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THE EFFECTS OF GRAIN REFINEMENT IN AL-SI ALLOYS 

 
MÁRK ALEXA1–RICHÁRD TÓTH2–MÓNIKA TOKÁR3– 

TAMÁS MENDE4 
 
The mechanical properties of castings can be influenced by grain refinement which means the 
addition of a master alloy to refine the grains of the α-solid-solution. The experiments showcased in 
the article included the alteration of the titanium concentration of AlSi9CuFe0.5 alloy by the addition 
of AlTi5B1 master alloy. Thermal analysis, measurements of secondary dendrite arm spacing and 
grain size distribution were used to determine the effectiveness of grain refinement. The experiments 
demonstrated how the extent of grain refinement depends on the titanium concentration. 
Keywords: aluminium alloys, grain refinement, AlTi5B1, mechanical properties 
 
Introduction 
The crystallisation of the Al-Si hypoeutectic in the casting die starts with the formation and 
growth of the nuclei of the aluminium solid solution. The nuclei continuously grow until 
reaching the eutectic temperature. The solidification ends with the crystallisation of the 
eutectic structure. The number and degree of fineness of the grains in the solid solution 
highly effect the mechanical properties: the finer the granular structure is, the better the 
mechanical properties are. The grain size can be decreased by accelerating the nucleation in 
the crystallisation process. Thus, the structure must be composed of more and smaller 
crystals. In order to achieve such structure, the so-called inoculation, a grain refinement is 
applied [1]. 

Apart from wrought alloys grain refinement has several benefits in cast alloys like 
improved mechanical properties that are uniform throughout the casting, distribution of 
second phase and microporosity on a fine scale, better feeding to eliminate shrinkage 
porosity, improved ability to achieve a uniform anodized surface, better strength and 
fatigue life [2, 3]. 

The size and distribution of grains and their secondary dendrite arm spacing (SDAS), 
which is highly influenced by the cooling rate, are parameters to be tightly controlled [4]. 
The grain size of aluminium castings is usually between 0.1 and 10 mm. Castings have fine 
structure if the average diameter of the grains are less than 1 mm. Due to overheating, long 
holding time or slow solidification rate, the structure of aluminium alloys become 
coarsened. In consequence, the mechanical properties are deteriorated. The aim of grain 
refinement is to eliminate the above-mentioned issues by adding an additive to the molten 
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metal to increase the amount of nuclei [5]. Elements which react with aluminium in a 
peritectic reaction during the solidification are the most sufficient grain refiners. Thus, 
titanium is one of the most commonly used grain refiner. Grain refinement should always 
occur after degassing and cleaning (slag removal) on 730–750 °C, depending on the 
composition of the alloy [5]. Figure 1 shows examples of solidifications with and without 
grain refinement. 

  
Figure 1  

Solidification a) without grain refiner and b) with grain refiner [6] 

1. Experimental part 
A block of AlSi9CuFe0.5 low iron content alloy was examined in lab. 2819 g alloy was 
melted on 775±5 °C in air atmosphere in the smelting furnace shown in Figure 2. 

As rotary degassing (nitrogen) treatment could not be performed under laboratory 
conditions, degassing pill (GASEX) was mixed with the melt. Test bars for density index 
test were prepared during the different stages of the experiment. The values of the density 
index were below the 3.3% limit value in each case. 

  
Figure 2  

The smelting-holding furnace used for the experiments 
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AlTi5B1 master alloy was used as grain refiner. Thermal analyses and chill tests were 
carried out at each steps of the experiment. The experimental parameters are shown in 
Table 1. 

 Table 1 
 Experimental parameters 

The temperature of melting and alloying 775±5°C 
Casting temperature 765±5°C 

Preheating temperature of the crucible  250 °C 
Holding time after the addition of the master alloy  15 min 

During the experiments the titanium concentration was significantly increased from 0,08–
0,2 wt% Ti in three steps: 

1. 0,08–0,10 Wt% Ti 
2. 0,1–0,13 wt% Ti 
3. 0,13–0,2 wt% Ti. 

 
The holding time in case of each sample was 15 minutes. The titanium concentrations were 
chosen based on the typical titanium concentrations used in real industrial settings. The 
illustration of the process can be seen in Figure 3. 

 

 
Figure 3  

The steps of the experimental process 

 
Figure 4  

The titanium concentration of various alloying processes 
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The quantity of the melt was monitored during the experiments to be able to adjust the 
titanium content as precisely as possible. The mass of the test bars and the removed slag 
were continuously measured to monitor the decrease of the weight to calculate the quantity 
of the remaining melt. The various titanium concentrations after the additions can be seen 
in Figure 4. The detected Ti concentration was quite equal to the expected amount. Optical 
Emission Spectrometry (OES) technique was used to determine the chemical compositions 
of the alloys. 
 
2. Results and discussion 
2.1. Thermal analysis 
Two methods were used to determine the extent of grain refinement from the cooling 
curves predefined during the thermal analysis: using the KF16 method and based on the 
TLmax (liquidus maximum temperature). 

The determination of the KF16 value is based on liquidus temperature changes in a 
given time. To be more precise, the temperature difference between two points of the 
cooling curve is determined: TR1, the temperature at 2K/s cooling speed and T2, the 
temperature 16 seconds later (Figure 5) [7]. 

 
Figure 5  

Evaluation based on the temperature difference of the liquidus transition [7] 

 
Figure 6  

KF16 values 
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Because of some technical difficulties of the thermal analysis instrument, the KF16 values 
could be calculated in case of only two samples as the cooling curves could not be properly 
recorded during the liquidus transition in any other cases. These are shown in Figure 6. 

Even though only two KF16 values could be calculated based on our cooling curves, an 
approximate maximum liquidus temperature could be determined. As a result, the 
correspondence between the titanium content various cooling curves could be observed 
(Figure 7). The results clearly indicate that the maximum liquidus temperature increases as 
the time required for nucleus development was reduced.  

 

Figure 7  
Cooling curves during solidification 

2.2. The determination of secondary dendrite arm spacing 

 
Figure 8  

Secondary dendrite arm spacing values based on the titanium content 
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Microsections were prepared from the test bars. The test bars were etched in 0.5% HF for 
15 seconds. Secondary dendrite arm spacing (SDAS) was measured with the help of an 
optical light microscope. Figure 8 shows the secondary dendrite arm spacing results in 
relation to the Ti content. 

As the concentration of the Ti is increased, the secondary dendrite arm spacing values 
decrease by approximately 10% by volume. The increased number of the nuclei and the 
decreased size of the grains refines not only the primary but the secondary dendrite arms as 
well. However, the extent of this refinement is minor compared to grain size refinement. 

2.3. The determination of the number of grains 
 
Barker [8] etching was carried out to examine the grain structure with a Struers LectroPol-5 
instrument. The parameters of the etching are summarised in Table 2. 

Table 2 
The parameters of the instrument used for Barker etching 

Al Barker etching 
Electrolyte: 5 g tetrafluoroboric acid; 200 ml distilled water 
Masking: 5 cm2 mask 
Voltage: 25 V 
Flow: 20 Flow rate 
Time: 60 s 
Cleaning: Distilled water�Alcohol�Drying 

The samples were examined with an optical microscope (N = 25x). The approximate 
number of particles were determined on the surface of the samples with the help of their 
different colours. Five micrographs of each sample have been made and calculations carried 
out based on them (Figure 9). 

 
Figure 9  

Optical microscope micrograph of a Barker-etched microstructure 
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Figure 10 illustrates that the increased Ti content resulted in higher number of particles. 
According to Figure 8 and 10, increasing the Ti concentration is the reason for the decrease 
of the secondary dendrite arm spacing and the increase of the average number of particles. 
The decreasing grain size, which also means an increasing number of particles, is much 
higher by volume than the decrease of secondary dendrite arm spacing. While the value of 
SDAS decreases by hardly 10%, the number of particles is 40 times higher. In case of the 
initial (0,086 Ti wt%) and the first two alloys (0,095 Ti wt% and 0,132 Ti wt%), the 
number of particles is within the range of what can be observed in test bars with similar Ti 
concentration under operation conditions. However, column 4 represents a significantly 
higher number of particles. 

 
Figure 10  

The average number of particles in case of different titanium contents 

As Table 3 shows, the higher the titanium content was, the finer the structure became. 
 

Table 3 
The number of particles and SDAS under laboratory conditions 
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As it can be observed in Table 3, the temperature of the melt was different during each 
castings. The reason for this phenomena is the malfunction of the holding furnace.  
 
Conclusion 
The KF16 values of the base alloy and the alloy with 0.132 wt% Ti content seem to have an 
increasing tendency during the experiments. However, further investigation is required in 
case of these values. 

As the increase in the maximum liquidus temperature can be observed depending on the 
concentration of the titanium during the thermal analysis, the fact that crystallisation can 
start at lower temperature when the Ti concentration is increased. 

A direct correlation can be observed between the maximum liquidus temperature and 
the titanium concentration, as the maximum of the liquidus rises parallel with the increasing 
titanium concentration. Thus, the degree of supercooling for the crystallisation process to 
start is decreased. 

The secondary dendrite arm spacing and the grain size correlate, as the smaller 
secondary dendrite arm spacing results in higher number of particles, thus, the grain size is 
decreased. 

Increasing the titanium content resulted in achieving appropriate mechanical properties 
due to the fine grained structure of the casting. 
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THE EXAMINATION OF THE EFFECTS  

OF STRONTIUM CONTENT 
 

VIKTÓRIA BOROS1–GYÖRGY FEGYVERNEKI–JENŐ DÚL2– 
MÓNIKA TOKÁR3 

 
During the experiments AlSi8Cu3 alloy was alloyed with strontium in different concentrations. The 
effect of strontium on the silicon in the eutectic structure was examined under operating conditions, in 
case of both higher (> 100 ppm) amount of strontium content than usual in operating conditions and 
lower (~100 ppm) amount of strontium content, which is not used in practice. 
The extent of modification in the test bars casted with thermal analysis and on the final castings was 
determined with the help of cooling curves and by comparing them to images of reference standards. 
The reason of using these two methods was to determine the correlation between the levels of 
modifications determined by the temperature of supercooling, which can be calculated from the 
cooling curves, and the structure evaluation methods. The mechanical properties of castings which 
were casted in the given cooling conditions were also examined. 
Keywords: aluminium alloys, modification, strontium, thermal analysis 
 
Introduction 
Al-Si based alloys are the most commonly used alloys in aluminium light metal foundries, 
especially in the automobile industry. Depending on the utilisation, the requirements are 
becoming stricter which are stating that the mechanical properties and the ductility should 
be around the same value within the casting. The structure of these alloys is influenced by a 
number of factors, such as the degree of the modification of the silicone in the eutectic 
structure, the dendrite arm spacing, the porosity and the intermetallic compounds. The 
mechanical properties can be improved by the optimisation of these parameters [1]. 

The aim of the modification of the melts of Al-Si alloys is to refine the silicon of the 
eutectic structure with the addition of a master alloy. Thus, the formation of coarse silicon 
crystals can be prevented. Sodium, strontium and sodium are the most common elements 
for the modification of silicon in the eutectic structure. 

Aladár PACZ introduced the treatment of Al-Si melts using sodium in 1921 which 
became the standard modification method of the eutectic structure of Al-Si alloys [2, 3]. 
After the declaration of the patent, the tests to inquire information on the effects of the 
various elements on the morphology of the silicon precipitating from the eutectic structure 
of the aluminium-silicon alloy during the crystallisation. It has been proved that the 
favourable morphology of the precipitating silicon can be facilitated with not only sodium 
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but strontium as well, during a significantly longer time interval (more time for decay). 
Strontium decreases the diffusion rate of the silicon during the crystallisation of the eutectic 
structure. Al-Si alloys with hypo- and eutectic structures decrease the eutectic temperature 
of Al-Si alloy during crystallisation. 

Beside strontium, antimony is also used as an inoculant but not as often because of its 
tendency to create toxic hybrids, it segregates in the secondary alloys during reprocessing 
and reacts with other elements to create intermetallic compounds. 

The morphology of the eutectic silicon is lamellar in the non-modified and spheroidal in 
the modified Al-Si alloys. If lamellar silicon is precipitated during the crystallisation of the 
alloy, contraction cavities might develop due to the coagulation of the lamellar silicon. In 
order to assure the appropriate mechanical properties, the silicon of the eutectic structure 
should not be lamellar. In case of the modified eutectic structure, the silicon in the structure 
becomes fine and spheroidal, increasing the tensile strength, elongation and formability. 
Another parameter influencing the fineness of silicon grains is the cooling rate. However, 
fully modified structure can only be achieved by increasing the cooling rate and adding 
further inoculants. The appropriate amount of these so-called inoculants are added to the 
proper alloys in order to modify the structure [4]. 

Figure 1 illustrates the morphology of the lamellar non-modified and modified fine-
grained Si. 

   
 a) Modified b) Non-modified 

Figure 1  
The morphology of the silicon precipitated during the crystallisation of the eutectic 

structure of the Al-Si alloy [5] 
1. Experiments 
High purity AlSi8Cu3 (DIN 226.10) alloy was examined during the experiments; the 
results of the chemical analysis can be seen in Table 1. AlSr10 (pure aluminium wire with 
10 wt% Sr) master alloy was used to change the strontium concentration of the melt. 

Table 1 
The chemical composition of the experimental AlSi8Cu3 

Element Si Cu Mg Ti Sb Fe Mn Pb Sn Ni Zn 

wt % 9.06 2.45 0.31 0.11 0.0011 0.49 0.45 0.03 0.0009 0.03 0.54 
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The experiments were carried out under operating conditions following the technological 
steps seen on Figure 2. First, the melt is poured from the smelting furnace into a ladle and 
then into a holding furnace. Approximately 200 kg melt can be found in the holding furnace 
(“residue melt”) on which the new melt is poured. The next step is the addition of the 
master alloy (AlSr10), the amount of which is determined by a previous analysis of the 
composition to achieve the required strontium concentration. In order to increase the purity 
of the metal and support the homogeneous distribution of strontium, nitrogen degassing 
treatment was performed during strontium addition and the nitrogen degassing treatment of 
the melt is performed at the same time. Test bars were casted after the degassing treatment. 

 
Figure 2  

The technology of the operation process 

The strontium concentration of the base melt was changed, as well as strontium master 
alloy was added during the rotary degassing treatment (Table 2). Table 2 contains 
information on the strontium concentration of the base melt and the strontium concentration 
modified during the degassing treatment. 

Table 2 
The values of the strontium concentration of the base melt  

and after the degassing treatment 

Alloys Sr concentration of the 
base melt  

Sr concentration with AlSr10 
master alloy addition during the 

rotary degassing treatment 
Increased Sr 
concentration 168 ppm 40 ppm 

Decreased Sr 
concentration 

90 ppm – 
106 ppm – 

Chill tests were carried out at each steps of the experiment in order to monitor the strontium 
concentration, along with thermal analyses and density index measurements. 
The parameters of the experiments are summarised in Table 3. 

Table 3 
Experimental parameters 

The temperature of melting 775±5°C 
Casting and alloying temperature 755±5°C 

The temperature of the crucible for thermal analysis and density index 
measurements 200±5°C 
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2. Results and discussion 
2.1. Modification level of the eutectic structure 
Reference standard images of the American Foundry Society 

Based on the table qualifying the silicon modification of Al-Si alloys prepared by the 
American Foundry Society (AFS), which can be seen in Figure 3, the degree of 
modification can be easily determined by a simple comparison [6]. 

 
Figure 3  

AFS table (A356-AlSi7Mg)  
a) non-modified; b) lamellar, c) partly modified; d) non- lamellar; e) modified;  

f) over-modified [6] 
 
After preparing microstructures from the test bars, 15 photos were taken of the non-etched 
microsections with 500x magnification using a Zeiss optical light microscope. These were 
compared to the images from the rating table of the AFS. The degree of modification was 
determined based on the examined images. Based on the average of the 15 degrees of 
modification of the images, the degree of modification of the test bars with the given 
strontium concentration could be obtained. 

The degrees of modification and the strontium concentrations at each step of the 
experiments are shown in Table 4. 
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Table 4 
The degrees of modification and the strontium concentrations 

Alloying After 
melting 

Before 
degassing 

After 
degassing 

After casting 
– residue melt 

Sr 168+40 
ppm  

(Increased Sr 
concentration) 

Degree of 
modification 

Partly 
modified 

Non-
lamellar 

Non-
lamellar Non-lamellar 

Sr (ppm) 106  108  107  106  

Sr 94 ppm 
(Decreased Sr 
concentration) 

Degree of 
modification Lamellar – Partly 

modified Non-lamellar 

Sr (ppm) 94 – 92 124 

Sr 106 ppm 
(Decreased Sr 
concentration) 

Degree of 
modification 

Partly 
modified Lamellar Lamellar Partly 

modified 
Sr (ppm) 168 183 202 202 

 
If the strontium concentration decreased below 100 ppm, the originally lamellar structure 
became non-lamellar by the end of the experiments. Thus, a degree close to modification 
can be achieved, while the alloy with 106 ppm strontium content is already partly modified 
in the beginning of the process. This becomes non- lamellar by the end of the process. As 
the alloy with 168+40 ppm Sr content is lamellar both before and after the degassing 
treatment, this degree is not acceptable. By the end of the process, the degree becomes 
partly modified. When there is no extra strontium addition, a consistent lamellar structure is 
formed. 

 
Thermal analysis 
The cooling curves were determined with an MK type data collector. All the data were 
collected in a table in order to define the cooling curves depending on temperature and 
time. 

The degree of modification is usually calculated based on the following relation from 
the ΔT supercooling value of the cooling curves [7]:  

 
  

 (1) 

where: 
TAl-SiE,G ,NON-MODIFIED – solidification temperature of the non-modified eutectic structure 
TAl-SiE,G ,MODIFIED – solidification temperature of the modified eutectic structure 
ΔT Al-Si E,G – degree of supercooling 

The maximum value of the solidification temperature of the eutectic structure was 
determined in case of both non-modified (TE,G

Al-Si 
NON-MODIFIED) and modified (TE,G

Al-

Si
MODIFIED) AlSi8Cu3 alloys. The degree of supercooling was calculated from two 

temperatures (ΔTE,G
Al-Si

 ) based on equation (1). The maximum value of the solidification 
temperature of the eutectic structure of the non-modified alloy with 5 ppm strontium 
content, casted under laboratory conditions, was used to calculate the value of the 
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supercooling (ΔT). The values of supercooling are calculated via equation (1) and 
illustrated in Figure 4. The various time intervals are also indicated at each data points. 

Based on literature, the structure of eutectic silicon is considered non-modified when 
ΔT is below 9 °C and modified if the value is higher than that [7]. 

 
Figure 4  

The �T supercooling values calculated from equation (1) with the strontium 
concentrations and degrees of modification 

The results showed that the strontium concentration became higher in case of the alloy 
with 168 + 40 ppm strontium content before degassing treatment without strontium addition 
because of the 200 kg melt in the holding furnace, the strontium content of which is not 
determined. The strontium concentration of the melt before degassing and after pouring into 
the holding furnace was 183 ppm. Just like under operating conditions, 40 ppm strontium 
was added to the melt with 183 ppm strontium concentration. This only partly dissolved in 
the system as the strontium concentration was only 202 ppm after degassing. After 
degassing, the silicon of the eutectic structure is lamellar, so the effect of the added 40 ppm 
of strontium cannot be observed immediately. However, the supercooling value increases as 
time passes which means that the effect of strontium is delayed. 

In case of melts with lower strontium content (94 ppm, 106 ppm), the supercooling 
temperature gradually decreases during the different experimental steps. Based on the 
supercooling values, the effect of the strontium in the melt cannot be observed. 

Optical microscopic images of microsections used for thermal analyses, the degrees of 
modifications determined based on the images and the respective strontium concentrations 
are illustrated in Figure 5. 
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a) 

 
b) 
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c) 

Figure 5  
The degrees of modifications determined with the help of standard images with respect to 

the Sr concentrations during the different technological steps  
a) Sr 94 ppm; b) Sr 106 ppm; c) Sr 168 + 40 ppm 

2.2. Mechanical properties 

 
Figure 6  

Correlation between the average Brinell hardness and the average strontium concentration 
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The examination of the mechanical properties of the castings prepared in the pre-defined 
cooling conditions was carried out. 

Brinell hardness was measured using a Ø5 mm ball with 250 kp force applied. In Figure 
6, the average of three measurements in case of all castings are illustrated, based on the 
strontium concentration. 

As it can be observed in Figure 5, the values of Brinell hardness are between 80 and 100 
HB, as it was expected. 

The elongation and tensile strength values were also examined. 9 tensile test specimens 
were made out of five castings in case of each experiments, and the values are averaged. 

Figures 7–8 show the average elongation (A) and tensile strength (Rm) values. 

 
Figure 7  

Correlation between average elongation and average strontium concentration 

 
Figure 8  

Correlation between average tensile strength and average strontium concentration 



22 Viktória Boros–György Fegyverneki–Jenő Dúl–Mónika Tokár 
 
The highest value of elongation can be achieved if the strontium concentration is below 100 
ppm. The same is true in case of the average yield limit but in case of the tests with 168 + 
40 ppm and 106 ppm strontium concentrations, the values are above the minimum. There is 
no significant difference between the tensile strength values and those are always above the 
given minimum values. 

Conclusion 
The effects of variable strontium concentration was analysed in case of AlSi8Cu3 alloy. 
The examination of the structure determined that optimal modification levels can be 
achieved in every case examined. 

Based on the examination of the mechanical properties, the required mechanical 
properties can be achieved via all the experiments included in this article despite the 
difference in certain parameters. 

