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Introduction
Humic substances (HS) are ubiquitous and also the most 

occurring organic matter on the Earth. Due to their high hete-
rogeneity and chemical character they tend to self-aggregate 
forming various molecular organisations. Despite an inten-
sive research, the mechanisms and ways of aggregation are 
still not precisely known.

According to the solubility under acidic or alkaline con-
ditions, HS are traditionally divided into three groups: humin, 
the insoluble fraction; humic acids (HA), the fraction soluble 
under alkaline but not acidic conditions (generally pH < 2); 
and fulvic acids (FA), the fraction soluble under all pH con-
ditions. FA may be regarded as associations of small hydro-
philic molecules in which there are enough acidic functional 
groups to keep the fulvic clusters dispersed in solution at any 
pH. On the other hand, humic acids consist of associations 
of predominantly hydrophobic compounds which are stabi-
lised at neutral pH by hydrophobic dispersive forces (van 
der Waals, π – π and CH – π bondings). Their conformations 
grow progressively in size when intermolecular hydrogen 
bondings are increasingly formed at lower values of pH, until 
they flocculate1.

In 1961 Kononova introduced the concept that HS are 
comprised of system of polymers2. Piccolo, unlike foregoing 
theory, claims that humic constituents are supramolecular as-
sociations of relatively small heterogeneous molecules held 
together by weak interactions (van der Waals, π – π, CH – π 
interactions and H-bonds)3.

In this work the thermodynamic stability of HS stan-
dards obtained from the International Humic Substance 
Society (IHSS) at various concentrations was studied. In our 
case, the high resolution ultrasonic spectroscopy (HRUS) 
was the method of choice. Since in HRUS the mechanical 
type of waves is involved, it can succeed where classical 
optical methods are limited by the nature of the sample (e.g. 
sample concentration, pH, purity of sample, etc.). This non-
destructive method has already been applied to monitor phase 
and thermal transitions, hydrations, coagulations and other 
conformational changes of various biomolecules including 
humic substances and proved itself as a powerful tool in 

colloidal chemistry due to its sensitivity (resolution down to 
10–5 %) and broad possibilities of application4,5.

Applied waves probe the elastic characteristics of materi-
als. Compression caused by the ultrasonic wave decreases the 
distances between the sample molecules which then respond 
via intermolecular repulsions and, vice versa, the decompres-
sion probes the attractive forces. As the result, the ultrasonic 
velocity parameter is extremely sensitive to molecular orga-
nization and intermolecular interactions in samples.

Experimental
IHSS standards of humic acids (Suwanee River 1S101H, 

Leonardite 1S104H) and fulvic acids (Suwanee River 2S101F, 
Pahokee Peat 2S103F) were measured. Sodium salts of HA 
samples were prepared using following procedure. HA stan-
dard was dissolved in distilled water and the pH value was 
adjusted with 0.1M NaOH to 7. The sodium humate solution 
was freeze-dried and homogenised. FA standards were sim-
ply dissolved in distilled water.

To monitor the ultrasonic velocity, HRUS 102 device 
(Ultrasonic-Scientific, Dublin, Ireland) was employed. 
HRUS consists of two independent quartz cells which secu-
res that complications caused by changing of water com-
pressibility and density during non-isothermal regime are 
no longer significant. Cell 1 serves as a sample cell and cell 
2 as a reference. Both cells are tempered by a water bath. 
All measurements were set up at 25.00 ± 0.02 °C, under 
constant stirring (600 rpm) and at ultrasound frequency of 
approximately 5,480 kHz. Samples were dissolved in dis-
tilled water to desired concentrations (0.01; 0.1; 1; 4 g dm–3). 
Cell 1 was loaded up by 1 ml of a sample whereas cell 2 by 
1 ml of distilled water. Temperature regime was as follows:  
step 1 – from 25 °C to 90 °C for 3 hours, back to 5 °C for 
4 hours, step 2 – from 5 °C to 90 °C for 4 hours and back to 
5 °C for 4 hours, step 3 – from 5 °C to 90 °C for 4 hours and 
back to 25 °C for 3 hours. The first heating cycle was used to 
ensure that humic samples have the same “thermal history” 
and that are completely dissolved. The second heating cycle 
was used to monitor the changes in humic solutions indu-
ced by heat, while the third one served as the reproducibility 
control of the experiment. During the temperature programs 
the ultrasonic velocity (U) was measured in both cells. The 
results were expressed as a difference of measured values 
between cell 1 and cell 2, i.e. U12.

Results
As the records from second and third step gave very 

similar results, we can assume that only physical and no che-
mical changes occurred.

HA sample of concentration 4 g dm–3 (Fig. 1.) showed 
practically monotonous decrease of U12. At this concentra-
tion, aggregates with hydrophilic surface are present. This 
surface is surrounded by water shall that is due to the smaller 
compressibility more supportive for ultrasonic wave propaga-
tion than bulk water. With increasing temperature the relative 
static permittivity of water decreases which leads to the fact 
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that the hydration shell is weakened and U12 decreases. Fur-
thermore, at higher temperatures the hydrophobicity of some 
amphiphilic headgroups increases which results in additional 
weakening of aggregate protecting hydration shell.

Diluting the sample solution (Fig. 2.), HA assemblies 
tend to form aggregates with a bit more hydrophobic exterior. 
The water shell is not so rigid and with increasing tempera-
ture is collapsing which results in disruption of humic aggre-
gates. This destabilisations and consequent reaggregation can 
be observed as a wave-like shape of the curve. 

It is in line with recent statement given in ref.6 where has 
been demonstrated that diluting of humates is associated with 
decreasing in the number of relatively stable H-bonds and 
humic molecules are loosely bound by hydrophobic interac-
tions such as CH – π, π – π interactions or van der Waals  
forces6.

Further diluting of the sample solution (i.e. under con-
centration of 1 g dm–3) leads to formation of aggregates with 

predominantly hydrophobic exterior. At some concentration, 
the nature of prevailing interactions holding together humic 
assemblies is dramatically changed. The disintegration of big 
aggregates into small ones or even single molecules is as-
sociated with the increase of number of water molecules in 
the hydration shells. With increasing temperature, the rela-
tive static permittivity of water decreases which is supportive 
to hydrophobic hydration. In total this leads to U12 increase 
(Fig. 3.).

Furthermore, the basic chemical composition (elemen-
tal analysis and carbon distribution in functional groups as 
revealed by liquid state 13C NMR) was compared with the 
slope of ultrasonic velocity decrease of standards at concen-
tration of 4 g dm–3 as measured by HRUS. The slope was 
observed steeper in line: Leonardite HA, Suwannee River 
HA, Pahokee Peat FA and Suwannee River FA. 

As can be seen in Table I, basic chemical composition 
does not show clear correlation with the slope of ultrasonic 
velocity decrease. On the other hand, carbon distribution 

Fig. 1. D ifference of ultrasonic velocity (U12) as a function of 
temperature, Suwanee River 1S101H, 4 g dm–3

Fig. 2. D ifference of ultrasonic velocity (U12) as a function of 
temperature, Suwanee River 1S101H, 1 g dm–3

Fig. 3. D ifference of ultrasonic velocity (U12) as a function of 
temperature, Suwanee River 1S101H, 0.01 g dm–3

Fig. 4. D ifference of ultrasonic velocity (U12) as a function of 
temperature, Leonardite 1S104H, 0.01 g dm–3
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in functional groups, namely aromatic and aliphatic carbon 
content, can be regarded as potential indicator of the slope 
of ultrasonic velocity decrease. Anyway, these inferences 
are based on only four samples measurements thus another 
records are in need.

Conclusions
Results obtained by high resolution ultrasonic spectros-

copy revealed differences in ultrasonic records for all sam-
ples. At the same concentration, all samples showed similar 
trends, nevertheless, easily distinguishable differences were 
observed (compare Fig. 3. with Fig. 4.). Observed differen-
ces may be explained by differences in the samples origin. 

Furthermore, diluted samples brought completely different 
records in compare with the concentrated ones. That was 
attributed to the fact that at high concentrations the humic 
aggregates are stabilised mainly by H-bonds but at low 
concentrations the aggregates and/or single molecules are 
loosely bound predominantly via hydrophobic interactions. 
Elemental composition did not show clear correlation with 
HRUS measurements. On the other hand, slope of ultrasonic 
velocity decrease seemed to purvey information about carbon 
distribution in functional groups.
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Table I
Elemental analysis of HA and FA standards (C. C – Carboxyl 
Carbon, Ar. C – Aromatic Carbon, Al. C – Aliphatic Carbon)

	 [%]	 Leonardite	S uwannee	 Pahokee	S uwannee
		  HA	R iver HA	 Peat HA	R iver FA
	 C	 63.8	 52.6	 51.3	 52.5
	 H	 3.7	 4.4	 3.5	 4.3
	O	  31.3	 42.5	 43.3	 42.2
	N	  1.2	 1.2	 2.3	 0.7
	 C. C	 15	 19	 28	 20
	 Ar. C	 58	 37	 34	 24
	 Al. C	 14	 21	 20	 33
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Introduction
Isotope separation columns are characterized by com-

plex nonlinearities. Furthermore, such processes are subject 
to external disturbances, which are difficult to model. The 
controller synthesis problem for such processes is extremely 
challenging and has been an active area of research for the 
past two decades. 

One approach that has proved popular is the input/out-
put (I/O) linearization approach. In this multi-loop design 
methodology, Fig. 1., a coordinate transformation is utilized 
that results in a linear relation between the inputs and outputs 
(inner loop controller design). Then, an external linear cont-
roller is designed for this linear system to enforce desired per-
formance and stability characteristics (outer loop controller 
design). The performance of this controller largely depends 
on the availability of an accurate model that leads to exact 
cancellation of nonlinear terms via the coordinate transfor-
mation. However, due to uncertainty and disturbance this is 
seldom the case and often leads to poor performance.

In principle, once the nonlinearities are canceled (or 
inverted), the outer-loop can be designed to impose any 
desired stable dynamics on the closed loop. The nonlinear 
model will very likely represent only an approximation of the 
actual plant. In addition to the modeling uncertainty, there 
is uncertainty in the model parameters especially in process 
systems. The controller in the outer loop must be designed 
not only for nominal stability and performance but for robust-
ness in face of uncertainty in the model and the environment. 
This robustness issue can be addressed in two alternative 
approaches. The first approach is to consider the effect of the 
uncertainty in the nonlinear model and use nonlinear tech-
niques to account for the uncertainty1. The second approach2 

is to consider the effect of uncertainty as a perturbation to the 
I/O linear model and use linear robust control techniques to 
account for this uncertainty.

Robust Nonlinear Control: the Linearization Approach
The first problem is to systematically design a state 

feedback for performance and robustness for I/O linearizable 
systems with parametric uncertainty. In particular, we use a 
multi-model approach to design a robust controller for the 
uncertain nonlinear system. In this multi-model approach, the 
state matrices are written as affine functions of the uncertain 
parameters and a controller is designed so that stability and 
performance specifications are met for all members in this 
polytopic family of models.

Consider the following state space model of a single 
input single-output (SISO) nonlinear system with parametric 
uncertainty

where nx ℜ∈ is the state, ℜ∈u the control input, ℜ∈u the 
measured output, and θ is a vector of uncertain parameters 
that takes values in a compact set . For all θ  Θ we assume 
that f and g are smooth vector fields on , and h is a smooth 
real vector valued function. The objective is to design a con-
troller such that the closed loop system is stable and certain 
performance objectives, e.g. tracking, disturbance rejection, 
etc., are satisfied for all θ  Θ. To solve this problem we 
propose a multi-loop design approach. The inner-loop uses 
state-feedback to linearize the nominal process dynamics in 
the input-output sense. In the presence of uncertainties, these 
methods do not give perfectly linear models. Perturbations 
appear in the canonical form, as nonlinear functions, due to 
the presence of uncertainties. For the use of linear robust 
control techniques these nonlinearities have to be linearized. 
Standard Jacobi linearization of these nonlinear perturbati-
ons around the steady states can be used for this purpose. 
We note that this is different from the Jacobi linearization of 
the original nonlinear system. Only the perturbations arising 
due to uncertainties are linearized but not the whole model. 
The outer-loop controller is a robust controller that guaran-
tees performance despite uncertainty in the model. The H∞ 
objective in the robust controller design is to cancel the e!ect 
of worst-case disturbances (the nonlinear perturbations) and 
the H2 objective is to obtain the optimal LQG control. This 
linear robust control problem can be solved via multi-obje-
ctive optimization techniques such as mixed H2/H∞ synthesis 
with pole placement constraints. This technique can be used 
for robust design when the linear fractional representation of 
the plant is affne in θ. The multi-model H2/H∞ state-feedback 
synthesis places the poles such that the system has good per-
formance for all values of θ. This problem is represented in 
Fig. 2., where w contains all external disturbances, e.g. d, and 
Z2 and Z∞ contains the relevant errors signals that we want to 
maintain small with respect to the 2-norm (average) and ∞-

Fig. 1. M ulti-loop robust controller design for nonlinear 	
processes

,	 (1)
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norm (worst case), respectively. The generalized plant G(θ) 
represents the plant model together with performance and 
normalization weights and is affine in θ.

The objective is to finnd a stabilizing controller K such 
that

2wZwZ 2
tbta +

∞∞
	 (2)

is minimized, for all θ  Θ, where wZt
∞

 and wZ2
t are linear 

operators mapping w to Z∞ and w to Z2, respectively, and a, 
b are positive numbers representing the trade-off between the 
H2/H∞ objectives.

The multi-objective synthesis problem for an uncer-
tain state-space realization can be solved using linear matrix 
inequalities (LMI). First, the uncertain state-space model is 
represented as a polytopic family of systems where the state-
space matrices are affne functions of the uncertain parame-
ters, i.e. of the form

where, p is number of uncertain parameters. Then, multi-
objective problem (2) is solved by LMI using the following 
theorem.

Theorem 1. (Khargonekar & Rotea, 1991). Given a 
polytopic family of LTI systems, of the form

The state feedback v = Kz that robustly stabilizes the 
above system and minimizes the performance objective is 
given by K = YX–1, where × and Y are obtained by solving 
the following LMI formulation of the multi-objective state 
feedback synthesis problem:

Minimize aγ2 + b Trace(Q) over Y, X, Q and γ2 
satisfying

Trace(Q) < ν0
2	 (9)

 γ < γ0
2	 (10)

0fD < 	 (11)
where Ak, B1k, B2k are coefficients in the polytopic repre-
sentation (as shown in (3)) of the parameter dependent state 
matrices A, B1, B2, respectively, γ and ν are upper bounds on 
the H∞ and H2 norms, respectively, and fD specifies the pole 
placement constraints.

Robust Nonlinear Control: Nonlinear Technique
This second approach of robust nonlinear control consi-

ders the process dynamics of the form

(1) and a cost criterion L(x, u). We choose a disturbance 
attenuation constant, γ, and look for a nonlinear feedback 
control u*(x) such that2

for some function of initial condition D(x) for all d  L2(0,T), 
T < ∞. Ideally one would like γ to be nearly as small as 
possible. Considering the control problem as a differential 
game with dynamics (12), the payoff and value are given by:

If one obtains an optimal feedback control u*(x) for the 
game, then

which implied that (13) is satisfied.
The Isaac equation corresponding to (14) is:

which is a first-order partial differential equation.

The Isotope Separation
The stable isotopes, species of any element with diff-

erent number of neutrons in nucleus, exhibit today a large 
field of applications: research laboratories, medicine, chemi-
cal industry, etc. For each element, the natural distribution 

Fig. 2. M ulti-model H2/H∞ synthesis problem

,	 (3)

	
(4)

	 (5)
	 (6)

	(7)

	 (8)

	 (12)

	 (13)

	 (14)

	 (15)

	 (16)

(17)
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of the isotope concentration is very well established, but 
in applications are necessary chemical compounds based 
on isotopes with higher concentration. Small differences 
in physical – chemical properties developed a broad range 
of isotope enrichement (“isotope separation”) methods, 
technologies and equipments. For instance, by carbon, 
the 12C and 13C components have a concentration ratio of  
98.9 at.%/1.1 at.%. 

The cryogenic isotope separation technology for 13C is 
based on the vapor difference of 13CO compared to 12CO at 
very low temperature (about –192 °C). The isotope separa-
tion column is represented in Fig. 3. If the liquid and gase-
ous phases of the carbon monoxide coexist in the separa-
tion column, concentration of 13CO rises in the liquid phase 
and 12CO accumulates in the gaseous phase. In the isotope 
separation column a permanent ascendend gas flow and a 
descendent liquid flow arrises. The liquid phase is vapori-
zed in te column base by an electric “boiler” and the vapor 
phase is condensed on the wall of the vessel cooled by liquid  
nitrogen.

The Mathematical Model of the Isotope Separation 
Column

Considering the above presented isotope separation 
column, the objective is to keep the 13C isotope transfer rate 
(ċ) constant by manipulating the level of N2 in condenser (hc) 
and the voltage on boiler resistor (UB). The disturbance is the 
vacuum pressure in the jacket of the column (pvac). Using the 

physical equations for the hydrodynamic internal process, the 
system can be modeles as3,4,5

where θB is the temperature in the boiler zone, θC is the tem-
perature in the condenser zone, TB and TC are the boiler and 
condenser time constants and k11, k12, k13, k21, k22, k31 are 
specific constants. Choosing

x1 = c
x2 = θB	 (20)
x3 = θC

as state variables

C2

B1
hm
Um

=
=

	
(21)

as manipulated variables and

vac1 pd = 	 (22)

as disturbance, the obtained LTI model is:

It is an uncertainty in the parame-
ter k11 which is represented as , is the nominal  
value of k11 and c11 is a scaling constant representing the 
magnitude of the uncertainty.

Using this multi-model, it can be design the robust con-
troller as described in previous sections.

Conclusions
Two design procedures were developed for the 13C 

isotope separation column control: one design is based on 
I/O linearization and multi-objective H2/H∞ synthesis and 
the second one uses nonlinear techniques. The first appro-
ach combines the advantages of I/O linearization and linear 
robust control techniques to guarantee performance for the 
nonlinear system with uncertainty. The main advantage of the 
method is that does not require restrictive matching conditi-
ons to be satisfied. With the second approach was obtained a 
true, global, nonlinear H∞ controller.

Fig. 3.  Simplified scheme of the isotope separation column

	
(17)

	 (18)

	 (19)

	 (23)
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Introduction
The deterioration of paper as it ages is a serious problem 

for archival and library communities throughout the world1.
The most important chemical reactions that occurs during the 
ageing of paper is the acid-catalyzed hydrolysis of cellulose 
in paper fibers2–4 and oxidation of cellulose by oxygen.2,5–7 
The natural ageing processes in the paper lead to the forma-
tion of several low molecular weight compounds. Organic 
acids are spontaneously generated in the natural ageing of all 
cellulose–based papers, including alkaline papers. Easily de-
tectable concentrations of formic (methanoic), acetic (etha-
noic), lactic, glycolic, oxalic and a few others also uniden-
tified acids accumulate within a few months of manufacture 
in paper stored under ambient conditions8. In another work 
Shahani9 analyzed papers aged naturally and accelerated by 
ageing for carbohydrate species using ion chromatography 
and aliphatic acids such as formic and acetic, which we have 
discovered to form in surprisingly abundant concentrations, 
by capillary electrophoresis. In earlier works, which showed 
us that acidic degradation products tend to accumulate inside 
polyester encapsulations and other enclosures, and thereby 
hasten the ageing of the paper10,11. To stop the degradation and 
save millions of the books that are stored in archives different 
technologies of deacidification and fibre strengthening were 
invented12 and considerable efforts have been devoted to find 
a new additives such as scavengers of free radicals, natural 
and synthetic compounds, inorganic compounds, solvent and 
improved original technologies of deacidification.13–15 

The advantage of the optical methods in the visible part 
of the spectra consists in their non destructive character. Visu-
ally evaluated colour information are widely used in common 
praxis and in everyday life for grading, production control, 
sate, decisions of consumers, aesthetic and economical value 
evaluation, in utilisation, renovation and recycling of lig-
nocellulosic materials and products. The objectively mea-
sured quantitative colour information are antropomorphous 
in nature (human-like, understandable and sometimes or to 
some extent proportional to the human perception).16–19

Experimental
R a w  m a t e r i a l

Commercial groundwood newsprint paper (grammage 
45 g m–2, liquor pH: 4.5–5.0) containing mechanically blea-
ched, groundwood (55 %), bleached sulphite pulp (20 %), 
catch trash fibres (15 %) and clay (10 %) was used in all 
experiments.

A c c e l e r a t e d  A g e i n g  a t  9 8   ° C
Paper were conditioned for 24 hours at T = 23 ± 1 °C, 

RH = 50 ± 2 % by the norm TAPPI T 402 om-93. Twenty 
papers (sheets of paper in size A4 format) were put into 
PET/Al/PE bag which was subsequently completely sealed 
off. This bag was put into another PET/Al/PE bag which was 
also completely sealed off and was again put into third (final) 
sealed PET/Al/PE bag. Finally sample sheets were in the pac-
kage consisting of three sealed bags put one in another. The 
bags with samples were put into the thermostat for 0, 1, 2, 3, 
5, 7, 10, 15, 20, 30 and 60 days at temperature 98 ± 2 °C.

H i g h  P e r f o r m a n c e  I o n - E x c h a n g e 
C h r o m a t o g r a p h y 

Approximately 2 g of the paper were accurately weighed 
and 15 ml of water (Millipore) was added. The mixture 
was mixed during 2 hour and filtered through 0.45 μm fil-
ter. Amount of 20 μl filtrate was injected into the analytical 
column. The used HPLC system consists of a DeltaChrom 
SDS 030 isocratic pump, a 7125 Rheodyne injector with a 
20 μl injection loop, a thermostat Model LCT 5100, a Knauer 
variable wavelength detector (set at 210 nm), and CSW32 
software for peak identification and integration. 

Chromatographic separations of acids were performed 
with column Polymer IEX H-form (250 × 8 mm I.D., 8 μm). 
The mobile phase consisted of 9 mmol dm–3 sulphuric acid. 
The column temperature was 20 °C and the flow rate of 
the mobile phase was 0.8 ml min–1. Formic and acetic acid 
were detected with spectrophotometric detection at 210 nm. 
The retention times were 9.7 ± 0.2 min. for formic acid and 
10.7 ± 0.1 min. for acetic acid. The identification of the acids 
in water extract of paper was based on comparison of their 
retention factors (formic acid k = 1.21 ± 0.03, acetic acid 
k = 1.44 ± 0.03).

Calibration curves were constructed by performing a 
regression linear analysis of the peak area versus the concen-
tration of acids. Based on a four-point calibration, a linear 
response (r = 0.99) was observed from the limit of determi-
nation to 20 mg ml–1 of studied acids. The limits of detection, 
defined as the lowest sample concentration, which can be de-
tected (signal-to-noise ratio of 3 : 1) were 10.7 μg ml–1 for for-
mic acid and 18.4 μg ml–1 for acetic acid. The limits of deter-
mination, defined as the lowest sample concentration, which 
can be quantitatively determined with suitable precision and 
accuracy (signal-to-noise ratio of 10 : 1) were 42.8 μg ml–1 for 
formic acid and 92.2 μg ml–1 for acetic acid.
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O p t i c a l  P r o p e r t i e s 
Changes in colour of paper surfaces due to ageing were 

measured using a colour measuring system ELREPHO 
DATACOLOR 2000. Brightness (B), yellowness (Ys), CIE-
Lab L*, a*, b* and ΔE parameters were measured at five spots 
on each specimen and average value was calculated. The pre-
cision in the optical properties determinations brightness are 
estimated to be less than ± 0.05 units. The Kubelka–Munk 
coefficient (k/s) describing the number of chromophores pre-
sent in the paper was determined on the basis of experimental 
values for brightness20.

Results
On the Fig. 1. are shown correlations between each pair 

of variables. Fig. 1 shows Pearson product moment correla-
tions between each pair of variables. These correlation coe-
fficients range between –1 and + 1 and measure the strength 
of the linear relationship between the variables. The second 
number in each location of the Fig. 1. is a p-value which tests 
the statistical significance of the estimated correlations. P-
values below 0.05 indicate statistically significant non-zero 
correlations at the 95% confidence level. 

The most evident signs of paper are yellowing and loss 
of mechanical strength21. During the ageing of paper, decre-
ases the lightness, brightness, but on the other side increases 
redness and b* coordinate, yellowness (Ys), total colour dif-
ference, Kubelka-Munk coefficient and also increases con-
tent of acetic and formic acid in paper. In modern papers the 
decrease of brightness is about 13–15 %, in historic papers 
is 3–16 %22. In our paper the initial value of brightness was 
66.20 % ISO and after 60 days of ageing was decrease of 
brightness about 78 %. 

The acidic products formed during the accelerated 
ageing accumulate inside the paper and inter-sheet spaces of 
the books or archival files and it results in enhanced degrada-
tion23. On the basis of evaluation of carboxylic acids content 
(formic and acetic acid) was noted unambiguous increase of 
acetic acid concentration during the accelerated ageing and 
moderate increase of formic acid concentration. During the 
accelerated ageing was increased concentration of acetic acid 
from 0.361 on the value 4.798 mg g–1 of paper (after 60 days). 

The content of formic acid during the accelerated ageing 
increases from 0.185 to 0.868 mg g–1 of paper (after 60 days). 
All chemical reactions causing paper degradation are also 
responsible for the creation of chromophores, especially ther-
mal oxidations and photo–Oxidations. Other reactions such 
as condensation, cross linking and dehydration due to heat 
and strongly acid environment, also produce coloured chemi-
cal compounds23,24. In principle, simple acid hydrolysis does 
not affect colour, but low-molecular-weight products are 
more prone to oxidation and colour formation than cellulose 
chains23. The yellowing of paper during the ageing procedure 
is attributed to the presence of chromophores formed by the 
degradation of paper components (cellulose, hemicellulose, 
lignin)25,26. The formation of macromolecular hydroperoxi-
des in the cellulose backbone was evidenced previously in 
the research on paper ageing and the significant role of the 
produced radical species was postulated25,26. 

Correlations between optical properties and all other 
characteristics were mostly strong. Fig. 1. demonstrates that 
a few outliers did not drive the lack of correlation. It was 
seen earlier that a good correlation exists between C(AA) and 
time of accelerated ageing (r = 0.9615) and to a lesser extent 
between C(AA) and L* (–0.9438), k/s (0.9353), ΔE (0.9325), 
a* (0.9322), B (–0.9110) and Ys (0.9071). 

Whereas the values for C(FA) are poorly correlated with 
the optical properties and time of accelerated ageing and 
C(AA). The correlation between content of formic acid and 
all other characteristics was evaluated (r < 0.61). The weak 
correlation were between time of accelerated ageing at 98 °C 
and b* coordinate (0.7591) and between b* coordinate and 
k/s (0.7307). 

We tried to achieve a quantitative linear correlation 
between optical properties of ageing paper and a property 
related to extent of degradation formation of acetic and for-
mic acid in paper, respectively. For our multiple regression 
models, we have used the model set containing samples aged 
in the time interval from 0–60 days at 98 °C. The output 
shows the results of fitting a multiple linear regression model 
to describe the relationship between content of acetic acid 
(C(AA)) or formic acid (C(FA)) and 8 independent variables. 
The equation of the fitted model is

C(AA) = –23.5965 + 0.239192T + 0.354993L* – 
0.925779a* –1.82714b* – 0.311187B + 2.17738Ys – 
2.7564ΔE + 0.850291k/s 

Since the p-value is less than 0.01, there is a statisti-
cally significant relationship between the variables at the 
99 % confidence level. The R2 parameter indicates that the 
model as fitted explains 99.88 % of the variability in C(AA). 
By the method forward selection was evaluated new multiple 
linear regression model are presented Table I. The R2 para-
meter indicates that the model as fitted explains 96.70 % of 
the variability in C(AA).

The equation of the fitted model for concentration of 
formic acid and optical properties and time of accelerated 
ageing is:

Fig. 1. S catter plot for Pearson product moment correlations 
between each pair of variables
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C(FA) = – 70.4895 + 0.0640916T + 0.667981L* – 
0.836883a* –2.84595b* + 0.234988B + 1.19121Ys + 1.2935
9ΔE –10.578k/s

Since the p-value is greater or equal to 0.10, there is not 
a statistically significant relationship between the variables at 
the 90% or higher confidence level. The R2 indicates that the 
model as fitted explains 92.95 % of the variability in C(FA). 
By the method forward selection was evaluated new multiple 
linear regression model which is presented in Table II. The R2 
parameter indicates that the model as fitted explains 34.4 % 
of the variability in C(FA). 

As was mentioned before, optical properties are physi-
cal properties which are often monitored by the conservators 
for the indication of chemical changes27. From this paper is 
obvious that brightness decreases during the ageing, proba-
bly because of formation of chromophore in cellulose, hemi-
cellulose and lignin, and then it increases. In this work was 
confirmed that formation of acetic acid in paper depends on 
the time of accelerated ageing and on number of chromo-
phores present in the paper which can be described by the 
Kubelka-Munk coefficient. The correlation between time of 
accelerated ageing, Kubelka-Munk coefficient and formation 
of acetic acid is strongly significant. Correlation between 
optical properties and time of accelerated ageing according 
to formation of formic acid is weak significant. 

In this work was also confirmed that low-molecular pro-
duct such as acetic acid have coherence with the colour infor-
mation which is consequence of the accelerated ageing. Paper 
properties are interdependent27 hence the change of optical 
properties relates with the change of chemical properties and 
fragility of pulp fibers during the accelerated ageing.

Conclusions
The aim of the work was to quantify the failure of acetic 

and formic acid estimation by optical parameters in models 
of ageing papers at 98 °C from 0 to 60 days. The results pre-
sented in the paper has shown that multiple linear regression 
model describes the relationship between acetic acid content 
and independent variables as time of accelerated ageing (T) 
and coefficient of Kubelka-Munk (k/s). The equation of the 
fitted model is C(AA) = 1.0985 + 0.2119T – 3.6854k/s.

The R2 parameter indicates that the model as fitted 
explains 96.70 % of the variability in acetic acid content. 
For formic acid content the equation of the fitted model is 
C(FA) = 0.299 + 0.0209b*. The R2 parameter indicates that 
the model as fitted explains 34.40 % of the variability in for-
mic acid content. 

Low-molecular product such as acetic acid, have cohe-
rence with the colour information which is consequence of 
the accelerated ageing. Formation of acetic acid in the paper 
depends on the time of accelerated ageing and on number of 
chromophores in the paper.
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Preservation, Stabilization and Conservation of Traditio-
nal Information Carriers in the Slovak Republic and also to 
APVT Project No. APVT–20-034202: The deterioration of 
historical manuscripts and documents related to transitional 
elements in writing inks for their financial support.
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Introduction
It is well-known that the visibility, recognisability and 

readability of any document depend on the contrast between 
text characters and background1,2,3. The question is – how 
to quantify, measure objectivelly and predict the visibility of 
characters of text and more generally of any information in 
a document. Objective method enabling to predict human-
like, or antropomorphous visibility and recognisability of 
letters of characters on paper would be of great importance. 
If available, such method could be widely used in paper qua-
lity control, process development and optimizing, recycling 
and promoting of recycled papers, in optimizing stabilisation, 
deacidification, modification of properties, coating, encapsu-
lation, paper splitting and other conservation technologies, 
measurement of effects of ageing and conservation processes 
of old books and archive documents; and last but not least, to 
improve the communication between papermaking and prin-
ting industry and their customers. In spite of this key impor-
tance, no generally accepted method is available at the time 
being.

Optical properties of both paper and the printed, writ-
ten, drawn or painted characters change at processes of pro-
duction, ageing, recycling, conservation4–7 and utilization. 
These processes influence both the visibility and recognisa-
bility of characters on the paper. The question is how. How 
to measure the changes of the recognisability of character 
objectivelly and simultaneously via human-like manner to 
be able to predict the changes of antropomorphous visibi-
lity, recognisability, and readability? How to objectivise and 
predict human-like readable and perceived information con-
tent changes caused by processes of treating the paper docu-
ments?

Visibility or legibility of a letter, or a character or an 
information in a document is the property expressing the abi-
lity to be seen by human eye more or less quickly, correctly, 
distinctly from a certain distance. It is determined and influen-
ced by several factors, generally comprising objective proper-
ties of documents (colour contrast, light intensity, character`s 
font face, size...) as well as subjective quality of human eye, 
illumination, geometry and other objective factors.

Recognisability of a character of information in a docu-
ment is closely related to visibility, and could be defined as a 
measure of extractability of its exact meaning.

Readability – the quality of a document expressing the 
ability to be understood by a human observer or intelligent 
optical device (CCD camera, OCR scanner.) correctly. 

The semantic hierarchy of the above mentioned terms 
from the viewpoint of their complexity is: visibility > reco-
gnisability > readability; It means, readability includes both 
the visibility of characters and their recognisability. Present 
conservation platforms and substances for mass conservation 
deacidification can change mechanical, chemical and optical 
properties and their stability and therefore also the visibility 
and recognisability of black letter or characters studied in this 
work. 

The work was aimed at determining the effect of ther-
mally induced accelerated ageing on antropomorphous reco-
gnisability and documenting application options of developed 
algorithm for quantifying an effect of a selected piperidine-
based antioxidant on a change in the recognisability and its 
stability.

Experimental
Wood-containing paper with the grammage 45 g m–2, 

surface pH: 5.6, consisting of 55 % of the mechanically blea-
ched groundwood, 20 % of the bleached sulphate pulp, 15 % 
of the recovered fibres and 10 % of clay was used in experi-
ments. The test paper was modified by 0.5% wt. solution of 
a piperidine-based antioxidant DAO3 in hexamethyl-disilo-
xane. 

The used untreated paper had the following optical para-
meters: L*

B = 84.817; a*
B = –0.666; b*

B = 3.763.
The white paper used for calibration (2) between sub-

jective psychometrically measured recognisability and obje-
ctive parameters, and as white reference point in Figs. 1. 
and 2., with the R/R0 = 1, was white office paper Maestro 
Standard (Mondi Business Paper SCP, a.s.) with the following 
CIE colour parameters: L* = 95.52; a* = 1.98; b* = –3.64.

The paper samples were exposed to the thermally-indu-
ced accelerated ageing following the ASTM D 6819-02 stan-
dard, in a thermostat up to 15 days at temperature 98 ± 1 °C, 
then air-conditioned according to the ISO 187 standard at tem-
perature 23 ± 1 °C and the relative humidity RH = 50 ± 1 %. 

The CIE total colour difference ∆EC–B between the text 
character characters (L*

C, a*
C, b*

C) and its background (L*
B, 

a*
B, b*

B,) was calculated using the following equation:

2**2**2** )()()( BCBCBCBC bbaaLLE −+−+−=∆ − (1)

where
∆EC–B – the optical contrast as expressed through 

total colour difference in the CIE L*, a*, b* system between 
a printed character/letter and its background.

L*
C = 28.915; a*

C = 0.555; b*
C = –0.56 – the optical 

parameters of the printed characters or letters in the model 
test documents used for the experiments.
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The subjectively perceived recognisability (R) was 
calculated8 using the optical contrast expressed by total 
colour difference (∆EC–B) between black character (C) and 
white paper (B) by the following mathematical equation:

0.4 22
62.561

62.56
C BER −

  ∆ − = −      	
(2)

Relationships between the relative recognisability R/R0 
and ∆EC–B were plotted, where: 

R – recognisability of a black character (C) printed on 
modified or unmodified, aged or unaged paper background (B). 
	R 0 – recognisability of the black character printed 
on white calibration paper with the L* = 95.5; a* = 1.98;  
b* = –3.64.

Results
Currently it is generally accepted that the visibility, 

recognisability and readability of any document depends on 
the contrast between text characters and the background1. 
This hypothesis was tested and the obtained results are 
shown in Figs. 1. and 2. as dashed lines (2). The paper sam-
ples were subjected to accelerated ageing, which changed the 
paper lightness (L*), and the optical contrast ∆EC–B between 
a printed character and the paper, as well as the relative reco-
gnisability (R/R0). The relationship between the relative reco-
gnisability (R/R0), the optical contrast (∆EC–B) and the paper 
lightness (L*

B) is shown in Fig. 1. The relative recognisabi-
lity of characters R/R0 has been related to the recognisabi-
lity of the same black letters /characters on white calibration 
paper with the following optical parameters: L*

B = 95.52; 
a*

B = 1.98; b*
B = –3.64.

In Fig. 1., also the visualisation of the effect of the con-
stant decrease of a certain optical contrast ∆(∆E*

C–B) = 5 
– can be seen, caused through a 15 days ageing of paper on 
the human-like recognisability of black letters on a typical 
white paper (L*

B = 85), middle light (L*
B = 45) and dark 

paper (L*
B = 34); Fig. 1. represents also a difference between 

the relative recognisability based on so far accepted concep-
tions on a dependence of recognisability on optical contrast 
(line 1) and actually perceived recognisability8 based on our 
psychometric measurements (line 2). According to the men-
tioned so far accepted conceptions, visibility, recognisability 
and readability of any document depends on the contrast 
between text characters and background1. Following the 
accelerated ageing (for 15 days at 98 ± 1 °C), the optical con-
trast ∆EC–B between character and background decreased by 
∆(∆E*

C–B) = –8.3%. Stemming from a simplified linear con-
ception on dependence on the optical contrast, the character 
recognisability should decrease in the same extent, i.e. by 
∆R/R0 = –8.0%. Based on our measurements of calibration 
between subjective and objective evaluation using eq. (2) 
we calculated that the actually perceived/ antropomorphous 
change of recognisability kept almost identical in a lighter 
part of document. 

It follows from Fig. 1 that the hypothesis on dependence 
of visibility and recognisability on the optical contrast is not 
valid for white papers ranging from L* = 80 to 95, i.e. for 
papers being the most important for the productiom, recycling 
and use of white, recycled paper for graphic and newprints 
usage, or other papers for printed documents production. 

It can be seen in Fig. 1. that while in a light part of 
unmodified document or in light paper (from L*

B = 85 to 
L*

B = 76 and an optical contrast decrease by ∆(∆E*
C–B) = 

–5 units) the decrease in lightness does not cause any sig-
nificant decrease in document characters visibility, the iden-
tical decrease of paper lightness and optical contrast (from 
L*

B = 45 to L*
B = 40 and ∆(∆E*

C–B) = –5 units, respectively) 
in a middle part leads to multiply decrease in recognisabi-
lity (by ∆R/R0 = –9.8 %) and in document dark part with the 
lightness of L*

B = 34 the same darkening means 45.6% loss 
of information (R/R0 = 0). 

What is the effect of antioxidant on human predicted 
change of visibility and recognisability?

We anticipated that the antioxidant could decelerate the 
paper ageing and yellowing during the ageing which, in turn, 
should lead to a change in the human predicted recognisa-
bility of characters in document. In Fig. 2., dependences of 
optical contrast and recognisability are shown for modified 
document with L*

B = 84.582; a*
B = –0.586; b*

B = 4.139.

Fig. 1. V isualisation of the effect of the constant decrease of the 
optical contrast ∆(∆E*C–B) = –5 through the ageing of unmodified 
paper on the human-like recognisability of black letters on a typi-
cal white paper (L* = 85), middle light (L* = 45) and dark paper 
(L* = 34); The relationship between the visually estimated relative 
recognisability index (R/R0), and both the printed black charac-
ter-paper optical contrast (∆EC–B) and the paper lightness (L*

B);	
1 – function based on the assumption of equivalency of the subje-
ctive relative recognisability and the optical contrast
2 – function according to equation (1); ∆R/R0 [%] = a relative 
decrease in recognisability related to the recognisability of the 
characters possessing the same black intensity colour in cali-
bration paper with L *

B = 95.52; a*
B = 1.98; b*

B = –3.64; N on-
modified sample had the optical parameters: L*

B = 84.817; 	
a*

B = –0.666; b*
B = 3.763



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1085

Fig. 2. demonstrates the effect of ageing to a change in 
optical properties and recognisability of the paper modified 
by the used antioxidant. Comparing to Fig. 1. it is obvious 
that the effect of the antioxidant for recognisability is not 
significant. Using eq. (2) we came to a conclusion that antro-
pomorphous change of recognisability in light document is 
–1.4 %. It is 7.4 times less than at recognisability according 
to so far accepted knowledge. The effect of the antioxidant 
thus lies in a mild decrease of antropomorphous recognisabi-
lity after 15-days ageing.

What is the situation concerning a dark part of the docu-
ment or dark documents from dark papers? If the ageing 
and antioxidant caused the same change of optical contrast, 
i.e. change in ∆EC–B by 6.5 units, the actual human-percei-
ved recognisability decreases due to the ageing by 13.4 %. 
As given by Fig. 2., a change in ∆EC–B by 6.5 units from  
15 to 8.5.

Conclusions
Generally it is believed that the visibility and recognisa-

bility of a document depend on optical contrast between  

the characters and the paper backround. The aim of this work 
was to test this hypothesis and to quantify the effect of acce-
lerated ageing and paper modification with piperidine-based 
antioxidant on the visibility and recognisability of the black 
characters on paper. 

It has been estimated that the hypothesis of a depen-
dence of recognisability on the optical contrast failed – in 
very wide range of white papers. The dependence of reco-
gnisability is negligible in white paper documents. The less 
the recognisability of characters depends on the white papers 
the more meaningfull is the dependence in middle light paper 
documents and critically in dark paper documents. 

The used antioxidant of piperidine type did not have 
meaningfull effect on paper stabilisation, neither against the 
changes of the paper optical properties nor the changes antro-
pomorphous visibility and recognisability of printed informa-
tion in a document caused by ageing.

This work was supported by ME SR No. 2003 SP 
200280301 Preservation, Stabilization and Conservation of 
Traditional Information Carriers in the Slovak Republic.
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Introduction
The problem of global warming has been uncovered a 

long time ago. The attention of scientists and researchers in 
many fields is focused on possible reduction of greenhouse 
gases increase to the atmosphere. Such process requires 
principal understanding of carbon (C) stabilization in soils 
because the amount of organic matter stored in soils repre-
sents one of the largest reservoirs of organic carbon on the 
global scale. Unfortunately, the mechanisms for carbon sta-
bilization in soils are still not perfectly clear and thus the 
maximal potential for C stabilization in soils remains una-
scertained1.

Some important soil qualities, such as fertility or stabi-
lity are directly related to its organic matter presence. Many 
functions of soil organic matter (SOM) are due to its stable 
fraction, the humified materials, and to its balance with the 
labile fractions. Altogether it affects, directly or indirectly, 
many physical, chemical and biological properties that con-
trol soil productivity and resistance to degradation. Chan-
ges in the quantity and quality of SOM and its equilibrium 
level depend on the interaction of several factors. As SOM 
enters and resides in soil, it is subjected to fundamental pro-
cesses that alter its composition and quantity. These are e.g. 
humification, aggregation, translocation, erosion, leaching 
and mineralization2. Other changes in SOM content are 
related to changes in microbial biomass turnover because 
they reflect the balance between rates of microbial organic 
matter accumulation and degradation. However, SOM as a 
whole responds less quickly to changing soil conditions than 
microbial biomass. Therefore, the nature of the organic mat-
ter itself, rather than its concentration, may be more sensitive 
indicator of the changes in soil quality3.

The main fraction of organic matter contained in soils, 
peats, sediments, low-rank coals and natural waters consists 
of humic substances (HS), which comprise a complex mix-
ture of both aromatic and aliphatic moieties, having a large 
number of functional groups. Chemical and structural charac-
teristics of HS are known to be better predictors of the rate of 
SOM turnover than SOM content itself4.

Processes in condensed phase are extensively studied by 
thermoanalytical methods. Mechanisms of these processes 

are very often unknown or too complicated to be characte-
rized by simple kinetic model. To describe their kinetics, of 
which we speak, the methods based on the single-step appro-
ximation are often used, either the model-free or model-fitting 
ones. It is generally recognized that the rate of the processes 
in condensed phase is a function of temperature (T) and con-
version (α). The rate of the complex multi-step condensed-
state process can be formally described as

where k (T) is temperature function and f (α) conversion fun-
ction. The temperature function in (1) is mostly considered 
to be the rate constant and the conversion function is consi-
dered to reflect the mechanism of the process5,6. With only 
for few exceptions, the temperature function is expressed by 
the well-known Arrhenius equation: 

where A and E are considered the pre-exponential factor and 
the activation energy, respectively, T is the absolute tempe-
rature and R stands for the gas constant. It has been justi-
fied that, since k (T) is not the rate constant and E cannot be 
mechanistically interpreted in the term of free energy barrier, 
there is no reason to be confined to the Arrhenius relation-
ship and use of two non-Arrhenius temperature functions was 
suggested:

where m and D are adjustable parameters7. The evaluation 
is carried out at fixed conversion. The isoconversional pre-
dictive procedure is huge and has already been successfully 
employed also in studying HS8.

Experimental
Humic samples were extracted according to Internati-

onal Humic Substances Society (IHSS) procedures. They 
included:

fulvic acid FA1, (B horizon of Spodo-Dystric Cambisol, 
mountain spruce forest, Boubín, Bohemian Forest, CZ), 
aromaticty: 29.0 %
humic acid HA1, (Of horizon of Spodo-Dystric Cambi-
sol, mountain spruce forest, Boubín, Bohemian Forest, 
CZ), aromaticty: 30.2 %
humic acid HA2 (Of horizon of Podzol, mountain spruce 
forest, Trojmezí, Bohemian Forest, CZ), aromaticty: 
46.5 %
humic acid HA3 (Oxyhumolite lignite, Bílina mine, 
North Bohemia, CZ), aromaticity: 61.0 %

The aromaticity of samples was determined by 13C LS 
NMR analysis. Thermogravimetric analyses of all samples 
in the dynamic air atmosphere (25 ml min–1) were performed 

•

•

•

•
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using TA Instruments TGA Q 5000 IR. Approximately 
2–3 mg of each sample were measured in open crucible at 
7 different heating rates (0.5–15 K min–1) from room tempe-
rature up to 600 °C.

The aim of this study lies in assessment of the stability 
of humic substances with different aromaticity degrees using 
two distinct equations, (3) and (4), as temperature functions. 
Such computed conversion times (having a meaning of stabi-
lity – the higher the conversion time the higher the stability) 
serve for elucidation of role of aromaticity during the humic 
substances degradation.

Results
The thermogravimetric records (Fig. 1., TG) showed 

two or more steps of weight losses, the first one clearly attri-
butable to loss of water (Fig. 1., part I), whereas others to 
degradation of organic molecules present in the humic matter 
(Fig. 1., part II). The latter steps were used to assess the sta-
bility of examined samples. Both the beginning as well as the 
end of such steps was verified by the first derivative of the TG 
curve (Fig. 1., DTG). 

The mass losses obtained at different heating rates were 
recalculated to conversion intervals (0–100 %). From this 
interval, several conversions were selected and for those the 
stabilities for 25 °C were calculated using the mathematical 
apparatus of integral isoconversional method at linear hea-
ting with two non-Arrhenius temperature functions. Values 
of conversion times served for comparison between samples 
with different aromatic degrees. Relative stabilities (RS) 
were determined as a ratio of conversion times for each 
conversion over the whole interval. The conversion time 
of sample FA1 being always the denominator (and thus the 
reference) because of its lowest aromatic degree. Such appro-
ach is usually used in evaluation of de-/stabilizing effect of 
various additives in many materials. In these cases the RS is 
called the protection factor with the value 1 having crucial 
meaning.9 For our purposes the absolute values of RS are not 
of key relevance.

The induction periods (i.e. conversion times at 0% con-

version) of all samples regarding both temperature functions 
are summarized in Table I. Comparing the humic acids, it is 
obvious that the higher the aromaticity the higher the stability 
of the sample. The fulvic acid shows higher stability than its 
humic analogue having almost the same aromatic C content. 
This can be caused by the presence of structurally different 
aliphatic parts, more energy demanding for degradation than 
in HA1. Comparison of FA1 with HAs having the aromatic 
C content much higher shows that the previously described 
dependence is abided.

The comparison of stability curves in Figs. 2. and 3. 
implies the fact that both temperature functions are suitable 
for evaluation of thermo-oxidative stability of humic matter 

because the patterns are much likely similar. A major diff-
erence can be seen in the values of RS, which is axiomatic 
considering the diverse temperature functions. But as stated 
above, if these values serve only for comparison between 
samples there is no reason to take the absolute values into 
account. 

