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Abstract 

In multivariate analysis, a predictive model is a mathematical/statistical model that relates a 
set of independent variables to dependent or response variable(s). This work presents a 
descriptive model that explains copper recovery from secondary sulfide minerals (chalcocite) 
taking into account the effects of time, heap height, superficial velocity of leaching flow, 
chloride concentration, particle size, porosity, and effective diffusivity of the solute within 
particle pores. Copper recovery is then modelled by a system of first-order differential 
equations. The results indicated that the heap height and superficial velocity of leaching flow 
are the most critical independent variables while the others are less influential under 
operational conditions applied. In the present study representative adjustment parameters are 
obtained, so that the model could be used to explore copper recovery in chloride media as a 
part of the extended value chain of the copper sulfides processing. 

Keywords: copper extraction, phenomenological modeling, chloride leaching, modelling, 
hydrometallurgy.
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1. INTRODUCTION  

Copper mining is an industry in constant growth [1]. Currently, 19.7 million tons of copper are produced world-

wide [2], 75 % of which are processed by pyrometallurgical processes, while the rest is processed by hydrometallurgical 

routes [3–5]. Pyrometallurgical processes generate large environmental liabilities, such as tailings dams [6–8] produced 

by flotation processes, which can affect acid rains and increase local pollution [9,10]. Hydrometallurgical processes, 

together with copper bioleaching processes [11–13], have proven to be more environmentally friendly. 

Leaching processes in recent years have been used to treat oxidized copper ores, being a useful technological 

alternative to treat low-medium grade ores [14–17]. However, oxides available for treatment are becoming scarce 

mainly due to overexploitation [18]. In Chile, for example, copper oxides that are processed by this route currently 

represent 30.8 % of the country's production and are projected to decline to 12 % of the production by 2027 [2]. Despite 

the problem, this option is currently being used not only for oxides, but also for secondary sulfides, especially low-grade 

minerals [19,20], or copper sulfide minerals [21–26], like chalcocite or covellite, ores that are processed in acidic 

environments with the addition of chlorides [27], found naturally in seawater. This resource has begun to be exploited 

in recent decades in Chilean mining [28], mainly due to the situation of water scarcity in the country. It is worth 

highlighting the rise in copper leaching in chloride media, finding applications, as stated in the literature, from processing 

of secondary copper sulfide minerals [22,23,29,30], to copper smelting slag leaching [31,32]. On the other hand, though 
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leaching of primary copper sulfides, such as chalcopyrite [33,34], is also possible, it is economically infeasible at 

industrial scale.  

In line with the above, considerable pressure is currently exerted on water resources required for population, urban 

and economic growth [35]. Due to water scarcity and the lack of surface and subsurface water recharge, it has become 

a priority focus for decision makers in the world [36]. Chile, for its part, has 1,251 rivers, which are in 101 main basins 

of the country whose recharge comes mainly from rains. However, it is a country highly vulnerable to climate 

change [37]. Reports indicate that there is an increase in temperature [38–40], increase in wind intensity [38,41], 

appearance of flow-type landslides [42] and a decrease in rainfall [38,39,41]. Considering that a large part of the Chilean 

economy is based on the economic contribution of the mining sector [43] and flotation metallurgical processes being 

the ones that consume the most water in the country, promoting hydrometallurgy can help in this regard [44]. In turn, 

the mining nucleus of Chile is located in the Atacama Desert, characterized as the driest desert in the world. This extreme 

aridity is due to the fact that in the western regions there is a combination of the barrier effect of the high Andes 

Mountain Range, permanence of the Southeast Pacific anticyclone and the existence of the Humboldt Current-coastal 

upwelling system that prevents this region from receiving the moist Atlantic air masses. Its scant rainfall is due to climatic 

anomalies, the main one being the ocean-climatic anomaly ENSO (El Niño-Southem Oscillation) [45,46]. On the other 

hand, in the eastern highland regions, recharge is due to summer rainfall, fed by moisture of Amazonian origin, which 

became, in certain years, very abundant [45]. The groundwater recharge comes from precipitation, melting ice or 

lacustrine origin from the Andes Mountains and surrounding areas [47]. 

Mean annual rainfall in the Atacama Desert is less than 20 mm and has been a desert for 12000 ± 1000 years shifting 

between arid and hyper-arid periods [48]. Accordingly, fluvial run-off is minimal and erosion rates are extremely low 

ranging from 0.2 to 0.4 m Ma-1 [49]. Therefore, more environmentally friendly forms of copper extraction should be 

sought in Chilean mining, providing water reuse, such as hydrometallurgical processes used in the country today. 

Leaching processes include several stages. First, the ore (chalcocite) is crushed until it reaches a size under 1 in [14]. 

Then, the crushed ore is transported to the pile, having a height between 4 to 10 m [50]. Finally, the ore is irrigated by 

a leaching solution distributed by sprinklers or drip emitters, flowing down through the heap by gravity [14]. At the end 

of the process, cupric ions are obtained together with other ions dissolved in the PLS (Pregnant Liquid Solution), which 

is deposited in leaching pools, and subsequently advanced to the solvent extraction stage [51]. 

In this work, an analytical model for estimation of copper recovery from chalcocite in the heap leaching process is 

derived. Creation of analytical models (theoretical and/or empirical) representing dynamics of mining processes such as 

heap leaching are of vital importance for study of the process performance at the operational level [52], since such 

models can support development, verification, testing and application of new specialized technologies related to 

process innovation, different modes of operation, or operational efficiency. This work presents the theoretical 

framework supporting the analytical model for copper recovery estimation, fundamentals of the uncertainty analysis 

and the model optimization process followed by application of the optimized analytical model, the uncertainty analysis, 

and discussion of the model results.  

2. MATERIALS AND METHODS 

2. 1. Chalcocite Heap Leaching 

Heap leaching data at the operational level were recovered from a mine with the copper ore grade of 0.6 % 

approximately, located in the Antofagasta region, Chile. Samples of copper recovery were recorded for a period of two 

years approximately, in processes with different levels of the factors: heap height (300 - 840 cm), particle size 

(15 - 33 mm), porosity (1 -5.5), effective diffusivity of the solute within the particle pores (0.06 - 0.108 cm2 day-1), 

superficial velocity of leaching flow (9 - 54 cm day-1) and chloride concentrations (20 - 50 g dm-3). 
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2. 2. Analytical models for heap leaching 

There are several copper recovery models in literature [53,54], while the analytical model used in this work is given 

by Eq. (1) [55–58], which is based on the hypothesis that the leaching process could be modelled by using a system of 

first-order differential equation (1). 







= −



ny
k e    (1) 

where y is a dynamic quantity, such as concentration or recovery R, k is the kinetic constant and n  is the order of the 

reaction and  represent a time scale that depends on the phenomenon to model. To solve Eq. (1), an initial condition 

is required, introducing a delay parameter . Then, the general solution for this problem is known, as n  = 1, and the 

solution is given by the Eq. (2). 

R = R
(1 - e-k(-) (2) 

R
 is the maximum expected recovery depending on the experimental conditions, and  is a factor of reaction delay 

(associated with the activation time; generally, this period is minimal or is considered as 0). Dixon and Hendrix [59–61] 

considered that the leaching process occurs at different scales of size and time with participation of different 

phenomena [58]. It is possible to represent these phenomena by using Eq. (2) in conjunction with expressions associated 

with the particle properties and the heap height in the leaching process. At the particle level   (see Eq. 3), the authors 

considered that the process was dominated by the porosity 0 of the feeding material, the effective diffusivity of solute 

within the particle pores DAe, particle size (radius, r) and t is time. 




= Ae
2

0

D t

r
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At the bulk level , the authors considered that the heap is porous, formed by particles through which the leaching 

solution flows at a constant rate. Recovery can be defined based on the heap height as is presented in Eq. (4). 





= s

b

t

Z
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Where s is the superficial velocity of the leaching flow,  b is the volumetric fraction of the leaching solution in the bed 

and Z is the pile height. Eq. (2) could be rewritten to include both dependences of the reaction. 

Then, considering the evident proportional relation between the copper recovery from secondary sulfides and 

chloride concentration [20,26,27,62,63], the term   is incorporated into the analytical model as factors of both scales, 

as shown in Equations (5) and (6). The term  i (chloride concentration, cCl) is defined as the potency of the fraction of 

the sampled chloride concentration (xi) over the average concentration (x) raised to a mathematical adjustment 

constant i, where i are the particle levels and heap height. 
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Including both scales in an aggregate model, Mellado et al. [58] assumed that the total recovery is the sum of both 

recoveries (, R = R + R, see Eq. 7), which shows asymptotic behaviour over time. 

( )





  

 
 

  
− − − −   

    

 
 = − − −
 
 

Aes 12
2

b 0

ˆ

1 1

D
k tk t

Z r
R R e e   (7) 

where ̂  represents the delay on the scale of , and its relation to  is given by Eq. (8) [58], and  represents the kinetic 

weight factor. The analytical model for R used by Mellado et al. [58] is presented by Eq. (9). 
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Where ,  and  are mathematical adjustment coefficients, and Z is the heap height. Finally, the model for copper 

heap leaching for copper sulfide minerals is given by Eq. (10). 
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2. 3. Uncertainty analysis 

The uncertainly analysis (UA) determines the uncertainty of output variables due to the uncertainty of input variables 

[64]. It is generally performed by using the probability theory [65], where uncertainty is represented by probability 

distribution functions (PDF) and can be realized in four steps. First, the PDF type and the uncertainty magnitude for each 

input variable are determined, i.e. the input uncertainty is characterized. Second, for each input variable, a sample of 

the PDF is generated. Third, output variable values are determined for each element sampled. Finally, the results are 

analysed by using graphs, descriptive statistics, and statistical tests to characterize the behaviour of the output variables.  

When the input variables have epistemic uncertainties, the uncertainty can be represented by a uniform distribution. 

Design and operation variables present this type of uncertainty. When the input variables have stochastic uncertainties, 

normal distribution is generally used to represent this type of uncertainty [66]. 

2. 4. Optimization of the experimental model 

A multivariate function of seven independent variables and one dependent variable is defined from an inverse 

exponential model, a statistical analysis, and the multiple regression adjustment is presented in Eq. (11). 

R(X) = f(X) (11)  

Formalizing the optimization model, the objective is to maximize copper recovery considering the range of sampled 

values as domain of the input variables [67] expressed in Eq. (12). 

Max {R(X)} (12) 

The operational constraints for the n  independent variables are shown in Eq. 13: 

xi
min ≤ xi ≤ xi

max  i  X  X = {x1, x2…, xn} (13) 

Considering the nature of the analytical model developed, it is proposed to optimize it using the Lagrange multipliers 

technique, which provides determination of the optimal values of a multivariate function when there are one or more 

restrictions on the input parameters. 

3. RESULTS AND DISCUSSIONS 

3. 1. Analysis of the effects of main independent variables 

Analysis of the data generated by the factorial model, also used for the fit of the analytical model presented by 

Eq. (7), indicated only four factors that have main effects on the response variable: the heap height, superficial velocity 

of leaching flow and chloride concentration. It is corroborated that the superficial velocity of leaching flow in the bed is 

the variable with the greatest impact (of the analyzed variables) on the copper recovery as shown in Figure 1. 

Figure 2 shows that copper recovery increases as superficial velocity of lixiviant flow and chloride concentration are 

increased, while decreases at higher heap heights. 
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Figure 1. Main effects of independent variables heap height Z (a), superficial velocity of lixiviant flow s (b), effective diffusivity DAe (c), 
porosity e 0 (d), particle ratio r (e), leaching time t (f) and Cl concentration cCI (g), in copper extraction R from sulfide minerals 
 

a 

 

b 

 
c 

 
Figure 2. Contour plot of copper recovery versus the heap height and superficial velocity (a); heap height and chloride concentra-
tion (b); and, chloride concentration and superficial velocity (c). 

3. 2. Uncertainty analysis 

Eq. (10) included the copper recovery dependence on the following operational variables: leaching time, particle 

size, heap height, particle porosity, superficial velocity of the leaching flow and effective diffusivity of the solute through 

particle pores. A proper distribution function to represent epistemic uncertainties is the uniform PDF, taking the values 

of x1, x2…, xn, as the central tendency values of the parameters p1, p2…, pn, respectively. The sensitivity analysis was 

performed 3 times for leaching times of 30, 60 and 90 days (see Fig. 3). 



Hem. Ind. 76(4) 183-195 (2022) M. SALDAÑA et al.: COPPER HEAP LEACHING FROM SECONDARY SULFIDES 

188  

 
Figure 3. Probability density (a) and normal Q-Q plot (b) of UA at 30 days of leaching 
 

 
Figure 4. Probability density (a) and normal Q-Q plot (b) of UA at 60 days of leaching 
 

 
Figure 5. Probability density (a) and normal Q-Q plot (b) of UA at 90 days of leaching 

 

UA shows that leaching time affects the kinetic uncertainty of the heap leaching phase. Histograms show that 

uncertainty in the input variables produces lower uncertainty in recovery as the leaching time is increased from 30 to 

90 days. The normal distribution plots (Q-Q plot) indicate that copper recovery normally behaves for all investigated 

leaching times. The recovery presents a normal PDF with averages of 54.89 ± 1.76, 67.53 ± 1.03, and 71.29 ± 0.78 %. On 

the other hand, the normal probability plot indicates that for the leaching time of 90 days the recovery has a tail that 

deviates from the normal behaviour. The change in the recovery behaviour as a function of the time factor is due to the 

tendency to asymptotic behaviour. 

3. 3. Analytical model adjustment 

The fit of the analytical model developed by Mellado et al. [57] by optimization algorithms [67] indicates that the 

copper recovery from sulfide minerals can be explained by Eq. (14), where the volumetric fraction of the solution in the 

bed is assumed as b = 0.015, while the delay of the reaction is assumed as  = 1. 
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The analytical model presented by this equation is validated by the goodness-of-fit statistics Mean Absolute Error 

(MAD), Mean Squared Error (MSE) and Mean Absolute Percent Error (MAPE), with values of 1.147×10-2, 2.475×10-4 and 

0.793 %, respectively. The error statistics indicates that the fitted model explains the system under the set of sampled 

values. The Sensitivity analysis of the dependent variables that model the copper recovery for low, medium, and high 

levels operational conditions, check again that the variables that influence the copper recovery are the heap height (see 

Fig. 6a), chloride concentration (see Fig. 6b), and superficial velocity of lixiviant flow (see Fig. 6c). The impact of the 

other variables at different levels is considered are negligible (see Figures 6d, 6e, and 6f). 
 

 
Figure 6. Sensitivity analysis of copper recovery for low, medium, and high levels of the factors: heap height (a), chloride concen-
tration (b), superficial velocity of lixiviant flow (c), effective diffusivity within particle pores (d), porosity (e), and particle size (f) 
 

Finally, comparison of the theoretical results in the literature and industrial heap processes, shows that despite the fact 

that the heap height is inversely proportional to the recovery, the heights of industrial heaps are at high levels. The increase 

in the height of commercial heaps is due to economic efficiency, which is the function of the available surface area [14]. The 

factors that influence the process kinetics the most are the percolation rate and chloride concentration as the leaching agent, 

of which, the percolation rate is directly related with the heap height and its permeability [51]. Also, the time factor has a 

strong impact on the copper recovery, being initially rapid recovery and showing asymptotic behaviour as time increases. 

The current low ore grades reduce profitability of other recovery technologies due to requirements of greater 

comminution, temperature [68], or operating times. Those variables may change depending on the working material 

and the recovery standards of a mining company [66] severely impacting the projected profits. Therefore, mathematical 

models that provide optimization of the process would be an added value to the study and improvement of ore recovery 

in industrial contexts.  

3. 4. Optimization of the analytical model 

Optimization of the analytical model adjusted in the previous section for the set of sampled values was performed 

by using the Python library “SciPy Optimize” (Version 3.7.0). This library provides several methods to minimize/maximize 

objective functions subject to constraints. 
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Table 1 presents the operational restrictions associated with the independent variables in the form of lower and 

upper limit values. Optimal values for each variable are also presented. 

The graphical analysis of the copper recovery response surface (see Fig. 7), model the recovery over time in the form 

of an inverse exponential function tending to become asymptotic between 80 and 100 days of leaching.  

 

a 
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d 

 

e 

 

f 

  
Figure 7. Response surface of copper recovery from sulfide minerals versus: time and the heap height (a); time and the superficial 
velocity of the leaching flow (b); time and the chloride concentration (c); heap height and the superficial velocity (d); heap height 
and the chloride concentration (e); superficial velocity and the chloride concentration (f) 
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Table 1 Limits and optimal values of the independent variables 

Variable Lower limit Upper limit Optimal value 

Z / cm 300 900 900 

s/ cm3 cm-2 d-1 9 54 54 

DAe/ cm3 cm-1 d-1 0.06 0.108 0.108 

0 / % 1 5.5 1 

r / mm 15 33 15 

t / day 0 90 90 

cCl/ g dm-3 20 50 50 

R / % - - 72.12 

 

This value for leaching time is common in hydrometallurgical processes in the Chilean mining industry. On the other 

hand, at the lower heap height, a greater recovery is observed, which is due to the improvement in the efficiency of the 

percolation of the leaching flow through the heap. And finally, additional surface plots in Figure 7 model the dynamics 

of response variable as functions of significant independent variables. 

Additionally, future works could incorporate machine learning techniques for process modelling, simulation and 

optimization [69]. Also, integration of the model presented here along with discrete events simulation models, (e.g. 

[63,70]), aimed to optimize the mineral recovery, while incorporating the feeding mineralogical variation, different 

process operation modes by variation of reagents or the levels of the variables and/or other operational parameters, 

has the potential to add value to the study of leaching dynamics of sulfide copper minerals. 

4. CONCLUSIONS 

The present investigation presents the results of an analytical model of copper extraction from a sulfide mineral 

(chalcocite) as a system of first-order differential equations through an inverse exponential function. The main findings 

in this study are summarized below. 

The behavior of heap leaching process of copper sulfide minerals (secondary sulfides), like chalcocite, can be 

modelled as a system of first-order differential equations, which is validated by the goodness-of-fit statistics. 

Particle size, porosity, and effective diffusivity of the solute within the particle pores are not as significant in the 

copper extraction, as is leaching time, heap height, superficial velocity of the leaching flow and chloride concentration 

in the leaching solution. 

The best result predicted by optimizing the generated analytical model would be obtained by working at high 

chloride concentration and a high leaching flow rate. 

On the other hand, the fit of this type of analytical models can be extended to other variable levels or factors, such 

as inclusion of different leaching agents. The model would be modified then according to the kinetics that describe or 

dominate the operation. 

Generation of analytical models to represent complex processes, such as mineral leaching, has the potential to be 

used for analysis, generalization, and optimization tasks, since these models capture the essence of the modelled 

process and could be used to predict the response under operational conditions, identifying the conditions that 

maximize the aggregate process productivity. 
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(Stručni rad) 
Izvod 

U multivarijantnoj analizi, model predviđanja je matematičko/statistički model koji povezuje skup 
nezavisnih varijabli sa zavisnim ili promenljivim varijablama. Ovaj rad prezentuje opisni model koji 
objašnjava iskorišćavanje bakra iz sekundarnih sulfidnih minerala (halkocita) uzimajući u obzir efekte 
vremena, visine jalovišta, površinske brzine ispiranja, koncentracije hlorida, veličine čestica, poroznosti 
i efektivne difuzije rastvorene supstance unutar pora čestice. Izluživanje bakra se zatim modeluje 
sistemom diferencijalnih jednačina prvog reda. Rezultati su pokazali da su visina jalovišta i površinska 
brzina toka ispiranja najkritičnije nezavisne varijable, dok su ostale od manjeg uticaja u primenjenim 
uslovima rada. U ovoj studiji dobijeni su reprezentativni parametri podešavanja, tako da se model može 
koristiti za istraživanje izluživanja bakra u hloridnim medijima, kao deo proširenog lanca prerade bakra.

Ključne reči: ekstrakcija bakra, feno-
menološko modelovanje, luženje hlo-
rida, modelovanje, hidrometalurgija 
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Abstract 

In this study, fibre morphology of waste materials and its effect on packing phenomena and 
bed properties were investigated. Nine waste materials were used in bed coalescers. By 
scanning electron microscopy, it was determined that surfaces of all fibres were smooth, while 
cross-section differed from circular, rectangular to irregular. The fibres with circular cross-
sections had diameters in the range of 12±0.8 to 40±4 µm, while the fibres of polypropylene 
bags and sponges appeared as strips with the widths of 452±11 and 1001±14 µm, respectively. 
It was also noticed that polyurethane fibres were connected forming a sponge-like structure, 
while polyethylene terephthalate fibres were interconnected at some points. In this work, 
experimental dependence of bed porosity on bed permeability was established for all 
investigated materials, which allows forming a fibre bed with desired permeability. The 
exception was the bed formed of fibres of polypropylene bags, which had the largest 
dimensions and yielded a different porosity-permeability dependence. 

Keywords: bed permeability; bed porosity; fiber bed; coalescence filtration.
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1. INTRODUCTION  

Fibers are often used as a filter medium in bed coalescers for liquid-liquid or gas-liquid separation. The bed formed 

by fibres has an extremely complex structure in which complex phenomena occur due to the two-phase flow and 

different surface phenomena. Fibrous filter bed could exhibit high porosity up to 98 %. In the pores of the fibre bed, the 

dispersed phase is in the form of a capillary-conducted phase, droplets, and globules [1-3]. Depending on the physical 

properties, fibres are packed in a certain way, but most often as randomly packaged free fibres. It was indicated in 

literature that the fibre spatial arrangement significantly influences the position of droplets in the filter bed, which 

affects the coalescence efficiency [4]. The droplet position at fibre intersections is particularly significant. There are 

numerous studies on the effect of both physical and chemical properties of fibres on the dispersed phase collected in 

the bed, on its transport through the bed, as well as on attachment and detachment phenomena [5-11]. However, to 

the best of our knowledge, in the scientific literature, there is a lack of studies on the effect of fibre morphology on the 

bed geometry i.e., bed permeability and bed porosity. Wetting properties and solid surface phenomena are governed 

by the surface chemical composition (determined by molecular structure), surface geometry, and topography as well as 

by the properties of the fluids [6-8,11-14]. Surface geometry can be considered as either local, such as surface 

roughness, or global, such as different shapes of the surface like spherical or cylindrical. For curved surfaces, such as 

granules or fibres, an adequate method for measuring the contact angle still does not exist. Four different surface 

topographies can be distinguished: smooth, micro-, nano-, and micro-nano structures [15-17].  
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Based on the chemical nature, fibres can be classified as metal, ceramic, glass, and polymer fibres. It can be noted 

that these fibres drastically differ, not only regarding the chemical nature but also regarding flexibility as fibres could be 

rigid or elastic. Most of the polymer fibres are very elastic, while flexibility of metal fibres differs. Ceramic and glass 

fibres are considered completely rigid [9]. Most fibres used in bed coalescers are elastic, which enables bed packing at 

different bulk densities. Different bulk density alters the properties of the bed, such as bed permeability, bed porosity, 

and pore size [18-20].  