According to the results, starting out with low (~100 ppm) strontium concentration, 
based on the parameters of the actual experiment, is favourable. 
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THE EFFECT OF POWER SUPPLY RIPPLE ON DC WATER 

ELECTROLYSIS EFFICIENCY 
 

ZSOLT DOBÓ1–ÁRPÁD BENCE PALOTÁS2–PÁL TÓTH3 
 
It has been known that the efficiency of alkaline water electrolysis under DC conditions is dependent 
on the stability of the power supply. High output voltage fluctuation is typical mostly at thyristor-based 
power supplies - this effect is known as power supply ripple. As a result of continuously varying voltage 
levels the behaviour of the electrolysis may differ from DC conditions. The deviation from DC signals 
may lead to decreased cell efficiency – the magnitude of this effect was investigated in this paper. A 
novel experimental method was designed in order to obtain a complete experimental matrix. The 
experimental method was based on a fully automatic, programmable power supply and measurement 
system. The system was capable of carrying out thousands of measurements in a day without human 
supervision. Cell efficiency was recorded as a function of signal amplitude and frequency, while signal 
offset (the DC component) was kept at a constant 2.44 V. A total of 245 measurements were carried 
out that investigated an experimental matrix between 0.2 and 5 kHz frequency and between 0 and 443 
mV amplitude. It was shown that cell efficiency was not significantly affected by signal frequency, 
while a significant efficiency loss (up to 4%) was measured as the amplitude of signal variation 
increased. 
Keywords: water electrolysis, voltage fluctuation, cell efficiency 
 
Introduction 
Hydrogen is mostly produced from fossil resources, primarily from methane (natural gas) [1] 
due to cost-efficiency reasons. However, growing concerns about diminishing fossil fuel 
reserves and increasing gas prices drive attention to hydrogen production from water. The 
conventional electrolytic method for hydrogen production is alkaline water electrolysis. Net 
efficiency of 50 to 60% is common with current electrolytic hydrogen production methods 
[1, 2, 3], however the overall efficiency is much lower if the losses of electricity generation 
from primer or renewable fuels is also taken into consideration. In this case the overall 
efficiency rate would hardly reach 40% [4]. Because of the low overall efficiency, attention 
turned to enhancing the electrolytic process; i.e. by subjecting the cell to a gravity field [5], 
ultrasonic waves [6] or magnetic fields [7]. 

The conventional DC electrolysis of water involves generation of hydrogen gas at the 
cathode and oxygen gas at the anode. The electrode reactions are typically described as 
follows [8]: 

cathode: 2H2O + 2e− → H2 + 2OH− 
 2H+ + 2e− → H2 
anode: 2OH− → 0.5O2 + H2O + 2e− 
 H2O → 0.5O2 + 2e− + 2H+ 
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Gas formation can be induced by applying a potential difference between the cell electrodes. 
In theory, the thermodynamic decomposition voltage of water at 298 K and 1 atm is 1.23 V, 
however, due to reaction overpotentials and resistance losses (ohmic voltage drop), higher 
cell voltages should be applied [8]. Gas starts to form at a voltage level of 1.65–1.7 V and 
most industrial cells are operated from 1.8 to 2.6 V [4, 9]. 

In order to create a potential difference between the electrodes AC/DC or DC/DC power 
supplies are typically used. One of the main properties of power supplies is voltage ripple, 
meaning that the voltage level is not constant, but oscillates around a mean value. Reduced 
or eliminated voltage ripple is an important requirement, although it is difficult to achieve 
with high-power sources. In water electrolysis any deviation from perfectly uniform DC 
voltage might affect the electric power consumption, the intensity of gas production and the 
water splitting efficiency. Although several papers reported using impulse voltage or 
interrupted direct current [10–13], the available information about the effects of the applied 
voltage waveforms is still scarce [14, 15]. It has been suggested that efficiency loss may 
occur if the power supply used for DC electrolysis produces contaminated or unstable signals 
[16], but the magnitude of this effect has not been investigated so far. Since the feasibility of 
alkaline DC water electrolysis depends strongly on the achievable cell efficiency, the 
information regarding the effect of signal stability on efficiency may be valuable from 
economic points of view. In this paper, we investigate the effect of power supply ripple on 
cell efficiency. A novel experimental system was designed and built that allowed for the 
quick and automatic assessment of different signal waveforms that modelled the ripple of DC 
power supplies. 
 
1. Materials and methods 

 
Figure 1  

Schematic illustration of the experimental system 

A schematic illustration of the measurement system is seen in Figure 1. The main component 
is the gas-tight cell powered by a special power supply containing a high current operational 
amplifier (op-amp) type OPA549 [17]. The op-amp is controlled by a dedicated National 
Instruments device (NI USB-6259) – its operation can be automated using a LabVIEW 
program. The device is responsible for measuring cell voltage, cell current and the pressure 
of the generated gas. The NI device can also control the electric valve connected to the top 
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of cell. This system can generate arbitrary waveforms with frequencies up to 50 kHz, currents 
up to 8 A and between voltages of −10 and 10 V. The power supply can be operated either 
in galvanostatic or potentiostatic mode, i.e., it is able to generate voltage or current 
waveforms, according to the operational amplifier topology [17]. 

The power supply is connected to the electrolytic cell shown in Figure 2. The cell is a 
gas-tight vessel with two electrodes attached to the lid. Next to the electrodes are the two gas 
outlets, a T-type Thermocouple (used as a sensor to measure electrolyte temperature) and the 
outlet pipes of the cooling cycle (mounted on the lid). Two 1.5 mm thick stainless steel 
electrodes (material: EN 1.4307) were placed in the cell, with a spacing of 40 mm. 500 ml of 
30 wt% potassium hydroxide aqueous solution was used as the electrolyte. The temperature 
of the electrolyte was 25±0.5 °C. 
 

 

Figure 2 
Left: Schematic illustration of the electrolytic cell, a) cathode, b) anode, c) to pressure 

sensor, d) to valve, e) cooling water inlet, f) cooling water outlet  
Right: electrode dimensions and their position in the electrolyte (the units are in mm) 

The gas bubbles formed at the electrode surfaces cause pressure increase in the cell. The rate 
of pressure increase is directly proportional to the flow rate of the gas produced. Pressure 
was measured using a pressure sensor type MPX5010DP (Freescale Semiconductor, Inc.), 
capable of measuring differential pressures up to 10 kPa at a sensitivity of 450 mV/kPa. The 
pressure sensor was calibrated by using an independent flow meter. While the pressure sensor 
was fixed at one of the gas outlets, the second gas outlet was connected to an electromagnetic 
valve. When the valve is open the pressure in the cell decreases to the ambient pressure and 
the H2+O2 gas mixture is released into the environment. The pressure increase in a single 
experiment is negligible; however, over a long series of experiments, pressure can build up 
in the cell, which may alter electrolysis conditions. The formed gas is therefore released 
through the valve after each experiment. The valve can be operated via the digital output 
terminal of the signal generator module. 

a 
b c 

d 
e f 
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The fully automated measurement system allows for carrying out a large number of water 
splitting experiments within a short timeframe, which facilitates the systematic exploration 
of frequency and amplitude effects on cell efficiency. The system is also remote-controlled, 
allowing for changes in experimental conditions and sampling through the internet. 

Power supply ripple was modelled by applying sinusoidal waveforms between the 
electrodes with constant offset (DC component) and varying frequency and amplitude. 
Frequency was changed from 200 Hz to 5000 Hz in 100 Hz increments, while amplitude was 
varied from 0 mV to 440 mV in 110 mV increments. The experimental matrix therefore 
contained 245 cases, of which 49 were true DC cases. The offset value of the waveforms was 
2436 mV ± 12 mV. 

The duration of each measurement was 15 s. After completing a case, the magnetic valve 
was opened for 15 s and the cell was allowed to equilibrate for an additional 30 s. 

Cell voltage, cell current and cell pressure were measured and recorded at a sampling rate 
of 50 kHz – this sampling frequency allowed for the bias-free measurement of waveform 
parameters. Data analysis was performed by custom software developed in C#. The custom 
software calculated gas flow rate and power consumption from the measured raw data. Flow 
rate was calculated based on the rate of linear pressure rise during an experiment, while power 
consumption was computed as: 

 (1) 

where P is power, U is the measured cell voltage and I is the measured cell current. The 
efficiency of water splitting (η) was calculated as the ratio of measured and theoretical gas 
flow rate using Faradayʼs law: 

 
(2) 

where Q is the measured gas flow rate (derived from pressure rise), Vm is the molar volume 
of ideal gases at standard conditions (24465 cm3/mol), U0 is the theoretical thermodynamic 
decomposition voltage of water (1.23 V), F is Faraday's number (96485 C/mol) and z is 
charge number (2 for H2 and 4 for O2). All flow rates were evaluated at standard state (25 °C, 
atmospheric pressure).    
 
2. Results and discussion 

Figure 3 shows the results of the 245 systematic experiments that were carried out by using 
the automatic system described in Section 1. It is seen that increasing the amplitude of voltage 
variation immediately resulted in decreasing efficiency. An increase in ripple magnitude 
from 0 to 443 mV resulted in an efficiency drop of about 4%. When expressed as relative 
magnitude, an amplitude of 443 mV corresponds to a root mean square (rms) variation of 
13%, which may not be unreasonably high in an industrial setting (see Section 3.1 for details). 

From Figure 3 it is also seen that the obtained efficiency values were not significantly 
affected by the frequency of the model waveforms, at least in the studied 0.2–5 kHz range. 
Figure 4 therefore shows cell efficiency along with other cell parameters as values averaged 
over the frequency range, in order to better show the effect of increasing signal amplitude. 
As seen, efficiency dropped about 4% as amplitude was increased. Cell current and gas flow 
rate increased very slightly with increasing amplitude – an increase of about 3% was 
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measured. Electric power intake, on the other hand, increased from 4.4 to 4.9 W as amplitude 
was increased from 0 to 443 mV, which is a relative change of about 11%. This shows, that 
the decrease of efficiency was mainly caused by the significantly increased power intake. 

 

 
Figure 3 

Efficiency as a function of the frequency and amplitude of the AC component of the model 
waveform. A total of 5 different amplitude setting were tested, of which the first corresponded to 
the true DC case (a = 0). Efficiency was reduced from about 51% to 47% as the magnitude of 

voltage ripple increased from 0 to 443 mV 

 
Figure 4 

Water splitting efficiency, cell current, gas flow rate and electric power consumption as function 
of signal amplitude. The figure shows that efficiency dropped about 4% as signal amplitude 

increased from 0 to 443 mV. The frequency dependence of the obtained values was negligible – 
the standard errors of the mean values were so low that error bars are not shown in the figure. 
The data shown here demonstrates that the efficiency drop was mostly caused by the increased 

power intake of the cell. Gas flow rate remained proportional to cell current 
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The data show that in the investigated frequency and amplitude range, the mass transfer and 
electrochemistry of the process did not change considerably. Efficiency was rather decreased 
by the increased power intake of the cell, which was caused by the oscillation of voltage and 
current. If the voltage and current signals are expressed as the superposition of a DC and AC 
component (assuming that there is a phase shift Φ relative to the voltage signal): 

 
 (3) 

where the index DC means the constant component, ω is radial frequency, t is time and aU 
and aI are the amplitudes, the power increase ΔP over the direct current case is the integral 
of the two time-varying components: 

 (4) 

When carrying out the correction of measured power by Equation 4, the drop in energy 
efficiency indeed proved to be around 4%, justifying our previous statement about the main 
cause of the efficiency drop. 

By looking at the current efficiency, expressed as: 

 (5) 

it was observed that ηI decreased from approximately 99.7% to 99.1% as amplitude 
increased. The very slight change indicates that the electrochemistry of the system was not 
changed much by increased ripple magnitude in the studied limits. 

By looking at the measured voltage and current signals, a phase shift was observed, which 
is shown in Figure 5. 

 

 
Figure 5 

Phase shift between cell voltage and current. The phase shift increased with increasing 
frequency, but was fairly independent of ripple amplitude 
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As seen, the phase shift between voltage and current signals increased with increasing 
frequency, but was unchanged by increasing ripple amplitude. This indicates the capacitive 
behavior of the cell, while also pointing out that the effect of phase shift on cell power was 
not noticeable in the frequency limits investigated in this work. At higher frequencies, phase 
shift might affect cell efficiency. Further studies using the experimental system described in 
this paper may elaborate. 

 
3. Notes on power supplies 
Common silicon controlled rectifier (SCR) regulation techniques permit the design of low 
cost, compact power supplies, but their main disadvantage is relatively high ripple and noise 
[18]. For example a single phase, unfiltered, full-wave DC rectifier used in low power 
applications has around 48% rms ripple [19] at frequency 100 Hz, and a 3-phase rectifier 
used in high power applications has around 5% rms [20] at frequency 300 Hz. With inverter-
grade thyristors the frequency can be increased to 600 Hz [21]. By reducing the output power 
in unfiltered 3-phase thyristor controlled rectifiers, the output ripple significantly grows – at 
50% output power the ripple is around 40% rms [22]. Publications show that the voltage 
ripple can reach up to 60% rms [23]. To put these numbers into perspective, the highest 
magnitude ripple studied in this work was around 13%, which resulted in an energy efficiency 
loss of 4%. Although the ripple of the power supplies are mostly given for output voltage, in 
order to calculate or appreciate the efficiency loss the ripple of the electric current must also 
be known, what depends basically on the load. 

By adding filters to a thyristor based rectifier the ripple can be reduced to 0.8% rms at 
full load, and a ripple of 2.8% rms is typical at 50% power [22]. According to our results, a 
ripple of similar magnitude causes an efficiency drop of 0.15%. By adding a filter to an SCR 
the ripple is lower, however, the overall cost of the power supply increase. The transistor 
based power supplies operates at much higher frequencies (from 5–10 kHz) than SCR, and 
their ripple is significantly lower, but the disadvantages are the higher cost and their usage in 
high power applications are not fully formed as yet. 

Considering the strict requirements regarding energy efficiency in order to make water 
electrolysis a feasible technique for sustainable hydrogen production, it is therefore advisable 
to design electrolysis systems with an emphasized consideration of power supply stability. 
Since the rms ripple of typical power supplies increase when the unit is operated sub peak 
power, it is also advisable to avoid such modes of operation or provide other means to 
maintain cell efficiency at reduced powers. 

 
Summary 
The effect of power supply ripple on the efficiency of alkaline water electrolysis for hydrogen 
production was investigated. For the study, a novel, automated measurement system was 
used, that allowed for the remote collection of data from thousands of programmed 
experiments. Power supply ripple was modelled by applying sinusoidal voltage to an 
electrolysis cell. The voltage signals had a constant offset (DC component) and an alternating 
component with variable frequency and amplitude. A frequency range of 200–5000 Hz and 
an amplitude range of 0–443 mV was studied at an offset of 2.44 V. Results showed that the 
energy efficiency of the electrolysis process was not affected significantly by the source 
frequency, but was affected by the amplitude (the magnitude of the ripple). Cell efficiency 
dropped from 51% to 47% when the signal amplitude was increased from 0 to 443 mV (0–
13% rms). The efficiency loss was mostly caused by the increased power consumption of the 
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cell, due to the effective power of the alternating components of voltage and current signals. 
Observations regarding current efficiency supported this conclusion, as current efficiency did 
not change much with increasing signal amplitude. The phase shift between cell voltage and 
current did not have a noticeable effect on cell efficiency in the studied frequency range. The 
results suggest that power supply signal stability must be an important factor in designing 
alkaline water electrolysis units, as typical ripple magnitudes may lead to significant 
efficiency drop. 
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THE ELIMINATION OF THE UNFAVOURABLE INFLUENCE  

OF STEEL SCRAP IN THE CHARGE ON THE QUALITY  
OF CAST IRON 

 
PETER FUTÁŠ1–ALENA PRIBULOVÁ2–ŠTEFAN NIŽNÍK3– 

GABRIEL DÚL4–LÁSZLÓ VARGA5 
 

Currently grey cast iron is the most widely used material in foundries. It is characterized 
mainly by its good technological and mechanical properties, which are required by certain 
metallurgical processes, and its solidifying and cooling conditions. There are a number of 
factors in metallurgy that can influence the final quality of cast iron: charge material, 
chemical composition, metallurgical preparation and finishing process of the casting. Small 
changes in the metallurgical processes cause variable melt quality and the development of 
castings defects. The charge material, especially its steel scrap content, has a strong 
influence on the quality of grey iron. After melting in electric furnaces, steel scrap is used 
to produce cast iron, mainly for economic reasons. Its capability of increasing the hardness 
and strength of cast iron has already been documented. However, the influence of the steel 
content of the charge on the final quality of the cast iron and on its properties are still 
unexplored issues. Also, the effects of the nitrogen content on the properties is still 
unknown. Therefore, the examination of the influence of high amount of steel scrap in the 
charge on the quality of cast iron is substantial. 
Keywords: grey cast iron, degree saturation, charge materials, steel scrap, nitrogen in grey 
iron 
 
Introduction 
The impact of the charge material on the quality of grey iron is extensive. For economic 
reasons, re-melted steel scrap is widely used for producing grey cast iron. 

Pig iron is one of the basic materials of metallic charges and has a great influence on the 
chemical composition and the properties of cast iron, and also on the cost of the production. 
It has been confirmed that the properties are effected by trace elements and other additives, 
like oxygen, nitrogen and hydrogen. The effect of these elements can be suppressed by 
overheating the grey iron and with higher basicity slag. The content of gases, hydrogen, 
nitrogen and oxygen in pig iron ranges from 30 to 80 ppm. 

The typical quantity of steel scrap used is between 10–50%. The more the production 
cost of the charge is to be reduced, the higher content of steel scrap is used. During the 
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production of synthetic grey iron, the use of carburising agents with low sulphur, nitrogen 
and ash content is necessary. The high steel scrap content of the charge increases the 
tendency of chill wedge, shrinkage and perlite development. The content of nitrogen in 
steels is between 0.003–0.0160 percent. A small amount of nitrogen already increases the 
mechanical properties of grey cast iron, especially hardness, and leads to shrinkage and the 
development of chill [1, 2, 3]. 
 
1. Experimental part 
On the basis of the initial statistical results from 122 melts [4, 5, 6], five experimental melts 
of grey cast iron were prepared from standard EN-GJL-250 at a constant degree of 
saturation (Sc): 

Melt 1 – the most commonly produced half-synthetic grey iron, based on current 
production data; 

Melt 2 – half-synthetic grey iron with the melt overheated to 1500 °C; 
Melt 3 – half-synthetic grey iron alloyed with titanium, overheated; 
Melt 4 – synthetic grey iron with carbon increased by 0.5%, compared to melt 1, 

and reduced silicon content due to the nitrogen being bounded by carbon, 
overheated; 

Melt 5 – fully synthetic grey cast iron (100% steel scrap). 
All of these were melted in a Siemens medium frequency induction furnace with the 
following parameters: 

� nominal capacity of the furnace: 6 tons 
� melting power: 5350 kg/h 
� nominal frequency: 500 Hz 

The cast iron was treated with FeSi75 during the heat treatment. 
Next, samples were casted from the melts for various analyses: 

� samples for chemical analysis; 
� samples for step-down test to determine the correspondence between the thickness 

and hardness of the walls. Figure 1 shows an example of a block with 100, 50 
and 20 mm diameter sections which are standard values for the walls of castings; 

� test bars for tensile tests, 30 mm in diameter each (Rm); 
� wedge-shaped test bars, Figure 2 [7]; 
� samples to determine the shrinkage tendencies: cylinder with a diameter of 95 mm 

and a height of 150 mm; 
� samples to determine the nitrogen content of the grey cast iron. 

 

 
                               Figure 1                                                                 Figure 2 
                         Step-down test                                               Wedge-shaped test bar 
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Samples for metallographic analysis were taken from the test bars and prepared in a 
standard manner. 

Blocks were cut in each cross sectional areas. Brinell hardness was measured on every 
section with a HPO 3000 durometer. The hardness values were obtained using a 10 mm 
diameter ball with 3000 N force applied for a period of 10 seconds – 10/3000/10. 

The tensile strength of the test bars, which were 30 mm in diameter, was measured with 
a universal ZWICK crackle machine. 
 
2. Results and discussion 
Table 1 shows data on the mechanical properties, the degrees of saturation (Sc), the carbon 
equivalents, the depth of chills and the tensile stresses of the melts.  

Table 1 
Results of chemical analyses, mechanical properties, depth of chills and tensile stresses 

Melt  

Portion 
of steel 
scrap 
[%] 

wt. [%] 

Sc CE 
[%] 

Rm 
[MPa] HB 

Depth 
of chill  
[mm] C Si N2 

1 33 3.23 1.612 0.0113 0.848 3.721 297.25 185.87 
*(205.25) 5 

2 35.5 3.33 1.52 0.0152 0.868 3.793 351.75 204.58 
*(223.78) 1 

3 35.5 3.32 1.486 0.0091 0.863 3.773 268 217.02 
*(224.50) 1 

4 81.7 3.79 1.026 0.0073 0.951 4.103 256.25 211.81 
*(221.22) 6 

5 97.8 3.28 1.69 0.0175 0.869 3.805 257.67 243.84 
*(312) 10 

* HB measured on the thinnest wall of the samples (20 mm) 
 

 
Figure 3  

Tensile strength and Brinell hardness values of the melts 
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The tensile strength and the Brinell hardness of melt 1–5 are shown in Figure 3. All melts 
were undereutectic cast irons, the degree of saturation was always under 1 and the carbon 
equivalent was under 4.23. The data on the chemical composition and the mechanical 
properties correspond to the EN standard for cast iron GJL-250. All melts were inoculated 
with approximately 0.2% wt. “INOCAST” or approx. 0.3% wt. SiC during the heat 
treatment. 

According to the chemical analyses, the degree of saturation was between 0.848–0.869 
in all but one of the melts. Melt 4 had high carbon and low silica content, and low degree of 
saturation, all of which correspond to the EN standard GJL-250. The nitrogen content was 
the lowest in melt 4 and 3, the latter of which was alloyed with titanium. Melt 5 had the 
highest nitrogen content, the source of which was the steel scrap the sample was made out 
of. 

The tensile strength results complied with the EN standards in case of all melts. Melt 5 
had the lowest value, 257 MPa, so in this case overheating above 1450 °C is required. The 
expected impact of the high nitrogen content on the tensile strength could not be observed. 

The Brinell hardness values ranged from 185 to 243 at 50 mm wall thickness which 
corresponds to standard STN and EN-GJL-HB255 (185–200 HB). It was remarkably high 
in melt 5. 

The dependency of hardness on the wall thickness for each melts is shown in Figure 4. 

 
Figure 4  

The change of the Brinell hardness of the blocks 

The depth of chill was the highest, up to 10 mm, in melt 5. This indicates that nitrogen has 
negative impact on the depth of chill, whereas it increases the stability of carbides and 
perlite in the structure. 

