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Introduction
The photocatalytic method is based on the reactive pro-

perties of an electron-hole pair generated in semiconductor 
particles (TiO2). Under illumination by light of energy grea-
ter than the semiconductor bandgap1 electron is excited to the 
conduction band and both the hole in valence band and the 
electron in conduction band migrate to the particle surface. If 
no recombination occurs, this charge carriers can react with 
adsorbed molecules, e. g. with water, hydroxyl anion, oxygen 
or organic compounds. The hydroxyl radical generation can 
be expressed by following equations.

TiO TiO e h recombination
h

cb vb2 2
ν⎯ →⎯ →+( , )−

TiO h H O TiO HO Hvb 2 ads ads2 2( )+ ++ → + +i

TiO h HO TiO HOvb ads ads2 2( )+ + → +− i

TiO e O H TiO HO O Hcb ads 22 2 2 2( )− −+ + → + ++ +i i
�
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2 HO H O O2 2
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H O 2 HO
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2 2
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Furthermore, the organic molecule in close contact to 
TiO2 undergoes oxidation, what can be described schemati-
cally: 

HO D Dads ox
i + →

The photogenerated electron can reduce adsorbed species.

TiO (e )+A TiO +A2 cb ads 2 ads
− −⎯ →⎯

where A can be oxygen or metallic ion with suitable redox 
potential and undergo transformation to other oxidation state:

        
M TiO (ze ) Mn

2 cb
(n z)++ + →− −

Photocatalytic metal ion reduction
The photocatalytic processs can be used for metal ions 

reduction by i) direct way using photogenerated electrons, ii) 
indirect reduction using reactive intermediate created by re-
action with photogenerated holes, iii) oxidative way of metal 
removal (Pb2+, Mn2+ nebo Tl+).

One of the most important parameters affecting the re-
duction process is the redox potential of metal/metallic ion 
pair. Only those pairs with more positive potential than the 
edge of TiO2 conduction band can be reduced. The difference 
between these potentials2 should be greater than 0.4 V.

The reactivity of metal ions on TiO2 differs and decrea-
ses in the order:

Ag > Pd > Au > Pt >> Rh >> Ir >> Ni = Fe = 0
The metallic ion is reduced to metal and is deposited 

on the semiconductor particle surface. The metallic species 
can be generally extracted from the slurry by mechanical or 
chemical procedures at the end of the process. 

At our department we are studying the photocatalytic 
process of metal ions reduction from water solution. On the 
immobilized titanium dioxide we have reduced silver, cop-
per, mercury and nickel in a batch and in a fl ow reactor in pre-
sence of various electron donors. We have achieved rapid de-
crease of metal ion concentration in course of several minutes 
(silver and mercury ions) or several tens of minutes (copper 
ions). Their concentration was estimated under 1 ppm (silver 
and mercury ions) and 3 ppm (copper ions).

Photocatalytic reactors
Generally, the photocatalyst can be used in suspension 

or immobilized on inert support. Although the photocatalyst 
in powder form has an advantage of greater reactive surface 
compared to the immobilised one, required consecutive se-
paration of colloidal particles is expensive and time-consu-
ming and represents the main drawback. The photocatalyst 
surface becomes active only if the particles are irradiated. 
The irradiation of all photocatalyst particles in suspension is 
diffi cult, because of scattering and shadowing effects, mainly 
in greater distance from light source. It means that the depth 
of radiation penetration through the suspension is limited and 
this shadowing effect can dramatically decrease the photoca-
talytic reaction rate. On the other hand, it is possible to fi nd 
such arrangement in immobilized system, in which there are 
all immobilized particles irradiated. Therefore, the elimina-
tion of TiO2 particles is not necessary. The main disadvantage 
of this system is reduced mass transport.

In an optimally arranged reactor, the photocatalyst is 
fi xed on its support in such a way to maximize the irradiated 
area. Nowadays, new possibilities of photocatalyst immobi-
lization are studied. The supports are reactor walls, ceramic 
and glass tiles3, active carbon black, metallic grains, crys-
tals4, zeolites5 or glass fi bres.

One of the most important photocatalyst layer parameter 
seems to be its thickness. If the layer is too thick, most of 
electrons and holes are generated relatively deep in layer 
and therefore they cannot reach the surface and take place 
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in reaction within their lifetime. If the layer is too thin, only
a small part of radiation would be absorbed and this can cause 
the photocatalytic effi ciency decreasing again.

Photocatalytic oxidation
Considering photogenerated species reactivity, various 

applications could be offered (Fig. 1.): water and air treat-
ment, bactericidal effect, self-cleaning effect connected with 
super-hydrophilicity effect. At our department, we are stu-
dying the water purifi cation and antibacterial processes and 
TiO2 thin layer preparation leading to self-cleaning properties 
of these layers.

Fig. 1. Major application areas of titanium dioxide photoca-
talysis1

Water purifi cation process
An organic water pollutant can be often transformed 

to more dangerous products, mainly chlorinated ones6 by 
ordinary way of waste water treatment. The main advantage 
of photocatalytic process seems to be its reaction mechanism 
leading to a complete mineralization of organic compound to 
water and carbon dioxide. As other by-product, mineral acid 
can appear, if the degraded molecule contains halogen or sul-
phuric groups SO2 and SO4. The non-selectivity of this pro-
cess could be possible drawback. On the other hand, simple 
products, which are often easily biodegradable, are created. 
The photocatalytic reactions can be used for a wide range of 
compounds. Successfully degraded organic compounds in 
water solution or suspension include phenol, cresol, chlori-
nated hydrocarbons derivatives, nitro- and amino derivatives, 
azo dyes, wide spectrum of pesticides and many others. 

Anti-bacterial effect
The photocatalytic processes can be used also for water 

disinfection. For example, great diffi culties with water qua-
lity in swimming pools were described. In these facilities, 
the occurrence of pathogenic yeasts, resistant to chlorine, 
should be prevented by another methods than the commonly 
used. Arising OH radicals on irradiated photocatalyst surface 
attack cell membrane and cause a quick cell death7. At our 
department, we have been studying the process of yeast cell 
killing on photocatylytical active surfaces and in fl ow sys-
tems. The strains Hansenula anomala, Candida tropicalis 
and Saccharomyces cerevisiae were studied. 

The last mentioned strain was used for comparison, as 
it is widely utilised yeast in food industry. Yeast suspension 
dropped on the irradiated TiO2 layer very sensitively reacts 
to sweeping conditions caused by the reactive radicals and as 
the result, rapid changes in yeast viability can be observed. 
This process was found to be the most rapid in Candida tro-
picalis strain, which is known to be pathogenic and occurs in 
swimming pools. 

Self-cleaning effect
Surfaces of many materials repel water to some extent, 

which can be expressed by water contact angle. On glass and 
other inorganic materials, water shows contact angle between 
2 and 30 degrees, on surfaces of plastic materials between
70 and 90 degrees and on water repeling plastics can the con-
tact angle be greater than 90 degrees. A thin TiO2 fi lm with 
suitable additives shows the water contact angle several tens 
of degrees. 

After irradiation of TiO2 surface, the observed water 
contact angle decreased to zero, that means a complete 
wettability. This phenomenon is described as super-hydro-
philicity. Without following irradiation, this persists over 
the course of several days before it turns back to the initial 
behaviour. The super-hydrophilicity is possible to restore by 
irradiation. But the photoinduced hydrophilicity mechanism 
is quite different from common photocatalytic reactions.

The wettability changes are caused by the changes in tita-
nium dioxide surface lattice structure. The hydrophilicity con-
version occurs after titanium dioxide photoexcitation and elec-
tron-hole pair generation. The electrons tend to reduce surface
ions Ti4+ to Ti3+, which is accompanied by oxygen vacancy cre-
ation and dissociative adsorption of water on the vacancies.

At our department we are dealing with titanium dioxide 
thin layers and transparent layers preparation on glass sup-
port by sol-gel method. It was found that this thin fi lm shows 
a rapid water angle decreasing and after several minutes, the 
drops are getting spread and this surface becomes wettable. 
UV dosage required to this change was 72 mJ cm–2. The pre-
pared layers were used for photocatalytic yeast killing. The 
signifi cant hydrophilicity increasing combined with a high 
photogenerated radical reactivity could be used for organic 
molecules degradation and their removal from this surface, 
leading to a self-cleaning ability. 
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Introduction
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,

5-triazine) belongs to the group of symmetric triazine deri-
vatives. It is used for weed pre- and post-emergence control, 
particularly in maize crops. It is not readily biodegradable, it
persists in soil and even reaches the groundwater. Its solubili-
ty in water is low (1.61.10–4  M) and does not depend on pH1.

Pesticides contaminate surface water mainly by wa-
shing from fi elds and crop-plant and by wind during aerial 
spraying. They may disrupt biologic equilibrium in streams 
due to their toxic effect on biocenosis. They can also unfa-
vorably infl uence the self-cleaning ability of water, its odour 
and taste. Surface water is still treated and distributed as drin-
king water to more than half of the population in the Czech 
Republic supplied from public water conduits. The concen-
tration of atrazine in drinking water varies in the range of 
50–250 ng l

–1 (ref.2). 
Among classical methods, only adsorption on granu-

lated activated carbon3 is suffi ciently effi cient in removal 
of atrazine. However, it only passes into solid phase but its 
destruction does not take place. For this reason, so-called 
Advanced Oxidation Processes (AOP) are developed that 
generate a more reactive agent, the hydroxyl radical. These 
comprise either homogeneous or heterogeneous systems.

The heterogeneous photocatalytic systems are based on 
the light absorption by semiconductor particles, typically of 
TiO2. Only photons with higher energy than the band gap 
energy can be absorbed. Corresponding maximum wave-
length, depending on the crystallographic modifi cation of 
TiO2, is about 387 nm (anatase) or 413 nm (rutile). Conse-
quently, pairs of separated positive holes (hVB

+) in valence 
band and (eCB

–) electrons in conduction band are generated. 
These charge carriers mainly rapidly recombine inside the 
particles but also partly migrate to the surface and can be di-
rectly transferred onto adsorbed molecules of electron donors 
(D) or electron acceptors (A):

According to their chemical nature, the trapped charges 
react with various dissolved components. The trapped posi-
tive hole, like surface bound OH radical4, typically oxidizes 

organic compounds and thus induces their further oxidative 
degradation while the trapped electron, like surface bound 
Ti(III), typically reduces dioxygen to superoxide radical 
anion. On this basis, TiO2 acts as a photocatalyst, being re-
newed after each redox circuit.

The photocatalytic degradation of atrazine has been 
extensively studied5,6,7,8,9. Maurino et al.5 examined pho-
tocatalytic degradation of atrazine under simulated solar 
radiation in aqueous suspensions of various semiconductor 
powders (TiO2, ZnO, WO2, SnO2 and Fe2O3). Among them, 
TiO2 was found most effi cient. Photocatalytic degradation of 
atrazine in TiO2 suspension was successfully carried out in 
a large modular fl ow through system under solar light6. The 
degradation led to complete mineralization of alkyl substitu-
ent giving 2,4,6-trihydroxy-1,3,5-triazine (cyanuric acid) as 
a fi nal product.

The aim of this study was to compare kinetics of oxi-
dative photodegradation of herbicides atrazine (2-chloro-4-
ethylamino-6-isopropylamino-1,3,5-triazine) in suspensions
of TiO2. Plate photoreactor with immobilized layer of TiO2
was applied for 3rd step of raw water treatment. Atrazine was 
chosen as a model pollutant because of its occurrence in sur-
face waters and well-known reaction mechanism5,6,7,8,9.

Experimental
The used TiO2 photocatalysts were P25 (Degussa) and 

quantum-sized colloids synthesized from TiCl4 and FeCl3 
(both Fluka)10. All solutions were prepared with deionized 
ultrapure water (ρ  =  18.2 MΩ cm). pH measurements were 
carried out with an ORION pH meter to 0.01 unit. 

The irradiation experiments were performed in a self-
-constructed photoreactor placed in an elliptical stainless 
steel chamber. A high pressure mercury lamp surrounded 
by a glass fi lter bulb (Philips HPW type 125 W), which do-
minantly (93 %) emits radiation at 365 nm (so called “black 
light”), was placed in one of the focal axes while a water-
-jacketed Pyrex tube (diameter of 2.8 cm), as a photoreactor, 
was centered in the other one. The irradiated solutions or 
suspensions were magnetically stirred during whole expe-
riment. Using the ferrioxalate actinometry, an average light 
intensity entering the irradiated solution (independently 
of volumes between 70 and 100  ml) was determined to be
4.5 . 10–6 einstein dm–3 s–1. 

The batch mode plate photoreactor were employed with 
a fl owing fi lm of aqueous solution irradiated with ultraviolet 
sun bed tubes (Eversun L40W/79K, Osram) emitting mainly 
in wavelengths range between 310 and 390 nm (maximum 
at 355 nm) (Fig. 1.). The incident photon fl ux was determi-
ned using fi lter transmitting light in the wavelength range 
310–390 nm and photodiode HAMATSU (S 1337–BQ) as 
7.1 . 10–5 einstein m–2 s–1 (3.2 . 10–6 einstein dm–3 s–1).

A particulate TiO2 layer was prepared on a glass plate 
(w  =  0.3  m, L  =  0.6  m) by sedimentation from an aqueous 
suspension of TiO2 (P25, Degussa, (10  g  dm–3) with subse-
quent drying and annealing at 300 °C. The solution of atra-
zine was pumped from the holding tank employing a centri-
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fugal pump (Nova, Sicce, Italy) to the higher reservoir. The 
overfl ow produced a liquid fi lm fl owing over the glass plate. 
The solution was collected in the lower reservoir and retur-
ned into the holding tank. The fl ow rate Q, 10.0 . 10–5 m3 s–1 
corresponding to 6 dm3 min–1 was controlled by rotameter. 

Fig. 1. Schematic representation of a batch mode plate reactor 
with fl owing fi lm of aqueous solution, glass plate with TiO2 layer 
– width, w = 0.3 m, length 0.6 m, inclination angle = 10°, distance 
between u. v. tubes and TiO2 layer = 0.125 m

Probes of reaction mixtures (0.5  ml) were taken at ap-
propriate irradiation times. The HPLC analyses were carried 
out on a Beckman set with 163 Variable Wavelength De-
tector. A Merck column LiChroCART 250-4 fi lled with Li-
Chrosphere 100 RP-18 (5 µm) together with mobile phases 
acetonitrile/water (2:3; v/v) or (1:9; v/v) and pure water were 
used. Injection loop was 55 µl, fl ow rate 1 ml min–1 and dete-
ction wavelength 220 nm were applied. 

Results 
A comparative kinetic study of photocatalytic degrada-

tion of atrazin was performed using heterogeneous aqueous 
suspensions of various TiO2 photocatalysts (commercial 
material P25 of Degussa, synthesized quantum-sized par-
ticles either pure Q-TiO2 or doped Q-TiO2 (1 % Fe3+)). To 
quantify the degradation rates in particular reaction systems, 
the corresponding experimental dependences were treated as 
pseudo-unimolecular reactions (Table I). It is worth to note 
that the applied kinetic model approximated the measured 
dependences of the atrazine concentration on irradiation time 
very well (see Fig. 2.). 

As shown in Table I colloidal suspensions of quantum-
-sized particles Q-TiO2 were found more than one order of 
magnitude less photoactive than the P25 slurry. It was appa-
rently due to the generally higher probability of recombina-
tion of separated positive holes with electrons in the small 
interior of Q-TiO2 particles (diameter 2–3 nm) than inside 
larger P25 particles (30 nm). The rate constants for two diff-
erently concentrated colloidal suspensions of 3 mM Q-TiO2 
(3.18  . 10–5 s–1) and 9 mM Q-TiO2 (1.11  .  10–4 s–1) increased 
almost proportionally due to the Q-TiO2 concentration. Do-
ping of the quantum-sized particles by Fe3+ caused a red shift 
of the semiconductor absorption but infl uenced the photoca-
talytic activity negatively.

Fig. 2. Kinetics of photodegradation of 0.069  mM atrazine in 
various heterogeneous TiO2 systems 

Table I
Comparison of the fi rst order rate constants for photodegra-
dation of atrazine in various heterogeneous systems. Initial 
concentration of atrazine was 0.069 mM (λ = 365 nm)

System k [s–1]

9 mM TiO2 P25 (Degussa) (1.49 ± 0.04) . 10–3

9 mM Q–TiO2 + 10 mM HClO4 (1.11 ± 0.02) . 10–4

3 mM Q–TiO2 + 10 mM HClO4 (3.18 ± 0.04) . 10–5

3 mM TiO2 (1 % Fe3+) + 10 mM HClO4 (1.67 ± 0.02) . 10–5

Fig. 3. Atrazine concentration in the course of raw water 
treatment

Photocatalytic degradation was applied as a third step 
of drinking water treatment and compared with adsorption 
on granulated active carbon. Plate phiotoreactor with fl owing 
fi lm of the solution was used (Fig. 1.). The course of raw water 
treatment simulating treatment in water stations is shown in 
Fig. 3. Stock solution of atrazine in destilled water was added 
to raw water before treatment to reach staring concentration 
around 3–4 mg l–1 (ref.11). While the classic two-step treat-
ment (coagulation and fi ltration) did not practically change 
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the starting atrazine concentration the fi ltration through ac-
tive carbon caused its decrease by one order of magnitude to
0.5–0.2 mg l–1 and the photocatalysis by two orders of mag-
nitude to 0.05 mg l–1. However, a prolonged treatment pro-
cess and increased operational costs are disadvantages of the 
photocatalytic method.