Fibre dimensions and the cross-section shape are extremely important properties that directly affect the behaviour 

of droplets in the filter bed. Several authors have studied fibres with circular cross-sections and the influence of the 

fibre size on the efficiency of droplet separation from the continuous liquid or gaseous phase with contradictory 

conclusions [21-24]. Some authors argue that the increase in the fibre diameter decreases the separation efficiency, 

while others claim the opposite. However, it is generally agreed that the fibre diameter is an important parameter that 

influences the fluid flow through the bed, affecting separation of the dispersed phase from the fluid.  

Our research group extensively investigated application of different waste fibre materials as filter media in bed 

coalescers used for the treatment of oily wastewater [25-28]. The investigated fibre materials showed high separation 

efficiency of mineral oil from water. In the previous research, it was noticed that the changes in bed permeability and bed 

porosity due to differences in pore size, volume and connectivity, directly affected the bed coalescence efficiency [19, 25].  

The scope of this study was to investigate the fibre morphology of waste materials used in our previous studies and 

its effect on packing phenomena, bed permeability, and bed porosity.  

2. MATERIALS AND METHODS 

2. 1. Properties of investigated materials 

Nine waste fibre materials were investigated in this research. Materials were obtained from local stores. 

Polyurethane material, PU, is waste generated during furniture manufacture as the excess parts from tailoring chairs 

and beds. Polypropylene, PP, is waste obtained from the manufacture of carpets. Polypropylene bag material, PPDJ, is 

waste from used vegetable bags. Polyethylene terephthalate, BA1, is waste produced from thermal filling used for 

winter clothes. Polyethylene terephthalate, PE, is waste attained from excess part of filters in kitchen aspirators. 

Stainless steel fibres with different diameters marked as SS40, SS20, and SS12 are the waste left after the production of 

steel wire. Stainless steel material, SSM is the waste metal sponge used for dishwashing. 

Scanning electron microscopy (JEOL, JSM-6460 LV instrument, USA) and optical microscopy (Olympus BH.2 RFCA, 

Netherlands) were used for investigation of the fibre morphology (surface topography, fibre dimensions) and packing 

phenomena of waste fibre materials. The software ImageJ was applied for the measurement of fibre dimensions. At 

least three measurements were performed to determine the average fibre dimensions. 

Density of fibre materials was measured by the weighing method, whereas the melting point was obtained by using 

a differential scanning calorimeter (Q20, TA Instruments, USA). Densities and melting points of investigated materials 

are given in Table 1.  
 

Table 1. Properties of investigated materials 

Material Density, kg m-3 Melting point, °C 

Polyurethane (PU) 1200 309 

Polypropylene (PP) 900 168 

Polypropylene bag (PPDJ) 900 168 

Polyethylene terephthalate (BA1) 1400 254 

Polyethylene terephthalate (PE) 1400 250 

Stainless steel (SS40) 7597 1510 

Stainless steel (SS20) 7597 1510 

Stainless steel (SS12) 7597 1510 

Stainless steel sponge (SSM) 7597 1510 
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2. 2. Fibre beds 

The experimental setup is presented in Figure 1. It consists of two Plexiglas tubes with 5 cm diameter and two 

piezometers. The first Plexiglas tube is 50 cm long and filled with the fibre material, i.e., it represents the filter bed, 

while the second Plexiglas tube (1 m in length) is placed above it.    

 

 
Figure 1. Experimental set up  

 

Fibre materials applied in this research are flexible and therefore it was possible to form filter beds of different bulk 

densities, i.e. filter beds of different porosities.  

The amount of fibre material, placed in the first Plexiglas tube, is determined based on the defined bed porosity. 

Mass of the material needed to form a filter bed of defined porosity is determined by the equation (1):   





= − B1     (1)  

For each new defined bed porosity, different amount of material was used, which is placed in the first Plexiglas tube. 

In order to ensure homogeneity of the filter bed, the measured fibre mass is divided into ten equal portions. The tube 

is then divided into ten segments of 5 cm in length, and filled with portions of the material, from the bottom to the top, 

segment by segment to ensure the bed homogeneity.  

2. 3. Determination of bed porosity and bed permeability 

Porosity is the fraction of empty spaces in a porous bed, i.e., fraction of the void volume over the total bed volume. 

Fluid flows through a porous bed only through connected pores. The property of porous materials that indicates an 

available area for fluid flow, i.e., the cross-sectional area available for fluid flow is called permeability [29]. 

Bed porosity was measured by the weighing method. The Darcy experiment was performed to determine the bed 

permeability for defined bed porosity.  
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The Darcy experiment was performed for different bed porosities, in the range from 83% to 98 % and for different 

fluid flowrates in the range from 30 to 600 cm3 min-1. 

The pressure drop across the bed during the flow of tap water was used to determine the bed permeability for the 

specific bed porosity based on the Darcy law. The experiments were repeated at least three times. 

3. RESULTS AND DISCUSSION  

3. 1. The effect of waste fibre morphology on packing phenomena in filter beds 

Fibres of cheap and free available waste materials were investigated in this study with the aim to apply these waste 

fibres as filter media so to contribute to sustainable development and circular economy [28].  

Fibre cross-section is one of the properties that could affect geometry of the resulting packed filter bed. Fibres could 

have circular, triangular, rectangular, square, or irregular cross-sections. Most of the fibres used in the present 

investigation have circular cross-sections, that is the PP, BA1, and PE fibres. The PPDJ and SSM fibres have rectangular 

cross-sections, while the SS fibres, have circular or irregular cross-sections, depending on the fibre thickness (Fig. 2).  

 

 
Figure 2. SEM image of the SS40 fibre cross-section (scale bar = 5 m) 

 

The SEM analysis has shown that most of the investigated fibres have a smooth or approximately smooth surfaces as 

in Figure 3 showing PU fibres clearly indicating extremely smooth surfaces and fibre interconnections. Similarly, PP fibres, 

exhibited smooth surfaces and uniform diameters (Fig. 4). In contrast, surfaces of stainless steel SS40 fibres are marginally 

wavy with slight longitudinal unevenness (Fig. 5). All other investigated materials exhibited also smooth surfaces. 

 

 
Figure 3. SEM micrograph of PU fibres (scale bar = 100 m) 
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Figure 4. SEM micrographs of PP fibres (scale bar = 50 m) 

 
Figure 5. SEM micrograph of SS40 fibres (scale bar = 50 m) 

 
Diameters with SD of investigated fibre materials are presented in Table 2 showing that most of the applied fibre 

diameters are in the range from 12 to 44 µm. It should be noted that fibre diameters for fibres of rectangular or irregular 

cross-sections were approximated as circles with the same area. The exceptions are PPDJ and SSM fibres, which have 

much larger characteristic dimensions. As it was mentioned previously, PPDJ and SSM fibres have a rectangular cross-

section, they look like wide strips, and therefore, they are defined by two characteristic lengths (Table 2). PPDJ fibres 

are significantly wider than SSM fibres as seen at optical micrographs of these fibres (Fig. 6). 
 

Table 2. Fibre diameters/characteristic dimensions of investigated materials 

Material Fibre diameter ± SD, µm 

Polyurethane (PU) 40 ± 4 

Polypropylene (PP) 38 ± 3 

Polypropylene bag (PPDJ) 1001 ± 14; 20 ± 4 

Polyethylene terephthalate (BA1) 31 ± 2 

Polyethylene terephthalate (PE) 38 ± 2 

Stainless steel (SS40) 40 ± 2 

Stainless steel (SS20) 20 ± 2 

Stainless steel (SS12) 12 ± 0.8 

Stainless steel sponge (SSM) 452 ± 11; 21 ± 3 

 

 
Figure 6. Optical micrographs of a) PPDJ fibres, b) SSM fibres (scale bar = 250 m) 
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Visual appearance of packed fibres in filter beds with the same permeability and porosity was studied by optical 

microscopy. Figure 7. presents an overview of the SS40 fibre bed for permeability of 5.38910-9 m2, marked as K01. Two 

images that are presented in this figure are taken from different angles in the fibre bed under the same conditions. It 

could be seen that the pores are larger in Figure 7a, than those in Figure 7b, where the fibre packing is denser. Thus, it 

could be concluded that the SS40 fibre material forms two different regions in the filter bed regarding the porosity and 

pore size due to the material rigidity.  

 

 
Figure 7. Optical micrographs of SS40 fibres at bed permeability K01: a) region 1, b) region 2; (scale bar = 250 m) 

 

On the contrary, the stainless steel SS12 fibre bed at K01 permeability apparently has uniform pore distribution 

(Fig. 8). The SS12 fibres have much smaller diameters of 12 ± 0.8 µm, resulting in less rigid fibres than SS40 fibres. 

Therefore, the SS12 fibre bed consists of only one region, in which small and larger pores are mixed.  

Figures 7 and 8 indicate that SS fibres, which differ in diameters, pack differently in the filter bed. It could be thus 

assumed that the diameter of stainless-steel fibres could affect their flexibility, which would directly affect fibre packing 

in the bed. 

 

 
Figure 8. Optical micrograph of SS12 fibres at the permeability of K01 (scale bar = 250 m) 

 

All other investigated materials, especially polymer materials show similar pore distribution in filter bed as the SS12 

filter bed (Fig. 9.) 
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Figure 9. SEM micrograph of BA1 fibres (scale bar = 500 m) 

 

It should be noted that some of the investigated fibres are interconnected, such as PU fibres that form a sponge-like 

structure with pores in the honeycomb shape (Fig. 3). On the other hand, the PE material is composed of individual 

fibres that are connected at some points (Fig. 10).  

 

 
Figure 10. SEM micrograph of PE fibres (scale bar = 100 m) 

3. 2. The effect of fibre morphology on bed properties   

In the previous section is seen, how different morphology influences packed bed appearance. However, the question 

remains whether and how these differences in the shape and dimensions of fibres reflect on the bed properties. 

The investigation was conducted to define bed permeability using the Darcy’s experiment for all fibre materials over 

different bulk densities, i.e. porosities. The dependence of the pressure drop per unit of bed length was linear for the 

entire range of investigated fluid velocities at all applied bed porosities (R2 ≥ 0.990). The Reynolds number was in the 

range from 0.01 to 0.38. The permeability values were then calculated based on the obtained slopes of the Darcy law, 

Eq. (2) [30]: 

kA p
q

L

− 
=  (2) 
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The pressure drop, Δp, was measured by piezometers, therefore Eq. (2) was rearranged, see Eq. (3): 




= =

'h b
v bv

L g
 (3) 

This dependence for the PU fibre material is presented in Figure 11. 

 

 
    v / m s-1 

Figure 11. Experimental data and the best linear fits of height of water column per unit of the bed length (h / L) dependence on the 
fluid velocity (v) for PU fibre beds of different permeabilities 

 

The obtained equations for PU filter beds and calculated values of bed permeabilities are presented in Table 3. 
 

Table 3. The equations and R2 values for PU fibre beds of different permeabilities  

K / m2 Equations R2  

5.38 10-9 (K01) Δh / L = 26.38 ± 0.17 v 0.990 

2.23 10-9 (K02) Δh / L = 58.60 ± 0.31 v 0.992 

1.13 10-9 (K03) Δh / L = 125.98 ± 0.54 v 0.991 

0.38 10-9 (K04) Δh / L = 374.23 ± 1.88 v 0.993 

0.18 10-9 (K05) Δh / L = 791.64 ± 3.31 v 0.991 
*Numbers in the equation represent slope of the line, b / s m-1 

 

Based on bed permeabilities obtained by the Darcy experiment for defined porosities, the experimental dependence 

of bed porosity and bed permeability for all investigated materials can be established as presented in Figure 12. This is 

a very beneficial result because it allows formation of a fibre bed with desired bed permeability.  

It should be noted that the behaviour of all tested materials except PPDJ, fits to the same experimental curve, Eq. 

(4) (R2 = 0. 9547), regardless of the studied properties of their fibres: 

 = 0.0366 lnK0 + 0.9124 (4) 

The flexibility of these fibres, their way of packaging, the connection of fibres, and their cross-section, for the 

investigated range, practically, do not affect the experimental dependence of porosity on permeability.  

In Figure 12. it could be seen that the filter bed made of PPDJ fibres has a lower bed porosity for chosen bed 

permeability compared to the other investigated materials, Eq. (5). The equation for the PPDJ material (R2 = 0.9869) is:  

 = 0.0393 lnK0 + 0.8534 (5) 

The complete set of data for PPDJ fibre beds is given in Table 4. 

 


h

 /
 L
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 K0 10-9 / m2 
Figure 12. Experimental dependences of the bed porosity on the bed permeability for investigated materials 

 
Table 4. Experimentally determined permeability values at different bed porosities for the PPDJ material 

K0 10-9 / m2   
11.804 0.944 
10.704 0.922 
5.204 0.900 
3.259 0.889 
2.417 0.878 
1.409 0.856 
0.809 0.833 

 

It is necessary to point out that from all investigated materials, fibres of polypropylene bags, PPDJ, have the largest 

dimensions. This fact can be the reason why the filter bed made of the PPDJ material has different dependence of the 

bed permeability on the bed porosity. Based on this result it could be concluded that the size of the fibre, has a much 

greater influence on bed properties than the shape of the fibre cross-section. 

However, it should not be forgotten that SSM fibres are also much larger as compared to the other fibres, but still 

fit to the same experimental equation (4) as the other investigated materials apart from PPDJ.   

4. CONCLUSION  

In the investigation carried out, the studied PE, BA1, PP, and most SS fibres have circular cross-sections, the PU fibres 

have irregular cross-sections, while PPDJ and SSM fibres have rectangular cross-sections, which look like wide strips. 

The dimensions of fibres are in the range from 12 µm to 44 µm, except these of SSM and PPDJ fibres that are much 

larger.  

The experimental dependence of the bed porosity on bed permeability was established where all investigated fibre 

materials yielded the same experimental equation, except for the PPDJ material, which yielded lower porosities at same 

permeabilities resulting in another functional dependence. The PPDJ fibres obtained from polypropylene bags have the 

largest dimensions, which could be the reason for the obtained differences. For all other investigated materials, the 
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fibre flexibility, way of packaging, the connection of fibres, and fibre cross-section, for the investigated range, practically, 

do not affect the experimental dependence of porosity on permeability.  

The obtained experimental dependence of bed porosity on bed permeability could be used to form a bed in coalescer 

with predetermined, i.e. desired bed permeability. In this way, the bed geometry could be fixed, while the other 

parameters could be varied and investigated since the unknown and/or not defined bed geometry is the most common 

deficiency in the published literature dealing with bed coalescers, which often leads to contradictory conclusions. 

NOMENCLATURE 

ε  - porosity 

ρB / kg m-3 - bulk density 

ρ / kg m-3 - density of material 

µ / Pa·s  - dynamic viscosity 

Q / m3 s-1  - volume flow 

K / m2  - bed permeability 

A / m2  - cross-section of filter bed 

Δp / Pa  - pressure drop 

Δh/ cm H20  - height of water column 

L / cm  - length of filter bed 

b´, b / s m-1  - the slope of the line 

v / m s-1  - fluid velocity 
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(Stručni rad) 
Izvod 

U ovom radu ispitivana je morfologija vlakana otpadnih materijala i njihov uticaj na fenomen pakovanja 
i svojstva filtracionog sloja u koalescerima. Ispitivano je devet otpadnih materijala. Skenirajućom 
elektronskom mikroskopijom utvrđeno je da su površine svih vlakana glatke, dok se poprečni presek 
razlikuje od kružnog, pravougaonog do nepravilnog. Vlakna kružnog poprečnog preseka imala su 
prečnike u opsegu od 12±0,8 do 40±4 µm, dok su vlakna polipropilenskih vreća i vlakna sunđera od 
nerđajućeg čelika bila trake, širine 452±11 i 1001±14 µm, redom. Takođe, je primećeno da su 
poliuretanska vlakna povezana formirajući sunđerastu strukturu, dok su vlakna polietilen tereftalata 
samo na nekim mestima međusobno povezana. U ovom radu ustanovljena je eksperimentalna zavisnost 
poroznosti sloja od permeabilnosti sloja za sve ispitivane materijale, što omogućava formiranje sloja 
vlakana željene permeabilnosti. Izuzetak je sloj formiran od vlakana polipropilenskih vreća koja su 
najvećih dimenzija tako da je ovaj sloj pokazao različitu zavisnost poroznosti od permeabilnosti sloja u 
odnosu na ostale ispitivane materijale.

Ključne reči: propustljivost sloja, po-
roznost sloja, sloj vlakana, koalescen-
tna filtracija 
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Energy plants as biofuel source and as accumulators of heavy metals 
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Abstract 

Fossil fuel depletion and soil and water pollution gave impetus to the development of a novel 
perspective of sustainable development. In addition to the use of plant biomass for ethanol 
production, plants can be used to reduce the concentration of heavy metals in soil and water. 
Due to tolerance to high levels of metals, many plant species, crops, non–crops, medicinal, and 
pharmaceutical energy plants are well-known metal hyperaccumulators. This paper focuses on 
studies investigating the potential of Miscanthus sp., Beta vulgaris L., Saccharum sp., Ricinus 
communis L. Prosopis sp. and Arundo donax L. in heavy metal removal and biofuel production. 
Phytoremediation employing these plants showed great potential for bioaccumulation of Co, 
Cr, Cu, Al, Pb, Ni, Fe, Cd, Zn, Hg, Se, etc. This review presents the potential of lignocellulose 
plants to remove pollutants being a valuable substrate for biofuel production. Also, pretreat-
ments, dealing with toxic biomass, and biofuel production are discussed. 

Keywords: pollutants; bioaccumulation; bioenergy.
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1. INTRODUCTION  

Heavy metals and metalloids present a great problem because they cannot be degraded in nature, therefore upon 

release they enter the natural biogeochemical cycles. The sources of these pollutants are the metallurgical and 

petrochemical industries, municipal landfills, wastewaters, fertilizers, pesticides, burning fossil fuels emissions, etc. The 

threat that heavy metals present causes decreased quantity and quality of crop yields and agricultural products, and 

loss of fertile soil, freshwater, and ecosystems [1]. Furthermore, problems related to energy and environmental 

protection are one of the burning issues in the 21st century [2]. Biogas/biomethane represent the future of green energy. 

The world's energy consumption should be taken into account the pollution caused by the use of fossil fuels 

accompanying the growth of total energy consumption [3]. Uncontrolled human activity, as well as energy consumption, 

has led to an increase in environmental pollution. Therefore, the use of energy plants in phyto and bioremediation could 

be a sound solution for a cleaner future [4]. Some plants have natural resistance and the ability to accumulate heavy 

metals in their tissues without symptoms of poisoning [5]. Phytoremediation is a green technology that is widely 

accepted due to its natural removal of pollutants [6]. The presence of heavy metals in the soil harms the growth and 

development of plants, as well as the loss of mineral balance, and thus the loss of yield and crop quality [7]. Increased 

interest in energy crops stems from their potential use as a carbon-neutral and environmentally friendly renewable and 

sustainable power resource [8]. Energy crops can be divided into two groups. The first group of annuals includes sweet 

and fiber sorghum, kenaf, and oilseed rape. While the second group of perennials is further classified into agricultural, 

such as wheat, sugar beet, cardun, reed, miscanthus, etc. and forest species: willows, poplars, eucalyptus, and black gras-

shopper [9]. Increased bioenergy demands, as well as a noticeable tendency towards renewable energy sources, have 

conditioned the increasing use of biomass. In line with this, sound solutions should be within the energy crops for biofuels 

and biomethane production [8], thus used in sustainable phytoremediation of metal-contaminated soils [10,11]. Short 

rotation coppice (SRC) are energy plants with a high ability to remediate heavy metals and organicpollutants. The 

advantage of using these plants is in their viability is up to 30 years before replanting [12]. 
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1. 1. Phytoremediation capacities of energy plants 

The synergy of potential energy crops in phytoremediation programs is a new direction in obtaining energy 

sustainability. It includes the creation of new bioenergy resources and the phytoremediation of contaminated land. The 

reason for the use of some energy crops is reflected in their high phytoremediation potential. These are primarily 

Miscanthus sp., Ricinus sp., Jatropha sp. and Populus sp. Furthermore, the popularization of phytoremediation has 

contributed to a better insight into the process of removing pollutants from the environment. A wide range of physical, 

chemical, and biological remediating processes such as soil washing, chemical, and physical solidification/stabilization, 

chemical oxidation or reduction, etc. are used but marked as invasive. Due to resource and financial conservation 

strategies, environmental protection strategies such as green remediation/ phytoremediation have been recognized as 

promising [13]. Therefore, it is believed that energy crops would contribute not only to energy but also to environmental 

stability [14]. Recently, heavy metal removal by energy plants has been linked to thermochemical treatments. The 

method of valorizing contaminated biomass from phytoremediation and increasing metal and energy recovery are 

gaining attention. Biochemical conversion coupled with thermal treatment enables the extraction of Hg and Cd from 

biomass before further processing. Therefore, bioenergy plants are used to remove pollution and produce biofuels [15]. 

1. 2. Prerequisites for biofuel production 

Lignocellulosic biomass (LCB) is composed of cellulose, hemicellulose, and lignin polymers, in which the ratio of the 

polymer depends on their origin [16]. Biochemical conversion of plant biomass into biofuels and biomaterials includes a 

pretreatment, via a combination of ozonolysis, alkaline, or acids, before enzymatic hydrolysis of polysaccharides into sugars 

[17,18]. After that step, sugars are converted to fuel molecules or other biomaterial molecules yeast or bacteria [19].  

