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IN MEMORIAM  
 
 

PROFESSOR EMIL CHIFU 
(1925-1997) 

 
 
 

Professor Emil Chifu was born on July 17, 1925 in Herta, county of 
Dorohoi, Romania (today, Ukraine). He died on April 1, 1997, in Cluj-Napoca.  
 He was a scientific personality of high professional standards, one of the 
creators of the modern science of the colloids, of the membrane surfaces and 
phenomena, fields in which his works brought him international recognition.  
 Born in a modest family of handicraftsmen, he graduated with 
’’distinction’’ all school grades, completing his academic studies with 
«distinction and diploma of merit» at the Faculty of Science of the University of 
Cluj, department of Chemistry (1950). Appointed laboratory assistant as soon 
as 1949 at the same faculty, Emil Chifu dedicated himself to the didactic and 
scientific activity, which he combined in a creative manner, which allowed him 
to go through all the stages of the university career and, as a result of various 
exams, reached the position of outstanding university professor.  
 His didactic activity was reflected in the publishing of a series of 
textbooks and course books for students, as well as of the treatise 
’’Colloidal Chemistry’’ (The Didactic and Pedagogic Publishing House, 
Bucharest, 1969). The new version of the book he left in the form of an 
unfinished manuscript, completed and finished by his collaborators, appeared 
under the title “Chemistry of the Colloids and of the Interfaces’’ (The 
University Press, Cluj-Napoca, 2000), after the author’s death. Both 
editions of the treatise are addressed in a highly competent way, to 
chemists, physicists, biologists, engineers, biotechnologists, those working 
in industry, pharmaceuticals, nanomedicine, nanoscience, nanotechnology 
and to all those interested in the fundamental and applicative research of 
the physical chemistry of  surfaces and interfacial phenomena. 
 He taught the courses of Chemical and Engineering Thermodynamics, 
Colloidal Chemistry, Chemistry of Colloids and of the Surfaces, Physical 
Chemistry. The scientific rigor of his lectures, the exigency towards the 
students, and last but not least, the propriety of the Romanian language 
spoken from the teaching desk, has brought him the respect of many 
generations of students. He coordinated over 80 diploma papers and more 
than 20 papers of specialization in Physical-Chemistry. Seven doctoral 
theses were drawn up and defended under his coordination. In 1967, as a 
token of the appreciation, the Ministry of Education awarded him the First 
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Prize for outstanding activity in the field of Chemistry and he concluded his 
career (he retired in 1990) with the title of outstanding university professor, 
working, even afterwards, as a consultant professor (1990-1997).  

Between 1970 and 1991 he was the head of the department of 
Physical Chemistry at the Babes-Bolyai University in Cluj-Napoca.  
 The scientific activity of Professor Chifu was carried on based on his 
studies initiated with the drawing up of his doctoral thesis entitled ’’A Study on 
the Superficial Mobility of Solutions’’ (1965). The development and the 
thorough study of these were outlined in the publishing of over 160 scientific 
original papers. He published in national journals such as The Chemistry 
Magazine (Bucharest), Revue Roumaine de Chimie, Studia Univ. Babes-
Bolyai, J. Colloid & Surf. Chem. Assoc., but he also published more than 40 
papers in prestigious publications from abroad, such as Ann. Chim (Rome), 
Gazzetta Chim. Italiana, J. Colloid Interface Sci., (USA), Biochim. Biophys. 
Acta, Chem. Phys Lipids, Langmuir (USA), Progr. Colloid Polym. Sci., Colloids 
& Surfaces, Biochemical J. The original research on the stability of thin films 
and on their properties in conditions of microgravity, the examination of the 
behavior of liquids under the action of superficial tension gradients caused by 
various surfactants or by differences in temperature, under normal conditions, 
or in conditions of microgravity have been nationally and internationally 
appreciated. Thus, in 1983, together with the research team, he was awarded 
the «Gheorghe Spacu» Prize of the Romanian Academy for the group of 
papers: «The Physical Chemistry of Interfacial Films», and in 1978, after a 
rigorous selection process, NASA of USA accepted to have the original 
research entitled: «Surface Flow of Liquids in the Absence of Gravity» tested in 
outer space. Professor Emil Chifu thus became the first Romanian whose 
proposal had been accepted and implemented on DDM (Drop Dynamic 
Module) in the 3rd mission of the Space Lab (1981). This spatial experiment 
opened the way to some important applications in the spatial technology of 
liquid behavior, as well as in the modeling of biological surfaces.  
 Researcher continuously animated by the aspiration to ever 
enlarged knowledge, Professor Chifu also initiated studies on the properties 
of active biologic compounds, such as: lecithins, fatty acids, carotenoids, 
vitamins, drugs, as well as on their interactions with the constituents of 
natural membranes. His research team, a real school created years ago, 
successfully develops and deepens these studies even now. 

• M. Tomoaia-Cotisel, I. Zsakó, E. Chifu, A. Mocanu, P. T. Frangopol 
and P. J. Quinn, “Procaine binding to stearic acid monolayers spread 
at the air/buffer interface. The influence of pH and surface pressures”, 
J. Romanian Colloid and Surface Chem. Assoc., 2 (3-4), 30-36 (1997). 

• J. Zsakó, M. Tomoaia-Cotisel, A. Mocanu, Cs. Racz and E. Chifu, 
“Thermodynamics of adsorption and micelle formation of sodium 
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cholate in two-phase systems”, J. Romanian Colloid and Surface 
Chem. Assoc., 2 (3-4), 37-40 (1997). 

• M. Tomoaia-Cotisel, J. Zsako, A. Mocanu, E. Chifu, M. Salajan and 
S. Bran, "Adsorption kinetics of anaesthetics at the benzene/water 
interface", J. Colloid and Surface Chem., 3 (2),  32-40 (1999). 

• M. Tomoaia-Cotisel, L. C. Stewart, M. Kates, J. Zsakó, E. Chifu, A. 
Mocanu, P. T. Frangopol, L. J. Noe and P. J. Quinn, “Acid dissociation 
constants of diphytanyl glycerol phosphorylglycerol-methylphosphate, 
and diphytanyl glycerol phosphoryl glycerophosphate and its deoxy 
analog", Chem. Phys. Lipids, 100, 41-54 (1999). 

• E. Chifu, "Chemistry of Colloids and Interfaces", Editors: M. 
Tomoaia-Cotisel, I. Albu, A. Mocanu, M. Salajan, E. Gavrila 
and Cs. Racz, University Press, Cluj-Napoca, 2000, pp. 400. 

• E. Chifu, M. Tomoaia-Cotisel, I. Albu, A. Mocanu, M.-I Salajan, Cs. 
Racz and D.-V. Pop, “Experimental Methods in Chemistry and 
Biophysics of Colloids and Interfaces”, University Press, Cluj-Napoca, 
2004, pp. 175. 

• E. Chifu, I. Stan and M. Tomoaia-Cotisel, “Marangoni flow and 
convective diffusion on a free drop”, Rev. Roum. Chim., 50 (4), 297-
303 (2005). 

• M. Tomoaia-Cotisel, I. Albu and E. Chifu, “Chemical 
Thermodynamics”, University Press, Cluj-Napoca, 2007, in press. 
A brilliant professor and scientist, he was one of the creators of the 

modern science of colloids, surfaces, membrane and interfacial phenomena as 
well as of nanotechnology, hydrodynamics and nanostructured thin layers [see 
Journal of Colloid and Interface Science, 195, 271 (1997)].   
 Not less important in his biography were the specializations abroad 
and the contacts with personalities of the international scientific life. A member 
of various Romanian and International scientific societies, he collaborated with 
scientists from the Universities of London, Moscow, Florence, Tübingen, 
Buffalo. He also took part with plenary conferences and communications to 
international workshops in his line of study (in Belgium at the Free University of 
Brussels, in France at the University of Provence, Marseille). At home, he 
organized and supervised conferences on Colloidal Chemistry, Physical 
Chemistry, Chemistry of Membranes and Interfacial Phenomena. 
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ON THE DYNAMICS OF FREE DROPS 
 
 

MARIA TOMOAIA-COTISEL a, EUGENIA GAVRILA a, IOSIF ALBU a 
AND IOAN-RĂDUCAN STAN b 

 
 

ABSTRACT. This is a review on the original work by Chifu et al. that explored the 
various movements of the free drops. This review also presents some theoretical 
models and experiments further developed by the academic research group, 
established by him in the physical chemistry department, to deeply investigate the free 
drop dynamics and related interfacial phenomena. The interfacial tension gradient 
caused by the surfactant adsorption at the surface of a free liquid drop gives rise to a 
surface flow (i.e. Marangoni interfacial flow) which causes the motion of the neighboring 
liquids by viscous traction, and generates a hydrodynamic pressure force, named 
Marangoni force, which acts on the drop surface. The effect of the surfactant adsorption 
and of Marangoni force on the dynamics of free liquid drops immersed in an unbounded 
liquid (the densities of the two bulk liquids are equal) is studied. Marangoni force was 
examined on several cases using non-deformable and deformable free drops. For a low 
value of the viscosity ratio of the two liquids (i.e., the drop liquid viscosity /unbounded 
liquid viscosity) at a high interfacial tension gradient, a dynamic instability of the drop 
was experimentally observed. This instability once triggered develops into the 
fragmentation of the drop into two droplets. For high values of the viscosity ratio of the 
two bulk liquids at a high interfacial tension gradient, only drop deformations appear. In 
the situation of a very high viscosity ratio and at a small interfacial tension gradient the 
drops are undeformable. The observed experimental data are in a substantial 
agreement with the results of our hydrodynamic theoretical model. 
 
Keywords : Marangoni force, Marangoni effect, free drop deformations, interfacial 
tension gradient, drop dynamics, hydrodynamic model 
 

 
 

INTRODUCTION 
 Since the original work by Chifu et al. [1-3] that describes the 
dynamics of a free liquid drop, immersed in an equal density bulk liquid, 
when a surface tension gradient is applied on the drop surface, some 
theoretical models and experiments were further developed to explore the 
drop dynamics [4-9]. To explain the drop dynamics, it was suggested that 
Marangoni instability, surface dilution, tip-stretching and capillary forces are 
important factors in drop movements and deformations.  

                                                
a Babes-Bolyai University of Cluj-Napoca, Department of Physical Chemistry, Arany Janos Str., 

No. 11, 400028 Cluj-Napoca, Romania; 
b Babes-Bolyai University of Cluj- Napoca, Department of Mechanics and Astronomy, Kogalniceanu 

Str., No. 1, 400084 Cluj-Napoca, Romania e-mail: mcotisel@yahoo.com, i_r_stan@yahoo.com 
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To determine which one from these is a major factor on the drop 
dynamics, in this work, we investigate experimentally and theoretically the 
effect of local changes in the surface tension, which are induced by the 
adsorption of a surfactant at the drop surface. 

As a result of the adsorption of a surfactant (also called surface 
active compound), a surface tension gradient (Marangoni effect) appears, 
which generates a real surface flow, from low to high surface tension, 
called the Marangoni flow, and it is illustrated in Fig. 1. This Marangoni 
interfacial flow causes the motion of the neighboring liquids by viscous 
traction [3, 5], and generates the force of hydrodynamic pressure, named 
Marangoni force, which acts on the drop surface.  
 

 
 

Fig.1.  Marangoni interfacial flow resulting under a surface tension gradient 
 
In this work, we have also developed a theoretical hydrodynamic 

model to calculate the Marangoni force. At the beginning of the interfacial 
flow, the Marangoni force acts like a “hammer” and modifies the shape of 
the drop. This force also generates other various factors, like the surface 
dilution, the tip-stretching, and the capillary forces, that might appear in the 
drop dynamics, depending on the working conditions. The results of our 
theoretical hydrodynamic model are in a substantial agreement with the 
observed experimental data.  

 
THEORY 
The investigation of the free drop dynamics is of a present interest, 

due to its appearance both in the industrial and biological processes, as 
well as in the space science and technology of liquids. 
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Hydrodynamic governing equations 
We consider a viscous (L’) liquid drop (with density ρ’) immersed in 

an unbounded immiscible (L) liquid (of density ρ) at a constant temperature 
(T). The densities of the two bulk liquids are equal (ρ = ρ’) and initially the 
drop is motionless. Such a drop is also called free drop.  

Further, we assume that both liquids (L and L’) are incompressible 
and Newtonian. The drop has a viscosity µ’ and the surrounding bulk fluid a 
viscosity µ, which are, in general, different. The surface between the two 
bulk fluids is characterized by an interfacial tension noted σ0.  

Then, a small quantity of a surfactant (e.g. a droplet of 10-3-10-2 cm3, 
which is very small compared with the volume of the initial drop) is introduced 
on a well-chosen point (called also injection point) at the drop surface.  

 
Fig. 2.  The spreading and adsorption of a surfactant on the drop surface; the 

system of spherical coordinates (r, θ, φ); the θf angle characterizes the  
position of the surfactant front. 

 
The surfactant, because of its molecular structure, is spread and 

simultaneously adsorbed at the liquid-liquid interface and it is continuously 
swept along the meridians of the drop by the convective transport (see, Fig. 
2). In the injection point the interfacial tension is instantaneously lowered to 
σ1 value. We mention that local changes in temperature [8] or the presence 
of surface chemical reactions might produce a similar effect. 

Since the interfacial tension is a function of the surfactant concentration, 
a gradient of interfacial tension is established over the surface of the drop [3]. 
Consequently, the Marangoni spreading of the surfactant takes place from low 
surface tension to high surface tension (Fig. 1). As a result of the Marangoni 
surface flow, which causes the motion of the neighboring liquids by viscous 
traction, the Marangoni force of hydrodynamic pressure will appear acting on the 
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drop surface. Due to the drop symmetry, the Marangoni force has the 
application point in the injection point with surfactant at the drop surface. 

This Marangoni force will determine all kinds of drop movements, 
especially deformations, rotations and oscillations of the whole drop, as 
well as surface waves and drop translational motions depending on the 
experimental working conditions. 

The symmetry of the problem suggests a system of spherical 
coordinates (r, θ, φ) with the origin placed in the drop center and with the 
Oz axis passing through the sphere in the point of the minimum interfacial 
tension, i. e. the injection point of the surfactant.  

We underline that the surfactant injection point at the drop surface 
may be taken anywhere, the drop being initially at rest. In the following 
theoretical model, we shall take it like it is shown in Fig. 2.  

The surfactant front position, in this radial flow, is noted by the angle 
θf. and the interfacial tension, σ, is considered a unique function of the 
angle θ. Within the surfactant invaded region, (0 θ θf≤ ≤ ), for the variation 

of the interfacial tension [5] with θ, we take  
         

      σ(θ) = 0 1

f

σ -σ

1-cosθ
(1– cosθ) +σ1            (1) 

  
where σ0 = σ(θf) and σ1 = σ(0). 

Derivation of Eq. (1) gives the interfacial tension gradient in the 
invaded drop region with surfactant  

                 

0 1

f

dσ
sinθ

dθ 1 cosθ
,

σ σ−
=

−
                                     (2) 

 
where, the interfacial tension σ0 is constant in any point of the uncovered 
surface, while the interfacial tension difference П = 0 1σ σ−  arises only in the 

invaded region. It is clear that only σ1 and σ0, i. e. the minimum and the 
maximum values of the interfacial tension, can be experimentally measured. 

From the theoretical point of view, the variation of the interfacial tension 
σ(θ) with the angle θ, inside the invaded region, is of the following form  σ(θ) = 
σm + a1 cos θ  where σm and a1 have different expressions. For the particular 
case when the surface of the entire drop is covered with surfactant θf = π, the 
equation obtained is similar to that proposed by other authors [10]. 

The equations, governing the flow inside and outside the drop, are 
the continuity and Navier-Stokes equations [11-13]. The continuity 
equations for a Newtonian incompressible fluid are 
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    div 0v =r
,                                                 (3) 

 
    div 0'v =r

,                                                 (4) 
  

where   v
r

is the velocity of the bulk liquid L and v
r

’ represents the velocity 
of the liquid L’ within the drop. 

 :are flowsteady  afor  equations Stokes-Navier The            

      
1

(v ) v  grad p  ν v
ρ

,⋅∇ = − + ∆r r r
                                (5) 

  
1

(v' ) v'  grad p'  ν' v'
ρ

,⋅∇ = − + ∆v v v                               (6) 

where p and p’ are the pressures outside and inside of the drop;
µ

ν=
ρ

 and 

µ '
ν '=

ρ
 are the kinematic viscosities of continuous liquid and drop liquid, 

respectively. All these parameters are considered constants. 
 We give here some account on the equations governing fluid motion 
in a surface or in an interface, which is considered a two dimensional, 
incompressible Newtonian fluid, having surface density Г and surface 
dilatational κ and shear ε viscosity. Even that we consider the interface like 
a two-dimensional geometrical surface, it has a thickness about 5.10-10 cm. 

The flow in a surface is not just a flow in a two-dimensional space 
whose governing equations will be immediate analogs of the three-
dimensional ones. In contrast with the three- dimensional space, this 
surface is a two-dimensional space that moves within a three-dimensional 
space surrounding it. In our case, the interface is the region of contact of 
two liquids, i.e. drop liquid and bulk liquid. This is a new feature which 
oblige us to take account on the dynamical connection between the surface 

and its surroundings, namely on the traction exerted by the outer T 
r

and 
inner T '

r
 liquid upon the drop interface.  

The equation of the interfacial flow [14 - 16] is  
 

( ) ( ) ( )w w F w ,SS S Sσ κ εΓ ⋅∇ = + ∇ + + ∇ ∇ ⋅
rr r r

     (7) 

 
where w  vs=r r

 is the interface velocity, F T- T'g= Γ +
r r rr

 is the external force 

acting on the drop surface, and S∇  is the surface gradient operator. 
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Because the surface density [16] is very small (Г ≈ 10 -7g cm -2) the inertial 
term can be neglected against the remainder terms.  

It is significant to underline that equation (7) can be used in two 
ways: as the equation which describes the surface flow or as a dynamical 
boundary condition. 

In order to find the distributions of the velocities ' v and v
rr

and of the 
pressures p and p’, the system of equations (3)-(7) must be solved taking 
into account some appropriate boundary conditions [11- 13].  
 Thus, the velocities of the inner and outer liquid of the drop must 
satisfy the following conditions: 

• the outer velocity must be zero far from the drop surface, 
 

∞→= rfor   0  v
r

; 
 

• the normal component of the outer and the inner velocities must be 
zero on the surface of the drop 

 
'v v 0n n= =r r

,   at   r = a; 
 

• the tangential velocity components of the two liquids at the interface 
must be equals 

 

       'v vt t=r r
       at   r = a; 
 

• the velocity v
r

 within the drop must remain finite at all points, 
particularly at the centre of the drop (r = 0 the origin of the coordinates). 
Since the Marangoni flow on the surface of the drop r = a is 

symmetrical with respect to the Oz axis, the velocities of the inner and outer 
liquid flows are not functions of the angle φ, they will have only normal 
(radial) and tangential components θ).,( vθ),,( v, θ) (r, vθ),,( v ''

rr
rrr θθ  

 The continuity equation (3) for the outer flow in spherical coordinates is 
 

   θ θr rv v ctqθv 2v1
0,

r r θ r r

∂∂
+ + + =

∂ ∂
                         (8) 

 
while for the Navier-Stokes equation (5) we have  
 

 
2 2

2 2 2 2 2 2 2

vv v v v 2v1 2 ctgθ 2 2ctgθθr r r r r v
θr r θ r r r θ r θ r r

p

r
µ

∂∂ ∂ ∂ ∂
+ + + − − −

∂ ∂ ∂ ∂ ∂

 ∂ =  ∂  
 (9) 
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2 2v v v v vv1 p 1 2 ctgθ 2θ θ θ θ θrµ 2 2 2 2 2 2 2r θ r r θ θr r θ r r r sin θ

∂ ∂ ∂ ∂ ∂∂
= + + + + −

∂ ∂ ∂ ∂∂ ∂

 
 
 
 

  (10) 

 
It is to be noted that similar equations are obtained for the inner 

liquid motion. 
  The velocities of the inner and outer flow satisfy the following 
boundary conditions 
 

v v 0 for    r ,r θ
 = = → ∞                                (11) 

          vr = vr’ = 0 at r = a,                                       (12) 

       'v v  at    r a
θ θ

= = ,                                   (13) 

 ' 'v and  v finite at    r 0r θ
= .                                 (14) 

 
 In addition to these kinematic conditions we also have, as we 
pointed before, a dynamic condition on the drop surface (r = a), obtained 
from the interface flow equation (7), which for small interfacial density Г can 
be written in the following form [14, 15]: 
 

v vv1 1 dσ 1 1θ θrµ (κ ε) (v sinθ)
θr θ r r a dθ r θ rsinθ θ r ar a

∂∂ ∂ ∂
+ − + + +

∂ ∂ ∂ ∂ ==

    
    

   
(15) 

r=a

' ''2(v ) v vv1r aθ θ θrε µ '2 r θ r ra

∂∂=+ = + −
∂ ∂

 
 
 
 

 

       
 
Solution of the flow equations 
The solution of the flow equations (8-10) with the boundary 

conditions (11-15) can be obtained if we note that the surface flow gives 
rise to a current fluid directed to the drop along the Oz axis. This current 
fluid arises as a consequence of the continual replacement, by a ventilation 
effect, of that liquid layer which it was displaced by the interfacial flow. The 
profile of the flow indicates that a solution of the flow equations should be 
sought [13, 17] in the form  

 
vr (r,θ) =  f(r) cos θ, 
vθ (r,θ) =  g(r) sin θ, 

p (r,θ) =  µ h(r) cos θ, 
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for the outer liquid L, and similar Eqs. are obtained for the inner liquid L’. 
 After well-known manipulations [17] we obtain for f, g, and h the 
following relations: 
 

21 2
3 43

21 2
3 43

2
4

b b
f(r) b b r ,

r r
b b

g(r) b 2b r ,
2r 2r
b

h(r) 10b r,
r

= + + +

= − − −

= +

 

 
with b1, b2, b3 and b4 as constants. Also, equations of identical form for f’, g’ 

and h’ are obtained with constants .'
4b,'

3b,'
2b,'

1b  

 The eight b unknown constants will be determined from the 
boundary conditions (11-15). From (11) and (14) we have b3 = b4 = 
b '

2
'
1 b= =0. For the outer liquid motion we obtain: 

 

bb1 2(r,θ cosθ ,r 3 rr

b b1 2v (r,θ sinθ ,3θ 2r2r

b2p(r,θ µ cosθ ,2r

v ) = +

) = −

) =

 
  
 

 
 
 

 

 
and for the velocity and pressure distribution within the drop 
 

' ' 2 'v (r,θ) (b r b )cosθ ,r 3 4
' ' 2 'v (r,θ) -(2b r b )sinθ ,
θ 3 4

'p'(r,θ) 10µ'b r cosθ.3

= +

= +

=

 

 
From (12) and (13) we have 

 

' '1 1 1
2 3 42 5 3

b b b
b , b , b .

a a a
= − = − =  
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Then, from equation (15), where for 
dθ

dσ
 we have used equation (2), 

the dependence of the constant b1 as a function of the interfacial tension 
gradient Π= σ0 – σ1 is obtained:  
 

3(σ σ )a0 1b1 3(µ µ' 2 /3a)(1 cosθ )fκ

−
=

+ + −
 .. 

 
Thus, Eqs. (8-10) with the appropriate boundary conditions (11-15) 

lead to the distribution of the velocities 'v , v
vr

 and of the pressures p, p’ 
outside and inside the drop:  

 

  
3(σ σ )a 1 10 1v (r,θ cosθ ,r 3 23(µ µ' 2 /3a)(1 cosθ ) r a rfκ

−
) = −

+ + −
 
 
 

                  (16) 

3(σ σ )a 1 10 1v (r,θ) sinθ ,
θ 3 23(µ µ' 2 /3a)(1 cosθ ) 2r 2a rfκ

−
= +

+ + −
 
 
 

                 (17) 

 p(r,θ) = 
µ(σ σ ) a0 1 cosθ23r (µ µ' 2κ/3a)(1 cosθ )f

,
−

+ + −
−                     (18) 

 
for the outer flow, and 
 

       
2

' 0 1
r 2

f

σ σ r
v (r,θ) 1 cosθ

3(µ µ' 2 /3a)(1 cosθ ) aκ
 −= − + + −  

         (19) 

     
2

' 0 1
θ 2

f

σ σ 2r
v (r,θ) 1 sinθ

3(µ µ' 2 /3a)(1 cosθ ) aκ
 −= − − + + −  

              (20) 

cosθ
)θcos/3a)(12µ'(µa3

)rσ(σ' 10
θ)(r,p'

f
2

10

−++
−−=

κ
µ

                 (21) 

 
for the inner flow. 

 
 Marangoni force FM exerted on the drop 

Further, we describe the Marangoni force exerted on the free drop 
due to Marangoni flow. If we analyze the model of the Marangoni interfacial 
flow, we find that as the flow occurs with the driving by viscosity of the outer 
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liquid L, forces of hydrodynamic pressure will act on the drop L’. The resultant 
FM, of the forces exerted by the fluid on the drop, due to the symmetry of the 
Marangoni flow, is oriented along the Oz axis. Is has been computed by 
integrating the surface forces [11] acting along the drop surface: 

 

          M rr rθ  F (p cosθ p sinθ) ds
S

= −∫∫                     (22) 

 
where, ds is the surface element covered with surfactant, and prr and prθ are 
the normal and tangential components [11-13], respectively, of the viscous 
stress tensor given by: 
 

         
vrp (r,θ) p 2µrr
r

,
∂

= − +
∂

                                (23) 

θ θr
rθ

v vv1
p (r,θ) .

r θ r r
µ  ∂∂= + − ∂ ∂ 

                           (24) 

 
 The surface element in spherical coordinates on the drop ( r = a) is 
 

2ds 2πa sinθdθ ,=  
 
and, the force acting on the drop, given by (Eq. (22), can then be rewritten as: 
 

    
θf2F (θ ) 2 (p cosθ p sinθ) sinθdθ .rrM rθf 0

aπ= −∫                (25) 

 
 Using Eqs. (16-18), one obtains for the normal (Eq. (23) and tangential 
components (Eq. (24)) of the stress tensor, at the drop surface (r = a), the 
following expressions: 
 

         
( )

µ (σ σ )0 1( p ) cosθ ,rr r a
a µ µ' 2κ/3a (1 cosθ )f

−
= −= + + −

                 (26) 

          
( )

µ (σ σ )0 1(p ) sinθ .r arθ a µ µ' 2κ/3a (1 cosθ )f
 

−
= −= + + −

                   (27) 

 
Introducing the viscosities ratio, λ = µ’/µ, the interfacial tension 

difference, Π= σ0 – σ1 and because 2κ/3a ≈ 0 as shown previously [5], after 
integration we have:  
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                                 FM (θf) = A (1- 2 cos θf – 2 cos2 θf ),                         (28) 
 
where A is given by 

2πa Π
A=

1+λ
 . 

 
 Thus, Eq. (28) represents the Marangoni force acting on the drop 
surface along the Oz axis. It can be seen that this force depends on the θf 
angle, namely, on the extent to which the drop surface is covered by the 
surfactant, as a function of the radial interfacial tension difference (П), the 
ratio of the bulk viscosities (λ), as well as of the radius (a) of the drop. 

 
Hammer Effect 
For further discussions, it is useful to introduce a new function in Eq. 

(28), namely f(θf)= FM (θf) /A, given by: 
 
                                         f(θf) = 1−2 cos θf −2 cos2θf                               (29) 
 
which is plotted in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.  The graphic of f(θf) as a function of θf angle 

 
The value of θf, for which the force FM(θf) cancels, FM(θf) = 0, is θ0 ≈ 

68.530. The value of θ0 does not depend on the physical, chemical and 
geometric properties of the drop. Also, we see that for )θ,0[ θ 

0f
∈ , the 

force is negative FM(θf) <0, and for ]180 ,θ(θ 0
0f

∈  the force is positive, 

FM(θf)> 0, having the greatest value for θm = 1200. 
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From Eq. (28) it is found that for a coverage degree 0f θθ < of the 

drop, with surfactant, as a result of the appearance of a radial interfacial 
tension gradient П, the pressure force FM(θf) exerted by the external liquid 
upon the drop is oriented toward the negative direction of the Oz axis (Fig. 
3). This is similar with the application of a “hammer” knock on the drop in 
the injecting point of the surfactant. For a coverage degree θf greater than 
θ0, but less than 1800, the force FM(θf) is oriented towards the positive 
direction of the Oz axis. The propulsive (lifting) force, FM(θf) > 0, 
responsible for the upward movement of the drop, appears only when the 
coverage of the drop with surfactant is greater than θ0. 

 
 
 
 
 
 
 
 

(a)             (b) 
Fig. 4.  The Marangoni force, FM, acting on the free drop. 
a) Marangoni hammer force; b) Marangoni lifting force. 

 

Therefore, the effect of coverage by the surfactant on the drop 
surface can be decomposed in two parts, the “hammer” effect for the 
coverage 0 ≤ θf < θ0 and the “propulsive“ effect for the coverage θ0 <θf 

≤1800 as shown in Fig.4a and 4b, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 . The plot of ΦΠ(θ f) versus θf, for θf < θ0 
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To point out the role of the surface tension effects on the FM force in 
the hammer case θf < θ0 we introduce, in Eq. (28), another new function 

)f(θ fΠ=ΦΠ .  

This ΠΦ function is a reduced Marangoni hydrodynamic force. Its 

graphic representation, ΠΦ  versus fθ , for various chosen values of Π (e.g., 
0.5; 1; 2; 4; and 5 dyn/cm) is given in Fig.5. 

It is observed that for high surface tension differences (e.g., 4 
dyn/cm and 5 dyn/cm) the “hammer” effect is also high. For low surface 
tension differences (e.g. 0.5 dyn/cm, 1 dyn/cm and 2 dyn/cm), the hammer 
effect is small. This result is in good agreement with our previous work [3, 
17], where the main goal was to maintain the drop non-deformable using 
high viscosity liquids and small surface tension gradients.  

 The FM (θf) force reaches its maximum value at the spreading 
moment of the surfactant (t=0) for which θf ≈ 0 and is given by:  
 

6πaΠ
F(0) = ,

1+λ
                                 (30) 

 
where F(0) represents the resultant force acting on the drop surface in the 
injecting point. For physical meanings, we can take the absolute value of 
this Marangoni hammer force.  
 
   

Drop deformation 
 In our opinion, the Marangoni hammer force is the principal factor 
which can modify the shape of the drop, namely through deformations and 
break-ups of a drop. To see how this Marangoni force works, we give in 
Table 1 the values of the ratio FM (θf) /A for different values of the θf. 
 

Table 1. 
The values of FM (θf) /A are given versus θf

. 

 
θf 00 100 200 300 400 500 600 68.530 

FM/A -3 - 2.91 - 2.65 -2.23 - 1.70 -1.12 -0.50 0 
 
In Fig. 6, we plotted the Marangoni hammer forces acting on the drop 

surface for different θf values, which are belonging to the interval of [-θ0, +θ0]. 
Fig. 6 suggests that it is a direct connection between Marangoni 

hammer force FM(θf) and the drop deformation, namely along the Oz axis. Our 
experiments confirmed this supposition in both cases, for the deformation and 
for break-up.  
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O

Z

 
Fig. 6. Marangoni hammer forces acting on a free drop surface 

 
We wish to point out the importance of this Marangoni hammer 

force, which is at the origin of other processes [18-23]. Indeed, the 
modification of the surface area of a drop, when the drop is deformed to a 
non-spherical shape, dilutes the surfactant surface concentration and the 
deformation of the drop is different from that expected one for the 
equilibrium σ0 case. This is called the surface dilution effect.  

