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Abstract

Exponential population growth resulted in exponential demands for metals, especially for
production of electronic devices, which are mainly sent to landfills at the end of their functional
life. This practice poses a significant environmental hazard due to the presence of metals within
these discarded materials, termed electronic waste or e-waste, which necessitate appropriate
management strategies to avert adverse effects on both the ecosystem and human health.
E-waste contains valuable metals often in concentrations rendering their recovery economically
viable. Furthermore, the escalating demand for metals, driven by technological progress, has
made the recycling of e-waste a crucial element of sustainable resource management. This work
provides an overview of hydrometallurgical processing techniques for the recovery of valuable
metals from the waste from electrical and electronic equipment, where hydrometallurgy plays a
determinant role in the recovery of valuable metals such as copper, gold, and silver. These
methodologies employ aqueous chemistry to facilitate the metal extraction, presenting a cost-
effective and environmentally sustainable alternative when compared to production of metals by
conventional mining practices. However, the economic viability of these alternative processes
may fluctuate based on the specific type and concentration of metals present within the waste.
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1. INTRODUCTION

Waste from electrical and electronic equipment (WEEE), arising from both private homes and professional uses, may
contain heavy metals such as Be, Cr, Cd, Ar, Se, Sb, Hg, Pb, as well as Au, Ag and Cu [1,2]. Improvements in the processing
power of computers have shortened their average life. Every year, the amount of WEEE increases three times faster
than that of the other forms of municipal waste [3].

As reported in literature [4], the copper content in electronic waste (e-waste) can be around 20 % while in primary
metallic resources it ranges from 0.5 to 1 %. It should be thus profitable to develop feasible and environmentally friendly

Corresponding authors:

N. G. Picazo-Rodriguez, Instituto Tecnoldgico Superior de Monclova, Tecnoldgico Nacional de México, Monclova, México;

E-mail: nallely.pr@monclova.tecnm.mx; https://orcid.org/0000-0002-5780-2747

G. Baltierra-Costeira, Instituto Tecnoldgico Superior de Monclova, Tecnoldgico Nacional de México, Monclova, México;

E-mail: gabriela.bc@monclova.tecnm.mx; https://orcid.org/0000-0001-6269-1183

F. R. Carrillo-Pedroza, Facultad de Metalurgia, Universidad Auténoma de Coahuila, Monclova, México; https://orcid.org/0000-0002-0413-0676

E-mail: raul.carrillo@uadec.edu.mx

Co-authors: M. de J. Soria-Aguilar https://orcid.org/0000-0003-3910-7772, Z. Gamifio Arroyo https://orcid.org/0000-0002-6228-8586, N. Toro
https://orcid.org/0000-0001-6269-1183, M. Saldana https://orcid.org/0000-0001-9265-1529, J. R. de la Garza de Luna https://orcid.org/0000-0002-
6522-9514

Paper received: 18 November 2024; Paper accepted: 28 November 2025; Paper published: 16 December 2025.
https://doi.org/10.2298/HEMIND241118015D

*This manuscript is an expanded and peer-reviewed version of the preprint previously published as: Picazo-Rodriguez NG; Baltierra-Costeira G; Soria-
Aguilar MJ, Gamifio-Arroyo Z, Toro, N, de la Garza de Luna JR, Carrillo-Pedroza FR, E-waste Recycling: An Overview of Hydrometallurgical Processes
Used to Metals Recovery. Preprints 2023, 2023110933. https://doi.org/10.20944/preprints202311.0933.v1

101



http://www.ache.org.rs/HI/
mailto:nallely.pr@monclova.tecnm.mx
https://orcid.org/0000-0002-5780-2747
mailto:gabriela.bc@monclova.tecnm.mx
https://orcid.org/0000-0001-6269-1183
https://orcid.org/0000-0002-0413-0676
mailto:raul.carrillo@uadec.edu.mx
https://orcid.org/0000-0003-3910-7772
https://orcid.org/0000-0002-6228-8586
https://orcid.org/0000-0001-6269-1183
https://orcid.org/0000-0001-9265-1529
https://orcid.org/0000-0002-6522-9514
https://orcid.org/0000-0002-6522-9514
https://doi.org/10.2298/HEMIND241118015D
https://doi.org/10.20944/preprints202311.0933.v1

Hem. Ind. 79(4) 191-207 (2025) N. G. PICAZO-RODRIGUEZ et al.: E-WASTE RECYCLING

methods to recover copper from such waste. Treatment of e-waste has consequently gained relevance in recent years,
especially in developed countries. In addition, these wastes will become an important source of metals, especially when
the primary sources are running out [5].

E-waste has increased significantly in all regions of the world because the use of electronic devices and equipment occurs
massively in different sectors of human life (industrial, services, economic) [6]. According to literature [7], consumption of
electrical and electronic devices is strongly linked to the development and economy of countries and in 2019 53.6 Mt of e-
waste was generated globally (7.3 kg per capita) and it is expected that by 2030 74.7 Mt of this waste will be produced, almost
double what was generated in 2019. It was also stated that computers, TV devices, and mobile phones constitute most of the
e-waste and that in some advanced countries this waste makes up more than 80 % of municipal waste [8].

Nowadays, industrial waste is generally incinerated, which is detrimental to the environment due to the large
number of metals it contains [9]. As reported in literature [5] incineration and thermal treatment of e-waste have raised
concerns because of emissions of organic pollutants, which are toxic and can cause serious problems. However, recovery
of metals from these wastes could be more economical than extraction them from their primary sources [10].

For example, as reported by Cui and Zhang [4], printed circuit boards (PCB) are the components of electronic scrap
that contain the highest number of valuable metals in significant concentrations such as ~3300 ppm Ag, 80 ppm Au and
26.8 % Cu. Au and Ag are contained in native or alloy forms, mainly coated on the pins and holes of electronic
components and the board, or within microprocessors [11]. Hsu et al. [12], mention in their research that PCBs represent
3 % of the total mass of e-waste worldwide appearing in the form of a copper-coated fiberglass and resin laminate.

To achieve optimal extraction of gold and silver, it is necessary to eliminate the common metals mentioned above
and thus avoid the extra consumption of reagents that would be required by their presence. For example, the extraction
of copper from computer PCBs has been investigated using inorganic acid leaching. These reagents dissolve other
metallic elements such as iron, nickel, lead, and zinc, thereby removing a substantial portion of the base-metal matrix.
As a result, the relative concentrations of gold and silver in the remaining solid residue increase, rising from 131.29 to
345.9 g t™' for Au and from 310 to 864.8 g t™' for Ag, respectively [13].

The technologies for metal recovery from electronic waste encompass pre-treatment operations (classification, dismant-
ling, shredding, and physical separation), as well as hydrometallurgical routes based on acid or alkaline-oxidant and complex-
ing systems, whose efficiency and selectivity have been extensively documented [14-22]. Emerging processes such as electro-
chemically assisted leaching, ionic-liquid extraction, and kinetic modelling for multicomponent systems have further opti-
mized the dissolution and recovery of critical metals under controlled conditions [23-26]. In parallel, advances in catalytic
pyrolysis, carbothermic treatments, and selective smelting contribute to the valorization of refractory metallic frac-
tions [18,19,27,28]. Biohydrometallurgy, driven by microorganisms and microbial consortia capable of oxidizing or reducing
metallic phases, has gained recognition as a sustainable alternative for complex WEEE matrices [29,30], while integrated
physicochemical-biotechnological approaches increasingly support circular recovery schemes with reduced environmental
impact. This paper presents a review of the main hydrometallurgical processes used in the recovery of metals from WEEE.

2. HYDROMETALLURGICAL PROCESSES: EXTRACTION AND RECOVERY FROM E-WASTE

Hydrometallurgical processes involve chemical reactions carried out in agqueous or organic solutions. The main steps
are leaching, concentration/purification of metals and recovery, offering advantages such as the ability to control the
level of impurities, low investment cost, lower environmental impact, and high metal recovery potentials [9,31].

If the hydrometallurgical route is to be followed for copper recovery sulfuric acid is used for leaching [32] as it pro-
vides copper extraction in high quantities, in addition to other heavy metals [33]. Park et al. [34], determined that the
efficiency of the sulfuric acid leaching process increased with increasing agitation speed, temperature, oxygen flow and
initial Cu?* content so that the following conditions were proposed as optimal: sulfuric acid concentration (1 mol dm™),
temperature (90 °C), stirring speed (600 rpm), pulp density (1 %), initial copper concentration (10 g dm-3) and oxygen
flow rate (1 dm3 min). Davila-Pulido et al. [35] carried out copper leaching in a 2 mol L™t H2504-H20, 0.2 mol L? system,
which allowed complete dissolution of copper present in the electronic waste samples. The same leaching system was
recirculated in another study for up to 5 cycles, resulting in reduction of acid consumption by 60 % [36]. Other acid



N. G. PICAZO-RODRIGUEZ et al.: E-WASTE RECYCLING Hem. Ind. 79(4) 191-207 (2025)

leaching media include ferric chloride with hydrochloric acid system, which was used to extract copper and antimony
from PCBs followed by recovery them by electrodeposition, managing to obtain 96 % copper and 81 % antimony [37].

A study of the effectiveness of a new leaching system consisting of ionic hydrogen sulphate liquids to dissolve copper from
PCBs showed that copper could be leached in large quantities, but with the presence of an oxidant such as H202[38,39]. In
other works where ionic liquids of hydrogen sulphate and hydrogen peroxide were used, it was found that the particle size
had a great influence on the process [40].

Other researchers, such as Kavousi et al. [41], employed hydrogen peroxide in an HBF4 leaching medium to
simultaneously dissolve copper and the Sn-Pb solder phases, achieving a copper extraction efficiency of 99.99%. In
another approach, hydrogen peroxide was combined with an environmentally benign lixiviant, sodium citrate, while
ammonium phosphate was incorporated as a chemical inhibitor to suppress the co-dissolution of base metals, resulting
in copper concentrations exceeding 30 g L' [42].

Other methods have been also used to leach copper such as application of electrogenerated chlorine in hydrochloric
acid solution [43]. In specifically, in one experimental series generation of chlorine was carried out simultaneously with
copper leaching, while in another two reactors were used, one for chlorine generation and the other for copper leaching.
Better results were obtained in the latter case, achieving a recovery of copper of 71 % together with 98 % zinc, 96 % tin
and 96 % lead using a 2 mol L™ HCI solution at a current density of 714 A m™2, 323 K and 400 rpm for 240 min.

After copper leaching from e-waste, the residue is further leached to recover the precious metals [1]. The most used
chemical reagents during this leaching process are cyanide, halides, thiourea, thiosulfate, ethylenediaminetetraacetic
acid (EDTA), oxalates, aqua regia, sodium hypochlorite, nitric acid, ferric chloride, and organic solvents [9].

According to Akcil et al. [5], cyanide leaching has been a successful technology worldwide for the recovery of
precious metals (especially Au and Ag) from ores/concentrates/waste materials, because it is an effective, economical,
and easy to implement leaching agent. However, its use requires treatment of the effluents generated during the
recovery process. In response to the toxic nature and handling problems of cyanide, several non-cyanide leaching
processes have been developed using non-toxic leaching agents such as thiourea, thiosulfate, aqua regia and iodine.
Consequently, various recycling technologies have been established utilizing both cyanide or non-cyanide leaching
methods to recover precious and valuable metals.

An example of a process for recovering precious metals from e-waste through the hydrometallurgical route was
implemented by Mudila et al. [44] processed waste printed circuit boards from mobile phones by mechanically grinding
and delaminating them to obtain powdered and liberated metallic fractions. The resulting material was then subjected to
a two-stage leaching process: an initial nitric acid leaching step (3 M HNOs, 30 °C) to dissolve base metals such as copper,
followed by a second leach using a 3 M H,SO, and 3 M NaBr system at 70 °C to solubilize the gold present in the residue.
Recovery of gold from e-waste containing high copper content was carried out by applying chemical pretreatment first
with inorganic acids (HCI, HNOs and H2S04), organic substances (EDTA and citrate) and oxidants (air, ozone and hydrogen
peroxide) resulting in more than 90 % of copper extracted when using peroxide and HCl or citrate [45]. In the second step,
thiourea was used resulting in more than 90 % of the gold recovering after 1 h [45]. Table 1 shows a review of leaching
processes of e-waste with the use of cyanide as well as other leaching agents considered as "green".

Table 1 shows hydrometallurgical processes carried out under alkaline and acid conditions. In the former case,
leaching media such as cyanide, glycine, sodium, and ammonium thiosulfate are used. Glycine has been successfully
employed for copper extraction under alkaline conditions; however, efficient leaching requires proper sample
preparation. Since copper and other metals may remain trapped within solder joints and composite layers, Huan et al.
[46] recommend a preliminary pretreatment step to expose the metallic fractions typically involving mechanical
liberation and, when necessary, selective dissolution of solder using nitric acid prior to conducting glycine-based
leaching [46]. On the other hand, in alkaline conditions glycinate ion (H.NCH2COO") is found in solutions, which can form
complexes with cuprous (Cu*) and cupric (Cu?*) ions when in the presence of an oxidant such as ambient O, at room
temperature. However, base metals such as Ni, Al, Sn, Zn, and Co are extracted simultaneously with their extraction
favoured under alkaline conditions. In the case of gold and silver, their extraction does not exceed 2 %, as it requires a
catalyst such as cyanide, which could be mixed with glycine in minimum permissible proportions for recovery. This step
should occur recovering copper and other base metals since these metals interact with cyanide.
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On the other hand, acid leaching in the presence of an oxidant such as H202 has been used for leaching copper, gold,
and silver. Petter et al. [47] determined that nitric acid can dissolve up to 100 % of silver contained in PCB residues,
while using aqua regia 882 g t of gold and 417.9 kg t™ of copper were achieved. However, in the case of silver, low
recovery was obtained since it tends to form insoluble AgCl. Even though acid solutions offer good results in the
extraction of metals such as copper, gold and silver, these leaching agents have some disadvantages such as high cost
and high toxicity to the environment and health.

Table 1. Electronic waste leaching processes using cyanide and alternative leaching methods for PCBs treatment

Leaching medium Preparation of sample Conditions of leaching Metal recovery (%) Ref.
o Au=2
. e Ag=2;Pb=16
Glycine Pulverized feed H10 t= 725 Mﬁg;':;ﬁ_ <2 mm e Cu=96.5;Al=12.6 [46]
pR D, T=72h,p = e Ni=9.3;Zn=925
e Co=3.1
Sodium ammonium Particle size less than 8 M HNO3, 0.1 M Na3S,03 and e HNOs- Ag =100
thiosulfate 1 mm obtained in a 0.1 M (NH4),;S,03, pH 9.5 to 11 e Na,S,03 and [47]
blade mill solid/liquid ratio = 1:20 (NH4),S,05- Au = 15
Sodium ammonium e Cyanide base pickling
thiosulfate and cyanide  Intact PCBs were used 0'1{%;“”355225;’ %Ezgglo(cNH‘ngéoa solution - Au = 88 [48]
based pickling solution - a P o (NH4),5,0s- Au = 75
e Au=81
. . Crushed and toasted 4 M HNOs, 0.7 M Na,S,03 _
Sodium thiosulfate material at 800 °C pH 10.5, shake for 6 h, T= 25 °C : élgj ; 22 [49]
e Au=95.8
. . . 2 M NaOH, 0.5 M CHsNsS, pH 11.5, _
Thiosemicarbazide Intact PCBs were used T =55 °C, stirring rate 1000 rpm, t = 220 min : élgj = gg , [50]
Sodium thiosulfate Intact PCBs were used ZM Na.OI.-|, 0.5 M Nay5,05, pH 12, T=. >0°C, e Cu=99.82 [51]
stirring rate 900 rpm, t = 180 min
Sulfuric acid and . 2 M H,S04, 0.2 M H;0;, t = 150 min, _
hydrogen peroxide PCBs milled stirring rate 200 rpm, T =25 °C * Cu=100 (35]
Cyanide solution for cha- e Commercial cyanide:
racterization and sodium Intact PCBs were used 01M (NH‘gzizl\c/)ﬁ;_log M NH,OH, 86.23 gton Au [52]
ammonium thiosulfate ) 2-2 o (NH4)25,03: Au=11%
Thiourea PCBs <106 mm 0.1 M H,SO4, 0.25 M CH4N,S e Au=17.3; Ag=49.5 [53]
. 24 g L'1CH4N3S, 0.6 % Fe3* e Au=90
Thiourea SH SIZE T = ambient, t=2 h o Ag =50 [54]
lodine-iodide PCBs incinerated at lodine-iodid mass ratio = 1:6, : :u : ?9 [55]
800 °C stirring speed 500 rom, T=40°C, t=24 h . Pg -1
N - -1 -1
lodine-iodide Particle size less than 8 mmol L1 1, 70 mmol L1KI e Au=315 [56]

0.75 mm

30 mmol L1 H,0,

Batnasan et al. [55], used 1 mol L' thiourea and 0.25 mol L™* H2SOs at an acidic pH, achieving 17.3 % and 49.5 % Au
and Ag dissolution, respectively. These authors found that a high redox potential and acidity of the solution increase
leaching of Au and Pd, while decrease Ag leaching. Jing et al. [54], determined that a gold and silver leaching process by
thiourea can be optimized by decreasing the particle size, due to the increased specific surface area. Extraction of 90 %
gold and 50 % silver from PCB samples was achieved using the following conditions: 24 g L' solution of thiourea and
Fe3* at room temperature and 100 mesh particle size. Still, the authors mention that the thiourea process is expensive
compared to conventional processes such as cyanidation. On the other hand, the iodine-iodide system at acidic pH has
been used for the recovery of precious metals; it is worth mentioning that this system is selective towards gold [55].

In one study, the use of sodium and ammonium thiosulfate did not result in positive results reaching a maximum
gold extraction of 15 %, and it was concluded that more than one leaching agent is needed to extract all the metals from
PCBs [47]. Still, in another treatment process of intact PCBs also by using sodium and ammonium thiosulfate 70 and
75 % of gold was extracted, respectively, which was attributed to the size of the PCB samples since, according to this
research, the use of intact PCB samples inhibits dissolution of base metals, whose release is favoured by grinding and
once in solution they compete for the leaching reagent with gold [48].

194
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On the other hand, Gdmez et al. [52], found that dissolving copper with nitric acid before carrying out leaching with
thiosulfate improved the recovery of gold and silver, reaching extraction efficiencies of 81 and 88 % respectively. The addition
of H20> to the thiosulfate system a slight increase in the extraction of gold and silver. When base metals are completely
separated, gold recovery is greatly improved, which can be also achieved by cyanide. According to Birich et al. [56], thiosulfate
and thiourea are less sensitive to metallic impurities than other leaching agents; however, when these impurities are removed
from PCBs, gold recovery improves. Based on the above, it could be concluded that while leaching PCB samples at acidic pH
yields good results, it also presents the drawback of high reagent costs and toxicity. Conversely, glycine is an alternative that
offers advantages such as low cost and environmental friendliness Additionally, it can be used in two stages: first, to eliminate
base metals and second, to add a small amount of cyanide as a catalyst to extract metals such as gold and silver.