It is generally accepted that degradation proceeds from 
labile parts of humified matter to stable constituents repre-
sented by aromatic and heterocyclic cores. As suggested 
elsewhere10, humic molecules tend to recombine and there-
fore the introduction of new, more stable molecules is pro-
bable. 

Sample with the lowest aromaticity degree (FA1) has 
been selected as a reference and all other samples are compa-
red to that one. It shows very low initial and also progressing 

Fig. 1. TG and DTG record of FA1, heating rate: 10 K min–1

Table I
Induction periods for 25 °C using both functions

	 Sample	I P using Eq. 3 [yrs]	I P using Eq. 4 [yrs]
	 FA1	 0.166	 0.067
	 HA1	 0.064	 0.030
	 HA2	 0.275	 0.107
	 HA3	 1.651	 0.429

Fig. 2. R elative stability curves of humic samples, Eq. (3)
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stability during the degradation process, meaning that first the 
high amount of aliphatic parts degrade. The RS of all other 
samples show from 70 % of conversion steep decrease indi-
cating the presence of original or newly ocurring aromatic 
moieties in FA1. Stability of this sample is at the end of the 
degradation process the greatest of all. HA1 is of same origin 
as FA1 differing only in the soil horizon and in higher aroma-
ticty, of course. Their stability progress is up to 40 % more or 
less the same. The stability differs from higher conversion, 
which can be explained by higher content of aromatic C in 
sample HA1 and also by distinct types of present aromatic 
molecules when comparing fulvic to humic acid. Although 
the aromaticty of sample HA2 is much larger when compared 
to HA1, their conversion patterns as well as stability values 
are very similar. Both of the samples are of soil origin, sug-
gesting presence of analogous molecules. Slighter difference 
can be observed from 80 % of conversion. The explanation 
can lie in the fact that in HA2 very stable aromatic constitu-
ents are present and their degradation occurs in the last stage. 
Sample HA3 displays different shape of stability curve from 
the very beginning. Its stability increases until the conversion 
of 70 % is reached but then it decreases and at the end of the 
degradation process the stability is the lowest of all examined 
samples. A presence of absolutely different aromatic and ali-

phatic molecules in comparison with other samples is highly 
probable because of its origin. Aromatic molecules in lignitic 
humic acids are supposed to possess more extensive condens-
ation. Thus the stability from 30 to 70 % exhibits extremely 
high values. The end of the degradation process shows utterly 
opposite progress than that of sample FA1 with the lowest 
aromatic C content.

Conclusions
Summarizing all the results, it can be seen that the aroma-

ticity itself is not the absolute indicator of stability of humic 
materials and their origin has to be taken into account. But it 
can be helpful in assessment of soil organic matter depletion 
and help in development of remediation and soil restoration 
techniques. Moreover, the discovery of the right temperature 
function and approximation could contribute to modelling of 
C flux in natural systems.

The financial support of Ministry of Education of the 
Czech Republic, project MSM 0021630501 is acknowledged.
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Introduction 
The certification of the origin and geographical indica-

tions of food products has aroused increasing interest due to 
the introduction of European regulations for protection of ag-
ricultural products in the common market.1–6 

Wine is a complex mixture of several hundred com-
pounds present at different concentrations. The dominant 
ones are water, ethanol, glycerol, sugars, organic acids and 
various ions. Besides water, ethanol and glycerol, the other 
compounds like aliphatic and aromatic alcohols, amino acids 
and phenolic compounds are present at much lower concen-
trations5. Chemical analysis of complex mixtures like wine 
is becoming more important due to general endeavour to 
achieve adequate production quality. For wines particularly, 
differentiation according to wine variety, geographical origin 
and the year of production is of importance also in authenti-
city determination.1–3 

High-resolution NMR spectroscopy has an outstanding 
position in the field of chemical analysis of food products 
because it is non-destructive, selective, and capable of simul-
taneous detection of many low molecular mass components 
in complex wine mixture5. The sample preparation for NMR 
spectroscopy is relatively simple and less time consuming. 
Another advantage of NMR spectroscopy is the possibility 
of detecting the magnetic resonance of different nuclei pre-
sent in a molecule in different electronic and spatial environ-
ments. 1H and 13C NMR spectroscopy can successfully be 
used for detection of sugars, organic acids, anthocyans and 
amino acids present in wine as well as differences in their 
composition originating from different geographical area 
and can be used as a fingerprint for the monitoring of Euro-
pean wines.5–10 Unfortunately, the weak signals of the minor 
compounds in NMR spectra are overlapped by the signals of 
other compounds present and especially by the dominant sig-
nals of water, ethanol and glycerol. For example, the amino 
acids are normally present in wine only at very low concent-
rations (in the range of 1–150 mg dm–3) and therefore various 
techniques for the pre-concentration of the wine samples are 
needed.8–10 

This contribution describes the comparison of three 
methods of sample preparation namely vacuum concentra-
tion, freeze-drying and argon-flow concentration with the 
results obtained from untreated wine for characterization of 

minor compounds in Slovak Chardonnay white wine by 1H 
NMR spectroscopy.

Experimental 
A p p a r a t u s

All 1H NMR spectra were recorded on a Varian INOVA 
600 MHz NMR spectrometer, which is located at Faculty of 
Chemical and Food Technology (Department of NMR and 
mass spectrometry, Bratislava, Slovakia), with a 5.00 mm 
indirect detection pulsed field gradient probe operating at 
600 MHz for 1H nuclei. The temperature during all experi-
ments was 25 °C.

C h e m i c a l s
Deuterium oxide (99.9 %) was purchased from Aldrich 

and it contained 0.05% sodium 3-(trimethylsilyl)propionate
–2,2,3,3,-d4 (TSP) that served as an internal standard for che-
mical shift 0.0 ppm).

S a m p l e  p r e p a r a t i o n
Chardonnay white wine (Small Carpathian wine-

growing region, Slovakia, vintage 2005) was selected for all 
NMR experiments. Four different groups of wine samples 
were prepared as follows: 

Wine samples were not pre-concentrated. In this direct 
analysis of wine samples 0.5 ml of wine was mixed with 
0.1 ml D2O for NMR field/frequency lock. 
Wine samples were pre-concentrated by vacuum-distil-
lation. 5 ml of wine was pre-concentrated by vacuum 
distillation using rotary evaporation unit for 6 hours. The 
concentrate was dissolved in 1 ml of D2O and 0.6 ml 
was used for measurement.
Wine samples were pre-concentrated by freeze-drying. 
Again 5 ml of wine was frozen in liquid nitrogen and 
freeze-dried for 20 hours. The lyophylisate was dissol-
ved in 1 ml of D2O and 0.6 ml was used for measure-
ment.
Wine samples were pre-concentrated under argon-flow. 
Again, 5 ml of wine was dried under argon-flow for 
2 hours until there was no further liquid in the sample. 
The dried sample film was dissolved in 1 ml of D2O and 
0.6 ml was used for measurement.

After the freeze and argon-flow- drying, close attention 
should be given to minimise the contamination of the dried 
sample with atmospheric humidity.4,6–9 The pH values of all 
prepared samples were found in the interval of 3–4. 

M e a s u r e m e n t
1H NMR spectra were acquired in 5 ml NMR tubes with 

and without the suppression of strong signals by presatura-
tion. For suppression of large water signal the presaturation 
pulses (Varian pulse sequence PRESAT) were applied to ir-
radiate the water signal at 4.80 ppm.

•

•

•

•
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Results
It is known that 1H NMR resonances of amino acids 

together with signals of succinic acid, glycol and buthylene 
glycol can be used to differentiate wines according to the wine 
variety, geographical origin and year of production.3,5–10 In 
the present paper a different technique of the pre-concentra-
tion of the Chardonnay white wine has been investigated.

Fig. 1. shows the 1H NMR spectra of the wine sample 
that was directly analyzed without any pre-concentration. 
The signal assignment in 1H NMR spectra of wine sam-
ples was done according to literature5–10 as follows: valine 
at 1.05 ppm, butylene glycol at 1.13 ppm, ethanol (CH3) at 
1.17 ppm, lactic acid 1.35 ppm, alanine at 1.49 ppm, iso-
leucine at 2.01 ppm, acetic acid/acetates at 2.04 ppm, pro-
line at 2.34 ppm, malic acid at 2.63 and 2.82 ppm, succinic 
acid/succinates at 2.66 ppm, lysine at 3.04 ppm, citruline at 
3.13 ppm, arginine at 3.26 ppm, ethanol (CH2) at 3.64 ppm, 
glycerol (CH2) at 3.62 ppm, glycerol (CH) at 3.76 ppm, tart-
aric acid at 4.79 ppm and water at 4.80 ppm. 

It is obvious that 1H NMR spectra of wine are very 
crowded and many signals are overlapping (see Fig. 1.). 
Because of the different concentration levels of the par-
ticular compounds the signal intensities can vary by the 
factor of 20 or more. Therefore the small signals of minor 
compounds are overlapped by the signals of dominant com-
pounds (water, ethanol and glycerol) and the correct assign-
ment is very problematic. In accord with literature data5–10, 
the region of the spectrum between 0.5–2.5 ppm contains the 
signals from many species including ethanol, acetic acid and 
acetates. Strong signal of ethanol at 1.17 ppm shows over-
lapping and it causes difficulties in the assignment of this 
region. Between 2.5–5.5 ppm the spectrum shows signals 
related to the principal organic acids present in wine (malic, 

sucinic, lactic and tartaric). However the tails of the domi-
nant frequencies of ethanol at 3.64 ppm and glycerol at 3.62 
and 3.76 ppm obscure the weak signals in the vicinity of the 
strong ones. This causes problems with the assignment of 1H 
signals in the region between 3.6–4.8 ppm, in which the sig-
nals of (CH2) protons of amino acids and the signals of sugars 
are expected7,9. 

Successful suppression of intense signals improves the 
clarity of the spectrum and the signal to noise ratio. With the 
increasing amplification of the vertical scale the baseline 
near the strong signals is strongly affected by their tails in the 
spectrum without suppression, whereas in the case of suppres-
sion their influence on the surrounding is significantly redu-
ced. Nevertheless, when using the signal suppression tech-
niques we have to be aware that some information from the 
spectra close to the suppressed signals may be lost9, because 
suppression causes “holes in the spectrum”. The penalty is 
not significant considering the extra amount of information 
obtained. 

It is common to use some kind of pre-concentration tech-
nique in the preparation procedure4,6-9. Most prevalent tech-
niques are vacuum-distillation using rotary evaporation unit, 
lyophilization and drying under nitrogen-flow. Concentrated 
samples are obtained that contain not only the compounds of 
interest but also some portion of major constituents that may 
cause the signal shifting and/or line broadening9. 

Fig. 2. shows 1H NMR spectra of Chardonnay wine 
samples, which were pre-concentrated by (a) vacuum-distil-
lation, (b) freeze-drying and (c) argon-flow. The water sig-
nal (at 4.80 ppm) was suppressed by presaturation. The 1H 
spectra of wine samples pre-concentrated by vacuum-distil-
lation and freeze-drying (Fig. 2.a and b) still show signals at 
1.17 and 3.64 ppm that demonstrate a low quantity of ethanol 
remained in these samples. This is in accordance with litera-

ppm 0.01.02.03.04.05.0

ppm 0.01.02.03.04.05.0

Fig. 1.  Part of 1H NMR   spectra of white wine (Chardonnay, 
Small Carpathian wine-growing region, Slovakia, 2005). Spectra 
were acquired: (a) without suppression of strong signals, (b) 
with suppression of water signal by presaturation. Wine samples 
were not pre-concentrated (direct analysis of wine samples). For 
assignment of selected signals of amino acids see text

ppm 0.01.02.03.04.05.0

ppm 0.01.02.03.04.05.0

ppm 0.01.02.03.04.05.0

Fig. 2.  Part of 1H NMR   spectra of white wine (Chardonnay, 
Small Carpathian wine-growing region, Slovakia, 2005). Spectra 
were acquired with suppression of water signal by presatura-
tion. Wine samples were pre-concentrated: (a) by vacuum-dis-
tillation, (b) by freeze-drying, (c) under argon-flow. For assign-
ment of selected signals of amino acids see text
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ture data.6–10 Differences in signal intensity were also obser-
ved especially for compounds such as acetic acids and aceta-
tes at 2.04 ppm when compared to the 1H spectrum of wine 
without pre-concentration (see Fig. 1.). The drying of Char-
donnay wine by argon-flow revealed compounds between 
1.0–1.5 ppm in the 1H NMR spectrum (Fig. 2.c). It is clear 
that the ethanol signals were diminished in the spectrum of 
such pre-concentrated sample. As shown in literature7, this 
allows the determination of butylene glycol and alanine at 
1.13 and 1.49 ppm. The presence of significant resonance of 
lactic acid at 1.35 ppm (due to malolatic fermentation) makes 
difficulties to assign alanine signals. Between 2.0–3.4 ppm 
peaks from organic acids, arginine and proline are also obser-
ved in the 1H NMR spectrum of the Chardonnay wine sam-
ples pre-concentrated by argon-flow. The 3.5–4.0 ppm region 
of the spectrum still shows a strong contribution of the glyce-
rol. Then the spectral distinction of carbohydrate is extremely 
difficult due to peak overlap7. 

As cited in the literature6–10, even after more than two 
days of freeze-drying some water and ethanol remained in the 
lyophylisate. Because prolonged drying is not acceptable for 
a procedure that should required as little time as possible, the 
limit ca 20 hours is a good compromise between acceptable 
time of sample preparation and losing sensitivity in NMR 
measurement. The conditions of vacuum-distillation and 
mainly during freeze-drying are not easily controlled and the 
temperature and pressure must be well monitored in order to 
reach a good state of reproducibility7,9. In vacuum-distilla-
tion, freeze-drying and argon-flow-drying it is not possible to 
make quantitative analysis of the volatile compounds due to 
their evaporation7,9. In complex mixture such as wine, care 
should be taken to pH, which may influence considerably the 
chemical shifts9. Attention should also be paid to the concen-
tration of paramagnetic species in the wine samples.

Conclusions 
High field NMR spectroscopy has been shown to be 

a promising method for the non-destructive analysis of minor 
components in wine. However, the direct analysis of minor 
compounds such as amino acids in wine samples by 1H NMR 
is limited by overlapping of their weak signals by strong sig-
nals of dominant compounds (water, ethanol and glycerol). 

In the wine samples pre-concentrated by vacuum-distillation 
(for 6 hours) a low quantity of water and ethanol, but relative 
high glycerol concentration still remained in the sample. The 
same is true for the freeze-dried samples and additionally this 
process is relatively long (about 20 hours) and its reproduci-
bility is affected by many factors. Diminution of the ethanol 
signal was observed in 1H NMR spectra of the wine samples, 
which were dried under argon-flow. Unfortunately, a relative 
high quantity of glycerol is still present in the sample even 
using this technique. The argon-flow drying shows advanta-
ges in the identification of compounds present as minor con-
stituents and it is less time consuming (ca 2 hours).

This work was supported by Science and Technology 
Assistance Agency under the contact No. APVT-0055-07 
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2003SP200280203 (NMR measurements), and by Slovak 
Grant Agency for Science (VEGA 1/0575/08 and VEGA 
1/3579/06). The authors are grateful to Dr. T. Liptaj for fruit-
ful discussion during the course of this work.
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Introduction
Increasing demands for new materials and solutions in 

printing and packaging industry cause continuous innovation 
in a growing market. Paper and cellulosic materials are still 
promising candidates for flexible materials provided suitable 
properties including barrier ones such as water repellence and 
grease resistance1. Other demands are focused in restoring 
of naturally aged papers, documents and books in archives 
heritage to save and stabilize them2.

Surface modification like hydrophobization, streng-
thening or stabilization of paper/cellulose can be achieved 
by standard coatings or also by several chemical vapours 
deposition (CVD) techniques1–4 mostly enhanced by plasma 
(PECVD) or using plasma polymerization. Plasma deposited 
films have several advantages: compact layers are pinhole-
free, chemically inert, insoluble, mechanically tough, ther-
mally stable and coherent and highly adherent to variety of 
substrates1. However, often thin inhomogeneous and dis-
continuous (island type) coatings are produced by plasma 
assisted deposition or grafting. Despite of just the top surface 
modification the surface energy is changed considerably3,4.

Low-pressure plasma treatment is not convenient to treat 
common paper, because of the vacuum problems and long 
and expensive process. So, the atmospheric pressure dischar-
ges are preferentially used, particularly the corona discharge 
and several types of dielectric barrier discharges (DBD).4–6 
Next advantages of atmospheric discharges are a high effecti-
vity of free radical, metastables and excimers creation and the 
ability of high rate and large scale of technological treatment. 
The energy of the plasma breaks the molecular bonds on the 
surface of the substrate. The broken bonds then recombine 
with the free radicals from the plasma bulk to form additi-
onal functional groups on the film surface, where grafting, 
polymerization or crosslinking can occur. In the presence of 
oxygen, the high speed oxidation occurs, that results in high 
surface energy, polarity, wettability, but also in degradation6. 
Under special conditions plasma etching can be applied to 
cleaning or even to thinning the paper. Thinning the cellulose 
it can convert to a low energy hydrophobic surface7. How-
ever, hydrophobization is mostly made by fluorinating thin 
layer, e.g. with fluorotrimethylsilane3, CF4, SF6 or C4F8.

1–4 
Also organosilicon compounds (particularly hexa-

methyldisiloxane HMDSO) are used to achieve hydro-
phobization of paper/cellulose3,5,8, where the presence  
of a crosslinked macromolecular structure, based on Si – O – Si 
and Si – O – C linkages was detected. Implanted functional 

groups (as – Si(CH3)x) at the surface layers of the paper sub-
strates are chemically linked mainly to the lignin component 
on the paper3. Water absorption of papers was significantly 
reduced (from hundreds to tens g m–² of water) and the con-
tact angle increased from < 15 ° to > 120 ° while the strength 
properties and brightness of the papers remained practically 
unaffected.

Plasma has been already used in the restoration of natu-
rally aged paper, focusing on sterilization, cleaning and dea-
cidifying books as well, by using alkaline plasma (nitrogen, 
ammonia) and strengthening them by a grafting and coating 
by a plasma polymerization2,9.

In this work, we investigate the hydrophobization of 
different papers by vapours of HMDSO and 3 carbohydra-
tes activated in N2 plasma at atmospheric pressure in 2 man-
ners.

Experimental
Two techniques of plasma treatment of papers were 
used. (i) The volume dielectric barrier discharge (DBD, 
15 kV, 5 kHz) in standard configuration (Fig. 1.a), where 
the treated paper is going directly through the plasma 
of the mixture of N2 and vapours, everything inside  
the air protective chamber (“inside-DBD” regime). 
(ii) The plasma mixture of N2 and vapours is created 
in DBD and is blown onto the untreated paper passing 
2 mm near the jet in common air atmosphere (Fig. 1.b, 
“after- DBD” regime). 
Three different paper sheets were used as substrates: cel-
lulosic Whatman (standard filter paper, No. 1001-917, 
England, 90 g m–2, thickness 280 mm), newsprint paper 
(NP, simulating acidic papers from 19–20th century, 

•

•

(a)

(b)

HV

DBD

HMDSO + N2

Fig. 1.  Paper treatment inside DBD (a) and in down-stream af-
ter-DBD (b) plasma
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45 g m–2,Vetrni, Czech. Rep.) and common office copy 
paper (CP, woodfree, white, 80 g m–2, Europapier)
4 different monomers: hexamethyldisiloxane (HMDSO), 
n-heptane, cyclohexane and toluene were used as vapours 
in a mixture with nitrogen created by percolating of nit-
rogen through the bottle of liquid monomer.
Paper properties were characterized by 5 ml water drop 
imbibition using CCD camera (SEE software 6.1, MU 
Brno, Czech.Rep.,) by FTIR spectroscopy (Excalibur, 
FTS 3000 MX, Digilab, USA, resolution 4 cm–1) with 
total reflection (ATR) technique (25 reflections KRS-
5 crystal, 45 °), and by water adsorption measurement 
using classical McBain balances with quartz spiral 
(1,230 mm g–1). 
Aging stability of the modified paper was tested by arti-
ficial accelerated thermal aging according new method 
of Begin-Kaminska (5 days in closed bottle at 100 °C, 
RH 50%)10

Results
The papers treated in mixture plasma of nitrogen and 

vapours exhibited hydrophobic character as was evident 
from icreasing water contact angles up to 120 ° already in 
short exposition times Table I. However, when the water drop 
imbibition occurs the contact angle is not relevant parame-
ter because of non stable drop. The changes to hydrophobic 
character can be better evaluated by imbibition (soaking) 
kinetics (Fig. 2.). 

The flow rate of N2 through the liquid monomer 
(HMDSO) was optimized to a value of 3.8 dm3 min–1 for 
standard inside-DBD regime and 6.8 dm3 min–1 for after-
DBD regime. 

Drops volumes for soaking experiments were round 
5 ml and the volume of spherical cap, V, was calculated from 
the sessile drop radius r and height h and contact angle q:

V = �h2(3r – h)/3	 h = r(1 – cosθ)	 (1)

The rate of imbibition (in ml s–1) was calculated from the 
slope of imbibition kinetics (Fig. 3.), where some minimum 
was achieved for inside-DBD. It is caused by creation/degra-
dation balance inside the plasma. Stronger hydrophobiza-
tion was achieved by after-DBD, however it is less effective 
energetically (10 times higher exposition) than inside-DBD,  

•

•

•

and some problems could be in physical bonding of coating 
to the paper. So, the exposition was optimized to 10 J cm–2 for 
inside-DBD and to 80 J cm–2 for after-DBD. 

Other three monomers (n-heptane, cyclohexane and 
toluene) were applied to treat papers just in optimized expo-
sition doses. The level of hydrophobization correlates with 
reverse rate of imbibition, that is the imbibition time of 1 ml, 

Table I
Contact angles [°] of water drop at initial and plasma treated 
paper surfaces, after-DBD, 60 J cm–2

	Papers	I nitiale	 Pure	 HMDSO	 n-	 Cyclo-	 Toluene		  surface	N 2		  heptane	 hexane
	Whatm.	 n*	 n*	 122	 90	 110	 105
	N P	 65	 85	 119	 100	 106	 105
	 CP	 85	 75	 120	 102	 105	 110
n* – nonmeasurable
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Fig. 2. T ime evolution of sessile water drop volume for What-
man and HMDSO and different expositions, for inside-DBD (a) 
and after-DBD (b) regimes
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Fig. 3. E xposition dependence of imbibition rates for W hat-
man treated inside-DBD and in after-DBD (N2/HMDSO)
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Timb [s ml–1]. Calculated Timb from experimental data of imbi-
bition kinetics are shown in Fig. 4. for all vapours and sub-
strate materials used.

The level of hydrophobization is very different for dif-
ferent papers, because of big differences of initial materials 
including wetting and roughness. The hydrophobization is 
most effective in case of newsprint paper (NP) and generally 
using HMDSO. However, the data dispersion is very high  
(up to 30 %), because of materials inhomogenity, DBD insta-
bilities and inhomogenities and droplet soaking errors.

The changes of absorption IR spectra (surface ATR tech-
nique) of treated paper surfaces were generally very small.  
It means that very thin surface layer of paper is affected 
or very thin deposited layer is created, considering paper 
porosity. In the most successful case of HMDSO, some new 
functional groups are readable in FTIR spectra, Fig. 5.

The hydrophobized papers exhibited interesting perfor-
mance after artificial aging. Namely in the case of inside-
DBD and at long time expositions the aging causes consi-
derable increase of hydrophobic character, probably because 
of recombination (and crosslinking) of long live free radicals 
created in plasma during long exposition.

Despite of noticeable hydrophobization in soaking pro-
cess, adsorption properties of papers hydrophobized in both 

manners were changed just a little, Fig. 6. The adsorption 
was performed at 25 °C, however, it is not typical isotherm, 
because of relatively quick increase of RH (1 % min–1). 

If slower increase were applied (0.1 % min–1 – equilib-
rium regime), the curves were nearly identical with the non-
treated Whatman paper. It means that the long-term water 
sorption maintained unchanged, while the penetration rate 
was lowered due to hydrophobic surface.

It indicates that the paper porosity did not changed 
practically with the hydrophobization processes. Proba-
bly, the hydrophobic coating is very fine, discontinual, with  
an island-like character, and the thickness of coating as well 
as the islands dimensions are in nanometer scale.

Conclusions
Different papers were continuously modified/hydropho

bized by dielectric barrier discharge (DBD), inside DBD and 
down stream (after-DBD), using nitrogen as working gas 
with four organic vapors (including hexamethyldisiloxane, 
HMDSO). Modified papers were characterized by water 
imbibition (soaking), sorption and penetration kinetics and 
by absorption FTIR spectroscopy (surface sensitive ATR 
techniques).

The levels of hydrophobization of papers are very diff-
erent for different papers and vapours, because of big diffe-
rences of initial materials including wetting and roughness. 
The hydrophobization was the most effective using HMDSO 
and good noticeable for newsprint paper (NP) and What-
man. However, the data errors were very high (30 %) due to 
paper surface inhomogenities and instabilities of DBD that  
ought to be more controlled.

We thank the Slovak Grant Agency for financial support 
of this project, VEGA 1/0815/08.
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Introduction
During the last ten years, hyaluronan molecule rises in his 

importance. Due to its high biocompatibility and its common 
presence in the extracellular matrix of tissues, hyaluronan is 
gaining popularity as a biomaterial scaffold in tissue engi-
neering research. Its modification can fortify hyaluronan’s 
unique properties and opens a new fields for application this 
polysaccharide.

One of the most sensitive, progressive, and modern 
methods successfully used in investigation of polymer sur-
factant, is fluorescence spectroscopy. Widely used fluores-
cence probe method looks useful in our research; because of 
it contains additional information about investigated system 
– micellar properties, polarity, fluidity, dimensions.

We hope we are able to contribute with our results to 
clarification-complicated relations in this interesting system.

Experimental
Sodium hyaluronate and its derivatives (Fig. 1.) were 

obtained from CPN Ltd. (Dolní Dobrouč, Czech Republic). 
Details on the synthesis of derivatives have been published 
elsewhere1. Hyaluronate was of the molecular weight around 
500 kg mol−1.

All derivatives have the molecular weight around 
500 kg mol−1, and their substitution degrees were in the range 
from 10 to 70 %. Substitution degree is defined as the ratio 
of the mol of substituents per mol of the disaccharide unit, 
e.g. SD 100 % means one alkyl chain per each disaccharide 
unit in the hyaluronate chain. All the molecular parameters 
were determined and provided by the producer. The molecu-
lar weights were determined by SEC-MALLS and the sub-
stitution degree is defined from the 1H NMR spectra1. The 
hyaluronate samples were dissolved in doubly distilled water 

to the concentration 5 g dm−3. This stock solution was sta-
bilized by addition of sodium azide (p.a., Lachema) in final 
concentration 10−3 mol dm−3.

The stock solution of pyrene (purchased from Fluka, 
GmbH; for fluorescence grade) was prepared in acetone. 
Probe stock solution was introduced into a vial and acetone 
was evaporated. The concentration of the probe in final sam-
ples was set to 5 × 10−6 mol dm−3. The stock solution of HA 
or hHA was introduced into the vial with the probe, diluted 
to the desired concentration, and the resulting solution was 
sonicated for 4 hours and stored during next 20 hours. The 
fluorescence emission spectra were monitored with a lumi-
niscence spectrophotometer (AMINCO-Bowman, Series 2) at 
293.15 ± 0.1 K. The excitation and emission slit widths were 
set to 4 nm, and the excitation wavelength was 335 nm. 

The experimental data, i.e. the pyrene I1/I3 ratio (y) 
dependency on concentration (x), were evaluated using non-
linear fitting with Boltzman’s curve containing four parame-
ters – the maximum (a), the minimum (b), the inflex point 
(x0), and the width of the step change (Δx) (Equation 1).

The stock solution of acridine orange (AO, purchased 
from Sigma-Aldrich, Co.; hydrochloride hydrate) was prepa-
red in distilled water. Probe stock solution was introduced into 
after addition of HA or hHA stock solutions. The concentra-
tion of the probe in final samples was set to 5 × 10−6 mol dm−3. 
The resulting solution was simiraly treated as pyrene’s sam-
ples. The fluorescence emission spectra were monitored with 
a luminiscence spectrophotometer (AMINCO-Bowman, 
Series 2) at 293.15 ± 0.1 K. The excitation and emission slit 
widths were set to 4 nm, and the excitation wavelength was 
492 nm.

Acridine orange is a much-studied member of a class of 
cationic dyes whose planar molecules aggregate in aqueous 
solution to cause concentration-dependent spectral changes 
(metachromasy).Y Direct evidence for the aggregation of 
AO has been obtained from proton chemical shifts. The con-
centration dependence of changes in the visible absorption 
spectrum of dilute AO solutions is consistent with dimeriza-
tion equilibrium. The emission spectrum of AO in aqueous 

Fig. 1. S chematic structure of the sodium hyaluronate (a) and 
its C10 alkyl-derivative (b)

	 (1)

Fig. 2. S chematic structure of the pyrene (a) and protonated 
form of the acridine orange (b)
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solution has a maximum at 532 nm. In the highest concent-
ration range a new weak emission band at 630 nm is occurs. 
This band is related to the forbidden H-type aggregate tran-
sition. Formation of aggregates (dimers) leads to the decrea-
sing o the fluorescence intensity.Z

Results
P y r e n e  a n d  A O  i n  N a t i v e 
H y a l u r o n a n

Existence of hydrophobic patch, resulted from secon-
dary structure of the hyaluronan molecule in aqueous solu-
tion, allow hyaluronan’s chains aggregate to form helical 
structures.X Dissociated carboxylic groups from the D-Glu-
curonic sub‑unit in aqueous solutions make hyaluronan’s 
chain possible to interact via electrostatic interaction with a 
cationic species.

First measurements have been focused on possible aggre-
gation behavior of native hyaluronan in aqueous solution. 
Molecular weight 500 kg mol−1 was selected to investigate 
its concentration dependencies in the presence of pyrene and 
acridine orange. Fig. 3. shows obtained results. It is obvious 
that the polarity index, ranges only from 1.40 to 1.42 through 
a wide concentration range. Value of the polarity index in this 
concentration range can be taken as constant and invariant 
on the hyaluronan concentration. So, from the hydrophobic 
polarity probe point of view no aggregation behavior was 
observed in these solutions and in this concentration range. 
Hyaluronan molecule is also known as extremely hydrophilic 
specie, thus it organizes water molecules around the chain 
resulted in water barrier. This barrier looks to be insuperable 
for the pyrene.

On the other hand, electrostatic interaction between AO 
and hyaluronan gives interesting results. First decreasing of 
the AO fluorescence can be ascribed to the AO dimer forma-
tion on the HA chain. This dependency has two minimums. 
First, correspond to the equal point 1 mol of the AO dimer 

per 1 mol of the COO– group. Second minimum corresponds 
to the range of the physiological concentration of the hyalu-
ronan. In concentration around 1 g dm−3 a polymer domain 
overlay is occurs. This phenomenon will take a part in next 
investigation.

P y r e n e  i n  A l k y l  M o d i f i e d 
H y a l u r o n a n

Results with hydrophobized hyaluronans, obtained for 
D30/30 a 1,470/30, are presented in Fig. 4. For good lucidity, 
concentration values are plotted in dimension g dm−3. The 
CAC value for lower molecular weight looks to be lower than 
for higher molecular weight. After the conversion of the con-
centration dimension from “g dm−3” to “10–6 mol dm−3” the 
CAC value for 1.470 kg mol–1 (1.667 × 10–6 mol dm−3) is 25-
times smaller than for 30 kg mol–1 (0.068 10–6 mol dm−3). 

Aguiar and co-workers5 suggested a condition to select 
the CAC value from the pyrene polarity index. If the x0/Δx 
(cf. Eq. (1)) is less than 10, the CAC point is determined by 
the x-coordinate of the inflex point x0. All of hyaluronan deri-
vatives used in this study passed this the “less than 10-con-
dition”.

Aggregate process of the modified hyaluronan was also 
studied through the electrostatic interaction with AO. Aim 
of this study was find out if alkyl chains association has an 
image in processes, which can influence Stern bilayer around 
polyectrolyte’s surface.

Fig. 5. shows comparison of the pyrene polarity index 
and fluorescence intensity of the AO dependencies on the 
concentration of the modified hyaluronan. AO dependency 
shows after first decreasing an area with stable values of 
the fluorescence intensity. This plateau is followed with 
next decreasing of the fluorescence intensity. According to 
a prediction the decreasing of the AO fluorescence is caused 
only by the dimer formation, in concentration range, starts 
near CAC point, the hyaluronan’s aggregate formation cause 

Fig. 3.  Dependencies of the pyrene polarity index and the fluo-
rescence intensity of the acridine orange on the concentration of 
the native hyaluronan in aqueous solution. Hyaluronan molecu-
lar weight was 500 kg mol–1

Fig. 4.  Pyrene polarity index in hydrophobized hyaluronan 
aqueous solution. Derivatives were in the same degree of sub-
stitution 30 % and in diffeent molecular weights, 1.470 (□) and 
30 kg mol–1 (●)
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that newly added carboxylics group are inaccessible for AO 
molecules. We predicted intermolecular formation process of 
these aggregate types.

Conclusions
The hyaluronan alkyl derivatives, with different molecu-

lar weights and same degree of substitution, show surfactant-
like aggregation behavior in aqueous solutions. Their critical 
aggregation concentration was comparable in dimensions 
g dm−3. Acridine orange can be used to determine aggrega-
tion process via electrostatic interaction with the modified 
hyaluronan. 

Aggregation properties of sodium hyaluronate (HA) in 
molecular weight 500 kg mol–1 were studied by fluorescence  

methods. Interactions with hydrophobic fluorescence probe 
pyrene showed hydrophobically-modified analogues of 
sodium hyaluronate, as suitable systems for drug delivery 
applications. Properties of hydrophobic core were studied 
with polarity and viscosity fluorescence probes.

Interaction with hydrophilic probe acridine orange can 
help to understand native hyaluronate’s self-aggregation 
behavior in aqueous environment. Depolymerization of dye-
aggregates, evidenced by fluorescence intensity, showed 
an abrupt change in physiological concentration region 
(~ 1 g dm−3). Acridine orange can be also used to determine 
aggregation process via electrostatic interaction with the 
modified hyaluronan.

We thank CPN Ltd Dolní Dobrouč (Czech Republic) for 
material and financial support. The research was supported 
also by the Ministry of Education of the Czech Republic, pro-
ject. No. MSM 00216305001.
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Introduction
The formation of phenoxyl radicals is the predominating 

process occurring by the oxidation of monohydric phenols 
using different agents (PbO2, MnO2, RO2

•). Their stability 
substantially depends on the substitution in the ortho position. 
Very high stability is the typical feature of the phenoxyl radi-
cals derived from 2,6-di-alkyl substituted phenols, especially 
those with bulky tert-butyl substituent (sterically hindered 
phenols). Monohydric phenols with 2,6 -dialkyl substituents 
containing α–CH bond, as well as phenols with unsubstituted 
or partially substituted ortho position (sterically unhindered 
phenols) provide by the oxidation the unstable phenoxyl 
radicals, which can be detected only using special EPR tech-
nique, e.g. flow1 or spin trapping method2. It was found that 
the addition of sterically unhindered phenoxyl radicals to aro-
matic nitroso spin-traps (nitrosobenzene, nitrosodurene) pro-
ceeds in the ortho position and leads to two different types of 
nitroxyl radicals (1).
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Although the generation of phenoxyl radicals, resul-
ting from the abstraction of phenolic hydrogen atom plays 
an important role during the oxidation, the tendency towards 
the abstraction of hydrogen atom from methyl group in para 
methyl substituted phenols was also observed. The benzyl 
radicals formed were detected by spin-trapping technique 
using nitroso spin-traps2,3. The recombination products of 
benzyl radicals proved by the analysis of reaction mixture of 
oxidized 2,6-di-tert-butyl-4-methylphenol also support this 
mechanism, although there are also another theories interpre-
ting their formation. To understand the specific behavior of 
para methyl group in substituted phenols in more detail, the 
oxidation of the series of phenols having this structure was 
investigated using spin-trapping method.

Experimental
All chemicals (phenols, nitroso compounds, tert.‑butyl-

hydroperoxide, PbO2) were commercially available and were 

used without further purification. Toluene of analytical grade 
purity (Sigma) was used as the solvent in all experiments. 

The oxidation of phenols in the presence of nitroso com-
pounds was performed according to the following procedure: 
In 5 × 10–2M toluene solution of the phenol the corresponding 
amount of nitroso compounds was dissolved, to adjust the 
molar ratio phenol : nitroso compound = 1 : 1. To 2 ml of this 
solution 150 mg PbO2 were added under stirring. The stirring 
was regularly stopped in 30 min. interval and after the sedi-
mentation of solid phase 0.3 ml of the reaction mixture were 
placed into the EPR tube. To obtain the high quality EPR 
spectra, the solution in the tube was bubbled with nitrogen 
for 30 sec.

Results
Hydrogen abstraction from para-methyl group was 

investigated within the series of different substituted phe-
nols 1 – 2 in the presence of substituted nitroso compounds 
3a – 3c.

The oxidation of 1a (R1 = R2 = tert.butyl) in the pre-
sence of nitrosobenzene (NB, 3a) affords the mixture of 
radical products, where the corresponding phenoxyl radicals 
4 (aH(CH3) = 1.094 mT, aH(m) = 0.155 mT) together with 
benzyl radicals 5, indirectly detected through the adducts 
6 (X = C6H5; aN(NO) = 1.049 mT, aH(CH2) = 0.565 mT, 
aH(o,p) = 0.273 mT, aH(m) = 0.092 mT)) prevail (2).
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R1 R2

1

4

5

	

(2)

EPR parameters of 6 are similar to those observed by 
spin trapping of 5 with 3,5-di-tert.butyl-nitrosobenzene3. 

	 1a–1b	 2a–2e	 3a–3b
	 a: R1 = R2 =	 a: R1 = R2 =	 a: R1 = R2 = R3 = R4
	 t-C4H9	R 3 = H	  = R5 = H
	 b: R1 = R2 =	 b: R2 = R3 = H;	 b: R2 = R3 = R4 = R5
	 CH3	 R1 = CH3	 = H; R1 = CH3
		  c: R1 = R3 = H;
		  R2 = CH3
		  d: R2 = R3 = H;
		  R2 = t-C4H9
		  e: R1 = H; R2 =
		  R3 = CH3	 3c
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The concentration ratio between these two radicals depends  
on the experimental conditions and by the surplus of phenol 
over spin trap the pure EPR spectrum of the benzyl adduct 

can be observed (Fig. 1.).
Nevertheless, it was found that further changes in EPR 

spectra occur with time. One hour after the preparation of 
the sample the spectrum outlined in Fig. 1.b was detected. 
The g‑value (g ≈ 2.0045) points out that the secondary phe-
noxyl radicals are formed in the consecutive steps of the 
oxidation. This statement is also supported by the splitting 
constant of two protons (aH = 0.15 mT), which is the typical 
value of meta protons in phenoxyls. Other dominating split-
ting constants proved by the simulation of the experimental 
EPR spectra were attributed to one hydrogen and one nitro-
gen atom (Table I). Based on these experimental facts it is 
evident that the secondary phenoxyl radicals result from the 

transformation of the benzyl adduct (3).

Moreover, the number of interacting nuclei suggests that 
the para position in secondary phenoxyls has the structure of 
the nitrone fragment – CH = N+O– – C6H5, which originates 
from the conversion of the nitroxyl moiety – CH2 – NO• – C6H5. 
This implies that the nitrone 7 (X = C6H5) is the intermediate 
product, which is consequently oxidized to phenoxyl radi-
cal 8 (Fig. 2.). In the framework of further experiments the 
number of nitroso compounds was expanded. Besides nitro-

sobenzene other substituted derivatives X – NO (3b, 3c) were 
studied. The analysis of EPR spectra proves that the above 
mentioned reaction route is valid, except for 3c, in all cases 
under study.

On the other side, neither the adduct 6 nor the phenoxyl 
radical 8 was observed using 2-methyl-2-nitrosopropane 3c 
(X = tert.-C4H9). Instead of them, only the nitroxyl radical 
X – NO – X (aN(NO) = 1.555 mT) was detected, as a product 
of the decomposition of tert.-C4H9 – NO on the surface of 
PbO2. This fact is surprising, because the EPR parameters of 
the phenoxyl radical 8 (X = tert.-C4H9, Table I) produced by 
the oxidation of the nitrone 7 (prepared by reaction of 3,5-
di-tert-butyl-4-hydroxybenzaldehyde with N-tert-butyl-hyd-
roxylamine) using benzoyloxy radicals, are reported in the 

literature4.
The experimental results obtained by PbO2 oxidation of 

the sterically hindered 2,6-di-tert-butyl-4-methylphenol (1a) 
in toluene solution in the presence of different nitroso com-
pounds X – NO initiated further investigation in this field. 
The tendency towards the liberation of one hydrogen atom 
from para methyl group was studied also with the methylated 
phenol (1b) and mono-, di- and tri- alkyl substituted phenols 
2a–2e. When 2,4,6-trimethylphenol (1b) was subjected to 
the oxidation, immediately after the addition of PbO2 to the 
toluene solution of 1b and nitrosobenzene the high concent-
ration of benzyl adduct 6 (R1 = R2 = CH3) was observed. Its 
EPR signal is stable for more then 24 hours without being 
overlapped by the signal of another radical. This fact seemin-
gly points out that the suggested reaction route for 1a (1), 
based on the conversion of benzyl adduct to nitrone 7 and 
consecutively to phenoxyl radical 8, is not valid in this case. 
However, this effect can also be satisfactorily interpreted as 
a result of a substantially lower stability of 2,6-dimethyl-4R 
phenoxyl radicals in comparison with those derived from 
2,6-di-tert.butyl-4R- phenols. The presence of nitrone 7 
(R1 = R2 = CH3) in reaction mixture was directly proved by 
the experiment, where tert.butylhydroperoxide was added 
to the reaction mixture 24 hours after the preparation of the 
adduct 6. The high concentration of nitroxyl radical 9 with the 

Fig. 1. E xperimental EPR spectra of nitroxyl radical 6 prepa-
red from 2,6-di-tert-butyl-4-methylphenol 1a

Fig. 2. E xperimental EPR spectra of phenoxyl radical 8 prepa-
red from 2,6-di-tert-butyl-4-methylphenol 1a

	(3)

Table I
EPR parameters of phenoxyl radicals 8 prepared by the oxi-
dation of 2,6-di-tert-butyl-4-methylphenol 1a with PbO2 
in toluene solution in the presence of nitroso compounds  
(3a–3c)

	 X	 aH(3.5)	 aH(CH)	 a(N)	 a(X)
		  [mT]	 [mT]	 [mT]	 [mT]
 
		  0.150	 0.290	 0.510	 0.090 (3H)
 
		  0.150	 0.280	 0.490	 –
 
		  0.170 (1H)	 0.260	 0.505	 –
		  0.150 (1H)
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splitting constants (aN(NO) = 1.049 mT, aH(CH) = 0.175 mT, 
aH(o,p) = 0.273 mT, aH(m) = 0.092 mT) was observed in this 

case.
The EPR parameters well agree with the published data 

for RO2
• adducts with phenyl-N-phenyl nitrone5. The EPR 

signal undergoes further changes with time, which presumes 
the succesive degradation of hydrogen atom in nitrone frag-
ment by peroxyl radicals.

Similarly as with 1a, the simultaneous generation of cor-
responding phenoxyl and benzyl radicals is also expected in 
the course of the oxidation of sterically unhindered phenols 
2a–2e using PbO2. In contrast to 1a, the primary phenoxyl 
radical cannot be directly detected by EPR method due to 
their unstability. Nevertheless, by the application of spin 
trapping technique, they can be observed in the form of spin 
adducts. Due to the tendency towards the abstraction of hyd-
rogen atom from para methyl substituent, the benzyl radicals 

also react with nitroso spin traps and the generated adducts 
mostly dominate in the EPR spectrum. These EPR parame-
ters do not substantialy differ from those observed in the case 
of 1a, 1b.

This work was supported by the Ministry of Educa-
tion of the Czech Republic under research project MSM 
0021630501.
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Introduction
Most of our knowledge of the electronic structure of 

atoms has been obtained by the study of the light given out 
by atoms when they are exited. The light that is emitted 
by atoms of given substance can be refracted or diffracted 
into a distinctive pattern of lines of certain frequencies and 
create the line spectrum of the atom. The careful study of 
line spectra began about 1880. The regularity is evident in 
the spectrum of the hydrogen atom. The interpretation of the 
spectrum of hydrogen was not achieved until 1913. In that 
year the Danish physicist Niels Bohr successfully applied the 
quantum theory to this problem and created a model of hyd-
rogen. Bohr also discovered a method of calculation of the 
energy of the stationary states of the hydrogen atom, with use 
of Planck’s constant h. Later in 1923 it was recognized that 
Bohr’s formulation of the theory of the electronic structure 
of atoms to be improved and extended. The Bohr theory did 
not give correct values for the energy levels of helium atom 
or the hydrogen molecule-ion, H2

+, or of any other atom with 
more than one electron or any molecule. During the two-year 
period 1924 to 1926 the Bohr description of electron orbits 
in atoms was replaced by the greatly improved description 
of wave mechanics, which is still in use and seems to be 
satisfactory1. 

The discovery1 by de Broglie in 1924 that an electron 
moving with velocity v has a wavelength λ = h/mev. The 
theory of quantum mechanics was developed in 1925 by the 

German physicist Werner Heisenberg. An equivalent theory, 
called wave mechanics, was independently developed early 
in 1926 by Austrian physicist Ervin Schroedinger. Important 
contribution to the theory were also made by the English phys-
icist Paul Adrien Maurice Dirac. The most probable distance 
of the electron from the nucleus is thus just the Bohr radius 
ro; the electron is, however, not restricted to this distance. The 
electron is not to be thought of as going around the nucleus, 
but rather as going in and out, in varying directions, so as to 
make the electron distribution spherically symmetrical1..

This paper is an attempt to attain a new and profound 
model of the nature’s structure using vortex, fractal and 
ring structures. Scientists try to explain some phenomena in 
Nature that have not been explained so far. The aim of this 
paper is the vortex-fractal modeling of vortex-ring fractal 
structure of atoms, molecules, and a creation of elements 
in the Mendeleev’s periodic table with vortex-ring particles 
which is not in contradiction to the known laws of nature.

Electron with Vortex-Fractal-Ring Structure
The discovery of the electron was a landmark in phys-

ics and led to great technological advances. The electron 
emission is the process when negative charges in the form of 
electron, escape for example from the hot filament. Streams 
of electrons moving at high speed are called cathode rays or 
electron rays. The rays are deflected by a magnetic field too. 
If the N pole of a magnet is brought up to the neck of the tube, 
the rays move upwards, using Fleming’s left-hand rule. The 
ratio of the charge q of an electron e to its mass me is called its 
specific charge and can be found from experiments in which 
cathode rays are deflected by electric and magnetic fields. It 
was first done by J. J. Thomson in 1897 using a deflection-
type tube. His work is regarded as proving the existence of 
the electron as a negatively charged particle of very small 
mass and not, as some scientists thought a form of electro-
magnetic radiation like light.

Electron is defined as a fundamental particle of mat-
ter, with negative electric charge, which populates the outer 
region of atoms.

The electrical force decreases inversely with the square 
of distance between charges. This relationship is called 
Coulomb’s law. There are two kinds of “matter”, which we 
can call positive and negative. Like kinds repel each other, 
while unlike kinds attract – unlike gravity, where only attrac-
tion occurs2. When charges are moving the electrical for-
ces depend also on the motion of charges in a complicated 
way2,3,4.

Fractals seem to be very powerful in describing natural 
objects on all scales. Fractal dimensions and fractal measu-
res are crucial parameters for such description. Many natural 
objects have self-similarity or partial-self-similarity of the 
whole object and its part5.

The structure of the electron in Fig. 1 presents the 
electron as “pure” ring fractal structure. Electrons 0e (or e) in 
the electron ray 0r hold together by photon’s vortex structure 
0f (a pair of vortices).6–20 Generally, in the fractal structure of 

Fig. 1. T he vortex-fractal structure of the electron ray with two 
electrons19
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the electron, the number n defines the level of substructure ne. 
The name osmeron we derived from the name “Osmera” of 
Egyptian deity with 4 pairs of gods as primary creative forces 
(from a chaos beginning). Osmerons are too small that is why 
have unmeasurable size and mass. Osmerons on osmeron’s 
trajectory creates an osmeron ray.