The depth of chill in melt 2 and melt 3 was 1 mm. The reason behind this was the 
overheating in case of melt 2, and the negative effect of nitrogen influenced by the titanium 
content in melt 3. In melt 1, which was the standard melt, the depth was 5 mm. 

Synthetic cast iron had the greatest degree of shrinkage which reached 15 mm and had 
the greatest cross section with 30 mm, which confirms the negative impact of nitrogen. In 
the other melts, shrinkage was approximately 18 mm in diameter and 4 mm deep. 
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The results of the metallographic analyses are shown in Table 2. 

Table 2 
The results of the metallographic analyses 

The allocations of lamellar graphite were type C, D, and also type E in melt 3, in which the 
lamellae were shorter, thinner and corrugated, typically 30–60 μm long. Microstructures of 
melt 3 are shown in Figure 5 and microstructures of melt 2 in Figure 6. 

  
          a) Magnification: 200x       b) Magnification: 500x 

Figure 5  
Microstructures of melt 3 

 

  
          a) Magnification: 200x        b) Magnification: 500x 

Figure 6  
Microstructures of melt 2 

Melt No. 
Perlite in 
structure 

[%] 

Graphite size 
[μm] 

Allocation of lamellar 
graphite 

1. standard melt 92 60–120 Type C – mixed 

2. overheated to 1500 °C 96 60–120 Type D – interdendritic 
undirected 

3. melt with Ti 96 30–60 Type E –  interdendritic 
undirected 

4. higher C content 96 120–250 Type C – mixed 
5. full-synthetic 100 60–250 Type C – mixed 

b)

b)

a)

a)
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Cementite was not observed in the structure of the melts which was the result of the 
inoculation. Melt 5 had fully pearlitic microstructure and carbide could also be detected in 
the structure, as shown in Figure 7. The presence of carbide was the cause of the higher 
hardness of this grey iron sample. 

 
Figure 7  

Microstructure of melt 5 after 2% nital etching; 500x magnification 

Conclusions 
The quality of cast iron is influenced by a large number of factors from which the influence 
of steel scrap in the charge and the nitrogen content are especially important. The 
correspondence between the increase in some mechanical properties, i.e. Brinell hardness, 
and the thickness of the walls can be observed. A significant difference could be noticed in 
the hardness of the thin- and thick-walled cross-sections in case of the fully synthetic cast 
iron. Melt 2 had the highest tensile strength value and the lowest deviation of Brinell 
hardness in case of the different wall thicknesses. 

The quality of the grey cast iron is partially based on customer requests but also on 
financial conditions. The use of steel scrap has a significant importance in achieving the 
desired mechanical properties, in particular, the hardness of the cast iron. As the results 
showed, the negative impacts of high steel scrap content could be eliminated by 
inoculation, overheating the melt up to 1500 °C, and alloying with 0.1–0.3% titan. 

The cost of the metal accounts for approximately 40% of the total production cost of 
castings made from grey cast iron. In conclusion, the composition of the charge should 
receive more attention for the above-mentioned reasons. 

On the basis of the obtained information, melt 4 and 5 are recommended for the 
production of thick-walled castings and melt 3 for thin-walled castings. 

During the production of thick-walled castings with higher hardness, alloying with up to 
0.5% chromium is recommended in addition to overheating and inoculating the melt. 
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CELLULAR AUTOMATA SIMULATION OF THE ALLOTROPIC 
TRANSFORMATION OF URANIUM 

 
SZILVIA GYÖNGYÖSI1–PÉTER BARKÓCZY2 

 
Cellular automata are non-conventional calculation methods [1]. Both the method itself and its 
applications are being researched. In literature numerous examples show its use in the field of materials 
science. In our previous studies simulations of short-range diffusion using cellular automata were 
presented. Simulations for recrystallization, grain coarsening and allotropic transformation were 
developed [1, 2, 3]. It was also presented that the automata can be scaled with the Nelder-Mead simplex 
procedure [4]. After further development and increasing the efficiency one-dimensional automata were 
created for recrystallization and grain coarsening showing that these versions of the automata can be 
fitted to measurement results thus providing applicability in simulation tasks [5, 6, 7]. In this study one-
dimensional automata results are shown for allotropic transformation where, similarly to previous 
results, the data follow the kinetics of the process. Furthermore, the scaling of the results calculated by 
the automata using literary information on uranium measurements is presented. 
Keywords: cellular automata, fitting, scaling, Nelder-Mead, simplex, allotropic transformation, 
uranium 
 
Introduction 
In this study the allotropic transformation processes of uranium are examined using cellular 
automata simulations. Three allotropes of uranium are knows, these are α – orthorhombic, β 
– tetragonal and γ – face-centered cubic which are respectively more stable with increasing 
temperature. According to the U-Zr phase diagram reviewed by OKAMOTO [12] the 
transformation temperatures are as follows: α → β transformation 941 K (668 °C), β → γ 
transformation 1049 K (776 °C). Nowadays mostly metallurgical researches of actinoids 
trend towards the allotropic transformations of pure uranium, therein the effect of cooling 
and heating rate on the transformation temperature is also researched. It was found that the 
transformation temperatures of γ → β and β → α are sensitive to the cooling rate, the most 
sensitive allotrope being the face-centered cubic (γ). In fact some details of the 
aforementioned phase transformations are unclarified to date that resulted in several scientific 
disciplines paying attention to these transformations recently. Major advancements were 
made in the field of physical metallurgy on both the historic and experimental fronts. These 
advancements mostly cover the kinetics of the transformations and controlled phase 
transformations. Understanding the transformation kinetics has high significance as 
supported by the continuously growing applications of uranium (for example, choosing the 
optimal composition in the case of metal-based fuels in reactor-technology). The most widely 
accepted examination method for similar aims is the differential scanning calorimetry (DSC). 
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1. Allotropic transformations of uranium 

For our calculations literary data were used [9]. Arun Kumar Rai et al. examined the 
allotropic transformations of uranium (composition of sample in Table 1) using DSC at 
different cooling and heating rates (100–102 Kmin−1) while following the process of the 
transformation.  

Table 1 
Chemical composition of the sample (ICP-AES) [9] 

Al Cd Ce Co Cr Dy Er Eu Fe Gd Mg Mn Ni Sm Y Yb C N O Si 

349 <0.12 2.2 0.2 15 <0.1 <0.1 <0.04 74 0 11 9.3 33 0.4 <0.1 <0.1 316 246 552 615 
 

 
Figure 1  

Typical DSC profile for uranium (3 Kmin−1) [9] 

Cast samples with average grain sizes of 300–400 �m were used for the measurements. This 
has to be taken into account during the evaluation of simulation results as a significant factor 
in the transformation kinetics. In addition, considerable amount of uranium-silicide phases 
segregated on the grain borders were identified. 
 In the examined temperature range (200 °C–1050 °C) the solubility of silicon in uranium 
does not change in a significant way [18, 19, 20], thus the presence of phases does not affect 
the kinetic examination. The measurements were performed in a heat-flux DSC device. One 
of the characteristics of heat-flux DSC devices is that the measured signal is slightly behind 
the actual transformation due to the finite rate of heat equalization [18, 19, 20]. This does not 
change the method of evaluation, however, it has to be taken into account during the scaling 
of the simulation, especially in the case of high heating rates. An example of the measurement 
results is shown on Figure 1. where the heating and subsequent cooling program used for 
examining allotropic transformations is visible. A typical DSC profile can be seen on Figure 
1 where the peaks corresponding to certain transformations are shown. During heating the α 
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→ β and β → γ transformations happen according to the well-known Johnson–Mehl–
Avrami– Kolgomorov (JMAK) model for nucleation and growth which is also true for 
cooling (Figure 2–5).  
 The large grain size of the sample cannot be considered basic as it is only true before the 
α → β transformation after which the new grain size affects the kinetics. Since the grain size 
depends on the cooling and heating rates and the kinetics depend on the grain size, which is 
not known from the measurements, the effect of grain size cannot be taken into account 
during the fitting of the simulation. A fitting optimization task is present as a future plan to 
examine the effect of the grain size by refining the fitting results for which further data is 
required. 

 
Figure 2  

Transformed fraction curves during α → β transformations of uranium  
in the case of heating 

 
Figure 3  

Transformed fraction curves during β → γ transformations of uranium 
 in the case of heating 
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Figure 4  

Transformed fraction curves during γ → β transformations of uranium  
in the case of cooling 

 

 
Figure 5  

Transformed fraction curves during β → α transformations of uranium  
in the case of cooling 
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2. One-dimensional cellular automata simulation of allotropic transformation 

 
Figure 6  

Transformed fraction as a function of time during γ → α transformation 

 
Figure 7  

Transformed fraction as a function of time during α → γ transformation 

The automata works in a synchronic, stochastic principle in one dimension [8]. The cell chain 
is built from 10,000 cells [1]. Periodic boundary conditions were used for the first and last 
element of the universe to solve the problem of missing neighbours. A cell may take one of 
two states, 1 or 0, which states serve as phase indicators (stable or unstable). The 
neighbourhood of a cell consists of the cells in front of it and behind it. The driving force of 
allotropic transformations is the difference in free enthalpy between the stable and the 
unstable phases. The main parameters of the automata are the nucleation (Qn) and growth 
(Qg) activation energies, the phase border energy and the temperature. The allotropic 
transformation is a nucleation and growth process that serves as the base for two rule systems 
for the mentioned subprocesses. The rule system for nucleation defines that a nuclei is only 
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formed from a cell if the cell and all of its neighbours are in an unstable phase. Growth starts 
when the examined cell is unstable and has at least one stable neighbour. If the possibility 
process permits it, the new state of the cell will be stable. 
 The test results of the automata are shown on Figure 6–7. The examination was performed 
with Qn = 120,000 J/mol and Qg = 60,000 J/mol values. From the results the transformed 
fraction curves were determined for both γ → α and α → γ transformations. During the 
simulation test iron was used as a base with 911 °C as transformation temperature below 
which the base-centered cubic α-iron and above which the face-centered cubic γ-iron is the 
stable phase.  

 
Figure 8  

JMAK kinetics in the cases of γ → α transformations 

 
Figure 9  

JMAK kinetics in the cases of α → γ transformations 
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Investigating Figure 6 depicting the α → γ process it is visible that the process is faster at a 
higher temperature which is in correspondence with reality. In the case of the reverse process 
on Figure 7 it is visible that the process is faster at a lower temperature while at the same 
time it slows down as a result of the atoms moving slower. This also means that the 
transformation at 750 °C is shifting towards a shorter time period compared to the one at 840 
°C while the transformation at 650 °C takes more time compared to the other two. The results 
coincide with the physical reality. 

 
Figure 10  

Transformation diagram from one-dimensional cellular automata 

Performing the JMAK analysis on the results it is visible that the process follows the 
presumed kinetics (Figure 8–9). Allotropic transformations are usually described using the 
transformation diagram. Calculations were performed for the diagrams as well. Running the 
automata on different temperatures above and below the transformation temperature creates 
the transformation diagram (Figure 10). 

 
3. Fitting 
In cellular automata time passes in the form of calculation steps. From the aspect of distance 
the cell is the base unit. Since these are not real values, they limit the practical use of the 
automata. In simulations however, effect from changes in parameters can be examined that 
cannot be examined in any other way. In my research the Nelder–Mead simplex algorithm 
was chosen for scaling from the global optimization methods. 
 This method belongs to the family of direct searching procedures [13, 14]. Only a small 
amount of points is required at start that decreases the number of necessary function 
evaluations at each iteration. For N variables N+1 points in the parameter space are required. 
If two parameters are given, the searching procedure starts from three points on the given 
surface. For a function with two variables the three points have to be chosen to avoid being 
on the same line [15, 16, 17]. First the worst point of the simplex is being searched, then 
according to certain rules a new simplex is determined from the old one. These rules are 
reflection, contraction and expansion [15, 16, 17]. With these rules it can be achieved to get 
as far from the worst point as possible. 
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 a) b) c) d) 

Figure 11  
Simplex method rules (a) reflection, (b) expansion and (c), (d) contraction [15, 16, 17] 

Ignoring the worst point the median of the others is determined. The worst point is then 
reflected on the median [Figure 11 a)]. This creates the new point (Xnew) and the new simplex. 
If the new point is more suitable for the function than the best point of the old simplex, the 
advancement is favourable and the new point is moved in this direction. This is the expansion 
[Figure 11 b)]. If the new point means a worse case than the best point of the old simplex, it 
is taken as a wrong direction and the point is moved to the opposite of the reflection direction 
(expansion). If the function value is better than the best and worse than the second worst 
point, contraction is used [Figure 11 d)]. The new point replaces the worst point and the 
algorithm continues with the new simplex [15, 16, 17]. 
 

  
a) b) 

Figure 12  
Nelder–Mead simplex method (a) starting simplex, (b) ending simplex [15] 

In this research the mentioned global optimization procedure was used. Based on the Nelder–
Mead algorithm a function depending on the nucleation and growth activation energy which 
shows the sum of squares of the differences between the measured and calculated 
transformed fraction curves. The best fitting of the two curves is realized in the minimum of 
the surface described by the previous function. This minimum was found with the simplex 
procedure. The procedure starts from three points in case of two parameters. Ignoring the 
point corresponding to the highest difference sum of squares the centre of mass was 
determined for the remaining points, then the worst point was reflected to the centre of mass. 
If the sum of squares is lower in this point, these three points are used. Applying the simplex 
method the results of the automata can be scaled. 
 
4. Results 
The territory under the curve drawn during the DSC measurement equals the total heat 
absorption or emission of the process. The normalized integral of the DSC peaks may be 
considered equal to the change in the transformed fraction. The transformed fraction curved 
(continuous line) can be seen for heating α → β and β → γ (Figure 13–14) and cooling γ → 
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β and β → α transformations (Figure 15–16). The process was so fast in all four cases that 
during fitting the curves at the same time the simplex procedure could not find the proper 
fitting in a manageable time period. As a result, the four curves were fitted separately. In this 
case the maximum value of the driving force and the change in the activation energies affect 
the kinetics calculated by the automata in the same way. The maximum value of the driving 
force was thus fixed before the fitting after a preliminary calculation. Accordingly, the 
simplex procedure only determined the activation energy values, the starting temperature and 
the temperature dependence of the driving force. 

Table 2 
The results of the cellular automata 

  Qn Qg Tmin Gm k 
α → β 125100 20316.1 668.029 60000 0.05 
β → γ 188000 18457.4 668.352 95000 0.15 
β → α 312000 20962.9 777.048 110000 0.28 
 γ → β 171000 23491.5 770.171 70000 0.16 

 
The results are shown in Table 2. The fitted curves can be seen on Figure 13–16. In the case 
of some curves the fitting is evidently not perfect and may diverge from the standard of the 
array of curves. One reason is in connection with the rate of the processes. It is visible that 
the transformations take place within a short amount of time which means the automata have 
to calculate fast processes, the dangers of which affecting the precision of the calculation 
were covered in an examination of automata stability. Another important factor is the fact 
that in the case of DSC measurements the integrals of the transformed fraction curve and the 
peak are not equal, correction has to be made using data based on the equipment and the 
examined material [10, 11] which was not performed on literary results. Moreover, the 
change of the grain size affects the calculation as a yet unknown factor. Taking these 
statements into account however, it is stated that the one-dimensional automata of allotropic 
transformation can be fitted with the allotropic transformation measurement result of 
uranium. 

 
Figure 13  

Transformed fraction curves during α → β transformation of uranium in the case of 
heating and the curves fitted with the simplex procedure by the one-dimensional automata 

for different heating rates 
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Figure 14  

Transformed fraction curves during β → γ transformation of uranium in the case of heating 
and the curves fitted with the simplex procedure by the one-dimensional automata for 

different heating rates 

 
Figure 15  

Transformed fraction curves during γ → β transformation of uranium in the case of cooling 
and the curves fitted with the simplex procedure by the one-dimensional automata for 

different cooling rates 
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Figure 16  

Transformed fraction curves during β → α transformation of uranium in the case of 
cooling and the curves fitted with the simplex procedure by the one-dimensional automata 

for different cooling rates 

Summary 
In this study the simulation model of one-dimensional cellular automata allotropic 
transformation is presented. Based on the results it is proven that one-dimensional versions 
of cellular automata are suitable for simulating short-range diffusion as shown in previous 
publications. Aside from recrystallization and grain coarsening this is also true for allotropic 
transformation. It is presented through the example of pure iron that the model follows the 
Avrami-type kinetics. It is also proven that the scaling of the automata can be performed in 
this case, using literary DSC measurement results of uranium. The validation of one-
dimensional cellular automata simulations can be fulfilled for modelling allotropic 
transformations.  
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SYNTHESIS AND INDUSTRIAL APPLICATION  

OF AMINOPYRIMIDINES  
 

ANETT JUHÁSZ1–ATTILA TIMKÓ2–RENÁTA ZSANETT BOROS3 
 
The aim of this research was to synthetize 2-amino-4,6-dimethoxypyrimidine (ADMP) derivatives 
with different methods in order to optimize their yields. The 2-amino-4,6-dihydroxypyrimidine 
(ADHP) was obtained at yield of > 90% by a ring closing reaction. The hydroxyl groups of ADHP 
were changed with chlorines to form the product. In this case the highest yield was reached with use 
of the acid-trapping agent, N,N-diethyl-aniline. Finally, the methoxy groups were built up by alkaline 
methanolic heating. The 2-amino-4,6-dimethoxypyrimidine (ADMP) was phosgenated expecting to 
get the 2-amino-4,6-dichloroypyrimidines (ADCP). 
Optimization of the 2-amino-4-chloro-6-methoxypyrimidine (ACMP) synthesis was also carried out. 
The purest product was obtained with the use of the 1.1 equivalent alkaline which was added in three 
portions within 3 hours according to the GC-MS measurements. Since the yield of this reaction was 
only 48% further optimization of the reaction conditions is required. 
Keywords: pesticides, amino-pyrimidine, phosgenation, synthesis 
 
Introduction 
Pest management has been playing an extremely important role in agriculture since Ancient 
Sumerians who used sulfur compounds to kill insects [1]. However, pesticides may be 
dangerous due to the accumulation of the harmful pesticide residues in the plant products, 
the resistance ability against the agents and the mass death of the useful pollinator inspects 
[2], just to name a few. 

Because of the elimination of these problems and the growing requires of the market, 
continuous active development needs to be carried out. The sulphonyl-carbamides are one 
of the most modern groups of herbicides. It is considerable that their applied dosages are 
much smaller than the amount of pesticides which have been used so far. They can be fed 
in gram/hectare amount. Therefore, their application causes fewer loads for the soil [3].  

At KISCHEMICALS LLC. a research and development work is carrying out for synthe-
tizing sulfonyl-carbamide agents which raw materials are the amino-pyrimidines.  

Beside the products the base material production is also going to be executed by the 
company so that is why it is very important to find out and deeply examine these com-
pounds.  

Several methods are known for synthetizing amino-pyrimidines [4]. 2-amino-4, 6-
dimethoxypyrimidine can be synthetized from 2-amino-4, 6-dihidroxypyrimidine (ADHP) 
via a catalysed phase transfer reaction [5]. Tetrabutylamonium bromide (TBAB) can be 

                                                           
1  BorsodChem Zrt., Bolyai tér 1.  
    H-3700 Kazincbarcika 
    anett.juhasz@borsodchem.eu 
2  KISCHEMICALS – Manufacturing & Mercantile LLC. 
    H-3792 Sajóbábony 
    timko.attila@kischemicals.hu 
3  BorsodChem Zrt., Bolyai tér 1. 
    H-3700 Kazincbarcika 
    renata.boros@borsodchem.eu 



52 Anett Juhász–Attila Timkó–Renáta Zsanett Boros 
 
used as phase-transfer catalyst, while dimethyl-carbonate (DMC) is used as methylation 
agent [5].  

The reaction has a good conversion harmful by-products are not generated. In the view 
of green-chemistry this is a favourable synthesis pathway. Because this is new result it has 
never been applied in this research work [5]. 
 
1. Experiment 
The heterocycle was synthetized first by a ring closing reaction, then the required function-
al group was built up on the ring. The synthesis of the 2-amino-4,6-dihydroxypyrimidine 
(ADHP, Figure 1) was from the reaction of guanidine and diethyl malonate.  

O

O
EtO

OEt

 

+  
NH2 NH2

NH *HCl

 

NaOEt/EtOH

reflux  
N

N

OH

OH NH2  
Figure 1  

Synthesis of 2-amino-4,6-dihydroxypyrimidine (ADHP) 
 

The synthesis of the 2-amino-4,6-dimethoxypyrimidine (ADMP, Figure 3), was attempted 
either directly from ADHP or via intermediate such as 2-amino-4,6-dichloropyrimidine 
(ADCP, Figure 2). 

N

N

OH
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+ POCl3  
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N

N
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Figure 2  

Formation of 2-amino-4,6-dichloropyrimidine (ADCP) using phosphorous-oxychloride 
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N
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Figure 3  

Formation of 2-amino-4,6-dimethoxypyrimidine (ADMP) from ADCP and ethanol 
 
Transformation of ADHP to ADCP was also studied here using both phosphorus-
oxochloride (POCl3) and phosgene (COCl2) reagents. The synthesis of the other possible 
intermediate, ACMP, was also our intent, so the reaction of ADCP with methanolic NaOH 
solution was investigated, although the dichloropyrimidine (ADCP) was the raw material in 
this case. 
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1.1. General experimental section 
The melting points were measured with Büchi B-540 instrument. The GC-MS measure-
ments were carried out with Agilent 7890 A gas chromatograph, used with 5979 C mass 
spectroscopy. The IR analysis was achieved by Bruker Alpha FT-IR spectrometer. 

1.2. Detailed experimental section 
1.2.1. Synthesis of 2-amino-4,6-dihydroxypyrimidine  
 

Guanidine solution was prepared by dissolving sodium (12 g, 0.52 mol) in 300 cm3 of etha-
nol and then 48 g of guanidine-hydrochloride (40.50 mol) was added to it and the solution 
was filtrated. 