This research was supported by the Ministry of Educa-
tion, Youth and Sports of the Czech Republic (project number 
MSM 6046137301). 
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Introduction
One of the most important aspects of environmental 

photocatalysis is the availability of a material such as tita-
nium dioxide, which is close to being an ideal photocatalyst 

in several respects. For example, it is relatively inexpensive, 
highly stable chemically, and the photogenerated holes are 
highly oxidizing. In addition, photogenerated electrons are 
reducing enough to produce superoxide from dioxygen.

The heterogenous photocatalytic process is a complex 
sequence of reactions, that can be expressed by the following 
set of simplifi ed Equations: 

TiO TiO e , h recombination2 2 cb vb
hν⎯ →⎯ ( )⎯ →⎯+−

TiO (h ) H O TiO HO H2 vb 2 ads 2 ads
+ ++ ⎯ →⎯ + +i

TiO (h ) HO TiO HO2 vb ads 2 ads
+ + ⎯ →⎯ +− i

TiO (h ) D TiO D2 vb ads 2 ads
+ ++ ⎯ →⎯ +

HO D Dads oxid
i + ⎯ →⎯

TiO (e ) A TiO A2 cb ads 2 ads
− −+ ⎯ →⎯ +

where A represents acceptor of electrons (metal ion) and D 
donor of electrons. 

The hole ( hvb
+

 
) is a potential oxidant and can oxidize 

organic molecules at the surface, eventually mineralize them 
to CO2. Similary, the hole can oxidize water or hydroxide 
ions to form hydroxyl radicals OH•, which are also effi cient 
oxidants of organic molecules. In order for the oxidation pro-
cesses to proceed effectively, the photogenerated electrons
(ecb
−

) must also be removed from the TiO2 particle1.
 

Typically, oxygen is used as the electron acceptor. Oxy-
gen can be reduced to the superoxide, O2

i−
 
, which may also 

participate in the degradation reactions of the organic mo-
lecules, or be further reduced to hydrogen peroxide or water:

TiO (e ) O H  TiO HO O H,2 cb 2 2 2 2
− −+ + ⎯ →⎯ + ⎯ →⎯← ⎯⎯ ++ +i i

HO TiO (e ) H  H O2 2 cb 2 2
i + + ⎯ →⎯+−

2HO  H O O2 2 2 2
i ⎯ →⎯ +

H O O  HO O HO2 2 2 2+ ⎯ →⎯ + +i i− −

H O  2HO2 2 + ⎯ →⎯hν i

H O TiO (e )  HO HO2 2 2 cb+ ⎯ →⎯ +− −i

A variety of organic molecules can be photocatalytically 
oxidized and eventually mineralized according to the fol-
lowing general reaction: 

organic molecule + O   g

g

 semiconductor

2

h E

h E

ν

ν

≥

≥

⎯ →⎯⎯⎯⎯⎯⎯⎯
,

,  semiconductor

2CO H O + mineral acids⎯ →⎯⎯⎯⎯⎯⎯⎯ + 2

As shown in the equations, the process of photocatalytic 
removal of metal ions and degradation of organic compounds 
can be use for water and air treatment.
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Immobilization of TiO2
Titanium dioxide is the mostly used photocatalyst. It 

is polymorphous, that is, it exists in three crystal structures, 
namely rutile, anatase, and brookite. Anatas has been found, 
in the most of the cases, to be photocatalytically more active 
than other modifi cations. The most popular commercial form 
of TiO2 is produced by the German company Deggusa. The 
product name is Aeroxide P25. However, the manipulations 
of powdered semiconductors and their removal from water 
(by fi ltration and centrifugation) are diffi cult and recent re-
search has focused on the preparation of active immobilized 
photocatalysts.

TiO2 can be deposited in the form of thin coatings on 
different types supports, like glass, stainless steel, quartz, 
and different types of fi bres. Preparation of the fi lms can be 
described with two different mechanisms. The fi rst is physi-
cal mechanism, which depends on fi xation of TiO2 particles 
to the surface of the support by using proper binder. The 
second is chemical mechanism, which depends on the direct 
reaction between compound containing required metal (in the 
most cases metal-alkoxide) and surface of the support where 
the active layer of the metal catalyst is created. 

Photoactive thin-fi lm catalyst is widely prepared at 
ambient temperatures using technique called sol-gel process. 
Basic parts of these fi lms consist of organometal compounds, 
frequently metal alkoxides or colloidal metal solutions. 
During the sol-gel process, the sol is converted to the gel 
and then the process of changing the gel to the metal oxide 
proceeded.

The possibility of preparation fi lms and materials of
a particular purity, homogeneity and constitution is the main 
advantage. The useful catalyst modifi cation of by dopants is 
possible by this sol-gel technique2.

T i O 2  i m m o b i l i z e d  o n  P V A  t h i n  f i l m  
This thin fi lm was prepared from 5  % poly(viny lal-

cohol) water solution modifi ed with glycidylmethacrylate 
(PVA-GMA). For better diluting of the PVA-GMA, 50 cm3 of 
ethanol was added. After complete dissolution, modifi cation 
and photoinicator addition, TiO2 powder was added and the 
mixture was than sonicated for 15 minutes. From this solution 
the thin fi lm was prepared by fi lling into the form and drying. 
After this procedure the fi lm was cured by UV radiation for 
3 minutes from each side. Thus prepared fi lm was used in the 
photocatalytic reactor close to the UV light source. The other 
way how to immobilize TiO2 on to the PVA-GMA is not put-
ting it exactly in to the solution, but after the fi lm is created, 
the TiO2 suspension (1 g of TiO2 dispersed in 5 cm3 of water) 
is coated onto the fi lm. After drying, the fi lm is then cured by 
UV radiation as is mentioned above.

T i O 2  i m m o b i l i z e d  o n  p a p e r  a n d  
g l a s s  f r o m  s u s p e n s i o n  

The suspension of TiO2 was made from 5 g of powder 
TiO2 and 200 cm3 of water. The solution was sonicated for
15 minutes. In the case of paper carrier, the paper was dipped 

into the solution and dried for 3  hours at the temperature 
100 °C. In the case of a glass plate (5  ×  5  cm), the plate was 
coated by dip-coating (for 30   seconds) and spin-coating 
(200 rpm) by the prepared suspension, dried for 3 hours at the 
temperature 100 °C and than calcinated for 1 hour at 500 °C. 

T i O 2  i m m o b i l i z a t i o n  b y  s o l - g e l  
p r o c e s s  o n  g l a s s  

Two types of sols were prepared: the fi rst of titanium 
isopropoxide (TIP), the second of titanium tetrabutoxide 
(TTB). The preparation of the immobilized fi lms is described 
in detail in the article written by Jana Chovancová, which is 
published in this proceeding. 

Photocatalytic reactions
R e d u c t i o n  o f  C u 2 +

 

Because of relatively high rate of Cu2+ ions reduction in 
the presence of ethanol2, we have chosen this reaction solu-
tion for characterization of our immobilized TiO2 layers. The 
reactions have proceeded in presence of 0.05  M ethanol and 
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Fig. 1. Two reactions of the photocatalytic Cu2+ ions reduction 
on the paper carrier 

Fig. 2.  The formal fi rst order rate constants of the photoca-
talytic reduction of Cu2+

 
ions on different forms of immobilized 

TiO2 catalyst 
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acetate buffer solution setting pH at value 4 (295.2  cm3 of 
0.2  M acetic acid and 7.8 cm of 0.2 M sodium acetate). The 
reactions were performed in immersion-well reactor. The re-
duction of Cu2+ ions was tested on TiO2 PVA-GMA thin fi lm 
(one reaction on each carrier) and on TiO2 immobilized on 
paper (two reactions on the same carrier Fig.  1.). 

We can see, that the fi rst reaction on paper carrier is 
quite fast (k  =  0.159 min–1), but when the second reaction 
started, a part of metal Cu0 (created in the previous reaction) 
has released from the carrier back into the reaction solution 
(as we can see increase the Cu2+ ions concentration in the 
fi rst couple of minutes) and the rate constant of the second 
reaction was lower (k  =  0.0095  min–1). That is caused by 
blocking of the photoactive places of the catalyst by reduced 
metal copper. 

O x i d a t i o n  o f  2 , 6 - D C I P  
The photocatalytic activity of the TiO2 fi lms prepared by 

sol-gel process from TIP and TTB and also layers prepared 
by dip and spin-coating from TiO2 suspension were evalua-
ted by oxidation of 2,6-dichloroindophenol (2,6-DCIP) under 
UV irradiation. Photodecomposition reactions were perfor-

med in a beaker with stirring during the reaction to maintain 
uniform concentration and temperature.

The Fig. 3. shows the formal fi rst order rate constants of 
the photocatalytic 2,6-DCIP decomposition. We can see, that 
the highest rate constant was on the catalyst prepared from 
TiO2 suspension by spin coating method. In the case of ca-
talyst fi lms prepared from suspension by dip-coating method 
and from TIP by sol-gel method, the rate constants were the 
same. The slowest reaction rate was observed on fi lm prepa-
red from TTB by sol-gel method. 

On the other side, fi lms prepared by sol-gel method were 
completely transparent and shows much better resistance to 
mechanical damage. The fi lms covered by TiO2 suspension 
were opaque and showed very small wear-resistant. 

Conclusion
For the photocatalytic reduction processes we have 

found that when paper is used as carrier for TiO2 catalyst, the 
reaction rates are the highest. The preparation of the catalyst 
layer is very easy and cheap and that is why it could be use in 
some practical applications as a replaceable cartridge for the 
photochemical reactor.

For the photocatalytic oxidation processes, we have 
found, that the fi lms immobilized on glass plate by sol-gel 
process were less photoactive than the other fi lms on glass, 
but the higher durability of the sol-gel layers is giving the 
main advantage for use in practical applications.
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Form of TiO2

 Initial Final First order Standard 
catalyst

 concentration of concentration of rate deviation  Cu2+ Cu2+ constant [min–1]  Cstart [mg dm–3] Cfi nal [mg dm–3] k [min–1] 
 
 PVA + suspension 48.88 25.36 0.0049 0.0002
 PVA + coated fi lm 51.38 21.38 0.0072 0.0004
 PVA + spreading 51.60 31.92 0.0129 0.0002
 Paper I. reaction 49.70 0.38 0.0159 0.0005
 Paper II. reaction 51.48 3.88 0.0095 0.0009

Table I
The formal fi rst order rate constants of the photocatalytic  reduction of Cu2+

 
ions on different forms of immobilised TiO2

catalyst
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Fig. 3. The fi rst order rate constants of the photocatalytic 
2,6-DCIP decomposition on immobilized TiO2 catalyst
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Introduction
Recombination of photogenerated positive holes and 

electrons inside semiconductor particles is generally respon-
sible for a relatively low quantum yield of the photocatalytic 
degradation. A possible way to increase the electron-hole 
separation and consequently to enhance quantum yield is the 
application of a potential bias. Therefore the aim of the pa-
per is the comparison of photoelectrochemical properties of 
various TiO2 layers, namely particulate, sol-gel and thermally 
produced layers.

Experimental
P r o d u c t i o n  o f  T i O 2  e l e c t r o d e s

A procedure similar to Vinodgopal et al.1 was used for 
producing the particulate layers: a P25 slurry (10 g l–1) was 
spread over the SnO2-coated glass substrate, and after a set-
tling time of one hour the remaining solution was decanted; 
the electrode was then dried at 300 °C for one hour. By this 
fi xing procedure the properties of TiO2 P25 (Degussa) are 
thus preserved, in particular the temperature is suffi ciently 
low as to prevent sintering of the particles with its associated 
decrease in active surface area.

A simplifi ed procedure for the preparation of sol-gel 
layers was used: the precursor solvent (isopropanol) was 
replaced with ethanol by rotary evaporation and successive 
addition of ethanol to maintain the initial concentration of 
75  % (v/v). For this series of layers the full concentration of 
2 M was used. The substrates were pretreated by washing 
with acetone and Millipore® water. A spin-coater (Specialty 
Coating Systems, SCS P6708 D) was used for coating of 
substrates at a rotation speed of 2000 rpm. 100 µl aliquots 
of the solution were applied onto the spinning substrate, the 
hydrolysis took place in the fi lm under ambient conditions 
(purging of equipment by synthetic air, 30  % rh, 22 °C). Fi-
nally, the coated samples were heated for one hour at 550 °C 
under atmospheric conditions.

Titanium metal was thermally oxidized in air at 725 °C 
to form a homogeneous, compact rutile TiO2 layer.

P o l a r i z a t i o n  c u r v e s
Photoelectrochemical measurements were performed 

using a three-compartment electrochemical cell with a  Pyrex 
window; the volume of solution was 15 ml. The experiments 
were done in a 3-electrode set-up consisting ofthe TiO2 
working electrode, a titanium metal wire or platinum mesh 
acting as counter electrode and a Ag/AgCl reference elec-
trode (3 M KCl, saturated with AgCl). Therefore all poten-

tials mentioned in this paper are referred to this reference 
electrode with a potential of 216 mV vs. NHE. Polarization 
curves on irradiated TiO2 layers were measured in various 
electrolytes, namely sodium hydroxide, sulphuric acid and 
oxalic acid.

Fig. 1. Polarization curves in 0.1 M NaOH

Fig. 2. Polarization curves in 0.1 M H2SO4

Results
Photocurrents measured in 0.1 M NaOH are very small 

but those in H2SO4 are about fi ve times higher. Photocurrents 
for sol-gel TiO2 layers in 0.1 M NaOH are about fi ve times 
higher than that for Degussa P25 TiO2 layers and increase 
with number of layers. The same holds for Na2SO4, but in 
H2SO4 the difference between P25 and sol-gel diminishes, 
however the sol-gel layers still show the higher currents. In 
solutions of oxidizable substrates the trend is inversed: P25 
layers show higher currents, with a steep increase with con-
centration of solute. In 0.01 M (COOH)2 the photocurrent 
at Degussa P25 TiO2 layers is about 2.5 times higher than 
at the TiO2 layer prepared by sol-gel. Photocurents for P25 
particulate layers in the presence of (COOH)2 are about an 
order higher than in 0.1 M H2SO4. The increase of the mea-
sured photo-current in the presence of oxalic acid is due to 
its strong adsorption and reaction with photogenerated holes.
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Fig. 3. Photocurrent at 0.6 V as a function of (COOH)2 con-
centration

For comparing different layers and experiments at dif-
ferent lamp intensities, the IPCE (incident-photon-to-current 
conversion effi ciency) is used2.

Photocurent for thermal TiO2 layers increases with time 
of annealing. This means that photocurrent increases with 
increase of layer thickness. Photocurrents have similar value 
as for sol-gel layers and about one order than particulate P25 
layers. The main reason is higher electric resistivity of whole 
layer due to the presence of small particles and necessity of 
photogenerated electrons to cross many particle boundaries 
before reaching the back contact of electrode. 

Fig. 4. Polarization curves for thermal TiO2 layers in 0.25 M 
H2SO4

As shown in Table I the effect of applied potential on 
degradation effi ciency depends strongly on the type of TiO2 
fi lm. Photodegradation at open circuit is for particulate 
TiO2 fi lm about 3 times higher than that for sol-gel fi lm and
2.5 times higher than for thermal TiO2 fi lm. Applying poten-
tial 0.6 V (SCE) on particulate fi lm results in an only small 
increase about 12  % (in relation to open circuit degradation 
rate) while in the case of sol gel fi lm the increase is much 
higher (about 400  %). It means that for bias application sol-
gel layer is more appropriate and particulate layers are conve-
nient only systems where application of bias is not possible.

The economic viability of applying bias for degradation 
processes is discussed in terms of lamp and bias power con-
sumption. We concluded that only UV lamp’s energy demand 
is relevant and bias power is a negligible cost factor. 

Table I
Degradation effi ciecy for 0.5 mM 4-CP degradation, irradia-
tion at 365 nm, area  = 1 cm2, 0.1 M Na2SO4

E Photon Degr. Jorg/Jhν
 Increase

(Ag/AgCl) fl ux fl ux  with bias
[V] [mol cm–2 s–1] [mol cm–2 s–1]  [%]

P 25, 1 layer   
Eoc  =  –0.1 1.385 .10–8 5.35 .10–11 3.89 .10–3 
      0.6 1.366 .10–8 5.96 .10–11 4.36 .10–3 12.1
sol-gel 1 layer   
Eoc  =  –0.24 9.01 .10–9 1.07 .10–11 1.18 .10–3 
      0.6 9.01 .10–9 5.36 .10–11 5.95 .10–3 402.8
Ti, 725 oC, 15 min   
Eoc  =  –0.2 1.20 .10–8 1.67 .10–11 1.39 .10–3 
      0.6 1.13 .10–8 2.78 .10–11 2.46 .10–3 76.6

This research was supported by the Ministry of Educa-
tion, Youth and Sports of the Czech Republic (project number 
1M4531477201).
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Intramolecular triplet-triplet energy transfer (ITET) 
has been extensively studied in view of structural and ge-
ometric effects of spacer between chromophores. Previous 
studies was focused on the ITET rate constants (kITET) in 
various fl exible bichromophores with polymethylene chain
D-(CH2)n-O-A (D  =  donor, A  =  acceptor) or polyoxymethy-
lene chain and presented the decrease of kITET only one order 
of magnitude as the n increased from 5 to 15 (ref.1,2).
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The ITET in various bichromophoric amino acids (gly-
cine, valine, phenylalanine, and sarcosine), dipeptides (digly-
cine, diphenylalanine), and a simple diester, with the benzoyl 
and naphthyl terminal groups serving as donor and acceptor, 
respectively (Fig. 1.), were studied by the steady-state photo-
kinetic measurements3.

