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Multi-walled carbon nanotubes as lipase carriers for organic synthesis:
current trends and recent update
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Abstract

Lipase-catalyzed organic reactions have been widely practiced in the past three decades. REVIEW PAPER
Especially interesting are insoluble/immobilized forms due to providing a possibility of facile
use and recyclability, thus reducing process costs, and making the procedure more
environmentally friendly. Carbon-based supports have been extensively exploited for this
purpose, because of neutral and biodegradable nature and thermal and chemical stability. Hem. Ind. 78(1) 1-16 (2024)
Their high specific surface area, characteristic surface morphology and lower mass transfer
resistances play a vital role in the performance of the attached enzyme. This review paper
presents an overview of the main aspects of lipase immobilized on multi-walled carbon
nanotubes (MWCNTSs). Moreover, different immobilization strategies to achieve a biocatalyst
with improved performances are discussed. Furthermore, as lipases are considered to have
high commercial worth for synthesis of valuable organic molecules, the second part of the
paper is dedicated to the overview of the most important industrial sectors in which these
nanobiocatalysts have been used. In specific, applications in biodiesel production, flavour ester
synthesis and racemization are summarized.

UDC: 577.152.3:544.478.3
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1. INTRODUCTION

Organic syntheses strongly influence the quality of our lives because they have become an essential tool for
preparing numerous molecules, which, due to their wide applicability, increase the modern living standard [1].
Considering that fundamental organic synthesis mostly harms the environment, attention is drawn to using enzymes as
practical alternatives to fulfill the principles of green chemistry and sustainability [2-4]. The concept of enzymes as
catalysts was introduced in the 1830s, while their importance in modern organic synthesis was recognized in the second
half of the 20" century when the techniques for enzyme isolation and purification were developed [5]. Enzyme-based
technology has been attracting substantial interest in many scientific fields as a substitute for conventional synthetic
methods due to high specific activity and selectivity [6]. However, a couple of serious drawbacks at large-scale
application, limited stability under working conditions in organic synthesis, and challenged recovery from reaction
media restricted miscellaneous usage of enzymes.

Different cost-reduction techniques have been appraised to make biotechnological processes more favorable and to
enhance enzyme stability and utilization [7]. The most elegant solution is enzyme immobilization and transformation into
a heterogeneous solid catalyst which can be readily recovered from the reaction medium and reused [8]. Immobilization
also decreases the mobility of the enzyme molecule by adjusting to the solid support surface, making the conformation
more rigid and the preparation of biocatalysts more resistant to elevated temperatures and organic solvents. In short,
immobilization can enable applications that would not be economically viable with the use of free enzyme, and it can
facilitate the use of enzymes in cost-effective continuous flow technologies [9].

Corresponding authors: : Nevena Z. Prlainovi¢, University of Belgrade, Faculty of Technology and Metallurgy, Belgrade, Serbia
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The most widely used enzymes in organic synthesis are hydrolases [10]. Amongst them, especially important are lipases,
triacylglycerol acylhydrolase, EC 3.1.1.3, which can catalyze the reactions of ester synthesis, hydrolysis, inter-esterification,
and trans-esterification, [11-15] as well as some unconventional interesting reactions [16]. The valuable selective
properties of lipases allow them to serve as highly adaptable catalysts in industrial biotechnology, particularly in the food,
chemical, and pharmaceutical industries. The first scientific research on enzyme immobilization dates back to 1916 [17],
while during the 1950s and 1960s, modern enzyme immobilization methods were developed [18]. One of the most critical
tasks for developing insoluble/immobilized enzymes is selecting a suitable carrier [19,20], and a variety of supports for
lipase immobilization have been synthesized [21,22]. Although conventional mesoporous resins are the most frequently
used [23,24], typically micron-sized, nanostructured materials have received extensive attention in recent years. Among
them especially significant are carbon nanotubes (CNTs). CNTs generally provide a large surface area, low mass transfer
resistance, and high enzyme loading capacity, while proper functionalization of their surface with specific groups makes it
even more suitable for further lipase attachment.

The present review focuses on lipase immobilization on multi-walled carbon nanotubes MWCNTSs, starting from
2010. The aim is to provide a comprehensive guide on different immobilization strategies and further application of
such prepared catalysts. Special attention will be paid to applying these biocatalytic systems in typical lipase catalyzed
esterification/transesterification processes: biodiesel production, flavor esters synthesis, and racemization reaction.