Recovery of metals from the solutions generated from leaching processes can be carried out by different methods,
such as solvent extraction, ion exchange, adsorption, precipitation and cementation. Choice of the method depends on
properties of the e-waste and the solution originating from leaching [4,18]. Examples of some metal recovery processes
from e-waste leach solutions are shown in Table 2.

Table 2. Alternative metal recovery processes from e-waste leach solutions
Treated sample Recovery method Conditions Recovery, % Ref.
SX - Cu=92
LIX984 N with kerosene for copper EW - Cu=99 [57]
EW - Au=87

Solvent extraction (SX) and

Thiosulfate leach solution electrowinning (EW)

3 M nitric acid solution ACORGA M5640 dissolved in kerosene .
used for Cuand 3 mol L Solvent extraction and Tertiary amide extractant Cu =99
H,S04 and Sodium Bromide y Au=99.9

R -
solution used for Au. 0.1 mol L dissolved in toluene.

(58]

Three resins were used: Amberlite
Multi-element ion exchange IRA 743, Lewatit TP 208 and Lewatit Cu=90 [59]
TP 260 at a dose of 90-100 g L!
Chitosan granules cross-linked with
Adsorption glutaraldehyde (GCC) were used as Au =100 [60]
adsorbent at a dose of 1 g L1

Solution containing Cu?*,
Zn2*, Niz*, Pb2* and Al3* ions

Mixture of chlorate and
chitosan in HCI

Leaching solution with
hydrophilic quaternary Precipitation
salts from a CPU

Tetrabutylammonium based salts

were added Au=914 [61]

Iron powder of commercial grade was
16 % HCl leach solution Cementation used for precipitating Cu, at a Cu =285 [62]
stoichiometric ratio of 1:1

Murali et al. [57] used the extractant LIX984 N with kerosene and found that pH and temperature are two para-
meters that significantly influence solvent extraction of copper. An increase in pH can enhance formation of complexes
with the extractant, so that carrying out the process at pH below 2 was recommend, to avoid the risk of coprecipitation
of other metals. Regarding the temperature, room temperature was recommended, since a decrease in copper
extraction from 94 to 87 % was noted as temperature was increased from 30 to 45 °C. Similarly, extraction of copper
and gold with the ACORGA M560 reagent in kerosene was found to be the best at pH in the range 1 to 2.5 [58], and by
using the extractant in a ratio of 1:1, pH 2 and 4 mol L™ HSO4 as the extraction agent, 99.9 % of copper was recovered.
As for gold, the use of a secondary amide enabled 99 % recovery.

Nekouei et al. [59], proposed sorption as another option for the recovery of metal ions from leaching solutions,
being efficient and easy to operate. In this process a porous resin is commonly used as an ion exchanger. Cementation
was proposed as an efficient method for copper recovery, reaching 90 % cemented with iron, while also recovering
Al (5.8 %), Co (0.8 %) and Ni (1.5 %) [62]. Then, other authors have proposed a precipitation method as an effective and
economical option for the recovery of metals, providing separation by stages [62].

According to Hsu et al. [12], successive electrowinning of multiple metals, particularly with Cu and Ni, and Cu and
Au, in sulfuric acid and aqua regia baths, presents a promising option for combining individual electrowinning steps; this
process takes advantage of the differences in electrode potentials of different metals.

The mentioned recovery techniques are effective; however, each has its advantages and limitations. In the case of
the solvent extraction technique, a disadvantage is the need for the use of a wide variety of additives, while in
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cementation these are the high consumption of reagents and occurrence of coprecipitation of base metals. During the
ionic exchange the need for regeneration of the adsorbents presents a drawback while although electrowinning
provides metals of high purity, but at high energy consumption.

3. PATENTS AND INDUSTRIAL PROCESSES

Urban mining has recently gained significant relevance because it offers commercial, economic, social, and environ-
mental opportunities. For this reason, many developed countries already have e-waste management technologies,
know-how and systems in place [63]. Nevertheless, some developed countries export this waste to developing
countries [64]. Arya and Kumar [63] highlight that India still lacks adequate waste management services, consisting
mainly of collection, which hampers the implementation of industrial processes for waste treatment as accurate esti-
mation of electronic waste generation is essential. In contrast, they note that the electronic waste management model
in China is regarded as one of the preferred methodologies, involving collection, recycling, and value recovery [63].

As mentioned above, millions of tons of e-waste are generated annually, making recycling crucial for environmental
protection. Current industrial processes for treating these materials include dismantling and granulation to particles in
the range 0.17 mm to 5 cm, used for plastics and non-ferrous materials recovery. Additionally, industrial scale circuit
board recycling machines utilize drum-type screwdrivers to separate metals such as copper from other compo-

nents [65]. Table 3 presents focused on e-waste recycling.

Table 3. Examples of recovery of metals and other valuable materials from electronic waste

Overview Items recovered Types of e-waste Recovery method Ref.
It investigates the potentials Tantalum, particularly from Mobile phones, smart- Identification, liberation,
and barriers for tantalum tantalum capacitors. Other phones, tablets, notebooks, separation, and concentration of
recovery from WEEE, significant materials that can  desktop personal computers tantalum capacitors from printed
highlighting the low current  be recovered include silver, (PCs), hard disk drives circuit boards. Manual removal of
recycling rate of less than 1 % manganese, silicon, alumi- (HDDs), flat screen monitors, visually identifiable components
for tantalum. The study nium, copper, iron, and nickel, and servers, devices selected is the primary method. [66]
reveals challenges in with silver being noted forits based on their expected high Mechanical processing
accurately separating surprisingly high content. The tantalum capacitor content  techniques include crushing and
tantalum from PCBs, leading recovery processes for tan- and significant share of new sieving. Acid leaching is also
to the loss of other valuable talum and silver are highlight- electric and electronic employed to separate tantalum
metals like silver. ted as essential due to their ~ products put on the market from other materials.

market value and scarcity. (POM).
It discusses the development  The primary items recovered It discusses various types of The recovery methods for
of an eco-friendly and cost-ef- from electronic boards e-waste, particularly precious metals from electronic
fective process for recovering include precious metals such focusing on electronic boards include bio metallurgy,
precious metals from electro-  as gold, silver and palladium. boards from telecommuni- pyrometallurgy, and hydro- [67]

nic board waste, particularly
focusing on a non-profit orga-
nization in Quebec, Canada.

cations devices, computers,
mobile phones, and
smartphones.

metallurgy, each with distinct
advantages and limitations.

It focuses on the environ-
mental and technological
assessment of e-waste recyc-
ling, specifically targeting the
extraction and concentration
of metallic CU from PCBs.
Results indicate that concen-
trated products contain
approximately 78 % Cu.

Copper, which constitutes
approximately 10 to 20 % of
the PCB mass. Other metals
that can be recovered include
iron, zinc, nickel, silver, gold,
and manganese, as indicated
in the analysis of the
concentrated class.

PCBs can contain approxi-
mately 28 metals, including
copper, gold, and palladium,
along with 23 polymers and
ceramic materials. Other
components in e-waste may
include toxic elements such
as lead, cadmium, mercury,
arsenic, and chromium.

Dismantling, comminating,

particle size classification,

magnetic separation, and

electrostatic separation. Initially,

the pre-treatment aims to release [68]
metals, primarily copper, which is
crucial for subsequent

metallurgical processes.

It discusses the recovery of
rare-earth elements from
phosphor powder in spent
fluorescent lamps as a critical
step towards a bio-based
economy. It emphasizes the
importance of urban mining
and bio-based technologies
in achieving sustainable
development goals.

Rare-earth elements such as
europium, yttrium, and
terbium from phosphor
powder in spent fluorescent
lamps. Other metals that can
be recovered from E-waste
include copper, nickel, iron,
aluminium, and zinc, which
also have known economic
value.

E-waste encompasses a
variety of discarded elec-
trical and electronic devices,
including but not limited to
fluorescent lamps, high-
intensity discharge lamps,
and LED lamps. The compo-
sition of E-waste typically
includes materials such as
glass, metals, plastics, and
toxic compounds.

Biohydrometallurgical processes
(bioleaching and biosorption).
Bioleaching utilizes microorga-
nisms to secrete acids that
enhance metal solubilization,
while biosorption employs
biosorbents to selectively remove
metals through various
mechanisms.

(69]
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Overview Items recovered Types of e-waste Recovery method Ref.
It presents a systematic Components such as metal E-waste can be categorized The recovery method discussed in
selective disassembly fixing plates, metal washers, into five end-of-life types:  the research paper focuses on a
approach for WEEE, focusing top metal supports, reuse; repair; remanu- systematic selective disassembly
on maximizing disassembly  toughened glass seats, steel facture; recycling; and approach for WEEE, particularly
profit while adhering to plates, rubber gaskets, disposal. targeting components with
environmental regulations. A control buttons, power recycling potential.
. [70]
case study on Changhong switches, loudspeakers,
liquid crystal display control receiver boards,
televisions demonstrates the power supply boards, main
effectiveness of the boards, metal boards, surface
approach. frames, LCD screens, and
cover plates.
It examines the impact of The contexts do not provide Encompasses a variety of Manual dismantling and auto-
eco-design measures on the specific information regarding discarded electrical and mated separation techniques.
recycling of plastics from the items or types of metals  electronic devices, including Froth flotation is a complex
WEEE in the EU. It identifies recovered from e-waste but not limited to separation process that utilizes
that while some measures,  recycling. computers, televisions, the hydrophobic properties of
like improved disassembly, mobile phones, and polymers. Electrical conductivity [71]
are beneficial, others, such as household appliances such  properties are leveraged to
polymer marking, are as vacuum cleaners and separate clean and dry plastics.
underutilized and ineffective. coffee machines. The sink-float method is
commonly used for sorting
polymers due to its low cost.
It focuses on substance flow Precious metals such as silver, WEEE, which can be The recovery method for precious
analysis (SFA) to quantify and gold, and palladium. The categorized into several metals from WEEE involves a
characterize the flows of recovery rates for these groups. preprocessing phase that
precious metals (silver, gold, precious metals are notably Common categories include concentrates valuable materials
palladium) during the low, with only 11.5 % of IT and telecommunications  into specific output streams.
preprocessing of WEEE. It silver, 25.6 % of gold, and equipment, consumer State-of-the-art metallurgical
highlights that despite high  25.6% of palladium reaching electronics, and large processes are employed to
recovery rates for mass- output fractions from which  household appliances. recover precious metals during [72]
relevant elements, only a they may potentially be reco- Specific examples of the copper recovery process,
quarter of gold and vered. In addition to precious electronic waste are mobile which is designed to also capture
palladium is recoverable metals, mass-relevant mate- phones, computers, these metals.
post-processing. rials such as copper and iron  televisions, and kitchen
are also recovered, with appliances.
recovery rates of 60 % for
copper and 95.6 % for iron.
It discusses the significant The focus is primarily on the  E-waste primarily includes  The recovery methods for end-of-
growth of the electrical and  recovery of reusable discarded industrial EEE that life electronic products include
electronic equipment (EEE)  components from end-of-life has reached its end-of-life  five primary strategies: repair,
market in the Gulf electronic devices, rather stage, such as computers, refurbishment, remanufacturing,
Cooperation Council (GCC)  than metals. printers, televisions, and cannibalization and recycling.
region, driven by the oil and mobile phones, or industrial
gas sector, leading to equipment like [73]
increased electronic waste programmable logic
(e-waste) due to shorter controllers (PLCs), drives,
product lifespans. It proposes and controllers also
industrial remanufacturing as contribute to e-waste
a viable strategy for e-waste generation.
management.
It addresses the economic It discusses the recovery of  E-waste includes various Hydrometallurgy. This method
impact of recycling car elec-  metals from electronic types of WEEE of vehicle involves extracting desired metals
tronics, particularly in light of componentsin ELVs, industry, with waste printed from metal-rich leached liquor
increasing waste from end-of- particularly focusing on gold  circuit boards (WPCBs) being through various techniques such
life vehicles (ELVs) due to new recovery, which plays a a significant component. as electrorefining, precipitation,
European environmenttal decisive role in the economic cementation, absorption, ion (74]

policies. The findings confirm
profitability across all
analysed scenarios, empha-
sizing the importance of
effective waste management
in the automotive sector.

impact of car electronics
recycling processes.

Its indicates that the metals
extracted during the recycling
process are assumed to be

95 % pure.

exchange, or solvent extraction.

The focus is primarily on
recovering valuable metals like
gold and silver.
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Overview Items recovered Types of e-waste Recovery method Ref.
It reviews and summarizes  Copper was recovered with  E-waste primarily includes Disassembly, physical separation,
advanced technologies for rates of 98.21 and 99.16 %, = WPCB and waste electronic  and various metallurgical

the recycling of waste with a purity of 92.75 % from components (WECs). E-waste processes. Disassembly is the

electrical and electronic various waste materials. encompasses various devices initial step, followed by classifi-
components (WECs), high- Gold recovery rates were such as computers, mobile  cation of components for reuse or
lighting the need for a reported, although they were phones, digital cameras, and recycling. Physical methods such
comprehensive approach to still quite low. Silver was other electronic equipment as crushing, sieving, and magnetic
address the economic and recovered with a rate of 93 % that have reached the end  separation are employed to
environmental challenges from leach liquor using of their life cycle. Specific  separate metals from non-metals. [75]

associated with WEC recyc-
ling. It discusses various

physical recovery methods,
leaching systems, and their

cementation with copper and
zinc. A selective recovery of
99.94 % of silver was
achieved using KCI from nitric

components within e-waste
include central processing
units (CPUs), random access
memory (RAM), tantalum

Pyrometallurgical processes,
including smelting and refining,
are widely used for metal
recovery, while hydrometallurgical

methods involve chemical leaching
and bioleaching for selective
recovery of metals from leachates.

capacitors (TCs), and
aluminium electrolytic
capacitors (AECs).

advantages and disadvan- acid leaching solution.
tages, emphasizing the
importance of efficiency and

environmental safety.

Recycling e-waste is a critical environmental and economic challenge due to the rapid growth of discarded electronic
devices. The papers provided in Table 3 explore various aspects of e-waste recycling, including methodologies, environ-
mental impacts, and the role of remanufacturing in promoting a circular economy.

Recycling processes often include novel mechanical and physical processing, pyrometallurgical and hydrometallurgical
methods, and biohydrometallurgical innovations. E-waste recycling often begins with mechanical processes such as dis-
mantling, grinding, and separation based on different density and magnetic properties, processes that are crucial for pre-
paring materials for further metallurgical recovery and enhancing the efficiency of subsequent extraction methods [68].
Then, pyrometallurgical or hydrometallurgical methods may be used offering advantages and weaknesses as discussed in
the previous section [75]. And finally, emerging biohydrometallurgical techniques utilize activity of microorganisms to
recover metals, presenting a more sustainable alternative to traditional methods [69]. These processes are gaining atten-
tion for their potential to reduce environmental impacts and improve resource recovery from complex e-waste streams.

In the estimation of environmental and economic impacts, life cycle analysis (LCA) is used to evaluate the
environmental performance of e-waste recycling processes, highlighting the significant impacts of crushing and
screening activities. LCA helps identifying opportunities for reducing carbon emissions and improving sustainability of
recycling operations [64]. Efficient recycling can reduce the need for virgin material extraction, contributing to economic
sustainability and resource conservation [75].

Remanufacturing extends the life of electronic products by restoring them to a near-original state, which reduces waste
and conserves resources. Additionally, as a cost-effective strategy it supports the circular economy by promoting the reuse
of materials and minimizing the environmental impact of new production [73]. Recycling of e-waste is a multifaceted
challenge that requires a combination of mechanical, chemical, and biological processes to maximize the resource recovery
and minimize environmental impacts. Advancements in biohydrometallurgical methods and integration of remanufac-
turing into the circular economy offer promising pathways for sustainable e-waste management.

On the other hand, extraction of metals from electronic waste can be dangerous [76] and industrial operations
require the use of personal protective equipment as well as dust collector systems to minimize the presence of dust in
air, since e-waste recycling may expose workers to toxic metals. In a study carried out by Gravel et al. [77], six electronic
and commercial recycling facilities were investigated in which metal exposure was measured, and the presence of
metals such as lead, beryllium, mercury, arsenic, barium, cadmium and chromium was found in the blood of the workers,
as well as in the dust present in the air. It is worth mentioning that in this place the dust control was inadequate and
personal protective equipment was not used.

Many business models for treating e-waste involve industries operating as isolated systems disconnected from other
production chains. Marconi et al. [78] argue that this isolation leads to the loss of consistent residual economic value
and they propose implementing an industrial symbiosis system as a solution. Zeng et al. [79] describes an eco-industrial
park as the practical application of supply chain management at the industrial park level. Park et al. [80] reviewed the
first phase of South Korea’s National Ecological Program, which aimed to develop an industrial park, with achieving
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industrial symbiosis. The main focus was to bring together interested parties from companies, governments and
research centres to facilitate industrial symbiosis projects. These efforts yielded significant environmental benefits,
including reduction in greenhouse gases that achieved 51 % of the program’s target.

Recycling industries are looking for alternatives to reduce the environmental impact and establish a successful
business model, including several companies dedicated to the field of e-waste recovery by different methods. Today
the academic and industrial sectors have combined theoretical and practical knowledge to provide practical solutions
for society, resulting in scientific publications and registered patents, allowing in the long-term circular waste manage-
ment [81]. Table 4 shows some of the recent patents that have been implemented in e-waste treatments.

