
for the theoretical and for the experimental reduced interfacial pressure, 
respectively. By trying different c values, one observes that the standard 
deviation will be the less for c = 0.559, viz. it will be equal to ∆  = 0.00473. 
Thus, we obtained a point on curve 1 and a point on curve 2. 

By repeating these calculations for other b values, eventually one 
obtains the whole curves 1 and 2. As seen, curve 1 has a minimum (indicated 
by a downward vertical arrow), corresponding to b = 0.0697; this minimum 
of the ∆  value is ensured by the c value equal to 0.571 (indicated on the 
curve 2 by an upward vertical arrow). 
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Fig. 6.  Deriving of b and c parameters for tetracaine aqueous solution of  
C0=0.001 mole dm-3 at the interface with pure benzene. 

 

Table 4 . 
Parameters of Eq. (20) derived from our experimental data. C0 is  

expressed in mole dm-3. 
Anesthetics C0 

 
tm 

min 
∏m 

mN/m 
ϕ(1) a b c ∆  

mN/m 

 

Dibucaine 

0.001 

0.005 

0.010 

15 

15 

15 

 8.2 

15.5 

18.9 

0.5926 

0.4863 

0.4096 

13.84 

31.87 

46.14 

0 

0.0039 

0 

0.407 

0.518 

0.590 

0.0028 

0.0029 

0.0014 

 

Tetracaine 

0.001 

0.005 

0.010 

15 

15 

15 

 5.2 

 8.7 

11.0 

0.5042 

0.4328 

0.4135 

10.31 

20.10 

26.60 

0.0697 

0.0465 

0 

0.571 

0.616 

0.586 

0.0047 

0.0025 

0.0028 
 
By using the obtained b and c values, ϕ(1) may be easily calculated 

according to Eq. (22), as well as the parameter a by means of Eq. (26). 
Results obtained by means of this procedure are presented in Tab. 4. 
 The parameter values given in Tab. 4 allow us to construct by means 
of Eq. (20) theoretical Π vs. t curves. These curves are given in Figs. 7 and 
8 as full line curves. Thus, it is clear that Eq. (20) describes very well the 
experimental curves. 

Inspection of Tab. 4 shows that with a given anesthetic the a parameter 
increases with increasing bulk concentration C0. The c parameter shows 
also a clear increasing tendency. The b parameter has very small values, 
frequently vanishing ones and cannot be correlated with C0 values. 
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Fig. 7.  Data as in Fig.1 represented Fig. 8.  Data as in Fig. 2 represented as a 
function of time.    as a function of time. 
 
 
With respect to the meaning of the parameter a, according to Eq. 

(21), it allows us to calculate the diffusion coefficient D. Let us assume as  
a first approach that Cs = 0 at all bulk concentrations C0. By taking into 
account that c0 represents the bulk concentration expressed in molecules 
cm-3, and C0 is given in mole dm-3, one has c0 = C0⋅10-3 NA, where NA 
stands for Avogadro’s constant. Thus, Eq. (21) becomes: 

 

               
m

2

0A
3 tCN10kT2

a
D

π









⋅⋅⋅
= −    (29) 

 
The diffusion coefficients calculated by means of Eq. (29) and by 

using the a values given in Tab. 4, are presented in Tab. 5. 
By inspecting the D values (Tab 5) one can see that the D values 

are of the same order of magnitude and show a slight decreasing tendency 
with increasing bulk concentration. Moreover, in the case of aqueous 
anesthetic solutions of the same anesthetic concentration of 0.001 mole dm-3, 
the D value of dibucaine is less than two times higher than that of tetracaine.  
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Table 5. 

Diffusion coefficients D, subsurface concentrations Cs and interaction 
parameters α calculated from the a and c parameters of Eq. (20). 

Anesthetics C0 
mole dm-3 

D⋅1010 

cm2⋅s-1 
D0⋅1010 
cm2⋅s-1 

Cs⋅103 
mole dm-3 

α⋅1022 
dyne⋅cm2 

 
Dibucaine 

0.001 
0.005 
0.010 

     2.84 
0.602 
0.316 

 
2.84 

 0 
 2.70 
 6.67 

8.90 
7.46 
7.07 

 
Tetracaine 

0.001 
0.005 
0.010 

     1.58 
0.240 
0.105 

 
1.58 

 0 
 3.05 
 7.42 

14.4 
11.2 
9.25 

 
As a second approach we shall presume that this relation Cs = 0 is 

valid only in the case of anesthetic aqueous solutions of C0 = 0.001 mole dm-3 
and that the Cs value increases with increasing bulk concentration C0, but 
the diffusion coefficient remains the same D0 as obtained from the a value 
for the aqueous anesthetic solution of 0.001 mole dm-3. In this assumption 
Cs may be calculated from Eq. (21) and one obtains: 

 

            
2/1

m
2/1

0A
3

2/1

0s tDN10kT2

a
CC

⋅⋅⋅⋅
⋅π−= −    (30) 

 
Results are presented in the same Tab. 5. The Cs values obtained 

seem to be quite realistic and the Cs values increase systematically with 
increasing Co values. 

