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ABSTRACT
The heating value of 35 biomass samples (wood, cereals) has been modeled

from mass% data for carbon, hydrogen, and nitrogen, as well as from infrared data.
Regression models have been obtained by application of a genetic algorithm for
variable selection and PLS for creation of models. Standard deviation of prediction
errors is typically 0.3 % for models from IR data, and 0.7 % for models from
elemental composition data.

Keywords: Fuels, IR, chemometrics, variable selection, PLS regression

INTRODUCTION
Biomass is becoming increasingly important as a renewable source of energy, by

incineration as well as production of liquid biofuels, e. g. biodiesel or bioethanol.
Compared to the incineration of fossil fuels the overall CO2 balance is considerably
less affected by the usage of biomass. Typical biomass materials used for energy
production are wood and so-called energy grass. Special types of cereals have a
century old tradition in (bio-)alcohol production, recent developments also consider
cereal incineration.

An important property of a fuel is its heating value. The so called "higher
heating value" (HHV) is the enthalpy of complete combustion of a fuel with all
carbon converted to CO2, and all hydrogen converted to H2O. The higher heating
value is given for standard conditions (101.3 kPa, 25 oC) of all products and includes
the condensation enthalpy of water; it is generally used in the USA. In European
countries the "lower heating value" - not used in this study - is more common. It does
not include the condensation enthalpy of water [1].

Direct determination of the heating value requires time-consuming calorimetric
experiments, which hardly can be automated. Empirical equations have been
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published that relate the heating value of a fuel to its elemental composition.
Elemental analysis requires tedious laboratory work too, but can be automated. Early
mathematical models for coal date back to the late 19th century. Recently, modern
chemometric methods have been applied for prediction of heating values of plant
biomass from elemental composition [2].

Infrared spectroscopy (IR) and especially near infrared spectroscopy (NIR)
became important and routinely used methods for quantitative analyses and for
characterization and classification of technological materials and food. IR and NIR
can be applied much easier and faster than many other laboratory methods.
Chemometric methods allow the generation of multivariate regression models with
optimum prediction performance, most used is partial least-squares regression (PLS)
[3,4]. Moisture, ash, and heating value have been modeled from NIR data for fuel
mixtures of coal, peat, and biofuel [5].

The aim of this study was the development of PLS calibration models for the
prediction of higher heating values of wood samples and five different cereals, based
on IR reflectance data, and for comparison also on elemental composition data.

EXPERIMENTAL
Samples. A total of n = 35 samples was available, 20 from wood, 15 from

cereals. The wood samples consist of sawdust (spruce, pine and larch) with varying
amounts of additives such as bark, rye and maize flour, and starch. Cereal samples
are unmixed wheat, rye, barley, maize and triticale flours.

Calorimetry. The higher heating value of biomass, HHV, has been determined
by the bomb calorimetric method according to DIN 51900 T3 [2]. About 1 g biomass
material was used; range of measured HHV was 18,143 to 19,125 kJ/kg; typical
analysis errors are ±60 kJ/kg (ca 0.32 %). The experimental HHV values are used as
the dependent variable y for regression.

Elemental analysis. The contents of C, H, and N in a sample have been
measured by standard methods of elemental analysis as described in a previous work
[2]. The concentrations are given in mass% of dry material and have been used as
basic x-variables for regression.

Infrared spectroscopy. Spectra were recorded using a Bruker Equinox 55
Fourier Transform-Infrared (FTIR) spectrophotometer equipped with an Attenuated
Total Reflection (ATR) accessory and a deuterated triglycine sulfate (DTGS)
detector. ATR spectroscopy is a contact sampling method in which a crystal of a high
refractive index is used as an internal reflection element. The IR spectra in the range
of 4000-600 cm-1 were obtained at intervals of approximate 2 cm-1 giving 1764 data
points per spectrum. Preprocessing of spectra was performed by software
Unscrambler [6]: first step was averaging four neighboring absorbance values giving
an approximate resolution of 8 cm-1; second step was calculation of the first
derivative by the Savitzky-Golay algorithm (quadratic polynomial, three points). The
resulting 439 values are used as x-variables in regression.
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CHEMOMETRICS
A linear equation that predicts a dependent variable as a function of several

independent variables is of the general form
�  =  b0 + b1 x1 + b2 x2 + b3 x3 +…+ bp xp (1)

where ��is the predicted dependent variable (HHV), b0 the intercept, b1 to bp are
the regression coefficients, and x1 to xp the independent variables; p is the number of
independent variables. PLS regression [3,4] - as implemented in software
Unscrambler [6] - has been used for the development of such models. The objective
is a model with high prediction performance for cases not used in model building and
model optimization. In this study a repeated cross validation (CV) has been applied
for optimization of models and estimation of prediction errors. Because of the rather
small number of samples available, independent test sets have not been used. The
optimum number of PLS components, aPLS, has been determined by a leave-a-
quarter-out CV (four segments). From the CV-predicted values CV yi (i = 1 ... n) the
standard error of prediction for CV, SEPCV, has been calculated [3,4,7].

SEPCV  =  [ �(yi - CV �i - bias)2 / (n - 1) ] 0.5 i = 1 ... n (2)
The bias is the arithmetic mean of the prediction errors (yi - CV �i) which in all

cases was near zero. SEP is identical with the standard deviation of the prediction
errors. Four different random splits into four segments have been evaluated and the
obtained values for SEPCV averaged; this mean, SEPCV4 , is used as a criterion for the
prediction performance. In the case of normally distributed prediction errors (which
was approximately fulfilled with the used data) ±2.5 SEPCV4 is a reasonable
confidence interval.

For the elemental analysis data, the basic variable set consists of three variables
(mass% of C, H, and N). An augmented variable set has been created by adding
nonlinear transformations and combinations of the variables, defined by C2, H2, N2,
C�H, C/H, ln(C), ln(H), ln(N), ln(C�H), and ln(C/H), resulting in p = 13 variables.
Because the added variables are only mathematically defined, a variable selection has
been performed using a genetic algorithm (GA, see below) resulting in a variable set
with p = 5.

For IR data the original variable set consists of 439 variables. Application of a
genetic algorithm (GA, see below) resulted in a variable set with p = 21.

The principles of genetic algorithms (GA) and successful applications to
variable selection have been described by others [8,9]. The software used was
MobyDigs [10]. The regression method applied in this software is ordinary least
squares regression (OLS) and the performance (fitness) of models has been evaluated
by the adjusted correlation coefficient [11] between experimental HHV and predicted
HHV using full cross validation (leave-one-out). The adjusted correlation coefficient
considers the number of variables used for the model and penalized models with a
large number of variables. Population size used was 50, the maximum number of
selected features in a model is limited to 15 by the software. The variables selected in
the best 10 best models have been considered. In each trial about 650,000 models
were tested. Computation time was 15 minutes for the augmented elemental data set
(p = 13) and 35 minutes for the IR data set (p = 439) on a Pentium 2 GHz.
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RESULTS
The heating values, HHV, of cereal samples are in the range 18,143 to 18,594

(mean 18,389); all wood samples have higher HHV, with a range of 18,668 to 19,125,
and a mean of 18,915. The content of carbon shows the same trend with smaller
values for cereals (range 40.4 to 42.2%, mean 41.3) than for wood samples (range
46.3 to 47.9%, mean 47.4). Hydrogen and nitrogen contents are higher in cereal
samples than in wood samples (H: cereals 6.5 to 6.9%, wood 5.9 to 6.3%; N: cereals
0.9 to 2.2, wood 0.1 to 0.3%).

Figure 1 shows IR spectra from a maize sample and a wood sample. The spectra
look very similar and show typical absorptions bands, for instance at about 1000 cm-1

from C-OH, at about 1640 cm-1 from C=O, and at about 2920 cm-1 from C-H; the
broad band around 3300 cm-1 is from free OH (moisture).

The result of exploratory data analysis by principal component analysis (PCA) is
shown in Figure 2. For both data sets a clear separation of the cereals from the wood
samples appear. The loading plot for the element data (not shown) reflects the
different concentrations of C, H, and N in the two sample groups. The same
clustering appears in a dendrogram obtained by hierarchical cluster analysis.

3800 3400 3000 2600 2200 1800 1400 1000 600
0.0

0.1

0.2

0.3

0.4

0.5

Figure 1. ATR-FTIR spectra of maize (thick line) and sawdust (spruce)
with 18 % bark (thin line).

Table 1. Cross-validated PLS models for the higher heating value of biomass derived from
elemental composition and infrared data, respectively. p, number of features; aPLS, number
of PLS components (averaged); SEPCV4 , standard error of prediction (average of four runs

of 4-fold cross validation).
p Features Methods aPLS SEPCV4 (kJ/kg)
3 C, H, N PLS 2 130
13 C, H, N, and derived features PLS 2 127
5 C, H2, C�H, C/H, ln(H) GA + PLS 2 124

439 all IR absorbances PLS 4 125
21 selected IR absorbances GA + PLS 12 62

absorbance

cm-1
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Figure 2. Principal Component Analysis (PCA) of (a) elemental analysis data (p =

13), and (b) IR data (p = 439) using autoscaled variables, with % preserved variances of
first and second principal component scores.

Modeling the HHV by only using the carbon content (univariate regression)
gives a standard prediction error, SEPCV4, of 132 kJ/kg. Using the three basic
variables from the elemental data (%C, %H, %N) gives 130 kJ/kg. Only a non
significant improvement is achieved for the augmented variables set (p = 13) with a
SEPCV4 of 127 kJ/kg. The variable set from GA selection with p = 5 gives a further
small improvement with a SEPCV4 of 124 kJ/kg. The best model from elemental data
has a standard prediction error of about 0.7 % of the mean of the HHV values (Table
1).

A model using all 439 IR variables has a similar prediction performance as
models with elemental data with a SEPCV4 of 125 kJ/kg. However variable selection
by GA resulted in a subset with 21 variables that gives a much better model with a
SEPCV4 of only 62 kJ/kg. This standard prediction error corresponds to 0.3 % of the
mean of the HHV values and to a confidence interval of about ±155 kJ/kg. In Figure 3
experimental HHV values are plotted versus predicted values obtained from the best
model using 21 IR absorbances; the squared Pearson correlation coefficient between
calorimetric determined HHV and IR-predicted HHV is 0.968.
  predicted HHV

18000 18400 18800 19200
18000

18400

18800

19200 Figure 3. Prediction of higher heating values
(HHV, kJ/kg) by a PLS model using 21 IR
absorbances selected by a genetic algorithm.
The predicted values are means from four
leave-a-quarter-out cross validation runs
with different partitioning of the segments.
Circles denote cereal samples, triangles
denote wood samples.

cereals cereals

wood

wood

experimental HHV
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CONCLUSIONS
Easily available IR reflection data are promising for the determination of heating

values of wood and cereal samples. Feature selection by a genetic algorithm
improved the prediction performance in comparison to models with all features. IR
data are better suited than elemental composition data. A single model can be used
for wood samples and cereal samples.
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ABSTRACT
A short review of the stages of enzymology development is presented in the

paper. The processes for producing enzymes with different purity are presented
schematically. The possibilities for their application in different arias of industry are
considered. Particular examples with the enzymes pectinesterase, cyclodextrin
glucanotransferase, lipase, etc. are presented.

Keywords: biocatalysts, production, application, cyclodextrin
glucanotransferase, lipase

Two centuries from the discovery of the first enzyme diastase (amylase) in 1814
by the russian scientist Konstantin Sigimundovich Kirhoff will be fulfilled in several
years [11]. His discovery was a result from the research on the problem with the
sugar insufficiency in Russia in the beginning of the nineteenth century, which
occurred as a result of the slaves rising in the sugar plantations and Napoleon
blockade. The progress in the research in the biocatalysis  processes raised the
questions if the biocatalysis reactions are a variety of the chemical reactions, if the
chemical rules are valid, if the chemical methods are suitable for investigation of the
biochemical reactions.