Table 4. Recent patents related e-waste recycling

Patent number Patent title Invention State Country Date Ref.
Gold and copper recovery lonic solution with low
MX 391678 B method from PCBs with an ionic environmental and energy impact, Granted Mexico April 2022 [82]
solution made with leaching organic salts

Process for the recovery of non-
ferrous metals obtained from
electronic scrap through
physical-mechanical refining

Cleaning treatment method to  Cleaning treatment to efficiently December
CN113732005A efficiently recycle useful recycle useful substances, does  Granted  China 2021 [84]
substances in electronic waste  not generate secondary pollution

Metal recovery system and an

Mechanical physical refining of a Novembe
production line using mechanical  Applied Mexico [83]

MX/a/2018/006178 ! L r 2019
and wind equipment

CN106520152A Recovery processing of glectronlc organic nthter reactlon.system, by Granted  China March [85]
waste by pyrolysis high efficiency pyrolysis method 2017
and notable energy savings
2-step method, the first one uses a
US202217583385A Simplified method of recovering combination of acid weak with Granted USA  July2022  [86]

gold from e-waste oxidant and the second solvents,
water and wetting agent/surfactant

Preparation for hollow polyaniline
microspheres, method for

CN110639438A recovering precious metals in polyanl.llpe hollow mlcrosphgres Granted Canada January [87]
. can efficiently recover materials 2022
electronic waste and method of
recycling the recovery product
US11608544B2 Recovery process from electronic ~ Use of blohydr.ometallur‘glcal Granted USA March [88]
waste techniques; microorganisms 2023
US11608544B2 Recovery process from e- waste Use Of. blohydr.ometallur‘glcal Granted USA March [89]
techniques; microorganisms 2023

Al, Zn, Ni, Cu, Au, Ag, Pt and Pd
recovery, pyrolysis oil and added
value to produce a conditioned
material

A process to recover a metallic
W02023087114A1 fraction of electronic waste and
produce value-added products

Granted Canada May-23 [90]

Two leaching are carried out and

Comprehensive method of subsequent solid- liquid
CN110983031A separation and recovery of separation and a second leaching, Granted China April 2020 [91]
electronic waste screening, screening, recovery of

noble and basic metals

In the invention of Alarcén et al. [82] an ionic solution is described comprising inorganic salts to recover gold and
copper from e-waste PCBs with low environmental and energy impact. This method produces an Au/Cu precipitate
obtained and offers an innovative alternative to traditional recovery processes, generating fewer toxic residues.

Berrueta et al. [83], focused on obtaining non-ferrous metals from electronic scrap by a four-stage physical-
mechanical refining process. They formed a production line which uses different mechanical and wind equipment and
includes: (1) reduction, pre-cleaning and cleaning of light contaminants, (2) elimination of heavier materials such as
ferrous and other contaminants, (3) drying and a size homogenization, and (4) final cleaning and classification.

A clean treatment method is patented [84] aiming to efficiently recycle beneficial substances in WEEE, with saving
resources at the same time without generating secondary pollution. A completely new treatment technology and a
completely new processing device are described, which can almost completely recycle all useful substances in e-waste
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except filters, without producing secondary pollution. It not only solves the environmental pollution caused by
traditional e-waste processing technology but also recycles various resources into electrons as much as possible.

Minjie et al. [85] developed a pyrolysis-based system for treating WEEE, which includes material treatment, metal
recovery, and organic matter reactions. The process uses grinding and classifying equipment, acid leaching and electro-
lytic tanks, and an electronic waste pyrolysis reactor, with heating and separation systems. This integrated approach
aims to recover metals, process non-metallic components, and maximize resource utilization from e-waste. This inte-
grated approach aims to recover metals, process non-metallic parts, and maximize resource utilization from e-waste.

The invention of Lynn et al. [86] describes a two-step method for recovering gold from e-waste. In the first step a
solution containing a weak acid in combination with an oxidant is used followed by the second step in which the
delaminated gold from chip debris is isolated and purified by using solvents, water, and a wetting agent/surfactant
shown to be effective without the need for leaching or the use of harsh or expensive chemicals.

Bin et al. [87] developed a method for preparing hollow polyaniline microspheres for efficient recovery of precious
metals from e-waste without additional energy use. The polyaniline/precious metal nanocomposites obtained during the
recovery process can be used as new electroactive materials to prepare electronic devices, promoting sustainable recycling.

Reece et al. [88] introduced bio-metallurgical techniques for recovering precious metals from WEEE. The process begins
with removing at least a portion of non-target materials from e-waste or grinding it to the desired particle size. The pre-
processed e-waste is then treated with a leach solution to dissolve at least a portion of the target metal. Next,
microorganisms are added to adsorb the dissolved metal ions, resulting in metal-laden microorganisms. These micro-
organisms are subsequently separated from the solution, and the target metal(s) are recovered from the microorganisms.

Marlin et al. [89] developed a method for obtaining metals from group 8 to 14, raw copper, from WEEE. The process
involves melting a mixed feed comprising WEEE in a smelting reactor to form separate metallic and slag phases. In the
next step, the slag is removed, and the remaining first metallic phase is refined with an oxygen-containing gas, producing
a second copper-enriched slag phase. This slag can be separated and the refining step repeated, if needed. The first
refined metal phase is collected from the smelter reactor, and additional e-waste can be added to the copper-enriched
slag to continue the recovery process.

The invention Mohamed et al. [90] includes recovering organic and metallic fractions of e-waste by conditioning the
e-waste followed by pyrolysis resulting in gaseous and solid phases, wherein the latter comprises an organic and a metal
fraction. The recovery further includes separating the metal fraction to recover at least one of the metals Al, Zn, Ni, Cu,
Au, Ag, Pt and Pd. In the described process at least 95 wt.% of the e-waste can be recovered in the form of recovered
metals, pyrolysis oil and value-added products.

Finally, the invention of Xiaohui et al. [91] provides an integrated method for separating and recovering materials
from WEEE. The process involves mixing e-waste particles with acid liquor, low-temperature roasting, and performing
sequential leaching and solid-liquid separations to obtain different components. If e-waste contains noble metals, HCI/CI
is used for the first leaching process. Depending on the presence of precious metals, specific leaching agents are used
to recover noble and base metals. The remaining residues are screened to separate glass fibres and polymer roasting
products. Thus, by this method precious metals, base metals, glass fibres, and polymer roasting products are separated,
achieving comprehensive separation and recovery of e-waste.

4. FUTURE OF E-WASTE RECYCLING

The future of e-waste recycling is principally determined by technological advances, policy frameworks, and
sustainable practices aimed at mitigating environmental impacts and maximizing resource recovery. With e-waste
continuing to grow, fed by the demand for rapid technological change and consumerism, creative solutions are being
developed worldwide to face the challenges that arise with e-waste management. These solutions encompass a variety
of strategies, from improving recycling technologies to implementing comprehensive policy measures.

From the technological point of view, the future of e-waste management will likely focus on modular and upgrade-
able electronic devices, since they generate less waste, have a prolonged product life and are easier to repair and
recycle [92]. Other recycling technologies, involving hydrometallurgical and biometallurgical processes, are also under
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scrutiny for applications in the recovery of valuable materials from e-waste. All these techniques are forecasted to be
greener, more economically feasible, and to include several recycling technologies that ensure better performances
[93,94]. In addition, Al and internet of things (loT) technologies create new promising opportunities not only for
automation in e-waste sorting and categorization but also for optimization of recycling processes and
tracking/monitoring of e-waste flows along the value chain [92].

The implementation of extended producer responsibility (EPR) frameworks will be a fundamental aspect of future
e-waste management from a regulatory and policy perspective. This includes designing devices for easy disassembly
and recycling and creating efficient collection networks [92]. Then again, formal e-waste recycling, in line with circular
economic principles, reduces much of the generated waste to a minimum while recovering resources maximally.
Meanwhile, LCA tools increasingly have been applied for carrying out environmental performance evaluation of various
approaches for dealing with e-waste management. This will result in significantly more environmentally friendly
practices than those used today [95]. Public education and awareness play a crucial role in fostering sustainability. By
increasing education on responsible consumption and proper recycling practices, a culture of sustainability can be
cultivated. This involves promoting the longer use of devices and encouraging recycling [88]. In developing countries,
integrating informal recycling sectors into structured management programs can improve the efficiency of e-waste
recycling and reduce the environmental and health risks associated with informal practices [96].

The global electronics recycling market is expected to increase noticeably, reaching $65.8 billion by the year 2026. This,
in turn, creates different opportunities for entrepreneurship and economic development regarding e-waste recycling
industry [96]. However, despite all the advantages, WEEE management in developing countries seriously suffers because
of poor infrastructure, lack of appropriate collection systems, and low level of awareness of the public. Solving these
problems is very significant for effective recycling of WEEE [97]. Hydrometallurgical processes are an excellent option for
recovering metals from e-waste, offering advantages such as higher selectivity and lower energy consumption compared
to pyrometallurgical methods. However, they can also generate significant environmental impacts, mainly due to the
production of liquid effluents containing dissolved metals, toxic compounds, and acidic residues. To prevent, reduce, or
eliminate these impacts, specific measures should be implemented, including the use of less toxic leaching agents, the
recirculation of solutions within closed-loop systems, the application of advanced wastewater treatment technologies, and
the integration of tools like life cycle assessment and real-time monitoring. These strategies would help optimize the
process and promote a safer and more sustainable approach to hydrometallurgy.

While the prospect for e-waste recycling is highly promising, several challenges continue to persist. Specifically,
informal recycling activities, especially in developing countries, pose serious environmental and health hazards due to
improper handling and disposal. Apart from this, the problem of e-waste materials' complexity and the demands on
advanced recycling technologies have not yet been overcome. However, this can be elaborated by an integrated
approach: one holistic method which embeds technological innovations, policy measures, and sustainable practices in
the development of a more sustainable future for e-waste management.

CONCLUSIONS

From a circular economy and environmental sustainability perspective, the identification of alternative applications for
waste materials has become a critical driver influencing social, economic, and ecological systems. The rapid growth of the
global population and technological advancement have led to an exponential increase in the use of electronic devices,
consequently generating large volumes of e-waste. This waste stream contains both hazardous substances and valuable
metals such as copper, gold, and silver, whose recovery is essential for resource conservation and pollution prevention.

Various technologies have been developed to recover metals from e-waste, including pyrometallurgical, hydro-
metallurgical, and bio-hydrometallurgical processes. Pyrometallurgical methods are effective in recovering metals
rapidly and at high throughput but are energy-intensive and generate toxic emissions. Hydrometallurgical processes
offer greater selectivity, operate at lower temperatures, and are more suitable for decentralized applications; however,
they often involve corrosive leaching agents and produce liquid effluents that require advanced treatment. Bio-
hydrometallurgical methods represent an environmentally friendly alternative using microbial activity to solubilize
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metals, yet they are limited by slower reaction kinetics and challenges in industrial scalability. Therefore, the selection
of a recovery route must balance technical, environmental, and economic criteria.

In this work, an overview of leaching agents used in hydrometallurgical processes was presented, emphasizing the
need to optimize these systems through the development of eco-friendly reagents and scalable designs. Future e-waste
recycling strategies will depend on technological innovation, robust regulatory frameworks, and the integration of
sustainable practices. Advances in artificial intelligence (Al) and the internet of things (loT) hold promise for improving
traceability and automation in e-waste processing. Likewise, policy mechanisms such as extended producer
responsibility (EPR), supported by public awareness campaigns, will play a vital role in formalizing the recycling sector.
Although the global market for e-waste recovery is projected to expand, significant barriers remain, particularly in
developing regions where infrastructure is limited and informal practices persist. An integrated approach that combines
technological, environmental, and policy-based solutions will be essential to advancing the efficiency and sustainability
of e-waste recycling systems.
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(Pregledni rad)

Izvod Kljuéne rec¢i: hidrometalurgija; uprav-
Eksponencijalni rast stanovniStva doveo je do eksponencijalne potraZnje za metalima, ljanje elektronskim otpadom; vredni
posebno za proizvodnju elektronskih uredaja, koji se na kraju svog funkcionalnog veka metali; ekstrakcija; ekoloSka odrZivost

najc¢esée odlazu na deponije. Ova praksa predstavlja znacajnu opasnost po Zivotnu sredinu
zbog prisustva metala u ovim odbacenim materijalima, nazvanim elektronski otpad ili e-
otpad. To zahteva odgovarajude strategije upravljanja e-otpadom, kako bi se spredili
negativni efekti na ekosistem i na ljudsko zdravlje. E-otpad sadrZi vredne metale, Cesto u
koncentracijama koje ¢ine njihovu reciklazu ekonomski isplativom. Stavise, rastuca potraznja
za metalima, vodena tehnoloskim napretkom, ucinila je reciklazu e-otpada klju¢nim elemen-
tom odrzivog upravljanja resursima. Ovaj rad pruza pregled hidrometalurskih tehnika obrade
za reciklazu vrednih metala iz otpada od elektricne i elektronske opreme, pre svega metala
kao sto su bakar, zlato i srebro. Ove metodologije koriste vodene rastvore kako bi olaksala
ekstrakcija metala, predstavljajuci isplativu i ekoloski odrzivu alternativu proizvodnji metala
konvencionalnim rudarenjem. Medutim, ekonomska isplativost ovih alternativnih procesa
moze varirati zavisno od vrste i koncentracije metala prisutnih u otpadu.
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Abstract

Near-field electrospinning and melt electrowriting are attractive techniques that can be used MINI-REVIEW PAPER
to produce polymeric nano- or microfibres and build three-dimensional (3D) shapes that can
be used in biotechnology and biomedicine. Preferred patterns can be designed due to the
possibility to define nozzle and collector movements. Opposite to conventional electrospin-
ning, near-field electrospinning enables formation of very fine fibres assembled in structures Hem. Ind. 79(4) 209-217 (2025)
with much larger pore sizes, tailored according to the requirements of cells, which makes such
scaffolds highly interesting for cell culture, tissue engineering applications and similar
biomedical and biotechnological applications. In addition, this technique is relatively simple,
reproducible and inexpensive. Melt electrowriting can be used to draw microfibres from a
solution or a melt through an electrostatic field allowing precise deposition with high accuracy,
leading to highly porous scaffolds that facilitate homogeneous cell distribution. This review
provides an overview of new theoretical and experimental findings related to near-field
electrospinning and melt electrowriting for applications in biotechnology and biomedicine,
such as printing scaffolds for tissue engineering and cell culture, producing wound dressings,
and others. Near-field electrospinning and melt electrowriting processes are briefly explained,
and the most relevant polymers for biomedical applications are presented. Finally, recent
challenges and suggestions for future research directions are given.
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1. INTRODUCTION

Fibrous scaffolds have been used in biotechnology and biomedicine for decades [1-3]. Electrospinning is usually applied
to produce polymeric nanofibers for biotechnological and other applications [4-8]. This electrostatically driven process
enables spinning of polymers, polymer blends, and polymers with embedded nanoparticles to create nanofiber mats with
arbitrarily oriented fibres [9]. Oriented nanofiber bundles are advantageous for many applications [10,11] and can be
produced by several techniques, such as a fast-rotating collector electrospinning, spinning on the gaps between grounded
electrodes, structuring the electric field by dielectric or conductive materials, magnetic field-assisted electrospinning,
centrifugal electrospinning, or post-processing to draw the fibres [9,12-15]. However, certain randomness is always present
due to the bending instability of the jet travelling to the collector, resulting from the repulsive forces between surface
charges that are necessary for jet stretching and correspondingly small fibre diameters [9].

Near-field electrospinning differs regarding the distance between the needle, through which the polymer solution
is inserted into the strong electric field, and the collector is much smaller than in common electrospinning, typically
below 10 mm [16-18]. At this distance, the jet is still stable, so that highly aligned and complex patterns can be written
by producing nano- or microfibres [9].

As an alternative, melt electrowriting has emerged, which combines additive manufacturing with electrohydro-
dynamical stabilization of the molten jet, resulting in a possible printing resolution around 1 um [19].
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The possibility to create highly aligned fibres by near-field electrospinning (NFES) and melt electrowriting (MEW)
makes these techniques promising for tissue engineering and other biomedical and biotechnological applications. In the
next sections, both processes as well as the most common biomedical polymers are briefly described, followed by the
most recent applications reviewed in detail, and an outlook on overcoming recent challenges in utilization of these
technologies.

2. NEAR-FIELD ELECTROSPINNING

Near-field electrospinning is a technique quite similar to the more common far-field electrospinning, where usually
a syringe containing a polymer solution is placed opposite to a collector, with a strong electric field applied in-between
(Fig. 1a). This leads to the formation of a so-called Taylor cone at the end of the needle from which a jet is initiated that
is only stable for a short distance, before it becomes instable and shows a whipping action, which leads to stretching
and thinning of the polymeric jet before it reaches the substrate [20]. In a homogeneous electric field, the resulting
nanofibers are thus more or less arbitrarily positioned on the substrate. In NFES the nozzle-to-collector distance and
voltage are strongly reduced (Fig. 1b), resulting in much better-controlled patterning (Fig. 1d) than in the common far-
field electrospinning process (Fig. 1c) [20]. The nanofiber thickness depends not only on the polymers used, but also on
the voltage and other spinning parameters, where low voltages of a few hundred Volts result in fine fibres of a few tens
of nanometres in diameter [20,21]. It should be mentioned that even the length of the needle can modify the NFES
results, which is rarely mentioned in the literature [22,23].
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Figure 1. Far-field electrospinning (FFES) (a, c) compared with low-voltage near-field electrospinning (NFES; b, d). The fibres are
chaotically deposited on carbon 3D posts in FFES (c), whereas NFES allows more controlled patterning (d). From [20], originally
published under a CC BY-NC-ND 4.0 license

3. MELT ELECTROWRITING

Melt electrowriting can be regarded as a hybrid technology, combining extrusion 3D printing with electrospinning.
Figure 2a shows the principle of this technique, while Figure 2b depicts an exemplary scaffold printed from poly(capro-
lactone) (PCL) using melt electrowriting [24]. In addition to common planar substrates, MEW is also often performed on
cylindrical rotating substrates to prepare tubular scaffolds [25]. Interestingly, MEW printers have recently been made
available at low costs by an open-source device called MEWron, thus making MEW possible for many research groups
to obtain microfibres with a diameter range of around 1.5 to 100 um, depending on the material and device
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configuration [24,26]. Important parameters, influencing the printing results and fibre diameters, are voltage and
pressure, collector speed, nozzle diameter and the temperature of the molten polymer, besides the environmental
parameters temperature and relative humidity which have also significant impacts [27,28]. In addition, the substrate
should be conductive to support well-aligned fibre placement [29].
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Fig. 2. Melt electrowriting (MEW): (a) Schematic including the main components and working mechanism of MEW; (b) poly(capro—'
lactone) square scaffold with 500 um interspace, 1.5 um fibres and 300 layers. From [24], originally published under a CC-BY 4.0
license

4. BIOMATERIALS USED FOR NEAR-FIELD ELECTROSPINNING AND MELT ELECTROWRITING

Several polymers have been successfully used in near-field electrospinning and melt electrowriting.

Poly(caprolactone) (PCL) is often used in NEFS, but also biopolymers like alginate, chitosan, collagen, gelatine as well
as poly(g-benzyl-l-glutamate) (PBLG), poly(L-lactic acid) (PLLA), polydioxanone (PDO), polymethyl methacrylate (PMMA),
poly(ethylene oxide) (PEO), poly(2-ethyl-2-oxazoline) (PEtOx), poly(2-ethyl-2-oxazine) (PEtOzi), and various other
polymers, copolymers and polymer blends [30].