23 g of sodium (1.0 mol) was dissolved in 500 cm3 of ethanol in order to prepare sodi-
um ethoxide solution. Then diethyl malonate (80 g, 0.50 mol) and the previously prepared 
guanidine solution were added room temperature. The reaction mixture was stirred for an 
hour under reflux temperature. After it was evaporated to dryness and taken up with water 
and the pH was adjusted to 6 with acetic acid. The precipitate was filtered and then was 
washed with ethanol and ether. Finally, it was dried at 60 °C under vacuum [6]. The prod-
uct could not be examined with GC-MS, because it is hardly soluble to organic solvents 
used for the GC-MS analysis. Therefore, IR spectra of the product was recorded and com-
pared with the results of the detailed experimental and theoretical investigation of ADHP 
published in Ref. [7] Melting point: > 300. The colour of it was pinkie white. 
 
1.2.2. Synthesis of 2-amino-4,6-dichloropyrimidine (ADCP) from ADHP 
 

Method A 
 

ADHP (25.4 g, 0.2 mol) was added to the 100 cm3 (1.12 mol) phosphorus-oxochloride 
(POCl3) at room temperature and it was stirring for an hour at 75 °C. Triethylamine (TEA, 
46 g, 0.45 mol) as acid adhesive agent was added dropwise to this solution.  

The redundant phosphorus-oxochloride was evaporated under vacuum. The lowest tem-
perature in the reaction vessel needed to be 75 °C because of its boiling point. 

The residue was mixed with water and stirred for 2 hours at 50 °C. The pH was adjusted 
to 3 with the use of 20 w/w% of NaOH solution.  The product was filtrated, washed with 
water and dried in air [8]. Melting point: 218–220 °C. The colour of it was yellow-reddish. 
 

Method B 
 

In the phosgenation reaction 200 cm3 chlorobenzene was added to the ADHP (10 g, 0.08 
mol). Phosgene was fed continuously to the reaction mixture under the liquid level at 100 
°C. After two hours the redundant phosgene was eliminated with nitrogen for about 30 
minutes. The phosgene elimination process went on until the phosgene content was 0%. 
The phosgene content was monitored by classic titration method. 20.24 g trimethylamine 
(0.2 mol) was added to the system at 30 °C, then the temperature was increased to 75 °C 
during the feed. The chlorobenzene was distilled by rotation vacuum evaporator. The 
achieved product was dried in air. Melting point is unknown. The colour of it was red and 
brown. Probably not the required product was formed so the yield of it was not determined. 

 
1.2.3. Optimization of the synthesis of 2-amino-4,6-dimethoxypyrimidine (ADMP) from 

ADCP 
NaOH (16.1 g, 0.366 mol) was added in small doses to 300 cm3 of methanol at room tem-
perature. After an hour of stirring, 20 g of ADCP (0.122 mol) was introduced to the reac-
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tion mixture and was heated up to 75 °C for 5, 4 and 3 hours. The methanol was evapo-
rated. The residue was cooled down and filtered off [9]. Melting point: 94–97 °C. The col-
our of it was light yellow. 

 
1.2.4. Optimization of the synthesis of 2-amino-4-chlorine-6-methoxypyrimidine (ACMP) 

from ADHP 
 

To 100 cm3 of methanol is added 6 g of ADHP (0.048 mol). Given amounts of methanolic 
NaOH solution was added to it (Table 2). After 30 minutes the first part of NaOH solution 
(33.33 cm3) was added to the solution then in each hour the residue of the alkaline (66.66 
cm3) in two parts. The compound was stirred for an hour after the 100 cm3 of alkaline had 
been added.  

After all, the methanol was evaporated with means of a rotation vacuum evaporator. 
The dry compound was washed with water, filtrated and then dried in air. Melting point is 
unknown. The colour of it was white. 

 
2. Results 

2.1. Synthesis of 2-amino-4,6-dihydroxypyrimidine (ADHP) 

 
Functional group Wavelength (cm−1) 

O-H 3330 
N-H 3140 

C-H (ar) 2700–2800 
C-C (ar) 1550 

C-N 1350 
 

Figure 4  
IR spectrum of 2-amino-4,6-dihydroxypyrimidine (ADHP) and the bands 

of the relevant functional groups 
 
Guanidine hydrochloride was added to freshly made sodium ethylate solutions. In this en-
dothermic reaction white sedimentation, sodium chloride, was formed, which was then 
filtrated. Diethyl malonate was added to another portion of fresh sodium ethylate solution 
and then it was mixed with the colourless filtrate previously made. After the mixing, high 
viscosity solution with white precipitate was formed, which was difficult to stir. After 15–
20 minutes it became clear. This stirring problem was prevented in the next experiments 
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because the diethyl malonate and the sodium ethylate were previously stirred for 20 
minutes during which the white sedimentation was precipitated from the system. After that 
the filtrate of the guanidine base was added dropwise in 30 minutes. Then it was heated for 
1–1.5 hours under reflux. To adjust the pH to 6 acetic acid and hydrochloric acid were used. 
The formed sediment was difficult to filtrate, therefore the loss of it was high. To overcome 
on this issue, the filtrated material was washed out with 200 cm3 of acetone and the mixture 
of the combined filtrates was heated up to the boiling point. From the cooled solution, addi-
tional amounts of ADHP was crystalized. To make our further experiments simple, the 
acetone was added to the pH 6 solution and then formed pinkie white crystals were easy to 
filtrate. Yield of the reaction was 95%. 
 
2.2. Synthesis of 2-amino-4,6-dichloropyrimidine (ADCP) 
ADHP was added to the POCl3. The POCl3 was a reagent and a solvent at the same time. 
Triethylamine (TEA) was used as an acid-trapping agent which was fed into the solution 
within an hour. Firstly, reddish sediment was precipitated then partially was dissolved.  

In the first experiment more precipitate was dissolved while less in the second run, 
which can be the reason for lower yield in the second case (Table 1).  

 
Table 1 

Results of the reaction (ADCP) 
Entry Conditions (acid trapping agent) Yield (%) 

1. Triethylamine 87 
2. Triethylamine 61 
3. N,N-diethyl-aniline 96 
4. N,N-diethyl-aniline 98 

 
 

Functional group Wave number (cm-1) 

N-H 3315 
C-H (ar) 3100 
C-C (ar) 1520 

C-N 1410 
C-Cl 770–820 

Figure 5  
IR spectrum of 2-amino-4,6-dichloropyrimidine (ADCP) and the bands of the relevant functional 

groups 
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In order to avoid the precipitation, the acid-trapping agent was introduced below the liquid 
level which caused higher yield. In the fourth experiment, N,N-diethyl-aniline was used as 
an acid-trapping agent. Here, sedimentation was not observed and the highest yield of a 
yellow-reddish ADCP was achieved. 

The GC-MS spectrum of the product can be seen on Figure 5. The molecule ion peak can be 
found at 163.9 m/z, while the base peak is at 128 m/z. Chlorine losing process could be concluded 
from the difference of these two peaks and then the second chlorine was split off at 92 m/z. 

 

 

 

According to our assumption when the 2-amino-4,6-dihydroxypyrimidine (ADHP) occurs 
in its another tautomer form (Figure 7) the following reaction (Figure 8) takes place in 
which the hydroxyl group of the 2-amino-4,6-dihydroxypyrimidine (ADHP) can be substi-
tuted by chlorines with phosgenation. 

N

N

OH

OH NH2  

 
N
H

NH

O

OH NH
 

Figure 7  
The tautomer forms of 2-amino-4,6-dihydroxypyrimidine  

It is known that the chloroformiates can lose carbon dioxide in the present of alkaline cata-
lyst resulted in 6-chloro-2-imino-2,3-dihydropyrimidin-4(1H)-one. 

Figure 6  
Mass spectrum of 2-amino-4,6-dichloropyrimidine (ADCP) 

 

Table 2 
Retention time of GC-MS analysis 

Compound name Molecule mass (g/mol) Retention time (min) 
2-amino-4,6-dichloropyrimidine (ADCP)  163.99 5.951 
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Figure 8  
Reaction of 2-amino-4,6-dihydroxypyrimidine (ADHP) with phosgene 

 
In the first reaction the phosgenation occurred in chlorobenzene solvent at 100 °C. The 
phosgene was added continuously in 2 hours with an intensive flowrate during which dif-
ferent gradients were observed. But in the end of the dosage the solution became clear. The 
residual solid phase became red. The unreacted phosgene was eliminated with nitrogen gas. 
For decomposition of the assumed chloroformiate triethylamine was added to the solution 
at 30 °C and then it was heated at reflux temperature (75 °C). In the second and third reac-
tion dimethylformamide (DMF) was also added to the reaction mixture instead of the tri-
ethylamine in different mole ratios. The time of the phosgene was introduced within three 
hours. In the fourth reaction tetrahydrofuran (THF) was used as a solvent. The phosgene 
feed was continuously with intensive bubbling during two hours. After that the given prod-
uct was tried to convert into the required product but not the expected reaction occurred.  

 Because of the 2-amino-4,6-dihydroxypyrimidine’s keto-enol tautorism property prob-
ably the phosgene was reacted with the nitrogen atom of the amino group instead of the 
oxygen atom or the generated carbamoyl-chloride was further reacted with the raw material 
during which dimer or polymer compounds were formed.  
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Figure 9  
One of the possible side reactions of 2-amino-4,6-dihydroxypyrimidine’s  

tautomer with phosgene 
 
2.3. Synthesis of 2-amino-4,6-dimethoxypyirimidine  
The NaOH was dissolved in small portions in methanol and then the 2-amino-4,6-
dichloropyrimidine (ADCP) was added to it. In the first experiment it was heated for 5 
hours, in the second for 4 hours and in the third for 3 hours at reflux temperature. After that 
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the redundant methanol was evaporated with distillation. Then the reaction product was 
cooled down and filtrated with 100 cm3 of water. Light yellow product was formed. 
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Figure 10  

Formation of 2-amino-4,6-dimethoxypyrimidine (ADMP) from ADCP and ethanol 
 

Table 3 
Results of the reaction (ADMP)  

Entry Conditions Yield (%) 
1. 5 hours stirring 93 
2. 4 hours stirring  75 
3. 3 hours stirring  66 

 
Figure 11  

Mass spectrum of 2-amino-4,6-dimethoxypyrimidine  
 

Table 4 
 Retention time of 2-amino-4,6-dimethoxypyrimidines arising from the GC-MS analysis 

Compound name Molecule mass (g/mol) Retention time (min) 
2-amino-4,6-dimethoxypyrimidine 

(ADMP) 155.16 5.930 

The GC-MS spectrum of the product can be seen in the attachment 2 the molecule ion peak 
can be found at 155 m/z value. The base peak is at 154 m/z. The split off the two methylene 
groups occurred at 140 and 124.9 m/z values.  
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2.4. Synthesis of 2-amino-4-chloro-6-methoxypyrimidine (ACMP) 
Several equivalent amounts (1.0, 1.1 and 3.0) of NaOH was added to the methanolic 2-
amino-4,6-dichloropyrimidine (ADCP) solution and lasted 3 hours. The product was ana-
lysed by GC-MS. 
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Figure 12  

Formation of 2-amino-4-chloro-6-methoxypyrimidine (ACMP) from ADCP and ethanol 

The mass spectrum of the 2-amino-4-chloro-6-methoxypyrimidine (ACMP) can be seen on 
Figure 13. The molecule ion peak occurs at 159 m/z, the base peak is at 158 m/z. There is a 
methoxy group losing at 129 m/z and a chlorine losing process at 94 m/z. 

 

 
Figure 13  

MS spectrum of 2-amino-4-chloro-6-methoxypyrimidine (ACMP) 
 

According to the GC-MS results it could be concluded that when 1 equivalent alkaline was 
used some initial compound was remained beside the product. In the case of 3 equivalents 
alkaline the initial compound was further converted, the two chlorine groups were trans-
formed into methoxy groups. Regarding to the mass spectrum and thin layer chromatog-
raphy the pour 2-amino-chlorine-methoxypyrimidine (ACMP) product was synthetized 
when 1.1 equivalent alkaline was added to the solution during 3 hours. 
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Table 5  
Obtained GC-MS parameters and yields of the products for synthesis of ACMP by meth-

anolic NaOH solution using several amounts of alkaline 
Amount 

of  
eq. alka-

line 

Compound name 
Molecule 

mass 
(g/mol) 

Retention 
time 
(min) 

Area 
(%) 

Yield 
(%) 

1 2-amino-4,6-dichloropyrimidine 
(ADCP) 163.99 5.907 23.07 

56 2-amino-4-chloro-6-
methoxypyrimidine (ACMP) 159.58 6.045 76.93 

1.1 2-amino-4-chloro-6-
methoxypyrimidine (ACMP) 159.58 6.055 99.55 48 

3 2-amino-4,6-dimethoxipyrimidine 
(ADMP) 155.16 5.927 35.19 

57 2-amino-4-chloro-6-
methoxipyrimidine (ACMP) 159.58 6.054 64.81 

 

Summary 
The aim of our research works was to synthetize 2-amino-4,6-dimethoxypyrimidine. The 
initial compound, 2-amino-4, 6-dihydroxypyrimidine (ADHP), was formed via a ring clos-
ing reaction. After this reaction step the hydroxyl groups of ADHP were changed into chlo-
rine groups with phosphorus oxychloride and then these groups were converted into meth-
oxy groups with the use of methanol. In the first substitution reaction, 2-amino-4,6-
dichloropyrimidine (ADCP) was formed. The best yield was achieved with the change of 
the acid-trapping agent from trimethyl amine (TEA) to N,N-diethyl-aniline. When triethyl-
amine was added under the liquid level the yield was 96%, while with the use of N,N-
diethyl-aniline it was 99%. 

In the case of 2-amino-4,6-dimethoxypyrimidine the best obtained yield was 93.5%. In 
the case of this experiment it was observed that longer the heating period under reflux tem-
perature higher the yield was. The amount of the alkaline might also had an influential role 
on the yield. It was also attempted to react phosgene with 2-amino-4,6-
dihydroxypyrimidine (ADHP) in order to form 2-amino-4,6-dichloropyrimidine (ADCP). 
The given product was further reacted.  

After an alkaline methanolic heating  it was analysed by mass spectrometry. According 
to the MS results it was concluded that only side reaction occurred. 

Another aim was to synthetize the 2-amino-4-chloro-6 methoxypyrimidine (ACMP) in-
termediate. Regarding to the MS analysis the purest product was generated by the use of 1.1 
equivalent alkaline, which was added within 3 hours in three parts, but the yield was only 
48%. This reaction needs to be further examined [10]. 
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APPLICATION OF A SIMULATION MODEL TO AN INDUSTRIAL 

ETHANE-CRACKING FURNACE OPERATION 
 

JÁNOS KEREZSI1 
 
Computer simulation of an ethane furnace in the olefin production is presented. It is focused on the 
application of modelling programs for the simulation of multistage chemical technology processes. The 
submitted strategy allows the modelling of homogeneous and heterogeneous processes in reactors of 
any complexity on basis of experimental data processing. The simulation of reactor processes has been 
performed with the use of the CHEMCAD program for the ethane thermal cracking. The main products 
of Steam Cracking Olefin production technology are the ethylene and propylene. It is necessary to use 
an appropriate kinetic model for the simulations, because it determines the results of the simulation. 
Choice of the mathematical theory is also important, since it determines the number of the iterations 
and the running time of the simulations. The chosen model has to harmonise with the pyrolysis 
simulation and in order to get accurate results and it is also necessary to consider each radical reaction. 
Keywords: Chemcad, computer simulation, ethane pyrolysis, olefin production, optimization, thermal 
cracking 
 
Introduction 
At present, chemical engineers are showing great interest in development of computer models 
for reactor processes and their application for the simulation and optimization in industrial 
level. The modern approach to the creation of resource-saving technologies assumes the 
application of suitable software to simulate complete multistage industrial systems, in 
particular, reactor processes. The thermal decomposition of ethane takes place at 830–860 
°C temperature in a pyrolysis furnace. From kinetic aspect, this reactor can be considered as 
a plug-flow reactor. This kind of kinetic reactor has been chosen from ChemCad list for 
modelling of the furnace [1]. Application of modelling programs for the purpose of their 
inclusion in models of complete industrial system imposes certain requirements on their 
procedure. In case we want to modify some parameters of technology, than we can do it in a 
simulation program. 
 
1. Ethane cracking simulation 
1.1. Mathematical model of the simulation 
According to this, the strategy of simulation of reactor processes with the application of 
modelling programs in the construction of computer models for complete flow sheets of 
industrial chemical processes consists of the following: 
(1) stoichiometric data are specified for each reaction; 
(2) key component conversions in the reactions, which can be determined from experimental 
data, are specified for each reaction; and 
(3) the reactor process is calculated with determination of the flow rate, composition, 
temperature and other characteristics of an outlet stream, as well as the required flow rate for 
a heating (or cooling) agent, if it is necessary to supply/remove heat etc. [1]. 

This is the way of solving the direct problem of computer modelling for reactor processes. 
Chemical engineers from petroleum companies widely use cubic equations of state (EoS) and 
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especially the ones proposed by Peng and Robinson (Peng–Robinson EoS noted PR-EoS 
afterwards) and by Soave (Soave–Redlich–Kwong EoS, noted SRK EoS afterwards) [2]. 
These state equations directly come from the Van der Waals theory and can be written for a 
given mixture under the general form (1): 
 

     (1) 
 

where P is the pressure, T is the absolute temperature and v, the molar volume of the fluid, 
Q(v) is a second order polynomial in Classical Van der Waals mixing rules are frequently 
used to relate the a and b parameters of a mixture to the composition and to the ai and bi 
parameters of the pure components i. Parameter a is taken to be a quadratic function of the 
mole fractions and parameter b is a linear function. The key point when using such cubic EoS 
to describe complex mixtures like petroleum fluids is to give appropriate values to the binary 
interaction parameters. The thermodynamic derivative properties are second order 
derivatives of some thermodynamic potential with respect to other properties that are first-
order derivatives with respect to the same potential, e.g. pressure, volume, and enthalpy [2]. 
The rigorous thermodynamic expressions for thermal expansivity is αP, isothermal 
compressibility is βT, calorific capacity is CP, and Joule–Thompson coefficient is μ (2). 

                     (2) 
 

where CR
V is the residual calorific capacity at constant volume Cid

P is the ideal gas calorific 
capacity, and ρ = P/ZRT, where ρ is the molar density, Z is the fluid compressibility factor, 
R is the universal gas constant, P is the absolute pressure, and T is the absolute temperature 
of the system. 

The next step is to find the right mathematical program that can be used for present 
simulation. The hydrocarbons are in vapour phase in the radiant zone so it is possible to use 
the Soave–Redlich–Kwong enthalpy model [3]. The model is based on ideal gas law, but it 
considers the realistic gases as well. The base equations are the followings (3): 
 

   (3) 

 

 



64 János Kerezsi 
 

 

 
where: 

P: partial pressure [Pa] 
T: temperature [K] 
R: gas constant [kJ/kmol K] 
V: volume (l) 
�: kinesics speed 
�: factor 

 
1.2. Theoretical considerations 
The traditional mathematical modelling technique for reactor processes is based on the 
application of detailed kinetic models. Kinetic data of many processes may be absent or their 
kinetics may be studied insufficiently. Moreover, numerical non-convergence may be 
observed both for a single reactor process and for an entire flow sheet while simulating 
multistage chemical technology processes with recirculation [4]. One of the raw materials of 
olefin plants is the recycled ethane. The technology of pyrolysis is based on the thermal 
cracking of hydrocarbons. The temperature inside the radiant tubes of furnace is between 
830–860 °C. The high temperature indicates the high – energy collision and the 
decomposition of hydrocarbon molecules into radicals. Thermal cracking of ethane in the 
furnace means a series of complex consecutive and parallel reactions, but the yield of 
ethylene is more than 40%. The reaction processes is mainly based on radical mechanisms 
though molecular reactions can also be identified in the system. These mechanisms have 
three main steps. The first one is the chain-initiation step that includes endothermic reactions, 
so that need heat to start decomposition. The second group consists of chain-propagation 
reactions and the last group of reactions is the group of chain-termination reactions that 
generate new molecules like olefins, paraffins and hydrogen [5]. Reactions in the third group 
are exothermic that means it is necessary to use cooling. The ethane enters the furnace in 100 
mol% after separation and recycling while the cracked gases contain 30–40% ethane, so the 
pyrolysis per one pass cannot be considered very effective. Chemcad simulator was used for 
the simulation of ethane cracking in the radiant zone of the furnace. The main objective of 
the simulation was to optimize the ethane re-pyrolysis cycle. 
 
1.3. Kinetic Model 
The first step of ethane thermal pyrolysis simulation is creating the reaction scheme (4–7) 
[6]. 

�����	��� HCHMHCHM pp 22
     (4) 

MpCH2.+ R1• → R1H + R3•  (5) 

R3→Mo + R4• (6) 

R4• + Mp→R3• + H  (7) 
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where: 

Mp – paraffin 
MO – olefin 
R1-R4 – radical molecule 
H – hydrogen. 

Decomposition of generated radicals is modelled on the basis of steady-state, so all radicals 
are transformed in each integration step. The most important beta-scission reactions are 
modelled using temperature dependent selectivity. Beta-scission is divided to scission of C-
H and C-C bonds. C-H scission recognizes primary, secondary and tertiary carbon atoms and 
C-C bonds scissions are divided according to the count of substituents (substituents of the 
bond). 

A mechanistic kinetic model was developed on the basis of a detailed reaction network 
containing 81 pieces of individual reactions [5], including both radical and molecular ones. 
Kinetic parameters were assigned to each reaction from published and arranged in the 
literature data [7, 10]. Validation of the model was performed by comparing its results with 
those obtained experimentally from cracked gas analysis of an industrially operated furnace, 
fitting the kinetic parameters to experimentally measured yield data. 
The theory of kinetic parameters is based on the Arrhenius equation (8) [7, 10]. 