Fig.  1. The ITET process in investigated bichromophoric 
amino acids, dipeptides X = NH (R = H, n = 1, 2; R = CH(CH3)2, 
n = 1; R = CH2Ph, n = 1, 2), X = N-CH3 (R = H, n = 1) and diester 
(X = O, R = H, n = 1) 

The effi ciency of a through-space exothermic ITET was 
affected by the interchromophore distance (8 or 11 atoms), 
the nature of the connecting chain as well as the side cha-
ins. Rigidity of the peptide bond in short bichromophoric 
compounds causes that the ITET processes are controlled 
by ground-state conformational distribution3,4. Whereas
a less rigid diester would allow that certain unfavorable con-
formations may coil to favorable ones within an excited-state 
lifetime (< 10–8  s). Flexibility of the bichromophore with 
ester moiety and the steric effect of the side hydrocarbon 
groups in valine- and sarcosine-based molecules lead into the 
most effi cient energy transfer. While the benzyl groups in the 
phenylalanine and phenylalanylphenylalanine-based bichro-
mophores had a suppressing effect on ITET.

The conventional steady-state kinetic methods were 
supported by computer modeling and simulation (a confor-
mational search of the potential energy surface and molecu-
lar dynamics simulations) and some other physical analysis 
(NMR and X-ray)3,4.
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Introduction
The toxicity of polynitroaromatic compounds was ex-

tensively studied and all of them were classifi ed as highly 
persistent pollutants1–3. 2,4,6-Trinitrotoluene (TNT) was 
investigated most extensively, nevertheless, for other iso-
meric trinitrotoluenes (2,4,5-, 2,3,4- and 2,3,6-TNT’s), 
dinitrotoluenes (DNT) and nitrotoluenes (NT) the toxicity 
data are scare.

The toxicities of TNT’s and products of their biodeg-
radation, as aminodinitrotoluenes (ADNT) and diaminoni-
trotoluenes (DANT), were investigated previously4. Also 
toxicity of the nitrotoluenes (NT), nitroanilines (NA), di-
nitrotoluenes (DNT) and dinitroanilines (DNA) was tested. 
The toxicity values obtained for altogether 54 nitro aromatic 
compounds (expressed as an effective concentration EC50 in 
mg l–1) were processed on QSAR level and the dependence 
of – logEC50 = f (I, log P, µ) was obtained. The term I re-
fl ects the number and mutual position of the nitro groups5,6 
and remaining variables log P and µ are standard QSAR
descriptors7.

This paper deals with theoretical interpretation of QSAR 
term I by means of ab initio DFT B3LYP/6-311+G(d,p) cal-
culations of electron densities at nitro groups and benzene 
ring of polynitro derivatives of toluene. 

Experimental
Toxicity testing on the bioluminescence bacteria Vibrio 

Fischeri NRRL B-11177 using luminometer ToxAlert®10 
(MERCK) was described previously4 and relevant effective 
concentrations EC50 (collecting time 30  min) of polynitro 
derivatives of toluene4 are given in Table I. The log P values 
were calculated using ACD/log P software8. The electrostatic 
charges at the most positive NO2 group and benzene ring 
were derived from the electrostatic potential of equilibrium 
geometries of all compounds studied. Calculations were 
performed at ab initio level by means of DFT B3LYP/6-
311+G(d,p) method9. The calculated charges are given in 
Table I. The QSAR analysis of experimental and theoretical 
data was processed by Statgraphics software10.

Results and discussion
In the QSAR analysis a sum of Hammett constants Σσ is 

mostly used for description of electronic effects and partition 
coeffi cients log Pow characterize the lipophilic interactions7. 
The same approach was used in the study of acute toxicity of 
altogether 54 aromatic nitroderivatives4 when the term Σσ 
was substituted by variable I which better characterizes the 
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number and mutual position of nitro groups. Nevertheless, 
the more exact explanation of substrate-receptor interaction 
is desirable. For that purpose we have tried to explain the 
standard QSAR descriptors by means of theoretical electro-
nic charge distribution.

The electrostatic potential map (EPM) gives the 
electrostatic potential at location on a particular surface, 
most commonly a surface of electron density corresponding 
to overall molecular size. The electron density isosurface 
than corresponds to a van der Waals surface11. Considering 
the substrate-receptor bulky interactions the EPM seems
to be a good approximation especially when the alternative 
localized Mulliken and natural bond orbital (NBO) popula-
tion analysis gives considerably worse fi ts.

Table I 
Effective concentrations EC50 and 6–311+G(d,p) electrosta-
tic charges (in electrons)

Compound – log EC50 q(NO2)
a q(ring)b

2-NT –1.63 –0.1160 –0.4502
3-NT –1.86 –0.1351 –0.4805
4-NT –1.66 –0.1208 –0.4824
2,3-DNT –1.23   0.0169 –0.4009
2,4-DNT –1.96 –0.0889 –0.3799
2,5-DNT –0.78 –0.0719 –0.3849
2,6-DNT –1.57 –0.0885 –0.3602
3,4-DNT –1.38 –0.0381 –0.4049
3,5-DNT –1.83 –0.1261 –0.3498
2,3,4-TNT   0.43   0.0379 –0.3408
2,3,5-TNT   0.62   0.0361 –0.3329
2,3,6-TNT   0.85   0.0293 –0.3243
2,4,5-TNT   0.82 –0.0154 –0.3145
2,4,6-TNT –0.61 –0.0557 –0.2860
3,4,5-TNT   0.66   0.0467 –0.3619

aTotal charge of the most positive NO2 group in molecule
bTotal charge of the benzene ring 

In this study the electrostatic charges at individual atoms 
were derived from the electrostatic potential which was cal-
culated by DFT B3LYP/6-311+G(d,p) method. The total 
charge of the most positive nitro group (sum of charges at 
N and both O atoms) in molecule q(NO2) was considered as
a measure of Σσ or I electronic QSAR parameters. On the 
other hand the total charge of the benzene ring (sum of 
charges of six carbon atoms) q(ring) should simulate the 
lipophilic interaction expressed as log P values. The attempt 
to correlate the total charges of methyl groups q(CH3) failed 
(r  =  0.490 ) so CH3 group in polynitro derivatives of toluene 
serves as a constant steric factor.

The previous QSAR analysis12 of EC50 values with stan-
dard parameters I and log P gave Eqs. 1 and 2:

–  log EC50  =  0.556(0.050) I – 2.280(0.166) (1)
  (n  =  15, r  =  0.951, s  =  0.355)

– log EC50  =  –2.597(0.763) log P  +  4.586(1.580) (2)
  (n  =  15, r  =  –0.686, s  =  0.833)

The theoretically calculated q(NO2) and q(ring) char-
ges correlate with previously used QSAR descriptors I and 
log  P according Eqs. 3 and 4. The relationship given by Eq. 3 
shows satisfactory correlation between I and q(NO2) electro-
nic parameters and demonstrates in this way a similar nature 
of both terms:

I  =  26.422(2.827) q(NO2) + 3.981(0.224)  (3)
  (n  =  15, r  =  0.933, s  =  0.705)

log P  =  –4.272(0.709) q(ring) + 0.441(0.270) (4)
  (n  =  15, r  =  –0.858, s  =  0.156)

Still satisfactory relationship between log P and q(ring) 
can be explained in terms of weak molecular interactions. 
The charges q(ring) represents mainly π-electron density 
of the aromatic toluene ring which corresponds with van 
der Waals forces and, to a certain extent, with hydrophopbic 
interactions. 

From this perspective the Eqs. 1 and 2 can be rewritten 
by theoretically calculated q(NO2) and q(ring) electronic 
parameters to Eqs. 5 and 6:

– logEC50  =  14.083(2.415) q(NO2) – 0.095(0.191) (5)
  (n  =  15, r  =  0.851, s  =  0.602)

– log EC50  =  12.158(3.992) q(ring) + 3.841(1.522) (6)
  (n  = 15, r  =  0.645, s  =  0.875)

Conclusions
It has been shown that standard QSAR parameters as 

Σσ, I and log P, respectively, can successfully be substitu-
ted by the theoretical charge distribution derived from an 
electrostatic potential at ab initio DFT level. In the series of 
polynitro derivatives of toluene the total charge on the most 
positive nitro group q(NO2) is a decisive descriptor in theore-
tically modifi ed QSAR analysis.
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L07 INFUENCE OF ACCELERATED AGEING ON 
MECHANICAL PROPERTIES OF DIFFERENT 
TYPES OF PAPERS
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and VLASTA  BREZOVÁ, 
Department of Graphic Arts Technology and Applied Photo-
chemistry, Radlinského 9, 812 37, Bratislava, Slovak Repub-
lic, miria.turanova@stuba.sk

Introduction
In the evaluation of paper materials stability is durability 

the signifi cant factor, which represents paper’s mechanical 
properties preservation, stored despite of usage and external 
environment infl uence1. Mechanical parameters, like folding 
endurance, tensile strength and zero breaking length are 
monitored. The papers recommended for long-term storage 
should be stable and durable7. The process of paper ageing 
upon long-term storage is determined by different factors that 
can be divide in internal (glues, fi lling materials, additives, 
presence of acid groups, etc.) and external (storage conditi-
ons, temperature, relative humidity of air, light, pollution). 
Higher loss of mechanical properties occurs in case of higher 
acidity and copper number. The best evidence for thermal 
ageing sensitivity and paper’s fl exibility preservation during 
long-term storage is folding endurance examination3,4. 

The real process of paper ageing is very slow, conse-
quently in this case it should be very diffi cult to obtain accu-
rate and exact results in real time. For valuation of paper de-
gradation is necessary to simulate conditions using methods 
of accelerated ageing. The accelerated ageing techniques re-
present simulations of conditions, which provide changes in 
paper properties faster than in reality. The important factor is 
relationship between degradation of papers by these artifi cial 
methods and deterioration of papers in reality. It is diffi cult 
to simulate conditions in limited time, to achieve the same 
changes as in exactly defi ned time2,5. 

This work is oriented on the investigations of changes 
in mechanical properties (breaking stress, tensibility, folding 
endurance, breaking index and zero span) of four different 
paper samples during accelerated ageing using dry air at 

temperatures 105 °C and 120 °C, moist heat ageing at tem-
perature 80 °C and relative humidity 25  %, 45  % and 65  %. 
The results obtained during simulated accelerated ageing can 
predict changes in paper properties relative to hundreds years 
of documents storage in archives6.

Experimental 
M a t e r i a l s  a n d  m e t h o d s

Four different types of paper were used wood-free (A) 
woody (B, D), partly woody with different pH value (C):
A classic, wood-free, alkaline, offset paper, grammage 

80 g m–2, pH  =  9.6, supplied by Bratislava paper com-
pany, Slovakia;

B voluminous, classic, print paper, woody, slightly polis-
hed, unsized paper, paper pulp content 65  % and 35  % 
unbleached sulphite pulp, with grammage 50 g m–2, 
pH  =  5.9, made in South-Czech papermills, Větrní, 
Czech Republic;

C writing, partly woody, acid paper, grammage 80 g m–2, 
pH  =  4.4, made in Slavošovce papermills, Slavošovce, 

Slovak Republic;
D soft, woody, print paper, machine-glazed, sized paper 

with paper pulp content 54% and 18% unbleached 
sulphite pulp and sulphate pulp, with 15% kaolin, gram-
mage 60 g m–2, pH  =  6.2, made in South-Czech paper-
mills, Větrní, Czech Republic.
Before measuring of mechanical properties papers were 

conditioned according to standard STN ISO 187, at tempera-
ture 23 °C and relative humidity 50% during 24 hours. The 
paper properties were determined according to instructions 
described in STN and STN ISO standards. The experiments 
were performed using following devices:
– thickness meter, Lorentzen  &  Wettre, Sweden;
– universal instrument for mechanical tests INSTRON 

1011 England;
– device for measuring of folding endurance according to 

Shopper.
The average value of breaking stress, tensibility, brea-

king index and zero-span was calculated from 10 measure-
ments and folding endurance from 20 measurements. Papers 
samples A, B, C and D were exposed to dry air effect (105 °C 
and 120 °C) according to standard ISO 5630-1 in laboratory 
chamber WSU 100 (VEB MLW Laboratortechnik, Illmenau) 
for 0, 8, 24, 72, 168, 336 and 672 hours. We supposed that 
changes caused using 3 days of accelerated ageing at 105 °C 
are identical with 25 years of naturally ageing8.

Samples A, B, C and D were exposed to the moist heat 
ageing  at 80 °C and 65 % relative humidity in conditioning 
chamber Feutron GmBH Greis, Germany for 0, 8, 24, 72, 
168, 336 and 672 hours using 45 % and 25 % relative humi-
dity in conditioning chamber Challenge 160, 9286 Angelan-
toni Industrie, Italy.

Results and discussion
Fig. 1a shows decrease of folding endurance of paper  A 

after application of dry air and moist heat ageing. Folding 
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endurance expressed by number of double folds, measured 
using standard foldings in machine directions. The expe-
rimental data observed, which describe folding endurance 
decline during ageing, are exponentially dependent on the 
ageing time. The time changes in folding endurance can 
be mathematically described with formal fi rst-order kinetic 
model. In accord with these assumption, experimental values 
showed in Fig. 1., and also other experimental changes obser-
ved during paper ageing, were fi tted by general exponential 
equation, y  =  P1 . exp(–k  .  t) + P2, using least square analysis 
(program Scientist MicroMath), where y is observed paper 
attribute and t is time of accelerated ageing infl uence on pa-
per.. The parameters P1, P2 and formal fi rst-order constant, 
k, were calculated.

The results evaluated for papers B and C are depicted in 
Fig. 1b. We obtained very good agreements of calculated and 
experimental values for these three papers, which were con-
fi rmed with high values of correlation statistical parameters. 
The application of fi rst-order kinetic parameters (P1, P2, k) 
allows us to calculate values of folding endurance in optional 
time of artifi cial ageing. Fig.  1d shows decrease of folding 
endurance for paper D, where we have to use combined kine-
tic model of fi rst- and second-order

y  =  1/(P1  +  k1  .  t)  +  P2  .  exp(–k2  .  t) + P3.
The application of combined kinetic model enables us to 
obtain good agreement of experimental and calculated va-
lues. The failure of simple fi rst-order kinetic model in the 
monitoring of changes in folding endurance in time observed 
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for paper D is probably caused by glue sizing of paper, and 
consequently changes of degradation mechanism. Kinetic 
parameters (k, P1, P2...) for papers A, B, C and D for fol-
ding endurance are summarized Table I. Our experiments 
confi rmed, that paper A fi ts the demands for paper durability 
according to ISO 9706 standard.

Before accelerated ageing reached this paper high fol-
ding endurance, but after dry ageing at 120 °C shows signifi -
cant loss of this value. Paper B possessed high initial folding 
endurance, but after dry air ageing 120 °C, 105 °C and moist 
heat ageing at 80 °C and 65 % relative humidity decreased to 
zero. Paper D with high initial folding endurance revealed 
signifi cant lowering for both types of dry air ageing, also for 
moist heat ageing at 65 % and 45 % relative humidity. 

The infl uence of accelerated ageing on breaking stress, 
tensibility and breaking index for all papers is not so signifi -
cant as on folding endurance. The best ageing resistance was 
observed for paper A and the worst for paper C. Papers B and 
D are not suitable for archive applications.

Distribution and size of pores and capillaries on the pa-
per surface can also contribute to the changes induced by ac-

celerated ageing (papers B and D). In our set of experimental 
values paper A had reached best results with cold extract pH 
9.6 before ageing and 9.5–9.1 after ageing. Alkaline reserve 
of this paper it was 4.3 mol kg–1 and after ageing at 105 °C re-
mained high enough 3.5 mol kg–1. This paper also shows the 
best resistance to all fi ve types of accelerated ageing. Figs. 
2., 3., 4. and 5. shows percentage decrease of breaking stress, 
tensibility, folding endurance and zero-span for all papers A, 
B, C and D after 72 hours and 672 hours of artifi cial ageing.

Fig. 6. shows percentage decrease of folding endurance 
at 105 °C after 72 hours and 672 hours for papers A, B, C 
and D. We can see that only paper A (characterized with high 
alkaline reserve) lost after 72 hours 20% and after 672 hours 
50%, other three papers had lost 100%.

