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Electrocoagulation as a new and advanced technology for future
challenges in the steel industry’s water treatment plants

Jovana Gradinac and Aleksandar Jovovi¢

University of Belgrade, Faculty of Mechanical Engineering, Belgrade, Serbia

Abstract

Water is a basic necessity of life, and it may seem inconceivable to imagine living without it. TECHNICAL PAPER
The environmental impact, together with social and economic impacts of traditional water
treatment technologies in the steel industry plants and inevitable fact of water scarcity are
leading forces driving a shift to a new paradigm in water treatments.

This research aimed to examine the effectiveness of an electrocoagulation (EC) process and Hem. Ind. 79(1) 1-8 (2025)
a dissolved air flotation unit for removing various impurities in water from a steel
manufacturing plant. Over the past decades EC has been accepted as an efficient and
promising alternative technology in the field of water treatment. The EC technique is closely
related to chemical coagulation, that involves the supply of coagulant ions by the application
of electric current to a sacrificial anode (made of aluminum or iron) placed into a process
tank. The main focus of the research is placed on total dissolved solids and conductivity of
the treated water. In traditional systems, these are among the parameters that cannot be
influenced by chemical dosing units. The specific goal was to understand parameters
affecting efficiency of the EC process so to influence the total dissolved solids content and
reduction of the residual inorganic and organic impurities, maintaining the necessary water
balance.

UDC: 66.087.5: 669.18.013+632.153

Keywords: water savings, innovative solutions, green industry, recycling, electrochemical
process

Available on-line at the Journal web address: http://www.ache.org.rs/HI/

1. INTRODUCTION

Industrial growth and the changes in manufacturing processes have resulted in the enhancement of the volume and
complexity of water discharging to the environment. Many traditional and/or advanced and novel treatment processes
have been modified and developed to eliminate or improve the quality of discharged water. Industrial effluents may
also contain toxic pollutants, which have to be reduced or eliminated to protect the treatment plant in which they are
treated, as well as the environment and public health at the end [1].

Steel industry is one of the main production technologies, which generates large amounts of wastewater. The key
problems encountered for industrial wastewater discharges may be hydraulic overloads, temperature extremes and
excessive amounts of oil, fats and grease as well as acidic or alkaline constituents, suspended solids, and various
inorganic or organic contents [2-6]. Discharge of the steel industry wastewater into sewer systems without any
treatment causes serious problems due to high potentials of toxicity causing a necessity for biological treatment [7].

The generated wastewater can be treated by different techniques which should allow either its reuse or its direct
disposal into the sewage system. Some of these techniques are reverse osmosis carried out in plants with high energy
consumption, or physical-chemical treatments that sometimes cannot achieve the satisfactory level of purification. [8]

Nowadays, the social concern about environmental impacts caused by industry is growing and new regulations
demanding more strict environmental protection are being introduced. For this reason, the search for “greener’” and
more efficient methods for wastewater treatment is increasing [9].

Over the past decades, electrocoagulation (EC), sometimes also referred to as electroflocculation, has been accepted
as an efficient and promising alternative technology in the field of water treatment. Interestingly, EC offers outstanding
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advantages including simple operation, lower sludge production, and simple automation. When EC operates at low
current density, the operating cost of this process is often lower than that of the chemical coagulation process. In
particular, EC offers more attractive properties for use in decentralized water treatments [10].

The EC methods use electrons as the main reagent in a heterogeneous reaction. When ionic constituents in
wastewater are not sufficient, the use of supporting electrolyte is required to increase the ionic conductivity. The
advantages of electrocoagulation include high particulate removal efficiency, a compact treatment facility, relatively
low cost, does not require supplementary addition of chemicals, etc. [11].

The main advantage of this process is that the temperature control is not needed since EC is performed at ambient
temperature. Electrochemical methods are simple, fast, inexpensive, easily operable and eco-friendly in nature. The
main advantage is that water is purified, clear, colourless and odourless with low sludge production [12].

The EC technique is closely related to chemical coagulation, that involves the supply of coagulant ions (Al**, Fe®*) by
the application of an electric current to a sacrificial anode (made of aluminum or iron) placed into a process tank. The
electric field allows greater suspension of solids compared to water purification processes that rely solely on chemicals.
Thus, the electrocoagulation equipment, thanks to the created electric field and greater suspension of solids, is
improving the coagulation process.

It proceeds through three stages: (i) coagulant formation by dissolution of metal ions of the anode, (ii) destabilization
of pollutants, suspended particles and de-emulsification, and (iii) aggregation of unstable phases and floc-forma-
tion [12-15]. Destabilization of pollutants suspended particles, and de-emulsification mechanisms can be established
through dispersed double-layer compression, ion neutralization species existing in water and wastewaters, leading to
formation of flocs and sludge [15-16]. In this study, iron electrodes have been used in an EC process.

The mechanism of EC is extremely dependent on chemistry of the aqueous medium, especially its conductivity and
total dissolved solids. Here the mechanism of generating ions by EC is explained with examples of iron, used as both the
anode and cathode in this study. In an electrolytic system, iron is oxidized to produce iron hydroxide Fe(OH), where
n =2 or 3. According to literature [17], two mechanisms have been proposed for the production of these species and
we describe here one of the two (Equations (1) to (4)), while more details can be found in [17].

Reactions at the anode:

4Fei) —> Feaq®t + 8¢ (1)

4Fe2*(aq) +10H,0 + Oyg) — 4Fe(OH)3(5) + 8H*(aq) (2)
Reactions at the cathode:

8H"(aq) + 8" > 4Hy(g) (3)
Overall reaction is then:

4Fe(s) + 10H,0 + Oyg) — Fe(OH)s(s) + 4Hag) (4)

From iron electrodes, iron ions are released into the solution through electrolytic oxidation of anode electrode and
produce metal hydroxides after reacting with hydroxide monomer [11,18].
Hydrogen gas produced at the cathode during electrolysis cause flotation and better removal of pollutants [11,19].
In the steel industry, water is cooled in cooling towers and due to evaporation, salts and solids are created. The
water composition determines the number of water cycles within the system (NC), before it is discharged, as per the
Equation (5):
TDS

NC = —80_ (5)
TDS

Mw
where TDSgp and TDSuw represent total dissolved solids present in blow down (discharged) water and make up (raw,
treated) water

In traditional systems, total dissolved solids and conductivity of the water, are one of the parameters that cannot be
influenced by chemical dosing units.

The aim of this study was to investigate a pilot half-industrial system comprising an electrocoagulation process using
rod-iron electrodes and a dissolved air flotation (DAF) unit. The specific goal was to understand parameters affecting
efficiency of the EC process so to influence the total dissolved solids content and reduction of the residual inorganic and
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organic impurities. Such water quality improvement, any blow down from the system would be prevented leading to
significant water savings.

2. RESEARCH METHODOLOGY

2. 1. Experimental setup

The studies were performed on a pilot plant that was in trial use in a steel manufacturing plant placed in North Italy
and was composed of two main equipment pieces: an electrocoagulation unit and a dissolved air flotation (DAF) unit.

Inlet water was pumped from a scale pit at a flow rate of 10 m*h™! to a buffer tank, 1 m3in volume. From the buffer
tank, a dedicated pump, placed inside the pilot system, pumped water at a flow rate of 1 m3h! to the EC equipment,
where minerals were removed. From this point, water was collected in a dedicated another buffer tank, from where
water was pumped to the DAF unit. The finally treated water was returned into scale pit (Figure 1).

The EC equipment consists of oxidation cells, constructed of polypropylene, agitated by compressed air and supplied
with an electric current rectifier with variable voltage/amperage for power supply. The configuration allows adjusting
the number of electrodes and the distance between them, providing a tuning in the energy/electric ratio. There were
114 iron electrodes, each a rectangle 16x13 cm, spaced 0.5 cm apart.

The DAF unit is designed to treat the water coming from the EC equipment so to separate water from the sludge.
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Figure 1. Schematic configuration of the pilot plant

2. 2. Analytical methods

Water was analyzed by standard methods as presented in Table 1.
Efficiency of the EC treatment was evaluated by analysing the removal of all parameters measured in Table 1, but
the most important for the study was total dissolved solids (TDS).
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Table 1. Analysed parameters in water and applied methods

Parameter Method

Content of total dissolved solids, mg dm- APAT CNR IRSA 2090 A Man 29 2003
Hardness, mg dm APAT CNR IRSA 2010 Man 29 2003
Total alkalinity, mg dm3 APAT CNR IRSA 2010 Man 29 2003
Content of chlorides, mg dm APAT CNR IRSA 4020 Man 29 2003
Content of fluorides, mg dm™3 APAT CNR IRSA 4020 Man 29 2003
Content of sulfates, mg dm APAT CNR IRSA 4020 Man 29 2003
Total iron content, mg dm-3 EPA 6020B 2014

Dissolved iron content, mg dm EPA 6020B 2014

Copper content, mg dm-3 EPA 6020B 2014

Ammonia nitrogen content (as NH,), mg dm-3 UNI 11669:2017

Content of total suspended solids, mg dm-3 APAT CNR IRSA 2090 B Man 29 2003
Oil and grease content, mg dm-3 M1 30 REV.3 2018 (APAT 5160 A)
Silicium content, mg dm™3 UNI EN ISO 11885:2009

Chemical oxygen demand, mg dm3 I1SO 15705:2002

In research [20], the filtered cooling tower water was analyzed to determine the scale ions concentration. The
analysis was performed using the APHA (2012) standard methods. Concentrations of the cations and anions were
determined by using a UNICO SQ2800 UV/VIS spectrophotometer (Unico, NJ, USA) and a Dionex ICS-1000 ion
chromatography system (Thermo Fisher Scientific, USA). Water pH was measured using a Fisherbrand™ FE150 pH meter
(Fisher Scientific, Leicestershire, UK) and the conductivity was measured by a Laqua DS70 conductivity meter (Horiba
Advanced Techno, Japan).

Via dosing pumps, anionic polymer flocculant solution VAFLOC 974 (Hangrui, China), was added continuously at a
flowrate of 1 m3h™ to the DAF unit for better segregation and separation of the particles.

3. RESULTS

Water quality analysis was conducted in a commercial pilot system in a steel manufacturing plant at three selected
points:
e inlet point presenting raw water quality,
e intermediate point presenting water quality after the EC process,
e outlet point presenting water quality after the DAF unit.
Results of the measurements at the selected points are shown in Tables 2 to Table 4.

Table 2. Raw water quality at the inlet point over time

Measurement date

Parameters 21/03/23 22/03/23 23/03/23 27/03/23 28/03/23 29/03/23
Content of total dissolved solids, mg dm 304 300 305 308 304 303
Hardness, mg dm 150 162 170 154 160 150
Total alkalinity, mg dm™3 80 90 87 100 90 70
Content of chlorides, mg dm 42 43 45 46 48 46
Content of fluorides, mg dm™3 0.17 0.16 0.16 0.16 0.17 0.15
Content of sulfates, mg dm 88 89 90 94 92 89
Total iron content, mg dm-3 7.2 14 9 5.1 13 9
Dissolved iron content, mg dm-3 0.0084 0.0062 0.007 0.0052 0.007 0.0064
Copper content, mg dm-3 0.2 0.29 0.3 0.14 0.3 0.24
Ammonia nitrogen content (as NH4), mg dm 0.034 0.02 0.02 0.02 0.02 0.02
Content of total suspended solids, mg dm-3 72 112 105 70 115 102
Oil and grease content, mg dm 2 2 2 12 2 6
Silicium content, mg dm3 2.255 2.108 2.3 1.76 2.1 1.9
Chemical oxygen demand, mg dm-3 9 10 10 10 7 5
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Performance of the studied pilot half-industrial system was monitored for 9 days, where the major focus was on
understanding the influence on the total dissolved solids (TDS) removal, as that parameter can not be influenced with
chemical dosing units.

When the system was put in the working mode, in the first week, parameters were changed day by day to understand
the influence of each parameter on the TDS removal. On day 1 the EC system was set at 45 A and 5.1 m? kg s A}, followed
by 126 Aand 8 m? kg s3> A onday 2, 85 Aand 5.9 m? kg s> A on day 3, while from day 4 to day 6 the system was set at
93 Aand 6.3 m?kgs3 Al

Table 3. Water quality after the EC process at the intermediate point

Measurement date

Parameter 21/03/23 23/03/23 28/03/23 29/03/23
Content of total dissolved solids, mg dm 246 212 296 268
Hardness, mg dm 277.4 152 147 147
Total alkalinity, mg dm™3 50 80 75 75
Content of chlorides, mg dm™3 45 45 49 46
Content of fluorides, mg dm™3 0.16 0.16 0.17 0.16
Content of sulfates, mg dm 92 91 96 93
Total iron content, mg dm- 110 40 49 36
Dissolved iron content, mg dm-3 1.5 0.036 5.1 0.012
Copper content, mg dm-3 0.36 0.14 0.23 0.098
Ammonia nitrogen content (as NH4), mg dm™ 0.02 0.015 0.02 0.02
Content of total suspended solids, mg dm3 240 111 177 94
Oil and grease content, mg dm 6 4 13 1,6
Silicium content, mg dm- 2.66 1.86 1.06 0.85

Water was analysed after the EC process to evaluate performance of this process as well.

Over the time, the effect of current density on various parameters is described above in text. With the increase in
the current from 45 to 126 A the removal efficiency of total iron, hardness and total suspended solids (TSS) also
increases. This is due to the higher number of ions produced on the electrodes promoting destabilization of the pollutant
molecules. The removal percentage of major parameters (beside iron and hardness) maintains a plateau from current
85t0 126 A.

However, compared to the raw water, the total iron content after the EC process was increased due to the use of
sacrificial electrodes made of iron.

Still, the most important parameter followed in this study, TDS, has shown a satisfactory removal trend, even after
using the EC process, only (an average removal of about 16 % with a standard deviation of ~12 %).

Table 4. Water quality parameters after the DAF unit at the outlet point;

Measurement date

Parameters 21/03/23 22/03/23  23/03/23  27/03/23  28/03/23 29/03/23
Content of total dissolved solids, mg dm 240 192 228 284 296 282
Hardness, mg dm™ 160 146 16 151 156 153
Total alkalinity, mg dm-3 80 80 1.8 75 100 75
Content of chlorides, mg dm™3 42 43 43 46 46 45
Content of fluorides, mg dm3 0.15 0.16 0.16 0.17 0.17 0.17
Content of sulfates, mg dm 88 89 90 93 95 95
Total iron content, mg dm-3 4.4 16 26 6.7 1.5 5.8
Dissolved iron content, mg dm 0.00019 0.033 0.0046 0.00576 0.0015 0.0016
Copper content, mg dm™ 0.034 0.061 0.082 0.07 0.061 0.047
Ammonia nitrogen content (as NH4), mg dm-3 0.018 0.018 0.17 0.37 0.42 0.64
Content of total suspended solids, mg dm-3 10 42 6 19 4 13
Oil and grease content, mg dm 1.8 6 2 1.8 1.8 6
Silicium content, mg dm™3 1.683 2.627 2.66 0.86 1.5 1.4
Content of total dissolved solids, mg dm 6 5 6 7 4 4
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At the outlet point, there was some increase in the NH4, and this could be related to the usage of polymer flocculants
that could have some quantity of the polyamide (which contains nitrogen).

Other parameters like chlorides, fluorides and sulfates were not influenced by the DAF unit operating conditions.

The TDS observed removal of around 20 to 30 % in the first several days after the DAF unit, and something less in
the later period, but still almost at 10 %. The removal efficiencies were higher for copper, oil and greases, and TSS
ranging between 81 to 50 %. Silicium was also significantly removed, achieving in some cases 50 % removal efficiency.

4. DISCUSSION

When designing a water treatment plant including the operational parameters it is crucial to know the raw water
quality. Also, in order to evaluate the plant performance, it is necessary to monitor the inlet water quality and thus the
water parameters were monitored at the moment of starting the trial of the pilot system.

Some of the key parameters affecting the outlet water quality and desirable performance on an EC process include
current density, electrode material and electrode arrangement, inter-electrode distance, initial water composition and
retention time. A key parameter, though, is the current density, which is the current applied per the effective electrode
surface area. The current density determines the release rate of electrons as a consequence of the dissociation of metal
ions from the electrode [21,22]. However, the range of current density applied varies widely for different types of the
process water and its quality. Differences arise mostly due to variations in ionic interaction. The current if not applied
correctly, can influence the removal of contamination. An excess of the current density, for example, can negatively
affect the removal as it can enable secondary reactions. Thus, it is very important to make a pre-evaluation of the inlet
water, to set the correct operation parameters.

In the present case, it is evident how various values of the current, have affected removal of the impurities.

Removal of total dissolved solids was shown to be the best at 126 A amounting to around 30 %, while on average
during the complete study, removal was 1713 %.

Ammonia nitrogen removal efficiency depends on the electrolysis time and the current density value. At both low
current and electrolysis time, the ammonia nitrogen removal efficiency was lower.

The electrochemical method was used to investigate nitrite and ammonia removal from an aqueous solution in
literature [23]. The results showed that removal was improved when electrolysis time in the cell was extended. The pH
effect on nitrite removal was less significant than conductivity and current input. The iron electrode was unsuitable for
removing nitrite due to its low removal efficiency. However insoluble electrodes such as a graphite anode and titanium
dioxide cathode were appropriate for removing nitrite and ammonia in electrochemical cells. It was thought that there
are two possible mechanisms involved in the process, electro-flotation and electro-oxidation, while it was concluded
that more investigations need to be done [26].

Hardness removal was not successful probably due to non-optimized conditions applied during the investigation. A
study in literature [24] has shown that the maximal removal efficiency at pH 7.0 and application of aluminum electrodes
was achieved at the voltage of 6 m? kg s> A™* and a reaction time of 60 min, amounting to 95.4 and 95.7 % for calcium
and total hardness, respectively.