Eq. (21) allows also the calculation of the interaction parameter α 
from the parameters a and c of Eq. (20). Results are presented also in Tab. 
5. As seen one does not obtain the same value in the case of differing bulk 
concentrations, viz. a decreasing tendency is observed with increasing C0. 
This might be due to experimental errors, to the interfacial active impurities, 
and/or to the imperfection of the model. However, by calculating the mean 
α  values, some properties of the adsorbed monolayers of anesthetics at 
the benzene/water interface can be evidenced. Therefore, the mean α value is 
calculated; for dibucaine is α = 0.78.10-21 dyne⋅cm2, and for tetracaine is      
α = 1.16.10-21 dyne⋅cm2. 

The higher α value of tetracaine as compared to that of dibucaine 
seems to be reasonable. Inspecting their molecular structures one can see 
that with dibucaine steric factors hinder the close packing of the molecules, 
consequently the intermolecular attraction will be weaker as compared to 
tetracaine. At the other hand the polar headgroup of dibucaine has a higher 
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polarity than that of tetracaine. This can be seen from the acidity constant 
of the protonated species. In the case of tetracaine one has pK = 8.15 but 
with dibucaine pK = 10.19 [32]. This means that the polar headgroup of 
dibucaine anchored into the water phase, due to its higher proton affinity 
will be more hydrated as compared to the tetracaine, entailing a weaker 
intermolecular attraction. 

 
CONCLUSIONS 
The diffusion controlled kinetics Eq. (20) proposed by us seems to 

describe very well the adsorption dynamics of dibucaine and tetracaine at 
the benzene/water interface. Because, the deviations of the experimental 
points from the calculated curves (Figs 7 and 8.) are within the limit of 
experimental accuracy, this refinement was further pursued.  

Finally, the Eq. (21) allows us to obtain the diffusion coefficients, the 
subsurface concentrations and the interaction parameters α, for the adsorption 
dynamics of dibucaine and tetracaine at the benzene/water interface.  
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ABSTRACT. Photoelectrochemical properties of the SiO2-Na2O-B2O3-
Fe2O3-FeO-Al2O3 semiconductor glass are investigated in order to 
evaluate the radiation contribution to the electrode potential of redox 
sensors. For this purpose the open circuit phototension was determined 
in the presence of the Fe(CN)3-

6 / Fe(CN)6
4- redox couple, depending on 

the incident radiation power and the working electrolyte pH, using 
514.5 and 488.0 nm laser excitation. The nearly logarithmic shape of the 
∆Uph

oc-P function in visible domain (514.5 and 488.0 nm) corresponds 
to an Schottky junction. 
  
 
 
 
Introduction 
Partial substitution of SiO2-Na2O or SiO2-Li2O glasses by transition 

metal oxide that can exist in different redox state in glass results in the 
appearance of electronic conduction too. The predominance of one of the 
other conduction type depends on the nature and content of the substituent 
[1,2]. In the case of predominantly electronic conductor glasses transport 
mechanism is considered to be an activated electron transfer between the 
transition metal ions in different oxidative states. These glasses behave as 
n-type semi-conductors [2,5]. 
 Semiconductors glass membranes exhibit redox sensitivity (redox 
potentiometric electrode function) if both the free electron activation energy (Ea) 
and the membrane electrical resistivity (ρ) are sufficiently low, namely, Ea = 0,3 eV 
and ρ <106 ohmcm [2,4]. 
 The following study evaluates the radiating contribution to the electrode 
response of SiO2-Na2O-B2O3-Fe2O3-FeO-Al2O3 glass electrodes used as 
potentiometric redox sensors. 
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 Therefore, the photo response (phototension ∆Uph
oc vs incident radiation 

power (P) of irradiated electrodes was determined in the presence of the 
Fe(CN)6

3-/Fe(CN)6
4- redox couple, at different pH values of the support solution. 