Conclusions
The resistance of mechanical properties for four paper 

samples were investigated during fi ve types of accelerated 
ageing procedures; two types of dry ageing (105 °C and 
120 °C) and three types of moist heat ageing (80 °C and 25  % 
RH, 45  % RH, 65  % RH). Upon accelerated ageing of papers 

 Paper A P1 P2 k Rsquared  

 Type of ageing      
 120 °C 1025 38 0.008 0.995  
 105 °C 518 555 0.005 0.978  
 80 °C, 65 % RH 460 698 0.004 0.999  
 80 °C, 45 % RH 472 593 0.009 0.995  
 80 °C, 25 % RH 466 663 0.011 0.998  
      
 Paper B P1 P2 k Rsquared  

 Type of ageing      
 120 °C 908 2 0.030 0.999  
 105 °C 859 –4 0.008 0.992  
 80 °C, 65 % RH 904 14 0.006 0.996  
 80 °C, 45 % RH 847 33 0.003 0.997  
 80 °C, 25 % RH 621 257 0.004 0.996  
      
 Paper C P1 P2 k Rsquared  

 Type of ageing      
 120 °C 218 1.4 0.400 0.999  
 105 °C 207 1 0.032 0.990  
 80 °C, 65 % RH 219 10 0.028 0.986  
 80 °C, 45 % RH 200 20 0.025 0.996  
 80 °C, 25 % RH 178 48 0.017 0.997  
      
 Paper D P1 P2 P3 k1 k2 Rsquared

 Type of ageing      
 120 °C 0.0019 338 –4.7 0.0005 0.0223 0.999
 105 °C 0.0014 316 –145 8.0739 0.0014 0.983
 80 °C, 65 % RH 0.0022 449 –54 0.0054 0.0033 0.998
 80 °C, 45 % RH 0.0024 442 –8.4 0.0011 0.0033 0.999
 80 °C, 25 % RH 0.0016 –231 466 0.0002 –0.0033 0.999

Table I
Calculated parameters of kinetic models for all types of paper
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Fig. 2. Mechanical properties decrease of paper A after application of different types of accelerated ageing
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Fig. 3. Mechanical properties decrease of paper B after application of different  types of accelerated ageing
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Fig. 4. Mechanical properties decrease of paper C after application of different types of accelerated ageing
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under experimental conditions, the signifi cant decrease of 
observed properties occurred. This decrease for three papers 
is possible to describe by the fi rst-order kinetic model, but 
for paper D the application of combined kinetic equation is 
suitable. Mathematical description of experimental values 
enabled us to calculate the values of observed properties after 
required accelerated ageing time. The best durability after ac-
celerated ageing procedures was observed for paper A, which 
is suitable for permanent and archives documents.

We thank Ministry of education of Slovak Republic 
for the fi nancial support of project KNIHA.Sk, and Tech-
nology Assistance Agency (Slovakia) under the contract 
No. APVT–20–03 4202.
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Introduction
The materials based on cellulose fi bres like a paper or

a cardboard are widely used in the printing and the packaging 
industry. They are sensitive to humidity and oxygen, what 
is unwelcome. Today, the barrier properties of standard pa-
ckaging materials are commonly achieved by a lamination. 
An alternative to the lamination can be a modifi cation of the 
paper fi bres or an introduction of the polymer coating for
the paper surface processed by suitable technology in order 
to enhance protective properties of printing or packaging 
materials.

To protect prints or paper substrates from the infl uence 
of the atmosphere humidity and the oxygen it is possible to 
use the hydrophobic protective coatings. On the other hand, 
the hydrophilicity of printing media is required in the case of 
widely used waterbased inks. The possible solution is resul-
ting from the introduction of the coating with the switchable 
properties, it means it shows both hydrophilic character be-
fore the printing process to ensure printability and required 
fi nal quality of print, and the hydrophobic character induced 
after printing to improve weather fastness. The methods of 
this program hydrophobisation after printing are described in 
several works1,2 and it can be achieved by the photochemical 
modifi cation of a coating, the thermal polymerization, the 
complex formation or by some other methods.

The suitable solution to comply this special requirement 
can be presented by introduction of the hydrophilic water-
based systems and their realization by UV-curing technology 
in order to achieve the hydrophobic surface of a print by
a simple exposure to the UV-light after the printing. Moreo-
ver, the UV-curable waterbased systems3,4 offers a number of 
advantages, mainly no VOC emission, low irritability, high 
speed processing, high gloss and the possibility of a thin layer 

preparation. The disadvantages are partly offset by the neces-
sity to introduce a drying step before UV-exposure to remove 
water and produce a cohesive fi lm.

The poly(vinyl alcohol) (PVA) is a water soluble poly-
mer with applications in paper coating, textile sizing and pac-
king. It is the only polyvinyl-type synthetic polymer which 
has been confi rmed to be biodegradable5. This feature and its 
water solubility infer the advantage of easier degradation and 
elimination after use6,7. Due to its biocompatibility, PVA can 
be used for a variety of biomedical applications, preferably 
in the form of hydrogel PVA can be used to improve the 
strength properties and the brightness stability of the treated 
paper sheets particularly in a mixture with chitosan8. The 
infl uence of the poly(vinyl alcohol) fi lm applied to the paper 
surface can be refl ected in better barrier properties of the coa-
ted paper, such as the lower air permeability, the lower water 
vapour transmission rate and the better grease resistance.

Before applying of the PVA water solution on the paper 
surface two approaches to modify the paper surface were 
used. First, mainly of a physical character, includes the paper 
calendaring and the second one the corona treatment9.

The drawback of fi lms based on PVA is its insuffi cient 
water resistance. The modifi cation of PVA by different orga-
nic compounds such as aldehydes, carboxylic acids or anhyd-
rides can improve barrier properties of PVA coatings, what al-
lows their application in the food packaging industry6,10. The 
furan- and tiophene-based chromophores bearing a terminal 
aldehyde function were synthesize according Fang11. The ter-
minal aldehyde function allows appending the chromophores 
to PVA and obtained polymer is photocrosslinkable. 

The objective of our work was to synthesize two types 
of unsaturated PVA derivatives and to perform UV-curing 
of dried waterborne coating applied on the paper sheets in 
the presence of a radical type photoinitiator. The surface 
energy of cured coatings was evaluated by measuring the 
contact angle using different testing liquids (water, glycerol, 
ethylene glycol, formamide, aniline, benzyl alcohol, bromo 
naphtalene)12, the water diffusion by swelling measurement 
and the water vapour permeability by means of gravimetry. 
The effect of the acrylic acid (AA) and the polyester acrylate 
(PE) addition on the barrier properties of coating based on 
PVA derivatives was investigated.

Experimental part
M a t e r i a l s

Poly(vinyl alcohol) POVAL 205 (Kuraray, Japan) of 
a degree of hydrolysis of 88  %, poly(vinyl alcohol) Slo-
viol 10–98 (NCHZ, Slovakia) of a degree of hydrolysis of
98.6%, malein anhydride (Lachema, Czech Republic), 4-di-
methylaminopyridine (DMAP) (Fluka, Switzerland), acrylic 
acid (Merck, Germany), glycidylmethacrylate (Merck, Ger-
many), dimethylformamid (DMF, Lachema, Czech Repub-
lic), dimethyl sulfoxide (DMSO, Merck, Germany), Irgacure 
2959 (Ciba SC, Switzerland), polyester acrylate Laromer PE 
55  WN (BASF, Germany) and Acetone (Merck, Germany) 
were used.
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P r e p a r a t i o n  o f  P V A  d e r i v a t i v e s
In this work two types of modifi ed poly(vinyl alcohol) 

(PVA) were used, such as poly(vinyl alcohol) modifi ed by 
malein anhydride and poly(vinyl alcohol) modifi ed by glyci-
dylmethacrylate.

The fi rst type of PVA derivative was prepared by the 
reaction of the poly(vinyl alcohol) (Sloviol, Poval) with
a malein anhydride in a solvent (DMF and water). The 
mixture was steered at 60 °C for 1, 5 and 10 hours and sub-
sequently the modifi ed poly(vinyl alcohol) was obtained by 
a precipitation using an acetone treatment. To increase a pro-
duct yield the catalysator dimethylaminopyridine (DMAP) 
was added to mixture at the concentration of 1–5 wt  % for 
the malein anhydride content.

The second way to obtain the photocrosslinked polymer 
was by the reaction of the poly(vinyl alcohol) with a gly-
cidylmethacrylate (GMA) in a solvent mixture (DMF and 
DMSO). During steering of a mixture at 70 °C a solution
of a glycidylmethacrylate in KOH was added. The fi nal
product was obtained again by a precipitation using an 
acetone treatment following by drying of a product at the 
room temperature. The content of double bonds in pre-
pared PVA derivatives was determined by three different 
methods, namely titration, UV/VIS spectroscopy and FTIR 
spectroscopy.

P r e p a r a t i o n  o f  s a m p l e s
The solution of the poly(vinyl alcohol) derivatives 

(10 wt %) in water was prepared and cast onto aluminium 
plates (to evaluate a diffusion of the water to the coating) and 
onto paper sheets (to quantify the water vapour permeability 
and the surface energy of the coating). Also free fi lms based 
on PVA derivatives were prepared just allowing the evalua-
tion by infrared spectroscopy. Waterborne layers were dried 
at ambient temperature until a cohesive clearcoat was obta-
ined. The samples containing the fotoinitiator Irgacure 2959 
were cured by a medium pressure mercury lamp at the light 
intensity 20 mW cm–2.

M e a s u r e m e n t s  
The surface energy of the UV-cured coatings was deter-

mined by measuring the contact angle of a drop of different 
organic solvents by means of a goniometer equipped with
a CCD camera. The water diffusion to the UV-cured polymer 
coatings was investigated through swelling measurements 
by a Dogatkin device, thus allowing measuring a volume of 
water absorbed by a coating Q.

The water vapour permeability (WVP) was quanti-
fi ed according to a German norm DIN 53122 and deter-
mined as an amount of the water vapour in grams passed
through paper coated with UV-curable coating of a certain 
thickness within 24 hours at the temperature of 20–23 °C
and relative humidity of 85  % provided by saturated
KCl solution. Water vapour was quantitative absorbed on 
silicagel.

Results and discussion
The hydroxyl groups of the PVA were esterifi ed by 

introducing groups with unsaturated fotochemically active 
bonds. This reaction was carried out from the both PVA 
(Poval, Sloviol) by the method described in the experimen-
tal part. We prepared the derivatives of Sloviol with malein 
anhydride, but the esterifi cation degree 1.5–3 % was insuf-
fi cient for further experiments. The derivatives of Poval with 
malein anhydride without catalyst – PVAMA (estrifi cation 
degree 11 %), and with catalyst DMAP – PVAMA1 (1 % of 
DMAP related to PVA weight, esterifi cation degree 16 %), 
PVAMA3 (3 % of DMAP, e. d. 17 %) and PVAM5 (5 % of 
DMAP, e. d. 21 %) were prepared by the same reaction. The 
product PVAGMA was prepared by the reaction of Poval 
with glycidyl methacrylate.

So prepared derivatives were fotochemically active and 
in the presence of the photoinitiator Irgacure 2959 (1 wt. %) 

Fig.  1. Swelling degree as a function of the swelling time for 
PVAMA1 samples (initiator Irgacure 2959) exposed with various 
UV-dose (0–36 J cm–2)

Fig. 2. Swelling degree as a function of the swelling time for 
PVAGMA samples  (initiator Irgacure 2959) exposed with vari-
ous UV-dose (0–36 J cm–2)
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and UV light occurred the photopolymerisation reaction 
which improved barrier properties.

The penetration results were characterized by exponen-
tial function Q = Qmax(1 –  e–kt). It is evident, that the swelling 
grade of modifi ed poly (vinyl alcohol) PVAMA1 decreased 
with the UV-exposure dose (Fig.  1.). The lowest swelling 
value was achieved by the exposure dose 30 J cm–2, which 
is against unexposed layer lower about 60 %. The additional 
extension of exposure increased water diffusion into polymer 
layer, hence caused the deterioration of barrier properties. 
The similar results were obtained by PVAGMA, the lowest 
swelling was achieved by 15 J cm–2 then its value increased 
(Fig. 2.). The addition of polyester acrylate (PE) and acrylic 
acid (AA) reduced the water penetration into the polymer 
layer only in the case of modifi ed PVA with a low esterifi ca-
tion degree (less then 5 %), PVA derivatives with the esterifi -
cation degree more than 10 % caused moderate deterioration 
of barrier properties. 

The UV curing of layers could be established with the 
contact angle measurement. Changes of hydrophilicity were 
not signifi cant. The contact angle of water slightly increased 
with the UV light exposure of PVAMA during fi rst 15 minu-
tes till the dose 18 J cm–2. The contact angle of water for 
PVAGMA during fi rst 10 minutes (exposure dose 12 J cm–2) 
increased and subsequently began to decrease. The effect 
of hydrophilization occurred at lower light dose than the 
increase of water penetration, what is probably related with 
rather degradation on the layer surface. The infl uence of PE 
and AA was similar as by penetration measurements.

The surface energie of unexposed and exposed coat-
ings was calculated and its values are ranging from 47 to 
51 mJ m–2, (polar component from 6 to 9 mJ m–2 and dis-
persive component from 41 to 43 mJ m–2). The effect of the 
UV-curing was not registered.

The water vapour permeability is very important in order 
to evaluate barrier properties of polymers. The PVA solutions 

were cast onto paper sheets by a cylinder and air dried. The 
layer thickness was established gravimetrically. The weight 
of absorbed water vapour on the silicagel was obtained from 
the weight differences before experiment and after 24 hours 
at air humidity of 85 %. The ratio of absorbed water vapour 
and area of coated paper represents the WVP value.

The Fig. 3. demonstrates the infl uence of cured layer of 
modifi ed poly(vinyl alcohol) on the WVP. Applied polymer 
layers generally decreased the WVP value of paper, the most 
important was the effect of the poly(vinyl alcohol) modifi ed 
with malein anhydride PVAMA1 and with glycidylmethacr-
ylate PVAGMA. The addition of PE or AA to modifi ed PVA 
slightly deteriorated the barrier properties. The Fig. 3. shows 
the decrease of swelling values by curing PVA derivatives. 
The correlation between the decrease of WVP and the water 
swelling decrease was very good.

Conclusions
The photochemically active polymer fi lms were prepa-

red by addition of the radical-type photoinitiator to syntheti-
zed unsaturated derivatives of poly(vinyl alcohol). The chan-
ges of barrier properties of coatings during the UV-curing 
process were observed by surface energy, swelling and water 
vapour permeability measurement. The optimal UV-exposure 
leads to lower swelling degree, water vapour permeability 
and hydrophilicity of layers.

We thank the Slovak Grant Agency VEGA (project 
VEGA 1/2454/05) for fi nancial support.
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Abstract
Plasma treatment is a widely accepted technique in 

printing and packaging industry to improve surface wettabi-
lity and adhesive characteristics of polymer foils. However, 
the plasma surface interaction is quite complicated and not 
completely understood. Discharge improvements are imple-
mented to make the treatment more homogeneous, stable 
and effective. Simple and reliable methods are required to 
control the treatment leading to better adhesion and bonding. 
Several simple experiments indicating optimal treatment are 
discussed and correlated with surface analysis. The treatment 
level was characterized besides standard methods by changes 
of optical density, gloss, zeta potential, UV absorption and 
pH of a rinse. 

Introduction
Common polymer foils used in packaging industry ou-

ght to be printed, varnished, glued, laminated, metalized, heat 
sealed, etc. to increase mechanical, barrier, optical properties 
and information and esthetical value. Low surface energy of 
inert non-polar polymers (polypropylene, polyethylene,…) 
causes their low wettability and adhesion that plays the key 
role in overall stability and functionality of the composi-
tion. So substrate polymer surfaces require activation in 
order to increase the surface energy and adhesion to the next
layer1.

Various physical/chemical processes are used to activate 
the polymer surfaces, while plasma based methods are wi-
dely accepted in printing and packaging industry to improve 
surface wettability and adhesive characteristics of polymer 
foils. Low-pressure plasmas are impractical for industrial 
application to treat large scale polymer and coated substrates. 
However, the atmospheric pressure plasma treatment has 
been successfully tested on various polymer foils, textile 
and nonwovens, using several discharge types, mostly high 
frequency, after glow fl ame and dielectric barrier ones, with a 
range of reactive gases2.

The widely used method of industrial foil treatment is 
an exposure in active zone of AC (50 Hz–100 kHz) dielect-
ric barrier discharge (DBD) in common air atmosphere, (in 
“corona”). Capacitively coupled discharge burns in an air 
gap separated from electrodes by dielectric barrier placed 
on one or both electrodes. Adhesion of treated foils increases 
due to higher surface roughness, the elimination of weak 
boundary layers, introduction of polar groups and other che-

mical changes in the surface region and electret formation3. 
Recommended treatment level of energy density applied on 
is up to 3 kJ m–2 to reach the suffi cient surface energy (above 
40 mJ m–2). On the other hand overtreatment leads to the 
surface degradation (particularly in the presence of oxygen), 
low molecular products creation and adhesion decrease. Also 
the wetting and adhesion characteristics tend to decay with 
time after treatment; however, they don’t reach the original 
characteristics of the untreated polymer3,4.

Higher effi ciency and limited ageing of the treatment are 
possible to achieve with the different atmosphere compositi-
ons and more effective discharges. It is important to adjust 
diffuse regime of standard DBD instead of spark one5, (better 
to use two barriers at both electrodes, Fig. 1.).

Fig.  1. Standard DBD arrangement (used gap: 2  mm, glass 
barrier: 1  mm)

The new surface DBD treatment buried at a ceramic 
plate6 (particularly coplanar) seems to be more effective and 
more stabile, namely in nitrogen atmosphere. It is very pro-
mising solution for fl at polymer surfaces because of more ef-
fective, homogeneous and diffuse discharge. The advantage 
of atmospheric discharges is in higher affectivity of free radi-
cal, metastables and excimers creation7,8 and in the ability of 
high rate and large scale of technological treatment.