5. CONCLUSION

The electrocoagulation process presents an environmentally friendly process that can be applied for removal of
various impurities. This study was conducted with the goal to examine the EC pilot system focusing particularly on TDS
removal along with other water quality parameters. The system gave a positive answer for the purpose of the water
treatment plants in the steel industry. The goal of this research was to decrease the TDS value so to show that by
maintaining water impurities under necessary limits within water treatment plants, discharge of the water can be
avoided. Still, along with some positive results, some parameters like hardness, chlorides, ammonia nitrogen and
sulfates were not significantly removed. Further examination should be conducted to include a combination with some
other applications (for example electro Fenton process) or by changing the electrode material and configuration of the
EC process.
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Tehnologija elektrokoagulacije kao nova i napredna tehnologija za

buduce izazove u postrojenjima za precis¢avanje vode u industriji ¢elika

Jovana Gradinac i Aleksandar Jovovic

Univerzitet u Beogradu, Masinski fakultet, Beograd, Srbija

(Strucni rad)
Izvod Kljucne reci: Usteda vode, inovativna
reSenja, zelena industrija, reciklaza,

Voda je osnovna Zivotna potreba, i moze se Ciniti nezamislivim zamisliti Zivot bez nje. Uticaj na Zivotnu e
elektrohemijski proces

sredinu, zajedno sa socijalnim i ekonomskim uticajem konvencionalnih i tradicionalnih tretmana vode u
postrojenjima u industriji Celika i neizbeZznom cinjenicom nestasice vode, vode i pokrecu prelazak na
novu paradigmu u tretmanima vode. Ovo istraZzivanje je imalo za cilj da ispita efikasnost procesa
elektrokoagulacije i jedinice za flotaciju rastvorenog vazduha za uklanjanje razlicitih necistoca u vodi iz
fabrike za proizvodnju Celika. Tokom proteklih decenija, elektrokoagulacija je prihvacena kao efikasna i
obecavajuca alternativna tehnologija u oblasti preciséavanja vode. Elektrokoagulacija tehnika je usko
povezana sa hemijskom koagulacijom, koja uklju¢uje snabdevanje koagulantnih jona primenom
elektri¢ne struje na Zrtvenu anodu (napravljenu od aluminijuma ili gvozda) smestenu u procesni
rezervoar. Glavni fokus istraZivanja je stavljen na ukupne rastvorene materije i provodljivost vode. U
tradicionalnim sistemima, ukupne rastvorene materije i provodljivost vode su jedan od parametara na
koje ne mogu uticati hemijske jedinice za doziranje. Specifi¢ni cilj je bio da se razumeju parametri koji
uti¢u na efikasnost procesa elektrokoagulacije, tako da se uti¢e na ukupan sadrzaj rastvorenih materija
i smanjenje zaostalih neorganskih i organskih necistoca, odrzavajuéi neophodnu ravnotezu vode.
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nickel removal from water at the existing water treatment plant
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Abstract
In this paper, based on the data of the Ribnica accumulation (Serbia), and the required ORIGINAL SCIENTIFIC PAPER
quality of raw and treated water, an optimal solution for improving and optimization of the
technology of water purification to drinking quality at a water treatment plant (WTP) in
Zlatibor, Serbia, was proposed to ensure maximum efficiency and flexibility in system
operation. Analysis of water quality has shown that after the treatment at the plant, all Hem. Ind. 79(1) 9-17 (2025)
parameters were within the respective maximum available concentrations (MAC) stipulated
by the Rulebook on the hygienic suitability of potable water of the Republic of Serbia, except
for the nickel content. The paper presents the results of the nickel removal using multiple
laboratory tests as well as at the WTP to achieve the best procedure for water treatment. In
accordance with the results obtained the water quality problem in terms of the nickel
removal was solved and the required effects are obtained (nickel content below the MAC,
i.e. <0.02 mg dm-3)

UDC: 669.24-045.38: 628.16

Keywords: Jar test; aluminium-sulphate; polyaluminium chloride; flocculation.

Available on-line at the Journal web address: http://www.ache.org.rs/H|

1. INTRODUCTION

Zlatibor is a mountain that covers an area of about 1000 km?, largely located in the municipality of Cajetina, Serbia.
Thanks to the specific climate and characteristic air currents, Zlatibor has developed into a prominent summer and
winter tourist centre with the longest tourist tradition among the mountains in Serbia. The entire area of the
municipality of Cajetina is provided with potable water by the public utility company (PUC) "Waterworks Zlatibor", which
uses water from the river Crni Rzav, accumulated in the water supply reservoir Ribnica, with a volume of 3.5 million m3.
Water flows by gravity from the water intake to the water treatment plant (WTP) located directly below the dam. The
WTP was built in 1972 with a capacity of 25 dm3s™.

Since the number of houses for rent, hotels and other accommodations was growing very quickly along with the
number of visitors, the municipality gradually expanded the capacity of the plant in order to ensure the sufficient
amount of drinking water, so that the capacity first was increased to 50 L s, then to 80 L s%, to finally reach the current
capacity of 150 L s}, by adding individual technological units.

The task considered in this paper estimates the possibility to reduce the concentration of nickel in the treated water
below the maximum available concentration (MAC) of 0.02 mg dm3 [1], by applying the currently present technologies
at the WTP. Since nickel had not been identified in raw water at the time of WTP implementation, the existing
technology is not suited for nickel removal.

Nickel, a metal pollutant, is widely used by various modern industries like electroplating, tanning, textiles, etc.
resulting in discharge and accumulation in large quantities into the environment. Nickel exists in the environment in the
form of a divalent cation, which is very toxic. Adsorption is one of the leading techniques to remove nickel from
wastewater in which pH has a significant effect on the process [2]. For metals such as nickel and lead, adsorption
increases as pH rises, with the highest adsorption observed just before precipitation begins. However, for other metals,
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like chromium VI, adsorption is not directly related to precipitation [3]. Adsorption techniques for nickel removal
primarily rely on the use of solid adsorbents that interact with metal ions, either through electrostatic forces, ion
exchange, or chelation. A variety of adsorbents have been studied, including activated carbon [4], natural materials like
chitosan [5], and synthetic adsorbents such as mesoporous silica [6]. Another promising class of adsorbents for nickel
removal is metal-organic frameworks (MOFs), which are highly porous materials with tunable structures and functional
groups that facilitate selective ion adsorption [7]. MOFs have shown remarkable efficiency in removing nickel from
aqueous solutions due to their high surface area, chemical stability, and the possibility of functionalizing their surfaces
for enhanced adsorption performance [8]. Various processes for nickel removal from water solutions were investigated
along with parameters affecting the removal rate and efficiency and various adsorbents such as Jordanian natural zeolite
[9]. Powdered activated carbon has been also used to enhance nickel removal from sail, in the case of ground water, as
well as effective removal of nickel has been achieved using chelating ion exchange resins [10]. Other experiences have
shown that nickel ions could be significantly adsorbed on cationic exchange resins where the removal from aqueous
solutions depends on the solution pH, adsorbent dose, contact time and initial nickel concentration [11]. Removal of
nickel ions from aqueous solutions was also achieved by using ferric chloride (FeCls) coagulant and the precipitate
formation during the coagulation process at pH levels 7 and 8 was accurately represented by classical adsorption
isotherms [12]. Based on the available data on the water accumulation and the quality of raw and treated water, an
initial proposal for solving water quality in terms of nickel content in water is given in this paper

The water quality at Ribnica acculmulation (Zlatibor) was assessed by the City Institute for Public Health from
Belgrade, Serbia, and the Institute for Public Health "Batut" from Belgrade, Serbia, with the focus on content of metals.
The monitoring also included other components required by Rulebook on the hygienic suitability of drinking water [1].

2. MATERIALS AND METHODS

2. 1. Existing conditions of the water treatment plant

Although the water treatment plant in Cajetina, Serbia, with the original settling tank and filters has been in
operation since 1972 (50 years), it is still in relatively good condition in terms of construction so that it functionally
maintains the quality of the treated water regardless of the equipment, continuously exploited over the long period of
time. The current capacity of the plant is 150 dm3 s and the process line includes clarification (coagulation and
flocculation), sedimentation, filtration on sand filters and disinfection with chlorine [13].

The chemicals used in the clarification process are aluminium-sulphate (Al2(SOa4)3) and polyelectrolyte. Clarification
takes place in a lamellar clarifier (which was the last one built for a capacity of 80 to 90 dm?s* and two circular clarifiers,
after which the clarified water is taken to gravity sand filters (8 in total), and from there into a treated water reservoir
where it is disinfected. After the treatment, water is distributed through the water supply network to consumers.

Specific details on water treatment are as follows. Raw water is collected from the accumulation Ribnica and through
a distribution chamber it is introduced into the coagulation chamber, where aluminium-sulphate is dosed at
concentrations of 50 to 80 mg dm3, after which water is distributed to the first stage (Stage 1) of flocculation, where
polyelectrolyte is dosed at concentrations of 0.2 to 0.5 mg dm™3. The water with the prepared flocs is distributed into
the lamellar clarifier, which is sized to optimally work at 80 to 90 dm? s, while part of it is diverted to two circular
clarifiers (one was transformed into a lamellar one with a capacity of approxatwly 40 dm3 s by installing lamellas),
while the other receives only a small amount of water from the second stage (Stage II) of flocculation.

After sedimentation, water is distributed to eight gravity sand filters with a constant level during filtration. Clean,
non-chlorinated water is used for washing filters at the plant. The filters are washed with air and water at the required
intervals and lengths depending on the quality of the raw water. After filtration, the water is distributed to the treated
water tank, where final disinfection is performed by chlorination.

Building for preparation of the chemicals is equipped with tubs with mixers for preparation of aluminium-sulphate
solutions, as well as a modern compact unit for preparation and dosing of polyelectrolytes.
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At a WTP internal laboratory chemical analyses of water are performed every 3 h, comprising analyses of raw water,
water from all sedimentation tanks, after each filter, and treated water. Analyses include temperature measurement,
determination of pH value, turbidity, residual chlorine, nitrite, nitrate, sulphate, organic matter, and electrical
conductivity. In addition, regular controls are carried out by the Institute for Public Health from UZice, Serbia, in
accordance with the Rulebook on the hygiene of drinking water of the Republic of Serbia. Bearing in mind that the water
taken from the reservoir has an elevated nickel content, the laboratory was equipped with adequate equipment for
measuring the Ni concentration in water.

2. 2. Water quality

Reservoir "Ribnica" is one of the smaller reservoirs and is quite protected, considering that it is in the rural part of
Zlatibor, far from settlements and human impact. It is very important to maintain and use the reservoir "Ribnica"
primarily for water supply purposes, considering that the tourist center is constantly developing and the need for
healthy drinking water is the basis of the system functioningThe consumption of KMnOa (up to 40 mg dm3) and turbidity
(up to 10 mg dm3) exceeded the MAC values in raw water. However, following the treatment process, these parameters
were within the MAC range.

The consumption of KMnOs in the raw water in the reservoir was elevated to approximately 20 mg dm?3,
(MAC = 8 mg dm™3), while the ammonia concentration was approx. 0.2 mg dm3 (MAC = 0.1 mg dm3). In addition, the
nickel concentration was increased to about 0.04 mg dm3 (MAC = 0.02 mg dm™). Turbidity of the raw water is slightly
elevated, at around 2 NTU in the measurement period (December 2015.). Quality of the water is presented in Table 1
for several sampling points, for the measurements performed in 2016 [14].

Table 1. Quality of raw and treated water in the Ribnica accumulation

Raw water Treated water Settling tank | Settling tank Il Settling tank Il
pH 6.73 6.28*
Electric conductivity, mS cm! 128 170
Colour, °Pt-Co 55 1
Turbidity, NTU 3.35 0.68
Ammonium ion content, mg N dm-3 0.17 <0.02
Total organic carbon, mgC dm-3 5.64 1.53
Content of iron, mg dm-3 0.41 0.02 0.05 0.04 0.07
Content of nickel, ug dm-3 46.4 25.2 26.6 26.1 27.9

*Values above MAC are bolded

The pH value, colour, ammonium ion, organic matter, iron, and nickel are among the physicochemical characteristics
that are different from MAC in raw water. Except for nickel, which was still elevated at the concentration of about 0.025
mg dm3, all parameters after the treatment were within the MAC limits outlined by the Rulebook. Thus, an intervention
was made to address the treated water quality according to this parameter using technology that is now available but
not designed to remove nickel.

2. 3. Experimental section

In the Laboratory Jaroslav Cerni at Water Institute Jaroslav Cerni (JCWI) and the laboratory at the WTP "Zlatibor",
during 2016 numerous tests and analyses were performed to achieve the required effects in terms of reducing nickel in
water in the shortest possible time. Based on tests and analyses at laboratory conditions, guidelines were obtained in
which directions for the structuring of the process treatment were outlined to overcome the problem with the increased
nickel concentration in water. Accordingly, activated carbon powder and lime were dosed into the system to raise the
pH to create a suitable environment for nickel removal. Many tests and dosing combinations were performed in the
laboratory as well as at the WTP itself, from which numerous samples were taken to compare the obtained results, all
with the aim of system reliability. The performed tests included dosing of only aluminium-sulphate, then dosing of lime
and activated carbon before aluminium-sulphate, as well as dosing of ferry-chloride (FeCls), with and without the dosing
of lime, etc.
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Given the specificity of the water quality, and addition of innovation into the current system without the need for
plant reconstruction, each modification represented a unique task for the participants in this effort. This paper presents
two selected series of performed tests to optimize water treatment in terms of nickel removal.

Jar testing is a method that simulates a segment of the water treatment process, offering system operators a reliable
understanding of how a treatment chemical will interact with a specific type of raw water. Since it mimics full-scale
operation, system operators can use jar testing to help determine which treatment chemical will work best with their
system’s raw water. Jar testing entails adjusting the number of treatment chemicals and the sequence in which they are
added to samples of raw water held in jars or beakers. The sample is then stirred so that the formation, development, and
settlement of flocs can be observed just as it would be in the full-scale treatment plant (floc forms when the treatment
chemicals react with material in the raw water and clump together).

To identify the ideal floc size for a certain plant, the operator then conducts several tests to examine the effects of
varying concentrations of flocculation agents at various pH levels [15].

In addition to the jar tests, the experiments included a filter column through which selected samples were passed
to complete the treatment process. Fixed-bed column experiments were conducted using columns of 2.54 cm internal
diameter and 36 cm length. The columns were packed with anthracite - sand media.

After the preparation of the samples, the required two sets of jar testing and analysis were performed, one in the
laboratory of the JCWI and the other in the laboratory of the PUC “Waterworks”. Measurement of Ni content was done
on ICP-OES apparatus which is a highly sensitive and accurate method for detecting heavy metals in a sample. ICP-OES
stands for Inductively Coupled Plasma Optical Emission Spectroscopy.

2. 3. 1. Series 1 jar tests - JAR 1

Water was passed through a column of filler (sand/anthracite) as an addition to jar testing, and this type of mini
treatment simulated the treatment at the plant. Jar tests and analysis have been performed for the first series of
samples (A to F) termed JAR 1 with applied chemicals and doses, given in Table 2.

Table 2. Applied chemicals during experiments in the laboratory of JCWI for series JAR 1
Dose concentration, mg dm-3

Sample A Sample B Sample C Sample D Sample E Sample F
Lime 20 30 40 15 15 15
Aluminium-sulphate (8 wt.%) 55 55 55 45
Polyaluminium chloride (10 wt.%) 15* 15%*
Polyelectrolyte (0.1 wt.%) 0.5 0.5 0.5 0.3 0.3 0.3

*Producer AluStar, Italy [13], **Producer Donau, Germany [13]

The general procedure for jar testing and filtration was:

. filling the appropriate number of 1000 ml transparent jars with well-mixed raw water

. placing the filled jars on a stirrer, with the paddles positioned identically in each beaker

. adding the chemicals as per the sample number for each of the series

. continuing mixing at a speed of 120 to 50 rpm for 3 min after the last chemical dosing

. continuing mixing the samples at a speed of 90 rpm for 5 min

. continuing mixing the samples at a speed of 45 to 60 rpm for 10 min

. allowing the samples to settle for 40 to 60 min

. decanting the clarified water into another beaker without disturbing the settled sludge at the bottom
. filtering the decanted water of the selected samples through a column with a filtering medium,
. analyzing the filtrate samples for the required parameters.

All experiments were conducted more than 30 times.

2. 3. 2. Series 2 jar tests - JAR 2

Jar tests and analyses have been performed for the second series of samples (1 to 9) termed JAR 2, applied chemicals
and doses used are shown in Table 3. Water again was passed through a column with anthracite/sand media as an
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addition to jar testing. Additional test chemicals were used in this series comprising powdered granulated activated
carbon (GAC), polyaluminium chloride (PAC), and ferric chloride (FeCls).

Table 3. Applied chemicals during experiments in the laboratory of PUC for series 2
Dose concentration, mg dm-3
Sample 1 Sample2 Sample3 Sample4 Sample5 Sample6 Sample?7 Sample8 Sample9

Lime 20 20 20 20 20 25 20 20 20
GAC (0.75 %) 7.5 0 0 7.5 7.5 0

Aluminium-sulphate (8 wt.%) 55 55 55 55 55 55

PAC (10.0 wt.%)* 10 15
FeCls (2.0 wt.%) 40

PE (0.1 wt.%) 0.5 0.5 0.5 0.5 0.5 0.3 0.3

*Producer AluStar, Italy [13]

The general procedure for jar testing and filtration through the column of anthracite and sand media was the same
as in the previous testing.

Based on the obtained results of the laboratory tests, the improvement of treatment was started by the direct
application of measures in the process line at the WTP.

3. RESULTS AND DISCUSSION
3.1.JAR 1 test
The results of the JAR 1 test are shown in Table 4.

Table 4. Results of the JAR 1 test

Concentration, mg dm-3

Parameter pH Turbidity, NTU KMnOs Ni Removal, %
Raw water 7.64 3.5 23.50 0.040

A set 8.9 0.8 8.91 0.023 43
B set 9.09 0.7 15.91 0.027 33
Cset 9.28 0.5 19.73 0.028 30
A anthracite / sand - through column 6.74 0.3 8.90 0.022 45
B anthracite / sand - through column 6.69 0.26 8.91 0.024 40
C anthracite/sand - through column 7.53 0.42 13.05 0.018 55
D set 8.69 0.35 10.82 0.024 40
E set 8.76 0.25 13.05 0.022 45
F set 8.61 0.35 7.00 0.024 40
D sand - through column 7.46 0.19 11.46 0.023 43
E sand - through column 7.44 0.18 11.46 0.022 45

*Values above MAC are bolded

The results of the tests conducted show a significant reduction in the nickel content, but again the obtained values are
above the MAC. The samples in which aluminium-sulphate was dosed as a coagulant performed better compared to those
in which PAC was dosed. The sample termed C anthracite/sand showed the best results, where all parameters were below
MAC including nickel (0.018 mg dm3) with the removal of 55 % compared to the content in raw water. The sample termed
C involved dosing of 40 mg dm™ of lime to raise the water pH to 9.28, followed by dosing of 55 mg dm3 of aluminium-
sulphate (8 wt.% solution) and 0.5 mg dm of polyelectrolyte (0.1 wt.% solution). The pH of water after filtration was 7.53,
which is significantly lower than the value recorded after lime dosing, indicating good consumption and reaction of the
added chemicals.

3. 2.JAR 2 test

Results of the performed analysis in the JAR 2 test are shown the Table 5.
The results of the tests conducted in JAR 2 series show a significant reduction in the nickel content. The samples in
which ferric chloride was added were unsuccessful in terms of nickel removal, and the water quality decreased in terms
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of the other monitored parameters as well. Also, the addition of activated carbon in some samples did not significantly
contribute to the improvement in terms of nickel removal.

Table 5. Results of the JAR 2 test

KMnO4 Ni

Parameter pH Turbidity, NTU - Removal, %
Concentration, mg dm-3

Raw water 7.56 2.3 229 0.037

Sample 1 7.58 0.70 15.0 0.023 38

Sample 2 7.56 0.73 8.9 0.025 33

Sample 3 8.86 0.28 8.0 0.021 43

F1 - through column 7.50 0.55 14.3 0.018 51

F2 - through column 7.65 0.38 8.9 0.014 62

F3 - through column 7.65 0.23 9.2 0.015 60

Sample 4 7.67 1.25 8.3 0,026

Sample 5 7.56 - - -

Sample 6 8.78 - - -

F4 - through column 7.30 2.1 15.7 -

F5 - through column 7.59 0.88 12.3 0.027 27

F6 - through column 7.38 0.38 8.0 0.014 62

Sample 7 8.9 4.0 21.2 0.039

Sample 8 8.79 0.47 14.9 0.025 32

Sample 9 8.81 - - -

F7 - through column 7.4 4.0 19.0 -

F8 - through column 7,53 0.45 16.4 0.022 40

F9 - through column - - - R
*Values above MAC are bolded

The samples termed F2 and F6 gave the best results, as all the parameters were below MAC, especially the nickel content
ranging from 0.014 to 0.018 mg dm3, with the removal up to 60 % compared to the content in raw water. The sample termed
Sample 2 involved the dosing of 20 mg dm of lime to raise the water pH, followed by dosing of 55 mg dm™ of aluminium
sulphate (8 wt.% solution) and 0.5 mg dm of polyelectrolyte (0.1 wt.% solution). The water pH after filtration was 7.65,
indicating again good consumption and reaction of the added chemicals. The sample termed Sample 6 involved dosing
of 25 mg dm™ of lime and same dosages of aluminium-sulphate and polyelectrolyte solutions. The water pH after
filtration in this case was 7.38 similarly as in the previous case.

