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Desulphurisation of dibenzothiophene and 4,6 – dimethyl dibenzothio-
phene via enhanced hydrogenation reaction route using RePd–TiO2/SiO2 
aerogel catalysts: Kinetic parameters estimation and modelling 

Dragana Prokić-Vidojević1, Sandra B. Glišić2, Radojica Pešić2 and Aleksandar M. Orlović2 

1Military Technical Institute (VTI), Ratka Resanovića 1, 11132 Belgrade, Serbia 
2University of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11000 Belgrade, Serbia 

 

 

Abstract 

Re/Pd-TiO2/SiO2 aerogel catalysts were synthesized by using a sol-gel method and supercritical 
drying in excess solvent and investigated in the reaction of hydrodesulphurisation (HDS) of 
dibenzothiophene (DBT) and 4,6-dimethyl dibenzothiophene (4,6-DMDBT). Both Re/Pd 
catalysts, obtained with and without the use of mesitylene in the synthesis step, have shown 
increased conversions of up to 70 % in the desulphurization of 4,6-DMDBT, when compared to 
conventional Co/Mo hydroprocessing catalysts. This observation is of importance for 
conversion of highly refractory 4,6-DMDBT and hydroprocessing to produce ultra-low sulphur 
diesel fuels, ULSD. In order to quantify the extent of desulphurisation, which proceeds via a 
hydrogenation route, conversions of DBT and 4,6-DMDBT along with evolution of reaction 
products characteristic for the direct desulphurisation route and the hydrogenation route were 
monitored by using a gas chromatography–mass spectrometry (GC-MS) analytical technique. 
The reaction was performed at 630 K and 6 MPa in a batch catalytic reactor. The experimental 
results were used in the Hougen-Watson kinetic model describing DBT and 4,6-DMDBT 
desulphurisation on σ and τ active sites. Kinetic parameters of this complex catalytic kinetics 
were determined by using a Genetic Algorithm method and minimum deviation function. 
Values of calculated kinetic parameters and values of the ratio of 3-methylcyclohexyltoluene 
(MCHT and dimethyl biphenyl (DMBPH) expressed as the MCHT/(MCHT+DMBPH) ratio ranging 
between 0.66 and 0.94, have confirmed that the hydrogenation route is the dominant route 
for desulphurisation of 4,6-DMDBT. 

Keywords: Aerogel hydrodesulphurisation catalysts; hydrodesulphurisation; 4,6-DMDBT; 
Hougen-Watson kinetic model; kinetic and adsorption parameters.
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1. INTRODUCTION  

Production of clean transportation fuels is becoming considerable challenge due to increased availability of heavier 

feedstock and depleted supply of light feedstock, which results in the continuous increase in molecular weight of 

available petroleum. Thus, the development of highly active hydrotreating catalysts for upgrading the heavy and 

sulphur-rich feedstock became inevitably important. This need was even more compelling in the view of recent 

environmental regulations, placing the current limit for sulphur content in diesel fuel down to below 10 ppm [1]. 

Decreasing the sulphur content to these levels is very difficult since sulphur compounds that remain after the 

conventional hydrodesulphurization (HDS) process are highly refractory [1]. Difficulties are encountered with 

dibenzotiphenes, especially its substituted derivative 4,6-dimethyldibenzitiophene (4,6-DMDBT) [2,3]. Substitute 

methyl groups cause considerable steric hindrance thereby making sulphur atom inaccessible to the active catalyst 

surface and hydrogen reactant. Deep HDS could be improved by the development of new state-of-the-art catalysts, 

capable of achieving efficient clean fuel production [3,4].  
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Deep HDS requires supports with high surface areas, enhanced pore sizes, higher fraction of mesopores and small 

macropores, larger pore volumes allowing increased exposure of active sites and better dispersion of active components 

and their availability to large sulphur molecules. Due to these reasons, the conventionally used γ-alumina (γ-Al2O3) 

support is a far less efficient option compared to other supports like highly porous silicas, which are increasingly 

attractive [5-10]. Their main advantages for use as catalyst supports are: high surface areas of about 600-1300 m2/g and 

huge pore volumes; uniform topology providing high dispersion of metal nanoparticles and easy access of the reactants 

to the active sites; excellent mechanical properties and hydrothermal stability for demanding reaction conditions. 

Further HDS improvement was reported with the incorporation of heteroatoms: Al, Ti and Zr ions, into frameworks of 

highly porous silica materials [3,11-14] which increased pore diameters and facilitated hydrogenation of benzene ring. 

A Ti-containing catalyst was found to be 30 % more active than the conventional industrial catalyst and 50% more active 

than the Ti-free catalyst [15]. In order to achieve desired catalytic and textural characteristics of HDS catalysts the choice 

of the preparation method is very important [16-19]. Improvements in specific surface area [18,19], pore volume, 

homogenous formation of hetero-linkages and development of appropriate surface acid sites [16,17] was reported by 

using a sol-gel method whereas higher acidity in the sol-gel samples was attributed to higher density of hetero-linkages 

formed [18,19]. To overcome the problem of deteriorated textural properties caused by conventional drying methods 

(collapse of the formed gel structure and reduction of mesoporosity by the increasing fraction of micropores leading to 

decreased surface areas) [20,21], a supercritical drying method (SCD) can be applied to obtain aerogels [22-24]. SCD can 

be performed for solvent removal by solvent phase change to supercritical (SC) fluid, followed by solvent evacuation 

from the gel network by applying transition from supercritical fluid to gas. Aerogels produced by supercritical drying 

typically have high porosities (50-99 vol%), lower microporosity, higher surface areas and can yield highly porous 

amorphous mixed oxide aerogels [22-24]. Besides advantageous textural properties, the choice of active phase is equally 

important in order to design a highly active catalyst for “deep HDS”. Numerous studies have confirmed high activity of 

nonconventional sulphides, such as Re, Rh or Ru [25-28]. The way to further enhance activity of ReS2 can be achieved 

through understanding of the HDS reaction mechanism of 4,6-DMDBT and potential for the use of noble metals as 

promoters. This potential is based on the exceptional properties of Pd, Pt and Ru, suitable for hydrogen spillover in 

aromatics hydrogenation, necessary for deep HDS [29-33].  

The sol-gel synthesis method and supercritical drying of the obtained gels, for RePd supported on Ti-HMS (Ti 

incorporated in highly mesoporous silica), were previously investigated as HDS catalysts [34]. The sol-gel method and 

supercritical drying were found to result in amorphous aerogels with a relatively high degree of uniformity of both supports 

and active phases [34,35]. Catalytic activities of the obtained aerogels and a commercial Co/Mo catalyst in HDS of DBT 

were not significantly different [34]. However, large differences were observed in HDS of 4,6-DMDBT since all Re/Pd-

TiO2/SiO2 aerogel catalysts were considerably more active than Co/Mo-Al2O3/SiO2 aerogel catalysts and a Co/Mo on γ-

alumina commercial HDS catalyst, alike [34]. Conversion of 4,6-DMDBT was found to be 70 % higher for RePd aerogel 

catalysts obtained by using mesitylene addition (RePd MA) and 64 % higher for RePd aerogel catalysts obtained without 

mesitylene addition (RePd A), when compared to conversion achieved by using a commercial Co/Mo catalyst [34].  

Kinetic modelling of HDS reactions has been carried out by several researchers [36–47]. The Langmuir-Hinshelwood, 

also well known as the Hougen−Watson mechanism, has been reported to suitably describe the HDS reactions [20–22]. 

Hougen−Watson rate equations for hydrogenolysis and hydrogenation of dibenzothiophenes to bicyclohexyl through 

several steps, were developed by Froment and co-workers [36-38]. Two different types of active sites were considered:  

σ sites for hydrogenolysis and τ sites for hydrogenation. The surface reaction between adsorbed reactants and two 

competitively adsorbed hydrogen atoms was found to be the rate-determining step for both types of reaction. Actually, 

the HDS mechanism of substituted aromatic sulphur compounds involves a pre-hydrogenation step (HYD) before 

desulphurization [29,30]. This is the key step in order to remove the steric hindrance of the substituents, contrary to 

the non-sterically hindered compounds that are straightforwardly desulphurised via a direct desulphurization (DDS) 

pathway [33]. Consequently, for well-established catalytic formulations (e.g. CoMo, NiMo) even with excellent DBT HDS 

properties, HYD efficiency becomes an obstacle for substituted DBTs like 4,6-DMDBT. The present research is focused 

on investigating the kinetics of the simultaneous HDS of two sulphur containing model compounds (DBT and  



D. PROKIĆ-VIDOJEVIĆ et al.: DESULPHURISATION OF DBT AND 4,6-DMDBT Hem. Ind. 76(3) 135-145 (2022) 

 137 

4,6-DMDBT), using RePd MA and RePd A catalysts. The novelty of this study is the approach which includes DDS and 

HYD pathways for all reacting species in the kinetic model.  

Thus, the objective of the study is to investigate the hydrodesulphurisation (HDS) of dibenzothiophene (DBT) and 

4,6-dimethyl dibenzothiophene (4,6-DMDBT) for Re/Pd-TiO2/SiO2 aerogel catalysts, obtained with and without the use 

of mesitylene in the synthesis step. Gas chromatography–mass spectrometry (GC-MS) was used to quantify 

concentrations of reactants and emerging reaction products over time, at 630 K and 60 bar in a batch catalytic reactor. 

Based on the experimental data, the Hougen-Watson kinetic model for desulphurisation of DBT and 4,6-DMDBT on σ 

and τ active sites was developed. Kinetic parameters of the model were determined in a procedure based on the use of 

the Genetic Algorithm (GA) method and minimum deviation function.  

2. EXPERIMENTAL 

2. 1. Catalysts used in catalytic HDS tests 

Re/Pd-TiO2/SiO2 aerogel catalysts were synthesized by using a sol-gel method and supercritical drying in excess 

solvent as described in previously published work [34,35]. The Re/Pd-TiO2/SiO2 catalysts were obtained by using two 

different pathways of the sol-gel method, the pathway which applies mesitylene in the sol phase as the additional 

template for enhancement of the mesopore region (RePd MA catalyst) and the pathway without mesitylene (RePd A 

catalyst), while in both pathways supercritical drying with excess solvent was applied. Structural and textural properties 

of the obtained aerogel HDS catalysts and TiO2/SiO2 supports were investigated and reported previously [34]. 

2. 2. Hydrodesulphurisation (HDS) reaction tests of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene 

(4,6-DMDBT) - catalytic activity of the RePd A and RePd MA catalysts 

Re/Pd-TiO2/SiO2 aerogel catalyst (RePd A) and Re/Pd-TiO2/SiO2 aerogel catalyst obtained by using mesitylene during 

sol-gel synthesis (RePd MA) were investigated by performing HDS of DBT and 4,6-DMDBT in a high pressure stirred-batch 

reactor (Autoclave Engineers BTRS Jr, Division of Snap-title, Inc., Erie, PA, USA). Prior to the reaction, each catalyst (0.84 g) 

was activated by sulphidation with carbon disulphide (7 cm3, grade, producer, country) at 603 K and 35 bar of H2 during 

4 h. The DBT and 4,6-DMDBT HDS activity tests were performed in a 300 cm3 stirred-batch reactor at 603 K and 6 MPa total 

pressure, for 6 h. All reaction tests were performed with the 100 ml solution of DBT (0.8 g) and 4,6-DMDBT (0.10 g) in the 

(1:1 v/v) mixture of n-hexadecane (grade, producer, country) and n-dodecane (grade, producer, country) leading to the 

total elemental sulphur concentration of 2000 ppm weight based. The reaction was monitored by withdrawing samples 

(2 ml) at 0.25, 0.5, 1, 1.5, 2, 3, 4, 5 and 6 h of reaction time. All experiments were done in 2 repetitions.  

2. 3. Product analysis 

Quantitative analysis of the reactants (DBT and 4,6-DMDBT) and products was carried out using Shimadzu GC-2010 

Plus, MS QP 2020 instrument (Shimadzu, Japan), equipped with a capillary column sh-rtx-5 (30 m × 0.25 µm × 0.25 mm) 

using a temperature program starting from 333 to 503 K (heating rate of 6 K/min). GC-MS quantification was applied on 

samples withdrawn from the liquid phase using calibration lines obtained with DBT and 4,6-DMDBT. Identification of mass 

spectra peaks was performed using the scientific library NIST11s. Quantities and concentrations of hydrogen sulphide in 

both phases (vapour and liquid) were calculated from the material balance of sulphur containing reactants (DBT and  

4,6-DMDBT) and vapour-liquid equilibrium calculation using the Peng-Robinson equation of state. Hydrogen sulphide 

concentration in the liquid phase is relevant for the kinetic model and phase distribution is given by Keq values in Eq. 19. 

3. KINETIC MODEL AND DETERMINATION OF KINETIC PARAMETERS 

Kinetic model describing HDS of DBT and 4,6-DMDBT, shown in Figure 1, was employed to develop the kinetic model 

equations, experimental reactor material balance equations and optimisation technique for determination of kinetic 

parameters. 
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The removal of sulphur from organic sulphur compounds can occur through two pathways: direct desulphurization 

(DDS) by C-S bond cleavage without affecting the aromatic ring and hydrogenation of the aromatic ring (HYD) prior to 

the cleavage of C-S bond [36-41]. Both reaction pathways are generally believed to occur at separate catalytic sites. The 

DDS pathway is economical because this route consumes lower amounts of hydrogen. Both routes, the HYD of DBT and 

DDS of DBT yield biphenyl (BPH), while the HYD route produces intermediates such as tetrahydrodibenzothiophene 

(THDBT) and hexahydrodibenzothiophene (HHDBT), that rapidly convert to cyclohexyl benzene (CHB) and further to 

bicycle hexyl (BCH). Similarly, the DDS of 4,6-DMDBT produces 3,3’-dimethyl biphenyl (DMBPH), whereas the HYD 

pathway results in 3-methylcyclohexyltoluene (MCHT) and furthermore to 3,3-dimethyl bicycle hexyl (DMBCH). Figure 

1 shows simple schemes for the reaction pathways of the DBT and 4,6-DMDBT. The transitional compounds produced 

through HDS of DBT and 4,6-DMDBT via the HYD routes were observed in negligible amounts whereas the major 

products were CHB and MCHT from the HDS of DBT and 4,6- DMDBT, respectively. 
 