 
 

 Experimental 
 Photoelectrochemical determinations were carried out using an 
electrochemical cell containing the redox glass working electrode and a Pt 
ring counter electrode. 
 Redox glass electrodes were constructed as follows: The 1,5-2mm thick 
semiconductor membranes were made from a SiO2-Na2O-B2O3-Fe2O3-FeO-Al2O3 
glass containing 8mol % of Fe2O3 and FeO. On the internal side of the 
membrane ohmic contact was assured through an Hg bridge. The external 
membrane surface's zonal control requirements were assured by polishing 
with 0,3µ Al2O3 powder. 
 Working electrolytes were freshly mixed from 0.1 M K3 [Fe (CN)6]  
and 0,1 M K4[ Fe(CN)6] stock solution prepared in pH buffers of pH = 4.01 
(0.05M KH phtalate); 6,86 (0,025M KH2PO4 + 0,025M Na2HPO4) and 9,18 
(0,05M borax). Concentration ratios of oxidized and reduced species were 
fixed at [ox]:[red] = 1:100 (c1) and 100:1 (c2), respectively. 
 Determinations were made on normal light incidence. As light sources, 
Ar ion laser (488.0 and 514.5 nm) was utilized. Incident laser beam power (P) 
was varied between 20 and 120 mW for both wavelengths. The incident light 
power was measured with an LM-2 (Karl Zeiss) type power-meter. 
 Photo response (∆Uph

oc) measurements were performed in open 
circuit conditions using fresh working solutions. The dark potential value (Ud) 
was measured at all times. 
 The pH response of the semiconductor glass electrode was determined 
between pH=1 and 12, in glycine - HCl and glycine - NaOH buffer solutions, 
respectively [prepared from 0.1 M glycine + 0.1M NaCl; 0.1M HCl and         
0.1 NaOH stock solutions]. 

Electronic measurements were carried out with usual laboratory 
purpose digital pH meter (± 1 mV sensitivity). 

All solutions were prepared from analytical grade reagents, in 
demineralised water. 
 
 

Results and discussion 
 On basis of the experimental data corresponding to 514.5 and 488.0 nm 
(as seen below) it may be presumed that at relatively larger power values the 
∆Uph

oc-P function would become logarithmic. 
 Photo responses obtained at 514.5 and 488.0 nm approach the open 
circuit values (∆Uph

oc) expected for an Schottky junction [6]. 
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     a    b     c 
Fig. 1. Photo response ∆Uph

oc (mV) vs P (mW) obtained at pH = 4 (a); pH = 6.9 (b); 
pH = 9.2 (c), using Ar ion laser excitation: c1 solution at 488 nm (♦); c1 solution at 

514,5 nm (■); c2 solution at 488 nm (▲); c2 solution at 514.5 nm (•) 
 

∆Uph
oc = βskTe0

-1 ln (jL jS
-1 + 1)    (1) 

 

 The value of empirical coefficient βS is determined by experimental 
conditions; current density jL is proportional to the incident radiation power 
and jS is the saturation current density, respectively. 
 The ∆Uph

oc-P curves presented on Fig.1 have logarithmic shapes. In 
this powers range, experimental data fit fairly well the empirical expression: 
 

∆Uph
oc = K ln (P + 1)     (2) 

 

in accordance with eq. ( 1 ),considering that P = const·jL and K = ŃS·kTe0
-1 

 At power values larger than 100mW the shape of the ∆Uph
oc–P 

curves is slightly changed, probably due to the interfering nonradiative effects 
occurring in the depletion region of the semiconductor surface. 
 The influence of the working solution’s pH is considerable. The extent 
of the pH effect differs for solution c1 and c2. Because of this, the succession 
of the nearly parallel curves c1 and c2 corresponding to the same wavelength 
on Fig. 1c (pH = 9.2) is inversed vs. that on Fig. 1a (pH = 4). At pH = 6.9, the 
very close curves intersect at about 50 mW (488.0 nm), and at about 95 mW 
(514.5nm), respectively (Fig.1b). From the table 1 the values of correlation 
coefficients r [7] are close to unit and represent a good choice of log-fits [7]. 
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The relatively reduced differences observed between K values 
corresponding to the same solution at different wavelength of the incident 
radiation may be associated with the nonradiative effect. The pH influence 
acts through the modification of the empirical βS coefficient and produces 
larger differences (see Table 1). 

Table 1. 
Values of K fitted from experimental data 

Trial Slope K / mV Noise* / mV ∠∠∠∠r∠∠∠∠ 100⋅⋅⋅⋅r2 / % 
1 30.93167 1.18 0.9979 99.57 
2 25.62451 1.92 0.9881 97.63 
3 11.86609 0.58 0.9963 97.27 
4 10.78779 0.27 0.9990 99.80 
5 45.08126 8.10 0.8830 77.97 
6 45.26659 4.95 0.9709 94.26 
7 46.98645 4.96 0.9869 97.40 
8 43.69968 6.13 0.9789 95.82 
9 54.93272 4.08 0.9883 97.68 

10 49.72481 2.13 0.9967 99.33 
11 69.94974 6.10 0.9833 96.68 
12 68.22529 4.98 0.9890 97.80 

* standard deviation of adequacy  
 

The constancy of the potential values without laser excitation indicates 
that the effect of directly induced thermal modifications due to the nonradiative 
recombination effects with the bulk solution was negligible. 
 Redox potential values obtained with platinum measuring electrode 
in the working aqueous solutions agree with formerly published data [8]. The 
variation of the phototension with pH indicates that the effect observed on glass 
redox electrodes has other origin, correlated with the stability of electrodic 
surface. 
 In search of explanations, the U = f (pH) function has been determined 
for the studied glass electrodes in the range of 1 ÷ 12 pH (see Fig. 2). It shows 
a quite close resemblance with the pH dependence of the flatband potential of 
certain oxidic semiconductors [9], presenting a similar irregularity about pH = 7.  