Also, especially at the break-up process of the drop, surfactant 
molecules may accumulate at the tip of the drop due to the convection 
phenomenon. This phenomenon decreases the local interfacial tension and 
causes the tip to be overstretched. This process is called the tip-stretched effect. 
When during the deformations, a drop gets a concave surface, capillary forces 
appear, which tend to bring the drop in the initial spherical shape. All these 
effects appear, in our opinion, as a consequence of the Marangoni hammer 
force and of the real flow of the surfactant molecules within the drop surface.  

Therefore, we suggest that the primary effect, due to a reduction of the 
equilibrium interfacial tension (σ0) in the injection point of a free drop surface 
with a surfactant, at t=0, is the appearance of a Marangoni surface flow of the 
surfactant on the drop surface. This Marangoni flow of the surfactant modifies 
the equilibrium surface tension, σ0, and a Marangoni force FM(θf) will act on the 
drop. At the beginning, it acts like a hammer which changes the shape of the 
drop, and consequently, several factors might appear, namely, the surface 
dilution and tip-stretching, as well as capillary forces. 

 
Internal wave trains. 
Further, we suggest that it is a direct connection between Marangoni 

force and the deformation of the drop, via the surface waves produced by the 
hammer effect. 
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Furthermore, we have considered that the surface waves, 
generated by the hammer effect, produce traveling periodic internal wave 
trains (Fig. 7). If these internal waves are absorbed by drop, the shape of 
the drop is not deformed. If these internal waves are not absorbed, the 
overlapping of the direct and reflected internal waves modifies the shape of 
the drop and causes deformations or even the break-up of the drop.  

For small surface tension gradients, even in the case of the drop not 
deformable, there are different movements, first of all, the surface waves. We 
suggest that these surface waves are produced by the hammer effect described 
above. The surface waves generate a surface Marangoni instability of the drop. 
This instability was observed previously [23] but its cause was not discovered.  

Our theoretical model can describe the surface instability due to the 
hammer effect. Further on, these surface waves will produce the internal waves 
(Fig. 7) which are generated by the surface tension gradients through hammer 
impact. As a consequence, traveling periodic internal wave trains are generated in 
the liquid drop after the adsorption and spreading of the surface-active compound 
on the surface of the drop, as illustrated latter on in the experimental work.  

 

 
Fig. 7 . Internal wave trains 

 

Further more, two possibilities can occur for the hammer effect (θf ≤ θ0):  
1. If the drop viscosity µ’ is large, then, the energy of the traveling 

periodic internal trains of waves are absorbed by the drop liquid and 
the drop is not deformable. Nevertheless, other movements might 
appear, like oscillations of the whole drop and rotations. 

2. When the drop viscosity µ’ is small and the energy of the internal 
waves is not absorbed and the waves are reflected by the internal 
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drop surface. The superimposing of the direct internal waves with 
the reflected ones gives rise to a “resonant” effect, which generates 
the deformation and even break-up of the drop.  
 
EXPERIMENTAL SECTION 
The experimental work on drop dynamics and Marangoni instability was 

performed in liquid-liquid systems of equal densities presented in Tables 2 and 
3. The densities of the liquids were determined picnometrically and the bulk 
viscosities by using an Ubbelhode viscometer. The surface dilatation viscosity at 
the liquid/liquid interface was not directly measured and only a few indications 
concerning this magnitude for the liquid/gas interface have been found [3].  

The mixtures, making up the continuous L phase, were placed in a 
thermostated parallelepipedic vessel of 1 dm3, made of transparent glass. The 
drop (L’) was made of various radii between 0.46 and 1.19 cm, by using the 
mixtures described in Table 2. The L’ liquid was carefully submerged by using 
a pipette into the continuous L aqueous phase and the density of the latter was 
then adjusted by adding small quantities of water or alcohol until the buoyancy 
of the drop practically disappeared. 

After the system was stabilized, a small quantity (10-3-10-2 cm3) of 
the surfactant solution (S) was injected with a micrometric syringe, in a 
point on the drop surface (injection point in Fig, 2). The injection was done 
either in a vertical direction (as in Fig. 8) or in different directions (Figs 9 
and 10) and no influence of the mode of injection on the Marangoni flow or 
on the drop movements and deformations were observed. 

The interfacial tension for the liquid/liquid systems, e.g. L/L’ and L’/S, was 
determined by a method based on capillarity [3] and its value is given in Table 2. 
The measurement of the above parameters as well as the drop dynamics and 
surface flow experiments have been performed at constant temperature (20 ±  
0.1o C). All chemicals were of analytical purity and used without further purification. 
In order to make visible the surface flow, the surfactant solution was intensely 
colored with methylene blue (0.28 g/100 cm3). We mention that we used 
surfactants which were soluble in the continuous phase L for systems 1 and 2. For 
the 3 – 6 systems, the surfactant was insoluble both in the L and L’ liquid phases. 

The movement of the surfactant front was followed by filming with a 
high speed camera (500 images/sec). A number of sequences, showing the 
surfactant front position at various moments t of the process, is presented in 
Fig. 8. It can be seen that the front position is easily distinguishable from the 
uncovered drop surface.  

The positioning of the L’ liquid drop in the continuous L liquid for a 
sufficiently long time as to perform the flow measurements raises difficulties. 
Although some authors pointed out that two drops never behave in the same 
manner under the action of interfacial tension differences, we have succeeded 
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in measuring the reproducible surface flow velocities as well as in evidencing 
the influence of several factors, like interfacial tension gradients and 
viscosities, on the drop deformations and movements. Several examples will 
be presented in the next section.  

 

RESULTS AND DISCUSSION  
Table 2. 

Composition and physical characteristics of the liquid/liquid systems of equal densities. 
For systems 3 to 5, the composition of phase L is given in (% of weight). For bulk 

viscosities µ and µ’, and interfacial tensions σ0 and σ1, see the text. For systems 1 and 
2, the drop radius is a = 1.19 cm and for systems 3 to 6, the drop radius is a = 0.46 cm. 
 

 
Continuous Phase (L) 

 
Drop Phase (L’ ) 

 
 Surfactant Solution (S) 

 
Sys-
tem 
No. Composition 

(% vol ) 
µ(cP) σ0 

L / L’ 
(dyn/cm) 

Composition 
(% vol) 

µ’(cP) Composition 
(% vol) 

   σ1 

L’ / S 
(dyn/ 
cm) 

 
1 
 

 

 
Ethanol 78.6 
Water   21.4 

 
2.26 

 
7.9 

 
 
Paraffin oil  

 
80 

 
Propanol 77.3 
Water   22.7 

 
3.5 

 
2 
 

 

    
Methanol 78 
Water   22 

 
1.33 

 
10.2 

 
 
Paraffin oil  

 
80 

 
Propanol 77.3 
Water   22.7 

 
3.5 

 
3 
 

 

NaNO3  15.1 
Water  84.9 

 
1.1 

 
28.7 

Chlor benzene   
40     
Silicon oil 60 

 
8. 04 

Benzylic   
alcohol   89 
CCl4    11 

 
3.6 

 
4 
 

 

NaNO3  15.1 
Water  84.9 

 
1.1 

 
28.2 

Chlor benzene 
50 
Silicon oil  50 

 
5. 46 

Benzylic  
alcohol   89 
CCl4      11 

 
3.6 

 
5 
 
 

NaNO3   15 
Water   85 

 
1.1 

 
25.6 

Chlor benzene 
85 
Silicon oil  15  

 
1.40 

 

Benzylic  
alcohol  89 
CCl4     11 

 
3.5 

6 NaNO3   14.9 
Water   85.1 

1.1 22.8 Chlor benzene 
92 
Silicon oil   8 

1.03 Benzylic   
alcohol   89 
CCl4       11 

3.6 

 
In Table 2, we give the experimental parameters for three different 

cases of drop dynamics, under various surface tension gradients П. The first 
case (systems 1 and 2) corresponds to the undeformable drops (Fig. 8). The 
second case (systems 3 and 4) represents the situation of the deformable 
drops (Fig. 9) and the third one (Fig. 10) describes the break-up of a drop. 
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Also, Table 2 gives the composition of the continuous (L) bulk and drop 
(L’) phases, as well as the surfactant phase description and various phase 
physical characteristics. The continuous liquid bulk phase (µ) and drop phase (µ’) 
viscosities and the interfacial tension, σ0 and σ1, values are also given in Table 2. 
Investigated drops have the radius comprised between 0.46 and 1.19 cm.  

 
Table 3. 

Surface tension gradients, П = σ0 –σ1, the ratio of the viscosities, λ, and the calculated 
values of Marangoni hammer force FM(0), for the six systems given in Table 2. 

 
Sys-tem  

П (dyn/cm) 
 
 

 
λ 

 
FM(0), (dyn) 

 

 
Remarks 

 
1 

 
4.4 ± 0.3 

 
 

 
35.39 

 
2.71 

 
2 

 
6.7 ± 0.3 

 
 

 
60.15 

 
2.45 

The free drop remains 
undeformable, having, at 
most, surface waves, as in 
Fig. 8.  

 
3 

 
25.1 ± 0.3 

 
 

 
7.31 

 
26.15 

 
4 

 
24.6 ± 0.3 

 
 

 
4.96 

 
35.77 

The free drop might have 
slight or big deformations, 
but after 0.6-0.8 sec., it 
returns to its initial form, as 
in Fig. 9. 

 
5 
 

 
22.1 ± 0.3 

 
 
 

 
1.27 

 
 
 

 
84.31 

 

 
6 

 
19.2 ± 0.3 

 
 

 
0.94 

 
 

 
85.70 

The free drop, after 0.3-0.4 
sec., breaks up into two 
drops, as shown in Fig. 10. 

 
The values of the surface tension gradient, П, the ratio of the 

viscosities λ =µ’/ µ and the Marangoni hammer FM(0) force (see, equation 
30) are given in Table 3.  

Then, we compare the calculated values, obtained with our 
hydrodynamic theoretical model, with some experimental observations on 
the deformations and the break-ups of the drops under the surface tension 
gradient. The drops were visualized by filming with a high-speed camera 
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(500 images/sec). A number of image sequences illustrating the deformations 
of the drop at various moments (at different times, t) are presented in Figs. 
9 and of the break-up in Figs. 10. 

In Fig. 8, the filmed drop images, at different moments of time (t), 
are shown for the case of an undeformable free drop. In these images is 
possible to observe the motion of the surfactant front on the drop surface, 
easily distinguishable, by the contrast with the uncovered drop surface. 
Also, in Fig. 8, we can observe that the horizontal line, corresponding for 
the initial position of the free drop, is only slightly modified in time and the 
drop is not deformed or moved. 

 

  
                   (1)                                  (2)                                   (3) 
                 0 sec                            0.27 sec                          0.71 sec 
 

  
                  (4)                                   (5)                                   (6) 
               1.02 sec                         1.25 sec                         1.62 sec. 
 

Fig. 8.  Filmed pictures of an undeformable drop characterized by the system 2, 
given in Tables 2 and 3; the interfacial tension difference, П = σ0 – σ1 = 6.7 dyn/cm, 
the viscosities ratio λ= 60.15 and the calculated Marangoni force FM(0)= 2.45 dyn. 

 
These findings are in substantial agreement with the data earlier 

published [3], for non-deformable free drops. For comparison, we have 
chosen similar experimental conditions given in Table 2, and therefore, we 
clearly demonstrated the reproducibility of these experiments. In plus, here, 
we calculated the Marangoni force FM(0), see Table 3. 
 Fig. 9 shows different shapes of a deformable free drop and its 
movement from the initial position (i.e. from the shown reference horizontal 
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line). In this case, for the system 4, given in Tables 2 and 3, due to the 
variation of the drop shape, besides the Marangoni force, the surface dilution 
and capillary forces will appear in the description of drop deformation. 

   
                     (1)                                  (2)                                  (3) 

              0 sec                            0.14 sec                         0.44 sec 
 

        
                               (4)                                  (5)  
                          0.66 sec                         0.78 sec 

 
Fig. 9.  Filmed pictures of drop deformations. The liquid-liquid system is characterized 

by the system 4 in Tables 2 and 3; П =24.6 dyn/cm; λ = 4.96; FM(0) = 35.77dyn. 
 

Fig. 10 illustrates the drop deformations (panels 1, 2 and 3), the 
drop movement and the break-up (panel 4, 5 and 6) of the drop into two 
parts. This is the third case of a deformable drop observed for the system 
6, and its detailed characterization is given in Tables 2 and 3. It can be 
seen that at a certain moment in time (Fig. 10, panel 5) a tip in one of the 
drop compartments appears. Fig. 10, panel (5), might be an example of the 
tip-stretched effect. 
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                  (1)                                    (2)                                    (3)  
     0 sec         0.02 sec               0.12 sec 
 

     
                   (4)    (5)    (6) 
               0.25 sec                    0.36 sec         0.43 sec  
 

Fig.10.  Filmed pictures of the initial free drop (a), the deformed drop (b) and the 
breakup drop (c). The liquid/liquid system is characterized by the system 6 given in 

Tables 2 and 3; П = 19.2 dyn/cm; λ = 0.94;  FM(0) = 85.70 dyn. 
 

As we can see, from Table 3, for systems 1 and 2, the values of 
viscosities ratio, λ >> 1, are very large, and the values of the Marangoni force, FM 
(0), are slightly smaller than 3 dyn, and the drop is non deformable (Fig. 8). For 
systems 3 and 4, given in Table 3, the ratio values of the bulk viscosities are 
greater than unity λ > 1 (Table 3) and the Marangoni force is much higher than 1.  

The Fig. 9 presents the different shapes of the free drop dynamics. 
Because there is a variation of the drop shape, in this case, the surface dilution 
and capillary forces will appear. This is the situation of a slightly viscous drop, 
when the Marangoni effect will provoke the drop deformations, which will 
generate the surface dilution in parallel with the appearance of capillary forces 
(Fig. 9, panel 2). 

For the system 6, described in Tables 2 and 3, the viscosity of 
continuous bulk (µ) liquid and of the drop (µ’) liquid are almost equal, λ ≈ 1, 
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Table 3, but the Marangoni force FM(0) takes the highest value. In this 
situation, after a few moments (about 0.36 sec) the break-up of the drop 
appears (Fig. 10, panel 5), and the drop is divided into two parts (droplets).  

This is the most complicated situation, when the Marangoni force 
will provoke the drop deformations, which will generate, in parallel, the 
surface dilution and the tip-stretching, until the drop is broken into two 
drops, as illustrated in Fig. 10, panel 5. 

 
. CONCLUSION 

A hydrodynamic model has been developed in which the variable 
interfacial tension at the well defined free drop surface, caused by the 
addition of a surfactant, will generate a Marangoni force primarily responsible 
for the drop deformations and movements. 

The drop deformation process is described and analyzed mathematically. 
It has been shown that it is a deep dependence of the absolute values of 
the Marangoni force FM(0) and the deformations of a free drop. In other 
words, a small Marangoni force will not cause the deformations of the 
viscous drop, but a large Marangoni force will provoke complicated 
deformations and movements of a free drop even the break-up of the drop. 
Thus, it is also shown experimentally and theoretically that the Marangoni 
force is a primary cause of the deformations of a drop. Surface dilution and 
tip-stretching effects, as well as the capillary forces, might appear as 
secondary factors in the drop deformation processes.  

When a surface tension gradient appears at the free drop surface, the 
hammer Marangoni force FM(0) determines primarily the drop deformations 
and movements, taking into account the physical characteristics of the 
continuous liquid bulk phase and of the drop liquid phase, as well as those for 
the chosen surfactant solutions as indicated in Tables 2 and 3.  

We can conclude that we explored six experimental systems that 
are classified into three important cases, in substantial agreement with the 
data given in Table 3. When the Marangoni hammer forces are small, the 
drop shape is not modified. For the intermediary values of the Marangoni 
hammer forces the drop is deformable. At the high values of Marangoni 
hammer forces the drop breaks up into two or more droplets.  

Further, Marangoni hammer forces can also generate other different 
effects, like the surface dilution and the tip-stretching, as well as the 
capillary forces, that might appear in the drop dynamics, depending on the 
working conditions.  

Finally, it is to be emphasized that such phenomena, generated by 
Marangoni force and Marangoni instability, are a result of the adsorption of 
a surfactant at the surface between the two liquid phases. These 
phenomena are of a major interest, both in industrial and biological 
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processes, in movements at biological membranes, as well as in the space 
science and technology of liquids. 
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ABSTRACT. The surface morphology of two composites (glass ionomer cements), and of 
their constituent inorganic and organic phases was investigated by atomic force microscopy 
(AFM), in tapping mode. The inorganic phase consists of a blend of inorganic powders, 
which was realized from surface active glasses. The organic phase contains either B1 
copolymer or T1 copolymer, in the same weight percentage in water, with 3% tartaric acid. 
The two composites, noted B1 and T1, were made of the same inorganic powder blend, and 
the organic phase, containing either B1 or T1 copolymer. AFM imaging, namely height and 
phase-detection imaging with high resolution and contrast, was improved by monitoring the 
force of tapping of AFM probe on the sample surface. Morphological and structural analysis 
of investigated surfaces shows micro- and nanoparticles of inorganic powders embedded 
within the  nano- and microdomains of copolymers. For B1 composite, it is observed a 
surface enrichment in B1 copolymer, against T1 composite. The surface of B1 and T1 
composites was investigated both in native state and after polishing and glossing. The 
composites were measured in air and after 24 h or 7 days in artificial saliva. No essential 
topographical changes occurred to their surfaces, exposed about 24 h in saliva, independent 
of the used advanced processing methods for composite surfaces. The glossing leads to a 
stable surface of composites, both in air and after 24 h or even after 7 days exposed in 
saliva. However, after 7 days in saliva, the surface roughness is substantially increased for 
the T1 composite compared to B1 composite. Thus, B1 copolymer appears to be more 
stable in saliva than T1 copolymer. These data demonstrate that morphological and surface 
roughness analysis of both native surfaces and of enriched surfaces with polymers is 
important in determining the surface organization and the stability of composites in different 
environmental conditions. 
 
Keywords: glass ionomer composites; AFM; biologic fluid; stability 

 
 
 

Introduction 
Composites include at least two categories of constituent materials: 

matrix and reinforcement (filling materials). The matrix material surrounds 
and supports the reinforcement materials by maintaining their relative 
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positions. The reinforcements impart their special mechanical and physical 
properties to enhance the matrix properties. A synergism produces material 
properties unavailable from the individual constituent materials [1, 2]. 

Polyacrylic acid-based glass-ionomer cements appeared in the 1960s. 
They include a basic component, a glass-like calcium aluminosilicate 
containing some fluoride, and an acidic polyelectrolyte, which is a 
homopolymer or a copolymer of unsaturated carboxylic acids. The glass-
ionomer cement sets as a result of a reaction between an acid and a base. 
The product of the reaction, a hydrogel salt, acts as a binding matrix 
surrounding the silicate particles.  

Among the key properties of the glass-ionomer cements are specific 
adhesion to enamel and dentine, aesthetic qualities and fluoride release, 
which inhibits secondary caries over a prolonged period. In the 1980s, resin 
modified systems have become available commercially. These materials 
involve the formation of an interpenetrating polymer network combining the 
acid-base cross-linking reaction of the metal ion-polyacid with the cross-
linking polymerization of the monomer system or additive action of the 
polymers [3-5]. Methods were proposed both for the preparation of the 
glass component [6] and for the organic macromolecular component [7]. 
However, because of the mixing problems, these methods are generally 
accompanied by a number of disadvantages, such as the formation of 
aggregations of inorganic particles, irregularly coated by polymers, and the 
low efficiency of controlling the coating thickness of the composite surface.   

In this study, we explore the importance of components organization at 
the surface of composite materials, in controlling both the surface chemistry 
and the morphology. In this respect, we developed new characterization 
methods for glass ionomer composites, owing to their potential applications in 
medicine, such as bone substitutes and dental biomaterials. These composites 
are made of inorganic phase, e.g. surface active glasses, and different 
copolymers, such as poly(alkenoic acids). Caution was taken to maintain a 
good homogenization so that no phase separation was observed. 

Further, the structure control of the composite surface can be 
achieved, both by the preparation methods of the material and by surface 
engineering methods applied to the composite surface. Such methods 
comprise direct enrichment of the surface with one of the composite 
components or the application of thin films made of organic mixture, such 
as a gloss, with good adhesion on the composite surface.  
 On the other hand, the success of these methods, to form the composite 
or for the controlled enrichment of its surface with a polymer or a gloss depends 
on the accurate analysis of the final organization at the composite surface. 
 Physical chemistry of surfaces of composite materials offers diverse 
research methods, such as X-ray photoelectron spectroscopy (XPS), contact 
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angle analysis (CA) and secondary ion mass spectrometry (SIMS), which 
had proved their utility in chemical characterization of surfaces. XPS and 
SIMS can be used also for the visualization of surfaces, but the resolution 
offered by these techniques is not sufficient to make possible the 
determination of morphology of the composites at nanoscale.  
 Anyway, the characterization of surface organization can be achieved 
by scanning electron microscopy (SEM) [8]. Generally, SEM visualizes the 
morphology of the composite surface and to evidence the role of surface 
enrichment of the composite with polymer, only in the case where the 
enrichment generates significant topographical modifications between 
constituent domains. This limitation can be overcome by using the atomic 
force microscopy (AFM), in tapping mode. Moreover, the AFM technique 
offers the possibility to determine the surface roughness, an important 
parameter which can bring information on the changes in surface organization 
by advanced processing techniques as well as on the degradation of the 
composite surface, exposed to different environments. However, to the best of 
our knowledge, no report has been devoted to the AFM investigations on 
these type of glass ionomer composites. 

In this work, for the first time, we explore AFM observations to 
describe the surface morphology and the surface roughness of the two 
composite materials and of their constituents, in native state as well as after 
their surface processing, and in different environmental conditions and at 
the chosen regular time.  

Thus, in the following we determine the bidimensional (2D-) and  three-
dimensional (3D-) topographical AFM images and the phase images for the 
surface of inorganic phase, i.e. inorganic powder (IP), of the organic phase (B1 
or T1 copolymer), and of the composite materials, labeled as B1 or T1 
composite, polished or glossed, with the aim to decipher the surface structure 
of these materials. Then, the surface morphology and the surface organization, 
as well as the surface roughness for 17 samples were investigated.  
  

EXPERIMENTAL PART  
Preparation of films made from inorganic powders or organic matter 

 The inorganic powder (IP) was a blend of surface active glasses 
(glass ionomer products), viz. S1 and M glasses in the 7:1 mass ratio. The  
bulk composition of S1 glass is: SiO2 (49%), Al2O3 (22%) and CaF2 (29%): 
it is therefore a fluoro-aluminosilicate glass. The M glass has the following 
bulk composition: ZnO (16.72%), CaO (23.8%), Na2O (9.33%) and SiO2 
(50.15%). These glasses were obtained from the corresponding oxides as 
described elsewhere [9-11]. After the raw materials were fused together, 
the melts were shock cooled in water. The glass fragments were ground 
and sifted to fine powders. Thin films of this inorganic powder were 
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assembled on adhesive tapes, by rotating the tape on the surface of the IP 
powder, lying on optically polished glass. This film was subsequently used 
for AFM investigations.  

The organic phase contains either B1 copolymer (or T1 copolymer. 
The copolymers are both modified poly(alkenoic acids). Each copolymer 
was used as a 50% (weight/weight) aqueous solution. Finally tartaric acid 
was added to aqueous solution, resulting in a final composition of 48.5% 
copolymer (B1 or T1, respectively), 48.5% water and 3% tartaric acid. 

 Films for use as AFM samples were prepared from each of these 
copolymer solutions by casting 1 ml aliquot of solution onto mica 
(muscovite) substrates (1 cm x 1 cm squares) atomically plane and freshly 
cleaved. The films were dried at room temperature, in air environment, but 
protected against dust.  

In all experiments, for the preparation of the organic phase 
deionized water, with resistivity of 18 MΩ·cm, was used. It was obtained 
from an Elgastat water purification system. 

The glassware used in this research was washed and rinsed with 
ultra pure water before using. The B1 and T1 copolymer films, after drying, 
were observed by AFM.  
 

Preparation of composite materials, B1 and T1 composite disks 
The two kinds of composite specimens (glass ionomer cements), B1 and 

T1 composite, were made of the same inorganic powder blend (IP) described 
above in mixture with the organic phase, containing either B1 copolymer or T1 
copolymer. The specimens were given the same labels as the copolymer, namely 
B1 or T1 composite. The inorganic phase constitutes the active filling 
(reinforcement material) of the composite, while the copolymers constitute the 
matrix material. In the preparation of both kinds of specimens, the same charging 
ratio was used: inorganic phase to organic phase 2.2:1 mass ratio.  

The specimens were prepared, at 230C from the aqueous solutions 
of the synthesized copolymers (polyalkenoic acids) and the superficially 
active glasses, by mechanical homogenization of the powders and liquids. 
The specimens, having the form of disks of 6 mm diameter and 1 mm 
height, were obtained by hardening of fresh mixed pastes in Teflon molds 
which were hermetically closed and stored in water at 370C. After about 30 
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minutes, the specimens were taken out of the matrix and were immediately 
immersed in water at 370C, for 24 hours [9]. 
 

AFM investigations 
The AFM visualization of the surface of the investigated materials was 

executed using the scanning microscope, the AFM JEOL 4210 equipment, 
operating in the intermittent contact, known as tapping mode. The cantilever 
used was a triangular one, with a very pointed tip made from silicon nitride. 
The probe (tip) was on the cantilever, oscillating with a resonant frequency in 
the range of 200-300 kHz and with a spring constant of 17.5 N/m. Both a low 
scanning rate, 1Hz, and a higher rate, in the range 2-6 Hz were used, in order 
to detect possible scanning artifacts or those resulting from the sample 
preparation. The scanning angle was also modified on different directions, in 
order to distinguish between real images and those corresponding to artifacts. 
The AFM images consist of multiple scans displaced laterally from each other 
in y direction with 512 x 512 pixels. An adequate low pass filtering was 
performed to remove the statistical noise without loss in the structural features 
of the material. All AFM experiments were carried out under ambient 
laboratory temperature conditions (about 20oC ) as previously reported  [12-
14]. AFM observations were repeated on different areas on the scanned 
surface (i.e. for different magnifications), resulting in scanned areas from 10 x 
10 µm2 to 1 x 1 µm2 or scaled down even more (0.5 x 0.5 µm2) for the same 
sample. The AFM images were obtained from at least five macroscopic zones 
separately identified on each sample. All the images were processed 
according to standard AFM proceeding.  

For the beginning, the surface structure was investigated by AFM 
imaging separately for the films made from the inorganic phase, IP, i. e. a 
mixture of S1 and M glasses powder, or from the organic phase containing 
either B1 copolymer or T1 copolymer. In the following, the surface of the 
composite materials, B1 and T1 composite disks, was analyzed 

• in their native, original state  
• after mechanical polishing with a dental drill 
• after application of a gloss on the composite disk surface. 

The polishing was preceded by an initial smoothing of the surface 
with an extradure fraise with turbine E0130 (maillefer). The polishing was 
made with abrasive disks OptiDisc from KerrHawe and followed by a 
washing with water jet and drying.  

The finishing gloss VitremerTM , manufactured by 3M-ESPE, is a resin 
without filling mass, based on bisGMA (Bisphenol-A-glycidyldimethacrylate) 
and TEGDMA (triethylene glycol dimethacrylate). It was applied as a thin 
layer at the composite material surface and then cured by photopolymerization 
for 20 s using the curing light L.E.Demetrom II from SDS Kerr.   
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The AFM measurements were executed both in the air and in contact 
with artificial saliva as a simulation of the biological medium, versus time, after 
one day, and after 7 days, in order to evidence and control the releasing 
process of B1 or T1 copolymer from the composite material. The composition 
of the artificial saliva was: 50 mmol/l KCl, 1.5 mmol/l Ca2+, 0.9 mmol/l PO4

3-, 
20 mmol/l trihydroxymethylaminomethane, buffer at pH 7.0 [15]. 

 
RESULTS AND DISCUSSION 
Generally, the degradation or the releasing rate of the copolymer 

from the composite surface is mainly controlled by the polymer erosion in 
contact with saliva. From these studies, with B1 and T1 composite disks in 
their native state, the hydrolytic liability of the copolymers can be estimated 
and the polymer which suffers a faster degradation (dissolution) in contact 
with saliva can be established. A modality to control the 
degradation/modification of surface structure in B1 and T1 composites is to 
gloss the disk surface with a blend of components that generally increases 
the stability of the composite surface against the environment (saliva). 

We used the topographical and phase AFM images for evidencing 
the surface characteristics of B1 and T1 composite disks, for the 
identification of surface components, for revealing the existence of 
inorganic micro- and nanoparticles associated with the copolymer matrix. 
Moreover, the AFM offers the possibility to determine the surface 
roughness, described by the rms value (root mean square) and calculated 
directly from the 2D topographical AFM images [12-14]. 

 
AFM investigations on the films made from inorganic material 

and from organic material  
For the films made from the inorganic phase, the AFM images are 

shown in Figure 1, and for those of the organic phase in Figures 2 and 3: 
namely, in Figure 2 for the films containing B1 copolymer and in Figure 3 
for films of T1 copolymer.  

Figure 1 shows the morphology of the inorganic film surface. From 
the bidimensional (2D-) topographic AFM image (Fig. 1a), and from the 
three-dimensional (3D-) topographic image (Fig. 1c), as well as from the 
AFM phase image (Fig. 1b), the structuration of the inorganic powder into  
micro-agglomerates is seen (see, the arrow in panel a). From the cross 
section profile (Fig. 1d) we observe the microstructure of the inorganic film 
with particle sizes generally between 200 and 400 nm. In Fig. 1a it can be 
seen that the micro - agglomerates are formed from inorganic nano - powder 
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by association. The inorganic film is rough; the rms value showing the 
surface roughness is given in Table 1. 
  In Figure 2, we present the surface morphology of B1 copolymer 
films, containing tartaric acid, deposited on a mica substrate. From the 

 

    

 

 
           (a)      (b)    (c) 

 
(d) 

Fig. 1. AFM images of the film made from inorganic powder, deposited on 
adhesive tape. Scanned area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase 

image c) 3D topographic image; d) cross section along the arrow in Fig. 1a. 

   

 

 
                (a)                                  (b)                                          (c)  
 

 
(d) 

Fig. 2. AFM images of the organic film, containing B1 copolymer, deposited on 
mica support. Scanned area: 1 x 1 µm2. a) 2D topographic image; b) phase 
image c) 3D topographic image; d) cross section along the arrow in Fig. 2a 
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topographic AFM images (Figs. 2a, 2c) it is evident that the B1 copolymer 
forms nano domains, identified by their topographic characteristics. From 
the profile of the cross section (Fig. 2d), obtained along the direction given 
by the arrow in Fig. 2a, the dimensions of the nano domains are observed 
to be between 40 and 60 nm. The phase image (Fig. 2b) indicates the 
presence of a uniform film in every scanned area. The B1 copolymer film is 
smooth and the very low roughness of the B1 film is given in Table 1.  