PCL is also most often used in MEW due to its biocompatibility, good thermal stability and printability, either solely
or blended with other polymers [31,32]. In addition, different other polyesters can be used, such as poly(hydroxymethyl-
glycolide-co-e-caprolactone) (pHMGCL) or thermoplastic elastomers (TPEs) as well as water-soluble polymers like
poly(2-ethyl-2-oxazoline) (PEtOx), hydrogels like poly(2-ethyl-2-oxazine) (PEtOzi) or non-biodegradable polymers like
polypropylene (PP) [31]. Mixing these polymers with different fillers, such as hydroxyapatite (HA), bioactive glass, metal
or metal-oxide nanoparticles, reduced graphene oxide (rGO) etc. can be used to improve cell adhesion and proliferation,
mechanical or electrical properties, reduce degradation or modify hydrophobicity of the material [32].

As this wide range of potential materials, combined with the high degree of freedom offered by the selected struc-
tures, which are built from nano- and microfibres with a wide range of diameters, shows, near-field electrospinning and
melt electrowriting enable a wide variety of applications in biomedicine, biotechnology, and similar fields [33]. A selec-
tion of the most recent interesting applications is given in the next sections.

5. BIOMEDICAL APPLICATIONS OF NEAR-FIELD ELECTROSPINNING

Several studies of near-field electrospinning to prepare scaffolds for tissue engineering can be found in literature.
Poly(vinyl alcohol) (PVA) blended with chitosan was used in NFES, with a distance of 3 mm between the needle and the
collector under a voltage of 2 kV [34]. It was shown that higher collector speeds were advantageous for well-defined
fibre placement and thus suggested to use this strategy for obtaining tissue engineering scaffolds.

PDO was used for preparation of near-field electrospun small-diameter vascular graft scaffolds with micron-sized
polymer fibres [35]. These tubular scaffolds had similar mechanical properties as native vessels and expanding pores, to
support transmural endothelialization. Comparing NFES with far-field electrospinning to prepare PDO scaffolds, the
same research group showed a higher neutrophil innate immune response of DNA extrusion to form neutrophil
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extracellular traps due to the possibility to tailor the pore sizes and mechanical properties [36]. Other researchers
prepared PDO near-field electrospun bioresorbable vascular grafts whose fibrous architecture aimed to mimic the
arterial extracellular matrix with the native vessel properties regarding tensile strength, suture retention, and burst
pressure, which was best achieved by fibre alignment angles of 15°/75° [37].

Using partly branched PCL microfibres prepared by NFES on a valley-shaped collector, Qavi and Tan tried to mimic
the arteriole-capillary-venule structure by spinning stem-branch-stem fibrous structures [38]. Concentrating on
relatively thin fibres only, Davis et al. [40] used NFES of gelatine to prepare fibres with a diameter of 2.3 um [39], which
is similar to gelatine fibres prepared with far-field electrospinning.

Besides tissue engineering, other biomedical and biotechnological applications of NFES can be found in the litera-
ture. NFES was applied to prepare medical wound dressings based on PCL blended with collagen type | in different ratios
and added erythromycin, used to prevent wound infections due to Gram-positive and Gram-negative bacteria [41].
Good mechanical properties, thermal stability, antibacterial, slow-release and moisturizing functions of this wound
dressing were reported.

PCL was functionalized with collagen and the natural drug usnic acid [42]. The authors found that the electrospun
fibre structures were hydrophilic due to the addition of collagen and inhibited the growth of Gram-positive and Gram-
negative bacteria due to the usnic acid, as shown in Figure 3. In addition, crosslinking the collagen with genipin resulted
in improved mechanical properties, thermal stability and drug release performance.

10%CO 20%CO 30%CO

:....__._................_....._................._._.__.....,.........._._.._................._._.:
1 . I
: 0.5% 0% 0.5% 0% :
]
: S el 1
E. coli 1 % . 1
' (o Y2 :

I 5 ¥
1 - 3 o :
: 1.5% 1% 1.5% 1% I\S% i l% ’ :
| - [
1 — :
! 0.5% 4 0.5% 0% 0.5% i
! 0% 4 0% i
1 1
1 1
S. thermophilus \ :
! :

1

1 15% 1% 15% = 19 1% - 1% !
: 10mm |
Mo i i i el i i e e i ot 8

Fig. 3. Effect of composite fibres with different contents of collagen (CO) and usnic acid (the number in the culture dish is the acid
content) on antibacterial properties against E. coli and S. thermophilus. From [42], originally published under a CC-BY 4.0 license.

6. BIOMEDICAL APPLICATIONS OF MELT ELECTROWRITING

Similar to the aforementioned MEWron device, a custom-made MEW device was used to prepare PCL box-structure
and triangular scaffolds by applying a temperature of 73 °C, a pressure of 1.2 bar in the syringe and an acceleration voltage
of 6 kV, while the nozzle-collector distance was 4 mm, and the collector was rotated at the rate of 400 mm min™ [43]. By
varying the scaffold design, the authors could tailor the scaffolds especially for osteoblasts or for keratinocytes and
connective tissue, so that a bilayer scaffold combining the optimum designs could be produced by connecting these surface
layers by a casted PCL film. A custom-made MEW device was also used by Eichholz and Hoey, who showed significant
differences in the morphology, spreading and cytoskeletal tension of human skeletal stem cells depending on the
architecture of 10 um PCL fibres [44].

Tubular melt-electrowritten PCL scaffolds were used to investigate the influence of these scaffolds, applied blank or
seeded with ovine bone marrow mesenchymal stem cells, on ovine tibial segmental defects in merino-cross sheep [45].
The authors reported a positive impact of seeded scaffolds, while also mentioning the problems of up-scaling from in vitro
and small animal models to in vivo application on surgically relevant scales. By filling PCL melt electrowritten scaffolds with
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nano-HA, Chen et al. [46,47] reported improved bone marrow mesenchymal stem cell proliferation as well as high
structural regularity and fibre conformity combined with good mechanical stability.

Gwiazda et al. [48] investigated the influence of fibre orientation on cell alignment. Comparing different PCL matrices
with three different patterns assembled of 20 um fibres, human mesenchymal stem cells seeded on these scaffolds were
found to align spontaneously along these patterns. Large cellularized bone-ligament-bone constructs with complex
geometries were thus proposed for increased mechanical resilience and elasticity. In another study, MEW was combined
with fused deposition modelling (FDM) 3D printing to prepare PCL scaffolds with aligned and orthogonal fibres, partly
coated with collagen [49]. Human adipose-derived stem cells (hADSCs) were found to proliferate on the obtained scaffolds

(Fig. 4), while the aspect ratio of cells on the aligned fibres was significantly higher than that on orthogonal fibres. Besides,
osteogenic and tenogenic differentiation of hADSCs was found depending on HA addition in different regions.

O+M

Fig. 4. Live/dead staining of human adipose-derived stem cells on aligned (A), collagen-coated aligned (A+C), orthogonal (O), and
mineral-coated orthogonal (O+M) PCL scaffolds, taken on day 1 and day 10. From [49], originally published under a CC-BY-NC 3.0
license

While PCL is most often used for melt electrowriting, some authors also applied other materials. PLLA electrowritten
scaffolds with 40 um fibre diameter and 200 um pore size were successfully tested in vitro for bone tissue engineer-
ing [50]. Combining PCL with PLA led to slightly increased viability of L929 mouse murine fibroblast and human umbilical
vein endothelial cells compared to pure PCL and PLA scaffolds [51].

Finally, it should be mentioned that the relatively low voltages used in MEW allow even for printing of polymer-DNA
composites [52] or of cell-laden polymers, which is sometimes described as electrohydrodynamic bioprinting. This tech-
nique was for example reported for printing of alginate-based bioinks with C2C12 cells [53] or human chondrocytes [54].

7. CONCLUSION AND OUTLOOK

Near-field electrospinning and melt electrowriting are recently developed techniques to prepare nano- and
microfibres and place them at well-defined positions. The possibility to tailor pore sizes and geometries, independent
of fibre diameters, is supportive for cell culture and tissue engineering applications.

Nevertheless, there are still challenges to overcome. On the one hand, while several polymers have already been
investigated for NFES or MEW, nowadays especially MEW is mostly performed with PCL or PCL blends, suggesting that
more research is needed on the use of other polymers. Additionally, the large number of custom-made setups for NFES
and MEW reduces the reproducibility of studies [36]. The situation is even more complicated by sometimes missing
information such as the needle length in NFES or environmental parameters. Also, the fibre throughput in these
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techniques is still slower than in common far-field electrospinning and several attempts have been made to speed up

the fibre production. Finally, freely available programs to translate CAD data of diverse shapes into instructions for NFES

or MEW devices are still missing [55].

We hope that this review can help gaining more interest in developing these techniques further.
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(Mini pregledni rad)
Izvod Klju¢ne reci: 3D porozni nosaci, nano-
Elektropredenje u bliskom polju (engl. near-field electrospinning) i elektropisanje vlakna, biomedicina

rastopljenim materijalom (engl. melt electrowriting) predstavljaju atraktivne tehnike koje se
mogu koristiti za proizvodnju polimernih nano- ili mikrovlakana i izradu trodimenzionalnih
(3D) struktura koje nalaze primenu u biotehnologiji i biomedicini. PoZeljne strukture se mogu
projektovati zahvaljujué¢i moguénosti definisanja kretanja dizne i kolektora. Za razliku od
konvencionalnog elektropredenja, elektropredenje u bliskom polju omogucéava formiranje
veoma finih vlakana koja se organizuju u strukture sa znatno ve¢im porama, prilagodene
zahtevima celija, Sto ove nosace Cini izuzetno zanimljivim za kulture éelija, inZenjerstvo tkiva
i slicne biomedicinske i biotehnoloske primene. Pored toga, ova tehnika je relativho
jednostavna, ponovljiva i jeftina. Elektropisanje rastopljenim materijalom moze se koristiti
za izvlacenje mikrovlakana iz rastvora ili topljenog polimera kroz elektrostaticko polje,
omogucavajuéi precizno nanosenje sa visokom tac¢noséu, sto dovodi do veoma poroznih
nosaca koji olakSavaju ravnomernu raspodelu ¢éelija. Ovaj pregledni rad pruza uvid u nova
teorijska i eksperimentalna saznanja vezana za elektropredenje u bliskom polju i
elektropisanje rastopljenim materijalom, sa primenama u biotehnologiji i biomedicini, kao
Sto su Stampanje nosaca za inZenjerstvo tkiva i kulture celija, izrada obloga za rane i druge
primene. Procesi su ukratko objasnjeni, a zatim su predstavljeni i najrelevantniji polimeri za
biomedicinske primene. Na kraju, izloZeni su aktuelni izazovi i predlozi za buduce pravce
istrazivanja.







Phase transformations kinetics in barium titanate synthesis by
mechanochemical processing

Nata3a G. Pordevié?, Srdan D. Matijasevi¢!, Nenad M. Vu3ovi¢?, Slavica R. Mihajlovié¢* and
Milica M. Vlahovié?

Iinstitute for Technology of Nuclear and Other Mineral Raw Materials, Belgrade, Serbia

2University of Belgrade, Technical Faculty in Bor, Bor, Serbia

3University of Belgrade, Institute of Chemistry, Technology and Metallurgy-National Institute of the Republic of Serbia, Belgrade,
Serbia

Abstract
This article presents the research results on a dry mechanochemical synthesis of barium ORIGINAL SCIENTIFIC PAPER
titanate at a low temperature in which the reaction model and kinetics were determined during
the activation of a powder mixture of titanium dioxide and barium oxide. The solid-state
reaction achieved high degree of conversion (0.99). Successive analyses were conducted
throughout the reaction, revealing the presence of both the starting powders and newly Hem. Ind. 79(4) 219-231 (2025)
formed intermediate compounds. Phase transformations were monitored via X-ray diffraction,
allowing the dynamics of the synthesis to be characterized. It was established that, for the given
system, 440 min of mechanical activation in a high-energy vibration mill was required to
complete the neutralization reaction and produce barium titanate. The reaction mixture
composition was tracked by sampling at five intervals, confirming the presence of intermediate
compounds and mapping the reaction pathway from the initial barium and titanium oxides to
the final BaTiO3 product.
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Keywords: Solid-state reaction; BaO; TiO,; reaction mechanism; kinetics; mechanochemical
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1. INTRODUCTION

Barium titanate is a material that has long been of great interest due to its properties. It is a very stable (mechanically
and chemically) material with ferroelectric properties that is easy to prepare. It has found application in capacitors,
superconductors, piezoelectric devices and PTC thermistors thanks to its high dielectric constant and low loss
characteristics [1].

However, dielectric properties of barium titanate nanoparticles are greatly influenced by the applied synthesis
method. There are several methods for the synthesis of barium titanate: hydrothermal, microwave-assisted hydrother-
mal, electrochemical, polymer precursor (Pechini) and the dry process synthesis, i.e. mechanochemical synthesis [2].
The aim of the latter studies was not to improve the dielectric properties of barium titanate, but to examine the
possibility of obtaining it by a dry mechanochemical process and to monitor the kinetics of this process, which is
continued in the present work.

Solid-state reactions have long captured the interest of researchers, particularly when these processes offer
advantages such as simpler synthesis methods and reduced energy consumption compared to equivalent liquid-phase
reactions. In recent years, mechanochemical synthesis has gained prominence in the production of various compounds.
Understanding the specific parameters characteristic of solid-state matter is crucial for this type of research [3]. In
addition to their advantages, solid-state reactions also have disadvantages that can make them challenging for certain
applications [4] such as the often requirement for high temperatures (above 700 °C), presenting an additional economic

Corresponding author: Natasa G. Dordevic, Institute for Technology of Nuclear and Other Mineral Raw Materials, Franchet d’Esperey Blvd 86, Belgrade,
Serbia; E-mail: djordjevic@itnms.ac.rs, https://orcid.org/0000-0002-2353-6751

Co-authors: S. D. Matijasevi¢ https://orcid.org/0000-0002-2353-6751, N. M. Vusovic¢ https://orcid.org/0000-0001-5246-4243,

S. R. Mihajlovi¢ https://orcid.org/0000-0003-0904-3878, M. M. Vlahovi¢ https://orcid.org/0000-0002-7893-9101

Paper received: 22 October 2024; Paper accepted: 15 September 2025; Paper published: 25 September 2025.
https://doi.org/10.2298/HEMIND241022014D

219



http://www.ache.org.rs/HI/
mailto:djordjevic@itnms.ac.rs
https://orcid.org/0000-0002-2353-6751
https://orcid.org/0000-0002-2353-6751
https://orcid.org/0000-0001-5246-4243
https://orcid.org/0000-0003-0904-3878
https://orcid.org/0000-0002-7893-9101
https://doi.org/10.2298/HEMIND241022014D

Hem. Ind. 79(4) 219-231 (2025) N. G. DORDEVIC et al.: PHASE TRANSFORMATIONS KINETICS IN BARIUM TITANATE SYNTHESIS

investment in the desired process. Also, due to the necessary diffusion of reactants in the solid phase, the process rate
is lower than in liquid-phase reactions. Due to the nature of the process, it is difficult to control the morphology of the
product and formation of new, secondary phases due to incomplete reactions and diffusion limited processes. Another
problem is the presence of mechanically hard, strongly bonded agglomerates at high processing temperatures, which
are difficult to disintegrate. In contrast to solid-state reactions, in reactions that take place in sol-gel systems, better
control of the final product in terms of homogeneity, stoichiometry and purity is possible.

Unlike liquid-phase reactions, where particles exhibit greater mobility due to the presence of ions in a fluid medium,
solid-state reactions require direct contact between the initial components, which have not decomposed into ions. Not
all reactions that occur in the liquid phase can be replicated in the solid phase. For such reactions to be feasible, they
must be thermodynamically favourable, meaning that the activation energy necessary to initiate the chemical reaction
must be adequately supplied. The energy input to the system has to meet or exceed the activation energy required for
the reaction to proceed in the solid state [5-8].

When the starting components are ground in their solid state, bringing the particles into contact without dissociation
and a chemical reaction occurring with sufficient energy input, the process is referred to as mechanochemical synthesis,
which typically occurs in a reactor. These reactions differ from classic acid-base neutralization reactions. However, if the
product of a mechanochemical reaction is salt formed from a base and an acid, with the initial components being a base
anhydride and an acid anhydride, the reaction can still be categorized as a neutralization reaction. This reaction occurs due
to the collision of mechanically activated particles, coupled with the sufficient energy input that leads to dissociation. The
system becomes excited, the crystal lattice is disrupted, and new bonds are formed between particles. The presence of
broken bonds and excited electrons, which act as carriers for the formation of new bonds, drives the reaction forward. In
this context, only the Lewis definitions of acid-base reactions apply [9,10]. Bases serve as electron donors, while acids are
electron acceptors under the newly established conditions of the mechanochemical neutralization reaction. The most
significant factor influencing such complex reactions is the input of mechanical energy, which determines the reaction time
necessary to achieve a complete reaction in the solid phase [11]. When titanium dioxide and barium oxide are the initial
components in such a system, it is possible to synthesize barium titanate as the final product [12-17].

A mechanochemical process for obtaining barium bismuth titanate was described, whereby the synthesis was
carried out in a planetary ball mill in air atmosphere followed by a comprehensive analysis of the resulting product [12].
Also, mechanochemical activation of a stoichiometric powder mixture 2Bi»03-3TiO2 was performed to obtain
BisTisO12 [13]. X-ray powder diffraction was used to monitor the intermediate as well as the final product, and the results
were used to establish the kinetics of the process. In another study mechanochemical activation of a 2Bi203-3TiO2
mixture was performed in a planetary ball mill and the crystallite size, amount of the amorphous phase and the
transformed fraction were monitored using the X-ray diffraction analysis method. The authors established that there
was deformation of the crystal lattice and destruction of the structure of the starting material [14]. Also, after a certain
amount of grinding time, a very disordered, amorphous/nanocrystalline structure was obtained. There are some other
papers describing synthesis of BaTIOs by solid-state synthesis methods with lower energy of activation of the initial
samples; those methods produced poorly uniform BaTiOs at higher temperatures, with intermediate phases such as
Ba:TiO4 or BaTi20s [18-20].However, in one study it was indicated that BaTiOs can be obtained at lower temperatures
in contrast to results previously reported in the literature [21].

To comprehend this synthesis process fully, it is essential to identify intermediate compounds and monitor both the
reaction mechanism and kinetics [22-28]. The aim of this research was to derive the reaction mechanism and investigate
the kinetics of barium titanate synthesis via mechanochemical activation in a vibrating mill with rings.

2. EXPERIMENTAL

Mechanochemical neutralization reactions involving barium oxide (BaO) and titanium dioxide (TiO2) were conducted
using a high-energy vibration mill with torsion springs and annular working elements, manufactured by KHD Humboldt
Wedag A.G., Germany (model MH954/3). The mill comprises a base and a horizontally positioned shutter. The working
vessel is a cylindrical container made of stainless steel, with a depth of 40 mm and an internal diameter of 170 mm. The
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working elements consist of two freely moving concentric rings, also made of stainless steel, with a total weight of 3 kg.
The grinding process lasted for 440 min, with a motor power of 0.8 kW, the energy input to the system equivalent to a
grinding disc speed of 800 rpm.