In case of oxidic semiconductors the flatband potential Ufb varies 
with the pH of solution in accordance with the Gerischer equation [9]: 
 

-∂Ufb/∂pH = 2,3 kTe0
-1/[1+(kTe0

-1)(CHe0
-1)(NMeOH

++NOMeOH
-)-1]    (3) 

 

CH is the Helmholtz capacitance and NMeOH
+, NOMeOH

- are the concentrations of 
charged species on oxidic semiconductor surfaces according to the following 
adsorption equilibria: 
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 OMe + H2O ⇔ OMeOH− + H3O
+    (4) 

 

MeO + H3O
+ ⇔  MeOH+ + H2O    (5) 

 

MeO and OMe being the disposable (active) surface adsorption centres. 
Therefore, the Uf,b – pH dependence is determined by the changes 

produced in the chemical activity (a) of the charged species adsorbed on 
the semiconductor surface.  
 
 

 
 

Fig. 2. The pH response of the semiconductor glass studied 
  
 

It may be considered that similarly, in the case of semiconductor 
oxidic glasses, the modification of the potential is determined by the surface – 
adsorbed charged species (H3O

+ and OH−) concentration, which similarly, 
beside the pH, depends on the global composition of the working solution and 
the discreteness of charge effect. The electrodic function present three domain 
in pH units (1;6.54), (6.54;7.78) and (7.78;12). In alkaline domain because 
of considerable change of chemical activity with of amount of surface charge 
(see second term of denominator in eq. 3) the slope of potential vs pH is 
43.89 mV/pH, and a good functional dependence (R=0.992). The great values 
75.37 mV/pH in the acidic range (R=0.996) indicate another aspect related 
by the "discreteness of charge effect". This can explain too, why the pH due 
modifications of the potential becomes significant only if the concentrations 
of coexisting oxidized and reduced species in the solution differ significantly 
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and in same time why the electrostatic term in electrochemical potential of 
the adsorbed ions is the local potential at the place of the ion and not the 
potential at the surface of oxidic semiconductor. 
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ABSTRACT . The strontium content of flotation tailings has been 
determined by flame atomic emission spectroscopy using the methane-
air flame. It was studied and optimized the flame and instrumental 
parameters (flame composition, the observation height in the flame) on 
the emission of strontium. The best results were obtained with the 
strontium line of 460.7 nm at the observation height of 7 mm, with the 
flame composition of 1.12 (relative stoichiometric units, (RSU)). The effect 
of Na, K, Mg, Ca, Al, ClO4

-, SO4
2-, and PO4

3- on the emission of strontium 
was studied too. The calibration curve was linear in the 0.1 - 10 mg L-1 
range, the detection limit of 0.030 ± 0.022 mg.L-1 was obtained in the 
presence of 200 mg L-1 of Cs. The strontium content of flotation tailings 
has been determined in the presence of 100 mg L-1 HClO4 using the 
calibration curve and the standard addition method. With background 
correction results agree between these two methods. 
 
 
 

INTRODUCTION 
Strontium is the 21st in the rank of the element-abundance in the 

Earth crust, having of magma origin. Its dispersion into the environment is 
due to the erosion of the volcanic rocks (crashing and subsequent 
dissolution) giving rise of the weather factors. Therefore these types of 
rocks (granite, andezite and others) are considered as primary strontium 
source in the environment, the degree of its loading is determined by the 
dissolution rate of the different strontium compounds. The mobility of the 
strontium in the environment as a water-soluble salt is high, being ensured 
mainly by the natural waters (ground waters, rivers, oceanic streams, etc.).  

The mean Sr content of the surface waters is of 80 µg L-1 and of the 
seawater of 80 mg L-1, respectively [1]. The human technological activities 
as mining for metal processing contribute significantly to the release and 
the mobilization of strontium in the environment. Huge amounts of rocks are 
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displaced and processed annually, the flotation tailing wastes are stored open 
air as heaps for long time, usually close to the processing factories. These 
tailings act as long term point-pollution sources, the soil, the ground waters 
and the streams are primarily polluted. Strontium, among the other 
elements, enters the ecosystem, moves from an ecological trophic layer 
into the other, accumulates in living organisms, throughout the food chain, 
which has humans at its top. Therefore it is important to know the degree of 
pollution produced by the source in order to assess the environment loading 
and to evaluate the risk for health. Strontium is retained by soils (the mean Sr-
content being of 280 mg kg-1) and by the living organisms (biosorption). 
From biological point of view it is not considered as essential element for 
life, its compounds generally are non-toxic, not hazardous to health [2]. 
However sometimes it exhibits toxic effect for low order organisms, young 
humans and animals when their calcium intake is low, the Ca/Sr intake ratio 
is also low [3,4]. Plants accumulate more strontium, humans and animals 
less, 99% of the strontium being accumulated in the bones. The daily human 
strontium intake is attained with vegetables and drinking water. 