Discharge plasma breaks the molecular bonds at a thin 
surface layer (up to 10  nm) of the substrate. The broken 
bonds recombine with free radicals from the plasma and 
from the substrate to form additional functional groups or to 
perform crosslinking, grafting or polymerization. However, 
the plasma surface interaction is quite complicated and not 
completely understood. Generally, it includes surface char-
ging, chemical modifi cation, mechanical etching, material 
sputtering and/or deposition, etc. 

The aim of the work is to fi nd simple tests for opti-
mal treatment determination. Standard methods are based 
on adhesion tests, contact angle measurements, ATR-IR 
spectroscopy, scanning electron microscopy SEM, atomic 
force microscopy AFM for the roughness determination and 
x-ray photoelectron and secondary ion mass spectroscopy 
(XPS and SIMS) for chemical analysis of the changes4. 
Rarely zeta potential of treated foils is measured7,9. In 
manufacturing processes involving coating or printing the 
major interest of the end user is not the science behind, but 
rather optimal treatment, simple and easy measurable results 

VN

gap

foil

barrier
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and better bonding. Several simple experiments indicating 
optimal treatment are discussed and correlated with surface 
analysis.

Experimental
The standard volume DBD (Fig. 1.) was used for the 

treatment of biaxially oriented polypropylene foil (BOPP, 
40 µm, not treated at the production line). Air gap, frequency 
and voltage (2 mm, 5 kHz, 15 kV) were adjusted to keep the 
most diffuse discharge regime. The treatment was performed 
at the atmospheric pressure in the air and technical nitrogen 
(N2) at various exposure times. The changes of the exposed 
samples were determined measuring gloss and light scatte-
ring by the optical density measurement of treated foils at
a black background, zeta potential of foil surfaces in water 
solution and the, UV absorption and pH of water and met-
hanol solutions rinsed of treated foils, besides the standard 
methods as SEM and tape test of adhesion.

Gloss of the foils was measured relative to the black glos-
sy standard by red laser light refl ection at the angle of 20°. 

The treated foil becomes a little matt, so it decreases the 
optical density of black color under the foil due to the light 
scattering. The refl ection optical density D of the treated foil 
backgrounded by a black paper was measured by X-Rite den-
sitometer. D  =  –log(R), where R is remission.

Zeta potential (ζ) of the foil surfaces was measu-
red via streaming potential (U) in water solution of KCl
(10–4 mol l–1) using the fl at sample chamber according the 
Fig. 2. and determined from Hemoltz – Smoluchowski equa-
tion:

ζ ησ
ε

= ⋅
U

p∆
,

where ∆p is the pressure difference at the measuring 
channel and η, σ and ε are viscosity, conductivity and perme-
ability of the solution, respectively.

Fig. 2. The fl at chamber (EKA Paar) for streaming potential 
measurements (gap: 12 mm × 0.3 mm)

Treated foils were rinsed in water, in methanol and 
in n-heptane (10 cm2 of a treated foil in 10 ml of solution, 
1 minute). Afterwards pH and UV absorption spectra of the 
solutions were measured in 3 cm cuvette by Spectrometer 
PayUnicam 8800.

Results and discussion 
Plasma generally changes the surface topography of 

treated foils. When the foil is overtreated, degradation occurs 

and low-molecular degradation products created at the foil 
surface can be found as a weak light scattering or as a lost 
of gloss. The gloss changes with time of the treatment in air 
and nitrogen DBD are illustrated in Fig.  3. As expected the 
treatment in air plasma is much more destructive with higher 
roughness1. A short induction period can be found at the be-
ginning of the treatment just in the case of air.

Fig. 3. The gloss changes of treated foils in air and N2 DBD 
plasma

Similar results gives the measurements of optical den-
sity, however, a saturation of light scattering has occurred 
(Fig. 4.). The weak white haze appears after treatment in air 
DBD and so the measured mutual optical density of black 
paper (background) covered by initially transparent treated 
foils decreases. The reverse density proportional to the light 
scattering increases as can be seen in Fig. 4. The start position 
of the slope of “s-curve” (induction period of degradation) 
can be taken as the optimal exposition: maximal exposition 
without the creation of remarkable degradation products at 
the foil surface (~ 12  s). Generally, the amount of degradation 
products is much less when treated in nitrogen atmosphere 
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than in common air. This confi rms also the SEM pictures of 
nontreated and treated PP surfaces in DBD (Fig. 5.).

On the contrary, zeta potential of foils treated in com-
mon air atmosphere did not change practically, however, 
the potential of PP foils treated in nitrogen were changed 
considerably, Fig. 6. The initial acidic groups present at the 
original surface of the PP foil were suppressed and replaced 
by nitrogen basic groups3,7,9 represented by the decrease of 
negative zeta potential in basic region. So the surface treated 
in nitrogen is more basic with the isoelectric point shifted
a little to the higher pH position.

Fig. 5. SEM of PP foils, initial and after 30 s treatment in air 
and N2

Fig. 6. Zeta potential of PP foils, initial and after 30 s treatment 
in air and N2

The polar character of degradation product confi rms 
also rinsing of treated foils in different solutions and measu-
ring the UV absorption of resulted solutions (Fig. 7., 8.). The 
volume of the rinsed product by n-heptane is practically zero 
(Fig. 7.). On the other hand, the absorption of polar solutions 
achieves high values, however, no induction period at treat-
ment time dependence was found (Fig. 8.). pH dependence 
on treatment time indicates the increase of basic groups in 
nitrogen DBD treatment and acidic groups (carboxyls) in the 
air treatment (Fig. 9.).

Adhesion of gravure ink applied on treated PP foils was 
tested by adhesive tape stripping. Ink adhesion was generally 
higher (or the same) in the case of nitrogen than of the air 
DBD treatment.

Fig. 7. UV absorption spectra of rinsed foils solutions after 30 s 
in air DBD

Fig. 8. UV absorption band areas of rinsed foils solutions as
a function of treatment time

Fig. 9. pH dependence of rinsed foils solutions on treatment 
time

Conclusion
Application of DBD plasma in air at atmospheric pres-

sure onto the BOPP surface creates a rather high amount of 
degradation products and increases roughness. The gloss or 
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density measurements can be used to determine the optimum 
exposition.

Nitrogen plasma is less destructive, PP surface remains 
smooth and compact with a low amount of degradation pro-
ducts, while the adhesion to ink is as high as in the case of air 
DBD. However, the optimum treatment can not be found ea-
sily from gloss or density measurements. Zeta potential and 
pH measurements confi rm that air DBD plasma creates acidic 
groups and nitrogen plasma basic groups at the PP surface.

This study was supported by Slovak Scientifi c Grant 
Agency, VEGA, Ministry of Education of the Slovak Repub-
lic, No. 1/2454/05.
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Introduction
The quality of inkjet printing depends on printers and its 

printing media and is evaluated by means of practical printing 
tests and subsequent fractal analysis of printed test patterns. 
By this method, the size of a visually different fraction of the 
studied surface can be easily determined. This paper descri-
bes traditional and new methods of surface area calculation, 

their comparison and practical use. Image analysis is used to 
determine the ink coverage in a study of the printability of 
new inkjet media based on modifi ed PVAl, which is coated as 
thin polymer layer onto substrate (paper, fi lm,…). 

The parameters of inkjet quality and materials
The most of inkjet printing media are coated bearing 

surface as paper or thin polymer layer. The ink receiving 
layers consist thin layer of hydrophilic, water-swellable 
polymer (PVAl, gelatine and their derivatives). When an ink 
drop is deposited on the surface, the ink is absorbed by the 
polymer layer.

There are many parameters, which is evaluated as im-
portant for printing quality, it means the complex of usable 
properties, which comply with requirements of usefulness 
for customer, Such properties include: quality of handwri-
ting, image original, quality of graphic and typographic 
design, but also quality of own realisation of printing1. High 
quality ink jet printers are often named as „photorealistic“, 
meaning the quality of prints they produce approaches the 
colour gamut, resolution, sharpness, dynamic range, gloss, 
permanence and durability.

The print quality is also infl uenced by surface defects 
and as point of view of printing materials is related with area 
non-symetricity as thickness, area weight, translucence, po-
rosity, suction capacity, anisotropy (rigidity, expansibility), 
different quality of front and reverse side (roughness, suction 
capacity, gloss, brightness) and at the end with hygrosko-
picity (it means infl uence of temperature and humidity on 
properties changes).

The most usual print medium is paper based on cellu-
lose. This paper has got some disadvantages and problems as 
porosity structure, the roughness and heterogeneity of its sur-
face. So ink is soaked and transported to the inside of paper 
and it leads to low optical density.

A signifi cant increase ink inkjet print quality was achi-
eved by the introduction of dedicated media, which is called 
barrier-type. These media consist of inert (water resistant) 
base, which is usually made of paper double-sided lamina-
ted by PE. Another type of media consist inert base (paper,
foil …), which is coated by thin polymer layer with spe-
cifi c properties. This special ink receiver layer consists of 
hydrophilic, water-swellable polymer as PVAl, gelatine 
and their derivative responsibility, which developed inkjet 
quality. When an ink drop is fallen down to surface, the ink 
is absorbed by the polymer layer. This design brings major 
improvement compared to paper: the media surface can be 
produced with high smoothness and gloss, such the sharpness 
and excellent resolution are obtained.

The methods of image analysis
The special instruments as densitometers (determined 

to measuring of optical density) and colorimeter (measuring 
the coloured print quality) are used to measuring of density 
as classical methods. At the other hand there are used in-
struments for digitised image templates which are named
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image-forming photometers. The speed, quality, objectivity, 
infallibility and reproducibility of computing image analysis 
are the most important parameters, which lead to expansion 
of these methods. There is concretely fractal image analysis, 
which is based on the determination of image segmentation. 
Such we obtain these two important parameters: the fractal 
measure K and fractal dimension D. The value of ink co-
verage can be obtained by determining these parameters, 
because we calculate number of black, white and black-white 
pixels2. The evaluation of ink coverage was determined by 
image analysis methods as Classic Box Counting and Box 
Counting method based on wavelet transformation3. The co-
effi cients (fractal measure K and fractal dimension D) show 
characteristic data about analysing structure. We used special 
software with these transformations for image analysis as 
programs AnalySIS, LUCIA, LabVIEW, BENOIT and owner 
software HarFA. However, it obtains two different transfor-
mations – Fourier and wavelet, both of them determine seg-
mentation masking image4.

Experimental comparison of two methods
C l a s s i c  B o x  C o u n t i n g  m e t h o d

Fractal dimension and fractal measure are obtained by 
using variation of Box Counting Method. By this technique 
we can examine black & white fractal structures which come 
into existence during process called “thresholding”, which 
transforms coloured image object into black & white one. 
If you want to characterize image by its fractal dimension, 
you don’t know which of them is appropriate, so it must 
be applied range analysis on analyzed image, which was 
sampled to 256 levels of grey. Then, using HarFA’s function 
“Fractal Analysis/Range”, the recorded grey-scale image was
256 times converted into black-and-white image, each time 
with different threshold level. The fractal dimension was then 
calculated for each of the 256 levels, which gives us informa-
tion about optimal masking threshold level. Afterwards the 
image was masked and result of this analysis is plot showed 
the ln N (r) vs. ln (r) dependence, from which the numbers 
of black, white and partially black and white pixels could 
be calculated. These numbers of black pixels plus a half
of black-and-white pixels corresponds to the ink coverage of 
the print5.

B o x  C o u n t i n g  m e t h o d  b a s e d  o n  
w a v e l e t  t r a n s f o r m a t i o n

Wavelet analysis means 1D or 2D Haar transform of 
image information. Wavelet analysis is provided by using fast 
algorithm calculation, where we use analysed area, which can 
be set on 32, 64, 128, 256, 512, 1024 or 2048 pixels. We can 
measure values of intensity (shades of grey), hue, red, green 
or blue components of colour information in 1D space or in 
2D space. Such we can obtain some different plots and also 
3D graph of image as is showed on the picture below. 

For special case is equal with classical box-counting me-
thod. So method is the same. We must fi nd the best masking 
threshold level (“Fractal Analysis/Range”). 

Fig. 1. Fractal spectrum – 3D graph

Fig. 2. Fractal spectrum of study image and ideal treshold 
level

The graph below shows the ideal point on the curve (the 
part of curve parallel with greyscale level axis which is near 
fractal dimension value 1). Further the image is masked on 
the chosen threshold level in our case 165. 

Fig. 3. Analysed image and image masked at the treshold
level 165

Afterwards is calculated the number of black pixels, 
white pixels and black & white pixels (Fig. 4.). These num-
bers corresponds to the ink coverage of the printed surface.

The advantages of wavelet analysis are method speed, 
reproducing and math accuracy. The amount of black, white 
and black & white pixels is calculated according to formula 
below:

B
BW BW

BBW WBW BW
%[ ]=

+

+ +
⋅

2

2
100 ,
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where BBW is sum of black and black & white pixel, BW is 
number of black & white pixel and WBW is sum of white and 
black & white pixel. These numbers are obtained by regress 
straight line antilogarithm of dependence ln (N) vs. ln (r):

BW e= bw

BBW e= bbw

WBW e= wbw ,

where BW, BBW a WBW are fractal measure (logaritmus va-
lues) of regress straight line translation (ln (N)  =  a ln (r) + b), 
where “a” is fractal measure and “b” is fractal dimension.

Fig. 4. Data of fractal analysis for tresholded image

C o m p a r i s o n  o f  s e v e r a l  m e t h o d s
We choose classical method – densitometry and new 

methods Classic Box Counting and Box Counting method 
based on wavelet transformation for evaluation of ink cove-
rage of printing surface. The fi gure below shows that both 
methods of image analysis reached similar results. The clas-
sical method densitometry doesn’t reach exact results and de-
mand calibration process. On the other hand, the methods of 
fractal analysis – both reach the same values if ink coverage 
in percentages for evaluation of printing surface.

Conclusion
When speaking about the ink coverage determination, 

it is important to note that the new methods of image ana-
lysis as fractal methods have one signifi cant advantage over 
the classical way of determining the ink coverage, i.  e. the 
refl ection densitometry. Refl ection densitometers have to be 
carefully calibrated, while these methods require no calibra-
tion at all. 

The results show that methods of image analysis – box 
counting and wavelet transformation give the same values 
of ink coverage in evaluation of printing surface. So we 
can say that the advantages of wavelet analysis as method 
speed, reproducing and math accuracy are suitable for other 
evaluation.
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Fig. 5. The comparison of methods box counting, wavelet 
transformation and densitometry



Chem. Listy, 99, s49–s652 (2005) Physical  & Applied Chemistry

s531

L11 STUDY OF INFLUENCE OF 
UNI-UNIVALENT ELECRTOLYTE TRACES 
ON DIELECTRIC PROPERTIES OF 
HYDROXYETHYLCELLULOSE

ALENA  MACHÁČKOVÁ, PAVEL  URBAN
and LIBOR  INDRÁK
Institute of Physics and Material Engineering, Faculty of 
Technology, Tomas Bata University, Nad Stráněmi 4511, 
760 05 Zlín, Czech Republic

Abstract
There was studied an infl uence of small traces of NaF, 

KBr, LiI and two types of tenzides (sodium laurylsulphate, 
cetylpyridinium bromide) on dielectric properties of hydro-
xyethylcellulose (HEC) thin fi lms in the range of frequencies 
from 100 MHz to 1.2 GHz, and at the constant temperature 
25 °C. Three types of HEC of industrial provenience were 
subjected to this study (Natrosol 250L, Natrosol 250MR and 
Natrosol 250HHBR); all samples of purity “for scientifi c 
use” from Hercules Inc..  

Introduction
Dielectric properties measurements 

belong to elegant methods to investigation 
of intra- and intermolecular dynamics of 
polymer in general. In all polysaccharides 
there are three types or modes of dielectric 
relaxation processes1. The so called β- and 
γ-relaxation at low temperatures (–135 °C 
to 0 °C): the β-relaxation is associated to the 
local main chain motion of the polymer and 
the γ-relaxation to thermal activated side 
group motion of the anhydroglucose unit. 
In the middle temperature range (0 °C to 
60 °C) a further relaxation process exists, 
which is attributed to motions in regions in 
a polysaccharide-solvent mixing state. This 
so called βwet-relaxation-relaxation is very 
sensitive to small traces of electrolytes and 
water2–4.

The complex dielectric constant 

ε ω ε ω ε ω*( ) '( ) ''( )= − i      (1)

has two parts: the real part of the 
complex permittivity (CP), ε’(ω) (dielectric 
store coeffi cient) and ε’’(ω) is the imaginary 
part of the CP (dielectric loss coeffi cient). 
The symbol ω in Eq. 1 is the angular fre-
quency:

ω π= 2 f .       (2)

All separable relaxation processes (in-
dex i) in a complex polymer molecule infl u-
ence the mean measured values of complex 
permittivity:

ε ω ε ε*( ) *= +∞ ∑∆
i

i ,   (3)

where ε∞ is extrapolated real part of the high frequency end 
of the measuring window. For the complex contribution of 
the ith relaxation process S. Havriliak and S. Negani5 have 
introduced the following equation:

∆ ∆ε ε ωτ α β
i ii i i* /[ ( ) ]= +1 ,   (4)

which describes each relaxation process by four relaxation 
parameters:
1. τi(T), the relaxation time,
2. ∆εi(T), the relaxation strength,
3. αi(T), the shape parameter, illustrates the width of rela-

xation response and
4. βi, the asymetry parameter (for Debye process 

α  =  β  = 1).