 
Figure 1. Kinetic model describing HDS of a) DBT and b) 4,6-DMDBT on σ and τ active sites 
 

A Hougen−Watson based kinetic model was developed based on the reaction network presented in Figure 1 that 

included the simultaneous HDS reactions supported by the experimental results. Based on the kinetic model scheme 

the set of differential equations representing material balances for each compound involved in the reaction was 

developed and shown in Eq. 1-19: 
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H2S: ( )   = − − − −2H S

DBT DBT DMDBT DMDBT

eq

d 1

d

C
r r r r

t K
 (19) 

The total of 23 parameters contained in the Hougen-Watson kinetic model (ki – kinetic constants and Ki – adsorption 

coefficients, listed in Eqs. (1)–(19)) were determined using an optimization technique in the MATLAB software 

(MathWorks, USA). The technique used is a combination of Genetic Algorithm GA and Fminsearch methods as a hybrid 

optimization technique (GA-Fminsearch) that determines parameters in a way to minimize the deviation (Error) 

between the model and experimental data, Eq. (20): 

 −
=

Exp Model
j i,j i,j

Exp
i,j

Error i

c c

c
 (20) 
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Genetic Algorithm (GA) is an optimization method which is using operators Selection, Crossover, Mutation, and 

Sampling, and finds the global minimum at the end [48-50]. One of the superiorities of GA over classical optimization 

techniques is that it does not need any additional information, such as derivatives, about the target function [49], 

searching from population of points, handling coded values of the problem parameters, and using probabilistic 

transition operators [50,51]. By combining GA with a local search method, such as Fminsearch, finding the exact 

optimum point becomes the less time-consuming process. Fminsearch is an optimization technique that determines the 

minimum of an unconstrained multivariable function by using a derivative-free method starting from an initial guess, 

employing the Nelder-Mead simplex algorithm [52], and finding the local minimum corresponding to the initial guess. 

Fminsearch converges faster to a solution than GA does, but it needs a suitable initial guess to obtain the global 

minimum without being trapped in the local minimum. The role of GA in the hybrid GA-Fminsearch technique is finding 

the initial guess of the reactions’ constants. 

4. RESULTS AND DISSCUSION 

Testing of catalytic activity of RePd A and RePd MA catalysts on TiO2/SiO2 supports was performed at 630 K and 

60 bar in a batch catalytic reactor. Concentrations of all relevant species were determined in order to quantify species 

evolving through DDS and HYD reaction pathways, so to generate sufficient experimental data, which can be used in 

determination of kinetic parameters. Values of concentrations for reactants and all reaction products are shown in Table 

1 (average absolute deviations of two runs are: 0.124 for RePd A and 0.107 for RePd MA).  
 
Table 1. Experimental data of concentration profiles along the reaction time for reactants and reaction products 

RePd A catalyst  

Time, h 
Concentration, mol dm-3 

DBT BPH CHB BCH DMDBT DMBPH MCHT DMBCH H2S* 

0 0.0339 0 0 0 0.00368 0 0 0 0 

0.25 0.02702 0.00625 0.00063 0 0.00342 0.00004 0.0002 0.00002 0.00293 

0.5 0.02649 0.00621 0.00075 0.00045 0.00298 0.00008 0.00031 0.0003 0.00332 

1 0.02299 0.0092 0.00115 0.00057 0.00287 0.00014 0.00047 0.00019 0.0048 

1.5 0.02132 0.01062 0.00138 0.00058 0.00265 0.00022 0.00061 0.00021 0.00557 

2 0.0144 0.01599 0.00256 0.00095 0.0025 0.00025 0.00063 0.0003 0.00847 

3 0.01111 0.0185 0.00333 0.00095 0.0021 0.00029 0.0006 0.00069 0.00998 

4 0.00898 0.02016 0.00383 0.00093 0.00184 0.00026 0.00044 0.00114 0.01095 

5 0.00608 0.02182 0.0048 0.0012 0.00125 0.00022 0.00028 0.00193 0.01238 

6 0.00521 0.02212 0.00531 0.00127 0.00099 0.00013 0.00016 0.0024 0.01285 

RePd MA catalyst  

Time, h 
Concentration, mol dm-3 

DBT BPH CHB BCH DMDBT DMBPH MCHT DMBCH H2S 

0 0.0339 0 0 0 0.00368 0 0 0 0 

0.25 0.0339 0 0 0 0.00305 0.00009 0.00016 0.00038 0.00026 

0.5 0.03083 0.00188 0 0.00119 0.00261 0.0002 0.00031 0.00056 0.0017 

1 0.02799 0.00286 0.00021 0.00284 0.00239 0.00025 0.0004 0.00064 0.00295 

1.5 0.02417 0.00522 0.0005 0.00401 0.00236 0.00026 0.00047 0.0006 0.00453 

2 0.01854 0.00918 0.00138 0.0048 0.00195 0.00025 0.00057 0.00091 0.007 

3 0.01598 0.00974 0.00455 0.00363 0.00173 0.00022 0.00074 0.00099 0.00814 

4 0.0148 0.00983 0.00593 0.00334 0.00151 0.00027 0.00084 0.00106 0.00871 

5 0.00845 0.01098 0.01012 0.00435 0.0011 0.0004 0.00111 0.00106 0.01147 

*Concentration of H2S is in the liquid phase. Values were obtained by molar balance calculation and vapour – liquid equilibrium calculation using the 
Peng – Robinson Equation of State 
 

https://localhost:31515/static/help/optim/ug/selected-bibliography.html#brrzk4d-1
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The obtained experimental results, concentration profiles, were applied in the widely used Hougen-Watson kinetic 

model describing DBT and 4,6-DMDBT desulphurisation on σ and τ active sites, as shown above. Kinetic parameters of 

this complex catalytic kinetics were determined in a procedure using GA-Fminsearch method and minimum deviation 

function. The results of parameter estimation are reported in Table 2 and comparison of simulated and experimental 

data obtained with optimized constants are shown in Figure 2. 
 
Table 2. Values of determined and optimized kinetic parameters and comparison with the same constants obtained by Froment and 
co-workers for a Co/Mo catalyst [36-38] 

Kinetic and adsorption constants 
on σ and τ active sites 

RePd A RePd MA Co/Mo catalyst recalculated constants for 603 K [36-38] 

Adsorption equilibrium constant, m3 kmol-1 

K
BPH 12.68 0.00 5.78 

K
DMPP 7.51 329.32 0 

K
DMDBT 9.08 2.12 1.09 

K
MCHT 25.72 40.14 NA 

K
DBT 2.74 0.82 75.69 constant value for all temperatures 

K
DBT 3.13 0.00 2.14 

K
BPH 3.20 13.51 0.95 

K
CHB 4.02 10.15 K

CHB kCHB (573 K) = 0.000339 

K
DMBP 14.33 25.17 0 

K
DMDBT 2.19 0.36 18.04 

K
DMBCH 0.19 24.05 NA 

K
BCH 0.00 2470.34 NA 

K
H2S 12.75 1.89 20.92 

K
H 0.13 3.17 0.216 

Kt
H 0.00 2.42 0.00321 

Keq for H2S 2.48 2.25 NA 

Kinetic constant, kmol kgcat
-1 h-1 

kDBT 1.11 0.33 0.57 

kDBT 2.15 0.33 2.14 

kDMDBT 0.23 0.66 0.041 

kDMDBT 3.07 0.63 46.12 

kBPH 1.33 3.08 24.19 

kDMBP 2.96 6.23 Not in the kinetic model 

kCHB 2.96 2.83 K
CHB kCHB (573 K)= 0.000339 

kMCHT 4.19 0.66 Not in the kinetic model 

Error 0.1312 0.1435 Not known 

 

The Figure 2 confirms that the concentrations of different species predicted by the Hougen−Watson based kinetic 

model closely match the experimentally determined values. 

Results of test reactions for conversion of DBT and 4,6-DMDBT are shown in Figure 3, obtained by using the 

estimated kinetic parameters for RePd A and RePd MA catalyst. The Figure 3 also shows conversion of DBT and  

4,6-DMDBT obtained by using kinetic parameters developed by the Froment group for a commercial Co/Mo catalyst 

[36-38] and recalculated for the same temperature of reaction (603 K). It is obvious that the calculated Co/Mo catalyst 

activity is quite high and comparable to those of aerogel catalysts. However, it should be noted that the kinetic 

parameters determined by the Froment group [36-38] were obtained in the different temperature interval (temperature 

range 513 – 593 K) and different pressure (7 MPa) than the one used in this work. The experimental hydrogen/hy-

drocarbon ratio (2.3 and 3.5) and catalyst/feed ratio (4.6 times more catalyst then in this research) were also different. 

The commercial Co/Mo catalyst activity in HDS of 4,6-DMDBT (conversion 62.4 mol.% after 6 h) is lower than activities 
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of the investigated aerogels (conversion 73.6 and 76.6 mol.% after 6 h respectively for RePd MA and RePd A) (Figure 3b), 

which is of significance for HDS of diesel oil fractions. 

 
Figure 2. The experimental and simulated data obtained for hydrodesulphurization of DBT and 4,6-DMDBT using a) RePd A and b) 
RePd MA catalyst 
 

High activity of RePd aerogels can be explained by, and attributed to, their unique properties. These advantageous 

properties are high surface area (848 m2 g-1 for RePd A and 643 m2 g-1 for RePd MA) and very high mesoporosity (volume 

of mesopores 0.466 cm3 g-1 for RePd A and 1.618 cm3 g-1 for RePd MA) as determined previously [34]. Also, mesopore 

fractions of 0.71 for RePd A and 0.55 for RePd MA [34] indicate high proportion of catalytically active surfaces. Texture 

was also characterized by the presence of large mesopores and small macropores (overall porosities are 0.656 cm3 g-1 

for RePd A and 2.956 cm3 g=1 for RePd MA [34]) which are both expected to eliminate diffusional limitations and thus 

increase reaction rates. Good dispersion of RePd within the catalyst structure was evidenced resulting in higher 

concentrations of surface active sites [34]. Finally, the increased acidity of the titania-silica support which is the result 

of good Ti dispersion within the silica matrix [34] and high activity of the catalytically active Re/Pd phase [53] are 

contributing to the overall high activity of these aerogel catalysts. 

Further insights into possible explanations for high activity of RePd aerogels could be found in the modification of the 

overall reaction pathway. As indicated in the introductory part of this study, an explanation could be associated with the 

exceptional properties of Pd which were found to be suitable for hydrogen spillover in hydrogenation of aromatics [29-32]. 

This is the critical step for deep HDS via a HYD route. As a result, highly active catalytic formulations with excellent DBT 

HDS activity (like CoMo with depleted HYD efficiency) can become relatively inactive for desulphurisation of 4,6-DMDBT.  
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Figure 3. Predicted concentrations of a) DBT and b) 4,6-DMDBT over time in HDS for the investigated catalysts and a commercial 
catalyst Co/Mo based on the kinetic parameters in Table 2  
 

Indication of the dominant reaction pathway for RePd catalysts was examined by GC-MS analysis of reaction 

products obtained in HDS of DBT. The selectivity towards CHB, expressed as CHB/(CHB+BP) ratio and MCHT expressed 

as MCHT/(MCHT+DMBPH), obtained by simulation based on using the obtained kinetic and adsorption constants during 

reaction (Table 2) are shown in Figure 4. It is interesting to observe that the CHB selectivity is considerably higher for 

RePd MA catalyst obtained with mesitylene addition than for the other two types of catalyst, RePd A without mesitylene 

addition and CoMo catalysts. Values of MCHT/(MCHT+DMBPH) ratio are significantly higher than the values of 

CHB/(CHB+BP) ratio, indicating overwhelming HYD activity in HDS of 4,6-DMDBT. A possible explanation might be found 

in a combination of RePd MA characteristics such as: large volume of mesopores, the shift of pore size distribution (PSD) 

to larger mesopores, slightly higher overall Pd/Re ratio and higher local Pd/Re ratios as compared to RePd A [34]. Some 

of these characteristics have been found to influence activity of RePd catalysts considerably [53] and could represent 

an opportunity for potential improvement of catalysts dedicated to various hydrogenation reactions, in particular 

hydrogenation of large molecules which are found in heavier petroleum fractions. 

 
Figure 4. Predicted selectivity towards a) CHB expressed as CHB/(CHB+BP) and b) MCHT expressed as MCHT/(MCHT+DMBPH) in the 
HDS of DBT and 4,6-DMDBT for the investigated catalysts and a commercial catalyst Co/Mo based on the kinetic parameters in 
Table 2 

5. CONCLUSION 

Hydrodesulphurisation (HDS) of dibenzothiophene (DBT) and 4,6-dimethyl dibenzothiophene (4,6-DMDBT) by using 

Re/Pd catalysts (obtained with and without the use of mesitylene in the synthesis step) at 630 K and 6 MPa in a batch 

catalytic reactor was investigated in the present study. The Hougen-Watson kinetic model was applied to describe 
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desulphurisation of DBT and 4,6-DMDBT on σ and τ active sites and kinetic parameters were determined in a procedure 

based on using Genetic Algorithm (GA) method and minimum deviation function. Values of calculated kinetic 

parameters have shown that the hydrogenation route is the dominant route for desulphurisation of 4,6-DMDBT in the 

case of newly developed catalysts based on Re/Pd and highly mesoporous silica support with incorporated Ti. The 

obtained results were compared with predicted commercial Co/Mo catalyst activity in HDS of 4,6-DMDBT based on 

literature data indicating higher catalytic activities of the investigated Re/Pd aerogels. These findings are of potential 

significance for deep hydrodesulphurisation of diesel oil fractions. The most significant conclusion is that values of 

MCHT/(MCHT+DMBPH) ratio are significantly higher than the values of CHB/(CHB+BP) ratio, indicating overwhelming 

HYD activity in HDS of 4,6-DMDBT. Newly developed RePd aerogel catalysts used in this work exhibit outstanding 

catalytic activity and could represent an interesting opportunity for improvement of hydrogenation of large molecules, 

which normally occur in heavy petroleum fractions. 
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(Naučni rad) 

Izvod 

Re/Pd-TiO2/SiO2 aerogel katalizatori su sintetizovani korišćenjem sol-gel metode i natkritičnog sušenja 

u višku rastvarača, i njihova katalitička aktivnost je ispitana u reakcijama hidrodesulfurizacije (HDS) 

dibenzotiofena (DBT) i 4,6-dimetildibenzotiofena (4,6-DMDBT). Oba Re/Pd katalizatora, dobijena sa ili 

bez mezitilena u procesu sinteze, su pokazala povećan stepen konverzije, za 70 %, u reakciji 

hidrodesulfurizacije 4,6-DMDBT u poređenju sa konvencionalnim Co/Mo katalizatorom koji se koristi u 

procesima hidroobrade. Ova zapažanja, veći stepen konverzije teško reagujućih 4,6-DMDBT u procesu 

hidroobrade, su značajna za dobijanje nisko-sumpornih dizel goriva (engl. ultra-low sulphur diesel fuels, 

ULSD). Kvantitativna analiza produkata hidrogenovanja DBT i 4,6-DMDBT, uključujući međuproizvode, 

izvedena je tehnikom gasne hromatografije – masene spektrometrije (engl. gas chromatography–mass 

spectrometry, GC-MS). Eksperimentalna reakcija je izvedena na 630 K i 60 bar u šaržnom katalitičkom 

reaktoru. Eksperimentalni podaci su korišćeni u okviru Hagen-Vatson (Hougen-Watson) kinetičkog 

modela koji opisuje proces hidrodesulfurizacije DBT i 4,6-DMDBT na σ i τ aktivnim centrima. Kinetički 

parametri su određeni korišćenjem numeričkih optimizacionih metoda, genetski algoritam simultano sa 

funkcijom minimuma odstupanja, i dobijeni rezultati pokazuju dobro slaganje sa eksperimentalnim 

podacima. Vrednosti izračunatih kinetičkih parametara kao i vrednosti selektivnosti (tj. odnosa 

metilcikloheksiltoluena i dimetilbifenila kao MCHT/(MCHT+DMBPH)) su potvrdile da je hidrogenovanje 

dominantni reakcioni put za hidrodesulfurizaciju 4,6-DMDBT. Potencijalne prednosti korišćenja Re/Pd 

aerogel katalizatora za konverziju 4,6-DMDBT potvrđene su i rezultatima uporednih simulacija ovog i 

konvencionalnog  Co/Mo katalizatora.