2. PHYTOREMEDIATION AND BIOFUEL PRODUCTION OF ENERGY PLANTS 

2. 1. Miscanthus. sp 

2. 1. 1. Phytoremediation  

Miscanthus sp. is related to warmer regions, although one perennial species Miscanthus gigantheus can withstand 

harsh weather conditions in Central Europe [22]. Miscanthus spp is shown to be a promising genus for biofuel production 

regarding its lignocellulose content. M × giganteus, M. sacchariflorus, and M. sinensis clones were investigated by 

Arnoult et al. [23]. Miscanthus is recognized as a poor heavy metal bioaccumulation plant. However, it has 

bioaccumulation potential for Cd, Cr, Cu, Ni, Pb, and Zn. It was reported that M. sacchariflorus heavy metal oncentration 

was 10, 2, and 20 ppm for Zn, Cd, and Pb, respectively. Furthermore, M. sacchariflorus biomass production was not 

disrupted in sewage sludge with the presence of Fe, Mn, Mo, B, Ba, Sr, As, Sn, Li, and Ti [24]. This plant, in particular, 

M. × giganteus J. M. Greef & Deuter ex Hodk. & Renvoize and M. Sinensis are also known as excellent phytoremediation 

species [12, 25-27]. The phytoremediation potential of Miscanthus giganteus grown on soil contaminated with Hg and 

Cd was reflected in resistance to cadmium (45–6758 µg kg − 1), and mercury (8.7–108.9 µg kg −1). It was also found that 

in three years Miscanthus giganteus accumulated up to 293.8 µg Cd and 4.7 µg Hg per year in aboveground biomass, 

without a significant impact on biomass growth and productivity [27]. M. giganteus sequestrates inorganic pollutants 

in roots. According to Zhao et al. [26], Miscanthus sinensis is also a very suitable candidate for phytoremediation of soil 

contaminated with a high concentration of Hg (up to 706 mg kg−1 ). Positive effects of M. sinensis on the diversity and 

abundance of soil microbial community are shown, also essential for phytostabilisation and phytoextraction [26]. 

Germaine et al. [28] showed the link between microbial communities (Proteobacteria, Pseudomonas, and Acineto-

bacter) and 11 Miscanthus. sp rhizomes in organic pollutant removal. Moreover, the aboveground biomass (AGB) 

increase of Miscanthus species was related to the presence of endophyte bacterium. The presence of Pseudomonas 

koreensis AGB1 increased Miscanthus sinensis AGB by 54 %, [29]. Miscanthus sinensis compared with M. × giganteus 

showed a better ability to grow on soil contaminated with inorganic pollutants, and a high capacity for removal of 

organic pollutants. M. × giganteus showed a high ability to grow on soil contaminated with Cd, Zn, and Pb. Opposite 
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M. × giganteus, M. sinensis showed a high ability to remove organic pollutants [25]. Miscanthus genotypes: M. x gigan-

teus, M. sinensis, and M. floridulus are good candidates for Zn, Cr, and Cd removal [30]. 

2. 1. 2. Biofuel production 

Miscanthus cell wall contains 32.7 to 49.5 % cellulose, 21 to 34.8 % hemicellulose, and 17.8 to 27.7 % lignin [31]. 

According to Kricka et al. [32], Miscanthus × giganteus with 41 % cellulose content can be used in both liquid and solid 

biofuel production. In a line with this Lee and Kuan, [31], determined that Miscanthus floridulus, Miscanthus sinensis, 

Miscanthus sacchariflorus, and Miscanthus × giganteus cellulose content of 37.2, 37.6, 38.95, 41 wt.% respectively, 

0.233, 0.221, 0.213, 0.211, and 0.233 g of bioethanol, respectively. Application of 1 % NaOH at 121 °C for 60 min on 

Miscanthus ×giganteus and M. sinensis ‘Gracillimus’, resulted in 34.1 and 30.0 % glucan and 11.3 and 13.6 % xylan 

contents, respectively. Interestingly, Miscanthus x g biomass can be used for high-quality briquettes. The method 

applied was the pressure agglomeration process a hydraulic briquette machine with an open hydraulic working 

chamber. Energy potential estimation was more than 17.5 MJ kg−1 [33]. Furthermore, instead of ethanol, products of 

fermentation can be isobutanol if fermentation is performed with Clostridium sp. Compared to ethanol, isobutanol has 

a higher energy density, and low absorption of moisture from the air, therefore it is less corrosive [34-36]. As the pre-

treatment thermochemical saccharification by H2SO4 or NaOH was used. Biological saccharification and fermentation 

included two anaerobic bacteria Fibrobacter succinogenes and C. acetobutylicum. Application of 100 mol m-3 H2SO4 

resulted in 44.4 ± 8.5 g m-3 ethanol and 19.7 ± 3.5 g m-3 buthanol, while with 200 mol m-3 NaOH 39.7 ± 8.6 g m-3 ethanol 

and 4.3 ±0.33 g m-3 buthanol were produced [36]. 

2. 2. Beta vulgaris L. 

2. 2. 1. Phytoremediation 

Sugar beet (Beta vulgaris L.) is a plant whose wide genetic variation reflects adaptive morpho-physiological features 

under moderate and severe drought conditions [37] and high heavy metal presence [38,39]. Specifically, an efficient 

antioxidant system and redox signaling within some genotypes enable B. vulgaris tolerance to drought stress [37]. Beta 

vulgaris L. var. cicla. is a plant of large biomass with a short growth period and high Cd uptake and accumulation 

potential [39] Papazoglou and Fernando [38] suggest that sugar beet plants are proven to grow in soil containing 
diethylenetriamine pentaacetic acid, DTPA-extractable Cd and Ni concentrations up to 236 and 75.4 mg kg−1 

respectively, given the same biomass quality as those grown in soil without high metal concentrations. Enhanced 

extraction of Cd can be achieved by adding organic amendments such as cornstalk biochar. Biochar at the concentration 

of 5 %, decrease the DTPA-extractable Cd concentration compared to B. vulgaris grown on soil without the presence of 

biochar. Results indicate growth of about 267 % of root dry mass and an increase in Cd plant accumulation of 206 %. 

Notably, there was an increase in matter-bound Cd and residual Cd, and a decrease of Fe–Mn oxides-bound Cd of about 

40 % [39]. Furthermore, biochar increases the C / N ratio, up to 400, while a ratio of approximately 20 represents the 

threshold for N Immobilization in organic materials [40]. This species exposed to high concentrations of zinc sulfate in 

the nutrient solution (50, 100, and 300 μM) showed signs of reduction in total biomass (root and shoot) [41].  

2. 2. 2. Biofuel production 

Climate change has contributed to the setting of specific targets related to alternative renewable energy sources. 

The European Union has extended the use of energy crops such as sugar beet as raw materials to produce ethanol and 

methane. The high concentration of easily fermentable compounds has given the use of sugar beet a special place. 

Glucose fermentation is essential for ethanol production. Being placed as a part of a sugar factory, a factory for ethanol 

production, apart from glucose, uses raw or thick juice. To gain quality fuel, beetroot quality is crucial, the same as used 

in sugar production. The plant potential in biogas production is linked to the crude nutrient amount, low lignin, and the 

same amount of hemicellulose and pectin [42,43]. Sugar beetroots contain 23–24 %, dry matter from which the largest 

part is organic (easily-decomposable carbohydrates, the N-free solutes). A small part of crude fiber such as lignin does 

not exhibit potential for the ethanol production fermentation process, in contrast to sugar beet leaves that can be used 
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as a biofuel feedstock. The enzymatic liquefaction (pectinase and cellulase enzymes) was used for increased fermentable 

sugar recovery [44-46]. Surprisingly, investigation of sugar concentration in different species varieties to methane 

production to only dry matter importance, not sugar concentration. One report regarding this plant goes into reducing 

greenhouse effects with biofuel production. Carbon Intensity (CI) is used to measure all greenhouse gas emissions 

associated with the life cycle assessment (LCA) of a fuel. Additionally, CI sugar beet ethanol was 28.5 g CO2e/ MJEtOH 

(Carbon Dioxide Equivalent/Conversion rates (Efficiencies)). This study presents an energy analysis of sugar beet-based 

ethanol production and CO2 emissions [47]. The current production of table sugar or sucrose amounts to 160 million 

tons of sugar per year [48]. Sugar beet sucrose content was conditioned, therefore enabling the production of 100 to 

120 L ethanol per t of sugar beet or approximately 5000 L/ha in mild climates [47-48].  

2. 3. Saccharum sp. 

2. 3. 1. Phytoremediation 

According to the US Department of Agriculture Saccharum sp. contains thirteen species [49]. Sugarcane (Saccharum 

officinarum L.) is a recognized phytoremediation plant due to its biomass abundance, fast growth, and moderate uptake 

and accumulation of heavy metals such as Cu, Cd, Se, Pb, and Mn [50-52]. The Saccharum officinarum L. plant was found 

to be a good phytoremediator of lindane-rich garden soil, with degraded 600 mg L-1 of lindane. The efficiency of 

sugarcane was enhanced by root-inoculation with yeast Candida VITJzN04 because yeast produces growth hormone 

and solubilizes insoluble phosphates [53]. Therefore, the lindane-removal rates by sugarcane baggase bio-stimulated 

with yeast has the shortest t1/2 (half-life period) for lindane degradation 7.1 days, compared with 13.3 days (yeast), 43.3 

days (Saccharum) [53]. Furthermore, Saccharum officinarum L. is also used in fluoride (F⁻), and bioaccumulation. The 

Sugarcane potential was estimated at 1000–1200 mg F⁻ kg−1 dry weight [55]. Furthermore, Saccharum officinarum L. 

was also able to remove fluoride from an aqueous environment [56].  

The root zones of S. officinarum were amended with Aspergilus flavus, Paecilomyces sp., Mucor sp., Penicillium sp., 

and Trihoderma viride efficiently degraded petroleum hydrocarbon from crude oil contamination [57]. Also, S. 

officinarum growth and development are influenced by the Fe soil content. Therefore, a study regarding the Fe 

accumulation potential of a plant showed that the addition of Fe-EDDHA (the chelate ferric-ethylenediamine-N, N′-bis(2-

hydroxyphenyl acetic acid) increased accumulation of Fe [58]. Sugarcane exposure to copper-based compounds/nano-

materials showed good bioaccumulation potential. The performed studies indicate an increased rate of Cu 

bioaccumulation. Translocation of Cu from the roots to the aerial parts enhanced to some extent with copper level. 

Therefore, an increase in the bioavailability of Cu in the soil treated with higher Cu levels could be a probable reason for 

that phenomenon [59]. Increased uptake of polychlorinated biphenyls (PCBs) and cadmium by Saccharum officinarum L. 

was achieved by adding tea saponin. Application of 0.01 % saponin significantly increased the uptake of PCB, while 0.3 % 

tea saponin assisted in increasing the uptake of Cd in roots, stems, and leaves by 96.9, 156.8, and 30.1 %, respecti-

vely [60]. In partially consolidated bioprocessing, which involved enzymes laccase (Pleurotus djamor) and holocellulase 

(Trichoderma reseei RUT C30), Saccharum spontaneum L. and Saccharum spontaneum biomass has been transformed 

into 62 g dm-3 ethanol. 

Saccharum spontaneum L. known as wild sugarcane or kans grass showed apart from the ability to grow on heavy 

metal polluted sites, great efficiency to clean fly ash dumps, acid mine dumps, and sewage sludge [61,62]. S. spontaneum 

the rhizosphere amended with phosphate-solubilizing bacteria Bacillus anthracis strain MHR2, Staphylococcus sp. strain 

MHR3, and Bacillus sp. strain MHR4 showed potential in heavy metal removal from dumpsites [63]. The accumulation 

of Cu, Sn, and Pb/Zn are due to the adaptability of the plant to tailing environments. Exposure to different concen-

trations of Pb in soil (0, 100, 250, 500, and 1000 mg kg-1) did not induce macro-toxicity in plants except for the highest 

Pb concentration used. Also, a greater amount of Pb was found in roots compared to shoots [64]. Saccharum munja L., 

a plant of the same genus, can grow on metal-contaminated coal fly ash dumps and exhibits a high capacity for heavy 

metal removal. Biological accumulation coefficient/factor (BAC) was defined as the concentration of heavy metals in 

plant shoots divided by the heavy metal concentration in soil [BAC = cMetal in plant shoot /cMetal in soil] and indicates the ability 

of plants to tolerate and accumulate heavy metals. In Zn, Pb, Cu, Ni, Cd, and As removal by S. spontaneum, 
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bioaccumulation factors were 8.01, 1.40, 3.02, 0.92, 1.66, and 1.47 mg dm−3, respectively. S. munja bioaccumulation 

factors were higher indicating better perspectives in using this plant, amounting to 8.54, 1.66, 3.24, 0.76, 1.63, and 

1.41 mg dm−3, respectively [65]. Furthermore, Saccharum arundinaceum (Retz.) is used for cleaning the soil from heavy 

metal contamination around mining areas, farmland, etc. A mitigating circumstance in this process is the presence of 

sulfuric acid as a result of acid mine drainage when the mining activities expose sulfur-bearing minerals to atmospheric 

oxygen, moisture, etc. Thus, S. arundinaceum had the advantages of accumulating metals Cu, Zn, Pb, and Cd, with the 

emphasis on Cu because of the presence of strong acid in the mining soil environment [66].  

2. 3. 2 Biofuel production 

In a study by Kataria and Ghosh [71], S. spontaneous was pretreated with cellulolytic enzyme from Trichoderma reesei, 

followed by bioconversion to bioethanol performed with Saccharomyces cerevisiae. The total estimated bioethanol 

production was 0.46 g g-1. Also, Saccharum spontaneum saccharification with A. oryzae enzymes with subsequent 

fermentation with Pichia stipitis NCIM3498 resulted in 0.38 g g-1 bioethanol production [72]. Saccharum arundinaceum 

subjected to simultaneous treatment with 3 enzymes (laccase, cellulase, and β-glucosidase) showed a great saccha-

rification outcome of 205 ± 3.73 mg g-1 total reducing sugar, with the final ethanol concentration of 4.18 ± 1.14 g dm-3 [73].  

2. 4. Ricinus communis L. 

2. 4. 1. Phytoremediation 

Ricinus communis L., commonly termed Castor, is well known for its ability to grow under harsh conditions. These 

include floods, extreme pH, high temperature, high salt content, harmful microorganisms, fungi, nematodes, and insects 

as well as smog, and SO2 [75,76]. This plant with high oil content is not only considered an energy crop but also good 

wastelands remediator because of its high biomass productivity, comparable to Brassica juncea [77,78], as well as high 

antioxidant content and heavy metal bioaccumulation capacity [79]. Both stem and leaf flavonoid content enables good 

antioxidant activity [80]. Ricinus communis L. was shown in different studies to exhibit the potential to remove Cd [77], 

Ni, Zn, Fe [78], and Pb [81], and to tolerate Cu, Fe, Mn, and Zn [82,83]. Furthermore, R.communis removes organic 

contaminants like pesticides [84]. At places like different types of Cu-mine soils and slags rich in Cu, As, Fe, and Zn, 

Castor showed good bioaccumulation capacity [85]. Also, mine tailings are sources of a wide range of heavy metals (Cu, 

Zn, Mn, Pb, and Cd) [86]. Furthermore, Castor successfully removed Pb, Cd, and Zn at more than 70 %, and reduced 

BOD, and COD values in wastewater [87]  

2. 4. 2 Biofuel production 

Ricinus communis L. is a highly valuable plant for biofuel production [87]. The biomass carbon content is between 

40 and 43 %, which nominates this plant for biogas production [88]. According to Sharma et al. [89], pretreatment of 

lignocellulosic substrates by the Dattas method enhances biogas (methane) production. For untreated and treated 

R. communis the maximum yield biogas production was 86.6 and 120.9 l kg-1 respectively, and methane content was 

44.2 and 50.9 % respectively. Greenhouse gas (GHG) emission using compressed natural gas (CNG) as a primary fuel and 

castor (Ricinus communis) oil methyl ester (COME) was evaluated in a study by Mahla and Dhir, [90]. The study aimed 

to show GHG release using various blends (B10 and B20), where B20 fuel is a blend of 20 % biodiesel and 80 % 

conventional diesel, and B10 fuel is a blend of 10 % biodiesel and 90 % conventional diesel. Research showed increased 

NOx and HC emissions, whereas CO emissions decreased by 31.6 and 37.4 % for B20-CNG and D-CNG. Also, this is a plant 

rich in cellulose (50 %) and hemicellulose (17 %) [89], thus promising for the use in production of biodiesel by 

transesterification of castor oil, shown to be up to 91 % [91]. R. communis biodiesel properties resemble that of diesel. 

Umale et al. [92] compared GHG emissions using B20 and B10 castor biodiesel blends used in the engine at compression 

ratios (CR) of 16.5 and 17.5, respectively. The aim of the study was also to determine how efficiently the engine converts 

fuel supplied into useful work via brake-specific fuel consumption (BSFC). Results showed that the B20 castor biodiesel 

blend used in the engine at CR 16.5 showed lower BSFC than the B10 castor biodiesel blend and vice versa at CR 17.5. 

One more indicator is the brake thermal efficiency, which measures the efficiency of internal combustion engines. The 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-contaminant
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-contaminant
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higher the brake thermal efficiency, the lower the fuel consumption, and greenhouse gas emissions. And in this study, 

both B10 and B20 had higher break thermal effects. Both blends were used in the engine at CR 17.5. Also, used B10 

showed lower CO and HC emissions, and comparatively higher NOX emissions, while B 20 showed lower NOX, and 

comparatively higher CO and HC emissions [92]. 

2. 5. Prosopis sp 

2. 5. 1. Phytoremediation 

Prosopis juliflora (Sw.) DC, also known as Velvet Mesquite or simply Prosopis. Prosopis spp similar to Ricinus 

communis L. can tolerate and grow in arid, alkaline pH, and, saline soil, and extreme temperatures [92]. This plant is 

recognized to have a high ability to grow on different soil exhibiting high phytoremediation potential. Having the ability 

to tolerate high amounts of heavy metals, P. juliflora grows on the soil containing Cd, Co, Cr, Fe, Mn, Ni, Pb, and Zn up 

to 26, 22, 2243, 137, 9.4, 34, 18 and 14 mg kg−1, respectively [93]. One of the biggest concerns in environmental 

protection is fluorosis, related to air pollution, caused by coal burning, and fluoride (F) related to soil contamination. 

However, it is found that P. juliflora has also the potential for tolerance and accumulation of F, yielding 4.41 mg kg−1 dw 

in the stem, 12.97 mg kg−1 dw in leaves, and 16.75 mg kg−1 dw in roots [94]. Also, it was shown that the presence of iron 

oxide nanoparticles (Fe3O4 NPs) enhanced the phytoremediation potential of this plant of F [95]. Ramírez et al. [93], 

investigated the potential of Prosopis laevigata for heavy metal phytoremediation in soils polluted with a high 

concentration of aluminum, titanium, chromium, and zirconium up to 4.1, 14, 1.6 and 2.5 g kg-1, respectively. However, 

at a high concentration of Cr of 435 mg kg-1 in the soil a lack of phytoremediation potential was observed. This study 

revealed that P. laevigata inoculated with Bacillus sp. showed the ability to bioaccumulate chromium Cr [93].  

2. 5. 2. Biofuel production 

Prosopis juliflora (Sw.) DC is rich in holocellulose (60 – 65 %), therefore, it is considered for bioethanol production 

[80,97-99]. In such a study, Sivarathnakumar et al [99] used Kluyveromyces marxianus leading to the increased sugar 

content by applying auto-hydrolysis with acid hydrolysis as a pre-treatment. Saccharification and fermentation 

processes resulted in 21.45 g dm-3 of bioethanol, produced from product and biomass yields of 0.67 and 0.28 wt.%, 

respectively [99].  

Pasha et al. [100], investigated the same process using a thermotolerant Saccharomyces cerevisiae VS3 strain. As a 

pre-treatment strong acid and enzyme hydrolysis was applied. In this process, 80.76 % of biomass yield was converted 

into 84 g dm-3 total carbohydrates. To improve the fermentative efficiency of sugar to bioethanol production ethyl 

acetate extraction was employed. With 88% efficiency, S. cerevisiae enabled 30.0 g dm-3 ethanol production of 

0.431±0.021 g ethanol per g sugar of utilized sugars. Thus, efficient pre-treatment induces greater production of bio-

ethanol. There are some suggestions that a combination of ionic liquid (IL)-based pretreatment with pretreatment 

agents surfactants/salts/deep eutectic solvent [101], can be successful [102]. Ionic liquids can remove hemicellulose 

and lignin to some extent, also has a role in decreasing the surface tension between the two liquid phases during 

pretreatment and have an additive effect. Surfactant pretreatment with dodecyl benzene sulfonic acid, or dilute acid 

pretreatment improves lignin solubility, reduce unproductive binding to the enzyme, modifying the biomass surface. 

Then, pretreated biomass should be further enzymatically saccharified with cellulose or xylanase [103].  

Investigating sources of important robust enzymes Vaid et al [102], reported that Bacillus spp, in particular, 

B. amyloliquefaciens SV29 has the potential of secreting IL-stable enzymes. Furthermore, saccharification of Prosopis 

juliflora with xylanase released from B. pumilus strain MK001 resulted in 15.5 wt. %of sugars and reached 20.0 % 

saccharification efficiency. Further fermentation process with Pichia stiptis had a release of saccharified hydrolysates 

and an outcome of 0.36 wt.% ethanol yield [104]. Besides P. juliflora, P. pallid is also considered for bioethanol 

production, whereas sugar (40 %) can be converted into 18.9 % ethanol [105]. The production of bioethanol depends 

on the type of microorganisms. Therefore, da Silva et al. [97] investigated the efficiency of two microorganisms 

Zymomonas mobilis and Saccharomyces cerevisiae in ethanol synthesis. By cultivating Z. mobilis in P. juliflora pods after 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-oxides
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/iron-oxides
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/kluyveromyces-marxianus
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
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36 h in static conditions the highest concentration of ethanol was reached (141.1 g dm-3), While under the same 

conditions, after applying S. cerevisiae the highest ethanol production (44.32 g dm -3) was achieved after 18 h [97].  

2. 6. Arundo donax L. 