Figure 3 presents AFM images for the T1 copolymer film, deposited 
and oriented on the mica surface. The surface morphology (Figs. 3a, 3c) of the 
T1 copolymer film is similar to that characteristic to the B1 copolymer film (Fig. 
2). The structuration of the T1 copolymer at the film surface results in nano 
domains situated in the range from 30 to 50 nm (Fig. 3d). The phase image 
(Fig. 3b) also indicates a T1 film smooth, with low roughness (Table 1). 

From a comparison of Figures 2 and 3, a certain morphologic 
similarity is ascertained in the surface of B1 and T1 copolymers, which 
reflects a strong interaction between copolymer macromolecules, resulting 
in plane copolymer films. From this study it seems that both copolymers, B1 
and T1, should be of interest in the realization of composite materials by 
individual mixing of their organic phases with the inorganic powder. As 
stated above, these composites (charging 2.2:1 ratio) were tableted, 
yielding B1 and T1 composite disk.  

 
 

   

 

 
                (a)                                  (b)                                          (c)  
 

 
(d) 

Fig. 3. AFM images of the organic film, containing T1 copolymer, deposited on 
mica support. Scanned area: 1 x 1 µm2. a) 2D topographic image; b) phase 
image; c) 3D topographic image; d) cross section along the arrow in Fig. 3a 
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Surface morphology and characterization of B1 and T1 composites 
In the following the bidimensional (2D-) and three-dimensional (3D-) 

topographical AFM images, as well as the phase images are presented, for 
the surface of the two composite materials, B1 and T1 composite disks, 
with the aim to decipher the surface morphology of the composites and the 
surface organization of their components, the inorganic and the organic phase. 

 
 

 

  

 

 
                (a)                                  (b)                                          (c)  
 

 
(d) 

Fig. 4. AFM images of B1 composite disk surface. Scanned area: 5 x 5 µm2. a) 
2D topographic image; b) phase image; c) 3D topographic image; d) cross 

section along the arrow in panel 4a. 

   

 

 
                (a)                                  (b)                                          (c)  
 

 
(d) 

Fig. 5. AFM images of B1 composite disk surface. Scanned area: 2.5 x 2.5 µm2. 
a) 2D topographic image; b) phase image; c) 3D topographic image; d) cross 

section along the arrow in panel 5a. 
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The measurements for the B1 and T1 composite disks, respectively, were carried 
out on native surfaces (Figs. 4-6) and after their advanced processing by 
mechanical polishing (Figs. 7, 8) and glossing (Figs. 9, 10), in air (Figs. 4 -10) and 
in saliva environment (Figs. 11-19), after 24 hours (Figs. 11-13, 16, 18) or 7 
days (Figs. 14, 15, 17, 19). 

From AFM images (Figs. 4, 5) one can observe the morphological and 
chemical organization of the native B1 composite disk surface. Agglomerates 
of inorganic powder, also called clusters, are observed as high formations, 
light-colored in the 2D- (Figs. 4a, 5a) and 3D- topographical images (Figs. 4c, 
5c), surrounded by the matrix of B1 copolymer (the lower, dark-colored zones). 
The associates of inorganic powder have the size in the range from 100 to 300 
nm (Figs. 4d, 5d), comparable with their size visualized in the film made only 
from inorganic powder (Fig. 1). However, the undulation in the cross section 
profiles (Figs. 4d, 5d) indicate the existence of inorganic nano-powders 
associated as micro aggregates embedded in the B1 copolymer matrix. We 
also state the existence of both, heterogeneous (Fig. 4) and more 
homogeneous zones (Fig. 5), what should indicate that the B1 copolymer does 
strongly interact with the inorganic powder, which is embedded in its polymeric 
matrix (Figs. 4b, 5b). From cross section profiles (Figs. 4d, 5d), as compared 
with the profile of the inorganic powder film (Fig. 1d), it is evident that the 
inorganic particles are smaller in the B1 copolymer matrix, and are protected 
against the segregation existent in the n ative film of inorganic powder. The 
values for the surface roughness of B1 disk are given in Table 1 and reflect the 
significant diminution of the roughness in presence of B1 copolymer. 

  

           

 

           

 

 
                                 (a)                                                       (b)                                          

 

 
(c) 

Fig. 6. AFM images of T1 composite disk surface. Scanned area: 2 x 2 µm2. a) 2D 
topographic image; b) 3D topographic image; c) cross section along the arrow in panel 6a. 
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The AFM images for the surface (only one example is given in Fig. 6) of 
the original T1 composite disk are quite similar to those for B1 composite (Figs. 4 
and 5). The size of the IP agglomerates is situated in the range from 150 to 300 
nm. However, the surface roughness of the T1 composite disk (Table 1) is higher 
than that of the B1 composite disk. A possible explanation is the lower enrichment 
of the surface of the T1 composite in T1 copolymer, leaving the IP aggregates 
higher than in the matrix of B1 copolymer. This situation would also explain the 
lower stability of the T1 composite surface, particularly after 7 days exposure to 
saliva, against the better stability of the B1 composite in the same conditions. 

Figure 7 shows AFM images for the surface of B1 composite disk, 
mechanically polished. In the same way with the morphology of the original B1 
composite disk surface, here, also the existence of agglomerates of inorganic 
powder in the B1 copolymer matrix is observed. Thus, by the surface polishing 
of the B1 composite disk another plane from the bulk of the disk is evidenced 
and the AFM observations indicate a resemblance in the disposition of inorganic 
powder clusters both in the bulk and at the surface of B1 composite. 
Nevertheless, by a more thoroughly study of the cross section profiles, the 
existence of some larger agglomerates is ascertained in the polished surface 
(Fig. 7d) as compared to the original surface of B1 composite (Fig. 5d). This 
observation should indicate a trend to the surface enrichment in B1 copolymer 
during the fabrication process of B1 composite disk, having as the consequence 
a rather good protection of the IP particles against the tendency to segregation 
in the disk surface. The surface roughness (Table 1) is a little decreased by 
polishing, suggesting good mechanical properties for the B1 disk. 

 

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 7. AFM images of the polished B1 composite disk surface (B1p). Scanned 
area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase image; c) 3D topographic 

image; d) cross section along the arrow in panel 7a. 
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At the surface of the T1 composite disk, mechanically polished (Fig. 8), 

the existence of IP agglomerates embedded in the copolymer matrix can be 
observed. A thorough analysis of topographic images (Figs. 8a, 8c) and 
particularly of the phase image (Fig. 8b) reveals the lamellar aspect of T1 
copolymer. An arrangement in rows of the IP micro particles in the T1 copolymer 
matrix is observable (Figs. 8a, 8d). Therefore, we could infer that unlike B1 
copolymer, the T1 copolymer does not homogenize (in bulk) sufficiently well the 
IP phase in the fabrication process of the disk. However, the surface roughness 
of the T1 disk, after polishing (Table 1), is lower than that of the native T1 disk, 
and comparable with that of the polished B1 composite disk, suggesting quite 
good (bulk) mechanical properties for the T1 composite. 
 The surface processing of B1 composite disk by glossing leads to a 
surface enrichment with a film made of an organic gloss, of polymeric nature. 
The gloss film gave AFM images shown in Fig. 9. From these images it can be 
seen that the gloss film follows the surface of the B1 disk, and the IP 
associates are still visualized both in the topographic images (Figs. 9a, 9c) and 
in the phase image (Fig. 9b). From the cross section profile (Fig. 9d) IP 
clusters are identified with a size of about 100 – 300 nm. The glossed surface 
of the B1 composite disk presents a much lower roughness versus the original 
disk (Table 1). This means that the gloss film fills the zones between the IP 
particles existent on the disk surface. Since the IP particles can still be 
visualized in the glossed surface, we can estimate that the gloss film is thin 
and presents a good adherence to the B1 composite disk.  

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 8. AFM images of the polished T1 composite disk (T1p) surface  Scanned 
area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 8a 



ATOMIC FORCE MICROSCOPY STUDIES OF TWO COMPOSITES BASED … 
 
 

 43 

 

 
The morphology of the gloss layer, deposited on the surface of the native 

T1 composite disk, was also visualized by AFM (Fig. 10), in the environment (air). 
From the analysis of these images, it results that the gloss layer is adherent to the 
disk surface, and the IP phase associates are evidenced both in topographic 
images (Figs. 10a, 10c) and in the phase image (Fig. 10b). From the cross section 
profiles (Fig. 10d), clusters of inorganic phase are identified, with sizes 
about 150 – 300 nm. The gloss layer presents a very low roughness against the 

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 10. AFM images of the glossed T1 composite disk (T1g) surface. Scanned 
area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 10a 

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 9. AFM images of the glossed B1 composite disk (B1g) surface. Scanned 
area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 9a 
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native T1 composite disk (see Table 1). This result is explained by the filling of the 
zones between the IP particles with gloss at the disk surface, similarly to the case 
of the glossed B1 disk (Fig. 9). Since the inorganic particles (ordered in rows) can 
still be visualized in the glossed surface of T1 composite disk, we can estimate 
that the gloss film is thin and adheres well to the disk. 
 In the following the behavior of B1 and T1 composite disks in saliva 
was investigated. After 24 hours in saliva, the morphologies of B1 composite 
disk (Figs. 11, 12) and of the T1 composite disk (Fig. 13) are similar to those 
observed in air after preparation (Figs. 4, 5, 6). The same heterogeneous 
zones (Fig. 11, with high rms values) or homogeneous (Fig. 12, with low rms 
values) are observed at the B1 composite surface. For the T1 disk, the rms 
values are slightly lower than for the native T1 disk in air (Table 1), but the 
values are comparable (within the limit of experimental errors) with those 
characteristic to the B1 disk surface, in similar conditions. We conclude that 
the original B1 and T1 disks present high stability in saliva for 24 hours.  

After 7 days in saliva, the surface morphology of B1 disk (Fig. 14), 
as well as that of the T1 disk (Fig. 15) is still similar to that of the original 
disks (Figs. 5, 6) or to that of the disk after 24 hours in saliva (Figs. 12, 13).  
 
 

 

 

    
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 11. AFM images of B1 composite disk surface after 24 h in saliva. Scanned 
area: 5 x 5 µm2. a) 2D topographic image; b) phase image; c) 3D topographic 

image; d) cross section along the arrow in panel 11a. 
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However, a substantial increase of the surface roughness is to be 

seen, especially for the T1 composite (see Table 1). This should indicate a 
certain erosion of the T1 copolymer in the surface of the T1 disk, leaving  
the inorganic powder without coating layer as it had after the preparation or 
after 24 hours in saliva.  

Further, the surface of the glossed B1 and T1 disks was visualized 
by AFM, also after 24 hours in saliva (Fig. 16, 18) and after 7 days in saliva 
(Figs. 17, 19). From the analysis of AFM images it results that the gloss 
layer does protect the B1 disk surface against the saliva fluid. Comparing 

 

  

 

 
                (a)                                  (b)                                          (c)  

 

 
(d) 

Fig. 12. AFM images of the B1 composite disk surface, after 24 h in saliva. 
Scanned area: 0.5 x 0.5 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 12a 

 

   

 

 
                (a)                                  (b)                                          (c)  

 

 
(d) 

Fig. 13. AFM images of the T1 composite disk surface, after 24 h in saliva. 
Scanned area: 2 x 2 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 13a 
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the surface morphology of the glossed B1 disk measured in air (Fig. 9), and 
after exposure to saliva (Figs. 16, 17), the stability of the gloss film is 
evidenced, and its surface roughness remains practically constant. After 7 
days of exposure to saliva, the morphologic texture of the disk surface 

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 15. AFM images of the T1 composite disk surface, after 7 days in saliva. 
Scanned area: 2 x 2 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 15a 

 

  

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 14. AFM images of the B1 composite disk surface, after 7 days in saliva. 
Scanned area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase image c) 3D 

topographic image; d) cross section along the arrow in Fig. 14a 
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begins to be more evidently outlined than after 24 hours in saliva. This could 
be explained either by a slight erosion of the gloss film, or by the fact that the 
thickness of the gloss film was not constant, rigorously controlled during its 
deposition process on the disk surface. Generally, the gloss film is fairly stable 
and its adhesion on the disk surface is quite good. It increases the surface 
stability of the disk, and this is also evidenced by the reduced surface 
roughness of the film (see Table 1). In the future, the long term stability (a 
month ore more) of the glossed disk in saliva will be investigated.  

 

  

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 16. AFM images of the glossed B1 composite disk (B1g) surface, after 24 h 
in saliva. Scanned area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase 

image c) 3D topographic image; d) cross section along the arrow in Fig. 16a 

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 17. AFM images of the glossed B1 composite disk (B1g) surface, after 7 
days in saliva. Scanned area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase 

image c) 3D topographic image; d) cross section along the arrow in Fig. 17a 
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For the same tests in saliva with glossed T1 composite disks, the 

AFM images are given in Figure 18 (after 24 hours) and in Figure 19 (after 
7 days in artificial saliva). From the comparison of surface morphology of 
the glossed T1 composite disk in air (Fig. 10), and after exposure to saliva, 
it results that here the gloss film is also stable, the surface roughness being 
practically constant (Table 1) after a 24 hours exposure to saliva.  

 

   

 

 
                (a)                                  (b)                                          (c)  

 
(d) 

Fig. 19. AFM images of the glossed T1 composite disk surface (T1g), after 7 
days in saliva. Scanned area: 2.5 x 2.5 µm2. a) 2D topographic image; b) phase 

image c) 3D topographic image; d) cross section along the arrow in Fig. 19a 

 

  

 

 
                (a)                                  (b)                                          (c)  

 

 
(d) 

Fig. 18. AFM images of the glossed T1 composite disk (T1g) surface, after 24 h 
in saliva. Scanned area: 2 x 2 µm2. a) 2D topographic image; b) phase image c) 

3D topographic image; d) cross section along the arrow in Fig. 18a 
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After the 7 days exposure to saliva, the morphologic texture (Fig. 
19) of the glossed T1 composite disk surface becomes more evidently 
outlined than after 24 hours. Its surface roughness (Table 1) increases 
much over its value in air, or in saliva for 24 hours.  

Therefore, from the analysis of AFM images, it results that the gloss 
layer protects the surface of the T1 composite disk against saliva medium after a 
24 hours exposure, but after 7 days in saliva the T1 copolymer presents striking 
erosion, reflected also by the increase of surface roughness. This could be 
explained by a pronounced erosion of the gloss layer, deposited on the T1 
composite disk, after immersion for 7 days in saliva, assuming that the gloss film 
was uniformly deposited on the whole surface of the disk. It seems that the 
stability of the gloss film deposited on the surface of the composite from the T1 
composite disk is lower than for its deposition on the B1 composite surface.  

 

Table 1.  
Surface roughness, determined by AFM, of the tested materials: inorganic powder 

(IP), B1 copolymer, T1 copolymer, composite materials: B1 and T1 composite 
specimen, for different kinds of processing, exposed to air or in saliva. 

 
Surface roughness, nm            Sample 

Scanned areas (µm2) 5 x 5  2.5x2.5  2 x 2  1 x 1  0.5x0.5  
Sam-
ple 

Type of processing      

IP Inorganic film   191 67.3    
B1 Organic film: B1 copolymer  0.28 0.26  0.23  
T1 Organic film: T1 copolymer  0.36 0.35  0.24  
B1 B1 composite disk  89.0 38.5 37.6 24.8 6.12 
B1p Polished B1 composite disk 70.0 35.0 32.8   
B1g Glossed B1 composite disk  6.10 5.80 5.50 5.10 5.00 
B1 B1 disk, 24 h in saliva 92.0 40.0 38.0 25.0 7.00 
B1 B1 disk, 7 days in saliva 162  82.0 75.0   
B1g Glossed B1 disk, 24 h in saliva 4.80 3.90 3.40   
B1g Glossed B1 disk,  7 days in saliva  5.70 4.00    
T1 T1 composite disk  111 70.0 66.7 46.1 12.0 
T1p Polished T1 composite disk 95.0 31.4 30.5   
T1g Glossed T1 composite disk 6.17 2.45 2.27 2.10 2.05 

T1 T1 disk, 24 h in saliva 92.5 50.2 21.3 21.0 8.10 
T1 T1 disk, 7 days in saliva 208 206 191   
T1g Glossed T1 disk, 24 h in saliva 6.45 6.10 5.22   
T1g Glossed T1 disk,  7 days in saliva 52.6 37.3    
 
 The above mentioned investigations indicate that the composite 
material B1, presents some advantage over the T1 composite, as regards 
the homogeneity of the surface structure and the adhesion of the gloss film 
on the disk. This situation suggests the probability of a better mixture of the 
inorganic powder (IP) with the B1 copolymer (in bulk) and at the same time 
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indicates the existence of specific interactions between B1 copolymer and 
the polymers within the gloss film. Since the distinction between the two 
composites consists only in the used copolymer, we could conclude that 
the B1 copolymer presents more adequate characteristics than T1 
copolymer for the realization of dental composites. 
 

CONCLUSIONS 
AFM observations make possible a profound analysis of the surface 

structure for the dental composites, as well as for the films made from the 
constituents of the composites: the inorganic phase (a mixture of surface 
active glasses) and the organic phase, differing only by the used copolymer 
(B1 or T1). The analysis of the surface structure for the films, made of the 
inorganic phase, and separately for the films made of the organic phase, 
indicates a micro and a nano structuration in the inorganic powder films and 
an advanced nano structuration of the B1 or T1 copolymer films. 

B1 and T1 composite disks were prepared from the composite 
materials, formed from the inorganic phase and the organic phase 
(containing B1, respectively T1 copolymer) in the mass ratio of about 2.2:1. 
The surface morphology of the B1 and T1 composite disks, native, polished 
or glossed, was visualized by AFM, both in air environment and after 24 
hours or after 7 days in saliva.   

From the study of B1 and T1 composite disks, in their native state, 
in contact with saliva for 7 days, we estimate that the T1 copolymer 
presents a more pronounced hydrolytic lability than B1 copolymer, in fact 
T1 copolymer is degraded (dissolved) faster in saliva. Surface morphology 
and roughness of B1 and T1 composite disks are also comparatively 
discussed for different surface processing types, namely for the original, 
native disks and those mechanically polished. No significant topographic 
(morphologic) modifications of the surface for the two composites were 
observed for the samples polished in contact with air against the native 
disks evidencing quite good mechanical properties.  

The morphologic organization differences in the surface of B1 and T1 
composite disks, particularly after 7 days in saliva, lead to the following findings, 
the B1 copolymer seems to resist better than T1 copolymer to the erosion 
process in saliva, particularly for extended exposures (viz. 7 days). B1 
copolymer seems to better homogenize the inorganic powder, insuring a better 
integration of organic and inorganic bulk phases, constituting the B1 composite. 

Glossed B1 and T1 composite disks did not present a significant 
degradation of surface structure after 24 hours, or after 7 days of exposure 
to saliva. This means that the surface properties of the both composite 
materials can be improved and controlled by glossing the surface of the 
composites with a blend of polymeric components.  
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However, for the glossed T1 composite, after 7 days in saliva, an 
important increase of surface roughness is observed, which could be 
explained by a more pronounced degradation of the gloss on T1 composite, 
against that on the B1 composite. The higher stability of the gloss film 
applied on the B1 composite surface could be due to the better adhesion of 
the gloss on the B1 composite surface, due to the stronger specific 
interactions between the gloss components and the B1 copolymer. 

On the basis of comparisons of B1 composite stability versus T1 
composite, we can suggest that B1 composite is a better potential 
candidate for medical use.  
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AMINO ACIDS BINDING TO GOLD NANOPARTICLES  
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MARIA CRISANc, LIVIU-DOREL BOBOSa, CSABA RACZa AND 

 MARIA TOMOAIA-COTISELa 
 
 

ABSTRACT. Gold nanoparticles capped with citrate anions were synthesized and 
characterized by UV-Vis spectroscopy; a strong absorption is identified at about 528 nm, 
corresponding to the surface plasmon resonance (SPR). The gold nanoparticles were 
analyzed by transmission electron microscopy (TEM) and TEM images indicate a mean 
gold nanoparticle size of 14 nm. The colloidal gold aqueous solution is stable in time, 
indicating a good electrostatic stabilization of gold nanoparticles through the adsorbed 
monolayer of citrate anions on gold nanoparticle surface. The interaction between the 
citrate capped gold nanoparticles in aqueous solution and various amino acids was 
investigated monitoring their UV-Vis spectra. Some of the tested amino acids, like glycine, 
isoleucine and asparagine, showed little interaction with gold nanoparticles. However, 
other amino acids, such as lysine, arginine, glutamic acid, histidine, cysteine and 
methionine, presented an absorption decrease of the colloidal gold solution at 528 nm and 
a bathochromic shift of the absorption maximum. At higher amino acid:gold molar ratios a 
new, large absorption band appears in the range of 600 to 700 nm, which increases in 
time. As a consequence of the assembly formation of gold nanoparticles, the color of the 
colloidal gold solution changes from red to blue. Further, TEM and atomic force 
microscopy (AFM) images evidenced the arrangements of gold nanoparticles mediated by 
amino acids. The analysis of AFM images indicate a close packed and an almost 
equidistant arrangement of gold nanoparticles coated by amino acids, especially for 
cysteine, arginine and lysine. These arrangements indicate a stabilization effect, mediated 
by these amino acids bonded to gold nanoparticle surface.  

 
 
 

INTRODUCTION 
There is increased current interest in the area of nanotechnology due 

to the outstanding physical and chemical properties of nanoparticles with 
potential applications in optoelectronic devices, non-linear optics and 
biosensors, just to name a few. One of the aims in nanotechnology is the 
organization of nanoparticles in thin films with the ability to modify and control 
the size and separation as well as the interactions between particles. 
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Consequently, the optical and electronic properties of these assemblies can be 
tailored. Strategies are developed and explored for assembling metallic 
nanoparticles and biological molecules, in order to develop new materials for 
electronics and optics, and for biomedical and bioanalytical areas, such as 
controlled drug delivery, medical diagnosis and biosensors [1-6].  

Among biological molecules, amino acids are important organic 
compounds to be used in biofunctionalization of gold nanoparticles, as 
protective layers and for their assembly in thin films. Functional groups 
such as -SH and –NH2 present a high affinity for gold, and since amino 
acids contain some of these groups, they are expected to stabilize gold 
nanoparticles. Their capacity of generating structural diversity was recognized 
[7], and gold surfaces capped with amino acids are considered to represent 
the simplest models for protein surfaces [8].  

There are relatively few reports on surface modifications of gold 
nanoparticles with amino acid molecules, and no systematic study of amino 
acid interactions with gold nanoparticles is available [9]. The binding of 
cysteine and lysine to gold nanoparticles was reported [10], and a review 
on amino acid interactions with metallic nanoparticles was given [11]. Some 
amino acids were used as reduction and capping agents for silver or gold 
nanoparticles, e.g. lysine [12-14], tryptophan [14, 15], aspartic acid [13, 16], 
tyrosine [14, 17], arginine [14, 17], cysteine, leucine and asparagine [18], 
and also the dipeptide glycyl-tyrosine [17]. The S-Au interaction in cysteine 
capped gold nanoparticels was discussed [18-21] and the binding of 
cysteine to Au was compared with that of leucine and asparagine [20]. 
Gold-silver nanocomposites were prepared from gold nanorod seeds in 
amino acid solutions: arginine, cysteine, glycine, glutamine, glutamate, 
histidine, lysine, and methionine [22].   

Amino acids can be adsorbed on the particle surface already during 
the formation of particles, using the amino acid itself as reduction agent [14-
18], or in a latter stage, by ligand exchange reactions or binding on the former 
adsorbed stabilizing molecules. In this way homogeneous monolayers or 
heterogeneous, mixed layers can be obtained. A pentapeptide was also used 
as a ligand on gold nanoparticles [23]. Cysteine adsorbed on a gold surface 
was used to immobilize protein molecules [24-26].  
 Previously, we have focused on the synthesis and physicochemical 
properties of citrate anions capped gold nanoparticles and on their 
organization in thin films on hydrophobic glass plates [27-30]. Surface 
functionalization of gold nanoparticles has been accomplished using a 
globular protein, extracted from aleurone cells of barley [27]. How citrate 
anions, capping agents of gold nanoparticles, are involved in the interaction 
between surface-modified gold nanoparticles and proteins is an important 
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question to be answered. An answer can be obtained by a systematic study 
of amino acids binding to gold nanoparticles.  

This work is a follow-up to our ongoing research projects on the 
binding of amino acids and peptides to the gold colloidal nanoparticles. It deals 
with the synthesis of gold nanoparticles of controlled size and shape and with 
the functionalization of gold particles with different organic molecules, e.g. nine 
amino acids and two peptides. The interaction between gold nanoparticles and 
said organic molecules is observed by UV-Vis spectroscopy. Further, the 
deposition and organization of gold nanoparticle assemblies, in the presence 
of cysteine, arginine and lysine, are investigated by TEM and AFM. 
  

EXPERIMENTAL PART  
Materials 
A colloidal gold solution was prepared by HAuCl4 reduction with 

sodium citrate, in a variant of the Turkevich method, as adapted from [31]. 
The tetrachloroauric (III) acid was purchased from Merck (high purity above 
99.5 %). The trisodium citrate dihydrate (Na3C6H5O7·2H2O) was obtained 
from Sigma Aldrich (high purity above 99%). All chemicals were used 
without further purification. Deionized water with resistivity of 18 MΩ·cm 
was used in all experiments and it was obtained from an Elgastat water 
purification system. 200 mL 0.005% (w/w) HAuCl4·3H2O solution stirred 
vigorously was refluxed. To the boiling solution 15.3 mg trisodium citrate 
(Na3C6H5O7·2H2O), solved in a minimum amount of water, was added. After 
colour change, the heat was turned off and the solution was allowed to cool 
overnight to room temperature. The gold content in the final colloidal 
solution is 25 mg/L. The resulting solution of colloidal gold particles was 
stored in a brown bottle and kept at 4 oC.  

The solid L-amino acids were purchased from Sigma and used 
without further purification. They were dissolved in deionized water. The 
amino acids used in this investigation, their three letter code, one letter 
code and the concentrations of their solutions (put in parentheses, in mol/L) 
were the following: L-glycine, Gly, G (0.41); L-isoleucine, Ile, I (0.1); L-
glutamic acid, Glu, E (0.1); L-asparagine. Asn, N (0.5 M); L-cysteine, Cys, 
C (0.001; 0.01; 0.1); L-methionine, Met, M (0.2; 0.4); L-lysine, Lys, K (0.01; 
0.1; 0.54); L-arginine, Arg, R (0.01; 0.1); L-histidine, His, H (0.01; 0.1). 

 
Methods 

 The UV/VIS absorption spectrum of the solutions was studied using 
a Jasco UV/VIS V-530 spectrophotometer with 10 mm path length quartz 
cuvettes in the 190 – 900 nm wavelengths range. 
 The investigated mixtures were obtained from the gold colloidal solution 
(cAu) and the amino acid solutions (concentration cAA), by successive removal of 
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small amounts of the previous mixture and adding of equal amounts of amino 
acid solution. The gold and amino acid contents in the resulting mixtures and 
their ratios, used in most of the determinations, are given in Table 1.  

 

Table 1.  
Gold: amino acid ratios in the investigated mixtures. ( cAu = concentration of the 

gold colloidal solution; cAA = concentration of the amino acid solution) 
 
Gold content reported to cAu Amino acid content reported to 

cAA 
Content Au : AA ratio 
reported to (cAu/cAA) 

0.833 
0.695 
0.579 
0.482 
0.402 
0.335 
0.321 
0.214 

0.167 
0.305 
0.421 
0.518 
0.598 
0.665 
0.679 
0.786 

5 / 1 
2.2 / 1 
1.4 / 1 
1 / 1.1 
1 / 1.5 
1 / 2 

1 /2.1 
1 / 3.7 

 
The colloidal gold nanoparticles suspension in the absence and in 

the presence of amino acids was deposited and air dried on the specimen 
grid and observed with a transmission electron microscope (TEM: JEOL – 
JEM 1010). TEM specimens consist of carbon or collodion coated copper 
grids. TEM images were recorded with a JEOL standard software.  

Atomic force microscopy (AFM) investigations were executed on the 
gold nanostructured films made from gold nanoparticles functionalized with 
amino acids using a commercial AFM JEOL 4210 equipment with a 10 x 10 (x-
y) µm scanner operating in tapping (noted ac) mode [32-34]. Standard 
cantilevers, non-contact conical shaped of silicon nitride coated with aluminum, 
were used. The tip was on a cantilever with a resonant frequency in the range 
of 200 - 300 kHz and with a spring constant of 17.5 N/m. AFM observations 
were repeated on different areas from 30 x 30 µm2 to 250 x 250 nm2 of the 
same gold film. The images were obtained from at least ten macroscopically 
separated areas on each sample. All images were processed using the 
standard procedures for AFM. The sizes of nanoparticles were measured 
directly from AFM 2D-topographic images and their 3D-views. The thickness 
(vertical distance) variations were estimated from vertical linear cross sections 
and height distributions on AFM images [32-34]. AFM images consist of 
multiple scans displaced laterally from each other in y direction with 512 x 512 
pixels. Low pass filtering was performed to remove the statistical noise without 
to loose the features of the sample. All AFM experiments were carried out 
under ambient laboratory conditions (about 20 oC) as previously reported [34].  
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RESULTS AND DISCUSSION 
Characterization of the colloidal gold solution 

 The visible absorption spectra of the gold colloidal aqueous solution 
presents a well-defined absorption band with a maximum at the wavelength 
λmax = 527 – 528 nm. This value is characteristic for plasmon absorbance for 
nanometric Au particles. The wavelength was not significantly modified, during 
a year after preparation, thus suggesting the stability of the colloidal solution.  

The size of the gold colloid particles has been measured by TEM 
imaging. Two representative TEM images of these particles are given in 
Fig.1. The particles show mostly spherical or elliptical shape, just a few 
triangles, pentagons or hexagons are observed. From the sizes of a great 
number of particles, measured on the TEM images, an average size 
(diameter) of 14.2 nm with a standard deviation of 2.6 were calculated as 
well as the extreme values of the sizes, from 8.5 to 24 nm. From the 
average size, the approximate average mass of a particle (considered 
spherical) is estimated as 2.9·10-17 g, the number of gold atoms in a particle 

 
Fig.1. TEM images of gold nanoparticles 

 

 
Fig.2. Histogram of size distribution for gold particles 
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is 8.8·104 and the number of particles per cm3 of solution is 8.6·1011. The 
histogram providing the size distribution of gold nanoparticles, obtained 
from TEM images is given in Figure 2. For comparison, the curve indicating 
the expected normal distribution was added. 

The colloidal gold solution proved as very stable in time, without 
observable modifications in the UV-Vis spectrum for a year after preparation. 
This indicates electrostatic stabilization via citrate anions bonded on the 
gold nanoparticle surface. Therefore, the citrate capped gold nanoparticles 
are negatively charged. 

 
Interactions with amino acid solutions 

 The UV-Vis spectra of the amino acids present no adsorption 
bands in the range of wavelengths investigated here. For instance, the 
absorption maximum for arginine lies at 194 nm, for glycine under 190 nm, 
methionine presents a shoulder at 198 nm.  