Since samples Sample 5, Sample 6 and Sample 9 did not precipitate, the analyses were not continued. The sample
F7 still contained a significant amount of organic matter, which is the reason the concentration of nickel was not
measured.

Based on the results of the experiments, emergency measures were implemented at the WTP by applying certain
chemicals directly to process line. The experimental results indicated that the water pH and its precise adjustment, as
well as the use of aluminium-sulphate as a coagulant, play a significant role in nickel removal. The high nickel removal
was achieved because of the formation of Al(OH)s due to the reaction between the aluminum plates and water which
has a large surface area to adsorb organic and inorganic materials and able to capture colloidal particles. In addition,
the high removal efficiency could be achieved due to the hydroxide precipitation reaction mechanism as a result of basic
condition (pH 8.5) which increased the precipitation of Nickel.

Biosorption capacities for heavy metals are highly dependent on pH, with adsorption increasing as the solution pH
rises. At lower pH values, the total surface charge of the cells becomes positive, and the presence of H+ ions reduces
the access of metal ions to the surface functional groups due to repulsive interactions, thereby decreasing the metal
removal efficiency. Below pH 3, nickel adsorption decreases, likely due to competitive interactions with hydronium ions
(H30*). Furthermore, at elevated pH levels, the formation of insoluble hydroxyl species leads to nickel precipitation.
Consequently, cationic metal biosorption is reduced at pH 7, most likely due to chemical precipitation. Sorption studies
above pH 7 were not meaningful due to the formation of insoluble products, which aligns with the solubility products
of metal hydroxides [16]. pH also influences processes such as hydrolysis, complexation with organic or inorganic
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ligands, precipitation, and the availability of toxic metals for biosorption. Additionally, pH affects the ionization and
activity of functional groups in the biomass, particularly carboxylic groups [17].

The results of the application of selected chemicals in the WTP are given in Table 6 where the results show the water
pH values and nickel concentrations after each of the 8 sand filters at the WTP.

Table 6. Results after application of the improvement measures at the maximum flow rates at the plant .

Parameter pHin12h pHin 14 h pHin18 h Ni concentration, mg/dm3 Ni removal, %
Raw water 7.1 7.1 7.2 0.045

F1 7.24 7.21 7.85 0.020 55

F2 7.25 7.16 7.78 0.013 71

F3 7.28 7.30 7.98 0.010 78

F4 7.34 7.23 8.06 0.020 55

F5 7.40 7.29 8.08 0.015 67

F6 7.35 7.34 8.14 0.018 60

F7 7.34 7.38 8.05 0.019 58

F8 7.35 7.43 8.06 0.010 78

The obtained results show high degrees of nickel removal from raw water, which range up to 78 %, which is an
excellent achievement. The problem during the application of emergency measures with lime dosing and fine pH
adjustment is the high concentration of lime, since this solution creates problems in water, primarily in the filters, where
they become clogged and require more frequent washing. The increase in the water pH after filtration over time is
caused by the untimely reduction of lime dosage before the filters to correct the pH in relation to the reduction in nickel
concentration.

In the treated water reservoir, an excellent result was recorded in terms of nickel concentration 0.016 mg dm3,
which achieved the goal in terms of all parameters by the regulations in the Republic of Serbia.

In a relatively short period of time, results were obtained that gave effects in the removal of nickel, which means
that the experiments were well conceived and performed, quickly leading to practical applications in the water
treatment process. In this way, an improvement was achieved in the degree of removal of heavy metals from water,
which represents a major problem in the treatment of potable water. The path has been opened in terms of nickel
removal so that it is possible to obtain satisfactory purification effects by upgrading the system with new process units,
such as activated carbon filters and very precise pH adjustment. For such a system to be sustainable, it is necessary to
perform further laboratory testing to find an optimal way of correcting the pH value in such a way that the filters are
not clogged.

The introduction of an improved technology that gave an effect and which has been applied since April 2016 is the
dosing of a 0.1 % solution of granulated activated carbon powder into the raw water (the pH of the activated carbon must
be greater than 8) before the dosing of aluminium-sulphate and polyelectrolyte, namely in doses of 10 to 15 g m™ and
adding of lime in doses of 25 to 30 g m™3 after clarification in a lamellar precipitator and in front of the filter with strict pH
control that should range from 8.0 -8.5 in order to lower the nickel concentration below MAC (< 0.02 mg dm) after the
filter. The pH value was appropriate in the treated water tank, which made it possible for the level of organic matter to be
below the MAC.

When the stability of the system was established, the nickel concentration dropped to 0.015 mg dm3 in the clean
water reservoir. The analysis results were admirable, the nickel concentration values in water were below the MAC in
all samples both at the plant and in the network.

At the beginning of July 2016, the water processing flow at the plant was increased due to the increased water
consumption, resulting in a slight increase in the nickel content in the stages of the treatment process and therefore in
the output water. Thus, the recommendation was to apply temporary measures to reduce the nickel content, which
have already been tested from April to July 2016 leading to a successful reduction of nickel concentrations below the
MAC value in the treated water, at a plant capacity of 80 to 90 dm3s™.
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Numerous adjustments were made on the spot, during the emergency tests at the plant itself in July 2016, together
with the Waterworks expert team, and the Ni content was kept within the MAC limits, even though the plant was
working beyond its optimal capacity. This primarily referred to the clarification process, which is one of the key steps in
lowering the Ni content in water with the existing technology. It should be mentioned that the applied methodology of
chemical precipitation is an effective and by far the most widely used process for removing heavy metals [18]. Due to
the large consumption of water and therefore the significant consumption of powdered carbon, the dosing of powdered
carbon into the raw water was temporarily turned off and the dosing of lime before the filter was maintained to maintain
the pH of the water around 8.5 [19]. Since dosing of lime causes a heavy load on the filters, causing frequent filter
washing and thus a reduction in their service life, it is recommended to use sodium hydroxide instead of lime, although
it is affordable and effective. Addition of sodium hydroxide, on the other hand, does not produce sediments and easily
increases pH, and was successfully tested on site at laboratory conditions.

4. CONCLUSIONS

This work addressed a problem in a water treatment plant in the municipality Cajetina, Serbia. The water quality
after the treatment in the plant did not meet the quality standards, so it was necessary to perform experiments to find
an appropriate solution to primarily decrease the nickel content. Thus, two experimental series tests were conducted
in two laboratories to determine methods of intervention to improve the water treatment process. The best results
were obtained at the dosing of a 0.1 wt.% solution of granulated activated carbon powder into the raw water before
the dosing of aluminium-sulphate and polyelectrolyte, namely at the doses of 10 to 15 g m*3 and dosing of lime at 25 to
30 g m? after clarification in a lamellar precipitator and in front of the filter, with strict pH control that should range
from 8.0 to 8.5 in order to lower the nickel concentration below MAC (< 0.02 mg dm) after the filter. The chosen dose
of the 8 wt.% aluminium sulfate solution is 55 mg-dm™3, while the dose of the 0.1 wt.% polyelectrolyte solution is
0.5 mg-dm™3. The pH of the water after filtration is 7.38 which indicates consumption and reaction of the added
chemicals. After applying this combination of chemicals, the nickel concentration decreased to 0.015 mg dm3, with a
satisfactory pH value in the treated water.
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Sprovodenje hitnih mera za poboljsanje efikasnosti uklanjanja nikla iz
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(Nauéni rad)

Izvod

Projektovanje postrojenja za preci$¢avanje vode (PPV) podrazumeva kompleksnu analizu i primenu
kriterijuma projektovanja zajedno sa prakti¢nim iskustvom. Osnovni kriterijumi standardnog projektovanja
obuhvataju kapacitet, kvalitet sirove i precis¢ene vode, lokaciju postrojenja za precis¢avanje vode i skup
prihvatljivih, proverenih tehnologija. Kombinovanjem kriterijuma pouzdanosti sistema sa tehno-
ekonomskim pokazateljima moglo bi se dobiti optimalno procesno resenje za nova postrojenja, kao i za
unapredenje procesa u postoje¢im postrojenjima. U ovom radu, na osnovu podataka iz akumulacije
Ribnica, Srbija, i zahtevanog kvaliteta sirove i precis¢ene vode, predlozeno je optimalno resenje za
unapredenje i optimizaciju tehnologije precis¢avanja vode do kvaliteta za pice na PPV na Zlatiboru, Srbija,
kako bi se osigurala maksimalna efikasnost i fleksibilnost u radu sistema. Analiza kvaliteta vode pokazala je
da su nakon tretmana u postrojenju svi parametri bili u granicama odgovarajucih maksimalno dozvoljenih
koncentracija propisanih Pravilnikom o higijenskoj ispravnosti vode za pice Republike Srbije, osim sadrzaja
nikla. U radu su prikazani rezultati uklanjanja nikla primenom visestrukih ispitivanja u laboratoriji i na PPV
radi uspostavljanja najbolje procedure za tretman vode. Prema dobijenim rezultatima, reSen je problem
kvaliteta vode u pogledu uklanjanja nikla i ispunjeni su zahtevani uslovi (sadrzaj nikla ispod maksimalne
dozvoljene koncentracije < 0.02 mg dm3).

Kljucne reci: Jar test; aluminijum-sulfat;
polialuminijum hlorid; flokulacija
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Abstract

The aim of this study was evaluation of atmospheric corrosion of structural steel S235JR in
an industrial environment. General corrosion testing was carried out for six months in the
field, at selected atmospheric corrosion stations, near the Sulphuric acid plant, in the
Electrolytic refining plant and next to the automatic air quality monitoring station in the city
of Bor, Serbia. The results were compared with the standard specimens stored in the labo- Hem. Ind. 79(1) 19-30 (2025)
ratory. The steel S235JR specimens were characterized regarding mechanical characteristics
by tensile testing. With the aim of assessing the mutual effect of corrosion and polluted
industrial environment meteorological parameters were also determined, as well as
pollutants in the atmosphere (mainly SO,). The X-ray diffraction method was used to identify
the composition of corrosion products. Research within this work enabled a better
understanding of the behavior of structural steel S235JR in which there was a reduction in
load capacity due to corrosion. The corrosion rates obtained under each tested exposure
condition showed noticeable differences. It was found that depending on the content of
pollutants in the atmosphere and the location of the steel specimen, the corrosion products
represented different compounds and solid phases.
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1. INTRODUCTION

During winter months, the corrosion process proceeds at its fastest rate, due to an increase in the concentration of
pollutants in the air, such as sulphur dioxide (SO,), carbon dioxide (CO,), chloride ions and dust. Industrial environments
often involve different mixtures of these elements. Relative humidity, number of hours of sunshine, temperature of air,
atmospheric pressure, as well as duration and frequency of rain are among key meteorological variables influencing the
corrosion process. The effect of time and quantity of rain are very important for characterizing differences between
indoor and outdoor corrosion [1]. Indoor humidity and temperature are largely influenced by the level of ventilation,
air conditioning, heating, and thermal isolation [2]. Indoor corrosion intensifies at higher humidity degrees and is
affected by the type and level of pollution. Indoor air is polluted from both external and internal sources. Typical indoor
pollutants are SO,, NO,, HCl, H,S, organic acids and particles [3]. In general, concentration of particles indoors is the
total of those present inside and those brought in from outside.

This study focuses on deterioration of steel elements as a result of corrosion propagation because of the presence
of corrosion agents in the industrial environment in the city of Bor, Serbia. Several atmospheric corrosion stations were
used for the in-the-field corrosion testing over the period of 6 months. Selected places for corrosion testing were: (1)
near the Sulphuric acid plant, close to air quality monitoring station in City park, (2) on the internal balcony above the
Electrolysis plant (inside the building) and (3) on the roof of the Mining and Metallurgy Institute Bor, next to the
automatic air quality monitoring station.
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Steel S235JR was selected for assessment of the corrosion resistance by the analysis of mass loss and evaluation of
mechanical properties of specimens after exposure to the tested environments in Bor for a certain period of time.
Corrosion products taken from the specimens were subjected to X-ray diffraction (XRD) analysis. XRD analysis is often
used in various corrosion studies, such as in improving the control of corrosion processes and preventing the impact of
corrosion on water quality degradation in water distribution pipes [4]. Significant differences have been observed in the
appearance of corrosion products formed on steel specimens kept in outdoor and indoor conditions.

To obtain a complete characterization of the atmosphere, and thus of the exposure conditions, meteorological data
during six months in the period of the experiment duration were analyzed. The indoor conditions of the Electrolysis
plant depend on the general environmental conditions of the site. Indoor relative humidity (RH) and temperature
depend largely on the degree of ventilation. Pollution by SO, alone was considered in this study, being the most common
and important corrosive agent. SO, indoors is expected to be 30 to 50 % lower than outdoors, as stated in literature [3].
Both mass loss and mechanical properties of the experimental specimens were measured.

Many authors have investigated degradation of mechanical properties of corroded steel. According to recent
research, corrosion has reportedly been shown as having no influence on the chemical and mechanical properties of
steel [5,6]. However, it clearly affects the reduction of yield plateau, ultimate stress and necking region. It was found
that both the bearing capacity and ductile property of structural steel decreased as the corrosion rate increased [7,8].

Corrosion studies that have been carried out in outdoor conditions, were rarely accompanied with those carried out
indoors at the same time. The main goal of this work is to provide a deeper insight into how corrosion in outdoor and
indoor conditions affects the load-bearing capacity and durability of steel structures, whereby XRD analysis provides
additional insight into the process of corrosion. A direct comparison between the corrosion rates of steel in an open
atmosphere and in a closed one is presented in this paper.

2. EXPERIMENTAL

2. 1. Experiment preparation

The standard coupon test specimen was fabricated in accordance with the EN10002-1 standard, the thickness of the
coupon for tensile strength testing was 4, 6 and 8 mm. The material used in this experiment was commercial steel
S235JR (HBIS Group Serbia Iron & Steel, Serbia). In initial research by the same author [9], steel S235JR was tested on
the standard plate 30x40x8 mm, by the use of inductively coupled plasma optical emission spectroscopy (ICP-OES), Ciros
Vision (Spectro Analytical Instruments Inc., Germany), with the following chemical composition: 0.12 wt.% C, 0.012 wt.%
Si, 0.27 wt.% Mn, 0.012 wt.% Cr, 0.003 wt.% Mo, 0.013 wt.% Ni, 0.005 wt.% P, 0.008 wt.% S, 0.036 wt.% Al, 0.041 wt.%
Cu, 0.0003 wt.% B, 0.0006 wt.% Sn, 99.40 wt.% Fe and others in a small percentage.

2. 2. Atmospheric corrosion stations

Tests for corrosion resistance were conducted at atmospheric corrosion stations, under actual operating
circumstances. These were carefully chosen locations within the industrial complex, where specimens are displayed,
and corrosion-related changes are tracked.

In this study, atmospheric corrosion stations are selected for accelerated testing of Bor industrial zone. The industrial
zone in Bor is in the very center of the city, so the Sulfuric acid plant is located near center of the town. The atmospheric
corrosion stations were chosen next to air quality monitoring stations, in the City park and at the Mining and Metallurgy
Institute Bor. The distance between these two locations is about 3 km. The automatic monitoring station in the City park
is about 800 m away from the Sulfuric acid plant. This part of the study has been carried out in outdoor conditions.
Another location was inside the Electrolytic refining plant (Figure 1). Steel specimens were exposed for 6 months in
winter between November 2016 and May 2017. There were 6 specimens at each location, a total of 18, placed on a
wooden frame, at an angle of 45° to the ground, horizontally, and facing south. It is frequently considered as the position
where the specimen's greatest surface gets corroded [10,11]. In this research, there was an attempt to obtain the
degradation of the material due to corrosion under real industrial conditions, in the winter months.
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refining plant; (3) next to the automatic air quality monitoring station in the Mining and Metallurgy Institute Bor

After exposure, corrosion products from all specimens, as well as from the reference specimen, were removed
according to ISO 8407:2021 [12]. This standard specifies procedures for removal of corrosion products from metals and
alloys, which are created on specimens for corrosion testing during their exposure to the corrosive media. On the test
specimens, the products were first removed mechanically, and then chemically, for the duration defined in the standard.
The procedures set out in this standard are intended to remove corrosion products without significant removal of the
parent metal. To determine the mass loss of parent metal when removing the corrosion product, the parallel
uncorroded, reference specimen is cleaned by the same procedure as the specimen under test. After removing the
corrosion products, all specimens, 18 of them, were subjected to a standard coupon test.

2. 3. Standard coupon test

Standard coupon tests were conducted in this study to assess the mechanical properties, strength and the module
of elasticity of specimens under different corrosion conditions. Standard coupon tests were carried out on a servo-
hydraulic universal testing machine (Instron 1332 with Fast Track 8800 control system, Instron, USA) at a maximum load
of 100 kN and an extensometer with a gauge length of 50 mm was installed in the middle of the specimen to measure
the deformation during the standard coupon test.

2. 4. XRD analysis

XRD analysis was conducted to identify corrosion products formed at the three different exposure sites (Figure 1):

near the Sulphuric acid plant (AF)

inside the Electrolytic refining plant (EF)

next to the automatic air quality monitoring station in the Mining and Metallurgy Institute Bor (MP)

The X-ray diffraction was performed using a RIGAKU Ultima IV (Tokyo, Japan) diffractometer with Ni-filtered Cu Ka
radiation (A =0.1540 nm), with the X-ray tube operating at 40 kV and 40 mA. The XRD patterns of the corrosion products
were recorded over the 5— 90° 2@ range with a step of 0.02° and a scanning rate of 10° min~’. The phase analysis was
conducted using the PDXL2 software (version 2.0.3.0) [13].

2. 5. Meteorological parameters and atmospheric pollutants
Some of the most important meteorological parameters in Bor for the corrosion process are shown in Table 1.

Table 1. Monthly average meteorological parameters (T is temperature, RH is relative humidity and TOW is the time of wetness) [14]

Measurement period T/°C RH, % TOW, h Rainfall, mm m2  Atmospheric pressure, kPa*
November 8t" 2016 - December 8t 2016 6.9 70 168 50.0 97.63
December 9t 2016 - January 8t 2017 2.5 69 192 7.4 98.41
January 9t 2017 - February 82017 0.4 83 144 47.0 97.05
February 9t 2017 - March 8t 2017 6.7 79 360 24.7 97.01
March 9t 2017 - April 8th 2017 6.6 79 240 21.1 96.75
April 9t 2017 - May 8t 2017 12.4 72 120 42.7 96.81
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Time of wetness (TOW) was estimated from the number of hours per year that the relative humidity was equal to
or above 85 % and the temperature exceeded 0 °C.