0lnln A
RT
Ek ��
     (8) 

 
where: 

k: reaction rate constant 
T: temperature [K] 
R: gas constant [kJ/kmol K] 
E: activation energy [kJ/Kmol] 
A0: frequency factor 
 

The radical reactions cannot be shown with “normal” kinetic equations. Experts launched the 
Severity factor instead, that is a simple method for complex pyrolysis reaction-system, which 
was introduced by LINDEN and PECK (9) [8] 
 
                                                                06,0��
 tS     (9) 

 
where: 

S: severity of pyrolysis 
t: coil outlet temperature [°C] 
τ: residence time [sec] 
 

1.4. Modelling 
To build-up the furnace model, a simulation program is also needed. According to this, the 
calculation strategy of reactor processes with the application of modelling to build up 
computer models for complete flow-sheets of industrial chemical processes as it was 
described in 2.1. [9]. 



66 János Kerezsi 
 

For nearly 25 years [3] Chemstations Co. and its chemical process simulation software 
CHEMCAD have been evolving with the highly dynamic chemical engineering industry. The 
steps to make the ethane cracking simulations in CHEMCAD are as follows: 

1. to build the flow sheet, kinetic reactor to define the special molecules (radicals) 
2. to choose the right mathematical model 
3. to install each parameter of the reactor 
4. to run the simulation program 
5. to collect the results 

 
First step is to define the reactions. The composition of raw material and the products came 
from the laboratory data of the measurements. Next step is to determine the type of model. 
The mechanistic model was chosen for this purpose. Since this model is very complex and it 
calculates the results through numerical iterations, needs more running time. The next step is 
to assign kinetic parameters for each reaction. It was very important to take care about the 
complexity. 
 
1.5. Technology 
The ethane and the steam enter the convection zone together and the mixture is heated up by 
the flue gases, which come from the radiant zone. Outlet temperature of the convection zone 
is 550–650 °C, where the cracking of some hydrocarbons is already started. The purpose of 
the water feed is to keep the pressure in the tube and suppress the coke formation. The stream 
enters the radiation section where the conditions are controlled, such as the temperature, 
pressure, and residence time. The temperature at the exit of radiation zone achieves 850–
860°C. In this zone the hydrocarbons crack and some other kinds of different (shorter) 
molecules are formed. The hydrocarbon fractions are very diverse from C1 fraction to C10 
fraction in case of ethane cracking. The main product of the ethane cracking furnace is the 
ethylene. The furnace produces approximately 24 vol% ethane. The first period of the 
reactions is endothermic, so it needs high energy impute. In industrial practice a mixture of 
methane fraction and natural gas is used for heating. At the end of the radiant zone the 
reactions became exothermic, so the reaction mixture needs cooling. The cooling method is 
the quench cooling system that includes a heat-exchanger cooling the “cracked” gases by 
high-pressure boiler-feed-water (BFW), producing high-pressure steam by using the heat of 
cracked gases. The gases are further cooled by a direct spray of pyrolysis heavy oil reaching 
a temperature of 300 °C. Following this, the cracked gases are driven to the gas separation 
units. The technology parameters have to be set in such a way to obtain the maximum 
monomer (ethylene, and propylene) production and the minimum yield of methane and heavy 
hydrocarbons. The constraints of the process (ex. Capacities) as well as the financial aspects 
have also to be considered.  For example it is not profitable to increase the amount of dilution 
steam, because it needs lot of energy and increases the operational cost. 
 
1.6. Chemcad simulation 
Figure 1 shows the furnace scheme in Chemcad software. 

The raw materials, steam and ethane enter a theoretical mixer (2), so it is possible to vary 
the CH/Steam ratio within the specified limits. The heat exchanger (3) symbolizes the 
convection section. The radiation zone is simulated by the kinetic reactor (1). The controller 
has the role to keep the integration time. The component separator (5) is a theoretical 
separation, in order to measure the hydrocarbons and the water separately. The geometry of 
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the furnace could be set up and the radiation zone has four independent tube sections (the 
height of tubes is 10 m and the inside diameters of the tubs are 0,108 m and the full length is 
70 m). The ethane feed is 10.5t/h, and the steam feed is 4t/h in each tube. The raw material 
contains 99,96 w% ethane. The ethane and ethylene are the two key components. The 
theoretical conversion is about 60%. The main purpose of the ethane cracking simulation is 
to build up the model that can be suitable for modelling the ethane cracking furnace operation. 
The results of the simulations produced similar data like the real furnace (same operational 
data, and same stream properties). 

 
Figure 1  

Process flow diagram of the ehtane furnace 

Table 1 
Cracked gas composition by CHEMCAD and laboratory data 

 
 
According to the table it can be concluded that the results are similar. The hydrogen, ethane, 
ethylene, propylene concentrations modelled by CHEMCAD and measured laboratory data 
are in good harmony with each other.  
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Conclusions 
The main products of the olefin plant are the ethylene and propylene, which are produced by 
thermal cracking of different hydrocarbons. The ethylene goes to the polymer plants and the 
ethane is driven to the furnace again for re-pyrolysis. However, there are more furnaces in 
operation in the olefin plant and each furnace produce ethane, so the ethane-recycle shall be 
established by the operation of ethane-cracking furnace. The most important task of the 
optimization is to find the optimum parameters of the ethane cycle, between the ethane – 
ethylene distillation column and ethane cracking furnace. The ethane cracking furnace is not 
able to take in all the ethane produced in the furnaces because the inlet feed has a maximum 
capacity, and the distillation tower has a maximum capacity. It is necessary to find those 
optimum parameters, by means of which the ethane quantity continuously recycling in the 
olefin plant system can be reduced. Moreover, the purpose of the simulation is to choose the 
right mathematical model, because it is necessary to get similar results to the real operational 
data and yields. 
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HEAVY METAL CONTAMINATED BIOMASS COMBUSTION AS 

TREATMENT AFTER PHYTOREMEDIATION – A REVIEW 
 

HELGA KOVACS1––KATALIN SZEMMELVEISZ2 

 
The biomass properties and behaviors are changed in wide range. Technically, the efficiency of biomass 
combustion depends on fuel composition significantly. The hevy metal contaminated biomass 
combustion is a special renewable enegy source, because the burning process could cause high 
environmental risk. The biomass with high heavy metal content are coming from phytoremediation, an 
environmentl friendly soil remediation technique. Several methods have been developed for the 
disposal of heavy metal contaminated biomass, for example the liquid extraction, direct disposal, 
composting or combustion. This review deals with combustion technology as a disposal option of the 
contaminated biomass, and examines the possibility and circumstances of this process considering 
environmental aspects. This disposal technique is very complex. If we analyze the economic aspects, 
we can take notice of the fact, that thanks to this process the energy production is possible. In order to 
produce energy from the contaminated biomass without environmental pollution, a special technology 
is required during the disposal (combustion). In case of ordinary biomass combustion, there are several 
solid and gaseous air pollutants, which have to be considered. If the aim of combustion is disposal, and 
the fuel is contaminated with heavy metals, certain emissions will probably increase. The problem of 
volatile and solid heavy metal compounds in flue gas has to be analyzed. The heavy metals and their 
compounds have various behaviors, thus certain metals are less volatile and concentrate in the ash, and 
others leave the combustion chamber in a gaseous form. A part of these volatile compounds condensate 
in the flue gas system, other parts could be detected in solid or gaseous form at the end of the chimney 
as emission. This is an avoidable environmental pollution. This review deals with the recent reasearches 
of this comlex topic. 
Keywords: heavy metal, combustion, temperature, phytoremediation 
 
Introduction 
Heavy metals are naturally presented in the environment and are taken up in small amount 
by living organisms. As trace elements, they provide essential nutrients for plants and 
herbivores, while at toxic level; they cause harmful effects to the whole ecosystem.  

Excessive heavy metal concentrations are regularly encountered at areas of extensive 
mining spoil and metal processing (mine tailings, plant sites). In any case, measures should 
be taken to prevent the spread of pollution and to reduce toxic levels of pollutant 
concentration – whether apparently detectable or not. For the remediation of misused 
industrial sites, various recovery techniques are known. Biological treatments include 
bioaccumulation, which is based on the capacity of plants and microorganisms to absorb and 
store chemical substances in concentrations higher than typical for the original environmental 
source (soil). The absorbed chemicals are accumulated in the plant cells and tissues. 

By extracting large quantities of toxic contaminants (e.g. lead, cadmium, zinc) from soil 
and groundwater, certain plant species effectively contribute to the remediation of heavy 
metal contaminated sites [1]. The metals are soaked up by the roots and transported through 
conductive tissues to the aboveground plant parts (shoots), yielding easily harvestable 
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biomass. This vegetal activity effectively improves soil quality and helps restoring the 
ecological balance [2]. 

 
1. Biomass coming from phytoremediation 
The plants accumulate nutrients through roots or leaves, but the primary source is the root 
system. Several factors affect the nutrient uptake from the soil, for example the temperature, 
the water content of the soil, the soil texture, and the pH. For plants, the pH 6.5 is beneficial; 
the natural living condition for them is between pH 4–8. Further factors are the temperature 
and water supply of the soil [3]. 

When chemical compositions of different biomass (for dry sample) were compared, the 
results varied in a small interval. The main chemical elements of biomass are (in decreasing 
order) C, O, H, N, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, Mn and Ti [4]. 

Not only the heavy metal nutrient deficient could give rise to metabolic confusion in 
plants, but also the extremely high concentration [5]. The chemical balance in living 
organisms is a primary criterion for growing and developing. This is the main reason, why 
soil treatments (for example liming) are often necessary for keeping alive a plant organism 
[6] [7] [8]. The effect of heavy metal concentration change to the plant growth could be 
described by a kinetic model. This allows the recognition of a heavy metal contaminated soil-
plant system. Researches prove, that the heavy metal accumulation in plants depends not only 
on the properties of heavy metals and plants, but also on the soil type, and on environmental 
circumstances [9]. 

The mobility and solubility of pollutants could be decreased with cement or Ca(OH)2 in 
a high pH soil environment, but under low pH conditions the mobility of cadmium, cobalt, 
copper, nickel, lead and zinc increases [10]. 

The connection between the concentration and the toxicity is different in the case of every 
nutrient. Some microelements important for the plants (B, Cl, Cu, Fe, Mn, Mo, Ni, Zn) are 
untoxic in high concentration [11]. In low concentration, other elements, like cadmium, 
chromium, mercury and lead do not interfere with the plant growth, but in higher 
concentration, the plant life is risked. It is important to notice, that a certain amount of heavy 
metals could be piled up in plants without toxicity symptoms (leaf atrophy, plant growth 
stopping, necrosis). Several researches deal with the effect of heavy metals for plant life, and 
determine the toxic concentration of heavy metals in plants [12]. 

During the remediation with phytoextraction, the heavy metal content of soil decreases, 
thereby the environmental risk caused by the toxic elements is moderated. Through this 
process, the pollutants are transferred into the plants; this gives rise to another environmental 
danger. Soil remediation and polluted biomass formation arise simultaneously. The treatment 
of this contaminated biomass is required. In 2004 a research [13] determined the following 
disposal options: 

� Composting: American researchers have shown the water solubility of 
bioaccumulated zinc and other metallic components [14], therefore this method is 
only applicable with strict control requirements. Total heavy metal content should be 
minimized through mixing the metal-enriched biomass with high proportions of 
uncontaminated dry matter and other biodegradable substances. The technology 
requires the close and continuous monitoring of mixture composition. On the other 
hand, the phytoextracted metals are returned to the soil in small doses to provide for 
nutrient recovery. Ex-situ composting is proposed as a post-harvest treatment for 
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biomass by which the disposal of hazardous plant material can be made more effective 
[15]. 

� Pyrolysis: Flash pyrolysis can be used for the disposal of heavy metal contaminated 
biomass [16] [17] [18] [19]. Low-temperature pyrolysis renders liquid fuel, with the 
metallic substances concentrated in the solid residues and the by-products [18]. Unless 
it is further processed as recyclables, the produced coke breeze should be treated as 
hazardous waste. 

� Direct disposal: The direct disposal of the harvested biomass waste would cause 
environmental problems; therefore, it is forbidden [20]. Disposal as hazardous waste 
is a feasible yet cost-demanding solution, thus, it is less preferred. 

� Leaching: this disposal technology is based on the behaviour of soluble metals to 
percolate from the carrying medium – which is the very property that accounts for the 
categorization of metal contaminated biomass as hazardous waste. After enrichment, 
toxic metals are leached with different solvents from the compacted biomass. The 
leached product (residual biomass matter) can be treated as non-hazardous material 
[13]. There are viable technologies to recover the metallic components from the 
leached solution at relatively high costs, though [21]. The leachability (i.e. recovery 
rate) of toxic metals from biomass is generally determined as a function of time and 
pH value [22]. 

� Incineration (smelting): this process is based on the thermal degradation of 
contaminated woody biomass into manageable volumes of metal-containing ash. By 
substantially reducing the volume of hazardous waste material, both transport and 
disposal can be made more cost-effective. Countless descriptions of the technology 
are known [23], but there is a paucity of data on the efficiency and technical feasibility 
of the process. Note that the thermal energy obtained from smelting can be utilized 
for energy purposes, which adds to the benefits of this method. 

The incineration of heavy metal contaminated biomass is a promising yet not fully mature 
technology. Various combustion systems are currently under development for field-scale 
application. In the near future, this method is likely to mean an environmentally sound and 
economically acceptable alternative [13]. 

Disposal through incineration is an excellent option to replace the expensive treatment 
and costly transportation of the harvested biomass to hazardous waste disposal facilities. In 
this way, up to 99% volume reduction of the contaminated material can be reached, with the 
pollutants concentrated in the solid combustion residues (ash, fly ash). The final product is 
easy to mobilize and handle in a controlled, environmentally acceptable manner. 

 
2. Heavy metal contaminated biomass combustion 
2.1. Heavy metal behaviors and emissions during biomass combustion 
During the combustion of heavy metal contaminated biomass, there are not only regular 
emissions (CO, NOx, fly ash), but also the problem of the solid and gaseous metal 
compounds. It would be important to examine these compounds by combustion of ordinary 
biomass fuels, because certain researches prove, that the heavy metal emission could cause 
environmental problems, even if the biomass is coming from a non-polluted area [24] [25]. 

One of the basic sources of danger is the solubility of heavy metals, which are enriched 
in the bottom ash after combustion. These leaching behaviors determine the disposal options 
of ash. The leached heavy metals cause environmental damages in waste yards [26] [27]. 
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Another basic source of danger is, that the heavy metal compounds are volatile at the 
combustion temperature [28] [29]. During the flue gas flowing across the offtake system, the 
temperature decreases, and the toxic compounds condensate to the solid parts in its 
environment [30]. The heavy metal compounds have two types at the end of the chimney 
(depending on the temperature): 

� solid (condensed) form, as fly ash; and 
� volatile form. 

Along with the increasing flue gas temperature, the gaseous-solid transition (particle 
formation) is controlled by two mechanisms [31] [32]: 

� homogeneous condensation, where new particles are formed; and 
� heterogeneous condensation, which takes place on the surface of particles  

As soon as the metal vapors reach the super-saturation condition, the condensation begins 
and it contributes to the formation of ulta-fine particles [33]. 

The researches in the topic of examining biomass burning remains deal with ash analysis 
primarily [34] [35]. The expansion of this research topic includes the heavy metal 
examinations inside the biomass combustion system. The distribution of heavy metals in 
solid and gaseous burning residues is referred to as partition of metals [36]. 

The main goal is to treat and dispose of the biomass formed in contaminated lands, thus 
the accumulation of the contaminants could be considered as an aim. The biggest problem is 
the volatility of these elements. The material flows of the pollutants are required to know. 

In the case of fluid bed combustion, the heavy metals (Cd, Pb, Zn) from the biomass are 
in volatile form at the temperature of the combustion chamber [37]. These compounds 
condensate at different temperatures, thus the examination of the volatility behaviors should 
be considered [38]. After the flue gas cools down (180–200 °C), the heavy metals are detected 
primarily in solid form, except As, Co and Sb, these could stay in gaseous phase [30]. Table 
3 shows the volatility of heavy metals at 1 Pa pressure based on thermochemical calculations 
(with and without chlorides in the burning system) [36]. 

Table 1 
Volatility temperatures and chemical formulae of metals at 1 Pa operating 

pressure (Randall Seeker, 1991) 

Heavy Metal No chlorides With 10% of chlorides 
Volatility 

temperature 
(°C) 

Form Volatility 
temperature 

(°C) 

Form 

Cr 1613 CrO2/CrO3 1610 CrO2/CrO3 
Ni 1210 Ni(OH)2 693 NiCl2 
Pb 627 Pb −15 PbCl4 
Cd 214 Cd 214 Cd 

 
It can be stated based on Table 1, that several metals (Pb, Cd) are volatile at the biomass 
burning temperature, especially the chlorides [36]. 

The release of metals depends on many factors, including the volatility, the burning 
environment and the ash, fly ash treatment [39]. Furthermore, the amount of metals in flue 
gas depends on the presence of different types of chlorine-, sulfide-, carbon-, nitrogen- and 
other compounds in the combustion chamber and flue gas. Fly ash samples coming from 
municipal solid waste burners were analyzed by X-ray scattering technique, and the results 
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show that the following compounds were detectable in flue gas at 420 °C (the burning 
temperature was 953 °C). 

� oxides: Al2O3, MnO, Pb3SiO5, Pb3Sb2O7, PbSiO4, Fe3O4, Fe2O3, 
� others: Pb3O2SO4, Cd5(AsO4)3Cl, CdSO4, K2ZnCl4, ZnCl2, ZnSO4 [39]. 

The fluid bed combustion experiments of biomass with high heavy metal content show 
that the Pb, Zn and Cd compounds leave the combustion chamber at 700–800 °C especially 
quickly. The Pb, Zn and Cd contents of flue gas depending on time are shown in Figure 1 
[40]. 

Three different exit ways should be studied in reference to heavy metals entering the 
combustion chamber: the solid remains in the combustion chamber (bottom ash); the solid 
particles in the flue gas (fly ash); and the exhausted gas (flue gas). Based on this fact a 
research determined, that the metals distribute very differently in the combustion system. 
Almost all of the Hg is exhausted; contrarily the Cu stays in the bottom ash mostly. The Cd 
and the Pb distribution was more uniform [36]. 

In every respect, the solubility of metals is a very important fact. The metals could be 
solubilized with chemicals from the solid remains (bottom ash, fly ash), but the solubility is 
influenced by the combustion technology [36] [42] [43], the metal compounds properties and 
other circumstances [44]. 

The change of heavy metal content depending on the pH of hydrochloric acid solvent was 
determined in fly ash [41]. Based on Figure 2, it can be stated, that the solubility of heavy 
metals is the highest in undiluted hydrochloric acid environment. 

 

  
Figure 1  

Pb, Zn and Cd content of flue gas depending 
on time [40] 

Figure 2  
Solubility of heavy metals depending on 

hydrochloride pH [41] 

During the combustion of metal contaminated biomass, it is required to analyze the hazard 
risk of solid remains (bottom ash, fly ash). Based on researches the volatile, toxic metals 
mean risk primarily to the environment [45] [37]. To determine the amount of metals in flue 
gas in volatile form is a higher technological challenge, and the technology of minimizing or 
ceasing the metal emission is the biggest environmental task. The dust (and condensed metal) 
extractor of flue gas is an obvious solution, but not perfect. The dust extractor could solve 
the metal emission problem only if the temperature of flue gas is low enough, and the 
condensation of metal compounds ends before the separator. If this condition is not fulfilled, 
than the efficiency of the extractor system is not fit for metal separation. In this case 
additional flue gas cleaning technology is required. 
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2.2. Particle removal systems 
The particle removal technologies are very important in the case of biomass combustion 
especially if the fuel contains a high amount of metals. 

The amount of solid particles in flue gas depends on fuel properties [46] and combustion 
technology [47]. Usually two types of fly ash are discerned: rough and fine dust particles 
[48]. In the cooling zones of the burning system, the metals are condensed with two different 
methods; fine particles are formed with homogeneous condensation [49], and on the surface 
of fine dust heterogeneous condensation takes place [50].  

Several different particle separator systems exist, but to select and form the correct, 
efficient and sufficient technology is an engineering task. Particle removal from flue gas can 
be divided into categories (Figure 3) [51]. 

 
Figure 3  

Particle removal system categories [51] 

Figure 4 shows, that these technologies are applicable for the separation of specific solid 
particle diameter intervals efficiently.  

 
Figure 4  

The dust extractor types regarding the efficient particle size separating [52] 

Classification of particle 
separators

Wet 
methods

Electrified wet 
scrubbers

Scrubbers

Wet electrostatic 
precipitators (ESP)

Wet scrubbers with 
condensation

Dry 
methods

Electrostatic 
precipitators (ESP)

Electrified sand 
bed filter

Fabric filters

Cyclones

Hybrid methods (combined wet 
and dry methods)
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Multi-cyclone equipment is often used by small industrial biomass furnaces, but the solid 
particle emission could exceed the emission limit value [53]. With filters or electrostatic 
precipitators the solid particle emission could decrease under 10 mg/Nm3, but these 
equipments increase the operational costs significantly [53]. The fly ash needs to be bigger 
than 5 μm to separate with cyclones, but to separate the particles smaller than 1 μm 
electrostatic precipitators or filters are required [45]. The efficiency data of different particle 
separators are summarized in Table 2 [51]. 

Table 2 
Particle separator efficiencies [52] [51] 

Technology a* b** c*** Notes 
Cyclone 90–99 80–90 < 80 Less effective for small particles 
Multi-cyclone 90–99 90–99 < 80 Less effective for small particles 
Electrostatic 
Precipitator > 99 > 99 80–90 Removal efficiency and emission 

may be low for small plant 

Fabric Filter > 99 > 99 > 99 Final emission should be much less 
than 5 g/GJ 

Ceramic Filter > 99 > 99 > 99 Final emission should be much less 
than 5 g/GJ 

Mop Fan > 95 > 95 > 95 
Technology needs to be tested more 
for validity, also removes water 
soluble gas 

Hybrid > 99 > 99 > 99 Novel technology, more niche and 
problem specific 

*a: Effectiveness (coarse particles) (%), b: Removal efficiency (PM10) (%), c: Removal efficiency (PM2.5) (%) 

It can be stated that the cleaning of flue gas from biomass combustion is a complex task, and 
it is difficult to obtain high efficiency for a smaller particle range. The particle removal 
efficiency especially for PM 2.5 is usually low.  