2. 6. 1. Phytoremediation 

Arundo donax L., commonly termed “giant cane” or “giant reed”, is a non-food crop adapted to different kinds of 

environments. The phytoremediation potential of this plant in As removal has been estimated in a study conducted by 

Mirza et al. [106]. Cultivated in different hydroponics conditions with increasing doses of As (0, 50, 100, 300, 600, and 

1000 μg dm-3), A. donax showed the ability to accumulate up to 600 μg dm-3 [106], and good bioaccumulation potential in 

Zn, Cr, and Pb removal from the growing medium. In the range of 450 and 900 mg Zn kg−1, 300 and 600 mg Cr kg−1, and 450 

and 900 mg Pb kg−1, A. donax biomass slightly decreased, but a severe reduction was noticed at 600 mg Cr kg−1 [1]. Soil rich 

in Ni did not cause any decrease in the growth and development of A. donax. High content of Ni was found in shoots, 

indicating a good hyperaccumulation ability [107]. A. donax amended with Trichoderma harzianum, Saccharomyces 

cerevisiae, and Wickerhamomyces anomalous was individually exposed to two different concentrations of Ni, Cd, Cu, As, 

Zn, Pb, V, and Hg. A. donax and mycorrhized A. donax with T. harzianum stand out as Cd, Pb, and Hg bioaccumulators. The 

mean bioaccumulation percentage values were for Hg 0.60 %, for Pb 0.54 % and for Cd 0.42 % [108]. Furthermore, A. donax 

was exposed to different Cd concentrations of (0, 50, 100, 250, 500, 750, and 1000 g dm−3), in a hydroponic and soil 

environment. Although better performance was observed in hydroponic conditions A. donax is considered a Cd 

hyperaccumulator [109]. Additionally, grown in non-ferrous soil giant reed showed high phytoremediation potential for Cd 

and Pb removal [110]. Also, broad tolerance of A. donax to Cd, Cr, Cu, Ni, and Pb was shown in literature reporting the 

tolerance values of 0.5 mM, 0.2 mM, 2 mM, 0.5 mM, and 1 mM, respectively [111]. Also, a comparison between 

accumulating capabilities regarding some heavy metals showed that A. donax accumulates Zn > Ni > Cu > Cd [112]. 

According to Alshaal et al. [113], A. donax is strongly recommended for phytoremediation of bauxite residue or red mud 

being capable to accumulate and translocate heavy metals, especially Ni, but also Co, Pb, Cd, and Fe [113], As and Hg [114], 

Se [115], nitrate [116], Cu [117,118]. 

2. 6. 2. Biofuel production 

Multi-applicable A. donax has found a place among high biomass yield energy plants, suitable for biofuel production 

[119-121]. Giant cane rich in cellulose is considered a good bioethanol source with pre-treatment to degrade cellulose 

into fermentable sugars [122]. De Bari et al. [119] used the steam explosion as pre-treatment and then pretreated 

biomass was exposed to saccharification and fermentation. After these steps, high gravity hydrolysis was applied with 

subsequent fermentation using S. cerevisiae to reach the production of ethanol concentration of 51 g dm-3. A. donax 

pretreated with commercial cellulase (Multifect®) from Trichoderma reesei, produced 75 dm3 of ethanol per ton of 

Arundo biomass [125]. Another study suggested that plants were able to produce 20 g dm-3 oxalic acid [126] and 8.2 g 

dm-3 ethanol [127]. Giant reed biomass pre-treated with diluted acid or liquid hot water can be converted with bacteria 

as a fermentative organism. Locaes et al. showed that the usage of commercial enzymes boosts ethanol production 

from 0.44 to 0.47 g dm-3. Also, this study showed a great difference when ethanol production was carried out without 

saccharification, resulting in 7.5 g dm-3 of ethanol [129].  

3. DISCUSSION 

Recently, fossil fuel depletion brought alternative energy sources to become the “new normal" energy sources. 

Furthermore, energy stability is on the same level of importance as the elimination of environmental pollution. Recent 

studies indicate multitasking approach as phytoremediation and biofuel production from the same source - energy 

plants. There are a plethora of energy crops and non-crops used for this purpose. Structural properties and physiology 

enable these plants to clean up soil from heavy metals and then use it for biofuel production. The candidates and 

multiple potential plant species are presented in Table1. and Table 2.  
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Table 1. The bioaccumulating potential of energy plant species  

Plant species Bioaccumulation potential References 

Miscanthus × giganteus J.M. Greef & 
Deuterex Hodk. & Renvoize 

Hg, Cd, Zn, Pb, Cu, Mn, Ti, As, Fe and Zr [24-30] 

Miscanthus sinensis Hg, Cd, Zn, Cr [26,30] 

Miscanthus sacchariflorus Zn, Cd, Pb, Fe, Mn, Mo, B, Ba, Sr, As, Sn, Li, and Ti [24,30] 

Miscanthus floridulus Zn, Cr and Cd [30] 

Beta vulgaris L. Cd [39] 

Beta vulgaris L. DTPA-extractable Cd and Ni [38] 

Saccharum officinarum L. Cu, Cd, Se, Pb, and Mn [50-52] 

Saccharum officinarum L. gamma-HCH or lindane [53,54] 

Saccharum officinarum L. F⁻ [56] 

Saccharum officinarum L. Fe [59] 

Saccharum officinarum L. PCBs and Cd [60] 

Saccharum spontaneum L. Cu, Sn, and Pb/Zn [11,64] 

Saccharum munja Zn, Pb, Cu, Ni, Cd, and As [65] 

Saccharum.arundinaceum Cu, Zn, Pb, and Cd [66] 

Ricinus communis L. Cd [77,84] 

Ricinus communis L. Ni, Zn, and Fe [78] 

Ricinus communis L. Pb [81] 

Ricinus communis L. B, and tolerate Cu, Fe, Mn, and Zn [82,83] 

Ricinus communis L. Cd, Pb, Ni, As, Cu [84] 

Ricinus communis L. Pesticides [84] 

Prosopis juliflora (Sw.) DC Cd, Co, Cr, Fe, Mn, Ni, Pb, and Zn [94] 

Prosopis juliflora (Sw.) DC fluoride (F) [95] 

P. laevigata Al, Fe, Ti, and Zn [93] 

P. laevigata inoculated with Bacillus sp. Cr [93] 

Arundo donax L. As [106] 

Arundo donax L. Zn, Cr, and Pb [1] 

Arundo donax L. Ni, Cd, Cu, As, Zn, Pb, V, Hg. [108] 

Arundo donax L. Cd [110] 

Arundo donax L. Cd, Cr, Cu, Ni, and Pb [111,117,118] 

Arundo donax L. Ni, Co, Pb, Cd, and Fe [113] 

Arundo donax L. As and Hg [114] 

Arundo donax L. Se [115] 

Arundo donax L. Nnitrates [116] 

 

As presented, there is a strong bioaccumulation potential in all selected plants. Silvergrass plants are recognized as 

heavy metal bio accumulators. Miscanthus × giganteus J.M. Greef & Deuter ex Hodk. & Renvoize, chiefly removes Hg, 

Cd, Zn, and Pb, Cu, Mn, Ti, As, Fe, and Zr, and Miscanthus sacchariflorus besides Zn, Cd, Pb, Fe, removes Mn, Mo, B, Ba, 

Sr, As, Sn, Li, and Ti. Moreover, this plant gave good results in bioethanol production. Miscanthus × giganteus J.M. Greef 

& Deuter, ex Hodk. & Renvoize under biological saccharification and fermentation with anaerobic bacteria F. 

succinogenes and C. acetobutylicum yielded 44.4 ± 8.5 g m-3 ethanol and 19.7 ± 3.5 g m-3buthanol. Sugar beet, Beta 

vulgaris L. is suitable for Cd, DTPA-extractable cadmium, and Ni removal. An excellent result was achieved with 

enzymatic liquefaction (pectinase and cellulase enzymes) to produce 100-120 dm-3 ethanol/sugar beet. 

 



M. NIKOLIĆ et al.: BIOFUEL FROM ENERGY PLANTS Hem. Ind. 76(4) 209-225 (2022) 

 217 

Table 2. Biofuel production from energy plants 

Plant species Pretreatment/ Treatment applied Biofuel produced Ref. 

Miscanthus × giganteus J.M. 
Greef & Deuter ex Hodk. & 
Renvoize 

100 mol m-3 H2SO4 

9572 g m-3 saccharides from 
acid treatment yielded 

44.4 ± 8.5 g m-3 of ethanol  
19.7 ± 3.5 g m-3 of buthanol 

[36,37] 

Miscanthus × giganteus J.M. 
Greef & Deuter ex Hodk. & 
Renvoize 

200 mol m -3 NaOH 

4054 g m-3 saccharides from 
alkali treatment yielded 

39.7 ± 8.6 g m-3 of ethanol  
4.3 ± 0.33 g m-3 of buthanol 

[36,37] 

Miscanthus × giganteus J.M. 
Greef & Deuter ex Hodk. & 
Renvoize 

Biological saccharification and fermentation 
with anaerobic bacteria F. succinogenes and 

C. acetobutylicum 

2504 g m-3 saccharides 
yielded 0.091 g m-3 of 

ethanol 

[36,37] 

Miscanthus sinensis 1 % NaOH at 121 °C for 60 min/ozonolysis 

From 37.6 wt.% of 
cellulose, 0.221 g of 

ethanol was produced 

[31] 

Miscanthus sacchariflorus 1 % NaOH at 121 °C for 60 min/ozonolysis 

From 38.95 wt.% of 
cellulose, 0.213 g ethanol 

was produced 

[31] 

Miscanthus floridulus 1 % NaOH at 121 °C for 60 min/ozonolysis 

From 41 wt.% of cellulose, 
0.233 g ethanol was 

produced 

[31] 

Beta vulgaris L. 
Enzymatic liquefaction (pectinase and 

cellulase enzymes) 
103.5 dm3 per tonne  

(wet weight) 
[47-48] 

Beta vulgaris L. 
Enzymatic liquefaction (pectinase and 

cellulase enzymes) 

Enhanced bioethanol 
production-from 10 wt.% 

fermented sugars 

[47-48] 

Saccharum officinarum L. Steam pretreatment with SO2 and H2O2 
Bioethanol 0.95 g dm -3 

(ethyl alcohol) 
[67,68] 

Saccharum officinarum L. 
Saccharification, fermentation, and 

rectification 
10.9 g dm-3 ethanol [69] 

Saccharum officinarum L. 
S. cerevisiae, P. stipitis and 

oxalic acid (2-8 wt.%). 
7.9 g dm-3 butanol [67,70] 

Saccharum officinarum L. 
Dilute acid, then fermented with Clostridium 

beijerinckii DSM 6423 
62 g dm-3 ethanol [74] 

Saccharum officinarum L. 
Partially consolidated bioprocessing (PCBP) / 
laccase (Pleurotus djamor) and holocellulase 

(Trichoderma reseei RUT C30), 

0.46 g g-1  
bioethanol / biomass 

[131] 

Saccharum spontaneum L. 
The cellulolytic enzyme (CMCase) from 
Trichoderma reesei / bioconversion in 

bioethanol with Saccharomyces cerevisiae 

21.82 ± 0.15 g L-1  
hydrolysate /  

0.40 ± 0.01 g g -1 ethanol 

[71] 

Saccharum spontaneum L. 
A. oryzae enzymes and then fermented with 

Pichia stipitis NCIM3498 
62 g dm-3 ethanol [72] 

Saccharum spontaneum L. 
Partially consolidated bioprocessing (PCBP) / 
laccase (Pleurotus djamor) and holocellulase 

(Trichoderma reseei RUT C30) 

30.78 g dm-3 and 31.56 g 
dm-3 of bioethanol 

[131] 

https://www.sciencedirect.com/topics/engineering/bioethanol


Hem. Ind. 76(4) 209-225 (2022) M. NIKOLIĆ et al.: BIOFUEL FROM ENERGY PLANTS 

218  

Plant species Pretreatment/ Treatment applied Biofuel produced Ref. 

Saccharum munja  
Enzymatic hydrolysate fermented by the co-
culture Saccharomyces cerevisiae and Pichia 

stipitis 
4.18 ± 1.14 g dm-3 ethanol [67] 

Saccharum.arundinaceum 
Co-immobilized tri-enzyme biocatalytic 

system for one-pot pretreatment (Laccase, 
cellulas and β-glucosidase) 

biodiesel [73] 

Ricinus communis L 

Pre-treatment (Heating of oil and 
esterification); main treatment 
(Transesterification ) + catalyst 

(acid / alkaline) 

99.07 % of biodiesel 
(methyl ester) yield 

[92] 

Ricinus communis L 
Esterification-neutralization-

transesterification (ENT) process 
21.45 g dm-3 of bioethanol [130] 

Prosopis juliflora (Sw.) DC 
Auto-hydrolysis with acid-hydrolysis, 
Kluyveromyces marxianus enzymes 

30.0 g dm-3 of bioethanol [99] 

Prosopis juliflora (Sw.) DC 
Strong acid and enzyme hydrolysis, 

Saccharomyces cerevisiae 
36 wt.% ethanol yield [100] 

Prosopis juliflora (Sw.) DC 
Ionic liquid based pretreatment, Pichia 

stiptis release of saccharified hydrolysates 
141.1 g dm-3 [104] 

Prosopis juliflora (Sw.) DC Zymomonas mobilis enzymes 51 g dm-3 bioethanol [97] 

Arundo donax L. 
Steam explosion as pre-treatment than  

S. cerevisiae amendment saccharification 
and fermentation 

4.8 g dm-3 bioethanol [119] 

Arundo donax L. 
pretreatment by 2 vol.% of H2SO4, followed 

by enzyme hydrolysis by Zymomonas 
mobilis 

8.20 g dm−3 of ethanol [123] 

Arundo donax L. 
Dilute oxalic acid as a pretreatment, 

Scheffersomyces (Pichia) stipitis CBS6054 
enzyme hydrolysis 

75 dm-3 ethanol per t of 
biomass 

[124] 

Arundo donax L. 
Commercial cellulase (Multifect®) from 

Trichoderma reesei 
19.8 g dm-3 ethanol [125] 

Arundo donax L. Dilute oxalic acid 7.5 g dm-3 ethanol [126,127] 

Arundo donax L. Enzymatic hydrolysis of cellulose Ethanol [128] 

Arundo donax L. 
Pre-treated with diluted acid or liquid hot 

water, Escherichia coli amendment 

9572 g m-3 saccharides from 
acid treatment yielded 

44.4 ± 8.5 g m-3 of ethanol  
19.7 ± 3.5 g m-3 of buthanol 

[129] 

Arundo donax L. 

Process of sonication, aqueous solution 
amended with copper (CuSO4.5H2O or 
CuH10O9S), manganese (MnSO4·H2O or 

H2MnO5S), and zinc (ZnSO4·7H2O or 
H14O11SZn) ions, T. koningii and A. niger 

4054 g m-3 saccharides from 
alkali treatment yielded 

39.7 ± 8.6 g m-3 of ethanol  
4.3 ± 0.33 g m-3 of buthanol 

[122] 

 

Furthermore, besides the already mentioned heavy metals, gamma-HCH or lindane, and F⁻ are bioaccumulated by 

Saccharum officinarum L. which alongside S. spontaneum L. produced 62 g dm-3 ethanol in partially consolidated 

bioprocessing (PCBP) / laccase (Pleurotus djamor) and holocellulase (Trichoderma reseei RUT C30) treatment. Prosopis 

juliflora (Sw.) DC. remediates soil from Cd, Co, Cr, Fe, Mn, Ni, Pb, Zn, and F. Bioethanol production of 141 g dm-3 is 

possible if applied Zymomonas mobilis enzymes. Arundo donax L. showed good As, Co, Cd, Cr, Cu, Fe, Ni, Se, Pb, Zn, V, 

and NO3- bioaccumulation results, and commercial cellulase (Multifect®) from Trichoderma reesei gave the best results 

https://pubchem.ncbi.nlm.nih.gov/#query=CuH10O9S
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in biofuel production, 75 dm3 of ethanol. The future relies on sustainable techniques that will provide a cleaner 

environment. In summary, there are many research papers indicating the feasibility of the phytoremediation-bioenergy 

strategy direction, where energy plants can be used to clean the environment from heavy metals and then used for 

biofuel production.  

4. CONCLUSION 

A plethora of organic and inorganic pollutants, especially heavy metals (HMs) have caused soil and water pollution. 

Moreover, these metals have genotoxic, and mutagenic effects on living beings [131]. Many plant species belonging to 

different plant families, recognized as useful phytoremediation candidates, can accumulate different pollutants without 

intoxication [132,133]. Scientists and engineers are working together to explore alternative energy sources because 

advances will allow the removal of harmful pollutants such as heavy metals while replacing fossil fuels with biofuels. 

Table 1. depicts various energy plants' roles in phytoremediation and biofuel production. All presented plant species 

have shown exceptional importance in energy stability without endangering the environment. Plant species with 

multiple potentials need to be further genetically improved and researched, particularly concerning reducing the toxic 

effect of heavy metals on subsequent biofuel production. Therefore, the compilation of these two processes has been 

recognized as a future direction for sustainable energy and environmental protection.  
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Energetske biljke kao izvor biogoriva i kao akumulatori teških metala 
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(Stručni rad) 
Izvod 

Nedostatak fosilnih goriva i zagađenje zemljišta i vode motivisali su stvaranje nove perspektive održivog 
razvoja. Ne samo da se biljna biomasa može koristiti u proizvodnji etanola, već se ista biljka može koristiti 
i za minimiziranje/eliminaciju teških metala prisutnih u zemljištu i vodi. Rezistentne na visoke 
koncentracije metala, mnoge biljne vrste, usevi, medicinske i farmaceutske energetske biljke su dobro 
poznati hiperakumulatori teških metala. Ovaj rad se fokusira na studije koje istražuju potencijal 
Miscanthus.sp, Beta vulgaris L, Saccharum sp., Ricinus communis L. Prosopis sp i Arundo donak L. u 
uklanjanju teških metala i proizvodnji biogoriva. Fitoremedijacija korišćenjem ovih biljaka pokazala je 
veliki potencijal bioakumulacije Co, Cr, Cu, Al, Pb, Ni, Fe, Cd, Zn, Hg, Se, itd. Takodje, za pretvaranje 
celuloze u fermentabilne šećere, predtretmani kao što su ozonoliza, tretman bazama ili kiselinama, 
parom ili toplom vodom, primenjeni su pre enzimske saharifikacije mikroorganizmima. Ovaj pregled 
predstavlja uvid u potencijal lignoceluloznih biljaka da uklone zagađujuće supstance i ujedno su vredan 
supstrat za proizvodnju biogoriva. Takođe, razmatrani su predtretmani, bavljenje toksičnom biomasom 
i proizvodnja biogoriva.

Ključne reči: polutanti; bioakumulacija; 
bioenergija 
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Abstract 

The aim of this work was to establish a temperature of finish rolling stage of Nb/Ti microalloyed 
steel containing 0.06 wt.% C, 0.77 wt.% Mn, 0.039 wt.% Nb and 0.015 wt.% Ti, using physical 
simulation. Samples were subjected to laboratory simulation at a twist plastometer at high 
temperatures, i.e. between 825 and 950 °C. Five pass deformation and interpass times were 
selected in accordance with a processing parameters at five stand finishing hot strip mill. 
Restoration (recovery and/or recrystallization) behavior was evaluated by calculation of 
Fraction Softening (FS) and Area Softening Parameter (ASP) values. At 950 °C all individual pass 
stress-strain curves, FS and ASP show full recrystallization in all interpass intervals. On the other 
hand, with a decrease in temperature to the interval of 875-825 °C, the extent of restoration is 
decreasing, leading to recovery as a sole softening mechanism at 825 °C, which was confirmed 
by the stress-strain curve shape, and values of FS and ASP. It is assumed that, due to high 
supersaturation, strain-induced precipitation promoted pinning of grain and subgrain 
boundaries and suppressed recrystallization. Therefore, the critical temperature for finish 
rolling was estimated to be 825 °C. 

Keywords: fraction softening; mechanical metallography; deformation; recrystallization, 
critical rolling temperatures, controlled rolling.
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1. INTRODUCTION  

Development of microalloyed steels is an answer to a growing demand of the modern industry for steels with 

improved strength, toughness and weldability [1-3]. Weight reduction in structures and low-cost manufacturing 

processes are constant challenges in metallurgical engineering [4]. Microalloyed steels are divided into two main groups: 

low and medium carbon microalloyed steels. In addition to for low carbon content values, low carbon microalloyed 

steels contain less than 0.15 wt.% of vanadium (V), titanium (Ti) and niobium (Nb) in total.  

Addition of microalloying elements combined with adequate thermomechanical treatment (TMCP) results in 

significantly improved mechanical properties [3], in comparison to C-Mn steels, without expensive subsequent heat 

treatment. Thermomechanical treatment of low carbon microalloyed steels should provide desired shape and 

dimensions as well as final microstructure [5]. In that regard, hot rolling does not only provide controlling the 

temperature, strain (ε) and strain rate to attain the final dimension and microstructures, but it is also applied to obtain 

a product with desired mechanical properties [3,5].  

The most common hot rolling technology, known as conventional controlled rolling (CCR) of microalloyed steels 

consists of rough rolling, finish rolling and controlled cooling of hot rolled steel before coiling [5-7]. Therefore 

subsequent heat treatment is not necessary [5]. Roughing stage is performed at temperatures that should be high 

enough to provide a complete static recrystallization (SRX) during the interpass time. Due to short interpass time and 

adiabatic heating, it can be assumed that finish rolling happens under isothermal conditions [5]. As shown in Figure 1, 
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the roughing stage is performed above the non-recrystallization temperature, Tnr, temperature above which 

recrystallization is still complete [8-11]. Hot rolling at a finish rolling mill, is performed between Tnr and A3, temperature 

below which recrystallization is suppressed as can be seen in Figure 1 [5,7-9,10,12]. Suppression of the recrystallization 

process depends on formation of precipitates (nitrides and/or carbonitrides) based on microalloying elements [13-17]. 

When additional strengthening is required, finish rolling might be performed in the dual phase temperature region 

(between A1 and A3), where ferrite grains are deformed as well as austenitic grains, which results in formation of 

substructure in deformed ferrite grains. Finish rolling is followed by controlled cooling or even accelerated cooling, 

which results in even finer grained microstructure. The non-recrystallization temperature, Tnr [8,9,16,18] is determined 

based on the Boratto test [7,16-18], while the Trl (the lowest temperature for full recrystallization) and Trs (the highest 

temperature for suppression of recrystallization) are also reported [8-11]. the non-recrystallization temperature, Tnr, is 

usually considered to be close to the Trl, or temperature for 50 % of SRX, i.e. temperatures below which finish rolling 

can be performed [8-11,16,18].  