The answering of these questions has taken more than a century and was
connected with plenty of methodological difficulties. The history of the enzymology
can be divided into the following stages:

� Production of the first enzyme preparations (1814-1860);
� Beginning of the simultaneous investigation on the biocatalysts and the

biochemical processes (1860-1890);
� Research on the specificity of the enzyme action (1894-1920) [8];
� Isolation, purification; and determination of the enzymes composition and

their action mechanism (1920-) [23,29];
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� Investigation on cofactors, development of the concept for the enzyme two
components nature and for the cofactoring functions vitamins (1920-1940);

� Application of the enzymes in different spheres of industry (1910-) [1,26];
� Preparation and application of immobilized enzymes (1914-) [10,12,28,30,].
The discoverer of the enzymes Konstantin Kirhoff could hardly imagine that he

put the beginning of a whole field of science, which would allow processes
intensifications, their performance at extremely mild conditions, environment
protection, production of ecology clean and high quality products, performance of
high precise analysis, etc.

When preparing this review, I have established that biocatalysis was a subject of
a great deal of investigations. Over 40000 titles appeared only in the period
2001-2006. Summarizing this scientific wealthy is a rather complex task. Without
having any claims for comprehensiveness and thoroughness, I will try to present a
part of the achievements in this area in combination with some of the researches in
the department, where I work, focusing on the biocatalysis application. Prior to the
discussion of the theme, I will accentuate on the production of enzyme preparations
[4,13].

The scheme on Figure 1 gives a brief summary of the production of different
types of enzyme preparations. The first stage is the choice of an appropriate enzyme
source. There are three possibilities: plant, animal, and microbial sources. The first
two sources are limited, since the raw material is insufficient (for the animal
enzymes), and the content of the enzyme in the plant materials is rather low, which
necessitates processing of a great amount of raw material at low yield. Basic source
for enzyme production is microorganisms, which possess the following advantages:

� A great number of enzymes with various properties;
� Possibilities for application of genetic methods, which leads to yield increase

of the enzyme produced [25];
� High growth rate of the cells;
� Secretion of the enzymes in the culture liquid, which enables easy isolation.
Depending on the application, enzymes preparations with different degree of

purity can be produced, which affects their final price. The most simple scheme is the
production of crude enzymes (variant I). More complicated is the scheme for
production of purified enzymes (variant II and III), and the most complicated method
is for the homogenic ones (variant IV) [9].

The possibilities for enzymes applications are comprehensive (Figure 2). The
broadest application is in the food and flavor industry. The most widely used sweet
substance in every day life is sugar, which is produced from sugar beet and sugar-
cane. However, corn could be also used for raw material. “Liquid sugar” with 60 %
higher effectiveness in comparison to the traditional sources could be produced from
����� �����	� 
�� �	�� ����� ��� �������� �������� ���������� ������������

glucoseisomerase, pulullanase, etc [18]. The world production of this product is about
30-35 % in comparison to the total amount of sugar consumed [19,24].
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Figure 2. Enzyme applications
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The liquid sugar is preferred for many food products. In our country this production
is performed by Amylum-Razgrad. The glucose-fructose syrup is only a part of their
products. Liquid and dry glucose, high inverted syrups, suitable for brewery and
alcoholic industry, are also produced by the means of enzyme hydrolysis. The
advantages of these technologies are as following: environment friendly, complete
utilization of the raw material, high conversion degree of starch (over 95 %). For
these reasons amylases comprise about 30 % of the commercially produced enzymes
[24]. Strains have been selected, which produce thermostable      �����������������

at starch claysterization (100-110°C) and liquefaction (80-90°C) [2,5,6,18,20,21,27].
The taste of the dairy products (different cheese) is well known for everybody.

Their production is an example of fine biocatalysis action. It is enough only one
peptide bond from the stable casein molecule from the milk to be degraded in order to
unstabilize it. The milk protein begins to precipitate, the precipitate formed
aggregates gradually, and the valuable milk products are formed as a result of
additional biochemical processes. The tool for this transformation is the enzyme
rennin. In order to answer the increased demand of the dairy products, it was
necessary to find a substitute of the naturally produced enzyme from young animals.
Such microbial enzymes have been already produced and their properties are very
close to the natural enzyme, which guaranties a high quality of the dairy products.

Bread is a food product, which we use every day. The production of high quality
bread requires a great skill of the bakers. Nowadays, science is helping them.
Different additives, for the bread industry have been made. They allow improvement
of the bread consistence, and aroma. These additives constitute of enzymes such as     
���������� �ylanase, and glucoamylase [3,7]. Their action enables formation of
greater amount fermentable sugars, higher content of CO2, which is hold back in the
dough, leading to increased bread volume, and improved texture. Together, the
Meyer reaction is accelerated, and the content of the aroma substances is increased.

The examples could be proceeded, but I will focus on the ones, which are a
subject of research in the department of Biochemistry and molecular biology, UFT.

The first one is connected with the enzyme pectinesterase. It hidrolyses the ester
bonds of methanol in the pectin molecule, reducing the esterification degree. As a
result moderate or low esterificated pectins are formed. They have altered properties
and are valuable additives for pectin containing products, improving their nutrient
and biological characteristic. The enzyme pectinesterase is not produced pure. It is in
a complex with other pectolytic enzymes, which degrade pectin molecule. The
separation of this complex is almost impossible procedure, even using
chromatographic methods. We have succeeded to work out an easy method,
connected with the change of pH of the enzyme solution, resulting in an isolation of a
pure pectinesterase [14]. This allowed us to perform a controllable biochemical
process for deesterification of pectin at mild conditions and to produce pectins with
desirable esterification degree [15,16,17]. The production of this enzyme is
performed in the enzyme factory in Botevgrad. Unfortunately pectin production in
our country is at standstill in recent years, and the use of the enzyme is stopped.
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The other example is connected with the enzyme cyclodextrin
glucanotransferase, which is produced only by microorganisms, mainly bacteria.
Extremely valuable compounds – cyclodextrins (CD) are formed by the means of the
enzyme. They are starch derivatives, cycling molecules consisting of 6, 7 or 8
���������������������������������������������������� !������"#$

Figure 3. Cyclodextrin view

In their molecule a cavity is formed, in which different compounds – vitamins,
aroma substances, lipids, drug formulations, pesticides, microelements can be
situated. As a result complexes are formed, in which the guest molecules are with
increased stability towards hydrolysis, oxidation, dehidratation, evaporation, thermal
treatment, etc. The complexes gain valuable specific properties, which enable the
nutrition and biological properties of food products to be preserved for a long time,
the pharmaceutical and pharmacological characteristics of drugs to be improved by
prolonged action of the active compound. For these reasons CD are applied in food
and flavor industry, medicine, biotechnology, cosmetics, agriculture, etc.

One of our projects is about biosynthesis and characterization of this enzyme.
The optimal nutrient medium composition and cultivation conditions for maximal
enzyme amount have been established. Some of its properties were also determined
(Figure 4).
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Figure 4. Effect of pH and temperature on purified CGTase activity (pH 7.5)
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The possibilities for CD production with the isolated enzyme have been
investigated in another research. Interesting results have been registered, which
presume high starch conversion degree in CD (Table 1).

Table 1. Effect of reaction time on CD yield
CGTase 1 U/g CGTase 2 U/g CGTase 4 U/g

YIELD*, %
With

shaking
Without
shaking

With
shaking

Without shaking With
shaking

Without shaking
� Time, h

With toluene With toluene
Without
toluene

With toluene
Without
toluene

1 1 14.75 12.62 18.20 20.70 16.84 18.68 28.41 27.32
2 2 21.93 21.26 22.27 28.55 24.85 26.60 42.77 33.96
3 3 25.32 23.62 27.65 35.77 26.07 43.45 54.97 35.72
4 4 37.00 33.70 40.30 44.60 29.79 53.63 56.90 35.96
5 5 40.62 34.72 46.71 51.20 31.29 57.90 59.47 38.60
6 8 42.68 40.28 51.94 56.90 31.43 63.41 65.01 39.07
7 24 48.80 49.28 56.31 59.90 33.82 69.50 71.91 40.97
8 24** 41.62 46.85 45.75 50.43 29.56 51.05 53.92 30.02

5 % starch solution; 40°
�� �� � ��	; * Reaction mixture is used for analysis; ** Analysis of isolated CD

The investigations in the last decade have shown that enzymes and whole cells
can be successfully used in the organic synthesis. The enzymes are most often
applied in hydrolysis and isomerisation reactions, and the whole cells are used in
synthesis reactions, in which the cofactors should be regenerated. This is easier in
vivo than in vitro.

One of enzymes advantages is their extreme specificity, selectivity. It enables
their use as valuable catalysts in the production of biologically active compounds
with chyral centers or position isomers. They allow simple or complicated
transformations to be performed without the use of blocking and deblocking steps,
characteristical for the organic synthesis. Another advantage of the enzymes is that
by-products are not formed.

Some of the products produced enzymaticaly at several well known chemical
companies are presented in Table 2 [22].

The use of the enzymes in organic synthesis has become possible as a result of
the explanation of the enzymes action mechanism. As an example I will consider the
enzyme lipase. It degrades the ester bonds between the fatty acids and alcohols or
polyalcohols. The group of lipases consists of a great number of enzymes, which
catalyses different ester bonds, i. e. they do not have a high specificity. The active site
of lipases contains the amino acids serine, histidine, aspartic or glutamic acid. The
hydrolysis of the ester bonds involves formation of acid-enzyme complex (Figure 5).
The biocatalysis process begins with nucleophilic attack of serine OH group towards
the carbon atom of COOH group of the ester bond. The complex is degraded via
nucleophilic attack of water, the fatty acid is released and the enzyme is restored.
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Table 2. Biocatalytic systems at several chemical companies
Product Substrate Reaction Enzyme Scale, ton/year Yield Source
Amides, alcohols, acids
Enantiopure
alcohols

Racemic
alcohols

Resolution Lipases Thousand Excellent BASF

R-amide; S-amine Racemic amines Resolution Lipases Hundreds Excellent BASF

R-mandelic acid
Racemic

mandelonitrile
Hydrolysis Nitrilases Several Excellent BASF

Amino acids, penicillins

Non-proteinogenic
L-amino acids

Racemic
aminoacid

amides

Kinetic
resolution

Amidases
Several
hundred

DSM

L-Aspartic acid Fumaric acid
Addition of
ammonia

Aspartic
acid liase

Thousand DSM

Aspartame
L-Aspartic acid
phenylalanine
Methyl ester

Selective
coupling

Thermo-
lisine

Thousand DSM

6-APA Penicillin G/V Hydrolysis
Penicillin
acylase

Thousand DSM

Semisynthetic
penicillins

6-APA
Selective
coupling

Acylases
Several
hundred

DSM

N-heterocyclic compounds
6-Hydroxy
nicotinic acid

Niacin
Addition of

water
Niacin

xydroxylase
Few 65 g/l Lonza

6-Hydroxypirazine
carboxylic acid

2-Cyanopyrazine
Addition of

water
Nitrilase/

xydroxylase
Development

product
40 g/l Lonza

6-Hydroxy-5-
nicotine

5-Nicotine
Addition of

water
xydroxylase

Development
product

30 g/l Lonza

Figure 5. Reaction mechanism of lipase biocatalysis

As lipases are also active in organic solvents, water can be substituted by
another nucleophile, alcohols for example. As a result preesterification or
transesterification proceeds. Only the one isomer (enantiomer) from racemic mixtures
can be acylated, which leads to selective transformation. Suitable acidic donors are
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vynile esters, anhydrides or diketones. The reaction is non convertible and the unused
alcohol and the ester produced are easily separated. This approach is used for
production of pure enantiomeric alcohols. Amines could be also nucleophiles, which
allows racemic amines to be separated. Characteristic for this approach is the high
yield, selectivity and the minimal enzyme amount needed.

These are only a small part of the enzyme processes applied in the production of
organic compounds, including biologically active substances. Their amounts are in
the range of hundreds tons.
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ABSTRACT
The investigation relates to catalysts, comprising copper-chromium spinel,

����������	
��2O3 carrier. The effect of catalyst composition on the activity behavior
toward dimethyl ether synthesis was discussed. It was found that the mixed CuO –
Cr2O3 catalysts are very active with regard to the methanol dehydration. A synergetic
effect of both copper and chromium species is clearly observed.