2. NANOSCALED MATERIALS AS SUPPORTS FOR LIPASE IMMOBILIZATION

One of the most important issues for successfully applying immobilized systems in organic syntheses is selecting a
suitable material to support enzyme attachment. Clear and precise classification of materials is a very complex and
complicated task because materials science has been expanding for the last 20 years. The most general division is based
on chemical composition, i.e. materials can be organic or inorganic [25]. Additionally, different organic and inorganic
materials can be combined to create novel hybrid/composite materials [26]. According to the origin, materials can be
natural, artificial (man-made), or a combination. Furthermore, all mentioned types of materials can be grouped based on
the particle size: bulk (size above 100 nm) and nanomaterials (at least one dimension in the range 1 to 100 nm). Based on
dimensionality, shape and number of nanoscale dimensions, nanomaterials can be divided into four classes (Fig. 1).

chemical dimensionality
composition_ NANOMATERIALS —————

|
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graphene Solid nanoparticles
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Figure 1. Classification of nanomaterials based on chemical composition and dimensionality (note that carbon materials are
classified in a separate group)

>



N. Z. PRLAINOVIC et al.: MWCNTs-LIPASE BIOCATALYSTS FOR ORGANIC SYNTHESIS Hem. Ind. 78(1) 1-16 (2024)

Zero-dimensional (O-D) nanomaterials have all their dimensions within the nanoscale, one-dimensional (1-D) have
one dimension outside the nanoscale, two-dimensional (2-D) have two dimensions outside the nanoscale and the three-
dimensional (3-D) nanomaterials are composed of a multiple arrangement of nanosized crystals in different orienta-
tions [27]. Nanomaterials have proven to be ideal supports for enzyme immobilization, considering the possibility of
balancing the key factors that determine the efficiency of biocatalysts. Many studies have reported that high specific
surface area, characteristic surface morphology, and lower mass transfer resistances achieved by reducing the size of
the enzyme immobilizing support play a vital role to achieve high enzyme loading, stabilization, and better performance
of the attached enzyme [28,29]. Classification and examples of materials regarding composition and dimensionality are
presented in Figure 1. It should be noted that carbon materials are classified in a separate group due to their variety of
forms and distinctive properties.

2. 1. Carbon nanomaterials for lipase immobilization

Carbon is the most abundant element in the environment, and due to the possibility to exist in several allotropic
modifications, carbon-based materials are considered a separate class of nanomaterials [30]. They include graphene,
nanotubes (single- and multi-walled), fibers, activated carbon, and carbon black. Carbon-based supports have been
extensively exploited because of neutral and biodegradable nature and thermal and chemical stability [31]. Due to the
hydrophobic nature of the surface, these materials are particularly suitable for lipase immobilization. MWCNTs and
graphene oxide (GO) are the most widely used, with the former being the focus of this review including modification
routes for improving lipase performances.

Carbon nanotubes (CNTs), also called buckytubes, were discovered in 1991 [32]. Since then, they have been
considered the most intensively studied nanostructured materials [33]. Structurally, CNTs consist of a two-dimensional
hexagonal network of carbon atoms rolled up into a cylinder, with diameters typically measured in nanometers [34].
There are two types of CNTs, ie. single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs). Due to lower costs and easier dispersibility immobilization research was almost exclusively performed on
MW(CNTSs [35]. Structure of the MWCTs is presented in Figure 2.

Figure 2. Schematic presentation of multi-walled carbon nanotubes (MWCNTs)

MW(CNTs have one nanoscale dimension, providing a high specific area and possibility to load high amounts of the
enzyme. Their length can be controlled, thus, providing the possibility for recovery by simple filtration [36]. Within
various applications, due to their remarkable mechanical strength and specific surface chemistry, carbon nanotubes are
recognized as unique and practical support for lipase immobilization. The success of lipase immobilization on a
hydrophobic support greatly depends on the specific mobile structural domain called "lid", located over the active site.
As a result, lipases show two different states in catalytic activity: closed - inactive and open - active form. Movement of
the lid in the interaction with hydrophobic surfaces is a phenomenon known as "interfacial activation" and related to
the increased lipase activity [37]. Hydrophobicity of the CNT surface can shift the structural balance of lipase to the open
form, thus improving the catalytic activity [36]. MWCNTs became superior carbon nanomaterials for lipase
immobilization due to greater hydrophobicity. At almost the same enzyme loading as on graphene oxide, MWCNT-
composite showed higher activity by 1200 % [38].
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2. 2. Strategies for lipase immobilization on carbon nanotubes