Adding of some of the amino acids produces no or little modification 
in the UV-Vis spectra of the gold colloidal solution. Besides the lowering of 
the absorbance due to the dilution of the gold solution, the absorption 
maxima are lightly shifted towards longer wavelength. This shift is due to 
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the change in the dielectric constant in the adsorption layer, the increase of 
the average refractive index of the environment surrounding the nanoparticles, 
and to the size increase of particles by the adsorbed layer [3]. For a glycine 
solution the maximum shift was 3 nm (Fig.3a), for an isoleucine solution 2 nm 
(Fig. 3b) and the same shift is observed for the asparagine solution (Fig. 3c). 
The shift does not change in time, i.e. the gold solutions with added amino 
acids remain stable in time (see, for instance Fig. 3b). We can assume the 
zwitterionic amino acid molecules to be settled by the –NH3

+ group on the 
negative charged gold nanoparticle surface, while their –COO- group 
contributes further to the negative surface charge of the nanoparticles.  

By adding the 0.2 M and 0.4 M methionine solution there are also only 
small shifts in the absorption maximum, but after four days a second absorption 
band appears at higher wavelengths, partially overlapped with the initial 
absorption band, with a shoulder at about 620 nm (Figs. 4a, b). For a higher 
colloidal gold concentration, the second band is more distinct, with a peak at 618 
nm (Fig.4c). The new band is characteristic for the aggregation of nanoparticles. 
As a matter of fact, it is known that the apparition of the broad peak at longer 
wavelengths in the UV-Vis spectrum comes from the coupling of surface 
plasmon resonance (SPR) of two adjacent nanoparticles and it is an indication 
of the anisotropic optical properties of the gold nanoparticles aggregates [35]. 

Fig.4. Optical spectrum of colloidal gold solution with added 0.2 M (a) and 0.4 M 
(b) methionine solution at different ratios and after 4 days, and for a higher gold 

content with 0.2 M methionine solution (c) 
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This tendency towards aggregation is much more pregnant when a 
sufficiently concentrated lysine solution is added (Fig.5). For a very diluted 0.01 
M lysine solution (Fig. 5a) the plots look like those in Figure 3, with a small shift 
of the absorption band maximum. For a more concentrated 0.1 M solution (Fig. 
5b) the shift towards higher wavelengths is much more important, and for higher 
quantities of lysine added the band becomes larger, suggesting an increasing 
aggregation of the nanoparticles. With a very concentrated (0.54 M) lysine 
solution, the band for aggregates appears at once (maximum at about 634 nm), 
while the 528 nm band for individual gold particles decreases and is observed 
only as a shoulder in the spectrum. The maximum of the broad absorption band 
continues its shift towards higher wavelengths in time (Fig. 5c). The color of the 
solution changed from reddish to blue. This kind of color change as an effect of 
aggregation is a well-understood phenomenon [36-38]. When the interparticle 
distance in the aggregates decreases to less than about the average particle 
diameter, the electric dipole–dipole interaction and coupling between the 
plasmons of neighboring particles in the aggregates results in the bathochromic 
shift of the absorption band. It has been used to study molecular recognition 
processes using gold nanoparticles in solution [39].    
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Fig.5. Optical spectrum of colloidal gold solution with added 0.01 M (a) and 0.1 M 

(b) lysine solution at different ratios, and with 0.54 M lysine solution in time (c) 
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 Lysine adsorption on gold nanoparticles has been investigated [40], 
using 13 nm diameter gold particles and a 7·10-4 M L-lysine solution at pH = 
10.7. The UV-Vis spectrum showed a SPR peak at 520 nm, similar to that 
we found for citrate coated nanoparticles. The result is similar to our data, 
using the most diluted lysine solution (Fig. 5a). By adding a condensing 
agent, the authors [40] observed that particles aggregated by the formation 
of peptide bonds between two lysine molecules adsorbed on different 
nanoparticles. In the UV-Vis spectrum the SPR band of Au was shifted to 
527 nm and a new broad peak appeared at 633 nm. The spectrum is 
similar to that obtained by us at high concentrations of the lysine solution.  

 
A similar behavior is observed in colloidal gold solutions with 

arginine. For a 0.01 M concentration of the arginine solutions and small 
added amounts, the maximum of the gold nanoparticles absorption is only 
slightly shifted, but at the 1.4:1 gold / arginine solution ratio the new band 
for particle aggregates appears, initially as a shoulder. By further adding 
arginine, the band broadens and its maximum shifts to 640-650 nm 
(Fig.6a). The time evolution of the aggregation is shown in Fig. 6b for the 
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Fig.6. Optical spectrum of colloidal gold solution with 0.01 M arginine solution in 
different ratios (a) and time evolution (b) and with arginine solutions of different 

concentrations (c). 
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colloidal Au / 0.01 M arginine solution ratio 1/2. The maximum is shifted 
further towards longer wavelengths. The adding of a more concentrated 
(0.1 M) arginine solution leads directly to the formation of the aggregates 
and to the colour change of the solution (Fig. 6c). 

Likewise, a 0.01 M histidine solution leads to aggregation beyond a 
certain added quantity (Fig. 7a); the maxima of the new bands are in the 
wavelength range 670-690 nm. The 0.1 M histidine solution produces 
aggregation already at the first added amount (Fig. 7b); the maximum of 
the new band is found at about 700 nm. 

 
Glutamic acid in a 0.1 M solution also initiates the aggregation of gold 

nanoparticles and the effect is increasing in time (Fig.8). It is interesting to 
mention that aspartic acid, closely related to glutamic acid, was used in the 
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Fig.7. Optical spectrum of colloidal gold solution with 0.01 M histidine solution in 

different ratios (a) and with histidine solutions of different concentrations  (b) 
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Fig.8. Optical spectrum of colloidal gold solution with 0.1 M glutamic acid 

solution in different ratios 
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reduction of chloroaurate ions and it was shown that this acid was strongly 
bonded to the nanoparticle surface and stabilized them efficiently [16]. 

Cysteine has the strongest effect from all the investigated amino 
acid solutions. Already a 10-3 M solution (Fig. 9a) added to the colloidal 
gold solution leads to a rapid aggregation, the peak for the broad band at 
longer wavelength surpasses rapidly the peak of the initial non-aggregated 
gold particles and the maximum wavelength goes above 700 nm. The 0.1 
M cysteine solution (Fig. 9b) leads to the color change in blue of the gold 
solution at the first amount added. From Fig. 9b is also evident the time 
evolution of aggregation. 

 
These results support the observations about the interaction of cysteine 

with gold nanoparticles [19]; based on the analysis of FT-IR and Raman spectra, 
the authors affirm the existence of covalent interaction of sulphur and gold. The 
formation of a covalent bond Au-S is also assumed by other authors [21, 41]. It 
was suggested [38] that the positively charged amine group in cysteine (-NH3

+) 
should interact with the negative charge on the surface of other gold 
nanoparticles through electrostatic binding, thus forming assemblies.  
 The band broadening and the shift of the surface plasmon band was 
shown to reflect the advanced aggregation of gold nanoparticles with 
decrease in pH and increase in electrolyte concentration [19].  
 The band broadening and the shift of the surface plasmon band was 
shown to reflect the advanced aggregation of gold nanoparticles with 
decrease in pH and increase in electrolyte concentration [19].  

Further, we studied also the effect of two peptides on colloidal gold 
solutions. The dipeptide glycil-glycine (GlyGly) was added as a 0.4 M 
aqueous solution to the colloidal gold solution. The UV-Vis spectra are 
shown in Fig. 10 for the wavelengths range 250-800 nm (a) and 400-800 
nm (b). The dipeptide solutions present an increased absorbance toward 
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Fig.9. Optical spectrum of colloidal gold solution with 0.001 M (a) and 0.1 M (b) 

cysteine solution in different ratios. 
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lower wavelengths, with a shoulder at about 320 nm. For this reason, unlike 
the other investigated systems, here the absorbance does not decrease 
continuously with diminishing of gold content and the absorption maximum 
is shifted towards lower wavelengths. The absorption band of gold 
nanoparticles is not affected and no aggregation takes place. 

 
Similarly, a pentapeptide, alanyl-alanyl-alanyl-alanyl-alanine (Ala5) 

seems to have little effect on the gold nanoparticles (Fig. 10c); the plots are 
similar to those in Fig. 3.   

The binding of amino acids with the gold nanoparticle interface may 
be achieved through the amine function. The binding could occur through 
the electrostatic interaction of the protonated amine group (-NH3

+) with the 
surface bonded negatively charged citrate anions. On the other hand, a 
direct bonding of the amine group to the gold surface can not be excluded. 
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Fig.10. Optical spectrum of colloidal gold solution with 0.42 M glycyl-

glycine (GlyGly) solution 
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Fig.10c. Optical spectrum of colloidal gold solution with 0.007 M 

pentapeptide (Ala5) solution. 
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TEM images for gold nanoparticles with an 0.001 M cysteine 
solution show mostly linearly arranged assemblies of nanoparticles (Fig. 
11), while for the nanoparticles with a 0.1 M lysine solution (Fig.12) and a 
0.01 M arginine solution (Fig. 13) the assemblies are more complex.  

 

 
 

 
 
AFM images for assembled gold nanoparticles are shown in Fig. 14 

with cysteine, in Fig. 15 with arginine, and in Fig. 16 with lysine. The atomic 
force microscope allows simultaneous acquisition of multiple images, such as 
topography and phase images, under tapping mode operation. The assembly 
of gold nanoparticles, mediated by the amino acid was deposited on planar 
hydrophobic glass or positively charged glass surfaces. Then, the assembly 
was observed by AFM under tapping mode and the structural features are 
visualized in Figs. 14-16. For instance the two-dimensional topographic image 
for lysine mediated gold nanoparticles assemblies (Fig. 16a) shows the 

Fig. 13. TEM image of gold 
nanoparticles capped with  arginine 

(0.01M), Au:Arg (1:1). 

 
Fig. 11. TEM images of gold nanoparticles functionalized with 0.001 M cysteine solution 

Fig.12. TEM image of gold nanoparticles 
capped with lysine (0.1 M), Au:Lys 1:1 

ratio. 
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morphology of an almost ordered structure within domains, with small defects 
at domain boundaries. For the assembly of gold nanoparticles mediated by lysine, 

 

immobilized on glass surface, individual gold nanoparticles are visible from 
2D-topography (Fig. 16a) and 3D-view (Fig. 16c). The phase image (Fig. 16b) 
shows also that the assembly of gold nanoparticles mediated by lysine is 
almost compact. All AFM images were acquired with high resolution as 
described elsewhere [44].  

a            b 

 

 
     cc c

 
Fig.14. AFM images of the assembly of gold nanoparticles functionalized by 
cysteine. Scanned areas 1 x 1 µm2.  2D-topography (a); 3D-view (b); cross 

section profile (c) along the arrow in panel a. 
 

b
d

c
a

 
Fig. 15. AFM images of the assembly of gold nanoparticles functionalized by 
arginine. Scanned area 1 x 1 µm2.;  2D-topography (a); phase image (b); 3D-

view (c); cross section profile (d) along the arrow in panel a. 
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The AFM images (Figs. 14-16) evidence the organization of gold 

nanoparticles functionalized with cysteine, arginine and lysine, respetively, within 
an almost compact network of aggregates, in substantial agreement with the 
UV-Vis spectroscopy. Also, the gold nanoparticles appear almost ordered both 
in AFM images and in cross section profile in substantial agreement with TEM 
images. For example, with cysteine (Fig. 14) it is observed a tendency of linear 
arrangements, in good agreement with TEM observations (Fig. 11). 

In order to rationalize the behavior of the investigated amino acids 
versus gold nanoparticles we use a Venn diagram (Fig. 17), grouping 
amino acids according to their properties [45, 46]. The amino acids found to 
interact strongly with the gold nanoparticles and to initiate their aggregation 
were noted with “+”, and those which give only slight shifts of the UV-Vis 
absorption band with “-“. Most of the amino acids involved in the 
aggregation of gold nanoparticles fall in the class of “polar” amino acids, 
defined as those with side-chains that prefer to reside in an aqueous 
environment. For this reason, one generally finds these amino acids 
exposed on the surface of a protein [46]. All the “charged” amino acids 
present such strong interactions: both the amino acids that are usually 
positive (protonated) at physiological pH: lysine (K), arginine (R ) and 
histidine (H), and those that are usualy negative (i.e. de-protonated) at 

                            a                                 b                                         c

d

Fig.16. AFM images of the assembly of gold nanoparticles functionalized by 
lysine. Scanned area: 1 x 1 µm2. 2D-topographic (a) and phase (b) and 3D-

view (c); (d) cross section profile along the arrow in panel a. 
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physiological pH: glutamic acid (E) and aspartic acid (D). The last one was 
reported to bind also strongly to the gold nanoparticles [5]. Cysteine (C ) is 
probably bonded to the gold nanoparticles by its thiol (-SH) group, as was 

 
 

suggested by the study of 1H NMR spectra [19,20]. All these amino acids, 
after their adsorption on the gold particles, have still two functional groups 
free to form bonds between particles. A possible mechanism of amino acid 
bindings to gold nanoparticles and the formation of particle aggregates are 
shown for cysteine in Fig.18. Methionine was labeled as “±” in the Venn 
diagram because it leads to aggregation only in time (Fig.4). The S-atom 
seems to be responsible for this activity. Glycine (G), isoleucine (I) and 
probably alanine (A), having only two functional groups, are probably only 
adsorbed on the gold nanoparticles (by the amino group) and stabilize these 
gold nanoparticles. Asparagine (N), having one –COOH group blocked by 
formation of the amide group (CONH2) has a similar behavior as the last ones.  

 
Fig. 17. Venn diagram grouping amino acids according to their properties (adapted 

from [45]) A – Alanine CS-H – Cysteine CS-S cystine D – Aspartic acid E – Glutamic acid 
F – Phenilalanine G – Glycine H – Histidine I – Isoleucine K – Lysine L – Leucine 

M – Methionine N – Asparagine P – Proline Q – Glutamine R – Arginine S – Serine  
T – Threonine V – Valine W – Triptophan Y - Tirosine 
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CONCLUSIONS 
These data indicate that the binding of amino acids to the gold 

nanoparticles can lead to the self-assemblies almost well organized, 
particularly for amino acids possessing additional functional groups, such as 
amine, imidazole, thiol or thioeter besides the alpha-amine. The correlation 
between physical and chemical properties of amino acids, such as 
hydrophobicity and, acidity or basicity in various protolytic equilibria, and their 
molecular structure is in substantial agreement with their assembly effect on 
the gold nanoparticles. This effect could be explained primarily through the 
zwitterion-type electrostatic interactions between the charged amine and acid 
groups of the tested amino acid adsorbed/bound to different gold nanoparticles.  

The affinity of gold nanoparticles towards amino acids can also lead 
to the development of new detection methods for analytical purposes, 
medical diagnostics and biosensors and to potential controlled drug 
delivery applications. On the other hand, the use of amino acids both in the 
functionalization of gold nanoparticles and in the cross-linking of amino acid 
capped gold nanoparticles leading to stable self-assemblies are promising 
ways to the synthesis of nanostructured biomaterials. The stabilization of gold 
nanoparticles through amino acids is also important for the understanding of 
complex phenomena involved in the formation of new biomaterials by binding 
of proteins with gold nanoparticles with important implications in nanoscience 
and nanotechnology. Another interesting possibility is covalent cross-linking of 
amino-acid capped nanoparticles by formation of amide bonds across 
nanoparticles. These types of studies are in progress in our laboratories. 
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                                 a                                                            b 
Fig. 18. A model of cysteine binding to citrate capped gold nanoparticles (a) 

and of bonds formation between gold nanoparticles (b) 
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SHORT AND LONG RANGE CORRELATION  
IN FLUCTUATING PHENOMENA 

 
 

VASILE V. MORARIU* 
 
 

ABSTRACT. Many natural phenomena from molecular to astrophysical processes may 
show a fluctuating behavior. Some of them are long-range correlated. However this 
paper reveals that just as many may show short-range behavior although they can be 
easily confounded with long-range correlation. The short-range memory of any 
complexity can be modeled by autoregressive processes.  

 
 

INTRODUCTION 
There are many natural phenomena which present fluctuating 

characteristics with apparent random properties [1]. The fluctuating 
characteristic may occur either in time or in space. For example the heart 
beating or human gating are not constant in time. The length of DNA coding 
sequences expressed as number of bases represents a fluctuating series 
along the genome etc. As a general rule we always search for order in such 
series of data which is not apparent to the naked eye. Order can be 
measured by investigating the correlation property of the data in the series. 
A correlation between two variables is a measure of the association or 
relationship between them. For example height and weight are related - 
taller people tend to be heavier than shorter people. An important point is 
that correlation does not always imply a causal relationship. However if 
correlation exists then research can be directed along specific lines such as 
to uncover causal relationships.  

A fluctuating series of data may be attributed to two different kinds 
of processes: a) dynamic processes and b) stochastic processes. In the 
first case the source of fluctuation is a deterministic rule, described very 
often by a simple equation, which generates chaos. Stochastic processes 
means of, relating to, or characterized by conjecture and randomness. A 
stochastic process is one whose behavior is non-deterministic in that a 
state does not fully determine its next state. Here we distinguish 
uncorrelated (or random) fluctuation and correlated fluctuation respectively. 
They represent the subject of the present paper.  

A classical example of correlated stochastic process is the so called 
1/f noise where the amplitude of the noise is proportional to the inverse of 
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frequency [1]. This is also known as “pink” noise or flickering. Such a kind 
of noise is quite common in nature: from the flickering light of galaxies to 
the flickering of the red blood cells and many others. The present work started 
from the author’s earlier observation that a great deal of quite different 
fluctuating phenomena appeared to be fitted by the 1/f noise rule. This is 
generally associated to long range correlation or fractal like characteristics. 
However it became evident that quite often the 1/f characteristic revealed 
deviations from the rule of a power law. Evidence has accumulated in time 
until it was realized that deviations pointed to a significant qualitative difference 
from a 1/f behavior. These deviations were found to be due to short range 
correlation phenomena as opposed to the long range correlation of 1/f 
phenomena. The aim of this paper is to show how these distinctions can be 
made and to offer some examples from the field of molecular biology. 

 
RESULTS AND DISCUSSION 
We illustrate the case of the atomic mobility in the main chain of a 

protein (fig.1). The series of data were subjected to Fast Fourier Transform 
(FFT). Due to high dispersion of the data the spectrum can be easily 
approximated by a straight line and therefore by a 1/f spectrum. However, in this 
particular case it can be easily noticed that at low frequencies a plateau appears 
to be present and also at higher frequencies of the data. We found many similar 
cases which have been overlooked in the literature. Therefore this example 
shows how a non-1/f spectrum can be easily confused by a 1/f spectrum.  
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Fig.1. Non-averaged power spectrum for the atomic mobility in the backbone of a 
heat shock protein (Protein Data Bank code: 1gme). The linear fit (dashed line) of 

the spectrum may suggest a long-range correlation interpretation while the 
spectrum is non-linear with an evident plateau at low frequencies (continuous line) 

and a higher slope line at higher frequencies. 
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A main reason for this confusion is that the spectrum is quite noisy. 
Mandelbrot’s recommendation that apparent 1/f spectra should be averaged 
before further interpretation has often been overlooked including in our own 
previous work [2-4]. Mandelbrot considers that non-averaged spectra lead to 
“unreliable and even meaningless results” [5]. An immediate consequence of 
the averaging procedure is that deviation from a power law description of the 
spectra can be easily disclosed otherwise remaining undetected. Sometimes 
such a deviation can be visible even if the spectrum is not averaged. On the 
other hand the non-averaged spectrum can be often reasonably fitted by a 
straight line, i.e. described by an apparent power law. 

A further complication arises when the series has non-stationary 
character. The spectral analysis in fig. 1 is performed on the original series 
which is non-stationary as shown in fig. 2. The consequence is that the result 
is affected by the correlation introduced by the trend in the series (non-
stationary character). Therefore the correlation described by the spectrum is in 
error. A simple procedure to avoid the non-stationary character is to define the 
trend by fitting the series with a higher degree polynomial. For example, in fig. 
2, the trend can be described by a 10 degree polynomial. This can be 
subtracted from the series and the result is a detrended series (fig.3).  

 

 
 

Fig.2. The series of the atomic mobility (crystallographic temperature factor) versus 
the main chain atom in the heat shock protein (PDB code: 1gme). The series is 

fitted by a 10 degree polynomial which describes the trend in the series. 
 
It is on this detrended series that we performed Fourier Transform 

followed by averaging of the spectra. The true shape of the spectrum can 
be now revealed (fig.4). 
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Fig.3. Detrended series shown in fig.2. This is done by subtracting the 10 degree 

polynomial from the original series. 
 

 

 
 

Fig.4. Averaged spectrum for the backbone atomic mobility of a heat shock protein 
(PDB code: 1gme). The number of averaged terms was M=13. The nonlinearity of 
the spectrum can be easily noticed. The averaging procedure was performed with 

a MATLAB program. 
 
It can be noticed that the spectrum is non-linear, in other words it is 

not long-range correlated. A long–range correlation is visible on such 
double log plot as a linear dependence. Its slope represents the long-range 
correlation exponent β. However in this case long-range correlation is not 
operative therefore the spectrum cannot be described by a β exponent.  
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What can be done to characterize quantitatively such a spectrum? 
This is a more complicated question to answer in this limited space. The 
answer lays in the extreme large possibilities offered by autoregressive 
models [6-7]. Basically the most simple autoregressive model introduces an 
interaction between successive terms in a random series. Suppose x1, x2, 
x3… is a random uncorrelated series. We can introduce a correlation in the 
series by constructing a new series following the simple rule [3]: 

 

       x1, (x1+x2 )0.5, [x3 +(x1+x2 )0.5]0.5, {x4 +[x3 +(x1+x2 )/0.5]0.5}0.5…      (1) 
 

It can be seen that each term contains some information about the previous 
term and the further are the following terms, the less memory about the 
initial terms in the series. The multiplying factor, in the above example is 
0.5, is a kind of strength of interaction among the terms which may vary 
between 0<φ<1. If the factor φ=1 the series represent the integral series of 
the initial random series (or random walk). The further the term in the new 
series the less correlated with the initial terms in the series. Obviously such 
a series is short-range correlated. The example above is known as 
autoregressive model of order one or AR(1). A more formal description of 
an AR(1) model is given by the equation:  
 

                                    t1tt εXX += −ϕ                        (2) 
 

where tε is a white noise process with zero mean and variance σ2, while φ is 

the interaction parameter [8]. The parameter values φ have to be restricted 
for the process to be stationary which means that |φ|<1. Examples of 
spectra for different values of φ for AR(1) processes are shown in fig. 5. 
 

 
Fig. 5. Spectra of autoregressive models of first order, AR(1) for 1) φ=0.9; 2) φ=0.6; 

3)φ=0.2. 
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AR(1) spectra show features already encountered in the examples above: a 
plateau at lower frequencies and the beginning of a plateau at higher 
frequencies. The length of the plateau at lower frequencies is evident for longer 
series of data. Shorter and real series may miss the plateau and noise has high 
amplitude at higher frequencies. As a result the spectra can be reasonably fitted 
by a straight line and the false conclusion that the series is long-range correlated 
like in fig.1. We explored a large number of series not only for proteins but also 
for DNA, from cell biology (flickering of red blood cells) and cognitive psychology 
(generation of apparent random numbers by human subjects). We found that 
about a quarter of the cases can be described by AR(1) models. We also found 
that more complicated spectra can be described by higher order autoregressive 
models AR(p). The relevant parameter in case of AR(1) processes is the 
interaction constant φ, while for higher order autoregressive processes AR(p), 
several constants of interaction are operative. These interaction constants are 
sensitive to various characteristics and influence the system, so that they can be 
profitably used for comparative studies of various systems. 

 
CONCLUSIONS 
This work shows that spectral analysis of fluctuating phenomena 

should be carefully treated in order to reveal the long-range or short-range 
correlation property. It is necessary that the series should be first detrended, 
than subjected to spectral analysis and the spectra should be averaged by 
using a reasonably high number of terms. Spectra which are not of 1/f type, i.e. 
long-range correlated, are most likely short-range correlated. They can be 
modeled by autoregressive processes of first or higher order. While the long 
range correlated systems can be characterized by the correlation exponent, a 
short-range correlated systems is characterized by the values and numbers of 
interaction constant between the terms. 
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ABSTRACT. The new hemicyanine dye, named 1,3,3-trimethyl-2-[2-(4-florophenylamino) 
ethenyl]-3-H-indolium chloride 1, was synthesized and characterized by spectroscopic 
methods (UV-VIS, IR, 1H-NMR) and by atomic force microscopy (AFM). The AFM data, 
obtained on thin films deposited on solid substrates, glass and mica plates, indicated that the 
hemicyanine 1 is aggregated as clusters containing thousands of molecules. These data are 
in substantial agreement with UV-VIS absorption spectra, obtained both in solution and on 
films adsorbed on glass or mica plates, suggesting that hemicyanine 1 is aggregated both in 
bulk solution and in adsorbed films on solid substrates.  

 
Keywords:  hemicyanine dye, 1,3,3-trimethyl-2-[2-(4-florophenylamino) ethenyl]-3-
H-indolium chloride, synthesis, spectroscopic characterization, AFM 

 
 
 

INTRODUCTION 
The hemicyanine dyes are widely used for dyeing textile fibers [1-4], as 

laser dyes and fluorescence probe [5], as well as in sensitization of silver 
halides in photography [1, 2, 6-8]. For such applications, spectroscopic and 
aggregation properties are important [1, 4, 5, 9]. Generally, the aggregation 
properties of dyes have been studied especially by UV-VIS spectroscopy [1, 9-
19] and recently by atomic force microscopy [20]. 

Taking into account the large application potential of hemicyanine dyes 
and the influence of molecular aggregation on their properties we synthesised 
a new hemicyanine dye (noted compound 1, in Scheme 1) and investigated its 
aggregation capability. The rational name for the new hemicyanine dye 1 is 
1,3,3-trimethyl-2-[2-(4-florophenylamino)ethenyl]-3-H-indolium chloride. 
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Scheme 1. Synthesis of 1,3,3-trimethyl-2-[2-(4-florophenylamino)ethenyl]-3-H-
indolium chloride (1) 

Fig. 1.  The 1H-NMR spectrum of hemicyanine dye, compound 1. 
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EXPERIMENTAL PART  
Materials 

 4-floroaniline (2) was purchased from Fluka (Buchs), glacial acetic 
acid, ethanol, methanol and diethylether from Chimopar (Bucharest) and 
hexadeuterated dimethylsulfoxid (CD3SOCD3) from INCDTIM (Cluj-
Napoca). The aqueous solutions were prepared by using demineralized 
and twice distilled water. The 1,3,3-trimethylindolin-2-ylidene acetaldehyde 
(TIA), 3, was synthesized as previously described [21]. 
 
 Synthesis and characterization of hemicyanine 1  
 The hemicyanine 1 was synthesized [2-4] by the condensation of 
TIA, 3 (0.01 mol) with 4-floroaniline (2) in glacial acetic acide (5 ml) 
(Scheme 1). The mixture was stirred at room temperature for 17 hours, 
then diluted with water (25 ml) and salted out with NaCl (5 g). The orange 
precipitate was filtered, washed with water, ethanol and finally with diethyl 
ether. After recrystallization from methanol: m.p. = 218 -221 oC, yield 40%, 
UV-VIS spectrum: λmax (methanol) = 406 nm; εmax = 43,000 L mol-1 cm-1; IR 
spectrum (KBr pellet) νNH = 3,384 cm-1; δ-CH=CH- (trans) = 931 cm-1. The 1H-
NMR spectrum (300 MHz, in hexadeuterated dimethylsulfoxid) is given in 
Fig. 1. For each type of protons (Scheme 1), the chemical shift expressed 
in δ [ppm], using tetramethylsilane as internal standard, the multiplicity (s = 
singlet, d = doublet, m = complex multiplet), the number of protons and the 
coupling constant J [Hz] are given in Table 1. The presented spectroscopic 
data confirm the ascribed structure 1. 
 

Table 1. 
1H-NMR spectrum of hemicyanine 1  

 
Group δ [ppm], Multiplicity Nr. of protons J[Hz] 
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Instrumentation and measurements 
The UV-VIS spectra were recorded on a Jasco spectrophotometer (V-

530 and V-650 models) at 25 oC. The IR spectrum was registered as KBr pellet 
on a Nicolet Impact 410 FT-IR spectrometer. The 1H-NMR spectrum was 
performed at room temperature using a FT-Bruker Avance 300 NMR 
spectrometer. The AFM measurements were carried out, as previously 
described [22-24], with an AFM-JEOL 4210 scanning microscope on samples 
of hemicyanine 1 as solid films deposited on glass and mica plates. The same 
samples were also used for the recording of UV-VIS spectra for 1 in solid state. 
The hemicyanine 1 solid films were obtained by application of drops of 10-4 M 
aqueous acidic (pH = 3.3) solution of 1 on glass or mica plates, followed by the 
complete evaporation of water at room temperature and atmospheric pressure. 
The size of the plates varied between 2.5 cm x 2.5 cm and 1 cm x 1 cm. The 
UV-VIS spectra in solution were measured on aqueous acidic (HCl) solution 
(pH = 3.3) in the range of about 10-5 M to 10-4 hemicyanine dye concentration.  

 

RESULTS AND DISCUSSION 
In the present paper the focus is on the examination of the capability 

of the hemicyanine 1 to aggregate, since aggregation properties of dyes 
are known [1, 5, 9, 19, 20] to be involved in many of their applications. 

As the hemicyanine 1 in aqueous solution is implicated in an acid-base 
equilibrium [2, 3] it is very difficult to provide evidence on aggregation in 
solution [19, 25, 26]. Therefore we have tried to prove the capability of 
aggregation of 1 by comparing the UV-VIS absorption spectra of 1 in aqueous 
acidic solution (when the acid-base equilibrium is shifted towards form 1) with 
that in solid films on mica (Fig. 2).  

 
As it can be seen (Fig. 2), the two spectra, both in solution (a) and in 

the solid state, adsorbed on mica (b), look very similar, although in the 
spectrum of the solid film (b) the absorption maximum is shifted 
bathochromically with 9 nm and the band width is slightly larger.  
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Fig. 2. UV-VIS absorption spectra of hemicyanine 1 in aqueous acidic solution (10-4 M, 

pH = 3.3) (a) and on solid film on mica (b). 
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Since in solid state, both as crystals or adsorbed on solid substrates, as a 
rule dyes are considered to be aggregated [1, 9, 11, 13, 15, 16, 20, 27-30], the 
similar spectra obtained for hemicyanine 1 in solution (Fig. 2a) and in adsorbed 
solid state (Fig. 2b) could be an argument for the appearance of aggregation of 1 
in bulk solution as well. The presence of hemicyanine 1 as aggregates in its solid 
films, adsorbed on glass or mica (having the UV-VIS absorption spectrum 
presented in Fig. 2b), has been also confirmed by AFM measurements (Figs. 3-6).  

 
Fig. 3. AFM images of the hemicyanine 1 film deposited from aqueous solution (10-4 M, pH 
= 3.3) on optically polished glass. Scanned area: 2 x 2 µm2. A) 2D- topographic image; B) 

phase image; C) 3D-topographic image; D) cross section profile along the arrow in Fig. 3A.  