Results and Discussion
The results of measurement were taken from the one on 

the thin solid fi lms prepared by fast plaster casting from 2% 
wt. water solutions of HEC:
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Fig. 1. The dependence of real part of permittivity on fre-
quency for HEC 250L for sample No. 1.2 in 5 points

Fig. 2. The dependence of imaginary part of permittivity on 
frequency for HEC 250L for sample No. 1.2 in 5 points
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In all cases the concentration of polymer in solution was 
3.85 wt. % (Table I) and the electrolyte and tenside concen-
trations were the same as in given for Natrosol 250L.

The results of measurements were realized with Im-
pedance Hewlett-Packard 4291 A Analysator at constant 
temperature 25 °C in an isolated measuring chamber with 
controlled atmosphere of extremally dry air.

The frequency dependences of real part of CDC ε’(f) 
are for illustration given in Fig. 1., and for imaginary part 
ε’’(f) in Fig.  2. There is quite evident great infl uence of 
specimen thickness on the received data. There are also ano-
ther possibilities to an explanation: surface of HEC samples 
could be easily effected by sorption of small amounts of 
water vapours. With increasing thickness of polymeric fi lm 
probably increases also amount of water traces inside of the 
sample. On the other hand, the strong abbility of HEC to 
create organized aggregates through hydrogen bonds could 
contribute to the variety of structural modes and then to diff-
erentiation in surface and bulk structural arrangement. In ge-
neral, three types of aggregates may be supposed: star-type, 
H-type and comb-type. A detailed study of this aggregation 
during solvent evaporation from polymer solution has been 
given by S.Sakurai and co-workers6. According to authors5

a dominant factor infl uencing the self-aggregation is velocity 
of evaporation. With increasing thickness of the fi nal fi lm 
decreasing diameter of structural cell-type arrangement on 
the surface is evident. There is also evident that the process 
of gelation is closely connected with convection of heat in 
the surface which leads to a periodic structural elements 
creation.

Small amounts of the binary electrolytes (NaF, KBr, 
LiI) and cation-active and anion-active tenside decrease real 
and imaginary parts of dielectric constant in all measured 
frequency range for all studied samples. 
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 Component concentration
 Derivative Electrolyte Tenside
 Sample No. HEC NaF KBr LiI C12H25NaO4S C12H38BrN . H2O

 1.2 3.85 –    
 1.3 3.85 –    
 1.4 3.84 3.85 .10–4    
 1.5 3.88 – 3.84 .10–4   
 1.6 3.88 –  3.84 .10–4  
 1.7 3.84 3.84 .10–4   3.84 .10–4 

 1.8 3.84 3.84 .10–4   3.84 .10–4 

 1.9 3.84 3.84 .10–4    1.15 .10–3

 1.10 3.84 3.84 .10–4    1.15 .10–3

Table I
The starting solution of Natrosol 250L composition before solvent evaporation (wt. %)

               (*)1        (*)2

(*)1 sodium laurylsulphate  
(*)2 cetylpyridinium bromide
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Introduction
The weathering of pyrite by ferric iron is usually ex-

pressed as

FeS2 + 7 Fe2(SO4)3 + 8 H2O → 15 FeSO4 + 8 H2SO4
      (1)
Several reactions have the key role during chemical oxi-

dation of pyrite. The fi rst of these reactions is pyrite oxidation 
by ferric iron, the second is oxidation of ferrous iron by dis-
solved oxygen to ferric iron and the third is precipitation of 
ferric hydroxide. The oxidation rate of ferrous iron to ferric 
iron is slow reation in sulfuric acid solution below pH value 
of 2. Ferric hydroxide is probably a catalyst for the oxidation 
of ferrous iron in neutral solution1. Wiersma and Rimstidt 
expressed the rate of pyrite degradation by ferric iron under 
the conditions of pH 2 in hydrochloric acid solution by the 
equation2:

−d d k
Fe Fe

m t A M m3 3+ += ⋅( )⋅
   

(2)

where mFe3+ is the molality of the noncomplexed Fe3+, 
A/M is the rate of surface area and solution volume, k is 
the rate constant. It was found by Boogerd et al. that the 
sulfur moiety of pyrite was oxidized completely to sulfate 
in hydrochloric acid3. Ferrous iron formed during the reac-
tion slows down the oxidation of pyrite by ferric iron. The 
reaction of ferric iron with pyrite starts very far from equi-
librium, so there is no signifi cant back reaction. The initial 
rate of pyrite oxidation can be fi tted to a general differential 
rate law of the form r  =  k . mn, where r is the decrease of
Fe3+ in mol  kg–1  m–2  s–1. Rimstidt and Newcomb found 
k  =  3.0(± 2.0) . 10–5 mol  m–2  s–1 and n  =  0.62  (± 0.10) in hy-
drochloric acid4. The results suggested the existence of 
some inhibitor among the products of this reaction in the 
later phase. The effect of SO4

2–, Cl–, ionic strength, and 
dissolved oxygen on the rate of reaction of pyrite with ferric 
iron was studied. Of these, only dissolved oxygen was found 
to have any appreciable effect. The pyrite dissolution rate
(mol  m–2  s–1) for the range of pH 0.5–3.0 without dissolved 
oxygen in the system was described by the Equation5:

ν= ⋅ ⋅ ⋅
±( ) ±( ) ±( )

+ + +10
8 58 0 15 0 30 0 02 0 47 0 03 0

3 2

− − −. . . . . . .
m m m

Fe Fe H

332 0 04±( ).  
      (3)

Similarly, the pyrite dissolution rate (mol  m–2  s–1) in 
the system with dissolved oxygen was described by the
Equation5:

ν= ⋅ ⋅
±( ) ±( ) ±( )

+ +10
6 07 0 57 0 93 0 07 0 40 0 06

3 2

− −. . . . . .
m m

Fe Fe

 
(4)

Because the fractional orders of reaction were diffi cult 
to explain with a purely molecular-based mechanism, a ca-
thodic-anodic electrochemical mechanism was favoured to 
explain the transfer of the electron from pyrite to the aqueous 
oxidant. Nayak et al. observed that the initial dissolution is a 
transient phenomenon characterised by decay in dissolution 
rate with time6. The rate correlated strongly with Eh. The ef-
fect of the redox potential on the ferric leach rate was inves-
tigated by dynamic redox potential measurement7. Chemical 
oxidation rate of pyrite increases with increasing ferric to 
ferrous iron concentration ratios [Fe3+]/[Fe2+](ref.8). 

Experimental
Pulp density of 2 % was used, 100  ml of solution was 

added to 2  g of pyrite (the mean partical diameter under 
0.1 mm). The composition of the solution was distilled water 
acidifi ed to pH 1.0–1.7 by sulfuric acid, the iron concentra-
tion was adjusted by standardized ferric sulfate or ferrous 
sulfate (p. a. purity). The suspension was incubated in 500 ml 
round bottom fl asks at 26 °C on a rotary shaker. [Fe3+] was 
determined spectrophotometrically at 300  nm using a Shi-
madzu UV 3000 spectrophotometer (Japan) or Ultrospec 
2000 UV/Visible spectrophotometer (Sweden)9. [Fe2+] was 
determined by titration with KMnO4 in sulfuric acid. Total 
iron concentration was obtained as sum of ferric and ferrous 
iron concentration and several samples were determined by 
atomic absorption spectrometry (Perkin-Elmer 4000, USA) 
in an acetylene air fl ame. pH was determined from pH values 
using Radiometer PHM 93 pH meter. Redox potential was 
monitored using platinum electrode (Radiometer Copenha-
gen) against Ag/AgCl electrode and recalculated to absolut 
hydrogen scale value.

Results and discussion
The most signifi cant decrease of ferric iron concentra-

tion and production of ferrous iron appear at the beginning 
of the reaction of ferric iron and pyrite, and these trends 
are not transparent in the later period due to steady states 
establishment. The concentrations of all soluble components 
depend on each other due to the existence of cycle of iron 
oxidation and reduction and due to chain of the reaction 
resulting to the formation of complexes. It is evident from 
the development of total iron concentration with time that 
the chemical degradation of pyrite continues under the con-
ditions of steady state. The value of the slopes from linear 
plots of  total iron concentration against time increases with 
increasing initial concentrations of ferric iron in the system. 
During our experiments the redox potencial values decrea-
sed to the values characteristic for steady state (Fig. 1.). The 
abrupt decrease of redox potential at the beginning of the re-
action is the consequence of the changes of [Fe3+]/[Fe2+] ratio 
during the fast reduction of ferric iron to ferrous iron. No 
precipitates of ferric hydroxide and secondary minerals were 
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observed in the studied systems. The time trends in the plot of
log [Fe3+] against pH (Fig.  2.) viewed left downwards refl ect 
the ferric iron decrease caused by the reduction processes and 
sulphuric acid production.

Fig. 1. Decrease of redox potential in time during the long time 
oxidation of pyrite by ferric sulfate under conditions of a pulp 
density of 2 %. Initial concentrations of ferric iron correspon-
ding to the particular curves bottom-up mM were: 11.8, 20.2, 
39.0, 57.0, 75.8, 93.9, 111.0, 143.0, 203.0 mM

Fig. 2. Long time oxidation of pyrite by ferric sulfate under 
conditions of a pulp density of 2 %. The initial concentrations 
of ferric iron were: 11.8, 20.2, 39.0, 57.0, 75.8, 93.9, 111.0, 143.0, 
203.0 mM. Plot of log [Fe3+] (the concentrations were used in 
mM) against pH

Fig. 3. demonstrates the dependence of [Fe3+]/[Fe2+] 
ratio on the total soluble iron concentration for the systems in 
steady states. The aim of the system to adjust [Fe3+]/[Fe2+] to 
the value characteristic for the steady state is realized by fer-

ric iron reduction in the case of initial ferric iron prevalence 
and by acceleration of ferrous iron oxidation in the case of 
initial ferrous iron prevalence. The more total iron is present 
in the solution, the higher is the rate of ferric form. The dis-
agreement of our observation of the increased rate of pyrite 
oxidation in relationship with the increased initial total iron 
concentration compared with the consideration of Maye et al. 
about independence of the pyrite oxidation rate on the total 
iron concentration is apparent, because May et al. obtained 
the results under the conditions of constant redox potential7. 
Our study describes the natural development of the parame-
ters including the natural redox potential.

Fig. 3. The concentration parameters of the systems in steady 
states. Plot of [Fe3+]/[Fe2+] against [Fetot] in mM 

It is evident from Fig. 4., that the steady state concentra-
tion of Fe2+ tends in respect of increasing concentration of H+ 
to some limit, whereas the concentration of Fe3+ in relation-
ship with increasing acidity permanently increases.

The slope of the linear plot log ([Fe3+]/[Fe2+]) against 
pH was nearly –2 for the experiments performed in the pH 
less than 1.52. Therefore, the plot of the square of concentra-
tion of [H+] against the [Fe3+]/[Fe2+] ratio is linear with the 
equation: 

[H+]2 = k1 . ([Fe3+]/[Fe2+])   (5)
where k1 = 7315 mM2.

The comparison of the position of the observed steady-
-states systems in the plot of Eh against pH and the Eh-pH 
diagram of ascendant composition (Fig.  5.) shows that the 
experimental values are placed in the area with ferrous iron 
as the main component near the border Fe2+/mineral. This 
position is a result of simultaneous existence of pyrite as 
reduced component and ferric iron as oxidized component 
together. The placing of the experimental values near the 
border Fe2+/mineral bear on the tendency of the systems to 
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exist under the conditions of limiting saturation values. The 
appearance of the steady states system in the area with predo-
minance of ferrous iron is in agreement with our knowledge 
of the most frequent ratio [Fe3+]/[Fe2+] value less than 1. The 
development along the bevel trajectory upwards entail the 
decrease of the free form Fe2+ in favor of the Fe3+ form since 
the system converge to the border partitioning the Fe3+ area 
from Fe2+ area.

Conclusions
Chemical steps of pyrite oxidation were studied under 

different initial conditions of pH, Eh, concentration of ferric 

and ferrous iron. The dissolution rate of pyrite increased with 
increasing ferric iron concentration. After initial transient pe-
riod, steady-state with dynamic character seemed to be esta-
blished in all systems. The initial conditions in the system, i. 
e. the difference between the initial and steady state concen-
trations, infl uence the time required for reaching of the steady 
state. The simple equation describes relationship between the 
steady state parameters: [H+]2 = k1 . ([Fe3+]/[Fe2+]), the k1 va-
lue was estimated 7315 mM2. Aiming to reach of steady state 
is a phenomenon observed in majority of natural systems. 
Apparently, owing to this mechanism, these systems are able 
to balance the exterior intervention. 

This work was supported by grant No. 525/97/0340 from 
the Grant Agency of the Czech Republic.
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The identifi cation of brown inks is of importance to 
understand the history and aesthetics of an object, to eva-
luate the risks involved with its use, and to judge the effects 
of conservation treatments. Drawings may contain different 
brown shades side-by-side, which could be due to the use of 
different drawing inks. Traditionally, to obtain brown shades, 
bistre, sepia, carbon black and iron gall inks were used1. Iron 
gall inks contain transition metals, such as iron and copper, 
catalysing the radical oxidation of the substrate, as well as 
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Fig. 4. The concentration parameters of the systems in steady 
states. Plot of [Fe3+] ( ) and [Fe2+] ( ) (in mM) against [H+] (in 
mM) for the experiments with pH less than 1.52

Fig. 5. Eh-pH diagram of ascendant composition
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acids, catalysing its hydrolysis2. These degradation proces-
ses, generally known as “ink corrosion”, lead to the formation 
of fl uorescent and brown degradation products, followed by 
mechanical weakening of the paper and formation of cracks. 
If none of these phenomena are observed, it is not easy to 
visually distinguish iron gall inks from other, potentially less 
aggressive, brown inks.

Different instrumental analytical methods, e.  g. SEM/
EDX, have been applied to identify inks3. As most collection 
keeping institutes do not have access to these techniques, 
there is a need for “hands-on” methods that do not require 
sampling or transport of the object outside the institute. 
Nowadays, Fibre-Optics Refl ectance Spectrometers (FORS) 
have reached dimensions which allow them to be transported 
easily to the objects to be measured.

It is shown in this paper, that these inks can be distin-
guished by the refl ectance spectra obtained from visually 
comparable shades of sepia, bistre and iron gall inks, co-
vering a range of compositions, processed by chemometric 
factor analysis methods.

Experimental
In order to test the possibilities of the fi bre-optics 

spectrophotometer to distinguish bistre, sepia and iron gall 
ink by their spectral characteristics, samples of these inks 
were prepared according to the traditional recipes and applied 
in different layer thicknesses to paper by the aid of computer-
-guided plotter equipped with refi llable pen. All model sam-
ples were artifi cially aged an oven at 90 °C and RH cycling 
every 3 hrs between 80 and 35 %.

Applying the AvaSpec-2048 fi bre optic spectrophotome-
ter4 and a halogen lamp, the refl ectance spectra of the artifi -
cially aged model samples and refl ectance spectra of inks on 
original 17th century drawing (kindly provided for by Teylers 
Museum, Haarlem, The Netherlands) were determined over 
the wavelength range between 350 and 1100 nm. An area of 
blank paper, near the ink application, was used as a white 
calibration standard. 

Computational
Factor analysis is generally preferred for its ability to 

determine the number of components or factors creating the 
given spectra set and for its ability to classify and characte-
rize these factors5,6. 

Let nS be the number of spectra in a studied set sampled 
at n points. Spectra are arranged in column in matrix R, and 
each spectrum is represented by an n-dimensional vector r. 
The fi rst step of factor analysis, principal component analy-
sis (PCA), is diagonalization of square symmetrical matrix
Z (Z  =  R RT; also called the scatter matrix). Orthonormal 
matrix of eigenvectors Q (with single eigenvectors qk in 
its columns) ordered according to the descending values of 
corresponding eigenvalues is obtained. Matrix R can be now 
expressed as

R = Q U     (1)

where  U = QT R   (2)
 

A set of eigenvectors Q forms the orthonormal basis of
a space of spectral data R. Each spectrum of image represen-
ted by a corresponding vector rj can be expressed as 

r qj kj k=
=
∑u
k

nF

1     (3)

Because real spectral data are affected by experimental 
errors, determining the dimension of the factor space nF is 
not a trivial problem. Malinowski5 developed the theory of 
errors in factor analysis and divided a set of eigenvectors into 
two groups:

1. The primary eigenvectors Q≠
k, k = 1→ nF

2. The secondary eigenvalues Qo
k, k = nF+1→ ns

The set of primary eigenvectors Q≠
k is directly related 

to the chemical information contained in a spectral data and 
defi nes the factor space basis with the dimension nF. Recon-
struction (3) using correct dimension of spectral space lead 
to the best reconstruction of spectral data with the lowest 
portion of experimental errors. The secondary eigenvalues 
are related exclusively to the experimental error in spectra 
data. Inclusion of secondary eigenvalues into the reconstruc-
tion (2) would lead to the reconstruction spectral data with 
excessive portion of experimental error 

Various methods defi ning the dimension nF have been 
developed5,6. The cross validation method using target fac-
tor analysis5 is considered to be one of the most reliable
approach.