 

 
Figure 1. Schematic illustration of thermomechanical processing  
 

Therefore, determination of critical temperatures is of great importance, to select the right temperature, which will 

provide large number of nucleation sites for precipitation (dislocation loops, deformation bands, subgrain boundaries, 

deformation twins) in microstructure during finish rolling. The proper control of critical hot rolling temperatures results 

in formation of un-recrystallized austenite with high nucleation sites density. In that way, a final fine grained ferritic 

microstructure forms during continuous cooling from hot deformation temperatures. 

Evaluation of microstructural changes during plastic deformation i.e. during finish rolling in a hot strip mill is not 

possible by using traditional quenching of samples and optical microscopy, because it is not possible to quench the 

sample immediately after the deformation. In order to overcome this problem, it is needed to evaluate changes in 

microstructures on the basis of behaviour of steel during the deformation. Two opposite processes occur during hot 

rolling – strain hardening due to deformation and softening due to recovery/recrystallization. Therefore, the stress-

strain curve or measured rolling force for each pass can be used to quantify the overall behaviour, based on comparison 

of yield stress, strain hardening rate and maximal stress. This approach thus quantifies changes in the microstructure 

based on measured stresses and forces, known as mechanical metallography. It provides accurate and reliable 

information and enables modelling of microstructural changes in real time on industrial scale.  

The aim of this work was to establish the critical temperature for finish hot rolling of microalloyed steels by means 

of physical simulation. 
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2. EXPERIMENTAL  

The low carbon microalloyed (Nb/Ti) steel tested in this work was industrially melted and casted, and subsequently 

pre rolled to a sheet, 30 mm thick, in a Hot Strip Mill (HSM) in the company Steelworks Smederevo, Serbia. The chemical 

composition was provided by the producer and is given in Table 1.  
 
Table 1. Chemical composition of the tested steel 

Elements C Si Mn P S Al Nb Ti N O 

Content, wt.% 0.06 0.068 0.77 0.015 0.008 0.052 0.039 0.015 0.0053 0.0045 

 

Simulation of hot rolling process during finish rolling was performed by a multi-pass isothermal torsion test, by using 

a Setaram-Irsid torsion tester (Irsid, France). Main advantage of torsion testing is that it enables attaining high strains 

without reaching plastic instability [15,19,20]. Furthermore, deformation of several rolling passes can be simulated using 

only one sample. During torsion, specified deformation values (Table 2) are achieved only on the outer surface of the 

specimen. On other hand, torsion samples could not be used for metallographic examination, due to occurrence of 

corrosion and porosity on the outer surface. Isothermal hot rolling simulation was performed to determine critical 

temperatures. The torsion test specimens were cylinders 6 mm in diameter and 50 mm in gauge length. Specimens were 

annealed in the testing machine at 1250 °C for 15 min in argon atmosphere, in order to provide homogeneous distri-

bution of alloying elements and to remove the priorly existing texture. Next, the specimens were cooled down to 

1000 °C at a rate of approximately 2 °C s-1, at which the simulation of roughing was performed, as to provide uniform 

grain size distribution in all specimens before simulation of rolling at a finishing mill. Simulation of roughing in this test 

was performed by predeformation (PD1 and PD2 in Fig. 2) in two passes (strain 0.3), with 10 s of the interpass time. 

These two passes were performed to provide uniform microstructure before the finish hot rolling simulation. 

Subsequently, the specimens were cooled to the isothermal testing temperature (825, 850, 875 and 950 °C) and held at 

this temperature for 60 s to provide uniform temperature distribution. Samples were subjected to plastic deformation 

in five passes. To assess the reproducibility, two tests were run for each set of conditions. 

 

 
Figure 2. Schematic illustration of the simulation test of thermomechanical processing of microalloyed steel 
 

Details/processing parameters of deformation are shown in Table 2. Strain in each pass is selected to be in 

accordance with five stand finish rolling schedule in the Hot Strip Mill, Steelworks Smederevo. 
 
Table 2. Schedule of hot rolling simulation 

Pass I II III IV V 

Strain 0.5 0.5 0.35 0.35 0.2 

Interpass time, s 4.75 3.25 2.25 1.75  
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3. RESULTS  

Stress-strain curves obtained in torsion tests at specified temperatures are shown in Figure 3.  
 

 

a 

 

b 

 

c 

 

d 
 

 

 

 

 

 

 

 

 

Figure 3. Experimental stress-strain curves obtained 
for rolling simulations according to the schedule 
given in Table 2 and the best linear fits in the region 
of plastic deformation at the testing temperatures 
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First two passes (0.6 strain in total) at each diagram are related to the roughing rolling stage and will not be discussed 

in detail. Simulation of finish rolling begins with the third pass, which represents deformation behavior of fully 

recrystallized samples. In that way, the third pass represents the 1st pass of the finish rolling. Stress-strain curves are 

represented in the graphs in Figure 3 both as experimental points and as the curves obtained by polynomial fitting. The 

slope of the fitted curve represents a qualitative measure for evaluation of deformation behavior (strengthening or 

restoration).  

As can be seen in Figure 3a, at 950 °C stress-strain curves of each pass obtained during simulation exhibit the same 

shape, characterized by a high slope of fitted curves in the region of plastic deformation. In comparison, stress-strain 

curves obtained during simulations at 875 and 850°C (Fig. 3b and Fig. 3c) exhibit lower slopes of fitted curves in the 

region of plastic deformation while the lowest slope is obtained at 825 °C (Fig. 3d).  

In order to determine yield stress (σ0), the strain offset method (ε 5 %) was performed, which. provides reliable 

results according to the literature [13,17]. The yield stress of each finish rolling pass is indicated in the graphs presented 

in Figure 3. 

In order to evaluate and quantify recrystallization during the hot rolling simulation, mechanical metallography was 

applied, i.e. microstructural changes were evaluated on the basis of the change in deformation behavior. Stress-strain 

curves generated in each pass, during the isothermal torsion test, were compared to each other and analyzed in details. 

In order to evaluate the progress of softening (recovery and/or recrystallization) during the interpass time, fraction 

softening (FS), was calculated according to the equation [10,13,21]: 
i i+1

m 0
i 1

m 0

/ % 100FS
 

 

−
=

−
 (1) 

where m
i is the maximum stress in the ith pass, 0

1 is the yield stress in the 1st pass, 0
i+1 is the yield stress in the (i+1) 

pass. All values in equation 1 are determined using the strain offset method (ε 5 %).  

According to literature [13,15], FS values lower than 20 % indicate recovery as a softening mechanism, FS values in 

range of 20-100 % indicate recrystallization while FS > 100 % indicates grain growth in the material. Furthermore, 

negative FS values indicate strengthening during interpass time. This strengthening can be attributed to strain induced 

precipitation [13,15].  

An additional attempt to evaluate recrystallization behavior was performed by introducing the area softening 

parameter (ASP) [13]. Area under the curve was calculated by numerical integration. Values obtained in the 1st pass 

were referred as fully recrystallized and were used as a reference for comparison of the areas determined for each pass 

at equal strains. In order to quantify the SRX behaviour, the area softening parameter (ASP) was calculated by using the 

equation: 

i 1

i

/ % 100
A A

ASP
A

−
=  (2) 

where Ai is the area under the stress-strain curve of the ith pass and A1is the area under the 1st curve for the strain level 

of ith pass. ASP value lower than 0 % indicates grain growth, while those greater than 0 % indicate strengthening 

(incomplete static recrystallization). Complete recrystallization is indicated by ASP = 0 %.  

The determined FS and ASP values at different temperatures are shown in Figure 4. Estimated standard deviations 

of calculated FS and ASP values are in the range of 2.4 to 5.7 and 1.8 to 5.1 respectively. 
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Figure 4. Changes during the interpass intervals described by: (a-d) fractional softening (FS) values between given passes (during the 
interpass times) and (e-h) area softening parameters (ASP) with passes, at different testing temperatures 

4. DISCUSION 

The aim of performed roughing rolling in this simulation test was to provide uniform grain size distribution as well 

as fully recrystallized microstructure before the simulation of finish rolling. It was found that after two passes and 
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subsequent full SRX the influence of the prior austenite grains can be neglected [3,22,23]. It could be observed that the 

shape of stress-strain curves for the 1st pass of finish rolling corresponds to the shape of a stress-strain curve for fully 

recrystallized conditions [13,16]. Therefore, it could be deduced that before finish rolling, the steel microstructure was 

recrystallized so that all tested samples had the same starting point in the terms of microstructure. 

Shape of the stress-strain curves, strengthening and the restoration process during finish rolling are controlled by 

interaction of deformation, recrystallization and precipitation processes, i.e. by the addition of microalloying elements 

as well as by hot rolling parameters. Addition of Ti, V, and Nb to low carbon steels, has a great impact on the steel 

mechanical properties through grain refinement as well as through mechanisms of solid solution strengthening and 

dispersion strengthening by carbides, nitrides and/or carbonitrides in ferrite [1,8,13-16,24]. Carbides, nitrides and 

carbonitrides of microalloying elements precipitate at austenite grain boundaries, which cause pinning of austenite 

grain boundaries at temperatures just over A3 and retardation/suppression of recrystallization.  

Supersaturation ratio, kS, of niobium carbonitride (Nb(C,N)), defined as the ratio, of actual amount of C, Nb and N in 

solution to the equilibrium solubility product, at specified temperature was calculated by the equation [24,25]:  

Nb C N

s 6770
2.26

12

14

10 T

c c c

k
−

 
+ 

 
=  (3) 

where cNb/ wt.% is the Nb concentration in steel, cC/ wt.% is the concentration of C in steel, cN/ wt.% is the concentration 

of N in steel, and T / K is the absolute temperature. 

Super saturation ratios for Nb(C,N) on testing temperatures, calculated by eq. (3), are given in Table 3. 
 
Table 3. Supersaturation ratio of Nb(C,N) at testing temperatures 

Finish rolling temperature, °C ks Precipitation 

950 4.75 NO 

875 10.92 YES 

850 14.77 YES 

825 20.26 YES 

 

It is assumed that the critical supersaturation ratio for strain-induced precipitation has to be between 5.5 and 7 [8,26]. 

Yield stress in passes from 1st to 3rd at 950°C have similar values, which are forwarded by slight increase in 4th and 

5th pass (Fig. 3a). This behaviour implicates a high share of recrystallization during the interpass times being dominant 

over the strengthening effect caused by plastic deformation. The obtained phenomena are quantified by calculating 

fraction softening FS values. FS values above 80 % obtained at 950 °C indicate almost full static recrystallization (Fig. 4a). 

Also, the extent of recrystallization is decreasing from 2nd to 5th pass, which can be attributed to shorter interpass times. 

The ASP values (Fig. 4e) follow the same trend, i.e. the increase in ASP indicates that SRX was impeded to same extent. 

Due to the low supersaturation ratio, precipitation is not expected, i.e. it can be assumed that the solute drag is 

responsible for the lower extent of recrystallization. The obtained higher ASP values in the last two passes might be 

explained by accumulation of deformation and a slightly higher level of suppression of recrystallization, which might be 

dominantly caused by short interpass times.  

At 875 °C yield stress of each subsequent pass is higher than the yield stress of the first one (Fig.3b) but difference 

is not as pronounced as it is at lower temperatures. As can be seen in Figure 3c, each pass during finish rolling simulation 

at 850 °C has significantly higher yield stress than that obtained in the 1st pass as well as in the previous one, which 

indicates dominant strengthening over softening. Shapes of the obtained curves are in agreement with calculated 

supersaturation ratio (Table 3). In the test at 875 °C, FS values vary around 40 %, indicating low extent of recrystallization 

(Fig. 4b). Stress-strain curves from the 2nd to the final pass exhibit higher yield stress (Fig. 3b) accompanied with lower 

stress hardening rate which is observed as the lower slope of the fitted curves, shown in Figure 3b. This indicates 

suppression of recrystallization by stimulation of precipitation of Nb(C,N) [13,14]. Almost constant FS at 850 °C from the 

1st to the last interpass interval might be related to strain-induced precipitation, which strongly affects suppression of 
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recrystallization [13]. During the 1st interpass time some extent of recrystallization takes part, while recovery is 

dominant during the interpass times between following passes (Fig. 4c). ASP values for simulation of hot rolling at 875 

°C (Fig. 4f) imply higher strengthening effect from 3rd to 5th rolling pass compared with ASP values obtained at 950 °C. 

ASP results are in agreement with the obtained FS values. ASP values obtained at 850 °C (Fig. 4g) are higher than values 

obtained at higher temperatures which indicate suppression of recrystallization and increase in strengthening.  

Further lowering of the test temperature to 850 °C (Figs 4c and 4g) and 825 °C (Figs 4d and 4h), induced similar 

behavior, except for more pronounced suppression of recrystallization. At 825 °C, limited restoration is observed only 

during the 1st interpass interval. It can be assumed that SRX is competing with precipitation, i.e. that SRX has a shorter 

incubation period. On the other hand, once precipitation started, SRX is not the governing phenomenon anymore, i.e. 

precipitation precedes recrystallization, resulting in total suppression of recrystallization. This efficient suppression of 

recrystallization causes strain accumulation, meaning that due to absence of recrystallization, strength at the beginning 

of a subsequent pass is equal to already pre-strained condition. In some cases, in the subsequent pass, the critical stress 

for dynamic recrystallization might be attained [6,28,29]. Results also indicate that dynamic recrystallization does not 

occur in this work. 

Stress-strain curves for the 2nd to the 5th pass, obtained during simulation of hot rolling at 825 °C (Fig. 3d) show 

slightly lower values of the yield stress compared to the maximum stress of the previous pass (Fig .3d) and shows higher 

yield stress compared to yield stress of each previous pass as shown by 0
i trendline in Figure 3d. So, it is clear that 

strengthening is dominant over softening, which is assumed to be recovery [13,15]. Decrease in the yield stress of the 

2nd pass compared to the maximum strength of the 1st pass (FS 20 % Fig. 4d) is assumed to be recovery [13,15]. FS 

values are decreasing from 2nd to 5th pass (Fig. 4d). FS values for 3rd, 4th and 5th are lower than 20 % (Fig. 4d).  

The supersaturation ratio of Nb[C,N] (Table 3) at 825 °C (20.26) is higher than 5.5, which indicates intensive strain-

induced precipitation on austenite grain boundaries [13,15,24,25]. Intensive precipitation causes pinning of grain 

boundaries and suppression of recrystallization, which agrees with shapes of the stress-strain curves (Fig. 3d) and 

obtained FS values (Fig. 4d) as well as with the ASP parameter (Fig. 4h). Suppression of recrystallization causes 

accumulation of deformation, which results in strengthening of the hot rolled steel.  

It can be assumed that due to the high supersaturation ratio, strain accumulation caused strain-induced precipitation 

during the interpass time, resulting in the higher volume of the precipitated phase and adequate hardening. 

Based on all results, the critical temperature for the finishing stage of control rolling is estimated to be 825 °C. 

5. CONCLUSION 

In this paper, deformation/recrystallization behaviour of microalloyed steel at high temperatures was examined. 

Steel used in this research was low carbon Nb/Ti microalloyed steel and was tested in order to determine the finish 

rolling temperature for industrial five stand finish rolling train. Simulation was performed by a multi-pass isothermal 

torsion test in the temperature range of 825-950°C. Evaluation of microstructural changes during the test was 

performed by calculation of FS. A new method, area softening parameter (ASP), for mechanical metallography was also 

applied to analyse the obtained stress-strain curves.  

Individual pass stress-strain curves obtained at 950°C as well as FS and ASP values indicated full recrystallization 

during the interpass time. At lower temperatures the extent of recrystallization during the interpass time decreased. At 

825°C recrystallization is completely suppressed by strain-induced precipitation, which pins the grain boundaries. 

Fraction softening and ASP values show the same trends for each testing temperature and all the obtained results are 

in agreement with the shape of stress-strain curves. ASP as a criterion provides qualitative results, while accuracy in 

terms of quantitative analysis should be further developed. Finally, based on all obtained results, the critical 

temperature for finish rolling was estimated to be 825°C.  
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Sivimulacija završnog valjanja mikrolegiranog čelika u izotermalnim 
usloma 

Stefan Dikić1, Dragomir Glišić1, Abdunaser Hamza Fadel2, Gvozden Jovanović3 i Nenad Radović1 
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3Institut za tehnologiju nuklearnih i drugih mineralnih sirovina, Sektor za metalurgiju i zaštitu životne sredine,  
Bulevar Franš d'Eperea 86, 11000 Beograd, Srbija 
 

(Naučni rad) 
Izvod 

Cilj ovog rada je određivanje temperature završnog valjanja Nb/Ti mikrolegiranog čelika koji sadrži 
0,06 % C, 0,77 % Mn, 0,039 % Nb i 0,015 % Ti. Uzorci su ispitivani laboratorijskom simulacijom, na plasto-
meru - uredjaju za ispitivanje uvijanjem, na temperaturama, između 825 i 950 °C. Režim deformacije u 
pet provlaka i pauza između provlaka odabrani su u saglasnosti sa parametraima valjanja na petostan-
skoj završnoj valjačkoj pruzi valjaonice toplovaljanih traka. Udeo obnovljene mikrostrukture (oporav-
ljanja i/ili rekristalizacije) je određivan na osnovu proračuna prekidnog omekšavanja (engl. fraction 
softening, FS) i parametra omekšavanja na osnovu promene površine ispod krive (engl. area softening 
parameter, ASP). Na 950 °C krive deformacionog ojačavanja za svaki provlak, FS i ASP pokazuju 
ponašanje koje odgovara potpuno rekristalisanom uzorku. Udeo obnovljene mikrostrukture se smanjuje 
sa sniženjem temperature do intervala 875-850°C. Pretpostavlja se da zbog velikog presićenja dolazi do 
pojave taloženja izazvanog deformacijom, što utiče na smanjenje pokretljivosti granica zrna/subzrna što 
dovodi do potiskivanja rekristalizacije. Na 825°C obnavljanje se odvija isključivo mehanizmom oporav-
ljanja pa se ova temperatura može uzeti za kritičnu temperaturu završnog valjanja.

Ključne reči: prekidno omekšavanje; 
mehanička metalografija; kontrolisano 
valjanje; rekristalizacija, deformacija; 
kritične temperature 
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Investigation of hazardous waste  
A case study of electric arc furnace dust characterization 
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Abstract 

Dust from an electric arc furnace is formed as the main by-product of the steel production 
process from the secondary iron-based raw materials. This dust has significant contents of Zn 
and Fe, as well as Pb, Cd, Ca, Mg, Cr, Mn, Si, Ni, Cu, F, Cl and other elements and is considered 
hazardous industrial solid waste since it contains heavy metals. In order to protect the 
environment and public health from the negative impact of this type of hazardous waste, it is 
necessary, even mandatory, to carry out its treatment in accordance with the legislation of the 
country where it is located. Before applying any treatment of the electric arc furnace (EAF) dust, 
it is necessary to perform its detailed characterization. In this paper, the following charac-
terization of EAF dust originating in the Republic of Serbia was performed: physical-mechanical 
and chemical characterization, determination of granulometric composition, and mineralogical 
characterization. Also, the EAF dust impact on the environment and human health was 
assessed (Leachability and Toxicity Characteristic Leaching Procedure (TCLP) tests). The results 
have shown that the Zn content is in the range 32 to 35 % and that the main mineralogical 
phases of the dust are zincite, franklinite, magnetite, and magnesioferrite. Granulometric 
analysis has shown that 80 % of the sample consists of particles less than 26 µm in size. 
According to the leaching test results, the EAF dust is characterized as a hazardous waste due 
to the increased chloride content, while the TCLP test indicated dust toxicity due to the 
increased contents of Zn, Cd, and Pb. 

Keywords: industrial waste; EAF dust; environmental impact.
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1. INTRODUCTION  

Use of the secondary raw materials, the so-called scrap iron, as a raw material, and electricity as the energy source 

of this process, steel production in electric arc furnaces has become more prominent than any other steel production 

process in the world [1,2]. The main sources of secondary raw materials for steel production are construction material 

waste, old cars, appliances, and household waste, which means that waste can contain a large number of different 

metals, plastics and rubber, glass, paint, oil, and even salts [1-8]. Due to the high process temperature (1600 °C) in the 

electric arc furnace, during melting of a batch, some elements evaporate and together with solid particles carried away 

with the gas phase, form one of the by-products - electric arc furnace dust (EAF dust) [3,8,9]. The amount of EAF dust 

generated during the production of 1 t of crude steel is about 10-20 kg [3,10]. A typical EAF dust has a reddish-brown 

or dark brown appearance, and very fine particles that can spread in the air [3,5]. Composition of EAF dust can widely 

vary depending on the operating conditions of the electric arc furnace, characteristics of scrap iron charged in the 

furnace, the working period, specifications of the steel produced, and is also specific to each plant [1,4,6,11]. EAF dust 

is actually the final result of a series of physical and chemical changes that the EAF dust-producing substances undergo. 

These phenomena, which begin in the electric arc furnace and take place within different environments along the gas 

path, define its physical aspect, chemical, and mineral composition. In ideal case, EAF dust should consist of iron oxide, 
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only, however, due to the presence of different types of scrap iron, containing different elements, its composition 

becomes complex [12]. 

Thus, EAE dusts usually have significant contents of Zn, Fe, and Pb, as well as variable contents of Cd, Ca, Mg, Cr, Mn, 

Si, Ni, Cu, F, Cl, etc. [1,4,6,12-16]. The Zn content varies from 2 to 40 wt.% [2,6,17]. Zinc present at higher concentrations 

in the EAF dust is most often due to its widespread use to protect steel from corrosion or it is derived from scrap brass. 

Since the EAF dust is formed under oxidative conditions, most of the metals are present in oxide forms. Zinc occurs in the 

EAF dust in the form of ZnO and ZnFe2O4, while iron mainly occurs as oxides (such as Fe3O4 and Fe2O3) [18,19]. 

Presence of heavy metals such as Zn, Pb, and Cd in EAF dust can pose a threat to the environment and human health 

due to the mobility of these toxic elements, and for this reason, EAF dust is considered hazardous industrial solid waste 

in many countries [20,21]. According to the United States Environmental Protection Agency (EPA), the EAF dust is listed 

as a hazardous solid industrial waste K061 [22], and according to the Brazilian standard ABNT 10004: 2004, the EAF dust 

is listed as hazardous waste from certain source K061 [23]. In the European Union Waste Catalogue [24] the EAF dust is 

classified as a hazardous substance with the designation 10 02 13* and 10 02 07*, depending of the gas treatment 

process [4]. Leachability of heavy metals such as Zn, Cu, Ni, Cd, Cr, and Pb, as well as F and Cl from waste [25] leads to 

significant environmental pollution and improper disposal of the EAF dust has a negative impact on the environment [5]. 