Ključne reči: Aerogel katalizator; hidro-

desulfurizacija; 4,6-DMDBT; Hagen-Vat-

son kinetički model; kinetički parame-

tari 
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Razvoj i karakterizacija elektrohemijskog senzora na bazi ugljenika 
modifikovanog nanočesticama TiO2 
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Izvod 

Cilj ove studije je razvoj i karakterizacija elektrohemijskog senzora na bazi ugljenika, 

modifikovanog nanočesticama TiO2 za potencijalnu primjenu u elektroanalitičkim tehnikama. 

Vršena su ispitivanja uticaja udjela vezivnog sredstva i modifikatora na morfološke, fizičko-

hemijske i elektrohemijske karakteristike elektrodnog materijala radi određivanja optimalnog 

odnosa ugljenični materijal/vezivo/modifikator. Ugljenične paste su pripremljene od grafitnog 

praha modifikovanog nanočesticama TiO2 i tečnih ugljovodonika. Skenirajuća elektronska 

mikroskopija pokazala je da elektrodni materijal postaje kompaktniji sa dodatkom vezivnog 

materijala i povećanjem njegovog udjela, te da nema značajnih morfoloških razlika s porastom 

udjela nanočestica TiO2 koje su prilično homogeno raspodjeljene u grafitnom elektrodnom 

materijalu. Rezultati ispitivanja ukazuju da modifikovanu ugljeničnu pastu sa sadržajem 40 

vol.% parafinskog ulja (PU) i 6-8 mas.% nanočestica TiO2 karakteriše najmanja vrijednost 

specifičnog otpora. Primjenom ciklične voltametrije dobijen je najizraženiji stepen 

reverzibilnosti u odnosu na standardni reverzibilni redoks sistem ([Fe(CN)]3-/4-) kod elektrodnog 

materijala sa sadržajem 30–40 vol.% PU i 8-10 mas.% nanočestica TiO2. Karakterizacijom 

elektrodnog materijala na bazi ugljenika modifikovanih nanočesticama TiO2 utvrđeno je da 

optimalan sastav sadrži 40 vol.% PU i 6-8 mas.% nanočestica TiO2, što je od važnosti za primjenu 

u elektroanalitičkim tehnikama. 

Ključne reči: elektroanalitičke tehnike, modifikovane ugljenične elektrode; parafinsko ulje; 

trikrezol fosfat; elektrodni materijal. 

  
NAUČNI RAD 

UDK:  544.6.076.32-039.61: 

 (546.26-162+549.514.6) 

 

Hem. Ind. 76(3) 147-158 (2022) 

 

 

Dostupno na Internetu sa adrese časopisa: http://www.ache.org.rs/HI/  

1. UVOD  

Elektrohemijske metode koje primenjuju nemodifikovane i modifikovane elektrode od ugljenične paste su široko 

korišćene u elektroanalitičkim tehnikama koje su našle primjenu u različitim oblastima kao što su karakterizacija 

biosenzora na bazi ugljenične paste, neorganske elektroanalize, elektroanalize organskih sintetičkih jedinjenja i 

prirodnih polutanata, kao i analize važnih bioloških molekula i jedinjenja nastalih interakcijom organskih i bioloških 

makromolekula [1,2]. Elektrohemijske senzore izrađene od ugljenične paste u odnosu na druge vrste elektrodnih 

materijala karakteriše mogućnost korišćenja u širokom rasponu potencijala, niska vrijednost rezidualne struje, 

specifične površinske karakteristike, ekonomičnost, jednostavnost pripreme, minimalna toksičnost i široke mogućnosti 

hemijskih i bioloških modifikacija [3]. Sa ciljem poboljšanja prenosa mase ili smanjenja ograničenja prenosa elektrona 

na površini elektrode [3,4] vršene su modifikacije ugljenične paste različitim dodacima čija uloga može biti specifična 

(modifikator, stabilizator, katalizator, posrednik, itd.). Pokazana je prednost modifikovanih elektroda u odnosu na 

makroelektrode koja se ogleda u značajno većoj specifičnoj površini, izraženoj adsorpcionoj sposobnosti, hemijskoj 

inertnosti, termičkoj stabilnosti, uticaju na povećanje transporta mase, uticaju na mehanizam prenosa elektrona te 

elektrokatalizi [5-9]. U dosadašnjim istraživanjima korišćene su različite forme ugljeničnog materijala, različita vezivna 

sredstva i veći broj različitih modifikatora sa različitim postupcima modifikacije [10-12]. Najčešće korišćeno vezivno 
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sredstvo u elektrohemijskim senzorima na bazi ugljeničnih materijala je smješa tečnih alifatskih ugljovodonika 

(parafinsko ulje, PU) [1]. Karakteriše ga velika hemijska stabilnost, elektroneaktivnost, a interakcija sa elektroaktivnim 

materijama prisutnim u elektrolitu na elektrohemijski aktivnoj površini elektrode i u masi elektrode je pretežno fizičke 

prirode. S obzirom na električnu neprovodljivost vezivnog sredstva kinetika prenosa elektrona je usporena, a pozadinske 

struje se javljaju usljed prisustva adsorbovanog kiseonika u ugljeničnoj pasti ili rastvorenog u elektrolitu [12]. Reakciona 

smjesa 3-metilfenil bis(4-metilfenil) fosfata, bis(3-metilfenil) 4-metilfenil fosfata i tris(3-metilfenil) fosfata (trikrezol-

fosfat, TCP) je tipični predstavnik elektroaktivnih vezivnih sredstava [3]. Pokazuje sposobnost protoniranja molekula 

organofosfata u kiselim sredinama pri čemu nastaju katjoni izraženih lipofilnih karakteristika. U takvom obliku učestvuje 

u procesima izmjene jona odnosno uparivanja jona i formira relativno stabilne elektroaktivne jonske parove [12]. Vršena 

su ispitivanja elektrohemijskih senzora modifikovanih različitim nanomaterijalima poput nanočestica različitih metala, 

metalnih oksida i nanomaterijala baziranih na ugljeniku. Nanočestice TiO2 predstavljaju veoma atraktivan modifikator s 

obzirom na specifična svojstva. Posjeduju hemijsku, fotohemijsku i netoksičnu stabilnost, veliku inertnost, biokompa-

tibilnost, nisku cijenu, veliku provodljivost, veliku specifičnu površinu i optičku transparentnost. Sa stanovišta električnih 

osobina, TiO2 predstavlja poluprovodnik n-tipa koji pokazuje dobru optičku transmitancu u području infracrvenog 

zračenja. Posjeduje jednostavnu elektronsku strukturu sa popunjenom valentnom zonom i praznom provodnom zonom 

[13-16]. Ugljenične elektrode modifikovane nanočesticama TiO2 su našle veoma široku primjenu u elektroanalitičkim 

metodama određivanja različitih neorganskih, organskih i bioloških supstanci [17-23]. Mogućnost praktične primjene 

modifikovanih ugljeničnih elektroda u elektroanalitičke svrhe u značajnoj mjeri zavisi od fizičko-hemijskih i 

elektrohemijskih karakteristika elektrodne paste. S obzirom na heterogen sastav ugljenične paste, karakteristike 

elektrodnog materijala zavise od vrste i veličine čestica ugljeničnog materijala [24-30], vrste veziva [31], modifikatora, 

načina pripreme [32,33], kao i od odnosa udjela ugljenični materijal/vezivo/modifikator/ [34]. Pokazano je da vezivno 

sredstvo osim vezivne uloge ima i uticaj na elektrohemijske procese koji se odigravaju na površini elektrode [10]. Takođe 

je uočeno da odnos udjela grafit/PU/nanočestice TiO2 u elektrodnom materijalu utiče na karakteristične parametre 

voltametrijskog signala odziva ispitivanog sistema [35]. Još uvijek nisu definisane opšteprihvaćene metode 

karakterizacije nemodifikovanih i modifikovanih ugljeničnih elektroda sa ciljem određivanja optimalnog sastava 

modifikovanog elektrodnog materijala. U literaturi je predložena opšta procedura karakterizacije nemodifikovanih 

elektroda od ugljeničnog materijala [36]. Noviji pristup optimizaciji postupka pripreme i karakterizaciji ugljične paste se 

zasniva na mjerenju omske otpornosti i kvalitativnog indeksa ugljenične paste [37]. 

Cilj ovog rada je razvoj i karakterizacija modifikovane ugljenične elektrode izvedene sa različitim vezivnim 

materijama i različitim odnosima udjela vezivo/nanočestica TiO2. Izvršeno je ispitivanje uticaja kvalitativnog i kvanti-

tativnog sastava elektrodnog materijala na morfološke, fizičko-hemijske i elektrohemijske karakteristike modifikovane 

elektrode primjenom skenirajuće elektronske mikroskopije (SEM), energetske disperzivne analize (EDS), određivanjem 

specifične provodljivosti i ciklične voltametrije (CV). Ispitivane su modifikovane ugljenične paste načinjene od grafitnog 

praha i tečnog veziva: i) parafinsko ulje (PU), ii) reakciona smjesa 3-metilfenil bis(4-metilfenil) fosfata, bis(3-metilfenil) 

4-metilfenil fosfata i tris(3-metilfenil) fosfata (trikrezol fosfat, TCP) i iii) smjesa parafinskog ulja i trikrezol fosfata (PUTCP) 

u omjeru 1:1 (v/v), modifikovane nanočesticama TiO2. Elektrodne paste su sadržavale vezivnu materiju u rasponu od 10 

do 60 vol.% i nanočestice TiO2 u rasponu od 4-12 mas.%. Dobijeni rezultati će doprinijeti razvoju senzora za široku 

primjenu u elektroanalitičkim metodama. 

2. MATERIJALI I METODE  

2. 1. Hemikalije 

Korišćene hemikalije su kalijum heksacijanoferat(II) K4[Fe(CN)]6×3H2O p.a., Kemika, Hrvatska, kalijum hlorid, KCl p.a., 

Kemika, Hrvatska, grafitni prah ekstra čistoće, veličine čestica <50 μm, CAS broj 7782-42-5, Merck, Njemačka, dietil eter 

p.a., Lachner, Češka, parafinsko ulje, CAS broj 8042-47-5, Merck, Njemačka, reakciona smjesa 3-metilfenil bis(4-me-

tilfenil) fosfata, bis(3-metilfenil) 4-metilfenil fosfata i tris(3-metilfenil) fosfata (trikrezolfosfat), CAS broj 1330-78-5, 

Merck, Njemačka i nanočestice TiO2, komercijalnog naziva AEROXIDE®TiO2P, Evonik Industries AG, Njemačka. Veličina 
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nanočestica iznosi 10-50 nm pretežno distribuisanih u rasponu od 15 do 25 nm [38]. Za pripremu rastvora korišćena je 

destilovana voda, provodljivosti 4 μS m-1. 

2. 2. Priprema modifikovane ugljenične paste 

Serije modifikovanih ugljeničnih pasti su pripremljene na način da se smjesa grafitnog praha i nanočestica TiO2 (5 g, 

pojedinačnog sadržaja nanočestica TiO2 4, 6, 8, 10, 12 mas.%) disperguje u 50 cm3 dietil etera uz neprekidno mješanje i 

zagrijavanje na temperaturi od 40°C. Nakon isparavanja dietil etera, (za svaki uzorak različitog sadržaja nanočestica TiO2) 

vršeno je dodavanje 10, 20, 30, 40, 50, 60 vol.% (u odnosu na zapreminu modifikovanog ugljenikovog praha) tečne 

vezivne materije i) PU, ii) TCP i iii) PUTCP (zapreminski omjer 1:1). Vrijednosti gustine komponenti modifikovanih 

ugljeničnih elektroda, korišćenih za izračunavanje zapremine su prikazane u Dodatnom materijalu (Tabela D-1). 

Homogenizacija modifikovanih ugljeničnih pasti je izvedena ručnim mješanjem grafitnog praha i tečne vezivne materije 

u keramičkom tarioniku prema opisanoj proceduri [4]. Pripremljene modifikovane ugljenične paste su čuvane u 

zatvorenoj plastičnoj kutiji na sobnoj temperaturi i korišćene 24 sata nakon pripreme [32]. 

2. 3. Priprema elektrode 

Pripremljena modifikovana pasta je utiskivana u tijelo elektrode (teflonska tuba, dužine 200 mm, prečnika 20 mm) 

sa šupljinom na kraju tijela elektrode (dužine 10 mm i prečnika 2,4 mm). Električni kontakt je ostvaren pomoću Cu žice 

(prečnika 1 mm) fiksirane u tijelu elektrode. Aktivna površina elektrode je polirana u cilju dobijanja glatke elektrodne 

površine. Postupak utiskivanja nove količine paste i poliranja eletrodne površine je vršeno neposredno prije svakog 

eksperimentalnog mjerenja [39]. 

2. 4. Morfološka karakterizacija 

Za morfološku karakterizaciju površina ispitivanih elektrodnih pasti korišćen je skenirajući elektronski mikroskop 

(Quanta 250 FEG, FEI, SAD) sa nisko vakuumskim detektorom sekundarnih elektrona (LFD) i detektorom povratno 

raspršenih elektrona (BSED). Hemijska analiza i mapiranje elemenata prisutnih na površini ispitivanih materijala 

provedene su skenirajućom elektronskom mikroskopijom i energetskom disperzivnom analizom (SEM i EDS, detektor 

Pentafet, Oksford, UK). 

2. 5. Specifična otpornost 

Mjerenje omske otpornosti je provedeno pomoću digitalnog multimetra (DÜWI 07976, Njemačka). Ispitivane 

ugljenične paste su utisnute u horizontalno učvršćenu plastičnu tubu (prečnika 5 mm, dužine 10 mm) postavljenom 

između fiksiranih testnih kablova. Vrijednost specifične otpornosti (RCP) je izračunata pomoću izraza (1):  

RCP = RCP,expACPE / lCP  (1) 

pri čemu je RCP,exp- eksperimentalno izmjerena vrijednost otpora; ACPE -površina poprečnog presjeka elektrodnog 

materijala; lcp -dužina nosača elektrodnog materijala. Sva eksperimentalna mjerenja su ponavljana tri puta. 