We know that the apparent mass of a particle changes 
by 1/√(1 – v2/ c2). Does its charge do something similar? No 
charges are always the same, moving or not4. If the charge 
of a particle depended on the speed of the particle carrying 
it, in the heated block the charge of the electrons and pro-
tons would no longer balance. A block would become char-
ged when heated. If the charge on an electron charged with 
speed, the net charge in piece of material would be charged in 
a chemical reaction. Even a very small dependence of charge 
on speed would give enormous fields from the simplest che-
mical reactions. No such effect has been observed3,4, and 
we conclude that the electric charge of a single particle is 
independent of its state of motion. 

For a calculation9,23 of the fractal-ring electron structure 
we will use the structure that is shown in Fig. 1. and Fig. 2. 
In the ring electron structure (see Fig. 2.) the subelectrons 
eo rotate with a velocity ve and subsubelectrons e1 with a 
velocity vo. The radius of the electron is Re and a radius of 
axes of subelectrons eo is re. A rough estimation of number 
of subrings is N and number of subsubring is N2. They are 
determined in the electron structure by the mass mp of the 
proton structure17.

Let us calculate properties of the electron with a vortex-
fractal theory6–20. This requires that subelectrons are accele-
rated towards the center of the electron ring. The amount of 
the acceleration force Fa has to be in balance with two cou-
lomb forces Fo. A whole force of attraction FA can be calcu-
lated by Ampere’s law:

Fa = FA	 (2.1)

The fundamental physical law for an acceleration force 
Fa for mass m with velocity v and distance r is :

2

a

vF m
r

≈
	

(2.2)

The mass moe of the subelectron eo for the fractal 
structure of the electron is:

e
o e

mm
N

=
	

(2.3)

where N is number of subelectrons. To cover creation of the 
proton structure and the electron structure from the same very 
small rings (N2 subsubelectrons e1)

17,22:

42 2 3 7p

e

m
N

m
= ≈ = ⋅ ⋅

	
(2.4)

where mp is the mass of the proton and me is the mass of the 
electron. From the fractal structure of the electron on Fig.2:

The average value of forces Fao for N/2 subelectrons is 
on Fig.3. Their average value 2/π was calculated following 
way:

The fundamental physical law for attraction force FA 
(Amper’s law) between two wires with a current I, a length l, 
a distance d, and a permeability µo of vacuum:

Electric charges q1 in the subring e1 create the current I: 

1dQ q NI
dt T

= =
	

(2.9)
Fig. 2. T he fractal-ring structure of the electron17

	 (2.5)

	 (2.6)

	 (2.7)

Fig. 3. A verage value of the acceleration force Fao

	 (2.8)

	 (2.10)
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1 2

eq
N

=
	

(2.11)

Equation (2.12) and (2.13) we use in (2.8):

From (2.5) and (2.14):

and the radius re of the electron (in Fig. 2) is :

If velocities of rings and subrings are:

o ev v c= ≈ 	 (2.17)

then

We can now calculate the size of the electron with the 
fractal geometry on Fig. 4. Full calculation is in reference17,19. 
But it is only for the free and quite electron. The size of the 
electron in the hydrogen atom is not constant19 (see Fig. 8.).

Energy Eo of the quite electron 0e, which has velocity 
v=0 and quite mass meo, can be calculated17 from kinetic 
energy of their subelectrons –1e with velocity v–1 (ve), sub-
subelectrons –2e with velocity v–2 (vo), subsubsubelectrons 
–3e with velocity v–3, subsubsubsubelectrons –4e with  
velocity v–4:

If velocities of substructures are:

0ev v= = ,

3 2o

cv v−= ≈ ,
	

(2.19)

4v c− ≈ ,		

their inner kinetic energy is: 

0 0 02 2 2 3 2 4 2
3 4 02 3 4

1 1 1
2 2 2

e e e
o o e

m m m
E v N v N v N m c

N N N− −= + + ≈
	 
(2.20)

2
0o eE m c≈

	 (2.21)

This result is in coincidence with the well-known Ein-
stein equation (2.21).

The Model of Hydrogen with Levitating Electron
The hydrogen atom can have the electron on left side 

or on right side (see Fig. 9.a, 9.b), thus the difference in 
exponents must be 2 then exp = 4. The attractive force F+ 
is Coulomb’s force. A distance between the electron an the 
proton is r :

For Bohr distance 115.29 10 mB or r −= ≈ × 18 is the resul-
ting force F = 0.

A = r0
2	 (3.2)

	 (2.12)

	 (2.13)

	 (2.14)

	 (2.15)

	 (2.16)

	 (2.18)

Fig. 4. G eometry of the electron and the subelectron16

Fig. 5.  The levitating electron in the field of the proton18

	 (3.1)

	 (3.3)
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Let us use equation (3.3) as a postulate for next calcu-
lations. To find the distance where F has maximum (see 
Fig. 3.):

for ro :

It is line ko in Fig. 6

and solution is 1, 2 2 or r= ±  for Fmax. Energy E of the electron 
in the distance r:

The graph of E is on Fig. 7. Energy Eo which must be 
added to the electron to be free:

For Eo = 0

113.05 10 m
3
o

Eo

rr −= ± ≈ ± ×
	

(3.9)

For ro is Eo:

We can calculate frequency fo and period To of oscil-
lation of the electron in the hydrogen atom around ro if we 
insert Ko defined in equation (3.5) into (3.12):

151 1.075 10 so
o

T
f

−= ≈ ×
	

(3.13)

To calculate quantum model of hydrogen we use radius 
re (2.16):

We assume that19:

Subelectrons are on the orbit with the radius re. On this 
circle have to be n half-waves λ/2=h/2mev (n is quantum 
number):

where ev  ( 1v− ) is mean velocity of the subelectron –1e .
Kinetic energy19 of the electron with mean velocity v is 

transformed into kinetic energy of subelectrons in 4 substruk-
tures (ve,v–2,v–3,v–4):

2 21 1 1
2 4 2e e em v m v=

	
(3.19)

where vm is a maximum velocity of the electron, when the 
electron has the distance ro and has minimum energy Emin:

For quantum number n = 1

	 (3.4)

	 (3.5)

	 (3.6)

	(3.7)

	(3.8)

(3.10)

	 (3.11)

	 (3.12)

	 (3.14)

	 (3.15)

	 (3.16)

	 (3.17)

	 (3.18)

	 (3.20)

	 (3.21)

	 (3.22)

	 (3.23)

	 (3.24)

	 (3.25)

	 (3.26)

	 (3.27)

	 (3.28)



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1106

It is the same result as Bohr obtained but with quite dif-
ferent hydrogen model1.

To find the size of r where Eo = 13.6eV = Eqo in (3.24) 
and (2.25) we must solve cubic equation:

3r3 – 6r2r0 + 2r0
3 = 0	 (3.29)

The roots of equation (3.29) are:
r1 = 0.7223517245ro ~ 0.382Å, 
r2 = 1.792517214ro ~ 0.948Å, r3 = –0.5148689384 ro
The values of r1 and r2 are the distances where the 

electron has velocity v = 0 (see Fig. 7.).

For quantum number n = 1 we calculate the maximum 
velocity vm from (3.22) and the couple constant α:

In the hydrogen molecule H2 the covalent bond has 
ne = 2, np = 1 (see Fig. 9):

113.75 10 m
2
o

c

rr −= ± ≈ ± ×
	

(3.35)

112 7.5 10 mc p cd r −= ≈ × 	
(3.36)

It is in coincidence with the distance between two pro-
tons for their covalent bond1.

For the hydrogen molecule-ion H2
+ is ne = 1, np = 1 

then dp+ (see Fig. 9.):
112 10.6 10 mp od r −

+ = ≈ ×
	

(3.37)

To calculate the size of the proton structure we use 
fractal-coil geometry17 (see Fig. 7.). Results are on Fig. 9. 

The Spin of the Electron
The spin of the electron is defined as angular momen-

tum:

( )e e eS m r v= ×


 

	 (4.1)

For the spin19 on axis z:

e
z e e

mS N r v
N

=
	

(4.2)

	 (3.30)

	 (3.31)

	 (3.32)

Fig. 6. F orces in the hydrogen atom

	 (3.33)

	 (3.34)

Fig. 7. V ortex-fractal-coil structure of the proton18

	 (4.3)

	 (4.4)

	 (4.5)

	 (4.6)
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1
2sm = ±

	
(4.8)

The result in (4.7) is in coincidence with the generally 
equation for the spin, where ms is spin quantum number.

Magnetic momentum Mz:

zM IS= 	 (4.9)

where I is an current around a surface S:

where T is period for calculation of I:

where μB is Bohr magneton.

The Size of the Electron in Hydrogen Atoms
For maximum velocity of the electron vem we use ana-

logy with (3.19):

2
m

em

vv = ±
	

(5.1)

If we insert vm from (3.31) into (4.3) and (5.1) we rece-
ive the maximum radius of the electron:

For minimum radius of the electron where v=0 :

The levitating electron changes the size from very small 
to relatively large size19 (see Fig. 8.).

The Structure of Molecules
Atoms combine to form a molecule. Their shared air of 

electrons is called a covalent bond. They occupy the same 
orbital with opposite spins. The H2 molecule atoms H share 
electrons. Each hydrogen atom shares its electron with another 
hydrogen atom to gain a full outer s shell of 2 electrons. 
Covalent bonding is important in carbon compounds. 

There are two simple rules how to create atom nuclei:
(i) Only two protons can be on one rotational axis
(ii) Two protons cannot be connected directly with vor-

tex nuclear bond (only the proton with the neutron can be 
nuclear bond)

Fig. 8. C alculated size of the electron and the proton in the 
hydrogen atom (in different scales)

	 (4.7)

	 (4.10)

	(4.11)

	(4.12)

	(4.13)

Fig. 9. C alculated distances between the proton and the 
electron. a) left side orientation of hydrogen, b) right side 
orientation of hydrogen, c) the hydrogen molecule-ion H 2

+, 	
d) the hydrogen molecule H2 with covalent bond

	 (5.2)

	 (5.3)

	 (5.4)

Fig. 10. T he vortex-ring structure of the nucleus of the helium 

2
4He (alpha particle) and its orbital 1s



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1108

Conclusions
Our science creates terrific demands on the imagination2. 

To understand the electromagnetic field requires a high degree 
of imagination. The degree of imagination that is required is 
much more extreme than that required for some of the ancient 
ideas. The modern ideas are much harder to imagine. We usu-
ally use mathematical equations and rules, but we used a lot 
of pictures to describe very complex vortex-fractal models. 
There is not easy to formulate mathematical models21,23. We 
can’t allow ourselves to seriously imagine things, which are 
obviously in contradiction to the known laws of nature. We 
created vortex-fractal-ring model of the electron, of the pro-
ton and hydrogen and then calculated sizes, forces, energies 
and covalent bonds.

This work has been supported by the Czech Grant 
Agency; Grant No: MSM 21630529.

REFERENCES
	 1.	 Pauling L.: General Chemistry, Dover Publication, Inc, 

New York, 1988
	 2.	 Feynman R.P. Leighton R.B., Sands M.: The Feynman 

Lectures on Physics, volume I, II, III Addison-Wesley 
publishing company, 1977

	 3.	 Feynman R.P.: QED – The Strange Theory of Light and 
Matter, Princeton University Press, 1988

	 4.	 Feynman R.P.: The Character of Physical Law, Penguin 
Books, 1992

	 5.	Z meskal, O., Nezadal, M., Buchnicek, M.: Chaos, Soli-
tons and Fractals 17 (2003) 113–119

	 6.	O šmera, P.: Proceedings of MENDEL 2005, Brno, Czech 
Republic (2005) 1–6. 

	 7.	O šmera, P.: Proceedings of MENDEL 2005, Brno, Czech 
Republic (2005) 7–14. 

	 8.	O šmera, P.: Proceedings of the 4th International Confe-
rence on Soft Computing ICSC2006, January 27, 2006, 
Kunovice, Czech Republic, 111–122

	 9.	O šmera, P.: Proceedings of the 4th International Confe-
rence on Soft Computing ICSC2006, January 27, 2006, 
Kunovice, Czech Republic, 123–129 

	10.	O šmera, P.: CD Proceedings of MENDEL 2006, Brno, 
Czech Republic (2006) 12 pages

	11.	O šmera, P.: CD Proceedings of MENDEL 2006, Brno, 
Czech Republic (2006) 14 pages

	12.	O šmera, P.: CD Proceedings of MENDEL 2006, Brno, 
Czech Republic (2006) 10 pages

	13.	O šmera, P.: Proceedings of MENDEL 2007, Praha, 
Czech Republic (2007), 105 - 110 

	14.	O šmera, P.: Proceedings of MENDEL 2007, Praha, 
Czech Republic (2007), 72 - 75

	15.	O šmera P.: Proceedings of World Congress on Enginee-
ring and Computer Science, San Francisco, 2007, 152–
157

	16.	O šmera P.: New Trends in Physics, NTF 2007, Brno 
Czech Republic, 2007, 179–182

	17.	O šmera, P.: Proceedings of the 6th International Confe-
rence on Soft Computing ICSC2008, January 25, Kuno-
vice, Czech Republic, (2008) 151 - 158

	18.	O šmera, P.: Proceedings of the 6th International Confe-
rence on Soft Computing ICSC2008, January 25, Kuno-
vice, Czech Republic, (2008) 159 - 168

	19.	O šmera P.: Evolution of nonliving Nature, Kognice VIII, 
Prague, Czech Republic, (2008), 179

	20.	 Li Z., Halang W. A., Chen G.: Integration of Fuzzy Logic 
and Chaos Theory; paragraph: Osmera P: Evolution of 
Complexity, Springer, (2006) (ISBN: 3–540–26899–5) 
527 – 578

	21.	T horne, K.S.: Black Holes & Time Warps, W.W.Norton 
& Company, Inc., 1994

	22.	 Gottvald, A.: Proceedings of the 6th International 
Conference on Soft Computing ICSC2008, January 25, 
Kunovice, Czech Republic, (2008) v tisku

	23.	 Bouchal Z.: New Trends in Physics, NTF 2007, Brno 
Czech Republic, (2007), 3–6

Fig. 11. T he vortex-ring structure of the atom 612C to create the 
benzene molecule15 (see Fig. 12.)

Fig. 12. T he structure of the benzene molecule15



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1109

L12	 Hydration of hyaluronan

Alena Průšová, Petra Bursáková and Jiří 
Kučerík
Brno University of Technology, Faculty of Chemistry, Depart-
ment of Applied and Physical Chemistry, Purkyňova 118, 
Brno 612 00, Czech Republic,
xcprusova@fch.vutbr.cz

Introduction
During the last decades, significant advances have been 

made in the development of biocompatible and biodegradable 
materials for biomedical applications. One of an appropriate 
material seems to be hyaluronic acid also known as hyaluro-
nan (HYA). It is a naturally occurring biopolymer, which ser-
ves important biological functions in bacteria and higher ani-
mals including humans. Hyaluronan is water soluble giving 
viscoelastic fluids1 and it has a considerably greater ability to 
trap water than other polyelectrolyte polysaccharides.

Hyaluronan is a linear unbranched, high molecular 
weight, polar polysaccharide of the glycosaminoglycans 
class. Hyaluronan is composed of repeating polyanionic 
disaccharide units which consists of N-acetyl-D-glucosea-
mine and D-glucuronic acid linked by a β 1-4 glycosidic 
bond. The disaccharides are linked by β 1–3 bonds to form 
hyaluronan chains (Fig. 1.)2.

The structure of water surrounding hyaluronan in the 
solution is affected by the the interactions between polymer 
and water, and thus, it exhibits different physical properties 
depending on their mutual distance. The aim of this work is 
to recognize and enumerate such hydration shells by diffe-
rential scanning calorimetry (DSC), i.e. to use their different 
enthalpies of melting.

Experimental
S a m p l e s

Hyaluronan, isolated from Streptococcus zooepide-
micus, was obtained from CPN Company (Dolní Dobrouč, 
Czech Republic). Five molecular weight of hyaluronan were 
used as follows: 100.1 kDa, 253.9 kDa, 522.1 kDa, 740 kDa 
and 1,390 kDa. By means of thermogravimetry (TA Instru-
ments, Q5000IR) it was determined an equilibrium moisture 
content to obtain more precise results. 

Low water content
Hyaluronan was placed in an aluminum pan. Excess 

of water was added to hyaluronan samples. Surplus water 

was allowed to evaporate slowly until the desired water 
content was obtained at room temperature. The pans were 
subsequently hermetically sealed and left to equilibrate at 
room temperature overnight. Water content (Wc) was defined 
as follows: 

grams of water (g/g)
grams of dry samplecW =

	
(1)

For each molecular fraction, 7 different Wc were mea-
sured.

High water content
Hyaluronan samples were dissolved in milli-Q water. 

The hyaluronan concentrations was 0.1 %, 0.5 %, 1 %, 
1.5 %, 2 %, 2.5 %, 3 % wt. The solutions were slowly mixed 
by a magnetic laboratory stirrer over a period of 24 hours 
to obtain perfectly dissolved and homogeneous hyaluronan 
sample. 

DSC measurement
Differential scanning calorimetry was performed using 

the TA Instruments DSC Q200, equipped with a cooling 
accessory, and TA Universal Analysis 2000 software. Sam-
ples of approximately 10 mg were placed in hermetically sea-
led aluminum sample pans. High water content samples were 
measured immediately, to avoid condensation of water on the 
pan lid, which can occur if the sealed samples are stored in the 
cold before use. Low water content samples were measured 
the next day after the preparation. The thermal protocols used 
were as follows: equilibrate at 40.0 °C; isothermal at 40.0 °C 
for 2 min; cooling from 40.0 °C to –90.0 °C at 3.0 °C min–1; 
isothermal at –90.0 °C for 2.0 min; heating from –90.0 °C to 
30 °C at 3.0 °C min–1.

Results
LWC – Low Water Content

Representative DSC cooling and heating curves of hya-
luronan are given in Fig. 2. the sample shown is 253 kDa 
hyaluronan with Wc 0.75. Hyaluronan hydrogels with the 
lowest Wc showed almost infinitesimal fusion endothermic 
peak on heating curves. Nearly all water molecules are pre-
sent in the form of non-freezing water in this system, and a 
slight amount of water molecules are present in the form of 
freezing-bound water which caused the observed endother-
mic fusion peaks. For the increasing Wc can be seen a small 
crystallization exothermic peak, which growth wtih the incre-
asing Wc, on cooling curve, and consequently, on the hea-
ting curve presence of overlapped endothermic fusion peaks. 
Enlarged peak area is caused by larger amount of freezing 
and freezing-bound water. The DSC data records for higher 
Wc look like previous DSC records plus an increasing ten-
dency as mentioned above.

From the obtained data it can be considered that there 
are tree types of water which are ‘free (bulk) water’ which 
freezes as normal water it means that this water melts, crys-
tallized around 0 °C and enthalpy of fusion is 333.56 J g–1. 
Only the free water contributes to the observed enthalpy 
change. Further ‘freezing-bound water’ (f-b) which freezes at 

Fig. 1. T he formula of disaccharide unit of hyaluronan
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lower temperature than normal water but it freezes and it also 
exhibits a reduced enthalpy of fusion. Finally ‘non-freezing 
water’ (n-f) which does not freeze even at low temperature 
which was used in this work, i.e. –90 °C. 

Assuming that the weight of free water is equal to the 
total water weight less the non-freezing water and freezing 
bound water, the following expression holds:

free water free water f b water f b waterobs

HYA free water HYA f b water HYAg g g g g 
H g H gH ∆ ∆   ∆

= +   
    	

(2)

Expressing the weight of free water in terms of totalwater, 
freezing-bound water, and non-freezing water, one can ob-
tain:

+






∆
=

∆

HYA

watertotal

 waterfree

waterfree

HYA

obs

 ggg
gHH

f b water free water f b water free water n f water

f b water free water HYA free water HYAg g g g g 
H H g H g ∆ ∆ ∆   

+ − −          	

(3)

The total amount of non-freezing water in hyaluronan 
hydrogels was determined directly from the X intercept. 
Table I reports the dependency of non-freezing water con-
tent to the molecular weight of hyaluronan reveals, although 
small, but evident trend of increasing number of non-freezing 
water with increasing molecular weight of hyaluronan. We 
hypothesize that large content of water in case of 1,390 kDa 
sample is caused by the tertiary structure of hyaluronan and by 
the mutual approaching of its chains to the closer proximity. 

H i g h  W a t e r  C o n t e n t
Fig. 3 shows record of a representative DSC cooling 

and heating curve for hyaluronan dissolved in water. In fact, 
there can be seen two phase transitions, first one in the above 
record which corresponds to the cooling phase and bellow 
one, which reflect processes of melting. Due to supercooling 
effect, the latter was used for enthalpy determination.

After the plotting the observed enthalpy change, norma-
lized to the polymer weight, as a function of the total water 
content of the sample (Fig. 4.), the melting enthalpy for the 
free water can be obtained from the slope. The x-intercept 
in (3) includes terms for both the freezing-bound water and 
the non-freezing water. Now one can estimate the minimum 
amount of freezing-bound water per gram of hyaluronan in 
diluted and semi-diluted solutions by combination of data 
obtained in this part, high water content, with the data analy-
sis from the part concerning the determination of low water 
content (see Table I).

The content of non-freezing water was adopted from 
the table reporting the low water content for specific hyalu-
ronan molecular weight (Table I). The minimum value for 
the enthalpy change associated with melting of the freezing-
bound water was used 312 J g–1 ref.3. The determination of 
freezing-bound water can be carried out as follows4: x-inter-

Fig. 2. H igh water content – DSC record

Table I
Weight of n-f water for different MW

	 MW [kDa]	 n-f water [g 1g–1 HYA]
	 100.1	 0.59
	 253.9	 0.58
	 522.1	 0.65
	 740.0	 0.57
	 1,390	 0.81

Fig. 3. H igh water content – DSC record

Fig. 4. N ormalized melting enthalpy versus Wc
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cept of dependency of normalized enthalpy change on water 
content (Fig. 4.). This dependecy gives a value which is equal 
to the following formula. 

n f water f b water f b waterfree water

HYA f b water free water HYA

g
1

g g g 
g H g

H
 ∆  

+ −   ∆   
	 (4)

Obtained values of freezing-bound water, summarized 
in Table II exhibit no obvious dependency. For the first three 
value (100.1 kDa; 253.9 kDa; 522.1 kDa), there is decrease 
but for the next two values (740.0 kDa; 1,390 kDa) there is 
increase of the values.

Conclusions
Semi-diluted hyaluronan solutions have significantly al-

tered freezing and melting transitions of water. The results are af-
fected by the presence of freezing-bound and of a small amount 
of non-freezing water strongly bound to the polymer. Those have 
slightly altered thermodynamic properties which were used for 
the enumeration of such types of water.

This work has been financially supported by project 
MSM 0021630501; MSMT OC08004 and CPN, s.r.o.
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Introduction
The concept of pharmacological interventions in pre-

vention and therapy of oxidative stress-related diseases has 
still not found adequate application in clinical practice. One 
of the potential drugs intensively investigated in this area is 
the synthetic pyridoindole stobadine. Numerous studies in the 
literature were focused on its protective properties1. Its bene-
ficial effects have been observed in metabolic, cardiovascu-
lar, renal, neural and hepatic systems2. However, only few 
reports deal with the electrochemical oxidation of stobadine 
and its derivatives3. Recently new indole-derived neuropro-
tective drugs with improved pharmacodynamic and toxicity 
profiles were synthesized based on the stobadine structure4. 

In this contribution a comprehensive study of the electro-
chemical, antioxidant and radical scavenging properties of 
selected indole-derived drugs (Fig. 1.) is presented. The data 
from three independent methods are compared including (i) 
cyclic voltammetry in DMSO and aqueous solutions, (ii) EPR/
spin-trapping study covering the estimation of reactive radi-
cal scavenging capacity and (iii) estimation of Trolox equiva-
lent antioxidant capacity (TEAC) by monitoring of ABTS•+ 
cation radical and DPPH radical with UV-VIS spectroscopy, 
delivering information about the hydrogen/electron donating 
antioxidant action.

Experimental
Stobadine dihydrochloride and new stobadine deriva-

tives SMe1EC2.HCl, SM1M3EC2.HCl, and SMe1nBuoC2.

HCl were prepared in the Institute of Experimental Pharma-
cology, Slovak Academy of Sciences. The analytical purity 
grade NaCl was from Slavus Ltd. and 5,5-dimethyl-1-pyrr-
oline-N-oxide (DMPO) was the product of Sigma-Aldrich. 
Tetrabutylammonium perchlorate (TBAP), lithium perchlo-
rate (LiClO4) puriss., both purchased from Fluka and ferro-
cene (p.a., ≥ 98.0 %), dimethyl sulfoxide (DMSO) purchased 
from Merck were used as received. The deionized water was 
used for aqueous solutions.

All cyclovoltammetric experiments were performed 
at room temperature under argon atmosphere. A standard 
three-electrode arrangement of a platinum wire (in DMSO) 
or glassy carbon rod (in water) as working electrodes,  
a platinum coil as counter electrode, and a saturated calomel 
electrode (SCE) as a reference electrode was used. The con-
centration of investigated samples was 0.5 mM in water and 
1.0 mM in DMSO. The electrochemical measurements were 
carried out with a HEKA PG 284 (Germany) potentiostat/gal-
vanostat using the software package PotPulse 8.53. 

Standard ABTS assay was used for determination of 
antioxidant capacity of samples. Here, 100 µl of 0.1 mM 
sample solution in 10% ethanol was added to 2 ml of ABTS•+ 
(70 µM) solution in 1 cm UV-cell and rigorously mixed. 
The decrease of absorbance at 730 nm was followed for 10 
minutes. UV/VIS/NIR Shimadzu 3600 spectrometer (Japan) 
was used both in antioxidant tests and for the measurement 
of the UV-VIS spectra of samples (Fig. 2.). The difference  
in the absorbance in 10th minute relative to the reference, ∆A,  
and the calibration curve of Trolox (Sigma-Aldrich, Ger-
many) was used to calculate the values of TEAC. 

Antioxidant activity determination using the free DPPH 
radical (95%, Aldrich, Germany) was similar to the ABTS 
assay. 200 µl of 0.1mM sample solution in 10% ethanol was 
mixed with 2 ml of 0.1mM DPPH in ethanol and decrease of 
absorbance at 516 nm was followed for 10 minutes. 

In EPR experiments the thermal decomposition of 
K2S2O8 at 333 K was used as a source of reactive radicals. Fig. 1. I nvestigated indole-derived drugs

Fig. 2. UV -VIS  spectra of freshly prepared 0.15 M N aCl 
aqueous solutions of investigated pyridoindoles (0.5 mM)
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The amount of generated radicals was monitored in air 
employing DMPO spin trap. 200 µl 0.5mM sample aqueous 
solutions, 25 µl 200mM DMPO in DMSO and 25 μl 10mM 
K2S2O8 in H2O were used in the reaction mixture.

Results
Remarkable differences in redox behavior of stobadine 

derivatives were observed by replacing the DMSO repre-
senting a low proton donating solvent, with highly proton 
donating aqueous media (see Figs. 3. and 4.). Generally, in 
DMSO solutions complex irreversible redox behavior in the 
anodic part was observed (Fig. 3.). Rich cyclovoltammetric 
responses with several oxidation peaks were found indicating 
the complexity of the stobadine oxidation in non-aqueous 
media.

In all cases the first irreversible oxidation peak indica-
tes a consecutive reaction of the unstable oxidation produ-
cts. Simultaneously new cathodic peaks are detected on the 
reverse scan in the cathodic part of voltammogram. The num-
ber of new redox couples and the corresponding oxidation 
potentials strongly depend on the indole substitution. 

Even more complex redox behavior in the potential 
region from 0 V to 1 V vs. SCE was observed in aqueous 
solutions compared to DMSO, indicating the participation 
of water and supporting electrolyte in the formation of vari-
ous forms of indoles already in the initial solutions. Fig. 4. 
shows the cyclic voltammograms of three selected pyridoin-
doles in 0.15M aqueous NaCl. The first sample is stobadine 
as reference. The second sample represents stobadine deri-
vatives with metoxy group (SMe-type samples) on benzene 
ring instead of the methyl group in the stobadine. The third 
SM1M3EC2.HCl sample contains additional methyl group 
on the benzene ring. 

In all cyclic voltammograms found in water solutions 
one or two consecutive products were observed in the reverse 

scans for SMe type structures (Fig. 4.). One of them can be 
again oxidized in a reversible step. These redox peaks origi-
nate from the newly formed oxidation products as illustrated 
in Fig. 5.

The low redox potentials of these products indicate the 
easiness of their oxidation and reduction. Therefore devi-
ations in the relationship between electrochemical redox 
potentials and antioxidant and radical scavenging capacity 
of the investigated pyridoindoles are to be expected due to 
the differences in the reaction mechanisms in different media. 
Whereas the electrochemical redox potentials of secondary 
xidation products can clearly be separated from those of the 
parent compounds, when measuring antioxidant properties by 
various tests an overall activity of the parent compound and of 
its secondary oxidation and reduction products is measured. 

Fig. 3. C yclic voltammograms obtained in the oxidation of 
investigated stobadine and its derivatives (freshly prepared 0.1 
mM solutions) in DMSO containing 0.1 M TBAP as supporting 
electrolyte (two CV scans including cathodic part are shown for 
sample SMe1nBuoC2.HCl)

Fig. 4. C yclic voltammograms obtained in the oxidation of 
investigated stobadine and its derivatives (freshly prepared 
0.5mM  solutions) in H 2O  containing 0.14M N aCl using glassy 
carbon rod working electrode

Fig. 5. C yclic voltammogram (1st and 2nd scan) obtained in 
the oxidation of SMe1EC2.HCl in H2O containing 0.1M LiClO4 
using glassy carbon rod working electrode
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	 Antioxidant capacity was determined by ABTS 
and DPPH tests, as well as EPR/spin trapping assay. The 
investigated samples can be divided into two groups based 
on the redox and radical scavenging behavior in aqueous 
solutions. Stobadine and SM1M3EC2.HCl exhibit higher 
oxidation potentials of follow up reaction products compared 
to the second group (SMe type derivatives). Standard ABTS 
and DPPH assays were used for determination of antioxidant 
capacity of samples expressed in TEAC (Fig. 6.). 

As seen from Fig. 6. the best hydrogen/electron dona-
ting antioxidant action exhibits the sample SM1M3EC2.HCl. 
The lowest antioxidant activity was observed for stobadine. 
The total antioxidant capacity of samples was also compa-
red with the radical scavenging capacity evaluated using the 
EPR/spin-trapping method (Fig. 7.). 

The thermal decomposition of K2S2O8 in water soluti-
ons at 333 K was used as a source of reactive hydroxyl radi-
cals. Completely different behavior in EPR test was observed 
for SMe type structures in water solutions as illustrated for 
SMe1EC2.HCl in Fig. 7. Unusual kinetic curve was obser-
ved with a strong elimination of OH radicals formed in the 
reaction mixture. This confirms a special role of the methoxy 
group on benzene ring in stobadine-derived indoles, already 
indicated in the cyclovoltammetric experiments, concerning 
antioxidant properties of these compounds.

Conclusions
Electrochemical, UV-VIS and EPR/spin trapping 

investigations of new prepared indole-derived drugs were 
performed in order to explain in more detail the redox pro-
cesses of the studied compounds in relation to their antio-

xidant and radical scavenging activity. Cyclic voltammetric 
and EPR studies indicate the formation of different oxidation 
products strongly depending on the pyridoindole substitution 
and on the solvent used. It can be concluded that similar to 
the most studied natural indole-type antioxidant melatonin 
(see recent review5), the indole metabolites that are formed 
due to oxidation, strongly contribute to the antioxidant and 
radical scavenging capacity of indole-based compounds both 
in aqueous and non aqueous media. 

This work was supported by Science and Techno-
logy Assistance Agency under the contracts No. APVT–20-
0045/04, APVV-51-017905, and projects VEGA 2/5010/5; 
1/3579/06.

REFERENCES
	 1.	 Life Sciences 65 (1999), A special issue from the Inter-

national Symposium on Drug Action on Reactive Oxy-
gen Species with Special Attention to Stobadine

	 2.	 Yulek F., Or M., Ozogul C., Isik A. C., Ari N., Stefek M., 
Bauer V., Karasue C.: Arch. Med. Res. 38, 503 (2007) 
and refs. cited therein.

	 3.	R apta P., Lichnerová E., Staško A., Šnirc V., Štolc S.: 
Chem. listy 99, 221 (2005) and refs. cited therein.

	 4.	 Štolc S., Šnirc V., Májeková M., Gašparová Z., Gajdoší-
ková A., Štvrtina S.: Cell. Mol. Neurobiol. 1495 (2006).

	 5.	R eiter R. J., Tan D., Terron M. P., Flores L. J., Czarnocki 
Z.: Acta Biochim. Pol. 54, 1 (2007).

Fig. 6. T rolox Equivalent of Antioxidant Capacity (TEAC) of 
the investigated pyridoindoles determined by ABTS and DPPH 
tests in aqueous solutions

Fig. 7. T he time course of integral E PR  intensities of OH -
DMPO  spin adducts measured indole derivatives and T rolox 	
in EPR/spin-trapping test
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Introduction
Humic acids (HA), as the most beneficial fraction of soil 

organic matter, responsible for natural detoxification of soils, 
provide outstanding sorption ability towards common groups 
of pollutants. This makes HA very promising in a production 
of soil remediation agents. Because of slightly acidic pH of 
underground waters, HA are naturally found in an insoluble 
state and form swelled material with high water content. Pre-
paration of a gel form of humic substances therefore looks 
promising in the modeling of natural humic environments 
and also for a direct application of HA in agriculture or in 
industry. 

Gelation of HA by the use of biopolymers represents 
rapidly evolving branch of humic research. Chitosan, polye-
lectrolyte biopolymer formed by a deacetylation of chitin, 
provides high potential on this field of study. It is known as a 
biocompatible material with such valuable properties as ha-
emostatic and bacteriostatic function and sorption ability for 
both anionic and cationic pollutants.

Experimental
Controlled coagulation of alkalic (sodium) humate 

was applied in order to prepare a gel without any additional 
network forming agent. Solid humic acids, obtained by the 
method of alkalic extraction1 from South-Moravian lignite 
were dissolved in 0.5 M sodium humate in solid-to-liquid 
ratio of 8 g dm–3. This solution was precipitated by HCl addi-
tion up to pH below 1. Resulting hydrogel was separated by 
means of centrifugation (4,000 rpm) and washed in deionized 
water several times until removal of Cl– ions. 

Mixed chitosan/HA hydrogels were obtained by a reac-
tion between sodium humate and chitosan solution in volume 
ratio of 1 : 1. Chitosan solution was prepared by dissolution 
of 6.5 g of a chitosan powder (medium molecular weight, 
Sigma Aldrich) in 300 ml of 0.1M hydrochloric acid. pH 
of both solutions were adjusted to appropriate values using 
HCl and NaOH. After 10 minutes of continuous agitation, 
hydrogel was separated by either centrifugation (15 minutes, 
4,000 rpm) or filtration. Hydrogel was repeatedly washed by 
deionized water in order to remove remaining reagents. Dry 
solid content of a gel was determined after drying in a labora-
tory oven for 5 days (at 50 °C).

For the preparation of chitosan/HA hydrogel beads, 3.3 g 
of chitosan flakes were dissolved in 100 ml of 5% acetic acid. 
This solution was slowly dropped into either 0.5M NaOH or 
corresponding sodium humate under continuous agitation.  
 

In the former case, resulting chitosan beads were let to adsorb 
HA in the sodium humate with pH value of 8.5. 

Following instruments were used for the determination 
of physical and chemical properties of resulting gels: Mettler 
Toledo 7 Easy pH-Meter, Sentron Hotline needle electrode 
for measurement of pH inside a gel, Hitachi U3300 UV-VIS 
spectrometer, Nicolet Impact 400 FT-IR spectrometer and 
ARG2 Rheometer from TA Instruments. Hydrogel samples 
were dried either via free evaporation at 25 °C or using Free-
Zone 4.5 (LABCONCO) freeze dry system.

Results
Humic gel, prepared by the coagulation of sodium 

humate solution, represents a suitable model in order to study 
a pollutant transport in natural humic systems1. Water formed 
81 % of its weight. The gel was irreversible, either freeze 
drying or air drying in laboratory oven provided hydrophobic 
humic acid powder with limited swelling ability. Main disa-
dvantage of this gel is its high acidity (inner pH value measu-
red by needle electrode was 1.4). Similar irreversible gel can 
be prepared by a precipitation of sodium humate using a solu-
tion of salt with higher valence of a cation. This method of 
gelation can be applied in order to mask the structural groups, 
responsible for the reaction between HA and metal cations 
(useful in diffusion experiments).

Properties of hydrogels, prepared via rection between HA 
and chitosan, can be dramaticaly influenced by the parame-
ters of initial solutions (temperature, pH, ionic strength etc.).  
Results of an experiment, focused on the effect of initial pH 
showed that the highest water content of the fresh hydrogel 
(around 97 %) was obtained using the HA solution with the 
value of pH = 8.5 and chitosan solution with pH = 5.5. Also 
the yield of gelation (amount of a produced gel) was the hi-
ghest for this way of preparation, no matter whether calcu-
lated as an amount of total gel or as an amount of dry solid 
content. Freeze drying of this hydrogel lead to highly porous 
xerogel with very fast swelling in the presence of water. 
Nevertheless, the structure of this xerogel was brittle; groun-
ded or broken xerogel did not swell back into the volume of 
initial gel. 

Another experiment determined an influence of a low-
molecular electrolyte (NaCl) addition. It has been confirmed 
that NaCl addition causes even visually evident changes in a 
consistency of the gel. Small addition (~ 0.3% of the weight 
of mixture) increases water content of the gel, while higher 
addition (~ 3 %) has an opposite effect. Rheometrical measu-
rement proved that all hydrogels show typical response of a 
fully cross-linked highly elastic gel; storage moduli (G’) are 
about one order higher than the loss moduli (G’’) and almost 
constant in a whole region of available frequencies. Addi-
tion of NaCl also affects sorption properties of gels. It was 
proved that isotherms for a sorption of Cu2+ showed typical 
Freundlich shape. Addition of NaCl lead to stronger binding 
of sorbate in a gel (during desorption experiments).

Hydrogel beads, as prepared either by reaction between 
chitosan solution and sodium humate or by a sorption of 
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humic acids on the chitosan beads, represent promissing form 
for industrial and agricultural application (mainly after freeze 
drying). Dry content of the bead is higher (~ 15% of weight). 
Sorption and swelling properties of this material will be taken 
as a focus of following experimental work.

Conclusions
This contribution introduces several preparation methods 

providing novel hydrogel systems made of HA. Profitable 
properties of resulting gels and xerogels (high swelling, sorp-

tion ability, compact consistency and others) make chitosan 
become a material of choice for mixed biopolymer gelation 
of HA.
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Introduction
We studied free radicals and their reactions in Cyano-

bacteria from Brno Dam on Svratka River by EPR spectros-
copy. We have found free oxygen radicals on the surface of 
Cynobacteria. Their concentrations increase by the UV and 
visible light irradiation, and, in the process of their grow. By 
the breakdown of Cyanobacteria their concentrations falling 
down. These free radicals cause the health damage on the 
human skin and inner membranes. We have found, that some 
natural products cause breakdown of Cyanobacteria on the 
basis of their interaction with free radicals on their surface. 
Wheat and barley straw generate free radicals, mainly hyd-
roxyl radicals in aqueous suspensions also. These radicals 
could have interaction with free radicals on Cyanobacteria to 
destroy it. Cynobacteria contains Fe(III) and high spin Mn(II) 
complexes.

Our previous experiments measured by electron para-
magnetic resonance spectroscopy (EPR, ESR) proved, 
that actively growing cyanobacteria produce characteristic 
spectrum of free radicals, which may play an important role 
in aquatic ecosystems. Our preliminary experiments analy-
sed by EPR also proved, that barley and wheat straw produce 
quite different spectrum of free radicals. Application of barley 
straw was published many times, but the principle remains 
unknown. At least on of he principle could be based on the 
trapping and quenching the cyanobacterial stable radicals 
by specific radicals produced by especially prepared natural 
materials. This “neutralisation” of radicals could be safe for 
aquatic ecosystems. We study select different natural plant 
materials with potential algistatic activity. Eutrophication of 
aquatic ecosystems and the consequent mass occurrence of 
harmful cyanobacterial blooms are growing problems in the 
entire world. Cyanobacterial blooms deteriorate water qua-
lity by toxins and odours production. Cyanobacterial toxins 
(microcystins, anatoxins, lipopolysacharide etc.) are known 
to have hepatotoxic, neurotoxic, imunotoxic, genotoxic and 
other adverse effects. Cyanotoxins in drinking water, fish 
consumption and recreational use of reservoirs represents a 
growing risk for human health. Besides this, cyanobacterial 
bloom means considerable stress for ecological stability of 
aquatic ecosystems, natural fish and amphibian reproduction, 
biodiversity of phytoplankton and zooplankton community 
etc. Not only toxin production is harmful, but also decrease 
of light intensity, pH change and excessive oxygen deple-

tion. Therefore measures to control of cyanobacterial growth 
are of high priority for water management. This is an actual 
problem in the Czech republic and many European countries 
For effect in shorter time algal blooms have been formerly 
injured by non-selective chemicals such as copper salts, but 
this application is no longer acceptable. Consequently there 
is a scope for finding of new types of algicides more selective 
for cyanobacteria. Except selectivity the biodegradability is 
the second requirement for new types of algicides. Therefore, 
the use of some natural agents could be acceptable and more 
environmental friendly way than the undesirable application 
of toxic algicidal chemicals. There are several references 
about algicidal compounds based on natural materials or 
extracts in the scientific literature.

Materials and Methods
Methodology for the EPR spectroscopy studies, espe-

cially in vivo studies was developed. The presence of free 
radicals on Cyanobacteria samples was measured and eva-
luated. The measurements of free radicals, will continue and 
somehypothesis regarding the content of phenolic compounds 
and their antioxidative capacity.

M a t e r i a l s
5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) (Sigma-

Aldrich) was used as a radical trapping agent for oxygen 
and nitrogen radicals. 2,2,6,6-Tetramethylpiperidine-1-oxyl 
(Tempol) (Sigma-Aldrich) was used as a reactant with anti-
oxidative substances for determination of antioxidant acti-
vities. Calibration standards were Mn2+/ZnS and Cr3+/MgO 
(Magnettech, Berlin, Germany).

E l e c t r o n  P a r a m a g n e t i c  R e s o n a n c e 
( E P R )  M e a s u r e m e n t s

EPR spectra were recorded with E-540 Spectrometer 
X-Band (Bruker-Biospin,Germany). The following conditi-
ons were used while recording the spectra: microwave power 
20 mW, magnetic modulation amplitude 0.2 mT, attenuation 
20 dB, time konstant 0.5 s, scan speed 0.3 mT min–1, cali-
bration standards Mn2+/ZnS and Cr3+/MgO, measurement at 
25 °C. WinEPR and Bruker (Bruker-Biospin, Germany) pro-
grams were used for spectra recording, handling and evalua-
tion. The evaluation of EPR spectra was achieved according 
literature Weil, Bolton and Wertz1, program Bruker-Xepr, 
Origin and Data Base of free radicals2 (NIEHS, Bethesda, 
Maryland, USA).

Irradiation: UV and visible light irradiation of liquid 
sample in EPR resonator were used in the study of effect of 
irradiation on free radicals generation. Samples were irradi-
ated in the EPR resonator using mercury discharge lamp for 
UV light irradiation (Bruker-Biospin), and halogen lamp for 
visible light irradiation.

Results
Typical EPR spectrum of Cyanobacteria has been shown 

on Fig. 1. The spectrum contains: (i) broad signal of low spin 
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Fe(III), (ii) organic stable radical, singlet, g = 1.99435, near 
to signal of free electron g = 2.0032, (iii) 2nd singlet of other 
free radical g = 2.0801, (iv) sextet 1 : 1 : 1 : 1 : 1 : 1 of high spin 
complex of Mn(II). No other signals in broad range are pre-
sented. There are new signals by the UV and visible irradia-
tion of Cyanobacteria, see Fig. 2. 

The generation of unstable free radicals was studied by 
the spin trapping method, using DMPO as a spin trap. It has 
been found hydroxyl and nitroxide radicals in Cyanobacte-
ria. Their concentrations increase by the UV and visible ir-
radiation. It has been found hydroxyl radicals and nitroxide 
radicals. They generate in nature and are dangered for human 
skin and tissue membranes: danger of irritation, inflamma-
tion, fever. 

We studied effect of copper sulfate CuSO4 and cyano-
bacteria interaction in aqueous suspensions. The new free 
radicals have been found: multi line spectra: their identifica-

tion was not possible. We studied effect of added hydrogen 
peroxide H2O2 to aqueous suspensions of Cynobacteria. The 
increasing concentration of stable organic radical (g near 2) 
is generated, hydroxyl and nitroxide radicals. We tried to 
measure dry cynobacteria. We have measured this EPR 
spectrum.

We studied effect of straw on free radicals on cyanobac-
teria surfaces and their interactions. 

Wheat straw show the simply EPR spectrum: singlet sig-
nal (g = 2.0031, ΔHpp = 0.6619 mT = 6.619 Gauss). There is 
the possibility of interaction between this radical and radical 
from Cyanobacteria leading to the breakdown of Cyanobac-
teria radical.

Barley straw show the simply EPR spectrum: sing-
let signal (g = 2.00325, ΔHpp = 0.6317 mT = 6.317 Gauss). 
There is the possibility of interaction between this radical 
and radical from Cyanobacteria leading to the breakdown of 
Cyanobacteria radical. 

Barley straw (aqueous suspension, bubbled by air at 
room temperature) show the simple EPR spectrum: singlet 
signal (g = 2.00, ΔHpp = 0.63 mT = 6.30 Gauss). This signal 
increases by the UV irradiation of this sample. There is the 
possibility of interaction between this radical and radical 
from Cyanobacteria leading to the breakdown of Cyanoba-
cteria radical. 

Wheat straw (aqueous suspension, bubbled by air at 
room temperature): no signal, noise only. 

We studied these samples in aqueous suspensions at ana-
erobic conditions:

Wheat straw show the anisotropic EPR spectrum: 
(g║ = 2.39, g┴ = 2.01045, ΔHpp = 24 mT = 240Gauss). Pro-
bably radical with axial symmetry. There is small singlet sig-
nal in the little part of spectra: g = 1.9924, probably stable 
organic radical on the surface of straw. These radicals are 
presented in the environment of wheat straw particles.

Barley straw show the EPR spectrum: (g = 2.2331 
ΔHpp = 75 mT = 750 Gauss) probably low spin complex of 
Fe(III) and spectrum of high spin complex of Mn(II). These 

Fig. 1. T ypical EPR spectrum of aqueous suspension of Cyano-
bacteria (EPR X-Band, 25 °C, microwave pover 20 mW, Magne-
tic modulation 0.1 mT)

Fig. 2. E PR spectrum of UV irradiated aqueous suspension of 
Cyanobacteria (EPR X-Band, 25 °C, microwave pover 20 mW, 
Magnetic modulation 0.1 mT)

Fig. 3.  Dryed Cyanobacteria (EPR X-Band, 25 °C, microwave 
pover 20 mW, Magnetic modulation 0.1 mT)
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radicals are presented in the environment of Barley straw par-
ticles. There is the principle of action of straw against Cyano-
bacteria free radicals.

Discussion
The generation of hydroxyl and nitroxide radicals on the 

surface of Cyanobacteria in natural waters has been found 
using EPR spectroscopy. These radicals could cause damage 
on the human skin and membranes. Their generation incre-
ase by UV and visible light irradiation. The generation of 
hydroxyl radicals by the breakdown of hydrogen peroxide is 
accelerated in the presence of Cyanobacteria. Wheat and bar-
ley straw generate free radicals, mainly hydroxyl radicals in 
aqueous suspensions also. These radicals could have interac-
tion with free radicals on Cyanobacteria to destroy it. Cyno-
bacteria contains Fe(III) and high spin Mn(II) complexes. 
The UV and visible light accelerate their generation and the 
ultimate concentration is higher. Cyanobacteria accelerate the 
breakdown of hydrogen peroxide and UV and visible light 
accelerate this effect. Wheat straw and barley straw generate 
free radicals which are on their surfaces and in surrounding 
aqueous solution. These radicals can react with free radicals 
located on the surface of Cyanobacteria to destroy their. Cya-
nobacteria (wet and dry) contain complexes of low-spin Fe 
(III) and high-spin Mn (II). It can play an important role for 
stabilization of presented unstable free radicals.