 
Conclusion 
The environmental problems of solid particle emission are a seeded area in air cleaning 
protection goals. Solid particles are produced during every solid fuel combustion process, 
accordingly by biomass firing. The compounds of solid particles are composed by the fuel 
composition. It is evident, that every biomass contains a certain amount of metal compounds, 
but in the last decade, the metal contaminated biomass achieved increasing attention. Several 
researches deal with this topic including the biomass based remediation techniques, the metal 
accumulation process of biomass and the disposal options of biomass. The combustion, as a 
disposal option is a known process, but experiments dealing with emissions were performed 
only in the last few years. This research area is also important concerning energy production, 
as in these energy-hungry times every potential energy source should be analyzed. Regarding 
the literature it can be stated, that the combustion of contaminated biomass is not an ordinary 
biomass firing process. The particles in flue gas contain metal compounds, thus an efficient 
air cleaning system is crucial. The particle separation efficiency depends mainly on the 
cleaning equipment and on the temperature of flue gas. The flue gas temperature must be 
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under the temperature, where the condensation of metal compounds is finished. For particle 
separation, filters or an effective hybrid technology is required. 
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AIR QUALITY IN THE NORTHERN HUNGARIAN REGION 

 
KATALIN LANTAI1–ÁGNES WOPERA2–GÁBOR NAGY3 

 
The emission of contaminants is determined by the structure of the national production and 
consumption, the quality and quantity of fuels used, the applied technologies, the transportation system 
and the demand for mobility. The amount of emitted contaminants has radically decreased during the 
past century. The contribution of each sector to air pollution has significantly changed as well. The 
tendencies characteristic to the Northern Hungarian region can only be determined based on long-term 
monitoring. 
Keywords: air pollutants, emission, limit values, particulates 
 
Introduction 
A remarkable part of the population of Europe lives in places – mainly in cities – where 
sometimes certain limit values of air quality are exceeded. Serious health risks are presented 
by ozone, nitrogen dioxide, sulphur dioxide and particulate matter (PM) pollution. 
Air pollution is not only a regional problem but one that affects whole Europe. 
Currently, the two most significant pollutants with regard to health impacts are two fractions 
of particulate matter (the fraction under 10 micrometer: PM10, and the fraction under 2.5 
micrometer: PM2.5) and ground level ozone. 

In comparison with the international levels of air pollution, Hungary is in an average 
position. Therefore, the quality of air in Hungarian municipalities is considered not to be 
radically different from municipalities with similar size, characteristics and location abroad. 
Between 1990 and 2003, the changes in the economic system had a major effect on the air 
pollution of the country. The changes in the structure of industry had a considerable role in 
the decrease of air pollutants. Although the number of vehicles rapidly increased, the specific 
emissions decreased. The role of service industry also increased. Besides, the effects of 
environmental legislations and provisions are also noticeable during these years. 
 
1. Data on national and regional air pollution 
The emission of contaminants is determined by the structure of the national production and 
consumption, the quality and quantity of fuels used, the applied technologies and the 
transportation system. In case of air quality management, significant progress has taken place 
during the last 15 years and the quantity of emitted pollutants has considerably decreased. 
Between the late 80’s and mid 90’s, the change of the economic system and the declining of 
energy-intensive industrial activities resulted in a remarkable decrease of emission. The 
results of later measurements are the consequences of deliberate human interventions. The 
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strict environmental requirements of the European Union force operators of activities causing 
air pollution to effectively reduce the emissions [1]. Figure 1 shows the changes in air 
pollution in Hungary from 2003 to 2013. 
 

 
Figure 1  

Air pollution in Hungary (2003–2013) [1] 

Peaks of PM10 and PM2.5 concentrations can be observed in 2011 caused by the cold winter 
weather. The concentration of all components decreased by 2013 which was partially a result 
of more favourable weather conditions. Precipitation contributes to the removal of surface 
dust. When the temperature is below the freezing point, the roads can not be washed therefore 
the accumulation of surface dust and the increase of PM10 concentration should be expected. 

Not only the purification of air from pollutants is inhibited by dry weather, but the lifting 
of subsided dust is also facilitated. Table 1 gives information on the annual amount of 
precipitation. 

                                                                                                                                Table 1 
                                                                             The annual amount of precipitation [2] 

Year Average annual precipitation compared to the average of 1971–2000 
[%] 

2005 120 
2006 95 
2007 108 
2008 102 
2009 105 
2010 169 
2011 72 

Analysis of this data reveals interesting correlations: 2011 was a rather dry year as the annual 
amount of precipitation represented only 72% of the average of the base years (1971–2000), 
in contrast with the averages of 2005, 2007, 2008, 2009 and 2010 which exceeded that 
amount [2]. Moreover, overlapping can be observed between the rainless periods and the 
heating seasons of 2011, see Figure 2. 

0

10

20

30

40

50

60

0
100
200
300
400
500
600
700
800
900

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

SO
2, 

N
O

2, 
N

O
x, 

O
3, 

PM
10

, P
M

2,
5,

 b
en

ze
ne

  
co

nc
en

tr
at

io
n,

 μ
g/

m
3

C
O

co
nc

en
tr

at
io

n,
 μ

g/
m

3

CO SO2 NO2 NOx O3 PM10 PM2.5 Benzene



Air Quality in the Northern Hungarian Region 81 
 

 
Figure 2  

The amount of precipitation (2011) [2] 

Based on the location of the monitoring station compared to the source of emission, the 
stations can be classified as urban, rural and industrial background and traffic type. Urban 
and rural background type stations are located in urban/rural areas not directly affected by 
industrial and traffic emissions, while industrial background types can be found near 
industrial establishments and traffic types near roads carrying heavy traffic. Figure 3 shows 
the aggregate PM10 concentration at the different types of monitoring stations in Hungary. 

 
 

 
Figure 3  

PM10 concentration at various types of monitoring stations [1, 5] 

The measurement and evaluation of air quality in Hungary is performed by the Hungarian 
Air Quality Network (Országos Légszennyezettségi Mérőhálózat – OLM). The network 
consists of two major parts: automatic monitoring stations with continuous measurements of 
a wide range of air pollutants in ambient air, and a manual system (RIV) with sampling points 
and consecutive laboratory analysis of sulphur dioxide and nitrogen dioxide (and also 
subsiding dust in some places). 
The locations of the monitoring stations in the Northern Hungarian region can be seen in 
Figure 4 [3]. 
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Figure 4  

Measuring stations in the Northern Hungarian region [3] 

Information on the results of the measurements of various air pollutants from 2004–2014 can 
be seen in Figures 5–14. 
 

 
Figure 5  

The change of SO2 concentration in the region [3] 
 

 
Figure 6  

Average SO2 concentration during the heating season [3] 
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One can see that the average annual concentration of SO2 has been higher at Station P1 
(Putnok), where coal based heating became increasingly more popular, than at any other 
monitoring stations. The effect has decreased over the past 3 years, though. Figure 6 and 7 
illustrates that the values are higher at each monitoring station during the heating season. 

 

 
Figure 7  

Average SO2 concentration during the non-heating season [3] 
 
 

 
Figure 8 

The change of CO concentration in the region [3] 

The measured carbon monoxide values were always between 10–15% of the limit value. This 
pollutant does not pose any air quality risks. 
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Figure 9  

The change of NO2 concentration in the region [3] 

 

 
Figure 10  

Average NO2 concentration during the heating season [3] 

 
Unlike the national results, NO2 concentrations monitored at the regional monitoring stations 
were below the annual limits all the time, even at Station M4 (City of Miskolc, Búza square) 
where the emission is typically of traffic origin. 
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Figure 11  

Average NO2 concentration during the non-heating season [3] 
 
 

 
Figure 12  

The change of PM10 concentration in the region [3] 
 

 
From 2012 on the average annual PM10 concentrations are below the limit values (40 �g/m3) 
at each station. However, this limit is exceeded during the heating season (Figure 13). 
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Figure 13  

Average PM10 concentration during the heating season [3] 
 
 

 
Figure 14 

 Average PM10 concentration during the non-heating season [3] 

The importance of various anthropogenic sources in PM10 and PM2.5 emissions in the EU 
member States in 2009 can be seen in Figure 15. According to the figure, an outstanding 
proportion is occupied by non-industrial combustion sources in both PM emissions, 9% 
higher in case of PM2.5. Transportation comes second in both fractions. The difference 
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between the proportion of agricultural emission is rather conspicuous, as the PM10 emission 
is almost three times higher than the PM2.5 emission [6]. 

 

 
Figure 15  

The distribution of PM10 and PM2.5 emissions, based on the sources (2009) [6] 

The information and alert thresholds of particulates were introduced in Regulation 14/2001 
(V. 9.) KöM-EüM-FVM on 25 October 2008 and are also contained in Regulation 4/2011 (I. 
14.) VM which is currently in force [4]. Information on the PM10 concentration during the 
smog episode in 2014 can be seen in Figure 16. 
 

 
Figure 16  

The change of PM10 concentration during the smog episode in January–February 2014 [3] 

During the investigated period, similarly to previous results from the region, the only value 
to exceed information and alert thresholds was the concentration of PM10. Almost all 
exceedances happened during inversion periods or unfavourable meteorological conditions, 
and the PM10 concentration was high at all monitoring and background stations in the 
country. 
 
Conclusions 
According to the data presented, the limit values of the average annual CO, SO2 and NO2 
concentrations given by the relevant legislation were not exceeded in the Northern Hungarian 
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region. However, some measurements showed SO2 concentrations close to the limit value 
during the heating season.  

The carbon monoxide values never exceeded the 10–15% of the limit value in the region. 
This pollutant does not pose any air quality risks. 

Unlike the national results, the NO2 concentrations measured at the regional monitoring 
stations were below the annual limits every time, even at the Miskolc Búza sq. Station where 
the emission is typically of traffic origin. 

However, the measurements of PM10 (particulate matter) are more adverse. The limit is 
exceeded at some stations evet at an annual basis but the exceedance of limitations is more 
significant during the heating season and detectable at almost all, with the exception of two, 
measuring stations. 

 
Acknowledgement 
This research was carried out in the framework of the Centre of Excellence of Sustainable Resource 
Management at the University of Miskolc. 
The authors are grateful to Mária Ambrus for her advice. 

 
References 
 [1] LRK Data Centre: Year 2011 summary of the evaluation of Hungarian air quality based on the 

data of automatic monitoring network, prepared by the National Meteorological Services.  
http://www.levegominoseg.hu/Media/Default/Ertekeles/docs/2011_automata_ertekeles.pdf 

[2] National Meteorological Services  
http://www.met.hu 

[3] National Network for Air Quality Monitoring  
http://www.levegominoseg.hu/ 

[4] Regulation “4/2011. (I. 14.) VM” about the limits of air quality levels and the limits for stationary 
air pollution emitters.  
http://net.jogtar.hu/jr/gen/hjegy_doc.cgi?docid=A1100004.VM 

[5] PUSKÁS, M.: Change of National Air Quality in 2012. Balatonöszöd, 2013. 
[6]   KUGLER: Straßenverkehrsemissionen in Europa – Emissionsberechnung und Bewertung von 

Minderungsmaßnahmen. Universität Stuttgart Institut für Energiewirtschaft und Rationelle 
Energieanwendung, Forschungsbericht, 2012. 

 



Materials Science and Engineering, Volume 41, No. 1 (2016) pp. 89–95. 
 

 
STUDY OF THE ELECTROLYTIC DEGRADATION OF ORGANIC 

POLLUTANTS IN WASTEWATER 
 

FERENC MOGYORÓDY1 
 

The electrolytic degradation of organic pollutants in pesticide wastewaters was studied in a three 
electrode system. The lab-scale experiments show complete mineralization. 
Keywords:   wastewater, degradation, electro oxidation, thiocarbamate 

 
Introduction 
Thiocarbamates are widely used as herbicides and pesticides world-wide. The 
thiocarbamate containing wastewater formed during their production as well as the 
herbicides transferred from the plantations (fields, soil) into the surface waters can be 
regarded as a serious environmental protection problem.  
 Our aim was the possible maximum decontamination of the thiocarbamate herbicides by 
electrochemical degradation. 
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The aim is complete mineralization by electro-oxidation, resulting in the above 

decomposition products from the thiocarbamate molecule. Electrochemical techniques have 
often been considered to be a way of eliminating the toxic compounds contained in certain 
effluents and wastewaters [1]. It is now accepted that a simple modification of the molecular 
structure can considerably reduce the toxicity of a compound [2]. 
 Nowadays, the thiocarbamate wastewater is first treated with Cl2 gas, then it undergoes 
biological treatment, where bacteria degrade the contaminants further, and finally relatively 
clean water leaves the water cleaning system. 
We have studied the electrochemical degradation of five thiocarbamate based herbicide 
(EPTC, Butylate, Cycloate, Molinate, Vernolate) produced by Sagrochem Ltd. The results 
are illustrated for the case of EPTC (S-Ethyl-N,N-dipropyl-thiocarbamate). 

                                              
1  University of Miskolc, Institute of Chemistry 
    3515 Miskolc-Egyetemváros    
    fkmmf@.uni-miskolc.hu 
 



90 Ferenc Mogyoródy 
 
1. Experimental 
A three electrode system was used in the laboratory experiments: the anode and the cathode 
consisted of an indifferent Pt-mesh with a large surface area; AgCl-electrode was used as 
the reference electrode. The constant potential was maintained by an EF 427 type 
potentiostate. The intermediates produced were analyzed by a Hewlett-Packard 1084B 
HPLC. The determination ot the Total Organic Carbon content (TOC) was done by a 
Heraeous Liqui TOC 2001 instrument. A Hewlett-Packard 8452A diode-array 
spectrophotometer was applied for the determination of the SO4

2- content according to 
standard procedure. 
 
Reagents 
The initial concentration of the EPTC made by Sagrochem Ltd. was 100 ppm.  The 
conducting electrolyte was 0.5 kmol.m-3 NaCl (Reanal). 
 The pH was set by HCl in the acidic or by NaOH in the basic range.  Distilled water was 
used as the solvent. 
 
2. Results and Discussion 
The total degradation of EPTC (its structure shown below) 
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and other thiocarbamates can be realized by chemical oxidation (using chlorine or 
hypochlorite as the oxidizing agent), photochemical oxidation [3] (photolysis or photo 
catalysis by TiO2). These procedures can be extended by the electrochemical oxidation the 
application of which for this problem has not been mentioned in the literature before [4]. 

Based on the oxidation with hypochlorite, we tried to form Cl2 and hypochlorite in situ 
by the electrolysis. The production of hypochlorite by electrolysis has been extensively 
studied in the literature. KELSALL et al. [5] studied the electrolysis of NaCl in aqueous 
solution. 
 

 
Figure 1   

The electrochemical stability diagram of NaCl-H2O system (KELSALL et al. [5]) 
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Depending on the pH and the potential, four stable regions can be distinguished. The 
electrode reactions taking place in this system are the following: 
 

 Anode: 2 Cl− 	  Cl2 + 2 e−    (2) 

 Cathode: 2 H2O + 2 e− 	 2 OH− + H2   (3) 
 
The reactions occurring in the solution: 

 Cl2 (aq) + H2O 	 HClO + Cl− + H+   (4) 

 HClO    H+ + ClO−     (5) 
 
Besides the above reactions, other side reactions can also take place. Thus, the system is 
very complex depending on the pH and the applied potential. The electrochemical 
degradation of the EPTC can be realized in this system based on the fact that in addition to 
the electrochemical oxidation, chemical reaction occurs as well.   

During the electrolysis oxidation takes place on the anode and reduction occurs on the 
cathode.  When the anode is not spatially separated from the cathode, there is possibility for 
no macroscopic change, since the products of the anodic oxidation can be reduced on the 
cathode and vice versa. Therefore, the anode has to be separated from the cathode in many 
cases [6].   

This was not necessary in our experiments, because of the simultaneous electrochemical 
and chemical reactions. The following figures represent the results of the EPTC electrolysis 
in four regions based on HPLC measurements. The initial concentration of EPTC and NaCl 
was the same in every experiment.   
 

 
Figure 2 a)   

The electrolysis of EPTC in the ClO− region (pH = 11; Pot = 1.3 V) 
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Figure 2 b)   

The electrolysis of EPTC in the Cl− region (pH = 7; Pot = 1.1 V) 

 
Figure 2 c)  

 The electrolysis of EPTC in the HClO region (pH = 4; Pot = 1.5 V) 
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Figure 2 d)  

 The electrolysis of EPTC in the Cl2   region (pH = 2; Pot = 1.45 V)  

The pH and the applied potential were varied during the electrolysis of EPTC, and as it is 
shown in Figure 1, the degradation takes place differently depending on these two 
parameters.  All four measurements were carried out up to the same time (2 hrs) and the 
EPTC was totally degraded in all cases except the Cl− region. Only the electrochemical 
oxidation of EPTC occurs in this region, other chemical reaction does not take place.  Thus, 
the EPTC does not degrade totally, and at the same time, the concentrations of the 
intermediates, from the degraded EPTC, having different retention times (Rt) show an 
increase based on the HPLC chromatograms.  The degradation is the fastest in the Cl2 
containing region, and almost as fast in the HClO region. Remarkable, the dramatic 
decrease in the concentration of the EPTC, when practically after only three minutes there 
was no detectable EPTC in the system. Although, intermediates of different retention times 
are produced as well, but they are also degraded. The degradation of EPTC is not so fast in 
the ClO− region, where concentration of the intermediate of retention time of 2.56 increases 
significantly in the beginning, but by the end of the electrolysis, this species also disappears. 
 

 
Figure 3 

The results of the TOC measurements 
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Figure 3 represents the results of the measurements of the Total Organic Carbon (TOC) 
content in the different regions. The TOC decreased with time in all four regions. During 
the electrolysis the TOC decreased to less than half of its initial value in every case except 
the Cl- containing region.  In the ClO− region the final TOC value was almost zero which is 
interesting, because the real industrial wastewater not only contains NaCl but is also 
alkaline, so it is easy to reach complete mineralization in it by electro-oxidation. 
 The results of the SO4

2− measurements are shown in Figure 4. Since initially there was 
not any SO4

2− in our system, it can only be formed from the S atom of EPTC during the 
electrolysis. The S-ethyl group can be removed most easily from the EPTC molecule, which 
after forming diethyl-disulfide (Et-S-S-Et), is finally oxidized to sulfate. Thus, the sulfate-
ion can be formed only in the oxidation of the thiocarbamate molecule in this system.   
 

 

 
Figure 4    

The results of the SO4
2− measurements 

 
Figure 5  

The Chemical Oxygen Demand (COD) and the results of degradability 
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Figure 5 shows the Chemical Oxygen Demand (COD) and results of the degradability 
measurements in the ClO− region. The COD decreases to half of its initial value within 30 
minutes as a result of electrolysis. The degradability increases to 50% relative to the low 
initial value. 
 
Conclusion 
Based on our measurements, it can be concluded that the EPTC can be decomposed by 
electrolysis. Complete mineralization of organic pollutants occurs in lab-scale experiments. 
This could be a new method for wastewater treatment in environmental protection. A 
procedure for the electrochemical degradation of thiocarbamate wastewater has been 
developed.  
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COMPUTER SIMULATION OF SEMI-SOLID MATERIAL 
FLOWABILITY  

 
DÁNIEL MOLNÁR1–BALÁZS SÁNDOR2 

 
High pressure die casting is a near net shape process where turbulent filling and rapid solidification 
occurs under high pressure conditions. Alternative die casting technologies such as rheocasting have 
been developed in order to increase the quality of castings. The simulation of flowability and fillability 
is influenced by several factors such as temperature of the melt and the die, viscosity behaviour in the 
mushy zone, solid particle ratio and flow properties. Here a control volume model is developed to 
simulate the rheocasting process based on the commercial software NovaFlow&Solid. Several 
simulation trials were carried out to examine the flowability of normal AlSi7Mg alloy and its semisolid 
version. 
Keywords: semi-solid rheocasting, flow behaviour, flow-test, computer simulation 
 
1. Semi-solid metal processing 
Lightweight metals are used extensively by the automotive and transport industries, both in 
wrought and cast forms. Recently the European Aluminium Association (EEA) reported that 
the amount of aluminium used in new European cars had risen between 1990–2010 from 50 
kg to 140 kg, so it is not surprising to see there is a growing tendency to employ aluminium 
and aluminium alloys in the automotive and transport industries. Cast aluminium components 
are mainly used in chassis and suspension applications, wheels, steering parts, cylinder heads, 
brake drums, connecting rods etc. Today, based on data from the EEA, some 73% of cast 
alloys go into the transport sector in Europe and due to high production rate and dimensional 
stability as well as excellent surface finish and high volume production, a large number of 
these parts are produced by high pressure die casting method.  

In the search for improved alloy properties, a number of casting techniques have been 
developed and introduced on the market in last four decades, such as semi-solid forming or 
squeeze casting. Squeeze casting is a casting method of producing near-net-shape parts in 
which the liquid metal charge is forged to shape inside closed dies. It combines the strength 
and integrity of forging with the economy and design of flexibility of casting. The process 
became commercially available in the mid-1970s for custom manufacture of nonferrous 
components. Compared with conventional casting techniques, squeeze cast products have a 
very good combination of strength and elongation, which mainly comes from their high 
density and finer and more homogenous microstructures [1, 2]. 
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1.1. Undercooling requirement 
The driving force of any phase transformation, including solidification, is the change in free 
energy. The free energy per mole (molar free energy) or per unit volume (volumetric free 
energy) of a substance can be expressed as 
 

        (1) 
 
where E is internal energy (i.e. the amount of work required to separate the atoms of the 
phase to infinity), P is pressure, v is volume, T is temperature and S is entropy. 
Thermodynamics stipulates that in a system without outside intervention, the free energy can 
only decrease. 
The change in free energy can be described by the sum of the increase resulting from the 
relaxation of each particular assumption: 
 

      (2) 
 
The four positive right-hand terms are the increase in free energy because of curvature, 
temperature, composition, and pressure variation, respectively. Let us now evaluate the terms 
in this equation. 
The driving force in the evaluation of spheroidal grains is the curvature undercooling.  As 
the volume of a solid particle in a liquid decreases, its surface/volume ratio increases and the 
contribution of the interface energy to the total free enthalpy of the particle increases. Thus, 
when the particle size decreases in a liquid-solid system, the total free enthalpy of the solid 
increases. 
When the particle increases by , where r is the radius, the work resulting from the 
formation of a new surface, , must be equal to that resulting from the decrease 
in the free volumetric energy, 
 

          (3) 
 
Equating the two, after differentiation, the increase in free energy is 
 

          (4) 
 
where γ is the liquid-solid surface energy, and K is the curvature. Then, from the definition 
of undercooling:      
    

          (5) 
 
can be obtained, 
 

 or        (6) 

 
where  is the curvature undercooling, Te is the equilibrium (melting) temperature for a 
sphere of radius r, and Γ is the Gibbs–Thomson coefficient [3]. 
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1.2. Spheroidal grain evolution 
Coarsening or ripening is an important aspect of the microstructure evolution in semi-solid 
processes. The relationship between particle size, isothermal shearing and shearing time has 
been presented which states that the particle size increases with time when spherodisation 
occurs, but particle size decreases when going from dendritic rosette-like shape. During 
ripening, the particles become smaller and the average size of α-Al phase increases, as small 
particles tend to disappear. The reduction in interfacial energy of particles total area is the 
driving force for the Ostwald ripening, which can be described by the so-called FSW rate 
equation in the case of diffusive mass transport. A rate equation adapts Ostwald’s ripening 
theory modified to semi-solid systems: 
 

       (7) 
 

where Dm is the mean diameter of the particles after time t, D0 is the initial average diameter 
when t equals t0, Fvf  is a function of solid volume fraction and KLSW is the growth constant.  