2. 6. Elektrohemijska karakterizacija 

Elektrohemijska karakterizacija ispitivanog modifikovanog ugljeničnog elektrodnog materijala vršena je cikličnom 

voltametrijom. Mjerenja su provedena korišćenjem potenciostata/galvanostata (PAR 273A, Princenton Applied 

Research, SAD), elektrohemijske ćelije zapremine 50 cm3, sastavljene od radne elektrode (elektroda od modifikovane 

ugljenične paste), referentne elektrode (Ag/AgCl 3,5 M), kontra elektrode (platinska pločica, površine 2,4 cm2) i radnog 

elektrolita 0,01 M K4[Fe(CN)]6×3H2O
 
(standardni elektrolit koji ima reverzibilnu jednoelektronsku reakciju). Kao pomoćni 

elektrolit korišćen je 0,1 M KCl. Mjerenja su vršena u području potencijala od 0,0 V do 1,0 V i pri brzini promjene 

potencijala od 50 mV s-1. Eksperimenti su provedeni bez mješanja na sobnoj temperaturi 23±1 oC sa tri uzastopna 

mjerenja. Analiza cikličnih voltamograma je vršena pomoću softvera Powersuite 2.40 (Informer Technologies, Inc.). Svi 

potencijali su navedeni u odnosu na referentnu elektrodu. Analizirana je razlika potencijala (χ faktor) i odnos anodnog i 
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katodnog strujnog vrha voltametrijskog talasa [40]. Vrijednosti kvalitativnog indeksa modifikovane ugljenične paste (χ) 

su izračunate prema izrazu (2): 

( )( )3-/4-

p 6

p,theor

ΔE Fe CN

ΔE
 =

    (2) 

što odgovara stepenu reverzibilnosti ispitivanog elektrohemijskog sistema. Teoretska vrijednost razlike potencijala za 

redoks sistem ([Fe(CN)]3-/4-) iznosi 59 mV [37]. Za reverzibilne elektrohemijske sisteme anodni i katodni strujni vrh 

voltametrijskog talasa pokazuju iste vrijednosti jačine struje (Ip,a / Ip.k = 1) [40]. 

3. REZULTATI I DISKUSIJA 

3. 1. Morfološke karakteristike modifikovane ugljenične elektrode 

Slika 1 prikazuje morfološke karakteristike površina modifikovane ugljenične paste zavisno o udjelu PU dobijene 

pomoću skenirajućeg elektronskog mikroskopa u LFD modu rada. Rezultati pokazuju da sa povećanjem udjela veziva, 

površina modifikovane ugljenične paste poprima homogeniji izgled sa slabije izraženom geometrijskom formom čestica 

grafita (slika 1). Homogeniji izgled površine nastaje usljed većeg stepena popunjenosti međuprostora između grafitnih 

struktura. Modifikovane paste izrađene sa TCP i PUTCP pokazuju slične morfološke karakteristike (slika D-1 prikazana u 

Dodatnom materijalu). Ispitivanja morfoloških karakteristika nemodifikovanog elektrodnog materijala sačinjenog od 

0,17 g grafitnog praha i 35 mas.% PU pokazuju da površinsku strukturu karakteriše slojevita specifična forma karakte-

ristična za kristalnu strukturu čestica grafita koje su međusobno izolovane. Dodane nanočestice TiO2 popunjavaju 

slobodan prostor između čestica grafitnog praha [41]. 

 

  
Slika 1. SEM mikrografije površine modifikovane ugljenične paste sa sadržajem 8 mas.% (m/m) nanočestica TiO2 i a) 20 vol.% PU,  
b) 60 vol.% PU. Slike su snimljene u LFD modu 

Figure 1. SEM images of the surfaces of modified carbon pastes with 8 wt.% TiO2 nanoparticles and a) 20 vol.% paraffin oil (PO),  
b) 60 vol.% PO. The images were taken in LFD mode 

 

U prethodnim istraživanjima uočeno je da površinu nemodifikovane ugljenične elektrode karakteriše manje izražena 

kristalna struktura dok je površina modifikovane ugljenične elektrode pokazala veći stepen uniformnosti. Ti rezultati su 

dobijeni za modifikovanu ugljeničnu elektrodu sastava 500 mg grafitnog praha, 80 mg PU i 20 mg nanočestica TiO2 [42]. 

Slika 2 prikazuje morfološke karakteristike površina modifikovane ugljenične paste dobijene pomoću skenirajućeg 

elektronskog mikroskopa u BSED modu rada. Analiza SEM slika površine elektrodnog materijala upućuje na zaključak da 

povećanje udjela nanočestica TiO2 u pastama, od 4 do 12 mas.%, ne uzrokuje značajnije promjene morfoloških 

karakteristika ispitivanih površina. S obzirom na veličinu korištenih nanočestica, za izradu elektrodnog materijala, kao i 
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preciznije definisanje veličine nastalih aglomerata potrebno je izvršiti dodatna istraživanja pomoću odgovarajućih 

tehnika (npr. transmisiona elektronska mikroskopija). SEM slike površine elektrodnog materijala sa 4, 8, 12 mas.% 

nanočestica TiO2 i veziva PU, TCP i PUTCP, su prikazane u Dodatnom materijalu (slike D-2, D-3 i D-4). 

 

   
Slika 2. SEM mikrografije površine modifikovane ugljenične paste sa sadržajem 12 mas.% nanočestica TiO2 i a) 40 vol.% PU,  
b) 40 vol.% TCP, c) 40 vol.% PUTCP (1:1). Slike su snimljene u BSED modu 

Figure 2. SEM images of the surfaces of modified carbon pastes with 12 wt.% TiO2 nanoparticles and a) 40 vol.% PO, b) 40 vol.% TCP, 
c) 40 vol.% POTCP (1: 1). The images were taken in BSED mode 

 

U literaturi je uočena tendencija homogene adsorpcije nanočestica TiO2 na ugljeničnim površinama, za razliku od 

nanočestica PdO koje su imale veći udio u pasti u odnosu na nanočestice TiO2 i manji stepen homogenosti, a što je 

prouzrokovalo narušavanje nanostrukturne modifikacije elektrodne površine [43].  

Energetska disperzivna analiza (EDS), vršena na četiri različita mjesta na površini ispitivanih pasti, pokazuje neujed-

načenost udjela nanočestica TiO2, a koja je prouzrokovana načinom pripreme elektrodnog materijala (tabela D-2, D-3 i 

D-4 u Dodatnom materijalu). Ovi rezultati ukazuju da dobijeni elektrodni materijali nisu homogeni odnosno da 

primjenjena tehnika disperzije nanočestica TiO2 u matrici nije odgovarajuća. Mapiranjem prisutnih elemenata na 

površini elektrodnog materijala je uočeno da povećanjem udjela nanočestica TiO2 dolazi do povećane ravnomjerne 

prostorne raspodjele nanočestica po površini ispitivanih pasta te prisustvo nekoliko aglomeracija nanočestica TiO2 

različitih veličina (slika 3).    

 
Slika 3. Prostorne mape raspodjele Ti na površini modifikovane ugljenične paste sa sadržajem 40 vol.% PU i  a) 4 mas.% nanočestica 
TiO2, b) 12 mas.% nanočestica TiO2 

Figure 3. Spatial maps of Ti on the surfaces of modified carbon pastes containing 40 vol.% PO and a) 4 wt.% TiO2 nanoparticles,  
b) 12 wt.% TiO2 nanoparticles 

 

Sa povećanjem udjela veziva dolazi do smanjenja uniformnosti nanočestica modifikatora (slika 4). Izražen stepen 

neuniformnosti prostorne distribucije je uočen ispitivanjem modifikovane ugljenične paste urađene sa PU (slika 4b). 
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Najveći uticaj na uniformnost nanočestica na ugljeničnoj pasti uočeno je kod veziva TCP (slika 4d), dok je najmanji uticaj 

veziva na uniformnost prostornog rasporeda nanočestica uočen kod veziva PUTCP (slika 4f). Može se pretpostaviti da 

povećanje udjela veziva u elektrodnim pastama dovodi do povećanja stepena aglomeracije nanočestica TiO2 odnosno do 

smanjenja uniformnosti prostornog rasporeda na površini elektrodnog materijala. Broj i veličina aglomerata zavise od 

intenziteta interakcija čestica TiO2 i grafita sa vezivom te fizičko-hemijskih karakteristika vezivnog sredstva. Radoman i 

saradnici su pokazali da povećanjem udjela nanočestica TiO2 dispergovanih u alkidnoj smoli dolazi do aglomeracije 

nanočestica TiO2 usljed povećanja specifične površine modifikatora, a samim tim i intenziteta reakcija između čestica [44]. 
 

 

 
Slika 4. Prostorne mape raspodjele Ti na površini modifikovane ugljenične paste sa: 8 mas. % nanočestica TiO2 i a) 20 vol.% PU,  
b) 60 vol.% PU, c) 20 vol.% TCP, d) 60 vol.% TCP, e) 20 vol.% PUTCP (1:1), f) 60 vol. % PUTCP 

Figure 4. Spatial maps of Ti distribution on the surfaces of modified carbon pastes containing 8 wt. % TiO2 nanoparticles and  
a) 20 vol.% PO, b) 60 vol.% PO, c) 20 vol.% TCP, d) 60 vol.% TCP, e) 20 vol.% POTCP (1: 1), f) 60 vol.% POTCP 

3. 2. Specifična otpornost modifikovane ugljenične elektrode 

Analiziran je uticaj udjela veziva i nanočestica TiO2 na specifičnu otpornost ispitivanih materijala. Ispitivani elektrodni 

materijali pokazuju tendenciju smanjenja specifične otpornosti sa povećanjem količine vezivne materije do 40 vol.% 

Daljim povećanjem udjela vezivne materije do 50 vol.% zadržavaju se približno konstantne vrijednosti. Za vrijednosti 

udjela vezivne materije veće od 50 vol.% dolazi do povećanja specifične otpornosti, naročito izraženo za elektrodni 

materijal sa PU (slika 5a). Elektrodne paste sa TCP i PUTCP čiji je udio veći od 50 vol.% ne pokazuju značajno povećanje 

vrijednosti specifične otpornosti.  

Na osnovu predloženog modela „bliskog pakovanja sfernih čestica“ povećanjem udjela veziva povećava se stepen 

popunjenosti međuprostora između aglomerata grafita i nanočestica TiO2. Manji udjeli veziva uzrokuju nedovoljan 

kontakt između čestica grafita i nanočestica TiO2 što uzrokuje veći električni otpor. Elektrodne paste sa 40 vol.% vezivne 

materije pokazuju najmanji otpor što ukazuje na optimalan odnos udjela vezivnog sredstva koje se raspodjeljuje po 

površini čestica grafita i nanočestica TiO2. Dalje povećanje udjela veziva dovodi do povećanja otpornosti, a što je 

prouzrokovano dielektričnim karakteristikama korišćenih vezivnih materija. Slično ponašanje zavisnosti specifične 

otpornosti od udjela vezivne materije su pokazana ispitivanjem nemodifikovanih ugljeničnih pasti izvedenih od različitih 

ugljeničnih materijala i veziva (parafinsko, silikonsko ulje) [37].  

Zavisnost specifične otpornosti elektrodnog materijala od udjela nanočestica TiO2 (slika 5b) pokazuje slično 

ponašanje kao i zavisnost specifične otpornosti od udjela vezivne materije (slika 5a). Udio nanočestica TiO2 do 6 mas.% 
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karakteriše nedovoljna kontaktna površina u odnosu na udio vezivne materije odnosno prisutno se vezivo nalazi u 

„višku“. Povećanje udjela nanočestica TiO2 uzrokuje povećanje kontaktne površine, odnosno daje optimalni odnos 

vezivo/kontaktna površina, a koji odgovara udjelu 6-8% (m/m) nanočestica TiO2 i 40 % (v/v) vezivnog sredstva. Dalje 

povećanje udjela nanočestica TiO2 dovodi do povećanja kontaktne površine, odnosno nedovoljnog udjela vezivne 

materije što uzrokuje nedovoljan kontakt između čestica grafita i nanočestica TiO2. 
 

 a b 

 
Slika 5. Zavisnost specifične otporonosti (RCP) modifikovanog elektrodnog materijala od a) sadržaja vezivne materije sa 8 mas.% 
nanočestica (nč) TiO2, b) sadržaj nanočestica TiO2 sa 40 vol.% vezivne materije  

Figure 5. Specific resistance (RCP) of modified electrode materials as a function of a) amount of binder with 8 wt.% TiO2 

nanoparticles, b) amount of TiO2 nanoparticles with 40 vol.% binder 
 

Numeričke vrijednosti omskog otpora i specifične otpornosti ispitivanih elektrodnih pasti prikazane su u Dodatnom 

materijalu (Tabela D-5). 

3. 3. Elektrohemijska karakterizacija modifikovane ugljenične elektrode 

Slika 6 pokazuje ciklične voltamograme snimljene u 0,01 M rastvoru K4[Fe(CN)]6×3H2O) i 0,1 M KCl primjenom 

modifikovane ugljenične elektrode sastava 10–60 vol.% veziva i 4–12 mas.% nanočestica TiO2. Na osnovu prikazanih 

cikličnih voltamograma definisani su karakteristični elektrohemijski parametri (potencijal anodnog, Ep,a, i katodnog vrha 

strujnog talasa, Ep,k, visina strujnog talasa na potencijalu anodnog, Ip,a, i katodnog vrha strujnog talasa, Ip,k). Numeričke 

vrijednosti eksperimentalnih rezultata kao i izračunate vrijednosti (χ faktor, odnos Ip,a/Ip,k) prikazane su u Dodatnom 

materijalu (tabele D-6 i D-7). 

Na cikličkim voltamogramima snimljenim pomoću modifikovanih ugljeničnih elektroda sa PU i PUTCP uočavaju se 

jasno definisani anodni i katodni strujni pikovi za razliku od voltamograma snimljenih pomoću modifikovanih ugljeničnih 

elektroda sa TCP na kojima se uočava izraženo prisustvo kapacitivne strujne komponente (slika 6c, 6d). Izraženo 

prisustvo kapacitivne struje u elektrodnom materijalu sa TCP značajno ograničava mogućnost definisanja karakte-

rističnih elektrohemijskih parametara.  

Vrijednosti χ faktora pokazuju povećanje stepena reverzibilnosti elektrohemijskog sistema sa povećanjem udjela PU 

do 40 vol.% nakon čega vrijednosti χ faktora za dalje povećanje udjela veziva upućuju na smanjenje stepena 

reverzibilnosti (slika 7a). Pasta sa PU pokazuje najveći stepen reverzibilnosti sa sadržajem nanočestica TiO2 8-10 mas.% 

(slika 7b). Ovi rezultati su u saglasnosti sa rezultatima ispitivanja specifične otpornosti istog elektrodnog materijala. 

Modifikovane ugljenične paste sa trikrezol fosfatom (TCP) i smjesom parafinskog ulja i trikrezol fosfata (PUTCP) 

pokazuju porast stepena reverzibilnosti sa porastom udjela veziva do 40 vol.% i 10 mas.% nanočestica TiO2 i 

modifikatora. Elektrode sa većim udjelom veziva (>40 vol.%) i modifikatora (>10 mas.% nanočestica TiO2) karakteriše 

izraženo smanjenje stepena reverzibilnosti. Ovakvo ponašanje elektrodnog materijala sa TCP i PUTCP može se objasniti 

pomoću elektrohemijske aktivnosti TCP [9]. Drugi kriterijum reverzibilnosti elektrodnog procesa predstavlja vrijednost 

odnosa anodnog (Ip,a) i katodnog (Ip.k) strujnog vrha voltametrijskog talasa (za reverzibilni elektrodni proces Ip,a / Ip,k = 1). 