Thus, in the hazardous waste landfills, the EAF dust must be protected from rain, to prevent formation of leachate that 

could pollute the surrounding areas [25]. 

Zinc is an essential element needed by the human body, especially for building cells and enzymes, and it also helps 

wound healing. Reduced Zn content in the human body leads to negative health effects such as anorexia (loss of appetite 

and eating disorders), loss of taste, lethargy (fatigue and lack of energy), growth retardation, slower wound healing, etc. 

The recommended intake of zinc by the World Health Organization (WHO), through the daily diet, is 5.5 to 9.5 mg day-1 for 

men and 4.0 to 7.0 mg day-1 for women. Despite the great importance of Zn for human health, it should not be overlooked 

that it is also carcinogenic and that its excessive intake (100-500 mg day-1) can be toxic. Zinc is also an important nutrient 

for plants. The deficiency of zinc in plants can cause chlorosis (change in leaf color) and necrosis of the root tip (death) 

and can also lead to reduced yields [26]. Although zinc is an important part of living organisms and the environment, 

this element belongs to the group of toxic metals. 

In this paper, hazardous industrial waste was investigated, i.e. dust from an electric arc furnace originating from a 

steel plant in the Republic of Serbia was characterized in detail. In specific, the dust was characterized regarding 

physical-mechanical, chemical, and mineralogical properties as well as regarding granulometric composition and the 

analyses are supplemented with the assessment of the dust impact on the environment and human health.  

2. EXPERIMENTAL 

2. 1. Materials 

Hazardous waste, which was investigated in this paper, is dust from an electric arc furnace obtained from the dry 

dust collecting system of a steel plant in the Republic of Serbia. Four samples (10 kg each) of the EAF dust were taken 

from the production process for investigating purposes. Samples were taken at random from jumbo bags from the 

landfill located under the canopy in the circle of the steel plant (not directly from the filter bags in which the EAF dust 

is collected from the electric arc furnace). 

2. 2. Sample preparation 

Homogenization of each of the four samples was performed by mixing the sample on foil. From the total amount of 

each of the EAF dust samples, representative samples were taken by the quartering procedure (Fig. 1) and marked as 

U1, U2, U3, and U4. 

Triplicate samples from all four representative EAF dust samples (U1, U2, U3, and U4), in quantities of 0.5, 1.0, and 

2.0 kg, for physical-mechanical and chemical characterization were obtained by drying in a dryer at the temperature of 

105 °C, for 24 h. 
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Two dry representative U1 samples (5.0 g) were prepared for morphological analyses by dipping in epoxy resin after 

which they were ground and polished with silicon carbide and then polished with a diamond suspension. The samples 

were first analyzed by a polarizing microscope (JENAPOL-U, Carl Zeiss-Jena, Germany) and then coated with gold and 

analyzed by scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS, JSM IT 300LV, JOEL, Japan). 
 

 
Figure 1. Preparation of the EAF dust representative sample 

 

Two dry representative U1 samples (1.0 g each) were prepared by comminution in an agate mortar and used for X-

ray diffractometer recording. 

2. 3. Characterization methods 

2. 3. 1. Physico-mechanical and chemical characterization 

Physico-mechanical characterization of the initial representative samples of EAF dust involves the determination of 

moisture, pH value of the sample, bulk density, and density of the sample. 

For the determination of metals, initial EAF dust samples were dissolved in 4 acids (HCl, HNO3, HClO4, and HF), and 

the obtained solutions were analyzed. Concentrations of Fe, Mn, Cu, Pb, Bi, Co, Ni, Cr, Mo, P, As, Sb, Sn, Ca, Cd, Al, Si, 

Na, K, and Mg were measured using inductively coupled plasma atomic emission spectrometer (ICP-AES) Spectro Ciros. 

In addition, concentrations of metals with relatively higher content such as Zn, Fe, Mn, Cu, Pb, Ni, Ca, Na, K, and Mg 

were confirmed using atomic absorption spectrophotometer (AAS) PerkinElmer PinAAcle 900F. Since the concentration 

of Zn in EAF dust was the highest of all metals, a more accurate Zn concentration was determined by titration with 

ethylenediaminetetraacetic acid with methylthymol blue as an indicator. The contents of silver and gold were deter-

mined using fire assay (FA). The content of mercury was measured using flameless atomic absorption spectrophoto-

meter AMA-254 (AAS-Hg). The content of sulfur was determined using Thermo Horiba EMIA-920V2 carbon sulfur 

analyser (CSA). To determine chloride (Cl−), fluoride (F−), and pH value, leachates were prepared by suspending initial 

EAF dust samples in demineralized water in a ratio of 1:10, shaking, and filtration. Concentrations of Cl− and F− were 

measured both using spectrophotometer (SF) HACH DR 3900 and ion chromatograph (IC) Thermo Dionex ICS-1600. pH 

values were measured by pH meter IM-23P. 

2. 3. 2. Granulometric composition 

Particle size distribution was determined in a representative EAF dust U1 sample without any prior preparation by 

using a laser device MASTERSIZER 2000 (MALVERN Instruments, UK). 

2. 3. 3. Mineralogical characterization 

Mineralogical characterization of a dry representative EAF dust U1 sample included analyses by using a polarization 

microscope (JENAPOL-U, Carl Zeiss-Jena, Germany), scanning electron microscopy with energy-dispersive X-ray spectro-

scopy (SEM-EDS), and X-ray diffraction analysis (XRD). 
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A SEM-EDS microscope (JSM IT 300LV, JOEL, Japan), with an accelerator voltage of 20 kV, was used to examine the 

morphology and elemental mapping of the EAF dust sample. 

The XRD analysis was applied to determine the phase composition of a representative U1 EAF dust sample as a 

polycrystalline sample (powder) by using a PHILIPS X-ray diffractometer (PW-1710, PHILIPS, Netherlands), with a curved 

graphite monochromator and a scintillation counter. The measurement was carried out in the 2 range from 4 to 70°, 

with a scan rate of 5° min-1. 

2. 3. 4. Assessment of the EAF dust impact on the environment and human health 

A representative U1 EAF dust sample was assessed regarding the impact on the environment and human health 

after disposal, following the Rulebook on categories, testing, and classification of waste (Official Gazette of RS 93/2019, 

39/2021). Laboratory tests were performed according to the accredited standard methods: SRPS EN 12457-2 for testing 

the leachability of materials, and EPA 1311 for testing the toxicity of materials. For Leachability test, after determining 

the moisture content of the sample, the EAF dust sample in the amount of 0.090 kg (calculated on dry mass) was mixed 

with distilled water in the liquid : solid ratio = 10 L : 1 ± 0.02 kg, in a plastic bottle. The bottle was placed on a rotary 

shaker and rotated at 30 rpm for 24 hours. The suspension was then filtered, the pH value and conductivity of the filtrate 

were measured, and a chemical analysis was performed. Based on the dry mass of the original EAF dust sample, the 

amount of the ingredient leached from it was calculated. To perform the TCLP test, a 100 g sample of EAF dust was 

mixed with 2 dm3 of extraction liquid (acetic acid) in a plastic bottle. The plastic bottle was placed on a rotating shaker 

at 30 rpm for 18 hours. After the suspension was filtered, the pH value of the extract was measured, and immediately 

aliquot and chemical analysis of the extract was performed. The EAF dust samples for both tests were not previously 

additionally prepared, and both tests were performed with two samples each. 

The obtained results were compared to the legislation of the Republic of Serbia, based on which the toxicity and 

leachability of the tested material samples were determined. 

3. RESULTS AND DISCUSSION 

3. 1. Characterization of the EAF dust 

3. 1. 1. Physical and chemical characterization  

The results of physical characterization of the representative EAF dust samples (U1, U2, U3, and U4) are presented 

in Table 1. 
 

Table 1. Physical characteristics of the representative EAF dust samples 

Characteristic 
Sample 

U1 U2 U3 U4 

Moisture, wt.% 0.36 2.90 43.30 1.60 

pH 11.42 8.05 9.10 7.15 

Bulk density, kg m-3 654 712 n.a. 686 

Density, g cm-3 4.351 4.550 n.a. 4.446 
n.a. – not analyzed 

 

The moisture contents in the EAF dust samples U1, U2, and U4 are low (below 3 wt.%), while the moisture content 

is higher (43.3 wt.%) in the sample U3. All EAF dust samples were taken from jumbo bags from the landfill located under 

the canopy. However, the sample marked as U3 was taken from a jumbo bag that stood at the very end of the canopy 

and was damaged (torn). For this sample, the difference in the size of EAF dust particles compared to the other taken 

samples could be already noticed by the visual inspection, since the EAF dust particles were in the form of larger 

agglomerates. The research has shown that the particle size distribution of EAF dust is closely related to the moisture 

content, and for this reason, dust particles will also coagulate in reaction with water [3,28]. 



V. TRIFUNOVIĆ et al.: INVESTIGATION OF HAZARDOUS WASTE Hem. Ind. 76(4) 237-249 (2022) 

 241 

It was shown that long-term storage of the EAF dust in conditions with increased humidity can lead to the formation 

of large agglomerates of the dust particles [3]. The increased humidity of the U3 sample indicates that its storage is not 

adequate because the EAF dust contact with water resulted in agglomeration and formation of large and solid 

agglomerates of the otherwise very small and powdery EAF dust particles. For this reason, bulk density was not 

measured for the U3 sample. The pH values of the dust samples range from 7.15 to 11.42 (Table 1), which indicates that 

the EAF dust is a material with basic characteristics. 

Results of the chemical characterization of the four representative EAF dust samples, as well as the analytical 

methods used for chemical characterization, are presented in Table 2. 
 

Table 2. Chemical composition of the representative EAF dust samples U1-U4 and analytical methods used for determination 

Element 
U1 U2 U3 U4 

Analytical method* 
Content, wt.% 

Zn 32.44 32.95 35.21 32.38 V/AAS 

Fe 18.92 21.92 22.93 28.28 ICP-AES/AAS 

Mn 1.81 2.07 1.48 2.29 ICP-AES/AAS 

Cu 0.19 0.20 0.23 0.19 ICP-AES/AAS 

Pb 1.39 1.74 2.37 1.11 ICP-AES/AAS 

Bi 0.013 <0.01 0.016 <0.01 ICP-AES 

Co 0.0017 0.0013 0.0024 0.0018 ICP-AES 

Ni 0.036 0.0099 0.017 0.014 ICP-AES/AAS 

Cr 0.25 0.25 0.28 0.40 ICP-AES 

Mo <0.0050 0.0029 0.0053 0.0028 ICP-AES 

S 0.51 0.38 0.41 0.44 CSA/ICP-AES 

P 0.15 0.11 0.12 0.11 ICP-AES 

As 0.0041 0.004 0.0058 0.045 ICP-AES 

Sb 0.022 0.017 0.023 0.014 ICP-AES 

Sn 0.037 0.044 0.055 0.035 ICP-AES 

Ca 3.85 2.89 2.07 3.05 ICP-AES/AAS 

Cd 0.040 0.06 0.059 0.032 ICP-AES 

Ag 0.00604 0.00747 0.017 0.00730 FA/AAS 

Au 0.00004 <0.00001 - - FA/AAS 

Cl 2.85 2.23 0.16 2.50 SF/IC 

Al 0.73 0.63 0.58 0.77 ICP-AES 

Si 1.34 1.68 - - ICP-AES 

Hg 0.0001 0.00006 - - AAS-Hg 

Na 1.28 0.91 0.35 0.92 ICP-AES/AAS 

K 0.87 0.69 0.22 0.74 ICP-AES/AAS 

Mg 0.93 0.68 0.55 0.57 ICP-AES/AAS 

F - - 0.52 0.023 SF/IC 
*V- Volumetry; AAS – Atomic Absorption Spectrophotometry; ICP-AES - Inductively Coupled Plasma Atomic Emission Spectrometry 

CSA – Carbon/Sulfur analyzer; FA – Fire Assay; FOT – Photometry; SF – Spectrophotometry; IC – Ion Chromatography 

AAS-Hg - Flameless Atomic Absorption Spectrophotometry (mercury analysis) 

 

Comparison of the obtained results for the four dust samples from the same steel plant indicates variability of the 

EAF dust composition depending on the operational parameters of the melting process in the electric arc furnace and 

the type of charged scrap iron, which is in accordance with the literature [11,29]. 

Apart from the fact that treatment of EAF dust is primarily performed for environmental protection, which can be 

carried out by a hydrometallurgical process, for example, could be also economically viable if the EAF dust contains Zn 

at concentrations higher than 15 wt.%. After the treatment, returns from the obtained by-products, which can be used 

for production of metals could compensate the capital and operating costs of such a process [20,28]. The most 

significant deviations in the analyzed EAF dust samples in this work were observed in the contents of Zn, Fe, Mn, Pb, Cl, 
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Na, and Ca. The lowest Fe content and the highest Ca content were determined in the U1 sample. The increased Ca 

content in this sample is attributed to lime addition during the furnace operation, which is also the reason for the 

increased pH value of this sample compared to the other three analyzed samples. Zn contents in the samples can be 

characterized as high (32.38-35.21 wt.%), since the content of this metal varies from 2-40 wt.% in EAF dusts. For further 

characterization of the EAF dust, the U1 sample was selected, i.e. the sample with the Zn content of 32.44 wt.% and the 

Fe content of 18.92 wt.%. 

Considering the need for EAF dust treatment, whether for environmental or economic reasons, choice of the 

processing methods depends on the dust chemical composition and the available quantity for exploitation. In the case 

of processing the investigated EAF dust, due to the limited quantities and high content of Zn, hydrometallurgical process 

is the most suitable in order to separate Zn and transform hazardous waste into non-hazardous waste.  

3. 1. 3. Granulometric composition 

Graphical presentation of particle size distribution in the U1 EAF dust sample is presented in Figure 2. Based on the 

obtained granulometric analysis results, it was determined that 80 vol.% of the sample consists of particles <26 µm in 

size. Such a fine grain distribution in the EAF dust can result in difficult filtration during the hydrometallurgical treatment. 
 

    
Particle size, m 

Figure 2. Granulometric composition of the representative EAF dust sample  

 

Due to differences in methods for steel production in electric arc furnaces and methods of dust collection, physical 

characteristics of EAF dusts may be variable in a certain range. There are three main dust collection methods resulting 

in 3 EAF dust particle size intervals: 1) collection by gravity collectors, where 85 % of the particles are <10 μm in size, 2) 

collection in filter bags where 90 % of the particles are 50 μm in size, and 3) collection by electrostatic collectors where 

more than 90 % of the particles are less than 100 μm in size [3]. 

In this work, the investigated EAF dust was collected in filler bags, and the obtained results of the particle size 

distribution agree with the literature results [3,29]. 

3. 1. 4. Mineralogical characterization 

3. 1. 4. 1. Polarized light microscopy  

Table 3 presents a semi-quantitative mineralogical analysis of the U1 representative EAF dust sample. 
 

Table 3. Presence of minerals in the U1 representative sample 

Mineral Presence Mineral Presence 

Zinc metal Substantial Magnesioferrite Low 

Zincite Substantial Maghemite Occurs in trace amounts 

Magnetite Substantial Wustite Occurs in trace amounts 

Franklinite Low Crystalline coke Substantial 
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Based on the obtained qualitative microscopic analyses in reflected light, the following composition was determined 

in the representative U1 dust sample: zinc metal, zincite, magnetite, franklinite, Mg-spinels, maghemite, wustite, 

crystalline coke (graphite), and amorphous phase. Structural-textural properties of grains containing zinc and iron 

minerals are presented in Table 3 and in micrographs in Figure 3. The main mineral phases of zinc in the sample are 

zincite (ZnO) and zinc metal (Zn). Grains with zinc (Fig. 3b) appear in the form of small white "lumps". Zinc metal is a 

common metal phase, mostly occurring in free grains, which are spherical with circular cross-sections (Fig. 3b-d). Zinc 

metal grains are sometimes surrounded by the annular franklinite (ZnFe2O4) or the central parts may be filled with Zn-

Fe-Mg spinels and their eutectics (Fig. 3d). The main iron minerals that are well represented in the sample are magnetite 

(Fe3O4) and various (Fe, Mg)-spinels, which regularly occur in free spherical grains (up to 50 μm) with circular cross-

sections. Other mineral phases with iron are less represented. Carbon phases are largely presented by crystalline, semi-

crystalline, and amorphous coke (Fig. 3c). All coke grains (graphite) are tabular or rod-shaped, with appearance of black 

stripes along their foliation (glass). 

 

 
Figure 3. Micrographs of the representative EAF dust sample: a) Zn metal and spinel grains; b) zincite, spinel and Zn metal grains;  
c) Zn metal, crystalline coke and spinel grains; d) magnetite grain in Zn metal grain in franklinite grain 

Indications of present phases: Km - crystalline coke; Mg - magnetite; Zk - zincite; Zn – zinc metal; Fr - franklinite; Sp – spinel 

 

The obtained results are in accordance with literature data [3,4,16]. 

3. 1. 4. 2. SEM-EDS analysis 

Figure 4 presents a SEM micrograph of the U1 EAF dust sample showing agglomerates of irregularly shaped particles, 

as well as agglomerates of spherical particles, which differ in size. 
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Figure 4. SEM image of the representative U1 EAF dust sample showing agglomerates of irregularly shaped as well as spherical 
particles 

 

Melting of scrap iron in an electric arc furnace induces metal evaporation, resulting in EAF dust formation by two 

ways: by heterogeneous and homogeneous nucleation. Depending on the nucleation process, dust particles will be 

larger or smaller. Most of deposition of volatile metals on the surface of solid metal particles is carried out by hetero-

geneous nucleation, leading to formation of larger particles, i.e. particles with a diameter of about 200 μm. In the case 

that the amount of solid particles is not sufficient for agglomeration, homogeneous nucleation takes place and particle 

growth up to 0.02-100 μm. All interactions that occur during the formation of EAF dust make the final dust complex in 

terms of its chemical and physical characteristics [1, 30]. 

The SEM-EDS analysis has also shown an encapsulation phenomenon in the EAF dust particles, i.e. zinc metal 

particles are in some cases trapped within a sphere of magnetite and various types of glass, confirming the results 

obtained by polarized light microscopy. Cross-section of an EAF dust particle is presented in Figure 5, indicating that the 

larger particles are composed of an inner core of iron oxide (Fe3O4/Fe2O3), Zn metal, CaO, Ca-Si-Al-Ti glass, and graphite; 

middle layer of FeO, CaO, and graphite and a most distant layer of ZnFe2O4, leading to the assumption of heterogeneous 

nucleation. 

 

 
Figure 5. SEM-EDS analysis of a cross-section of a spherical particle 

 

Figure 6 shows SEM-EDS analysis of the U1 EAF dust sample, which also identified the presence of ZnO, along with 

graphite and FeO in irregularly shaped particles. 
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Figure 6. SEM-EDS analysis of the representative U1 EAF dust sample 

3. 1. 4. 3. XRD analysis 

In the analyzed U1 EAF dust sample, presence of the following phases was determined by the XRD analysis: zincite 

(ZnO), zinc metal (Zn), magnetite (Fe3O4), franklinite (ZnFe2O4), magnesioferrite (MgFe2O4), maghemite (Fe2O3), wustite 

(FeO) and poorly crystallized graphite (C) as shown in the diffractogram (Fig. 7). The main phases identified in the 

analyzed dust sample are in accordance with the results published in literature [2,3,5,10]. 

 

 
      2 / ° 
Figure 7. Diffractogram of the representative U1 EAF dust sample 

 

Positions and relative intensity of the most intense diffraction peaks correspond to zincite, i.e. the most common 

phase, followed by the spinel phases (magnetite (Fe3O4), franklinite (ZnFe2O4), magnesioferrite (MgFe2O4)), while the 
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diffraction peaks of zinc metal (Zn), graphite (C) and maghemite (Fe2O3) are less expressed. Peaks of the wustite (FeO) 

mineral show that it appears in traces in the sample. 

3. 1. 5. Assessment of the impact of EAF dust on the environment and human health 

3. 1. 5. 1. Leachability test 

Results of the Leachability test of the representative U1 EAF dust sample according to SRPS EN 12457-2: 2008 are 

presented in Table 4. 
 

Table 4. Leachability test results for the representative U1 EAF dust sample 

Parameter 
Measured 

value 
Reference value for  

non-hazardous waste1 
Reference value for  
hazardous waste2 

pH 11.31 6-133 - 

Conductivity, μS cm-1 8288 - - 

 Content, mg kg-1 of dry matter 

Vanadium <0.08 200 - 

Chromium <0.05 10 70 

Nickel <0.07 10 40 

Copper <0.05 50 100 

Zinc 3.00 50 200 

Arsenic <0.20 2 25 

Selenium <0.33 0.5 7 

Silver <0.05 50 - 

Cadmium <0.08 1 5 

Barium 2.60 100 300 

Mercury <0.005 0.2 2 

Lead 10.00 10 50 

Molybdenum 4.70 10 30 

Antimony <0.50 0.7 5 

Chlorides, as Cl- 30900 15000 25000 

Fluorides, as F- 36.30 150 500 

Sulfates, as SO4
2- 7400 20000 50000 

Phenol index 0.24 1000 - 
1,2Annex 10 of the Rulebook on categories, investigation and classification of waste (Official Gazette of RS 93/2019, 39/2021), Article 2, Parameters for 
testing waste and leachate from non-hazardous waste landfills1 and hazardous waste2. Ambient temperature 21°C, humidity 52 %, pressure 970 hPa 
3Reference value for pH according to the Rulebook 93/2019, 39/2021 Annex 7, H15- Waste that has the property of producing another substance in any 
way after disposal, e.g. leachate that has any of the following characteristics (H1-H14), is 6-13. The measured pH value is within the allowable range. 

 

Based on the leaching test results, the EAF dust sample is categorized as a hazardous waste in terms of disposal, due 

to the increased chloride content in the leaching eluate (leaching solution) above the permitted limits, even for the 

waste disposal on a hazardous waste landfill. These results indicate that the dust has to be subjected it to the prior 

treatment before the final disposal. 

3. 1. 5. 2. Toxicity characteristic leaching procedure 

Results of the toxicity characteristic leaching procedure (TCLP) test (EPA 1311) of the representative U1 EAF dust 

sample intended for disposal are presented in Table 5. 