 

Fig. 4.  AFM images of the hemicyanine 1 film on optically polished glass (see Fig. 3). 
Scanned area: 1 x 1 µm2. A) 2D- topographic image; B) phase image; C) 3D-topographic 

image; D) cross section profile along the arrow in Fig. 4A. 
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From Figs. 3-6, it is observed that the solid films of hemicyanine 1 

adsorbed on glass (Figs. 3, 4) or on mica (Figs. 5, 6) appear as multilayers 
and have island structures. The clusters of hemicyanine 1 within these films 
correspond to supramolecular assemblies of approximately spherical shape, 
having a 70 ± 5 nm radius on glass (Figs. 3, 4) and about 45 ± 5 nm on mica.  

A full geometry optimization was carried out using the ab initio 
Hartree-Fock 6-31G* level of theory implemented in the Gaussian 03. The 

 
Fig. 5.  AFM images of the hemicyanine 1 film deposited from aqueous solution (10-4 M, 

pH = 3.3) on mica. Scanned area: 2 x 2 µm2. A) 2D- topographic image; B) phase 
image; C) 3D-topographic image; D) cross section profile along the arrow in Fig. 5A 

 
Fig. 6.  AFM images of the hemicyanine 1 film on mica (see Fig. 5). Scanned area: 1 x 1 

µm2. A) 2D- topographic image; B) phase image; C) 3D-topographic image; D) cross 
section profile along the arrow in Fig. 6A 
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geometry of hemicyanine 1 molecule is given in Fig. 7. The van der Waals 
surface-bounded molecular volume is 946 Ǻ3, and the dimensions of the 
molecule are: length of about 14.2 Ǻ; width of 4.3 Ǻ and height of 5.8 Ǻ. 

 

 
Taking into account the estimated volume of a hemicyanine 1 molecule 

(about 1 nm3), it might be concluded that the clusters of hemicyanine 1 
adsorbed on glass or mica plates contain at least thousands of molecules. 

 
CONCLUSIONS 

 The new hemicyanine dye 1 was synthesized and characterized by 
spectroscopic methods (UV-VIS, IR, 1H-NMR) and by atomic force microscopy. 
The obtained data show that in solid films deposited on glass or mica plates, the 
hemicyanine 1 appears as supramolecular clusters. These data suggest that the 
hemicyanine 1 might also build aggregates in bulk solutions.  
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A  

B  
Fig.7. The hemicyanine 1 molecule represented in the plane of the first two 

inertial axes (A) and of the first and third inertial axes (B). The red ball 
represents the chloride anion. 
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INVESTIGATION OF MICELLAR PROPERTIES  
OF ANIONIC SURFACTANTS WITH THE AID OF  

PVC-MEMBRANE DODECYL SULFATE ELECTRODE 
 
 

SIMONA ANTOANELA GAVAN AND DAN FLORIN ANGHEL* 
 
 

ABSTRACT. A polymer matrix electrode selective to anionic surfactants has been 
proposed. The active matter of the electrode was the dodecyltrimethylammonium dodecyl 
sulfate ion-pair. The matrix was made of high-molecular weight poly(vinyl chloride) (PVC) 
plastified with 2-nitrophenyl octyl ether. The electrode had Nernstian response with a 
slope of 57.3 ± 0.2 mV per decade over a range of dodecyl sulfate concentration from 3.5 
x 10-6 to 6.0 x 10-3 M, and a detection limit of 2.2 x 10-6 M. The electrode was very 
selective towards inorganic interfering anions. Among the organic anions only those with 
surfactant properties did interfere. The working pH of the electrode was in the 3.0 - 13.0 
range. The electrode was used to determine the critical micelle concentration (CMC) of 
sodium dodecyl sulfate (SDS) in the absence and presence of water-soluble organic 
additives and of inorganic electrolytes.  

 
 
 

INTRODUCTION 
Due to the amphiphilic character, the surfactants aggregate at a 

threshold value of their concentration in solution. This value is called the critical 
micelle concentration (CMC), and is a fundamental characteristic that depends 
on surfactant composition and the additives present in the system. CMC is 
determined by many of methods, such as: surface tension [1], electrical 
conductivity [2], dye solubilization [3], UV-Vis spectrometry [4], fluorescence 
[5], scattering techniques [6,7], FTIR [8], viscosity [9], osmometry [10], nuclear 
magnetic resonance [11], electron spin resonance [12], isothermal titration 
calorimetry [13], etc. There are also reports on measuring the CMC by 
potentiometry with surfactant-selective electrode (SSE). The technique was 
developed by our group more than 30 years ago, and we originally 
emphasized that the discontinuity in the calibration curve corresponds to the 
CMC [14,15]. Nowadays, potentiometry with SSE is barely used for CMC 
determination [16,17], being mainly applied in surfactant analysis [18-22].  

In this work, we describe the construction and characterization of a 
new dodecyl sulfate selective electrode. The electrode was used to 
determine the CMC of sodium dodecyl sulfate (SDS) in aqueous solution in 
the absence and presence of inorganic electrolytes and organic additives.  
 
                                                           
* Romanian Academy, “Ilie Murgulescu” Institute of Physical Chemistry, Department of Colloids, 

Spl. Independentei 202, 060021 Bucharest, Romania 
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EXPERIMENTAL PART  
Materials  
All the chemicals were analytical grade reagents and were used as 

received. The surfactants were purchased from Serva (SDS), and Fluka 
(dodecyltrimethylammonium bromide, DTAB). The high molecular mass 
poly(vinyl chloride) and the plasticizer 2-nitrophenyl octyl ether (NPOE) 
were also Fluka products. Tetrahydrofuran was purchased from Merck. The 
water used to prepare the solutions was ultrapure water with a resistivity of 
18.2 MΩ.cm at 25o C.  
 

Apparatus  
The potential measurements were made with a digital ORION pH-

meter, model 420A (ATI ORION Boston, U.S.A.). The reference electrode was 
the Ag/AgCl model 900200 (ATI ORION, Boston, U.S.A.). The pH 
measurements were made with a glass electrode model P-05992-40, (COLE 
PARMER INSTRUMENT COMPANY, Vernon Hills, U.S.A.). The ultrapure 
water was prepared with the aid of Simplicity UV apparatus (MILLIPORE SAS, 
Molsheim, France). 
 
 Preparation of the ion-pair complex  

The dodecyltrimethylammonium dodecyl sulfate ion-pair was 
obtained by drop-wise addition of 0.005 M SDS aqueous solution into 0.005 
M DTAB aqueous solution. The ion-pair precipitate was extracted in 
chloroform. The organic layer was separated and dried over anhydrous 
sodium sulfate. The inorganic salt was removed by filtration, and the ion-
pair was recovered by gentle evaporation of the organic solvent. 
 
 Membrane preparation  

The ion-pair complex (10 mg) was mixed with 0.35 mL of 2-
nitrophenyl octyl ether, 0.19 g of poly(vinyl chloride) powder and 5 mL of 
tetrahydrofuran. The solution was poured into a glass ring resting on a 
clean glass plate. A wad of filter papers, weighted down with a heavy 
weight, was placed on top of the ring and the whole assembly left at room 
temperature to evaporate the solvent.  
 
 Construction of electrode 

Disks of 10 mm in diameter were cut from the master membrane 
with a cork borer and glued to the flat end of the hollow PVC support tube 
with an adhesive of PVC in tetrahydrofuran. The tube was filled with a 1:1 
mixture of aqueous 10-3 M SDS and 10-3 M sodium chloride solutions and 
inserted into the inner reference saturated calomel electrode.  
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The electro-chemical cell contains the measuring solution, the surfactant 
selective electrode and the reference Ag/AgCl electrode. 
 

RESULTS AND DISCUSSION 
 Electrode characterization 

The procedure of electrode characterization consists of recording the 
calibration curve, response time, effect of pH and selectivity. All are important 
parameters in designing the electrode and estimating its performance.  
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Figure 1. The calibration curve of DS-selective electrode at 25o C. 

 
Figure 1 shows the results obtained at electrode calibration in SDS 

solutions at 25o C. The curve is linear in-between 3.5 x 10-6 and 6.0 x 10-3 
M SDS. At 8.0 x 10-3 M, the calibration curve has a breaking point assigned 
by us to the formation of surfactant micelles into solution. The figure is 
within the range of values (7.1 – 8.3) x 10-3 M reported in literature [23-25]. 
After CMC, the recorded potential is practically constant. This is in accord 
with the theory of surfactant micellization which predicts that all the 
surfactant introduced into the system above CMC forms micelles, and the 
concentration of free surfactant is constant.  

The linear fit of potential values within the linear range of electrode 
response resulted in a slope of 57.3 ± 0.22 mV/decade of SDS concentration 
and a regression coefficient of 0,99986. Both the slope and the regression 
coefficient prove the good performance and quality of the electrode and 
allowed us to consider it for further steps of characterization.  
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Figure 2. The influence of pH upon the SD-selective electrode. 
 

 Time of response and lifetime 
The response time is the period elapsed between the moment when 

the DS-selective electrode and the reference electrode are brought into 
contact with a sample solution (or at which the activity of the ion of interest in 
solution is changed) and the first instant at which the slope of the cell potential 
vs. time plot (∆E/∆t) becomes equal to a limiting value selected to be of 0.6 
mV/min [25]. The response of electrode was very fast. Within the linear range 
of the calibration curve, the elapse time was of maximum 5 seconds within the 
range of linear response. Within the same range, a set of 10 calibrations gave 
reproducible potentials with an error of ± 2.0 mV/day. At very low surfactant 
levels, the lapse time increased to 2 - 5 minutes.  

The lifetime of the electrode was of four months. After that it had 
erratic response, the membrane lost elasticity and became opaque. We 
suspect responsible for this behavior the loss of plasticizer by diffusion. 

 
Effect of pH  
The influence of hydrogen ions on the electrode was determined at 

a constant surfactant concentration of 1.0 x 10-3 M SDS. The pH was 
changed by means of minute amounts of concentrated hydrochloric acid 
and sodium hydroxide solutions. The modification of pH was monitored with 
the glass electrode. After every pH change, it was waited until the surfactant 
selective electrode stabilized its reading. Figure 3 illustrates the results 
obtained. One may observe that the electrode potential is not affected by pH 
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in the 3.0 -13.0 range. This large pH working range will allow to use the 
electrode both in surfactant and soap titrations.  

 
 Selectivity of electrode 

Electrode selectivity is defined by means of the potentiometric 
selectivity coefficients and it is an important parameter in designing a 
suitable electrode. The selectivity coefficient, Ki,j

pot, defines the ability of an 
ion-selective electrode to distinguish a particular ion, i, from others, j [26]. 
Usually Ki,j

pot, has values in-between 10-4 and 104, but it may fall outside this 
range. The smaller the value of Ki,j

pot, the greater the preference of the 
electrode for the principal ion.  

In our case, the selectivity coefficient, KDS,j
pot, was evaluated by 

measuring the electromotive force (EMF) of ion-selective electrode in separate 
solutions of principal ion, DS, and interfering ion, j. For a solution containing 
only the primary ion, the electrode potential is given by equation (1):  
 

      E1 = E01 + (RT/F)lnaDS                       (1) 
 
In a solution of only the interfering ion the electrode potential is: 
 

      E2 = E02 + (RT/F)lnaDS + (RT/F)lnKDS,j
pot            (2) 

 
If aDS = aj, by converting to decimal logarithm, one obtains: 
 

lgKDS,j
pot = (E2 – E1) F/(2.303 RT)            (3) 

 
Relation (3) permits to determine the potentiometric selectivity 

coefficients from the recorded values of the E1 and E2. The values obtained 
by us for KDS,j

pot are given in Table 1. The selectivity coefficient values show 
that the electrode has excellent selectivity for the DS ion over inorganic 
anions. The same holds true for organic anions like formate, acetate and 
propionate, and for short-chain alkyl sulfates and sulfonates. For sulfates 
and sulfonates, the interference increases with the length of the alkyl chain. 
However, this apparent disadvantage offers the possibility of using the 
electrode as end-point detector in potentiometric titration of anionic 
surfactants, irrespective of their alkyl chain length.  
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Table 1. 
Selectivity coefficients of dodecyl sulfate electrode 

 

Interferent anion, j aj, (M) KDS,j
pot 

Cl- 10-3 4.07 x 10-4 

Br- 10-3 5.25 x 10-4 

I- 10-3 5.74 x 10-4 

SO4
2- 10-3 2.63 x 10-7 

HCOO- 10-3 6.33 x 10-5  

CH3COO- 10-3 9.12 x 10-4 

C2H5COO- 10-3 1.27 x 10-3 

C5H11SO4
- 10-3 1.40 x 10-3 

C8H17SO4
- 10-3 0.01 

C10H21SO4
- 10-3 0.33 

C12H25SO4
- 10-3 1.00 

C14H29SO4
- 10-3 65.1 

C16H33SO4
- 5 x 10-4 113.2 

C5H11SO3
- 10-3 0.94 x 10-4 

C8H17SO4
- 10-3 0.011 

C12H25SO3
- 10-3 0.96 

C14H29SO3
- 10-3 58.3 

C12H25C6H4SO3
- 10-3 105.6 

 
Determination of CMC  
Micelles that form in dilute aqueous solutions are affected by the additives 

present in the system. Previous works have demonstrated that electrolytes usually 
decrease the CMC [27-29], whereas hydrophobic solubilizates entail the increase 
of spherical micelles to ellipsoids and rods [30,31].  

The data in Table 2 show that CMC decreases by increasing the 
electrolyte concentration. The result can be explained taking into account 
the attraction and adsorption of counterions at the ionic micelle surface. 
The phenomenon stabilizes the micelle surface in an extent that depends on 
the micelle charge density. At the same time, there is a gradual change in the 
counterion-micelle interaction as the electrolyte concentration increases. The 
higher is the electrolyte concentration, the higher is the adsorption of 
counterions and the lower is the CMC.  
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Table 2.  
Effect of electrolytes on the CMC of SDS at 298 K 

 
Electrolyte 

 
Concentration (M) CMC Electrode 

(M) 
CMC Literature 

(M) 
Reference 

- - 8.0 x 10-3 (7.1-8.3) x 10-3 24,25 
NaCl 10-3 7.0 x 10-3 6.90 x 10-3 23 

 10-2 5.6 x 10-3 5.62 x 10-3 23 
 10-1 1.5 x 10-3 1.49 x 10-3 23 

NaBr 10-1 1.4 x 10-3 1.42 x 10-3 23 
NaF 10-1 1.6 x 10-3 1.45 x 10-3 23 
NaI 10-1 1.3 x 10-3 1.38 x 10-3 23 

 

Table 3. 
Effect of organic additives on the CMC of SDS at 298 K 

 
Organic 
Additive 

Concentration 
(wt. %) 

CMC Electrode 
(M) 

CMC Literature 
(M) 

Reference 

- - 8.0 x 10-3 (7.1-8.3) x 10-3 24, 25 
Methanol 25.0 9.0 x 10-3 - This work- 
Ethanol 5.0 5.5 x 10-3 1.07 x 10-2 23 

 10.0 6.5 x 10-3 5.96 x 10-3 23 
 25.0 1.1 x 10-2 1.07 x 10-2 23 
 30.0 2.0 x 10-2 1.90 x 10-2 16 
 40.0 4.0 x 10-2 4.20 x 10-2 16 

1-Propanol 5.0 4.0 x 10-3 4.40 x 10-3 16 
 10.0 5.0 x 10-3 5.20 x 10-3 16 
 20.0 1.3 x 10-2 1.35 x 10-2 16 

2-Propanol 5.0 4.0 x 10-3 4.3 x 10-3 23 
Dioxane 5.0 8.0 x 10-3 7.7 x 10-3 23 

 10.0 1.0 x 10-2 9.0 x 10-3 23 
 20.0 2.0 x 10-2 2.12 x 10-2 23 

 

The aggregation of SDS in ethanol- and n-propanol-water mixtures was 
formerly investigated with the aid of a dodecyl sulfate selective electrode [16]. A 
decrease of CMC at low and moderate alcohol content and an increase at high 
additive levels was observed, the effect being more evident for n-propanol. 
Table 3 presents the data obtained by us for short alkyl chain alcohols and 
dioxane. The trend is similar to that previously observed [16]. The results might 
be explained by the ability of alcohols to adsorb near the head group region of 
surfactant micelle, with the alcohol groups in between the ionic groups. The 
process reduces the electrical repulsion and lowers the CMC. High 
concentrations of short-chain alcohols influence the solvent characteristics of 
water, improve the surfactant solubility and therefore increase the CMC. 
 

CONCLUSIONS AND PERSPECTIVES 
A new, easy to construct, and reliable dodecyl sulfate-selective 

electrode is described. The electrode has Nernstian slope, instantaneous 
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response, good stability in time and a working pH range in-between 3.0 and 
13.0. The electrode is characterized by good selectivity towards inorganic 
anions. Among the organic interferents tested, only those having surface-
active properties do interfere, and the interference rises with the hydrophobic 
character of the surfactant. The electrode performs well in measuring the 
critical micelle concentration of SDS both in the absence and presence of 
inorganic electrolytes and organic water-miscible additives.  

Work is in progress now in our laboratory to improve the electrode 
lifetime by using polymeric plasticizers that diffuse slowly, or not at all, from 
membrane. We also undertake a study on systems of water-soluble polymers 
and anionic surfactants. It aims to construct the binding isotherms, to obtain 
the binding parameters and to determine the effect of additives on them.  
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ABSTRACT. Zn-TiO2 nanocomposite films were successfully formed on carbon steel 
by rapid plating from a ZnSO4-based bath (i = 10 A dm−2). The corrosion resistance of 
the composite coatings was studied by polarization and electrochemical impedance 
spectroscopy measurements. In the presence of TiO2, simultaneously with the negative 
shift of the corrosion potential, a decrease of the corrosion current density was 
observed as compared to pure zinc coatings, reflecting the beneficial effect of TiO2 
nanoparticles on the corrosion resistance of zinc coatings. 

 
Keywords:  nanocomposite coatings, zinc, titanium oxide, corrosion 

 
 
 

1. INTRODUCTION 
Electrodeposition of Zn films on steel is widely practiced for 

corrosion resistance increase. However, the life span of such coatings is 
limited due to the aggressive nature of some environments, particularly 
those containing industrial pollutants. Consequently, considerable efforts 
are being made to improve their corrosion resistance [1]. 

TiO2 can reinforce metallic coatings including zinc electroplate to 
improve corrosion and wear resistance, hardness and other properties of the 
coating such as semiconductor and magnetic properties, lubricity etc. [2-5]. 

One of the methods used for entrapment of TiO2 micro- or 
nanoparticles in the metallic matrix is the electrolytic co-deposition. The 
main advantages of this method over other coating methods are the 
uniformity of deposition for complex shapes, reduction of waste 
encountered in dipping or spraying techniques, low level of contamination, 
high production rates, low initial capital investment requirements and easy 
transfer from the research laboratory to existing infrastructure in 
electroplating and electroforming industries [6]. 
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The present paper seeks to investigate the corrosion behavior of 
Zn-TiO2 coatings obtained by electrolytic co-deposition of zinc with TiO2 
nanoparticles, on steel substrate (OL 37 / Zn-TiO2). The investigation 
methods were open circuit potential measurements, hydrodynamic 
voltammetry and electrochemical impedance spectroscopy. 

 
2. EXPERIMENTAL 
Materials 
TiO2 aerogel (surface area 305 m2/g) was obtained by the sol-gel method 

and was a kind gift from Dr. Virginia Danciu (Laboratory of Electrochemical 
Research, Faculty of Chemistry and Chemical Engineering Cluj-Napoca). 

Zn and Zn-TiO2 films were co-deposited on OL 37 steel substrate (S 
= 0.78 cm2) using a rotating disc electrode (1000 rpm) from solutions 
containing 350 g/l ZnSO4 *7 H2O and 30 g/l (NH4)2SO4 (pH 4) without or with 
20 g/l TiO2, at a current density of 100 mA/cm2, during 30 minutes. 

Corrosion experiments were carried out in 0.2 g/l aerated Na2SO4 
solution (pH 3), at room temperature. 

 
Methods 
Potentiodynamic polarization measurements were conducted using 

an electrochemical analyzer (PARSTAT 2273, USA) connected to a PC for 
potential control and data acquisition. Open-circuit potential (ocp) 
measurements were performed as a function of time. 

The electrochemical experiments were performed in a three-
electrode cell with a separate compartment for the reference electrode 
connected with the main compartment via a Luggin capillary. The working 
electrode was a rotating disc, the reference electrode was a saturated 
calomel electrode (SCE) and the counter electrode was a platinum foil. 

Anodic and cathodic polarization curves were recorded in a 
potential range of E = Ecorr ± 200 mV with a scan rate of 0.25 mV s-1. The 
rotation speed of the working electrode was fixed at 1000 rpm. 

Impedance measurements were performed at the open circuit 
potential in the moment of immersion of the samples in the Na2SO4 solution 
during 30 h from this moment. The impedance spectra were acquired in the 
frequency range 10 kHz to 10 mHz at 10 points per hertz decade with an 
AC voltage amplitude of ± 10 mV. 
 

3. RESULTS AND DISCUSSION 
 3.1. Open-circuit potential (ocp) measurements 

The open-circuit potentials evolution in time for OL 37/Zn and OL 
37/Zn-TiO2 electrodes, recorded immediately after 60 minutes immersion in 
the corrosive medium is presented in Figure 1. 
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In the case of OL 37/Zn-TiO2 electrode, the ocp values gradually 

increase in the negative direction during the first minutes to reach a stationary 
state characterized by -1.065 V vs. SCE. This evolution of the potential toward 
more negative values with the increase of immersion time can be explained by 
taking into account the growth of a corrosion products layer. According to this 
growth, the cathodic reaction is hindered and consequently the corrosion 
potential becomes more negative [7]. The ocp value is more negative in the 
presence of TiO2 in the zinc deposit than in its absence, suggesting an 
intervention of these particles in the cathodic process (oxygen reduction). 
 

3.2. Potentiodynamic polarization measurements 
The cathodic and anodic polarization curves of OL 37/Zn and OL 

37/Zn-TiO2 electrodes recorded after their immersion during 60 minutes in 
Na2SO4 solution are shown in Figure 2. 
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Figure 1. Open-circuit potentials evolution for the OL37/Zn and 
OL37/Zn-TiO2 electrodes immersed in 0.2 g/l Na2SO4 (pH 3). 

 

Figure 2. Influence of TiO2 presence in the zinc deposit on the anodic 
and cathodic polarization curves. 
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The same shift of the corrosion potential towards more negative values 
is noticed in the case of OL 37/Zn-TiO2 electrode as compared to OL37/Zn 
electrode. A similar behavior was reported in the case of Cu-ZrO2 composite 
films immersed in 0.5 M H2SO4 solution [8], when the oxide nanoparticles were 
proved to retard or inhibit the oxygen reduction on the composite surface. 

The corrosion parameters were calculated from the potentiodynamic 
polarization curves on the basis of the Tafel extrapolation, according to the 
equation: 
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where ba and bc are anodic and cathodic Tafel slopes, Ecorr is the corrosion 
potential and the other parameters have their usual meaning. 
 

Table 1.   
Electrochemical parameters of the corrosion process determined  

by Tafel method 
 

Electrode 
Ecorr   

(mV vs. 
ESC) 

icorr  
(µA/cm 2) 

- bc 
(mV/dec) 

ba 
(mV/dec) 

OL37/Zn  (0h) -1025 15,96 240 153 
OL37/Zn-TiO 2(0h) -1063 15,20 155 84 

 

As can be seen, the presence of TiO2 in the zinc deposit gives rise 
to decreases of corrosion current densities and of the Tafel coefficients as 
compared to the pure zinc coating. 

 

3.3. Electrochemical impedance spectroscopy 
The Nyquist impedance diagrams recorded on OL 37/Zn and OL 

37/Zn-TiO2 electrodes are presented in Figure 3. 
The impedance spectra recorded in the absence and in the 

presence of TiO2 nanoparticles in the zinc coatings exhibit a predominant 
capacitive behavior. The low frequency loop is characteristic of convective 
diffusion impedance. In agreement with the polarization measurements, it is 
necessary to consider that this loop is representative of the diffusion 
process in the electrolyte and through the porous layer [7]. 

The polarization resistance Rp corresponding to the lower frequency limit 
of the impedance spectra increases in parallel with the thickness of the corrosion 
products layer. The increase of Rp can be explained by a limitation of the active 
area by this layer, more important when the layer is more developed (thicker 
and/or more compact) [7]. As can be seen from figure 3, in the moment of 
immersion, the highest value of Rp is noticed in the case of pure zinc coating, 
while after 12 h of immersion, Rp is higher in the case of the composite layer. 
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This behavior suggests a different evolution of the corrosion products layer in the 
two cases. Further work will address the chemical composition of these layers. 
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Figure 3.  Nyquist impedance diagrams for OL 37/Zn (A) and OL 37/Zn-TiO2 (B) 
electrodes in 0.2 g/l Na2SO4 solution (pH 3) at different immersion times: (■) 0 h; 

(●) 6h; (▲) 12h; (▼) 18h; (◄) 24h; (►) 30h. 
 

The inductive behavior is almost inexistent in the case of pure Zn 
coating and more pronounced in the case of Zn-TiO2 nanocomposite film. It 
should be mentioned that this behavior becomes more important with the 
increase of immersion time, suggesting that the inductive loop could be due 
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to the potential dependence of some inhibiting species present on the 
electrode surface (hydrogen or corrosion products involving metal ions) [9]. 

The equivalent electrical circuits used for non-linear regression 
calculations with a simplex method are presented in Figure 4.  

 

 
 
 
 
 
 
 
 

Figure 4.  The equivalent electrical circuits used for computer fitting of the 
experimental data 

 
 

When the impedance spectra contained only capacitive loops, the 
fitting was performed using a 3RC equivalent circuit, while when an 
inductive loop was present, an equivalent 2RC-LC circuit was used. The 
significance of the different variables is the following [10]: 

- Re: Electrolyte resistance 
- Cf: Capacitance due to the dielectric nature of surface film (corrosion 

products) 
- Rf: Resistance representing the ionic leakage through pores of the 

dielectric film 
- Cd: Double layer capacitance at the zinc / electrolyte interface 
- Rt: Charge transfer resistance 
- CF: Faradic capacitance due to an oxidation - reduction process taking 

place at the electrode surface, probably involving the corrosion products. 
- RF: Faradic resistance of the corrosion products accumulated at the 

interface. 
- nf, nd, and nF: Coefficients representing the depressed characteristic 

of the three capacitive loops in the Nyquist diagrams. 
The values of the corrosion parameters obtained by fitting of the 

experimental impedance data are presented in Table 2. 
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Table 2.   
Parameter values for OL 37/Zn and OL 37/Zn-TiO2 electrodes corrosion 

calculated by non-linear regression of the impedance data from figure 3 using the 
3RC or 2RC-LC models 

 

Electrode 
Immers. 

time 
(h) 

Rf 
(Ω cm 2) 

Ct 
(µF cm -2) n f 

Rt
 

(Ω cm 2) 
Cd 

(µF cm -2) nd 

0 152.48 2.10 0.75 1164.3 17.24 0.75 
6 194.94 3.02 0.59 4052.2 113.77 0.80 

12 346.25 73 0.88 1731.3 103.24 0.86 
18 124.94 29.65 0.85 983.4 96.62 0.85 
24 462.01 89.4 0.84 1470.9 117.74 0.87 

OL 37/Zn  

30 197.65 49 0.84 1777.4 129.65 0.83 
0 290.61 15.36 0.76 454.33 3430 0.51 
6 1277.1 5.04 0.63 3840.7 70.45 0.58 

12 1493.9 10.87 0.55 4365.7 20.67 0.61 
18 377.53 4.11 0.68 3537.6 62.12 0.80 
24 252.04 5.35 0.71 3017.1 105.62 0.83 

OL 37/ Zn-
TiO2 

30 196.43 7.48 0.69 2579.3 141.32 0.83 
 

As can be observed from figure 3, between the experimental and 
the calculated regression data exists a good accordance. The analysis of 
the results presented in table 2 led to the following conclusions: 
 (i) The charge transfer resistance Rt (of 103 Ω cm2 order of magnitude) 
suggests that the layer of corrosion products is not very compact [11]. 
Generally, if the composition of the corrosion products does not change during 
the experiments, an increase of Rt values can be correlated with an increase of 
the thickness of non-conductive corrosion products layer. Thus, the higher Rt 
values in the presence of TiO2 nanoparticles than in their absence suggests a 
better corrosion resistance in the first case. The decrease of Rt during long-
term measurements could be attributed to the formation of less protective 
corrosion products.  
 (ii) The double layer capacitance values of the corrosion products 
layer Cf are also characteristic to a porous layer (10-4 F/cm2). In the case of 
OL 37/Zn electrode, the relative constancy of Cf after 12 h of immersion 
points to a certain stabilization of the composition of the corrosion products 
layer. The decrease of Cf in the case of OL 37/Zn-TiO2 electrodes could be 
attributed to the thickening of the corrosion products layer, which leads to a 
change of permittivity of the environment [11]. 
 

4. CONCLUSIONS 
The electrochemical measurements showed that the corrosion 

process on zinc-titania composite surface is slower than on pure zinc 
surface, because of oxide particles embedded in the zinc matrix. 
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The titanium oxide particles retard or inhibit the oxygen reduction on 
the composite surface. 
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AND V. DANCIUa 

 
 

ABSTRACT. TiO2-SiO2 aerogels were prepared by sol-gel method followed by supercritical 
drying with liquid CO2 and heat treatment. The structural and morphological particularities of 
the prepared TiO2-SiO2 aerogels were studied by means of X-ray diffraction and BET 
analysis. The photocatalytic activity of the TiO2-SiO2 aerogels was determined by monitoring 
the degradation rate of the salicylic acid. It was found that the efficiency of the TiO2-SiO2 
catalyst strongly depends upon the heat treatment temperature and also on the silica 
content. The larger specific surface area has been achieved for the sample with the higher Si 
content. The heat treatment performed at 6000C and 7000C allowed the formation of 
anatase phase, as well as the meso- to micropore transformation. The TiO2-SiO2 (1:1 molar 
ratio) aerogel, heat treated at 5000C has the highest photocatalytic activity. 

 
KEYWORDS: TiO2-SiO2 aerogels, photocatalyst, sol-gel method, BET analysis, X-ray 
diffraction. 

 
 

INTRODUCTION 
 TiO2-SiO2 binary materials have been attracting the interests of many 
researchers [1-8]. One of the outstanding features commonly attributed to the 
sol-gel processing of the multicomponent materials is the high degree of 
homogeneity at molecular scale. One of the most studied systems was TiO2-
SiO2, especially because glasses of this system have a low thermal expansion 
coefficient and aerogels can be used as photocatalysts [9]. The photocatalytic 
activity of TiO2-SiO2 aerogels is due to their larger specific surface areas and 
higher porosities in comparison with conventional TiO2-SiO2. These solids 
combine the mechanical properties of silica with the chemical and catalytic 
properties of titania.  