Procjena reverzibilnosti modifikovanih elektroda, na osnovu odnosa anodnog i katodnog strujnog vrha pokazuje slične 

rezultate stepena reverzibilnosti procjenjene pomoću χ faktora (slika 8). Udjeli PU od 30 do 40 vol.% i 8 do 10 mas.% 

nanočestica TiO2 (slika 8a) pokazuju najveći stepen reverzibilnosti pri čemu rezultati odnosa anodnog i katodnog 
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strujnog vrha voltamograma za elektrodne paste sa TCP i PUTCP pokazuju manje izraženiji stepen reverzibilnosti u 

odnosu na elekrodnu pastu sa PU (slika 8b). 
 a b 

 
 c d 

  
 e f 

   
Slika 6. Ciklični voltamogrami snimljeni radnom elektrodom sa sadržajem a) 40 vol.% PU, c) 40 vol.% TCP, e) 40 vol.% PUTCP i 4, 6, 8, 
10, 12 mas.% nanočestica TiO2; sa sadržajem 10, 20, 30, 40, 50, 60 vol.% b) PU, d) TCP, f) PUTCP i 8 mas.% nanočestica TiO2. 

Figure 6. Cyclic voltammograms recorded with a working electrode with a) 40 vol.% PO, c) 40 vol.% TCP, e) 40 vol.% POTCP and 4, 6, 
8, 10 , 12 wt.% TiO2 nanoparticles; with 10, 20, 30, 40, 50, 60 vol.% b) PO, e) TCP, f) POTCP and 8 wt.% TiO2 nanoparticles 

 
Slika 7. Zavisnost vrijednosti χ faktora od a) količine veziva sa 8 mas.% nanočestica TiO2 , b) količine nanočestica TiO2 sa 40 vol.% 
vezivne materije 

Figure 7. Dependence of χ factor values on a) the amount of binder with 8 wt.% TiO2 nanoparticles; b) the amount of TiO2 

nanoparticles with 40 vol.% binder 
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Slika 8. Zavisnost vrijednosti Ip,a / Ip,k od a) količine veziva sa 8 mas. % nanočestica TiO2, b) količine nanočestica TiO2 sa 40 vol.% 
vezivne materije 

Figure 8. Dependence of the value Ip,a / Ip,k on a) the amount of binder with 8 wt.% (w/w) TiO2 nanoparticles b) the amount of TiO2 

nanoparticles with 40 vol.% binder 
 

Rezultati ispitivanja uticaja udjela veziva i nanočestica TiO2 na elektrohemijske karakteristike modifikovane 

ugljenične elektrode su u skladu sa objavljenim rezultatima prethodnih istraživanja drugih autora [34,35,45-48]. 

Određivanje optimalne količine modifikatora (nanočestice TiO2) u elektrodnom materijalu izrađenom od grafitnog praha 

i silikonskog ulja (70:30 mas.%) vršeno je pomoću ciklične voltametrije. Posmatrane su vrijednosti katodnog strujnog 

pika u zavisnosti od količine modifikatora. Povećanje količine nanočestica TiO2 do 6 mas.% pratilo je i povećanje 

katodnog strujnog pika. Za vrijednosti veće od 8 mas.% nanočestica TiO2 vrijednost katodnog strujnog pika je stagnirala, 

a zatim i blago opadala [45]. Na osnovu istog kriterijuma slični rezultati (optimalna količina nanočestica TiO2 6-8 mas.% 

su dobijeni ispitivanjem modifikovanih ugljikovih pasti sa sadržajem 60-65 mas.% grafitnog praha i 33-35 mas.% 

parafinskog ulja. Povećanje strujnog odgovora sa povećanjem sadržaja nanočestica TiO2 u elektrodnom materijalu je 

bilo uzrokovano povećanjem broja mjesta za adsorpciju na elektroaktivnoj površini modifikovane ugljenične elektrode 

[34,35,46]. Analiza elektrokatalitičkog odgovora ugljenične paste modifikovane nanočesticama TiO2-Fe je korišćena za 

određivanje optimalne količine modifikatora u elektrodnom materijalu. Maksimalni anodni strujni odgovor je uočen 

korišćenjem elektrode sa 10 mas.% nanočestica TiO2-Fe. Dalje povećanje sadržaja modifikatora je uzrokovalo značajno 

povećanje pozadinske struje koje je pripisano povećanju kapacitivnosti elektrohemijskog dvosloja na granici 

elektroda/elektrolit [47]. Slično ponašanje je uočeno karakterizacijom modifikovane ugljenične elektrode 

nanočesticama TiO2-Mo [48]. 

4. ZAKLJUČAK 

U ovom radu priređene su modifikovane ugljenične elektrode različitog sastava veziva (PU, TCP, PUTCP) i 

modifikatora, TiO2 nanočestica. Karakterizacijom modifikovanih ugljeničnih elektroda različitog sastava u pogledu 

morfoloških, fizičko-hemijskih i elektrohemijskih karakteristika ispitivanih elektrodnih materijala određen je optimalan 

sastav sa. Rezultati pokazuju da povećanje količine nanočestica TiO2 od 4 mas.% do 12 mas.% ne utiče značajno na 

morfološke karakteristike ispitivanih elektrodnih pasti. S druge strane, povećanje količine veziva dovodi do većeg 

stepena popunjenosti prostora između čestica grafita, a površina elektrodne paste poprima homogeniji izgled. Uočena 

je tendencija pogoršanja prostorne distribucije nanočestica TiO2 sa povećanjem količine vezivne materije koja je 

naročito izražena kod elektrodnih pasti pripremljenih sa PU. Modifikovane ugljenične elektrode pripremljene sa 8 mas.% 

nanočestica TiO2 i 40 vol.% PU imaju najmanje vrijednosti specifične otpornosti što bi se moglo objasniti modelom 

bliskog pakovanja sfernih čestica i promjene kontaktne površine između vezivne materije i čestica grafita odnosno 

nanočestica TiO2. Ciklični voltamogrami snimljeni primjenom modifikovane grafitne elektrode sa 10-20 vol.% TCP 

upućuju na izraženo prisustvo kapacitivne struje u odnosu na elektrode sa PU i PUTCP. Elektrohemijska karakterizacija 

modifikovanih ugljikovih elektroda pokazuje da modifikovane elektrode sa 40 vol.% PU i 8 mas.% TiO2 pokazuju najveći 

stepen reverzibilnosti korišćenog elektrohemijskog sistema. Rezultati ovih istraživanja predstavljaju polaznu osnovu za 

razvoj jednostavnog i ekonomičnog elektrohemijskog senzora na bazi modifikovane ugljenične elektrode s mogućnošću 
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šire industrijske primjene. Zbog nehomogenosti dobijenih uzoraka, rezultati predstavljaju i smjernice za buduća 

istraživanja koja će uključiti primjenu na konkretnom primjeru radi potvrde navedenih tvrdnji.  
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The aim of this study is the development and characterization of a carbon-based 

electrochemical sensor, modified with TiO2 nanoparticles for potential application 

in electroanalytical techniques. The influence of binder and modifier contents on 

morphological, physicochemical and electrochemical characteristics of the electro-

de material was investigated in order to determine the optimal ratio of the carbon 

material/binder/modifier. Carbon pastes were prepared from mixtures containing 

graphite powder, TiO2 nanoparticles and liquid hydrocarbons. Scanning electron 

microscopy showed that the electrode material becomes more compact with the 

addition and the increase in the binder material content, while increasing the 

proportion of TiO2 nanoparticles did not have any significant effect on the material 

morphology showing fairly homogeneous nanoparticle distribution in the graphite 

electrode material. The test results indicate that the modified carbon paste with 

40 vol.% paraffin oil (PO) and 6-8 wt.% TiO2 nanoparticles is characterized by the 

lowest value of specific resistance. By applying cyclic voltammetry, the most 

pronounced degree of reversibility was obtained in relation to the standard 

reversible redox system ([Fe (CN)]-3/-4) for the electrode material with 30–40 vol.% 

PO and 8-10 wt.% TiO2 nanoparticles. Characterization of the electrode material 

based on carbon modified with TiO2 nanoparticles indicated that the optimal 

composition contains 40 vol.% PO and 6-8 wt.% TiO2 nanoparticles, which is 

important for application in electroanalytical techniques. 
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Abstract 

In this paper, the corrosion test of copper in hydrocracked base oil HC-6 was performed in 
the presence of an additive for extremely high pressures (EP additive) in different concen-
trations. EP additives are used to reduce wear in industrial applications, under high load 
conditions. Since most of these additives are sulfur-based, whose compounds can be 
corrosive at high temperatures, their use leads to corrosion of some materials. To prevent 
corrosion in the base oil with the EP additive, three commercial corrosion inhibitors are 
added. By chemical composition, the inhibitor RC 8210 is a derivate of dimercaptothia-
diazole, RC 4220 is a synthetic neutral calcium sulfonate, and IRGAMET 39 is a derivative of 
tolutriazole. Efficiency of the inhibitors was monitored by standard test methods for corro-
siveness to copper arising from petroleum products by the copper strip test (ASTM D-130) 
and the gravimetric method, while oxidation stability of the base oil was monitored by 
peroxide number determination. Oxidation was performed at 100±1 oC for 3 and 24 h. 
Results of these studies have shown that IRGAMET 39 is the most effective inhibitor in the 
presence of the EP additive at both examined oxidation times. 

Keywords: ASTM D-130; copper coupons; lubricating oil; extreme pressure additive.
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1. INTRODUCTION  

Corrosiveness of petroleum products indicates the product ability to cause metal corrosion. The main cause of 

corrosivity of lubricating oils is sulfur and its compounds, such as organosulfur molecules, thiophenes, disulfides, 

polysulfides, dialkyl sulfides (thioethers), and mercaptans (thiols). The origin of sulfur in lubricating oils can be from the 

base oil obtained by a basic oil production technology and refining process, or from various additives. Each compound 

exhibits its own unique reaction rate with copper, which ultimately forms copper sulfide species, as solid corrosion 

products or complexes, depending on the concentration of the compounds, copper surface condition, temperature, and 

aging time [1]. 

The use of extreme pressure (EP) additives leads to the formation of protective layers upon high loading in the 

friction process. These additives consist of chlorine, sulfur, and phosphorous compounds, which react tribochemically 

with the metal surface during the mechanical interaction and develop a well adhered and easy-to-shear protective 

layer [2]. Sulfur in EP additives reacts with the metal forming a tribofilm that improves the friction and wear behavior [3], 

but also causes corrosion of metals with which it comes into contact.  

As copper is susceptible to corrosion, it is often used as an indicator of corrosiveness of petroleum products. There 

are a number of different standards to measure copper corrosion. The copper strip corrosion test is one of the most 

frequently used methods designed to assess the relative degree of corrosiveness of petroleum products [4,5]. 

Many studies on the issue of corrosion in lubricating oils are available in the literature, such as studies on transformer 

oils [6-11], as well as on the most commonly used inhibitors for these and other types of lubricating oils [12-14]. 
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For efficient prevention of copper corrosion, metal passivators and deactivators can be used, which can be sulfur- 

and nitrogen-based. The most commonly applied are benzotriazole, toluylbenzotriazole, and aminomethyl-substituted 

toluylbenzotriazole (better known as Irgamet 39). In a study on the effect of Irgamet 39 on the copper strip oxidation 

after 4 h at 150 oC formation of a complex of impermeable film on the metal surface was found, which protected copper 

from corrosion and improved oxidative stability [9]. Also, effects of Irgamet 30 and Irgamet 39 on the oxidative stability 

of oil and copper corrosion were compared showing that Irgamet 30 inhibits oil oxidation but does not passivate the 

copper surface like Irgamet 39 [10]. 

In another study, corrosive sulfur in the form of dibenzyl disulfide (DBDS), dodecanethiol (DDM) or a combination of 

both and different concentrations of passivators Irgamet 39, 1-methylbenzotriazole (marked as T571) and n,n-Bis(2-ethyl-

hexyl)-4-methyl-1h-benzotriazole-1-methanamine (marked as TTA) were added to the non-corrosive transformer oil [11]. 

All examined passivators have shown a protective effect against DBDS. Irgamet 39 at a concentration of 200 mg kg-1 was 

shown to be the best choice for protection against DDM, while T571 proved to be the best passivator of copper in the 

presence of a combination of DBDS and DDM [11]. 

Ling and coworkers investigated the interaction mechanism of 2,5-dimercapto1,3,4-thiadiazole (DMTD) with copper 

and concluded that a reaction occurs at room temperature, building a Cu-DMTD complex. The adsorption nature of 

DMTD on copper surface is chemical. Sulfur atoms from DMTD molecules react with copper surface and polymerize into 

a polymer chain that covers the copper surface [12]. 

In addition to corrosion inhibitors, additives that improve the performance of EP additives, as well as provide 

antioxidant and dispersive and detergent properties, can be added to base oils. Synthetic calcium sulfonates have been 

shown to be the most effective for these purposes. In addition to cleaning, detergents also neutralize acidic combustion 

and oxidation products, thereby, minimizing corrosion, rust, and deposit formation in the engine [13,14]. 

The aim of this paper was to evaluate the influence of a sulfur-based EP additive on the corrosivity and oxidative 

stability of hydrocracked base oil HC-6. Since the tested additive causes corrosion of nonferrous metals, the protection 

efficiency of various inhibitors on the corrosion of copper was also examined. 

2. EXPERIMENTAL 

In the experimental part the corrosivity of copper strip in hydrocracked base oil HC-6 (Modriča Oil Refinery, Bosnia 

and Herzegovina) was tested in the presence of the EP additive and with the addition of three different (commercial) 

corrosion inhibitors. HC-6 base oil was obtained by the hydrocracking process at the Modriča Oil Refinery (Bosnia and 

Herzegovina). According to properties presented in Table 1, this oil has a high viscosity index, excellent oxidative 

stability, low sulfur and aromatic hydrocarbon contents and very low volatility. 
 
Table 1. Characteristics of HC-6 [15] 

Characteristic  Test method Value 

Viscosity at 40 oC, mm2 s-1 BAS ISO 3104 34.25 

Viscosity at 100 oC mm2 s-1 BAS ISO 3104 5.96 

Viscosity index BAS ISO 2909 119 

Flow point, oC BAS ISO 3016 -8 

Color (ASTM) BAS ISO 2049 1.0 

Flash point, oC ISO 2592 260 

Density at 15 oC, kg m-3 ASTM D 5002 854.9 

Sulfur content, ppm BAS ISO 20846 30.0 

Volatility (NOACK test), wt.% DIN 51581 6.75 

 

Used EP additive 7038 N (Additiv-Chemie Luers GmbH, Germany) contains sulfur based on vegetable ester and 

olefines [16], and three commercial inhibitors were used as corrosion inhibitors: IRGAMET 39, RC 4220 and RC 8210, 

whose chemical compositions and technical characteristics are given in the accompanying MSDS [17-19]. By chemical 

composition the inhibitor IRGAMET 39 (BASF Corporation GmbH, Germany) is based on the derivative tolutriazole, 
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RC 4220 (Rhein Chemie Rheinau GmbH, Germany) is synthetic neutral calcium sulfonate, and the inhibitor RC 8210 

(Rhein Chemie Rheinau GmbH, Germany) is a dimercaptothiadiazole derivative. All these inhibitors are soluble in 

mineral and synthetic base oils, and compatibility with other additives needs to be determined experimentally. 