Conclusions
We have found the role of free radicals (mostly hydroxyl 

radicals) in ill-effects of Cyanobacteria. This result pointed 
to that the effect of these radicals could be eliminated by the 
action of straw. We have found the effect of UV and visible 
irradiation on the generation of hydroxyl and nitroxide 
radicals. Wheat straw and barley straw generate free radi-
cals which are located on their surfaces and in surrounding 
aqueous solution. We have an idea to fight against Cyanoba-
cteria using free radicals and paramagnetic metal complexes 
with UV and visible light irradiation.

This study was supported by the GrantAgency of Czech 
Republic: Grant GACR 525-06–1757, Grant GACR 305-07-
0242, and Grant GACR 104-08-0758758.
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Introduction
A molecular electronics (ME) might be defined as set 

of electronic behaviours in molecule-containing structures 
that depend upon the characteristic molecular (rather than 
atomic) organization of space. This behaviour is fixed at the 
scale of individual molecule, which is the naoscale. While the 
structures and devices may be macroscopic, the fundamental 
behavious arise at the molecular level.

Over the past several decades there have been drama-
tic advances toward the realization of electronic components 
from organic materials instead of the inorganic semiconduc-
tors. The true advencement can be achieved by utilization  
of the original properties of the organic materials to construct 
devices based on those individual features, which do not have 
analogies in the inorganic semiconducting physics. This is 
usually accomplished with the help of quantum chemical 
calculations, which can predict the desired properties of new 
materials prior to the synthesis.

The aim of this article is to introduce some of the strate-
gies developed to take full advantage that the organic-based 
electronics offer. The attention is paid to solar cells, displays, 
and transistors representing the most developed applications. 
Some of them are already entering the commercial world. 
The last part is devoted to single molecule current switching 
device as the essential components of molecular memories 
and as good example of quantum chemistry-synthesis-device 
pathway used in ME research nowadays.

Materials
There is wide range of materials used in the area of ME. 

In the present time not only the actively performing materials 
(electroluminescencent, electric charge fotogenerating, etc.) 
but also other supporting materials are used to increase the 
performance of the produced devices. The materials have to 
cover broad range of requirements and therefore range from 
the low molecular weight over polymeric ones to supramo-
lecular structures. It is therefore common strategy to tailor 
the properties by introducing side groups whose position, 
number and properties adjust the required qualities (preven-
ting of agreagation, solubility, etc.).

However, a wide pool of posibilities exists also for the 
active area of the device. Many scientific groups and com-
panies use small molecules mainly because of their intrinsic 
high thermal and optical stability, fatique resistance etc. On 
the other hand the processing usually requires thermal eva-
poration under vacuum which migh increase the cost of the 
device prepared. To increase the performance, the devices 

usually consists of many layeres (> 20) whose preaparation 
requires many precise processing steps (e.g. co-evaporation) 
and can increse the possibillitiy of introduction of defecst 
and thus might also raise the cost of such devices. Doping of 
these materials turned out to be a necessary strategy in order 
to obtain efficient devices. Examples of the materials are in 
Fig. 1.

The other main class of materials used consists of high 
molecular weight materials: polymers. The field of semi-
conducting polymers has it root in the 1977 discovery of the 
semiconducting properties of polyacetyene1. This breakth-
rough earned Alan Heeger, Alan MacDiarmid, and Hideki 
Shirakawa the 2000 Nobel Prize in Chemisty for “the disco-
very and development of conductive polymers”.2–4

There are four specific types of semiconducting poly-
mers:

Filled polymers are loaded vith conductive fillers, such 
as carbon black, graphite fiber, or metal oxide particles, 
and have the broadest application in electronic devices. 
However, they are inhomogeneous materials, which 
makes them hevily process-dependent and harder to 
reproduce. 
Ionically conducting polymers are used in such consu-
mer electronic applications as rechargeable batteries, 
fuel cells, and polymer light emitting devices although 
their conductivity is highly sensitive to humidity. 
Conjugated polymers where delocalisation of pi-
electrons allows for charge carrier conduction and is 
responsible for their semi-conducting properties; see 
Fig. 2. 
Charge-transport polymers have become the most 
established semiconducting organic system because of 
their commercial use in xerographic photoreceptors.

A special class of materials consists of molecules speci-
ally designed and synthesized to ensure a specific feature on 
molecular level. As an example we may mention a carotenoid-
porphyrin-fullerene (C-P-C60) triad. When porphyrin absorbs 
light, it donates electron to the fullerene and take electon 
form the carotenoid. This leads to charge separation (creation 
of C+-P-C60

–) and is analogous to the processe involved in 
photosysnthesis5. Another example will be discussed later.

Applications
O r g a n i c  S o l a r  C e l l s

In principle, there are four types of solar cells in terms of 
organic based electronics: 

Conjugated polymers based solar cells usually utilize 
“bulk heterojunction” between semiconducting polymer 
as an electron donor and low molecular weight acceptor 
to ensure efficient photo-induced charge generation. 
Small molecular solar cells are based on the same donor-
acceptor concept but composed of low molecular weight 
materials and therefore require different device design 
and processing.

•

•

•

•

•

•
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Dye-sensitised solar cells are based on electron transfer 
from organic sensitizer to wide bandgap semiconductor 
(e.g. TiOx) and redox reactions of mediator6,7. 
Organic-inorganic hybrid solar cells compose of nano 
sized inorganic semiconductors (usually in the form 
of core-shell nanoparticle whose bandgap and doping 
levels can be easily tailored) dispersed in polymeric 
matrix. The charge separation occurs on the prticle-
polymer interface8. Since our group deals with the first 
two types we will pay closer attention to their operatio-
nal principles, material reguirements and device design 
and advancement. 

The solar cells based on conjugated polymers in its 
simplest form can be acomplised as a metal-insulator-metal 
(MIM) diode with the metal electrodes of asymmetrical 
workfunction (Fig. 3.). The potential difference between 
electrodes have to be high enough to overcome exiciton bin-
ding energy (energy needed to dissociate Coulomb attraction 
of the foto-generated electon-hole pair: exciton) othervise the 
excitons will decay geminately (either radiatively or non-radi-
atively). The usually used electrodes (indium tin oxide, ITO, 
as the transparent high workfunction metal and Aluminium 
as the low workunction metal) do not fulfill this requirement 
sufficiently. The energy conversion efficiencies are typically  
10–3–10–1 %, too low for practical applications.9–11 
To overcome this limitation various strategies have been 
employed to increase the photo-induced charge carrier gene-
ration. 

One of the possible pathways is to introduce p-n jun-
ction by doping. The initial experiments of Chiang et al. 
in 1978 with p-type and n-type polyacetylene films did not 
succeeded12. The alternative way is to use a Shotky junction 
between conducting polymer and metal. However, neither 
this approach solved the problem of inefficient charge carrier 
generation.13–15

To overcome the limitation of the photo-induced charge 
carrier generation, a donor/acceptor (D/A) approach has been 
suggested.16–19 The most widely used concept uses semico-
ducting polymers as an electron donor and fulerene (C60)  
as an electron acceptor. Analogically to the p-n junction a 
bi-layer device can be constructed with the D/A interface 
between the two layers representing the heterojunction 
(although the actual physical processes are different). Such 
device has rectifying current-voltage characteristics even 
for the same metal electrodes on both sides. The positions 
of the HOMO and LUMO energy levels have to be choosen 
carefully to realize charge transfer rather than energy transfer, 
which does not lead to the charge separation. It was shown 
that the charge transfer from semiconducting polymers to C60 
occurs within 50 fs after photo-excitation.20–22 The charge 
transfer is therefore more than 103 times faster than any other 
competing process. 

It follows that further step for efficient photo-induced 
charge generation is to increase the interfacial area between 
the donor and acceptor. Creation of so called “bulk hetero-

•

•

junction” via control of the morphology of the phase separa-
tion thus have the crutial role for device efficiency23,24. Due 
to the necessity of bipolar charge transport in the bulk an 
interpenetrating network of D/A phase is further necessary 
also for equally efficient collection of charges. This approach 
led to increase of the solar power conversion efficiencies of  
around 3 %.

Although the polymer based solar cells provide pro-
misssing concept of organic photovoltaics, the match of the 
absorption spectrum of the polymer with the solar spectrum 
is rather small and it turned out to be difficult to achieve 
smaller bandgap in polymers. Alternativelly, small organic 

Fig. 1. E xamples of small molecular weight materials nowadays 
used in molecular electronics as hole transport material (zink 
pthalocyanine (ZnPc), tris-(phenyl–3-methyl-phenyl-amine)-
triphenylamine (m-MTDATA), pentacene), electron acceptors 
(buckminster-fullerene (C60), 2,3,5,6-tetrafluoro-7,7,8,8-tetra-
cyano-quinodimethane (F4TCNQ)) and electron transport mate-
rials (aluminium-tris-8-hydroxy-quinoline (Alq3), m-MEPTCDI, 
perylene, NTCDI-C8H17, F16CuPc, TCNNQ)
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dye molecules have been studied as promising materials for 
photovoltaic devices.25–30 One of their advantages is their 
high absorption coefficient (~ 105 cm–1) with good overlap 
with the solar spectrum. 

The general structure of this type of solar cells is in the  
form of PIN (p-doped/intrinsic/n-dopoed) composed of the 
active layer and doped wide bandgap materials for hole and 
electron transport, see Fig. 4. The intrinsic layer is usualy 
composed of mixture of donor/acceptor molecules which 
create bulk heterojunction in the same way as in the case 
of polymer based solar cells. This approach has several  
advantages.

(i) The transport layers are doped in order to increase the 
conductivity and thus reduce the ohmic losses. (ii) Quenching 
processes at the electrode can be avoided because excitons 
created in the active layer cannot penetrate into the wide-gap 
transport layers. (iii) The thickness of the highly conductive 
spacer layers can be tuned to optimize the optical field distri-
bution in the solar cell. (iv) The increased overall thickness 
of the devices allows higher stability and a lower probability 
for short cuts.

O r g a n i c  L i g h t  E m i t t i n g  D i o d e s
Since the first demonstration of efficient light emission 

from organic light emitting diodes (OLEDs) by the Kodak31, 
the attention of following research were paid to lower ope-
rating voltages, higher efficiencies and longer lifetimes 
of the devices. As for the photovoltaics there are also two 
main clases of materials used: The polymer based LEDs 
mainly benefiting from the solution processing and the small 
molecules based LEDs with better stability and efficiency32. 

Electroluminiscence form conjugated polymers were 
first reported in 1990, using poly(p-phenylene vinylene), 
PPV, as the single semiconductor layer sandwitched between 
metallic electrodes with different workfunctions. The MIM 
diode-like structure is the same as depicted for the case of 
single layer solar cell in Fig. 3. Under sufficient forward bias, 
holes from the high workfunction metal and electrons form 
the low workfunction metal are injected in to the thin film 
of organic semiconductor. Capture of oppositely charged 
carriers within the semiconductor can then result in photon 
emission.

The efficiency of the first simple LEDs based on poly-
mers were reatively low, of the order of 10–4 photons gene-
rated within the device per electron injected (an internal quan-
tum efficiency of 0.01 %)33. The internal quantum efficiency 
is defined as product of the ratio of the number of exciton 
formation events within the device to the number of electron 
flowing in the external circuit, the fraction of excitons which 
are formed as a singlets and the efficiency of radiative decay 
of these singlet excitons. In order to achieve efficient lumi-
nescence, it is therefore necessary to have good balancing of 
electon and hole currents, efficient capture of electons and 
holes within the emissive layer, strong radiative transitions 

Fig. 2. M olecular structures of a few conjugated polymers, 
note the bond-alternated structure responsible for the semi-con-
ducting properties (p-type)

Fig. 3.  a) C harge generation in a single layer organic semi-
conductor device under short cut conditions (MIM structure), 	
b) the same device under forward bias with suffitient charge 
injection shows light emittion (electroluminiscece). VB  is the 
valence band, CB  conduction band, E g bandgap and φ work-
function



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1123

for singlet excitons, and efficient coupling of these excitons 
to photon states allowed in the device structure.

The electon-hole capture leads to formation of excitons. 
The spin wavefunction of the exciton can be either singlet 
or triplet. Because of the exchange energy (the difference 
between the singlet and triplet state) is usually large, the 
allowed radiative emission is from the singlet only (fluo-
rescence). Assuming that the electon-hole capture is spin 
independent (Langevin model) the created excitons are in 
the triplet and singlet configuration in the ratio 3 : 1, there-
fore it is expected to loose 75 % of the electron-hole pairs. It 
would be therefore very attractive to use the triplet excitons. 
One possible approach is to introduce high-atomic-number 
elements with strong spin-orbit coupling to utilize the triplet 
luminescence (phosphorescence).34–36 However, the triplet 
emission is usually red-shifted and it turned out to be rather 
difficult to utilize this approach for emission of green and 
blue colours.34,35,37

Efficient electron-hole capture can be acomplished only 
with high density of charges in the emissive layer. Therefore 
great attention is paid to charge injection and transport. There 
exist several mechanisms that are involved for the injection 
of charges from metal electrodes. For diodes with large bar-
riers either the thermionic emission or tunneling can limit the 
current flow. Therefore proper selection of metals used as 
the contact and series of pre-contact layers are employed to 
lower the potential barriers. Using this approach the charge 
injection is no more considered to limit the current flow. 

Instead, the current flow is bulk-limited through the bild-up 
of space charge38.

The need for balanced electron and hole current let to 
implementation of hole-conducting and electon-conducting 
layers and thus to the creation of heterojunction in the same 
fashion as for the solar cells, see Fig. 4. Injected charges 
move to the heterojunction at which they are confined by the 
potential barrier. Depending on the relative position of the 
energy position electrons or holes tunnel through this bar-
rier and electon-hole capture lead to the electroluminescence 
from the respective layer. Using this approach external quan-
tum efficiecies up to 2,5 % were obtained39,40.

All of the principles mentioned for the polymer based 
LEDs are valid also for LEDs based on small molecules. In 
fact many of the strategies described were simultaneously 
or firstly discovered using this type of materials (e.g. the bi-
layer structures). Simirally to the solar cells the preparation 
technique (sublimation) offers easy way for doping and co-
deposition of several materials and therefore provides addi-
tional degrees of freedom and potentially better tunability of 
the device performance41. The structures that are nowadays 
under study are usually composed of many layers and inter-
penetrating regions with controlled thickness, level of n- or p-
type doping and provides energetic barier reduction, electron 
or hole transport or serves as blocking layers and finaly as 
emissive layers with specific colour or white light emission 
(> 20 layers). For the commercial utilization dynamic in-line 
deposition techniques producing efficient enough OLEDs 
with low operational voltages are currently under study42.

O r g a n i c  T h i n - F i l m  T r a n s i s t o r s
Organic thin-film transistors (OTFTs) based on conju-

gated polymers, oligomers, or fused aromatics have been 
forecasted as a viable alternative to the traditional thin film 
transistors based on inorganic semiconductors. But because 
of the relatively low charge carrier mobilities (µ) in organic 
semiconductors OTFTs cannot rival the performance of field 
effect transistors based on inorganic single crystals such as Si, 
Ge and GaAs, which have charge carrier mobilities of three 
or more orders of magnitude higher43. Therefore, OTFTs are 
not suitable for high switching frequency applications. How-
ever, like in the case of photovoltaic and LED applications, 
OTFTs can be competitive candidates for applications requi-
ring large area coverage, structural flexibility, low tempera-
ture processing, and especially low cost manufacturing (e.g. 
flat panel displays, sensors, radio-frequency identification 
tags (RFIDs), etc.).

Due to the weak intermolecular interaction forces, typi-
cally van der Waals with energies smaller than 10 kcal·mol–1, 
which is close to the vibrational energy at or above RT, the 
upper limit of microscopic mobilities in organic molecular 
crystals for T = 300 K falls between 1 and 10 cm2 V–1 s–1 

(ref.44). In contrast, in inorganic semiconductors such as Si, 
Ge and GaAs, the atoms are held together with very strong 
covalent bonds, which in the case of Si have energies as 
high as 76 kcal mol–1. The charge carriers move as highly 

Fig. 4.  a) Schematic diagram of a bilayer device and formation 
of bulk heterojunction (dotted lines) before contact of the mate-
rials is made. T he charge generation process (1 – absorption, 	
2 – charge transfer and subsequent exciton dissociation) and 
light emission process (3 – charge injection, 4 – tunneling across 
a barrier and capture of charges and 5 – light emission), b) dia-
gram of multilayer device configuration. Each of the layers can 
consist of more materials (doped) and each of the interfaces can 
be tailored
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delocalised plane waves and have a very high mobility at RT 
(µ ~ 103 cm2 V–1 s–1).

The boundary between band transport and hopping is 
defined by materials having RT mobilities of the order of 
1 cm2 V–1 s–1(ref.44). Thin films of highly oriented organic 
semiconductors, such as several members of the acene series 
including pentacene, have RT mobilities in this intermediate 
region. Furthermore, very high mobility values have been 
measured using time of flight (TOF) experiments (up to 
400 cm2 V–1 s–1 for holes in single crystals of naphthalene at 
4.2 K45, 46) and field effect experiments (up to ~ 105 cm2 V–

1 s–1 for holes in single crystals of tetracene and pentacene 
at 1.7 K47,48) following a power law (µ ≈ T-n). This gives 
the evidence for band-like transport in these high qualities, 
ultra pure single crystals. On the other hand, this behaviour is 
rather impossible to observe in amorphous or polycrystaline 
films because traps attributed to grain boundaries and other 
structural defects dominate transport49. The carrier transport 
takes place by hopping between localised states and carriers 
are scattered at every step.

Several strategies leading to increased mobilities in 
organic materials follow from these fundamental limits43. 
One of them is to strengthen the intermolecular interacti-
ons. Stronger interactions would lead to more rigid crystal-
line structures and thus it would take temperatures higher 
than RT to generate subtatntial scattering of charge carriers.  
A second way is to dramatically reduce the conduction path. 
If the carrier transport occurs via an array of single molecules, 
such as polymer chains or nanotubes the mobility is no more 
influenced by the grain boundary or other structural defects. 
Reduction of the TFT channel from micrometer to nanometer 
size led to mobilities of the order of 100 cm2 V–1 s–1 in the 
case of carbon nanotubes50.

M o l e c u l a r  S w i t c h
This chapter deals with construction of molecular current 

switch based on light driven switching of on-chain charge 
carrier mobility investigated at our department. To describe 
the proposed molecular switch, we have to briefly describe 
origin of traps in molecular solids first, for details see49.

According to electrostatic approach, the ionisation 
energy of a crystal (Ic) is related to the molecular value (Ig) 
by Ic = Ig–P. The parameter P, referred to as the polarisation 
energy, represents the energy of interactions between a charge 
carrier localised on a given lattice site and the surrounding 
polarizable lattice. Local decrease of Ic in an otherwise per-
fect crystal lattice represents a trap for moving hole. The trap 
can be thus created (i) on a host molecule with suitably low Ig, 
or (ii) by increasing of the value of the polarization energy P 
contrary to that in a physically perfect material. In a molecu-
lar solid build of non-polar polarizable units, e.g. polymer 
segments, containing a small amount of polar guest species, 
its dipole moment contributes to the field acting on surroun-
ding molecules and modifies the local values of the polariza-
tion energy. Thus, the presence of polar species may result 
in production of local states in their vicinity; even thus they 

are not necessarily trapping sites themselves. The calculati-
ons of trap parameters (depth, extension) indicate that local 
perturbations of the polarization energy due to the presence 
of a highly polar guest molecule may result in extension over 
several lattice constants, and hence should influence the on-
chain charge carrier mobility51. 

Changing of the dipole moment of suitably chosen side 
groups both, chemically attached to the polymer chain via a 
neutral spacer or dispersed in the matrix, thus results in chan-
ging of the on-chain charge carrier mobility. Use of photo-
chromic side groups make it possible to modulate the charge 
mobility by light-activated photochromic reaction.

The molecular current modulator is schematically 
demonstrated in Fig. 5. The switch consists of a molecular 
wire with suitable bistable side group(s). Various materials 
can be used to build the switch. Blocks A and B (molecular 
wire) can be realised by π- or σ- conjugated polymer chains 
as depicted in Fig. 2. The spacer C can be realised by several 
chemical structures, its length being easily tailored to needs 
resulting from e.g. model calculations. The active switching 
system (block D) should be selected in order to produce large 
dipole moment change in its two states as described above. 
The active moiety can be successfully realised by e.g. spiro-
pyrans (Fig. 5.). Depending on substituents attached to their 
backbones, these molecules can change their dipole moment 
from 2–5 D to 5–13 D (theoretical calculations reveal up to 
30 D)52.

The change of the electrostatic potential due to the 
charge-dipole interactions shifts the transport levels. Since 
the position and orientations of the additive are essentially 
random the effect results in broadening of the distribution of 
transport states53,54 and to the decrease of the charge carrier 
mobility55,56,57.

In a similar way to the charge-dipole interactions resul-
ting in mobility switching the formation of chemical traps 
was also demonstrated58. Quantum mechanical calculations 

Fig. 5. S chematic representation of light driven molecular cur-
rent switch and photochromic reaction of spiropyran. The two 
states can be obtained using light of different wavelength (UV 
for the forward and VIS for the back reaction)
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showed the possibility of the participation of the main chain 
electrons in the photochromic process of the side group and 
points to the importance of the chemical structure of the spa-
cer. The spacer can be realised as a ‘quasi-neutral’ from the 
point of view of the charge transfer, or can freely transfer the 
charge. In the former case, the electrostatic contribution of 
the polar side groups, based on the charge-dipole interacti-
ons, is the most important factor influencing the behavior of 
the charges on the molecular wire. In the latter case however, 
the situation is more complex: the change of the chemical 
structure and charge redistribution on the substituent, and 
a charge redistribution between the molecular wire and the 
photochromic group may influence the ionization energy of 
the entire polymer segment. Such modification may results in 
the creation of a chemical trap on the segment.

Conclusions
Since the early times in 1970s molecular electronics 

went through long way from visionary (sometimes specula-
tive) ideas over pioneering measurement of molecular-level 
properties to devices efficient enough enabling to start their 
mass production. Despite such immense development there 
are still many fundamental aspects that need to be answered 
in order to fully exploit the potential this area offers as can 
be seen from the examples we outlined in this article. The 
progress can be possible only with synergic development 
in many scientific areas e.g. physics, chemistry, quantum 
chemistry, metrology and in close cooperation of basic and 
applied research (science and technology).

This work was supported by the Academy of Sciences of 
the Czech Republic (Grant No. KAN401770651).
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Introduction
This paper deals with the unification of views on diff-

erent physical and chemical fields of knowledge on natural 
phenomena. We put into context physical quantities defined 
in fractal physics, thermodynamics and statistical physics 
with general mathematical description by momentum of ran-
dom quantities.

The mathematical tools of fractal physics enable a uni-
versal description of such phenomena as e.g. thermal radia-
tion, conduction and convection of heat, properties of ideal 
and real liquids and/or gases, thermodynamic entropy of clo-
sed and open system and classic and quantum distribution 
functions.

This unification is not only of a theoretic importance, 
but enable the implementation of further modules into the 
HarFA application (developed by authors of this paper). The 
program HarFA was intended for fractal analysis of digital 
images, video clips, signals and numerical data sets. The new 
modules enable calculation of five fractal dimensions (topo-
logical, information – thermodynamic, correlative, skewness 
and kurtosis) which relate to corresponding moments and 
entropies. Thus a unification of phenomena description by 
different sciences is achieved.

Theoretical Backgrounds
G e n e r a l  a n d  C e n t r a l  M o m e n t s 

To describe studied phenomenon, various mathematical 
apparatus is used in different science areas. As an example 
we can mention mechanics, statistical physics and physical 
chemistry which use general and central moments do define 
mean values of the respective physical qualities (e.g. posi-
tion, velocity, acceleration) or their deviations form the mean 
values (absolute error, standard deviation, skewness, kur-
tosis).

Generally these moments for one variable functions can 
be expressed using equations (1) and (2), ref.1.

General moments of qth order of discrete and continuous 
functions in real number field can be defined using the equa-
tions

xxfxM q
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Similarly the central moment qth order of the discrete or 
continuous functions related to general moment of the first 
order (mean value µ) can be defined as

A b s o l u t e  E r r o r s
To calculate absolute values of random real quantities 

values of qth order defined in the final interval or in final inter-
val of random real quantities with functional values uniformly 
distributed (f(x) = const.) can the equation (2) written as

The comparison of the equation (2) and (3) gives an evi-
dence that the central moments of the even orders are in the 
case of uniform distribution of random quantities equal to the 
absolute errors of the random quantities but the odd orders 
differ (e.g. central moment 1st order m1 = 0, r1 is an absolute 
error of random value). 

To compare the random samples, standardization to cen-
tral moment of 2nd order (to standard deviation σ) is often 
employed 

where σ = r2
1/2. A simple consideration we can derive that 

R2 = 1, R3 is skewness (standardized moment of 3rd order) 
and R4 is kurtosis (standardized moment of 4th order). These 
equations are used as a standard DIN EN ISO 4287/ASME 
Perthometer. Surface Texture Parameters used for surface 
roughness evaluation although the equations have more 
general character.

E n t r o p y  a n d  F r a c t a l  D i m e n s i o n
The entropy is very often used for describing of sta-

tistical processes. The Kolmogorov K-entropy is important 
characteristic which describes a degree of chaoticity of the 
system. It is well-known that: in an ordered system (K = 0), 
in a random system (K → ∞) and in a chaotic (semi determi-
nistic) system (0 < K < ∞). 

The generalized entropy Kq can be defined like the gene-
ralized dimension. From the term of generalized entropy3 the 
Renyi entropy Sq of q order implicit

where p (pi respectively) is probability of continuous 
(discrete) random process. 

It follows form the comparison of the equations (3) and 
(4) that the Renyi entropy of q order is related with abso-
lute errors of q order defined for the statistical evaluation 
of random samples Sq = lnRq/(1–q) for probability (relative 
frequency) defined by term pi = (xi = μ)/(nσ). It is evident that 
for q < 1 will be entropy positive (S0 = lnm, so called topo-
logical or Hausdorff entropy) and for q > 1 will be entropy 

.	 (2)

.	 (3)

,	 (4)

,	 (5)
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negative already. The special case is for q → 1 when the value 
of numerator is implicate to zero and entropy will be 

numerator is implicate to zero and entropy will be 

1
1
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The left term is called information or Shanon entropy, 
the right one (information entropy multiplied by Boltzmann 
constant) as a thermodynamic entropy. The entropies for 
q = 2, 3 or 4 are called as correlation, skewness or kurtosis 
entropy. Fractal dimensions can be assigned to individual en-
tropies

lnq qS D r= − . 	 (7)
The dimensions for q = 0, 1, 2, 3 or 4 are called topolog-

ical (Hausdorff) information (Shanon), correlation, skewness 
or kurtosis dimension.

Experimental
F r a c t a l  D i m e n s i o n

Statistical (e.g. thermodynamic) processes can be also 
understood as fractal systems. In this case the fractal algebra 
is used for its description. Suppose that cell with size r = 1 
will have K states (K is so called fractal measure). The cell 
with dimension r < 1 will than have N(r) ≤ K states given qual-
ity according to the way the states are distributed in the cell 
(microstates in macrostate). The type of the distribution can 
be described using quantity called fractal dimension D. Re-
lating of this number to the elementary cell unit in E-dimen-
sional space (rE), the density of fractal quantity F(e) can be 
determined. Dependence of number of states N(r) and density 
of fractal quantity F(r) is defined by equations 

DrKrN ⋅=)( , EDrKrF −⋅=)( .	 (8)

To determine the fractal structure parameters for special 
cases of deterministic fractals analytical or numerical meth-
ods (e.g. radius or box counting method) can be used. The 
fractal parameters can be in these cases determined by the 
linear regression of dependence

ln ( ) ln ln ln ( )N r K D r K S r= + = − ,	 (9)

where S(r) is so far unspecified entropy (5). This entropy can 
be determined from the statistical parameters (4). For q = 0 
it yields 

( ) ln ( ) ln ( ) lnS r R r m r n= = − .	 (10)

Comparing the equations (9) and (10) we can see that the 
fractal measure K is total number of states n and m(r) = N(r) 
and is number of states having the defined qualities. Using 
the radius method it is related to number of black and white 
pixels threshold pictures in a selected area with the size  
of r. Using box counting methods it is related to a number 
of squares with the size ε = 1/r with all pixels neither black 

(NWBW) or white (NWBW), respectively. In this case it is also 
possible to determine numbers of squares with pixels neither 
black nor white (NBW). Subsequently, from the (9) and (10) 
dependencies is possible to derive fractal measure K, fractal 
dimension D, entropy S and absolute error r (R respectively). 
All of these parameters can be derived with the help of  
HarFA 5.3. software developed by the authors of the contri-
bution.

The new version of the HarFA 5.4. allows for determi-
nation of all of the statistical and fractal parameters men-
tioned above following from the moments of q order (q = 0, 
1, 2, 3 or 4).

The area of surface and volumes under and above this 
area in % can be calculated from fractal measures 
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The results of these calculations for all moments and dif-
ferent parts of the sample (U10, U30, see Fig. 1.) are shown 

Fig. 1. F ractal structure of the real sample surfaces (U10, U30)	

Fig. 2.  Fractal analysis of inhomogenities of thin film layer sur-
face for different moments of qth order
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at Fig. 2. This figure shows dependence of surface size of 
selected part for different moments q = 0.1, 1, 2, 3 and 4.

The dependence of surface structure fractal dimensions 
for all these moments is at Fig. 3. We can see the decreasing 
fractal dimension for higher order values.

Conclusions
Direct relation of the description of various physical 

and physical-chemical phenomenons in various science areas 

(statistical physics, thermodynamics, and fractal physics) is 
described in the contribution. It follows that the fractal analy-
sis methods originally used to analyse threshold pictures can 
be easily utilized for continuous phenomenon in informatics, 
thermodynamics, kinetics theory of gases, etc.

This work was supported by project KAN401770651 
from The Academy of Sciences of the Czech Republic and 
grant FT-TA/036 from the Ministry of Industry and Trade of 
the Czech Republic.
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Introduction
Transformation of coal into humic acids (HA) can be 

achieved by means of the oxidation process. Oxidation could 
be ideally considered as an inverse diagenetic process able to 
regenerate the molecules, which originally led to the insoluble 
structure of the coal. The HA produced is generally called 
“regenerated” humic acid (RHA) or oxyhumic acid1. Oxida-
tion can be performed using many of the oxidants usually 
utilized in organic chemistry (HNO3, KMnO4, H2O2, etc.)2. 

The practical final result of the acidic treatment of the 
alkaline solution of humates, extracted from oxycoal, is a 
black, amorphous, water-insoluble regenerated HA (RHA) 
powder. RHA have similar characteristics and chemical 
behavior like the original HA, whose conversion led to coal. 
In fact RHA generally contain more carbon and less oxygen 
than HA obtained from natural environments. The major fun-
ctional groups in RHA are carboxylic and phenolic groups1.

The goal of this work is to evaluate the antioxidant or 
pro-oxidant efficiency of RHA as additives in polyvinylalco-
hol (PVA) blends.

Experimental
Line of four humic acids was obtained from South 

Moravian lignite and extracted by the IHSS standard alka-
line method3. Before extraction, part of lignite sample, milled 
and sieved (0.2 mm) was pretreated with different oxidizing 
agents for 30 minutes, filtrated and washed with deionized 
water until agent-free.

As a reference, a HA sample was extracted from non-
treated lignite. All these samples were mixed with solution 
of polyvinyl alcohol (PVA) (2 g dm–3) to obtain, after water 
evaporation, final concentrations in the polymer 0.5, 2 
and 5 % wt.

T h e r m o g r a v i m e t r y  a n a l y s i s
Thermogravimetry (TA instruments) with the dynamic 

air atmosphere was used for testing of PVA/RHA blends. The 
airflow rate was set at 25 ml per minute and the heating rates 
were 0.5, 1, 3, 5, 7, 10 and 15 K per minute. The measure-
ment was carried out from room temperature to 600 °C.

As a measure of stability the induction period (IP) was 
determined. The thermogravimetric records showed two 
steps of weight loss, the first one attributable to loss of water, 
whereas the second one to the degradation of the polymer. 

The onset of the latter step corresponded to the end of IP and 
it was detected by the extrapolation of inclination of 1st deri-
vative weight curve of the TG curve (DTG) for several tem-
perature rates (Fig. 1.). The IP was determined using equati-
ons with Arrhenius temperature function (1).

)/exp(i TBAt =

	

(1)

ti is a length of the induction period, A and B are adjustable 
kinetic parameters and T is temperature. 

Results
A n t i o x i d a n t  E f f i c i e n c y  o f 
R e g e n e r a t e d  H u m i c  A c i d s

In our previous work3 the antioxidant effect of South 
Moravian lignite humic acids and its ammonium salts in mix-
ture with PVA was experimentally proved; while addition of 
sodium salts exhibited a slight pro-oxidant effect at specific 
concentrations. In this part we tried to find out if the oxida-
tive modification of the parental lignite could cause any sig-
nificant changes in antioxidant efficiency of extracted humic 
acids. 

Stability of PVA/RHA blends was assessed and com-
pared using so-called induction period (IP) measurement. 
The principle of this approach is given in the Experimental 
part. Application of Arrhenius equation as the temperature 
function has been demonstrated to be rather complicated 
due to (i) problems with calculation of temperature inte-
gral, (ii) problems associated with obtaining of unrealistic 

Table I
Samples of regenerated humic acids

	 Sample	 Pretreatment agent
	 HA 1	 –
	R HA 2	 5% HNO3
	R HA 3	 10% HNO3
	R HA 4	 20% HNO3

Fig. 1.  Onset temperature detected by the extrapolation of inc-
lination of 1st derivative weight curve of the TG curve (DTG)
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values of induction periods and moreover (iii) adjustable 
parameters cannot be considered to have a physical meaning.  
On the other hand, such approach can still be used to model 
the kinetics of the process although without a deeper insight 
into its mechanism4. A better estimation of stabilizing effect 
can be obtained using the ratio of the lengths of induction 
periods of treated (stabilized) and nontreated material5 so-
called protection factor (PF). 

From results reported in Fig. 2., it seems that the most 
efficient concentration was 2 %. In this concentration RHA 3 
showed the highest efficiency to increase the stability of 
PVA. Further, results obtained using Eq. 1 showed, that RHA 
2 and RHA 3 in concentration 2 % have higher stabilizing 
effect than nontreated humic acid. Stabilizing effect increases 
in sequence HA 4, RHA 1, RHA 2 and RHA 3. Concentration 
0.5 % of humic acids also stabilizes PVA. In contrast, 5% 

addition of regenerated humic acids did not bring a signifi-
cant change in thermo-oxidative stability.

Conclusions
Thermal stability expressed as the length of IP of PVA 

with addition of humic acids was assessed by means of ther-
mogravimetry and using a mathematical apparatus of isocon-
versional method. For the calculation of the induction period, 
Arrhenius temperature function was used. 

Stabilities of PVA enriched with 3 regenerated humic 
acids were compared with PVA blend mixed with humic 
acid extracted from non-pretreated lignite. Obtained results 
showed, that almost all regenerated humic acids had grea-
ter stabilizing effect than humic acid extracted form paternal 
lignite.

This work has been supported by project MSM 
0021630501.
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Fig. 2.  Protection factor determined by Arrhenius kinetic
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Introduction
At present great attention is given to study of prepara-

tion and properties of various nanomaterials usable in many 
applications. They are utilized in varied fields of human acti-
vity – e.g. in electronics, medicine, paint industry etc. Except 
detailed chemical structure, such nanoparticle properties 
as shape and size distribution are fundamental to the given 
application. To measure these parameters various methods 
are used, e.g. transmission electron microscopy (TEM), ato-
mic force microscopy (AFM), acoustic spectrometry and 
methods based on the light scattering.

All above-mentioned methods were used in this work to 
characterize particles of two selected model types of nanoma-
terials – colloidal silica and sodium montmorillonite. Silica 
represents a material with spherical particles; tabular shapes 
are typical for montmorillonite materials.

Experiments proved that methods used to measure par-
ticle size distribution and based on the light scattering require 
very diluted dispersions to meet the needs of them. But, on 
the other hand, these conditions can affect the particle size 
distribution due to agglomeration or deagglomeration of 
them. For these reasons methods working with concentrated 
suspensions, without dilution, are more suitable to get cor-
rect results for such colloidal systems, for example acoustic 
spectrometry. To obtain information on the shape of particles 
studied TEM and AFM methods were used. 

Merits and limitations of the individual methods used to 
evaluation of nanoparticles of various types are discussed in 
the work.

Experimental
D y n a m i c  L i g h t  S c a t t e r i n g

Particle size distribution measurement was carried out 
by dynamic light scattering using Mastersizer 2000 MU.

U l t r a s o u n d  S p e c t r o s c o p y
The ultrasound-based technique is suitable for characte-

rizing heterogeneous solid-in-liquid or liquid in liquid colloi-
dal systems. This method is suitable for concentrated soluti-
ons; it is reliable in range from 5 % to 50 %. We have used 
equipment DT–1 200 (Dispersion technology, USA) and as 
standard we have used Silica Ludox with nominal particle 
size approx. 22 nm.

A F M
A Solver Pro M Atomic Force Microscope (NT-MDT; 

Russia) was used in tapping mode (semi-contact) to produce 
three-dimensional images of the surface. High-resolution 
“Golden” silicon cantilevers NSG–1 0 (Au coating, curvature 
radius 10 nm and cone angle less than 22°°) were used for 
all measurements. Set point was adjusted on 50 % of a free 
oscillation. Scan sizes required to evaluate the distribution of 
particles was 500 × 500 nm to several microns depending on 
variation of particles’ sizes.

T E M
A drop of the water-diluted suspension was put on a 

microscopic grid covered by ultra thin carbon film and obser-
ved directly with TEM Tecnai G2 Spirit Twin (FEI).

Materials
S i l i c a s

Bindzil CC30
Eka Chemicals AB, Sweden
Dispersion of silica nanoparticles
30% solution in water
Particle size 7 nm

Bindzil 30/360
Eka Chemicals AB, Sweden
Dispersion of silica nanoparticles
30% solution in water
Particle size 7 nm

M o n t m o r i l l o n i t e
Cloisite Na+

Southern Clay
Powder 
CEC 90 meq 100 g–1

Results
S i l i c a s

Two types of commercial silicas wear tested (Bindzil 
cc30 and Bindzil 30/360). These silicas are stabilized diffe-
rent way. While Bindzil cc30 is sterically stabilized, Bindzil 
30/360 is stabilized electrostaticaly. The effect of silica con-
centration on zeta potential and particle size was studied for 
both type of stabilization. The variety of silica concentrations 
were prepared by dilution of original samples. Type of stabi-
lization has crucial effect on silica concentration dependence 
of zeta potential (Fig. 1.). 

The concentration of silica has effect on particle size 
and particle size distribution. Example for Bindzil cc30 is in 
Fig. 2.

Original sample of Bindzil cc30 has relatively broad 
particle size distribution. Mean value of particle size is about 
40 nm. Measured value is higher than value cited by produ-
cer. Presence of bigger formations was confirmed by transmi-
tion electron microscopy (Fig. 3.).
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Bigger formations are aggregated smaller particles 
(Fig. 3.). These aggregates are broken up by dilution of ori-
ginal samples (Fig. 2.). The same conclusions can be done 
from AFM analysis.

M o n t m o r i l l o n i t e
Zeta potential of water-based dispersion of sodium mont-

morillonite was influenced by filler concentration (Fig. 4.).
The particles with different shape and dimension were 

observed by means of different techniques (TEM, AFM). 
Results from AFM are in Fig 5.

Pentagon particles with particle size about 200 nm can 
be observed in section I of Fig. 5. Lengthwise formation with 
highest dimension 100 nm can be seen in part II of Fig. 5. 
Round particles with diameter 30 nm are in part III. Thickness 
of all studied particles is practically the same – about 1 nm.

Conclusions
Type of silica particle stabilization influenced behavior 

of colloidal solutions during dilution (particle size and zeta 
potential changes). All used methods (AFM, TEM and ultra-
sound spectroscopy) give similar results. Bigger particles 
(aggregates primary particles) were observed by means of 
AFM and TEM. These aggregates were broken up by dilution 
of original samples. 

Fig. 1.  Dependence of zeta potential on silica concentration

Fig. 2.  Particle size distribution on silica concentration

Fig. 3.  TEM photo of original sample Bindzil cc 30

Fig. 4.  Dependence of zeta potential on montmorillonite con-
centration

Fig. 5.  AFM photo of sodium montmorillonite sample
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Commercial sodium montmorillonite is compound from 
elements different shapes and sizes. There are lengthwise for-
mations, circular and pentagonal particles.

This work has been supported by the project FT-TA3/055 
of the Ministry of Industry and Trade of the Czech Republic.
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Introduction
Humic substances (HS) have a profound effect in many 

processes including cell biology of living organisms. As they 
are both hydrophobic and hydrophilic in nature, their func-
tion is closely related to the properties of water shell intima-
tely bound on humic molecules and consequently on humic 
aggregates. A strong affinity of water molecules to stick to 
each other via H-bonds and formation of specific clusters is a 
driving force assembling humic molecules into complicated 
organizations. 

The differences in properties of water surrounding HS 
can be recognized and enumerated using differential scan-
ning calorimetry (DSC). Phase transition behaviour of sor-
bed water in HS-water systems was investigated as a function 
of water content. Three types of water can be distinguished: 
free water whose melting temperature and enthalpy are not 
significantly different from those of normal (bulk) water, 
those water species exhibiting large differences in transition 
enthalpies and temperatures (freezing-bound water), or those 
for which no phase transition can be observed calorimetri-
cally, known as non-freezing water1.

The aim of this work was to shed light on properties 
of hydration water in systems water/regenerated humic 
acids (RHA). DSC represents a technique which can help to 
recognize the differences in properties of water surrounding 
humic matter. The enumeration of water molecules is crucial 
in order to understand how biomolecular processes work.

Experimental
M a t e r i a l

The line of 8 HA was used. All of them were extracted 
from pretreated South Moravian lignite by standard alkaline 
method, purified, and freeze-dried. During the pretreatment 
procedure the lignite samples were soaked in solutions of 
either 5%, 10%, 20% nitric acid, 2%, 5% hydrogen peroxide, 
20% acetic acid or 20% citric acid.

D S C  M e a s u r e m e n t s
A sample was placed in an aluminum pan (~ 5 mg) and 

excess water was added. Surplus water was allowed to eva-
porate slowly at room temperature until the desired water 
content was obtained. Subsequently, the pans were hermeti-
cally sealed and left to equilibrate at room temperature over-
night. DSC was performed by using the TA Instruments Q200 
to measure phase transition of sorbed water. The measure-
ments were conducted ranging from 40 to –90 °C and then 

from –90 to 30 °C at 3 °C min–1 under the flow of nitrogen 
(50 ml min–1).

W a t e r  C o n t e n t  D e t e r m i n a t i o n
The thermogravimetry analysis (TGA TA Instruments 

Q 5000) was used to measure water content of original sam-
ples to obtain the real concentration of water (Wc). The Wc 
was defined as follows: 

grams of water (g/g)
grams of dry samplecW = .	 (1)

 

The obtained Wc were in range from 0.1 to 1.5 g g–1. 
Assuming both melting enthalpies for freezing-bound water 
(Wfb) and free water (Wf) to be 334 J g–1 water, weights of 
Wfb and Wf (g water g–1 RHA) could be calculated from the 
endothermic heating transitions. The weight of non-freezing 
water (Wnf) was obtained using the expression: 

( )n f c f b fW W W W= − + .	 (2)

Results
RHA samples with Wc 0.1–1.5 g g–1 were measured. At 

higher water content there could be observed a large heating 
endotherm in the region of 0 °C whose enthalpy of transition 
was close to that of bulk water (334 J g–1). This endotherm 
was ascribed to the melting of the freezing water in the 
hydrated RHA-water system. Some samples also showed 
another endothermic transition below 0 °C when the system 
was heated. This endothermic peak indicated the presence 
of freezing-bound water in a humic sample, i.e. water which 
is already affected by the interaction with humic molecules. 
Its clusters structure differs from those of bulk water and is 
physically recognizable by shifted temperature of melting. In 
fact, the enthalpy of melting differs from that ice which was 
attributed to the freezing water. Due to the different structure 
of ice such enthalpy can drop down to 312 J g–1(ref.2). At 
very low water content nearly all water molecules are pre-
sent in the form of non-freezing water in this system, and a 
slight amount of water molecules are present in the form of 
freezing-bound water which caused the observed endother-
mic fusion peak below 0 °C. Some samples showed more 
distinct endothermic fusion peak on heating curves. Shoul-
ders which can be identified in this peak are possibly cau-
sed by the overlapping of different peaks which reflects the 
presence of several different types of freezing-bound water. 
Since cubic structure of freezing-bound water is thermodyna-
mically metastable3 such assumption is highly probable.

Representative DSC heating curve of RHA6 with water 
content Wc 0.7 is given in Fig. 1. where various endothermic 
transitions at different temperatures, attributed to the melting 
of different types of ice, can be observed. 

The total amount of freezing water in RHA samples 
was calculated from the area of endothermic melting peak as 
follows: obtained heat of ice melting (∆H) calculated from 
DSC heating curves was normalized dividing by the weight  
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of the dry RHA. A plot of the enthalpy change, normalized to 
the RHA weight, as a function of the total water content of the 
sample will yield the enthalpy change for the free water as a 
slope (Fig. 2.). The x-intercept is the point at which the total 
water content is equal to the amount of non-freezing water, 
and zero enthalpy change is observed1.

Table I reports the content of non-freezing and freezing-
bound water calculated from DSC experiments. The highest 
modification efficiency regarding hydration properties of HS 
was reached using H2O2 (RHA5, RHA6), 5% HNO3 (RHA2) 
and 20% acetic acid (RHA7) as the pretreatment agents while 
other samples showed lower water retention capacity. 

Conclusions
DSC measurements of RHA showed dependency on 

both concentration and used modifier. The enthalpy change 
of melting increased with decreasing concentration of RHA. 
Using of different pretreatment agents plays a significant role 
since some modifications can enhance hydration properties 
of HS. Therefore, this method can bring new information 
considering the function of HS in biological processes.

This work has been financially supported by project 
MSM0021630501.
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Fig. 1.  DSC heating curve for RHA6 with Wc 0.7

Fig. 2.  Normalized melting enthalpy versus Wc for HA1

Table I
The content of non-freezing and freezing-bound water

	 Sample	 Pretreatment	 Wnf	 Wfb	 Wnf + fb
		  agent	 [g g–1]	 [g g–1]	 [g g–1]
	 HA1	 –	 0.267	 n.d.	 n.d.
	R HA2	 5% HNO3	 0.223	 0.190	 0.413
	R HA3	 10% HNO3	 0.081	 0.219	 0.300
	R HA4	 20% HNO3	 0.245	 0.055	 0.300
	R HA5	 2% H2O2	 0.187	 0.291	 0.478
	R HA6	 5% H2O2	 0.035	 0.374	 0.409
	R HA7	 20% acetic acid	 0.238	 0.142	 0.380
	R HA8	 20% citric acid	 0.078	 0.218	 0.296
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Introduction
In recent years, possibilities of lignite utilization in vari-

ous non-fuel applications have been investigated. Lignite as 
the youngest brown coal has a low degree of coalification 
which gives it unique chemical composition and specific pro-
perties. Therefore, lignite can be used as an interesting and 
versatile material in several application fields.

Studies on sorption properties have been continuously 
published for lignite or coals in general. Lignite, even in its 
natural state, is reported to have significant sorption affi-
nity for metal ions1,2 as well as for organic molecules, e.g. 
dyes3,4. 

In our laboratory, sorption properties of lignite mined in 
the region of South Moravia (Czech Republic) are studied. 
Affinity of this material for fluoride ion has previously been 
published5. This paper introduces preliminary results on a 
sorption of basic textile dyes and petroleum products (gaso-
line, diesel fuel, oils) on the natural South Moravian lignite.