Atomic absorption spectrophotometry (AAS) was selected as a precise and reliable method for monitoring the
reaction kinetics, and based on literature data and blank tests, 10 % acetic acid was chosen as the most suitable solvent.
Chemical analysis was carried out using a Perkin Elmer Analyst 703 (USA) atomic absorption spectrophotometer. The
concentrations of unreacted Ba?* (A = 553.6 nm) and Ti** (A = 364.3 nm) ions were determined in the reaction mixture
at specific time intervals, after dissolving the samples in this solvent. In this solution, only the oxide of the corresponding
metal dissolves, forming acetate, while titanium dioxide and possibly synthesized titanate remain undissolved as a product
of the reaction. The measurement uncertainty was 0.49 %. Practically, kinetic diagrams of the mechanochemical
neutralization reactions were determined as follows: during the experiment, samples of the system in the amount of 0.1 g
(analytical balance AE 165 MX 104 (Mettler, Switzerland) were taken at certain time intervals. The samples were dissolved
in 250 ml of 10 % acetic acid solution. After filtering the suspension in the clear solution, the content of the appropriate
alkaline metal (Ba?*) and titanium was determined by using an AAS. Based on the obtained results, the degree of synthesis
of the appropriate sample was calculated. From a set of calculations for the time series of mechanochemical synthesis, a
kinetic diagram for the corresponding mechanochemical reactions was constructed.

The identification of crystalline phases formed during the solid-state reaction was carried out using X-ray powder
diffraction (XRD). The samples were recorded and analysed using an automated diffractometer PW-1710 (Philips,
Netherlands) equipped with a copper tube, operating at 40 kV and 35 mA. The device features a graphite mono-
chromator and a proportional counter filled with xenon gas. The scanning angle (2 8) ranged from 4 to 65° with step of
0.02° and holding time 0.5 s. Phase identification was achieved by comparing the results with standard patterns from
the JCPDS database. The XRD analysis enabled the determination of the types and quantities of crystalline phases
present. Detection limit was below 2 % [29].

For these experiments, barium oxide (BaO p.a., Fluka, Switzerland) was used as the basic reactant, and titanium
dioxide (TiO2 p.a., Merck, Germany) as the acidic reactant. No specific preconditions regarding the crystal structure or
particle size distribution of the starting components were imposed. The used mechanochemical reactor was designed
for an optimal batch size of 50 to 150 g. In this study, 0.5 mol (76.7 g) of BaO and 0.5 mol (39.9 g) of TiO,, giving a total
of 116.6 g as calculated from the stoichiometric Equation (1), were used, which is within the optimal range.

BaOys) + TiO2(s) = BaTiO3(5)(Ba0-TiO2) (1)

To identify the crystal structure of BaO, a qualitative XRD analysis was performed, as shown in Table 1 (d-interplanar
spacing, 26 - diffraction angle) and Figure 1.
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Figure 1. XRD analysis of BaO, (JCPDS-No. 22-1056)

Table 1. XRD peaks of BaO

Peak (from Fig. 1) d/nm 20/°
1 0.32895 27.085
2 0.26771 33.445
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Analysing the X-ray diffraction (XRD) pattern in Figure 1 confirmed the presence of a significant amount of
amorphous material. The diffraction peaks (d-values 3.2895 and 2.6771) indicate that the analysed sample corresponds
to (poorly crystallized) barium oxide (BaO), (JCPDS-No. 22-1056). The XRD pattern of the starting titanium dioxide and
its characteristic diffraction peaks are provided in Table 2 and Figure 2.
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Figure 2. XRD analysis of TiO, (JCPDS card No. 21-1272)

Table 2. XRD peaks of TiO,

Peak (from Fig. 2) d/nm 20/
1 0.35133 25.330
2 0.23778 37.805
3 0.18926 48.035
4 0.16667 55.055
5 0.14806 62.700

Throughout 440 min required for the complete synthesis of barium titanate via the mechanochemical process,
samples were taken five times (at 30, 110, 200, 290, and 440 min) and each was analysed using XRD. The atomic
absorption spectrophotometric (AAS) method was employed to analyse the chemical composition of the system
corresponding to the activation time.

Based on the chemical analysis results, the degree of synthesis S [30], was calculated using Equation (2):

s [1_ 0.25(m-bm,, )Jloo 2)

mya
where mri/ g L't is the mass concentration of titanium in the solution, m / g L' is the concentration of barium in solution,
mo / g L' is the mass concentration of the initial sample, a denotes the mass fraction of barium in the initial sample with
the value of 0.5885, b represents the equivalence factor for barium's participation in the assumed intermediate compound
of stoichiometric composition BaTiOs, with b = 2.8604 for the tested reaction system (BaO + TiO2). The fundamental
chemical-thermodynamic data, along with the corresponding equilibrium constant for the neutralization reaction between
BaO and TiO, are as follows [31]: AHr =-161.5 k mol?, AS® =-12.69 J mol?, AG® = -157.8 kl mol?, Kr = 1.31x10%,

All data refer to a temperature of 20 °C: AH®: (change in the enthalpy of the reaction), AS°: (change in the entropy of
the reaction), AG®°: (change in the Gibbs free energy of the reaction), and K: (equilibrium constant of the reaction). All
experiments were performed in triplicate.

3. RESULTS AND DISCUSSION

In our research, we also used X-ray structural analysis to monitor the results of activation and final synthesis as a
function of activation time. To monitor dynamics of the formation of a new phase (i.e. the reaction product), samples
of the reaction mixture were taken at specific time intervals (30 to 440 min) throughout the experiments, followed by
qualitative XRD analyses. This approach allowed for the identification and monitoring of both the initial components
and the products of the mechanochemical neutralization reactions. The XRD analysis of the sample after 30 min of
mechanochemical activation was shown in a previous study [32]. The results demonstrated that high-energy milling
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induced significant changes in the crystal structure of the starting components, with trace amounts of barium titanate

being detected.
The next sample was taken from the reaction system after 110 min of mechanochemical treatment. The XRD analysis

of this sample is presented in Table 3 and Figure 3.
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Figure 3. XRD analysis of the reaction system (BaO+TiO;) after 110 min of the mechanochemical treatment
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Table 3. XRD peaks of the reaction system (BaO+TiO;) after 110 min of the treatment (8 peaks registered)

Peak (from Fig. 3) Assigned phase d/nm 20/°
1-0 BaTiO3 0.39852 22.29
2-0 TiO; 0.35093 25.36
3-e BaO 0.33142 26.88
4-0 BaTiO3 0.28480 31.38
5-e BaO 0.26873 33.31
6-0 BaTiO3 0.23432 38.38
7-0 BaTiO3 0.16541 55.51
8-0 TiO; 0.16060 57.32

XRD peaks of the investigated system after 200 min of mechanochemical treatment are given in Table 4. As illustrated
in Figure 4, the crystalline structure of the reaction system continues to degrade, bringing the entire reaction mixture to
an almost entirely amorphous state.
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Figure 4. XRD analysis of the reaction system (BaO+TiO;) after 200 min of the mechanochemical treatment
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Table 4. XRD peaks of the reaction system (BaO+TiO;) after 200 min of the treatment (8 peaks registered)

Peak (from Fig. 4) Assigned phase d/nm 20/
1-0 BaTiO3 0.40145 22.12
2-0 TiO; 0.35031 25.40
3-e BaO 0.33105 26.91
4-o BaTiOs 0.28295 31.59
5-0 BaTiO3 0.23196 38.79
6-0 BaTiO3 0.20133 44.99
7-0 BaTiO3 0.19235 47.21
8-0 BaTiO3 0.16588 55.34

Despite this, the detected peaks still indicate the presence of the starting reactants, barium oxide and titanium
dioxide. It is noteworthy that the number of peaks associated with noise has significantly decreased, which clearly
indicates a dynamic restructuring of the reaction system. The presence of an amorphous state in the system does not
necessarily contradict previous observations; it may simply represent an intermediate phase in the reaction process
leading to the formation of the final product's structure. Secondary phases such as BaTi2Os, Ba,TiO4 were not found,
they are either absent or below the detection limit of the methods used. The subsequent XRD analysis was conducted
on a sample taken from the reaction system after 200 min of mechanochemical activation.

The processes observed in the XRD analysis of the sample treated for 110 min continue and become even more
pronounced. The main peak of barium titanate (d-value 2.8295) shows a noticeable increase in intensity, and all six
characteristic peaks for barium titanate are clearly detected. The characteristic peaks of the reactants have largely
disappeared, and the number of peaks associated with noise has further decreased. This indicates that after 200 min of
mechanochemical treatment, a new phase- barium titanate-has clearly formed and dominates the reaction system. The
increasing intensity of the characteristic peaks suggests the development and ordering of the crystal structure of the
newly formed compound.

Table 5 and Figure 5 show the XRD analysis of the sample that underwent mechanochemical treatment for 290 min.
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Figure 5. XRD analysis of the reaction system (BaO+TiO;) after 290 min of the mechanochemical treatment

Table 5. XRD peaks of the reaction system (BaO+TiO;) after 290 min of the treatment (7 peaks registered)

Peak (from Fig. 5) Assigned phase d(nm 20/°
1-0 BaTiOs3 0.39887 22.27
2-0 TiO, 0.34910 25.49
3-0 BaTiO3 0.28208 31.69
4-0 BaTiO3 0.23017 39.10
5-0 BaTiO3 0.20038 45.21
6-0 BaTiO3 0.19306 47.03
7-0 BaTiO3 0.16322 56.32
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At this time, a well-defined crystal structure of the mechanochemical reaction product, barium titanate, had formed
from the starting oxides BaO and TiO2. Traces of the starting reactants were only observed in a remaining peak
corresponding to titanium dioxide, while the increased number of peaks associated with the noise domain suggests that
the mechanochemical synthesis of barium titanate was not yet complete. Chemical analyses confirming the absence of
one of the reactants (barium oxide), along with the fact that the mechanochemical reaction was conducted with a
stoichiometric ratio of reactants (as per Equation (1)), are reliable indicators that the mechanochemical neutralization
reaction between the acid anhydride (TiO2) and the oxide base hydroxide (BaO) was fully realized.

Figure 6 and Table 6 display the XRD analysis of the reaction product (Equation (1)) obtained from the mechan-
ochemical reaction of BaO and TiO: after 440 min of treatment. Chemical analysis determined that the sample contained
only 1.3 % of the starting barium oxide compared to the initial amount, indicating that 440 min represents the duration
required for complete synthesis, considering the detection limit of the methods.
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Figure 6. XRD analysis of the reaction system (BaO+TiO;) after 440 min of the mechanochemical treatment

Table 6. XRD peaks of the reaction system (BaO+TiO;) after 440 min of the treatment

Peak (from Fig. 6) Assigned phase d/nm 20/°
1-0 BaTiOs 0.39905 22.26
2-0 BaTiOs 0.28217 31.68
3-0 BaTiOs 0.23128 38.91
4-0 BaTiO3 0.19936 45.46
5-0 BaTiO3 0.17929 50.89
6-0 BaTiOs; 0.16343 56.24

Analysis of the diffraction maxima (Figure 6) revealed that the peak intensities correspond to the crystalline phases of
barium titanate (BaTiOs, i.e BaO-TiOz). This suggests that after 440 min of mechanochemical treatment, the reaction
described in Equation (1), has essentially reached completion, considering the detection limit of methods. The well-defined
diffraction peaks of barium titanate, along with the absence of peaks corresponding to the starting reactants—barium
oxide and titanium dioxide - could indicate the successful completion of the mechanochemical synthesis of barium titanate.
Considering that the vibrating mill we used in researching the possibility of mechanochemical synthesis of barium
titanate, at the end of the activation it was determined by X-ray structural analysis that the product is almost completely
obtained in a stable crystalline state with the chemical formula BaTiOs.

A detailed analysis of the diagrams presented in Figures 1 to 6 provides valuable insights into the mechanochemical
synthesis of barium titanate (BaTiOs). By analysing the progression of the crystal structures and recognizability of the
peaks, the entire process can be divided into three experimental stages based on XRD and AAS analyses:

1. First stage (up to 30 min): During this initial phase, the crystal structure of the reaction system collapses significantly.

It is challenging to draw conclusions about the crystalline and chemical structures due to the extensive

amorphization of the reactants.
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2. Second stage (up to 110 min): This phase represents the "transition state" of the reaction system. At this point, it
remains difficult to ascertain the crystalline and chemical structures. The mechanical energy introduced during this
stage primarily contributes to the destruction of the reactants' crystal structures. The mechanochemical activation
accumulates mechanical energy in the material, leading to increased potential energy and chemical reactivity.

The peak of energy flow in the second stage represents the minimum amount of energy required to transform

reactants into products in a chemical reaction. The value of the activation energy is equivalent to the difference in

potential energy between particles in an intermediate configuration (known as the transition state or activated
complex) and particles of reactants in their initial state. The activation energy thus can be visualized as a barrier that

must be overcome by reactants before products can be formed [32].

3. Third stage (after 200 min): In this stage, formation of a distinct crystal structure of barium titanate becomes evident.
Diffraction maxima at d-values characteristic for barium titanate increase in intensity. The energy introduced during
the third stage, along with the energy accumulated in previous stages, is primarily used for forming stable chemical
bonds and constructing the crystal structure of the product. The remaining reactants and the activated complex are
sufficiently exciting, ensuring that the newly formed crystal structure of barium titanate remains intact despite the
continued mechanical energy input.

Throughout the activation process, mechanical energy is introduced into the reaction system, which drives these
transitions. Initially, in the first stage, energy is mainly expended on the breakdown of the crystal structures of the starting
reactants, causing significant amorphization [33,34]. Mechanochemical activation also promotes transformation of the
released mechanical energy into stored energy within the material, manifesting as accumulated crystal lattice distortions
and an increase in the specific surface area. This enhances the potential energy and chemical reactivity of the material.

The second stage of the process represents the peak of this energy flow, where the entire reaction mass enters a
transition state. After 110 min of the mechanochemical treatment, the chemical analysis of the reaction mixture sample
dissolved in a 10 % acetic acid solution revealed the presence of both barium and titanium in the solution. Notably,
barium titanate and titanium dioxide remained insoluble in the dilute acid, leading to two important conclusions:

- Titanium detected in the solution does not originate from free titanium dioxide or barium titanate.

- Barium detected does not come from barium titanate; part of it likely originates from unreacted barium oxide, which
had not yet fully participated in the reaction described by Equation (1).

These two findings suggest the total titanium present in the acetic acid solution, along with the corresponding
stoichiometric portion of barium, originates from a complex intermediate compound, *BaO*TiO>*, with amorphous
characteristics (hence undetectable by XRD) and partial solubility in 10 % acetic acid. Repeating XRD measurements
after a three-month relaxation period did not show any changes, indicating relative stability of this intermediate phase.
Based on both XRD and chemical analyses, the reaction system after 110 min of the treatment can be described as
consisting of the following phases:

- amorphous titanium dioxide (TiOz), insoluble in acetic acid,

- amorphous barium oxide (Ba0O), soluble in acetic acid,

- the amorphous activated complex (¥*BaO*TiO2*), partially soluble in acetic acid,

- crystalline barium titanate (BaTiOs), insoluble in acetic acid.

The third stage of the process is dominated by the formation of a clear and recognizable crystalline structure of
barium titanate. From the amorphous structure characteristic for the second stage, the continued mechanochemical
treatment results in the gradual emergence and intensification of diffraction maxima at d-values (Table 6) characteristic
for barium titanate (JCPDS card No. 5-626). During this stage, the energy introduced into the reaction system via the
mechanochemical reactor, along with the energy accumulated in the previous two stages, is largely consumed in
forming stable chemical bonds and constructing the crystalline structure of the chemical reaction product. The
remaining reactants and the assumed activated complex become so energetically excited that the formation of the
product, particularly its well-defined crystalline structure, remains unaffected even by the direct influence of mechanical
energy on the newly formed product crystals. The third stage represents formation of the crystalline structure during
the mechanochemical synthesis, as the process of growth and development of the compound's crystal structure occurs
precisely while the compound itself is being subjected to mechanical energy.
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Based on the performed chemical analyses of the samples taken at different time intervals, dependence of the
degree of synthesis (S / %) on the mechanochemical treatment duration was determined and the resulting kinetic
diagram is shown in Figure 7.
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Figure 7. Kinetics of the mechanochemical synthesis of barium titanate

Based on the obtained kinetic diagram, the shape of the curve could be analysed. Given the nature of the chemical
reaction, it can first be noted that the investigated mechanochemical process resembles a typical second-order reaction
of the form: A + B - products.

However, considering the general form of the chemical reaction (Equation (1)) and the kinetic diagram, and the
diffusion driven nature of the process it can be concluded that the mechanochemical process can be approximated as
a pseudo-first-order reaction [21,35]. The results, which are used to generate the diagram in Figure 8, align well with
the mathematical relations applicable to first-order reactions of the form: A = products, where only one reactant is
involved, and the reaction rate is directly proportional to the concentration of that reactant, Equation (3) [36]:

——=kc (3)

where c represents the concentration of the reactant, t is the time, and k is the reaction rate constant. Introducing the
variable x, defined as the amount of reactant consumed in the reaction over time t, and after performing the integration,
Equation (4) is obtained:

In—2— —kt (4)

a—x
i.e. Equation (5):
In;=kt
1-5/100
where S / %, represents the degree of synthesis achieved at the time t. When the Equation (5) is applied to the results
presented in Figure 7, the resulting diagram shown in Figure 8 is obtained.
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Figure 8. Application of Equation (5) (line) on the experimental results of the mechanochemical synthesis (symbols)
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A linear dependence in Figure 8 is evident, as mathematically expressed by Equations (4) and (5), where the rate
constant k in this graphical representation corresponds to the slope of the line. This confirms that the mechanochemical
neutralization reaction (Equation (1)), i.e. the mechanochemical synthesis of barium titanate follows the kinetic law of a
first-order reaction. The fitted line showed a negligible intercept (0.0054), which can be attributed to experimental
uncertainty, while the theoretical model predicts passage through the origin (0,0).

Given that the reaction begins with pure and inactivated reactants, which exist as elementary particles (BaO and
TiO2) during the mechanochemical process, it is concluded that the synthesis of barium titanate proceeds through two
kinetic phases. The first phase involves collisions between the molecules of the two reactants, forming an activated
complex that stoichiometrically corresponds to barium titanate but represents a unique compound in terms of its
structure and chemical bonds, while the second phase involves the introduction of energy into the system, which
overcomes the energy barrier along the reaction pathway, driving the chemical reaction irreversibly toward the
formation of the desired product, Equation (6):

BaO+TiO, —2>*BaO*TiO,*—“—>BaTiO, (6)
where ko and k are the rate constants of the first and second phases of the reaction, respectively. According to the
conclusion that the reaction follows first-order kinetics, the second stage of reaction (6) represents the slower phase of
the overall mechanochemical synthesis of barium titanate, which means that ko >> k1.