Summary of various lipase immobilization methods onto MWCNTSs, together with the tested catalytic properties and
biotechnological applications, is given in Table 1, while the immobilization strategies are illustrated in Figure 3.
Immobilization on MWCNTSs can be generally classified as non-covalent and covalent; regardless of the interaction type,
they have a great lipase loading capacity. Direct coupling or physical adsorption on unmodified (i.e. raw or pristine)
nanotubes is driven by hydrophobic interaction and m-mt stacking. Results of a dozen of papers published since 2010 [39],
have demonstrated that MWCNTSs could adsorb high amounts of lipase [40-44]. Interfacial activation of lipases has led
scientists to make CNTs surfaces even more hydrophobic. A heterogeneous biocatalyst was developed by adsorbing type
B Candida antarctica lipase (CALB) on MWCNTs modified with hydrophobic polytetrafluoroethylene (PTFE), which showed
high activity and stability in the synthesis of levulinate esters [45,46]. Adsorption on raw-MWCNTSs can be also enhanced
by the addition of surfactants such as Tween 80 and Triton X-100 [47,48]. Even though the very hydrophobic surface of the
MW(CNTs has a positive effect on increasing lipase activity, the major disadvantage of adsorption on the unmodified surface
is the agglomeration of both the particles of the carrier and the enzyme molecules. This problem can be easily overcome
by increasing hydrophilicity of the surface by functionalization [49]. Further improvement of enzyme immobilization in the
sense of stabilization and better orientation of the molecule and higher dispersibility in aqueous media is induced by
functionalization of the CNTs surface providing positively and/or negatively charged moieties. Among various techniques,
acid treatment has been the most widely used. A carrier modified in this way (o-MWCNT) has polar carboxylic groups on
its surface (negatively charged under all immobilization conditions), which, in addition to the mentioned n-nt stacking,
enable hydrogen bonding and electrostatic interactions with polar moieties present on the enzyme surface
[35,39,40,50,51]. In addition to carboxyl, amino groups can be also introduced to the surface directly to raw-MWCNTs by
using amino plasma treatment [52,53], or indirectly starting from o-MWCNTSs, using bifunctional reagents [38,54-58].

Table 1. Summary of various lipase immobilization methods onto MWCNTs, together with the tested catalytic properties and
biotechnological applications

Supbort Linase source Modification reagents / Immobilization Application Ref
PP P surface group method PP )
MWCNT CRL - Hydrophobic -NPP hydrolysis [41]
interactions p yaroly
MWCNT .
N-MWCNT CALB - Tr?tderrce)zlc):?iz:lsc Baeyer-Villager oxidation [42]
Fe-MWCNT
MWCNT CRL - Hydrophoblc Olive oil hydrolysis [75]
interactions
MWCNT CALB - Hydrophoblc Diester plasticizers synthesis [43]
interactions
MWCNT PFL - Hydrophobm Commercially important esters  [76]
interactions
m-MWCNT RML - Hydrophobic (OPO)-Rich human milk fat  [44]
interactions
Hydrophobic . .
MWCNT CALB —>PTFE . . Levulinate esters synthesis  [45,46]
interactions
—>plasma treated/-COOH . - .
MWCNT CALB - amine/-NH, Adsorption Biodiesel (rapeseed oil) [56]
MWCNT PCL —>Tween 80 Adsorption p-NPP hydrolysis [47]
£ e -
MWCNT CRL >Triton X-100 Adsorption mulsifier synthesis (48]
(methyl oleate)
. . Flavor ester synthesis
MWCNT Pseudomonas sp. —acid treatment/-COOH Adsorption (ethyl butyrate) [40]
MWCNT CRL —acid treatment/ -COOH Adsorption Emulsifier synthesis [50]
(methyl oleate)
MWCNT CRL —acid treatment/-COOH Adsorption Flavor ester synthesis [51]

(geranyl propionate
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Modification reagents /