Copper strip corrosion test was performed in accordance with the standard method ASTM D130 [20]. This standard 

contains a color chart for the copper strip corrosion test (Fig. 1). Oxidation of copper coupons (99.95 % Cu, Hemija 

Patenting d.o.o Lukavac, Bosnia and Herzegovina) in base oils, base oils with the EP additive and base oils with the EP 

additive and different concentrations of corrosion inhibitors was performed at 100±1 oC for 3 and 24 h. After oxidation, 

copper strip tests are degreased and dried and their color is compared with the standard color chart. 

 

 
Figure 1. Color chart according ASTM D 130 copper strip corrosion standards 
 

After 24 h of oxidation, change in the mass of copper coupons - weight growth, m / g was determined as well as the 

positive mass corrosion index, Km
+ /g m-2 h-1. Based on the value of Km

+ the negative mass corrosion index, Km
- / g m-2 h-1 

was determined and the corrosion rate, π / mm year-1 was thus determined by the gravimetric method and calculated by 

the following equations: 
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where s is the copper coupon surface (m2), t is the oxidation time (h), n is the valence of the metal, AMe is the atomic 

mass of the metal (g mol-1), AO is the atomic mass of the oxide (g mol-1) and dMe  is the metal density (g cm-3) [21]. 

Oxidation impact on the quality of base oil was monitored by peroxide number in accordance with the standard 

ASTM D 3703-99 [22]. During the process of oil oxidation, free radicals are formed first, followed by formation of 

peroxides and hydroperoxides, aldehydes, ketones, acids, esters, and finally resins and asphaltenes. The standard 

method is based on iodide oxidation to iodine by peroxide in an acidic medium, followed by the reaction with sodium 

thiosulfate until the blue color of starch indicator disappears and a colorless solution is obtained. The purpose of the 

oxidative stability determination is to assess the service life and behavior of the lubricating oil during exploitation [23].  
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3. RESULTS AND DISCUSSION 

The first part of the research consisted of testing copper corrosivity in the base oil HC-6 alone and in the oil with 

addition of the EP additive at different concentrations, during 3 h at the temperature of 1001 oC. Due to the limited 

solubility of sulfur contained in EP additives in mineral oils [24], the tested range of the additive concentrations was 

0.25 – 1 wt.% 

At all tested EP additive concentrations, the color of the copper strip changed (different grades of tarnish) and copper 

corrosion started at the concentration of 0.25 wt.% (Table 2).  
 
Table 2. Copper corrosion at different concentrations of EP additive (3 h at 100  1 oC) 

Concentration of the EP additive in base oil HC-6, wt.% Copper strip corrosion according to the ASTM D 130 

0.00 1a 

0.25 3a 

0.50 3b 

0.75 4a 

1.00 4a 

 

In the further test, corrosion inhibitors were added at various concentrations, in the range of 25 - 200 ppm. The 

results are presented in Table 3, which indicates that IRGAMET and RC 8210 inhibitors were effective already at 25 ppm 

(1b). By applying the RC 4220 inhibitor at concentrations of 25 and 50 ppm, the corrosion degree is same as without the 

inhibitor, while at concentrations higher than 75 ppm the corrosion degree is even increased. This inhibitor is based on 

calcium sulfonate, so there is a possibility that by the increase in inhibitor concentration as more sulfur is introduced, 

the corrosion process is promoted with the formation of copper sulfide. 
 
Table 3. Copper strip test in HC-6 oil with 0.25 % EP additive and various concentrations of corrosion inhibitors (3 h at 100  1 oC) 

Inhibitor concentration, ppm 
Copper strip corrosion in according to ASTM D 130 

IRGAMET 39 RC 4220 RC 8210 

0 3a 3a 3a 

25 1b 3a 1b 

50 1b 3a 1b 

75 1b 3b 1b 

100 1b 3b 1b 

200 1b 3b 1b 

 

In this series of experiments the mass change of copper coupons was negligible, due to the short oxidation time. 

Since lubricating oils need to ensure good lubrication under extreme conditions and for several hours of operation, 

examined oxidation time has been extended and the results are presented in Table 4.  
 
Table 4. Copper strip test in HC-6 oil with 0.25 % EP additive and various concentrations of corrosion inhibitors (24 h oxidation at 
1001 oC) 

Inhibitor concentration, ppm 
Copper strip corrosion in according to ASTM D 130 

IRGAMET 39 RC 4220 RC 8210 

0 3b 3b 3b 

25 1b 4a 2c 

50 1b 4a 2b 

75 1b 4a 2e 

100 1b 4b 2a 

200 1b 4b 1b 

 

Due to the longer oxidation time, the change in mass was measurable, so the corrosion rate was calculated by the 

gravimetric method (Fig. 2).  
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Figure 2. Copper corrosion rate in HC-6 oil with 0.25 % EP additive and various concentrations of corrosion inhibitors (24 h oxidation 
at 1001 oC) 
 

In the case of IRGAMET 39, which is derivative of tolutriazole, the mass of coupons remained almost the same before 

and after 24 h of oxidation. This result indicates the protective effect of the inhibitor and prevention of corrosive sulfur 

action from the EP additive on the copper coupon. It can be concluded that even at prolonged oxidation this inhibitor is 

effective even at the lowest tested concentration of 25 ppm. Benzotriazoles and their derivatives have been shown to 

be effective inhibitors of copper corrosion and act as passivators. Passivators react by blocking the sites for corrosive 

sulfur compounds and are used as a remediation technique to protect copper against the corrosive sulfur attack and 

formation of copper sulfide [7,9,10]. 

By adding the RC 4220 inhibitor the coupon weight increased and thus the corrosion rate increased with increasing 

the inhibitor concentration. The ASTM D 130 method indicated that the increase in concentration of this inhibitor 

increases "tarnish" of the coupon, so that this inhibitor is not effective in the tested concentration range. 

In the case of RC 8210 inhibitor (dimercaptothiadiazole derivative), the coupon weight increased with increasing the 

inhibitor concentration followed by the weight decrease. At concentrations of 100 and 200 ppm the change in coupon 

mass is negligible, with the lowest degree of coupon corrosion according to the ASTM D 130 method, leading to the 

conclusion that this inhibitor is effective at concentrations higher than 100 ppm. 

The quality of lubricating oil and amounts of oxidation products formed were monitored by the peroxide number. 

The following table shows the values of peroxide numbers during 3 h in the HC-6 base oil and the oil with the EP additive 

and different concentrations of inhibitors.  
 
Table 5. Peroxide number in HC-6 oil with 0.25 % EP additive and different concentrations of inhibitors (3 h at 100°C1°C) 

Inhibitor concentration, ppm 
Peroxide number, mmol kg-1 

IRGAMET 39 RC 4220 RC 8210 

0 0.22 0.22 0.22 

25 0.20 0.23 0.45 

50 0.21 0.21 0.51 

75 0.15 0.26 0.68 

100 0.17 0.32 0.82 

200 0.23 0.27 0.98 

 
By inspecting the peroxide number values of the oil with 0.25 % EP additive at 3 h (Table 5) and 24 h of oxidation 

(Figures 3 - 5) it can be seen that the oxidation time has a negative impact on the oxidative stability of the lubricant, 
since the peroxide number increased with time. 
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Inhibitors IRGAMET 39 and RC 4220 had negligible impacts on the HC-6 oil oxidative stability during 3 h of oxidation, 

based on statistically not different peroxide number values obtained in the systems with and without inhibitors. During 

24 h of oxidation, in the systems with mentioned inhibitors the peroxide number was reduced, indicating that both 

inhibitors improve oxidative stability of the lubricant. 

Addition of RC 8210 at increasing concentrations increases the tendency of the oil to form oxidation products, as 

the peroxide number increased at both 3 h and 24 h of oxidation. 

Based on the folowing diagrams (Figures 3 - 5) it can be seen that the addition of inhibitors IRGAMET 39 and RC 4220 

at a concentration of 50 ppm, the lowest values of peroxide number and corrosion rate, while with inhibitors RC 8210 

these values are lowest at a concentration of 25 ppm. 

 

   
Figure 3. Corrosion rate and peroxide number in HC-6 with the addition of 0.25 % EP additive and various concentrations of 
IRGAMET 39 (24 h oxidation at 100  1 oC) 

 

 
Figure 4. Corrosion rate and peroxide number in HC-6 with the addition of 0.25 % EP additive and various concentrations of RC 4220 
(24 h oxidation at 1001 oC) 
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Figure 5. Corrosion rate and peroxide number in HC-6 with the addition of 0.25% EP additive and various concentrations of RC 8210 
(24 h oxidation at 1001 oC) 

4. CONCLUSION 

The aim of this paper was to evaluate the influence of a sulfur-based EP additive on the corrosivity and oxidative 

stability of hydrocracked base oil HC-6 used to obtain lubricants and to determine which of the tested inhibitors is the 

most effective. Based on the obtained results the following conclusions can be made. 

1. The tested EP additive has a negative impact on the corrosivity and oxidative stability of the lubricant. 

2. The corrosion inhibitor IRGAMET 39 has shown the highest efficiency in protecting copper from corrosion, 

compared to the other examined inhibitors. 

3. In terms of oxidative stability of the investigated lubricant, the RC 8210 inhibitor exhibited the worst results, 

showing the increase in peroxide number with the increase in concentration. The lubricant has shown the best 

oxidative stability in the presence of RC 4220, but this inhibitor is the worst in protecting copper from corrosion. 

Overall, the inhibitor IRGAMET 39 is the most effective, because it has shown excellent protective properties against 

corrosion with minimal impact on the oxidative stability of the lubricant. 
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Ispitivanje korozije bakarne trake u hidrokrekovanom baznom ulju u 
prisustvu različitih inhibitora 

Borislav N. Malinović, Aleksandra Borković i Tijana Đuričić 

Tehnološki fakultet, Univerzitet u Banjoj Luci, Stepe Stepanovića 73, 78000 Banja Luka, Bosna i Hercegovina 
 

(Stručni rad) 

Izvod 

U ovom radu ispitivana je korozija bakra u hidrokrekovanom baznom ulju HC-6 u prisustvu različitih 

koncentracija aditiva za ekstremno visoke pritiske (EP aditiv). EP aditivi se koriste za smanjenje habanja 

u industrijskim primenama, pod uslovima velikog opterećenja. Budući da je većina ovih aditiva na bazi 

sumpora čija jedinjenja mogu biti korozivna na visokim temperaturama, njihova upotreba dovodi do 

korozije nekih materijala. Da bi se sprečila korozija bakra u baznom ulju sa EP aditivom dodana su tri 

komercijalna inhibitora korozije. Po hemijskom sastavu inhibitor RC 8210 je derivat 

dimerkaptotiadiazola, RC 4220 sintetički neutralan kalcijum sulfonat, a IRGAMET 39 je derivat 

tolutriazola. Efikasnost inhibitora praćena je u skladu sa stndardnom ASTM D-130 metodom, 

gravimetrijskom metodom, a oksidaciona stabilnost baznog ulja praćena je određivanjem vrednosti 

peroksidnog broja. Oksidacija je trajala 3 i 24 časa na 100⁰C ± 1⁰C. Ispitivanje je pokazalo da je IRGAMET 

39 najefikasniji inhibitor u prisustvu EP aditiva u oba ispitivana vremena oksidacije. 

Ključne reči: ASTM D-130; bakarni 

kuponi; maziva ulja; EP aditiv 
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Abstract 

Corrosion effects on structural integrity and life of oil rig welded pipes are analysed by 
experimental, analytical, and numerical methods. Experiments were performed using 
standard tensile specimens and CT specimens for static loading, Charpy specimens for 
impact loading, and 3 Point Bending specimens for fatigue crack growth with amplitude 
loading. In each case new and old pipes were used to evaluate corrosion effects. Results 
indicated negligible corrosion effects in the case of tensile properties and impact toughness, 
and strong effects in the case of fracture toughness and especially fatigue crack growth rates, 
increasing the risk of static failure and reducing significantly structural life. Analytical 
expressions are used for oil rig pipe structural integrity and life assessment to quantify these 
effects. Recently introduced risk-based approach is applied to analyse oil rig drill pipe with a 
corrosion defect treated as a surface crack. 

Keywords: risk-based assessment; failure analysis diagram; fatigue; risk matrix.
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1. INTRODUCTION  

Casing steel pipes used in oil drilling rigs are subjected to a corrosive atmosphere making them susceptible to 

material degradation, sometimes in combination with errors in design and manufacturing. The main concern is the 

influence of CO2 and H2S in the oil and gas exploitation facilities because these gases, especially under high pressures 

and temperatures, create a corrosive environment [1,2]. Therefore, besides common reasons for failures of the 

pipelines, such as insufficient resistance to crack initiation and propagation and especially occasional inadequate quality 

of welded joints, corrosion defects often reduce strength and crack resistances, causing static or fatigue failure [3,4]. In 

this context it is necessary to analyse material resistance to cracking not only for new material, but also for material 

after certain period of exploitation, referred in the following text as used material. To fully comprehend the complex 

mechanism of corrosive action of fluids from oil and gas wells, all the factors caused by the presence of carbon dioxide, 

hydrogen sulfide, chloride, and mercury, affecting the initiation and development of corrosion should be taken into 

consideration [5,6].  

Presence of flaws in the basic material or in welded joints of protective welded pipes in oil wells does not necessarily 

cause the loss of their integrity, [7-8]. Assessment which refers to the tolerability of some kinds of flaws depends on 

possible interactions of the following factors: geometry of protective welded pipes, stress states (operational and 

residual), type, size and location of the flaw, mechanical properties of welded joints, conditions of exploitation, etc [9-

10]. On the basis of accurate determination of the flaw type and size and calculation of the operational ability of the 

welded joint, the decision regarding its use or rejection can be reached. Structural integrity is a relatively new scientific 

and engineering discipline, which in a broader sense comprises the state analysis and diagnostics of behaviour, lifetime 

evaluation and structure refurbishment. This means that, besides the common task of assessing the integrity of 
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structure when the flaw is detected using non-destructive inspection (NDI) methods, this discipline also comprises the 

analysis of the stress state of the structure with and without a crack. 

Numerous papers have been published on pipe failures due to cracks and other defects, including corrosion, [11-

16], and some of them focused on welded joints, [17]. Nevertheless, all of them lack a comprehensive approach, which 

would include experimental, numerical, and analytical approaches to the problem of corroded pipes and the remaining 

pipe strength. Toward this aim, several papers were published in the last decade by the authors of the present study, 

[18-22], including previous experimental investigation on the pipe taken from exploitation in an oil drilling rig after 

70,000 hours (8 years) of service [23,24]. In the present paper, the new method, recently introduced and applied for 

pressure vessels, [25-29], is applied to assess structural integrity of API J55 steel pipes, damaged by corrosion, using 

risk-based approach. In respect to welded joints, focus here is on the base metal, since it was shown that it is more 

sensitive to cracking than the weld metal [23, 24]. 