Anderson and Bard [10, 11] have demonstrated that a mixed oxide of 
TiO2 and SiO2 produced by a sol-gel method was a more efficient photocatalyst 
for the photodecomposition of rhodamine-6G than TiO2 alone. The increase in 
efficiency was attributed to the presence of SiO2 as adsorbent, which enhances 
the concentration of the organic material near to the TiO2 sites.  
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The heat treatment temperature influences the structure of the TiO2-
SiO2 aerogels and also their photoactivity. Annealing at 500-6000C 
determines the anatase phase obtaining, the structure of TiO2 with the most 
intense photocatalytic activity. The aerogels annealed at temperatures 
above 7000C contain rutil phase, which doesn’t manifest photoactivity [12]. 
In contrast, Choi and coworkers [13] obtained TiO2-SiO2 aerogels which 
remain amorphous even after heat treatment at 10000C. This behavior is 
explained by the small amount and very good dispersion of TiO2 (Si :Ti = 
1:0.05 molar ratio) into SiO2 network. 

In this work, we prepared TiO2-SiO2 aerogels with different contents 
of Ti and Si, which are subsequently heat treated at different temperatures. 
Our interest was also focused on determining the photocatalytic activity of 
the prepared samples and on finding the role played by both the SiO2 
presence, besides TiO2, and the heat treatment effect on the salicylic acid 
photodegradation rate. The photocatalytic activity of the as prepared 
aerogels in the salicylic acid decomposition process is influenced by the Si 
content and also by the heat treatment temperature.  

 
EXPERIMENTAL PART 
The sols were prepared from Ti(IV) isopropoxide (Merck), 

tetramethoxysilane (Merck), anhydrous ethanol (Fluka), water and nitric acid 
reagent (Aldrich). The molar ratio of reactants was: [Ti/Si]:[H2O] = 1:3.5, 
[Ti/Si]:[C2H5OH] = 1:23.33, [Ti/Si]:[HNO3]= 1:0.08.  

The as prepared gels were kept for 4 weeks in closed vessels and 
than were dried using supercritical CO2 in a SAMDRI – 790 A (Tousimis) 
critical point dryer. Annealing, at 5000C, 6000C and 7000C for 2 h was 
performed to obtain crystalline phases of TiO2 and to remove residues of 
organic substances.  

The X-ray diffraction patterns were obtained using a standard 
BRUKER D8 Advance X-Ray Diffractometer, working at 45 kV and 30mA. 
The Cu Kα radiation, Ni filtered, was collimated with Soller slits. The data of 
the X-ray diffraction patterns were collected in a step-scanning mode with 
∆2θ = 0.020 steps. Pure silicon powder standard sample was used to 
correct the data for instrumental broadening.  

The X-ray diffraction patterns were obtained also by using a 
standard DRON-3M powder diffractometer, working at 35 kV and 25 mA, 
and equipped with scintillation counter with single channel pulse height 
discriminator counting circuitry. The Co Kα ( λCuK = 1.54178 Å) radiation, 
Fe filtered, was collimated with Soller slits. The data of the X-ray diffraction 
patterns were collected in a step-scanning mode with 005.02 =θ∆ steps 
and then transferred to a PC for processing.  
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The specific surface area of the as prepared samples was determined 
using Brunauer-Emmett-Teller (BET) method, in a partial pressure range of 
0.05 < P/P0 < 0.3. Kripton adsorption was carried out at 77 K. Before each 
measurement, the samples were heat-cleaned at 333 K for 2h.  

Studies of photocatalytic activity of the TiO2-SiO2 aerogels were performed 
measuring the degradation rate of salicylic acid. The decrease in time of the 
salicylic acid concentration (C0 = 3,38 x 10-4 M) was measured by 
spectrophotometry (λ = 297 nm). The aerogels immersed in salicylic acid solution 
were irradiated with UV light. The experimental setup contains: a medium 
pressure Hg lamp (500 W) as UV source; polyethylene photochemical 8 ml 
capacity cell with quartz window (S=12 cm2); working temperature: 20-220C, 
solution pH = 5.3. Before UV irradiation as well as before spectrophotometric 
measurements, the cell with the sample was kept in dark for 15 minutes in order to 
achieve the equilibrium of the adsorption-desorption process. 
 

RESULTS AND DISCUSSION 
In table 1 are presented the Ti composition, the specific surface 

area and the salicylic acid photodecomposition apparent rate constants of 
the TiO2-SiO2 aerogels.  

The specific BET surface area decreases with heat treatment 
temperature, due to the meso- to micropores transformation.  For aerogels 
heat treated at 5000C, the specific BET surface area increases with Si 
content. This behavior can be explained by the high porosity of silica. The 
salicylic acid photodecomposition apparent rate constants decreased with 
heat treatment temperature, with exception of A1 sample. On this aerogel 
type, thermal treated at 5000C, the rate constant is much smaller than the 
one obtained for the aerogels heat treated at 600 and 7000C. This behavior 
could be explained by the amorphous structure of this sample.  

In figure 1 are presented the X-ray diffraction patterns obtained 
using Co radiation and Fe filter, of the aerogels heat treated at 600 and 
7000C.The greater rate constant value observed for the A1 (600) sample is 
due to the formation of the anatase phase (figure 1), which has 
photocatalytic activity [14]. The very small rate constant value of the A1 
(700) sample is mainly caused by the change in the structure from meso- to 
micropores.  The microporous structure inhibits the diffusion of various 
gaseous reactants and products during photocatalytic reaction, and those 
decrease the photocatalytic activity.  
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Table 1. 
The Ti molar percentage content of the TiO2-SiO2 aerogels, the specific surface 

area and the salicylic acid photodecomposition apparent rate constants 

 

Sample 
cod 

Sample type Ti 
[% mol.] 

SBET  
[m2/g] 

kapp x 10-3 

 [min -1] 
A 1 (500) TiO2-SiO2 

heat treated for 2 h, at 

5000C 

75 62 0.3481 

A 1 
(600) 

TiO2-SiO2 

heat treated for 2 h, at 

6000C 

75 52 1.13 

 
 
 
 
 
 
 
 
 

Sample A 
1 

A 1 
(700) 

TiO2-SiO2 

heat treated for 2 h, at 

7000C 

75 44 0.2152 

A 2 
(500) 

TiO2-SiO2 

heat treated for 2 h, at 

5000C 

50 384 3.97 

A 2 
(600) 

TiO2-SiO2 

heat treated for 2 h, at 

6000C 

50 327 1.65 

 
 
 
 
 

Sample A 
2 A 2 

(700) 
TiO2-SiO2 

heat treated for 2 h, at 

7000C 

50 273 1.42 

A 3 
(500) 

TiO2-SiO2 

heat treated for 2 h, at 

5000C 

25 457 2.34 

A 3 
(600) 

TiO2-SiO2 

heat treated for 2 h, at 

6000C 

25 293 1.71 

 
 
 
 
 
 

Sample  
A 3 

A 3 
(700) 

TiO2-SiO2 

heat treated for 2 h, at 

7000C 

25 265 1.38 

 
It can be observed (figure 1 a, b) that the A1 samples presents the 

highest peak, fact that indicates a greater local ordination degree.  This 
could be explained by the present of the highest content of Ti (75%), which 
promotes the crystalline phase formation. 

In figure 2 are presented the X-ray diffraction patterns realized with Cu 
radiation and Ni filter, of the A1 sample heat treated at 5000, 6000 and 7000C. 
The X-ray diffraction patterns of the A1(500) sample is typical for an 
amorphous titania structure. The X-ray diffraction pattern of the A1 (600) 
sample presents a very large X-ray diffraction line at 2θ = 25.30 degree, typical 
for the most intense anatase (101) diffraction line, indicating the beginning of 
the crystallization of the anatase structure. This crystallization process is 
continued for the A1(700) sample but, at this temperature, a new TiO2-SiO2 
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crystallized system has been formed. The presence of a new TiO2-SiO2 
crystallized system is indicated by the existence of a large X-ray diffraction 
maxima that is situated at 2θ = 22.30 degree in the diffraction pattern [15-19].  
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Figure 1. X-ray diffraction patterns of the TiO2-SiO2 

aerogels heat treated at (a) 6000C and (b) 7000C, Co 
Kα (λCuK = 1.54178 Å) radiation, Fe filter. 

 
 
The microstructural parameters of the A1 samples after heating at 

6000C and 7000C showed an average size of Deff  = 25 Å  for the TiO2 

nanocrystallites and a large value of the lattice microstrain < ε2 >1/2 (L) = 5÷6 × 
that suggests an important TiO2 – Si  intercrystallites interaction 
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Figure 2. X-ray diffraction pattern for the samples A 1, heat 
treated at 5000, 6000 and 7000C, Cu Kα .radiation, Ni filter. 

 

The new TiO2-SiO2 crystallized system formed after heat treatment 
at 7000C of the sample A1 has the lowest photocatalytic activity. In 
contrast, the salicylic acid decomposition rate constant of the A1(600) 
sample was for three times greater than for the A1(500) sample (Table 1), 
due to the anatase formed after heat treatment at 6000C.  

 
CONCLUSIONS  
In this work, we prepared TiO2-SiO2 aerogels with different contents 

of Si, which are subsequently heat treated at different temperatures. The 
morpho-structure of the as obtained silica – titania aerogels was studied by 
X-ray diffraction and specific surface area measurements. The 
photocatalytic activity of the SiO2-TiO2 aerogels was determined by 
measuring the degradation rate of the salicylic acid used as reference 
organic material. The anatase phase is formed after heat treatment at 
6000C in case of A1 aerogels, which forms a new TiO2-SiO2 crystallized 
system after heat treatment at the 7000C. This new crystallized system 
manifests low photocatalytic activity. The larger specific surface area has 
been determined for the sample A3 (500) with the higher Si content. The heat 
treatment performed at 6000C and 7000C allowed the formation of anatase 
phase, as well as the meso- to micropore transformation. The TiO2-SiO2 (1:1 
molar ratio) aerogel, heat treated at 5000C has the highest photocatalytic activity. 
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OXIDATION OF DL-METHIONINE  
(2-AMINO-4-METHYLTHIOBUTANOIC ACID) BY CHROMATE. 

MECHANISTIC INTERPRETATION ON THE BASE OF AN ONE-PLUS 
RATE EQUATION  

 
ALEXANDRA CSAVDARI*, IOAN BALDEA AND DANA-MARIA SABOU 

 
 

ABSTRACT. The “one-plus” rate equation is an useful tool for interpreting reaction 
mechanisms. The kinetic study of the oxidation of 2-amino-4-methylthiobutanoic acid 
(methionine) by chromate has been undertaken. The reaction obeys a “one-plus” rate law. In 
order to suggest a reaction mechanism, the interference of kinetic along with extra-kinetic 
proofs was taken into consideration. The reaction starts with a pre-equilibrium to form an 
intermediate from the substrate and the reactant. This step is followed by the rate 
determining electron-transfer process. The influence of the organic substrate and hydrogen 
ion concentrations was deduced from the kinetic data. 
 
Keywords: one-plus rate law, chromate, methionine, reaction mechanism 

 
 
 

Introduction 
Each kinetic study implies the measurement of reaction rates as well 

as the compilation of an empirical power-law rate equation from extensive 
experimental results over a wide range of conditions. Most reactions of 
practical interest are multistep processes and therefore do not proceed by 
simple pathways. They do not obey always power-law rate equations and thus 
have no exact and constant reaction orders1-5. Hence, a traditional power-law 
with empirical fractional exponents cannot be expected to result from 
combinations of elementary steps. In contrast, “one-plus” rate equations may 
result from step combinations; they contain integer exponents and are 
therefore more likely to reflect the true mechanism1. Therefore, the 
phenomenological rate coefficients are combinations of those of the 
elementary steps involved in the network1-5. 

An example (see equations 1 to 7), based on literature survey as well 
as on experimental studies of our group, concerns the oxidation of inorganic 

and organic thio-derivatives by chromate6-12. A general mechanism for the 
reaction of chromium(VI) with thiols involves the formation of a chromium(VI)-
thioester (reaction step 1) followed either by the redox decomposition of this 
intermediate (an uni-equivalent step – see process 3) or its redox reaction with 
a second molecule of thiocompound (a bi-equivalent step – see process 2): 
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           RSH + HCrO4
−   RSCrO3

−  + H2O                   k1,k−1    (1) 
            RSCrO3

−  + RSH →  Cr(IV) + RSSR                      k2     (2) 

RSCrO3
−  →  Cr(V) + RS•                          k3     (3) 

These are followed by several potentially fast steps: 
    2 RS• →  RSSR             (4) 

   2 RSH + Cr(V) →  RSSR + Cr(III)              (5) 

 Cr(IV) + Cr(VI) →  2 Cr(V)            (6) 

     Cr(IV) + RSH →  RS• + Cr(III) + H+                          (7) 
 

These processes were assumed on the base of extra-kinetic proofs (free-
radical and Cr(V) identification)6-8 as well as to justify the reaction 
stoichiometry. Cr(V) seems to be a tetra-coordinated (or even a penta- or 
hexa-coordinated) species, that is a hypochromic acid reacting likewise to 
Cr(VI). On the other hand, Cr(IV) is a labile hexa-coordinated 
compound13,14. When the thioester is formed rapidly and in significant 
concentration in the pre-equilibrium (1) than: [RSCrO3

−]/[CrVI]t = K[RSH]/(1+ 
K [RSH]), where K = k1/k−1. Hence, the overall rate law will be of the “one-
plus” form below: 
 

            ][Cr
[RSH]K1

][RSCrOKk[RSH]Kk

dt

]d[Cr VI33
2

2
VI

+
+

=−
−

           (8) 

 
It has two limiting forms corresponding to the cases when either the 
second-order (k2) or the first-order (k3) process prevails. In such cases 
substantial spectral evidence has been found to support the assumption of 
the thioester formation5-12. The latter situation has been found in the case of 
benzene-thiol and α-toluenethiol oxidation in acetic acid11. Here the 
uniequivalent step prevails, yet the rate law is still of the “one-plus” form: 
 

             ][Cr
[RSH]K1

[RSH]Kk

dt

]d[Cr VI3
VI

+
=−                        (9) 

 
In the case of S-methylcysteine or other disulphides, the bi-equivalent 
oxidation yields sulfoxide and the rate law is also of the form (8)15-16. 
 

EXPERIMENTAL 
Employed chemicals were of guaranteed reagent grade purity, 

purchased from commercial sources (Merck, Aldrich, Fluka and Reanal) 
and used without further purification. All solutions were prepared in 
demineralised and tetra-distilled water. 
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The advance of the reaction was followed by spectrophotometrical 
means at 350 nm, a wavelength at which the oxidizing agent exhibits a 
characteristic absorption band in acidic solutions. A Jasco V-530 
spectrophotometer (Japan) with a controlled-temperature cell holder as well 
as computerised kinetic data acquisition has been used. The reaction was 
initiated directly in the measurement cell by injecting the chromate solution 
over a mixture of the other reactants. Absorbance was recorded as a 
function of reaction time. The acidity and ionic strength were maintained 
constant by means of HClO4 excess and NaClO4, respectively. The 
temperature was controlled by means of a Lauda M-20 circulation bath. 
Other experimental details are also presented elsewhere17. At least three 
replicate runs were performed for each set of experimental conditions.  

 
RESULTS AND DISCUSSION 
The stoichiometry of the reaction was established by colorimetric 

measurements. Various reaction mixtures in acidic media, having increasing 
molar ratios, were allowed to react to completion (for at least 10 half times) and 
the remaining absorbance due to unreacted chromate was recorded at 350 nm. 
At excess concentration of methionine, larger than 1.5 times that of Cr(VI), the 
entire amount of the oxidising agent Cr(VI) is completely consumed and residual 
absorbencies remain small and constant. This fact suggests that the oxidised 
product is the corresponding sulfoxide. Even with strong oxidizing agents as 
peroxyanions (peroxydisulfate and peroxydiohosphate), the oxidation product 
was sulfoxide in the case of alkyl aryl sulphide18 or diphenylsulfide19.  

Hence, we concluded that Cr(VI) and methionine react by a ratio of 
1/1.5, so that we assumed the following overall reaction: 

 
                    2 HCrO4

− + 3 HOOCCH(NH2)CH2CH2SCH3 + 8 H+→           (10) 
2 Cr3+ + 3 HOOCCH(NH2)CH2CH2SOCH3 + 5 H2O 

 
 Kinetic experiments were carried out at various concentrations of 
methionine (always in large excess), at constant acidity as well as at various 
HClO4 concentrations and constant excess of methionine. These conditions 
ensure pseudo-first order rate laws with respect to the coloured species. 
Therefore, plots of ln(A− A∞) vs reaction time were linear over a large degree of 
reaction extent with very good correlation coefficients (0.9935 - 0.9999). A∞ 
stands for the remaining absorbance at completion. Both the linearity of the 
plots and the identical first-order rate constants we have obtained with three 
different initial chromate concentrations (as limiting reagent) confirm the first-
order dependence with respect to the oxidizing coloured species. 
 The apparent first-order rate coefficient (kobs) depends upon the 
substrate and mineral acid concentration. By increasing the concentration 
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of the substrate, increased first-order rate constants were measured as the 
slopes of semi-logarithmic plots (see results in Table 1). By plotting lg kobs 
vs lg [Meth] to determine the reaction order with respect to methionine, a 
line (R = 0.9914) with a slope of 0.85 was found. This fractional order can 
be rationalised by the following rate equation (similar to 9): 
 

           ][HCrO
[Meth]k"1

[Meth]k'

dt

]d[Cr
4

VI
−

+
=−           (11) 

 
Table 1. 

First-order rate constants as a function of methionine concentration at 298±0.1K, µ = 0.34, 
[HCrO4

-] = 1.00x10-4 and [HClO4] = 8. 50x10-2 and as a function of the acid concentration at 
[Meth]=7.50x10-2, respectively. Each listed value is the mean of three replicate runs. 

 

102[Meth] 103 kobs (s−1) [H+] 103 kobs (s−1) 
0.38 0.76 0.042 0.59 
0.56 1.12 0.085 1.23 
0.75 1.23 0.128 1.69 
0.94 1.83 0.170 3.11 
1.13 2.02 0.191 3.45 
1.50 2.31 0.213 3.73 
1.88 2.97 0.255 4.73 
2.25 3.57 0.298 6.62 
2.50 3.75   

 
Rate equation (11) is similar to equation (9) that is of the “one-plus” form. If 
a linearization of the type (4) is used with all the data, such as follows, 
 

[Meth]

1

k'

1

k'

k"

k

1

obs

+= ;  
[Meth]

1
0.2)(4.716)(90

k

1

obs

±+±=          (12) 

 
a good fit has been obtained (R = 0.9917). On the other hand, the reaction order 
with respect to hydrogen ions is of 1.22 (R = 0.9908). It may be interpreted in two 
ways: either by a parabolic dependence corresponding to two parallel reaction 
paths in which one is of first-order and the other of second-order with respect of 
[H+] (see equation 13a), or by a dependence of the “one-plus” form (13b): 
 

         (a) 2
obs ][Hb][Hak ++ += ;  (b) 

][Hd1

][Hc
k

2

obs +

+

+
=          (13) 

 
Where a,b,c and d stand for some constants. If the first alternative were 
true, than, according to the linear form of equation (13a) 

][]/[ ++ += HbaHkobs , the plot ][]/[ ++ HvsHkobs  should result in line with 
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good correlation coefficients. The results were: a = 12.1 L mole−1s−1, b = 
29.2 L2 mole−2s−1 and R = 0.8360. This correlation coefficient is quite poor. 
On the other hand, the second alternative can be proved by its linear form 
that gave a better fit (R = 0.9536): 
 

][H
c

d

c

1

k

][H

obs

2
+

+

+=          ]3)[H(420.5)(2.6
k

][H

obs

2
+

+

±+±=         (14) 

 
The intercept 1/c (see equation 14) is expressed in L2mole−2s and the slope 
d/c in L3mole−3s, respectively. Therefore, we assume that the second 
alternative describes adequately the involvement of the hydrogen ion 
concentration. By taking into consideration both the influences of 
methionine and hydrogen ion concentrations, two rate laws may be written: 
one that contains separate terms for [Meth] and [H+] (see equation 15) and 
another that dependens on the product [Meth][H+] (see equation16): 
 

    
][Hk[Meth]k1

][HCrO][H[Meth]k

dt

]d[Cr

cb

4
2

a
VI

+

−+

++
=−           (15) 

   
][H[Meth]k1

][HCrO][H[Meth]k

dt

]d[Cr
'
b

4
2'

a
VI

+

−+

+
=−            (16) 

 
Rate law (15) would correspond to two independent pre-equilibria, while 
rate law (16) to two coupled equilibria or an overall equilibrium involving 
chromate, methionine as well as the hydrogen ion. The apparent first-order 
rate coefficient in equations (15) and (16) can be transposed into linear 
forms by taking the reciprocals and should therefore hold with both series 
of measurements. If the linear form of the apparent first-order rate 
coefficient of law (15) is considered while either [Meth] or [H+] are held at 
constant values, the plots do not fit a line although the reproducibility of the 
experiments is quite good. This is true especially when [H+]/kobs is plotted 
as a function of 1/[H+]. On the other hand, if we assumed that a coupled 
equilibria takes place, the linear form of kobs as expressed from rate law 
(16) – see equations (17) – has a good correlation coefficient of 0.9917. 
Figure 1 presents the plot of equation (17) and proves the statement above. 
 

   
][Meth][H

1

k

1

k

k

k

][H
'
a

'
a

'
b

obs
+

+

+= ;        
][Meth][H

0.1)10(3.4
1.3)(7.6

k

][H 2

obs
+

−+ ±+±=        (17) 
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Figure 1. The plot of equation (17) with data presented in table 1. 

 
An attempt to use this reaction system to initiate polymerization of 

ethylacrylate failed. This fact suggests that the reaction mechanism does 
not involve free radicals. 

In view of the above discussion, the reaction scheme for the Cr(VI) 
oxidation of methionine involves the formation of an adduct by hydrogen 
ion. The adduct further suffers the electron and atom redistribution to yield 
sulfoxide and Cr(IV) during the rate determining step. This step also occurs 
with the assistance of hydrogen ions. Either the chromate acid or a 
conjugated acid of methionine will further react with the partner to form the 
intermediate adduct. No discrimination by kinetic experiments is possible 
between the two alternative pre-equilibria (18) and (19): 

 
+− + HHCrO4 H2CrO4        '

1K         (18) 

       H2CrO4  + 3SCHR − Adduct                '
2K        (18’) 

       ++− HSCHR 3
+]RSHCH[ 3        "

1K         (19) 

        
+]RSHCH[ 3 + −

4HCrO Adduct       "
2K        (19’) 

 
The two coupled equilibria can be written as an overall one with K = 

'
1K '

2K (or "
1K "

2K ): 
 

  ++− HSCHR 3 + −
4HCrO  Adduct         K         (20) 

 
This will be followed by the electron transfer and the S=O double bond 
formation in the rate determining step: 
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  Adduct +  H+  →  )IV(CrSOCHR 3 +−             k       (21) 
 
The process continues by potentially rapid steps of the type (6) and (7). 
With other words, Cr(V) may be obtained. It can also oxidize methionine to 
the corresponding sulfoxide. 
 The rate law deduced form this reaction scheme - by using the pre-
equilbrium assumption - is of the form (16) in which '

ak = kK = (29.4 ± 0.8) 

L3mol−3s−1 and '
bk = K = (2.24 ± 0.45)·102 L2mole−2. A second-order rate 

constant k = (1.31 ± 0.23)·10−1 L mole−1s−1 for the rate determining step  

was computed under the employed experimental conditions. 
 
CONCLUSIONS 

 The experimental kinetic data obey a typical “one-plus” rate law, with 
integer exponents. A pre-equilibrium involving the oxidant and the organic 
substrate is present. The bi-equivalent electron-transfer is the rate-determining 
step. In acidic media, the involvement of hydrogen ion favours the redox 
reaction. Phenomenological rate coefficients and some intermediate formation 
constants could be calculated. The data fit well with the rate law expressed from 
the proposed reaction scheme, thus supporting the suggested mechanism. 
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AGGRESSIVE MEDIA 
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ABSTRACT.  Electrochemical methods have been used to obtain details on the corrosion 
behaviour of the following carbon steels:OLT – 35, OL 37, OL 44, OL 60 in different 
electrolytic environments (neutral aqueous solutions, salty, swamp and normal soils). 
Corrosion parameters of electrochemical reactions at the steel/environment interface as: 
corrosion potential (Ecorr) and current density (icorr), was determined using steady state 
polarization curves method. The results were compared with corrosion rates values 
obtained by gravimetric measurements. OLT 35 carbon steel was found as the most 
corroded related to the other studied steels. 
 
Keywords: carbon steel, underground electrochemical corrosion, soil, polarization curves. 

 
 
 

 1. INTRODUCTION 
The corrosion process is quite complexes and depends on the alloy 

nature and the corrosion environment. From a practical point of view, the 
underground corrosion of metallic networks is wary important, especially in the 
presence of the dispersion currents. The simultaneously action of corrosion 
environment and the dispersion currents bring about much damage on the 
underground networks [1- 4]. The underground corrosion is the determining 
factor on the life service of the pipe system. The soil where the pipes are 
buried has numerous corrosion agents as the oxygen dissolved in water, acid 
or basic compounds, salts, microorganisms and stray currents [5-6]. The 
aggressively of the environment is much enhanced in the soil of the 
industrialized cyties, where  the corrosion processes take place either 
electrochemically or electrolytically due to stray currents. In the neutral media 
the corrosion takes place mainly by depolarization with dissolved oxygen. 

In order to study the corrosion of gas buried pipes we have taken 
advantage of recoding the open circuit potential, EOCP . 

Low carbon steels OLT-35, that is used at medium and low pressure (up 
to 60Kgf/cm2) [7-8], has been undertaken for corrosion study and compared with 
other carbon steels for general usage as OL-37, OL-44, and OL-60. 
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 2. EXPERIMENTAL 
The chemical composition of the studied steels is given in Table1. Eprouvettes 

of cylindrical or paralelipipedic forms having the aria of 1 cm2 were obtain from carbon 
steel sorts in the study and used in the corrosion experiments. Before tested, the 
samples were carefully cleaned mechanically and chemically [9-10 ]. Various soils, 
where the gas pipes are buried, as well as salts solutions to simulate natural conditions 
were employed as electrolytes [11-12]. Their characteristics are contained in table 2. 

 All potential values were measured and presented in the diagrams as 
compared to saturated calomel electrode (E = 0.242 V versus ENH) as reference. 

Table1 .  
The content of various elements in the alloys 

 

%  of 
OLT-35 

 
OL-37 OL-44 OL-60 

C 0.17 0.22 0.22 0.40 

Si <0.35 0.07 0.50 0.40 

Mn <0.40 0.56 0.95 0.66 

P <0.05 0.055 0.055 0.055 

S <0.05 0.055 0.055 0.055 

Fe Up to 100 % 

 
In order to record polarization curves, a graphite electrode (made of 

spectral graphite) was used as counter-electrode. The open circuit electrode 
potential, EOCP, against time has been measured periodically. The time exposure to 
the corrosive environment was varied within 0 and 144 hours.  

 

Table 2. 
Some characteristics of used electrolytes 

 

Electrolyte Provenience 
pH Conductivity (mS) 

NaCl 1.5% 
Laboratory 5.5 12 

NaCl 3% Laboratory 5.5 28 
NaCl 1,5% + Na2SO41,5% Laboratory 5.5 17 
Salty soil  Ocna Dej, salt mine zone 6.7 3.5 
Marshy soil  Cluj-Napoca Intre Lacuri district  7.0 10.2 
Normal(ordinary)  
soil 

Cluj-Napoca rail station , zone 6.5 0.6 

 
3. RESULTS AND DISCUSSIONS 
3.1. Time change of the rest potential (open cell). As literature 

stipulates, an increase of negative potential in an open cell during time is 
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associated with metal corrosion, while its positive tendency is associated 
with a decrease of the corrosion rate or its inhibition by formation of a 
protecting oxide film at the surface. An oscillating behavior during time is 
rationalized by a localized corrosion, especially pitting [13]. 
 
 3.1.1. The effect of chloride on EOCP -time curves. Figures 1.a and b 
show the EOCP-time diagrams of studied carbon steels in solutions with sodium 
chloride. For both the concentrations the corrosion process proceeds quite 
rapidly within the first hours of exposure. In the case of 3% NaCl solution all 
the samples of OLT-35, OL-37 and OL- 44 suffers a steep increase of negative 
rest potential within the first five hours of exposure. In the case of OLT-35 
steel, a change from -505 mV to – 635 mV takes place. After that, the change 
of the potential during time is quite minor. In the case of OL-37 steel after 35 
hours a new increase of negative potential is noticed. On the contrary, in the 
case of OL-60 steel the increase of negative potential is not as steep as for the 
other two within the first 5 hours of exposure and a slight shift towards positive 
values. This behavior cam is explained by a passivation of this sort of steel. 

 
3.1.2 The effect of sulphate ions on EOCP-time curves. In 1, 5% NaCl 

and 1, 5% Na2SO4 solution a similar pattern of rest potential variation has been 
found. Within 5 hours an important increase of the negative values has been 
noticed. In the case of OLT-35 steel, the potential EOCP varied from –521mV to –
619mV. After that the change is almost imperceptible. In the case of OLT-35 
steel, after 20 hours a slight tendency towards positive value appears (fig. 1.c). 

 
3.1.3 The effect of salt concentration and bacteria content on 

the corrosion rate. The change of rest potential EOCP during time of the 
steel samples put in the mud of various soils is presented in figure 2. Within 
first two hours a similar pattern of dependence was found with ordinary and 
marshy soil, with a steep increase of negative values. Then, the potential 
maintains almost constant during time (see figures 2a and 2c) 

In the case of OLT-35 steel, the salty soil is more aggressive soil 
exhibiting a continuous increase of negative potential, more pronounced within 
the first three hours of exposure and a small variation after that. (Figure 2b). 
When the sample exposure exceeds 28 hours, the rest potential maintains 
constant, due to passivation. A similar behaviour was noticed with OL-37 steel. 
When samples were introduced into marshy soil, the negative potential varies 
less steeply in the beginning period of exposure. After three hours a tendency 
towards positive values was noticed, indicating some passivation. After 38 
hours, the corrosion starts again, due to the destruction of the protective film at 
the surface [14]. Al the sorts of steel exhibits different behaviour in the marshy 
soil, the passive film at the surface lasts longer than in the salty soil.  
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Table 3 presents the order of aggresivity of the corrosive tested 
media on the low carbon steels. 

Table 3 
Corrosive aggresivity order of used media 

 

Electrolyte aggresivity order 
NaCl 1.5% OLT-35 > OL-37 > OL-44> OL- 60 
NaCl 3% OLT-35 > OL-37 > OL-44> OL-60 
NaCl 1,5% and Na2SO41,5% OL-44> OL-60 > OL-37 > OLT-35 
Salty soil OLT-35 > OL-37 > OL-44> OL-60 
Marshy soil OL-37 > OLT-35 > OL-60 > OL-44 

 
Fig. 1.  E0CP-time diagram for studied steels (--◊-- OL 37; --□-- OL 44; --■-- OLT 35; --∆-- 

OL 60 ) in: a) NaCl 3%, b) NaCl 1.5%, c) NaCl 1.5% + Na2SO4 1.5% solutions 
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Fig. 2.  E0CP-time diagram for studied steels (--◊-- OL 37; --□-- OL 44 ; --■-- OLT 35; 

--∆-- OL 60 ) in: a) normal(ordinary) soil; b) salty soil c) marshy soil.