Immobilization

Support Lipase source surface group method Application Ref.
Adsorption
MWCNT CRL —acid treatment/-COOH Covalent (coupling p-NPP hydrolysis [66]
with EDC+NHS)
—acid treatment/-COOH
—acid treatment; HMDA/-NH, . Ester synthesis
MWENT CALB —acid treatment; OABr and Adsorption (butyl caprylate) [39]
HDBr/-COOR
Adsorption
MWCNT CRL —acid treatment/-COOH Covalent (coupling  Oily waste water treatment [49]
with EDC+NHS)
AdsorptionCovalent Ester synthesis (geranyl
MWCNT CALB —acid treatment/-COOH (coupling with yacetate)g v [61]
EDC+NHS)
Adsorption
MWCNT Alkaline PFL —acid treatment/-COOH Covalent (coupling Solketal esters [63]
with EDC+NHS)
. Covalent (coupling Resolution of (RS)-1-
MWCNT PFL —acid treatment/-COOH with EDC+NHS) phenylethanol [62]
Amano AK . Covalent (coupling - .
MWCNT from PEL —acid treatment/-COOH with EDC+NHS) Biodiesel (Jatropha seed oil) [64]
. Covalent (coupling Resolution of (RS)-1-
MWCNT YLL —acid treatment/-COOH with EDC+NHS) phenylethanol [65]
. . Covalent (coupling Resolution of (RS)-1-
MWCNT Isolated lipase —acid treatment/-COOH with EDC+NHS) phenylethanol [67]
—acid treatment/-COOH Covalent (couplin Flavor ester synthesis
MWCNT CALB acid treatment; APTES; D C+N: 5 8 ety valgrate) [55]
succinic acid/-COOH penty
—acid treatment/-COOH . .
MWCNT /;:;?:c;FALK ~Fe,504-6H,0; H,0,/-OH Covzgelntéilos”gl'gi;”'th Solketal esters 38]
—>AZDA/-NH, !
Amano AK Covalent - .
MWCNT from PEL urea/-NH; (crosslinking with GA) Biodiesel (sunflower oil) [77]
—acid treatment; APTES; Covalent (crosslinking - .
m-MWCNT RML PAMAM/-NH, with GA) Biodiesel (vegetable oil) [73]
—acid treatment; SOCly; EDA; Covalent .
m-MWENT BCL methyl acrylate; PAMAM/-NH, (crosslinking with GA) Biodiesel [74]
Covalent Flavor ester synthesis
MWCNT CRL —acid treatment; PDA/-NH; (crosslinking with GA) (ethyl butyrate and isoamyl [54]
acetate)
Covalent - .
MWCNT CALB -NH, (crosslinking with GA) Biodiesel (Jatropha seed oil) [70]
MWCNT TLL ->acid treatment; EDA/-NH Covalent Hydrolysis long chain ester [71]
! 2 (crosslinking with GA) ydroly g
. . Covalent Ester synthesis
MWCNT CRL, CALA, CALB —>acid treatment; HMDA/-NH, (crosslinking with GA) (butyl caprylate) [72]
—>D-glucose based IL Adsorption Ester synthesis
LB
MWCNT CA treatment Covalent (n-butyl acrylate) [69]
- B VT —
MWCNT CALB, CRL, AOL S IL treatment Adsorption aeyer-Villiger oxidation [68]
Covalent of ketones

CRL - Candida rugosa lipase; CALB - Candida antarctica lipase B; PFL - Psudomonas fluorescens lipase; m-MWCNT - magnetic MWCNT;

RML -Rhizomucor miehei lipase; PCL - Pseudomonas cepacia lipase; BCL - Burkholderia cepacia lipase; YLL -Yarrowia lipolitica lipase;

TLL - Thermomyces lanuginosus lipase; CALA - Candida antarctica lipase A;AOL - Aspergilus oryzae lipase PTFE - Polytetrafluoroethylene;

OABr - tetra-n-Octylammonium bromide; HDBr - Hexadecyl bromide EDC - 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide;