Keywords: copper-chromium catalysts, dimethyl ether, synthesis

INTRODUCTION
Dimethyl ether (DME) is a multipurpose clean fuel and chemical feedstock that

can be produced from a wide variety of sources and has a number of important
applications. It is a useful chemical intermediate for the preparation of many
important products, such as dimethyl sulfate and high-value oxygenated compounds
(1-3). In addition, it has been used as an aerosol propellant to replace chlorofluoro
carbons which can destroy the ozone layer of the atmosphere (4). Recently, it has
received much attention as an alternative diesel fuel by virtue of its low NO emission,
near-zero smoke and less engine noise compared with those of traditional diesel fuels
(5, 6).

Commercially, DME is produced by the catalytic dehydration of methanol at
around 300oC at 10 atm pressure over solid acid catalysts such as 	-Al2O3 or zeolites,
combined with different additives (7, 8). The main problems with the catalysts is
coke formation and coating of the surface with carbon, which requires their replacing
more frequently than is desirable. This necessitates search for new catalysts with high
activity and long period of exploitation.

In this paper we have studied the role of the catalyst composition of the alumina
supported CuO - Cr2O3 in the methanol dehydration process.



Dimitar Dimitrov and Krasimir Ivanov

22

MATERIALS AND METHODS
Commercial �-Al2O3 F-2000 with particle size of 4,8 mm and total pore volume

of 0,5 sm3/g was used as a carrier. The catalysts were prepared by impregnation of
the support with an aqueous solution of copper and chromium nitrates.

All experiments were carried out on a flow apparatus for estimation of oxide
catalysts for methanol oxidation and dehydration, using stainless steel pseudo-
isothermal reactor (Fig. 1).

Figure 1. Apparatus for estimation of oxide catalysts for methanol oxidation and
dehydration.

The outlet gas mixture was analyzed for dimethyl ether (DME), methanol, CO,
dimethoximetan (DMM) and hydrocarbons content in the analytical section by on-
line gas chromatograph, equipped with flame-ionization detector and Porapak Q
column. A second gas chromatograph, equipped with a thermal conductivity detector
and MS-13X column was employed for CO determination.

Analytical section
(gas chromatographs)

Flame
ionization
detector

TCD
detector

CH3OH, DME
HYDROCARBONS

CO, CO2,O2,
N2, H2(�	�2

Catalyst section

Pseudo isothermal
        reactor

Mixer

CH3OH

Outlet

N2

� Heat transfer fluid -air
� Temperature of  the

heat transfer fluid – to
400oC

� Temperature control –
6 thermocouples

� Catalyst–max. 60 cm3

� Gas flow – max. 500
l/h
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RESULTS AND DISCUSSION

Figure 2. Product distribution versus temperature. Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Table 1. Product distribution versus temperature. Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Conversion, %
Temperature, °C

Total To DME To other products
300
280
260
240
220
200
180
160
140

100,0
100,0
100,0
100,0
98,3
91,7
68,3
37,3
23,3

16,7
25,9
38,6
46,8
52,7
52,7
36,6
16,5
3,2

83,3
74,1
61,4
53,2
45,6
39,0
31,8
20,8
20,1

Fig. 2 and Table 1 reflect the temperature dependence of methanol conversion
on alumina supported copper oxide. As it is seen from the results presented, the
activity of the catalysts with regard to the total methanol conversion is significant
even at temperatures lower than 200oC. The conversion to DME passes through
maximum at 200 – 240oC and rapidly decreases along with the temperature, while

�

��

��

��

��

��

��

��

	�


�

���

��� ��� �	� ��� ��� ��� ��� �	� �

����������� ��

�
�
�
�
�
��
��
�
	
�
�

����� �� ��� �� �����

CuO/Al2O3



Dimitar Dimitrov and Krasimir Ivanov

24

conversion to other products (mainly hydrocarbons) increases in the whole
temperature interval.

Figure 3. Product distribution versus temperature. Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Table 2. Product distribution versus temperature. Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Conversion, %
Temperature, °C

Total To DME To other products
300
280
260
240
220
200
180
160
140

89,3
75,0
61,0
45,0
27,0
10,7
3,6
0,0
0,0

84,4
72,0
55,0
39,2
22,2
8,5
2,8
0,0
0,0

4,9
3,0
6,0
5,8
4,8
2,2
0,7
0,0
0,0

Fig. 3 and Table 2 reflect the temperature dependence of methanol conversion
on alumina supported chromium oxide. The activity of the alumina supported
chromium oxide is vastly lower than that of copper oxide. The reaction starts at only
about 180oC, but the selectivity towards DME synthesis is very high even at  300oC.
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Figure 4. Product distribution versus catalyst composition at 240oC . Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Table 3. Product distribution versus catalyst composition at 240oC . Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Catalyst composition Conversion, %
Cr2O3, % CuO, % Total To DME To other products

0,0
4,8
6,8
29,9
53,3
100,0

100
95,2
93,2
70,1
46,7
0,0

100,0
99,1
99,0
99,8
81,8
45,0

46,8
44,5
35,8
19,2
24,9
39,2

53,2
54,7
63,2
80,5
56,8
5,8

Fig. 4 and 5 and Tables 3 and 4 present the influence of catalyst composition on
methanol conversion and product distribution at 240 and 300oC. The tendencies at
both temperatures are identical. The total conversion of methanol decreases  as Cr2O3

content increases and the latter proves to be an inert diluent. Completely different is
the situation with dimethyl ether and hydrocarbons formation. While the dehydration
of the methanol to DME passes through minimum at about 30 wt.% Cr2O3, the
formation of hydrocarbons reaches a maximum at the same catalyst composition.
Summarizing the result presented in Tables 3 and 4 and Figs. 4 and 5 we can
conclude that the active component of the mixed catalysts consists of both copper and
chromium species. Obviously the association of CuO with Cr2O3 leads to a higher
methanol conversion to hydrocarbons and lower conversion to dimethyl ether than
the sum of conversions on both oxides, i.e., it can be concluded that the synergistic
effect occurs over the Cu-Cr/alumina catalysts for  methanol dehydration. The same
phenomenon was observed by Chang at al. (9) during  the  investigation of Co
oxidation on supported copper-chromium catalysts.

CuO-Cr2O3/Al2O3
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Figure 5. Product distribution versus catalyst composition at 300oC . Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Table 4. Product distribution versus catalyst composition at 300oC . Feed gas composition:
methanol 4,0 %, nitrogen to 100 %.

Catalyst composition Conversion, %
Cr2O3, % CuO, % Total To DME To other products

0,0
4,8
6,8
29,9
53,3
100,0

100
95,2
93,2
70,1
46,7
0,0

100,0
100,0
100,0
100,0
100,0
89,3

16,7
16,1
6,2
1,9
14,9
84,4

83,3
83,9
93,8
98,1
85,1
4,9

CONCLUSIONS
The catalytic activity of 	–alumina supported CuO – Cr2O3 catalysts was

researched with regard to methanol dehydration. It was found that these catalysts
have enhanced activity toward methanol dehydration. The activity toward
dehydration to dimethyl ether strongly depends on the catalyst’s composition  as
follows:

� Alumina supported CuO is a very active catalyst with regard to methanol
dehydration, but the selectivity toward DME synthesis is not sufficient. It
passes through  maximum at 200 – 220oC and rapidly decreases along with
the temperature at the expense of increasing the formation  of other
hydrocarbons.

� Alumina supported Cr2O3 is less active, but the selectivity toward DME
synthesis is remarkable. The most important feature is that the temperature
influence on the selectivity toward DME formation is negligible.
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� The mixed CuO – Cr2O3 catalysts are very active with regard to methanol
dehydration. Full degradation of methanol can be reached even at
temperatures lower than 240oC. The increase of Cr2O3 leads to a slight
decrease of activity. Minimum in selectivity toward DME synthesis and
maximum in selectivity toward other hydrocarbons are clearly expressed at
30 wt.%  Cr2O3 content. A synergetic effect of both copper and chromium
species is clearly observed.
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ABSTRACT
Complete oxidation of different volatile organic compounds (VOCs) and CO

into harmless water and carbon dioxide using ozone and air as oxidizing agents was
investigated over alumina-supported cobalt oxide catalyst. The synthesized catalyst
has been characterized by a variety of methods including chemical analysis, IR
spectroscopy, X-ray photoelectron spectroscopy, magnetic measurements. The results
obtained reveal that the synthesized catalytic system is suitable for catalytic
neutralization of exhaust gases from toxic compounds. A significant increase of the
catalytic activity and decrease of the reaction temperature was observed using ozone
as an oxidant.

Keywords: cobalt oxide, ozone decomposition, CO oxidation, VOCs complete
oxidation.

INTRODUCTION
Volatile organic compounds (VOCs) represent a large class of substances

emitted from chemical, petrochemical, and allied industries that contribute to both
indoor and outdoor air pollution. The damaging effects of VOCs are numerous,
ranging from minor annoyances such as eyes, nose, and throat irritation, headaches,
and nausea to serious dangers such as damage to the kidneys, liver, and central
nervous system. The treatment of such hazardous waste gases in an environmentally
acceptable manner and at a reasonable cost is a topic of great universal importance.

An effective, economic and environmentally friendly method for abatement of
VOCs is based on heterogeneous catalytic reactions providing complete oxidation.
Compared to thermal oxidation, catalytic oxidation can be done at much lower
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temperatures. Both noble metal catalysts and metal oxides have been studied
extensively for the destruction of VOCs [1-6]. The development of more active metal
oxide catalytic systems and using suitable oxidants would be advantageous to provide
a low-cost alternative to noble metals for oxidative destruction of VOCs at mild
conditions. Cobalt oxides, both unsupported and supported on different oxide support
materials (including alumina), have proven their high catalytic activity in the field of
air pollution control of CO [7,8] and organic pollutants from effluent streams [9, 10].
In previous papers [11,12] we have described the preparation of a bulk unsupported
cobalt oxide system using the oxidation-precipitation method.  It has been found that
the obtained system has a high catalytic activity in some oxidation reactions, carried
out in an aqueous and in a gaseous phase [13,14]. According to the results obtained,
the synthesized cobalt oxide system is prominent and useful in a wide field of
applications in environmental protection. From a practical point of view it is
important to investigate the catalytic properties of this oxide system upon deposition
on support materials.

The present study aims to synthesize and characterize an alumina-supported
cobalt oxide system (denoted as CoOx/Al2O3), designed as catalyst for low-
temperature complete oxidation and to investigate its catalytic activity and selectivity
for oxidation of CO and volatile organic substances, using two different oxidants
(ozone and oxygen).

EXPERIMENTAL
The CoOx/Al2O3 catalyst was prepared by deposition oxidation-precipitation

method in an aqueous solution. A required amount of Co(NO3)2 .6H2O was dissolved
in 150 ml of deionised water. An aqueous solution of Co(NO3)2 was heated up to
70oC and then, the support - �-Al2O3 was added and kept under continuous stirring for
4 hours. The impregnated catalyst precursor was separated from the solution and
subsequently added to a mixture of aqueous solutions of NaOH (4M) and NaOCl
(1M). The solid was kept digesting for 24 hours, washed several times (until
disappearance of the chlorides), and then dried in an oven at 110oC for 12 h.

The catalytic activity of the samples was investigated in an isothermal plug flow
reactor. The rate of the gas flow was 4.4 l/h, the catalyst volume - 0.2 cm3, and the
mass of the catalyst under consideration - 0.15 g. The inlet concentration of ozone for
the reaction of ozone decomposition varied between 22.0 to 24.0 g/m3. The ozone
concentration was analyzed with an Ozomat GM (Germany) ozone analyzer with an
accuracy of �0.1 g/m3. The catalytic oxidation of CO and VOCs were carried out
within the range of 25 to 110ºC and 25 to 250ºC, respectively. The amounts of CO
and VOCs were dosed by an Ismatex MS2/6 (Switzerland) pump. The oxidizing
agent being oxygen from synthetic air (gas mixture of 80% nitrogen and 20%
oxygen) or ozone produced in oxygen. The inlet concentration of carbon monoxide
was 0.18 vol.% and that of VOCs - 0.09 vol.% . The rate of complete oxidation was
evaluated by measuring the amount of CO2 formed during the reaction with a Maihak
(NDIR) gas analyzer. The CO and CO2 concentrations were determined with an
accuracy of ± 2 ppm.
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RESULTS AND DISCUSSION
The results of chemical analysis and textural characterization of the supported

catalyst are listed in Table 1.