      
3.2. Determination of kinetic parameters. The corrosion mechanism 

of the various electrolytic media on OLT-35 steel, aiming to determine kinetic 
parameters of electrochemical surface reactions (corrosion potential (Ecorr), 
corrosion current density (icorr) and the corrosion rate) has been obtained from 
polarization curves [15]. The corrosion current and potential were obtained by 
the extrapolation of Tafel curves. The corrosion parameters, as obtained from 
polarization curves are presented in table 4. The gravimetric index, Vcorr [g/m2h] 
has been calculated by means of the relationship: 
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z26,8

Ai
v corr

corr ⋅
⋅=                          (1) 

 

where: vcorr -the corrosion rate is  expressed as gravimetric index, [g/m2h], 
icorr -stands for the current density [A/m2], z- the number of electrons 
exchanged in the corrosion process and A stands for the atomic mass of 
the metal element. 

 
Table 4. 

Corrosion parameters  
 

The alloy type 
Electrolyte 

εcorr 
[mV] 

icorr 
[mA/m2] 

Vcorr 

[g/m2h] 

OLT-35 NaCl  3% -825 870 0.908 
 NaCl  1.5% -790 691 0.721 
 Normal (orinary) soil -594 301 0.314 
 Salty soil -825 812 0.847 
 Marshy soil -901 933 0.974 

OL-37 
NaCl 3% -771 501 0.523 

 Normal(orinary) soil  -660 295 0.307 
 Salty soil  -749 805 0.840 
 Marshy soil -813 1000 1.044 

OL-44 
NaCl 3% -722 512 0.534 

 NaCl 1,5% -812 436 0.455 
 Normal(orinary)soil  -455 407 0.424 
 Salty soil  -800 602 0.628 
 Marshy soil  -830 912 0.952 

OL-60 
NaCl 3% -843 630 0.657 

 NaCl 1.5% -853 436 0.455 
 Normal(orinary) soil  -583 398 0.415 
 Salty soil  -705 810 0.845 
 Marshy soil  -763 1112 1.160 

 
The polarization curves for OLT-35 steel in solution are presented in 

figure 3. The results presented in table 4 shows a decrease of corrosion rate of 
OLT-35 with the decrease of NaCl concentration and a change of potential 
towards positive values. 
The effect on corrosion of the soils containing salt or bacteria is shown in figure 
4. It can be found out that the most aggressive is the marshy soil, having a 
corrosion rate as much as 3.09 the ordinary soil. The salty soil brings about a 



LOW CARBON STEELS CORROSION IN DIFFERENT AGGRESSIVE MEDIA 
 
 

 127 

corrosion rate of 1.15 times faster that the ordinary soil. It results from the 
increase of the mixed corrosion potential towards its negative values.  
 

 

  Figure. 3.  Polarization curves of OLT-35              Figure. 4 . Polarization curves of 
        in : -□- NaCl 3%;  -■- NaCl 1.5%;                       OLT-35  -∆-  normal; -□- salty; 
-∆- NaCl 1.5% +  Na2SO4 1.5% solutions.                          -■-  marshy soils.  
                       

The corrosion rate for the sample buried in salty or marshy soil is 
comparable or even higher than the one in 3% NaCl solution. Concerning 
the OLT-35 steel, the order of aggressivity is: 

 

         Marshy soil >3% NaCl solution >salty soil > 1,5% NaCl solution> 
ordinary soil 

 

From the polarization curves recorded with 3% NaCl for all the steel 
types undertaken in the study (figure 5) it has been found out the faster 
corrosion rate in the case of OLT-35. 

A comparation of the corrosion rate reveals that OL-37, exhibits a value 
as 1.73 as the one of OLT-35 in 3% NaCl and comparable with that in the 
marshy soil. The OL-37 steel exhibits a corrosion rate in marshy soil as much as 
1.24 as compared to salty soil, and as much as 3.9 as compared to ordinary soil. 
For all the steels tested, marshy soil is the most aggressive, followed by salty soil. 
Always when the corrosion rate decreases, the potential shifts towards positive 
values. Table 4 reveals also that the OL-44 steel in 3% NaCl solution has a 
smaller corrosion rate (1.69 times slower) as compared to OLT-35 steel. The 
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same behavior has been noticed with 1.5 % NaCl solution (Figure 6). The OL-60 
alloy has identical corrosion pattern as OL-44 one. 
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Figure 5.  Polarization curves recorded         Figure 6.  Polarization curves recorded 
    in 3% NaCl solution: --■-- OLT 35;                in 1,5% NaCl solution: --■--OLT 35; --◊-- 
--◊-- OL 37; --□-- OL 44 ; --∆-- OL 60.                 OL 37; --□-- OL 44 ; --∆-- OL 60 

 

CONCLUSIONS 
The corrosion rate of OLT-35 steel increases as the salt 

concentration of the solution increases. The addition of sodium sulphate to 
1.5 % NaCl solution has an enhancing effect on corrosion rate of OLT-35. 
Also, it transforms the generalized corrosion into a localized one during 
time. The localized and well defined attacks on the alloys were not noticed, 
the corrosion being mainly uniform with un-adherent and soluble products. 

In the cases studied, the tendency of corrosion of OLT-35 is greater than 
the one of OL-37, with a few exceptions. This behavior is caused by the 
chemical composition of the two steels (larger content of C, Mn, Si, P of  OL-37).  

OLT-35 alloy is attacked especially in the salty or marsh soils and 
less in the ordinary. In the case of OL-37 the corrosion susceptibility is 
enhanced in marshy soil and ordinary soils.  

The corrosion rate is greater when a mixture of salts was used 
indicating the acceleration character of sodium sulphate. In ordinary soil a 
smaller corrosion rate has been noticed, as corrosion potential becomes 
more positive. Because of the generation of corrosive substances by 
bacteria, all tested alloys were significantly corroded in this sort of soils, 
even more than the salty soils. 
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PHOTOCATALYTIC ACTIVITY OF METAL DOPED TIO2 
AEROGELS PREPARED BY SOL-GEL PROCESS 

 
 

M. POPA*, I.C. POPESCU, V. DANCIU 

 
 

ABSTRACT. Oxide semiconductor photocatalyst based on TiO2 is normally used in UV 
photodegradation of different organic pollutants. This paper is focused on preparation of 
1at%Cu, 1at%Ce, 1at%Fe doped and undoped TiO2 aerogels and their application in 
photodegradation of an organic compound. The aerogels were obtained by sol-gel 
process in acid catalysis, followed by supercritical drying with liquid CO2. The 
preparation process involved a single precursor based on Ti(OPr)4 and doping was 
made by using ethanolic solutions of metal nitrates. The obtained aerogels were 
analyzed by BET method, determining the specific surface area (SBET). Photocatalytic 
behavior of the obtained aerogels was tested by the decomposition of salicylic acid, 
under UV light. The photocatalytic activity of doped aerogels was compared with the 
undoped one and with the reference Degussa P25 TiO2. 

 
Keywords: Ce doped TiO2, Cu doped TiO2, Fe doped TiO2, salicylic acid, photodegradation 

 
 

INTRODUCTION 
The concern for the environmental pollution made the society to 

reconsider the old path and to create new technologies, less expensive and 
less polluting.  

In the last years the interest for using TiO2 as a catalyst in 
photodegradation of organic compounds became wildly spread. It is a stable, 
non toxic material and is a 3.2 eV band gap semiconductor with attractive 
photoabsorbtion properties [1]. Under UV light, with wavelength shorter than 
380 nm, the electrons from the valence band are excited and jump in the 
conduction band. The electron–hole pairs thus generated serve as the 
oxidizing and reducing agents. The photodegradation of pollutants in water 
takes place due to the OH• radicals, which are formed either through the 
interaction of water molecules with a hole or through the interaction of oxygen 
molecules with a hot electron, and which are the key active species [2]. Doping 
TiO2 with transition metals (Me) was thought to increase the absorption of TiO2 
to the visible light of solar spectrum [3] and especially to inhibit the 
recombination of the electron-hole pair photogenerated [3-5] and thus, to 
increase the photocatalytic activity of TiO2. Some authors agree the increasing 
of photocatalytic activity by doping TiO2 with transition metals [5] while others 
deny it [6]. Many authors confirmed that the best dopping results are obtained 
for a concentration of 0.5-1at% metal dopant [4, 5]. Nevertheless the efficiency 
                                                 
* Babes-Bolyai University, Faculty of Chemistry and Chemical Engineering, Cluj-Napoca, Romania 
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of TiO2 photoactivity is depending on many factors such as: the chosen metal 
dopant, crystallinity, particles size, specific surface area, surface OH groups of 
TiO2, time of recombination between the electron-hole pair etc [7]. 

This aim of this paper is to present the preparation of 1at% cerium, 
1at% copper and 1at% iron doped TiO2 photocatalyst and some photocatalytic 
results obtained in degradation of salycilic acid.  
 

EXPERIMENTAL 
Sample preparation 
Iron, copper and cerium doped and undoped TiO2 were prepared by sol-

gel method in acid catalysis, followed by supercritical drying with liquid CO2. The 
acid catalyzed sol-gel process was carried out under normal conditions. Two 
different solutions were prepared: the first one contained 5 ml tetra-iso-propyl 
ortotitanate - TIP (Merck; >98%) in 10 ml ethanol and the second one 0.049M 
Fe (NO3)3⋅9H2O (Aldrich) or 0.098M Ce(NO3)2⋅6H2O (Aldrich), or 0.052M 
Cu(NO3)2⋅3H2O (Aldrich) dissolved in ethanol, doubly distilled water, nitric acid 
and 10 ml ethanol. After homogenizing, the first solution was quickly added to 
the second one under vigorous stirring. The corresponding molar ratios of 
Me(NO3)3/TIP are presented in Table 1. The EtOH/H2O and H2O/HNO3 molar 
ratios were 4.89 and 31.59, respectively. The resulting gels were covered and 
allowed to age for several weeks at room temperature. The solvent was then 
removed by low-temperature supercritical drying with liquid CO2, using 
homemade equipment. The aerogels obtained in this way were calcined at 773 
K for 2h in air, using a CARBOLITE furnace, and subsequently characterized. 
 

Sample characterization 
The BET surface areas (SBET) were derived from krypton physisorption 

measurements at 77 K using a home-made installation. Prior to 
measurements, the samples were degassed to 0.001 Pa at 448 K. SBET was 
calculated in the relative pressure range of 0.05-0.3, assuming a cross-
sectional area of 0.195 nm2 for the krypton molecule. 

 
Photocatalytic activity 
The photocatalytic activity of the doped and undoped TiO2 aerogels 

was determined by observing the photodegradation of the salicylic acid. 
Photodecomposition experiments were performed in a Teflon cell with a 
quartz window for UV illumination using a 250 W high pressure Hg lamp. 
The photodegradation profile was obtained by observing the concentration 
of salicylic acid, measured with a Jasco V-530 spectrophotometer. The cell 
was kept for 15 min in the dark before the degradation experiment and 
spectra measurements. The absorbance of the aliquots, withdrawn at every 
30 min of the irradiation time, was recorded at 295 nm. 
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RESULTS AND DISSCUTIONS 
Table 1 lists the specific surface area (SBET) of different transition 

metal doped TiO2 aerogels, calcined at 2h at 773 K. The biggest specific 
surface area is obtained for the undoped TiO2. Cu doped TiO2 seems to 
have the biggest SBET, between the transition metal doped TiO2 aerogels. 
 

Table 1.  
Specific surface area (SBET), and apparent rate constant for the transition metal 

doped and undoped TiO2 aerogel and TiO2 Degussa P25, calcined at 773 K for 2h 
 

Me-TiO2 Sample Me(NO3)x/TIP 
(molar ratio) 

SBET 

[m2g-1] 
103  x kapp 

[min-1] 
Fe-TiO2 1.031 65 4.16 
Ce-TiO2 0.575 63 9.75 
Cu-TiO2 0.618 80.5 6.89 

Undoped TiO2 0 131 12.9 

P25 
Degussa 0 53 2.5 

 
The evolution of the salicylic acid concentration in time for both 

doped TiO2 aerogels and TiO2 Degussa can be closely described by 
exponential curves (Fig. 1). Thus, an apparent rate constant kapp (Tabel 1) 
derived from the expression: 
 
                                              C = C0 exp(-kapp t)                                         (1) 
 
can be determined. This behavior is generally found in the photocatalytic 
degradation of organic pollutants in water. A Langmuir-Hinschelwood mechanism 
[7] with the rate proportional to the surface coverage combined with a low initial 
concentration of the pollutant leads to a pseudo first–order kinetic law [9, 10]. 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.1. Salicylic acid degradation on different photocatalysts: (a)Ce-TiO2, (b) Cu-

TiO2, (c) Fe-TiO2, (d) TiO2 Degussa P25 
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It is known that photodegradation is depending on photogenerated 
OH• radicals. The Ti4+-OH• entity is formed by a hydroxyl group which traps 
a hole [7]. The goal of doping with transition metal was for increasing the 
time of recombination between electrons and holes photogenerated. The 
place of metal ions in the TiO2 lattice can have different effects. A 
substitution position of a titanium ion with a metal ion in the TiO2 lattice is 
desired in order to reach this goal. In this case metal ion is capable to 
create traps in the band gape of TiO2 (Fig.2) and thus, the time of 
recombination of the electron hole pair is increased. Experimentally was 
revealed that metal dopants can take different forms in TiO2 matrix: 
substitution, interstitial position and/or especially as metal oxides [7, 11]. 

 
 
 
 
 
 

 
 

Fig.2. Photocatalytic mechanism of doped TiO2, in the presence of iron  
doping ions [4] 

All doped samples reveal a lower photocatalytic activity (table 1) 
comparing with the undoped TiO2. One possible explanation, as Coronade 
et al. [12] remarked on Ce doped TiO2 compared with the undoped one, is 
that the photogenerated holes are stabilized as Ti4+-O- radicals due to CeO2 
presence, which might exist in Ce-TiO2. In addition, the presence of the 
metal oxide in the transition metal doped TiO2 can be an impediment not 
only for OH groups that form on the TiO2 surface but also for the adsorption 
sites of TiO2 destined to the organic pollutants. In doped samples can exist 
a partial blockage on the surface sites available for organic pollutant. 

However, comparing Ce-TiO2 with the undoped one, can be observed 
that SBET of Ce-TiO2 is smaller than the undoped one. This could lead to the 
conclusion that the kapp of photodegradation process of the Ce doped TiO2 could 
be only due to its small SBET and not necessary due to CeO2. In this case Ce 
ions could be incorporated in the TiO2 lattice and thus, the increasing time of 
recombination of the electron – hole pair by Ce dopping could be considered. 
Ce4+ is a scavenger of electrons and the electron trapped in Ce4/Ce3+ is 
transferred to the surrounding adsorbed O2, increasing the photocatalytic activity 
of TiO2 on organic compunds. The process is described below [13]: 

 

                                                Ce4+ + e- → Ce3+                                                                (2) 
                                         Ce3+ + O2 → • O2

- + Ce4+                                   (3) 
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Fe doped TiO2 has almost the same SBET with Ce doped TiO2 but its 
potocatalytic activity is the smallest. This result is in accordance with the 
literature [3], where Fe doped TiO2 was found to have low fotocatalytic 
activity. Cu doped TiO2 presents the biggest SBET, comparing with the other 
doped samples but its photocatalytic activity is lower than that of Ce doped 
TiO2. However, all obtained TiO2 aerogels present a better photocatatytic 
activity comparing with Degussa P25 TiO2. 

Further studies are necessary to clarify the effects of surface area, 
microstructure, doping, UV-VIS absorbtion, presence of OH groups on TiO2 
surface, crystalline structurure on photocatalytic activity of doped and 
undoped TiO2  
 

CONCLUSIONS 
1at% Ce, 1at% Cu, 1at% Fe doped and undoped TiO2 aerogels were 

prepared by sol-gel method. The photodegradation process of salicylic acid on 
doped and undoped TiO2 aerogels shows a better photocatalytic activity for the 
undoped TiO2. One possible explanation is the partial blockage created on 
TiO2 surface due to the formation of metal oxides during dopping. However, 
further research has to be done in order to clarify the causes that determined 
the lower photocatalytic activity of the doped samples comparing with the 
undoped one. All obtained samples have a better photocatalytic activity 
comparing with the reference Degussa P25 TiO2 
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OLT – 35 LOW CARBON STEEL CORROSION IN PRESENCE OF 
SULFATE IONS 

 
 

ELEONORA MARIA RUS *, I. BÂLDEA *, C. CĂLIN** 

 
 

ABSTRACT .The OLT-35 low carbon steel corrosion in aqueous NaCl solutions in 
the absence and the presence of sulfate ions by electrochemical methods (cyclic 
voltammetry and polarization curves) and metallographic microscopy has been 
investigated. From the corrosion parameters values, of the studied steel/electrolytic 
systems, and the analyzed micrographs results that the OLT –35 low carbon steel 
is most susceptible for corrosion in 1.5% NaCl + 1.5% Na2SO4 solution than in 3% 
NaCl due to the decreasing of polarization resistance.  
 
Key words:  carbon steel, sulfate ions, electrochemical corrosion, polarization curves, 
cyclic voltammetry, metallographic microscopy. 

 
 
 

INTRODUCTION 
The study of electrochemical behavior of an alloy, such as low 

carbon steel OLT – 35, may give relevant information about the corrosion of 
buried steel pipes or storage tanks in various media. Such studies serve as 
a rational basis for evaluation of coating performance and determination of 
controlling parameters. 

The complexity of the corrosion processes of buried metallic structures 
results at first because of the multitude of metallic underground networks 
placed in the same environment, networks that can galvanicaly interact. 
Another factor in emphasizing the complexity of this problem is represented by 
chemical, electrochemical, biochemical, electromagnetic (stray currents) high 
pollution of the soil. The soil is a corrosive environment that has special 
characteristics from one place to another because of the variable humidity, the 
different percent of dissolved salts, various pH, the presence of 
microorganisms, the variable quantity of oxygen and stray currents presence. 

In urban areas, residual wasters, containing carbonate, chloride and 
possibly sulfate ions, may be in contact with underground pipelines, made from 
mild steel bitumen coated, electrically insulating with paint and, sometime, 
cathodically protected. Any defects on these insulations permit corrosion. 
Depending on the ion concentration, potential, pH and temperature each ionic 
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species has a different effect on the electrochemical behavior of mild low 
carbon steel. Studies of the corrosion of iron and its alloys are mainly focused 
on the effect of chloride ions [1-10]. By contrast, the literature for corrosion by 
sulfate ions is scarce [11-15]. The objective of this research was to investigate 
the electrochemical behaviour of low carbon steel OLT – 35 , in the range of 
anodic active potential of iron, in  salted aqueous solutions containing Na2SO4.  

 

EXPERIMENTAL 
Electrochemical measurements were all carried out in a three-electrode 

type cell with separate compartments for reference electrode. The counter 
electrode, separated from the main compartment of the cell by a Nafion 
membrane, was a platinum sheet of 5 cm2 in area. The working electrode was a 
disk of OLT – 35 steel (whose composition is (wt%): C 0.17, Si <0.35, Mn <0.4, 
P <0.05, S <0.05, Fe 98.98) with a surface area of 0.154 cm2. Surface of the 
working electrode was prepared by grinding abrasive paper 400 – 1200 
gradation. Next they were rinsed with distilled water and degreased with 
acetone. Before each experiment the OLT-35 steel electrode was cathodically 
polarized (for 5 minutes i.e.) in the range of hydrogen evolution potential, to 
provide a reproducible electroreduced steel surface. 

The experiments were carried out at room temperature and cquiescent 
solutions. The volume of the used experimental cell was quite large (~ 0.35 l) 
so that the concentration of eventually dissolved iron compound in the bulk of 
the solution could be neglected 

Potentials were measured vs. saturated calomel electrode (SCE) as 
reference. This was connected to the main compartment of the cell by a 
salt bridge and a Lugging capillary. 

Aqueous solution of 3% NaCl, 1.5% NaCl, a mixture of 1.5% NaCl 
and 1.5% Na2SO4 were used as electrolyte. The electrolytes solution was 
prepared from analytical grade reagents using double distillated water.  

The voltammograms at different scanning rate: 500mV/s, 200mV/s, 
100mV/s, 50mV/s in the potential range between –1.8 and -0.25 V/SCE 
with an Autolab PGSTAT 10 system were recorded.  

The instantaneous corrosion potential (εcorr), the corrosion current 
density (icorr) and polarization resistance (Rp) were determined from the Tafel 
plot using the Resistance Polarization measurement techniques developed by 
Stern et al [16]. A polarization sweep from –10 to 10 mV around the corrosion 
potential (in anodic and cathodic direction) at the scan rate of 1 mV s-1 was 
applied to OLT-35 steel electrode in studied electrolytes. The measurements 
were performed by using a SYCOPEL SCIENTIFIC – SCANING MINISTAT.  

Metallographic microscopy was used to examine the morphology and the 
nature of corrosion on the OLT-35 steel surface after immersion, for 36 months, in 
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various test solutions. The metallographic microscopy was performed with a 
NEOPHOT 21- CARL ZEISS JENA microscope with incorporated camera. 
 

RESULTS AND DISCUSSION 
Cyclic Voltammetry 
Figure 1 shows typical cyclic voltammograms for OLT –35 steel recorded 

at different scan rates in: a) NaCl 3%, b) NaCl 1.5% and c) NaCl 1.5% + Na2SO4 
1.5% solutions. Such voltammograms in steady state could be obtained after a 
few cycles (20) over the whole potential range( –1.8 and -0.25V/SCE), Fig.1 d). 
The voltammetric profile changes with the number of sweeps in this range of 
potentials and well-defined anodic and cathodic peaks appear. All 
voltammograms shows two anodic (A1 and A2) and two cathodic (C1 and C2) 
peaks. Table 1 presents the values of the main electrochemical parameters. 

 
Table 1 . 

Electrochemical parameters for OLT 35 in studied solutions 
 

 
Electrolyte 

/Parameters 

 
3% NaCl 

 
1,5% NaCl 

 

 
1,5%Na2SO4 

 

 
1,5% NaCl + 
1,5%Na2SO4 

εA1   (V) -0.910 -0.939 -0.951 -0.918 
IA1   (A)104

 7.190 3.290 1.870 4.240 
εA2    (V) -0.515 -0.535 -0.486 -0.515 

IA2   (A)104
 8.140 2.710 4.180 5.020 

|IA1/IC1 0.580 0.650 - 0.490 
|IA2/IC2| 0.960 0.930 1.130 1.000 

 
According to peaks potential values, there two processes can be 

identified [3-4]:  
Process I – corresponding to oxidation of Fe(0) to Fe(II), peak A1, 

coupled with  the reduction of Fe(II) to Fe(0), peak C1: 
 

                                 −+ ++↔+ 2e2HFe(OH)O2HFe 22                          (1) 
 

Process II – corresponding to oxidation of Fe(II) to Fe(III), peak A2, 
and to reduction of Fe(III) to Fe(II), peak C2: 
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                         ( ) −+ ++↔ eHFeOOHOHFe 2                               (2) 
 

a) 

b) 

c) 
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Figure 1.  Voltammograms recorded for OLT 35  steel in a) 3% NaCl .b) 1.5% NaCl 
and c) 1.5% NaCl +1.5 Na2SO4 solutions; d) influence of cycles number (3% NaCl) 
 

In anodic scan direction three domains can be identified: a) the 
active zone of corrosion where the anodic peak A1 can be pointed out; b) a 
relative passive zone, between –0.6 and –0.9V/ECS where appears a slow 
increase of current, so a reduced corrosion rate; c) a transpassive zone, 
over the potential value of –0.6V/ECS where the oxidation of Fe (II) to Fe 
(III ) take place (peak A2) followed  by the oxygen evolution. 

The increase of the scanning rate brings about an increase of the 
peak currents intensity in all three cases. A higher effect in the case of 
solution of 3% NaCl was observed. It results from the above figures that the 
cycle’s number not influences the voltammograms shape. 
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Figure 2.  The peak current vs. (scan rate)1/2 relations for the anodic peak A1 for 
OLT 35/3% NaCl system 
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In the present experiments, all anodic observed peaks exhibited a 
relative linear relationship between the peak current and the square root of the 
scan rate (figure 2). This suggests that the processes are diffusion rather than 
kinetically limited. 
 Adding sodium sulphate to NaCl 1.5% solution produces an increase 
of A1 and A2 anodic peaks intensity of 1.3 and 1.85 fold respectively. 
 

Polarization measurements 
The εcorr, icorr and Tafel slops were determined from the Tafel plots of 

potentiodynamic measurements by extrapolation. 
The polarization resistance (Rp) was calculated using the Stern–Geary equation: 
 

               
( ) ppca

ca
corr R

B

R

1

bb

bb

2.303

1
i =

+
⋅

=                (3) 

 

where ba and bc are the Tafel slopes. 
The corrosion rate, vcorr(mg/cm2·h), was also calculated from the 

corrosion current, icorr (A/dm2 ), using Faraday’s law: 
 

                                               
z26,8

Ai
v corr

corr ⋅
⋅

=                                                    (4) 

 

where 26.8 is the Faraday constant, A the average atomic weight of steel, z 
the number of electrons exchanged by metal ion (z = 2). 

Figure 3 shows Tafel plots of OLT –35 steel  in studied electrolytes. 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 3.  Polarization curves of OLT- 35 steel in: NaCl 3% (-○-);NaCl  

1.5% (-●-) and NaCl 1,5% + Na2SO4 1,5% (- ∆ -) 
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On the polarization curves of OLT- 35 in 3% NaCl solutions as well as 
in chloride and sulphate mixture, linear domains on the anodic and cathodic 
branches can be observed. The analysis of these curves reveals that, in all 
studied electrolytes, the corrosion of OLT –35 steel takes place by a kinetic 
control by the charge transfer typical reaction [ 5 ].  
 

 Table 2.  
Corrosion parameters for OLT 35 in studied solutions 

 

 
Electrolyte 

/Parameters 
 

 
3% NaCl 

 
1.5%NaCl 

 
1.5% NaCl + 1.5% 

Na2SO4 

Icorr x102
 [mA/cm2] 2.63 2.18 7.07 

εcorr
 [mV/ECS] -620 -555 -580 

ba [mV/dec] 190 185 180 
bc [mV/dec] 160 195 280 
Rp(kΩ cm2) 1.424 1.890 0.673 

Vcorr x102
 [mg/cm2h] 2.74 2.27 7.38 

 

The polarization parameters (table 2) shows that the OLT –35 steel  
is more corrodible in 1.5% NaCl + 1.5% Na2SO4 solution than in 3% NaCl 
due to the decreasing of polarization resistance.  

The higher corrosion rate in the mixture of salts, in our experiments, 
suggests that Na2SO4 acts as a corrosion accelerator.  
 

Metallographic microscopy 
Samples surfaces aspects obtained by metallographic microscopy 

are presented in the figure 4. 
 

       
                     a)                                                       b) 

Fig.4 . Micrographs of the corroded surface of the OLT- 35 steel in the 
presence of a) NaCl 3%, b) mixture of NaCl 1,5% + Na2SO4 1,5% 
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The metallographic microscopy observations confirms, by the higher 
localized attack of the metal surface (Fig.4 b) that NaCl 1,5% + Na2SO4 
1,5% mixture solution is more aggressive than NaCl 3%.  

Micrographs recorded for OLT- 35 steel in NaCl 3% solution denote a 
relative generalized corrosion, with a thickness of the corrosion products layers 
around 0, 2 mm. No rusts are seen from the micrograph. The surface 
morphology of the samples immersed in mixture of NaCl 1, 5% + Na2SO4 1, 
5% solution is different. Localized corrosion takes place, in the plague forms, 
with larger depth and diameters, on the most of the surface.  Dark green rust 
was observed on the electrode surface.  

According to Genin et al. [17] the green rust may be a transient compound 
with the following formula: 4Fe(OH)22FeOOH.FeSO4.nH2O, with n of probable 4 
value. The formation of a passive layer may be considered according to: 
 
      4Fe(OH)22FeOOH.FeSO4 + 2 H2O = 7 γFeOOH + SO4

-2 +7H+ +5e-    (5) 
 

Although the surface oxidation in the presence  of sulfate ions induces 
the formation of a passive film, the precipitation of a sulfate product alone can 
not protect the steel against localized attack or uniform dissolution. 

These are confirmed by the surfaces aspect of the samples 
macroscopically analyzed with the help of a magnifier [18], Fig. 5. 

 

   
  a)                                                                 b) 
Fig.5.  The aspect of the corrosion products formed on the OLT 35 carbon steel in 1.5 

% NaCl + 1.5% Na2SO4: a) before and b) after removing the corrosion products  
 

CONCLUSIONS 
Results of this investigation showed that buried pipeline systems made 

from OLT – 35 low carbons steel in presence of sulfate ions will develop 
surface corrosion problems. 

By analyzing the corrosion parameters values, obtained from 
electrochemical measurements, a greater susceptibility for corrosion of 
OLT – 35 low carbons steel in presence of sulfate ions was demonstrated. 

A good agreement between electrochemical measurements results 
and surface morphological studies was observed. 

A relatively uniform corrosion for samples immersed in NaCl solutions 
was observed in comparison with those exposed in a mixture of NaCl + 
Na2SO4 where the localized corrosion is predominant.  
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The metallographic microscopy shows that a NaCl + Na2SO4 mixture 
solution is more aggressive than NaCl solution. This fact is confirmed by the 
higher localized attack of the metallic surface which is covered by corrosion 
defects (pitting and plague type with higher depth and diameters).  
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DETERMINATION OF TOTAL ACID CONTENT IN WINE BASED  
ON THE VOLTAMMETRIC REDUCTION OF 1,4-BENZOQUINONE 

 
 

MIHAELA RALUCA CIUMAG, MARIA JITARU* 
 
 
ABSTRACT. In this work, voltammetric determination of the total acid content in wine was 
made, by measuring the reduction prepeak current of p-benzoquinone (BQ). This prepeak 
is due to the presence of acids in unbuffered ethanol medium. The simple system of p-
benzoquinone was found to be suitable for this determination, because of its reduction 
potential, stability and solubility in ethanol containing organic acids. On the voltammograms 
of BQ, obtained in standard synthetic ethanolic solutions of organic acids, such as tartaric, 
citric and acetic, a well-defined single prepeak appeared during the cathodic potential 
scan. Its height was proportional to the total acid concentration. The values of total acid 
content of 5 wine samples and of a vinegar sample were determined by the present 
method, which is superior in sensitivity and requires a very small volume of wine sample 
compared to the conventional potentiometric titration method.  
 
 
Keywords: voltammetry, total acid determination, wine, quinone 
 
 
 
Introduction 
In wines are present various organic acids, such as tartaric, malic, citric 

and acetic acid. Acid content doesn’t rest unchanged in time, it changes during 
the fermentation of grape juice. Total acid content is expressed in terms of “total 
acidity” or “total acid” and serves as an indicator of wine taste and aroma. Total 
acid determination is essential for the control of fermentation and quality of wine.  