NHS - N-Hydroxysuccinimide; APTES - (3-Aminopropyl)triethoxysilane; AZDA - 10-Azidodecan-1-amine CDI - 1,1’-Carbonyldiimidazole; DVS - Divinyl
sulfone; GA - Glutaraldehyde; PAMAM - Poly(amidoamine); PDA - Polydopamine; EDA - Ethylenediamine; HMDA - Hexamethylenediamine;

p-NPP - p-Nitrophenyl palmitate, IL - ionic liquids
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Figure 3. Lipase immobilization strategies onto MWCNTs

Modification of o-MWCNTs first implies formation of chloride (with the aid of thionyl chloride), and reaction with
various diamines afterwards, or direct reaction with diamines using coupling reagents. In both ways, one amino group of
diamine forms an amide bond with the carbonyl group at the MWCNTSs surface, and the other remains free. Such a more
hydrophilic surface with positively charged amino groups enables electrostatic interactions with oppositely charged groups
from the lipase molecule surface. By a comparative study of lipase adsorption on MWCNTSs functionalized with carboxyl-,
amine-, and ester-terminal groups, it has been shown that a more hydrophilic surface can load a higher lipase amount,
while a more hydrophobic surface provides biocatalysts with greater activity [39]. Covalent conjugation between the
enzyme and support is recognized to provide durable attachment, enhanced stability, selectivity, and accessibility, and
prevents enzyme leaching [59,60]. The most commonly used covalent method for immobilizing lipase is amide bond
formation between carboxylic groups on MWCNTs and amino groups on the enzyme via carbodiimide chemistry
[38,49,55,61-66]. Numerous examples can be mentioned to illustrate the advantages of this method. Lipolytic activity
of MWCNT immobilized Candida rugosa lipase (CRL) was shown to be almost 3-fold higher under covalent promoting
conditions compared to only adsorption [67]. At the same time, it was reported that covalently attached CRL retained
98 % activity of the native lipase, which is significantly higher than other usually used supports [49]. Raghavendra et al.
used (3-aminopropyl)triethoxysilane (APTES) as a spacer arm to position lipase molecules away from the MWCNTSs
surface, but the biocatalyst activity was not improved [55]. Excellent results were obtained by covalently coupled Amano
lipase AK on oxidized MWCNTSs resulting in a biocatalyst with 100 % retained native activity [64].

As stability of the immobilized enzyme appears to be the most significant factor for industrial application, an interesting
approach for lipase stabilization using ionic liquids (IL) has been developed [68,69]. The obtained biocatalysts showed
exceptional properties, and the synthesis process fully corresponds to the sustainable development.

Amino functionalized surface of MWCNTs can be further activated by using glutaraldehyde (GA). To avoid cross-linking
of the enzyme molecule, the nanomaterial is activated first. After that, aldehyde groups of GA can form stable covalent,
imine, bond with amino groups of the enzyme. Various lipases have been attached using this approach [54,70-72]. Although
biocatalysts obtained by forming a covalent bond typically express lower catalytic activity than the free lipase, their higher
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stability and reusability justify the immobilization process. For example, Thermomyces lanuginosus lipase (TLL) immobilized
by GA cross-linking exhibited significantly improved thermal stability and could be reused in up to 10 cycles for hydrolysis
of long-chain esters [71]. The improved stability of lipase-MWCNTs conjugates over the free lipase is considered a
consequence of a more rigid protein, resistant towards rapid unraveling for longer periods of time. Such property is useful,
especially when dealing with extensive esterification process under harsh conditions.

Another interesting immobilization approach feasible for amino-functionalized MWCNTs (not depicted in Fig. 3),
which significantly increases surface, represents dendrimer formation using a nanoscaled hyperbranched polymer as
poly(amidoamine) (PAMAM). Rhizomucor miehei (RML) and Burkholderia cepacia lipases (BCL) immobilized on
magnetic-MWCNT-PAMAM nanocomposites exhibited good stability and recycling performance [73,74].

Influence of different functionalized MWCNTSs, namely alkylamino-, hydroxyl- and carboxyl- MWCNTSs, was explored
regarding the biocatalytic performance [38]. Nanobiocatalysts obtained by covalent immobilization of alkaline lipase
from P. fluoerscens on MWCNT-NH: have been the most active (12 times higher than the native lipase), while MWCNT-
COOH based bioconjugates emerged as the most enantioselective. Such results corroborate the finding that different
properties of biocatalysts can be achieved by controlling the immobilization conditions, especially surface groups
involved in the immobilization process.