Experimental
Sorption tests were performed using lignite mined in 

the South Moravia, Mikulčice locality. Its detailed characte-
rization is published elsewhere6,7. Fraction of lignite partic-
les smaller than 0.2 mm was used and the sample was dried 
at 105 °C in an oven for 24 hours. Dried product was con-
sequently left to moisture re-equilibration at ambient atmo-
spheric conditions in laboratory and final moisture content 
was about 7 %.

Six basic dyes (see Table I) have been studied. Deioni-
zed water was used to prepare the dyes solutions. UV-VIS 
spectroscopy (Hitachi U3300 spectrometer) was used for the 
determination of a dye concentration in a solution. The wave 
lengths of the absorption maxima of all dyes are given in 
Table I. In adsorption experiments, a change in the intensity 
of these maxima has been used in order to characterize the 
removal of a dye from solutions.

Sorption of dyes were carried out for four different 
amounts of lignite: 0.1 g, 0.2 g, 0.5 g and 1 g. Lignite was 
mixed with 10 ml of a dye solution with dye concentration of 
1,000 mg dm–3 in 50 ml screw capped plastic centrifuge tubes 
with conical bottom and mixtures were stirred on a rotary 
shaker for 24 hours. After this time period, samples were 
centrifugated at 4,000 rpm and 15 °C for necessary time. 
The supernatant solutions were pipetted out and intensity of 
absorption maxima were determined instantaneously using 
UV-VIS spectrometer.

Similarly, sorption tests were performed for gasoline 
and diesel fuel. 0.5 g of lignite was mixed with 10 ml of 
adsorbate in screw capped glass test tubes and rotated for 
24 hours. Then a liquid portion was poured off and lignite 
was weighted. Consequently, it was dried at 105 °C in an 
oven for 24 hours and weighted again. Variation in weight 
was observed.

Adsorption of oils (motor and gear) was studied accor-
ding to the reference8 with slight correction. 2.5 g of lignite 
were weighted and evenly spread on a filter paper placed into 
a round stainless steel dish with a wire mesh (2 mm2) bot-
tom (7 cm in diameter). The dish with lignite was then placed 
into a square glass dish (12 × 12 × 6 cm) with 60 ml of an oil.  

Table I
The wave lengths of the absorption maxima of used dyes

	D ye	 λmax [nm]
	 Astrazon blue 3GL (AB)	 593
	 Maxilon yellow M-3RL (MY)	 422
	 Maxilon red M-4GL (MR)	 505
	 Bezacryl blue FBS (BB)	 598
	 Bezacryl golden yellow GL 200 % (BY)	 437
	 Bezacryl red GRL 180 % (BR)	 529

Table II
Residual dye concentration and percentage of dye removed 
from dye solution after 24 hours

	 Dye	 Lignite	 CR [mg dm–3]	R emoving [%]		  amount [g]
		  0.1	 151.403	 84.87
	 AB	 0.2	 –	 100
		  0.5	 –	 100
		  1	 –	 100
		  0.1	 3.067	 99.69
	 MY	 0.2	 –	 100
		  0.5	 –	 100
		  1	 –	 100
		  0.1	 3.067	 99.69
	 MR	 0.2	 1.087	 99.89
		  0.5	 –	 100
		  1	 –	 100
	 	 0.1	 9.505	 99.05
	 BB	 0.2	 0.869	 99.91
		  0.5	 0.283	 99.97
		  1	 –	 100
		  0.1	 3.969	 99.60
	 BY	 0.2	 1.844	 99.82
		  0.5	 –	 100
		  1	 –	 100
		  0.1	 6.537	 99.35
	 BR	 0.2	 0.623	 99.94
		  0.5	 0.163	 99.98
		  1	 –	 100
– below detection limit
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Lignite was left in contact with oil for 30 min. The stainless 
steel dish with sample was then removed and left to drain 
until the oil layer disappeared (2 hours). Then lignite was 
weighted. The weighting was repeated after 22 hours and 
obtained weights were compared. 

All experimental sorption studies were performed at 
laboratory temperature (25 ± 2 °C).

Results
Sorption abilities of the South Moravian lignite for orga-

nic substaces were investigated. Decolorization of a single dye 
solution was observed, residual dye concentration in solution 
and corresponding percentage removal of a dye were deter-
mined. Effect of lignite to solution ratio was studied. Results 
are given in Table II and clearly confirm sorption ability of 
lignite for selected dyes. These results are also guiding for 
further experiments. Proper ratio between amount of lignite 
and volume and concentration of a solution has to be found 
prior for determination of sorption isotherms and kinetics. 

The results of sorption tests using petroleum products, 
summarized in Table III, show the sorption ability of lignite 

towards them. Further experiments are necessary for the 
investigation of lignite as a suitable sorbent for removing oil 
spills.

Conclusions
Sorption abilities of the natural South Moravian lignite 

for organic substances were investigated. Obtained results 
show that lignite can be used as an effective sorbent for vari-
ous textile dyes and that it has a positive sorption ability for 
petroleum products too. 

This work was supported by government funding – Czech 
Science Foundation, project. Nr. 105/05/0404.
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Table III
Amount of petroleum products sorbed on 1 g of lignite after 
24 hours of drying

	 Petroleum product	 Sorbed amount [mg]
	 gasoline 	 1425
	 diesel fuel	 579
	 motor oil	 350
	 gear oil	 726
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Introduction
The measurement of surface tension is a fundamental 

method in physical or colloidal and interfacial chemistry, 
assessing important parameter of liquids, surface tension 
(γ), surface activity of molecules in a medium, detecting 
critical micelles concentration (CMC) etc, which is very 
important for processing and industrial applications of given  
substances. 

The Maximum Bubble Pressure (MBP) method is a dy-
namic method of measuring surface tension of liquids. Us-
ing this method, a maximum pressure inside the gas bubble, 
forming at the end of the capillary with a defined radius, is 
measured at an accurately defined rate of the bubble forma-
tion. When the pressure reaches its maximum, the bubble 
radius is exactly equal to that of the capillary, and the time 
of this point is designated as the bubble life-time1. For the 
formation of the bubble in the liquid, the surface energy must 
be overcome. From the surface energy, the surface tension 
of the liquid is calculated using the Laplace-Young equation, 
γ = f · Pmax/2, where f is the correction factor2.

The Du Noüy Ring method (DNR) is a static method 
of surface tension measurement. The surface tension, by this 
method, is determined from the maximum force of lifting the, 
usually Pt, ring off the liquid surface just before the rupture of 
the liquid film having been formed on the ring surface3.

Sodium hyaluronate (NaHA), widely known as hy-
aluronic acid or hyaluronan, is a naturally occurred linear 
polysaccharide composed of repeating disaccharide units of 
D-glucuronic acid and N-acetyl-D-glucosamine alternatively 
linked by β-(1 → 3) and β-(1 → 4) glycosidic bonds. Due 
to the presence of carboxyl groups HA is a polyelectrolyte 
found namely in connective tissues of vertebrate and also as a 
fermentation product of some Streptococci bacteria strains4,5. 
For its numerous unique properties, HA is used in medicine, 
pharmacy, cosmetics4–6 etc. Surface tension is an important 
parameter for processes and applications such as formation of 
nanofibres from biopolymers, scaffolds in tissue engineering, 
drug delivery, etc. There have been only few papers reporting 
about HA surface activity7, using namely static methods, e.g. 
pendant drop method. The purpose of this contribution was 
to compare the MBP and the DNR method of surface tension 
measurement on measurement series of aqueous solutions of 
a classical surfactant sodium dodecylsulfate (SDS), to man-

age the data proceedings, mainly from the MBP method, and 
apply particularly the MBP method for the series of HA aque-
ous solutions. Discussion of the effect of the HA molar mass 
and the presence of NaCl has been also involved.

Experimental
M a t e r i a l s

The bacterially produced HA of cosmetic quality with 
the molar masses of 4.6 × 105 and 1.69 × 106 g mol–1 pro-
vided by the Contipro, spol. s.r.o.
SDS, p.a. and NaCl, p.a. by Sigma Aldrich
Water for injection by Verkon s.r.o.

P r e p a r a t i o n  o f  S a m p l e s
A desired amount of dry HA was firstly stepwise sprin-

kled into a desired volume of water upon gently stirring and 
then let stirred for ca 24 h at room temperature in order to 
achieve a well homogenized stock solution. Afterwards, the 
stock solution was diluted into the series of solutions with 
the water or NaCl solution up to a desired concentration and 
ionic strength and then the series were vigorously agitated for 
at least 2 h. The series of SDS solutions were prepared in the 
same way except the long stirring of the stock solution, which 
lasted only 2 h in this case.

M e t h o d s
The maximum bubble pressure tensiometer BPA-800P 

from KSV Instruments (Finland) and KSV Sigma 701 tensi-
ometer with the Pt ring were employed. The series of the so-
lutions were measured at room temperature (MBP) or 25 °C 
(DNR). Between the measurements of each sample by the 
DNR method, the Pt ring was cleaned in the flame of a burner 
with occasional immersing into 6% (v/v) HCl. From the MBP 
method, the dependence of γ on the bubble life-time (tlife) is 
obtained. The measurements were performed in two different 
modes (Standard and Increasing Flow Rate); the results com-
pared and final calculations were done as the average of those 
two measurements. By the DNR method, each sample was 
measured in time until it was stabilized, or for at least 40min. 
As a result, the plot of γ vs. time of measurement (tmeas) was 
gotten. The measurements were tripled and the other calcula-
tions were made from the mean value of all replicates.

Results and Discussions
C o m p a r i s o n  o f  t h e  M B P  a n d  t h e 
D N R  M e t h o d

From the MBP method we obtained the plot of dynamic 
surf. tension, γdyn, against the bubble life-time, tlife. To de-
termine the equilibrium surface tension, γeq, of a sample, we 
arranged the plot as γdyn = f(1/√tlife) (Fig. 1.) and γeq was as-
sessed from the following equation for tlife → ∞

γdyn = γeq + sγ /(aγ + tlife1/2),	 (1)
 

where the parameters sγ and aγ result from the adsorption of 
the surfactant molecules at the solution/air bubble interface, 
as described elsewhere8. This model fitted relatively well the 

•

•
•
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data for both SDS and HA. Fig. 1 shows relatively high val-
ues of γdyn of the HA solutions even at higher concentrations 
( > 1 g dm–3), where they began to be quite viscous, compar-
ing to the gradually decreasing γdyn of SDS solutions with 
SDS concentration.

Using the DNR method the dependence of γ on the time 
of measurement, tlife, was gained and the γeq from the DNR 
measurements was determined as the mean of the values 
from the last 10 min of the measurement. Another method 
of γeq assessment can be the extrapolation of the γ data as a 
function of 1/√tmeas, to tmeas → ∞; nevertheless the data are 
theoretical and were comparable with the previous ones only 
except the first very diluted solutions that need more time to 
be stabilized.

From the comparison of the two methods, performed 
on measurements of mainly SDS solutions (Fig. 2.), a clear 
difference can be seen. The values of γ from the MBP were 
higher at lower concentrations of SDS than those of the DNR 
method; however, they later overlapped with each other be-
hind the CMC of SDS. The onset of γ decrease before the 
CMC began also at higher concentration for the MBP meas-
urement as well as the slope of the decline was steeper for 
this method. From the slope, the maximum concentration of a 
surfactant at the air/solution interface, Γmax, and other param-
eters can be calculated using the simplified Gibbs adsorption 
equation9:

dγ = − 2.303 · RT · Γ · dlog C,	 (2)

where R is the gas constant, T absolute temperature, and C 
molar concentration of a surfactant. The values of Γmax calcu-
lated from the MBP method were thus larger than those from 
the DNR method and the CMC of SDS was also determined 
at higher surfactant concentration using the MBP method 
than from the DNR in water and 0.15 M NaCl as well. All the 
parameters are listed in Table I.

These results clearly demonstrate a different dynam-
ics of these two kinds of adsorption which, in fact, compete 
with each other and one must note more complicating dy-
namic balance between these two kinds of adsorption and 
also micellization taking place in the system during the MBP 
measurement. It might be suggested a higher affinity of the 
surfactant molecules to the flat air/solution interface than to 
the bubble/solution interface considering earlier onset of the 
decrease of γ with SDS concentration and lower CMC, which 
induces more negative change of free energy of micelliza-
tion, ∆G°mic. Nevertheless, as the surface tension drops, this 
decrease is more rapid for the MBP method and Γmax is at-
tained at a narrower range of SDS concentration resulting in 
its larger values, and thus more surfactant molecules adsorb 
at the bubble/solution interface.

S u r f a c e  T e n s i o n  o f  H A  A q u e o u s 
S o l u t i o n s

Figs. 3. and 4. show the surface tension of HA solutions 
from the DNR and MBP method, respectively. A general 
result is that the solutions of HA exhibited the values of γ 
only very moderately different from those of the appropriate 
solvent, being mostly lower. The values γ of the HA solu-
tions had an oscillation trend with increasing HA concentra-
tion. No particular difference between the high-molecular 
weight and low-molecular weight HA was observed from the 

Fig. 1.  The dynamic surface tension as a function of the square-
root of bubble life-time for solutions of SDS (red symbols) and 
HA (navy symbols) in water; the figures in the brackets refer to 
the molar mass of the HA in 106 g mol–1 . The lines represent the 
model fitted to the experimental data (see in the text)

Table I
The CMC and Гmax of SDS in water and 0.15M NaCl calcu-
lated from the MBP and the DNR method

		  CMC	 Гmax
		  [103 mol dm–3]	 [106 mol m–2]
		  MBP
	 Water	 9.8	 5.5
	 0.15 M NaCl	 1.4	 5.0
		  DNR
	 Water	 5.8	 3.9
	 0.15 M NaCl	 0.9	 3.3

Fig. 2.  Comparison of surface tension of SDS from the MBP 
(full circles) and the DNR (empty circles) method in water (navy) 
and 0.15M NaCl (green) as a function of SDS concentration
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DNR measurements, only at low concentrations in 0.15 M 
NaCl, the high-molecular sample displayed slightly lower  
values of γ.

The similar result was obtained from the MBP measure-
ments; however, the γ values were rather unstable. On the 
other hand, the opposite result to that from the DNR was 
observed in water, i.e. the higher-molecular weight HA dis-
played moderate decline of γ values with its concentration 
(Fig. 4.). All the samples, nevertheless, displayed a bit higher 
values of γ in 0.15 M NaCl than in water for both the meth-
ods. However, the differences are very small. These data are 
not in accordance with those found in the literature7, in which 
the authors observed a decrease of γ with HA concentration 

relating it to viscoelasticity of HA solutions; however, they 
used different method for surface tension measurement than 
us, i.e. the pendant drop method.

Conclusions
The comparison of two different methods of surface ten-

sion measurement, the MBP and the DNR, has been discussed 
on the measurements of series of SDS solutions and solu-
tions of HA, varying in molar masses, in water and 0.15 M 
NaCl. Clear difference between the two methods has been 
seen, suggesting different dynamics and thermodynamics of 
adsorption of molecules at the curved air bubble surface. Al-
though the adsorption of SDS at the bubble/solution interface 
occurred later than at the flat interface, the maximum concen-
tration of the surfactant at the bubble/solution interface was 
larger than at the flat interface.

The HA solutions studied exhibited weak surface activ-
ity and oscillation trend in the change of γ with HA concen-
tration. Only small difference in the behavior of the samples, 
due to different molar masses of the HA, has been observed, 
and also the presence of NaCl did not significantly alter the 
behavior of the HA, but the values of γ were generally a bit 
higher in the presence of salt. Some difference between MPB 
and the DNR methods has been observed during the measure-
ment of HA in water, when higher-molar mass HA displayed 
slightly larger surface activity.
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Fig. 4.  The dynamic surface tension (MBP) of HA solutions in 
water as a function of HA concentration and molar mass
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Introduction
The soil remediation technologies emphasize the trans-

formation and detoxification of pollutants. For example bio-
remediation enables permanent elimination of pollutants by 
in situ remediation at low cost, however, is limited by many 
factors.1 In contrast remediation using natural surfactants is 
gaining growing interest. Humic acids (HA) – naturally oc-
curring surfactants are recognized to be a possible aid in soil 
bioremediation techniques. For example, the bioavailability 
of polychlorinated biphenyls (PCB) and polycyclic aromatic 
hydrocarbons (PAH) appeared to be increased by addition of 
oxygenous HA to contaminated soils1. 

Lignite represents the youngest type of coal with the 
age belonging between peat and brown coal. One of the most 
attractive ways of lignite exploitation is their use as a source 
of HA2. 

The aim of the work was to increase the surface activity 
of HA by modification of parental lignite and to find tech-
nologically appropriate composition of humic acids useful 
for washing technology of highly polluted soils (i.e. reme-
diation).

Experimental
R e g e n e r a t e d  H u m i c  A c i d

The South Moravian lignite (Mír mine, Mikulčice, Czech 
Republic) was used as a source of HA. The samples of “rege-
nerated” HA were obtained from the fraction of lignite by its 
oxidation reaction with two oxidizers (HNO3, H2O2) and two 
other agents (acetic and citric acids, respectively) according 
to following procedure: 20 g of raw lignite was mixed with 
200 ml of appropriate modifier and stirrred 30 min, washed 
until agent-free. Procedure was followed by standard alkali 
extraction according to ref.2. The list of studied samples is 
shown in Table I. 

A part of RHA samples was titrated by 0.1 M NaOH to 
get water-soluble sodium humate (NaRHA) and the second 
half remained in the protonated form. The protonated form 
of RHA was used for Elemental Analysis (EA). Details of the 
EA are given in Table II.

S u r f a c e  T e n s i o n  M e a s u r e m e n t
For surface tension (ST) measurements Sigma 700 ten-

siometer (KSV Instruments Ltd.) using a 19mm-diameter 
platinum-iridium (Pt-Ir) ring was employed.

13 samples with concentrations from 0.001 to 10 g dm–3 
of individual NaRHA were prepared by diluting humic solu-
tions one day before measurement. Before experiment each 

solution was stirred for 5 min in a shallow glass measuring 
dish. The experiment was carried out after 10 min sample 
repose drawing the Pt-Ir ring on the solution surface. The 
time of measurement was 12 hours. Obtained data were fitted 
by Szyszkowski equation:

γ0 – γ = a log (1 + bc),	 (1)

a and b are empirical parameters of Szyszkowski equations 
dependence on the structure of dissolved matter, parameter 
a reflects the nature of surface active substances and has a 
constant value for the surface active moieties of one type of 
molecule, parameter b is different for different molecules 
and characterizes the efficiency of the absorbed molecules 
to decrease ST, and also describes the surface activity. γ0 is 
the ST of the solvent (water at 25 °C: γ0 = 72.1 mN m–1), γ is 
the ST of the solution and c is the concentration of the solute. 
For the maximal surface saturation by adsorbed molecules 
following equation was derived3:

Γmax = a/2.303 RT,	 (2)

where Γmax is the maximal Gibbs surface excess quantity. For 
predicted surface excess quantity by monomolecular layer, 
the area of one molecule at the surface is:

s = 1/Γmax
. ΝΑ ,	 (3)

where NA is Avogadro’s number (NA = 6.023 × 1023)ref.3.

Results and Discussion
The surface tension of NaHA and NaRHAs was mea-

sured as a function of their concentration and time. In fact, 

Table I
The list of the studied samples

	 Sample	 Modifier	 Sample	 Modifier
	 HA	 –	R HA4	 2% H2O2
	R HA1	 5% HNO3	R HA5	 5% H2O2
	R HA2	 10% HNO3	R HA6	 20% acetic acid
	R HA3	 20% HNO3	R HA7	 20% citric acid

Table II
Elemental analysis of HA and RHAs [% wt.]

	 Sample	 C [%]	 H [%]	 N [%]	O  [%]	 C/O	 C/H
	 HA	 58.1	 4.44	 1.53	 35.9	 1.62	 13.1
	R HA1	 58.5	 3.46	 2.01	 36.1	 1.62	 16.9
	R HA2	 58.2	 3.55	 2.32	 35.9	 1.62	 16.4
	R HA3	 56.5	 4.16	 3.38	 35.9	 1.57	 13.6
	R HA4	 58.0	 3.62	 2.15	 36.2	 1.60	 16.0
	R HA5	 58.5	 4.25	 1.47	 35.8	 1.63	 13.8
	R HA6	 58.0	 3.75	 2.06	 36.2	 1.60	 15.5
	R HA7	 58.2	 3.75	 2.30	 35.8	 1.63	 15.5
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with increasing concentration of the humic samples the ST 
progressively decreased and equilibrium, i.e. the constant 
value of ST, was reached after 10 hours. Since the sorption of 
amphiphilic humic molecules in the surface layer is a dyna-
mic process governed both thermodynamically and kine-
tically, it is likely that simultaneously desorption processes 
occurred. Obtained data of ST in this time were subtracted 
from the surface tension of the solvent (water), the results 
were plotted versus respective concentrations and fitted 
Szyszkowski equation (2) (Fig. 1.). 

Basically, the Szyszkowski equation was derived for 
water solutions of fatty acids and aliphatic alcohols3. We as-
sumed that it could be used also for fitting of humic acids 
solutions ST measurement because the molecules adsorbed 
in the surface were predominantly aliphatic. The justification 
of this opinion is based on chemical character of HS since 
aliphatic molecules in humic acids are mainly lipids and alco-
hols. From the chemical point of view, those are amphiphiles; 
hence they are very likely to be excluded from bulk of water to 
the surface. Parameters obtained from Szyszkowski equation 
fitting are listed in Table III. There it can be seen almost the 
same value of parameter a for NaRHA1, NaRHA2, NaRHA3 
and NaRHA4 which means that these samples include more 
or less the same type of molecules adsorbed at the surface. 
To the other group belong NaHA and NaRHA6. In the last 
group is NaRHA5. For example for fatty acids the value of 
a parametr is reported 12.97 mN m–1.ref.3. Therefore, data 
reported in Table III are in a good agreement with this value 
and confirms our hypothesis.

The parameter b shows significantly high value 
382.2 ± 274 for NaRHA5 in comparison with lower NaHA 
41.9 ± 19.6. Therefore, it can be seen that the modification of 
parental lignite lead to production of humic acids with high 
surface activity. Comparison with literature data3 shows that 
efficiency of NaHA sample falls between C4 (butyric) and C5 
(valeric) acids (19.6 and 68.5, respectively) whereas sample 
NaRHA5 falls between C6 (caproic) and C7 (enanthic) acids 
(233 and 555, respectively).

The parameters obtained from Szyszkowski equation for 
all studied samples were correlated with C/O and C/H ratios 
from EA by Pearson correlation coefficient. The significantly 
high negative correlation was between the a-parameter and 
C/H ratio, the value was –0.68. It means that there was a close 
relationship between the type of molecule and aromaticity/al-
iphaticity of the sample. In fact, the larger value of a-param-
eter indicates higher aliphaticity of the sample. Positive weak 
relationship was between b-parameter and C/O ratio, the cor-
relation value was 0.47. That reflects that with higher surface 
activity the oxidation degree of the samples decreases. 

This work has been supported by project MSM 
0021630501.
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Fig. 1.  Dependence of surface tension obtained after 10 hours 
of the measurement of different concentrated humic samples, 
fitted by Szyszkowski equation

Table III
Parameters obtained from Szyszkowski equation

	 Sample	 a	 b	 Гmax	 s
		  [mN m–1]	 [dm3 mol–1]	 [10–3 mol m–2]	 [10–21 m2]
	 NaHA	 9.70	 41.9	 1.70	 0.98
	NaRHA1	 7.67	 147.9	 1.34	 1.24
	NaRHA2	 7.32	 243.2	 1.28	 1.29
	NaRHA3	 7.97	 169.7	 1.40	 1.19
	NaRHA4	 7.77	 99.7	 1.36	 1.22
	NaRHA5	 8.71	 382.2	 1.53	 1.09
	NaRHA6	 9.10	 88.6	 1.59	 1.04
	NaRHA7	 8.25	 342.2	 1.45	 1.15
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Introduction
Lignite is from geological point of view the youngest 

form of fossil fuels. Therefore its energy content is rather 
low. However, much attention has been paid to non-energetic 
applications of lignite recently1. Apart from other interesting 
way of utilization, lignite proved to be an efficient sorbent for 
a number of pollutants.

Although loose finely groung lignite can be used on its 
own, it might be beneficial for a number of industrial applica-
tion to use some immobilised form of lignite, for example for 
water purification. Therefore some process for lignite immo-
bilization has to be found.

Poly(vinyl alcohol), PVAl, is a common vinyl polymer 
with some very special properties. It is highly hydrophilic 
and well soluble in polar solvents including water. Moreover, 
it is absolutely non toxic, biocompatible and biodegradable2. 
The reactive secondary hydroxyl groups can be used for fur-
ther modification3. Crossliking is easily performed by a vast 
array of crosslinking agents4. Resulting hydrophilic gels are 
have very interesting properties and various applications, 
many of which include the immobilization of other active 
component (enzymes5, living cells6, heterogeneous catalyst 
particles7 etc.)

Experimental
Our experiments were decicated to the preparation and 

study of open-pore hydrophilic sponges with immobilised 
lignite as sorbent. Such articles might be useful e. g. for water 
treatment where some immobilised form of sorbent is always 
preferred. 

In a typical example, 10 g of 20 % wt. aqueous solution 
of PVAl (Mowiol 18-88, Fluka) was mixed with A grams 
of aluminum (fine powder, Fluka). After thorough mixing, 
10 ml of hardener solution was added. The hardener solution 
consisted of two components in variable ratios: Component B 
was a solution of paraformaldehyde in sulphuric acid (10 g of 
paraformaldehyde was dissolved in 100 ml of 60 % wt. sul-
phuric acid). Component C was 60 % wt. sulphuric acid. Af-
ter complete mixing, D grams of groung lignite was disper-
sed into the composition. Individual samples were then given 
a code (A–B/C–D) fully identifying their composition. For 
example, sample 0,05–7/3–2 was produced using 9 g PVAl 
solution + 0,05 g Al + hardener mixture made of 7 ml para-
formaldehyde solution and 3 ml 60% H2SO4 + 2 g lignite.

After thorough mixing, the composition was transferred 
into PE form with perforated lid, where it was left to react for 
24 hours at room temperature. During this time, formalde-
hyde reacted with PVAl and formalised, partially crosslinked 

copolymer was produced – poly(vinyl alcohol-co-vinyl ace-
tate-co-vinyl formal). 

At the same time, aluminum powder slowly reacted with 
sulphuric acid and hydrogen gas evolved. As the volume of 
hydrogen grew, the mixture was slowly foamed up and its 
volume increased 3–15 times, depending on the amount of 
aluminum added. During this process, a solid hydrophilic 
open-cell sponge was created.

After the reaction, the form was open and the cured 
sponge was repeatedly washed with running tap water to 
remove reaction byproducts. After complete washing, the 
spopnges were stored soaked in 0,001 % wt. aqueous SEP-
TONEX solution to protect then against microbial contami-
nation.

Adorption efficiency was studied by measuring the 
adsorption of Cu2+ ions onto pure sponge and lignite-contai-
ning sponge samples. Copper concentration was determined 
vy UV-VIS spectrometry by measuring the absorbance at 
808 nm and the amount of of adsorbed copper was expressed 
as mg of copper per gram of sorbent (i.e. per total weight 
of sponge). The sorption capacity of lignite depends on the 
pH and the optimum region is 3.9–5.5. Therefore the samples 
were immersed in acetate buffer solution of pH = 4.5.

Results
Optical images of sponge crossection were recorded 

using Nickon Eclipse E200 microscope and Nikon D200 
digital camera. FTIR spectra were recorded on NICOLET® 
Impact 400 spectrophotometer. Samples of sponges  

Fig. 1.  Intramolecular acetalization

Fig. 2.  Intermolecular acetalization

Table I
Composition and sample naming of PVAl sponges

		  Hardener	 Lignite	 Al [g]	 composition	 [g]	 Sample code
		  [B + C, ml]	
			   2	 0.05–5.5/4.5–2
	 0.05	 5.5 + 4.5	 4	 0.05–5.5/4.5–4
			   6	 0.05–5.5/4.5–6
			   8	 0.05–5.5/4.5–8
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were finely ground to very small flakes and pressed to stan-
dard KBr tablets.

The recorded IR spectra clearly account for the reactions 
taking place during curing process:

The strongly acidic environment resulting from the har-
dener composition yields complete hydrolysis of resi-
dual acetate groups on PVAl macromolecule. This is 
accompanied by total disappearance of the 1,735 cm–1 
peak corresponding to ester vibration.
The decreasing peak at 3,340 cm–1 proves the consump-
tion of secondary hydroxyl groups for acetalization. 
C–H vibrations characteristic for formal group appeared 
at 2,870 and 2,790 cm–1 and showed increaseing intesity 
with increasing amount of hardener. 
Peaks at 1,189, 1,143, 1,076 a 1,033 cm–1 are associ-
ated with valence vibrations of = C – O – C – groups and 
account for the formation of formal.
Peaks at 2,360 cm–1 prove the presence of carbon dio-
xide in the tablets. 

The adsorption of copper prooved to be dependent on 
the pH of the environment. Singe the sponges originated at 
highly acidic conditions, they tend to release acidity over a 
long period of time. Therefor the pH value had to be adjusted 
by the acetate buffer. Results are summarized in the following 
tables and figures.

•

•

•

•

•

Conclusions
Our work was dedicated to the immobilization of lignite 

into highly porous hydrophilic sponges made of acetalized 
PVAl. These sponges were prepared by acidic formalization 
of aqueous solution of PVAl. Pores were formed by gaseous 
H2, which originated from the reaction of powder aluminum 
with acid. Resulting sponges were of open-cell structure, 
were highly hydrophilic and had variable porosities depen-
ding on the amount of blowing agent (aluminum).

A set of sponge samples with varying lignite content 
was prepared and the properties of resulting sponges were 
studied. We also studied the sorption capacity of lignite-con-
taining sponges on model pollutants (Cu(II) ions).

Fig. 3.  Samples 0.05–5.5/4.5 and 0.05–5.5/4.5–6

Fig. 4.  FT-IR spectra of raw and acetalised PVAl

Table II
Sorprion performance

	 Sample	 mCu [mg g–1]
		  pH ~ 2,4	 pH ~ 4
	 0.05–5.5/4.5–2	 0.13	 6.15
	 0.05–5.5/4.5–4	 0.69	 11.36
	 0.05–5.5/4.5–6	 1.24	 12.03
	 0.05–5.5/4.5–8	 2.36	 13.10
	 Lignite	 *	 14.43

Fig. 5.  Sorption performance
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Introduction
In this paper comparison of chemical structure and opti-

cal properties of humic acids (HA) isolated from various 
sources are presented. 

Excellent sorption properties of HA are well known to 
depend on their chemical structure and composition. 

Therefore HA isolated from different matrices (soil, 
lignite) were studied using FTIR and synchronous fluores-
cence spectroscopy (SFS) in emmision mode. FTIR spectra 
contributed to authentic knowing of functional groups in 
HA molecule. The inherent fluorescence of humic acids 
is an extremely sensitive measure, which allows for non-
destructive analyses of samples1,2,3. Object of our study were 
HA isolated from lignite (locality Mikulčice, Czech Rep.) 
and Modal Chernozem (locality Bratčice, Czech Rep.).

Experimental
HA from soil were isolated according to the internatio-
nal standard method IHSS4. HA from coal were isolated 
according to the Czech standard on determination of HS 
content in coal.
FTIR spectra were measured using KBr technique with 
Nicolet Impact 400 spectrometer.
Humic acids were dissolved in 0.5M NaOH and SFS 
spectra were measured by Spectrofluorimeter Aminco 
Bowman Series 2 within the range 320–620 nm 
(at Δλ = 20 nm and temperature 20 ºC). 

•

•

•

Results
F T I R  S p e c t r a

Results showed that the main peaks observed in infra-
red spectra were similar for both samples (Fig. 1.). There are 
evident following peaks: small peaks at 3,300–3,400 cm–1 

(OH groups, H-bonds), two small but distinct peaks at 
2,930–2,850 cm–1 (asymmetric C of CH2), sharp peak at 
1,700–1,720 cm–1 (C = of COOH), peak at 1,650–1,655 cm–1 

(carboxylate and amido groups), peak about 1,620 cm–1 

(C = C in aromatic structures, C – O stretch), composed band 
in 1,000–1,220 cm–1 (aliphatic C – O stretch, OH groups and 
polysaccharides). 

S F S  S p e c t r a
In SFS spectral range (Fig. 2.) four main fluo-

rophore peaks were identified: at 488, 502, 470, 512 nm 
(at Δλ = 20 nm). SFS spectra of Modal Chernozem sample 
showed further peak at about 359 nm. The peak determined 
at emission 488 nm corresponded with excitation at 468 nm. 
This value of wavelength was more intensive then others. 
Maximum fluorescence intensity was shifted from shorter to 
longer wavelength caused by an increasing number of aro-
matic compounds in HA molecule. Relative fluorescence 
indexes (RFI) were calculated as ratio I488/I502. The fluores-
cence indexes it is supossed to be closely connected with 
humification degree. Higher RFI index was found in Modal 
Chernozem humic acid (1.13). RFI index of Lignite humic 
acid was lower (1.02). So we suggested higher humification 
degree in Modal Chernozem humic acid. These values could 
be also related with samples origin (mean residual time and 
geological age). 

Fluorescence of studied samples was compared with 
fluorescence behaviour of Leonardite humic acid standard 
(IHSS). According to the literature, studied samples were 
included into the second group of humic substances2. HA in 
this group had two closely – spaced main excitation peaks at 
450, 465 nm and emission maximum about 500–520 nm.

Conclusions
We can conclude that HA isolated from different mat-

rices had both FTIR and SFS spectra very similar except 
lower wave numbers and wavelengths. Lignite and Modal  

Fig. 1.  FTIR spectra of HA isolated from Lignite and Modal 
Chernozem

Fig. 2.  Synchronous fluorescence spectra of Lignite and Modal 
Chernozem humic acids at Δλ = 20 nm
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Chernozem humic acids contained the same type of fluo-
rophore groups. More intensive fluorescence behaviour gave 
sample of Modal Chernozem HA. Differences in position of 
fluorophore peaks were not established.

This work has been supported by Grant Agency of the 
Czech Republic No. 104/03/D135 and by the Research plan 
No. MSM6215648905 “Biological and technological aspects 
of sustainability of controlled ecosystems and their adaptabi-
lity to climate change“, which is financed by the Ministry of 
Education, Youth and Sports of the Czech Republic.
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Introduction
In the past decades, the increase in the world population 

and economy has resulted in a raising demand for various 
raw materials for industries such as raw materials for pulp 
and papermaking1–4. Many researchers have investigated 
the effects of the application of ultrasonic energy to pulp1,3, 
recycled fiber4, enhancement isolation of different compounds 
and component of wood or straw materials such as lignin2,5,6, 
carbohydrate such as cellulose and hemicellulose7,8. The of 
review Willems (1962)9 describes the use of ultrasound in 
pulp and paper technology for various processes like debar-
king, defibration, beating, impregnation and penetration, pul-
ping, bleaching, stock preparation and grafting. The use of 
the ultrasound proceduce has evidenced their major potencial 
in the process of decreases or partial replacement of hazar-
dous chlorine compounds during pulp bleaching alternative 
chemicals. Hemicellulases have been used to increase lignin 
extractability by partial degradation of the lignin-hemicellu-
lose complex in the fiber, thus to improve the bleachability 
of pulp.1,3,10–12

Experimental
R a w  M a t e r i a l

NIST standard reference material 8495 Northern Soft-
wood Bleached Kraft Pulp was used in this study.

U l t r a s o n i c  T r e a t m e n t
Sonications were carried out at 25, 40 and 80 kHz. For 

the ultrasonic treatment, 1 g portions of pulp (o.d.) were 
sonicated in 1L water using an ultrasonic generator (Model 
ECOSON).

W a t e r  R e t e n t i o n  V a l u e  ( W RV  )
0.5 g of wet sample was swollen in 22 cm3 deionized 

water for 6 hours, After this results treatment, the samples 
was centrifuged at 2,200 rpm. for 12 min. The dewarted sam-
ple was dried to a constant weight at 105 °C.

D R I F T  F T I R  S p e c t r a
DRIFT FTIR spectra were obtained by means of a 

Digilab Excalibur FTS 3000MX FTIR spectrometer. Finely 

divided 13 mg samples of the material surface were groun-
ded and dispersed in a KBr (260 mg). The DRIFT FTIR 
spectra were recorded with the nominal resolution of 4 cm–1 

using DRIFT FTIR technique. Spectra were recorded over 
the range 400–4,000 cm–1 . Each spectrum is the average of 
30 individual scans. The experimental DRIFT spectra were 
mathematically evaluated using OMNIC (Thermo Nicolet 
Corp.) and MicroCal Origin software.

A c i d  H y d r o l y s i s
The resulting suspensions were then hydrolysed into 

microcrystals by refluxing for 5 h in 3.5M HCl.
Then the mixture was filtrated and 5 ml filtrate was 

added to solution of 1M NaOH buffer with pH = 7. Felingh 
solution I (10 ml) and Felingh solution II (10 ml) was added. 
This solution was warmed up to boiling point in 3 min. and 
following the reflux for 2 min. After heating to this sample 
was cooled and filtrated. Precipitated compound CuO2 was 
dissolved in 20 ml 1M HCl and solution was neautralized to 
pH 8. Finally, this solution was titrated with the chelatone II 
(c = 0,01 M) using indicator murexid.

Results
The water retention value (WRV) has been extensively 

used to study several properties of cellulose materials. The 
accessibility of the cellulose material for swelling depends 
on several factors. The essential factors limiting the access 
of swelling of the fibres are: macro and microstructure of 
the fibres and and, in this manner, on the internal structure 
of cellulose and other factors such as capillary system and 
lumen expansion3. The mechanical effects of ultrasound pro-
vide a greater penetration of solvent into cellular materials 
and improves mass transfer11. The development of irradiation 
during ultrasonic treatment of softwood kraft pulp and diffe-
rent frequency 25, 40 and 80 kHz on the change of the WRV 
is shown on Fig. 1. On the basis of obtained results it might 
be said that increasing frekvence from 25 to 80 kHz in time 
up to 10 min. affect WRV insignificantly.With the longer 

Fig. 1.  The influence of the ultrasonic treatment with the diffe-
rent frequency 25, 40 a 80 kHz on the change of the water reten-
tion value (WRV). -■- 25 kHz; -○- 40 kHz; -∆- 80 kHz
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time of ultrasonic treatment (15 min) was found increase of 
WRV at 40 and 80 kHz. At 25 kHz was value of WRV didn’t 
change. This effect of ultrasonic treatment is also confirmed 
by another work Wojcak and Pekarovicova, 20013.

The effect of the ultrasonic treatment on the pulp relates 
to the changes in the porosity of irradiated pulp3. These results 
were investigated in the work Laine and Goring (1977)1 by 
the solute exclusion technique. They suggested that the ef-
fect of ultrasonic seems to be caused by transformation of the 
fibres small pores into larger ones. According to Wojcak and 
Pekarovicova (2001)3 was observed that ultrasonic treatment 
increases the porosity of pulp. Several attempts have been 
made to characterize and quantify the degree of crystallinity 
of pure celluloses using intensities of certain bands in the 
infrared spectra.13–15

The ratios of bands-heights at 1,429 and 894 cm–1 , at 
1,372 and 2,900 cm–1 have been used as relative measures 
of cellulose crystallinites. The change in overall crystallinity 
has been studied by the determination of the absorbance area 
ratio 1,372/2,900 cm–1 (Fig. 2.). For the area of the band at 
2,900 cm–1 , the baseline was drawn between the shoulders at 
3,005 cm–1 and 2,590 cm–1 while for the area of the band at 
1,372 cm–1 , the intensity of shoulder at 1,392 cm–1 and maxi-
mum at 1,350 cm–1 were used giving a common baseline for 
the group of bands, which occur close together in this region. 
The differences in the absorbane ratio of up to 0.022 units are 
insignificant for different frequencies which were used for 
ultrasonic treatment at 25, 40 and 80 kHz. 

On the Fig. 3., there is shown the course of acid hydro-
lysis during the ultrasonic treatment with different frequency 
80, 40 and 25 kHz. Samples of ultrasonification in water have 
exhibited higher acid hydrolysability than untreated ones. 
During the ultrasonic treatment increase of total content of 
saccharides at all frequencies was observed. The prolonged 
ultrasonification up to 15 minutes caused significant incre-
ase in hydrolysability. At the frequency 40 kHz was achieved 
significant increase of total content of saccharides at time  

of 5 and 10 minutes of ultrasonic treatment comparing soni-
cation at frequencies 25 and 80 kHz. At the time of 5 minutes 
the increase of total content of saccharides was about 90 % 
higher comparing to ultrasonic treatment at 25 and 80 kHz 
and about 106 % higher at 10 minutes of ultrasonic treat-
ment.

Conclusions
Suspensions of northern softwood bleached kraft pulp 

were subjected to ultrasonic treatment at different ultrasonic 
frequencies 25, 40 and 80 kHz. Results revealed an increase 
in cellulose’s accessibility in terms of water retention value 
(WRV) with increasing ultrasonic treatment time with the dif-
ferent frequency 25, 40 and 80 kHz of ultrasonic treatment. 
Furthermore, the acid hydrolysis of cellulose has been also 
successfully improved by the ultrasonic treatment. However, 
no significant changes in crystallinity of cellulose were noted 
after ultrasonic treatment which was characterized by means 
of FTIR.

This work has been supported by ME SR VEGA (Con-
tract No. 1/0770/08).
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Introduction
The high affinity of humic acids (HA) to transition metals 

is caused by large amount of binding sites in their structure. 
There is a large number of various coordination sites that are 
able to bind transition metals by various strengths. The most 
important functional groups are the carboxylic and phenolic 
ones.Copper was used as a model metal for experiments due 
to high affinity to HA and stability of formed complexes.

In previous works, quantum chemical calculations of 
interaction enthalpies1 and also measurement of complexa-
tion kinetic2,3 were carried out. On the basis of obtained 
results the following models have been chosen for this study: 
citric acid, hydroquinone, pyrocatechol, salicylic acid and 
EDTA. New band in UV/VIS spectra was detected as a result 
of complex formation for hydroquinone and pyrocatechol. 
Others were chosen mainly for their high affinity to metal 
ions, e.g. salicylic acid is frequently considered as the most 
suitable coordination site in structure of humic acids, which 
has been confirmed also by quantum chemical calculations 
in our works1,3.

Experimental
Ultrasonic spectrometer with high resolution HR-US 

102 (Ultrasonic Scientific, Ireland), was utilized for measu-
rement of basic ultrasonic parameters. The device consists 
of two independent cells tempered at 25 °C. Both cells were 
filled by the same model compound (e. g. hydroquinone) and 
then 1.25M CuCl2 (20 µl) was added into one cell. Velocity 
(U) and attenuation (N) in both cells was measured, the resul-
ting differences between both cells (U12 and N12) were com-
puted. 

UV/VIS spectra were measured by means of U–3300 
Hitachi spectrophotometer.

Results
Time dependencies of U12 for all used model are shown 

at Figs. 1 and 2. We can see that hydroquinone and pyroca-
techol (Fig. 1.) need relatively long time for stabilization of-
ter addition of CuCl2 than others. 

Pyrocatechol, which has very strong new band in its UV/
VIS spectrum after CuCl2 addition, has minimum on its time-
curve much higher not only than models without new band 
in spectra (citric and salicylic acid, EDTA – Fig. 2.) but also 
than hydroquinone. It seems, that relatively strong complex 

is formed in this case, but the affinity of Cu2+ ions to this 
model is not too high, which corresponds with lower rate of 
the process.

On the other hand, high velocity and short time measu-
red for salicylic acid (Fig. 2.) confirmed high ability of this 
structure to bind cupric ions in stable complexes. Quantum 
chemical calculations of interaction enthalpies1 resulted in 
model of salicylic acid as a most attractive for complexation 
of metal ions. It is not surprising that complexation of cup-
ric ions gives similar or better results, before its functional 
groups give possible similar chelating effect. In the case of 
EDTA is complexation rate probably influenced by molecule 
sizes and steric effects. But comparison with pzrocatechol 
and hzdroquinone shows that also this structure is more pre-
ferable. High affinity of cupric ions to these three structures 
probably causes that their interactions are faster than others.

Conclusions
Preliminary results of high resolution ultrasound 

spectroscopy are presented in this contribution. Obtained 
data correspond with conclusions in our previous works.1–3 
Salicylic acid, as well as citric acid and EDTA, seem to be 
attractive coordination sites for complexation of cupric ions. 

Fig. 1.  The time dependence of U12 for pyrocatechol (upper) 
hydroquinone after addition of CuCl2

Fig. 2.  The time dependence of U12 for citric acid (upper), sali-
cylic acid (middle) and EDTA after addition of CuCl2
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On the hand very interesting results were obtained for hyd-
roquinone and pyrocatechol Even though, their interaction 
enthalpies computed in ref.1 are much lower than values 
determined for others, these structures contribute also to 
complexation capacity of humic acids. It corresponds with 
experimentally measured interaction enthalpy oh humic 
acids3, which is approximately three times lower that that of 
salycilic acid, and EPR and FT-IR spectra of formed comple-
xes discussed in our work4.

This work has been supported by Grant Agency of Czech 
Republic, project 104/08/0990.

REFERENCES
	 1.	K lučáková M., Pelikán P., Lapčík L., Lapčíková B., 

Kučerík J., Kaláb M.: J. Polym. Mater. 17, 337 (2000).
	 2.	K lučáková M., Válková D., Pekař M.: Proc. 9th Interna-

tional Conference on Environment and Mineral Proces-
sing (Fečko P., Čablík V., eds.), p. 31. Ostrava, 2005.

	 3.	K lučáková M., Pekař M., Válková D Proceedings of 
the 13th Meeting of the International Humic Substances 
Society, Vol. 45-I I (Frimmel F.H., Abbt-Braun G., eds.) 
, p. 893. Karlsruhe, 2006.

	 4.	Č echová E., Klučáková M., Krčma F., Majzlík P., Vra-
jová J.: ISPC XVIII – book of abstracts, p. 745. Kjoto 
2007.



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1154

P11	 KINETICS OF SORPTION OF METAL IONS ON 
LIGNITIC HUMIC ACIDS

Martina Klučáková
Institute of Physical and Applied Chemistry, Faculty of Che-
mistry, Brno University of Technology, Purkyňova 118, 612 00 
Brno, Czech Republic,
klucakova@fch.vutbr.cz

Introduction
High sorption ability of humic acids (HA) is well known. 

Many authors1–4 use Langmuir model for mathematical 
description of adsorption and computing HA sorption capa-
city. Even thought this model is in relatively good agreement 
with experimental data, its utilization is connected with some 
inaccuracies in this case, because it does not take into account 
the production of hydrogen ions during reactions of metal 
ions with acidic functional groups on the surface of humic 
particles. Therefore the new type of adsorption isotherm, 
respecting the nature of surface chemical interactions, was 
proposed for adsorption of metal ions on solid humic acids 
and proved experimentally in previous work5.

Experimental
HA were obtained from South-Moravia lignite by means 

of the alkaline extraction5–6 and characterized in7.
The ratio 1 g of HA and 50 cm3 of the Co2+ (or Ni2+) 

salt solution was employed for the sorption experiments. The 
quantity of adsorbed metal ions was calculated on the basis 
of the decrease of absorbance (Hitachi U–3300 spectrometer) 
and calibration curves. The amount of liberated H+ ions was 
measured using pH-meter Sentron Titan K185-016.

Results
The model was derived for bivalent cations and proved 

experimentally for sorption of cupric ions. This work deals 
with kinetics of sorption of cobalt and nickel ions on HA to 
prove above mentioned new model for metal ions with lower 
affinity to HA. Following equation was derived for descrip-
tion of adsorption kinetics for binding sites unable splitting 
of H+ ions:

where

L

0
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L

00 41
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





 +−
= ads ,	 (2)

c is concentration of metal ions in given time, c0 is their initial 
concentration and ceq is their concentration in equilibrium; f0 
is the initial concentration of free binding sites (adsorption 
capacity), bL is adsorption coefficient determined on the basis 

of adsoption isotherm and t is time. Because equations (1) 
and (2) are valid for constant pH-value, only data for t ≥ 60 
min (after pH stabilization) were used for computing values 
of kads. Obtained results in comparison with those published 
in ref.7 for Cu2+ ions are listed in Table I.