Flame atomic emission spectrometry (FAES) is a simple method, 
largely used for the determination of strontium in samples of different origin, 
as: biological materials [5, 6, 7], aluminum alloys [8], rocks and brine [9], 
minerals [10]. As excitation sources the C2H2-air, C2H2-N2O flames have been 
used. The optimal flame conditions for the quantification of strontium in these 
flames were established, the detection limits being of order of 10-3-10-4 µg L-1 
using the most sensitive atomic resonance line of 406.8 nm [11]. Strontium 
yields different refractory compounds (chemical interference) in the flame 
as: SrO and SrOH, spinell-type mixed oxides with Ca, Al, Mg, Si, etc. [12]. 
Refractory compounds are formed with the SO4

2- and PO4
3- ions too [13]. 

The depressing effect of the interferents on the emission signal could be 
minimized by using the hotter C2H2-N2O flame [14]; by adding either 1-5 % La 
or 0.1 M EDTA or 2% quinolin-8-ol (as releasing agent) [14, 15]; ascorbic 
acid - K citrate (as matrix modifier) to the sample [16]. The releasing agents 
are effective only in the hot flames. Strontium ionizes partially in the acetylene 
flames, this phenomenon can be suppressed by adding either K, Rb or Cs 
salts to the sample in excess [11]. The cooler flames, as propane-butane-air 
(PB-A) and the natural gas-air (NG-A) flames are seldom used, often in low 
performance commercial flame-photometers, designated for routine analysis. 
The methane-air flame (M-A) has similar properties with the PB-A and NG-A 
flames, exhibiting lower temperature and burning velocity than the C2H2 ones. 
To our best knowledge the behaviour of strontium in the M-A flame was  
not reported. The aim of this work is to study the behaviour of strontium in 
the M-A flame, to optimize the flame and instrumental parameters and the 
determination of strontium in flotation tailing wastes, respectively. 
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EXPERIMENTAL 
INSTRUMENTATION 
The measurements were carried out with a HEATH-701 (Heath Co., 

Benton Harbor, MI, USA) spectrophotometer. The instrumentation and operation 
conditions are provided in Table I. 

 
Table I  

Instrumentation and operating conditions 

Equipment Characteristics 

Flame  Premixed methane – air 
Fuel: 99 % purity methane from pipe, flow rate 44 – 56 L h-1, 
depending on flame composition 
Oxidant: compressed air, flow rate 500 L h-1 

Burner Mecker-type, made of brass, 50 mm long, 4 x 20 holes, 
laboratory made 

Sample introduction and 
desolvation system 

Concentric pneumatic nebulizer, 150 mL cylindrical glass 
spray chamber (AAS –1, Carl Zeiss Jena, Germany) 
provided with a laboratory made 1 mm  cylindrical 
impactor placed at 5 mm from the nebulizer head. 

 Liquid aspiration mode: natural, flow rate 3,5 mL min-1, 
11% nebulization efficiency 

Optics scanning monochromator, Czerny-Turner mount, spectral 
range 190-1000 nm, 350 mm focal length, 1180 grooves 
mm-1 blazed at 250 nm, bandpass 0.2 nm at slitwidth 0.1 
mm (HEATH EU-700, Heath Co., Benton Harbor, MI, USA) 

Photodetection 1P28A (RCA, USA) photomultiplier supplied with -700 V 
from an HEATH EU - 700 - 30 (Heath Co., Benton Harbor, 
MI, USA) power supply 

Data acquisition system Strip chart recorder K-201 (Carl Zeiss Jena, Germany) 

 
 
REAGENTS 
Stock standard solutions (1000 mg L-1) were prepared by dissolving 

the appropriate amounts of metals (Mg and Al (Specpure, Johson Matthey 
Chemicals Limited, England)) and compounds (CaCO3, SrCO3 (Specpure, 
Johnson Matthey Chemicals Limited, England) in corresponding acid. KCl, 
NaCl (analytical grade, Reactivul, Bucureşti, Romania), CsCl, HCl, H2SO4, 
HClO4 and H3PO4 (analytical grade, Merck, Darmstadt, Germany)) were 
dissolved and diluted with double distilled water, respectively. For further 
dilutions double distilled water was used in all cases. 
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SAMPLING AND SAMPLE HANDLING 
The solid samples were collected from the flotation tailings heap, 