Table 1. The results of chemical analysis, magnetic measurement and textural
characterization of the supported CoOx/Al2O3 catalyst

Co loading in the catalyst [% w/w] 5.16
Co surface density of the catalyst [atoms/nm2] 2.55
O*/Co atomic ratio of the catalyst 1.51
BET surface area of the catalyst [m2/g] 207
Total pore volume of the catalyst [cm3/g] 0.36
Pore size (mean diameter) [nm] 4.8
Magnetic susceptibility �����������	
���� (.106) -0.12

The supported CoOx/Al2O3 catalyst has a larger surface area than the
unsupported one and can be expected to show a higher activity. On the other hand the
CoOx deposition induces a slight decrease of the BET surface area of the initial
support, indicating partially blocking of the pores with a smaller diameter of the
alumina. The applied synthesis yields mesoporous CoOx/Al2O3 catalyst with mean
pore diameter of 4.8 nm.

The IR spectra of the �-Al2O3 support (a), the bulk phase CoOx (b), the freshly
prepared CoOx/Al2O3 catalyst (c) and the used catalyst after ozone decomposition (d)
are presented in Fig 1.

As seen from Fig. 1 the spectra of (c) and (d) do not differ essentially, showing
that the catalyst structure is not altered during the catalytic reaction. A broad band
centered at 3410 cm-1 can be attributed to the lattice modes of hydrogen bonded
hydroxyl groups, whereas the band at 1640 cm-1 corresponds to adsorbed molecular
water thus indicating that all the samples are hydrated/hydroxylated.

An intense absorption band at 580 cm-1 are observed in both spectra of the (c)
and (d) samples. In accordance with the literature data [15], it is assigned to the
stretching vibration of the surface cobalt-oxygen bond and also accounts for the
presence of active oxygen in the samples. The indicated band is similar to the OB3

vibrations in the spinel lattice of Co3O4 (where B denotes the Co (III) ions in an
octahedral coordination), suggesting that the cobalt in CoOx/Al2O3 is situated in an
octahedral oxygen environment.
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Figure 1. Infrared spectra of �-Al2O3 support (a), bulk phase CoOx (b), freshly prepared
CoOx/Al2O3 catalyst (c) and used catalyst after ozone decomposition (d).

The Co2p XPS spectra of fresh and ozonated CoOx/Al2O3 catalysts are shown in
Fig. 2 curves a and b, respectively. The spectra of both samples show similar
features, indicating that upon catalytic reaction there is no change in the electronic
density of the cobalt atoms. The XPS spectra contain the spin-orbital components
Co2p3/2 at 780.3 eV and Co2p1/2 at 795.3 eV. The measured binding energy values,
spin orbit splitting of 15.0 eV and ambiguous satellites imply that the studied samples
contain cobalt in a Co3+ oxidation state only, present as Co2O3. This assumption is
confirmed by the magnetic measurement results (Table 1), according to which the
CoOx/Al2O3 contains Co(III) (octahedral) ions having t6

2g configuration and being
diamagnetic (� = -0.12.10-6).

Fig. 3 presents the time – conversion dependence of the CoOx/Al2O3 catalyst in
ozone decomposition measured at 700 min at three different temperatures: 25ºC, 0ºC
and -45ºC. The activity of the catalyst towards ozone decomposition is very high
even at temperatures below -40°C and reaches almost 100% at room temperature.
Moreover, at each temperature in the beginning the activity is lower and with time
followed by increase and stabilization. This behaviour reveals that active species are
formed on the surface of the CoOx/Al2O3 catalyst during the catalytic ozone
decomposition, which leads to enhancement of the initial activity.
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Figure 2. XPS spectra of fresh (a) and used (b) in reaction of ozone decomposition samples
of the CoOx/Al2O3 catalyst
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Figure 3. Conversion – time dependence of the CoOx/Al2O3 catalyst in ozone decomposition
at different temperatures

A significant  increase of the catalytic activity of CoOx/Al2O3 catalyst in
complete oxidation of different VOCs and CO was observed using ozone as an
oxidant instead of air (Figs. 4,5). In fact, the light-off temperature of iso-propanole
conversion in presence of ozone is lower with 185oC compared with the case of
oxidation in air. Using ozone as oxidant allows carrying out the reaction in low-
temperature region (below 80°C) which is extremely substantial in catalytic oxidation
of toxic VOCs, because permits saving of energy.
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Figure 4. Comparative study on the catalytic oxidation of different  VOCs with ozone
and air over CoOx/Al2O3 catalyst
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Figure 5. Conversion - temperature dependences for: (a) - ozone decomposition, (b) - CO
oxidation with O3, (c) - i-propanol complete oxidation with O3, (d) - CO oxidation with O2

and (e) - i-propanol complete oxidation with O2 over CoOx/Al2O3 catalyst

Two main reasons for the high catalytic activity are found: (i) high content of
active and mobile oxygen obtained during the synthesis on the catalyst’s surface; (ii)
catalytic active complex of O-[Co4+], which is formed during the reaction of ozone
decomposition and it is able to oxidize VOCs at room temperatures.
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Very important feature of the CoOx/Al2O3 catalyst is that it possesses both
activity toward ozone decomposition and ozone oxidation which lead to removing the
residual ozone from waste gases. Hence the CoOx/Al2O3 catalyst is very suitable for
application in environmental catalysis.
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ABSTRACT
An interference-free amperometric biosensor for the quantitative xanthine

analysis is described. Xanthine was monitored through the electrochemical reduction
of hydrogen peroxide (produced upon its enzyme-catalyzed oxidation) at a constant
applied potential of -50 mV (vs. Ag/AgCl). The biosensor was designed on the basis
of a graphite electrode modified with microquantities of platinum and palladium
(mixed in the ratio 30% Pt : 70% Pd). The analytical performance of the produced
biosensor was compared with previously reported results obtained with a different
basic transducer (graphite modified with 10% Pt : 90% Pd). The here presented
biosensor exhibits operational characteristics, such as electrode sensitivity, linearity
range and detection limit much better than the earlier reported.

Keywords: Modified graphite electrodes, Hydrogen peroxide electroreduction,
Xanthine oxidase, Xanthine, Biosensor.

INTRODUCTION
Determination of xanthine (uremic toxin) in human blood and urine is important

in clinical assays – it is one of the most widely used markers to assess renal function.
The levels of xanthine in plasma and urine samples are routinely measured by

such analytical techniques as high-performance liquid chromatography (HPLC)
[1,2,3], chemiluminescence (CL) [4], or UV-spectroscopy, whose common drawback
is the painstaking procedures for sample preparation. In contrast, an electrochemical
biosensor, which combines the high substrate specificity of a chosen biological
catalyst (e.g. an enzyme) with the simplicity of operation with electrochemical
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equipment, would offer the advantages of a rapid, highly selective, compact, and
convenient for handling method for the determination of the target analyte. In
addition, it is cost-effective since a small amount of the immobilized enzyme can be
repeatedly used for up to several hundreds of assays.

The detection of xanthine with amperometric biosensors, reported so far in the
literature is achieved through:

i) electrochemical oxidation of the reaction products such as uric acid and
hydrogen peroxide (both produced upon enzymatic oxidation of the analyte)
[5, 6];

ii) the redox conversion of organic compounds capable of effectively shuttling
electrons between the enzyme active site and the electrode (so-called
mediators) [7-11]. As efficient mediators for xanthine oxidase
electrochemical transformation as low-molecular weight species, freely
diffusing between the electrode surface and the enzyme, such as cobalt
phtalocyanine [7] and Prussian blue [8], as organic polymers in which the
enzyme was incorporated [9-11]. The later afford the opportunity for
developing reagentless enzyme electrodes, since the mediator is assembled
together with the biocatalyst on the transducer surface. The applicability of
all these biosensors to detecting xanthine in blood serum and urine samples
was proven.

A substantial problem in biosensors design is to find the way to eliminate the
unwanted electrochemical transformation of interfering substances, present in real
samples. The use of a Nafion membrane or other polyelectrolyte multilayer films [12]
to block the access of electroactive species to the electrode surface has been reported.

Our research is focused on the development of a simple, sensitive enzyme
electrode with interference-free response, which can be used for quantitative
determination of xanthine in mammalian bio-liquids. In this paper an amperometric
xanthine biosensor with improved sensitivity and detection limit is described. A
modified graphite matrix, effective in the elimination of the interferences from uric
acid, ascorbic acid and glutathione is used as the basic electrode.

EXPERIMENTAL
Materials
Xanthine oxidase (XOD)	 !����	 "�"���2) from buttermilk (Fluka) with an

homogeneous activity 8 U mg-1 (1 U corresponds to the amount of enzyme which
oxidizes 1 µM xanthine per minute at pH 7.5 and 250C); xanthine , H2O2, uric acid,
L-ascorbic acid, glutathione and the chemicals used to prepare buffer solutions:
Na2HPO4.12H2O, KOH and H3PO4, were purchased from Fluka. Gelatine – analytical
grade (Chimtek, Bulgaria) was employed as a 5% suspension in phosphate buffer
(pH=8.4) for electrode coating formation. All solutions were prepared with bidistilled
water.

Preparation of the electrode
Inert pads of graphite (type GMZ with geometric surface area S=1.6 – 1.8 cm2;

0.7x0.7x0.3 cm) were used. The structural characteristics of this graphite are as
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follous: specific surface 0.8 cm2 g-1, density 1.56 – 1.7 g cm3, porosity 20 – 25%. The
graphite pads were modified with microqantities of platinum and palladium mixed in
the ratio Pt:Pd 30%:70%. The catalytically active components were deposited in a
potentiostatic regime (Erdeposit= + 0.05V vs. reversible hydrogen electrode) via a brief
electrolysis (tdeposit=10 s) from the following electrolyte: 2%PtCl6.6H2O + 2% PdCl2 +
0.1M HCl in the ratio Pt:Pd (30:70%) [6].

Enzyme immobilization
The enzyme immobilization was carried out on an electrochemically activated

electrode surface. The electrochemical pretreatment of the modified graphite
electrode started with a cathode-anode cycling (30 min) within the potential range
from -0.60 to +0.35 V (vs. Ag|AgCl). Just before immobilization, the electrode was
polarized for 2 min at E = 1.5 V. The adsorption of XOD was carried out under static
conditions by immersing the graphite electrode in the enzyme solution with a 10-5 M
concentration, in phosphate buffer (pH = 8.4) for 24 h at 40C. After adsorption the
electrode was dried in the air, at room temperature, for about 45 min. Then the
working surface of the prepared electrode was coated with a layer of 5% gelatine
solution containing XOD (5 mg XOD in 1 ml 5%-gelatine solution at 37 �C) using a
capillary glass tube. After applying the layer, the electrode surface was dried with
argon.

After completing the measurements the enzyme electrode was carefully washed
with bidistilled water, dried in the air at room temperature for about 30 min and then
stored in a refrigerator at 4 �C until measurement. When necessary, the immobilized
enzyme could be removed from the electrode surface by treating of the electrode for
~20 min in hot doubly distilled water (50 – 60 �C) thus regenerating the bare
modified graphite electrode. The processed electrode material can be stored for more
than one year in bi-distilled water (at room temperature) and used repeatedly.

The analytical performance of the enzyme electrodes based on
Pt:Pd(30:70)/Cgmz and Pt:Pd (10:90)/Cgmz (which will be further denoted in the text
as EE type B and EE type A, respectively), were compared. The later was fabricated
according to a previously reported protocol [6].