We can see that values obtained for Co2+ and Ni2+ ions 
are lower comparing with those of Cu2+ ions. It is caused by 
lower HA affinity to these metals and therefore slower adsorp-
tion. However, experimental data are in very good agreement 
with (1) and (2) (see Fig. 1.) and the dependence of kads on 
temperature can be described by Arrhenius equation similarly 
as in the case of Cu2+ ions. It confirmes that developed model 
can be used also for adsorption of metal ions with lower affi-
nity to HA and chemical bonds are formed in this process.

Conclusions
The new model published in7 devises binding sites in 

humic acids into two parts: acidic functional groups, which 
split of hydrogen ions during surface reaction in adsorption 
and other binding sites as e.g. aromatic structures, which 
are not able to change pH value in system. One of the most 
important advantages of the model is that computed adsorp-
tion coefficients are not dependent on pH value as well as 
adsorption and desorption rate constants obtained from kine-
tic equation. We are able to determine directly only rate con-
stants for adsorption and desorption, which does not cause 
splitting of H+ ions. 

,	 (1)

Table I
Adsorption rate constants

	 T [°C]	 kads (Co2+)	 kads (Cu2+)	 kads (Ni2+)
		  [dm3 mol–1 s–1]	 [dm3 mol–1 s–1]	 [dm3 mol–1 s–1]
	 30	 1.44 × 10–6	 3.55 × 10–5	 6.57 × 10–6

	 50	 3.62 × 10–6	 6.28 × 10–5	 8.02 × 10–6

	 70	 1.17 × 10–5	 1.05 × 10–4	 9.67 × 10–6

Fig. 1.  Example of experimental data obtained for adsorption 
of Ni2+ ions at 50 °C fitted by eq. 1 (circles – H+ ions are splittin 
off, triangles – no changes of pH)
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Introduction
Solid humic acids (HA) are traditionally defined accor-

ding to their solubility. They are usually considered to be only 
partially soluble in water. The dependence of their solubility 
on pH-value is motivation for further fractionation. Prelimi-
nary results of the fractionation by HA dissolving in buffers 
with various pH values were published in ref.1. 

The same method is utilized also in this work. Acid-base 
properties of obtained HA fractions as well as their solubility in 
water are studied and compared with behaviour of original HA. 

Experimental
HA were obtained from South-Moravia lignite by means 

of the alkaline extraction2–3 and characterized in4.
Batch method of fractionation using universal buffer 

solution (NaOH-H3PO4-CH3COOH-H3BO3) of different pH 
values (4–12). Finely grounded HA (1 g) were mixed with 
buffer solution (50 cm3) and stirred for 24 h. Insoluble resi-
due was separated by vacuum filtration and concentrated HCl 
solution was added to the filtrate (up to pH = 1) in order to 
precipitate soluble HA fraction. The precipitate was washed 
by deionized water to remove chloride ions and dried at 
50 °C.

Obtained fractions were characterized by UV/VIS 
(Hitachi U–3300) and FT-IR spectroscopy (Nicolet Impact 
400). Content of COOH was determined by standard acetate 
method5. Acid-base properties of individual fractions as well 
as undissolved residues were studied by dissolving in deioni-
zed water (4–40 g dm–3)3,6.

Results
HA fractionation and study of behaviour of obtained 

samples showed many interesting results. While pH-values 
of buffers, which were before fractionation acidic decreased 
(up to 3.5), others were after fractionation approximately 
neutral, even thought dissolved HA amount was much hi-
gher. It was found that contain of acidic groups in majority of 
individual fractions is higher than the content of original HA 
samples (see Table I). Our hypothesis is that HA structure is 
changed during fractionation. HA can interact with individual 
components of buffer and re-arranged their structure, which 
results in apparently higher acidity of obtained fractions. The 
re-arrangement of HA structure probably causes, that some 
acidic groups inside HA aggregates, which are not able dis-
sociate in original HA sample, can contribute to measured 
acidity in individual fractions.

An exception is undissolved HA residue (initial pH = 12), 
which has lower acidity that original HA. Surprising is that 
this fraction (after “exhaustion” of the largest amount of 
HA fraction) has several times higher solubility in water as 
others. Extracts had to be 30-times dissolved in order to mea-
sure UV/VIS spectra. Contradictory results were obtained 
in measurement of pH and conductivity. Extracts of fraction 
undissolved at pH = 12 had lower conductivity and very high 
pH values in comparison of other fractions as well as original 
HA sample. On the other hand, this fact corresponds with our 
hypothesis of re-arrangement and possible interactions with 
buffer, because the most “aggressive” buffer caused the most 
marked changes in HA properties.

In previous works3,6, has been deduced model of HA 
behaviour in water and aqueous solutions, which included 
dissociation both dissolved HA and undissolved solid par-
ticles. We applied this model of obtained undissolved resi-
dues, but their dissolving is different probably as a result of 
structural changes caused by fractionation (see above). It was 
derived that equilibrium constant K between dissolved and 
dissociated HA is

Table I
Content of COOH groups in individual samples

	 Sample (fraction)	 Initial pH-value	 COOH [mmol g–1]
	 original HA	 –	 3.3
	 undissolved	 4	 4.2
	 undissolved	 6	 3.6
	 undissolved	 8	 3.5
	 undissolved	 10	 4.2
	 undissolved	 12	 2.0
	 dissolved	 8	 6.3
	 dissolved	 10	 7.5
	 dissolved	 12	 5.3

Fig. 1.  Experimental data obtained for initial pH = 6 (triang-
les) and 10 (circles)
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which can be linearized as

K
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(2)

where × is concentration of H+ ions, m is content of HA in 
initial suspension and k is constant. While data measured for 
original HA agree with (2) very well and they give strong 
line3, dependencies obtained for our fraction are curved and 
curvature increases with decreasing initial pH-value. It is 
other confirmation of structural changes in HA and also diff-
erent behaviour of individual samples.

Conclusions
Acid-base properties of HA fractions obtained by means 

of extraction in buffers with various initial pH-values are 
studied in this work. It was found that re-arrangement and 
changes of HA structure are caused by this way of fractio-

nation. It results in higher acidity both dissolved and undis-
solved fractions in comparison with original HA sample and 
very high solubility of the last residue (initial pH = 12) with 
lowest conductivity and acidity of its extract in water.
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Introduction
Plasma technologies have been already established a 

key role in many industrial products such as microelectronic 
devices, solar cells, protective or anticorrosion coatings on 
machining tools or automobile parts. However, they are still 
extensively studied as a tool for deposition of new materials 
and for better understanding of the existing processes.

Using high temperature methods, carbon nanotubes 
(CNTs) can be produced from carbon vapours generated by 
an arc discharge or by laser ablation of graphite. Alternative 
methods are covered by the term chemical vapour deposition 
(CVD). CVD offers some advantages over other mechanisms 
particularly in allowing synthesis on specialized surfaces and 
substrates. By this method, nanotubes can be produced with 
high purity and in well-ordered arrays of relatively uniform 
geometry. The CVD group can be further divided into ther-
mal CVD processes and processes utilizing plasma dischar-
ges, the so called plasma enhanced CVD (PECVD). The 
PECVD technique employes combination of physical and 
chemical processes and is based on the molecule dissociation 
in the gas phase by impact of energetic electrons and atoms 
in metastable states followed by chemical reactions of gas 
radicals. PECVD technique is also one of suitable methods 
for the deposition of diamond-like carbon (DLC) and crys-
talline diamond thin films. The PECVD method enables to 
adjust the film properties and composition by choosing the 
right deposition parameters and hence make them convenient 
for a wide variety of applications.

Optical emission spectroscopy (OES) analysis is relati-
vely simple tool for the investigation of plasma used for the 
deposition or synthesis. Among others, it can be used for the 
determination of neutral gastranslational temperature that is 
one of the important factors of the CVD processes. Hence, the 
OES together with numerical treatment of measured spectra 
was applied in this work to determine the gas temperature of 
different plasma processes.

Description of Plasma Processes Studied
Optical emission spectra were measured in the three 

types of experiments:

atmospheric pressure microwave (mw) torch used for 
the synthesis of carbon nanotubes
low pressure mw ASTeX-type discharge used for the 
deposition of ultrananocrystalline diamond (UNCD) 
films
low pressure r.f. capacitive discharge used for the depo-
sition of nanocomposite diamond-like carbon films

M W  T o r c h  f o r  S y n t h e s i s  o f  C N T s
The microwave (mw) plasma torch at atmospheric pres-

sure has been sucessfully used for carbon nanotube (CNT) 
synthesis1,2. The whole experimental set-up (see Fig. 1.) used 
for the synthesis of CNTs and plasma diagnostics is described 
below. Microwave power is supplied by a 2.45 GHz, 2 kW 
generator via a standard rectangular waveguide. At the end of 
the waveguide there is a broadband transition to a coaxial line 
realized by means of a ridge waveguide. The inner conductor 
of the coaxial line is hollow double-walled tube accommo-
dating a dual gas flow. A conical hollow nozzle electrode is 
fixed to its top. The nozzle is made of iron with a central gas 
flow channel. A set of holes in the outer tube wall allows for 
separate gas feeding by an outer channel. The central con-
ductor is held in place by boron nitride ceramics. The outer 
conductor of the coaxial line is terminated by a flange.

The plasma expands from the central nozzle forming a 
torch discharge. A quartz tube separates the discharge from 
surrounding atmosphere. At the bottom it is sealed by a teflon 
piece to the flange of the outer coaxial conductor. At the top 
it is closed by an upper flange with an exhaust tube and a 
sealed feedthrough for a substrate holder. The substrate hol-
der is another quartz tube fixed at the upper flange. This tube 
is closed at its top by a quartz window. At the opposite side, 
i.e. close to the discharge nozzle, two slits are cut through the 
tube. Substrates for the deposition (15 × 10 mm2) are inserted 
into these 1 mm wide slits and pressed down slightly by the 
weight of a 20 mm piece of a narrower quartz tube. 

For the CNT deposition 1,500 sccm of argon was flowing 
through the centre of the nozzle and an H2/CH4 mixture was 
added from the outer channel. The mw power was fixed at 
400 W. The deposition of CNTs was carried out at atmosphe-
ric pressure on the silicon substrates (10–15 mm) with silicon 
oxide layer covered by iron (Fe) catalytic thin film. 

The silicon oxide was prepared by PECVD in r.f. capa-
citively coupled low pressure glow discharge from the hexa-
methyldisiloxane/oxygen mixture and subsequently annealed 
at 970 K for 30 min. An iron film, 2.5–1 5 nm in thickness, 
was vacuum evaporated on the top of the silicon oxide

Optical emission spectra were recorded by means of the 
Jobin-Yvon TRIAX 320 spectrometer with a fibre optics and 
CCD detector. The fibre was fixed at different distances from 
the nozzle along the discharge axis in order to study spatial 
changes in the plasma emission. The measurement spot inte-
grated by the optics was 10 mm. Appropriately, the spatial 
profiles were carried out with the same step. 

•

•

•
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M W  A S T e X - t y p e  D i s c h a r g e  f o r 
U N C D  D e p o s i t i o n

The bell-jar microwave plasma CVD reactor for UNCD 
deposition3 is shown in Fig. 2. The basic features of this 
reactor included a 10 cm in diameter silica bell-jar, that con-
fines the plasma discharge, and 5 cm diameter substrate hol-
der. The microwave generator (Muegge) used a magnetron 
to generate 2.45 GHz microwave radiation that was directed 
by a rectangular air filled metallic waveguide. A circulator 
allowed the microwave radiation to travel towards the CVD 
reaction chamber, but redirected any reflected microwaves 
into a water-cooled dummy load. In this way, any excess 
energy was dissipated, thus preventing damage to the magne-
tron. An antenna coupled the energy from the waveguide into 
the reactor, which was cylindrical in shape. The position of 
the plasma ball could be changed by bottom matching piston. 
The substrate was heated by the discharge.The gas mixture 
and the pressure range utilized were CH4/H2 and 4–25 kPa, 
respectively. The power range was typically 0.5–2 kW.

Continuous nucleation of diamond nanocrystals 
was achieved by capacitive coupling of r.f. power (35 W, 
13.56 MHz) to the central graphite plate of the substrate hol-
der. The outer graphite ring served as a grounded electrode. 
Due to different mobility of electrons and ions this resulted 
in a generation of dc self-bias accelerating the ions across the 
sheath adjacent to the graphite plate, i. e. to the substrate.

R F  C a p a c i t i v e  D i s c h a r g e  f o r 
D e p o s i t i o n  o f  N a n o c o m p o s i t e  D L C 
F i l m s

The DLC films with various SiOx content were prepa-
red in r.f. capacitive discharges at low pressures (8–11 Pa) 
from a mixture of methane (CH4) and hexamethyldisiloxane 
(HMDSO)4. This basic mixture was used either without any 
additional gas or with an admixture of argon, hydrogen or nit-
rogen. The reactor was a glass cylinder with two inner parallel 
plate electrodes made of graphite. The bottom electrode, with 
the diameter of 150 mm, was coupled to the r.f. generator 
(13.56 MHz) via a blocking capacitor. The substrates (silicon 
single-crystal, glass, steel and polycarbonate) were placed on 
the r.f. electrode, the r.f. voltage of which was superimposed 
with a negative d.c. self-bias. The r.f. power was in the range 
50 to 350 W. The corresponding self-bias voltage varied from 
–250 V to –600 V depending on the gas mixture, applied 
power and deposition pressure. The CH4 flow rate was varied 
in the range from 1.4 sccm to 2.85 sccm. The HMDSO flow 
rate varied from 0 to 0.87 sccm. The flow rate of admixed gas 
(Ar, H2 or N2) ranged from 0.35 sccm to 7 sccm. 

Optical emission spectra were recorded by means of the 
Jobin-Yvon TRIAX 550 spectrometer. Spectrum of N2

+ (first 
negative system) was studied for the determination of rotati-
onal temperature.

Fig. 1.  Microwave torch used for synthesis of carbon nanotubes	 Fig. 2.  Microwave ASTeX-type reactor used for UNCD depo-
sition
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Calculation of Rotational Temperature from Optical 
Emission Spectra

We have developed the program DMESS5 for the deter-
mination of rotational temperature of diatomic molecules that 
is based on the least square method in which the difference 
between the measured and simulated data is minimized. 

Nowadays, the program can be used for following vib-
rational transitions: N2

+ (first negative system), CN (violet), 
N2 (second positive system) and C2 (Swan system). The line 
positions of the molecular spectra are calculated either using 
equilibrium constants that determine the vibrational and rota-
tional constants for the particular electronic transition or, in 
case of N2

+, CN and C2 molecules, from tabulated spectros-
copic constants for each vibrational level. The latter approach 
allows more accurate determination of the energies, i.e. the 
line positions, of the specific vibration levels. The intensi-
ties are convoluted with Lorentzian, Gaussian or triangular 
lineshapes. The program uses following fitting parameters: 
rotational temperature, line broadening, spectral shift of mea-
sured data and background intensity. In general, the broade-
ning corresponds to the sum of the broadening determined by 
the resolution of the spectrometer, i.e. apparatus function, and 
the broadenings caused by physical processes. Two methods 
can be used for the fitting of spectra within the program, the 
Nelder-Mead method (known as downhill simplex method) 
and the Levenberg-Marquardt algorithm. The fast Nelder-
Mead method starts the fitting with the user estimated values 
of the parameters in order to find approximately the position 
of the global minimum. Then, the more sophisticated Leven-
berg-Marquardt algorithm can be used for finding more pre-
cise parameter values.

Results and Discussion
For the mw torch discharges the gas temperature in the 

case of deposition mixtures was estimated as the rotational 
temperature from the (0,0) rotational emission band of the C2 
Swan system. 

Dependence of the rotational temperature on the posi-
tion of the optical fibre with respect to the nozzle electrode 
was measured. The calculated rotational temperatures by pro-
gram DMESS show the increase of temperature approxima-
tely to position 10 mm above the nozzle electrode, where is 
the temperature 4,200 ± 70 K, and the subsequent decrease, 
30 mm above the nozzle temperature is 3,100 ± 70 K. The 
comparison of measured and simulated rotational structures 
of C2 (0,0) is shown in Fig. 3.

Similary, for the ASTeX-type discharge the temperature 
was determined from C2 (0,0), T = 2,700 ± 150 K, but in this 
case only at one position of optical fibre. The total broade-
ning of spectral lines affected the determination of rotational 
temperature. The estimated error was higher in less resolved 
spectrum of ASTeX-type discharge (Fig. 4.) then in micro-

Fig. 3.  Measured spectrum of C2 (0,0) rotational band of the 
Swan system is compared with simulation in case of mw torch used 
for the synthesis of CNTs. The total line broadening was 0.07 nm	

Fig. 4.  A comparison of measured and calculated spectra 	
of C2 (0,0) Swan system in ASTeX-type discharge used for UNCD 
deposition. Total line broadening was 0.12 nm

Fig. 5.  A comparison of measured and calculated spectra 	
of N2

+ (0,0) first negative system in the r.f. capacitive discharge 
used for deposition of nanocomposite nitrogen-containing DLC 
films. Ttotal line broadening was 0.06 nm
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wave torch discharge (Fig. 3.). Total broadening in mw torch 
was about 0.07 nm and in ASTeX-type discharge 0.12 nm.

The rotational temperature in case of r.f. capacitive 
discharge used for the deposition of nanocomposite DLC films 
was estimated using the N2

+ (0,0), first negative system (Fig. 5.) 
if a small amount of nitrogen was added to HMDSO/CH4.  
The calculated temperature was T = 320 ± 20 K, total broa-
dening 0.06 nm.

Conclusions
Rotational temperatures for several types of discharges 

were determined from optical emission spectra by program 
DMESS. In the case of mw torch used for synthesis of CNTs 
and ASTeX-type discharge used for UNCD deposition the 
temperatures were estimated from the rotational emission 
band of the C2 (0,0) Swan system. In the case of r.f. capa-
citive discharge used for the deposition of nanocomposite 
nitrogen-containing DLC films the N2

+ (0,0) first negative 
system was employed.

This work has been supported by the Ministry of Education 
of the Czech Republic under the contract MSM0021622411, 

by the Czech Science Foundation under the contract 202/07/
P523 and by the Czech Academy of Sciences under the con-
tract KAN311610701.
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Introduction
Generally, secondary alkyl-aryl and aryl-aryl amines 

represent the group of very effective antioxidants. Their 
action is based on the reaction either with RO2

• radicals or 
peroxy compounds, leading to the corresponding nitroxyl 
radicals1,2. By the reaction with peroxides the intermediary 
formed cation radicals are involved into reaction mecha-
nism3. Nitroxyl radicals, generated by both methods can be 
directly detected by the EPR spectroscopy. In the framework 
of this paper the radical products of the oxidation of some 
secondary amines containing one or two -NH- group in the 
molecule are reported.

Experimental
Within the paper the following secondary amines were 

studied:

Oxidation of Amines with 3-Chloroperbenzoic Acid
In 10–2M benzene or chloroform solution of 3‑chlo-

roperbenzoic acid (3-ClPBA), secondary amines 1, 2 were 
dissolved (molar ratio 3-ClPBA: amine = 1 : 1) under stirring 
for 2 min. 0.5 ml of the solution was placed into the EPR cell 
and bubbled with nitrogen to remove the dissolved oxygen.

EPR spectra were recorded at the laboratory temperature 
using an EPR spectrometer SpectraNova. The simulation of 
the experimental EPR spectra was carried out using the simu-
lation program Simphonia.

Results and Discussion
Within the investigation of antioxidative properties the 

reaction of amines 1a–1c with 3-chloroperbenzoic acid was 
examined. In this way the high concentration of correspon-
ding nitroxile radicals was obtained.

The fundamental problem, accompanying the interpreta-
tion of experimental EPR spectra, obtained by the oxidation 
of 1a–1c is the attribution of generated nitroxide radicals to 
the structure 3 or 4 (1).

NH N R
O

4

3 2

1
65

N NH R
O

4

3 2

1
65

1a - 1d
3a - 3d

4a - 4d

1

1 2

2

	

(1)

The analysis using spectral simulation has unam-
biguously shown that the structure 3 is responsible for the 
nitroxide radicals observed by the oxidation of amines  
1a–1b (structures 3 and 4 are identical in the case of 1d). 
This conclusion is supported by the fact that besides the basic 
nitrogen splitting only the splitting constants from two hyd-
rogen atoms in ortho position of the phenyl ring and one hyd-
rogen atom in – CH(CH3) – group dominate in EPR spectra of 
3a–3b in benzene solution (Table I). In the case of amine 1c, 
containing α-methylbenzyl substituent R, the dependence of 
the structure of generated nitroxide radical (3c vs. 4c) on the 
solvent is documented. While in benzene the EPR spectrum 
of 4c was observed, in chloroform the oxidation evidently 
proceeds on –1NH – group, as follows from the splitting con-
stants of 4c: aN(NO) = 1.020 mT, 5 × aH(o,p) = 0.180 mT, 
4 × aH(m) = 0.090 mT, aN(NH) = 0.045 mT.

Characteristic feature of secondary amines 2a–2e is the 
presence of only one –NH– group in the molecule. By their 
oxidation using 3-ClPBA the EPR spectra of generated nitro-
xyl radicals 5 were registered (2).

2
oxid.

CH3 CH2 C

O

CH2 CH N

R1 R2

R3

O

5 	

(2)

	 1
	 1a	R  = CH(CH3)2
	 1b	R  = CH(CH3) – CH2 – CH(CH3)2
	 1c	R  = CH(CH3) – C6H5
	 1d	R  = C6H5

	 2
	 2a	R 1 = R2 = R3 = H
	 2b	R 1 = R2 = H, R3 = CH3
	 2c	R 1 = CH3, R2 = R3 = H
	 2d	R 1 = R2 = H, R3 = Cl
	 2e	R 1 = R3 = H, R2 = Cl
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In EPR sectrum of 5a, besides the basic nitrogen split-
ting, the splittings from protons of phenyl ring and one hyd-
rogen atom of – CH(Ph) were proved. Moreover, the small 
splitting constants from protons of – CH2 – group were 
extracted. By the introduction of other substituents into para 
and meta position of phenyl ring (2b, 2d, 2e) does not bring 
any principal changes in spin density distribution. The only 
exception is represented by the nitroxyl radical 5c. In this 
case, very strong ortho effect of methyl group, leading to the 
distortion of the phenyl ring from the plane of – NO•– frag-
ment is observed. Consequently, the delocalization of spin 
density into this ring is reduced. The decrease of splitting 
constants attributed to the protons of phenyl ring is compens-
ated by the increase of basic nitrogen splitting (Table II).

Conclusions
New types of secondary amines were subjected to the 

oxidation with 3-chloroperbenzoic acid in non-polar sol-

vents. EPR spectroscopy confirmed the formation of nitroxyl 
radicals, the only radical products observed. Their EPR data 
were determined using the spectral simulation.

This work was supported by the Ministry of Education of 
the Czech Republic under research project MSM 0021630501 
and by the Grant Agency of the Slovak Republic, VEGA 
1/4299/07.
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Table I
The EPR parameters of nitroxide radicals 3a–3d prepared by the oxidation of amines 1a–1d with 3 chloroperbenzoic acid in 
benzene (3a–3d) and chloroform (3a–3b) solution

	 Splitting constants
	 Radical	 aN(NO) [mT]	 aN(NH) [mT]	 2aH(2.6) [mT]	 2aH(3.5) [mT]	 aH(R) [mT]	 Solvent
	 3a	 1.137	 0.045	 0.260	 0.090	 0.316	 chloroform
		  1.078	 –	 0.240	 –	 0.380	 benzene
	 3b	 1.127	 0.045	 0.216	 0.085	 0.336	 chloroform
		  1.078	 –	 0.225	 –	 0.306	 benzene
	 3c	 1.080	 –	 0.269	 –	 0.500	 benzene
	 3da	 0.960	 –	 0.182	 0.074	 0.182 (3H)	 benzene
						      0.074 (2H)	
asplitting constants taken from ref.4

Table II
EPR parameters of nitroxyl radicals 5a–5e generated by the oxidation of secondary amines 2a–2e in toluene solution

	 Radical	 Splitting constants
		  aN (NO) [mT]	 aH (o,p) [mT]	 aH (m) [mT]	 aH (CH) [mT]	 aH (CH2) [mT]
	 5a	 1.1050	 0.2730	 0.0900	 0.5460	 0.0600 (1H)
						      0.0350 (1H)
	 5b	 1.1225	 0.2770 (2H)	 0.0900	 0.5760	 0.0600 (1H)
			   0.2970 (3H)	 0.0350 (1H)
	 5c	 1.2000	 0.1500 (2H)	 0.0800	 0.4800	 –
			   0.1500 (3H)	
	 5d	 1.1000	 0.2850 (2H)	 0.0950	 0.5700	 0.0400 (1H)
			   0.0250 (3H)			   0.0650 (1H)
	 5e	 1.0500	 0.2800	 0.0820 (1H)	 0.5600	 0.0570 (1H)
						      0.0220 (1H)
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Introduction
Printed electronics based on solution-processable organic 

inks have attracted considerable attention. It has big potential 
to decrease the cost of electric circuits fabrication, especially 
when using roll-to-roll printing1,2. Principal advantages are 
mass or large area production, low cost, flexibility of substra-
tes and production variability. Supposed low-cost mass appli-
cation includes RFID chips, flat OLEDs lightings, flexible 
displays and solar sells, intelligent packaging and papers etc.

Inkjet printing is applicable to print all required mate-
rials (conductors, semiconductors and dielectrics) including 
OLEDs and TFTs3,4. Inkjet was used to print conducting 
links based on nanosilver colloid5 and conductive/semicon-
ductive structures based especially on conjugated polymer 
chain poly(3,4 ethylenedioxythiophene) in complex with 
poly(styrene sulfonate), PEDOT:PSS, to create conductive 
links or OLED6,7. Conductivity of this system was increased 
adding organic solvents like dimethyl sulfoxide (DMSO), 
tetrahydrofuran8. The dielectric properties, wetability and 
roughness of printed substrates are also key parameters of 
resulted quality. 

In this work, N2 plasma treated coated papers and plas-
tic foils were inkjet printed by water-based PEDOT:PSS and 
different solvent additives to get high conductivity structures. 
The influence of substrate roughness, plasma treatment and 
ink formulation are discussed.

Experimental
Two plastic foils: polyethylenetherephtalate (PET, 

120 g m–2) for laser printers and ethylene-tetrafluorethylene 
copolymer coated by thin 70 nm silicon oxide (ETFE/SiOx, 
150 g m–2), and three coated paper sheets: 120 g m–2 (glossy 
varnish, Huber 10L9500, “L1”), 150 g m–2 (matt varnish, 

Huber 10L9320, “L2”) and 120 g m–2 copy paper (Xerox 
Colotech, smooth, white, “CP”) were used as substrates for 
printing.

Standard dielectric barrier discharge (DBD, 15 kV,  
5 kHz) was used for plasma treatment of substrates  
(30 W cm–2) in N2 at atmospheric pressure (at flow rate  
of 10 dm3 min–1).

The commercial conductive polymer PEDOT:PSS, 
1.3 % wt. in water from Aldrich (hereafter PEDOT) was 
diluted by water, isopropanol (IPA) or DMSO in several com-
binations (Table I) and used as ink in inkjet printer EPSON 
Stylus Photo R360.

Different lines, points and full areas were printed onto 
all substrates, original and plasma treated, by inkjet printer in 
slow mode (Fig. 1.).

Ink formulations were characterized by viscosity and 
surface energy, the substrates by ink wetability and AFM 
topography including RMS roughness and printed structures 
by electric conductivity and topography, using the equip-
ments: capillary viscometer UNITEX, contact angle gonio-
meter (SEE, MU Brno), optical and atomic force microscopy 
CP II, Veeco and LCR Digibridge Quadtech 1715.

Results
Addition of DMSO increased considerably the conducti

vity of layers (Fig. 2.). Reverse temperature dependences 
indicate semiconductor character of layers without DMSO 
and quasi-metal character of layers with DMSO.

Original high viscosity PEDOT could not be inkjet 
printed. It had to be diluted. Because of high dilution the coa-
tings were very thin, so to get stable results, lines had to be 
printed several times on each other (more than 4) that caused 
misregistration problems.

Surface conductivity of printed lines depends on rough-
ness, ink wetability and imbibition. RMS roughness of the 
substrates are indicated inside the legends of the Fig. 3.a and 
b. Conductivities on smooth foils are much higher than on 
papers. Specific conductivity ought to be independent on line 
thickness, however lines thinner than 0.5 mm are disconti-
nuous.

Table I
PEDOT ink formulations, η – viscosity, γ – surface energy

	PEDOT/	Water	 IPA	 DMSO	Designation	 η	 γ
	 PPS					     [mPa s–1]	[mJ m–2]
	 1	 0	 0	 0	 PEDOT	 58.5	 68.1
	 1	 0	 1/2	 +5 %	 IPA	 –	 –
	 1	 1/2	 0	 +5 %	 4 : 2 (5D)	 21.1	 67.6
	 1	 1/4	 1/4	 +5 %	 4 : 1 : 1 (5D)	 17.5	 62.4
	 1	 1	 1	 +5 %	 1 : 1 : 1 (5D)	 16.5	 45.9
	 1	 1/2	 0	 +10 %	 4 : 2 (10D)	 20.1	 68.4
	 1	 0.3	 0	 0.2	 4 : 1 (15D)	 22.4	 65.3

Fig. 1.  Inkjet printed figures
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Plasma treatment enhanced the printability of foils (con-
ductivity results were more stable), however it increased the 
imbibition of copy paper resulting in conductivity decrease 
(Fig. 3.b). 

The ink formulation 4 : 2 (5D) was found as the most 
effective considering overall topography and conductivities, 
but the interval allowed for dilution of PEDOT is narrow  
so more experiments must be done to find optimal formula-
tion.

Conclusions
Coated and plasma treated papers and plastic foils were 

inkjet printed by water-based conductive inks (commercial 
PEDOT:PSS with additives, water, IPA and DMSO. 

Addition of DMSO and water improved printability 
and increased conductivity of lines and full areas. Surface 
roughness, wetting and imbibition were key factors of fea-
tures quality. 

Sufficient and continuous coating and desired conducti
vities of lines and areas were achieved just by repeated prin-
ting (up to 10 times), so the misregistration was the limiting 
factor of print quality of lines and dots.
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Introduction
During last ten years, electrical discharges generated 

in water have been widely studied with a great focus on the 
application in water treatment. Besides classical biological, 
physical and chemical methods, so-called Advanced Oxida-
tion Processes (AOP’s) have been applied in removal of vari-
ous pollutants. Especially degradation of phenol and some 
organic dyes by pulsed discharges in point-to-plane geometry 
have been studied by many authors, for example refs.1–3.

Applying high energy field into water solution, various 
physical and chemical processes are initiated. Generation of 
UV light and shock waves belong to the physical processes 
while formation of various reactive species is the most impor-
tant chemical phenomenon. Especially radicals (•OH, •H, •O), 
ions (O2

–) and molecules (H2O2) are responsible for chemi-
cal reactions and degradation processes in water treatment. 
As these species have high oxidation potential they can very 
easily attack other molecules contained in water and caused 
their decomposition.

Diaphragm discharge presented in this paper belongs to 
the discharge configurations suitable for the purpose of water 
treatment, too. Its generation starts in the small orifice in the 
dielectric barrier separating two electrode spaces. If DC high 
voltage is applied, different kinds of plasma channels propa-
gate from the orifice towards electrodes. Diversity of stre-
amers is not only in their shape but mainly in their energy 
dissipation substantially influencing subsequent processes in 
water solution4.

This paper presents results obtained from the treatment of 
solutions containing selected organic dyes. Decomposition of 
these model compounds was investigated from the viewpoint 
of diaphragm discharge conditions (electrode polarity, input 
power) as well as of the dye molecular structure.

Experimental
Diaphragm discharge studied in this work was generated 

in a batch reactor4 using constant high voltage from the DC 
source that gave the input power up to 250 W (see Fig. 1.). 
Two planar electrodes made of stainless steel were sepa-
rated by the dielectric barrier. Both electrode spaces were 
connected by only a small pin-hole (initial diameter of 0.25 
mm) in this diaphragm. Discharge breakdown appeared just 
in this orifice and plasma channels propagated from this spot 
towards electrodes.

Each part of the reactor contained 2 litres of treated solu-
tion. Water solutions contained selected dye (initial concent-

ration of ca 20 mg dm–3) and a definite amount of supported 
electrolyte providing particular solution conductivity (initial 
value of 400 µS cm–1). In this study, NaCl electrolyte was used 
for all experiments (concentration of 4 mmol dm–3). Solution 
pH was primary adjusted by the electrolyte kind (approxima-
tely neutral in NaCl) and it was not specially modified during 
the experiment. Selected dyes belonged mostly to the group 
of azo-dyes and they could have been classified into Direct 
and Acid dyes. From the first group, Direct Red 79 (DR79) 
and Direct Blue 106 (DB106) were decomposed while Acid 
Yellow 23 (AY23) and Acid Blue 74 (AB74) were chosen 
from the second group. Their structural formulas are given 
below. Samples of treated solution were taken away from 
both electrode spaces every 5 minute and total treatment time 
was 40 minutes. Estimation of dye concentration was carried 
out by absorption spectroscopy (spectrometer Helios alfa) 
in the visible region (300–700 nm). Dye concentration was 
determined from the absorption intensity obtained at wave-
length characteristic for each dye (see Table I). Decompo-
sition rate α was calculated from the relative concentration 
decrease for each dye:

where c0 means initial dye concentration and c is dye concen-
tration determined during the treatment.

Fig. 1.  Photograph of diaphragm discharge reactor used for 
decomposition of organic dyes dissolved in water

	 (1)

Table I
List of used organic dyes and their characteristics

		  Molecular weight	 Characteristic
	 Dye	 [g mol–1]	 absorption
		  	 wavelength [nm]
	 Direct Red 79	 1,048.872	 508
	Direct Blue 106	 741.487	 608
	Acid Yellow 23	 534.366	 428
	 Acid Blue 74	 466.350	 596
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Structural formulas of selected organic dyes are as fol-
lows:

Direct Red 79

Direct Blue 106

Acid Yellow 23

Acid Blue 74

Results
G e n e r a l  A s p e c t s  o f  D y e 
D e c o m p o s i t i o n

Decomposition of all tested dyes was observed in both 
electrode spaces of the discharge reactor. However, remo-
val efficiency was significantly higher in the anode space. 
Fig. 2. demonstrates results obtained in DB106 solution. 
Relative dye concentration exponentially decreased in the 
anode space and reached the value of less than 40 % of the 
initial DB106 concentration. In the cathode space, decolora-
tion went slowly and almost linearly and final concentration 
dropped just below 90 %, only. Possible reasons of diverse 
process evaluation were assumed to be the different shape 
of plasma streamers (influencing different volume of treated 
liquid) and substantial effect of electrochemical reactions on 
the anode due to the application of constant DC high voltage 
on the electrodes4. Moreover, significant change of solution 
pH was observed during the discharge in both electrode spa-
ces. While in the cathode space pH increased from initially 
neutral values of NaCl electrolyte to basic medium, situation 
in the anode space evaluated on the contrary, e.g. to the lower 
pH values and therefore remarkably acidic conditions. We 
expect that stronger acidic medium stimulated the degrada-
tion process of treated dyes4. However, clarifying of this phe-
nomenon will be an object of our further study.

Analyses of treated dye solutions were carried out by 
absorption spectroscopy over visible region and recorded 

spectra were compared with original non-treated samples. 
Fig. 3. compares spectra obtained for two azo-dyes (DR79 
and DB106) before and after 20 minutes of discharge trea-
tment in the anode space. Besides remarkable decrease of 
absorption intensity at characteristic wavelength, certain shift 
of maximal absorption position could be seen. In the case of 
the red dye (DR79), this shift directed to shorter waveleng-
ths while in the blue dye (DB106) the position of maximal 
absorption indicated its movement to longer wavelengths. We 
have assumed that origin of the shift in absorption came from 
the formation of various by-products when dye molecule 
was decomposed and these compounds absorbed radiation of 
slightly different wavelength than the original dye molecule. 
Determination of final products and by-products is an object 
of our intensive research.

I n f l u e n c e  o f  D y e  S t r u c t u r e
Effect of different molecule structure on the dye deco-

lorization was studied for two compounds belonging to the 
group of Direct dyes (DR79 and DB106) and for two Acid 
dyes (AY23 and AB74). Evaluations of decomposition rates 

Fig. 2.  Direct Blue 106 decomposition represented by relative 
concentration during the diaphragm discharge in the anode and 
cathode space (input power of 170 W, 4mM NaCl solution)

Fig. 3.  Absorption spectra of two dyes (DR79 and DB106) 
before and after 20 minutes in diaphragm discharge (anode 
space, input power of 170 W, 4mM NaCl solution)



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1168

determined during diaphragm discharge in the anode space 
are shown in Fig. 4. It was observed that removal process 
in direct dyes had exponential evaluation while it was linear 
in acid dyes. Moreover, exponential decolorization of direct 
dyes revealed particular residual concentration of decompo-
sed dye. The best removal efficiency after 40 minutes of the 
treatment was achieved in AB74 dye (more than 80 %) which 
structure was on an indigoid base. The other dyes containing 
azo groups reached 60 % (DR79, DB106) or hardly 40 % 
(AY23), respectively.

Obtained results were probably caused by different 
mechanism of ∙OH attack (or ∙Cl radical coming from sup-
ported electrolyte NaCl) on the particular dye molecule, 
according to its size, number and kind of substitutes (see 
molecular structures in Experimental). The first impact of 
radical probably led on the azo-bond –N=N– when azo-dye 
is decomposed. Subsequently, this bond breaks and nitrogen 
is released. This reaction should be fast and its effect could 
explain the rapid decrease of DB106 or DR79 concenration 
at the beginning of the experiment.

Concerning different dye structure, molecules of acid 
dyes are smaller (with molecular weigth until ca 600 g∙mol–1) 
and contain lower amount of substitutes than direct dyes. Hi-
gher number of substitutes is one of the factors influencing 
final dye colour. Direct dyes containing more of such functio-
nal groups can be attack by active radicals from the discharge 
in these spots and their detachment can lead to faster decolo-
ration of direct dyes.

On the other hand, indigo molecule (AB74) is relatively 
small with no substantial substitutes. And moreover, it does 
not contain an azo-group in its chain. Thus the degradation 
mechanism probably runs by different reactions and it depends 
on moment when the aromatic ring is finally opened.

I n f l u e n c e  o f  I n p u t  P o w e r  a n d 
E l e c t r o c h e m i c a l  A s p e c t s

Firstly, influence of input power applied from the DC 
source into the reactor on dye removal was studied for four 
different power magnitudes (65, 100, 130 and 170 W). From 
the comparison of DB106 decomposition rates obtained 
in both electrode spaces it was determined that increasing 
input power enhanced dye decomposition. Effect of power 
was more or less linear and with the same intensity in both 
electrode spaces.

More interesting results were achieved when dye decom-
position by diaphragm discharge was compared with dye 
removal by pure electrolysis. We included this experiment 
into our study because we had expected a substantial effect of 
electrochemical reactions due to the application of constant 
voltage. In such case, especially electrochemical oxidation 
on the anode takes place and thus this reaction can be one of 
the factors leading to the dye decomposition.

Effect of electrolytical degradation was studied in the 
similar device consiting of dielectric diaphragm with one pin-
hole (initial diameter of 0.25 mm), stainless steel electrodes 
on each side and containing electrolyte solution (NaCl) of 
total volume of 3 litres. Constant voltage from the same DC 
source was applied on the electrodes. Its magnitude was 
adjusted on the level at which only electrolysis was kept in 
the reactor and the discharge was not created in the pin-hole. 
In that case, total power supplied into the reactor was 30 W 
(compared to 170 W applied during the discharge). Next pro-
cedure was carried out in the same way as the dye degrada-
tion by the diaphragm discharge.

Two dyes were selected for the comparison of degra-
dation effect of the discharge and pure electrolysis – Direct 
Red 79 and Direct Blue 106. Obtained results represented as 
the evaluation of decomposition rates are demonstrated in 
Figs. 5. (for DR79) and 6. (for DB106), respectively. Results 
were achieved in the anode space of the reactor.

Comparison of electrolytic effect during treatment of 
two dyes surprisingly revealed contrary results. In DR79 
solution, electrolysis had only a weak effect on the dye remo-
val. On the other hand, DB106 dye was decomposed by both 
discharge and electrolysis with almost the same effect (more 
than 50 % of the initial dye was removed). Based on these 

Fig. 4.  Comparison of decomposition rates obtained during 
diaphragm discharge in the anode space for selected dyes: Direct 
Red 79, Direct Blue 106, Acid Yellow 23 and Acid Blue 74 (input 
power of 170 W, 4mM NaCl solution)

Fig. 5.  Comparison of DR79 decomposition rates obtained 
during diaphragm discharge (input power of 170 W) and pure 
electrolysis (30 W) in the anode space (4mM NaCl solution)
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results we have assumed different degradation mechanism of 
both dye molecules.

To compare energetic efficiency of the discharge and 
electrolytic treatment in the relevant criterion, efficiency η 
was calculated according to the following formula:

where RDR means the rate of dye removal in mg dm–3 min–1, 
V is volume of the treated solution in dm3 and P is input power 
in Watts (170 W for the discharge, 30 W for the electrolysis). 
Subsequently, efficiency was obtained in mg kWh–1 and it 
represented amount of decomposed dye (in mg) per an ener-
getic unit. Calculated efficiency values are given in Table II 
for both treated dyes.

Concerning DR79, calculated results confirmed remar-
kably higher efficiency when the dye was decomposed by the 
discharge. On the other hand, destruction of DB106 showed 
much higher efficiency of electrolysis (almost 1.7 g kWh–1) 
because substantially lower power was needed for the same 
decomposition rate as in the discharge. We can assume that 
for removal of relatively larger molecules like DR79 sub-
stantially higher power is necessary to be applied while for 
destruction of simple molecule (DB106), electrolytic reacti-
ons initiated by lower power are sufficient.

Conclusions
Water solutions of selected organic dyes from two spe-

cific groups (Direct and Acid) were treated by diaphragm 
discharge generated using constant DC high voltage. 
Discharge reactor was divided by the dielectric barrier into 
two electrode spaces and the discharge itself was created in 
the small orifice in this barrier. Decrease of dye concentra-
tion was observed in both electrode spaces by the absorption 

spectroscopy. Study of dye removal as a function of discharge 
conditions gave following conclusions:

All tested dyes were decomposed with significantly hi-
gher efficiency in the anode space than in the cathode 
one. The explanation could be in the different kinetic 
energy of electrons in plasma channels on both sides of 
the diaphragm as well as in the acidic conditions for-
ming in the anode space during the discharge.
Absorption spectra of treated solutions were recorded 
over the visible region. Besides decreasing absorption 
intensity, a remarkable shift of the position of maximal 
absorption was observed. Moreover, this shift was dif-
ferent for tested dyes. This phenomenon was probably 
caused by the formation of various by-products during 
the dye decomposition.
Comparing molecular structure of selected dyes, signi-
ficant influence of molecule size and degree of substitu-
tion was assumed as the main reason of different evalua-
tion of dye decomposition by the diaphragm discharge.
Increasing input power more or less linearly enhanced 
degradation process in both electrode spaces.

Substantial effect of electrolysis was observed during 
decomposition of DB106 while this effect was only neg-
ligible in DR79. Higher energetic efficiency was achieved by 
electrolysis in DB106 removal (1.7 g kWh–1).

This work has been supported by the Czech Science 
Foundation, project No. 202/07/P371.
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Fig. 6.  Comparison of DB106 decomposition rates obtained 
during diaphragm discharge (input power of 170 W) and pure 
electrolysis (30 W) in the anode space (4mM NaCl solution)

,	 (2)

Table II
Energetic efficiency of dye decomposition by diaphragm 
discharge and electrolysis

		E  fficiency of	E fficiency of 
	 Dye	 diaphragm discharge	 electrolysis –
		  – anode space	 anode space 
		  [mg kWh–1]	 [mg kWh–1]
	 Direct Red 79	 644	 236
	 Direct Blue 106	 477	 1,686
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Introduction
The corrosion of iron-gall inks is a result of their compo-

sition and is represented by two main degradation processes. 
On one hand, it is the hydrolytic decomposition of the paper 
support catalysed by acids which were added to inks during 
their preparation or released by a chemical reaction in the 
course of formation of ink colour component. The other 
mechanism of paper support degradation is cellulose oxida-
tion catalysed by transitional metals, presented in iron-gall 
inks (Fe, Cu). Because of the presence of reductive substan-
ces, the ink lines contain ferrous ions even after centuries2.

In the world several deacidification methods are used. 
These methods can be classified into water-based and non-
aqueous processes. These processes make use of different 
combination of solvents, and they are suitable for different 
types of paper1.

This work deals with the application of neutralization 
reagent MMMK (Methoxy magnesium methyl carbonate) 
and also antioxidant BHT 2,6-ditercbutyl-4-methylphenol 
on documents containing iron-gall inks and its influence on 
document properties after stabilization. 

MMMK belongs to compounds suitable for deacidifica-
tion of heavily damaged manuscripts. MMMK doesn’t wash 
out iron-gall inks from substrate hence ink fixation isn’t nee-
ded prior to its application.

MMMK is an organo-metallic compound which is used 
as a deacidification agent at Wei T’O non-aqueous process 
of book deacidification. It is possible to place magnesium in 
this form into paper structure using non-aqueous system from 
fluid gas3.

BHT belongs to the group of synthetic antioxidants pro-
duced commercially, and it is also present as a natural sub-
stance in plants, e.g. in rosemary. BHT is a white powder that 
is used in the food industry, pharmacology, medicine for its 
anti-cancer effect and it is also known in the rubber indu-
stry. BHT belongs to the group of sterically hindered phenols 
and it had been recently introduced as a paper stabilization 
agent. Its effect as “chain-breaking” antioxidant is presented 
by deactivation of alkylperoxyle radicals2,4.

Experimental
The experiments were performed on paper substrate 

using whatman No. 1 (Cat. No. 10001917) filter paper. This 
paper represented pure cellulose paper without any additi-

ves. The set of the paper squares (8 × 12 cm) was immersed  
in a 1% gelatine solution and 5% solution of aluminium sul-
phate for 5 minutes.

The iron-gall ink was composed of FeSO4
. 7H2O, tannin 

acid and gum Arabic, resulting in a molar ratio of iron and 
tannin acid was 5.5 : 1. 

These samples were placed into a climatic chamber for 
3 hours at 50 °C, and then samples were immersed in 6% 
solution of methoxy magnesium methyl carbonate.

Antioxidant BHT was prepared in two concentrations 
(0.1% and 0.01% solution in ethanol), and samples were 
immersed in these solutions for 10 seconds.

One part of the samples was artificially aged in an OMT 
OVEN for 1 day to 24 days at 80 °C and 50 % RH. Second 
part of the samples was aged in the chamber APT Line Series 
FED for 1day to 24 days at 105 °C.

The folding endurance of paper was determined using 
normalized folding endurance tester Schopper according to 
standard ISO 5626 for the folding endurance of paper.

The changes in chemical structure of iron gall ink and 
iron gall ink with neutralization reagent MMMK during 
artificially aged was estimated by FTIR spectroscopy. FTIR 
spectra were recorded on a spectrophotometer Excalibur 
Series using transmission method by KBr pellet.

Results and Discussion
M e c h a n i c a l  T e s t

Inked samples showed low mechanical paper proper-
ties affected by artificial ageing in both cases – dry and wet 
ageing. Deacidification of inked samples caused retardation 
in decrease of mechanical properties (Figs. 1., 2.) hence  
it was possible to assume that also degradation of cellulose 
was decelerated.

In Fig. 1. obvious increase in folding endurance from 0 to 
65 after neutralization of inked samples with MMMK solu-
tion was observed. However after 3 days this value decreased 
rapidly. Antioxidant BHT improved mechanical properties 

Fig. 1.  Changes of folding endurance during artificially ageing 
at 80 °C and 50 % RH. (W + Ge-Whatman paper modified with 
gelatine and sulphate, I-application of iron gall ink, M-treat-
ment with neutralization reagent MMMK, BHT-treatment with 
BHT antioxidant)
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only for unaged samples and samples 1 day aged. If we com-
pared the sample without neutralization and antioxidant (that 
means only inked paper substrate) with 0 folding endurance 
even at the beginning, after neutralization with MMMK solu-
tion and subsequent stabilization with BHT antioxidant sam-
ple remained minimal mechanical properties even after 12 
days of artificial ageing.