It can be concluded that the activation energy required to initiate the first phase of the reaction is significantly lower
than the activation energy needed to convert the activated complex into the final product of barium titanate, i.e. to
complete the second phase. The hypothesis regarding the existence of an activated complex (as an intermediate product)
during mechanochemical synthesis reactions, coupled with the fact that XRD analysis of the samples after 110 min of the
mechanochemical treatment did not show any changes even when repeated three months after the synthesis, supports
the conclusion about the stability of the activated complex and the irreversibility of the first-phase reactions (Equation (6)),
despite the transition of the reaction system from a lower to a higher energy state. The diagram showing the change in
potential energy of the reactants during the mechanochemical reaction is illustrated in Figure 9.

s

Energy

REACTANTS
lla[)+'|'i02 AGY

PRODUCTS
BaTiO

Reaction coordinate
Figure 9.Change in potential energy along the reaction coordinate

In this study, the experiments were not conducted at varying temperatures, so it is not possible to quantitatively
determine the activation energies. However, the difference in potential energy between the reactants and the products
corresponds to the Gibbs free energy of reaction (Equation (1)), with a value of AG°= -157.8 k) mol. The diagram
representing the potential energies of the reactants and the activated complex illustrates the reaction mechanism of
the mechanochemical synthesis of barium titanate, as depicted in reaction (Equation 6).

Therefore, it can be concluded that the activation energy for the first phase of reaction (Equation 6) is lower than
that of the second phase. This difference in activation energies causes the rate constant for the second phase to be
lower than that of the first phase, leading to the kinetic profile of a first-order reaction.
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The solid-state reactions initiated by intensive milling in high-energy mills could be good choice for BaTiOs powder
preparation. Intensive milling (mechanical activation) of the starting materials increases the area of contact between
the reactant powder particles due to reduction in particle size and allows surfaces to come into contact [18]. In this
study, high-energy mechanical activation accelerated the formation of BaTiO; without secondary phases, while previous
reports also indicate that such activation can reduce the formation temperature [21].

4. CONCLUSION

The results of the experimental research presented in this paper have shown that BaTiOs can be obtained through
a dry mechanochemical process by a neutralization reaction between BaO, as the basic reactant, and TiO», as the acidic
reactant. Identification of crystalline phases formed during the reaction; monitoring of phase transformations and
determination of the synthesis dynamics were successfully performed by using XRD analyses. Composition of the
reaction mixture during the synthesis of BaTiOs, was quantitatively analysed by AAS to determine the reaction model
and reaction kinetics. To achieve a high conversion rate of 0.99, which can be considered a complete synthesis of BaTiOs3,
it is necessary for the activation process to last 440 min. By analysing the progression of the formation of crystalline
structures and by their identification, the entire process of obtaining BaTiOs can be divided into three stages: 1. the
crystal structure of the BaO-TiO2 reaction system is disrupted; 2. accumulation of mechanical energy increases the
system's potential energy and chemical reactivity forming intermediate compounds; 3. formation of crystalline BaTiOs
becomes evident. This approach highlights mechanochemical synthesis as an energy-efficient route enabling precise
monitoring of reaction kinetics, while the obtained results provide a basis for optimizing similar solid-state reactions
and potential industrial applications.
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(Naucni rad)

Izvod Kljuéne reéi: reakcija u &vrstom stanju;
U radu su prikazani rezultati istraZivanja sinteze barijum titanata (BaTiOs) na niskim tempe- BaO; TiOz; mehanizam reakcije; kine-
raturama suvim mehanohemijskim postupkom. Bazni reaktant u eksperimentima je barijum tika; mehanohemijska sinteza

oksid (BaO), dok je kao kiseli reaktant bio titanijum dioksid (TiO;). Optimalna koli¢ina
polaznih uzoraka za aktivaciju je bila od 50 do 150 g. U cilju praéenja reakcije izmedu polaznih
uzoraka, reakciona smesa je uzorkovana nakon 30, 110, 200, 290 i 440 min aktivacije. Za
reakcije neutralizacije izmedu BaO i TiO, koriséen je visokoenergetski vibracioni mlin sa
torzionim oprugama i prstenastim radnim elementima. Produkti mehanohemijske reakcije
su hemijski analizirani u cilju identifikacije neizreagovanih ostataka oksida zemnoalkalnih
metala cija koli¢ina moZe da ukaZe na stepen konverzije ili sinteze. Za identifikaciju kristalnih
formi nastalih tokom reakcije i pracenje faznih transformacija koris¢ena je difrakciona
rendgenska analiza praha (engl. X-ray powder diffraction, XRD). Dobijeni rezultati ovom
analizom su omogudili definisanje dinamike sinteze. Sastav reakcione smese, u ta¢no
definisanim vremenskim intervalima tokom postupka sinteze, kvantitativno je analiziran
atomskom apsorpcionom spektroskopijom. Cilj ovog istrazivanja je bio da se tokom sinteze
BaTiOs3 odredi reakcioni model kao i kinetika reakcije. Rezultati dobijeni u prikazanom
eksperimentu su pokazali da je tokom reakcije sinteze BaTiO3 u Cvrstom stanju postignut
izuzetno visok stepen konverzije (0,99). Uzorkovanjem reakcione smesSe u pet razli¢itih
vremenskih intervala potvrdeno je prisustvo pocetnih prahova BaO i TiO,, zatim
intermedijarnih jedinjenja i na kraju konacnog proizvoda, kristalnog BaTiOs. Analizom
nastanka kristalnih struktura i njihove identifikacije ceo proces dobijanja BaTiO3 moze se
podeliti u tri etape: prva etapa u kojoj se urusava kristalna struktura reakcionog sistema BaO-
TiO, (do 30 min); druga etapa je nastanak prelaznog stanja gde je tesko utvrditi kristalnu i
hemijsku strukturu, dovedena mehanicka energija sistemu se akumulira u materijalu Sto ima
za posledicu povecanje potencijalne energije i hemijske reaktivnosti (do 110 min); treca
etapa u kojoj dolazi do znacajnog formiranja kristalnog BaTiOs (posle 200 min). Rezultati su
pokazali da je za dati sistem potrebno 440 min mehanicke aktivacije da se izvrsi potpuna
reakcija neutralizacije.







Biogasoline synthesis by catalytic cracking of used cooking oil catalysed
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Abstract

This research aims to synthesize biogasoline from used cooking oil using a catalyst of chicken
eggshell based CaO impregnated with y-Al,03 through catalytic cracking, as well as to charac-
terize the final product. Cracking optimization was carried out by varying the catalyst
calcination temperature (650, 750 and 850 °C) and the catalyst concentration (1, 2 and
3 wt.%). The stages of this research were (1) characterization of used cooking oil (density, Hem. Ind. 79(84) 233-241 (2025)
viscosity, refractive index, and iodine number) (2) synthesis of the CaO/y-Al,0s, (3) catalytic
cracking of used cooking oil with the use of the synthesized catalyst, and (4) characterization
and identification of biogasoline. The results showed that the optimum condition for
catalytic cracking was obtained at the calcination temperature of 650 °C. The synthesized
biogasoline has the following characteristics, i.e. density of 0.776 g mL?, viscosity of
1.84 mm?2 s, a refractive index of 1.43, and the iodine number of 22.85 g |, per 100 g. The
synthesized biogasoline contained alkane, alkene and carboxylic acid compounds, C,-Cig.
This composition was dominated by compounds belonging to biogasoline (Cs-C1,) amounting
to 94.5 wt.% as confirmed by gas chromatography-mass spectrometry analyses.
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1. INTRODUCTION

The increase in the number of motorized vehicles results in increasing fuel consumption, which is mostly supplied
from petroleum. However, this increasing need for fuel does not align with the decreasing availability of petroleum
resources. It is estimated that the oil demand in 2050 will increase to 943.3 BL of oil in a rapid energy transition
scenario [1]. For this reason, the transition from petroleum to renewable energy sources began to be encouraged.

One of the renewable energies is biogasoline produced by conversion of used cooking oil. Cooking oil consumption
in Indonesia reached 16.2 billion litters in 2019. It can be estimated that the average used cooking oil produced is in the
range of 40 to 60 % of the oil or in the range of 6.46 to 9.72 billion litters [2]. Used cooking oil is obtained by repeated
heating the cooking oil. As a result, used cooking oil contains ~42 % oleic acid (CisH3402) and ~35 % palmitic acid
(C16H3202) [3]. Currently, used cooking oil has been utilized as a raw material in biogasoline synthesis [4-6]. To become
a low fraction such as fuel, it is necessary to break down the long hydrocarbon chains through the cracking process [7].
There are two main types of cracking: thermal cracking and catalytic cracking [8]. Since the thermal cracking requires
high temperatures [9], catalytic cracking is considered to be safer due to lower temperatures and higher product
conversion, making this process more efficient and economically favourable [10].

In this research, a CaO catalyst derived from chicken eggshells impregnated onto y-Al.0s was used for catalytic
cracking. CaO was selected due to its alkaline nature, high catalytic activity, easy preparation process, abundant
availability and environmental friendliness. On the other hand, CaO also has a high decarboxylation capacity with low
solubility in fuel [11], and reduces the acidity of cracking products [12]. One of CaO sources in nature is chicken eggshells,
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which contain 97 % Ca0, 0.263 % Fe203 and 0.123 % SOs [13]. Eggshell based CaO has been used in the production of
biogasoline from used cooking oil with a yield of 4.5 % [6]. Cracking of used cooking oil with the CaO/SBA-15 catalyst
resulted in a biogasoline yield of 69.70 % [4]. To increase the catalytic activity of CaO, it was impregnated onto y-Al.03,
which is a metastable form of alumina, most often used as a catalyst [14]. It has a large pore volume and surface area
and is stable in various catalytic reaction temperature ranges [15]. In addition, it has Brgnsted acid sites and Lewis acid
sites that contribute to the catalytic cracking process [16]. y-Al203 as a catalyst in palm oil cracking resulted in a
biogasoline yield of 45.35 % [17]. Also a Co-Mo/Al20s catalyst was used in cracking of Nyamplung oil with a biogasoline
yield of 25.63 % [18], while the use of Ni-Mo/Al.0s in another study resulted in a biogasoline yield of 59.50 % [5]. The
present research aims to synthesize and characterize biogasoline from used cooking oil utilizing a catalyst composed of
chicken eggshell based CaO impregnated onto y-Al20s through catalytic cracking.

2. MATERIALS AND METHODS

Along with the standard laboratory tools (e.g. pycnometer, Otswald viscometer, cracking tool sets), the following
instruments were used: X-ray diffractometer (XRD), PANanalytical X’'pert Pro, PANalytical B.V., Netherland; X-ray
fluorescence (XRF) spectrometer, PANanalytical Minimal 4, PANalytical B.V., Netherland; scanning electron microscope
(SEM), Inspect-S50 FEI type, FEI Company, Netherland; gas chromatography-mass spectrometry instrument (GC-MS),
Shimadzu QP2010S, Japan and Fourier transform infrared (FT-IR) spectroscope, IRPrestige 21, Shimadzu, Japan.
Furthermore, the materials used in this study were used cooking oil, chicken eggshells, A[(NO3)3x9H20 p.a. (Merck,
Germany), HCl p.a. (Sigma Aldrich, USA), NH4OH p.a. (Merck, Germany), ethanol 96 % and distilled water.

2. 1. Synthesis of y-Al.03

y-Al203 was prepared using a precipitation method. First, 1 M AI(NO3)sx9H.0 precursor was prepared in 0.5 M HCl
solution. 0.5 M NH4OH was then added dropwise until the pH 9, under stirring using a magnetic stirrer for 3 h at 70 °C.
After that, the solution was filtered using a Buchner funnel and the precipitate was washed by distilled water and
ethanol. The precipitate was dried in an oven at 75 °C for 24 h [19]. Then the precipitate was calcined at 600 °C for 6 h.
The obtained y-Al.03 was analysed by XRD.

2. 2. Synthesis of chicken eggshell-based CaO

Chicken eggshells were washed in distilled water, crushed and sieved to a 100 mesh size. Then the eggshell particles
were dried in an oven at 110 °C for 6 h, followed by calcination at 900 °C for 3 h [20]. The eggshell particles were then
analysed by XRF and XRD.

2. 3. Production of chicken eggshell-based CaO/y-Al>0s catalysts

y-Al203 was mixed with the eggshell particles (in water) in a mass ratio of 1:1. The obtained suspension was then
stirred using a hand stirrer for 15 min, followed by sonication (42 kHz) at 60 °C for 1 h. Next, the solution was filtered
using a Buchner funnel and the precipitate was washed with distilled water and dried in the oven at 110 °C for 4 h. The
catalyst precursor was then calcined at various temperatures of 650, 750 and 850 °C for 3 h. The obtained catalysts were
analysed by XRD, XRF and SEM.

2. 4. Catalytic cracking of used cooking oil

Used cooking oil was first filtered before cracking with the use of a filter paper. Characterization of the oil included
determination of density, viscosity, acid number, refractive index, and composition by using FT-IR analysis.

For the catalytic cracking process, used cooking oil (100 g) and CaO/y-Al.0s (1 g) were put into the cracking reactor.
The batch reactor was constructed by authors using a stainless steel cylinder (5 cm diameter, 10 cm height, 62.5 mL
volume), supplied with a temperature sensor for measuring the steam temperature, and connected to a condenser and
a bottle by a steel pipe. The reactor was placed on an electric stove, heated to the temperature of 600 °C, followed by
the increase in the temperature by 100 °C every 20 min to 1500 °C, and the process was continued for 4 h. The distillate
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resulting from cracking was collected into 3 fractions based on the temperature ranges: fraction F1 (100 to 125 °C),
fraction F2 (125 to 150 °C) and fraction F3) (150 to 175 °C). In this study, the catalytic cracking process varied regarding
the calcination temperature of the catalyst (650, 750 and 850 °C) and catalyst concentration (1, 2 and 3 wt.% of the oil).
The resulting product was characterized regarding the refractive index, density, viscosity, iodine number and
composition by using GC-MS and FT-IR analyses.

3. RESULTS AND DISCUSSION

3. 1. Characterizations of y-Al203 and chicken eggshell based CaO

Formation of y-Al.0s was confirmed qualitatively by XRD showing peaks at the diffractogram at 26 = 39.37, 45.75,
66.91 and 85.07° (Figure 1). These results correspond to y-Al20O3 peaks in the XRD pattern database with COD ID. 00-
101-0461 at 26 = 39.48, 45.91, 66.95 and 84.99°. The same result is reported in the previous study [21]. Therefore, it
was concluded that y-Al20sin this study was successfully synthesized.
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Figure 1. XRD results of the synthesized y-Al,03

In the final calcination process, the obtained white powder (i.e. CaO from chicken eggshells) was analysed by XRD
and XRF. Typical CaO peaks were recorded, namely 260=37.47,53.97, 64.25,67.47,79.77 and 86.63° (Figure 2) according
to the XRD database with COD ID. 00-101-1095, at 26=37.40, 53.93, 64.24,67.47,79.77 and 86.63°. Furthermore, based
on XRF analysis the composition of chicken eggshells calcined at 900 °C for 3 h, was determined as: 0.090 wt.% SQOs3,
99.590 wt.% Ca0, 0.069 wt.% Fe203, and 0.100 wt.% Cos0a. In the other study, the result was obtained at more than
95 wt.% CaO [22]. Therefore, chicken eggshell based Ca0 in this study showed high purity after the synthesis.
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Figure 2. XRD results of chicken eggshe]/ based CaO after calcination at 900 °C
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3. 2. Synthesis of chicken eggshell based CaO/y-Al>0s catalyst

CaO/y-Al;03 catalyst was synthesized by impregnation of chicken eggshell based CaO onto y-Al.0sz in a mass ratio of
1:1 under ultra-sonication (42 kHz). The catalyst was then calcined at different temperatures of 650, 750 and 850 °C for
3 h. The obtained catalysts were analysed next by XRD, XRF and SEM.

XRD diffractograms of the synthesized CaO/y-Al.0Os catalysts (Fig. 3a) show typical CaO peaks, namely 26 = 31.66,
36.61 and 52.79° in accordance with the XRD database with COD ID: 00-900-6719, namely 20=31.61, 36.66, and 52.82°.
Furthermore, y-Al.0s peaks were recorded 2 8= 39.49, 46.03 and 66.99° in accordance with the XRD database with COD
ID: 00-101-0461, namely 26 = 39.48, 45.91 and 66.95°. Results of the XRF analysis of all three CaO/y-Al.Oz catalysts
obtained at different calcination temperatures are presented in Table 1.

Ca0/y-Al,0; 850°C
Ca0/y-Al,0; 750°C
Ca0/y-Al,0; 650°C

Cal)

1

Cal
wALD
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Intensity, a.u.
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Figure 3. Characterization of chicken eggshell based CaO/y-Al,O; catalyst (various calcination temperatures of 650, 750, 850 °C):
XRD results (a) and scanning electron micrographs of the catalyst calcined at 850 °C (b) and (c)

Table 1. XRF results for chicken eggshell based CaO/y-Al,O3 catalysts calcined at different temperatures
Calcination temperature, °C

Compound 650 750 850
Content, wt.%
Al,O3 24.40 25.70 25.70
Cao 71.72 70.46 70.46
SiO; 2.80 2.80 2.80
Fe,03 0.10 0.10 0.10
CuO 0.03 0.03 0.03
Zn0O 0.02 0.02 0.02
MoO3 0.57 0.58 0.58
Yb,03 0.25 0.24 0.24
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The XRF analysis (Table 1) has indicated the CaO/y-Al.O3 mass ratios in the catalysts of 2.9:1 for the calcination
temperature of 650 °C and 2.75:1 for the two other calcination temperatures of 750 °C and 850 °C.

Morphology of the CaO/y-Al,Os catalyst calcined at 850 °C can be seen in Figure 3b,c. Regularity of the particle size
in a cubic shape originating from y-Al203 [23] can be seen (Fig. 3b). Meanwhile, the catalyst surface contains lumps
(Figure 3c) indicating attachment of CaO to the y-Al.0s surface. Based on the presented results of XRD, XRF, and SEM
analyses, it can be deduced that CaO/y-Al.Os catalysts were successfully synthesized generally retaining characteristics
of the raw materials.