In the case of convective coarsening it was shown that coarsening is not only enhanced, 
as fluid flow leads to a faster mass transport, but also the coarsening kinetics are changed. A 
new rate equation is derived for solid particles moving with Stokes speed. Then the average 
particle size increases with time as 
 

        (8) 
 

where the parameter ω refers to the rotation frequency and A is the constant containing the 
diffusion coefficient [2–4]. 
 
2. Simulation of the process 
NovaFlow&Solid is a Control Volume simulation software package which is developed by 
Swedish NovaCast Technologies AB under continual development since 1993. Conservation 
laws (of matter balance, pulse and energy) form the foundation of physical-mathematical 
models of the program. These conservation laws take into account the phase transitions taking 
place in the solidifying casting, the exact geometry of the casting and mould, and heat mass 
exchange with environment. 
Properties of fluids play a primary role for the development of mathematical models for fluid 
flow simulation. One should make clear assumptions about which property can be assumed 
to be constant and which depends on temperature, pressure etc. Where properties depend on 
temperature variable, an additional coupling between various conservation equations arises. 
Properties enter as coefficients in the conversation equations. The magnitude of these 
coefficients can change the overall picture of the flow.  

Mass density of the fluid is defined as the ratio of the mass of the fluid to the volume 
occupied by this fluid. Taking the limiting value of this ratio for the infinitesimal volume, we 
obtain the defining equation of density ρ, [kg/m3]. In a general case, fluid density depends on 
temperature and pressure. For liquids, if the incompressibility assumption is adopted, density 
depends only on temperature. 
Specific heat is defined as the amount of heat needed to heat up a unit mass of substance by 
one unit of temperature. This heat can be measured either under the condition of constant 
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volume or constant pressure. For liquids they are identical, in SI the unit of the specific heat 
is [J/(kgK)]. 
Enthalpy for solids and liquids can be defined as 
 

        (9) 
 
where TR has been chosen as a convenient reference temperature. The enthalpy of solids and 
liquids is a measure of the heat content per unit mass. Therefore, at any temperature, the heat 
content of the specimen can be calculated from the enthalpy by taking the product of the 
enthalpy times the mass of the specimen. Enthalpy, according to the definition, is always a 
monotonic curve. The SI unit of enthalpy is [J/kg]. 
Heat can be transmitted by means of diffusive exchange. This mechanism of heat transfer is 
conduction.  Heat flux is defined as the amount of heat that flows per unit time through the 
unit of area. The flux of heat exchanged by conduction is described by the Fourier law, which 
is given by the equation 
 

                     (10) 
 
where qi denotes the heat flux, which is a vector with three components (in spatial directions). 
On the left side we have the temperature gradient and the proportionality constant k, which 
is the heat conductivity. The SI unit is [W/(mK)]. 
Viscosity describes the ability of fluids to transfer momentum by virtue of diffusion. By 
analogy to the Fourier law of heat conduction, the flux of momentum of the fluid is given by 
the equation 
 

                      (11) 

 
where the proportionality constant μ is the dynamic viscosity. 
The product of mass (m) and velocity (v) gives momentum, and its flux can be obtained in 
the following way 
 

                       (12) 
 
Force (F) divided by the surface (A) on which this force acts, gives the stress (τ) on this 
surface. 
Viscosity of the metal-alloy melt is always temperature dependent. For most metal alloy 
melts, viscosity above the liquidus temperature can be assumed constant. Between the 
liquidus and the solidus temperature, viscosity of the semi-solid mixture grows, slowing 
down and eventually blocking the flow. In SI the unit of dynamic viscosity is the pascal (Pa). 
Besides the dynamic viscosity, the kinematic viscosity (ν) is often used. Kinematic and 
dynamic viscosities are related to one other by the equation 
 

 [m2/s]                     (13) 
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Fluidity threshold (CLFu) is the value of the liquid phase fraction above which the Navier–
Stokes equations are applicable. The crystals nucleated in the liquid volume freely flow 
together with the melt. 
Percolation threshold (CLFd) is the value of the liquid phase fraction below which the melt 
flow is absent without plastic deformation [5–6]. An explanation of the fluidity threshold and 
percolation threshold can be seen in Figure 1. 

 
Figure 1  

Explanation of the fluidity and percolation thresholds [4] 

High pressure die casting (HPDC) is a manufacturing process in which molten metal injected 
with a die casting machine under force using considerable pressure into a steel mould or die 
to form products. A production cycle in HPDC consists of metal ladling, plunger movement 
and rapid die filling. The steel die, typically 200–300 °C, dissipates the latent heat, and during 
solidification the casting is pressurised hydraulically by the plunger to feed the solidification 
shrinkage. Locking forces up to 4,000 tons are commercially available to withstand the large 
pressures. Eventually, the die is opened and the casting is ejected. The hydraulic energy is 
provided by a computerised system that permits control of metal position, velocity and 
plunger acceleration to optimise the flow and the pressure during filling and solidification. 
During simulation experiments the effect of the following technological parameters are 
examined: Piston velocity in the first phase (m/s); Piston velocity in the second phase (m/s); 
Temperature of the die (°C); Temperature of the melt (°C) [5, 6]. 
 
3. Specimen geometry 
For the analysis of flowability a special specimen geometry is developed which is called a 
“meander” and can be seen in Figure 2. Total length of the specimen is 1874 mm, and the 
cross section of it is 50 mm2. The 3D geometry is described by a structured cubic element 
mesh with a dimension of 2 mm. The total number of cells is 949,050. Initial and boundary 
conditions: 

− alloy:    EN AC-42000 [–] 
− die:    Steel 1.2343 [–] 
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− kinematic viscosity:  0.4–416   [*10 e−5 m^2/s] 
− piston velocity, 1st phase:  0.1–1.8  [m/s] 
− piston velocity, 2nd phase:  1–3  [m/s] 
− die temperature:   180–240  [°C] 
− pouring temperature:  586ľ650  [°C] 

 
The experimental matrix can be seen in Table 1. 

Table 1 
 Experimental matrix 

Sign Alloy 
Kinematic 
viscosity 

Piston 
velocity 

Piston 
velocity Die temp. Melt temp. 

10e−5m2/s 1st [m/s] 2nd [m/s] [°C] [°C] 

A Standard 
EN-AC 42000 0.4 0.1 1 180 590 

B Standard 
EN-AC 42000 0.4 0.1 (1→) 3 (180→) 240 (590→) 650 

C SB-1 (0.4→) 416 0.1 3 240 (650→) 590 
D SB-2 (416→) 41.6 0.1 3 240 590 
E SB-3 (41.6→) 4.16 0.1 3 240 590 

Sign Alloy 
Kinematic 
viscosity 

Piston 
velocity 

Piston 
velocity Die temp. Melt temp. 

10e−5m2/s 1st [m/s] 2nd [m/s] [°C] [°C] 
F SB-3 4.16 (0.1→)0.5 (3→)2 (240→)200 590 

G Standard 
EN-AC 42000 0.4(1) (0.5→)0.1 (2→)3 (200→)150 (590→)650 

H SB-4 8.3 0.2 (15→)200 (650→)586 

I SB-4 8.3 (0.2→)1.8 200 586 

J SB-4 8.3 1.8 200 586 

K EN-AC42100 8.3 1.8 200 586 

 

 
Figure 2  

Meander casting part 
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4. Results 
Filling conditions of standard alloy in mushy zone (experiment A) and in normal overheated 
conditions (Experiment B) can be seen in Figure 3. 
 

 
Figure 3  

Filling of the specimen 

In Experiment A standard EN AC-42000 alloy is calculated at 590 °C pouring temperature 
(between Tliquidus and Tsolidus), with 0.1 m/s and 1 m/s piston velocities for a die with the 
temperature of 180 °C. The calculated flow length is 270 mm, which is 15% of the total 
length of the specimen. The result is probably also affected by the improper position of the 
starting point of the 2nd phase, which is repositioned. In Experiment B a standard overheated 
EN-AC 42000 alloy was cast (pouring temperature: 650 °C, die temperature: 240 °C, piston 
velocity in the 2nd phase: 3 m/s). The flow length is 920 mm, which is 51% of the total length 
of the specimen. If the melt is overheated, the die temperature is increased, and the correct 
switching point position is achieved, the flow length can be increased by 36%. 

In Experiments C, D and E semi-solid alloys were examined. Semi-solid properties were 
developed based on the software database: the value of kinematic viscosity was modified by 
the pouring temperature (416→41.6→4.16 *10−5 m2/s). 

Based on the results of experiment E technological modifications were carried out in 
experiment F by changing the piston velocities and the initial temperatures are: piston 
velocity, 1st phase: 0.5 [m/s]; piston velocity, 2nd phase: 2 [m/s]; die temperature: 200 [°C]. 
With the modification the flow length can be increased by 2.3%. 

The effect of the die temperature on flow length was also examined for a standard 
overheated alloy. By changing the values from 150 °C to 240 °C, a 9.8% increment can be 
achieved. Based on the results modification of the specimen geometry was implemented. The 
overall dimensions were kept but the cross section of the channel flow was increased from 
50 mm2 to 84 mm2. By this geometry modification 6.26% increment can be achieved. 
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Conclusions 
A summary of results can be seen in Table 2. 

Table 2 
Summary of results 

Standard 
alloy 
vs. 

Standard 
alloy 

Cross 
section 

Kinematic 
viscosity 

Piston 
velocity 
1st phase 

Piston 
velocity 
2nd phase 

Die 
temp. 

Melt 
temp. 

Change 
of flow 
length 

mm2 m2/s m/s m/s °C °C % 

A→B – – ↑ ↑ ↑ ↑ –36 
G→B – – – – ↑ – +9.8 

Standard 
alloy 
vs. 

Semi-
solid 
alloy 

Cross 
section 

Kinematic 
viscosity 

Piston 
velocity 
1st phase 

Piston 
velocity 
2nd phase 

Die 
temp. 

Melt 
temp. 

Change 
of flow 
length 

mm2 m2/s m/s m/s °C °C % 

A→I – ↑ ↑ ↑ ↑ – –5 
Semi-
solid 
alloy 
vs. 

Semi-
solid 
alloy 

Cross 
section 

Kinematic 
viscosity 

Piston 
velocity 
1st phase 

Piston 
velocity 
2nd phase 

Die 
temp. 

Melt 
temp. 

Change 
of flow 
length 

mm2 m2/s m/s m/s °C °C % 

C→E – ↓ – – – – +10.8 
I→J ↑ – – – – – +6.2 

Based on the simulation results it was found that both material and technological parameters 
affect the flow-length properties of semi-solid high pressure die castings. Pouring 
temperature of the slurry and the proper temperature of the die can be determined with the 
help of simulation, but the exact kinematic viscosity of the poured alloy must be measured 
during casting. Both geometry variations of the specimen are appropriate for the investigation 
of the process but in our future experiments the 50 mm2 cross-sectioned specimen will be 
used because the wall thickness of it is closer to real high pressure casting parts. 

In future experiments casting samples will be poured and compared with the calculated 
results and the simulation model will be validated by the as-cast results. 
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THE EXAMINATION OF THE CO-PYROLYSIS OF FOOD  

AND WOOD I – SOLID RESIDUE 
 

GÁBOR NAGY1–ÁGNES WOPERA2–TAMÁS KOÓS3 
 

Turning solid fuels into gaseous energy sources is getting more and more important nowadays. 
However, some amount of solid matter always remains after such processes. Based on the pyrolysis of 
base materials (food waste and oak) mixed in various mass ratios it can be determined that increasing 
the oak ratio leads to decreased fluid formation and increased gas yield. The high carbon content of the 
solid residue is also the result of the increased oak ratio of the base material mixture. Hence, its 
utilisation as fuel and base material for gasification is possible. The same conclusion can be drawn 
based on the high energy value of the solid residues. These two possible utilisations are enabled by the 
softening properties of both the base materials and the solid residues as well. 
Keywords: co-pyrolysis, char 

 
Introduction 
Beside the utilisation of solid energy sources like fossil fuels, biomass or wastes via burning, 
the significance of gasification is becoming more and more important in energy production. 
This conversion requires a significant amount of energy but has many advantages: not only 
the energy utilisation of the gaseous energy sources is easier and applicable on a wider scale, 
but the gas produced via gasification can be base material for the chemical industry as well 
as fuel [1]. 

Torrefaction, pyrolysis and gasification are the main methods of thermochemical 
conversion. During torrefaction, the base material is heated up to 200–300 °C to remove the 
moisture and volatile content and to increase the energy density of the base material. 
Pyrolysis is usually performed between 400–600 °C in anaerobic conditions. As a result, a 
significant amount of liquid matter is formed and solid matter remains in the end of the 
process. During gasification, the base material is transformed into gaseous energy source at 
high temperature, around 1000–1500 °C. Some reactants used could be air, oxygen, steam or 
H2 [2]. 

Depending on the technology used, some amount of liquid, gaseous or solid matter is 
formed during all three processes. The ratio of these materials depends on the base material 
and the technology chosen. In many cases, the carbon content of the residual solid matter 
(char) is rather high. Thus further gasification is possible, it may be used as fuel or as 
activated carbon in gas- and wastewater cleaning systems [3]. 

Food wastes are typically treated as municipal wastes and disposed in Hungary, while 
these are composted or utilised as base material for biogas production in countries with a 
long history of waste recovery [4, 5]. Such processes might require weeks or months based 
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on the applied technology, while thermochemical processes require only hours. Thus, wastes 
can be converted to valuable resources in significantly less time. 

Various food mixtures were pyrolised and the results revealed that these materials are 
appropriate for the production of good quality gaseous fuel. However, these wastes have high 
moisture content, typically at least 40 wt%, and are not generated in such high content, so 
their production is not economic. To solve this issue, supplementary base material was added 
to the mixtures for further experiments [6]. 

Based on our previous examinations, [7] woody biomasses might be the most appropriate 
for co-pyrolysis and the most optimal temperature should be 700 °C for pyrolysis. Our 
various base material mixtures were also pyrolised on 700 °C and the produced gases, fluids 
and solid residues were analysed. The current article consists of the analysis of only the 
residual pyrolysis char from the reactor. 

 
1. Base materials and the examination method 
The base material for the pyrolysis experiments was food waste and oak mixed in various 
mass ratios. The composition of food waste was always the same: cooked rice (25 wt%), 
French fries (25 wt%), fried chicken breast (25 wt%) and breaded pork chop (25 wt%). The 
names of the samples and their meanings are in Table 1. 

Table 1 
The names of the samples in the article 

Name of the sample Note 

Food Original food mixture of cooked rice (25 wt%), French fries (25 wt%), 
fried chicken breast (25 wt%) and breaded pork chop (25 wt%) 

2 Food:1 Wood 2:1 mixture of food mixture and oak mixture 
1 Food:2 Wood 1:2 mixture of food mixture and oak 
Wood Original oak  
Food – 700°C Pyrolysis char of food mixture (700 °C) 
2 Food:1 Wood – 700 °C Pyrolysis char of 2:1 mixture of food mixture and oak (700 °C) 
1 Food:2 Wood – 700 °C Pyrolysis char of 1:2 mass ratio food mixture and oak (700 °C) 
Wood – 700 °C Pyrolysis char of oak (700 °C) 

 
An experimental reactor has been built (Figure 1) in which the pyrolysis experiments 

were carried out until the gas production was detectable. 
The examination methods for the base materials and pyrolysis chars were the following: 
Standard “EN 14775:2010: Solid Biofuels – Determination of Ash Content” was used to 

determine the ash content. The analysis was carried out in a HK-45/12 V type heating furnace 
with 12 kW nominal power. 

The elemental composition of the samples was analysed based on Standard “EN 15104-
2011: Solid Biofuels – Determination of Total Content of Carbon, Hydrogen and Nitrogen – 
Instrumental Methods” with a Carlo Erba EA 1108 elemental analyser. Program Eager 200 
was used to collect and analyse the data. 

Standard “EN 14918:2009: Solid biofuels – Determination of calorific value” was the 
basis of the determination of higher heating value (HHV), using a Parr 6200 type calorimeter, 
then in the light of certain corrections, i.e. the hydrogen or moisture content of the sample, 
the lower heating value (LHV) was calculated. 
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The softening and melting properties of the ash ware analysed with a SYLAB IF2000G 

type instrument a based on Standard “CEN/TS 15370-1: 2006: Solid biofuels – Method for 
the determination of ash melting behaviour. Characteristic temperatures method”: 

 

 
Figure 1  

Schematic illustration of the experimental reactor 

2. Results 
2.1. Conversion of the base material 
The different base materials leave the reactor partly in liquid and in gaseous form during the 
pyrolysis, but the ratio of the mass flows may change. Table 2 contains information on the 
quantity of the produced gaseous and liquid products and the remaining solid matter, while 
the conversion of the base material depending on the ratio of food waste and oak is illustrated 
in Figure 2. 

Analysing the ratio of the produced materials in relation to the base materials (Figure 2) 
it can be determined that the wood added to the food mixture increased the gas yield and the 
quantity of residue char, and significantly decreased the amount of liquid produced. These 
values can be estimated via the first- and second-degree equations indicated in Figure 2. 

Table 2 
The mass ratio of the materials produced during pyrolysis (T = 700 °C) 

Materials 
produced  

Mass ratio of the materials produced from various base 
materials, wt%  

Food 2 Food:1 Wood 1 Food: 
2 Wood Wood 

Pyrolysis char 13.20 25.40 30.20 34.10 
Liquid  64.01 49.95 41.96 36.42 
Gas 22.79 24.65 27.84 29.48 
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Figure 2  

The ratio of the materials produced during pyrolysis (T = 700 °C) depending on  
the composition of the base material 

 
2.2. The composition of the base materials and the solid residues 
The comparison of the base and residue materials indicates that the carbon content of the 
solid residue is relatively high (Table 3). This property enables the further energetic 
utilisation of residues, like gasification or combustion. Furthermore, the structure of the solid 
residue was loose and porous (Figure 3) with high carbon and oxygen and low ash content. 
Therefore, these residues are suited for activated carbon production [8]. 

Further information can be obtained by comparing the elemental compositions of the 
residue char from 1 kg pyrolised base material and 1 kg base material. The carbon and oxygen 
contents of these are presented in Figure 4 and the nitrogen, sulphur and hydrogen content in 
Figure 5. 

Table 3 
The composition of the base materials and the remaining pyrolysis chars 

Sample Average composition of the dry samples, wt% 
Nitrogen Carbon Hydrogen Sulphur Oxygen Ash 

Food 5.07 45.84 7.89 2.17 35.90 3.13 
2 Food:1 Wood 3.22 45.98 7.33 1.45 36.98 5.04 
1 Food:2 Wood 1.72 47.11 6.71 0.80 38.67 4.99 
Wood 0.11 47.79 6.19 0.01 39.98 5.92 
Food – 700 °C 4.61 62.92 3.51 0.45 16.45 12.06 
2 Food:1 Wood –
700 °C 1.53 80.24 1.28 0.39 10.58 5.98 

1 Food:2 Wood –
700 °C 0.77 79.85 2.59 0.30 10.23 6.26 

Wood – 700 °C 0.17 83.49 2.43 0.32 11.99 1.60 
 

y = -0,0019x2 + 0,3928x + 13,529 [%m/m]
R² = 0,9915

y = 0,002x2 - 0,4694x + 63,830 [%m/m]
R² = 0,9985

y = 0,0698x + 22,717 [%m/m]
R² = 0,9834
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Figure 3  

Photo of the char (2 Food:1 Wood – 700 °C) 

 
Figure 4  

Carbon and oxygen content of 1 kg base material and its residue char (T = 700 °C) 
 

The carbon and oxygen content of all four base materials are approximately the same, but the 
residue carbon increases in proportion to the amount of oak in the samples. This is in close 
relation to the facts that the carbon content of the residue char increases in proportion to the 
amount of oak in the base material. Moreover, the amount of the residue solid matter also 
increases with the amount of oak in the samples, as seen in Figure 2. The same can be stated 
in case of the oxygen in the residues, though, the increase ratio is not as high as in case of 
carbon. 
 The nitrogen, sulphur and hydrogen content of 1 kg base material decrease in proportion 
to the oak content of the base material but only a small proportion of these elements can be 
found in the char after pyrolysis. The low sulphur content of base materials is favourable 
during energy utilization. 
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Figure 5  

Nitrogen, sulphur and hydrogen content of 1 kg base material and its residue char  
(T = 700 °C) 

 
2.3. Examination of the LHV 
Based on the Figure 6 it can be stated that the LHVs of the char samples where higher than 
the LHVs of the base materials. The explanation is that the char contains relatively high 
amount of carbon, while the concentration of other elements is significantly low. Thus, as the 
carbon content is higher in the char than in the base materials, the LHV increases. Moreover, 
the increasing oak content of the base materials enhances the LHV as well. As the previous 
chapter proved, the quantity of the residue char from 1 kg base material also increases in 
proportion with the amount of wood. Based on these data, the heat value of the char is 
improved by the addition of oak. 
 