Average of SO, values in Table 2 are reported in the Annual report on air quality in the Republic of Serbia, Ministry
of Environmental Protection, Environmental protection agency [15,16]. As can be seen, differences in SO, concentration
are noticeable between these two stations.

Table 2. Monthly average SO, deposition [15, 16]

SO, deposition, mg m?

Measurement period

Air quality MP monitoring station Air quality monitoring station in City park

November 8t 2016 - December 8t 2016 26.4 26.2
December 9t 2016 - January 8t 2017 29.0 26.0
January 9t 2017 - February 82017 54.1 66.8
February 9t 2017 - March 8t 2017 24.7 59.3
March 9t 2017 - April 8t 2017 20.4 43.6
April 9th 2017 - May 8t 2017 16.0 423
Calculated average value 28.4 44.0

The maximum measured value 272.6 (measured on 01. 02. 2017) 299.9 (measured on 01.05.2017)

Environmental parameters that influence atmospheric corrosion, such as relative humidity, temperature and
deposition rates, vary significantly between indoor and outdoor conditions.

The indoor conditions in the Electrolytic refining plant are near constant in terms of temperature, relative humidity
and the concentration of pollutants in the air. Blowers were installed inside the Electrolysis plant, which permanently
ventilated the facility. The temperature inside the plant ranged between 13 and 18 °C in the relevant period. The
atmosphere also contained electrolyte aerosols. The electrolyte had the following composition: H,SO4 1.7 mol dm3,
CuS04-5H,0 = 160 g I't, or about 40 g I'* of copper, and HCI 0.04 mol dm3. The higher humidity indoors, which was always
higher than 80 %, was mainly influenced by the open electrolytic cells and a high electrolyte temperature (58 + 2 °C).

3. RESULTS AND DISCUSSION

3. 1. X-ray diffraction analysis

The X-ray diffraction was performed on corrosion products removed from the specimens, one from each of the three
locations. Main corrosion products of carbon steels are reported to be lepidocrocite (y-FeOOH) and goethite (a-FeOOH)
regardless of atmospheric conditions, even the industrial [17,18]. During the time of exposure, lepidocrocite is transformed
to goethite, and SO, highly influences this process [19], which proceeds in several parallel and consecutive stages [20]. In
these corrosion processes, magnetite (FesO;) and maghemite (y-Fe,Os) are practically intermediates and are often
detected by the XRD analysis. However, these minerals are hard to differentiate as a consequence of their almost identical
crystalline structure [21]. They are usually close to the surface of the steel, leading to their identification but without
determination of their quantity portion in the corrosion products. A percentage of the total identified crystalline products
is given from a semi-quantitative estimate for each detected phase, where it could be expressed quantitatively.

The corrosion products of the first sample AF contain 57 wt.% lepidocrocite (y-FeOOH) and 43 wt.% goethite
(a-FeOOH) (Figure 2). The second sample EF contains 33 wt.% goethite (a-FeOOH), 20 wt.% rozenite (FeSO4(H,0)4) and
47 wt.% jarosite (KFes3(SO4)2(OH)e) (Figure 3). The third sample MP contains 68 wt.% lepidocrocite (y-FeOOH) and
32 wt.% goethite (a-FeOOH) (Figure 4). Magnetite (Fes04) and maghemite (y-Fe,0s3) are not quantified but detected in
all three samples. Lepidocrocite was also identified in the EF specimen, although not quantified.

Figure 2 presents the XRD pattern for the sample AF exposed to industrial atmospheric conditions with a high SO,
concentration (sulphuric acid plant). The diffractogram shows peaks of y-FeOOH at the 26 angles of 14.10, 27.04, 36.48,
46.88, 52.98 and 60.98°; additionally, peak at 84.70° can also be attributed to the same compound. Moreover, the relative
intensity of these peaks has the same pattern as the single high-purity crystal phase, further confirming its dominant
presence. It is the primary component of the surface corrosion layer, with a content of 57 vs. 43 wt.% of a-FeOOH.
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Figure 2. X-ray diffractogram of corrosion products of steel S235JR after 6 months of exposure near the

Sulphuric acid plant in Bor (AF)

The ratio between these two variants of FeOOH is less favourable for the y type of this iron oxyhydroxide in industrial
atmosphere (at AF), than for a nonindustrial atmosphere (at MP) as a corrosion environment (Figure 4). This was
expected due to the presence of higher SO, concentrations in the air (Table 2) that influence the transformation of
lepidocrocite into goethite, since SO, dissolves the initially formed y-FeOOH, promoting this phase transformation, as
explained in other study [22]. In the diffractogram the presence of the peaks of a-FeOOH are also unquestionable and
clear as well. These peaks are at the following positions 21.12, 33.18, 36.60, 39.86, 40.94, 53.12 and 59.16°. The
presence of maghemite, peaks at 35.52° (overlapped with all other detected crystal phases), 53.46, 57.30 and 62.86°,
and magnetite with peaks at 18.22 29.96 and 35.34° (overlapped with all other detected crystal phases), 62.56° have
also been confirmed by XRD analysis. However, these minerals were in low quantities, practically as trace compounds.
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Figure 3. X-ray diffractogram of corrosion products of steel S235JR after 6 months of exposure into the
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Electrolytic refining plant in Bor (EF)
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Figure 4. X-ray diffractogram and corrosion products of steel S235JR after 6 months of exposure next to the
automatic air quality monitoring station in Mining and Metallurgy Institute Bor (MP)

Figure 4 shows the results of the XRD analysis of the steel exposed to relatively mild atmospheric conditions at MP
in a six-month period. Corrosivity category for this atmosphere conditions is C2-C3 according to ISO 9223:2012 [23]. The
XRD diffractograms in Figures 2 and 4 are relatively similar.. Two main constituents are gamma and alpha FeOOH. The
first has diffraction peaks at 14.08, 27.08, 36.36, 46.90, 52.96, 60.74 and 89.06° which is almost identical to the
appearance in Figure 2 with the better (closer to the reference) position of the peak at the highest 26 angle. Here, it
should be noted that even a peak with a low intensity, at 18.0°, was detected. These more complete XRD patterns of
these phases indicate even lower content of other crystal phases (maghemite and magnetite) and amorphous forms of
the corrosion products compared to the influence of the industrial environment. The magnetite neither showed the
peak at 260angle of 18°, nor it was overlapped with the a-FeOOH. Nevertheless, maghemite peak at 30.16° was observed
in the diagram. It has to be stressed that the semi-quantitative XRD determination of the relative contents is in
accordance with the values of the peak intensities of y-FeOOH when compared the Figures 2 and 4. Higher intensity of
the main component of the corrosion layer corresponds to the higher relative content, as also reported by other authors
[22].

The diffractogram in Figure 3 is the most complex of those three and much different from the other two. The main
differences are a low content of y-FeOOH and the presence of rozenite (FeSO4(H,0)4) and jarosite (KFe3(SOa4)2(OH)s) at
the steel surface exposed in the specific industrial atmosphere at EF. The fumes of sulfuric acid and copper sulfate
conditioned the appearance of these corrosion products. This presents a clear explanation for the appearance of
rozenite, although additional considerations are needed to explain the presence of jarosite. The occurrence of jarosite
as a product of atmospheric corrosion is not typical but was observed in marine atmospheric environments at the similar
steel type (S235JR), where chloride ions with the presence of sulfate ions lead to precipitation of jarosite phase together
with potassium, which originated mainly from the emissions from the oil-fired power plant and less from the marine
aerosols [17]. Here, the proximity of the power plant operation and a flash smelter powered by oil in the period of
exposure certainly had an influence. However, authors consider that potassium presence was primarily from the
additives used in EF, being also constituents of aerosols.

The full pattern of a- FeOOH: 21.12, 33.22, 36.54, 41.36, 40.80, 53.04 and 59.22° (2@ angles) is present in Figure 3
and it is a second crystal phase by amount. Rozenite (FeSO4x4H,0)) is a new crystal component characterized by the
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following peaks 13.02, 16.16, 19.80, 22.26, 26.18, 27.68 and 30.18°. It comprises about a fifth of the total corrosion
products. Jarosite was the most abundant component of the corrosion layer (47 wt.% of the total quantity). All main
peaks of this phase were present in the diffractogram: 15.02, 17.34, 24.32, 28.60, 28.82, 39.32, 45.96 and 49.98°.
Although the presence of this crystal component is semi-quantitatively determined, its very high content was not
expected and needs more research to be fully explained. y-FeOOH was identified but only by the three peaks at 27.02,
36.34 and 61.04°, indicating the low content. Magnetite and maghemite also did not show a full XRD pattern in the
diagram as well, and identification of these minerals was further complicated by some of the peaks being overlapped.
Although not identified by the software, presence of magnetite (Fes0O4) in traces was possible, with pointed out peaks
at 33.00 and 35.62° and partly at 49.54 and 54.16°. However, the other characteristic peaks were not visible in the XRD
spectrum. Figure 3 shows also a few unmarked peaks that could indicate melanterite (FeSO4:7H,0) and siderotil
(FeS0O4-5H,0), but the presence of these minerals is not definite, although probable due to the sulphate presence.
Figures 2 to 4 show XRD patterns of corrosion products at the steel surface influenced by atmospheric conditions at
three different locations. The X-ray diffraction patterns had a very similar look independent of the exposure conditions,
except for the diffraction pattern of the specimen in the EF. The crystalline products formed in the rust layer are
lepidocrocite (y-FeOOH) and goethite (a-FeOOH), which are typical in the case of atmospheric corrosion of carbon steel,
as it is found also in other studies [19,20]. The common feature is a very pronounced noise throughout the whole XRD
diffractogram due to a high number (and amount) of amorphous components without a well-defined Bragg peak [18].
Additionally, it is influenced by crystal forms of compounds present at relatively low contents (under 5 wt.%).

3. 2. Corrosion rate

The mass loss for each group of the specimens with the same thickness after the exposure to different atmospheric
conditions was calculated by:

z (mO,i 'mi)

Am=m0-m—% (1)

where Am is the mass loss due to corrosion, my is the initial mass prior to the corrosion test, m is the mass after the
corrosion test, mg; and m; are the mass of control specimens before and after chemically cleaning, respectively. After
the determination of the initial total surface area of specimen A and the mass loss during the test Am, the average
corrosion rate in the first year was obtained in accordance with 1SO 9226:2012 [24]. The corrosion rates of S235JR steel
are expressed as a mass loss per unit area over time (r.rr) Or as a thickness reduction over time (rer’), given in Table 3.

Table 3. Corrosion rate values and mass loss of steel specimens of different nominal thicknesses after 6 month exposure
Nominal thickness, mm

Location (2 specimens) Initial mass, g Mass loss, g reorr/ gM2year?  reon’ / umyear?
o 4 253.66£1.05 6.410.02 68.39£0.28 8.71£0.04
1 SU'ph‘(‘:lftZZ'gr;"a”t' AF 6 385.072.92 7.2840.10 72.53+1.03 9.23+0.13
8 520.14£1.57 7.64£0.16 71.3311.45 9.07£0.18
- 4 253.76£0.69 0.8240.01 8.7310.12 1.11£0.01
2 Elecm"yt('icn;fc'::')ng plant, EF 6 384.8740.85 0.9840.01 9.7840.12 1.25£0.02
8 512.52412.36 0.9740.11 8.98+1.00 1.14£0.13
3. The automatic air quality 4 254.95+2.09 2.03£0.04 21.60+0.41 2.75:0.06
monitoring station in MMI Bor, 6 384.54+0.78 2.29+0.01 22.83+0.19 2.91+0.02
MP (outdoor) 8 517.15£5.74 1.95:0.52 18.154.86 2.31£0.62

The results of this study provide a direct comparison between the corrosion rates of steel specimens placed in
outdoor and indoor conditions. In general, the indoor corrosion rates are relatively low (Table 3) due to the absence of
precipitation and fog as well as higher indoor temperatures (often above the dew point), which significantly reduce the
wetness duration. The outdoor corrosion rate is always higher than the indoor one, independent of the specimen
thickness. Steel specimens placed outdoors are exposed to day/night change and occasionally to dew, rain, and/or fog.
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At the same time, pollutant deposition is higher than that in indoor conditions. Corrosion products formed outdoor
undergo significant changes as they frequently dry out during the day and absorb humidity at night, occasionally
becoming wet due to rain, dew or fog.

3. 3. Mass and load bearing loss

Table 4 shows the reference values for etalon specimens, mass loss due to chemical cleaning and the maximum force
shown here for comparison with values of specimens determined after corrosion presented in Table 5. The maximum
force denotes the peak load recorded on the force-elongation curve and is used to calculate the ultimate tensile stress
based on the specimen's initial cross-sectional area. To quantify the influence of corrosion, mass loss, maximum force
after corrosion and depth are also shown in Table 5. Results indicated that with an increment in corrosion, mass, depth
and maximum force significantly decreased. In Table 5, the change in depth Admass based on mass loss is also shown,
representing the difference between the depth before corrosion and after corrosion. Depth before corrosion and after
corrosion based on mass loss are determined as follows:

gy = (2)
A,D

d, =" (3)
A,D

where mp and m; are mass before and after expose to corrosion, respectively, Aw is the surface area of the specimen,
and D is the density.

Table 4. Etalon specimens before and after chemically cleaning

Nominal thickness, mm (2 specimens) mo/g do/ mm mi/g di/ mm Fmax/ N
4 252.55+2.98 4.01+0.05 252.48+2.95 4.01+0.05 316241755
6 386.74+1.22 6.14+0.02 386.70+1.22 6.14+0.02 5083511261
8 517.2845.92 8.21+0.09 517.25+5.93 8.21+0.09 6285811044

Each values in the tables 3, 4 and 5 is expressed as the mean + standard deviation calculated from two individual
measurements. Preliminary results related to the 8 mm specimens were reported in previous publications [9]. This paper
presents the comprehensive findings for all three specimens thicknesses.

Table 5. Specimens before and after exposure to corrosion
Nominal thickness, mm
(2 specimens)

4 4.03+0.02 3.93+0.02 2.53+0.00 0.10+0.00 30146+205
6.12+0.05 6.00+0.05 1.89+0.04 0.12+0.00 4915241613
8.26+0.02  8.14+0.03  1.47+0.03  0.12+0.00 618261206
4.03+0.01 4.02+0.01 0.32+0.00 0.01+0.00 31273%358
6.11+0.01 6.10+0.01 0.25+0.00 0.02+0.00 50067+658
8.14+0.20 8.12+0.20 0.19+0.03 0.02+0.00 62268+1253
4.05+0.03  4.02£0.03  0.79+0.01  0.03+0.00 30982+257
6.11+0.01 6.07+0.01 0.60+0.01  0.04+0.00 51248+1519
8.21+0.09 8.18+0.08 0.38+0.10 0.03+0.01 62715%832

Location do/ mm di/mm  Massloss, % Admass/ mm Frax/ N

1. Sulphuric acid plant, AF

2. Electrolytic refining plant, EF

3. The automatic air quality
monitoring station in Mining and
Metallurgy Institute Bor, MP

(O |h|O(O |||

After the coupon tests, the load and displacement results of the S235JR specimens exposed to different corrosion
conditions were obtained. Figure 5 shows force-elongation curves of corroded and uncorroded test steel S235JR
specimens of different nominal thickness. The main reason for the decrease in the maximum force is the effective
reduction of the cross-sectional area of the corroded specimen. It is worth noting that the force decrease was greater
in the case of a higher corrosion rate.

In the industrial atmosphere of Bor, near to AF, the colour of the rust from steel specimens is in dark brown tones;
granulations of corrosion layers are larger, while on the specimens in the EF and MP granulation of corrosion layers is
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smaller, similar to ground powder. The dark brown colouring of the rust is the result of the presence of SO, at high
concentrations and accelerating transformation of lepidocrocite into goethite [25]. In accordance with the statements
of other authors [1], transformation of lepidocrocite to goethite is a measure of the corrosion process extension, so that
this complies with the fact that lower corrosion is obtained at MP than near to AF in Bor. Corrosion products were
definitely more compact and less porous when they are exposed to indoor conditions than outdoor conditions (they
have a better protective function, which was also observed during the removal of corrosion products when measuring
the mass loss). The compact corrosion products are the reason for lower mass loss (slower general corrosion) of these
specimens. On the other hand, corrosion products formed outdoors exhibit layered deposits and cracks.
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Figure 5. Load-displacement relationships for etalon specimens (E) and tested specimens at AF, EF and MP for specimen thicknesses
of: A) 4 mm (specimens are labeled with 1 and 2); B) 6 mm (specimens are labeled with 3 and 4); C) 8 mm (specimens are labeled
with 5 and 6)
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Atmospheric corrosion is quantitatively assessed by measuring the mass loss and then determining the corrosion
rate for each location separately. A higher corrosion rate is always obtained for specimens closer to the AF. Specimens
that were exposed to corrosive agents from the outside, near the AF and next to MP, were uniformly corroded, while
the dominant pitting corrosion can be observed in the specimens in EF. The highest corrosion rate values are generally
associated with higher SO, levels in the air. For the corroded steel specimens, the reduction of maximum force is not
linearly proportional to the degree of mass loss (Table 5). The cause of this finding is the appearance of pitting corrosion
along with uniform corrosion, as well as the influence of local effects due to the inequalities on the specimens found
after exposure to corrosion. Local pitting corrosion has a significant impact on strength reduction in addition to the
section loss. It leads to fracture where the test specimens are weakest. The change in the path of fracture, with the
development of corrosion, is also related to pitting corrosion.

In Figure 5, specimens from the same location are marked with the same colour. The force-elongation curves of the
corroded specimens constantly decreased as the corrosion rate increased. Less corroded specimens (MP) have a larger
"necking" area, while in more corroded specimens (AF), the "necking" area decreases together with the ductility of the
elements. Specimens that suffered a greater mass loss (AF), become less ductile, due to local material damage that
cannot be described by a uniform corrosion rate law and a uniform surface degradation. This statement is in agreement
with the observations in a previous experiment [26] showing that in extreme corrosion cases, the yield plateau of the
stress-strain curves of the corroded specimens shrinks and, in certain cases, completely vanishes, signifying a change in
the steel elements, from ductile to brittle fracture.

4. CONCLUSION

Interaction between corrosion of steel elements and pollutants in the atmosphere is of great importance for
corrosion research. The consequence of this interaction is degradation and destruction of steel structures. Corrosion of
steel in an industrial environment can be uniform, developing equally over the entire surface of the metal which is
characteristic of outdoor conditions, or localized, pitting corrosion (present in indoor conditions in the present study).

Uniform corrosion occurs through uniform corrosion layers of similar composition, while pitting corrosion creates
types of corrosion products that differ in composition and proportions of their components, which is determined by
XRD analysis in this paper. This primarily refers to the specimens that were in the indoor of the Electrolytic refining plant
and for which the corrosion products were much more complex in composition than the products formed at the outdoor
stations. It can be concluded that steel specimens exposed to indoor conditions experience less severe conditions, but
also additional type of corrosion (pitting).