2. EXPERIMENTAL METHODS 

API J55 steel, with the chemical composition shown in Table 1, and metallographic examination shown in Figure 1, 

indicating typical rolled ferrite-pearlite microstructure, is used here for testing as a common material for oil rig drilling 

pipes. Specimens were cut from the casing pipe manufactured by high frequency (HF) welding - producer US Steel, 

Serbia). The pipe was withdrawn from a drilling rig during a reparation procedure after about 70000 hours (8 years) of 

operation. At the same time, new pipe was used for testing both the material properties and pipe behaviour under 

pressure [23]. Testing of tensile properties, impact toughness, fracture toughness and fatigue crack growth rate is 

presented in the following text. Specimens were cut out from both new and used pipes and machined to standard 

dimensions for each testing.  
 
Table 1. Chemical composition of API J55 steel [23] 

Element C Si Mn P S Cr Ni Mo V Cu Al 

Content, wt.% 0.29 0.23 0.96 0.013 0.022 0.1 0.058 0.012 0.003 0.13 0.025 

 

 a b 

  
Fig. 1. Microstructure of API J55 steel: a) rolling direction; b) transverse direction [23] 

2. 1. Tensile properties 

Tensile properties were tested in accordance with the standard ASTM E8-08, [30], using specimens of the base metal 

prepared according to the standard ASTM A370, Fig. 2, [31], as shown in [21,23]. Testing was done by using the 

electromechanical testing machine, SCHENCK-TREBEL RM 100 (SCHENCK - Germany), in displacement control, with the 

rate 5 mm/min.  
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Fig. 2. Specimens for tensile testing [23] 

2. 2. Impact toughness 

Impact toughness was tested by using the instrumented Charpy pendulum SCHENCK TREBELL 150/300 and Charpy 

specimens, Fig. 3, according to the standard ASTM E23-01 [32], as shown in more details in [23]. Instrumented pendulum 

enables separation of energies for crack initiation and propagation, which are equally important indicators of material 

behaviour under impact loading, as the total energy.  

 

 

“A” 

 

Figure 3. Charpy specimen for impact toughness testing 

2. 3. Fracture toughness 

Keeping in mind that the material tested here is not a brittle one, it was necessary to use elastic-plastic fracture 

mechanics parameter, such as J integral, to estimate fracture toughness [33]. Toward this aim, so-called crack resistance 

curves, i.e. J-R curves, are used to get the critical JIc value, which is then used to calculate KIc, i.e. the fracture toughness, 

according to the standard ASTM E1820, [33]. To obtain J-R curves and JIc values, relevant for real pipes, standard 

compact tension (CT) specimens were used and modified, since they were directly cut out from new and used pipes, 

with curvature and thickness as shown in Fig. 4, [14,19,23]. Testing was done by using the electromechanical testing 

machine, SCHENCK-TREBEL RM 100, using special grips for CT specimens. 

 

 a b 

  
Figure 4. CT specimen: a) photograph, b) dimensions 
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2. 4. Fatigue Crack Growth testing 

Fatigue crack growth (FCG) was tested at room temperature, in accordance with ASTM E647, [34] using Three Point 

Bending (3PB) specimen on a Fractomat device (Rumul, Switzerland), as shown in Fig. 5, and explained in more details 

in [23].  
 

 

 
Fig. 5.  Fatigue crack growth testing: 3PB specimen with foil for measuring the crack length assembly 

2. 5. Prototype testing  

Testing of prototype was conducted on a pressure vessel with defects of the circular shape. The vessel was made 

from a part of the casing pipe made by HF welding of API J55 steel, closed at both ends with nominal dimensions: 

diameter 139.7 mm, wall thickness 6.98 mm, Fig. 6a. In the experiment performed [23], strain gages and rosettes were 

used to evaluate J integral by so-called the direct measurement technique. Different artificially made surface defects 

with lengths D = 26, 28, and 30 mm and depths a = 1.75, 3.5, and 5.25 mm (Fig. 6b) were monitored to assess their 

effects on structural integrity [21,23].  

 

    
Fig. 6. a) Prototype with artificial defects, b) defect details 

3. RESULTS 

3. 1. Tensile testing 

Results of tensile testing are shown in Table 2 for the new and used material, respectively. As one can see, yield 

stress (Re) is significantly reduced due to damage in used material, while tensile strength (Rm) and elongation (A5) are 

not significantly affected. One possible explanation of such a behaviour could be that damage has reversed the 
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mechanism used to obtain unusually high Re of the new material, but this phenomenon is yet to be investigated. 

Anyhow, it is considered here as a fact indicating the corrosion effect on tensile properties. It should be also noticed 

that the hardness values were almost the same, 195±10 in both cases [23]. 
 
Table 2. Tensile properties for new and used material [23] 

Re ± SD / MPa Rm ± SD / MPa A5 ± SD / % 

New material Used material New material Used material New material Used material 

547.7±7.6  379.7±3.3 586.7±6.2  562.3±2.9 28.7±1.3 33.0±1.2 

 

3. 2. Impact toughness 

Impact toughness values determined for the new and used material are shown for different testing temperatures in 

Table 3, indicating weak influence of corrosion damage. All other details and results are shown in [30], including the 

effect of different microstructures in the base metal (BM), weld metal (WM) and heat-affected-zone (HAZ), which turned 

out to be insignificant.  
Table 3. Impact toughness for new / used material  

Mean value ± standard deviation 

Testing temperature, C 
Euk ± SD / J 

New material Used material 

–40 26.3±3.1 26.7±3.7 

–20 52.3±0.9 54.3±2.5 

+20 99.0±0.0 102.3±6.1 

3. 3. Fracture toughness 

Fracture toughness values are shown in Table 4, indicating stronger influence of corrosion damage than in the case 

of tensile properties and impact toughness. Of special interest are minimum KIc values, 121.4 MPa∙m0.5 for the new 

material, and 91.4 MPa∙m0.5 for the used one, in both cases for the base metal, as the most sensitive to cracking.  
 
Table 4. Fracture toughness KIc, new / used material 

Crack location 
KIc / MPa∙m0.5 

New material Used material 

Base metal 121.4  91.4 

3. 4. Fatigue crack growth testing 

Results for the threshold values, Kth, and Paris law coefficients C and m, are shown in Table 5 for new and used 

material, tested with amplitude loading corresponding to the stress intensity factor range K=15 MPa∙m0.5. More 

detailed results, including relation between the FCG rate, da/dN, and stress intensity factor range, K, are presented in 

form of a diagram in [14,23]. Here, the FCG rate is presented for the stress intensity factor range K=15 MPa∙m0.5, 

indicating a strong effect of corrosion damage, since the FCG rate is almost 6-fold higher for the used material. 
 

Table 5. Fatigue crack growth parameters, [23] 

 Kth / MPa∙m0.5 C m (da/dN) / (m / cyc) (K=15 MPa∙m0.5) 

New material 9.5 1.2310-13 3.931 5.1710-9 

Used material 9.2 2.1110-15 6.166 3.7510-8 

 

To summarize, there is insignificant influence of corrosion on tensile properties and impact toughness, but both 

fracture toughness and especially FCG rate are strongly affected, indicating potential large differences in structural 

integrity and life assessment. 
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3. 5. Prototype testing 

Experimental results of prototype testing are shown in Figure 7 in the form of J integral vs. pressure, and explained 

in more details in [20], including comparison with FEM, indicating safe operation at the design pressure of 10 MPa. One 

can note that failure did not occur for testing pressure as high as 22 MPa. 

  
Figure 7. Prototype testing results - J integral vs. pressure 

4. STRUCTURAL INTEGRITY ASSESSMENT  

Analytical assessment of structural integrity is based on calculation of the stress intensity factor and stress ratio, 

with an aim to define the corresponding point in the Failure Analysis Diagram (FAD) [35]. Basic concept of the FAD, 

shown in Figure 8, is that a point below the limit line is safe, while a point outside the limit line is not safe. The limit line 

is defined by equation (1): 
0.5

r r r2

8
lnsec

2
K S S





  
=   

  
 ( 1) 

where Kr is the ratio between the stress intensity factor KI and its critical value KIc, while Sr is the ratio between the net 

stress Snet and the stress critical value Sc. 

To evaluate points in the case analysed here, the stress intensity factor KI is calculated according to the following 

equation (2):  

IK YS a=  (2)  

where Y is the geometry factor, depending on the crack type and size, [24], S = p∙r/t is the circumferential stress in a thin 

cylindrical vessel, p is the pressure, r radius, and t thickness. The net stress is calculated in the same way as S, but for 

the reduced cross-section, where the crack is located.  

The critical value of KI, i.e. fracture toughness KIc, is already defined in Table 4, whereas the critical value of stress, 

Sc, is commonly defined as the mid-value of yield and tensile strengths, equation (3)[23]: 
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For calculation of the above parameters a crack with the depth a = 3.5 mm and length 2c = 28 mm was considered. 

The cross section reduction is then (3.528)/(6.98702)=0.0200, and net stress Snet=100/0.9800=102.0 MPa. According 

to the data given in Table 2, the critical stress is Sc= (547.7+586.7)/2=567.2 MPa for the new material, and 

Sc=(379.7+562.3)/2=471 MPa for the used one. Now, one can calculate the X coordinate as by equation (4): 

net

c

S
X

S
=  (4) 

These values are 0.19 and 0.23 for the new and used material at the pressure of 10 MPa, respectively. Corresponding 

values for the pressure of 22 MPa are 0.42 and 0.51, respectively. 

To get the Y coordinate, the stress intensity factor for a surface edge crack in a cylinder is needed. It can be obtained 

by using different methods for geometry factors, depending on the crack size [36]. According to the procedure explained 

in [24], the geometry factor for the crack 3.5 mm in depth and 28 mm in length is Ytotal=2.538, and the corresponding 

stress intensity factor is KI=32.6 MPa∙m0.5 for the pressure of 10 MPa and 71.7 MPa∙m0.5 for the pressure of 22 MPa. 

Taking into account the critical values of stress intensity factor from Table 4 (KIc=91.4 MPa∙m0.5 for the used material, 

and 121.4 MPa∙m0.5 for the new one), the Y coordinate becomes 0.35 for the used material and 0.27 for the new one 

(pressure 10 MPa), and 0.77 for the used material and 0.59 for the new one (pressure 22 MPa). All four points are in the 

safe region, as shown in Figure 8, indicating also good agreement with the experimental results.  
 

 
Fig. 8. Failure analysis diagram: pressure 10 MPa: new (0.19, 0.27) and used (0.23, 0.35) material; pressure 22 MPa: new (0.42, 
0.59) and used material (0.51, 0.77) 
 

Probability of failure can be now estimated according to the position of these 4 points. Using the novel procedure, 

one obtains 0.28 and 0.37 for the pressure of 10 MPa, new and used material, respectively, as well as 0.62 and 0.82 for 

the pressure of 22 MPa, also for the new and used material, respectively. Having in mind the medium consequence, as 

explained in [22], one obtains the risk matrix, Table 6, indicating high risk level for the pressure of 22 MPa and used 

material. 

This is the crucial point in the analysis performed here. One should notice that the risk-based analysis shows in a 

simple way that material aging increases the risk for one category, whereas testing over-pressure does it for two 

categories! Obviously, material aging cannot be avoided, but over-pressure has to be reduced as much as possible. 

According to this analysis, 30 % should be the maximum value to keep all points at the medium risk level. 
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Table 6. Position of assessment points in the risk matrix  

 
Consequence category 

1 - very low 2 - low 3 - medium 4 - high 5 - very high Risk legend 
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  Very low 

0.2-0.4 
low 

  
p=10, MPa 
new 0.33 

  Low 

0.4-0.6 
medium 

  
p=10, MPa 
used 0.42 

  Medium 

0.6-0.8 
high 

  
p=22, MPa 
new 0.73 

  High 

0.8-1.0 
very high 

  
p=22, MPa 
used 0.92 

  Very High 

3. 3. Structural life assessment  

According to the results of FCG rates, presented in Table 5, one should expect significant reduction of fatigue life of 

corrosion damaged material. To evaluate this detrimental effect, the Paris law was used for both analytical and 

numerical calculations in the following equation, as shown in equation (5) [24]:  

( )
d

d

m
ma a

C K C Y a
N W

 
  

=  =   
  

  (5) 

where Y(a/W) is the geometry factor depending on the crack geometry. The Paris law can be integrated directly if one 

neglects dependency of the geometry parameter Y on crack geometry, or numerically if dependency is taken into 

account, as was done here by dividing the range of crack depth growth as follows: 3.5; 4.19; 4.88; 5.57; 6.26; 6.9; 7 mm. 

Coefficients C and m are used for the new and used BM, as given in Table 5. The geometry coefficient Y(a/W) was in the 

range from 2.39 to 4.29, also affected by different crack lengths. Amplitude loading is defined as R=0.79 (in ABAQUS 

input data file) for 21 MPa (maximum stress 100 MPa, minimum stress 79 MPa, [23]). Calculation is based on the Raju-

Newman solution for a surface crack in a thin-walled cylindrical shell, equation (6)[36]: 

I f k T tm

k

s
c a a

K M E M M
a t E

     
= + −         

  (6) 

where: Mf is a function depending on the crack geometry (on the ratio a/c); s is the function depending on the crack 

geometry (on the ratio a/c) and on the relative crack depth (on the ratio a/t); tm (Ms) is the surface correction factor for a 

surface crack and MT is the Folias correction factor. 

To fit the Raju and Newman results for the deepest point  = /2, the parameter (s) is given by equation (7): 

( ) ( )( ) ( )
3 5

1.6 3 / 8 / / 0.008 /s a c a c a t a c= + + +  (7) 

Results obtained in this way are presented in Table 7. The presented data indicate cca 17 % reduction of fatigue life 

for the used material as compared to the new one. 
 
Table 7. Data for crack length 2c = 28 mm, using parameters Mf, Ek, s, MT, MTm and Ftotal as defined in [24] 

a / mm c/a a/t a/c Mf Ek S ( = /2) MT MTm Ytotal K1 / MPa∙m0.5 
ac / m N ( = /2) 

old new old new 

3.5 4.000 0.501 0.250 1.105 1.149 1.742 1.022 1.016 2.448 25.69 0.200 0.353 0 0 

4.19 3.341 0.600 0.299 1.100 1.200 1.894 1.032 1.032 2.483 28.51 0.191 0.337 7029810 6254403 

4.88 2.869 0.699 0.349 1.095 1.257 2.216 1.043 1.060 2.557 31.69 0.173 0.305 10536232 10520849 

5.57 2.513 0.798 0.398 1.090 1.320 2.839 1.055 1.110 2.716 35.96 0.145 0.255 12092670 13392910 

6.26 2.236 0.897 0.447 1.085 1.388 3.962 1.069 1.207 3.074 43.14 0.108 0.190 12586914 15166127 

6.9 2.029 0.989 0.493 1.081 1.456 5.697 1.083 1.405 3.910 57.60 0.069 0.121 12661710 15985600 

7 2.000 1.003 0.500 1.080 1.466 6.049 1.086 1.456 4.144 61.50 0.062 0.110 12668570 16030191 
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4. DISCUSSION 

In order to verify the approach applied in this research, results are now compared with the experimental and 

numerical ones, presented in [21]. To do so, the maximum allowed pressure has been calculated according to the critical 

value taken from the failure analysis diagram (FAD) for the used material, leading to p=26.8 MPa (22/0.82), since the 

probability level for the pressure 22 MPa is 0.82, and for the allowed (critical) pressure it is 1. Maximum allowed 

pressures, as given in [21] for 3 analytical and FEM values obtained for 3 different reference stresses (0.8, 0.85, and 0.9 

of the ultimate tensile strength - UTS), are in the range 37.1 to 48.2 MPa. The maximum allowed pressure calculated 

based on FAD is clearly lower than any of them. Taking into account the fact that these values are obtained for the real 

geometry of defect, it is easy to conclude that the significantly smaller value obtained here is in accordance with the 

fact that the defect is considered as a surface crack, whereas in analytical and numerical calculations it was treated as 

a geometry imperfection. In this way, our approach is verified as a conservative and reliable, and also as a simple one. 