F T I R  M e a s u r e m e n t s
Fig. 3. represented comparison of FTIR spectra unaged 

ink and unaged neutralized ink measured in pellet. Ink neut-
ralization with 6% solution of MMMK caused peak decre-
ase at 1,093 cm–1 which is characteristic for C-O bond. Next 
change caused by ink neutralization was formation of new 
peak at 1,429 cm–1 which belongs to vibration of magnesium 
carbonate.

Magnesium carbonate forms alkaline reserve in deacidi-
fied paper just because alkaline reserve is important from the 

viewpoint of paper substrate stabilization, the peak characte-
ristic for magnesium carbonate during ageing was observed. 
Fig. 4. demonstrated decrease of peak relating to vibration of 
magnesium carbonate (1,429 cm–1) after 3 days of ageing.

FTIR spectra in Fig. 4. showed that after 12 days of 
ageing peak at 1,429 cm–1 vanished and we assumed deple-
tion of alkaline reserve.

Conclusion
The obtained experimental results showed that neut-

ralization of inked samples with 6% solution of methoxy 
magnesium methyl carbonatu (MMMK) caused considerable 
improvement of optical and mechemical properties for una-
ged and aged inked samples. FTIR measurements confirmed 
the formation of alkaline reserve in neutralized ink. Accor-
ding to these results we could support stabilizing effect of 
paper neutralization with MMMK solution. However this 
alkaline reserve after 12 days of artificial ageing exhausted. 
Subsequent usage of antioxidant 2,6-ditercbutyl-4-4methyl-
phenolu (BHT) for neutralized samples improved studied 
properties of unaged paper samples, nevertheless after arti-
ficial ageing stabilization effect of antioxidant wasn’t appro-
ved.

This work was supported by the Scientific Grant Agency 
of Slovak Republic (Project VEGA/1/0800/08). We also thank 
the Ministry of Education of Slovak Republic for the support 
in the project KNIHA.SKn2003 SP 200 280 301.
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Fig. 2.  Changes of folding endurance during artificially ageing 
at 105 °C. (W + Ge-Whatman paper modified with gelatine and 
sulphate, I-application of iron gall ink, M-treatment with neut-
ralization reagent MMMK, BHT-treatment with BHT antioxi-
dant)

Fig. 3.  FTIR spectra of iron gall ink (black line) and iron gall 
ink with MMMK (gray line) in pellet

Fig. 4.  FTIR spectra of iron gall ink with MMMK  in pellet. 
Black line: no ageing, gray line: aged 3 days, light gray line: aged 
12 days
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Introduction
Even after long period of time historical documents should 
have the ability to list in, read or possibly interpose other type 
of cultural experience. For population it is important for its 
irreplaceableness, uniqueness and attractiveness of literary 
works, manuscripts or paintings. Thanks to these works our 
history, customs and thinking could be kept. In presence pro-
blems with preservation and conservation methods of cultu-
real heritage have occurred1.

Big amount of materials written in last 130 years on acid 
wooden papers have suffered with continuous damage pro-
cess which can lead to total lost of printed or written text. The 
reason for this is the instability of paper substrate and mean-
time low chemical and light stability of dyes which repre-
sent the main component of modern inks. The most proper 
method against destruction of paper substrate appears to be 
neutralization hence formation of sufficient alkaline reserve 
preserving paper during ageing against acid products formed 
by oxidation and followed by fibre decomposition. Vari-
ous deacidification methods based on waterborne and non-
aqueous treatments have been developed that utilize diffe-
rent solvents and their combinations convenient for different 
types of papers.

Increase in pH value of paper substrate extends the life-
time but can damage written records mainly at unsuitable 
climatic conditions at deposit. The aim of this study was to 
investigate the influence of relative humidity and pH of paper 
substrate on dyes. For deacidifacation process non-aqueous 
deacidification was used hence no fixation was necessary2,3.

Experimental
In this work acid, partially wooden paper with no fil-

lers, sizes nor optical brightening agent made in Slavošovské 
papierne was used. Part of samples was prepared on original 
(acid) paper and other part on neutralized paper deacidified 
by Booksaver PAL method in Preservation Academy in Lei-
pzig. Its initial properties and properties after deacidification 
process are listed in Table I. Samples 5×5 cm were prepared 
from unmodified acid paper and also from deacidified paper 
substrate and were treated with several dye solutions. 

Several dyes for treatment were prepared: Acid Green 
and Basic Red – 0.1% solutions in ethanol and Methy-

•

lene Blue – 0.2% solution in ethanol and water (1:1). 
Papers were treated with 1 ml of prepared dyes solutions 
and dried out on air.
Prepared samples were treated by wet accelerated ageing 
in climatic chamber SANYO Gallenkamp PLC (Great 
Britain) at 80 °C and 3 different values of RH: 65%, 
50% and 40% for 0, 1, 3, 7, 10, 18 a 30 days.

Non-aqueous deacidification (CSC) Book Saver  
is a method which uses carbonated magnesium propylate dis-
solved in n-propanol as a neutralize agent and as a carrier 

•

Table I
Initial properties and properties after deacidification process 
of paper

	 Property	 Acid paper	 Paper after
			   deacidification
	 Brightness [%]	 76.40	 74.37
	O pacity [%]	 96.70	 97.12
	 CIE L*	 91.14	 94.80
	 CIE a*	 –1.07	 –0.70
	 CIE b*	 3.41	 2.04
	 pH 	 4.40	 6.94
	Alkaline reserve [%]	 –	 0.67

Fig. 1.  Comparison of 3 dependeces of ΔE* of Acid Green dye 
on 3 different types of ageing; (a) – layered on acid paper sub-
strat, (b) – layered on deacidified paper substrate



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1173

is 1,1,1,2,3,3,3- heptafluoropropane (HFC 227) chosen for 
both mass and individual deacidification and is supplied as 
a spray.

Carbonated magnesium propylate is soluble in non-
aqueous n-propanol and solution contains approximately 
32 % of carbonate and 68 % of propanol. The composition of 
deacidification solutiou is: 1.06 kg of carbonated magnesium 
propylate, 2.25 kg of n-propanol and 190 kg of HFC 227. 
Neutralization agent further reacts with moisture in paper and 
produce alkaline reserve in the form of alkaline magnesium 
carbonate.

Documents were frozen to –20 °C prior to treatment. This 
method is convenient also for sensitive materials (parchment, 
leather and moreover immobilize soluble dyes and inks.

The properties of the paper samples were measured 
according to the Slovak Technical Standards (STN) and STN 
ISO Standards.

Results
Fig. 1.a showed that the lowest value of colour diffe-

rence for sample Acid Green 16 on acid paper substrate was 
in the case of wet ageing at conditions of RH 50 % (6.46), 
40 % (6.87) however for RH 65 % it was 15.48. This could 
be explained by axis a* which moved by ∆a* = 12.97 from 
negative to zero area that means from green to grey. Fig. 1b 
represented Acid Green 16 on neutralized paper and the least 

noticeable influence on ∆E* colour difference had ageing  
at 50% RH (6.22) and for other 2 ageing types final colour 
difference value was measured 2 times higher.

Fig. 2.a represented Methylene Blue on acid paper sub-
strate and the highest value of colour difference ∆E* was 
monitored for wet ageing with RH 65 % (15.77). The most 
considerable influence on total value of ∆E* showed axis L* 
and b* that represented significant bleaching of samples and 
shift of blue colour shade to grey. For ageing at RH 50 % 
and 40 % much lower values of ∆E* were measured exactly 
∆E* = 6.52 and ∆E* = 7.64. Similar behavior was noticed 
also for Methylene Blue on neutralized paper sample but af-
ter ageing the values of ∆E* were lower (Fig. 2.b). For RH 
65 % maximum value of ∆E* was 14.53, for RH 50 % was 
∆E* 3.87 and for 40 % ∆E* = 5.68.

Fig. 3.a monitored the influence of particular ageing 
condition on Basic Red 9 dye layered on acid paper. The hi-
ghest value of colour difference ∆E* was measured for ageing 
at RH 40 % (∆E* = 10.13) and for RH 65 % ∆E* = 8.51. The 
lowest value of ∆E* = 5.88 was obtained at RH 50 %. The 
sample Basic Red 9 layered on neutralized paper (Fig. 3.b) 
showed less stability compared to sample layered on acid 
paper. The most obvious instability was noticed for ageing at 
RH 65% where ∆E* was 27.71 which represented the highest 
value for colour difference. The biggest contribution on total 

Fig. 2.  Comparison of 3 dependeces of ΔE* of Methylene Blue 
dye on 3 different types of ageing; (a) – layered on acid paper 
substrate, (b) – layered on deacidified paper substrate

Fig. 3.  Comparison of 3 dependeces of ΔE* of Basic Red 9 dye 
on 3 different types of ageing; (a) – layered on acid paper sub-
strate, (b) – layered on deacidified paper substrate
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value of colour difference had the colour axis a*(∆a* = 26.88) 
that moved from positive value to zero which means shift 
from red to grey colour. For ageing condition RH 40 % and 
50 % the lowest values of colour difference (∆E* = 12.66 and 
11.29) were measured.

Conclusions
This study investigated the influence of relative humidity 

(40 %, 50 % a 65 % at 80 °C) and pH (acid and deacidified 
paper substrate) on optical properties of several arylmethane 
dyes (acid Acid Green 16 and alkaline Methylene Blue and 
Basic Red 9. ∆E* caused by ageing was measured. The stabi-
lity of arylmethane dyes on acid and deacidified paper with 
Booksaver method was compared.

Comparison of optical properties of acid and alkaline 
dye pigments showed higher stability of acid dye Acid Green 
16 layered on acid as well as deacidified substrates. Lower 
values of RH (40–50 %) caused higher light stability and 

ageing at 65 % RH influenced optical properties the most 
negatively. Deacidification of paper improved optical proper-
ties for all 3 types of ageing and dyes particularly Methylene 
Blue. However even after deacidification ageing at lower RH 
(40–50%) showed more sufficient.

This work has been supported by Slovak Grant Agency 
VEGA (project VEGA 1/0800/08) and project MVTS COST 
D42/08. We also thank the Ministry of Education of Slovak 
Republic for the support in the project KNIHA SKn 2003 
SP200 280 301.
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Introduction
Parchment is a specially treated form of leather that is 

soft and durable, making it an excellent writing material. 
High quality parchment is sometimes referred to as vellum. 
It is known that parchment was as a writing material as early 
as the Ptolemaic era, and it was in fact preferred over papyrus 
in northern regions, where the climate can be unfavorable for 
papyrus, and also in Near Estern regions. Parchment as a wri-
ting material antedates aper by possibly 1500 years, although 
the name is derived from Pergamum, an ancient city in Asia 
Minor where its discovery is usally credited to King Eumenes 
II, in the second century 225–1601,2.

The use of parchment for book printing in Europe conti-
nued even after the advent of prinzing from wood-blocks and 
moveable type, but did not survive to any extent beyond the 
year 1500, although for purpose of calligraphy and for prin-
ting documents a diplomas, this durable material is in demand 
to the present day. It was paper, however, that gave printing 
its real impetus, for had the expensive parchment been the 
only material available craft of printing could never have 
developed. At the process of restoration and conservation of 
parchment it is usually necessary to investigate the degree 
of parchment damage because it determines the conservation 
method and conservation agents. We suggest the detection 
method of parchment shrinking temperature3,4.

Experimental
The aim of this study was to investigate the influence  

of 2 types of accelerated ageing on parchment properties.
The effects of accelerated ageing on properties of 2 diffe-

rent samples of parchment – goat leather (bothside grounded) 
and calf leather (bleached) – were investigated. The samples 
of parchment were cutinto squares 4 × 4 cm. According to 
norm ISO 5630/1 dry ageing at 105 °C was used during 0, 24, 
72, 168 and 240 hours. The artificial ageing was performed in 
a multifunctional oven APT Line Series FED with the regu-
lation R 3.1 by Fisher Scientific (Czech Republic). Second 
type of accelerated ageing used was wet ageing at 30 °C  
and 75% RH during 0, 24, 72, 168 and 240 hours according 
to norm ISO 5630/3. This type of wet ageing was performed 
in a climatic chamber Heraeus VOTSCH (Germany) situated 
in Slovak National Archives in Bratislava.

M e a s u r e m e n t  o f  S h r i n k i n g 
T e m p e r a t u r e

Decay of naturally damaged skin is caused by acid hyd-
rolytic and oxidative scission. Both processes are competi-
tive, simultaneous and interactive. The shrinking temperature 
effectively reflects changes in separation of aminoacids cau-
sed by oxidation, chemical scission of tannic acids, the pre-
sence of soluble sulfates and hydrogen ions that are attached 
to hydrolytic scission. According to norm CSN 79 38 414 the 
standard measurement of shrinking temperature indicated 
that the initial shrinking temperature is very important for 
durability and speed of parchment damage. Higher initial 
shrinking temperature signifies higher chemical and physi-
cal stability and hence higher preservation against material 
damage. The disadvantage of this method is high disposal of 
sample material. For this reason we used microscopis method 
for determination of shrinking temperature.

The thermosystem FP90 Mettler Toledo with measure-
ment chamber FP82HT was used for experiment. This device 
consisted of microscope with electronically heated table, 
concave and cover glass, scalpel, preparative needle and as 
a solution water was used. Few fibres (0.3 g) of parchment 
sample were removed using scalpel, placed on concave glass 
with couple drops of water and covered with glass. This way 
prepared sample was placed on the heated table under the 
microscope. The table was heated at the rate of 2 °C min–1 in 
the range of 25–80 °C. Shrinking was observed at magnifica-
tion 40 ×. Studying samples with microscope temperature Ts 
or temperature interval were determined when fibres started 
to shrink. Individual measurements were repeated at least 
two times.

S h r i n k i n g  P r o c e s s
During heating of collagen fibres in water in certain 

temperature interval deformation occurs. The deformation 
consists of fibres shrinking and depends on strength, quality 
and degradation degree of collagen material. This method is 
a measurement of combined chemical and physical material 
stability. The shrinking process of parchment fibres can be 
described in 3 temperature intervals4.

Interval A1/A2 – temperature range when fibre shrinking 
occurs,
Interval – B1/B2 shrinking of a fibre is immediately fol-
lowed by shrinking of next fibre,
Interval C – temperature range where fibres shrink 
simultaneously and continuously. Initial temperature of 
this main interval relates to shrinking temperature Ts. 
The process describes following equation:

ΔT = Te – Ts,	 (1)

where Te is ending/final temperature of interval C. Shrinking 
process stabilizes during the intervals B2 and A2, however 
for historical parchment non of mentioned intervals can be 
observed. Fibres of new parchment in relation to temperature 
proceed following changes:
no fibre acitivity – A1– B1– C– B2– A2 – total fibre shrinking. 

•

•

•
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In practice some intervals could absent at temperature lower 
40 °C and intervals B and C could not be observed when fib-
res lost cohesion. Final value of microscopic determination 
of shrinking temperature depends on the type of skin, sample 
preparation and subjective evaluation.

Results
Measurements of shrinking temperature for samples of 

goat and calf parchment indicated that dry ageing at 105 °C 
caused considerable damage of parchment. Ending/final 
shrinking temperature of both parchment samples was lower 
than 40 °C which indicated high degree of damage.

Fig. 1. represents dependency of shrinking temperature 
on time of artificial ageing of goat and calf parchment expo-
sed to dry ageing at 105 °C during 0, 24, 72, 168 and 240 
hours. Shrinking temperature decreased after 240 hours of 
dry ageing by 19 °C for calf skin parchment indeed only by 
12 °C for goat skin parchment. However for both samples 
decrease of temperature below 40 °C was recorded, total 
degration occurred for both samples.

Fig. 2. indicates dependency for wet ageing at 30 °C  
and 75 % RH where calf skin parchment didn’t show any 
damage not even after final ageing. The value Ts after final 
ageing was 63 °C and even higher compare to initial value 
which could correspond to measurement error or the sam-
ple was prepared from different part of skin. For goat skin 
parchment the value decreased after final wet ageing approxi-
mately by 8 °C hence certain damage of parchment occurred. 
Experimental values and their comparison indicated that wet 
ageing for both parchments was less drastic and total degra-
dation didn’t occur, just damage.

Conclusions
Changes of shrinking temperature reflected changes  

in collagen structure, agents, pH and overall storage condi-
tions.

Initial shrinking temperature appeared to be suitable 
indicator of parchment durability. We could assume that hi-
gher shrinking temperature higher relative durability.

Since shrinking temperature reflects parchment’s bulk 
condition we can recommend microscopic determination  
of shrinking temperature as a method for testing the damage 
of historical documents made of parchment and also for 
parchment designated for restauration.

This work has been supported by Slovak Grant Agency 
VEGA (project VEGA 1/0800/08) and project MVTS COST 
D42/08. We also thank the Ministry of Education of Slovak 
Republic for the support in the project KNIHA SKn 2003 
SP200 280 301.

Fig. 1.  Dependency of shrinking temperature on artificial 
ageing of goat and calf parchment exposed to dry ageing at 
105 °C durings 0, 24, 72, 166, 240 hours

Fig. 2.  Dependency of shrinking temperature on artificial 
ageing of goat and calf parchment exposed to wet ageing at 30 °C 
and relative humidity 75 % during 0, 24, 72, 168, 240 hours

Table I
Shrinking temperatures of goat and calf parchment for dry 
ageing at 105 °C

	 Artificial	 Calf skin	Goat skin	I nterval of shrinking [°C]
	ageing [h]	 Ts [°C] 	 Ts [°C] 	 Calf skin	 Goat skin
	 0	 57.8	 46.8	 57.8–66.1	 46.8–52.7
	 24	 51.9	 42.3	 51.9–59.7	 42.3–48.6
	 72	 42.4	 40.3	 42.4–52.2	 40.3–46.9
	 168	 40.4	 33.3	 40.4–49.2	 33.3–37.9
	 240	 38.6	 34.8	 38.6–43.4	 34.8–40.4

Table II
Shrinking temperatures of goat and calf parchment for wet 
ageing at 30 °C a 75 % RH

	 Artificial	 Calf skin	Goat skin	I nterval of shrinking [°C]
	ageing [h]	 Ts [°C] 	 Ts [°C] 	 Calf skin	 Goat skin
	 0	 60.7	 54.5	 60.7–64.8	 54.5–58.9
	 24	 59.4	 53.3	 59.4–65.3	 53.3–58.6
	 72	 60.4	 52.4	 60.4–66.1	 52.4–58.3
	 168	 60.9	 47.9	 60.9–69.0	 47.9–55.2
	 240	 62.9	 46.3	 62.9–68.4	 46.3–53.9
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Introduction
In this paper we followed UV-VIS, SFS spectra and 

chemical properties of different origin soil humic subctan-
ces (HS). We selected HS from following soil types – Modal 
Cambisol, Litic Cambisol, Modal Chernozem, Modal Rend-
zina and Modal Pararendzina (Czech soil samples).

Soil quality is closely connected with HS character and 
chemical properties. Humic substances fractionation is con-
tributed to specific amount of humic acids (HA) and fulvic 
acids (FA). Ratio HA/FA is one of the important criteria for 
soil quality and health. Optical curves and indexes in UV-VIS 
and SFS ranges indicate chemical properties and structure  
of HS.

Experimental
Fractional composition of HS was made by short fractio-
nation method according to Podlešáková et al. (1992).
UV-VIS spectra were measured using Varian Cary 50 
Probe with optical fiber within the range 300–700 nm.
HS were dissolved in mixture of 0.1M sodium pyro-
phosphate and 0.1M NaOH. SFS spectra were measu-
red after dilution (10 times) using Spectrofluorimeter 
Aminco Bowman Series 2 within the range 220–620 nm 
(at Δλ = 20 nm and temperature 20 °C, scan rate: 
60 nm min–1).
Notes to Fig. s: Modal Cambisol (1), Litic Cambisol 
(2), Modal Chernozem (3), Modal Rendzina (4), Modal 
Pararendzina (5).

F r a c t i o n a l  C o m p o s i t i o n  o f  H S 
HS fractional composition showed high FA amount in 

all samples.except Modal Pararendzina. HA/FA ratio was < 1 
in all samples except Modal Chernozem (HA/FA = 3). Humi-
fication degree varied from middle to low as follows: Modal 
Chernozem (Hrušovany) > Modal Rendzina (Sloup) > Modal 
Pararendzina (Pouzdřany) > Modal Cambisol (Náměšť nad 
Oslavou) > Litic Cambisol (Ocmanice).

U V - V I S  S p e c t r a
Absorbance in UV-VIS range was the highest in Modal 

Chernozem (Fig. 1.). Optical indexes increased in following 
order: Modal Chernozem < Modal Cambisol < Modal Rend-
zina < Modal Pararendzina < Litic Cambisol. Practically the 
same sequence was found for HA/FA ratio. Increrasing of Q4/6  

•

•

•

•

•

indicated decreasing of HS quality. Very similar were opti-
cal indexes (Q4/6) for Modal Rendzina, Modal Pararendzina 
and Modal Cambisol (about 6). Only modal Chernozem had 
Q4/6 < 4 which indicated high HS quality. Very high index 
Q4/6 was found for Litic Cambisol ( > 10) and indicated high 
amount of FK. 

S F S  S p e c t r a
In SFS spectral range (Fig. 2) five main fluorophore 

peaks were identified: at 359, 450, 469, 489, 501 nm. Some of 
them gave another two peaks at 420, 513 nm (at Δλ = 20 nm).  
All samples had maximum fluorescence intensity shifted from 
shorter to longer wavelength and maximum at 469 or 489 nm. 
According to Senesi et al. (1991) there are some samples with 
more intensive emission (at ∆λ = 20 nm = (λem.– λex.) at 470 
and others with more intensive emission at 488 nm. The last 
is caused by contain of aromatic compounds in HA molecule. 
Modal Chernozem SFS spectra showed the main peak at 
489 nm and the highest relaive fluorescence to compare to 
others. Modal Pararendzina and Litic Cambisol contained 
much more aliphatic compounds and fulvic acids indicated 
by peaks at lower wavelegth 359 a 420 nm. Modal Cambisol 
had no peak at 420 nm.

Relative fluorescence indexes (F) were calculated as 
ratio I469/I452. The lowest index (F) was found for Modal 
Chernozem and the highest for Modal Pararendzina. The flu-
orescence indexes it is supossed to be closely connected with 
HS humification degree. 

Fig. 1.  UV-VIS spectra of HA isolated from different soil types

Fig. 2.  Synchronous fluorescence spectra of HA isolated from 
different soil types
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Results
In Modal Chernozem highest HA amount was found. 

Fulvic acids highest amount was found in both Cambisols. 
HA/FA ratio indicated decreasing HS quality in order: Modal 
Chernozem < Modal Rendzina < Modal Pararendzina < Modal 
Cambisol < Litic Cambisol. Linear correlation between Q 4/6 
and HA sum was found.

UV-VIS spectra showed the highest absorbance in Modal 
Chernozem. Optical indexes Q4/6 indicated high HS quality in 
Modal Chernozem and low in Litic Cambisol.

Fluorescence of studied samples was compared with 
literature data and/or with standard. Samples contained sub-
stitued naphtalene and coumarine derivates. Samples had 
similar fluorescence behaviour as Elliot soil humic acid stan-
dard (IHSS) and all samples indicated two main excitation 
peaks at 450, 468 nm.

Low relative fluorescence index (F) was found in Modal 
Cambisol (0.73). Highest index F was in Modal Pararend-
zina (1.16). From SFS spectra we can also suggested highest 
intensity of fluorescence in Modal Chernozem. These results 
were confirmed by HS fractionation but maximum F index in 
Modal Chernozem was not determined.

Conclusions
We can conclude that HS of different origin had very 

similar SFS and UV-VIS spectra except lower wavelengths 
and wave numbers. But some differences were observed 
in Modal Chernozem. The last had main fluorophore peak 
at 489 nm. Other samples contained main peak at 469 nm. 
UV-VIS spectra were mostly influenced by fractional com-
position (HA, FA content). Samples origin was therefore an 
important factor influencing HS quality.

This work has been supported by Grant Agency of the 
Czech Republic No. 104/03/D135 and by the Grants NAZVA 
QH72039 and QH8120.

REFERENCES
	 1.	 Podlešáková E. et al.: Rozbory půd, vod a rostlin, 

VUMOP , Praha, pp. 259 (1992). 
	 2.	 Sierra M. M. D., Giovanela M.,Parlanti E., Soriano-

Sierra E.J.: Chemosphere 58, 715 (2005).
	 3.	 Senesi N., Miano T. M., Provenzano M. R., Brunetti G.: 

Soil Science 152, 259 (1991).
	 4.	 Senesi N.: R. Soc. Chem. 1993, 73.



Chem. Listy, 102, s265–s1311 (2008) Physical & Applied Chemistry

s1180

P22	 Sensoric properties of aromatic 
and heterocyclic compounds with 
conjugated bonds

Ota Salyka, Pavel Bednářa, Martin Valaa and 
Jan Vyňuchalb

aBrno University of Technology, Faculty of Chemistry
Purkyňova 118, 612 00 Brno,
bResearch Institute of Organic Syntheses, Rybitvi 296, Rybi-
tvi, 533 54, Czech Republic,
salyk@fch.vutbr.cz

Introduction
For expected future hydrogen economy is expected vast 

need of hydrogen operating devices including new sensors, 
while nowadays sensors need extra power for hydrogen dis-
sociation1. There exist a range of organic molecules with three 
valent nitrogen atom with high proton affinity. I case of dike-
topyrrolopyrrole derivatives with pyridyl, piperidyl or mor-
pholinyl ring we obtain a pigment with potential color change 
while protonated. These materials are also semiconductive, 
so protonation can influence their conductivity. It was already 
observed in case of pyridyl derivative2. The protonation itself 
is tested in acids vapour so because in acid water solvent the 
shielding effect of water molecules prevent in proton penetra-
tion to the active centres in rhe DPP film. Protonation in real 
hydrogen gas is possible only after the hydrogen molecule 
dissociation. It proceeds on catalyzer surface of noble metal 
as platinum or palladium3. The presence of electric field sup-
ports the hydrogen dissociation, so the cluster non-conductive 
catalyzer layer between gap electrodes has to be obtained. It 
can be sputtered, evaporated or galvanically electrodeposited 
using anodic alumina templates4

Experimental
Thin films of DPP derivative materials were prepared 

by vacuum evaporation method. Substances composed from 
heterocyclic rings appeared only poor solubility in organic 
solvents in case of no alkyl chain bonded to the molecule. 

Substrates were used according to following investigation; 
low resistivity silicon wafers both for scanning electron 
microscopy (SEM) and atomic force microscopy (AFM) 
were used besides indium tin oxide (ITO) coated low alkali 
Corning glass for electro-optical testing, quartz glass for opti-
cal measurement and gap arrangement on glassed alumina 
plates. 

The deposition of the active DPP layer was carried out 
in the vacuum coating facility B.55.3 HV Dresden with ulti-
mate pressure 1 × 10–4 Pa pumped by diffusion oil pump. The 
crystal thin film thickness monitor was used for deposition 
monitoring. Thin films of thickness 200 nm were deposited 
on standard substrates. The material was pressed into pel-
lets 6 mm in diameter and about 1 mm high, usually about 
30 mg of mass, which was the proper dose for 200–300 nm 
thick layer without wasting. The sophisticated shape of the 
boat prevented direct radiation of the deposited layer and 
also focused the irradiation onto the pellet, so it decreased 
required heating power. This procedure allowed steady sub-
limation and deposition rate without sputtering of bigger 
clusters or drops and material melting. It also improved easy 
manipulation and cleanness preservation – no powder was 
sputtered into vacuum chamber.

The thickness measured by elipsometry typically  
40–100 nm resulted. The deposition rate was typically  

Fig. 1.  Samples of DPP gap structure (10 μm) on glazed alu-
mina plate with aluminium deposited contacts

Table I
Series of discussed compounds with melting points Tm [°C]

	 U14	 U15	 U16
	 Tm > 300 °C	 Tm > 300 °C	 Tm > 300 °C

	 U34	 U35
	 Tm > 300 °C	 Tm > 300 °C
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0.2 to 0.5 nm s–1. The 10 μm gap was created by aluminium 
evaporation through a 10 μm tungsten wire mask. 

The samples were than investigated on scanning electron 
microscope (SEM) FEI QUANTA 200. No grain structure in 
scale of 50 nm resolution was observed, so the surface appea-
red uniform. 

The samples were than situated into quartz cell and mea-
sured on absorption on Varian UV-VIS-NIR spectrometer in 
hydrochloric acid solution and nitric acid vapours.

Results
Samples from Table I were investigated by acid vapour and 
acid solution effect on colour variation. Thin film samples 
U14, 15 and 16 react on HNO3 vapour presence in etching 
dish by changing their colour from vivid violet to orange; 
samples U34 and U35 exhibit a colour shift from vivid red 
to violet at the same conditions. Similar reaction was obser-
ved in other acid vapours. Organic simple acids as formic or 
acetic vapours brought dissolving and destruction of the thin 
film. 

The attempt with water acid solution of various pH did 
not bring any change for samples U14, U15 and 16 and only 
a weak spectral shift in case of samples U34 and U35. It is 
explained by water molecules shielding of protons that can-
not penetrate into active centres of the thin film.

Absorbance spectra in UV VIS region were scanned 
systematically for thin film samples U34 and U35 on quartz 
glass substrates. The results are presented in Fig. 2., Fig. 3. 
and Fig. 4. The nitric acid vapour treatment causes spectrum 
change, which is steady according to relaxation on air for four 
days. Annealing to temperature above 160 °C returned the 
spectrum back, but not exactly to initial shape. The change 
in relative intensity of the vibronic structure indicates reor-
ganisation of the molecules geometry. The absorbance decre-
ase is also considered as it returned to c-curve after repeated 
HNO3. Both quantitative and qualitative reversible changes 
are well apparent and give an evidence of structure change. 
The reversibility of the spectral change was observed also  

at U14 sample after annealing at 200 °C but already at room 
temperature within 5 days appeared remarkable initial state 
regeneration. 

The spectral variation has following explanation3: Hyd-
rogen ion from the acid is captured on nitrogen atom in the 
pyridyl ring and the complex salt (R – N – H)+(NO3)

– resulted 
into colour and structure change. The evolution of NO2 
and O2 is possible as well while the free electron remains  
in the material. In case of dissociated hydrogen is presumed 
reaction, where instead of (NO3)

–
 ion free electron is created, 

which contributes to material conductivity.
However, the behaviour of the U14–U16 derivatives dif-

fers from the U34 and U35. Since the absorption spectrum of 
the latter derivatives undergo bathochromic shift the former 
derivatives shows large hypsochromic shift. The central part 
of the DPP unit acts as electron acceptor. Substitution of the 
electron donating groups (U14–U16) leads to an increase of 
the absorption coefficient and cause a bathochromic shift. 
The treatment of the derivatives under acid vapour cancelled 
the electron donating character of the substituents and the-
refore caused shift back to the absorption of non-substituted 
diketo-pyrrolo-pyrrole.

Fig. 2.  Sample U35 – Absorption changes affected by nitric 
acid vapour treatment and subsequent annealing

Fig. 3.  Sample U34 – Absorption changes affected b nitric acid 
vapour treatment and subsewquent annealing

Fig. 4.  Sample U14 – Absorption changes affected by nitric 
acid vapour treatment
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The conductivity and photoconductivity of the thin film 
was tested as well and its changes with acid vapour treatment 
is also expected (Fig. 5)

Conclusions
Set of thin film samples of DPP derivatives thin films 

prepared by evaporating and spin coating methods were 

investigated by absorption spectra measurements at HNO3 
vapour treatment. The nature of electron donating groups 
was changed by nitric ion and absorption spectra shift was 
observed. Similar behaviour exhibited also other acids. This 
affected also conductivity. The effect was reversible. It is 
believed that it can be exploited for new sensing material 
development, especially hydrogen sensing.

This work has been supported by the Czech Science 
Foundation in the projects GACR 208/08/1594 and by Minis-
try of Industry and Trade of the Czech Republic via Tandem 
project No. FT-TA3/048.
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Introduction
After more than 15 years of academic and industrial 

research worldwide, the class of organic materials, conjugated 
polymers and organic molecular systems, has reached very 
high level of outstanding material properties and the potential 
for different industrial applications is now emerging. Resis-
tors, capacitors, diodes, photodiodes, organic light-emitting 
diodes (OLED), field-effect transistors and optically pumped 
solid-state lasers can be fabricated by different methods and 
integrated into electronic and optoelectronic circuits1.

In this study, a group of several derivatives of 3,6-diphe-
nyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1 ,4 dione, also known 
as DPP (see Table I) were investigated. DPP derivatives are 
mainly used as high performance pigments and are valued 
for their fatigue resistance; nevertheless some of their phys-
ical properties make them as potential candidates for OLED 
applications2. 

Molecular OLED devices are generally fabricated by 
sublimation under vacuum of successive layers of electron-
and hole transporting materials. In contrast, low-cost solu-
tion-based processing techniques are usually requested for 
industrial production. Therefore four different derivatives of 
diphenyl-diketo-pyrrolopyrrole (DPP) with alkyl side groups 
were synthesized to increase their solubility (see Table I) and 
the question of relation between the chemical structure and 
morphology of prepared thin films were addressed.

Experimental
Thin films of DPP materials were prepared by spin 

coating method and by vacuum evaporation method. Low 
resistivity silicon substrates were used for scanning electron 
microscopy (SEM) and atomic force microscopy (AFM), 
whereas indium tin oxide (ITO) coated low alkali Corning 
glass were used for electro-optical and quartz glass for opti-
cal characterization, respectively. Thin layers spin-casted 
from chloroform-toluene solution (7 : 3) were typically  
100–200 nm thick as measured by elipsometry.

The vacuum deposition of the active DPP layer was car-
ried out in the vacuum coating facility B.55.3 HV Dresden 
with ultimate pressure 1 × 10–4 Pa pumped by diffusion oil 
pump. The crystal thin film thickness monitor was used for 
deposition monitoring. Thin films of thickness 200 nm were 
deposited on standard substrates. The material was pressed 
into pellets 6 mm in diameter and about 1 mm high, usually 

about 30 mg, which was the proper dose for 200–300 nm 
thick layer without wasting. The sophisticated shape of the 
boat prevented direct radiation of the deposited layer and 
also focused the irradiation onto the pellet, so it decreased 
required heating power. This procedure allowed steady sub-
limation and deposition rate without sputtering of bigger 
clusters or drops and material melting. It also improved easy 
manipulation and cleanness preservation – no powder was 
sputtered into vacuum chamber.
The deposition rate was typically 0.2 to 0.5 nm s–1. Some 
samples were deposited at higher temperature, so the heated 
sample holder with six positions was used in order to enable 
preparing a series of samples at different substrate tempera-
ture. For lower than room temperature the water cooled hol-
der combined with Peltier cell was designed. The substrate 
temperature –20 °C was achieved with water cooling measu-
red by Pt100 thermometer.

The morphology of the samples was investigated by 
scanning electron microscope FEI QUANTA 200.

Table II
Series of discussed compounds with melting points Tm [°C]

	 U4	 U9	 U10
	 Tm > 300	 Tm = 248–252	 Tm  = 118–120

	 U11	 U12
	 Tm = 211–213	 Tm = 109–213

Fig. 1.  Samples of DPP sandwich structure with aluminium 
deposited contacts
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Results
Theory of thin film growth predict that a particle impin-

ged onto the substrate surface can move laterally unless it 
losses its kinetic energy and finds the energy potential well. 
It is usually after joining with other particles and this par-
ticle – molecules – cluster is the nucleus of future colum-
nar or island structure. Further more crystallization can be 
in process. Usually the uniform thickness and homogene-
ous structure is demanded in order to enable electrical thin 
film device to fabricate. Fig. 2. represents the series of DPP 
derivatives with alkyl chains symmetrically (U10, 12) and 
asymmetrically (U9, 11) bonded. The SEM snaps show, that 
they create crystalline structure with bigger and flat crystals 
in case of symmetric molecules and smaller and fibre crys-
tals in case of asymmetric molecules. The melting point is 
lower in case of longer alkyl chain material, so it results in 
coarse grain structure with no amorphous phase. The island 
structure occurs with holes causing electrical breakthroughs 
in sandwich devices. The U12 material is deposited as amor-
phous islands, but in short time – hours – it crystallises. This 
effect was observed also at other materials with melting point 
round 100 °C and lower.

Condensation of evaporated molecules brought also pro-
blems with adhesion. The high deposition temperature causes 
shrinkage while cooling, more for organics than substrates 
and it resulted into peeling observable especially at U4–150 
sample. The free crystal ends in space give high reflection in 
SEM due to charging and they appeared bright. 

How the surface mobility of condensed molecules cor-
responds to surface temperature explains Fig. 3. The high 
melting point material was deposited by evaporation and 
the grain size corresponded the condensing surface tempera-
ture. The aim of the attempt should be the uniform structure, 
although it was achieved in scale of SEM resolution (50 nm), 
the electrical breakthroughs still appeared. 

Samples prepared by spin coating method behave simi-
larly, but the structure is usually continuous – no islands 
and visible holes m- see Fig. 4. The solvent affects blurred  

Fig. 2.  Structure of evaporated thin films of materials U9, U10, 
U11 and U12

Fig. 3.  Sample U4 prepared at various substrate temperature – 	
10 °C, 18 °C, 100 °C and 150 °C

Fig. 4.  SEM snap of U11SC and U12SC spin coated
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transition when crystals grow just at solvent evaporation, 
but in case latter crystallization the grain boundaries appear 
sharp. 

Conclusions
Set of samples of DPP derivatives thin films prepa-

red both by evaporation and spin coating methods were 
investigated by SEM. Their convenience for sandwich 
electronic devices was criticized by the morphology appea-
rance. The uniform thin film in scale below 100 nm grain 
size was not achieved due to crystallization processes. The 
grain size corresponded to melting point of the materials and 
did not vary rigorously between evaporating and spin coa-
ting method, which one gave better results due to absence of 
holes and continuous layer creation. Crystallization and non 
uniform surface appeared as well. Therefore the optimization 

of the chemical structure and the detail morphology studies 
should be done to achieve homogeneous stable layers sui-
table for OLED application. 

This work has been supported by the Ministry of Indu-
stry and Trade of the Czech Republic via Tandem project No. 
FT-TA3/048 and by the Czech Science Foundation by the pro-
ject GACR 208/08/1594.
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Introduction
One of the perspective trends of non-fuel usage of coals 

is the production of humic preparations on its base, which are 
to be used in different branches of industry and agriculture1. 
The most suitable raw material for obtaining these products 
is brown coals2.

Humic acid is one of the major components of humic 
substances, which are dark brown and major constituents of 
soil organic matter humus that contributes to soil chemical 
and physical quality and are also precursors of some fossil 
fuels. They can also be found in peat, coal, many upland stre-
ams, dystrophic lakes and ocean water3.

In the studies of Baláž4,5 was tested the use of mecha-
nical activation, called GACL (Grinding Aqueous Caustic 
Leaching) procedure which is based on the simultaneous 
grinding and leaching of coal. In this process of grinding was 
occurred significant demineralisation and detoxication. The 
content of humic acids increased by more than 2 times. 

Recent studies using pyrolysis-FIMS and -GC/MS, mul-
tidimensional NMR and synchrotron-based spectroscopy 
have shown that humic substances posses both aromatic and 
aliphatic characteristics. The dominant functional groups, 
which contribute to surface charge and reactivity of humic 
substances, are phenolic and carboxylic groups6.

Experimental
H y d r o c y c l o n e  S e p a r a t i o n 

The steam brown coal from Handlová Colliery (cent-
ral part of Slovakia) was washed in the WOC (Water-Only 
Cyclone). During experiments the WOC was installed in 
hydrocyclone station7 (Fig. 1.). The WOC can be charac-
terized by the following parameters: the inner diameter of 
cylindrical part: 150 mm; the height of this part: 200 mm; the 
diameter of inlet pipe 45 mm. The vortex finder and apex dia-
meters were of 68 mm and 14.6 mm, respectively. The cone 
consisting of three angles (135 °, 75 ° and 20 °) was applied. 
The experiments have been carried out at the input pressure 
of 10 kPa. The concentration of solids was of 100 g dm–3.  
The basic products of washing were collected using sieves 
with a mesh size of 0.5 mm. Finally, circulating slurry was 
collected and included into total material balance. The basic 
coal sample – feed (F), the obtained treatment products, 
i.e. washed coal – overflow (O), were dried, ground below 
0.1 mm and characterized by standard analytical methods. 

E x t r a c t i o n  o f  H u m i c  A c i d s
The coal samples (F, O) were subject to mechanical acti-

vation by the GACL (Grinding Aqueous Caustic Leaching) 
method in following conditions: made-up: 20 g, volume of 
leaching agent: 200 ml, concentration of leaching agent: 
0.1%; 0.5%; 1% and 2% NaOH, leaching temperature: 60 °C, 
grinding period: 60 minutes, revolutions: 400 min–1.

Mechanical wet grinding was performed in the attritor 
Molinex, type 075 Netzch, Germany with a grinding capacity 
of chamber – 500 ml and the grinder filling, i.e. glass balls 
with a weight of 685 g and 2 mm in diameter.

After the performance of the grinding test the solid 
phase was separated from liquid product in the centrifuge 
(JANETZKI T23). After through washing of the leached coal 
extraction in distilled water and after its drying there were 
determine humic acids by standard STN 441347.

1 3 C  N u c l e a r  M a g n e t i c  R e s o n a n c e
The solid-state 13C-NMR spectra were obtained on a 

Bruker Avance 500 WB/US (Karlsruhe, Germany, 2003) 
spectrometer.

The following experimental conditions were employed:
a 4 mm ZrO2 rotor with standard CPMAS pulse pro-

gram, during the measuring of 13C-NMR signal was applied 
a bipolar decupling – TPPM (two-pulse phase-modulated), a 
pulse length of 4.8 µs, angle of phase modulation was 15 °.

Chemical shifts were assigned according to Maciel8.

S E M  M i c r o s c o p y
Scanning electron microscopy (SEM) of sample of 

brown coal was performed using microscope type TESLA 
BS 340.

Micro-shots of samples of the brown coal taken from a 
screening electronic microscope were enlargement of 2,000 
times.

Fig. 1.  Scheme of hydrocyclone station7

1 – hydrocyclone, 2 – agitating tank, 3 – pump, 4 – valve of reverse 
circuit, 5 – valve for regulation of input press, 6 – pressure gauge, 
7 – hydrocyclone input, 8 – heavy product – underflow, 9 – light 
product – overflow, 10 – circulating charge
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Results
The results of chemical analysis of steam brown coal 

and of washed WOC products are presented in Table I. It 
was found that WOC process reduce the amount of ash (the 
washed coal (O) contains lower amount of ash Ad = 9.01 % in 
comparison to the basic sample Ad = 36.80 %).

Several procedures of preparation of humic acids make 
use of the traditional method of caustic treatment of brown 
coal with a relatively higher content of humic acids.

In Table II there is presented the influence of the con-
centration of leaching agent NaOH during the mechanical 
processing of coal before and after the WOC by the GACL 
method.

Table II show that a greater effect of mechanical activa-
tion by GACL process is determined by using the samples, 
which were not washed and which have a higher content 
of ash. There is the increase 1.5 in average (feed as against 
overflow).

In the case of mechanical activation of basic sample (af-
ter GACL method), the increase of humic acids is 2 times in 
comparison to the basic sample (HA – 1.62 g) before GACL 
method and the amount of humic acids is increased with the 
increase of NaOH concentration.

This same process is observed by using samples after 
WOC, the amount of humic acids before CACL method is 
1.83 g.

The distribution of humic acids into the liquid and solid 
product is significant in the basic samples (liquid product 
HA0.5 = 4.35 g as against HA0.5 = 1.04 g in solid product).

In the samples after WOC, the distribution of the humic 
acids is relatively equal.

The 13C-NMR spectra of the isolated coal HA are shown 
in Fig. 2.a), b). The spectra of HA sample were very similar 
and practically the minimal changes were detected.

Concerning that, coal is very complicated nature pro-
duct; its resolution of nmR spectra is very small for the most 
part. Inasmuch as, there is possible to estimated only basic, 
typical fraction of functional groups: area of 190–170 ppm – 
carboxylic groups or amidic carbonyls, 170–150 ppm – aro-
matic carbons of phenols and phenolic ester, 150–135 ppm 
– alcylated aromatic carbons, 135–100 ppm protonised and 
unprotonised bridgehead aromatic carbons, 108–100 ppm 
– anomeric CH of cellulose and hemiacetal carbons, 90–
70 ppm – resonance area CH secondary alcohols and other 
carbon atoms binded to oxygen atom., 65–55 ppm – area of 
resonance of CH3 group aliphatic and aromatic ethyleters and 
α-carbons of amino acids, 55–50 ppm – area of resonance of 
CH3 group of metylesters of carboxylic groups, 50–35 ppm 

Table I
Characteristics of brown coal samples from Handlová Col-
liery. Superscripts: d – dry basis, a – analytical specimen, Od 
– by difference – according to 100 – (Ad + Cd + Hd + Nd+ 
Sd

Total)

	 Characteristics\Product	 Feed	O verflow
	 Ad [%]	 36.80	 9.01
	 Wa [%]	 9.02	 7.55
	 Cd [%]	 46.11	 68.12
	 Hd [%]	 3.04	 4.49
	 Nd [%]	 0.32	 0.62
	O d [%]	 11.78	 16.03
	 SiO2 [%]	 20.42	 4.14
	 Al [%]	 4.14	 1.01
	 Ca [%]	 0.48	 0.31
	 Mg [%]	 0.47	 0.12
	 Fe – total [%]	 1.49	 0.59
	 S – total [%]	 1.76	 1.73
	 As [ppm]	 62.00	 66.00

TableII
Mechanical activation of coal using GACL process

Characteristic	 HA0.1 [g]	HA0.5 [g]	HA1 [g]	 HA2 [g]
F: solid	 1.41	 3.57	 1.04	 5.39	 1.42	 4.72	 1.34	 6.04
 liquid	 2.16		  4.35		  3.30		  4.70	
O: solid	 1.02	 1.94	 1.43	 2.83	 1.92	 3.92	 1.45	 4.85
 liquid	 0.92		  1.40		  2.00		  3.40	

a)

b)

Fig. 2.  13C – nuclear magnetic resonance spectra of the humic 
acids – a) Overflow before the GACL process, b) Overflow after 
the GACL process
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– area of resonance of quarternary carbons and CH carbons, 
35–25 ppm – area of resonance of CH2 alcylic group and CH3 

acetylic group, 25–1 0 ppm – area of resonance of alcylic 
methyls.

Fig. 3.a) and b) show the micro-shots of the grains in 
mechanically active coal samples after WOC (before and af-
ter the GACL method) in the conditions of active grinding 
time 60 minutes 

Comparing the micro-shots it may be clears that in  
Fig. 3.b), there is obvious aggregation of the grains in the 
ground stock as against 3.a). The mechanism of aggregation 
of ultra-fine grains cannot be definitely specified. 

Conclusions
From the results presented it follow that a greater effect 

of mechanical activation by GACL process is determined by 
using the samples, which were not washed and which have a 
higher content of ash. In the case of leaching of the basic sam-
ple there occurs a significant selective penetration of humic 
acids into the liquid product. In the samples after WOC, the 
distribution of the humic acids into liquid and solid product 
is relatively equal.

This work has been supported by the Slovak Research 
and Development Agency under the contract No. APVV-51-
035505 and by the Slovak Grant Agency for Science VEGA 
(grant No. 2/7163/27). The authors also thank Dr. Brus PhD. 
from the Institute of Macromolecular Chemistry ASCR, for 
the measurement of nmR spektra.
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Introduction
Many scientists have tried to create the kinetic model 

describing the processes occurred during the nitrogen post-
discharge1,2. These endeavours are not fully successful up to 
now because there are many metastable electronic and vibra-
tional states in nitrogen and the bimolecular and trimolecular 
reactions among these excited states have mainly unknown 
reaction rate constants3,4. If the active discharge turns to the 
post-discharge period there is about 90 % of total energy in 
plasma dissipated into vibration at levels states of the ground 
state5 and during the consequent reactions (including also 
the other excited species) this energy changes to the electron 
excitation, ionization, dissociation and other processes6. It 
means, nearly all the post-discharge kinetics starts by reacti-
ons of metastable vibrationally excited nitrogen ground state 
molecules. This is reason why it is necessary to study vib-
ration distribution function of the ground state in the time 
evolution. Vibration distribution function is depended on 
different processes as V-T (Vibration-Translation transition), 
V-V (Vibration-Vibration transition), electron excitation, 
ionization and another. V-T and V-V processes are the most 
important for the evolution of vibration distribution function 
(VDF). Much work is needed for all calculations. However 
we have already finished V-T calculations so this work is 
focused on this only. 