Target Factor Analysis (TFA)5 is a procedure projecting 
a test vector rl to the primary factor space Q≠

k:
rl

* = Q≠
k Q

≠
k

T rl    (4)

where rl
* is a projection of the test vector. The AETl 

(apparent error of the target vector) is the measure of the diff-
erence between the target vector and its projection. TFA ena-
bles one to test individually, whether the particular spectrum 
(test) falls into the primary factor space.

In the cross validation method using target factor ana-
lysis a single spectral vector rl is removed from the spectral 
matrix R. Resulting matrix Ra (dimension n (nS–1)) is sub-
mitted for principal component analysis, and the eigenvector 
set (Qm)a, m  =  1  →  n–1 is obtained. Spectral vector rl is pro-
jected to the factor subspaces defi ned successively by fi rst m 
vectors arranged in the submatrix (Qm)a, m  =  1 →  n –1:

rl
*(m)  =  Qa(m) Qa

T(m) rl   (5)

where rl
* is the reconstructed spectral vector. The above 

procedure is repeated until all spectral vectors (all columns 
of R) have been reconstructed. The match between original 
and reconstructed spectra becomes closer with increasing 
dimension of factor subspace, e. g. with increasing number 
of eigenvectors m used in reconstruction (5). Reaching the 
arbitrary value of the chosen parameter of the match indicates 
the proper dimension of the factor space.
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Results and discussion
The set of analyzed reference spectra of brown inks is 

on the Fig.  1. The set consists of fi ve iron gall inks, three 
bistre inks and four sepia inks. Original refl ectance spectra 
were transformed into Kubelka-Munk7 spectra. Kubelka-
-Munk spectra are generally preferred in the methods using 
linear algebra8. Also, each spectrum was normalized to have 
maximum value equal one to enhance shape analysis. After 
the preliminary search a wavelength range 500–1100 nm
was used. 

Fig. 1. Set of spectra of reference samples of brown inks: 
solid lines – iron gall inks; dot lines – bistre inks; dashed lines –
sepia inks

First question to be solved is: Are the spectra of inks cre-
ating this set linearly independent? Only linearly independent 
spectra of individual components can be resolved.

The results of Cross Validation Analysis for the subset 
of fi ve iron gall inks reference spectra are on the Fig. 2. We 
can see, that the standard deviation of the cross validation de-
crease until three eigenvectors are added and does not change 

signifi cantly for the size of factor space 4 and 5. It suggests 
that the subset of reference iron gall inks spectra is created by 
three primary factors.

The same analysis for the subset of reference iron gall 
inks spectra with spectra of bistre inks added is on the Fig. 3. 
Estimated size of factor space in this case is 4, as the standard 
deviation decrease until four eigenvectors are added. This 
means, that addition of spectra of bistre inks increases the 
number of factors and so, the spectra of iron gall inks and 
bistre inks are linearly independent and can be resolved.

Fig. 3. Cross Validation Analysis for the subset of iron gall ink 
reference spectra with spectra of bistre ink added

The same results were obtained for Cross Validation 
Analysis of the subset of reference spectra of iron gall inks 
and sepia inks (Fig. 4.). The size of factor space of this sub-
set of spectra is four, what means, that the spectra of iron 
gall inks and sepia inks are linearly independent and can be 
resolved.

Fig. 4. Cross Validation Analysis for the subset of iron gall inks 
reference spectra with spectra of sepia ink added

Cross Validation Analysis was applied to the spectra 
taken at the four location of the drawing from 17th century 
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Fig. 2. Cross Validation Analysis for the subset of iron gall ink 
reference spectra
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(Fig. 5.). Spectra of the drawing are presented on the Fig. 6. 
together with reference spectra of iron gall inks.

Subset of spectra of reference iron gall inks with 
spectrum of location 1 has size of the primary factor space 
equal to three (Fig. 7A). It means that the drawing at the lo-
cation 1 is composed of iron gall ink only.

Similar subsets of reference iron gall inks with spectra 
of locations 2, 3 and 4 added have size of the primary fac-
tor space equal to four (Fig. 7B, 7C, 7D). This means, that 
drawings at these locations are composed either of some 
other inks or of combination of other ink and iron gall ink. 
The Cross Validation analysis itself is not capable to distin-
guish these cases.

Fig. 7. Cross Validation Analysis of subsets of spectra of refe-
rence iron gall inks with spectrum of location 1A, spectrum of
location 2B, spectrum of location 3C and spectrum of location 
2D 
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Fig. 5. Mountain landscape with two fortresses by Herman 
Saftleven (1609–1685), Teylers Museum, Haarlem, The Nether-
lands, Inventory no. P49

Fig. 6. Spectra of the locations 1–4 of the drawing on the Fig.  5. 
(solid lines) and reference spectra of the iron gall inks (dash 
lines)
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Table I contains the AETs of Target Factor Analysis pro-
jections of the spectra of location 1, 2, 3 and 4 to the primary 
factor space of the reference iron gall inks spectra. While the 
errors of projections of the spectra of locations 1 and 4 are of 
the lower magnitude and indicate that the spectra of locations 
1 and 2 contain spectra of iron gall inks, the errors of projecti-
ons of the spectra of locations 2 and 3 signifi cantly exceeding 
the SDCVD (3) = 0.025 (Fig. 2.) of the Cross Validation of the 
set of reference iron gall inks indicates, that these spectra are 
not iron gall ink spectra. 

Table I
AETs of Target Factor Analysis of spectra of locations 1, 2, 
3 and 4

 Location AET

 1 0.05
 2 0.15
 3 0.12
 4 0.06

Based on the results of both Cross Validation Analysis 
and Target Factor Analysis the location 1 is composed of 
iron gall ink only, locations 2 and 3 do not contain iron gall 
ink and location 4 contains combination of iron gall ink and 
other ink.
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L14 PHYSICAL CHEMISTRY OF FRACTAL 
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Introduction
Fractal geometry is widely used nowadays in many 

scientifi c areas. Fractals seem to be very powerful in desc-
ribing natural objects on all scales. Fractal dimension and 
fractal measure, are crucial parameters for such description1. 

Fundamental laws describing the heat diffusion in fractal 
environment are discussed. It is shown that for the three-di-
mensional space the heat radiation process occur in structures 
with fractal dimension 0 < D < 1, whereas in structures with 
1 < D < 3 heat conduction and convection have the upper hand 
(generally in the real gases).

It is shown that the results are comparable to the kine-
tics theory of real (ideal) gas (compressibility factor, Boyle’s 
temperature)2. For the critical temperature the compressibi-
lity factor gains Z = 1 (except for the ideal gas case D = 3) 
also for the fractal dimension D = 1/φ = 1.618033989, where 
φ is the golden mean value of the El Nashie’s golden mean 
fi eld theory2.

Theoretical background
In papers4,5,6 the density of fractal physical quantity C(r) 

in E – dimensional Euclidean space En (E = n) (the density of 
heat capacity) was defi ned as

C r k n r k K rD E( )= = −( ) ,   (1)

where n(r) is the coverage of space – distribution of par-
ticles concentration4, k = 1.380658  . 10–23  J  K–1 is the quan-
tum of heat capacity (Boltzmann constant), r is the radius of
elementary quantity, K the fractal measure and D is the fractal 
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dimension. For radial temperature fi eld we can write the de-
pendence of temperature on radius using (1), see (ref.5) as:

T r
c

k

K r

D D E

D E

r ( )
( )

=− ⋅
− +

− +
�

2

2
.
   (1)

From this equation it is obvious that in the space with 
constant density of the heat capacity C(r) (i.  e.  for D = E) the 
temperature increases with second power. In the case of po-
int-like source of the heat radiation (i. e. for D = E – 3, E = 3) 
the temperature decreases with the distance by 1/r. Assuming 
that there is linear source of heat (hot wire, D = E – 2, E = 3), 
the temperature is constant over the whole space.

It is evident that the density of the quantity (the density 
of heat capacity C(r)) depends on the fractal dimension D, on 
the fractal measure K, and on its distribution in the E-dimen-
sional space. This distribution is expressed by Fig. 1a (in ap-
propriate units). It turns out that, for the fully covered space 
(D = E) the distribution of the physical quantity is homoge-
nous in the space. For the space where just one elementary 
cell is placed the charge density in the cell of size r is given 
by ρ(r) = 1/rE (with the growing size of the cell, the coverage 
of space decreases). The dependence of the potential of phys-
ical fi eld’s radial part for different values of fractal dimension 
is presented on Fig. 1b. The potential of physical fi eld (the 
temperature Tr(r)) is positive for D < E – 2 and negative for 
D > E – 2. For D = E – 2 is potential (temperature) constant (in 
special case equal to zero: intensity of fi eld is constant – ho-
mogenous fi eld).

From the density of the heat capacity (1) and from the 
temperature (2) the density of energy
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can be determined.

The heat radiation
Let’s fi rst consider the properties of heat transfer in the 

three-dimensional space (E = 3) just for the fractal dimensi-
ons D ∈ 〈0.1) of the heat source. In this case, the heat density 
(4) can be written using generalised Planck radiation law

w T K kT
kT D D

K c
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⎤
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−

−1

3

1

�
.  (4)

The power of the temperature Tr can gain values from 
interval 〈4, ∝).

The wavelength and the fractal dimension are connected 
by the following equation7

α λ
λw = =

−

0

1 D

D
,    (5)

where                      is the inverse coupling constant of the 
mass energy (α  is the inverse coupling constant of energy6) 
and λ0 is the wavelength for fractal dimension D = 1/2 (maxi-
mum of function D(1 – D)).

Fig. 1. The dependences of physical quantities on the distance 
r and fractal dimension D for topological dimension E = 3:
a) the density of the heat capacity C(r, D), b) the temperature 
Tr(r, D)

a)

α αw = +1

b)

C

T

Fig. 2. The dependency of energy density of heat oscillators on 
their fractal dimension plotted for three different temperatures  
(■T = 4000 K, ▲T = 5000 K, ♦T = 6000 K) and constant number of 
oscillators (K = 2.2  .  106 m–3)
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The Fig. 2. shows the dependency of the energy density 
on fractal dimension for a specifi c number of oscillators 
(K ≈ 2.2  .  106  m–3). The parameter of the dependences is tem-
perature. Its values were chosen to allow comparison with 
experimentally gained values for the Sun.  

Analysing the dependencies expressing the Planck’s 
radiation law, similar results are obtained 
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      (6)
where ν = c/λ is the frequency of the electromagnetic wave.

Fig. 3. The spectral energy density of heat oscillators compu-
ted for temperature T = 5800 K and K = 2.53  .  106  m–3 using the 
Plank’s radiation law (♦) and dependency defi ning the energy 
density of fractal structure (▲). The results are compared with 
measured values of the Sun

The Fig. 3. shows the heat density dependency on wa-
velength (5) computed from Eq. 4 at temperature T = 5800 K 
and assuming that Kћc/kT  ≈  Kλ0  ≈ 1. Experimental results of 
Sun give (see Fig. 3.) better agreement with the fractal model 
than with the quantum theory calculations for higher wave-
lengths. The signifi cant divergences around the maximum, 
which is at the visible part of the spectrum, are caused by the 
absorption in the atmosphere.

Heat conduction and fl ow
This kind of heat transport occurs when the fractal 

dimension lies in the interval D ∈ (1.3〉. In this case the 
D(1 –  D) term in Eq. 4 is negative and relation for energy 
density, which in this case represents the gas pressure (i.  e. 
w(Tr) = p(Tr)), has to be rewritten into 
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where using the Moivre’s theorem 
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To describe the behaviour of real gases it is more practi-
cal to use the so-called compressibility factor. With the help 
of pid  =  RTr /VM  =  KkTr , where VM  =  NA/K is the molar gas 
volume, R  =  k  NA is the molar gas constant, NA is the Avo-
gadro constant, which represents the ideal gas equation, it can 
be defi ned by the equation  
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It is possible to establish from the dependency shown in 
the condition2 
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so-called Boyle temperature (temperature at which real gas-
ses behave as the ideal one – when the pressure is low or the 
volume is small). The minimum of the dependence (9) func-
tion arise when the fractal dimension D  =  3. According to
Eq. 9 we can thus write: ZB  =  1, TB  =  Kћc/6k, pB  =  K(Kћc)/6.

Fig. 4. The dependency of compressibility factor size on 
fractal dimension plotted for three different temperatures 
■T  =  50  000 K, ▲T  =  5000 K (i. e. for Kћc  ≈  kTr), ♦T  =  500 K, 
and constant number of oscillators (K = 2.2  .  106  m–3)

The dependency of the compressibility factor size on the 
fractal dimension at three different temperatures is plotted in 
Fig. 4. Assuming that the temperature is low the compressibi-
lity factor has a growing tendency straight away from the be-
ginning (when the fractal dimension decreases). In the other 
cases the compressibility factor begins to grow only after pre-
vious decreasing period. At critical temperature the system 
(Kћc  ≈  kTr) gains Z  =  1 (except for the case of the ideal gas 
D  =  3) also for the fractal dimension D  =  1/φ  = 1.618033989, 
where φ is the golden mean value of El Nashie’s golden mean 
fi eld theory.

Conclusion
The properties of heat radiation conduction and con-

vection in fractal structures were discussed. It is shown 
that the dependency of energy density on fractal dimension (8)
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w  =  f(D) (4) is connected with the Planck radiation law
(i. e. the spectral radiant excitance on wavelength Hλ  =  f(λ)) 
for structures with fractal dimensions from the interval 
D ∈ 〈0.1).

On the other hand, structures with fractal dimensions  
D ∈ (1.3〉 behave as real gases. The energy density w  =  f(D) 
gains generally complex values within this interval (7) and 
describes the behaviour of a real (cohesive) gas. Only at spe-
cifi c values of fractal dimension the gas behave as the ideal 
one (the energy density is real-valued). Again, it was shown 
that in three-dimensional space (E  =  3) at temperatures above 
the critical temperature (kT > Kћc) the maximum of the de-
pendency p  =  f(D) (7) gives results reconcilable with the ki-
netic theory of real (ideal) gasses (van der Waals equation of 
state, compressibility factor, Boyle’s temperature). At the cri-
tical temperature (Kћc  =  kTr) the compressibility factor gains 
value Z  =  1 (except for the case of D  =  3) also for the fractal 
dimension D  =  1/φ  = 1.618033989, which is the golden mean 
value of the El Nashie’s golden mean fi eld theory3.
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Introduction
Humic acids (HA) are natural compounds which cannot 

be characterized by chemical formula. They are not chemical 
individual but a heterogeneous mixture of various organic 
compounds. HA are traditionally defi ned according to their 
solubility in alkaline solutions1–3. In previous work4 it was 
confi rmed that it is possible to subdivide HA into their frac-
tion by dissolving in buffer solution with various pH. The 
increasing alkalinity of buffers causes higher HA solubility 
and therefore large heterogeneity of extracted fractions. Be-
cause HA is a mixture of compound with various solubility 
and structure, the maximum absorbance of obtained fractions 

was not proportional to concentration of HA fraction in buf-
fers. The maximum wavelength increased with pH-value, 
which could be caused by higher degree of condensation of 
aromatic cycles4. 

In this contribution some organic solvents were used 
for HA fractionation. In view of HA unique structure various 
polar and non-polar solvents were chosen for this study. The 
motivation for HA fractionation by organic solvents is the 
utilization of different solvents for extraction of HA, coal and 
other organic substances by some authors5–7.

Experimental part
HA were isolated from South-Moravia lignite (Mi-

kulčice) by alkaline extraction8. Soxhlet extractor and simple 
stirring of HA particles with organic solvent were used for 
HA fractionation. The solid/solvent ratio was 1 g/10 cm3. HA 
were extracted by solvents always for 24 hours. Obtained 
fractions were analyzed by FT-IR spectroscopy as thin fi lm 
on silicon plate (Nicolet Impact 400) and UV/VIS spectros-
copy (Hitachi U-3300) as solution of HA in given solvent.

Results and discussion
Preliminary results from HA fractionation by organic 

solvents were published9. The yields of extraction in Soxhlet 
apparatus are listed in Table I. We can see that extraction 
yields for non-polar solvents are very low and the high-
est values were obtained for alcohols and acetates. On the 
other hand, no yield was observed in case of pentyl acetate. 
The highest value was obtained for extra pure ethanol. But
if technical ethanol was used, extraction yield decreased to 
2.08 %. Generally, polar solvent have higher effi ciency of 
HA extraction than non-polar ones due to their lower hydro-
phobicity.