The obtained results of the TCLP test show that the EAF dust sample exhibited toxic characteristics, due to the 

increased contents of zinc, cadmium and lead in the TCLP eluate (leaching solution), which are above the permissible 

limits prescribed by the regulations. This type of hazardous waste needs further attention in order to protect the 

environment and work conditions. 
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Table 5. TCLP test results for the representative U1 EAF dust sample (element contents in the extraction procedure extract) 

Element Measured content, mg dm-3 Waste toxicity reference content*, mg dm-3 

Vanadium <0.008 24 

Chromium <0.005 5 

Nickel 0.068 20 

Copper 0.050 25 

Zinc 2690.67 250 

Arsenic <0.020 5 

Selenium <0.033 1 

Silver <0.005 5 

Cadmium 13.880 1 

Barium 0.880 100 

Mercury <0.0005 0.2 

Lead 61.160 5 

Molybdenum <0.007 350 

Antimony <0.050 15 
*Annex 10 of the Rulebook on categories, investigation and classification of waste (Official Gazette of RS 93/2019, 39/2021), Article 1, Parameters for 
testing the toxic characteristics of waste intended for disposal 

4. CONCLUSION 

This paper presents a detailed investigation of hazardous waste, i.e. EAF dust from a steel production plant in Serbia. 

Chemical characterization has confirmed the Zn content in the dust in the range of 32 to 35 wt.%, while the main 

mineralogical phases were zincite, franklinite, magnetite and magnesioferrite. Granulometric analysis showed that 80 % 

of the sample consisted of particles less than 26 µm in size. Impact on the environment and human health was assessed 

by the leachability test, which characterized the EAF dust as a hazardous waste due to the increased chloride content, 

while the TCLP test indicated toxicity of the dust due to the increased Zn, Cd and Pb contents. 

Thus, treatment of this type of hazardous waste is necessary to protect the environment and human health. With 

appropriate processing, it would be possible to achieve concentration and separation of valuable metals that are in the 

waste, which is in the present case zinc, the most abundant metal in the investigated EAF dust. In order develop 

hydrometallurgical processes for zinc separation and stabilization of solid residues, as well as to design safe disposal of 

the resulting non-hazardous waste, further experimental studies of the treatment of the investigated EAF dust are 

necessary.  
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Studija slučaja karakterizacije prašine iz elektrolučne peći 
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(Stručni rad) 
Izvod 

Kao međuprodukt procesa dobijanja čelika topljenjem sekundarnih sirovina na bazi gvožđa u 
elektrolučnoj peći, nastaje prašina. Ova prašina iz elektrolučne peći ima značajan sadržaj Zn i Fe, kao i 
Pb, Cd, Ca, Mg, Cr, Mn, Si, Ni, Cu, F, Cl i dr. elemenata i smatra se opasnim industrijskim čvrstim otpadom 
obzirom da u svom sastavu sadrži teške metale. U cilju zaštite životne sredine i javnog zdravlja od 
negativnog uticaja ove vrste opasnog otpada, neophodno je, čak i obavezno, sprovesti tretman otpada 
u skladu sa zakonodavstvom zemlje u kojoj se nalazi. Pre nego što se primeni bilo koji tretman prerade 
prašine iz elektrolučne peći, potrebno je izvršiti njenu detaljnu karakterizaciju. U ovom radu, izvršena je 
sledeća karakterizacija uzoraka prašine iz elektrolučne peći iz postrojenja u Republici Srbiji: fizička, 
hemijska, kao i mineraloška karakterizacija, određen je granulometrijski sastav, a određena je i procena 
uticaja prašine na životnu sredinu i zdravlje ljudi (testovi toksičnosti i lužljivosti). Rezultati istraživanja 
ove vrste opasnog otpada pokazali su da je sadržaj Zn u prašini iz elektrolučne peći iznosio od 32 mas.% 
do 35 mas.% i da su glavne mineraloške faze prašine cinkit, franklinit, magnetit i magnezioferit. 
Granulometrijska analiza je pokazala da se 80 % uzorka sastoji od čestica veličine manje od 26 µm. Što 
se tiče rezultata testa lužljivosti, prašina je okarakterisana kao opasan otpad zbog povećanog sadržaja 
hlorida, dok je testom toksičnosti utvrđeno da ispitivana prašina pokazuje toksična svojstva zbog 
povećanog sadržaja Zn, Cd i Pb.

Ključne reči: industrijski otpad, EAF 
prašina, uticaj na životnu sredinu 
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Abstract 

Composting is recognized as a sustainable waste management approach in which 
microorganisms treat and stabilize biodegradable waste under aerobic conditions to obtain 
compost as a final product. In this paper, composting of biowaste in a rotary drum composter 
(closed system) and an open container (open system) was compared. Temperature, pH, 
electrical conductivity, a carbon-to-nitrogen mass ratio (C/N ratio) and contents of moisture, 
carbon and dry and volatile matter, were measured during composting. Results showed 
decreasing profiles for moisture, volatile matter, and carbon contents, as well as for the C/N 
ratio, while increasing profiles for the dry matter content and electrical conductivity during 
composting in both systems. Leachates were formed only during the first three days of 
composting and were characterized with high organic loads, high ammonia concentrations, low 
pH, and high conductivity and turbidity. The organic matter content data during the 
composting process were analysed according to the first order kinetic model. Results suggested 
that there was a difference in the rate of organic matter decomposition, which was higher 
when composting in the open vessel than in the rotary drum composter. 

Keywords: dry content; volatile mater content; moisture content; electrical conductivity; 
kinetic analysis, leachate charaterization.
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1. INTRODUCTION  

Industrialization, growing population and a high standard of living are the main causes of a significant increase in the 

amounts of mixed municipal waste. The usual practice of municipal waste management in many countries all over the 

world is based on the waste disposal on landfills, which poses a risk to human health and may cause a long-term 

environmental pollution [1]. Thus, primary separation of municipal waste into its main fractions (such as paper and 

cardboard, plastics, glass, organic biodegradable fraction, medication, batteries, etc.) is highly recommended [2]. There 

are various regulations in the European Union (Directive 1999/31/EC or Directive 2008/98/EC) that promote the 

relocation of biodegradable waste from landfills to reduce its impact on leachate and gases formation [3]. Namely, the 

organic fraction in mixed municipal waste mostly contains food waste from households. This organic fraction 

decomposes in landfills, and may cause groundwater pollution, production of harmful gases and unpleasant odors. 

Therefore, finding adequate solutions for the organic fraction is essential. Composting is a recognized technological 

process of biowaste management in which this type of waste is treated and stabilized with the help of microorganisms 

under aerobic conditions, leading to production of quality compost along with the production of heat [4, 5]. It should 

be noted that uncontrolled biodegradation of waste is not considered as composting [6]. In order to guarantee safety 
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during compost use, certain quality criteria should be fulfilled such as: contents of pathogens, heavy metals, organic 

matter, and nutrients, as well as stability and maturity [7].  

Croatia, except for a few examples, lags behind the other EU countries in separation, collection and treatment of 

biodegradable fractions of municipal waste. According to the data in the Waste Management Plan in the Republic of 

Croatia 2017-2022 [8], the quantities of recovered municipal waste in the country increased only slightly in the period 

2010-2015. In 2015, the percentage of recovered waste reached fairly 18 %, compared to only 4 % reported for 2010. 

In addition to 18 % of the recovered waste (whereby only 2 % refers to composting and anaerobic digestion), 80 % of 

waste ended up in landfills, and 2 % was stored municipal waste. The reason for such devastating results is the poor 

system for separated collection of biowaste. Thus, it is crucial to establish separate waste collection and separation of 

organic waste fractions, especially since these fractions cause unpleasant odors and other environmental hazards after 

just a few weeks. However, as the Republic of Croatia is lagging behind in solving the problem of biowaste separation 

from municipal waste and disposal of untreated waste on a system level, a possible solution may be in installment of 

decentralized smaller devices for biowaste treatment. One of the effective and promising such devices is rotary drum 

composter, which provides biowaste agitation, aeration and mixing to produce a consistent and uniform compost as 

the end-product [9]. Also, decentralized composting ensures a sustainable and safe environment by processing smaller 

quantities of waste at the source [10]. 

There are several examples in literature describing the use of rotary drum composters such as for composting a 

combination of vegetable waste, cattle manure and saw dust using compost as a bulking agent [9]. It was reported that 

the temperature was above 55 °C for two days, nitrification occurred after the sixth day, while decreasing in the 

BOD/COD ratio indicates the stabilization of the compost as only the non-biodegradable parts remained [9]. In the other 

studies of the same group, rotary drum was investigated for composting vegetable waste and tree leaves [11] as well as 

sewage sludge [12]. The results suggested that composting of sewage sludge with the optimal proportion of cattle 

manure and saw dust, especially at carbon-to-nitrogen mass ratio (C/N) = 30, can produce stable compost within 20 days 

of composting [12]. In another study, rotary drum composting was investigated as a low-cost method for removal of 

helminths (Ascaris lumbricoides and Trichuris trichiura) in fecal sludge compost [13]. Four different rotary drums at a 

pilot scale were used: metal or a plastic composter with paddles or baffles, showing the composter type had a significant 

impact on the helminth removal so that the best results were obtained in the plastic composter with paddles [13]. Jain 

et al. investigated the efficacy of rotary drum composting of invasive aquatic weed (Hydrilla verticillata (L.f.) Royle), 

which is one of the biggest challenges in the field of solid waste management. Different mixed proportions of H. 

verticillata, cow dung and sawdust were investigated, and the results suggested that the biomass of H. verticillata could 

be utilized to produce stable compost for potential use in agricultural systems [14]. The same technique was 

investigated for finding a suitable inlet composition containing flower waste to obtain nutrient-enriched compost. The 

bulking agent (sawdust and wheat bran) helped to maintain the prolonged thermophilic conditions, adequate moisture 

content, leachate production and aerobic conditions during the composting process [15].  

It is evident that rotary drum composting is widely applied as an efficient and decentralized technique for 

transforming different sources of waste and bulking agents into compost. However, none of the mentioned studies 

compared composting in a rotary drum composter (as a closed system) and open container (as an open system). In the 

present work, a pilot scale rotary drum composter was used for monitoring and analysis of biowaste composting and 

evaluation of the resulting compost quality. Also, the resulting compost was compared to that obtained in an open 

rectangular container. In addition, the organic matter content data during composting processes in both investigated 

systems were fitted with the first order kinetic model. 

2. EXPERIMENTAL  

2. 1. Composters 

In order to study the composting process, a rotary drum composter and an open container were used (Figure 1.). 

The rotary drum composter dimensions were 9510850 cm while the drum dimensions were: 80 cm in  length and 
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48 cm maximum diameter with the capacity cca 150 dm3. Outer dimensions of the open rectangular container were 

304535 cm with the capacity cca 46 dm3. 

 a b 

    
Figure. 1. Scheme of composters: a) open container; b) rotary composter 

2. 2. Biowaste 

The biowaste was collected in a student canteen located in the University campus of the University of Split, Croatia. 

Biowaste (substrate) comprised onion peels, lettuce, cucumber peels, orange peels, tomatoes, and coffee grounds. The 

total mass of biowaste placed in the composters was 23 kg. This biowaste was shredded using a shredder (Hurricane 

HMH-E 2440, iSC GmbH, Landau an der Isar, Germany), mixed with sawdust as structural material and divided into two 

parts of equal masses: one part was then placed in an open rectangular container (cca 12 kg) (sample A), while the other 

part (cca 12 kg) was placed in a rotary drum composter (sample B). The initial samples were characterized regarding the 

following parameters: temperature, moisture content, dry and volatile matter contents, carbon and nitrogen contents, 

C/N ratio, pH value and electrical conductivity. 

2. 3. Composting performance 

After placing the initial samples into composters, the composting process was started and investigated. During 

composting, sawdust was also added for better humidity regulation and a “biogarden” organic fertilizer (type Homeo-

garden, HomeOgarden, Ljubljana, Slovenia) with 5 wt.% percentage of nitrogen and enriched with mycorrhizal fungi in 

order to adjust the C/N ratio containing 2 wt.% of Endomycorrhizal fungi: Claroideoglomus etunicatum, Rhizophagus 

intraradices and Claroideoglomus claroideum; without genetically modified organisms -GMO-free). The biogarden 

organic fertilizer was added during composting in both composters at day 10, 14 and 23 in the amounts of 50, 50 and 

100 g, respectively. The moisture content of the compost mass was monitored daily. The composting process in both 

composter types lasted 25 days during which regular mixing was performed 2-3 times a day, with the addition of water, 

as needed (moisture content in range 60 – 80 wt.%). Sampling of the compost mass was performed manually by taking 

a sample) at six places (zig-zag) in amount of cca 200 g, prior mixing and homogenization. After each sampling, the 

following parameters were analyzed: room and compost temperatures, moisture content, dry matter content, volatile 

matter content, carbon content, C/N ratio, pH value and electrical conductivity, according to standard methods [16,17]. 

During the composting process, samples of leachate were also collected. The following water quality indicators were 

determined: pH value, electrical conductivity, turbidity, chemical oxygen demand (COD) and Kjeldahl nitrogen. All 

experimental analyses were performed by standard methods [16]. 
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2. 4. Measurement methods 

Temperature was monitored two times per day by using a digital thermometer throughout the composting period. 

pH value and electrical conductivity were determined in filtrate obtained by mixing 5 g of the sample with 100 cm3 of 

deionized water and measured by using a pH/conductivity combimeter (Orion Star Series Meter Thermo Fischer 

Scientific Inc., Beverly, MA, USA). Moisture and dry matter contents were determined by drying the sample at 105 °C 

for 24 h, while volatile matter and carbon contents were determined by annealing in a muffle furnace at 550 °C for 4 h. 

Nitrogen content was measured according to the Kjeldahl method. The C/N ratio was determined by dividing the carbon 

content to the nitrogen content [16,17]. Chemical oxygen demand (COD) was determined by the dichromate method. 

All measurements were done in triplicates. 

3. RESULTS AND DISCUSSION 

3. 1. Analysis of the composting process 

3. 1. 1. Temperature profile during the composting process 

Temperature is an indicator of the progress of the composting process. The change in temperature is directly related 

to the biochemical activity of microorganisms, as decomposition of organic matter releases heat and causes an increase 

in temperature in the substrate. Change in the temperature in the compost mass causes changes in the number and 

types of members in the mixed culture of microorganisms involved in the decomposition of the substrate. Results of 

the monitored compost and room temperatures during composting are graphically shown in Figure 2. 
 

 
Figure 2. Results of continuous temperature monitoring of samples in the investigated open container (TA) and rotary drum (TB) and 
room temperature (Troom) over the course of the composting process. Note: standard deviation from the average value for 
temperature is in range ± (0.3-1.2). 

 

Two phases of the aerobic process can be distinguished: a mesophilic and a thermophilic phase. Depending on the 

local conditions, during the aerobic mesophilic phase temperature is between 20 and 40 °C, and during the thermophilic 

phase temperature is in the range from 40 to 70 °C. The results show that the temperature of sample A rises sharply 

during the first three days, from the room temperature (22 °C) to 47 °C. This sudden rise in temperature occurred due 

to the activity of thermophilic microorganisms. The thermophilic phase lasted for three days followed by a cooling 

period up to day 11, when the temperature decreased to 38 °C. Further cooling was observed up to the end of the 

experiment (day 25). In sample B, during the first 3-5 days, the temperature first rose sharply from the room 

temperature to 36 °C and continuously declined to 30 °C. As soon as the temperature drops, it is a sign that either 

compost has been produced (food is exhausted) or that there is a threat to the life of microorganisms. It can be seen 

that the sample A has a satisfactory temperature rise (thermophilic phase), while sample B reached the temperature 

lower than 36 °C (mesophilic phase). This can be associated with different performances of the composting devices 

(open vs. closed). Also, we noticed that the temperature of the sample A (open container) in the core of compost mass 
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was significantly higher when compared to the temperature of the mass surface, whilst in case of compost in a rotating 

drum the temperature throughout the whole mass was uniform. The obtained results of temperature change during 

composting corresponded to those found in literature [9,18]. 

3. 1. 2. Changes in moisture and dry matter contents during composting  

Moisture content is one of the critical factors influencing the effectiveness of a biological treatment and must be 

monitored systematically throughout the process timeline on a regular basis [19]. Moisture loss during the composting 

process can be viewed as an index of decomposition rate, since heat generation, which accompanies decomposition, 

drives vaporization (i.e. moisture loss) [9]. Therefore, it is necessary to monitor the dry matter content (moisture 

content) throughout the composting process. 

The monitored dry matter content during the composting process is graphically shown in Figure 3. 
 

 
Figure 3 Dry matter content change ) during the composting process . Note: standard deviation from the average value for dry 
matter content is in range ± (2.1-3.5) 
 

Dry matter contents increased over time during the composting process in both devices and at the end of the process 

reached values of around 30 wt.%. This was expected as the compost mass becomes looser and water binding capacity 

decreases as the process progresses. Correspondingly, the initial moisture content was about 75.5 wt.% in both 

composts at the beginning of the process, while at the end it was 69 wt.%. Leachate from composting processes have 

to be collected and fully treated, in order to avoid pollution of underground and runoff water and detrimental effects 

on the environment. Interestingly, except at the beginning of the composting process, in both investigated systems 

there was almost no leachate generation. Similar behavior was reported in the literature [3,9,20]. The reason for such 

behaviour is probably connected with grinding of the collected biowaste by a shredder before filling composters in order 

to achieve smaller particles, which have larger surface area and can degrade more quickly. The highest amount of 

leachate was produced during the first three days (in sample A, total 1670 cm3, and in sample B 1630 cm3), after which 

leachate formation was not detected. According to literature [21], absence of leachate production might relate to the 

addition of sawdust, which preserves leaching. A very high C/N ratio achieved already in the initial stage can be 

associated with the leachate production in this stage, as biowaste grinding induced leaching nutrients from the 

biowaste. Thus, the leachate collected during the days 2 and 3 were analyzed and the results are compared with maximal 

allowed values according to the Croatian Regulation for discharge into surface water and public sewage system [22].  

The leachate samples were cloudy and dark green in color (turbidity results shown in Table 1 are extremely high and 

range from 377 to 917 NTU). The increased values of electrical conductivity (in the range 5610 - 9510 µS cm-1) indicate 

organic substances and the increased presence of salts, anions and cations. The pH values are slightly acidic (in the range 

of 4.62 - 5.10) which is attributed to the rapid conversion of soluble organic matter into volatile fatty acids (VFA). The 

low pH recorded in the leachate can accelerate the process of biological nitrification and, thus, complicate maintenance 

of the constant efficiency of a composting process [23]. 
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Table 1. Results of physical and chemical characterization of leachate. 

Parameter 
Leachate after the 2nd day of 

composting 
Leachate after the 3rd day of 

composting Surface 
water 

Public sewage 
system 

system A system B system A system B 

pH 4.62±0.12 4.59±0.11 5.08±0.15 5.10±0.10 6.5-9.5 6.5 – 9.5 

Conductivity, µS cm-1 9230±40 5610±26 7800±32 9510±42 - - 

Turbidity, NTU 917±7.5 377±3.5 981±8.7 891±6.7 - - 

COD, mg O2 dm-3 34313 ±110.55 27410 ±101.85 24460±95.55 25380±105.95 125 700 

TNK, mg N dm-3 288.54±11.55 182.09±9.85 1048.04±55.73 732.20±35.62 15* 50* 
Note: system A - leachate from composting in an open container, B - leachate from composting in a rotary composter; 

*values in last two columns are taken from Croatian regulations NN 26/20 [22]. However, values for total nitrogen are compared since values for 
Kjeldahl nitrogen are not specified in the Croatian regulation.  The results are reported as the average values±standard deviation. 

 

COD levels in the leachate are very high and in the range 24460 – 34313 mg O2 dm-3, which indicates the presence 

of organic and inorganic substances susceptible to oxidation with dichromate. The values significantly exceed the limit 

values prescribed by the Croatian regulation. 

Increased concentration of ammonia indicates biodegradation of complex organic molecules and organic nitrogen, 

which results in the formation of ammonium ions. This is precisely why nitrogen was analyzed here as Kjeldahl nitrogen, 

as it includes organic and ammonium nitrogen. The resulting value is compared with the regulatory data for total 

nitrogen, as data for Kjeldahl nitrogen are not prescribed by the Croatian low. It can be seen that the values significantly 

exceed the limit values prescribed by Croatian regulations. 

Phosphates, heavy metals and plasticizers in the leachate after composting were not determined in this work, 

although their presence has been proven in the literature [23]. 

3. 1. 3. Changes in volatile matter and carbon contents during composting  

 Experimentally determined volatile matter and carbon contents during the composting process are shown in Figure 4. The 
carbon content is calculated from the volatile matter content, according to the equation [24]:   

(VM)
(C)

1.8

w
w =  (1) 

where w(VM) / % is the volatile matter content and w(C) / % is the carbon content. 

 

 
Figure 4. Contents of (a) volatile matter and (b) carbon during the composting process in the open container (sample A) and rotary 
drum (sample B). Note: standard deviation from the average value for volatile matter is in range ±(1.2-3.5), for carbon content in 
range ±(2.5-4.1) 

There is a slight decrease in the volatile matter content in both samples, from the beginning to the end of the 

process, as is evident in Figure 4. Values ranged from 94 to 89 % for sample A and to 91 % for the sample B indicating 

a more pronounced decrease in the open container as compared to that in the rotary drum. Similar results were 

reported in the literature [18]. Since the volatile matter content is related to the organic matter content in compost, in 
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addition to the influence of the system design, the reason for this finding may be the structural material (sawdust) that 

was added to control humidity, which causes a high C/N ratio. Therefore, it might be better to use some other material 

to regulate humidity. 

3. 1. 4. Changes in pH and electrical conductivity values during composting  

The measured pH and electrical conductivity values during the composting process are shown in Figure 5. At the 

beginning of the process, the initial pH value was 6.36 in sample A and 6.17 in sample B. During the process, the pH 

value rose slightly, which can be attributed to the activity of microorganisms. The highest pH value was observed on day 

19 and was 8.56 for sample A and 8.84 for sample B, probably due to the formation of higher amounts of ammonia in 

the latter case. After the thermophilic phase, under conditions of good aeration, ammonia oxidized to nitrate, which 

gradually reduced the pH value [9,21]. The final pH value after 25 days was 7.59 in both systems. 
 