Theoretic Base of Numeric Model
There are two main well known energy transfer pro-

cesses in the ground state: V-T process7, i.e. the transfer of 
vibrational energy into the energy of translational motion of 
molecule (see R1) and V-V process7 where the molecules 
exchange their vibrational excitation energy (see R2). 

V-T:
N2(X 1Σg

+, v) + N2(X 1Σg
+) →	 R1

N2(X 1Σg
+, v ± 1) + N2(X 1Σg

+)

V-V:
N2(X 1Σg

+, v) + N2(X 1Σg
+, w) → 	 R2

N2(X 1Σg
+, v – 1) + N2(X 1Σg

+, w + 1)

Nitrogen molecule in ground state has 60 vibratio-
nal levels (from 0th to 59th)8. The SSH (Schwartz-Slawsk-
Herzfeld) theory was used in the presented model9, because 
it is easier than quantum mechanic theory, where calculations 
are more complicated and need longer computation time than 

•

•

SSH theory. On the other hand, SSH theory allows calcula-
tion of the rate coefficients for the first 46 vibration levels 
only. 

The rate coefficients of all two body collisions must be 
known for the numeric model of V-T process. 46 different 
particles with 46 kind of two body reactions are used in SSH 
theory because the state of the second interacting particle is 
not resolved. Each particle can transfer its state to any from 45 
others but transition with Δv > ± 1 have very low probability 
at temperatures below 1,000 K and thus can be neglected. 

This is reason why model calculates and uses only Pv,v–1 
(probability of transition from v to v – 1) and Pv–1,v (probabi-
lity of transition from v – 1 to v). 

C a l c u l a t i o n  o f  T r a n s i t i o n
Transitions probabilities for both V-T and V-V processes 

were calculated using SSH theory for the lowest 46 vibratio-
nal levels using the following set of equations.

	
(1)

	 (2)

	
(3)

	 (4)

	 (5)

	 (6)

	 (7)

	 (8)

	 (9)

(10)

(11)

(12)

(13)
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Our model includes two basis of calculation. The first 
one is based fully on theory, the second way uses experimen-
tal value of P1,0 probability and the other probabilities are 
computed by SSH theory.

In presented schemes 1 and 2 you can see sequence of 
equations used in numeric model. 

Scheme 1
Equations for calculation of probabilities for vibration-
translation transfer Pv,v-1 and Pv-1,v by SSH theory with 
correction to quantum mechanic theory. This scheme 

shows calculation of all probabilities from SSH theory.

Scheme 2 
Equations of calculation probabilities for vibration-translation 

transferPv,v-1 and Pv-1,v by SSH theory with correction to quantum 
mechanic theory. This scheme shows calculation of probabilities 

from SSH with used experimentally obtained probability P1,0 value. 

Results
The gas temperature, pressure and vibrational quantum 

number are the main parameters of calculation. The calcu-
lated rate coefficients are shown in Figs. 1 and 2. The proba-
bilities for the exothermic V-T transfer Pv,v–1 are higher than 
probabilities for endothermic V-T transfer Pv–1,v. Both these 
probabilities increase with the increase of vibration quantum 
number because energy difference between neighbour levels 
decreases with the increase of v according to the anharmonic 
potential curve of electronic state.

Also it can be seen that probabilities obtained by theory 
(“TH”) are smaller than probabilities from theory with expe-
rimental value of P1,0 coefficient (“EX”). These figures show 
the strong dependence of all probabilities on temperature. 
Temperature increase of about three times evokes the proba-
bility increase of about three orders in magnitude. 

	 (14)

	 (15)

	 (16)

	 (17)

	 (18)

	 a(Tg) 	 Correction coefficient
	 d	 Particle diameter
		E  nergy difference of simultaneous transfer
		  from level “v” to “v – 1” and from “w – 1” to “w”
	 Eν	V ibration energy
	 F(y) 	 Adiabatic factor
	 F(Y1,0) 	 Adiabatic factor, for transfer from 1 to 0 level
	 F(Y0,1)	 Adiabatic factor, for transfer from 0 to 1 level
		  Adiabatic factor, for transfer from 1 to 0 
		  level by first molecule and from 0 to 1 
		  by second molecule
	 F(Yν,ν–1) 	 Adiabatic factor for “v” to “v – 1” transfer
		  Adiabatic factor, for transfer from “v“ to “v – 1” 
		  level by first molecule and from 
		  “w – 1“ to “w” by second molecule
	 g	 Factor
	 ħ	 Modified Planck constant
	 k	 Boltzmann constant
	 L	 Parameter characterizing magnitude 
		  of repulsion potential
	 μ	 Total reduced mass of both molecules by collision
	 ,	R educed mass of molecule A2 and B2
	 P1,0

	 Probabilities of excitation transfer from 
		  vibration level 1 to level 0
		  Probability of simultaneous transfer 
		  from vibration level 1 to level 0 and 
		  from level 0 to 1 by second molecule
	 Pν–1,ν

	 Probability of transfer from 
		  vibration level “v – 1” to level “v”
	 Pν,ν–1

	 Probability of transfer from vibration 		
		  level “v” to level “v – 1”
		  Probability of transfer from vibration 
	Pν,ν–1[OK]	 level with correction (from SSH 
		  theory to quantum mechanic theory) 
		  Probability of simultaneous transfer 
		  from vibration level “v” to level “v – 1” 
		  and “w – 1” to “w” by second molecule
		  Probability of simultaneous transfer 
		  from vibration level “v – 1” to level
		  “v” and “w” to “w – 1” by second molecule
	 Tg	 Neutral gas temperature 
	 ν	V ibration level

	 Variables	 Names of variables

	 ω	 Fundamental vibration frequency 
		  (for N2 ground state ω = 4.443.1,014 Hz)
	 ,	V ibration frequency of A2 and B2molecule
	 χe

	 Constant of anharmonicity 
		  (second virial coefficient)
		  Anharmonicity constant for A2 

		  and B2 molecule 
	 y	 Distance between molecules A2 and B2
	 Yν,ν–1	 Factor

		  Factor

	
Z	 Collisions frequency
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V i b r a t i o n  D i s t r i b u t i o n  F u n c t i o n
Vibration distribution function (VDF) is time dependent 

during the post-discharge. The initial VDF is the same as 
in an active discharge and it can be calculated using active 
discharge conditions. Fig 4. shows VDF time evaluation at 
300 K and pressure of 1,000 Pa.

Evolution of VDF shows decrease of population at the 
highest vibration levels. The populations at lower levels do 
not show any significant changes during initial part of post-
discharge. As particles at higher vibrational levels have higher 
V-T probabilities, they are more or less in Boltzmann distri-
bution (see blue line in Fig. 4., particles with v > 20), while 
particles at the lower vibration levels conserve more or less  

Fig. 1.  Dependence of probabilities for vibration-translation 
energy transfer Pv,v–1 and Pv-1,v on vibration level at temperature 
400 K. Curves “TH”are just from theory SSH with correction, 
and curves “EX” are from theory with experimental value 	
of P1,0 coefficient

Fig. 2.  Dependence of probabilities for vibration-translation 
transfer Pv,v–1 and Pv–1,v on vibration level at temperature of 
1,000 K. Curves “TH” are just from SSH theory with correction, 
and curves “EX” are from theory with experimental value 	
of P1,0 coefficient

Fig. 3.  Dependence of probabilities Pv,v–1 (from theory and 
experimental P1,0) under temperature 300 K  (red line), 400 K, 
600 K and 1,000 K (blue lines) for vibration level

Fig. 4.  Time evaluation of vibration distribution function at 
300 K (t(start) is t = 10–5 s, t(1/4) is t = 10–3 s, t(middle) is t = 10–1 s, 	
t(3/4) is t = 101 s, t(finish) is t = 103 s)

Fig. 5.  3D diagram of vibration distribution function at 600 K
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the initial distribution function. The same situation is 
described also in Fig. 7 for higher temperature. 

Fig. 6. demonstrates the time evolution of relative vib-
rational populations. It can be seen that all populations are 
significantly higher at higher temperatures. It is also evident 
the populations at higher levels decrease earlier than at lower 
levels.

Energy vibration distribution function (EvDF) is time 
dependent during the post-discharge. The initial EvDF is the 
same as in an active discharge and it can be calculated using 
active discharge conditions. Fig. 7. shows EvDF time evolu-
tion at 1,000 K and pressure of 1,000 Pa.

Evolution of EvDF shows decrease of population at the 
highest vibration energy. The populations at lower vibrational 
energy do not show any significant changes during initial part of 

post-discharge. As particles at higher vibrational energy have 
higher V-T probabilities, they are more or less in Boltzmann 
distribution (see in Fig. 7, particles with Ev = 0.9 × 10–18 J),  
while particles at the lower vibration energy conserve more 
or less the initial distribution function. The same situation is 
described also in Fig. 8 for more temperatures. 

The small increase of the population is well visible at the 
decay time of 10 s originates in the faster decrease of popula-
tions at higher levels.

Conclusions
This work was focused on the numeric modelling of V-T 

energy transfer in nitrogen molecule ground state. This pro-
cess is one of the main mechanisms during the post-discharge 
when the systems changes its conditions from an active 
discharge to the common Boltzmann distribution at given 
(usually ambient laboratory) temperature.

The calculations were made using two approaches. The 
SSH theory with correction to the quantum mechanics was 
used in the first one, the second one was the same with inclu-
ded experimental value of P1,0 probability. The V-T proba-
bilities calculated by the first procedure were significantly 
smaller than that calculated by the other procedure. In both 
cases, probabilities for the exothermic V-T transfer (change 
of vibrational level Pv,v–1) are significantly higher than that 
for the endothermic (change of vibrational level Pv–1,v). The 
V-T transfer probability increased with the increase of vibra-
tional quantum number due to the anharmonic potential curve 
of the ground electronic state. Due to this fact, the Boltzmann 
equilibrium distribution was reached at earlier post-discharge 
times at higher vibrational levels; the highest levels (over 40) 
were nearly the equilibrium even at begin of calculation.

The temperature had very high effect on the transition 
probabilities. The temperature increase of about three times 
evoked the V-T probability increase of three orders indepen-
dently on vibrational level. On the other hand, the decrease of 

Fig. 6.  Relative populations at selected vibration levels during 
the post-discharge. Red lines are concentrations at temperature 
of 300 K and blue lines are concentrations at 400 K, 600 K and 
1,000 K

Fig. 7.  Vibration energy distribution function at 1,000 K, where 
t(start) is t = 10–5 s, t(1/4) is t = 10–3 s, t(middle) is t = 10–1 s, 	
t(3/4) is t = 101 s, t(finish) is t = 103 s, smooth red line is B olt-
zmann distribution for infinity time. EvDF is nearly the same as 
VDF but vibration levels are recalculated to vibration energy

Fig. 8.  Vibration energy distribution function (EvDF) 
at 300 K  (red lines), 400 K, 600 K  and 1,000 K, t(start) 
is t = 10–5 s, t(1/4) is t = 10–3 s, t(middle) is t = 10–1 s, 	
t(3/4) is t = 101 s, t(finish) is t = 103 s
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vibrational populations during time is slower at higher tem-
peratures.

The presented model showed evolution of VDF by V-T 
process. For the description of any real system more other 
processes (V-V, pooling, step-vise ionization and others) are 
needed to include and calculation of real system realization 
needs a lot of hard work and time. Its necessary to know more 
constants of system, new rate coefficients (that are strongly 
temperature dependent) and thus it is a really complex task. 
V-T process simulation was the first step on the way to com-
plex numeric model of the post-discharge phenomenon.

This work has been supported by Czech Science Foun-
dation, projects No. 202/05/0111 and 202/08/1106 and also 
by the SOCRATES-ERASMUS scholar ships.
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Introduction
Use of the color information for non destructive eva-

luation of wood has some advantages and drawbacks. 
Advantages of color information on lignocellulosics: Visu-
ally evaluated color information are widely used in common 
praxis and in everyday life for grading, production control, 
sale, decisions of consumers, aesthetic and economical value 
evaluation, in utilisation, renovation and recycling of wood 
materials and products. The quantified color data have shown 
to be valuable tool in forestry and forest products area, espe-
cially in the areas and processes of production of decorative 
wood1, storage2, drying and steaming3; veneers production4, 
coating5, testing of ageing6, aesthetic evaluation7, pulp and 
paper production8, wood pyrolysis9 tec.

The most widely used in the material engineering area 
inclusive wood science and technology is the CIE system.

The advantage of usage the color information for eva-
luation of diferences between controled and plasma modified 
surfaces colored with standard dyestuff solution in water is 
the potentialy practical readability of the method and the 
color information. The method would express more or less 
directly the water-repellent properties: the less water soluble 
dyestuff has been adsorbed the higher the water-repellency 
and the hydrophobicity. It could further correlate with the 
end-use properties of plasma treated wood surfaces e.g. man-
tainability and dirtability.

Disadvantages of color information on lignocellulos-
ics: In spite of their value-estimating and industrial meaning 
analysed in the works cited above, are the color information 
and another optical properties of wood not so systematically 
known as the other physical, mechanical and chemical pro-
perties. 

We have selected CIE L*a*b* – space as the most sui-
table space for the communication on the color of wood and 
for systematic presentation of the wood color as well as for 
monitoring color differences and kinetic changes of lignocel-
lulosic materials10,11.

For measurement of changes of surface polarity there are 
used methods and parameters such as: contact angle, surface 
energie of solid surfaces, spectroscopic methods for measu-
rement of polar and non-polar functional groups and com-

pounds, for an instance after their extraction from the surface 
of lignocellulosic materials (LCM)12. For characterization 
of LCM surfaces nowadays exists also many spectroscopic 
methods, which investigate functional groups of the surface, 
while many of them work at ultra high vacuum.13 If it comes 
to the change of LCM surface ad effectum of plasma, change 
of ability to absorb color substances can occur. For example, 
when hydrophobization strikes, LCM surface takes less of 
polar dyeding solution or dyestuff.

Measurement of the change of surface polarity should 
be in such a case performable also on the basis of change 
colorability or change of dyestuff adsorption on the unmodi-
fied surface as well as on the surface modified with Diffuse 
surface coplanar barrier discharge (DCSBD).

Experimental
In experimental part was proposed new method for mea-

surement of polarity changes on the LCM surface by means 
of colorimetry. 

Change of colourity can be measured colorimetricaly 
in whole range by microspectrophotometer, which gives the 
exact value ΔE*. 

* * 2 * 2 * 2e ( ) ( ) ( )L a b∆ = ∆ + ∆ + ∆ 	 (1)

Value of ΔE* refered to a plasma untreated dyed LCM 
surface (control sample). Measurement of color coordinates 
of surfaces was performed by colorimeter Minolta, CR–200.

Surface analysis offers information about chcemical 
composition, level of impurity, physical structure or morpho-
logy of surface. 

By measuring the contact angle it is possible to study 
effects of wetting. For reproducibility of results of measure-
ment contact angle is necessary to keep constant conditions: 
quality of testing solution, constant volume and size of drop, 
quality of surface (homogenity). Direct measurement of con-
tact angle shoul be performed on lighted drop sitting on solid 
surface. 

Contact angle θ by Surface energy evaluation sys-
tem (SEE System)14, which captures profile of solid/liquid 
meniscus of a liquid drop set on a solid surface with build-in 
camera. Images taken with camera are subsequently trans-
fered into SEE System software, where they are processed 
for evaluation of surface free energy, it’s portions, contact 
angles etc. 

P r e p a r a t i o n  o f  S a m p l e s
Samples of European spruce (Picea excelsa) with 

dimensions of 8 × 2.5 × 0.5cm were used during the experi-
ment. The spruce was chosen as a commercially used wood. 
All samples were air-conditioned prior the treatment in air-
conditioned chamber with relative humidity RH = 50 ± 2% 
and temperature T = 23 ± 1 °C during at least 4 hours. The 
surface of samples was sanded by 150-grit paper. After san-
ding the spruce surface was blasted by air stream to remove 
attached dust. The spruce surface was air blasted also after the 
plasma treatment, in order to remove possible low molecular 
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fragments from the surface. Water droplet contact angle was 
measured with Surface energy evaluation system (SEE Sys-
tem)14. Plasma treatment of wooden samples was done by 
the Diffuse Coplanar Surface Barrier Discharge (DCSBD) –  
a planar source of the low-temperature plasma15. The DCSBD 
electrodes, consisting of 15 pairs of silver strip electrode 
embedded 0.5 mm below the surface of 96% Al2O3 cera-
mics, was supplied by HV generator LIFETECH VF300. The 
mutual distance of the 200 mm long and 2 mm wide silver 
strip electrodes was 1 mm. Discharge was supplied by har-
monic 1,86 kHz sine high voltage of (100 ± 5) Watt, which 
gives 0.92 W cm–2 of power per treated area of sample. 

The electrode was mounted inside the closed reactor 
chamber equipped with forced air ventilation with air flow 
4 dm3 min–1 . 

The mutual distance dp-w was adjusted by the stack of 
0.13 mm thick microscope cover slips in amount (0–10 pieces) 
inserted between the surface of plasma electrode and surface 
of treated wood sample. After the treatment, samples were 
put again into the air-cond. chamber, where stayed another 
24 hours. After this periode they were colored with 10% water 
solution of stain commercially known as Spoloxyl blue 6.  
Filter paper previously submerged 10 s in stain solution was 
put on the sample surface, then was loaded with 3 kg weight 
during 5 s and on the end, excess of stain was sucked out by 
clean filter paper loaded with 3 kg weight during 5 s. After 
this procedure, samples stayed for 4 hours in air-conditioned 
chamber and after that they were measured by colorimeter 
Minolta CR–200. Color coordinates of LCM surfaces were 
measured and color difference ΔE* was calculated from 
them.

M e a s u r e m e n t  o f  C o n t a c t  A n g l e
The thermodynamic properties of spruce wood samples 

were investigated by means of the sessile drop technique  
using the Surface Energy Evaluation System (SEE System, 
http://www.advex-instruments.cz,10.5.2008). The con-
tact angles were measured directly from the images of the  
solid/liquid meniscus of a liquid drop set on a solid, taken with 
build in camera. Because the sessile drop gradually spreads 
over the wood surface, thus reducing its contact angle value, 
the initial contact angle was taken only.

M e a s u r e m e n t  o f  W a t e r  U p t a k e  T i m e
For measurement of water uptake time was used 5-μl 

droplets of deionized water, which were applied onto spruce 
surface with Krűss single auto-dosing system D03004. Water 
uptake time was measured at the same time as the measu-
rement of contact angles.The determination of water uptake 
time has been done in accordance with16 in order to mutu-
ally compare obtained results. The water uptake time was the 
time interval from the impact of the droplet to the complete 
penetration of the droplet into the wood surface (no optical 
reflection can be seen).

Results
Table I sumarizes results from the measurements of color 

coordinates, total color difference, surface contact angle and 
water droplet uptake time as a function of mutual distance 
of the sample surface and surface of plasma electrode. By 
having look at color coordinates of plasma treated samples 
and their comparison with untreated sample is obvious, that 
plasma causes changes in colorability of plasma treated lig-
nocellulosic surfaces. At the same time it is possible to say, 
that contact angle of plasma untreatet sample is almost the 
same as that treated from the distance 0.3–0.4 mm above 
plasma electrode. The same behaviour was observed in the 
case of water uptake time. 

Fig. 2. shows dependance of contact angle θ on mutual 
distance dp-w between surface of treated sample and surface 
of DCSBD plasma electrode. There is also present line repre-
senting value of 62 ° which matches with plasma untreated 
sample (control). At distance between 0.3 and 0.4 mm is con-
tact angle of the plasma treated surface equall 62 °. Plasma 
makes treated surface hydrophilic (i.e. contact angle is less 
than 62 °). The generation of plasma at zero distance (i.e. the 
wood sample lying directly on the DCSBD electrode) was 

Fig. 1.  DCSBD plasma system scheme

Fig. 2.  Change of contact angle as a function of different mutual 
distance dp-w between surface of treated sample and surface of 
DCSBD plasma electrode. Dashed line represents untreated con-
trol sample
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allowed due to the natural porosity and roughness of wood 
sample. 

Samples in direct contact with the plasma electrode 
became more hydrophilic after the treatment which corre-
sponds with significantly higher rate of water uptake as can 
be seen on Fig. 3. Samples which were more than 0,4 mm 
over the surface of plasma electrode became after the plasma 
treatment more hydrophobic which corresponds with longer 
period of water uptake (Fig. 3.) on their surface as well as 
with the higher contact angle in comparison to that of control 
sample. 

Fig. 4 shows dependance of the total color difference on 
∆E on mutual distance dp-w between surface of treated spruce 
sample and surface of DCSBD plasma electrode. There are 
two peaks. First lays in the range of 0mm up to 0.4 mm. Total 

color difference rises from 0 to 10.6 at dp-w = 0.2mm and 
then slowly decreases to 10.2 at dp-w = 0.4 mm which core-
lates with the thickness of plasma layer generated in air with 
the used experimental setup. By further increasing the mutual 
distance, ∆E* starts to rise again and reaches maximum value 
of 29.2 at dp-w = 0,8–0,9 mm and then starts to decrease. It 
seems to be, that plasma has two effects. One, when sam-
ples are in close distance up to 0.3–0.4 mm, where are treated 
directly with the generated plasma layer. At distances above 
0.4 mm there is no visible generated plasma layer, but there 
is still area above the layer, which is also active at plasma  

Table I
Evaluation of color coordinates of stained LCM surfaces treated with DCSBD plasma by CIELab system. DCSBD plasma 
treated surfaces were colored with 10% water solution of stain commercially known as Spoloxyl blue 6 and are compared 
with plasma untreated controll sample, where: dp-w – mutual distance of the surface of sample and surface of plasma electrode, 
θ – contact angle, τw-water uptake time, L* – lightness, a* – red-green axis, b* – yellow-blue axis and ΔE* – total collor  
difference

	 dp-w [mm]	 L*	 a*	 b*	 ΔL*2	 Δa*2	 Δb*2	 ΔE*	 θ [°]	  τw [s]
	 Cont.	 35.57	 –8.22	 –27.7	 0	 0	 0	 0	 62	 30
	 0	 37.4	 –11.2	 –26.3	 3.5	 9	 1.9	 3.8	 31	 4
	 0.1	 41.3	 –13.9	 –23.3	 32.3	 32.6	 19	 9.2	 47	 10
	 0.2	 41.8	 –14.7	 –22.1	 38.6	 41.9	 31	 10.6	 54	 14
	 0.3	 40.3	 –14.0	 –20.5	 22.4	 33.8	 52	 10.4	 57	 16
	 0.4	 41.7	 –13.5	 –21.4	 37.2	 27.7	 40	 10.2	 69	 45
	 0.5	 42.3	 –15.7	 –18.6	 45.4	 55.8	 84	 13.6	 83	 450
	 0.6	 48.4	 –15.1	 –8.2	 164.6	 47.3	 381	 24.4	 103	 630
	 0.7	 44.8	 –13.3	 –14.5	 84.8	 26.0	 173	 16.9	 100	 550
	 0.8	 52.7	 –12.3	 –4.5	 294.5	 16.8	 540	 29.2	 107	 870
	 0.9	 49.0	 –15.3	 –12.3	 180.4	 50.7	 238	 21.7	 91	 510
	 1	 43.2	 –14.3	 –19.2	 57.5	 37.2	 73	 12.9	 82	 370

Fig. 3.  Change of water uptake time τw as a function of diff-
erent mutual distance dp-w between surface of treated spruce 
sample and surface of DCSBD plasma electrode. Dashed line 
represents untreated control sample

Fig. 4.  Change of total color difference ΔE* as a function of 
different mutual distance dp-w between surface of treated spruce 
sample and surface of DCSBD plasma electrode. The biggest 
color difference was obtained when the sample was during the 
plasma tretment approximately 0.8 mm over the surface of 
plasma electrode. At this point also the strongest hydrophobiza-
tion took the effect
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treatment. This area is responsible for hydrophobization of 
lignocellulosic surfaces, while are bellow 0.3 mm makes sur-
face hydrophilic. However, whole range of distances from 
0 mm up to observed 1.17 mm causes changes in colorabi-
lity 

Table II shows color parameters measured at samples of 
spruce treated by DCSBD plasma and their correlations with 
the contact angle and water uptake time. Individual paramaters 
are ordered from that with the highest correlation with both 
above mentioned characteristics of surface polarity, which is 
parameter b*. This parameters correlates with contact angle 
as well as with the water uptake time very well (91and 93 %). 
Also ΔE*, L*,(Δb*)2, (ΔL*)2 correlate quite well, so they can 
be used for evaluation of changes on the lignocellulosic sur-
face caused by DCSBD plasma treatment. Parameters a* and 
(Δa*)2 don’t correlate with above mentioned characteristics 
of surface polarity and they are not suitable for evaluation 
of intake capability of lignocellulosic surfaces by adsorption 
dydeding method.

Conclusions
The particular aim of this paper is to propose and test 

characteristic color parameters and to correlate them with 
polarity changes on the wood surface made by DCSBD 
plasma treatment.

The new method for evaluation of changes in polarity of 
solid lignocellulosic surfaces by measurement of differencies 
of trichromatic components between untreated and plasma 
treated surface colored by given standard dye was developed. 
Measurement was performed in CIE Lab system. It was veri-
fied, that by measurement of color difference it is possible 

to evaluate polarity of lignocellulosic surfaces, what was 
confirmed by comparison of this method and other utilized 
methods for measurement of polarity changes such as measu-
rement of water uptake time and contact angle.

This work has been financially supported by the Slovak 
Research and Development Agency, Project No. APVT–20-
033004 “Study of atmosperic plasma surface treatment of 
solid wood materials “
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Introduction
Alginate and k-carrageenan are seaweed carbohydrate 

biopolymers commonly used in bioencapsulation. 
The high content of polyunsaturated fatty acids, caro-

tenoids and other oxygen sensitive lipid molecules make 
seabuckthorn oil susceptible to oxidation, limiting its appli-
cation. This paper examines the microencapsulation effi-
cency, the release and oxidation process of seabuckthorn oil 
encapsulated in ionotropically crosslinked alginate-carragee-
nan complex beads, using the Fourier transformed infrared 
(FTIR) spectroscopy.

Experimental
Sodium alginate (SA) was purchased from Promova, k-

carrageenan (k-Car) from Danisco, calcium chloride (CaCl2) 
from Sigma Aldrich, sea buckthorn oil (SBO) was extracted 
from the fruits of sea buckthorn, which were collected from 
Transilvania region, Romania. 

B e a d s  P r e p a r a t i o n
SA (0.75 %, w/v) and k-Car (0.75 %, w/v) were dissol-

ved in de-ionized water and were used to encapsulate the 
SBO by ionotropically cross-linked gelation. The SBO-SA-
k-Car emulsion obtained was dropped using a syringe with a 
needle (0.4 × 20 mm) into a hardening bath 2% (w/v) solution 
of CaCl2 in water.

M i c r o s c o p y
Images of emulsions at magnification 10 × were obtai-

ned using an inverted microscope Olympus, with a digital 
camera.

F T I R - A T R  m e a s u r e m e n t s
The FTIR spectra were obtained with a Fourier trans-

form spectrometer (PerkinElmer), equipped with ATR. The 
oxidation process induced by UV light (254 nm) after 1, 4 
and 6 hours was monitored calculating the ratios between 
absorbance of some relevants spectral bands of free and 
encapsulated oil.

E n c a p s u l a t i o n  E f f i c i e n c y  ( EE    % ) 
o f  t h e  S B O

EE % was calculated taking into consideration the 
amount of β-carotene contained by SBO, before and af-
ter encapsulation. The amount of β-carotene was assayed 

spectrophotometrically at 454 nm using tetrahydrofuran 
(THF) as solvent, and also as a solvent to extract β-carotene 
from beads. The formulae (1) was used:

EE % = C1/C2 × 100,	 (1)

where: C1 = β-carotene concentration content in the SA-k-
Car beads [mg dm–3] and C2 = β-carotene concentration in 
SBO before encapsulation [mg dm–3].

C a r o t e n o i d s  R e l e a s e  R a t e s 
M e a s u r e m e n t  f r o m  B e a d s

Control release of carotenoids contents fom beads in dif-
ferent solvents: methanol, hexane and THF were measured 
spectrophotometrically. The absorption spectra were obtained 
with a Jasco UV-VIS spectrometer the range 300–500 nm.

Results
Emulsion stability evaluations. The microscopic ima-

ging of the SBO-SA-k-Car emulsion used for encapsulation 
reveals the presence of polydisperse oil droplets with sizes 
between 20–50 µm (Fig. 1.a.). 

Beads characterization. Orange beads obtained from 
the emulsion had a diameter between 2–3 mm and spherical 
shapes were obtained (Fig. 1.b.). 

Encapsulation efficiency of the oil. β-carotene content 
of SBO oil was 1.212 mg dm–3. The β-carotene content in the 
SA-k-Car beads was 1.1964 mg dm–3, showing that the EE% 
of β-carotene in beads was 98.71 %.

Carotenoid release rates measurement from beads. The 
carotenoid release rate was substantially slower in hexane 
than in the case of the methanol and the best release was 
obtained into THF (Fig. 1. c.). THF was demonstrated to be 
one of the best solvents to extract carotenoids, as mentioned 
elsewhere.

FTIR-ATR measurements. FTIR spectra of SBO, SA, k-
Car and SA-k-Car blank beads are shown in Fig. 1.d..

The SA spectrum showed the characteristic peaks at 
3242 cm−1 (OH− stretching), 1,596 and 1,407 cm−1 (COO− 
asymmetric and symmetric stretching), 1,081–1,024 cm−1 
(C – O – C antisymmetric stretching), and carboxyl and car-
boxylate at about 1,000 to 1,400 cm−1. The sign of O – H 
deformation of water is evident near band 1,640 cm–1 in all 
spectra.

 FTIR spectrum of k-Car powder showed various 
distinct peaks: 3,514 cm–1 due to polyhydroxy (OH)n group; 
2,953, 2,911 and 2,894 cm–1 due to the C – H stretch; 1,474 
and 1,400 cm–1 due to C – H deformation; 1,223 cm–1 due to 
the S = O stretch of sulfate ester salt; 1,063 cm–1 C – O stretch 
of cyclic ethers; 924 cm–1 due to the C – O stretch of polyhyd-
roxy groups attached to carbons.

In FTIR spectra of SBO some of the most significant 
bands are the following1,2 the band at 3,485 cm–1 is assigned 
to the overtone of the glyceride ester carbonyl; band appearing 
at 3,005 cm–1 in the spectrum to the CH stretching of = C – H 
bonding; the two intensive bands at 2,922 and 2,853 cm–1 
are assign to the aliphatic CH2 asymmetric and symmetric  
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stretching vibration, respectively; the band at 1,744 cm–1 is 
assigned to the C = O stretching vibration of the ester carbonyl 
functional group of the triglycerides; at 1,464 cm–1 is obser-
ved a band which is assigned to C = H scissors deformation 
vibration; the band near 1,377 cm–1 is assign to the bending 
vibration of CH2 groups; the bands at 1,160 and 1,236 cm–1 
are assign to the vibration of the C – O ester groups and CH2 
group.

We considered as markers of oxidation processes in SBO, 
the following ratios between absorbances of these important 
bands: A2,853/A3,005, A2,853/A1,744, A2,853/A1,160, A1,744/A3,005, 
A1,377/A3,005, A1,160/A3,005 .

According to observations made by Guillen et al.2, the 
values of ratios between absorbances of some important 
bands which are parameters of the oxidation level indicate 
a second or third stage oxidation of the pure oil, comparing 
with the first stage of oxidation of encapsulated oil. 

Conclusions
A good encapsulation efficency of 98.71 % was obtained for 

SBO in SA-k-Car complex, and the best release in THF. Encapsu-
lation in SA-k-Car improved SBO stability. The encapsulated oil 
showed better stability against oxidation, as indicated by FTIR 
markers.

This work has been supported by Romanian Research 
Project CEEX Modul III, BRG-Ronet, 195/2006.
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Fig. 1.  a – the microscopic imaging of the SBO-SA-k-Car emulsion, b – SA-k-Car beads with SBO, c – carotenoid release rates mea-
surement from beads, d – FTIR spectra of SBO, SA, k-Car and SA-k-Car blank beads
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Introduction
The humic acid (HA) plays an important role in determi-

ning soil characteristics by influencing its chemical, physical, 
and biological properties. Content of soil organic matter in 
soil is a reflection on the decomposition of existing humus 
and the formation of new humic substances from plant and 
animal remains. The chemical composition of post-harvest 
residues which is very important factor of formation of 
humic substances, as well as their physico-chemical proper-
ties should be taken into account Gonet and Debska3. The 
application of 13C-NMR spectroscopy to the study of humic 
substances in soils and sediments has been reviewed by Chu-
kov2. In this study, the reliability of the analyses was assessed 
the relative abundance of different HA carbon types, derived 
from NMR spectra.

Experimental
Post-harvest residues with different chemical composi-

tion were used as sources of organic matter in model incu-
bation experiment, at temperature 23–25 °C, in a constant 
humidity of 60 % for period one years. A laboratory incuba-
tion experiment was carried out in pots with and without the 
soil according to following scheme:

Variant	 (symbol) materials
LO	 Haplic Luvisol (soil)
WR	 Wheat residues (straw and roots, 4 : 1 ratio)
LO+WR	 Soil + wheat residues (LO to WR = 10 : 1)
AA	 Alfalfa (hay and roots, 1 : 1.5 ratio)
LO+AA	 Soil + alfalfa residues (LO to AA = 10 : 1)
MR	 Maize (straw and roots, 2 : 1)
LO+MR	 Soil + maize residues (LO to MR = 10 : 1) 
GM	 Green manures residues (oat and vetch, 
	 3 : 1)
LO + GM	 Soil + green manures (LO to GM = 10 : 1 
	 ratio) 
Humic acids (HA) were extracted, purified and measu-

red 13C-NMR spectra method´s published by Zaujec et al.6. 
The relative carbon distribution was determined by integra-
tion of the signal intensity in the different chemical shift regi-
ons using an adapted integration routine supplied with the 
instrument software. For quantification, the spectra were used 
chemical shift regions described by Knicker and Ludemann4 
and Wilson5.

Results
The HA chemical composition is evaluated from the 

intensity distribution among the chemical region of the dif-
ferent functional groups in the NMR spectra. The spectra are 
dominated by the signal in the chemical shift region (110–
160 ppm) of aromatic/olefinic C (32.9–40.3 %) and O/N-
alkyl C (20.3–38.1 %) followed by that of carboxyl/amid C 
(10.3–24.1%) and alkyl C (11.3–21.6 %).

Extracted HA’s, called “young”, from incubated plant 
residues are characterised by significantly higher proportions 
of O-alkyl C (mean content 34.08 ± 3.02 %), mainly derived 
from hemicellulose and cellulose than HA of variants with soil 
(25.41 ± 2.48) and Haplic Luvisols (Table I). These data refer 
to an enrichment of aromaticity of HA from Haplic Luvisol 
relative to the HA from incubated crop residues with Haplic 
Luvisol or crop residues, O-Alkyl C has been degraded pre-
ferentially. The first finding is in agreement with the lignin 
results, indicating that crop residues are mainly composed of 
remaining more resistant plant tissues that have already lost 
part of their polysaccharide-C structures. 

Based on indexes of aromaticity (α) we found Zaujec 

Table I
Relative intensities [% of total area] for the 13C NMR signals 
of humic acids

	Spectral region/	 Alkyl-C	O -alkyl-C	 Aryl-C	 Carboxyl-C 
	 samples of HA	 [%]	 [%]	 [%]	 [%]
	 LO	 17.9	 20.3	 37.6	 24.1
	 WR	 11.3	 38.1	 40.3	 10.3 
	 LO + WR	 17.9	 27.8	 36.3	 18.0
	 AA	 17.2	 33.5	 33.9	 15.4
	 LO + AA	 21.6	 22.2	 33.1	 23.1 
	 CM	 17.4	 33.9	 36.5	 12.2
	 LO + MR	 20.7	 24.7	 34.1	 20.4
	 GM	 14.2	 30.8	 38.9	 16.1
	 LO + GM	 20.9	 26.9	 32.9	 19.3

Table II
Evaluations parameters of humic acids

	 Samples	 	 Change		  alkyl-C+aryl-C/
	 of HA	 ID (+)	 of ID	 α (++)	O -alkyl-C+
					     carboxyl-C
	 LO	 0.880	 100%	 49.6	 1.249
	 WR	 0.297	 33.7	 44.9	 1.066
	 LO + WR	 0.653	 73.1	 44.3	 1.184
	 AA	 0.513	 58.3	 40.1	 1.045
	 LO + AA	 0.973	 110.5	 43.1	 1.208
	 CM	 0.513	 58.3	 41.6	 1.169
	 LO + MR	 0.938	 95.2	 42.9	 1.216
	 GM	 0.461	 52.4	 46.4	 1.132
	 LO + GM	 0.779	 88.5	 40.7	 1.164

(+) ID = Index of decomposition = (alkyl-C/O-alkyl-C)
(++) α = (aryl-C/alkyl-C + O-alkyl-C + aryl-C).100 (%)
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et al.6 that aromaticity of the HA from incubated crop resi-
dues increased as humification progressed. Ratios of alkyl C  
to O-alkyl C were calculated by Baldock et al.1 as indicator 
for decomposition process of organic matter in soils.

The major changes that occur in an NMR spectrum after 
decomposition of plant residues are a decrease in carbohyd-
rates, an increase in the relative proportion of alkyl (alipha-
tic chains) and carboxyl C, and partial breakdown of lignins. 
The relative degree of aromaticity among the HA’s appears to 
vary as a function of the humification process. The carboxyl 
content and the aromaticity increase with humification. This 
tendency is also consistent with the nmR results discussed 
above and with the analytical data.

Conclusions
Comparison of the 13C-NMR spectra of the samples HA 

extracted from incubated plant residues and organic matter 
applicated to Haplic Luvisols after incubation indicates that 
those from plant residues show a higher intensity in the aroma-
tic C and O/N-alkyl C regions and a lower proportion of alkyl 
C and carboxyl C. The nmR spectra show that the aromati-
city of humic acids extracted from incubated plant residues 
slowly increases during the humification process (Table II). 
New formed HA from humified plant residues, mainly wheat 

residues, decrease decomposition index and values of ratios 
alkyl-C + aromatic-C/O-alkyl-C + aromatic-C.

This work has been supported by grant VEGA 
1/4432/07.
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Introduction
Humic acids (HAs) which are involved in almost all 

physical, chemical, and biological processes occurring in soil 
system1,2 represent the most abundant fraction of soil organic 
matter. In particular, HAs are well known to be very active  
in interacting to various extents and modalities with a variety 
of organic and inorganic chemical contaminants3. Knowledge 
of the composition, structure, and functionalities of HAs  
is therefore, essential for the understanding of their chemical 
behavior and reactivity in environmental matrices.

Chemical analyses on HAs are traditionally done by chro-
matographic and spectroscopic techniques. Recent advances 
in the chemistry of humic substances, revealed that a detai-
led characterization can be better achieved when a separation  
of the different components is obtained4. Here we suggest 
head space solid-phase micro-extraction (HS-SPME) coupled 
with gas-chromatography/mass spectrometry (GC-MS) as 
a new analytical tool for the characterization of the volatile 
components released from humic substances at 80 °C.

Materials and Methods
S o i l

Two surface horizons were sampled from the ancient 
caldera of Vico (nearby Rome) and Monte Faito (Naples) in 
Italy. Detailed characterization of the two soils are reported 
elsewhere5.
HA Extraction

Humic acids (HAs) were extracted by using common 
procedures6. Namely, 100 g of each soil were suspended in 
500 ml of 1M NaOH and 0.1M Na4P2O7  and centrifuged at 
7,000 rpm for 20 min. The supernatant was then treated with 
37% HCl until pH 1 was reached to precipitate HAs. Humic 
acids were purified by a series of dissolutions in 1M NaOH 
followed by flocculations in 6M HCl. Each HA was then 
shaken twice in a 0.25M HCl/HF solution for 24 h, dialized 
agaist distilled water till Cl-free and freeze-dried.
CPMAS 13C-NMR Spectroscopy

CPMAS 13C-NMR experiments were performed on a 
Bruker Avance 400 spectrometer operating at 100.6 MHz 
on carbon-13 and equipped with a 4 mm standard bore solid 
state probe. The rotor spin rate was set at 13,000 Hz. Samples 
were packed in 4 mm Zirconia rotors with Kel-F caps. A con-
tact time of 1 ms, a recycle delay of 2 s, an acquisition time of 
35 ms and a RAMP sequence to account for inhomogeneities 
of the Hartmann-Hahn condition at high rotor spin rates were 
used. Spectra acquisition was done with Topspin 2.0, whereas 

data elaboration was done with Mestre-C 4.9.9.9 by using 
a line broadening (LB) of 50 Hz and an automatic baseline 
correction with a 3rd order polynomial and Bernstein algo-
rithm. Semi-quantitative results were obtained by integrating 
the spectral regions in the intervals 184–159 ppm (COOH), 
159–110 ppm (aromatic C), 110–88 ppm (anomeric C), 88–
62 ppm (C – O), 62–48 ppm (C – N) and 48–0 ppm (alkyl C). 
All the areas were normalized to the total spectral areas and 
content percent was obtained.

H S - S P M E  E x t r a c t i o n
A polydimethylsiloxane fiber (PDMS 100 µm, Supelco, 

Bellefonte, PA – USA) was used to sample the head space in 
equilibrium with 20 mg of the two HAs placed in 15 ml glass 
vials. These were sealed with a poly(tetrafluoroethylene) sili-
con septum-lined cap (Supelco, Bellefonte, PA, USA) and 
heaten 30 min at temperatures of 80 °C. The sampling time 
for was 5 min maintaining the 80 °C temperature.

G C - M S  A n a l y s i s 
The gas-chromatographic analyses were run on a Hew-

lett-Packard 5890 GC system interfaced with a HP 5973 
quadrupole mass spectrometer. A HP5–MS column was used 
(5% diphenyl – 95% dimethylpolysiloxane 30 m × 0.2 mm, 
0.25 μm film, J & W Scientific, Folsom CA, USA). The fibre 
was manually inserted in a GC inlet port equipped with a 
specific glass liner for SPME injection (0.75 mm i.d.). Ana-
lyses were carried out in splitless mode with helium as carrier 
gas at 1 ml min–1. Chromatographic conditions were: injec-
tor temperature 250 °C, oven temperature program: 1 min  
at 60 °C followed by a linear temperature increase  
of 5 °C min–1 up to 280 °C held for 15 min. The MS full-
scan conditions were: source temperature 230 °C, inter-
face temperature 280 °C. The electron impact ionization 
spectra were obtained at 70 eV, recording mass spectra from  
m/z 40 to 550. 

Results and Discussion
The HS-SPME extraction method allowed the identi-

fication of 31 chemical components in each HA. Analyses 
at different temperatures have been done (data not repoted). 

Fig. 1. CPMAS 13C-NMR spectra of the two humic acids used 
in the present study
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The optimal temperature conditions for the qualitative discri-
mination of HAs 80 °C giving a relative standard deviation 
[RSD, %] of ≤ 10 % for each identified component. Moreo-
ver, the amount of volatile components sampled in the head 
space was significantly representative of the whole HA sys-
tems as assessed by analyses with icreasing HA material. 
Table I reports the class of substances identified over the two 
solid state humic acids. Eight classes of organic compounds 
were discriminated. Among those, the largest contribution 
was from aromatic materials. In fact, HA1 revealed 66.77 % 
of aromatic moieties in the volatile mixture, whereas HA2 
was 81.55 % (Table I). The amount of volatile aromatic 
molecules in HA1, smaller than in HA2, appears at variance 
with the content of aromatic systems obtained from CPMAS 
13C-NMR spectroscopy (Fig. 1, Table II). The aromatic  
C content by NMR (159–110 ppm) was the largest in HA1, 
thereby leading to the hypothesis that such material should 
produce a larger amount of volatile aromatic components 
than HA2. The contradictory HS-SPME GC-MS and CPMAS 
13C NMR results could be explained by considering the diffe-
rent natures of the soils from which the HAs were extracted. 
In fact, HA1 was extracted from a buried soil whereas HA2 
was obtained from a surface horizon of a different volcanic 
soil. Organic material in buried conditions undergoes to anae-
robic and abiotic degradation. Conversely, aerobic and biotic 
transformations occur in organic materials placed on surface 
soil horizons. The abiotic degradation in anaerobic conditi-
ons may produce highly condensed aromatic systems. Due to 
the larger molecular size of the condensed aromatic substan-
ces in HA1, these are less available for head space sampling 

than the corresponding aromatic systems formed in aerobic 
and biotic transformations. Except for the aromatic moieties 
which were in disagreement when comparing the gas-chro-
matographic data with the NMR results, the remaining com-
ponents be have similarly. In fact, Tables I and II report the 
same trends for all the relative amounts revealed by the two 
analytical techniques used in the present study.

Conclusions
In the present study we used a new analytical tool for 

the characterization of the volatile components in humic sub-
stances. Results showed that the amount of volatile aromatic 
moieties was depending on the nature and genesis of the soils 
from which the HAs were extracted. Moreover, a number of 
fatty acids, as well as alkane-systems were also found in the 
head space in equilibrium with the solid humic substances. 
The relevant novelty was that we expected fatty acids and 
hydrophobic alkanes to be confined mainly inside the hyd-
rophobic and chemically protected core of the supramolecu-
lar humic acids. For this reason the volatilization to the head 
space was thought to be difficult. Conversely, our findings 
appeared to confirm CPMAS 13C NMR results from Conte 
and Berns (2008)7 which described the conformation of 
humic substances as made mainly by a hydrophobic aromatic 
core surrounded by long carbon chains. The HS-SPME-GC-
MS technique appears to be a very promising tool in obtai-
ning relevant information on the lighter fraction of organic 
components weakly bound to humic materials.

The authors acknowledge Centro Grandi Apparecchi-
ature – UniNetLab – Università di Palermo funded by P.O.R. 
Sicilia 2000–2006, Misura 3.15 Quota Regionale and Pro-
fessor Stefano Colazza (University of Palermo) for their kind 
cooperation.

REFERENCES
	 1.	 Schulten H.-R.: Fresenius’ J. Anal. Chem. 351, 72 

(1995).
	 2.	 Shevchenko S. M., Bailey G. W., Akim L. G.: J. Mol. 

Struct. 460, 179 (1999).
	 3.	 Pignatello J. J.: Adv. Colloid Interface Sci. 76–77, 445 

(1998).
	 4.	 Conte P., Spaccini R., Piccolo A.: Anal. Bioanal. Chem. 

386, 382 (2006).
	 5.	 Conte, P., Piccolo, A., van Lagen, B., Buurman P., De 

Jager, A.: Geoderma 80, 327 (1997).
	 6.	 Stevenson, F. J.: Humus Chemistry: Genesis, Composi-

tion, Reactions, 2nd ed. Wiley, New York, 1994.
	 7.	 Conte P., Berns A. E.: Anal. Sci. 2008 accepted.

Table I 
Composition of the volatile components released by the 
two HAs at 80 °C. The compounds were grouped according  
to their functional groups. The  reported correspondent per-
cent amounts [%] of identified compounds are the medium 
value of three different chromatographic analyses

		  Content [%]
	 Compounds	 HA1	 HA2
	 Acids	 18.64	 7.30
	 Aldehydes	 3.56	 1.19
	 Ketones	 1.36	 0.00
	 Alcohols	 0.53	 0.40
	 Amines	 0.57	 0.40
	O lephins	 1.21	 1.11
	 Aromatics	 66.77	 81.55
	 Alkanes	 7.19	 8.27

Table II
Content [%] by CPMAS 13C NMR of the different groups in HAs

	 Soil humic acid	 COOH	 Aromatic C	 Anomeric C	 C – O	 C – N	 Alkyl C
		  184–159 ppm	 159–110 ppm	 110–88 ppm	 88–62 ppm	 62–48 ppm	 48–0 ppm
	 HA1	 12	 55	 5	 4	 4	 21
	 HA2	 9	 21	 3	 14	 8	 45
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