Results for remaining life, i.e the number of cycles needed for crack growth from the initial depth (3.5 mm) to 6.26 

mm, for crack length 28 mm, Table 7, are also given in Table 8 for the used and new material to show more clearly the 

effect of material aging. One can see that this effect is important, but not significant, since the reduction in the remaining 

life is 17 %, from about 2.8 years for the new material to about 2.3 years for the used material. One can notice that the 

effect is much more pronounced for a longer crack, as presented [22], and also shown here in Table 8. 
 

Table 8. Number of cycles N and remaining life for crack growth in depth from 3.5 to 6.26 mm 

Crack length 
N Time, year* 

Used material New material Used material New material 

2c=28 mm 12,586,914 15,166,127 2.328 2.805 

2c=200 mm ** 464,212 2,433,641 0.092 0.482 

*1 year=5,046,009 cycles, **data taken from [22] 

 

One issue remains critical in the approach presented here. Namely, as shown in [24], analytical expressions do not 

exist for evaluation of surface crack stress intensity factors, which would be the best approach for crack analysis 

regardless the crack type and size. In this research, the Raju-Newman expression is used, but its validity for very deep 

cracks is questionable. Anyhow, analytical expressions used here are useful and present a practical engineering tool to 

assess structural integrity and life of a cracked corroded component in a simple way. 

5. CONCLUSIONS 

According to the presented analysis of oil rig welded pipes, following conclusions can be drawn. 

• Fracture toughness and FCG rate are strongly affected by corrosion damage, although tensile properties and impact 

toughness are not. This is probably valid for ferritic steels in general, but not austenitic ones. 

• The most pronounced effect of corrosion damage is in the case of amplitude loading, since it increases the FCG rate 

up to 6 times, which in turn significantly reduces structural life. Anyhow, this result should not be generalized, since 

it is specific for the case studied here. 

• Corrosion damage increases the failure risk for one category (low to medium - working pressure, high to very high – 

test pressure), whereas the increase from working to testing pressure increases the failure risk for two categories 

(from low to high – new material, medium to very high – used material). 

• Testing pressure has to be reduced as much as possible. According to this analysis, 30 % should be the maximum 

value to keep the risk at medium level. The optimal value should be 10 %. 

• Failures due to relatively short cracks can be prevented by timely intervention, what might not be the case for 

relatively long cracks. 
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(Naučni rad) 

Izvod 

Uticaj korozije na integritet i vek naftnih bušećih cevi je analiziran eksperimentalnim, analitičkim i 

numeričkim metodama. Eksperimenti su rađeni na standardnim zateznim i “CT” epruvetama, ispitinim 

statičkim opterećenjem, Šarpi epruvetama ispitanim na udarno opterećenje i epruvtama na savijanje u 

3 tačke, ispitanim na amplitudno opterećenje. U svakom slučaju je ispitan novi i korišćeni materijala da 

bi se odredio uticaj korozije. Rezultati su ukazali na mali uticaj korozije u slučaju zateznih svojstava i 

žilavosti, a relativno veliku uticaj u slučaju žilavosti loma I brzine rasta zamorne prsline, što značajno 

povećava rizik od loma i smanjuje preostali vek cevi. Kvantifikacija ovog uticaja je određena pomoću 

analitičkih izraza za factor integriteta napona. Nedavno uvedeni pristup analizi rizika je primenjen da se 

odredio nivo rizika u novim i korićenim cevima, pri proračunskom i ispitnom pritisku. 

Ključne reči: procena rizika; dijagram 

analize loma; zamor; matrica rizika 
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The Serbian Academy of Sciences and Arts hosted the participants of the symposium titled:  
COIN2022 - Contemporary batteries and Supercapacitors– International Symposium Belgrade 
2022”, 1-2 June 2022,. The symposium was organized by the University of Belgrade – Faculty 
of Physical Chemistry, Belgrade, Serbia, the National Institute of Chemistry, Ljubljana, Slovenia, 
the University of Montenegro, Faculty of Metallurgy and Technology, Podgorica, Montenegro 
and the Serbian Academy of Sciences and Arts, Belgrade, Serbia. The world-renowned leaders 
of large European projects and their coworkers, with the local and regional project leaders, 
coworkers and students, shared the activities and achievements in the field of energy storage 
and conversion. In addition, Alumni of the University of Belgrade presented the results of their 
ongoing research. The conference covered different research and industrial perspectives in 
Europe and also educational activities within the prestigious MESC+ study program. Local 
project leaders and students were acquainted with possibilities of upgrading their skills and 
knowledge through postgraduate studies in the best European and world institutions. 
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After commercialization in the 1990s, thanks to its high practical energy density, Li-ion battery became the 

influencing factor of everyday life. This battery is now the heart of countless number of portable electronic devices 

(mobile phones, tablets. laptops etc.), being today a common property of almost every man (in 2020, 45 GWh of energy 

was stored in Li-ion batteries in portable devices). From 2010., it is used as the propellant of electric cars, with the 

intention to replace all oil powered cars in the next few decades. The production rate of battery powered cars increased 

progressively and reached one million/year in 2017 and exceeded 6 million/year in 2021. Furthermore, in the near 

future, huge stationary battery packs should serve to buffer the oscillating energy output of solar and wind power plants. 

The inclusion of nanomaterials in the process of Li-ion battery production shifted its characteristics toward 

supercapacitor ones, and consequently, the supercapacitors are now the subjects of investigation as a fast-charging 

chemical power sources, alternative or supplement to batteries. However, the scarcity of raw materials for Li-ion 

batteries in the Earth’s crust impels electrochemists to search for other types of batteries of similar usability and not 

limited by raw materials.  

A group of distinguished European and domestic project leaders contributing significantly to the recent development 

of Li-ion batteries and supercapacitors and to their potential substitutes, met at the symposium entitled COIN2022 - 

Contemporary batteries and Supercapacitors – International Symposium Belgrade 2022”, held 1-2 June this year in the 

Serbian Academy of Sciences and Arts. The institutional organizers were the University of Belgrade – Faculty of Physical 

Chemistry, Belgrade, Serbia, the National Institute of Chemistry, Ljubljana, Slovenia, the University of Montenegro, 

Faculty of Metallurgy and Technology, Podgorica, Montenegro, and the Serbian Academy of Sciences and Arts, Belgrade, 

Serbia. Among distinguished invited speakers, we may mention French academician Prof. Patrice Simon, Université Paul 

Sabatier, Toulouse, France, Prof Cristian Masquelier, Université de Picardie Jules Verne, Amiens, France, Prof. Robert 

Dominko, National Institute of Chemistry, Ljubljana, Slovenia, and Kristina Edström, Uppsala University, Uppsala, 

Sweden. These world-renowned leaders of large European projects and their coworkers shared their activities and 

achievements in the field of energy storage and conversion. In addition, professors and researchers from the region 

presented the results of their ongoing research, and the particular attention was drawn to the presentation of the 
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project regarding the construction of the first Gigafactory for Li-ion batteries production in Europe, (ElevenEs, 

www.elevenes.com) located in Subotica. The conference program, including 14 invited lectures and 28 posters, covered 

different research and industrial perspectives in Europe and also educational activities within the prestigious MESC+ 

(Materials for Energy Storage and Conversion +) study program. This symposium was an excellent opportunity for local 

project leaders, their coworkers and students to learn about both actual and future European actions in the field of 

electrochemical energy storage, and to be acquainted with possibilities of upgrading their skills and knowledge through 

postgraduate studies in the best European and world institutions. 

The Program and Book of Abstracts is available in printed form (ISBN 978-86-82139-86-7). 

 

 
Fig.1. The members of the Organizing Committee of the conference COIN2022 - Contemporary batteries and Supercapacitors– 
International Symposium Belgrade 2022 (from left to right): Prof. Robert Dominko, academician Slavko Mentus, Prof. Veselinka 
Grudić, Dr Milica Vujković 

Sl. 1. Članovi organizacionog odbora konferencije COIN2022 – Savremene baterije i superkondenzatori – Međunarodni simpozijum 
Beograd 2022 (s leva na desno): prof. Robert Dominko, akademik Slavko Mentus, prof. Veselinka Grudić, dr Milica Vujković 
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Osvrt na simpozijum COIN2022 – Savremene baterije i 
superkondenzatori, međunarodni simpozijum, Beograd 2022 

Slavko Mentus1,2 i Milica Vujković2 

1Srpska akademija nauka i umetnosti, Knez Mihajlova 35, Beograd, Srbija 
2Univerzitet u Beogradu, Fakultet za fizičku hemiju, Studentski trg 12, 11000 Beograd, Srbija 

 

Izvod 

Srpska akademija nauka i umetnosti ugostila je 1-2. juna 2022. učesnike simpozijuma pod nazivom: 

COIN2022 – Savremene baterije i superkondenzatori – Međunarodni simpozijum Beograd 2022. 

Simpozijum su organizovali Univerzitet u Beogradu – Fakultet za fizičku hemiju, Beograd, Srbija, Nacionalni 

hemijski institut, Ljubljana, Slovenija, Univerzitet Crne Gore, Metalurško-tehnološki fakultet, Podgorica, 

Crna Gora i Srpska akademija nauka i umetnosti, Beograd, Srbija. Svetski priznati rukovodioci velikih 

evropskih projekata i njihovi saradnici, sa lokalnim i regionalnim vođama projekata, saradnicima i 

studentima, razmenili su aktivnosti i dostignuća u oblasti skladištenja i konverzije energije. Pored toga, 

alumni Univerziteta u Beogradu predstavili su rezultate svog tekućeg istraživanja. Konferencija je obuhvatila 

različite istraživačke i industrijske perspektive u Evropi, kao i obrazovne aktivnosti u okviru prestižnog 

studijskog programa MESC+. Domaći rukovodioci projekata i studenti upoznati su sa mogućnostima 

unapređenja svojih veština i znanja kroz postdiplomske studije u najboljim evropskim i svetskim 

institucijama. 

Ključne reči: konverzija energije, rukovodioci evropskih projekata, napredne studije 
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Nakon komercijalizacije Li-jonske baterije 1990. godine, zahvaljujući svojoj visokoj praktičnoj gustini energije, ova 

baterija postala je faktor koji utiče na svakodnevni život. Ona je sada izvor energije bezbrojnih prenosivih elektronskih 

uređaja (mobilnih telefona, tableta, laptopova itd.), koji su danas u vlasništvu gotovo svakog čoveka (U Li-ion baterijama 

prenosivih uređaja 2020. godine uskladišteno je 45 GWh energije). Od 2010. godine koristi se kao pogonsko sredstvo 

električnih automobila, sa namerom da u narednih nekoliko decenija zameni sve automobile sa pogonom na tečna 

fosilna goriva. Godišnja proizvodnja automobila sa pogonom na baterije progresivno je rasla i dostigla više od milion u 

2017., a premašila 6 miliona u 2021. Štaviše, u bliskoj budućnosti, predviđa se da će ogromni stacionarni baterijski paketi 

da služe za ublažavanje oscilirajuće izlazne energije solarnih I vetroelektrana. Uključivanje nanomaterijala u proces 

proizvodnje Li-jonskih baterija pomerilo je njene karakteristike ka superkondenzatorima, pa su superkondenzatori sada 

predmet istraživanja kao brzo punjivi hemijski izvori električne energije, kao alternativa ili dopuna baterijama. Međutim, 

nedostatak sirovina za Li-jonske baterije u Zemljinoj kori postavlja pred elektrohemičare urgentan zadatak da traže 

druge tipove baterija slične upotrebne vrednosti, čija proizvodnja neće biti ograničena dostupnošću sirovina. 

Na simpozijumu COIN2022 – Savremene baterije i superkondenzatori – Međunarodni simpozijum Beograd 2022“, 

održanom 1-2 juna 2022. u Srpskoj akademiji nauka i umetnosti, sastala se grupa uglednih evropskih i domaćih 

rukovodilaca projekata koji su značajno doprineli novijem razvoju Li-ion baterija i superkondenzatora i njihovim 

potencijalnim zamenama. Institucionalni organizatori su bili: Univerzitet u Beogradu – Fakultet za fizičku hemiju, 

Beograd, Srbija, Nacionalni hemijski institut, Ljubljana, Slovenija, Univerzitet Crne Gore, Metalurško-tehnološki fakultet, 

Podgorica, Crna Gora i Srpska akademija nauka i umetnosti, Beograd Srbija. Među istaknutim pozvanim predavačima 

možemo pomenuti francuskog akademika prof. Patrice Simon, Universite Paul Sabatier, Tulouse, Francuska, Prof. 

Cristian Maskuelier, Universite de Picardie Jules Verne, Amiens, Francuska, Prof. Robert Dominko, Nacionalni institut za 

hemiju, Ljubljana, Slovenija i Kristina Edstrom, Upsala University, Upsala, Švedska. 

Ovi i drugi svetski poznati rukovodioci velikih evropskih projekata i njihovi saradnici, govorili su o svojim aktivnostima 

i dostignućima u oblasti skladištenja i konverzije energije. Pored toga, profesori i istraživači iz regiona predstavili su 

rezultate svojih tekućih istraživanja, a posebnu pažnju privukla je prezentacija projekta izgradnje prve gigafabrike za 

proizvodnju Li-jonskih baterija u Evropi (ElevenEs, www.elevenes.com), locirane u Subotici. 

http://www.elevenes.com/
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Program konferencije, kroz 16 pozvanih predavača i 28 posterskih prezentacija, obuhvatio je različite istraživačke i 

industrijske perspektive u Evropi, kao i obrazovne aktivnosti u okviru prestižnog studijskog programa MESC+ (Materiali 

za skladištenje i konverziju energije +). Ovaj simpozijum je bio odlična prilika da domaći rukovodioci projekata, njihovi 

saradnici i studenti slušaju o aktuelnim i budućim evropskim akcijama u oblasti elektrohemijskog skladištenja energije, 

te da se upoznaju sa mogućnostima unapređenja svojih veština i znanja kroz postdiplomske studije u najboljim 

evropskim i svetskim institucijama. 

Program i Knjiga sažetaka dostupni su u štampanom obliku (ISBN 978-86-82139-86-7). 

 

 
Sl. 2 Svečana sala Srpske akademije nauka i umetnosti. Otvaranje konferencije COIN2022 – Savremene baterije i superkondenzatori, 
Međunarodni simpozijum Beograd 2022 

Fig. 2. Main Hall of Serbian Academy of Sciences and Arts. The opening section of the conference COIN2022 - Contemporary 
batteries and Supercapacitors, International Symposium Belgrade 2022  
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