situated in the city Deva area (Hunedoara county), Romania. The samples 
were taken with metallic hoe from different selected places and sites of the 
heap, at depths of 20 and 40 centimeters, respectively. After removal of the 
vegetable (leaves, roots etc.) and other foreign matters, the samples were 
air dried at room temperature, grounded, homogenized, sieved through 120-
mesh sieve and stored in airtight plastic bags. The samples were digested 
using the method proposed by M. van Avendonk, R. Scogerboe [17], namely: 
~ 2 grams of solid was weighed from each sample in 100 mL glass beaker 
and 20 mL of conc. HClO4 was added at room temperature. The beakers 
were heated on the sand bath to dryness and the residue was treated two 
times with 3 mL of conc. HClO4 and evaporated to dryness. To the final 
evaporation residue 20 mL of HNO3 2% was added, the suspension was 
filtered in 100 mL of volumetric flask and filled with HNO3 2% to sign. 
 

PROCEDURE 
The behaviour of strontium in the M-A flame was studied up to h = 18 mm 

over the burner head (1-mm steps), at three different flame compositions: 
0.88; 1.00; 1.12 (expressed in relative stoichiometric units, RSU). Four replicate 
measurements were made. The mean, the standard deviation, the S/N and 
the signal-to-background (S/B) ratio were calculated for each h and flame 
composition investigated. It was tested the homogeneity of the means (at a 
significance level of 0.05) too. The burner was held parallel to the optical 
axis of the spectrophotometer. The slit width of the monochromator was of 
0.1 mm, unless stated otherwise. The sensitivity of the strip chart recorder was 
different in different spectral domains, considering the intensity of the emission 
lines and the background observed. For a given set of determinations the 
sensitivity was kept constant. 

 
RESULTS AND DISCUSSIONTHE EMISSION SPECTRUM OF 
STRONTIUM, DETERMINATION OF THE ANALYTICAL EMISSION  
LINE 
The emission spectrum of strontium in the M-A flame was determined 

first in the 200 - 800 nm spectral domain. It was registered the flame 
spectrum alone and its spectrum in the presence of a strontium of 100 mg L-1 
in the flame. Using spectral table [18] it was identified, surprisingly, ionic 
lines with wavelengths of 407.7 nm and 421.5 nm, taking account of the 
relatively low temperature of the M-A flame. In addition it was also identified 
the strong atomic line of 460.7 nm and the molecular bands in the 375 –392 nm, 
595 – 626 nm and 640 – 720 nm spectral domain, belonging to refractory 
SrO and Sr(OH)2. The most intensive bandhead was located at 606 nm. 
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OPTIMIZATION OF THE FLAME AND INSTRUMENTAL PARAMETE RS 
The aim is to get that value for the flame composition and observation 

height h for whose the S/N ratio is maximal. The composition of the flame 
was kept constant, at 1.12 RSU. The concentration of the working calibration 
solutions was different, depending on the line intensity measured. The 
analytical signal, intensity (I, in a.u.), was measured at 407.7 nm, 421.5 nm, 
460.7 and 606 nm and the background intensity (in the presence of strontium), 
at the base of the atomic emission line studied, at 461.5 nm. The variation 
of the line intensities versus observation height over the burner head is 
represented in Fig.1. 

Fig. 1.  The intensity of different strontium lines (not in scale) versus observation height  
 
For the quantitative estimation of the results at different wavelengths 

only the maximal value of the analytical signal for each line was selected 
(Imax). It was calculated the relative intensity for each line (Irel)) considering 
the sensitivity of the chart recorder and the concentration of the working 
standard used. The reference line was the weakest one. The S/B ratio was 
determined in the same way. The results are summarized in Table II. 

The ionic lines are weak, being excited by radicals in the primary reaction 
zone of the flame. The most intensive line is the atomic line of 460.7 nm, being 
excited in the interconal reaction zone of the flame, observed at 7 mm over the 
burner head. The maximum of molecular emission appears at the same height, 
their emission are less influenced by excitation conditions in the flame. The 
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influence of the flame composition and of observation height on the analytical 
signal only for the most sensitive line was investigated further, using three flame 
compositions (0.88, 1.00, 1.12 RSU), at the concentration level of 10 mg L-1 Sr. 
The data were processed by ing the MicroCal Origin™ Software package, 
version 6.0 (MicroCal Software Inc., MA, USA) and plotted as 2D contour map 
(Fig.2). 