3. 3. Catalytic cracking of used cooking oil

Cracking of used cooking oil produces a polar phase, a nonpolar phase, gas, and the remaining reaction residue. We
have focused here on the nonpolar phase, namely the oil products. Three types of catalyst regarding the calcination
temperature (i.e. 650, 750, and 850 °C) were used at three different concentrations (i.e. 1, 2 and 3 wt% of the oil). The
reaction mixture was heated to 600 °C and subsequently increased every 20 min by 100 °C up to 1500 °C. The cracking
process was carried out for 4 h. The yield of cracking products can be seen in Figure 4.

60
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Figure 4. Effects of the calcination temperature (650, 750, and 850 °C) and CaO/y-Al,Os concentration (1 W, 2 m, and 3 m wt.% of the
oil) on the yield of cracking of used cooking oil
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Based on Figure 4, the yields of cracking products decrease with increasing the catalyst calcination temperature.
Increasing the calcination temperature of the catalyst will cause the pores in y-Al,Os to collapse and merge with each
other, so the available surface of the catalyst decreases [24]. Therefore, the optimal catalyst calcination temperature
was found to be 650 °C.

Increasing the catalyst concentration from 1 to 2 wt.% resulted in increasing the yield of cracking products at catalyst
calcination temperatures of 650 and 750 °C. However, when the catalyst concentration was increased to 3 wt.%, the
cracking product yield decreased because of excessive catalytic reactions, which resulted in the formation of relatively
large amounts of residue [32]. The product yield for the catalyst calcination temperature of 850 °C decreased as the
catalyst concentration increased. Therefore, at the catalyst calcination temperature of 850 °C, the catalytic cracking
gave the worst results as compared to the other two calcination temperatures.

3. 4. Characterizations of cracking products

The obtained mixtures of cracking products were yellow and had a sharp odour in contrast to the physical appearance
of used cooking oil, which is brownish in colour and has a rancid odour. Characteristics of cracking products in 3 fractions
(F1: 100 to 125 °C, F2: 125 to 150 °C and F3: 150 to 175 °C) obtained at 650 °C calcination temperature and 2 wt.% catalyst
concentration together with those of standard gasoline and the starting used cooking oil are shown in Table 2.

Table 2. Characteristics of the catalytic cracking products of used cooking oil with the use of 2 wt% catalyst calcined at 650 °C. F1, F2
and F3 represent distillate fractions based on the temperature ranges

Parameter F1 F2 F3 Conventional gasoline Used cooking oil
Density at 25 °C, g mL? 0.779 0.776 0.774 0.770 0.910
Viscosity at 25 °C, mm?2 st 1.92 1.84 1.78 0.48 58.01
Reflective index at 25 °C 1.44 1.43 1.42 - 1.46
lodine number, g |, per 100 g 28.2 22.6 17.76 - 20.51
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It can be deduced that the cracking products have characteristics close to those of conventional gasoline. A previous
study also obtained the characteristics similar to the present study with the higher value, i.e. cracking product of off
grade crude palm oil under condition of 0.5 % Co-Mo 1:1/a-Fe20s catalyst in a batch reactor [8].

3. 5. FT-IR and GC-MS analyses of the cracking products

The product resulting from catalytic cracking of used cooking oil by utilizing the CaO/y -Al.0s catalyst calcined at
650 °C at the content of 2 wt.% was analysed using FT-IR and GC-MS techniques. Three product fractions F1, F2 and F3
were analysed. The results of FT-IR and GC-MS analyses are shown in Figures 5 and 6, respectively. Based on the results
presented in Figure 5, several functional groups induced increases in peak intensity, namely the alkene and carboxylic
acid groups [8].
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Figure 5. FT-IR spectra of (a) used cooking oil (raw material), and (b) catalytic cracking product fraction
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Figure 6. GC-MS chromatograms for the catalytic cracking products in the fractions
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Mass spectra at each retention time (Tg) corresponding to the GC-MS chromatograms (Figure 6) are compared for similarities with
library data (Table 3).

Table 3. Compound identification and contents (C) of different compounds in 3 fractions of the cracking products

Fraction 1 Fraction 2 Fraction 3
Tr/ min Compound C/wt.% Tr/min Compound C/wt.% Tgr/min Compound C/wt.%
11.652 n-nonane 3.22 11.651 n-nonane 3.23 4.374 n-heptane 1.41
18.906 1-undecene 3.55 19.387 cis-3-undecene 5.61 7.274 1-hexene 1.40
19.404 cis-3-undecene 8.82 20.076 1,7-octadiene 5.37 7.623 n-octane 2.97
19.675 1-decene 5.55 20.448 heptanoic acid 2.22 11.690 n-nonane 5.82
20.087 1-decune 4.25 22.507 2-methyl decane 3.20 25.369 1-nonene 6.70
25.619  2,7-dimethyl octane 4.25 25.360 1-undecene 5.19 25.641 n-decane 5.93
28.492 Trans-3-undecene 8.88 25.628 2,7-dimethyl octane  4.50 28.286 1-undecene 10.46
31.312 n-decane 24.12 28.297 1-dodecene 12.38 28.525 2-methyl nonane 2.94
35.675 1-dodecene 3.80 28.504 n-undecane 3.65 31.420 n-undecane 48.50
42.273 decanoic acid 11.51 31.358 n-decane 31.98 35.833 1-dodecene 3.35

45.713  9-octadecenoic acid  6.50

Based on the results of the GC-MS analysis shown in Table 3, F1 consisted of a hydrocarbon with a Cs - C1s bond, i.e
alkane, alkene and carboxylic acid compounds. In this fraction, biogasoline (Cs - C12) is dominant, with a content of
93.5 wt.%. Among the compounds found in this fraction, n-decane has the highest concentration of 24.12 wt.%. On the
other hand, F2 is hydrocarbons with Cz - Cis bonds consisting of alkane, alkene and carboxylic acid compounds. In this
fraction, biogasoline (Cs - C12) is also dominant, with a similar content of 94.02 wt.%. Here, also, n-decane is found in the
highest concentration of 31.98 wt.%. F3 is composed of hydrocarbons with Cs - C19 bonds consisting of alkane, alkene
and carboxylic acid compounds with biogasoline (Cs - C12) being dominant, with the content of 96.08 wt.%. Among the
compounds found in this fraction, n-undecane has the highest concentration of 48.50 wt.%. Thus, the average
biogasoline content of all three fractions was 94.53 wt.%. Similar hydrocarbon contents in the cracking product were
also obtained in a previous study [8]. It should be noted that the catalytic reaction product is a mixture of various
compounds [25], so that tracking of cracking products formation is necessary in further research.

4. CONCLUSION

Chicken eggshell-based CaO/y-Al203 has been successfully synthesized by an impregnation method that was assisted
by sonication. The catalyst composition has been confirmed by XRD, XRF and SEM analyses. Impregnation of CaO
obtained from chicken eggshells onto y-Al.Osz resulted in the CaO/y-Al03 mass ratios of 2.9:1 for calcination at 650 °C
and 2.75:1 for calcination at the other two temperatures of 750 and 850 °C. The best conditions for catalytic cracking of
used cooking oil were determined as: the CaO/y-Al>Os catalyst with the mass ratio of 2.9:1 obtained at the calcination
temperature of 650 °C and used at the concentration of 2 wt.% of the oil, by which a biogasoline yield of ~55 % was
obtained. Furthermore, by characterization of the produced biogasoline, the following results were obtained: density
of 0.76 g mL?, viscosity of 1.84 mm? s, refractive index of 1.43, and the iodine number of 22.85 g 12/100 g. The
biogasoline contained Cz - C19, compounds consisting of alkane, alkene and carboxylic acid compounds. This composition
is dominated by compounds characteristic for biogasoline (Cs - C12) with the content of about 94 % as determined by
GC-MS analyses. In further studies, there is a need for optimization of the catalyst component ratio as well as duration
and temperature of the cracking reaction to produce an economically higher product yield. In addition, analyses of the
cracking products formation will be a valuable topic for further research.
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Sinteza biobenzina katalitickim krekovanjem koris¢enog ulja za kuvanje
katalizovanim CaO na bazi ljuske kokosjeg jajeta impregniranog na
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Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Negeri Malang, Malang, Indonesia

(Naucni rad)

Izvod

Cilj ovog istrazivanja je sinteza biobenzina iz koris¢enog ulja za kuvanje koriséenjem
katalizatora na bazi ljuske kokosjeg jajeta impregniranog sa y-Al,0s putem katalitickog
krekovanja, kao i karakterizacija finalnih proizvoda. Optimizacija krekovanja je sprovedena
variranjem temperature kalcinacije katalizatora (650, 750 i 850 °C) i koncentracije kata-
lizatora (1, 2 i 3 mas.%). Faze ovog istrazivanja bile su (1) karakterizacija koris¢enog ulja za
kuvanje (gustina, viskoznost, indeks prelamanja i jodni broj), (2) sinteza CaO/y-Al,03,
(3) kataliticko krekovanje koris¢enog ulja za kuvanje koris¢enjem sintetisanog katalizatora i
(4) karakterizacija i identifikacija biobenzina. Rezultati su pokazali da su optimalni uslovi za
kataliticko krekovanje dobijeni na temperaturi kalcinacije od 650 °C. Sintetizovani biobenzin
ima sledede karakteristike, tj. gustinu od 0,776 g ml?, viskoznost od 1,84 mm?2 s, indeks
prelamanja od 1,43 i jodni broj od 22,85 g I, na 100 g. Sintetizovani biobenzin sadrzi
jedinjenja alkana, alkena i karboksilnih kiselina, C;-Ci19. U ovom sastavu dominirala su
jedinjenja koja pripadaju biobenzinu (Cs-Ci2) u iznosu od 94,5 mas.%, Sto je potvrdeno
analizama gasnom hromatografijom sa masnom spektrometrijom.

Kljucne reci: biogorivo; biomasa, hete-
rogeni katalizator; oksid; otpadno ulje;
modifikovani materijal
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Tehnolosko-metalurski fakultet Univerziteta u Beogradu - sto godina
znanja, istrazivanja i akademske tradicije

Mirjana Kijevcanin i Mirjana Kostic¢
Tehnolosko-metalurski fakultet, Univerzitet u Beogradu, Beograd, Srbija

Ovaj tekst napisan je u Zelji da se, povodom jubileja, podsetimo kljucnih dogadaja i ljudi koji
su oblikovali Fakultet, kao i da izrazimo zahvalnost generacijama profesora, saradnika i PRIKAZ KNJIGA | DOGADAJA
studenata Cije znanje, rad i vizija vec sto godina stvaraju Tehnolosko-metalurski fakultet

Univerziteta u Beogradu. Hem. Ind. 79(4) 243-248 (2025)

Kljucne reci: sto godina postojanja Tehnolosko-metalurskog fakulteta; razvoj nastave
hemijske tehnologije; doprinos nauci.

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

Povod za ovaj kratak osvrt na pocetke i razvoj nastave tehnologije i metalurgije, kao i na dostignuéa nastavnika i
saradnika Tehnolosko-metalurskog fakulteta, jeste izuzetno vaZan jubilej — 100 godina od osnivanja samostalnog
Tehnoloskog odseka Tehnickog fakulteta Univerziteta u Beogradu. Zvani¢ni dokument o njegovom osnivanju potpisan
je 16. novembra 1925. godine, te se taj datum smatra danom utemeljenja danasnjeg Tehnolosko-metalurskog fakulteta.

Pripreme za razvoj nastave iz ovih oblasti pocele su mnogo ranije, zahvaljuju¢i malobrojnim pojedincima i
vizionarima koji su prepoznali znacaj hemije, hemijske tehnologije i metalurgije. Jedan od njih bio je Mihailo Raskovi¢
(Slika 1a), prvi profesor hemije i tehnologije na Liceju, jedinoj visokoskolskoj ustanovi u tadasnjoj Srbiji. On je jos 1853.
godine drzao predavanja iz ovih oblasti, uprkos tome $to u nerazvijenoj zemlji gotovo da nije postojala hemijska
industrija, ve¢ svega nekoliko pivara, fabrika sapuna, tekstila, Se¢erana, Spiritana i mlinova (Slika 2).

b c

Slika 1. E) Mihailo Raskovi¢ — prvi profesor hemijske tehnologije i autoritet svog vremena; b) prof. Sima Lozanic¢ — autor prvih
udZbenika iz tehnologije; c) Todor — Tosa Seleskovi¢ — profesor na Katedri za mehanicku tehnologiju i poznati konstruktor

Figure 1. a) Prof. Mihailo Raskovic — the first professor of chemical technology and an authority of his time; b) prof. Sima Lozanic¢ -
author of the first textbooks on chemical technology; c) Todor - Tosa Seleskovic - professor at the Department of Mechanical
Technology and a well-known engineer and designer

Corresponding authors: Mirjana Kijev€anin, E-mail: mirjana@tmf.bg.ac.rs, https://orcid.org/0000-0001-7126-3965 and
Mirjana Kosti¢, E-mail: kostic@tmf.bg.ac.rs, https://orcid.org/0000-0001-9925-4884, Tehnolosko-metalurski fakultet, Univerzitet u Beogradu, Srbija
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Slika 2. Nastava tehnologije od Liceja do Tehnoloskog odseka Tehnickog fakulteta
Figure 2. Teaching of technology from the Lyceum to the Technological Department of the Technical Faculty

Zakonom iz 1863. godine Licej je postao Velika Skola sa tri fakulteta, Filozofskim, Tehni¢kim i Pravni¢kim, pri ¢emu
su predmeti hemija i hemijska tehnologija pripala Tehnickom fakultetu. Te iste godine formirana je i Katedra za hemiju
i hemijsku tehnologiju. Od 1872. godine nastavu preuzima profesor Sima Lozani¢ (Slika 1b), autor prvog udzbenika iz
hemijske tehnologije, koji je bio podeljen na Cetiri knjige: O vodi i gorivu (1887. g.), Osnovi metalurgije (1887. g.), Staklo,
keramika, kre¢, cement, gips (1892. g.) i Hemijski proizvodi (1894. g.).

Nove promene usledile su 1894. godine, kada je na zahtev Tehnickog fakulteta osnovana zasebna Katedra za
hemijsku tehnologiju i Katedra za mehanic¢ku tehnologiju, na c¢elu sa Todorom Seleskoviéem (Slika 1c), poznatim
konstruktorom i projektantom. Podignuti su objekti po njegovim projektima, kao Sto su barutana u Obilicevu kod
Krusevca, parni mlin u Kragujevcu, Keramicka fabrika, a posebno je znacajan njegov doprinos razvoju Topolivnice u
Kragujevcu.

Zakonom iz 1905. godine Velika skola postaje Univerzitet, a na Tehnickom fakultetu predaju se brojni hemijski i
tehnoloski predmeti. Nastava je u potpunosti obustavljena tokom Prvog svetskog rata, a obnovljena 1919. godine. Zbog
velikog znacaja hemije i tehnoloskih disciplina, 1920. g. formira se Tehnoloska grupa pri Masinskom odseku, a 1923. g.
uvodi se i tehnoloski smer, ¢ime je nacinjen klju¢ni korak ka kasnijem osnivanju samostalnog odseka 1925. g. i fakulteta
1948. godine (Slika 3).

Drugi svetski rat ponovo prekida rad Univerziteta, da bi se nastava obnovila u novembru 1945. Reorganizacijom
Univerziteta 1948. godine, Tehnicki fakultet prerasta u Tehnicku veliku Skolu, a njegovi odseci postaju samostalni
fakulteti. Za prvog dekana Tehnoloskog fakulteta imenovan je profesor Panta S. Tutundzi¢ (Slika 4), jedan od najzasluz-
nijih za izgradnju danasnje zgrade Fakulteta. Njegova izuzetna dostignuca u oblasti fizicke i elektrohemije priznala je
Srpska akademija nauka i umetnosti izborom za dopisnog ¢lana 1958. godine, a za redovnog ¢lana 1961. godine. U Cast
svog prvog dekana, Fakultet danas najboljim studentima dodeljuje nagradu koja nosi njegovo ime.

lako je nastava tehnologije od pocetka obuhvatala i metalurgiju, Metalurski odsek zvani¢no je osnovan 1949. godine,
a Fakultet je 1966. godine dobio naziv TehnoloSko-metalurski fakultet.

Tokom jednog veka postojanja, profesori Fakulteta ostavili su trajan trag u razvoju Univerziteta: profesori Rajko
Vracar i lvanka Popovi¢ obavljali su funkcije rektora i prorektora, dok su prorektori bili i profesori Panta Tutundzic,
Dragomir Mali¢, Slobodan Radosavljevi¢ i Dusan Vucurovié.
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Slika 3. Od Tehnoloskog odseka Tehnickog fakulteta do Tehnolosko-metalurskog fakulteta
Figure 3. From the Technological Department of the Technical Faculty to the Faculty of Technology and Metallurgy

Slika 4. Profesor Panta S TutzndZic - prvi dekan Tehnolosko-metalurskog fakulteta
Figure 4. Professor Panta S TutundZic¢ - the first dean of the Faculty of Technology and Metallurgy

Fakultet su Cinile generacije studenata, od prvih 15 upisanih 1925. godine do rekordnih 791 studenta 1980. godine
(Slika 5). Danas Fakultet ima oko 1600 studenata na osnovnim studijama. Od osnivanja do danas diplomiralo je preko
12.000, master ili magistarske studije zavrsilo je vise od 2.500, a doktoriralo preko 1.000 studenata. Broj nastavnika i

saradnika rastao je od 3 (1925. g.), preko 20 (1948. g.), 190 (1980. g.), dok ih danas Fakultet ima 105. Nastava se odvija
kroz 17 studijskih programa na svim nivoima studija.
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Slika 5. Broj studenata i zaposlenih kroz vreme
Figure 5. Number of students and employees over time

Pored obrazovanja inZenjera, profesori i saradnici Fakulteta decenijama su doprinosili privredi i nauci. Jos 1946.
profesor Panta S. TutundZi¢ pisao je o znacaju nauc¢nog rada za obnovu hemijske industrije, naglasavajuci da se odrzivi
razvoj industrije ne moZe ostvariti bez stalnog naucnog napretka.

U periodu od 1961. do 1971. g. Fakultet je, iako tada formalno neregistrovan kao istrazivacka ustanova, ostvario
preko 300 studija, elaborata i patenata za privredu. Godine 1973. Fakultet je zvani¢no registrovan kao naucno-
istraZivacka organizacija. Danas je saradnja sa privredom usmerena na optimizaciju procesa, razvoj novih tehnologija i
struénu podrsku industriji, dok se naucni rad potvrduje objavljivanjem radova u vodecim nacionalnim i medunarodnim
Casopisima. Nastavnici Fakulteta doprinose pozicioniranju Univerziteta u Beogradu na ARWU listi, a neki se nalaze i na
Stanfordovoj listi najuticajnijih nauc¢nika sveta.