XRD analysis was used in this study as a relationship indicator between the composition of corrosion products and
the type of environment in which corrosion develops. The results and data obtained in this work should contribute to
the understanding of the problem of strength capacity and durability of steel structures weakened by corrosion in
industrial environments such as in Bor.
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Eksperimentalna analiza atmosferske korozije celika S235JR u

industrijskoj sredini

Jelena N. Stefanovi¢', Zoran Miskovié¢?, Stevan Dimitrijevi¢?, Zlatko Markovié? i Milan Spremié?
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(Naucni rad)

Izvod

U ovom radu ispitana je atmosferska korozija konstrukcionog ¢elika S235JR u industrijskoj sredini. Opsta
ispitivanja korozije vrSena su u blizini fabrike sumporne kiseline, u postrojenju za elektroliticku rafinaciju
i pored automatske stanice za pracenje kvaliteta vazduha u Boru u periodu od 6 meseci. Za ispitivanje
medusobnog dejstva korozije i zagadenja industrijske sredine, koris¢en je Celik S235JR, a njegove
mehanicke karakteristike su dobijene ispitivanjem zatezanjem. Odredeni su i meteoroloski parametri,
kao i zagadujué¢e materije u atmosferi (uglavhom SO3). Rendgenska difrakciona analiza (engl. X-ray
diffraction, XRD) je kori$é¢ena za identifikaciju mineroloskog sastava produkata korozije. XRD analiza
moze ukazati na vezu izmedu gubitka nosivosti i vrste sredine u kojoj se korozija razvija. Na osnovu
dobijenih rezultata vrsi se dalje predvidanje degradacije materijala usled korozije u industrijski
agresivnoj sredini. IstraZivanja u okviru ovog rada su omogucila bolje razumevanje ponaSanja
konstrukcionog celika S235JR u kom je doslo do redukcije nosivosti usled korozije. Utvrdeno je da su
produkti korozije razli¢ita jedinjenja u zavisnosti od sadrZaja zagadujucih materija u atmosferi i lokacije
Celi¢nih elemenata.
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Abstract
The problem of unsteady natural convection inside a circular cavity containing a flexible fin ORIGINAL SCIENTIFIC PAPER
is numerically studied in this work. The cavity's left side is hot, while the right side is cold. A
flexible elastic fin is attached to the center of the hot wall. The fluid-structure interaction in
the cavity and flexible fin is combined with Newtonian fluid. The governing equations of the
fluid-flexible fin interaction are solved using the Finite Elements method and the arbitrary Hem. Ind. 79(1) 31-46 (2025)
Lagrangian-Eulerian approach. The effects of an elastic flexible fin on natural convection
within circular cavities were investigated in this study. The Rayleigh number (103 < Ra < 10°)
and Elasticity modulus (10° < Et < 10'?) are the parameters studied, the average Nusselt
numbers well as isotherms and streamlines, are investigated. The results show that
increasing the Rayleigh number causes an increase in the average Nusselt number, which
becomes significant for a higher Rayleigh number. Therefore, it is discovered that the circular
shape of the cavity may improve the heat transfer rate.

UDC: 551.509.313:631.436.1

Keywords: Newtonian fluid; fluid-structure interaction; finite elements method; elasticity
modulus; average Nusselt number; Rayleigh number.

Available on-line at the Journal web address: http://www.ache.org.rs/H|

1. INTRODUCTION

Heat transfer by natural convection in obstructed cavities is of both fundamental and industrial importance, finding
applications in various fields including electronic equipment cooling, solar collector manufacturing, housing thermal
management, and nuclear engineering. In recent years, extensive experimental and numerical research has been
dedicated to understanding heat transfer in cavities equipped with fins.

Considering natural convection, many published works have investigated the problem of unsteady fluid-structure
interaction inside various cavities, such as square cavities [1-3], circular enclosures [4], and L-shaped enclosures [5].
Additionally, several studies have explored mixed convection across different enclosures, including those with multiple
openings [6], channel configurations [7], and flexible walls [8].

Further research has aimed to better comprehend this phenomenon by considering different fluids, including
Newtonians, non-Newtonians, and nanofluids. For instance, many studies on Newtonian fluid natural convection have
examined the effects of oscillating flexible fins [9-11] indicating an increase in the fluid flow rate amplitude with
increasing fin-free end amplitude. Additionally, the heat transfer rate in the case of using of flexible fins has shown a
higher Nusselt number compared to that determined when using rigid fins. Raisi et al. [12] presented the effect of fluid-
solid interaction on transient natural convection inside a square cavity and discovered that the impact of increasing
baffle length on the thermal performance of the cavity varies based on the Rayleigh number and the rigidity or flexibility
of the system. Heat transfer properties in cavities with porous mediums have been also studied [13-16]. The findings
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indicate that an oscillation amplitude of 0.1 significantly improves the heat transfer rate across all Rayleigh numbers,
and the average Nusselt number is typically greater for Darcy models than for Darcy-Forchheimer models. A study of
natural convection heat transfer in buoyancy-induced flow scenarios within a square cavity [17] has shown that in the
scenario of a plate fixed at its top, the highest stress is observed with an inclination angle of 40°. In a recent study,
natural convection around square cylinders and within enclosures containing heated circular cylinders has provided
insights into optimal heat transfer conditions [18]. It was observed that the 45° angle of the rotation square cylinder
provides the optimal and the most efficient heat transfer at a higher Rayleigh number. Investigation of unsteady natural
convection heat transfer within an enclosure with a heated circular cylinder [19,20] has indicated that the enclosure
performance rate is the highest when the membrane is placed at 45°, while the increase in the Prandtl number (from
0.1 to 0.2) leads to the decrease in the Nusselt number, even though the Rayleigh number is increasing. Furthermore,
numerical methods such as the smoothed particle element method (SPEM) have been proposed to effectively model
fluid-structure interactions in free surface problems [21]. Heat transfer enhancement in a vented cavity using an
externally oscillating flexible flow modulator has been demonstrated [22], showing the increase in heat transfer as the
oscillation period of the flexible modulator decreases. A numerical approach utilizing the sharp-interface CURVIB solver
(curvilinear immersed boundary solver) has been employed to simulate fluid-structure interaction (FSI) problems in
complex domains involving thin, flexible solid structures [23].

Investigations of natural convection of a non-Newtonian power-law fluid with utilization a flexible fin [24-26],
indicated that the fin predominantly deforms in dilating non-Newtonian fluids, while rigid fins are experiencing higher
maximal stresses as compared to flexible fins. Additionally, a significant decrease in the average Nusselt number is
observed when the plate length is reduced. In other studies, laminar natural heat transfer was investigated for non-
Newtonian power-law fluids within different enclosure geometries such as a square enclosure [27,28], rectangular
enclosure [29,30], and an enclosure with a heated hexagonal block [31] as it was summarized in [37]. The compressible B-
spline material point method (Weakly Compressible BSMPM) was provided and extended to resolve the complicated free
surface flow of a non-Newtonian fluid following a power law rheology model [32]. Pandey et al. [33] examined thermal
and flow characteristics of non-Newtonian fluids at Ra = 107 in a circular cylinder within a square cavity. They concluded
that heat transfer significantly increased for cases of a pseudoplastic fluid (n <1) compared to cases of a dilatant fluid (n> 1).
Numerical simulation of convective heat transfer and flow in a non-Newtonian power-law fluid was performed using the
lattice Boltzmann method [34] showing that as the flow behavior index increases for a given Rayleigh number, the average
Nusselt number at the hot wall and the rate of melting decrease. Jain et al. [35] investigated the heat transfer and flow
characteristics of natural convection from a hot cylinder body in a square enclosure, and the results showed ~11% increase
in heat transfer for an arc radius approaching 0 mm. The investigation of natural convection in a non-Newtonian fluid
within a cavity is conducted over time, focusing on controlling parameters such as Rayleigh number, power-law index, and
side oscillation frequency [36]. The smoothed particle hydrodynamics (SPH) method was used to simulate natural
convection in a differentially heated square cavity at high Rayleigh numbers when the chaotic motion has a significant
influence on the heat transfer characteristic [38].

In summary, research has addressed natural convection within various enclosure geometries using advanced
numerical methods, shedding light on fundamental heat transfer phenomena. The purpose of this study is to investigate
the effects of an elastic flexible fin on natural convection in a Newtonian fluid within a circular cavity, considering fluid-
structure interactions.

2. MODELING APPROACH

Geometry considered in the current study is a circular cavity with a flexible fin attached to the central part of the
hot left wall, as shown in Figure 1. The right wall is maintained cold at a temperature T.*, while the left wall is brought
to a higher temperature T,*. The fluid circulating in the cavity is considered Newtonian and incompressible, while the
flow is laminar and two-dimensional.

Based on these assumptions and the arbitrary Lagrangian-Eulerian (ALE) approach, the equations representing the
hydrodynamic and thermal features of the problem are stated as follows, Equations. (1) to (7).
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y*

T*=T.* T*=T.*

Flexible fin

X;#

Fixed point

Enclosure filled by
a Newtonian fluid

Figure 1. Physical model of convection in a cavity with a flexible fin and coordinate system where T* represents the dimensional
temperature field, (x*, y*) shows the dimensional Cartesian coordinate system, R* and I* represent the dimensional characteristic
size of the cavity and the length of the flexible fin, respectively

Continuity equation:

V*u*=0 (1)
Momentum equations:
pra;: +(u*—w*)V*u*J—V*\:P*H,u(V*u’%(V*u*)tr)J—pfﬂg(T*—Tc *):0 (2)
The energy equation for the fluid:
(,ocp)f[%+(u*-w*)V*T*J-ka*2 T*=0- (3)
For the elastic structure domain, the energy equation for the fin can be written as:

oT*
(p5,), kv T*=0. (4)

where u* represents the velocity vector, w* shows the moving mesh velocity vector, and P represents the pressure
field, I represent the identity tensor, tris the transpose of a matrix, g is the gravity vector, @ and Srepresent the thermal
diffusivity and volumetric thermal expansion respectively, p is the density, ¢, is the specific heat at constant pressure, k;
and ks signify the thermal conductivity of the fluid and the solid, respectively.

The Neo-Hookean solid model is applied to express the stress tensor o*:

o*=J"FSF"|F=(1+V*d_.*), J=det(F) and S=0W., / O¢ - (5)

I=E / (2(1+V))
A=Ev /(1 +v)(1-2v))

WS=%I(J’1/1 -3)-ln J + %l(ln 1y (6)

£ :%(V*ds*+V*ds*" +V**'V*d,*)- (7)

where F is the deformation gradient tensor, F* is the transpose of the deformation gradient tensor, d;*represents the
solid displacement vector, S the second Piola-Kirchhoff, W;is the strain energy density function, /; represents the first
invariant of the right Cauchy—Green deformation tensor, E the young’s modulus of the solid, v the poisson’s ratio of the
solid, € is the strain.

Boundary conditions applicable to the external walls Egs. (8) and (9), and the flexible fin interface Eq. (10) are
expressed as:

At the hot wall:
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T =Ty* u*=1*=0 (8)

At the cold wall

TF=T* u*=1*=0 (9)

At the interface of the flexible fin:

P i (10)
ox ¢ ox |,

This equation ensures that the heat flux leaving the fin is equal to the heat flux entering the substrate, where y
typically represents temperature, which is a function of the position (x) in this case.
Also, the Rayleigh and Prandtl numbers (Ra and Pr, respectively) and the elasticity modulus (E:) are introduced as:

2 3
¢ 8PAT2R
Ra_ Do GBPAT2R”

(11)
ek
C
pr =222 (12)
k

E2R*
- — (13)

PO

To quantify the heat transfer between the flexible fin and the fluid, we used the Nusselt number as follows in the
Egs. (14) and (15):

00
Nu, =——- (14)
X
Ny, =k 22, (15)
X

Nus quantifies the heat transfer rate at the interface between the flexible fin and the surrounding fluid, and the Nu;
describes the heat transfer within the fin material. @ represents the dimensionless temperature, X is a dimensionless
spatial coordinate along the fin, and k. represents the thermal conductivity ratio.

The average Nusselt number on the wall is presented as follows:

1 thn

sy s, 1
Nu:INufdy+JNusdy+INufdy :j 2o (16)
0 S1 Sy Z_EJrT

where s; and s, represent the positions along the wall based on the thickness of the fin.

3. NUMERICAL METHOD, GRID STUDY AND VALIDATION

3. 1. Numerical approach and mesh independency

The governing equations and boundary conditions are transformed into weak form before being numerically solved
in the moving grid system using the finite element method. An Arbitrary Lagrangian-Eulerian (ALE) method for fluid-
flexible fin interaction is utilized. The computational domain is discretized into triangular non-uniform elements as
shown in Figure 2. To simplify the nonlinear terms in the momentum equations, a Newton iteration algorithm is used.
Physical and thermal properties of the fin and fluid adopted for simulations are shown in Table 1.

The equations are solved using the finite element method. The process starts by defining physics, PDEs, and
boundary conditions, followed by mesh generation and discretization. The system is then assembled into a global matrix
(Ax = b) and solved using iterative solvers.

In numerical methods for solving physical problems, grid-independence tests are achieved to confirm that the results
are independent of the number of mesh elements. Table 2 examines the average Nusselt number (Nu,,) on the hot
wall at Ra = 10°, Et = 10%°, and Pr = 10 for five different mesh sizes. Table 2 shows the number of elements used in the
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fluid domain and the Nusselt number for various mesh sizes at a steady state. As a result, it can be determined that the
grid with 245180 elements (case 4) is appropriate for use in all the computations in this paper.

Figure 2. The schematic presentation of the utilized grid

Table 1. Physical and thermal properties of materials

Material Physical properties Thermal properties Dimensionless parameters
a=0.14627 mm?s? Pr=10
Fluid pr= 1000 kg m3 ke= 0.609 W m KL Fv=0
us=1.457 Pas C,=4179) kgt K? k; =100
B=1.2E-7K? pr=1
Fin ps= 1500 kg m3 ks=1000 W m1K?
tin=0.226 mm C,=100J kgt K?

Table 2. The average Nusselt number at the steady state solution for different grids when Et = 10*°, Ra = 10° and Pr = 10

Grid Number of elements Time, s NUavg
Case (1) 63154 2012 7.96685
Case (2) 110656 3910 8.07652
Case (3) 171800 5846 8.16314
Case (4) 245180 8573 8.22831
Case (5) 332260 11679 8.22837

3. 2. Validation with others results

Another critical step in the simulation to ensure the accuracy and correctness of the obtained results is the validation
through other studies. This work is validated on the basis of a study reported in literature [24]. In the literature [24], the
study focused on the flow and heat transfer of a power-law non-Newtonian fluid within a cavity, driven by buoyancy
forces. The interaction between the non-Newtonian flow in the cavity and the hot fin was modeled through Fluid-
Structure Interaction (FSI), where the flow caused the fin to deform, which subsequently influenced both the flow and
heat transfer. This two-way coupling was simulated using the Arbitrary Lagrangian-Eulerian (ALE) method with a moving
mesh, while the governing equations were solved by using the finite element method.

First, the findings of this investigation are compared to the contours of isotherms obtained in that study [24] when
Pr =10 and Et = 10'° have been used for the validation of this study. As shown in Figure 3, the present numerical results
are in thorough agreement with the literature results [24].

Second, streamlines reported in literature [24] when Pr = 10 and Et = 10'° are compared for different Rayleigh
numbers (Ra) with those obtained by the present method (Fig. 4), showing satisfactory agreement.

Finally, for validation of the natural convection mechanism of a Newtonian fluid within a cavity, numerical modeling in
the reference [24] has been re-simulated by the code employed in the present study. The evaluation of the Nusselt number
for different values of the Rayleigh number (Ra) is represented in Table 3, showing satisfactory agreements of the results.
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Ra

10°

Ref. [24]

Present study

Figure 3. Comparin the results of the present study and the contours of isotherms reported by in literature [24]
when Pr = 10 and Et = 10%°

Ra 10* 10°

Ref. [24]

Present study

Figure 4. Comparison of the results obtained in the present study and the streamlines reported in literature [24]
when Pr = 10 and Et = 10%°
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Table 3. The average Nusselt (Nu) for different values of the Rayleigh number at Pr =10

Nuavg
Ra Shahabadi et al. [24] Present study Error, %
103 1.11883 1.12423 0.480
104 1.92385 1.92536 0.784
10° 4,41245 4.41632 0.387

4. RESULTS AND DISCUSSION

This study examines the impact of various factors on thermo-flow fields and deformation of an elastic fin. The factors
under investigation include the Rayleigh number (103 < Ra < 10°), and the elasticity modulus (10%*° < Et < 10%). This
research aims to inform readers about the consequences of different parameters on the behavior of the fin.

Figure 5 illustrates the changes in isotherms over time in a scenario with Ra = 10°, Pr = 10, and Et = 10%,

Figure 5. Development of isotherms and deformation of the flexible fin overtime (z) for Ra = 10°, Pr = 10, and Et = 10%°

Initially, at overtime 7 = 105, the flexible heat-conducting fin remains stationary due to the dominance of conduction
in heat transfer. As time progresses to T = 20 s, there is a noticeable flow of fluid and heat transfer, causing the flexible
fin to move towards the hot wall. Between 50 s < T < 250 s, more vortices appear around the fin, leading to a shift in the
isotherms towards the fin. Consequently, the role of convection becomes more significant compared to conduction in

3



Hem. Ind. 79(1) 31-46 (2025) A. BENCHERIF et al.: FREE CONVECTION WITHIN A CIRCULAR CAVITY WITH A FLEXIBLE FIN

the heat transfer mechanism. Finally, in the steady state at T = 1000 s, the fin movement aligns with the flow direction,
leading to rotational flows in the upper left wall. This convection cell exhibits the highest circulation intensity among all-
time instances. It can also be observed that the flexible fin reaches its highest level of displacement during this period.

Figure 6 shows an evolution of the streamlines with time at Ra = 10°, Pr =10 and Et = 10%. According to this figure,
two weak vortices are seen at the initial time above and under the fin on the hot wall due to the negligible convective
heat transfer. As time passes, we can see one vortex under the fin close to the left wall. In the time period
500 s <7< 1000 s, there are two weak vortices: one vortex is next to the cold wall, and another is on the hot wall.

7=700s 7=900s 7=1000s

Figure 6. Development of streamlines and deformation of the flexible fin overtime for Ra = 10°, Pr = 10
and Et = 10%°

Figure 7 displays the effects of elasticity modulus (Et) and different values of the Rayleigh number (Ra) on the
isotherms at the steady state at Pr = 10. According to the figure, at the lower Rayleigh number (Ra = 103), the elastic fin
is not moving. Meanwhile, the isotherms are parallel to the cold and hot vertical walls of the cavity, indicating that
conduction is the main mechanism of heat transfer. In the case of increasing the Rayleigh number i.e. Ra = 10%, motion
of the fin is solely affected, and natural convection becomes more intense. In addition, the increase in the Rayleigh
number indicates that the isotherms are deviating from the vertical state, and the buoyant-driven flow is beginning to
dominate the heat transfer mechanism. At the higher Rayleigh number of Ra = 10°, natural convection is the main heat
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transfer mechanism. It is interesting to note that the motion of the fin mostly affects the upper left hot wall for a lower
elasticity modulus of Et = 10°, The reason for this behavior could be the increase in the convective flow.