Calculated absorbance ratios A465/A665 are also listed in 
Table I. This ratio (called also humifi cation index) is most 
often used for characterization of humic substances. Its 
value for HA is usually < 5 and decreases with increasing 
molecular weight and condensation degree. The majority of 
obtained fractions have humifi cation index < 5. Extremely 
high values (> 10) were obtained for butyl acetate, heptanol 
and propanol. Probably, low molecular weight fractions are 
preferentially dissolved by these solvents. The lowest value 
was determined for toluene fraction, which has also the low-
est extraction yield. No weight loss was observed in case of 
pentyl acetate, but the presence of small amount of HA frac-
tion in this solvent was detected by UV/VIS spectroscopy. 
The maximum wavelength of HA fractions in non-polar 
solvents increases with dielectric constant from 226 nm to 
297 nm. Alcohol solutions of HA have maximum wavelength 
between 210 nm and 220 nm except for 2-methyl-1-propanol 
(237 nm). HA fractions dissolved in acetates have maximum 
wavelength between 250 nm and 260 nm. Therefore acetates 
are probably able to dissolve HA fractions with higher degree 
of condensation of aromatic cycles. Differences between 
individual fraction were indicated also various tinges of 
colours.
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Table I
Extraction yields in dependence on solvent polarity and 
UV/VIS characterization of obtained fractions (Soxhlet ap-
paratus)

 Solvent Dielectric constant Yield [% wt.] A465/A665
 
 hexane 0.72 1.30 2.00
 benzene 0.33 2.30 1.07
 toluene 2.40 0.01 0.71
 xylene 2.45 0.37 1.31
 hexyl acetate 4.42 2.30 4.57
 pentyl acetate 4.79 0.00 1.86
 butyl acetate 5.07 2.59 17.58
 propyl acetate 5.62 4.52 5.10
 ethyl acetate 6.08 2.60 4.54
 methyl acetate 7.07 6.62 2.78
 heptanol 11.75 6.52 22.17
 2-methyl-2-propanol 12.47 4.12 7.24
 hexanol 13.30 6.48 5.86
 pentanol 15.13 4.01 6.18
 butanol 17.84 5.53 4.62
 2-methyl-1-propanol 17.93 4.33 7.27
 propanol 19.75 2.79 47.75
 ethanol 25.30 11.56 9.36
 methanol 32.70 2.62 5.00

Fig. 1. Comparison of HA extraction yields for stirring and 
Soxhlet apparatus

Other way of HA extraction into organic solvents is 
mixing and stirring in closed vessel at laboratory tempera-
ture. It was observed that the effi ciency of this method is 
much higher than the use of Soxhlet apparatus, which HA 
are extracted under relatively high temperatures in. The com-
parison of extraction effi ciency of both methods is shown in 
Fig. 1. It is interesting that chain length causes positively on 
HA extraction by stirring but negatively in case of Soxhlet 
apparatus. Humifi cation indexes for HA solutions obtained 
by stirring were always lower than value determined for Sox-
hlet apparatus. Their value was usually 1.5–3 for acetates and 
2–6 for alcohols and it increased with chain length.

Fig. 2. FT-IR spectra of HA fractions soluble in hexanol and 
hexyl acetate

The comparison of FT-IR spectra of HA fractions in 
hexanol and hexyl acetate is shown in Fig.  2. Stretching 
vibration of aliphatic and OH groups are observed in region 
3300–2600  cm–1. Differences between both spectra in “fi n-
gerprint” area are clearly evident. Two peaks obtained for HA 
fraction in hexyl acetate between 1200–1000  cm–1 belong to 
anhydride and ester structures. It corresponds with the inten-
sive absorption band about 1700  cm–1. Similar results were 
obtained for other alcohols and acetates.

Conclusions
It was confi rmed that HA are heterogeneous mixture of 

various compounds, which are partially soluble in organic 
solvents. Simple stirring HA with solvents was more effe-
ctive than use of Soxhlet apparatus. The highest extraction 
yields were obtained for alcohols and acetates. UV/VIS
and FT-IR spectra showed differences between individual 
fractions. 

This work was supported by Grant Agency of Czech 
Republic – Project No. 104/02/D036.
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Introduction
In the last years the potential use of the semiconducting 

polymers for the construction of optoelectronic devices has 
stimulated considerable interest. New polymer materials 
are able not only to substitute the expensive crystalline se-
miconductors in these devices, but their specifi c properties 
originate the principle new devices and technologies. Good 
processability (fi lm-forming) is utilized in many polymeric 
devices such as polymer electroluminescence diodes and 
displays, sensors and photodetectors, thin fi lm transistors and 
solar cells. Nowadays the functional polymers are applied 
even in the logical circuits, which give rise to a new branch 
– “Plastic Logic”.

The aim of the proposed contribution is to introduce the 
recent results and experiences of our group dealing with the 
characterization of selected conjugated polymers for optoe-
lectronic applications such as electroluminescence diodes, 
solar cells, photodetectors and light driven molecular current 
switches. In spite of much progress that has been made in 
the understanding of the underlying science that controls the 
properties of the devices, still relatively little is known about 
the optoelectronic properties of these materials. Therefore we 
focuse on detailed studies of physical processes e. g. pho-
toconductivity1–3 and photochromic phenomena4 and their 
dynamics in π-conjugated polymers. Photoinduced charge 
generation, transport and recombination are key elementary 
processes underlying the function of these polymers in orga-
nic solar cells and light detectors. The electrical and optical 
properties of pristine π-conjugated polymers have been well 
characterized, which allow us to study the polymer blend 
comprising of hole conducting polymer and photochromic 
spiropyrane with high dipole moment in metastable form. 
This would provide better insight into the mechanism of 
carrier transport and thus would make way to improve device 
performance.

A relation between properties of individual molecules 
and properties of macroscopic molecular systems allows 

one to envisage construction of molecular-scale electronic 
devices. The switch should consist of a molecular transport 
material (molecular wire) with suitably attached side groups 
containing reversible photochromic moieties. The molecular 
wire should be realized by π-conjugated polymers. In these 
polymers the charge carrier delocalization and transport is 
infl uenced by resonant orbital phenomena. With reference to 
the photochromic moieties our interest is aimed to the class 
of molecules which dipole moments are strongly increased in 
the metastable forms. This feature allows control the heights 
of the potential barriers over the polymer chain, the level of 
conjugation and charge delocalization, and hence to change 
the on-chain mobility of charge carriers4–6.

Experimental
The studied systems consisted of poly[2-methoxy,

5-(2’-ethyl-hexyloxy)-1,4-phenylenevinylene] (MEH-PPV), 
poly[2-methoxy, 5-(3’,7’-dimethyloctyloxy)-1,4-phenyle-
nevinylene] (MDMO-PPV) or poly[(p-phenylenevinylene)-
-alt-(2-methoxy, 5-(2-ethylhexyloxy)-p-phenylenevinylene)] 
(MEHPO-alt-PV) doped at a broad range of dopant concen-
tration by photochromic spiropyrane (SP; 6-nitro-1’,3’,3’-tri-
methylspiro[2H-1-benzopyran-2,2’-indoline]) or by trinitrof-
luorene (TNF). The electrical measurements were performed 
on a sandwich cell with a dielectric layer. It was prepared by 
spin coating of a 1% (by weight) polymer solution in chlo-
roform onto an ITO (indium tin oxide) electrode. Top thick 
Al-layer served as a top electrode. The thickness of the layer 
was typically 150 nm. The multilayered devices were created 
by the introduction of an evaporated SP layer between a po-
lymeric layer and electrode. In selected samples an electron 
and/or a hole transport layers were introduced between the 
active material and appropriate electrode. Dielectric proper-
ties were studied using a Hewlett Packard 4192A impedance 
analyzer. The time dependences of capacitance and conduc-
tance were recorded at constant frequency (1 kHz). The pho-
tochromic reaction was activated using a mercury discharge 
lamp HBO-200 with band fi lter (360 ± 20) nm and was stu-
died by UV-VIS and photoluminescence spectroscopy. The 
measurements were performed in vacuum in the temperature 
range 298–350 K.

Results and discussion
In conjugated polymers containing suitable photochro-

mic species the photochromic reaction should eventuate 
in changes of electrical properties such as conductivity. In 
molecular materials the transport of charge carriers are infl u-
enced by traps induced by non intentional or intentional do-
pants. Guest molecules will in general have different energy 
levels from the host. In particular, if ionization energies and 
electron affi nities are suitably different, charge carrier traps 
can be formed. A special type of traps may occur if guest 
molecules possess a permanent dipole moment. The dipole 
moment contributes to the fi eld acting on surrounding mol-
ecules and infl uences polarization energy. These dipolar traps 
are formed on neighbouring host molecules, even though the 
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impurity itself does not necessarily form a chemical trap. 
As was mentioned above, the studied systems consisted of 
different types of π-conjugated poly(phenylenevinylene) 
derivatives with admixed photochromic spiropyran. Under 
irradiation spiropyran exhibits photochromism as shown in 
Fig. 1. The compound is stable in its colorless closed-ring 

isomeric form, while UV irradiation produces a metastable 
open-ring isomer (M) absorbing at 550–600  nm. The pho-
toinduced color change of SP is caused by the extension 
of conjugation in the M isomer. Thermal fading in the dark 
or the reverse photochemical reaction following irradiation 
with a He-Ne laser gradually restores the original spectrum, 
the change being fully reversible. Dipole moments of stable 
forms of spiro molecules ranges typically within (2  ~  5)  D 
depending on substituents attached to their backbones, whe-
reas the moments of the merocyanine form may exceed 10 D. 
Thus, during the SP → M photochromic reaction dipolar 
species are formed. As was mentioned above, in polymer 
matrix they can generate dipolar traps reducing the charge 
carrier mobility. Consequently, a decrease of the dark current 
and/or photocurrent can be observed. The formation of traps 
during the irradiation was checked by impedance measure-
ments. The result is depicted in Fig.  2. During the illumina-

tion of the sample photocurrent decay was observed instead 
of expected current saturation; we attribute the phenomnon 
to the formation of the metastable species during the pho-
tochromic reaction. Simultaneously, the capacitance of the 
system was found to increase due to the formation of dipolar 

species. When the light was switched off, the rapid decrease 
of the photocurrent was observed, whereas the capacitance 
of the system was found to decrease slowly following the 
kinetics of the back ring closure reaction, M → SP. The rate 
constant of the process follows the Arrhenius equation with 
activation energy dependent on the polymer type matrix. The 
values are in a qualitatively good agreement with the results 
obtained from the optical measurements. We can conclude
that photochromic transformation of spiropyran produced 
charge carrier traps affecting the electrical properties of 
the polymer matrix, capacitance and photoconductivity in 
particular. Thus, an optical signal can be transformed into 
an electrical one and a polymeric optron can be, in principle, 
constructed.

This work was supported by the grant 203/03/133 
from the Czech Science Foundation and by the project No. 
0021630501 from the Ministry of Education, Youth and 
Sports.
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Introduction
Ultrasound has been used for a long time in colloid 

chemistry for particle sizing and measurement of elec-
trokinetic potential1. Recently, so-called high resolution 
ultrasound spectrometer started to be available commer-
cially, which substantially enlarged application potential of 
ultrasound in colloid chemistry2. Ultrasound spectrometry 
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Fig. 1. Photochromism of the spiropyrane molecule

Fig. 2. Time evolution of the conductance and capacitance 
of the sample measured by impedance spectroscopy at room 
temperature. The vertical arrows indicate the time when the UV 
irradiation was switched on and off, respectively
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is based on detecting interactions of ultrasound wave with 
studied sample. Two parameters are measured – ultrasound 
velocity and ultrasound attenuation. Velocity is determined 
by local elasticity and density the former dominating, usu-
ally. Elasticity refl ects local molecular organization and 
intermolecular interactions. Velocity thus probes intermo-
lecular forces. Interpretation of attenuation is a little bit more 
complex. In heterogeneous samples attenuation is a result of 
ultrasound scattering on dispersed particles and can be used 
for their sizing. In homogeneous samples attenuation is due 
to some relaxation processes if there are any and can be thus 
used to follow, e. g., fast chemical processes.

High resolution refers to measurement of velocity. 
Whereas traditional equipments measure velocity with 
resolution about 0.1 m s–1 high resolution apparatus achieves 
0.0001 m s–1 resolution, i. e. about 10–5  % in common aque-
ous solutions. Moreover, it enables measurement in various 
modes – kinetic, titration, programmed temperature. This 
makes high resolution device a powerful aid for colloid 
chemists. Examples of applications3 include study of mi-
cellization, temperature induced conformation changes in 
polymer solutions, ligand binding to biopolymer, aggregation
in biopolymer solutions, emulsion or suspension stability,
gelation etc.

This contribution reports on some data from our fi rst 
experience in application of high resolution ultrasound 
spectroscopy to two materials of nature or biological origin 
– humic (HA) and hyaluronic acids (HYA). The former have 
been subject of intensive studies of soil, coal, environmental, 
agriculture chemists for about 200 years yet their structure 
and detailed composition have not been resolved4. It is clear 
that humic acids is a complex mixture of hundreds or thou-
sands of molecules, which are according to one hypothesis 
polymers4 according to another one they are small molecules 
forming “supramolecular” aggregates5. Hyaluronic acid is 
found in some animal (including human) tissues and liquids 
where it plays indispensable role. Industrially produced 
hyaluronic acid is used mainly in medicine, pharmacy, cos-
metics. Our aim is to apply ultrasound spectroscopy to char-
acterize aqueous solutions of (sodium salts of) these natural 
colloids, particularly to study their aggregation behaviour 
and conformational changes induced by temperature or solu-
tion chemistry.

Experimental
Ultrasonic spectrometer HR-US 102 (Ultrasonic Scien-

tifi c, Ireland) was used to measure the basic ultrasonic pa-
rameters. The device consists of two independent measuring 
cells, which were tempered at 25.00 °C. Experiments were 
realized in both cells, to avoid the effects associated with 
possible temperature fl uctuations. Frequency used for the 
measurement was in all measurements 5478 kHz. Following 
sodium salt aqueous solutions were used: HA (1  g  l–1), HYA 
of molecular weight 29.8 kDa and 560 kDa with concentra-
tion 1.5 and 1.61  g  l–1, respectively. Further, to evaluate the 
infl uence of the electrolyte the latter solutions were prepared 

in 0.1 M NaCl with concentrations 1.5  g  l–1. In case of HA, 
1 ml of the solution was placed into the ultrasound cell and 
10 µl of 1 M NaCl was injected each approximately 12 mi-
nutes. Experiments with HYA were realized vice-versa – 10 
or 20 µl of HYA solution was added to the 1 ml of either 
water or 0.1 M NaCl. 

Results and discussion
Titrating solutions of both types of hyaluronic acid 

into the pure solvent gave only slight increase of ultrasound 
velocity with concentration. Titrating of hyaluronic solu-
tions containing NaCl into the pure water resulted in much 
stronger increase (see example in Fig. 1.). Final concentra-
tion of both preparations was still under gelation threshold. 
In all cases, the change of velocity with concentration was 
practically linear. Linear change indicates no aggregation or 
conformation changes as expected for this highly hydrophilic 
material.

Fig. 1. Change of ultrasound velocity upon titration of hyalu-
ronic solution (560 kDa) into water or NaCl solution

Strong increase of ultrasound velocity of electrolyte-
containing solutions upon dilution with water (in comparison 
with experiments with aqueous solutions) means formation 
some more rigid structures. Generally, ultrasound velocity 
decreases in the order solids > liquids > gases. Diluting hy-
aluronate solution supports its dissociation. Formed charged 
particles, either hyaluronate anion or (more probably) sodium 
cation, are subsequently hydrated. Main effect on velocity 
increase should be probably attributed to sodium cations as 
indicates the much lower velocity increase in the cell contain-
ing NaCl solution. Water in hydration shells is less compress-
ible, more rigid than bulk water molecules, which results in 
increase of ultrasound velocity. It can be thus speculated that 
the well-known affi nity of hyaluronic acid to water is tightly 
connected to its dissociation and is promoted by it.

No principal qualitative differences were observed for 
solutions for the two molecular weight preparations. Differ-
ences in ultrasound velocities are negligible, thus interactions 
with ultrasound are dominated by the hydration shell, well 
developed around the hyaluronic backbone regardless its 
molecular weight. 
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Recently, we have reported on similar experiments made 
with sodium humate solution6. Titrating it into the water re-
sulted in linear increase of ultrasound velocity indicating no 
structural changes, e. g. no aggregate forming. However, this 
may mean that stable aggregates are present in the concentra-
tion solution and do not disintegrate upon dilution.

Titrating sodium chloride solution into the sodium 
humate solution gave similar effect – increasing ultrasound 
velocity with increasing concentration of the electrolyte
(Fig. 2.). It looks like simple dependence of ultrasound veloc-
ity of sodium chloride solution on its concentration. Sodium 
chloride thus behaves like really inert electrolyte, which 
probably does not penetrate humic structure, does not affect 
its electrostatic interactions in such a way, which would lead 
to conformational changes. On the other hand it should be 
expected that addition of electrolyte should infl uence elec-
trical double layer on humic particles. These results may 
indicate that electrostatic interactions are not dominating in 
humic conformations or, perhaps, aggregation. Potential ag-
gregates should be thus result of other intermolecular forces 
(hydrogen bonds, van der Waals forces, π-π interactions) as 
supposed by proponents of aggregate hypothesis5.

Fig. 2. Change of ultrasound velocity upon titration of NaCl 
solution into the humic solution

Conclusions
High resolution ultrasonic spectroscopy represents 

promising powerful method in the biomaterial research. It 
provides a wide scale of possible applications and enables 
to avoid problems associated with application of other 
techniques useful for molecular interactions research. On 
the other hand, in solutions of biomolecules many kinds of 
inter/intra molecular interactions, having strong infl uence on 
ultrasonic parameters, can be found. Hence, the interpreta-
tion of observed phenomena must be done very carefully and 
results of additional analytical techniques should be taken 
into account.

This work was supported by Ministry of Education, proj-
ect no. MSM 0021630501.
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