Titration with NaOH using phenolphthalein as an indicator is the official 
method for total acid determination in wine [1]. But the results are not always 
satisfactory owing to vagueness of the indicator colour change, especially for 
the red and rose wines. Potentiometry is thus strongly recommended as an 
alternative method, in which the end point is defined as alkali consumption up 
to a given pH, e.g., pH 7 in the European standard method. The acidity 
corresponding to the alkaline consumption is called “titratable acidity”. Though, 
pH values at the end points differ from wine to wine and so, the accuracy of 
the results may be affected. Thus it was needed a more sensitive, simple and 
rapid method to be found for the total acidity of wines determination.  

S. Ohtsuki and Co. developed a new voltammetric method for 
determining the total acid content in wine, based on the fact that acids in 
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unbuffered ethanol solutions of 3,5-di-t-butyl-1,2-benzoquinone (DBBQ) 
gave rise to a new peak (termed the prepeak) on a voltammogram at more 
positive potentials than that corresponding to the normal reduction peak of DBBQ. 
The total acid content of wines was determined from the prepeak height [2].  

Same as wines, vinegar also contains various organic acids and acidity 
quality control is necessary in order to produce vinegar. Normally, the titratable 
acidity of vinegar is to be around 9% in Romania. Therefore, an acidity 
determination is essential to control the fermentation and quality of vinegar.  

The same team of researchers established also a new method for the 
determination of titratable acidity in vinegar, based on the same principle like 
the determination of wines total acidity: the reduction prepeak of 3,5-di-t-butyl-
1,2-benzoquinone due to the presence of acids in unbuffered solution [3].  

The previous studies made by Ohtsuki et all involved a quinone with a 
complicated structure, and therefore not advantageous economically 
(expensive enough). In the present study, the total acid content determination 
was made by voltametry using one of the most common quinones: 1,4-
benzoquinone and a classic three-electrode electrochemical cell.  

 
Experimental 
Reagents and solution preparation 
Red and white wines examined were obtained from commercial 

sources. 1,4-Benzoquinone (BQ, 98%) was from Merck. 
Ethanol (95%, Reagents SRL) solution containing 0,1 M LiClO4 

(98%, Fluka) was used as the supporting electrolyte. BQ solution was 
prepared by dissolving an appropriate amount of BQ (98%, Merck) in the 
supporting electrolyte to a concentration of 3 x 10-3 M. Test solutions were 
made by adding 500 µL of wine to the BQ solution (40 mL). 

Reagent grade tartric acid, citric acid (anhydrous, >98 %) and acetic 
acid (99, 8%, Primexchim) were used to prepare standard acid solutions by 
diluting with the BQ solution. 

 
Apparatus 
Voltammetric measurements were made using a potentiostat-

galvanostat system – BAS 100B (Bioanalytical Systems, USA) with the 
specific software BAS 100W and a classic three-electrode electrochemical cell. 
The electrochemical cell is comprised of a cell bottom of 20 mL capacity and a 
plastic cell top. A working electrode of vitreous carbon (2 mm diameter), an 
Ag/AgCl reference electrode and a platinum plate auxiliary electrode were 
inserted through the cell top into the cell. The pH measurements for the wines 
were made with a pH-meter Basic 20 from Crison. 
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Procedure 
Cyclic voltammetry and linear sweep potential voltammetry were 

performed in the usual way with a potential sweep rate of 5 mV/s at 25º C. 
The sensitivity is 10 µA/V and the domain of potential was established after 
several determinations: -400 to 400 mV vs. Ag/AgCl. During the 
voltammetry determination, a salt bridge for the protection of the reference 
electrode Ag/AgCl was used. 

 
RESULTS AND DISCUSSIONS 
Choice of quinone reagent 
In the study of Ohtsuki [2] a substituted quinone has been used, 3, 

5-di-t-butyl-1, 2-benzoquinone (DBBQ). This quinone gave a well-defined 
reduction prepeak and it proved a good stability in ethanol solution in time, 
but we supposed that the simple benzoquinones can be used  too. We 
choose the 1, 4-benzoquinone, one of the most simple quinone systems, 
for the present study, for economical reasons for the study of a cheaper 
way to apply this method of total acid content determination.  

To avoid overlap of the prepeak and the reduction peak of dissolved 
oxygen in the solution, use of quinones reduced at potentials more positive 
than -0,4 V (vs. Ag/AgCl) is desirable. p-Benzoquinone reduces at a 
potential more positive than -0,4 V vs. Ag/AgCl, so that dissolved oxygen 
causes no interference in measuring the prepeak height. The stability of BQ 
in ethanol was demonstrated by time-course measurements of absorption 
UV-Vis spectrum  (λ1 = 244 nm, log Є1 = 4.3; λ2 = 279 nm, log Є2 = 2.8; λ3 = 
430 nm, log Є3 = 1.3). 

 
Acid determination in synthetic solutions, based on the 

voltammetric reduction of BQ 
Following the addition of tartaric acid into the BQ solution, a prepeak 

appeared at a potential more positive than that corresponding to the original 
reduction peak, as shown in figure 1 and 2. The preapeak of benzoquinone 
reduction in presence of tartaric acid occurs at 0.1 V vs. Ag/AgCl. 
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Fig.1. Cyclic voltammograms of 3x10-3 M 1,4-benzoquinone in absence (a) and in 
presence (b) of 1,2x10-3 tartaric acid in ethanol containing 0,1 M LiClO4. WE: VC, 

RE: Ag/AgCl, CE: platinum plate; scan rate: 5mV/s 
 
The prepeak height was found to be proportional to the tartaric acid 

concentration from 5x10-4 M to 1.5x10-2 M with a correlation coefficient of 
0,996. The relative standard deviation (RSD) of the prepeak height 
obtained with 5x10-4 M tartaric acid was 2% (n = 5). 

 Electrochemical reduction of quinone in amphiprotic solvents 
is known to involve a two-electron transfer coupled with a two-proton 
transfer to form the corresponding hydroquinone. In previous studies of 
proton donor effects on the voltammetric reduction of quinone in an 
unbuffered solution [2], the prepeak current was found to be controlled by 
the diffusion of the acid in the electrolyte solution to the electrode surface. 
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Fig.2. Linear sweep voltammograms of 3x10-3 M 1, 4-benzoquinone in absence (a) 
and in presence (b) of 1.2x10-3 tartaric acid in ethanol containing 0.1 M LiClO4. WE: 

VC, RE: Ag/AgCl, CE: platinum plate; scan rate: 5mV/s 
 
The electrolysis of quinone at the prepeak potential demonstrated 

that hydroquinone was likewise produced through a two-electron reduction 
process, although the electrolysis potential was more positive than the 
normal reduction potential [4]. Based on this fact, the occurrence of the 
prepeak can be ascribed in the increased availability of protons from the 
added acid compared to solvent molecules. This results in a lowering of the 
free energy for the reduction process, leading to a reduction potential shift 
in the positive direction depending on the acid strength [4 – 6]. 

Addition of various carboxylic acids to individual BQ ethanol 
solutions gave rise to a single prepeak at -0.22 to 0.05 V (vs. Ag/AgCl), as 
shown in figure 3 and 4. In all cases, each acid concentration was the 
same, but the prepeak height differed according to the number of protons 
available for the transfer. For the citric acid, the preapeak occurs at -0.2 V 
vs. Ag/AgCl and for the acetic acid, the reduction prepeak occurs at 0.05 V 
vs. Ag/AgCl. The prepeak of BQ in presence of acetic acid is less visible, 
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probably due to the more reduced electrosorbtion of acetic acid at the 
surface of the electrode, compared to the tartaric and citric acid. 
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Fig.3. Cyclic voltammograms of 3x10-3 M 1,4-benzoquinone in absence (a) and 
presence of 1,2x10-3 citric acid (b) and 1,2x10-3 tartaric acid (c) in ethanol containing 0.1 

M LiClO4. WE: VC, RE: Ag/AgCl, CE: platinum plate; scan rate: 5mV/s 
 

The prepeak height was found to be linearly related to the equivalent 
concentration for the acetic acid ranging from 5x10-5 M to 2,5x10-3 M, with a 
correlation coefficient of 0,998. The equation of the calibration curve for 
tartaric acid is: y = -3,7107x – 0,571. The relative standard deviation (RSD) 
of the prepeak height obtained with 5x10-4 M acetic acid was 1,6% (n = 5). 

The occurrence of a prepeak current in the case of benzoquinone 
reduction in an unbuffered medium in presence of an organic acid does not 
depend on the nature of the acid. Though, the nature of the acid can 
influence the position and the prepeak form. The preapeak current has a 
linear variation with the acid’s concentration for a domain of concentrations 
large enough. These concentrations are to be found within the limits of the 
acid’s usual concentrations in wines. In this case, the calibration curve 
found for the tartaric acid can be used successfully for determining the 
acidity of real wine samples. The calibration curve for the acetic acid can be 
also successfully used for determining the acidity of vinegar. 
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Fig.4. Cyclic voltammograms of 1.2x10-3 acetic acid in absence (a) and in 

presence of 3x10-3 M 1,4-benzoquinone (b) in ethanol containing 0.1 M LiClO4. 
WE: VC, RE: Ag/AgCl, CE: platinum plate; scan rate: 5mV/s 

 
Total acid determination of wine 
Various acids contained in wine gave rise to a prepeak on the 

voltammogram of BQ. By the addition of 500 µL of wine to 40 mL of the BQ 
solution, a prepeak occurred. The total acid content in wine is calculated, based 
on the calibration curve obtained for the tartaric acid. The total acid content 
should be converted to the concentration of tartaric acid (g/10 mL), according to 
the definition of the total acidity of wine in the official analytical methods.  

The present method was applied to the total acid determination of 5 
different kinds of wines, and the results are listed in table 1. For each kind of 
wine 5 determination were performed and the RSD is for all of them under 2%. 
For comparison pH measurement is showed also (table 1). However, total acid 
content may not always be closely related with pH values, since the latter 
reflects the hydrogen ion activity in the acid mixture solution. 
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Table 1.  
Total acid content in wine, as tartaric acid 

 

                           Wine       pH Total acid content 
(x10-2 g/10 mL) 

Red, Pinot Noir, 2006      3,35            5,78 
Red, Pinot Noir, 2003      3,55            5,53 
Red, Feteasca Neagra, 1999      3,30            6,22 
White, Chardonnay Koşer Pesah, 2003      3,18            6,19 
White, Aiud producer, 2006      3,25            7,09 
 

The concentration of acetic acid in 9% vinegar was also verified, 
based on the calibration curve of acetic acid. The concentration value for 
the acetic acid found by voltammetric determination is 9,08%, value very 
close to the real one (known). The relative standard deviation (RSD) of the 
prepeak height obtained was 1,62% (n = 5). 

 
CONCLUSIONS 
The present method was shown to be practically useful for determining 

the total acid content in wine and vinegar. The method is straight forward and 
simple to use. Dissolved oxygen in the test solution has no effect on the 
measurement of the prepeak height, leading to a considerable reduction of the 
operation time. Also, sample colour and turbidity cause no interference on the 
analytical results. This methods is sensitive and accurate, it requires small 
sample volumes (500 µL) and the RSD values are less than 2 %. Determination 
of total acid content of wines and vinegar by electrochemical reduction of 
quinones has the advantage of the electrochemical methods – rapidity, 
sensitivity, precision and not last – it is an environmental friendly method.  

As perspectives, it is envisaged to use this method as a suitable 
alternative for titratable acidity determination, not only in wine and vinegar, 
but also in food, fruit, alcoholic and non-alcoholic beverages.  
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ABSTRACT. In this study we considered the possibility to remove iron and zinc ions from 
electroplating wastewaters using a clay mineral (bentonite). We worked with a bentonite 
cropped from Valea Chioarului, Maramures County, Romania, deposit. The bentonite 
sample was characterised by means of surface specific area (BET), chemical 
analysis, X-ray diffraction, scanning electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDS) and Fourier transformed infrared (FTIR) spectroscopy. Electroplating 
wastewaters provided by SC BETAK SA Bistrita, with an initial iron and zinc content of 
1100.7 g Fetotal/dm3 and 126.8 g Zn2+/dm3 respectively, and a pH of 0.5, were used. The 
heavy metal ions removal process was realised in a batch reactor (static regime) using a 
micronised bentonite sample (d < 4.5 µm). This type of bentonite proved to be efficient in 
the iron and zinc ions removal (100% removal efficiency).  

 
Keywords: Clay mineral, bentonite, montmorillonite, electroplating wastewaters, zinc 
ions, iron ions. 

 
 
 

1. INTRODUCTION 
Galvanic plating workshops consume a great amount of water in the 

technological process (plating, acid treatment) as well as in the plated pieces 
washing process. The most important wastewaters containing heavy metal 
ions resulted in the technological process are used electrolytes (concentrated 
solutions) and acid washing solutions (semi-concentrated solutions).1,2 These 
waters will have a high content of heavy metal ions and low pH values.1 In the 
last years, the problem of re-utilisation of these waters, after a proper 
treatment, became an important issue.2 The classical technology applied in the 
majority of the industrial units, is dilution until the maximum allowable 
concentration is reached. Taking in account the increasing number of galvanic 
plating workshops, this classical technology reached its limits.  
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Heavy metal ions can be removed from wastewaters using physical, 
chemical and electrochemical methods. A variety of methods such as 
precipitation, solvent extraction, vacuum evaporation, membrane 
technologies (microfiltration, ultrafiltration, reverse osmosis), adsorption 
and ionic exchange, electrolysis, or electrodialysis are available.3-14 

Due to the high toxicity of the heavy metal ions (zinc, lead, 
cadmium, etc.) maximum allowable concentrations for discharging in 
surface water streams are very small.15 In order to achieve the maximum 
allowable concentrations imposed for discharged waters according to 
specific legislation, combined methods are frequently used.   

The usage of natural mineral raw materials (zeolitic volcanic 
tuffs, clays, porous silicatic rocks etc), even if feasible, is still 
approached only as research proposals, as a result of the incomplete 
knowledge on their amounts, quality and behavior, and especially on 
the possibilities of their regeneration after technological usage. 
 On a global scale, clays (clay minerals), besides the zeolites proved 
to be very suitable materials for various industrial activities (special building 
materials, ceramics, etc.).  

Clay minerals are aluminium hydrosilicates, crystallized in monoclinic 
system, characterized by planar reticular structures. Stratified structure of 
mineral clays is determined by the combination in one reticular plan (structural 
unit) of two cationic layers, one layer in which silicon is coordinated tetrahedric 
with O⋅OH (tetrahedric level Te) and one layer in which aluminium is 
coordinated octahedric with O⋅OH (octahedric level Oc). These layers are 
bonded between them with van der Waals bonds forming the structural unit. 
According to the numbers of Te and Oc layers, clay minerals are classified in 
1Te:1Oc (eg. kaolinite), 2Te:1Oc (eg. montmorillonite) and 2Te:2Oc (eg. 
chlorite). The layered structure of the clay minerals and presence of 
isomorphous replacement of Si4+ with Al3+ (negative charge compensated by 
Na+, K+, Ca2+ and/or Mg2+) determines their main properties: hydration, 
swelling, water and organic compounds adsorption and ionic exchange 
capacity.1,16 Clays have been found a large applicability also in depollution 
processes, purification of urban and industrial residual waters, protection of 
waste disposal areas or purification of industrial gases.17-19 

  Clay minerals of different types and with different modifications 
(organic modified, immobilised) were widely studied in the heavy metal ions 
removal processes from wastewaters. Between the clay minerals used to 
remove heavy metal ions from wastewaters, bentonite (Ca-, Na- or organic 
modified bentonite) and kaolin were mainly studied.9-11,20-29 

Bentonite is a material composed of clay minerals, predominantly 
montmorillonite with minor amounts of other smectite group minerals, 
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commonly used in drilling mud. Montmorillonite forms from weathering of 
volcanic ash, most often in the presence of water.  
 Montmorillonite is a phyllosilicate mineral, member of the smectite 
family, consisting of two tetrahedral layers and one octahedral layer (2Te:1Oc). 
The silicate tetrahedral layers have a slight negative charge (due to 
replacement of silicon atoms with Al, Mg and sometimes with Fe atoms) that is 
compensated by exchangeable ions in the intercrystallite region. The charge is 
so weak that the cations (in natural form, predominantly Ca2+, Mg2+ or Na+ 
ions) can be adsorbed in this region with their hydrated shell. The extent of 
hydration produces intercrystalline swelling. Bentonite presents strong colloidal 
properties and its volume increases several times when coming into contact 
with water, creating a gelatinous and viscous fluid.  The special properties of 
bentonite, with its main component smectite, hydration, swelling, water 
absorption, viscosity, tixotropy, make it a valuable material for a wide range of 
applications. Worldwide complex research work on clays evidenced a large 
range of usages based on the specific properties of clay minerals. The most 
important properties of bentonites are adsorption and ionic exchange capacity, 
properties which gives them exceptional qualities related to environmental 
protection technologies.30-45  

In Romania, large bentonite deposits are known from the 
Transylvanian Depression or the extra-Carpathian area.  

This paper presents the results obtained using a Valea Chioarului 
(Maramures County) bentonite sample, within the framework of an ample 
study regarding the uses of some clay minerals (different occurrences) from 
Romania, in wastewaters treatment. This bentonite sample was 
characterized and used to remove iron and zinc from wastewaters. 
 

2. EXPERIMENTAL 
2.1. Bentonite compositional and structural investigations 

 A representative sample of crude bentonite, (d < 4.5 µm), from Valea 
Chioarului (Maramures county) deposit was characterised by means of surface 
specific area (BET), X-ray diffraction, chemical analysis, scanning electron 
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier 
transformed infrared (FTIR) spectroscopy.  
 

2.2. Operating conditions 
 For the iron and zinc removal study we used electroplating wastewaters 
from SC BETAK SA Bistrita with an initial iron and zinc content of 1100.7 g 
Fetotal/dm3 and 126.8 g Zn2+/dm3 respectively and a pH of 0.5. These waters were 
neutralised (from pH = 0.5 to 7.3), filtered and diluted hundred times. After these 
procedures the concentrations of the water sample (the initial concentration for the 
removal process) were 636.8 mg Fetotal/dm3 and 833.3 mg Zn2+/dm3. Determination 
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of zinc and iron ions in wastewaters was realised using a Jenway 6305 UV/VIS 
spectrophotometer after a prior centrifugation. Zinc determination was made at 
420 nm (potassium ferrocyanide), while for iron we worked at 510 nm (ortho-
phenantroline), according to Romanian standards.46,47 The concentration and 
efficiency values calculated in this paper have to be looked as according to the 
precision limits of the determination methods. Experiments were carried out 
without any modification of temperature (room temperature).  
 The heavy metal ions removal process was realised in a batch 
reactor in static regime using 20 g of bentonite (d < 4.5µm) and 100 ml 
wastewater (bentonite : solution ration, 2:10).  
 The evolution of the wastewater treatment process was followed by 
means of variation of ions concentration in time, heavy metal ions removal 
efficiency (calculated from values of ions concentration at a moment t and 
initial concentration) and adsorption capacity (iron and zinc uptake). 
 

3. RESULTS AND DISCUSSIONS 
3.1. Petrographic results 
The bentonite from Valea Chioarului (VCh) is usually greasy and has 

grey-greenish colour, and locally could be whitish or yellowish. The bentonite 
formed by hydrothermal alteration of an acid rock (rhyolite). Relicts of primary 
rhyolite structure are often present. From mineralogical point of view, the 
bentonite from Valea Chioarului ore contains montmorillonite (72-80%) and 
feldspar, micas, quartz and opaque minerals in lower quantities. The colloidal 
fraction contains 97-98.5% montmorillonite and 1.5-2.5% cristobalite.17,48,49 

BET specific surface area was determined to be 57.6 m2/g. 
The X-ray diffraction diagram performed on random powder 

(Siemens Bruker, Cu Kα anticathode, 10° to 70° 2 θ, 2 degrees step) of the 
whole material indicated the massive presence of Na-montmorillonite, 
characterised by a (001) reflect at about 12.5 Å associated with a few 
percents of halloysite and/or kaolinite (in < 2 µ fraction), and cristobalite, 
quartz and feldspar in bulk sample (figure 1). Cristobalite generation was 
caused by the excess of silica resulted from the montmorillonitization 
process of the volcanic glass. 
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Figure 1. Powder X-ray diffractogram of a bentonite sample from Valea Chioarului 
(Maramures County); M=montmorillonit, Cr=cristobalit (silice), Bi=biotit, H=haloysit. 

 
Surface morphology and local composition were established using 

SEM images, recorded with a scanning electron microscope JSM-5600 LV 
(JEOL), and EDS graphs, recorded with an Oxfrod Instruments EDS 
spectrometer. SEM images of the bentonite sample, figure 2, points out a 
gradual devitrification of the ground mass and the neoformation of smectite 
minerals. On the EDS spectra of the bentonite, figure 3, we could identify 
the elements forming the main structure of the clay mineral – Si, Al, Na and 
O – and also the accompanying elements – K, Ca, Mg, Fe, Ti, confirming 
the Na-montmorillonite type for our sample.  
 

 
 

Figure 2. SEM image of a Valea Chioarului (Maramures County) bentonite sample. 
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Figure 3. EDS spectra of a Valea Chioarului (Maramures County) bentonite sample. 
 

The bulk chemical composition of the bentonite, table 1, indicates a 
very high content of silica, a low content of iron oxide and a higher content 
of Na as compared with other bentonite occurrences from Romania. 

 
Table 1. 

Chemical composition of the bentonite sample from Valea Chioarului 
(Maramures County). 

 
Oxides, [%] SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O L.O.I. 

VCh 70.71 0.31 13.90 1.48 3.35 0.60 2.20 0.55 6.90 
 
Examination of the infrared spectra, recorded with a FTIR Jasco 6100, 

resolution 2 cm-1, of the bentonite sample, figure 4, indicates the presence of 
specific bentonite peaks,50-54 as follows: 3620.21 cm-1 – stretching vibrations of 
isolate hydroxyls and OH less firmly bond to the tetrahedrical outer layer, 
3435.08 cm-1 – stretching vibrations of the structural OH and also the hydration 
water, 1632.45 cm-1 –  angular deformation of hydroxyls from adsorbed water 
molecules (held in interlayers), 1089.58/1037.51 cm-1 – main bands 
corresponding to the stretching vibrations of Si,Al-O and 467.17/520.68 cm-1 
angular deformations of Si-O-M bonds (M can be Al, Na, Fe).  
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Figure 4. FTIR spectra of a Valea Chioarului (Maramures County) bentonite sample. 
 
 3.2. Heavy metal ions removal results 
 Evolutions of iron and zinc concentrations in static regime on the 
bentonite sample are presented in figure 5.  

The heavy metal ions concentration drastically drops from the initial 
636.80 mg Fetotal/dm3 and 833.33 mg Zn2+/dm3, to 46.88 mg Fetotal/dm3 and 

2.68 mg Zn2+/dm3 respectively during the first 24 hours. After 48 hours zinc 
concentration drops to 0, while in case of iron the same thing happened after 
72 hours. Therefore the values for removal efficiency are 100% in both cases. 
Evolution of the removal efficiencies values during the removal of heavy metal 
ions process is presented in figure 6. The efficiencies increase from 0 to 
99.68% and 92.64% in 24 hours for zinc and iron respectively, reaching 100% 
after 48 hours for zinc and 98.17% for iron. After 72 hours the removal 
efficiency reached 100% for iron also.  
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Figure 5. Concentration of zinc and iron ions as a function of time during the 

removal process. 
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Figure 6. Variation of the removal efficiency during the zinc and iron ions 

adsorption process.  
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Figure 7. Maximum zinc and iron uptake on a bentonite sample from Valea 

Chioarului (Maramures County); static regime, 2:10. 
 

If we compare the ionic uptake for iron and zinc, figure 7, it is easy 
to observe that zinc ions are adsorbed in a higher quantity, respecting the 
rule according to which, when two ions with similar charges exist in a 
solution, the one with the highest concentration will be adsorbed 
preferentially. The maxiumum values calculated for the ionic uptake are 
4.17 mg Zn2+/g solid and 3.18 mg Fetotal/g solid. 
 

4. CONCLUSIONS  
The heavy metal ions removal process took place with good results on 

the Valea Chioarului (Maramures county), Romanian bentonite sample, 
therefore the natural material (clay mineral) is considered to be an appropriate 
material to remove iron and zinc ions from electroplating wastewaters.  
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The ionic exchange experiments in static regime demonstrate that 
iron and zinc ions are hindered with high efficiencies. The ionic exchange 
efficiencies reached 100% value for both ions, faced to the initial concentration, 
in 48 and 72 hours for zinc and iron respectively. 
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ABSTRACT. The synthesis and the stereochemistry of some new 2,4,8,10-
tetraoxaspiro[5.5]undecane derivatives are reported. The structural analysis carried out 
using NMR investigations revealed the anancomeric structure of the compounds and 
the influence of the chirality of the spirane skeleton.  

 
 
 

INTRODUCTION 
 Many spiro and polispiro compounds with saturated six-membered 
rings were studied in connection with their structural behavior.1-10 The 
investigations of these compounds revealed the helical chirality of the 
spirane skeleton and the anancomeric or flipping conformational behavior 
of the compounds in correlation with the nature of the substituents located 
at the extremity of the spirane skeleton.1-4,10 In polyspirane the helix turns 
identical with itself after each fourth six-membered ring. Many spiro 1,3-
dioxane compounds, derivatives of pentaerythritol were synthesized for 
various applications in material sciences,11 as chiral reagents,12 and drugs13.  
 We considered of interest to obtain new derivatives with larger 
aromatic moieties and to investigate the influence of the aromatic part on 
the stereochemistry of the heterocyclic compounds.  
 

RESULTS AND DISCUSSIONS 
New 2,4,8,10-tetraoxaspiro[5.5]undecane derivatives were obtained 

by the condensation reaction of pentaerythritol with appropriate aromatic 
aldehydes (Scheme 1). 
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 The structural analysis was carried out using NMR investigations. The 
spectra of compounds 1-4 exhibit different signals for the axial and equatorial 
protons of the 1,3-dioxane rings (Table 2) and prove the anancomeric structure 
of these compounds. On the other side positions 1(11) and 5(7) are 
diastereotopic as a consequence of the chirality of the spirane skeleton. 
 The conformational equilibrium involving the heterocycles is shifted 
toward the conformer exhibiting the aryl group in equatorial orientation and 
the stable enantiomers of the compound are shown in Scheme 2. 
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 The equatorial preference of the naphthyl groups is in agreement 
with the high conformational enthalpy of the aromatic substituents located 
at the position 2 of the 1,3-dioxane rings14-16. 
 

Table 2.  
NMR data for compounds 1-4 

 
1(11)-H 5(7)-H Compound/Solvent 

ax. eq. ax. eq. 
1/ CDCl3 3,91 4,93 3,71 3,88 

2/ (CD3)2SO 3,80 4,18 3,65 3,80 
3/ (CD3)2SO 4,25 4,80 3,98 3,98 
4/ (CD3)2SO 3,96 4,88 3,80 3,96 

 
CONCLUSIONS 
Spiranes with aromatic substituents at the extremities of the spirane 

skeleton exhibit anancomeric structures. The aromatic groups prefer the 
equatorial orientation. Despite the size of the naphtalene ring and of the 
substituents located on it, the rotation of the naphtalene unit is not hindered.  
 

EXPERIMENTAL 
1H-NMR (300 MHz) spectra were recorded at rt in CDCl3 or in 

(CD3)2SO on a Bruker 300 MHz / 400MHz spectrometer, using the solvent 
line as reference.  

Melting points were measured with a Kleinfeld melting point 
apparatus and are uncorrected. Chemicals were purchased from Aldrich or 
Acros and were used without further purification.   
 

General procedure for the synthesis of compounds 1-4 
 (25 mmol) pentaerythritol and (50 mmol) aromatic aldehyde with 
catalytic amounts of p-toluenesulphonic acid (0.1 g) were solved in 150 mL 
benzene. The mixture was refluxed and the water produced in the reaction 
removed using a Dean-Stark trap. When 80 % of the water had been 
separated, the mixture was cooled to room temperature and the catalyst 
was neutralized (under stirring 0.5 h) with Na2CO3 powder in excess (1 g). 
After filtration, the solvent was removed and the crude products were 
purified by crystallization from ethanol or methanol.  

 
3,9-Bis-(biphenyl)-2,4,8,10-tetraoxaspiro[5.5]undecane 1 
White solid, m.p.=217-219°C, yield 47.3%. C 31H28O4 (464.56), calc. 

80.15 C, 6.08 H, found 80.04 C, 6.27 H. 1H-NMR  (300 MHz,CDCl3, δ ppm  ): 
3.71 (2H, d, J = 11.5 Hz, 5,7-Hax), 3.88 (2H, dd, J = 11.5 Hz, J = 2.4 Hz, 5,7-Heq), 
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3.91 (2H, d, J = 10.4 Hz, 1,11-Hax), 4.93 (2H, dd, J =  10.4 Hz, J = 2.4 Hz, 
1,11-Heq), 5.55 (2H, s, 3,9-H), 7.20-7.80 (18 aromatic H, overlapped peaks) 
 

3,9-Bis-(5-nitro-1-naphthyl)-2,4,8,10-tetraoxaspiro[5.5]undecane 2 
Yellow solid, m.p.=255-258°C, yield 55.2%. C 29H30N2O8 (534.56), calc. 

65.16 C, 5.66 H, 5.24 N, found 64.70 C, 5.90 H, 4.90 N. 1H-NMR (300 MHz, 
(CD3)2SO, δ ppm  ): 3.65 (2H, d, J = 11.0 Hz, 5,7-Hax), 3.80 (4H, overlapped 
peaks, 1,11-Hax, 5,7-Heq), 4.80 (2H, d, J = 11.0 Hz, 1,11-Heq), 5.60 (2H, s, 3,9-H), 
7.50-8.40 (12 aromatic H, overlapped peaks) 
 

3,9-Bis-(8-nitro-1-naphthyl)-2,4,8,10-tetraoxaspiro[5.5]undecane 3 
Yellow solid, m.p.=178-180°C, yield 60.8%. C 29H30N2O8 (534.56), calc. 

65.16 C, 5.66 H, 5.24 N, found 65.30 C, 5.70 H, 5.10 N. 1H-NMR  (300 MHz, 
(CD3)2SO, δ ppm  ): 3.98 (4H, overlapped peaks, 5,7-Hax, 5,7-Heq), 4.25 (2H, d, 
J = 10.4 Hz, 1,11-Hax), 4.80 (2H, d, J = 10,4 Hz, 1,11-Heq), 6.25 (2H, s, 3,9-H), 
7.70-7.80 (12 aromatic H, overlapped peaks). 
 

3,9-Bis-(5-nitro-2-naphthyl)-2,4,8,10-tetraoxaspiro[5.5]undecane 4 
White-yellow solid, m.p.=210-212°C, yield 48.8%. C 29H30N2O8 (534.56), 

calc. 65.16 C, 5.66 H, 5.24 N, found 65.20 C, 5.50 H, 5.10 N. 1H-NMR (400 
MHz, (CD3)2SO, δ ppm  ): 3.80 (2H, d, J = 11.2 Hz, 5,7-Hax), 3.96 (4H, 
overlapped peaks, 1,11-Hax, 5,7-Heq), 4.88 (2H, d, J =  11.4 Hz, 1,11-Heq), 
5.71 (2H, s, 3,9-H), 7.75 – 8.78 (12 H, overlapped peaks). 
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