Ra=103 Ra=10* Ra=10°

Et =10%

5x1010

Et=

Et =101

Figure 7. Isotherm contours for various Rayleigh numbers (Ra) and different values of elasticity modulus (Et) at Pr = 10

The results of the isothermal and steady-state streamlines at Pr = 10 and for various values of the Rayleigh number
and elasticity modulus are shown in Figure 8. According to the figure, at a lower Rayleigh number (Ra = 103%), the
streamlines are symmetrical relative to the vertical centerline and the streamline pattern indicates that conduction is
the main mechanism of heat transfer. At a Rayleigh number of Ra = 10%, the streamlines become asymmetric regarding
the vertical centerline, and a lateral vortex formed on the sides of the ribs moves to the right side of the cavity. Further,
a double-eye circulation for a lower elasticity modulus (Et = 109) is depicted for a higher Rayleigh number of Ra = 10°.
The two vortices are central, and there is one vortex under the flexible fin close to the hot wall and another one next to
the cold wall of the cavity. It is worth mentioning that vortices are less pronounced near the left upper portion of the
fin, which rotates in counterclockwise direction, compared to other regions of the fin where vortices are more
prominent.

Figure 9 shows the average Nusselt number overtime for different Rayleigh numbers at Et=10'and Pr = 10. The average
Nusselt number was the highest for Ra = 10°as compared to those determined for the other two Rayleigh numbers (i.e. 10*
and 103). It is interesting to note that the average Nusselt number increases as the Rayleigh number is increased.
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Ra=103 Ra=10* Ra=10°

1x1020

Et=

5x1010

Et=

1x1011

Et=

Figure 8. Streamline contours for various Rayleigh numbers (Ra) and different values of elasticity modulus (Et) at Pr = 10
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Figure 9. The average Nusselt number along the hot wall over time for different Rayleigh numbers at Et = 10'° and Pr = 10

Figure 10 presents the average Nusselt number on the hot wall over time for different values of elasticity modulus
at Ra =10° and Pr = 10. This number decreases as the elasticity modulus reduces. Globally, the elasticity modulus has a
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negligible effect on the average Nusselt number. The higher average Nusselt number is seen at the steady state for the
highest elasticity modulus (Et = 101%).
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Figure 10. The average Nusselt number (Nua,,) along the hot wall over time for different elasticity modulus at Et = 10*° and Pr = 10

Figure 11 shows the velocity magnitude along the vertical centerline of the cavity at the steady state for different
Rayleigh numbers at Et = 10 and Pr = 10. The maximal velocity values were observed in the fluid near the lower and upper
walls at the highest Rayleigh number. Notably, lower velocity values can be seen at the level of the flexible fin for all
Rayleigh numbers.
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Figure 11. Velocity (V) along the vertical centerline for different Rayleigh numbers at Et = 10*° and Pr = 10

Figure 12 depicts the steady-state velocity values along the vertical centerline of the cavity for different elasticity
moduli at Ra = 10° and Pr = 10. As can be seen, the elastic modulus has a negligible effect on fluid velocity. It is worth
noting that the fluid velocity decreases at the maximal deformation of the flexible fin.

Figure 13 illustrates the maximum stress values with the deformation of the flexible fin for different Rayleigh
numbers at Et = 10'°and Pr = 10. As observed, the maximum deformation of the fin increases by increasing the Rayleigh
number. This finding is due to the augmented effect of the natural convective flow. Also, at a low Rayleigh number
natural convective heat transfer is reduced and values of maximum deformation become lower.
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Figure 12. Velocity (V) along the vertical centerline for different elasticity modulus at Ra = 10°and Pr = 10.
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Figure 13. Maximal stress values of the flexible fin for different Rayleigh numbers at Et = 10°° and Pr = 10

Figure 14 shows the maximum stress values with the deformation of the flexible fin for different elasticity moduli at
Ra = 10° and Pr = 10. The maximum deformation of the fin increases as the elasticity modulus is decreased, resulting in
a greater degree of flexibility and higher overall maximal deformation. When the elasticity modulus increases, the fin
becomes more rigid, and the maximal deformation decreases.
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Figure 14. Maximal deformation stress values of the flexible fin over time for different elasticity modulus at Ra = 10°and Pr = 10.
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Figure 15 illustrates the impact of the fin length on the stress with the deformation of the flexible fin overtime at
Et = 10'° and Ra = 10°. It has been observed that the stress and deformation of the fin increase as the fin length is

increased.
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Figure 15. Maximum stress values of the flexible fin over time for different fin lengths (Lc) at Ra = 10° and Et = 10%°

Figure 16 depicts the Nusselt number along the hot wall over time for different fin positions (left side, right side, and
top side) at Et = 10'° and Ra = 10°. As can be seen, attachment of the fin at the top of the cavity has an improving impact
on the heat transfer. It is worth noting that the left (hot wall) and right (cold wall) positions of the fin have the same

effects on heat transfer.
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Figure 16. The average Nusselt number along the hot wall over time for different fin positions at Et = 10°° and Ra = 10°

Figure 17 represents the fin maximal stress over time for different fin positions at Ra = 10°and Et = 10%°. The right
fin position shows the maximal deformation stress, while the top position results in the lowest fin deformation stress.

5



Hem. Ind. 79(1) 31-46 (2025) A. BENCHERIF et al.: FREE CONVECTION WITHIN A CIRCULAR CAVITY WITH A FLEXIBLE FIN

Dimensionless stress

Left
Right
Top

el g sy e p o G s i )
0 200 40 &00 800 1000

0
Time, s

Figure 17. Maximum stress values of the flexible fin over time for different fin positions at Ra = 10° and Et = 10%°

5. CONCLUSION

Numerical investigations have been carried out on natural convective flow for Newtonian fluids in a circular

enclosure using the finite elements method. The influences of the Rayleigh number (Ra) and elasticity modulus (Et) on
the convective flow and heat transfer have been examined and discussed. Summary of the major results is as follows.

e Conduction is the primary mode of heat transfer in the early stages, but it gradually converts to natural convection.
For higher Rayleigh numbers, the effects of the buoyancy force on vortices that form in the cavity are most
important.

e The highest deformation of the fin is observed at the steady state when the fin elasticity modulus is low. Still the
elasticity modulus does not affect the average Nusselt number on the hot wall.

e The increase in the Rayleigh number causes an increase in the convective flow intensity and heat transfer,

e |t may be deduced that the placement of the fin on the top of the cavity improves heat transfer.
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Numericko ispitivanje slobodne konvekcije unutar kruzne Supljine sa

fleksibilnim perajem

Atika Bencherif!, Mohamed Bouzit!, Abderrahim Mokhefi?, Hanaa Derraz! i Fatima Zohra Khelif!
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(Naucni rad)

Izvod

U ovom radu numericki je proucavan problem nestalne prirodne konvekcije unutar kruzne Supljine koja
sadrzi fleksibilno peraje. Leva strana Supljine je vruca, dok je desna hladna. Fleksibilno elasticno peraje je
pri¢vrsceno za centar vruceg zida. Interakcija fluida i strukture u Supljini i fleksibilnim perajem je kom-
binovana sa Njutnovim fluidom. Glavne jednacine interakcije fluid-fleksibilna peraja su resene primenom
metode konacnih elemenata i proizvoljnog Lagranz-Eulerovog pristupa. U ovoj studiji ispitivani su efekti
elasti¢nog fleksibilnog peraja na prirodnu konvekciju unutar kruznih $upljina. Rejlijev broj (10° < Ra < 10°) i
modul elasti¢nosti (10%° < Et < 10'!) su parametri koji su ispitivani, kao i prose¢ni Nuseltovi brojevi i izoterme
i strujne linije. Rezultati pokazuju da povecanje Relejovog broja izaziva povecanje prosecnog Nuseltovog
broja, koji postaje znacajan za vedi Rejlijev broj. Time je otkriveno da kruzni oblik Supljine moze poboljsati
brzinu prenosa toplote.
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solar cells: the current status
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Abstract

Dye-sensitized solar cells (DSSC) represent the third generation of solar cells which have
revolutionized sustainable energy research owing to the fact that they act as a renewable
energy source integrated with employment of environmentally benign light-harvesting
pigments as sensitizers and cost-effective materials for manufacture. This review compiles
the exploration of plant pigments with a potential for use as photosensitizers in solar cells, Hem. Ind. 79(1) 47-65 (2025)
focusing on their isolation and the factors that affect their physicochemical properties to
identify those pigments providing the optimum performance. Newly reported considera-
tions of flavonoids, anthocyanins, carotenoids, betalains, and chlorophyll, as light-harvesting
pigments are summarized. Further, outcomes of the solar cell efficiency obtained by various
semiconductors and types of electrolytes are compared and discussed. The main goal of this
review is to highlight the significance of naturally obtained light-harvesting pigments, which
will be used as the promising class of sensitizers in DSSC.
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1. INTRODUCTION

It is a well-known fact that the daily energy utilization is about 17.4 TW worldwide of which 80% is gained from
natural gas, fossil fuels, and coal. To find a sustainable energy source which is environmentally friendly and cheap,
scientists suggest the use of solar power. Solar radiation is about 3.8 million exajoules per year, namely 10,000 times
more than humanity needs [1]. In addition, solar power represents renewable source of energy that could be applied
as one-time investment and, during the photovoltaic transformation, harmful gases are not released [2]. Since the
production of electric energy by illumination of certain organic molecules was disclosed in the 1960s [3], dye-sensitized
solar cells (DSSCs) have revolutionized sustainable energy research [2]. Due to eco-friendly preparation methods that
require the use of cost-effective materials [2], DSSCs have been extensively studied.

According to their architecture and the type of implemented materials, all solar cells are generally classified into
four main categories termed generations [2,4-6].

1) First generation
e  (Crystalline Si
=  Monocrystalline Si
=  Polycrystalline (multicrystalline) Si
e [lI-V Single-junction solar cells
2) Second generation
e  Amorphous Si (a-Si)
e  Microcrystalline Si (uc-Si)
e Chalcogenides
= Copper-Indium-Gallium-Selenide (CIGS)
=  Cadmium-Telluride (CdTe)
= Cadmium-Sulphide (CdS)
=  Others
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3) Third generation
e Dye-sensitized solar cells (DSSC)
e  Perovskite solar cells (PSC)
e Quantum dot-sensitized solar cells (QDSSC)
e Organic and polymer materials (OPV)
e |lI-V Multi-junction solar cells
4) Fourth generation
e Graphene and its derivatives
e Carbon nanotubes
e Metal nanoparticles and metal oxides.

The conventional structure/design of a DSSC (proposed by O’Regan and Gratzel) consists of four fundamental parts:

1. aphotoanode—mesoporous metal oxide (usually TiO,) adsorbed on the transparent conductive oxide (TCO; usually
fluorine-doped tin oxide (FTO) or indium tin oxide (ITO)) of a glass substrate,

2. asensitizer—a dye molecule,
an electrolyte—usually a I37/31" redox couple in aprotic polar organic solvent, and

4. aphotocathode—photocatalytic material adsorbed onto TCO of a glass substrate [7].

To address the challenges associated with the application of synthetic dyes as sensitizers in DSSCs, such as a high
cost, propensity to degradation and employment of toxic substances, biocompatible natural sensitizers have been
applied. These natural sensitizers contain various pigments managing the absorption of light and insert of charges to
the conduction band of TiO, [7].

It was demonstrated in literature [8] that a DSSC containing a mixture of anthocyanin pigment, more precisely, a
mixture of cyanin-3-glycoside and cyanin-3-rutinoside, as a sensitizer for TiO,, can produce a conversion efficiency of
n =0.56 %, the open-circuit voltages in the range of Vo= 0.4 to 0.5 V, and short-circuit currents in the range of Jsc = 1.5
to 2.2 mA cm. Additionally, the maximum current of 4 mA, the maximum voltage of 300 mV and the overall efficiency
of 1% were obtained by using a blackberry extract to sensitize TiO; [9]. Garcia and coworkers revealed that employment
of natural dyes extracted from chaste tree fruit, mulberry and cabbage-palm as TiO, sensitizers, produce a short-circuit
current and open-circuit voltage close to those of conventional dyes [10]. Inspired by these results, this review compiles
the performance of natural dye based DSSCs coupled with different biocompatible plant pigments extracted from
diverse natural products and implemented in solar cells. Recent explorations of plant pigments are coupled with data
about their chemical stability, extraction, and purification methods. In addition, a comparative study based on the
findings of various research groups related to natural dye-sensitized solar cells is also described. The main goal of this
review is to highlight the application potential of natural pigments as sensitizers for the future development of solar
cells with promising performance.

2. CLASSIFICATION OF LIGHT-HARVESTING PIGMENTS AND APPLICATION-BASED FUTURE PERSPECTIVES

Pigments occurring in plants represent one of the most important natural components for absorption of solar
radiation and generation of electrons. To ensure the optimal performance of DSSCs, two conditions should be fulfilled:
a greater number of so-called light-harvesting pigments extracted from different parts of plants and the existence of
anchoring groups (e.g. hydroxyl, carbonyl group) for chemisorption of the dye molecule on semiconductor’s surface [2].
In accordance with this, an efficient light-harvesting pigment should fulfil the following:

1. broad absorption in the visible and near-infrared part of the solar spectrum, providing a high molar attenuation
coefficient,

2. a strong interaction with the semiconductor’s surface through the anchoring groups, in order to provide the
efficient injection of photoexcited electrons from the LUMO (lowest unoccupied molecular orbital) of the dye to
the conduction band (CB) of the semiconductor,

3. faster injection rate of photoexcited electrons compared to the rate of decomposition of the dye,

4. avalue of the LUMO energy level of the dye higher than the value of CB energy level of the semiconductor to enable
injection of photoexcited electrons,
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5. avalue of the HOMO (highest occupied molecular orbital) energy level of the dye lower than the value of the redox
couple energy level to enable efficient reduction of the oxidized dye molecule/regeneration of the oxidized dye
molecule [1].

A literature review indicates that plant compounds such as flavonoids, anthocyanins, carotenoids, betalains and
chlorophyll, meet these criteria and possess advantages including: large absorption coefficients, high light-harvesting
efficiencies, biodegradability, low production costs and easy processability [2,11].

In recent years, there has been a growing number of papers and patents dealing with application of natural pigments
in DSSCs [12-15]. Here, we provide a new perspective on their selection with the emphasis on molecular scaffolds and
functional groups that influence, among others, the following properties: the pigment stability, light absorption and the
electron injection efficiency. In this context, the classification of natural pigments is presented in detail together with
their sourcing. A key insight from this review is the structural variety of natural pigments, which offers guidelines for
optimizing their properties to improve the DSSC efficiency and operational stability.

2. 1. Flavonoids

In the 1930s, a new compound isolated from oranges was recognized as a vitamin family member and was named
vitamin P. It was later discovered that it was the unique antioxidant flavonoid (rutin, citrus flavonoid glycoside) [16].
Flavonoids comprise different polyphenolic compounds found in plants. The core structure of these polyphenolics is
built of a 15-carbon phenyl-benzopyrone skeleton (C6-C3-C6 system), which consists of a benzene ring (designated as
B) associated to a benzo-gamma-pyrone structure (condensed fragments A and C) (Figure 1) [17-19].

Figure 1. General structure of flavonoids

Flavonoids are present in plants as both aglycones (free form) and O-glycosidic (rarely C-glycosidic) conjugates that
is the most frequent form; other altered forms exist as well [19,20]. O-glycosides are less reactive, but more polar and
their transport across cell membranes is improved [19,20]. In the O-glycosidic form, at least one hydroxyl group is
connected with a sugar moiety (e.g. glucose, galactose, rhamnose, xylose etc.) via the acid-labile acetal bond in the
following way: the hydroxyl group at C7 in flavones, flavanones and isoflavones, the hydroxyl group at C3 and C7 in
flavonols and flavanols and the hydroxyl group at C3 and C5 in flavonoid-related anthocyanidins [20].

Flavonoid compounds are very abundant natural plant pigments secreted as secondary metabolites. In times of
stress, plants often release secondary metabolites as a defensive response. These flavonoid phytochemicals can serve
as signal molecules, UV-filters and scavengers for reactive oxygen species (ROS) and have essential roles in enhancing
tolerance to drought, heat, and freezing conditions [17,20,21]. Among the flavonoid family, there are various subclasses
such as flavones, flavonols, flavanones, flavanonols, isoflavones, flavanols, anthocyanidins and others (e.g. chalcones
and aurones) [16,20]. The general structures and examples of some typical flavonoid subclasses are shown in Table 1.
In this review, anthocyanidins are especially highlighted because of their great importance among the light-harvesting
plant pigments; they are not bundled with the rest of flavonoids. According to unsaturation and oxidation degree of the
central heterocyclic ring C (Figure 1), most of flavonoids are divided into flavones and flavonols (possess the benzo-
gamma-pyrone moiety) and their dihydro derivatives. Flavan-3-ols are somewhat different from the rest, because they
do not possess a carbonyl group in the heterocyclic moiety. The position of the benzenoid substituent classifies them
into flavonoids (2-position) and isoflavonoids (3-position) [16,20]. There are also homoisoflavonoids, an infrequent
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flavonoid subclass, with a core structure similar to isoflavonoids, but with a 16-carbon skeleton (e.g. sappanin-type
homoisoflavonoids bear a 3-benzylchroman-4-one key unit) [22,23].

Table 1.General structures and examples of some typical flavonoid subclasses
Subclass of flavonoid  General structure Examples

Flavones
Flavonols
OH O OH ©
Quercetin Kaempferol Galangin
OH
OCH;, OH
0 O HO o O HO o O
Flavanones O O O
0 OH O OH ©
Hesperetin Naringenin
OH
OH
o [ oo L]
Flavanonols O O
CH OH
0 OH O
Taxifolin
HO o HO o
: o8 ¢
Isoflavones | OH © O 5 O
O OH OH
0
Genistein Daidzein
OH
OH OH
gﬂ HO o O HO 0 O
© OH
Flavan-3-ols O O
oH OH OH
OH OH
Catechin Epicatechin
HO 0
HO o OH HO o O OH
O ® o 1)
. . . . X OH . >
Homoiso-flavonoids  Five basic scaffolds
0 OH O o
HO™  oH
Sappanone A Scillascillin Brazilin

The wide application of flavonoids in the various branches of industry implies the existence of various methods for
their extraction. The polarity of flavonoid molecules is crucial for the solvent selection. For example, highly alkylated
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aglycones are extracted using ethyl acetate, while the more hydroxylated aglycones are extracted using acetone,
alcohol, water of their mixtures [17].