        Table II   
The relative intensities of the strontium emission lines in the M-A flame 

Wavelength (nm) Emittent h (mm) Imax Irel S / B 
407.7 Sr II 5 23.5 1.74 0.45 
421.5 Sr II 5 13.5 1.00 0.24 
460.7 Sr I 7 20.8 1540.74 610.00 
606.0 SrOH 7 - 8 11.8 86.66 106.30 

 

Fig. 2. The 2D contour map of the emission of the 460.7 nm strontium-line vs. observation height 
and flame composition relation. The data labels on the plot indicateindicate the grid matrix values 

The results show that the analytical signal depend both of observation 
height and flame composition and increases significantly with the increase 
of the methane content in the flame. The emission maxims are located at 
observation heights between 5-7 mm. The standard deviation of all means 
were homogeneous, the magnitude of the S/N ratio being decided by the 
magnitude of the mean. In conclusion, the optimal conditions for the quantitative 
determination of strontium in the M-A flame are λ = 460.7 nm, h = 7 mm, 
flame composition 1.12 RSU. 
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THE INFLUENCE OF THE SPECTRAL BANDPASS OF THE 
MONOCHROMATOR ON THE ANALYTICAL SIGNAL, S/N AND S/B  RATIO 

A possibility to enhance the analytical signal consists in the extending 
the radiation energy reaching the photodetector, in broaden the spectral 
bandpass of the monochromator, in our case. It is determined, among others, 
by the width of the slit (SW) of the monochromator, which influences in different 
manner the amplitude and the fluctuations of the emission signal. Therefore the 
optimal value of SW can be determined for which the S/N ratio is maximum. The 
influence of the slitwidth on I, the S/N and S/B ratio was studied in the 0.1 – 
1.5 mm domain, in steps of 0.1 mm, using a 1 mg L-1 strontium solution. The 
flame and instrumental parameters used were the optimal ones, determined 
earlier. The results show that the emission signal increases linearly with the 
spectral bandpass of the monochromator (I = -0.0309 + 1.763SW, r2 = 0.9883) 
in the range of 0.1 – 1.1 mm. The standard deviation of the means increases 
slowly with the increase of SW but remains homogeneous in the entire SW 
domain. The maximum value of S/N was of 26 at the SW of 0.8 mm. The S/B 
ratio decreases continuously, its variation could be approximated best with a 
fifth order polinomial function. In conclusion, the slitwidth could be increased 
up to 0.8 mm without a significant decay of the S/N ratio. 

 

INTERFERENCES 
The effect of Na, K, Mg, Ca, Al, SO4

2- and PO4
3- on the emission signal 

of strontium of 5 mg L-1 was investigated, as possible inorganic interferents 
in the samples. The effect of HClO4 was tested too, used as releasing agent. 
The experimental conditions were the optimal ones, determined previously. 
The background signal was measured at 461.5 nm, in the presence of working 
standard in the flame. The variation of the net analytical signal versus the 
concentration of the interferents is represented in Fig 3.  

Figure 3.  Influence of Na, K, Mg, Ca, Al, SO4
2-, PO4

3- and ClO4 -  
on the emission signal of strontium of 5 mg L-1 
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K acts as ionization suppresser, enhancing simultaneously the analyte 
and the flame background signal too. The influence of Na is lower, and is 
mainly due to the background enhancement. Calcium enhances the analytical 
signal in 20-fold excess too, acting as releasing agent by binding the free O 
and OH radicals of the flame and hindering the formation of the strontium 
(SrO, SrOH) compounds. Mg and Al decrease gradually the strontium emission 
signal by formation the thermally stabile mixed oxides. The SO4

2- and PO4
3- ions 

decrease drastically the strontium emission signal even at low concentrations. 
HClO4 as matrix modifier, enhances the strontium emission signal with 19 %, 
without enhancing the flame background. 
 

CALIBRATION, DETERMINATION OF THE DETECTION LIMIT 
For the determination of the detection limit the variation of the analytical 

signal versus concentration was studied. The calibration curves were plotted 
in the 0.1-100 mg L-1 strontium concentration range. Each calibration curve, 
covering only one order of magnitude of concentration, was established by 
using six standard solutions. Six replicate measurements were made at each 
concentration level. The homogeneity of the means and the linearity of the 
calibration curve was tested, it was calculated the equation of the regression 
line, the confidence limits, the coefficient of correlation (r2), with the least squares 
method. The detection limit was calculated using the two step Neyman-Pearson 
model [19,20], for the fixed values of (P10)0 = 0.025 and (P11)d = 0.975. In order 
to extend the determination limit to lover concentrations 200 mg L-1 of Cs in 
final concentration was added to the diluted working Sr standards. The results 
are summarized in Table III. 