Apparatus and measurements
All electrochemical measurements were performed in a three-electrode cell with

separated compartments (working volume 11-15 mL). An Ag|AgCl electrode was
used as a reference electrode, and platinum wire as a counter electrode. The
electrochemical setup also involved a bipotentiostat, type BiPAD (TACUSSEL,
Villeurbanne, France); a generator, type EG-20 (Elpan, Lubawa, Poland); a digital
voltmeter, type 1AB105 (ZPU, Pravets, Bulgaria). The solutions were bubbled with
argon during the measurements.

The amperometric data were obtained by successive addition of aliquots of
8.6.10-4 M xanthine solution to the phosphate buffer in the cell with simultaneous
registration of the current at constant potential. The time to reach a steady-state value
of the current did not exceed 2 min.
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For maintaining constant temperature a thermostat UH (VEB MLW Prüfgeräte -
Werk, Medingen, Germany) was used. The pH of the buffer solutions was adjusted
with a pH-meter OP - 208 (Radelkis, Budapest, Hungary).

RESULTS AND DISCUSSION
A series of modified graphites, based on the commercially available graphite

(type GMZ) whose surface was modified with micro- and nano-deposits of
catalytically active components (consisting of Pt and Pd mixed in various ratios) was
tested as electrode materials at the electrochemical reduction of hydrogen peroxide.
The graphite modified with 30% Pt : 70% Pd was chosen as the basic transducer for
designing the xanthine biosensor since it showed an excellent electrochemical
performance at the process of interest (electroreduction of H2O2). This electrode
showed both the lowest background current and the highest sensitivity (dI/dC=0,82 ±
0,02 µA.µM-1) in combination with wide range strict linear dependence of the
electrode response (up to	#��	$�%	at an applied potential of –50 mV (Ag/AgCl) [13].

High selectivity of the assay is one of the factors of crucial importance to
consider when developing amperometric biosensors, because a waste variety of
electrochemically active species are normally present in the real samples, which can
potentially contribute to the output response thus compromising the analytical results.
In this connection, it should be pointed out that the modified graphite demonstrated
full inertness towards a variety of potentially interfering compounds. Under the
selected experimental conditions no electrochemical response was achieved to uric
acid, ascorbic acid or glutathione, present in the concentration of 10-5 �, which
exceeds the possible physiological levels.

The polarization curves of modified electrode over the potential range from -300
to +300 mV (Ag/AgCl) in the presence of 10-4 M H2O2 were examined at both &�' 
and	 &�'(�), as depicted at Fig.1. The potential ranges where the reduction current
reaches limited values (plateau region) were found nearly the same at both pH
investigated. A slightly extended plateau region (from –150 mV to +150 mV) was
observed at pH 8.4 as compared to pH 7.0, where the plateau lies between –150 mV
and +50 mV.
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Figure 1. Polarization curves of graphite modified electrode Pt:Pd(30:70)/Cgmz in 0.1mM
H2O2, background electrolyte: phosphate buffer; reference electrode Ag/AgCl;

temperature 200C
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Modified graphite electrode Pt:Pd(30:70)/Cgmz was used as the basic transducer
for developing an amperometric xanthine biosensor for highly selective quantitative
analysis of xanthine through immobilization of XOD according to an already reported
protocol [13] (EE type B).

Operational parameters determined for the EE type B at an applied potential of
-50 mV (vs. Ag/AgCl) at 250C are presented in Table 1. The linearity range for this
enzyme electrode was found twice as large as for the EE type A, while the sensitivity
of the first one was estimated to be almost one order of magnitude higher than the
sensitivity of the later. The calibration graph (Fig.2-A) shows strict linear dependence
of the steady-state electrode response (for the EE type B) on xanthine concentrations
up to 70 µM; the electrode sensitivity was determined as the slope of the linear
portion of the calibration graph as 0.39 µA.µM-1. At substrate concentrations
exceeding 80 µM XOD, the calibration graph turnes to a horizontal line, which most
probably is due to the enzyme saturation with xanthine. The biosensor produced
demonstrated considerably lower detection limit to xanthine – 1.5 µM (determined at
signal to noise ratio 3:1) as compared to 4.5 µM for EE type A. The better analytical
performance of the EE type B as compared to the EE type A could be ascribed to
several factors acting synergistically. From the one hand, the basic transducer for
designing the EE type B possesses enhanced catalytic activity and sensitivity towards
hydrogen peroxide electrochemical reduction. From the other, the immobilized on its
surface xanthine oxidase was chosen with higher homogeneous activity than this ane
used to develop the EE type A.

The apparent Michaelis constant Kmapp , which is a basic kinetic parameter, was
calculated both from the Lineweaver-Burke plot (1/C vs 1/I) (Fig 2-B) and Eadie-
Hofstee plot (not shown). The obtained values were found practically identical:
Kmapp=58.4 µM (r2=0.996) determined from the LB-plot; and Kmapp=58.6 µM
(r2=0.995) estimated using the EH-method. Higher Kmapp value than this reported for
EE type A results in wider linearity range for the xanthine biosensor type B.
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Figure 2. A -  Steady-state response of the enzyme electrode type B as a function of xanthine
concentration; B – Lineweaver – Burke plot. Applied potential -50mV(vs. Ag/AgCl);

background electrolyte: 0.1 M phosphate buffer, pH=8.4; temperature 25 0C
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CONCLUSIONS
The enzyme electrode with considerably improved operational characteristics

was prepared using graphite electrode modified with Pt and Pd, mixed in the ratio
30%:70% and XOD with higher homogeneous activity, than previously used [6]. The
enzyme electrode produced, tested under the selected experimental conditions
(ambient temperature, 250C; working potential -50mV; pH 8.4) showed the following
operational characteristics:

� a detection limit of 1.5 µM;
� a linear range up to 70 µM;
� a sensitivity of 0.39 µA.µM-1;
� no response to glutathione, ascorbic acid and uric *cid present in higher than

the physiological levels.
A brief comparison of the xanthine biosensor presented here with previously

published results [6] (accomplished with an enzyme electrode based on  graphite
modified with 10%Pt+90%Pd) showed that the new biosensor displayed better
electrode sensitivity with larger linear range, lower detection limit and higher
selectivity (practically inert towards interference substances as ascorbic acid, uric
acid and glutathione).

Table 1. Operational parameters of xanthine oxidase-based enzyme electrodes; working
potential -50mV (vs. Ag/AgCl); background electrolyte phosphate buffer pH=8.4;

temperature 250C

Enzyme electrode
type

Sensitivity,
µA. µM-1

r2 Linearity,
µM

Detection
limit, µM

Imax,
µA

Kmapp,
µM

EE type A

EE type B

0.3

0.39

0.984

0.983

40

70

4.5

1.5

10

39

30

58.5
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ABSTRACT
The kinetics of anode process running in Chromispel – C non-standard chloride

electrolyte for chromium plating has been studied. The anodes investigated are
prepared from platinum, silver, lead, PbCa 0.11% alloy and M10 and P25 ceramal
alloy. The processes running on the anode are identified. The distribution of the total
current among anode reactions is established. The effect of electrolyte concentration,
anode material, current density and temperature on current distribution is studied.

The potential dynamic curves are recorded under varying operation conditions of
chromium plating and the general I vs. E dependence established. The values of the
corresponding corrosion potentials Ec, potentials E1 and E2 as well as the limiting
currents I1 and I2 for the first and second step of the I vs. E curve are determined.

The activation energy is calculated using the temperature-kinetic model and the
mechanism of electrode polarization established.

Platinum and P25 ceramal alloy are recommended as suitable anode materials.

Keywords: Chromium plating, anode materials, cermal alloy, electrodeposition.

INTRODUCTION
The majority of plants around the world use the standard chromium bath while

chrome plating (containing chromium trioxide 250 g.L-1 and 2.5 g.L-1 sulfuric acid).
In this bath, chromium deposits with current efficiency not higher than 10 – 12%.
This low efficiency is one of the reasons to constantly search for new, more effective
components and techniques of chrome plating.

“Chromispel” baths can be referred to the new electrolytes. They are
characterized with exceptionally high content of chromium trioxide (up to 1600 g.L-1)
and there the sulfate anions are replaced with halogens (Cl-, I-). The perceptiveness of
these electrolytes is determined by the fact that they create possibility for
electroplating of layers with current efficiency 60 to 70% at room temperature /1-5/.
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The practical usage of Chromispel electrolytes is made difficult because of the
lack of suitable anode materials. They are supposed to possess not only high
resistance to corrosion in the aggressive media of the chrome bath, but to guarantee
suitable distribution of the total anode current, i.e. a small quantity of chlorine should
be precipitated over them and the oxidation of the trivalent chrome ions should run
with such a speed, at which they do not accumulate in the chromium bath.

In the NAFTA countries in a report, represented to the Senate of USA it is
commented that during 2004 the galvanic production decreased with 75% in
comparison to 2000, because of the export of a big part of the automobile production
in China. In order to avoid these important economical problems it is recommended
to galvanic specialists to search for new materials and new technologies of chrome
plating.

EXPERIMENTAL CONDITIONS AND SET-UP
Preparation of Chromispel – C electrolytes
Electrolytes with different content of CrO3 were prepared:
o electrolyte of standard concentration - CrO3 250 g.L-1

o electrolyte of middle concentration - CrO3 500 g.L-1

o electrolyte of high concentration - CrO3 750 g.L-1.
To each of them it was added a different quantity of hydrochloric acid in CrO3 :

Cl-; 15:1, 20:1, 25:1, 30:1 ratio.

Experimental conditions for collecting and separating of the anode gas
For the defining of the composition of the anode gasses at deposition of chrome

from chloride electrolyte it was used the Orsa apparatus, equipped with burette and
absorption vessel only for the chlorine. The volume of oxygen was determined as a
different from the total volume of the anode gasses and the volume of the absorbed
chlorine by the absorbent agent.

Figure 1. Scheme
of the experimental
conditions: 1– rectifier;
2 – rheostat; 3 – ampere
meter; 4 – galvanic cell;
5 – collective bell for
anode gases; 6, 7 –
three-way taps; 8 –
hydraulic shutter; 9 –
pressure vessel; 10 –
measuring burette; 11 –
absorber
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Experimental conditions for taking down of the polarization curves
In order to take down the polarization curves we used: RADELKIS potentiostat

OH - 405 type, XY – RECORDER and reference Calomel electrode. The cathode
was a copper plate, for the anode we used platinum.

Figure 2. Scheme of the equipment
for recording polarization curves in
potentiostatic regime: 1 -
potentiostat; 2 – recorder; 3 –
electrolysis bath; 4 – reference
electrode (Calomel electrode); 4` -
salt bridge; 5 - anode; 6 – cathode;
RE – high ohm resistance

RESULTS AND DISCUSSIONS
Platinum was chosen to be an anode because of its high electrochemical stability

in Chromispel – C electrolyte. This anode material guarantees the cleanness of the
experiment, which means that in the electrolyte there will not be any foreign ions,
apart of those included in its composition. While chrome plating with Chromispel – C
electrolytes a minimum of three partial reactions run – evolution of oxygen, evolution
of chlorine and oxidation of trivalent chromium ions to hexavalent ones.

1) 2Cl- - 2e- � Cl2

2) 4OH- – 4e- � O2 + 2H2O
3) Cr3+ - 3e- � Cr6+

The smallest part of the total anode current is spent on evolution of chlorine and
the biggest possible one for the obtaining of oxygen (Figure 3). The chrome plating
conditions influence that distribution. The high anode density leads to the increase of

2ClA  and 
2OA and to decreasing of that of 

�� 63 / CrCr
A .

Figure 3. Current efficiency for the three anode
partial reactions on platinum anodes in medium
concentration of Chromispel –C electrolyte,
calculated in percentage; 1 – curve for
separating of chlorine, 2 – for oxygen, 3 – for
oxidation of trivalent chrome ions to hexavalent
ones
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It was established that the presence of 2 to 6 g trivalent chrome ions influence
slightly on the electrochemical evolution of oxygen and oxidation of trivalent chrome
ions to hexavalent chrome ions, at the same time lowers abruptly current efficiency

2ClA  (Figure 4).