Srec¢ni smo i ponosni Sto ove godine obelezavamo 100 godina rada Tehnolosko-metalurskog fakulteta Univerziteta
u Beogradu i nadamo se da ¢emo i dalje, u duhu vek duge tradicije i kao neizostavan Cinilac razvoja celokupnog drustva,
nastaviti da dajemo doprinos u obrazovanju mladih inZenjera i naucnika u oblastima hemijskih i srodnih tehnologija i
metalurgije.



Faculty of Technology and Metallurgy, University of Belgrade
A century of knowledge, research and academic tradition

Mirjana Kijevc¢anin and Mirjana Kostic

Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

(Book and Event Review)

This brief reflection on the beginnings and growth of education in technology and Keywords: 100™ anniversary of the Fa-
metallurgy, as well as on the achievements of the professors and researchers of the Faculty culty of Technology and Metallurgy; his-
of Technology and Metallurgy, marks an important milestone: the 100t anniversary of the tory of chemical technology teaching;
establishment of the independent Department of Technology within the Technical Faculty contribution to science

of the University of Belgrade. The official founding document was signed on November 16,
1925, a date celebrated as the birth of today’s Faculty of Technology and Metallurgy
University of Belgrade.

Preparations for education in these fields began much earlier, when a handful of visionary scholars recognized the
importance of chemistry, chemical technology, and metallurgy. One of them was Mihailo Raskovic¢ (Figure 1a), the first
professor of chemistry and technology at the Liceum, the only institution of higher education in Serbia at the time, who
began lecturing as early as 1853, despite the fact that the country had virtually no chemical industry, save for a few
breweries, soap factories, textile plants, sugar refineries, distilleries, and mills (Figure 2).

The 1863 Law transformed the Liceum into the Great School with three faculties: Philosophical, Technical, and Law,
assigning chemistry and chemical technology to the Technical Faculty, where the Department of Chemistry and Chemical
Technology was established the same year. In 1872, Professor Sima Lozani¢ (Figure 1b) assumed responsibility for
teaching chemistry and chemical technology. He later authored the first textbook on chemical technology, published in
four parts between 1887 and 1894.

Significant changes occurred in 1894 with the establishment of a separate Department of Chemical Technology and
a new Department of Mechanical Technology led by Todor Seleskovié¢ (Figure 1c), a well-known engineer and designer.
Several industrial facilities were built according to his designs, including the gunpowder factory in Obiliéevo near
Kru$evac and the steam mill in Kragujevac.

The Great School became the University of Belgrade in 1905, where chemistry and technology courses continued to
expand. Teaching was completely suspended during World War | and resumed only in 1919. Given the growing
importance of these disciplines, the Technological Group was formed in 1920 within the Mechanical Department, and
by 1923 the technological track became an official study path, paving the way for the creation of the independent
department in 1925 and, later, the Faculty in 1948 (Figure 3).

World War Il again interrupted university activities until November 1945. The 1948 reorganization of the University
formed the Technical High School, and former departments became independent faculties. The first Dean of the newly
established Faculty of Technology was Professor Panta S. Tutundzi¢ (Figure 4), who played a crucial role in the obtaining
of the Faculty’s current building. His achievements in physical and electrochemistry earned him membership in the
Serbian Academy of Sciences and Arts (SASA) in 1958 and full membership in 1961. Today, the Faculty honours his legacy
by awarding a student prize that bears his name.

Although teaching in technology had always included metallurgy, the Department of Metallurgy was officially
established in 1949, and in 1966 the Faculty adopted the name it carries today, the Faculty of Technology and
Metallurgy.

Throughout its century-long history, the Faculty’s professors have made a profound impact on the University of
Belgrade. Professors Rajko Vracar and lvanka Popovi¢ served as Rectors and Vice-Rectors, while Professors Panta
Tutundzi¢, Dragomir Mali¢, Slobodan Radosavljevi¢, and Dusan Vucurovic also held Vice-Rector positions.

The Faculty has always been defined by its students. Their numbers grew from the initial 15 enrolled in 1925 to a
peak of 791 first-year students in 1980 (Figure 5). Today, the Faculty has around 1,600 undergraduate students. Since
its founding, more than 12,000 students have graduated, over 2,500 have earned master’s degrees, and more than
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1,000 have completed doctoral studies. The number of professors and researchers also evolved, from 3 in 1925, to 20
in 1948, to 190 in 1980, while today the Faculty employs 105 academic staff members. Teaching is organized across 17
academic programs at all study levels.

Beyond educating generations of engineers, the Faculty’s professors and researchers have played a vital role in
industrial development and scientific advancement. In 1946, Professor Panta S. Tutundzi¢ wrote about the importance
of scientific work for rebuilding the chemical industry, arguing that sustainable industrial progress is impossible without
continuous investment in research and expertise.

Between 1961 and 1971, although not yet formally registered as a research institution, the Faculty completed over
300 studies, reports, and patents for industry. It became an officially recognized research institution in 1973. Today, the
Faculty’s collaboration with industry focuses on process optimization, technology development, and technical
consulting, while its scientific output appears in leading national and international journals. The Faculty significantly
contributes to the University of Belgrade’s ranking in ARWU fields and proudly has professors among Stanford’s list of
the world’s most influential scientists.

This text is written in honour of the Faculty’s centennial, to remember the key events and individuals that shaped
its history, and to express gratitude to the generations of professors, researchers, and students whose dedication,
expertise, and vision built the Faculty of Technology and Metallurgy over the past hundred years.



Nova razvojna faza Elixir grupe: tehnoloska modernizacija, odrzivost i
jacanje domace hemijske industrije

Aleksandar Stankovi¢

Hemijska divizija, Elixir grupa, Novi Sad, Srbija

Elixir grupa ulazi u 2026. godinu sa snaZnim razvojnim zamahom, potvrdujuci svoju poziciju
jednog od najznacajnijih industrijskih sistema u regionu i pouzdanog nosioca modernizacije VESTI
domace hemijske industrije. Tokom prvih pet meseci 2026. godine, Elixir grupa ce sukcesivno
pustiti u rad tri nova industrijska postrojenja: pogon za proizvodnju kristalnih mineralnih
dubriva u januaru, novi pogon fosforne kiseline u aprilu i energanu za termicki tretman i
energetsko iskoris¢enje industrijskog otpada u maju. Ovi projekti predstavljaju zaokruZenu
investicionu celinu koja istovremeno unapreduje proizvodne kapacitete, tehnoloski nivo,
ekoloske standarde i dugorocnu konkurentnost Elixir grupe.

Hem. Ind. 79(4) 249-252 (2025)

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

Kristalna dubriva — odgovor na zahteve savremene poljoprivrede

Pustanjem u rad pogona za proizvodnju kristalnih dubriva pocetkom 2026. godine, Elixir grupa pravi iskorak ka
segmentu visokovrednih, specijalizovanih mineralnih dubriva namenjenih intenzivnoj i preciznoj poljoprivredi. Kristalna,
odnosno potpuno vodotopiva dubriva, predstavljaju neizostavan element savremenih agro-tehnoloskih sistema,
posebno u fertirigaciji, plastenickoj i stakleni¢koj proizvodniji, kao i u visokointenzivnim zasadima.

Novi pogon projektovan je u skladu sa najvisim tehnoloskim standardima, sa naglaskom na stabilnost kvaliteta,
preciznu kontrolu hemijskog sastava i fleksibilnost u formulacijama. Vertikalnom i horizontalnom integracijom novog
pogona sa vec postojecim, postignuta je visoka energetska efikasnost, i maksimalno iskori$¢enje sirovina; prakti¢no bez
otpada i nusproizvoda. Time se dodatno smanjuje ekoloski otisak proizvodnje.

Ulazak u segment kristalnih dubriva predstavlja i strateski odgovor Elixir grupe na promene u poljoprivredi, gde se
sve vedi akcenat stavlja na preciznu ishranu biljaka, optimizaciju prinosa i smanjenje gubitaka hraniva u Zivotnoj sredini.
Time se jaca veza izmedu hemijske industrije i odrZive poljoprivredne proizvodnje, sto je jedan od kljucnih izazova

savremenog agroindustrijskog kompleksa.
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Dodatna trzisna prilika za glavni proizvod ovog pogona (monoamonijum fosfat) ogleda se u njegovoj primeni u
naprednim energetskim i elektrohemijskim procesima, koji beleze snazan razvoj na globalnom nivou.

Novi pogon fosforne kiseline — jacanje sirovinske osnove i tehnoloske nezavisnosti

U aprilu 2026. godine planirano je pustanje u rad novog pogona za proizvodnju fosforne kiseline, koji predstavlja
jedan od najznacajnijih investicionih projekata Elixir grupe u poslednjih nekoliko godina. Fosforna kiselina je klju¢na
sirovina u proizvodnji kompleksnih mineralnih dubriva, a njen stabilan i pouzdan izvor od sustinskog je znacaja za
kontinuitet i razvoj celokupnog poslovnog sistema.

Novi pogon projektovan je sa ciljem povecanja kapaciteta, unapredenja energetske efikasnosti i smanjenja
specificnih emisija po toni proizvoda. Primena savremenih tehnoloskih resenja omogucava bolju iskoris¢enost fosfatne
rude, efikasnije upravljanje nusproizvodima i visi stepen kontrole procesa. Ovim projektom se povecava obim
proizvodnje fosforne kiseline, Sto obezbedjuje sirovinu za nove, buduce pogone.

Elixir grupa u svom proizvodnom portfoliju ima fosfornu kiselinu prehrambenog kvaliteta, a naredni investicioni
ciklus bi¢ce usmeren ka proizvodnji food grade fosfatnih soli.

Sa aspekta Sire industrijske slike, novi pogon fosforne kiseline doprinosi jatanju domace hemijske industrije i njenoj
integraciji u regionalne i evropske lance vrednosti. Povecani kapaciteti i viSi tehnoloski standardi stvaraju osnovu za dalji

razvoj novih proizvoda, kao i za unapredenje izvoznog potencijala Elixir grupe.

-

A= —1
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Energana za termicki tretman i energetsko iskoriS¢enje otpada - zatvaranje industrijskog kruga i odgovorno
upravljanje resursima

Tredi kljucni projekat, Cije se pustanje u rad ocekuje u maju 2026. godine, jeste energana na otpad. Ovo postrojenje
ima poseban znacaj ne samo za Elixir grupu, ved i za Siru industrijsku i ekolosku zajednicu u Srbiji. Rec je o savremenom
postrojenju za termicki tretman industrijskog otpada, projektovanom u skladu sa najstrozim domadim i evropskim
ekoloskim propisima.

Izgradnjom energane, Elixir grupa uspostavlja zatvoreniji i odrziviji industrijski ciklus, u kojem se otpadni tokovi iz
industrijskih sistema, tretiraju na bezbedan i kontrolisan nacin. Time se znacajno smanjuje potreba za odlaganjem
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otpada, umanjuju rizici po Zivotnu sredinu i doprinosi principima cirkularne ekonomije. Energija dobijena na taj nacin se
konvertuje u vodenu paru koja se dalje koristi u proizvodnim pogonima Elixir grupe

Posebna vrednost ovog projekta ogleda se u njegovoj ulozi u unapredenju industrijske infrastrukture Srbije, s
obzirom na hroni¢ni nedostatak kapaciteta za bezbedan tretman opasnog i industrijskog otpada. Energana Elixir grupe
predstavlja primer kako industrija moZe preuzeti aktivnu ulogu u resavanju sistemskih ekoloskih izazova, uz istovremeno
postovanje najvisih standarda bezbednosti i zastite Zivotne sredine.

Integrisana vizija razvoja

Tri nova postrojenja koja Elixir grupa uvodi u rad tokom 2026. godine ne treba posmatrati kao pojedinacne
investicije, ve¢ kao deo integrisane razvojne vizije. ReC je o strateSkom pristupu koji povezuje tehnoloski napredak,
ekonomsku i resursnu efikasnost i odgovornost prema Zivotnoj sredini. Ovakav pristup omogucava Elixir grupi da
odgovori na rastuce zahteve trZista, regulatorne izazove i ocekivanja drustva u celini.

Ulaskom u novu fazu razvoja, Elixir grupa potvrduje svoju dugoroc¢nu opredeljenost ka modernoj, konkurentnoj i
odrzivoj hemijskoj industriji. Investicije u kristalna dubriva, fosfornu kiselinu i tretman industrijskog otpada predstavljaju
snazan signal da domaca industrija ima znanje, kapacitete i viziju da bude ravnopravan ucesnik u savremenim globalnim
tokovima. Za strucnu javnost, ali i za celokupnu privredu, ovi projekti predstavljaju primer kako se strateskim
planiranjem i tehnoloskim ulaganjem gradi stabilna i odrziva industrijska buducnost.

Kristalna dubriva — odgovor na zahteve savremene poljoprivrede

Pustanjem u rad pogona za proizvodnju kristalnih dubriva pocetkom 2026. godine, Elixir grupa pravi iskorak ka
segmentu visokovrednih, specijalizovanih mineralnih dubriva namenjenih intenzivnoj i preciznoj poljoprivredi. Kristalna,
odnosno potpuno vodotopiva dubriva, predstavljaju neizostavan element savremenih agro-tehnoloskih sistema,
posebno u fertirigaciji, plastenickoj i stakleni¢koj proizvodniji, kao i u visokointenzivnim zasadima.

7 FAZA 1960-1968
~ RAZVOJA

Novi pogon projektovan je u skladu sa najvisim tehnoloskim standardima, sa naglaskom na stabilnost kvaliteta,
preciznu kontrolu hemijskog sastava i fleksibilnost u formulacijama. Vertikalnom i horizontalnom intergacijom novog
pogona sa vec postojecim, postignuta je visoka energetska efikasnost, i maksimalno iskoris¢enje sirovina; prakti¢no bez
otpada i nusproizvoda. Time se dodatno smanjuje ekoloski otisak proizvodnje.Ulazak u segment kristalnih dubriva
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predstavlja i strateSki odgovor Elixir grupe na promene u poljoprivredi, gde se sve veci akcenat stavlja na preciznu
ishranu biljaka, optimizaciju prinosa i smanjenje gubitaka hraniva u Zivotnoj sredini. Time se jaCa veza izmedu hemijske
industrije i odrZive poljoprivredne proizvodnje, Sto je jedan od kljuénih izazova savremenog agroindustrijskog
kompleksa.

Dodatna trziSna prilika za glavni proizvod ovog pogona (monoamonijum fosfat) ogleda se u njegovoj primeni u
naprednim energetskim i elektrohemijskim procesima, koji beleze snazan razvoj na globalnom nivou.

Novi pogon fosforne kiseline — jacanje sirovinske osnove i tehnoloSke nezavisnosti

U aprilu 2026. godine planirano je pustanje u rad novog pogona za proizvodnju fosforne kiseline, koji predstavlja
jedan od najznacajnijih investicionih projekata Elixir grupe u poslednjih nekoliko godina. Fosforna kiselina je kljucna
sirovina u proizvodnji kompleksnih mineralnih dubriva, a njen stabilan i pouzdan izvor od sustinskog je znacaja za
kontinuitet i razvoj celokupnog poslovnog sistema.

Novi pogon projektovan je sa ciljem povecanja kapaciteta, unapredenja energetske efikasnosti i smanjenja
specificnih emisija po toni proizvoda. Primena savremenih tehnoloskih resenja omogucava bolju iskoris¢enost fosfatne
rude, efikasnije upravljanje nusproizvodima i viSi stepen kontrole procesa. Ovim projektom se povecava obim
proizvodnje fosforne kiseline, Sto obezbedjuje sirovinu za nove, buduce pogone.

Elixir grupa u svom proizvodnom portfoliju ima fosfornu kiselinu prehrambenog kvaliteta, a naredni investicioni
ciklus bice usmeren ka proizvodnji food grade fosfatnih soli.

Sa aspekta Sire industrijske slike, novi pogon fosforne kiseline doprinosi jacanju domace hemijske industrije i njenoj
integraciji u regionalne i evropske lance vrednosti. Povecani kapaciteti i viSi tehnoloski standardi stvaraju osnovu za dalji
razvoj novih proizvoda, kao i za unapredenje izvoznog potencijala Elixir grupe.

Energana za termicki tretman i energetsko iskoriS¢enje otpada - zatvaranje industrijskog kruga i odgovorno
upravljanje resursima

Tredi kljucni projekat, Cije se pustanje u rad ocekuje u maju 2026. godine, jeste energana na otpad. Ovo postrojenje
ima poseban znacaj ne samo za Elixir grupu, veé i za Siru industrijsku i ekoloSku zajednicu u Srbiji. Re€ je o savremenom
postrojenju za termicki tretman industrijskog otpada, projektovanom u skladu sa najstroZim domadim i evropskim
ekoloskim propisima.

Izgradnjom energane, Elixir grupa uspostavlja zatvoreniji i odrziviji industrijski ciklus, u kojem se otpadni tokovi iz
industrijskih sistema, tretiraju na bezbedan i kontrolisan nacin. Time se znacajno smanjuje potreba za odlaganjem
otpada, umanjuju rizici po Zivotnu sredinu i doprinosi principima cirkularne ekonomije. Energija dobijena na taj nacin se
konvertuje u vodenu paru koja se dalje koristi u proizvodnim pogonima Elixir grupe

Posebna vrednost ovog projekta ogleda se u njegovoj ulozi u unapredenju industrijske infrastrukture Srbije, s
obzirom na hroni¢ni nedostatak kapaciteta za bezbedan tretman opasnog i industrijskog otpada. Energana Elixir grupe
predstavlja primer kako industrija moze preuzeti aktivnu ulogu u resavanju sistemskih ekoloskih izazova, uz istovremeno
postovanje najvisih standarda bezbednosti i zastite Zivotne sredine.

INTEGRISANA VIZIJA RAZVOJA

Tri nova postrojenja koja Elixir grupa uvodi u rad tokom 2026. godine ne treba posmatrati kao pojedinacne
investicije, ve¢ kao deo integrisane razvojne vizije. ReC je o strateSkom pristupu koji povezuje tehnoloski napredak,
ekonomsku i resursnu efikasnost i odgovornost prema Zivotnoj sredini. Ovakav pristup omogucava Elixir grupi da
odgovori na rastuce zahteve trZista, regulatorne izazove i ocekivanja drustva u celini.

Ulaskom u novu fazu razvoja, Elixir grupa potvrduje svoju dugoro¢nu opredeljenost ka modernoj, konkurentnoj i
odrzivoj hemijskoj industriji. Investicije u kristalna dubriva, fosfornu kiselinu i tretman industrijskog otpada predstavljaju
snazan signal da domada industrija ima znanje, kapacitete i viziju da bude ravnopravan ucesnik u savremenim globalnim
tokovima. Za stru¢nu javnost, ali i za celokupnu privredu, ovi projekti predstavljaju primer kako se strateSkim
planiranjem i tehnoloskim ulaganjem gradi stabilna i odrziva industrijska buducnost.
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