Using flavonoids and betacyanins (water-soluble, nitrogen-containing pigments) extracted from Nerium Oleander,
Tecomastan, and Bougainvillea as light-harvesting pigments, and TiO, nanoparticles as semiconductor implied on a FTO
glass plate, Devi and coworkers fabricated DSSC with V.. in the range of 132 to 554 mV, Js in the range of 3.22 to
15.22 mA cm?, and ny in the range of 0.30-0.68 % [24]. Results of an optical analysis indicated that the observed efficient
sensitizing behaviour of the pigments can be related to the n—>n* and n->mr* electronic transitions in the heterocyclic
moieties of flavonoids and betacyanins [24]. Homoisoflavonoids isolated from Caesalpinia sappan represent interesting
optically active pigments because, upon excitation at 383 nm, they produce emission at 563 nm, while the results of a
current-voltage analysis indicate good photovoltaic performances as follows: Vo = 487 mV, Jsc = 0.10 mA cm™ and a fill
factor (FF) of 87.6 % [25]. In another study, it was demonstrated that a DSSC containing chokeberry (Aronia
melanocarpa) juice pigments as sensitizers had the photovoltaic parameters similar to those of the Ru(ll) complex N719
as a reference dye [26]. By using hybrid nanostructures like TiO; hollow spheres of tetragonal form as semiconductor,
and natural pigments isolated from Punica garanatum and Acacia catechu, a DSSC was fabricated with a higher power
conversion efficiency (PCE) of 0.26, Vo of 530 mV and a fill factor of 85 % [27]. At the same time, in another research it
was denoted that cells built from crude plant extracts containing mixtures of alkaloids, carotenoids, flavonoids and
antraquinones, with TiO; as semiconductor, produce a respectable V,. and very low J;. compared to the standard cell
containing the N719 dye. Among them, the highest performance exhibited a cell containing extract isolated from
Sorghum bicolor, with a maximum power of Ppq = 0.18 mW/cm?, which can be attributed to a high anthocyanin content
[28]. By using extracts from Trifolium pratense, Mirabilis jalapa and Bassia scoparia, Muhammad and coworkers
constructed a DSSC with the efficiency of 0.15, 0.05 and 0.18 %, respectively [29]. According to the fluorescence
spectroscopy analysis, chlorophyll extracted from Bassia scoparia displayed the highest light absorption, photon
emission and stacking capability with TiO, semiconductor [29]. Spectral properties of flavonoids isolated from
red/yellow gambier fruits suggest that these pigments have a high application potential as natural light-harvesting
pigments in solar cells. Also, I-V measurements showed that the DSSC efficiency linearly correlated with their concen-
tration. An efficiency of 3.248 % was reached in a DSSC with the concentration of yellow gambier fruit pigment of 70 %,
while the efficiency of 0.72 % was reached in a DSSC with the concentration of red gambier fruit pigment of 30 % [30].
A DSSC was manufactured by using TiO, nanostructures and fruit extracts originated from grape, pineapple, and orange
(G-TiO,, P-TiO, and O-TiO,, respectively) as reducing agents (or electron donors) and using flavonoids isolated from
Murraya koenigii as a natural sensitizer [31]. Owning to a light scattering ability and a strengthened electron transfer
related to the above-mentioned analogs, the DSSC constituted of G-TiO, exerted the best photovoltaic parameters:
Voc =628 mV, Jsc = 4.88 mA cm™?, FF = 58 % and n = 1.78 % [31]. DSSCs were made using flavonoids, isolated from
Argemone mexicana flower, as photosensitizer and fabricated by employing microwave processing to anneal a TiO,
layer. The optimum photovoltaic parameters were obtained for microwave annealed solar cells with a blocking layer
and irradiation time of 7 min. The observed photovoltaic parameters were: Voc =472 mV, Jic=2.73 mAcm?, FF=0.54 %
and n =0.69 % [32]. A broad absorption maximum of these pigments at 359 nm, and fast adsorption on the TiO; surface
qualified these flavonoids as appropriate sensitizers for solar cell applications [32]. By using natural pigment scopoletin
isolated from Malva sylvestris, Karoui and coworkers fabricated a DSSC with a short-circuit density of 0.69 mA cm2 and
very stable performance under illumination [33]. To enhance the efficiency of DSSCs containing natural light-harvesting
pigments extracted from Cytisus, Alearosea, and Roselle, zinc oxide quantum dots (ZnO-QDs) were applied
manufactured through co-precipitation in an ethanolic solution. Results of transmission electron microscopy (TEM),
dynamic light scattering (DLS), and photoluminescence (PL) revealed that ZnO-QDs 3 nm in size and a maximum emission
intensity in the range 1550 to 520 nm improved the efficiency of the DSSC by 17 % [34]. Table 2 shows the corresponding
photovoltaic parameters of DSSCs sensitized with flavonoids, flavonoid-related anthocyanins and other pigments.
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Table 2. Photovoltaic parameters of DSSCs sensitized with flavonoids, flavonoid-related anthocyanins and other pigments

Class/name of Semi- Photovoltaic parameters
No. Name of plant . Electrolyte 5 Ref.
pigment conductor Voc/ MV Joo/ mAcm’ FF, % nl/%
1 Pink Plumeria Flavonoid Ti0, /I 310 0.55 030 005 [28]
rubra
Yellow Plumeria . . -
2 Flavonoid TiO, I/I3 420 1.12 0.32 0.15 [28]
rubra
3 Nerium oleander Flavonoid Nano-TiO; Nal/l, 358 7.41 0.20 0.54 [24]
4 Nerium oleander Flavonoid Nano-TiO; K/l 544 3.22 0.39 0.68 [24]
5 Tecoma stan Flavonoid Nano-TiO; Nal/l, 413 3.56 0.20 0.30 [24]
6 Tecoma stan Flavonoid Nano-TiO; K/l 439 3.69 0.23 0.38 [24]
7  Terminalia chebula Flavonoid TiO, I/I3 470 0.11 0.40 0.24 [27]
8 Ye“°"]‘c’r§?tmb'er Flavonoid TiO, KI/1 649 1.11 043 325  30]
9 Red gambier fruit Flavonoid TiO, KI/I, 442 0.76 0.21 0.72 [30]
- . Grape e
10  Murraya koenigii Flavonoid extract+TiO I/I3 628 4.88 58 1.78 [31]
- . Pineapple -
11 Murraya koenigii Flavonoid extract+TiO, I/15 626 4.60 47 1.61 [31]
. . Orange e
12 Murraya koenigii Flavonoid extract+TiO, I/1I5 576 6.48 40 1.52 [31]
13 Argemone Flavonoid Ti0, /I 427 273 054 069 [32]
mexicana
. Flavone and ) n-
14  Biancaea sappan homoisoflavonoid TiO, I/I3 390 0.05 0.43 0.11 [27]
15 Caesalpinia sappan Homoisoflavonoid TiO, I/I3 487 0.10 87.6 / [25]
16  Lawsonia inermis Lawsone TiO, I/I3 470 0.66 0.50 0.16 [33]
17 Malva sylvestris Scopoletin TiO, I/I3 600 0.69 0.55 0.21 [33]
. . Flavonoid and .
18  Cytisus scoparius . TiO, I/I3 161 1.01 0.70 0.45 [34]
Anthocyanin
. . Flavonoid and TiOy/
19 Cytisus scoparius I/I" 614 1.18 0.67 0.49 34
Y P Anthocyanin Zn0-Qgd? /rs (34]
Flavonoid and
20 Alcea rosea TiO, I/I3 621 1.91 0.68 0.80 [34]

Anthocyanin

= id and
21 Alcea rosea avonoidand .4 17no-qd /I 624 221 067 093 [34]
Anthocyanin

= id and
22 Hibiscus sabdariffa o oo0 N Ti0, /I 644 1.91 068 084 [34]
Anthocyanin

= id and
23 Hibiscus sabdariffa o o o0 2" 1i0,/7n0-Qd /I 648 2.25 065 098 [34]
Anthocyanin

24 Acacia catechu Catechin and Ti0, /s 580 0.20 084 115 [27]
epicatechin

2zinc oxide quantum dots (ZnO-Qd) applied on titanium dioxide (TiOz) coating; entries 1, 2, 8, 9: indium tin oxide (ITO) glass counter electrode; entries
3-7, 10-24: fluorine-doped tin oxide (FTO) glass counter electrode

2. 2. Anthocyanins

Anthocyanins are polyphenolic water-soluble plant pigments that have been recognized as promising natural sen-
sitizers for DSSCs application; furthermore, they are the most extensively investigated photosensitizers [11]. The resonant
structure of the flavylium ion (Figure 2) plays a crucial role in determining the colour intensity of anthocyanins [11]. Agly-
cones of anthocyanins, anthocyanidins (Figure 2), are polyhydroxy and polymethoxy derivatives of flavylium salts [20,35].
A variety of anthocyanidins (Figure 2) are formed via hydroxylation of a flavylium cation backbone in various positions,
typically on C3, C5, C6, C7, as well as C3', C4', and C5'; some hydroxyl groups may be further methylated (mainly at position
3'"and 5') [11,35]. The basic chemical structure of anthocyanidins consists of an aromatic ring A fused with a pyrylium ring
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C, which is further connected via a C-C bond to the second aromatic ring B [36]. Distinctive red to blue colour of flowers
(tulips, roses and orchids), fruits (grapes, berries and apples), and vegetables (red cabbage and radishes) originate from
high concentrations of water-soluble vacuolar pigments, known as anthocyanins [36].

R1,R3 = H, OH
a b RZ’RS’RT = H, OH, OCH3
R4,R5 = OH, OCH3

Figure 2. General structure of: flavylium cation (a), anthocyanidins (b)

O-Glycosylation of this polyphenol aromatic structure, which results in formation of appropriate anthocyanins, could
take place on various hydroxyl moieties, among which the position 3 (Figure 3) is the most frequent.

a) Anthocyanidins b) Anthocyanins

HO.

Pelargonidin Callistephin

Delphinidin Myrtillin

OH
'
o o
‘ Z >OH
OH

Malvidin Malvin

HO

N

Figure 3. Chemical structure of some natural occurring anthocyanidins (a) and corresponding mono- or di-glycosides (anthocyanins) (b)
In carbohydrate-conjugated forms of anthocyanidins, the sugar residue might be glucose, xylose, galactose,
arabinose, rhamnose or rutinose [37]. Although there is an enormous diversity of anthocyanins found in nature, only six
of their aglycones (anthocyanidins) are predominant in vascular plants, namely: cyanidin, delphinidin, pelargonidin,
peonidin, petunidin, and malvidin (Figure 3) [11,35]. Anthocyanins, which are most often found in nature, are glycosidic
derivatives of cyanidin, delphinidin, and pelargonidin. Their chemical stability/colour is highly affected by many factors
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including pH, storage temperature, concentration and chemical structure, oxygen, presence of enzymes (and other
accompanying substances/metal ions), light and solvents [35,36].
Structural modifications of anthocyanins are correlated with changes in pH-values as follows (Figure 4) [35,36]:
at the pH 1, anthocyanins exist in the predominant equilibrium form of the red flavylium cation (A),
at a pH value in the range of 2—-4, the blue quinonoidal species (B—-D) are the most dominant,
at a pH value in the range of 5-6, a colourless carbinol pseudobase (E) and a chalcone (F), are the only two species
that can be observed,
4. ata pH value greater than 7, anthocyanins are degraded, which is controlled by the substituent type.

OR;

HO

pH =1 Rq=H, saccharide

A R2,R3 =H, CH3 Degradation F
rection
pH>7

Aldehyde Phenolic acid

Degradation
rection

Diketone

Figure 4. Chemical forms of anthocyanins depending on the pH and degradation reaction

As can be concluded from Figure 4 (structures D, A and E), the equilibrium between qunoidal bases and carbinol
takes place through the flavylium cation, which is the predominant species in more acidic conditions (e.g. at a pH value
in the range of 4 to 6, four structural forms exist at the same time: the red flavylium cation, the anhydrous blue quinoidal
base, the colourless carbinol pseudobase, and the pale yellow chalcone). In addition, the anthocyanins stability is
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controlled by the number of the hydroxyl/methoxy groups attached to the second aromatic ring B (Figure 2, structure
b), because they decrease the aglycon stability in the neutral media [35,36].

One way to increase the stability of anthocyanins is to form co-pigments, systems rich in ;t-electrons and capable to
interact with systems poor in m-electrons, like the flavylium cation. This inter/intramolecular interaction provides
shielding of the flavylium cation (Figure 2) from the nucleophilic attack of the water molecule in position 2 and from
peroxides and sulphur dioxide in position 4 [36]. Taking into account all the factors affecting the stability of
anthocyanins, the best method for their extraction implies the use of acidified methanol or ethanol, at temperatures
ranging from 20 to 50 °C, or the use of modern techniques including ultrasound-assisted extraction, microwave-assisted
extraction, supercritical fluid extraction, and high-hydrostatic pressure extraction [11].

It was demonstrated in literature that a DSSC containing acidified anthocyanin extracted from Syzygium cumini
achieved better performances compared to the original pigment previously utilized [38]. This is due to the interaction
of light-harvesting pigment with concentrated hydrochloric acid which results in breaking-down of the flavylium cation
O-glycosidic linkage and releasing the anthocyanidin. The optical analysis of the acidified anthocyanin indicates better
delocalization of m-electrons within the pigment structure compared to the one not treated with acid and a smaller
HOMO-LUMO energy gap [38]. Furthermore, a DSSC was constructed with a fill factor of 0.2 and overall efficiency of
1.33 % using an anthocyanin pigment extracted from Eugenia claviflora, and TiO,/conjugated polymer poly(3,4-ethyl-
enedioxythiophene):polystyrene sulfonate (PEDOT:PSS) as semiconductor [39]. Erande and coworkers fabricated and
investigated efficiency of DSSCs with pomegranate dye (specifically anthocyanin) treated TiO, thin films. The higher
power conversion efficiency was succeeded for DSSCs fabricated by using anthocyanin than that of bare TiO; (7 = 0.20
and 0.17 %, respectively) [40]. Photocatalytic activity of TiO, triggers degradation of natural pigments in DSSC, so
Prabavathy and coworkers increased the anthocyanin performance by co-sensitizing it with astaxanthin isolated form
Haematococcus pluvialis at the ratio 70:30. Fluorescence lifetime measurements indicated that astaxanthin reduces the
degradation rate of anthocyanin without disturbing its band gap [41]. By employing anthocyanins isolated from
Canarium ovatum, and TiO, nanoparticles accumulated on translucent ITO glass, Gasga and coworkers fabricated solar
cells with the aim of determining the ideal TiO; film thickness and soaking time in dye. According to results obtained by
using response surface methodology, the solar cells running at 55.249 um TiO, film thickness and soaked for 12 h gave
the photovoltaic performances as follows: Vo = 446 mV, Jic = 6.29 mA cm2, FF = 0.60 % and n = 1.79 % [42]. The corres-
ponding photovoltaic parameters of DSSCs sensitized with anthocyanins are shown in Table 3.

Table 3. Photovoltaic parameters of DSSCs sensitized with anthocyanins and with anthocyanin/carotenoid mixture
Class/name of Semi- Counter Photovoltaic parameters

El | Ref.
pigment conductor electrode ectrolyte Voo/ MV Jio/mMAcm? FF, % 1/% €

No. Name of plant

Punica . . Pt paste coated .
1 granatum Anthocyanin TiO, on FTO glass I/13 520 0.34 0.65 0.12 [44]
2 Punica Anthocyanin TiO, FTO glass /5 500 0.73 059 258 [27]
granatum
3 Sorghum Anthocyanin TiO; ITO glass /5 340 1.69 031 018 [28]
bicolor
4 Delonix regia Anthocyanin TiO, ITO glass /15 420 0.81 0.29 0.10 [28]
5 Sygium Anthocyanin Ti0, Ptpaste coated - 200 1.29 261 027 [38]
cumini on FTO glass
Syzygium . . Pt paste coated e
6 cumini@ Anthocyanin TiO, on FTO glass /I3 370 2.76 33.7 1.39 [38]
7 5’; i’:g:;;" Anthocyanin  TiONP/TINT®  FTO glass /1y 510 5.43 147  0.40 [45]
g  [rifolium Anthocyanin TiO, FTO glass /5 0.58 0.34 075 0.5 [29]
pratense
Eugenia TiO,/ conju-
9 cla\if/ora Anthocyanin  gated polymer ITO glass /15 430 0.12 0.20 1.33  [39]
PEDOT:PSS®
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Class/name of Semi- Counter Photovoltaic parameters
No. Name of plant . Electrolyte Ref.
pigment conductor electrode Voc/ MV Jic/mAcm? FF,% 1n/%
10 Punica Anthocyanin Tio, ITO glass KI/L/EG 304 1.62 021 020 [40]
granatum
11 Zeamays Anthocyanin TiO Ptpastecoated  1p) /4 ggq 0.88 059 031 [43]
Y ¥ 2 on FTO glass 2 ) ) )
1  DBrassica Anthocyanin Tio, FTO glass /s 461 0.97 028 013 [33]
oleracea
Anthocyanin:
13 RC;Z% /Z' Astaxanthin = Ti0, FTO glass /Iy 740 8.6 070 2.82 [41]
P 70:30¢
14  Canarium Anthocyanin Tio, ITO glass /Iy 446 6.29 060 179 [42]
ovatum
15 Tropaeolum Anthocyanin and Tio, Pt paste coated e 502 0.70 0.62 022 [46]

majus Carotenoid on FTOglass

2acidified extract; "composite of TiO2 nanoparticle/TiO2 nanotube paste; “poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; “0.6 M of tetra-n-
butylammonium iodide and 0.05 M of iodine in acetonitrile; ®*volume ratio

2. 3. Carotenoids

Research on carotenoids began with the isolation of an apocarotenoid from the crocin family (now known as
crocetin) from saffron a little more than 200 years ago [47]. Later, a carrot pigment, carotene (today known as B-caro-
tene), was isolated from carrot-juice [47,48]. In the 1930s, C40 structure of B-carotene and lycopene was described
(Figure 5). Carotenoids, mostly 40-carbon skeleton isoprenoid natural pigments that can be synthesized by plants and
microorganisms a la photosynthetic bacteria, fungi and algae, are responsible for the red, orange, and yellow colours of
flowers, fruits, and vegetables. Together with chlorophylls, they are irreplaceable pigments in photosynthetic organs
[49,50]. Even though there are several hundreds of naturally occurring carotenoids, only 50 of them have noteworthy
pharmacological and industrial significance, particularly due to their provitamin A activity, antioxidant properties,
potential as protective agents, and use as natural dyes [47,48,51].

According to the number of C atoms in their chemical structure, carotenoids can be divided into C30, C40, C45 and C50
carotenoids, while naturally most frequent are tetraterpene carotenoids (C40 compounds) with eight isoprene units [47].
Originally, they are mostly present as all-E geometric forms that undergo E/Z-isomerization [49,50]. Naturally occurring
carotenoids can be primary classified as carotenes and xanthopylls. Carotenes consist of linear hydrocarbon chains, which
can be cyclized at one/both ends, while xanthopylls represent the oxygenated derivatives of carotenes containing different
functional groups such as hydroxyl, epoxy or keto (Figure 5) [47-49]. Some chemical modifications of carotenoids exist in
nature. In addition to their free form, xanthopylls are also present in the form of fatty acid esters, glycosides, sulphates and
complexes with proteins [47,49]. Allene and acetylene carotenoid structures are also examples of naturally occurring,
chemically modified carotenoids [47,52].

In microorganisms and plants, tetraterpene carotenoids (C40 compounds) are the object of enzymatic (in the
presence of carotenoid cleavage dioxygenases (CCDs) enzymes) and non-enzymatic (via singlet oxygen attack) oxidative
cleavage resulting in wide variety of carotenoid-derived compounds called apocarotenoids [47,53,54]. For instance,
biosynthesis of apocarotenoid bixin begins with the enzymatic oxidative cleavage of its precursor, lycopene, which
produces bixin aldehyde that undergoes oxidation giving norbixin. Finally, bixin is formed by methylation of norbixin
[53,55]. Both oxidation of bixin aldehyde and methylation of norbixin are also taking place in the presence of enzymes
(dehydrogenase and methyltransferase, respectively).