Figure 4. Influence of the trivalent chrome ions on
current efficiency of the reaction
2Cl- - 2e- � Cl2 in medium concentration of
Chromispel – C  electrolyte at 20º�� 1 – without
Cr3+, 2 – with 6 g.L-1 Cr3+

By taking down potential dynamic curve the polarization dependencies are
studied in Chromispel – C electrolytes for platinum anodes. The influence of the
factors was studied – concentration of chromium trioxide and hydrochloric acid,
temperature, influence of trivalent chrome ions and nature of the anode material. The
value of the corrosion potential has been estimated (Ec) as function of those factors. It
is from 1,19 to 1,29 V and is little influenced by the conditions of electrolysis (Tables
1, 2, 3).

Table 1. Values of Ec, measured in Chromispel – C electrolyte with a concentration of
250 g.L-1 and platinum anode, calculated according to Calomel electrode

t0 C CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V
20 1,2471 1,2071 1,2571 1,2171
30 1,2105 1,1905 1,2105 1,2205
40 1,2040 1,2640 1,2340 1,1740
50

15:1

1,1875

20:1

1,2375

30:1

1,2275

35:1

1,2275

Table 2. Values of Ec, measured in Chromispel – C electrolyte with a concentration of
500 g.L-1 and platinum anode, calculated according to Calomel electrode

t0 C CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V
20 1,2571 1,2671 1,2471 1,2271
30 1,2205 1,2105 1,2105 1,2105
40 1,2640 1,2940 1,2040 1,2140
50

15:1

1,2475

20:1

1,2275

30:1

1,2275

35:1

1,2275

Table 3. Values of Ec, measured in Chromispel – C electrolyte with a concentration of
750 g.L-1 and platinum anode, calculated according to Calomel electrode

t0 C CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V CrO3:Cl- Ec, V
20 1,2371 1,2971 1,2871 1,2771
30 1,2705 1,2905 1,2605 1,2605
40 1,3040 1,2940 1,2940 1,2840
50

15:1

1,3075

20:1

1,2975

30:1

1,2975

35:1

1,2975
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It has also been found the general type of the anode polarization curve for
platinum anode (Figure 5). It is characterized with two steps, the first of which is
more clearly expressed and the limit current I1 corresponds to it, while the second
corresponds to current I2. I1 is changed from 0,55*10-3 A to 5*10-3 A, but I2 has
values of 3,9*10-3 – 37*10-3 A.

Figure 5. General type of the anode polarization curve, taken down at 20ºC
in Chromispel – C electrolyte

The potential corresponding to I1 is very close to the standard potential of the
reactions – discharging of oxygen and oxidation of trivalent chrome ions to
hexavalent ones. This proximity does not let us clarify which of the two reactions
starts first.

2H2O � O���� +4H+ + 4e-�								�0=1,229V
7H2O + 2Cr3+  � Cr2O7

-2+ 14H+ + 6e-�						�0=1,33V
Through experiment it has been proved that the lower the potential of the

electrode has been, the higher 
2OA  has been. With the increasing of the potential and

current the quantity of the discharged gas chlorine increases, that’s why we can say
with certainty that the second step corresponds to the discharging of chlorine.

2Cl- - 2e- � Cl2

Table 4. Anodic current efficiency for the separate anode reactions in Chromispel – C,
500 g.L-1 CrO3, CrO3:Cl-=20:1, t=200C

� , h I, A E, V i, A.dm-2
2ClV , ml

2OV , ml
2ClA ,%

2OA ,% �� 63 CrCr
A

,%

5 0.12 1.7 4 8 12 3.19 9.57 87.24

2.5 0.21 1.9 7 33.8 1.2 15.4 1.1 83.5

The obtained values of the potentials for the first and second step E1 and E2 from
the polarization curves are higher than the corresponding standard potentials. This is
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to say that the electrochemical processes, running on the anode, are connected with
significant polarization.

Through using of temperature – kinetic method it has been calculated Ea and it
has been determined the nature of the electrode polarization. The types of
polarization are concentration, electrochemical and phase. At concentration
polarization Ea of 8380 – 25140 J.mol-1 and it does not change with alteration of the
potential. For the first step the numerical values correspond to the concentration
polarization but with the alteration of the potential Ea is changed which is an evidence
of electrochemical hindrance.

Table 5. Values of Ea calculated from the dependency lni1��������	�
�����������


electrolyte with concentration of 250g.L-1 CrO3

CrO3:Cl- !"#$%&	'(	�	)*'$+,	-,./,
isopotential lines pass, V

Ea, J.mol-1

1,125 4365
1,25 3533415:1
1,375 12877
1,125 3118
1,275 249420:1

1,4 2078
1,15 7690
1,25 665130:1
1,45 3326

1,175 8730
1,35 1330235:1
1,475 3949

Ea, which corresponds with the reaction of the chlorine evolution, is several
times bigger than the one for the evolution of oxygen, but its numerical values are
still in the limits, typical for concentration polarization.

Table 6. Values of Ea calculated from the dependency lni2������ in Chromispel –C with
concentration of 250 g.L-1 CrO3, CrO3:Cl-=20:1

!"#$%&	'(	�	)*'$+,	-,./,	.&'0')%1)."#	#.1%&
pass, V

Ea, J.mol-1
���

1,75 17460 2100
1,85 19538 2350
1,925 21201 2550

As the influence of the nature of the anode material is essential for the kinetics
of the anode processes, we have paid attention to pure silver anodes, pure lead ones
and the alloy PbCa (0,11% Ca) which was especially designed for this research by the
Bulgarian Academy of Sciences. Metal ceramal alloys M 10 and P 25 were observed
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too (Figure 6). It was also found that the lowest Ec is in the alloy PbCa (0,11%Ca)
(-0,32V), and the highest is that of M 10 (0,63V).

�

�

�

�

�

��

��

��

��� ��� ��� ��� ��� ��� 	�� 	��

�� �

��
�
�
�
�
�

� � �� ��� 	 � �� 
�� � � ��������� � � � ��� � � � 	��

Figure 6. Polarization dependencies of different anode materials, taken down at 20º��in
Chromispel – C, 250g.L-1 CrO3, CrO3:Cl-=20:1

The line of the curve of the polarization dependencies shows that pure silver is
very quickly polarized, as well as polychrome acids influence it. The anode starts to
destroy and these chemical and electrochemical interactions define the complex
aspect of the polarization dependency.

Although slower, the anodes of lead and lead alloys also destroy. This typical
chemical instability of theirs, as well as their high polarization make them unsuitable
as anodes in Chromispel – C.

Out of the five different observed anode materials the most preferable one
should be the metal ceramal alloy P 25, whose stability in Chromispel – C is almost
equal to that of the platinum.

SUMMARY
� The total current distribution among separate anode reactions is determined.
� Potential dynamic curves are recorded under varying experimental

conditions. The general course of platinum anode polarization curve and a
mechanism of the anode process are proposed.

� The values of corrosion potential (Ec) and of potentials E1 and E2 as well the
corresponding limiting currents I1 and I2 for the first and second step of
polarization curve are determined.

� Ea is calculated according to the temperature-kinetic method and the nature of
the electrode polarization was determined.
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� The most suitable anodes to operate in Chromispel – C electrolytes appear to
be Pt ones as well as anodes prepared from metal ceramal alloy P 25.
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ABSTRACT
The normal boiling points for 120 C5-C8 aliphatic alcohols have been predicted

using multiple linear regression analysis of different types of molecular descriptors
derived from topology of the molecule and quantum chemistry calculations. Two new
descriptors were introduced. The first one is the relative connectivity of oxygen atom
expressed by the sum of all paths to the oxygen atom divided by Wiener index. The
second one is a geometrical descriptor that reflects the oxygen atom shielding by
spatially close atoms: it is a sum of the ratios of Van der Waals radius and distance
from the oxygen to the corresponding atom raised to the third power.

Keywords: boiling point, multilinear regression, quantum chemistry, topology

INTRODUCTION
Boiling point (b.p.) is an important  physicochemical property with practical

value in chemistry, environmental protection and pharmaceutical industry. However,
b.p. data often is not available, and therefore must be estimated theoretically.
Estimation methods for b.p. have been widely explored [1-3] using topology of the
molecule and/or quantum chemistry parameters calculated for optimized structure of
the molecule.

Boiling point of a molecule depends on two major groups of factors. The first
one includes intermolecular forces, such as dipole-dipole and Coulomb interactions.
The second group accounts for the size and structure of the molecule as a whole, i.e.
how the energy supplied by the heating is distributed into rotational and vibrational
modes. That is why, every model for boiling point prediction has to account for these
two trends with corresponding parameters.

In this work we present several approaches for theoretical calculation of normal
boiling points of alcohols. The normal boiling points for 120 C5-C8 acyclic aliphatic
alcohols have been predicted using multiple linear regression (MLR) analysis of
different types of molecular descriptors: topological and quantum chemistry ones.
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THEORETICAL MODELS
The topological parameters [4] used in different MLR models are given in Table

1. A new descriptor has been introduced designated as WO
Rel. It is the relative

connectivity of oxygen atom expressed by the sum of all paths to the oxygen atom
divided by Wiener index.

Table 1. Topological parameters used in the MLR models
parameter Parameter description

W Wiener index – the sum of all path lengths in the molecule
WO

Rel The sum of all paths to the oxygen atoms divided by W
MW Molecular weight
LC Size of the longest aliphatic  chain
� Molecular eccentricity index

m
� Connectivity index of order m (m = 1)

C
� Carbon connectivity - 1� is calculated only for carbons

m
�c, Connectivity cluster index of order m (m = 3, 4)

m
�p, Connectivity path index of order m (m = 0, 1)

m
�pc, Connectivity path-cluster index of order m (m = 4, 5)

m
�

v
pc, Valence connectivity path-cluster index of order m (m = 4, 5)

BCUTc The largest eigen value of the Burden matrix with weights based on partial charges
m
� Kier and Hall molecular shape indices of order m (m = 2)

The quantum chemistry calculations give the geometry of the molecule and
some electronic parameters, such as dipole moment and partial charge of the atoms:
the latter two determine the dipole-dipole and Coulomb interactions. For aliphatic
acyclic alcohols it is the oxygen atom’s charge that influences most the interaction.
However, the strength of the interaction depends also on the oxygen surroundings
which is quite different in various isomers of the alcohols. That is why, the new
geometric parameter, so called oxygen shielding, Oshield , has been introduced.

Figure 1. Illustration of oxygen shielding
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Oshield is calculated by Equation (1) where the RX is Van der Waals radius of the
atom X and rk is a distance of atom Xk (X = C or H) to the oxygen: see figure 1 for
clarity.

Oshield = � (RXk / rk)
3; (1)

the sum is taken only for atoms Xk for which rk < RO + RH + RXk

The other quantum chemistry parameters tested in the models are the partial
charge of the oxygen atom, qO, partial charges of carbon, qC, and hydrogen, qH, that
are connected to the oxygen and the dipole moment of the molecule, �; it has to be
pointed out that the partial charge is not a measurable quantity and depends on
scheme for its calculation.

The set of all parameters or a selection of them was used for MLR calculations
and significance of the parameters was determined by stepwise model selection.

RESULTS AND DISCUSSION
The three quantum chemistry parameters, Oshield, qO, and qC, showed high

correlation with boiling point when alcohols are separated in classes (see Table 2).
This has to be expected, as these parameters account for intermolecular interactions
but not how the energy supplied by the heating is distributed. It has to be mentioned
that the value of qC depends entirely on the type of the alcohol (primary, secondary,
tertiary) and is little influenced by the other substituents in the molecule but this is
not the case with qO which depends on all substituents. As can be seen from the table,
qH badly correlates with b.p. and the dipole moment shows weaker correlation than
the first three parameters and also does not correlate with b.p. of the whole set.

On the other side, 1
� parameter has a good descriptive power of the whole set –

its correlation coefficient with b.p.s is 0.883. This topological parameter accounts for
both the branching of molecule and its size: the first one strongly correlates with the
oxygen shielding.