 
Figure 5. Measured (a) pH values and (b) electrical conductivities during composting in the open container (sample A) and rotary drum 
(sample B). Note: standard deviation from the average value for pH is in range ±(0.09-0.18), for electrical conductivity in range ±(8.8-32.5) 
 

Electrical conductivity is an indicator of the contents of soluble salts in compost and it depends on the amount and 

type of ions in the solution. Low electrical conductivity value can induce lower fertility of a compost due to low contents 

of potassium, calcium, and magnesium. However, high salt concentrations may indicate potential phytotoxicity 

(germination arrest or slowed root work). A value of 3500 µS cm-1 was suggested as the upper limit for the substrate 

used for seed germination in container plant production [25]. According to the obtained results (Figure 5b), the values 

for sample A ranged from 455 to 671 µS cm-1, and from 392 to 565 µS cm-1 for sample B. 

3. 1. 5. Change in the C/N ratio during composting  

The C/N ratio determines the level of the end product maturity and stability. It was therefore monitored over the 

composting process to monitor microbial activities in both composters. Rapid decomposition of organic matter results 

in a decrease in the organic carbon content, accumulation of nutrient and microbiological amounts, which leads to a 

decrease in the C/N ratio. As can be seen in Figure 6, in sample A, a constant decrease in the C/N ratio was observed, 

while in sample B the C/N ratio oscillated. The C/N ratio decrease in the former case was quite large (from 248 to 106, 

which represented a decrease of 60 % related to the initial value), which indicated a distinct degradation rate. However, 

a theoretical C/N ratio of about 30 was not achieved [26]. This result can be attributed again to the addition of sawdust 

whose C/N ratio was 325 and thus affected the reduced nitrogen content in the compost [27]. This result indicates that 

some other material (leaves, wood) would be more suitable as a structural material. 

Also, a very high C/N ratio already in the initial composting stage can be associated with the higher leachate 

production in this stage, as grinding has leached out nutrients from biowaste. 
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Figure 6. The C/N ratio during composting in the open container (sample A) and rotary drum (sample B). Note: standard deviation 
from the average value for C/N ration is in range ±(0.5-17) 

3. 1. 6. Change in the nitrogen content during composting  

Nitrogen contents during composting are shown in Figure 7. 
 

 
Figure 7. Nitrogen contents change during composting in the open container (sample A) and rotary drum (sample B). Note: standard 
deviation from the average value for nitrogen content is in range ±(0.09-0.12) 
 

During the composting process there is a slight increase in the nitrogen content, which is attributed to the loss of 

mass and mineralization of organic matter. This increase is visible in sample A (from 0.21 to 0.50 %), while the nitrogen 

content shows oscillations in the sample B. The obtained nitrogen contents during composting are significantly lower 

than those reported in literature [9,25]. Obviously, the design of the reactor system affects the nitrogen content, and 

the open system is more favorable in this case. The open system also has its drawbacks, which are associated with gas 

emissions, unpleasant odors, and the appearance of insects in the compost. Also, the reason for such a low increase in 

the nitrogen content may be the excessive amount of sawdust in the compost, which has an increased carbon content 

and leads to the immobilization of the composting process. 

3. 2. Comparison of physicochemical parameters of the initial sample and compost 

A comparison of physicochemical parameters of the initial sample and the obtained composts after 25 days in both 

investigated systems are presented in Table 2. 
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Table 2. Comparison of physicochemical parameters of the initial sample and the obtained composts after 25 days in the open 
container (designation A) and rotary drum (designation B) 

Parameters 
A B 

initial sample after 25 days initial sample after 25 days 

T / °C 22±0.5 30±0.8 22±0.7 27±0.8 

w(DM) / % 26±2.5 31±3.2 24±2.2 32±2.6 

w(H2O) / % 74±3.7 69±2.2 76±2.8 69±3.1 

w(VM) / % 94±2.8 88±1.4 94±2.7 91±2.8 

w(C) / % 52±1.9 49±1.8 52±2.1 51±2.0 

pH 6.36±0.23 7.54±0.17 6.17±0.22 7.59±0.15 

G / µS cm-1 455±15.6 671±20.2 392±12.6 565±18.5 

C/N mass ratio 248±12 106±8 211±9 140±11 
Note: The results are reported as the average values±standard deviation  

 

It can be seen that the examined parameters are in accordance with the literature [25], except for the C/N ratio, 

which is higher than the reported values. During active decomposition, a pleasant earthy odor was recorded as an 

indicator of proper ventilation and the absence of anaerobic conditions. Changes in the appearance of the composting 

material were visible in terms of color and texture as the process progressed. Already, after 20 days, both investigated 

composts achieved dark brown color, fine texture without any visible organic waste and typical smell of earth. A gradual 

decrease in the compost volume was also observed during decomposition. Changes in physicochemical parameters 

reflected the progress and outcome of the composting process in accordance with literature findings [28]. 

3. 3. Composting kinetics 

Kinetic models are used as tools to optimize the composting process. By using a kinetic model and controlling the 

process parameters, the waste decomposition degree can be predicted. Knowing the composting kinetics is essential 

for design and operation of a composting plant [19]. The composting process can be mathematically described by using 

a first-order kinetic model according to equation [29,30]: 

d

dC
kC= −

t
 (2) 

where C is the content of biodegradable substances, k is the decomposition rate constant and t is time.  

The decomposition rate constant is temperature dependent and various models can be found in literature to 

describe this dependence [19]. The content of biodegradable organic matter corresponds to the content of volatile 

matter in compost. Thus, by integrating eq. (2) and assuming that C = C0 for t = 0, it follows that: 

0

ln
C

C
kt= −  (3) 

where C is the volatile matter content in compost at time t and C0 is the volatile matter content in compost at the 

beginning of the composting process.  

By the best linear fit of ln (C/C0) vs. time, k is calculated from the slope of the line (Figure 8). 

The model indicated that the rate of substrate decomposition was higher in the sample in the open system 

(k = 0.0023 day-1) compared to the closed system (k = 0.0012 day-1). Indeed, since the decomposition rate constant is 

temperature dependent, this suggests that these differences may be related to the difference in temperature rise in 

open and closed systems, which is to be expected given the differences in composting in an open and closed system. 

Good agreement of the model with the experimental data (R2 = 0.941) in sample A is visible, which is expected since 

biowaste comprised easily degradable components (onion peels, lettuce, cucumbers, oranges, tomatoes, and coffee 

grounds). However, it should be kept in mind that the rate of decomposition of more complex substrates over time is 

not only a function of the substrate concentration but also of particle structure, system design (open vs. closed), 

humidity, temperature, and oxygen concentration. 
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Figure 8. Interpretation of the experimental data according to the first order kinetic model (symbols) and the best linear fit (line) for 
composting in a) open container, b) rotary drum 

4. CONCLUSION 

In this work, the composting of samples of biowaste from the university canteen in a rotary drum composter and an 

open container was analysed. During composting in both systems, the temperature first rose sharply, followed by a 

continuous drop. In contrast to the open container, where a satisfactory temperature increase was observed (thermos-

philic region), the sample in the rotary drum reached a temperature lower than 36 °C, which can be attributed to a 

different system design.  

The process monitoring of the two experimental composters showed overall decreasing profiles versus composting 

time for parameters such as moisture content, organic carbon, volatile matter content and the C/N ratio, as well as 

overall increasing profiles for parameters such as electrical conductivity and the total nitrogen content. 

 The pH value of both initial compost materials was above 6, and after the end of the composting process, all composts had a pH 
value around 8, which can be attributed to the action of microorganisms. 

The electrical conductivities of both samples were below the recommended upper limit of the value for the substrate 

used for seed germination in container plant production (3500 µS cm-1). A constant decrease in the C/N ratio was 

observed in the open container, while it oscillated in the rotating drum. Leachate (approximately 1650 cm3) was 

produced during the first three days of composting, after which period leaching was not observed. The leachate is 

characterized by its high organic content, high ammonia concentration, low pH, high conductivity and high turbidity. All 

measured values were significantly above the prescribed limit values by Croatian regulation. 

A comparison of the physicochemical parameters showed that the open system exhibited better results compared 

to the closed system. In both systems, good compost was obtained in terms of color and texture. However, in the rotary 

composter temperature in the entire compost mass was uniform, which ensured uniform processing and stabilization 

of the compost throughout the mass. 

The organic matter was reduced over time due to the microbial metabolism. Degradation rate of organic waste was 

modeled by the first order kinetic model. Composting in the open system exhibited higher degradation rate with the 

rate constant of 0.0023 day-1, as compared to the closed system in which the rate constant was 0.0012 day-1. These 

differences may be related to the difference in temperature rise in open and closed systems. Although both composting 

systems, the rotary drum, and the open container, can be successfully used for municipal waste composting and help 

to significantly reduce the amount of waste sent to landfills, the rotary composter is more suitable for urban areas 

because it helps to reduce the emission of unpleasant odors as well as the presence of insects in the compost. However, 

further research should focus on the analysis of different decentralized home composters suitable for home composting 

as well as for public facilities and educational institutions. 

From these results, it can be concluded that the use of both rotary drum composter and open container for 

composting waste in community can help to significantly reduce the amount of waste and divert it from landfills. 
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(Naučni rad) 
Izvod 

Kompostiranje je prepoznato kao održiv pristup gospodarenju otpadom u kojem mikroorganizmi 
tretiraju i stabiliziraju biorazgradivi otpad u aerobnim uvjetima, te se dobiva kompost kao konačni 
proizvod. U ovom radu uspoređen je proces kompostiranja biootpada u rotacijskom komposteru 
valjkastog oblika (zatvoreni sustav) i otvorenoj posudi (otvoreni sustav). Tijekom kompostiranja u oba 
sustava su praćeni slijedeći parametri: temperatura, sadržaji suhe i hlapive tvari, vlage i ugljika, pH 
vrijednost i električna vodljivost te C/N omjer. Rezultati su pokazali opadajući profil sadržaja vlage, 
hlapive tvari, ugljika i C/N omjera te rastući profil sadržaja suhe tvari i električne vodljivosti tijekom 
kompostiranja kod oba sustava. Procjedne vode nastaju samo tijekom prva tri dana kompostiranja i 
karakterizirane su visokim organskim opterećenjem, visokom koncentracijom amonijaka, niskim pH, 
visokom vodljivošću i zamućenošću. Podaci o sadržaju organske tvari tijekom procesa kompostiranja 
analizirani su prema kinetičkom modelu prvog reda. Dobivena su dobra slaganja modela sa 
eksperimentalnim rezultatima, a brzina razgradnje organske tvari je veća pri kompostiranju u otvorenoj 
posudi, u odnosu na rotacijski komposter.

Ključne reči: sadržaj suhe tvari; sadržaj 
hlapljivih tvari; sadržaj vlage; elek-
trična provodljivost; kinetička analiza, 
karakterizacija procjedne vode 
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Urban chemistry as a new discipline exploring chemical and  
chemico-biological aspects of urban environment 
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Abstract 

Urban sciences can be divided into three directions: Natural, Humanities and Engineering. 
Within the fields of urban natural and urban engineering (technical) sciences, chemical and 
chemico-biological research take an important place. We propose using the new term "urban 
chemistry" (i.e. chemistry of the urban environment) focusing on the chemical aspects of the 
atmosphere, water bodies, and soil of cities. Urban chemistry is interconnected with urban 
ecology, toxicology and urban biology, and among the biological disciplines, it is particularly 
related to urban botany. Urban chemistry can be seen as a separate direction of urban 
natural sciences, which will significantly contribute to sustainable development of cities. 

Keywords: chemistry of the urban environment; urban natural sciences; soil; urban air 
chemistry; plants; urban botany. 
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1. URBAN NATURAL SCIENCES 

In urban sciences, great importance is given to humanitarian areas. We propose to distinguish three directions in the 

urban sciences: Humanities (social and humanistic sciences), Natural and Engineering (technical sciences). Within the 

latter two areas, chemical research is particularly important so that, one of the priority directions in urban natural 

sciences is chemistry of the urban environment. 

2. URBAN CHEMISTRY (CHEMISTRY OF THE URBAN ENVIRONMENT) 

Applied chemistry aims to solve practical problems by applying principles and theories of chemistry so that various 

branches exist including agricultural, food, environmental, pharmaceutical, medical, and industrial chemistry. We 

propose using the new term "urban chemistry" (chemistry of the urban environment) specifically focusing on chemical 

aspects of city areas. Topics on "Urban atmospheric chemistry” or “Urban Air Chemistry" have been in focus in recent 

literature [1,2], while it is also important to address chemical features of the other components of environment (i.e., 

water and soils). Thus, we propose to use the term "urban chemistry" for the entire urban environment, i.e. the study 

of the atmosphere, water bodies, and soil of cities. 

Urban air chemistry is characterized by measurements of gas and aerosol compositions [1]. Conventional 

knowledge of global and regional atmospheric chemistry is not sufficient to predict the behaviour of pollutants in the 

urban atmosphere [2] since air pollution in cities has its own specifics. Many cities record high levels of air pollution, 

while the degree of urban environmental pollution can vary considerably within the cities. For example, high levels of 

air and soil pollution can be observed along highways in roadside areas. Vehicle emissions create corridors of 

increased carbon and nitrogen concentrations near highways that influence surrounding ecosystems [3]. Therefore, it 

is of great importance to assess the frequency of urban air pollution occurrence and its influencing factors[4]. 
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Particulate matter concentrations are usually higher in urban areas than in rural areas [5] and most urban dwellers in 

the European Union were reported to be exposed to particles and fine dust levels in excess of threshold values [6]. 

In addition, environmental monitoring of urban soil and water pollution is equally important. For example, deicing 

reagents and heavy metals were shown to pose a serious threat to urban soils and plants [7,8,9] and the main features of 

urban soil pollution are characterized by the accumulation of copper, zinc, lead and mercury[10]. Such contamination of 

urban soils with heavy metals, due to the rapid urbanization and development of urban services, has become a major 

environmental and human health challenge [11]. Similarly, water bodies in cities, such as lakes, may be more 

susceptible to pollution as compared to rural areas [12]. 

Major impacts of human activities on urban ecosystems are demonstrated by changed degrees of environmental 

pollution during the COVID-19 pandemic in some cities. For example, in Volos, Greece, significant changes in metal 

concentrations were observed in different parts of the city during the pandemic, due to the limited movement of 

motorized vehicles, but also due to the long operating hours of the heating systems in the residential area [13]. 

In order to solve environmental problems, interdisciplinary research within urban natural and urban engineering 

(technical) sciences is necessary such as the use of chemical technology as well as biochemical methods for urban 

waste treatment and water purification. Similarly, urban chemistry is interconnected with urban ecology, toxicology, 

and urban biology. Among the biological disciplines, urban chemistry is particularly related to urban botany (urban 

plant science) since urban pollution can influence plant biodiversity. High soil heavy metal and Na concentrations, 

along with the pH, were reported to induce intense negative effects on plant biodiversity [14]. 

The impact of chemicals on the environment of cities is often assessed in regard to the maximum permissible 

concentrations. However, these limits do not always take into account the effects of chemicals on plants as it is the 

case of maximal permissible concentrations of heavy metals [8]. The task for the future is to determine these 

concentrations in relation to certain plant species, which can be achieved with the help of biological and chemical 

sciences. Thus, the development of chemico-biological directions in urban sciences is important for the sustainable 

functioning of urban ecosystems. 

We propose that urban chemistry is considered a separate academic discipline, which can be included in the 

curricula of Master's degree programs in "Ecology" and "Chemistry". 

Funding: Research was carried out within the state assignment of the Ministry of Science and Higher Education of 

the Russian Federation (theme 122042700045-3). 
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Urbana hemija kao nova disciplina koja istražuje hemijske i  
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(Pismo uredniku) 
Izvod 

Urbane nauke se mogu podeliti na tri oblasti: prirodne, humanističke i inženjerske nauke. U 
okviru prirodnih i inženjerskih (tehničkih) urbanih nauka, posebno su značajna hemijska i 
hemijsko-biološka istraživanja. Predlažemo korišćenje novog termina „urbana hemija“ 
(hemija urbane sredine) sa fokusom na hemijske aspekte atmosfere, vodenih sredina i 
zemljišta gradova. Urbana hemija je međusobno povezana sa urbanom ekologijom, 
toksikologijom i urbanom biologijom, a među biološkim disciplinama, ova grana hemije je 
posebno povezana sa urbanom botanikom. Urbana hemija se može posmatrati kao 
poseban pravac urbanih prirodnih nauka koji će značajno doprineti održivom razvoju 
gradova.

Ključne reči: hemija urbane život-
ne sredine; urbane prirodne nau-
ke; tlo; hemija vazduha urbane 
sredine; biljke; urbana botanika 
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Abstract 

The Second International Conference on Electron Microscopy of Nanostructures ELMINA2022 
was organized by the Serbian Academy of Sciences and Arts (SASA) and the Faculty of 
Technology and metallurgy (FTM), University of Belgrade, Serbia and held at SASA in Belgrade, 
from 22 to 26 August 2022. The scope of ELMINA2022 was focused on electron microscopy 
methods applied to nanoscience and nanotechnology (physics, chemistry, physical metallurgy, 
materials science, earth, and life sciences). It highlighted recent progress in instrumentation, 
imaging and data analysis, large data set handling, as well as time and environment dependent 
processes.  The scientific program contained the following topics: 

• Instrumentation and New Methods 

• Diffraction and Crystallography 

• HRTEM and Electron Holography 

• Analytical Microscopy 

• In-situ Electron Microscopy 

• Nanoscience and Nanotechnology 

• Life Sciences 

Keywords: nanoscience; nanotechnology; materials science;engineering;biology
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The Second International Conference on Electron Microscopy of Nanostructures - ELMINA2022 was organized by 

the Serbian Academy of Sciences and Arts (SASA) and the Faculty of Technology and Metallurgy (FTM), University of 

Belgrade, Serbia, was held at SASA in Belgrade, from 22 to 26 August 2022. The conference was opened by Prof. Dr 

Velimir Radmilović, conference chair and SASA member, Prof. Dr Zoran Knežević, SASA General Secretary and Prof. Dr 

Robert Sinclair, Chair of the ELMINA2022 International Advisory Board. ELMINA2022 gathered over 120 participants 

coming from various fields related to application of electron microscopy in materials science and engineering, biology 

etc., out of which 92 were presenting authors. The program consisted of eight plenary, five oral and two poster sessions. 

Twenty-five plenary talks were given by some of the most renowned world experts in the field of theory and application 

of electron microscopy in characterization of nanostructures, including: Jordi Arbiol (Spain), Gerhard Dehm (Germany) 

Rafal Dunin-Borkowski (Germany), Rolf Erni (Switzerland), Paulo Ferreira (Portugal & USA), Hamish Fraser (USA), Cecile 

Hebert (Switzerland), Colin Humphreys (UK), Thomas Kelly (USA), Angus Kirkland (UK), Gerald Kothleitner (Austria), 

Vlado Lazarov (UK), Ivan Lazić (Netherlands), Laurence Marks (USA), Joachim Mayer (Germany), Peter Nellist (UK), Eva 

Olsson (Sweden), Xiaoqing Pan (USA), Quentin Ramasse (UK), Christina Scheu (Germany), Robert Sinclair (USA), 

Erdmann Spiecker (Germany), Sašo Šturm (Slovenia), and Eric Van Cappellen (USA). 

Unfortunately, ELMINA2022 had a few last-minute cancellations due to COVID related issues, which is a sobering 

reminder that the pandemic is not behind us. 

The audience could hear about the newest results in a broad range of topics, including: nanomedicine applications 

(i.e. optimizing nanoparticles for early cancer detection), energy conversion and storage (i.e. phenomena in Li-ion 

batteries and organic solar cells at the nanoscale) or just state of the art characterization methods such as in situ 
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investigation of strain induced changes in material properties or integrated Differential Phase Contrast (iDPC) STEM for 

beam sensitive materials. 

Additionally, forty-one poster was presented. It is noteworthy that most posters were presented by PhD students as 

well as young researchers for whom the possibility to learn about the most recent microscopy techniques and novel 

nanomaterials as well as to present and discuss their research findings with the world leading scientists was 

indispensable.  

Based on the quality of plenary talks and poster presentations as well as the fact that the conference was attended 

by many young researchers (more than 70), most of who were from Serbia, it was concluded that the ELMINA2022 

conference was very successful. Due to the huge interest from young researchers as well as plenary speaker suggestions, 

it was decided that ELMINA should continue its biennial format, with ELMINA2024 planned September 9 - 13, 2024. 

We would like to take this opportunity to thank first and foremost the Serbian Academy of Sciences and Arts, Faculty 

of Technology and Metallurgy of Belgrade University and its Innovation Center. Additionally, we would like to thank 

ThermoFisher Scientific as well as NanoMegas, JEOL/Scan, Analysis Ltd., Tescan Orsay/Mikrolux Ltd., Dectris, Institute 

for Testing Materials Serbia, European Microscopy Society, and the Federation of European Materials Societies, without 

whose support this conference would not have been possible. 
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Druga međunarodna konferencija o elektronskoj mikroskopiji 
nanostruktura ELMINA2022 
http://elmina.tmf.bg.ac.rs 

Vuk V. Radmilović 

Tehnološko-metalurški fakultet, Univerzitet u Beogradu, Beograd, Srbija 

 

Izvod 

Druga međunarodna konferencija o elektronskoj mikroskopiji nanostruktura ELMINA2022 organizovana od 

strane Srpske akademije nauka i umetnosti (SANU) i Tehnološko-metalurškog fakulteta (TMF) Univerziteta 

u Beogradu, se održala u SANU od 22. do 26. Avgusta 2022. Fokus konferencije ELMINA2022 će biti na 

metodama elektronske mikroskopije primenjenim u nanonaukama i nanotehnologijama (fizika, hemija, 

nauka o materijalima, geologija i biomedicinske nauke).  Konferencija je bila posvećena teorijskim 

osnovama i metodama elektronske mikroskopije koje se primenjuju u istraživanjima u oblastima 

nanonauka i nanotehnologija, u okviru većeg broja fakulteta i instituta koji se bave fundamentalnim i 

primenjenim istraživanjima. 

Naučni program Konferencije je obuhvatao više oblasti, kao što su: 

• Instrumentacija i nove metode 

• Difrakcija i kristalografija 

• Visokorezoluciona elektronska mikroskopija i elektronska holografija 

• Analitičke metode  

• In situ mikroskopija 

• Nanonauke i nanotehnologije 

• Bio-medicinske nauke (konvencionalna i krio-elektronska mikroskopija) 

 

Ključne reči: naonauke; nanotehno-lo-

gija; nauka o metarijalima; inženjer-

stvo, biologija 
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