 Table III 
The calibration data of strontium determination in the M-A flame 

Nr. 
Concentration 
range (mg/L) 

Slitwidth  
(mm) Equation of the calibration curve r2 

(1) 100 – 10 0.1 I = -1.54 + 0.66*C – 0.0023*C2 – 7*10-7*C3 0.9966 
(2) 40 – 10 0.1 I = 2.29 + 0.566*C 0.9863 
(3) 100 – 60 0.1 I = 15.75 + 0.29*C  0.9963 
(4) 10 – 1 0.1 I = 0.25 + 2.15*C 0.9976 
(5) 10 – 1 0.4 I = -0.78 + 2.69*C 0.9985 
(6) 1 – 0.1 0.1 I = -0.31 + 24.25*C 0.9922 
(7)@ 1 – 0.1 0.1 I = -1.1 + 24.95*C 0.9972 
(8)@ 1 – 0.1 0.8 I = -0.1 + 7.17*C 0.9922 

@ 200 mg L-1 of Cs added 

In the 10-100 mg L-1 domain the concentration-intensity relationship is 
not linear in the whole concentration range, it could be approximated best 
with a third-order polinom. (eq.(1)). Linear correlation exists only in narrower 
concentration domains (eq.(2) and (eq.3)), and at lower concentrations (eq.(4) 
- (eq.(8)). The presence of Cs enhances the sensitivity and the linearity of the 
calibration curve. The detection limit was calculated only in the 0.1- 1 mg L-1 
concentration range, in the presence of Cs, being of 0.030 ± 0.022 mg L-1. 
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DETERMINATION OF STRONTIUM IN SOLID SAMPLES 
The calibration and the standard addition method have carried out for 

the strontium quantification in the flotation tailings, the later being used as 
reference method (absence of certified reference material). The determinations 
were performed with optimal instrumental parameters, determined previously. 
The measurements were carried out in the presence of 100 mg L-1 HClO4, 
regardless of method used; the background signal being measured at 461.5 
nm with the sample nebulized into the flame. In the case of standard addition 
method 100 µL of concentrated strontium standard was added to the 25 mL of 
sample. Three additions of standard were made, in 1mg L-1 concentration steps. 
It was calculated the regression line, the strontium content was determined from 
the intercept with the abscissa of the line. Comparing the calibration curves, 
the slope of calibration curves corresponding to the standard additions are 
significantly lover then of the calibration, fact, which suggests the existence of 
the chemical interference. The results of the determination of strontium content 
of flotation tailings are summarized in Table IV. 

 Table IV  
Results of analysis of flotation tailings samples (n = 4) 

Sample cod 
number 

Heap collection site 
and depth (cm) 

Concentration 
(mg kg-1, calibration) 

Concentration 
(mg kg-1, standard addition) 

DHS 1 TOP, 40  7.0 ± 1.6 7.1 ± 1.9 
DHS 2 TOP, 20  7.1 ± 1.6  8.9 ± 1.9 
DHS 3 TOP, 40  6.2 ± 1.6 7.5 ± 1.9 
DHS 4 BASE, 20  7.4 ± 1.6 6.9 ± 1.9 
DHS 5 BASE, 20  8.3 ± 1.6 9.5 ± 1.9 
DHS 6 BASE, 40  5.0 ± 1.6 5.5 ± 1.9 

 

The results of the two methods agree, they are within the errors of the 
determinations. With the standard addition method the results are generally 
higher probably due to the chemical interference, but the means obtained 
with the two methods do not differ significantly (tcalc.= 0.8292 < ttab = 2.97, 
for fixed value of (P10)0 = 0.025). We can consider that both methods give 
acceptable results, the standard addition method offering better results, 
closer to the real strontium content. The strontium content of the tailing is 
low, lower than that admitted for soils (20 mg kg-1), uniformly dispersed in 
different sites of the heap. The loading of the environment with strontium 
erasing from the heap is also low, it is not hazardous to health from this 
point of view.  

In conclusion the strontium content of flotation tailings can be 
determined with acceptable precision in the presence of 0.01 N HClO4, with 
the background correction, using the M-A flame. Due to the existence of 
chemical interference the standard addition method is recommended.  
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CONCLUSIONS 
Strontium exhibits ionic, atomic and molecular spectrum in the M-A 

flame. The most intensive is the atomic line of 460.7 nm. The intensity of this 
line varies with the composition of the flame and observation height, the 
optimal observation height over the burner head is 7 mm, in fuel rich flame 
(RSU = 1.12). The presence of Mg, Al, SO4

2-, and PO4
3- decreases the emission 

of strontium. 0.01 N HClO4 exhibits a good releasing effect. The intensity-
concentration relationship is linear in the 0.1-10 mg L-1 range, the detection 
limit in the presence of 200 mg L-1 Cs is of 0.050 ± 0.022 mg L-1. The strontium 
content of flotation tailings can be determined precisely in the presence of 
0.01 N HClO4 using background correction with the calibration or the standard 
addition method. Due to chemical interference the standard addition method is 
recommended. The strontium content of the heap is low, uniformly distributed, 
being not hazardous to health.  

In final conclusion, M-A flame is a suitable excitation source with 
acceptable precision determination of strontium in flotation tailings using 
the calibration method and the standard addition method with the background 
correction. 
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