Table 2. The correlation coefficients between different parameters and b.p. calculated for
different classes of isomers and for all alcohols

parameter pentanols hexanols heptanols octanols all alcohols
Oshield -0.906 -0.928 -0.909 -0.820 -0.325

qO 0.891 0.864 0.849 0.682 0.296
qC -0.816 -0.910 -0.851 -0.759 -0.389
qH 0.222 0.521 -0.041 0.102 0.078
� 0.867 0.696 0.615 0.727 0.262
1
� 0.848 0.794 0.758 0.717 0.883

Several different sets of descriptors were used in MRL model and a stepwise
selection was performed upon them. The best seven descriptor sets are given in table 3.
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Table 3. Best descriptor sets obtained by different MLR stepwise selections
Model # Set of descriptors Multiple

R
Standard
error (oC)

1 ln(W) 0.861 9.24
2 ln(W), WO

Rel 0.958 5.18
3 WO

Rel, (
1
�)1/2 0.982 3.39

4 WO
Rel, ln(1

�), 4�v
pc 0.986 2.98

5 WO
Rel , ln(1

�), 4�v
pc, Oshield 0.975 2.88

6 ln(W), WO
Rel, 

0
�p, 

1
�p, 

5
�

v
pc 0.990 2.54

7 ln(W), WO
Rel, MW, C�, 3�c, 

4
�c, 

4
�pc, 

4
�

v
pc 0.992 2.34

The two-, three and five-variable models (#3, #4 and #6) showed less standard
error than the models described in Jurs paper [1] with the same number of variables.
On the other side, their other models performed better than ours. It is interesting that
Oshield appeared only in the four-variable model (#5)  and it is the only quantum
chemistry parameter that competed with the topological ones. It is the only parameter
in this study that depends on the 3-D structure of the molecule, and an adverse
consequence of this fact is its variability upon conformational changes in the
molecule. We intend to study this adverse effect in future work.

The eight-variable model (#7) is given with the following equation:
b.p. = (43.71±10.05) ln(W) + (134.04±17.96) WO

Rel + (1.21±0.23) MW –
(21.106.34) C� –(23.47±2.23) 3�c + (40.45±5.57) 4

�c – (5.70±1.42) 4
�pc + (10.91±1.81)

4
�

v
pc –(135.04±10.05)

USED SOFTWARE
The models based on topological descriptors were created with JBSMM (Java

Based System for Molecular Modeling). It is an in-house developed software system
[5] that supports the main stages of the molecular modeling: structure representation,
descriptor calculation, MLR model creation and model statistics and validation. All
quantum chemistry computations were carried out with the Gaussian 98W [A3] on
level HF/6-31G(d) [6].
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ABSTRACT
o- and m-phenylenediamines yield product through oxidative bonding in the

presence of metals. Oxidative bonding products are azo dyes that are formed through
a coloration reaction.

In this study, a visible spectrophotometric and differential methods have been
developed for the reaction kinetics of  o-phenylenediamine and m-phenylenediamine
in the presence of Ag (I). Optimum conditions fort the reaction were established as
����� ��� ��	
�� ��� ����� ���� ���������� ��� ������������������ ���� �

phenylenediamine by Ag (I) investigated, it was observed that in this reaction the
following rate formula was found in this reaction:

V = k [Ag+]0.5 [o-phenylenediamine]2 [m-penylenediamine]0.5

The rate equation demonstrates that one molecule of m-phenylenediamine and
four molecule o-phenylenediamine react with one molecule Ag (I).

Keywords: o-phebylenediamine, m-phenylenediamine, Spectrophotometry,
Differential method, Reaction Kinetic

INTRODUCTION
The o-, m- and p- Phenylenediamines (C6H4(NH2)2), are the nitrogen analogs of

the three dihydroxybenzenes (C6H4(OH)2), pyrocatechol, resorcinol and
hydroquinone, respectively; in fact, these hydroxy compounds are used as
intermediates for the preparation of some of the phenylenediamines. These structural
similarities have their counterpart in chemical reactivities. For instance, the ortho-
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and para classes are very good reducing agents and used as antioxidants, while the
meta compounds couple readily with diazotizedamines, forming useful dyes. Of the
six possible tolylendiamines (toluendiamines or toluylendiamines), only one of the
meta isomers and para isomer are commercial available [1].

The oxidation occurs quantitavely and proceeds in the presence of Cu(II) [2, 3],
Ag(I) [4, 5]. Co(II) ions behaving as autooxidation catalysts. It is known that
aromatic amines are suitable for the investigation. In the former study, 3,4-
diaminobenzenesulfonic acid (DBS) [6, 7] was oxidised by the effect of catalytic
Co(II) between a pH range of 7.4-8.4. The rate formula was found as follows:

V = k [Co+2] [DBS] [O2]

There is no reaction at pH � 7.4 and the reaction rate increases with the
increasing pH. The oxidation product is 3,4-diiminobenzenesulfonic acid. The
kinetics of these reactions related with o-phenylenediamine and m-phenylenediamine
in the presence of Cu (II) were also investigated by using spectrophotometrical and
differantial methods in this study.

In this study, the reactions related to o-phenylenediamine and m-
phenylenediamine in the presence of Ag (I) [8] were investigated using
spectrophotometric [9-15] and differential methods [16-18]. When the reactions of o-
phenylenediamine and m-phenylenediamine in the presence of Ag (I) were
investigated, it was observed that the following rate formula was found:

V = k [Ag+]0.5 [o-phenylenediamine]2 [m-penylenediamine]0.5

The result of the reactions between Ag (I) and o- and m-phenylenediamine
mixtures it was found out that there is an oxidation by means of complexation. And
as a result of oxidation, a diazo compound occured from amines and Ag (I) was
reducted to elemental form.

EXPERIMENTAL
Investigation of the reaction conditions
Relative wideness of o-phenylenediamine was calculated from pH = 0 to 14

(K1= 0.251, K2 = 1.82x10-5) (Figure 1). During this investigation, o-
phenylenediamine is taken as two protons (H2A, �0), and protons progrewing
disappear in two steps. First proton disappears at the pH = 3 (HA-, �1), while second
proton disappears at pH � 7 (A=, �2).
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Figure 1. Relative wideness of o-phenylenediamine

o-Phenylenediamine exhibited an absorption at � = 442nm at pH = 3 and it also
showed an absorption � = 424 nm at pH � 7.

Determination of the wavelength for the study
For determining the wavelength which would be used in the following reaction,

various solutions including o-phenylenediamine, m-phenylenediamine and Ag (I)
between pH = 5-10, were prepared in the proportion of 1:1:1 and the spectra were
measured after waiting 10 minutes.

As a result of the investigation in various pH range, the oxidation product
showed an absorption at  � = 450 nm and the absorbance was fixed after pH � 5. As a
working medium, an absorbance value of � = 450 nm and a pH value of 6 were
chosen.

Dependence of the reaction rate to the Ag(I) concentration
A graphic of log vo = f(log �Ag+

�) was drawn (Figure 2) related with the
investigation of the effect of the Ag (I) concentration to the reaction rate which is
related with the reaction of o- phenylenediamine and m-phenylenediamine by Ag (I).
The equation obtained is log v0 = -2.865 + 0.536log C. The straight line is
n1 = 0.536 � 0.5.

���� ���� ���� ����� �����

��

����

����

����

�

H 2 A + 2

H A +
A
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Figure 2. � = 450 nm, Co-phen = 1x10-3M, Cm-phen = 1x10-3M,CAg
+

 = 0.5x10-3- 5x10-3M,
pH = 6

Dependence of the reaction rate to the o-phenylenediamine concentration
A graphic of log v0 = f(log �o-phen�) was drawn (Figure 3) related with the

investigation of the effect of the o-phenylenediamine concentration to the reaction
rate which is related with the reaction of o-phenylenediamine and m-
phenylenediamine  by Ag (I). The equation obtained is log vo = -2.900 + 1.977 log C.
The straight line is n2 = 1.9770 �2.

Figure 3. � = 450 nm, Co-phen = 1x10-3- 5x10-3M, Cm-phen = 1x10-3M, CAg
+

 = 1x10-3M,
pH = 6
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Dependence of the reaction rate to the m-phenylenediamine concentration
A graphic of log v0 = f(log �m-phen�) was drawn (Figure 4) related with the

investigation of the effect of the m-phenylenediamine  concentration to the reaction
rate which is related with the reaction of o-phenylenediamine and m-
phenylenediamine  by Ag (I). The equation obtained is log vo = -2.730 + 0.5427 log
C. The straight line is n3= 0.5427 �0.5

Figure 4. � = 450 nm, Co-phen = 1x10-3M, Cm-phen = 1x10-3- 5x10-3M, CAg
+

 = 1x10-3M,
pH = 6

RESULTS
Following the investigation of the dependence of reaction rate Ag (I)

concentration at pH = 6 the gradient was found as n1 = 0.5 (Figure 2). However, in the
investigation of the dependence reaction rate to o-phenylenediamine concentration
the gradient was found as n2 = 2 (Figure 3) and the dependence reaction rate to m-
phenylenediamine concentration the gradient was found as n3 = 0.5 (Figure 4) .

Considering this, the rate equation related with the oxidation of o-
phenylenediamine and m-phenylenediamine  by Ag (I), is found as the following
equation ie.

V = k [Ag+]0.5 [o-phenylenediamine]2 [m-penylenediamine]0.5

The rate equation demonstrates that one molecule of m-phenylenediamine and
four molecule o-phenylenediamine react with one molecule Ag (I).
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ABSTRACT
In this study, two new Zn(II) and Cd(II) acyclic Schiff-base complexes,

[Zn(L)](ClO4)2 and [Cd(L)](ClO4)2, have been prepared via templated [1+2]
condensation of 6,6'-bis(2-aminothiophenoxymethyl)-2,2'-bipyridine with 2-
furaldehyde. The structure of these complexes was elucidated by using spectroscopic
methods.

Keywords: Schiff-base, template synthesis, Cd(II) and Zn(II) complexes.

INTRODUCTION
Schiff-base complexes recently have taken more attention in bioinorganic and

biochemistry in medicine because of the fact that it has antimicrobial and
chemotherapy features..[1,2] The potential biological activity of complexes containing
sulfur and nitrogen may be reason for this increased interest. In particular complexes
with N and/or S donor ligands of copper(II),[3,4] cobalt(II),[5] nickel(II),[3,5]

platinum(II)[1,3,6] and iron(II/III)[6] are known sometimes to act as antitumor or
therapeutic agents. Many efforts have been made to establish further metal-containing
cytostatics however, without great success. Only little is known about the antitumor
efficacy of some transition metals such as zinc(II),[7] and cadmium(II). For this
reason, we synthesized two new N4S2O2 Schiff base complexes of these transition
metals. Recently we also synthesized and characterized some new similar
macrocyclic and acyclic Schiff base complexes using these metals.[8-10]

In this study, in the presence of cadmium(II) and zinc(II) perchlorate salts that
control the reaction, by using 6,6´-bis(2-aminothiophenoxymethyl)-2,2´-bipyridine
and 2-furaldehyde, open chain N4S2O2 donor complexes were synthesized. The
structure of these complexes were elucidated by using spectroscopic methods.
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EXPERIMENTAL
Enstrumentation
Melting points were determined using an Gallenkamp MPD350.BM2.5 digital

melting point apparatus and were uncorrected. The compounds were checked for
purity by TLC on silica gel 60 F254 (Merck). Elemental analyses were performed on a
CHNS-O Carlo Erba EA 1108 elemental analyser; IR spectra were obtained with a
Shimadzu 470 IR spectrophotometer using nujol mulls or KBr disc; 1H NMR spectra
were recorded with a Varian (300 MHz) or Bruker spectrometer (250 MHz) in CDCl3

as solvent. 13C NMR spectra were recorded with a Varian (75.5 MHz) in CDCl3 as
solvent; MS-FAB+ spectra were obtained with a Finnigan Mat 95 mass spectrometer.
ESI MS spectra were recorded  on a Finnigan LCQ mass spectrometer.