There is a great interest in carotenoids as natural sensitizers for application in DSSCs due to their light-harvesting
and photoprotecting function in plants [56]. Considering all-E long conjugated C=C system in carotenoid molecules, they
absorb in the blue-green region of the electromagnetic spectrum. Orange-red pigments from apocarotenoid pigment
group, bixin and norbixin, are promising natural dye photosensitizers for DSSCs application as well [57].

s6



A. M. LAZIC et al.: POTENTIAL OF SELECTED PLANT PIGMENTS IN DYE-SENSITIZED SOLAR CELLS Hem. Ind. 79(1) 47-65 (2025)

a) Xanthophylls b) Carotenes

Xy AP T W N NS ot W

= = S
Neurosporene
2 S S T S e SN s SN = SN S
Lycopene

p-Carotene

HO

Astaxanthin
o]

Figure 5. Carotenoid structure: a) Xanthophylls: zeaxanthin, lutein, violaxanthin and astaxanthin; b) Carotenes: neurosporene,
lycopene, a-carotene and f-carotene

DSSCs assembled with two apocarotenoids indicated that the photocurrent conversion efficiency of norbixin
(n =0.28 %) is twice as high as that of bixin sensitized cells (n = 0.12 %). It was shown that the semiconductor TiO; can
act as a catalyst for photodegradation process with a common mechanism with the formation of apocar radical cation
[56]. DSSCs were also investigated using Rauvolfia vomitoria fruit extract rich in carotenoids as natural sensitizer of a
TiO, thin film. Namely, a DSSC with 10 um TiO, film exhibited the best performances: Vo = 650 mV, Jc = 0.10 mA cm??,
FF = 0.65 % and n = 0.05 %. The short-circuit current density value increased directly with increasing the thickness of
the TiO; film in the range of 5-10 nm which could be explained by the fact that a thicker electrode can absorb more
photons, leading to a higher Jsc [58]. Relevant photovoltaic parameters of DSSCs sensitized with carotenoids and
apocarotenoids are shown in Table 4.

Table 4.Photovoltaic parameters of DSSCs sensitized with carotenoids and apocarotenoids
Class/name Counter Photovoltaic parameters

No. Name of plant . Semi-conductor Electrolyte Ref.
P of pigment electrode y Voo / MV Jio/mAcm? FF,% 1n/%
. Bixin and . -
1  Bixa orellana Norbixin TiO, ITO glass /13 350 1.28 0.35 0.16 [28]
Tabebuia . . -
Carotenoid TiO, ITO glass I/13 320 0.88 0.36 0.10 [28]
rosea
Rauvolfia . . -
. Carotenoid TiO; FTO glass I'/13 650 0.10 0.65 0.05 [58]
vomitoria
4  Bixa orellana Bixin TiO, Pt/TiO, glass I/l 410 0.65 46.7 0.12 [56]
5 Bixaorellana  Bixin Ti0, Ptpaste coated .o,/ 600 0.99 061 036 [43]
on FTO glass
6  Bixa orellana E;l'z'r”blaxrl‘: Ti0, NP/TiNT FTO glass /iy 630 6.19 189 074  [45]
7  Bixaorellana  Norbixin TiO, Pt/TiO, glass /13 500 1.13 48.6 0.28 [56]
8 Tagetes Lutein TiO, FTO glass WiEy 460 0.06 0.46 0.15 [27]
2. 4. Betalains

The best known pigments among betalains, betanin and indicaxanthin, were isolated and identified in the early
1960s. Indicaxanthin is a betaxanthin pigment from yellow-orange cactus pear (Opuntia ficus-indica), while betanin is a
betacyanin pigment that is primarily responsible for the deep red colour of beet (Beta vulgaris) [59]. Betalains are
natural hydrophilic, nitrogen-containing, Tyr-derived pigments, most frequently accumulated in epidermal/sub-
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epidermal tissues of herbs belonging to the order Caryophyllales (red beet roots, graining/leafy amaranth, and coloured
Swiss chard), and subfamilies of higher fungi including agaric Amanita muscaria, Hydrocybe, and Hydrophorus [60,61].
Even though betalains and anthocyanins differ both in their chemical structure and the biosynthetic pathway, they seem
to have similar functions. Considering that those two pigments have never been found together in the same plant, it
seems that they cannot exist together [60,61]. This is confirmed by the original name of betalain subgroups namely,
betacyanins, which were labelled as “nitrogenous anthocyanins”, while the betaxanthins were labelled as flavonoids
(Figure 6) [61]. Red beet containing roughly 75 to 95 % of betacyanins and 5 to 25 % of betaxanthins has been continually
treated as the exclusive source of the betalains. The basic structure of all betalains is betalamic acid [4-(2-oxoethy-
lidene)-1,2,3,4-tetrahydropyridine-2,6-dicarboxylic acid], which condensed with cyclo-DOPA [cyclo-L-(3,4-dihydroxy-
ohenylalanine)] or its glycosyl derivatives builds red-violet betacyanins; hence, when condensed with various amino
acids or amines, builds the yellow-orange immonium condensation products betaxanthins [61].

R50
R2 R R4O WH
N, oM + N
C|> Nl NI COOH
| | |
H= N | COOH ApS N | COOH = N | COOH
HOOC H HoOC | HOOC {
R; = usually H R3,R4 = H or sugar moiety
R, = amine or amino
acid residue
Betalamic acid Betaxanthins Betacyanins

Figure 6. Structure of betalamic acid, betaxanthins and betacyanins

Generally speaking, the absorption properties of betalains are affected by both structural modifications/substituent
effects and changing the acid-basic properties of the solvent used [60,62]. Owing to a strongly conjugated 1,7-diaza-
heptamethine system, betalamic acid-derived moiety is the key chromophore of all betalains [60,63]. The visible region
of absorption maximum for betaxanthins is between 460 and 475 nm, while betacyanins exhibit a shift of the absorbance
maximum from 480 to 540 nm as a result of extended resonance (interaction of conjugated double bonds of 1,7-diaza-
heptamethine system and aromatic ring of cyclo-DOPA) [63]. The second absorption maximum for betacyanins is in the
UV region in the range of 270 to 280 nm due to cyclo-DOPA [61,62]. To provide the greatest stability of these hydrophilic
pigments, the best method for their extraction represents the employment of water or 20 to 50 % methanol/ethanol
solutions [62].

In addition to their charming colours, antioxidant activity and other biological properties such as anticancer, anti-
inflammatory, chemopreventive etc., betalain pigments have attracted the attention with their potential as natural
sensitizers in DSSCs due to their 1,7-diazaheptametine substructure [59,63].

Bharathi Devi and coworkers explored effects of microwave annealing on the performance of a DSSC assembled
using betacyanins and betaxanthins extracted from Beta vulgaris. It was observed that the efficiency of microwave
annealed DSSCs is much lower (n = 0.16 to 0.29 % depending on the irradiation time) than that of the conventionally
annealed ones (n = 1.11 %) due to inefficient light scattering efficiency [64]. Analysis of the optical properties of a DSSC
fabricated using betalain isolated from Beta vulgaris as a sensitizer, C, N, S co-doped TiO, (TU-TiO;) as a semiconductor,
and 75 % molar concentration of thiourea doped into TiO, nanoparticles, indicated a relative increase in the efficiency
for 94 % and a decrease in the band gap making the solar cell more perceptive to visible light [65]. Table 5 shows the
corresponding photovoltaic parameters of DSSCs sensitized with betalains.
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Table 5.Photovoltaic parameters of DSSCs sensitized with betalains

Photovoltaic parameters
No. Name of plant Clas§/name of Semi-conductor Counter Electrolyte P Ref.
pigment electrode Voo/ MV Jc/mAcm? FFE,% n/%
Mirabilis Betalain TiO, FTOglass  I/ly 0.46 0.16 072 005 [29]
jalapa
2 Beta vulgaris Betalain TiO, FTO glass I/15 370 0.76 0.39 0.11 [33]
. . C,N,S co-doped o
3 Beta vulgaris Betalain Ti0p-(TU0.75)7 FTO glass I/13 350 0.42 0.61 0.36 [65]
Bougainvillea Betacyanin Nano-TiO, FTO glass Nal/l, 132 15.22 0.20 0.40 [24]
5  Bougainvillea Betacyanin Nano-TiO, FTO glass K/l 405 3.91 0.27 0.42 [24]
Betacyanin and
6 Betavulgaris  Cerxanthin Tio, FTOglass  KI/L/EG 310 7.47 048 111 [64]

(conventional
extraction)
Betacyanin and

7  Betavulgaris Betaxanthin (5 min TiO, FTO glass  KI/I,/EG 150 1.59 0.66 0.16 [64]
MW extraction)
carbon-nitrogen-sulphur (C-N-S) co-doped titanium dioxide (TiO2) nanoparticles containing 75 % of thiourea

2. 5. Chlorophyll

Energy for plant growth and further development is provided by natural complex green pigment molecules
accumulated in plants, algae and some bacteria, known as chlorophylls (Chls) [66-68]. In 1818 Pelletier and Caventou
[69] isolated Chls for the first time and coined this term meaning "green leaf" (translation from Greek). Three Nobel
prizes were conferred to Willstatter R. in 1915 [70], Fischer H. in 1930 [71] and Woodward R. in 1965 [72], for their
scientific contributions in elucidating the structure and chemical synthesis of Chls. There are five major chlorophyll (Chl)
pigments (Chl a, b, ¢, d and f), varying mutually by a type of side chains linked to the tetrapyrrole moiety on the
chlorin/porphyrin ring [67,68]. Chlorophylls a and b (Figure 7) are the key components of the photosynthetic systems in
land plants and green algae. While Chl b is an antenna chlorophyll, Chl a is crucial in photochemistry and has a role both
in light-harvesting and energy conversion [67,73].

Chlorophyll a, R = CH4
Chlorophyll b, R = CHO
Figure 7. Structure of natural chlorophylls: chlorophyll a and chlorophyll b

Due to strongly conjugated tetrapyrrole moiety, Chls are capable to absorb light in the visible range. Chl a mostly
exhibits visible light absorption in the red-orange region, while Chl b mostly absorbs in the blue-purple region of the
electromagnetic spectrum [66]; poor absorption in the green spectral region is typical for both. Green appearance of Chls
is due to their absorption features [67]. Natural Chls (Chl @ and b) and Zn- or Cu-Chl derivatives (i.e. Zn- or Cu-chlorophyllins,
pheophytins, pyropheophytins) are antioxidant, antimutagenic, antigenotoxic, anticancer, chemoprotective, and
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antiobesogenic compounds with potential applications in medicine [67,68]. Chls and Chl-derivatives (various chloro-
phyllins) are in use as authorized food colorants E140 and E141 (food codes in the EU) [67,74]. Considering their advan-
tageous light absorption properties, Chl pigments have the potential to serve as natural photosensitizers for DSSCs [75].

By using nanocomposite Zn0O:TiO, (weight ratio 1:3) as a semiconductor material, and Chl extracted from broccoli,
as a light-harvesting pigment, a DSSC was constructed with the efficiency of 0.171 % [76]. On the other hand, while
using the same nanocomposite material, and the same natural pigment extracted from Brassica rapa, in another study
a DSSC was produced exhibiting a slightly higher efficiency of 0.21 % [77]. When comparing the photovoltaic
performances of DSSCs containing Chl and Chl:betalain mixture (volume ratio 1:1) as natural sensitizers, and the
tetragonal TiO, nanoparticles as semiconductor, it was concluded that, cosenzitation of light-harvesting pigments
produces 5.5 times greater solar cell efficiency relative to a plain chlorophyll [78]. In this frame, Mensah-Darkwa and
coworkers demonstrated that an increase in the efficiency of a DSSC based on a double-layer TiO,/graphite oxide (GO)
photoanodes compared to the one with a single-layer pristine TiO, photoanodes, might be a consequence of the rising
GO content [78,79]. Siregar and coworkers investigated the significance of the annealing temperature of Mg-doped ZnO
photoanode, of the manufactured DSSC containing natural light-harvesting pigment extracted from Rhodomyrtus
tomentosa, which exhibits a strong absorption band at 610 nm. The maximum efficiency of n = 3.53 % was obtained in
a DSSC with Mg-ZnO photoanode annealed at 500 °C [80]. When absorbed on TiO, nanoparticles, the absorption band
of turmeric dye (containing up to 3 % curcumin as the active ingredient) is shifted to higher energy in the visible region.
The broad absorption range indicates that the dye is effectively absorbed onto the TiO, nanoparticles, enabling it to
harvest solar energy from a broader spectral range, which ultimately leads to a higher photocurrent. The overall
efficiency n = 0.22 % was reached in a DSSC fabricated using turmeric dye [45]. Results of combined atomic force
microscopy and photoluminescence analyses indicated that Curcuma longa dye thin films with a non-uniform granular
structure absorbed in the range of 400 to 500 nm. The photoelectrochemical parameters determined by the finite
element method simulation of a DSSC such us the short circuit current, the open-circuit voltage, and the fill factor were
0.13 mA cm?, 0.52 mV, and 0.83 %, respectively. The simulated DSSC based on Curcuma longa dye exhibited an
efficiency about 0.86 % [81]. The corresponding photovoltaic parameters of DSSCs sensitized with Chls and other
pigments are shown in Table 6.

Table 6.Photovoltaic parameters of DSSCs sensitized with Chl and other pigments

Class/name . Counter Photovoltaic parameters
No. Name of plant . Semi-conductor Electrolyte 2 Ref.
of pigment electrode Voo/ MV Jo/mAcm? FF,% H/%
Tridax Chlorophyll TiO, Froglass 'ZKHugol 454 0.31 040 002 [78]
procumbens solution
Tridax procum-
Chlorophyll : ) I2/Kl-lugol
2 bens/B?ta Betalain = 1:1° TiO, FTO glass solution 270 1.16 0.34 0.11 [78]
vulgaris
Brassia oleraea Nano-composite e
var. italica Chlorophyll Zn0/TiO, (1:3) FTO glass I/13 0.55 / / 0.17 [76]
4  Mimosa pudica Chlorophyll DL-0.71 wt.% GO° Graphite I/l5 284 0.016 0.035 0.1 [79]
Malva . -
verticillata Chlorophyll TiO, I/13 540 1.42 55.4 1.70 [38]
. Nano-composite
B EO: . .
6 rassica rapa  Chlorophyll Zn0/TiO, (1:1) Pt paste PEO:KI/I, 0.333 / / 0.076 [77]
N t coated on
. ano-composite
FTO glass : . .
7 Brassica rapa  Chlorophyll Zn0/TiOs (1:2) g PEO:KI/I, 0.546 / / 0.194 [77]
. Nano-composite .
8 Brassica rapa  Chlorophyll Zn0/TiO, (1:3) PEO:KI/1, 0.500 / / 0.210 [77]
9  Bassiasco paria  Chlorophyll TiO, FTO glass I/l5 0.58 0.42 0.76  0.18 [29]
10 Curcumalonga  Curcumin TiO,NP /TiNT  FTO glass I/l 620 4.59 7.99 0.22 [45]
11 Rubia tinctorum Anthraquinone TiO, FTO glass I/15 330 0.03 0.36 0.05 [27]

ayolume ratio; Pdoublelayer photoanode with 0.71 wt.% graphene oxide
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3. CONCLUSION

This review outlines various materials used in manufacturing DSSCs including semiconductor nanoparticles, types of
electrolytes and types of counter electrodes. A special emphasis is placed on the selection of light-harvesting pigments
as the DSSC part responsible for achieving high photovoltaic performances. Effects of the chemical structure of the
pigment, particularly the anchoring groups, on the photovoltaic performance are also discussed together with the
mechanism of their chemisorption onto the semiconductor.

In addition to beneficial environmental effects, the favourable physico-chemical properties together with
affordability and sustainability make natural pigments promising candidates for advancing the DSSC technology. On the
other hand, low efficiency and low stability still prevent their application at a larger scale. Regardless of the class they
belong to, natural pigments do not achieve efficiencies greater than 3 %, either used alone or in a mixture. Hence, their
future application, which would provide photovoltaic performance similar to that achieved by applying synthetic dyes,
requires a concerted effort in terms of various optimizations of all DSSC components.

Acknowledgements: This work was supported by the Ministry of Science, Technological Development and
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Potencijal odabranih biljnih pigmenata za koris¢enje u solarnim ¢elijama
aktiviranim bojom: trenutni status

Anita M. Lazi¢!, Luka R. Matovié!, Nemanja P. TriSovi¢? i Natasa V. Valentié¢?

YInovacioni centar Tehnolosko-metalurskog fakulteta, Beograd, Srbija
2Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Srbija

(OsveZimo nase znanje)
Izvod Kljucne reci: Fotonaponske celije; fla-
vonoidi; antocijanini; karotenoidi; beta-

Treca generacija solarnih ¢elija, u koje spadaju i solarne ¢elije aktivirane bojom, privukla je veliku paznju laini: hlorofi
aini; hlorofi

istrazivaca tokom poslednjih decenija, prevashodno zbog svoje netoksi¢nosti i ekonomicnosti. U ovom
radu sumirano je dosadasnje istraZivanje biljnih pigmenata sa mogucnoséu primene kao
fotosenzitizatora u solarnim ¢éelijama, pri ¢emu je fokus stavljen na njihovo izolovanje, precis¢avanje i
faktore koji uti¢u na njihova fizicko-hemijska svojstva. Istrazivanja o solarnim éelijama uglavhom su
usmerena ka flavonoidima, antocijaninima, karotenoidima, betalanima i hlorofilu, kao ekoloski
najprihvatljivijim prirodnim fotosenzitivnim jedinjenjima. Pored toga, podaci o solarnoj efikasnosti, do
kojih se doslo primenom razlicitih tipova poluprovodnika i elektrolita, takode su prikazani u ovom radu.
Osnovni cilj ovog rada je da se istaknu moguénosti upotrebe prirodnih fotosenzitivnih pigmenata u izradi
solarnih Celija i da se stavi akcenat na one kandidate cijom ¢e se primenom u solarnim ¢éelijama postici
najbolje performanse.
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In the article

Modelling of sanitary wastewater composition and operation of a small membrane bioreactor wastewater
treatment plant with denitrification and nitrification, by David S. Mitrinovic, Marija S. Perovic, Srdan R. Kovacevic,
Miodrag R. Popovi¢ and Zorana Z. Radibratovic, published in Hem. Ind. 78(4) 337-349 (2024), in the footnote on page
337 instead of

Paper received: 25 April 2024; Paper accepted: 17 December 2024; Paper published: 15 January 2024,

it should read:

Paper received: 25 April 2024; Paper accepted: 17 December 2024; Paper published: 15 January 2025

U radu

Modelling of sanitary wastewater composition and operation of a small membrane bioreactor wastewater
treatment plant with denitrification and nitrification, autora David S. Mitrinovic, Marija S. Perovic, Srdan R.
Kovacevic, Miodrag R. Popovi¢ and Zorana Z. Radibratovié, objavljenom u broju Hem. Ind. 78(4) 337-349 (2024), u
fusnoti na stranici 337 umesto

Paper received: 25 April 2024; Paper accepted: 17 December 2024; Paper published: 15 January 2024,

treba da pise:

Paper received: 25 April 2024; Paper accepted: 17 December 2024; Paper published: 15 January 2025
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