 
Figure 6  

The LHV values and the released heat of the base materials and the residue char samples 
(Q* – The amount of released heat in case of the burning of 1 kg original base materials, and the amount of 

released heat in case of the burning of the residue char from 1 kg base material samples) 
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The charting of the LHV and the energy value of the chars in relation to the composition of 
the base materials (Figure 7) shows that the estimation can be approximated with a second-
degree equation. Thus, the estimation of the LHV of the residue char from various base 
materials is possible. 

 

 
Figure 7  

The LHV and the energy of the chars in relation to the composition of the base materials 
after pyrolysis (T = 700 °C) 

Even though the LHV is more relevant in practice, data and literature on the higher 
heating value is more widespread [9, 10]. The HHV of the samples can be compared to 
various fuels in Figure 8. As the data in the various literature can be rather different, the 
average of these values can be found in the diagram without the exact value given. As the 
diagram clearly shows, the char samples are suitable for burning because the HHVs were 
higher than some of the already used fuels. Thus indicating the exact values was not 
necessary. 

 
Figure 8  

The char samples and some other materials used for energy recovery 

2.4. The examination of the softening properties of the base materials and solid residues 
The examination of the ash content revealed that the ash of the base materials has a much 
lighter colour than the ash of the pyrolised char samples (Figure 9) which implies that some 
kind of transformation takes place in the ash during pyrolysis. If these processes deteriorate 

LHV = -0,0005x2 + 0,1168x + 23,362 [MJ/kg]
R² = 0,9780
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the softening properties of the ash, the utilisation of the char at high temperature might 
become difficult. 

 

 
Figure 9  

The ashes of the food mixture (a), the oak wood (b), the pyrolised food mixture (c)  
and the pyrolised oak (d) 

 
In order to find out if any other properties of the ash change beside the colour, the softening 
parameters were examined. The deformation of the test bars prepared from the ash, based on 
standard CEN/TS 15370-1: 2006, because of temperature increase can be characterised with 
the following 5 states/temperatures (Figure 10): 
1 – Original sample; 
2 – Shrinkage starting temperature: the area of the test bar decreases by 5% because of 

sintering, the departure of CO2 and/or volatile alkaline metals; 
3 – Deformation temperature: the temperature at which the softening of the test bar seems to 

start, i.e. the surface is changing, the edges are getting rounded, the test bar is starting to 
swell. The starting temperature of the softening; 

4 – Hemisphere temperature: the temperature at which the shape of the test bar resembles a 
hemisphere. The height of the molten test bar is the half of its diameter; 

5 – Flow temperature: the temperature at which the height of the test bar is the half of the 
height measured at hemisphere temperature. 
 

 
Figure 10  

Phases in the ash melting process [11] 
1 – Original sample; 2 – Shrinkage; 3 – Deformation; 4 – Hemisphere; 5 – Flow 

a) b) 

c) d) 
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Figure 11 illustrates the deformations of the test bars made out of the ashes of the original 
base materials and char samples, while Table 4 and 5 show the characteristic temperatures 
that can be found in the standard. 

 

 
Figure 11  

The width/height ratio of the ash test bars in relation to the temperature 

The analysis of the width/height ration of the test bars showed (Figure 11) that the softening 
of the ash of the Wood sample had the lowest and the ash of the Food sample had the highest 
softening temperature. The softening properties of all the other residue samples were between 
these two temperatures. 

Table 4 
The properties of the ash of the original and pyrolised food mixture and oak  

 
The comparison of the data from Table 4 reveals that the starting temperature of the sintering 
of the ash decreased a bit because of the pyrolysis. The deformation of the ash from the 
pyrolised food mixture started 157 °C lower than the deformation of the ash of the food 
mixture. On the other hand, the deformation of the ash of the oak started at a lower 
temperature in case of the original ash, not the pyrolised sample. This can also be observed 
at the hemisphere temperature. The flow temperature was too high to determine with our 
current equipment in all cases. 

According to the analysis of the ash of the pyrolised materials (Table 5), sample “1 
Food:2 Wood – 700 °C” was the first material to sinter, at 1071 °C, and to soften as well, at 
1253 °C, latter of which temperature is too high to utilise the char by burning or gasification 
without causing problems in the system with the ash softening. 
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Flow temperature, °C >1546 >1436 – >1276 >1496 – 
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Table 5 
The softening properties of the ashes of the pyrolised materials 

 Properties Food –
700 °C 

2 Food: 
1Wood – 700 

°C 

1 Food: 
2 Wood – 700 

°C 

Wood – 
700 °C 

Shrinkage starting temperature, °C 1321 1341 1071 1192 
Deformation temperature, °C 1263 1450 1253 1264 
Hemisphere temperature, °C 1423 1485 1526 1472 
Flow temperature, °C >1436 1508 >1546 >1496 

 
The charting of the data from Table 5 can be observed in Figure 12. 

 

 
Figure 12  

The softening temperature of the ashes of the pyrolised mixtures 

Conclusions 
The examination of oak and food waste mixtures in various mass ratios before and after 
pyrolysis at 700 °C shows that the conversion ratio of the base material decreases with the 
addition of oak, as the amount of solid residue is higher. Decreasing the ratio of oak resulted 
in less liquid and more gas production. The quantity of solid, liquid and gaseous products can 
be estimated based on the ratio of the base materials using first- and second degree equations.  

The carbon content of the residue solid matter is relatively high after pyrolysis and 
increases with the higher ratio of the oak added to the base material. Furthermore, the char 
can be utilised not only as base material for gasification or energy recovery because of the 
high oxygen, low ash and sulphur content, but for activated carbon production as well. 

The possibility of the usage for energy recovery was supported by the results of the LHV 
tests. A function was developed to estimate the LHV of the residue material of the pyrolysis 
of the mixture and another to determine the energy of the char from the pyrolysis of 1 kg base 
material, depending on the food mixture/oak mass ratio. 

The examination of the softening properties of the ash of the original materials and 
pyrolysis chars showed that most of the characteristic temperatures are decreased by 
pyrolysis. Still, these temperatures are within such temperature range, that the softening of 
the ash should not cause any problems during neither gasification, nor burning. 
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THE EXAMINATION OF THE CO-PYROLYSIS OF FOOD AND WOOD II 
– SYNGAS 

 
GÁBOR NAGY1–ÁGNES WOPERA2 

 
The thermochemical conversion of solid materials is getting more and more important nowadays, the 
product or by-product of which is syngas containing carbon monoxide and hydrogen. The procedure 
for our experiments was pyrolysis, during which the determination of the possible uses of the produced 
gas from base materials (food waste and oak) mixed in various mass ratios was the aim. 
According to the experiment, the increased oak content of the food-wood mixture increases the carbon 
monoxide content of the syngas and reduces its carbon dioxide content. Based on the H2/CO ratio, the 
composition of the produced syngas might be suitable for acetic acid and acetic anhydride production. 
In case the syngas is not for the chemical industry, the analysis of its heat value is also necessary. 
According to the analyses, the produced syngas is highly suitable to be used as fuel. The adiabatic flame 
temperature of the syngas produced during the experiment was often higher in most cases than in case 
of an ordinary natural gas. 
Keywords: pyrolysis, syngas utilisation 

 
Introduction 
Syngas is a gas mixture typically produced via gasification or pyrolysis. One of the main 
parameters of syngas is the H2/CO ratio. 

Table 1 
The necessary H2/CO ratios for the products made out of syngas 

Product Basic chemical reactions H2/CO ratio 

FT liquid fuels 2n H2 + n CO → CnH2n + n H2O 
(2n+1) H2 + n CO → CnH2n+1 + n H2O 

2.0 
2.1 

Methanol 2 H2 + CO → CH3OH 2.0 
Ethanol 2 CO + 4 H2 → C2H5OH + H2O 2.0 
Higher alcohols n CO + 2n H2 → CnH2n+1OH + (n–1) H2O 2.0 
Dimethyl ether 2 CO + 4 H2 → CH3OCH3 + H2O 2.0 
Acetic acid 2 CO + 2 H2 → CH3COOH 1.0 
Ethylene 2 CO + 4 H2 → C2H4 + 2 H2O 2.0 
Ethylene glycol 2 CO + 3 H2 → C2H6O2 1.5 
Acetic anhydride 4 CO + 4 H2 → (CH3CO)2O + H2O 1.0 
Ethyl acetate 4 CO + 6 H2 → CH3COOC2H5 + 2 H2O 1.5 
Vinyl acetate 4 CO + 5 H2 → CH3COOCHCH2 + 2 H2O 1.25 

 
Depending on whether syngas production is the aim of the fuel-conversion process [1, 2, 3] 
or it is only a by-product and what the gasified/pyrolised base material is [4, 5, 6], the 
composition and the possible utilisation can be rather different. For example, for energy 
recovery purposes high hydrocarbon content is necessary, while to use it as base material for 
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the chemical industry high hydrogen and carbon monoxide content is needed. Table 1 
demonstrates some of the possible products made out of syngas, based on the H2/CO ratio 
[7]. 

The current article should be considered as the continuation of the article titled “The 
Examination of the Co-Pyrolysis of Food and Wood I – Solid Residue”. However, the main 
focus of this article is the analysis of the syngas produced during the experiments. The base 
materials, which were chosen based on our previous examinations [8], were pyrolised on 700 
°C. The results were used to evaluate the possible utilisations of the syngas. 
 
1. Base materials and the examination method 
The detailed description of the base materials and the experimental reactor can be found in 
the article “The Examination of the Co-Pyrolysis of Food and Wood I – Solid Residue” of the 
current issue. The names of the samples and their meanings can be found in Table 2. 

Table 2 
The names of the samples in the article 

Name of the sample Explanation 

Food Original food mixture (25wt% cooked rice, 25wt% French fries, 25wt% fried 
chicken breast and wt25% breaded pork chop) 

Wood Original oak  
2 Food:1 Wood 2:1 mixture of Food and Wood 
1 Food:2 Wood 1:2 mixture of Food and Wood 

 
The quantity of the gas produced by our system was examined with a Medingen type 
rotameters (the measurement ranges are 3–30 and 20–260 l/h). As the amount of syngas 
produced depends on the weight of input material, the l/h unit was converted into l/kg. 

The gas composition was determined with a Dani Master GC device, equipped with a 
TCD detector and an S/SL injector. The following 3 columns connected in series were used 
for the separation of gas components: Rt-Q-bond (15 m x 0.53 mm x 20 μm), Rt-Q-bond (30 
m x 0.32 mm x 10 μm) and Rt-Msieve 5A (30 m x 0,53 mm x 50 μm). 

The lower heating value (LHV) of the gas mixtures was calculated using the LHVs of 
each component found in literature (Table 3 [9, 10]) and the measured concentrations.  

 Table 3  
 LHVs of the components 

Components LHV, MJ/m3 HHV, MJ/m3 
Methane 35.949 39.887 
Ethane 64.615 70.558 
Ethylene 59.571 63.549 
Carbon monoxide 12.680 12.609 
Hydrogen 10.826 12.796 

 
The adiabatic flame temperature (Tmax) of each gas sample was calculated with the LHVs of 
the components, the specific heat from the literature [11] and the combustion equations [12] 
taken into consideration. 
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The determination of the moisture content was based on “EN 14774:2009: Solid biofuels. 
Determination of moisture content – Oven dry method” standard with a Mettler Toledo 
HB43-S instrument. 

 
2. Results 
2.1. The quantity of the produced syngas 
The dry syngas production over time can be observed in Figure 1. 
 

 
Figure 1 

The dry syngas production over time 

The comparison of 1 kg of each sample pyrolised under the same conditions revealed that the 
gas production of the food mixture starts later and ends sooner, and the peak intensity of the 
gas production can also be expected later than in case of any other samples. The reason for 
this is the approximately 50 w/w% moisture content (Table 4). The first process of pyrolysis 
is the drying of the base material. The moisture generated condenses in a liquid collector and 
a cooler inside the reactor which makes the examination of the dry gas possible. Then the 
production of syngas starts. The moisture content of the oak sample was the lowest (Table 4) 
so the gas production started first, and lasted the longest because of the high dry matter 
content. The specific gas yield (Figure 2) was the highest in case of the oak, and the lowest 
in case of the food mixture sample. The gas yield of the mixed base materials increased in 
proportion to the amount of oak in the samples (Figure 3). 
 Table 4 
 The moisture and dry matter content of the base materials 

Sample Moisture content, m/m% Dry matter content, m/m% 
Food 49.26 50.74 
Wood 5.92 94.08 
2 Food:1 Wood 34.47 65.53 
1 Food:2 Wood 20.16 79.84 
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Figure 2 

The specific gas yield of the pyrolysis (T = 700 °C) 

 
Figure 3  

The specific gas yield of the pyrolysis (T = 700 °C) in relation to the composition of  
the base material 

 
2.2. The composition of the produced syngas 
The gas chromatograph used is capable of the analysis of CO, CO2, O2, N2, H2, H2O, H2S, 
NH3, CH4, C2H4 and C2H6 at the same time. The main focus of our experiment is the main 
examination of the components of syngas, namely CO, H2, CO2 and CxHy – in our case this 
includes CH4, C2H4 and C2H6. Figures 4–7 show the changes in the gas composition during 
pyrolysis. 

 

 
Figure 4  

The specific gas yield and the gas composition during pyrolysis (Food – 700 °C) 
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Figure 5  

The specific gas yield and the gas composition during pyrolysis (2 Food:1 Wood – 700 °C) 

 

 
Figure 6  

The specific gas yield and the gas composition during pyrolysis(1 Food:2 Wood – 700 °C) 

 

 
Figure 7  

The specific gas yield and the gas composition during pyrolysis (Wood – 700 °C) 
 
The changes of specific gas yield and gas composition had the same tendency during the 
experiments. As there was some air in the reactor, first, the carbon dioxide concentration 
started to increase. As the quantity of air decreased in the reactor, the concentration of the 
hydrocarbons, the carbon monoxide and then the hydrogen. Achieving the highest amount of 
hydrocarbons results in decreasing carbon monoxide content. As the amount of hydrocarbons 
starts to decrease, the amount of carbon monoxide starts to increase in the gas mixture with 
the hydrogen concentration also increasing. Finally, the different components reach a 
constant value and stay at that value till the end of the gas production. 

Analysing the composition of the produced gas in relation to the specific gas production 
per minute (Figure 8) it can be concluded that the addition of wood to the mixture increases 
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the carbon monoxide and hydrogen content but decreases the carbon dioxide and 
hydrocarbon content. Comparing the examined samples (Food, 2 Food:1 Wood, 1 Food:2 
Wood, Wood), the syngas with the highest hydrogen and carbon monoxide content (Figure 
9) can be achieved if the base material contains more oak than food mixture, in 66,5/33,5 
m/m% ratio. 

 

 
Figure 8  

Average composition of the gas produced via pyrolysis (700 °C) 

The H2/CO ratios can be seen in Table 5, based on the average gas composition (Figure 8). 
The comparison of these with Table 1 reveals that the H2/CO ratio is too low for the optimal 
operation of any of the listed chemical processes, so the extra hydrogen should be added 
which opens up the possibility of more problems, like increasing costs or applying further 
technologies. 

 

 
Figure 9  

The sum of the hydrogen and carbon monoxide content of the syngas 

 Table 5 
The H2/CO ratios in case of average gas composition 

Base material H2 CO H2/CO 
Food 19.90 27.57 0.72 
Wood 22.96 33.08 0.69 
2 Food:1 Wood 24.20 27.50 0.88 
1 Food:2 Wood 27.63 32.03 0.86 

 
The solution to the presented problem might be the separation of the hydrocarbon-lean and -
rich syngas by diverting the gas after the hydrocarbon content is decreasing. The execution 
of this procedure is only possible if the gas composition is continuously monitored. In our 
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case, the gas was sampled every 3 minutes. The gas yield after the sample with the highest 
hydrocarbon concentration is considered hydrocarbon-lean. Based on this concept, which is 
explained in more detail through an example in Figure 10, the division of the specific gas 
yield is shown in Figure 11. 

 

Figure 10 
Explanation of the concepts of hydrocarbon-lean and -rich syngas  

(example: 1 Food:2 Wood – 700 °C) 

 
Figure 11  

Specific gas yields during pyrolysis (700 °C) 

Based on Figure 9, the H2/CO ratio of the hydrocarbon-lean portion of the syngas (Table 6) 
was between 1.06 and 1.13 which are near the appropriate ratio for acetic acid and acetic 
anhydride production The hydrocarbon-rich portion can be used to partly cover the 
technological heat demand. 

 Table 6 
 The H2/CO ratios in the hydrocarbon-lean portion of the syngas 

Base material H2 CO H2/CO 
Food 36.86 32.54 1.13 
Wood 33.13 30.27 1.09 
2 Food:1 Wood 40.53 38.20 1.06 
1 Food:2 Wood 37.81 34.70 1.09 
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2.3. The LHVs, HHVs and the adiabatic flame temperatures 
 
The LHV and HHV of the syngas can be calculated from the instantaneous gas composition 
and the LHVs and HHVs of the components. The LHVs of the syngas produced from oak 
and base materials containing oak and the LHVs of all the gas produced during pyrolysis 
have similar tendencies (Figure 12 and Figure 14). On the other hand, the pyrolysis of the 
food sample resulted in gas with higher LHV (Figure 14). The same tendencies can be 
observed in case of the HHVs (Figure 13 and Figure 14). Due to the more than 40 V/V% 
hydrocarbon content, the LHVs and HHVs of the gas mixtures produced from Food sample 
had a peak in the first phase of pyrolysis (Figure 12 and Figure 13). 

 

 
Figure 12  

The LHV of the syngas over time 

 
Figure 13  

The HHV of the syngas over time 
 

Figure 14  
The LHV, HHV of the gas produced from the base materials and the energy yield of  

1 kg base material (Q) 
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The LHV of all gas produced from the food sample (Figure 14) was the highest, but the 
energy yield of 1 kg base material lacks behind the energy yield of the other three samples. 
The reason for this is that the amount of gas produced was lower in case of the pyrolysis of 
the food sample. 

Once the hydrocarbon-rich and -lean gases are separated (Figure 15 and 16) it can be seen 
that the LHVs and HHVs of hydrocarbon-rich mixtures are higher than the LHVs and HHVs 
of hydrocarbon-lean mixture. This confirms that two types of gases should be separated. 

Based on the examination of the energy yield by the pyrolysis of 1 kg base material 
(Figure 17), the quantity of hydrocarbon-lean gas is increasing with the addition of oak and 
the amount of hydrocarbon-rich mixture is decreased, except sample 1 Food:2 Wood. 
 

Figure 15  
The LHVs of the hydrocarbon-lean and -rich syngas 

 

 
Figure 16  

The HHVs of the hydrocarbon-lean and -rich syngas 

Figure 17  
The energy yield of 1 kg base material 
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After comparing the calculated adiabatic flame temperatures of the samples and the values 
of an average composition natural gas (CH4 = 97%V/V, CxHy = 1,5%V/V, inert = 1,5%V/V) 
it can be observed that the flame temperature of our samples were often higher (Figure 18). 
Thus, they can be used for energy recovery. 
 

 
Figure 18  

The changes of adiabatic flame temperature of the samples over time compared to  
a typical natural gas sample 

 
Conclusions 
The results of the analysis of the syngas produced via the pyrolysis of the various base 
materials on 700 °C indicate that the higher the oak to food ratio was, the higher the specific 
gas yield was. The approximation of this correlation can be described with a first-grade 
equation. 

The composition of the base material has an impact on the composition of the produced 
gas as well. Increasing the oak to food ratio result in the increase of carbon monoxide and 
the decrease of the carbon monoxide content. Sample 1 Food:2 Wood had the highest 
hydrogen and lowest hydrocarbon content. The H2/CO ratio of the syngas was around 0.8 
which is not high enough to utilise the gas as a base material for any kind of chemical process. 
However, this ratio can be increased if the hydrocarbon-rich gas mixture produced in the 
beginning of the pyrolysis is utilised by burning and only the hydrocarbon-lean gas mixture, 
which is rich in carbon monoxide and hydrogen, is used as base material for the chemical 
industry. Thus, the H2/CO ratio can be increased to approximately 1:1. This ratio means the 
syngas is suitable for acetic acid and acetic anhydride production. 

The food mixture pyrolised on 700 °C had the highest LHV, but the least energy is 
released from this in relation to 1 kg base material as the lowest quantity of gas is produced 
from this base material. The separation of the hydrocarbon-rich and -lean gas mixture might 
be advantageous in case of the LHVs, as the samples with high hydrocarbon content had 
higher LHVs than the whole gas mixture. 

Based on the calculated adiabatic flame temperature of each gas sample, the temperature 
of the syngas produced was higher in most cases than the temperature of natural gas. 
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The issue presents a segment of the scientific activity of the Faculty of Materials 
Science and Engineering. Covering nearly 71 years this issue is the direct 
continuation of the ‘Issue series’ belonged to the University of Miskolc and its 
predecessors in title. 

The first edition titled ‘Issues of the Mining and Metallurgy Department of the 
Hungarian Royal Mining and Forest Engineering College’ came out in 1929. 

The first 32 volumes published between 1929 and 1972 gave foreign language 
summaries of the research results from the mining, metallurgy and later also from 
the mechanical engineering field. 

From 1957 the Issue Series were published in Hungarian language as well.  

Up to 1975 21 mining-metallurgy and mechanical engineering issues had come out 
in Hungarian version. 

From 1975 the special fields have published their own issues separately. Our 
Faculty was given the Series II METALLURGY title within the main title ‘Issue 
Series’ (Issues 22–27). 

After the long break, the new title of the Issues 28–32 (2000–2004) published in 
Hungarian language was:   

MATERIALS AND METALLURGY SCIENCES, 

then the Issues 33–40 (2007–2015) including booklets in English and Hungarian 
language were titled as 

MATERIALS SCIENCE AND ENGINEERING 

which refers to the name change of our faculty. The articles in present issue (41/1) 
represent the diversity of the research activities of the Faculty of Materials Science 
and Engineering and the strong relationships between the different scientific fields. 
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