Materials
THF was distilled from sodium metal in the presence of benzophenone

immediately prior to use. 1,4-Dioxane was distilled prior to use. Et4NI was dried at
100 ºC under reduced pressure. Zinc dust was washed with successive portions of
dilute hydrochloric acid, distilled water, ethanol, acetone and diethyl ether
immediately prior to use to remove the oxide layer. All other chemicals and solvents
were of reagent grade and used as commercially purchased without further
purification. Preparation of NiCl2(PPh3)2 was followed to literature method.[11] 6-
Bromo-2-methylpyridine and 6,6'-bis(bromomethyl)-2,2'-bipyridine were prepared
according to literature procedures. [12,13] 6,6'- dimethyl-2,2'-bipyridine was prepared
by a slight modification of the method of Iyoda et. al. [14]

Preparation of 6,6'-Bis(2-aminothiophenoxymethyl)-2,2'-bipyridine [10]
Solution of sodium ethoxide (2.30 g sodium, 0.10 mol ; absolute ethanol 150

mL) were added to solution of 2-aminothiophenol (12.5 g, 0.10 mol) in absolute
ethanol (150 mL) at room temperature, under argon gas. Then 6,6'-bis(bromomethyl)-
2,2'-bipyridine (17.10 g, 0.05 mol) in absolute ethanol (100 mL) was added and the
reaction mixture refluxed for 4 h. On cooling, the reaction mixture was poured into
water (400 mL). The product (cream colour) was collected by filtration, washed with
water and dried (yield 89 %). m.p. 97-99 ºC.

�max/cm-1 (KBr disc): 3440-3328 (N-H);  1603, 1561 (aromatic ring).
�H (300 MHz; CDCl3): 4.14 (4H, s, CH2), 4.38 (4H, s, NH2), 6.61 (2H, t, J 7.5

Hz), 6.70 (2H, d, J 8.2 Hz), 7.03 (2H, d, J  7.6 Hz), 7.09 (2H, t, J 7.5 Hz), 7.26 (2H,
d, J 5.3 Hz), 7.66 (2H, t, J 7.8 Hz), 8.18 (2H, d, J  7.9 Hz).

�C (75.5 MHz; CDCl3): 41.22 (CH2), 115.28, 117.33 (C), 118.76, 120.23,
123.54, 130.42, 136.85, 137.79, 148.72(C), 155.31 (C), 157.55 (C).

m/z 431 [(M+H)+, 100 %]; C24H22N4S2   calculated : C 66.9 %, H 5.2 %, N 13.0
%, S 14.9 % found :  C 66.7 %, H 5.2 %, N 13.0 %, S 15.3 %.

Metal-ion Controlled Synthesis of L Complexes in the Presence of Zn(II) and
Cd(II) perchlorate salts.
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The complexes of L were obtained from [1+2] Schiff-base condensations of
6,6'-bis(2-aminothiophenoxymethyl)-2,2'-bipyridine and 2-furaldehyde in methanol
in the presence of Zn(II) and Cd(II) perchlorate salt (Scheme 1). The yields, colours
and API-ES mass (m/z) spectral data and IR data of the complexes are given
respectively in Table 1 and Table 2.

Table 1. Colours, yields and the API-ES mass spectrum for the complexes
Complex Colour of

complex
% yield Peak (m/z) Assingment

[Zn(L)](ClO4)2 light brown 80 749.0
650.95
587.10

325

[Zn(L)(ClO4)]
+

[ZnL]2+

[L+H]+

½[ZnL]2+

[Cd(L)](ClO4)2 light brown 40 796.90
697.95
587.10
349.9

[Cd(L)(ClO4)]
+

[CdL]2+

[L+H]+

½ [CdL]2+

Table 2. Infrared (KBr/disc) spectral data for the complexes
Complex ������ pyridine ���	
�	�

[Zn(L)](ClO4)2 1612 1596 1094, 624
[Cd(L)](ClO4)2 1612 1596 1094, 624

RESULTS AND DISCUSSION
All the complexes were prepared by a template synthesis, in which the Schiff

base macrocyclic ligand resulted from the condensation of 6,6'-bis(2-
aminothiophenoxymethyl)-2,2'-bipyridine with 2-furaldehyde in methanol in the
presence of Zn(II) and Cd(II) perchlorate salt (Scheme 1). For the synthesis of
diamine compound, 6,6'-bis(2-aminothiophenoxymethyl)-2,2'-bipyridine, 6-amino-2-
methylpyridine was brominated with concentrated aqueous hydrobromic acid and
bromine.[12] Then 6,6'-dimethyl-2,2'-bipyridine was prepared using 6-bromo-2-
methylpyridine by a modification of the method described by Iyoda et. al. [14] and it
was reacted with 47 % hydrobromic acid.[13] Then, one equivalent of 6,6'-
bis(bromomethyl)-2,2'-bipyridine was reacted with two equivalents of 2-
aminothiophenol in ethanol under an inert atmosphere. Physical data for all
compounds are given in the Experimental Section.
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Scheme 1. Synthetic route to [ML](ClO4)2.
i: %47 HBr, Br2, NaNO2 then NaOH, ii: NiCl2(PPh3)2, Zn, Et4NI, THF under argon
gas, iii: CCl4, NBS then benzoyl peroxide, iv: Na, EtOH under argon gas,  v: MeOH,

[M(ClO4)2]  (M=Zn2+, Cd2+).

The complexes were obtained with 40-80 % yields. The infrared spectra of these
metal complexes in the region 400-4000 cm-1 show a strong absorption band at 1612
cm-1, which assigned to the C=N streching vibration, indicating the formation of the
Schiff base products. Furthermore, the absence of C=O and N-H streching vibrations
in the spectra of the complexes, as compared to the aldehyde and diamine,
respectively. For the metal complexes absorbtions at 1094 and 624 cm-1 were
���������	
�	����3�������4 streching modes of ionic perchlorate.[15]

The API-ES mass spectrum of the complex, Zn(L)(ClO4)2 and Cd(L)(ClO4)2 in
positive ion mode is structurally enlightening, since it displays a series of
intermediate breakdown species. The loss of an anionic perchlorate ion  from the
neutral parent molecule generates the cationic [Zn(L)(ClO4)]

+  and [Cd(L)(ClO4)]
+,

which is the first peak observed at respectively m/z 749.0 and 796.90 in the mass
spectra. The loss of a second perchlorate anion occurs to generate [ZnL]2+ at m/z
650.95 and [CdL]2+ at m/z 697.95. The loss of counterion for these complexes is also
accompanied by the presence of the free ligand at m/z 587.10 for [L+H]+ in the mass
spectrum.
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ABSTRACT
The process of ethanol extraction of a substance with antioxidant properties,

rosmarinic acid (RA), from the plant Lemon balm (Melissa officinalis L.) is studied.
The impact of some main process parameters (solvent concentration, process
temperature and process duration) is experimentally determined, and the results
helpful for process optimization are obtained. The general conditions for better
practical extraction of RA from Lemon balm are defined.

Keywords: extraction, rosmarinic acid, Lemon balm

INTRODUCTION
Bioactive components are largely used in pharmacy, cosmetics, and perfumery

or as nutritional additives. Substances of natural origin are preferred as substitutes of
synthetic chemicals in order to reduce allergies and side effects. Consequently,
studies on isolation of natural bioactive substances from plants contribute to
development of processes with practical application.

Lemon balm (Melissa officinalis L.) has multiple positive actions on the human
health due to its contents of natural bioactive substances [1-5]. This plant contains
significant amounts of antioxidants (flavonoids, polyphenols) with main active
component rosmarinic acid (RA) [1-4, 6].

Previous studies apply different kinds of treatment of Lemon balm with aim to
isolate RA for studying its antioxidant activity, for comparison of its content in
different plants, or for validation of different analytical methods [1, 3, 4, 6-11].
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In this study, an experimental determination of optimized conditions for
extraction of rosmarinic acid from Lemon balm is presented aimed at development of
a practical process for production of RA using a harmless solvent ethanol.

MATERIALS AND METHODS
Rosmarinic acid has been chosen as a target component accounting for its

recognized bioactive properties [7, 8, 12-15]. The choice of Lemon balm as raw
material is due to its high content of rosmarinic acid and also to the fact that the plant
is widely spread in nature and easy for cultivation [1, 3, 6-11]. Ethanol is chosen
because of its frequent use as a harmless solvent for pharmacological and other
applications. The goal of this study is to determine the process conditions, at which
maximal amount of RA can be extracted from the raw material using ethanol as a
solvent.

Solid - liquid extraction process has been used for isolation of RA from Lemon
balm. Essentially, it consists of bringing together the raw material with the solvent,
which dissolves the desired compound from the solid. All experiments have been
made with dry plant at batch conditions. A weighted amount of dried and ground
Lemon balm has been put in a glass flask. In order to operate at unsaturated
concentrations, a measured amount of solvent has been added in large excess, and
the flask has been continuously agitated for 24 hours in a thermostatic agitator. The
samples withdrawn from the liquid phase have been filtered through a 20 µm micro-
filter for elimination of solid particles prior to the injection into the analytical device
(HPLC chromatograph).

Analytical method
RA concentration of the samples has been determined by means of high

performance liquid chromatography (HPLC) with UV detector. Calibration solutions
of RA in methanol have been prepared starting from pure RA (Fluka, purum > 95
%). A column Discovery® C18 (25cm X 4.6 mm, 5µ), Supelco has been used. The
mobile phase has been methanol-water mixture 80:20 (v:v) with pH fixed at 2.5
using formic acid. The flow rate has been 0.4 ml/min and injection volume - 20 µl.
All analyses have been carried out at ambient temperature. UV spectrum for the
analysis of RA has been fixed at 280 nm [1, 11].

RESULTS AND DISCUSSION
The extraction yield w has been expressed as mass output, calculated by the

following relation:

100.(%)
rm

ex

m

m
w �

where mex is the extracted mass of RA in the sample calculated by the
chromatographic analysis results, and mrm is mass of the raw material.
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Influence of solvent concentration
In order to determine the influence of solvent concentration, water solutions

with various contents of ethanol have been used as solvents. The results are
illustrated on Fig. 1.
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Figure 1. Influence of solvent concentration on extraction yield

Optimal yield has been obtained with ethanol diluted with water to 50 %. This
result is clearly manifested by a distinct maximum at this value. The lower yield of
more concentrated solutions can be explained by the increased solubility of other
substances (chlorophyll and others) in concentrated alcohol, which engage the
extraction capacity of the solvent.

Influence of temperature
The extraction process has been carried out at optimal solvent concentration and

various temperatures taken in an interval from room temperature to temperatures
below the solvents boiling point. The results are plotted on Fig. 2 and show a
tendency for positive impact of increased temperature.
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Figure 2. Influence of temperature on extraction yield

However, it is seen that the yield does not vary significantly in the studied
temperature interval, with particularly small change between 50 and 60°C.
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Consequently, it is to recommend choosing operation at lower temperature (for
example about 50°C), because such a regime will be with lower energy consumption
and reduced risks for thermal destruction of the extracted substance.

Kinetic study
This study has been made in order to determine the development of the

extraction process in the course of time. Samples at different moments of process
duration have been taken and analyzed. Fig. 3 illustrates the results.
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Figure 3. Extraction yield in the course of time

Two periods with different kinetic mechanisms might be clearly identified.
Initially, the process velocity is high, which results in fast increase of RA
concentration. After some time the mass transfer rate becomes slower, and the curve
becomes nearly parallel to the abscissa, indicating negligible further concentration
changes.

During the first period of fast mass transfer, the majority of the target substance
is extracted. Consequently, the kinetic curve can serve to determine the process
duration, which in this case is about 90 min.

CONCLUSION
An experimental study on ethanol extraction of rosmarinic acid from Lemon

balm is carried out. The main operational conditions are varied in order to determine
their impact on the process efficiency. As a result, the optimal solvent concentration,
suitable process temperature, and duration of the process of extraction of rosmarinic
acid from Lemon balm are determined.
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