3. APPLICATIONS

Lipases primarily catalyze hydrolysis of triacylglycerols to free fatty acids, di- and monoacylglycerols and glycerol.
Still, their versatile nature enables them to catalyze hydrolysis of various other esters, as well as the formation of ester
bonds between acids and alcohols (Fig. 4). Lipases occupy third place in the total world enzyme production, just behind
proteases and enzymes that catalyze the hydrolysis of carbohydrates, while they are the most widely exploited enzymes
in organic synthesis [78].

Transesterification via lipase use is referred to as a ping-pong bi-bi mechanism, where the lipase enzyme reacts with
two substrates, triglyceride and the enzyme-substrate intermediate resulting in the formation of two products. The
lipase active site has two functional groups vital for the catalytic activity: the hydroxyl group of serine that performs a
nucleophilic addition forming an enzyme-substrate complex, and the second is a nitrogen atom on histidine acting as a
proton acceptor [79].

His R His :
}—:\ —~ O-Ser Triacylglycerol }:\ + O-Ser R,
,H’R\?N‘—H ,H’N\’//
f'é f{)
e ° ° HO

AN

Ao o

‘ R
O / Rs/[LO - 02\ R
)L R ‘ Diacylglycerol

Ry "0

Free enzyme

Acy accq Plor

Acyl enzyme
Figure 4. Schematic lllustration of lipase catalyzed transesterification reaction

An amphiphilic polypeptide loop covers the active center (in most lipases), the lid. In contact with hydrophobic
substrates such as oil droplets, the lid acquires the open conformation for the active center and creates a large
hydrophobic pocket [80]. In agueous media, lipases in the open form can create dimeric and multimeric aggregates,
which can lead to the lower lipase activity [81]. This can be overcome by enzyme immobilization [82] providing also
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lower costs by possibilities of reuse [83] as the high cost of lipases has slowed down its commercialization for the
production of bulk chemicals. Synthesis of biodiesel and other bulk chemicals is generally carried out in a non-aqueous
or organic environment; hence, many researchers focus on obtaining novel lipases with enhanced activity and stability
in organic solvents. High activity and stability of CALB in the presence of alcohols have drawn attention to this enzyme
as a biocatalyst for biodiesel production [84]. However, some challenges need to be resolved. The immobilized lipase
on a hydrophilic carrier may show low activity in biodiesel production because of the low accessibility of oil as the
hydrophobic substrate. Also, the hydrophilic matrix has a higher affinity for methanol than oil, and methanol may easily
deactivate the immobilized lipase. On the other hand, immobilization of lipase on the hydrophobic surface induce
conformational changes of protein which result in increased stability [85].1t is required to improve the existing methods
and to explore new techniques to make immobilized lipase useful for industrial applications. Many papers deal with
advanced techniques of enzyme immobilization and their application to obtain commercially valuable compounds [86].

3. 1. Lipase immobilized on MWCNTSs for biodiesel production

Biodiesel (fatty acid alkyl esters, FAAE) is one of the best alternatives to fossil fuels. It has similar physical and
chemical properties to petroleum diesel but it is renewable and sustainable with lower carbon dioxide, sulfur, and
particulate emissions [82]. Biodiesel can be derived via transesterification of vegetable oil, animal fats, or microbial oil
with alcohol by either chemical or enzymatic catalysis [87].

Most of the scientific studies and patents filed on biodiesel production have focused on improving the catalyst
technology for efficient conversion. Other biodiesel research areas predominantly deal with feedstock, reactor
configuration, byproduct recovery, and combustion performance [89]. Generally, biodiesel is produced via the
transesterification/esterification reaction of acylglycerols and free fatty acids into fatty acid alkyl esters using short-
chain alcohols (methanol) (Fig. 4). The acyl migration with short-chain alcohols is a time-consuming process, and,
therefore, catalysts or pre-conditions (super/subcritical) are required for quicker alkyl ester formation. The formed FAAE
(biodiesel) has a lower viscosity and pour point than its precursor oil/fat [89].

Chemical catalysts, consisting mainly of acids (H2S0a, BFs, HsPO4) and bases (KOH, NaOH), are industrially used in
biodiesel production. High temperatures are required, and wastewater is generated in large volumes. Using chemical
catalysts also produces metal ions and salts that present a disposal challenge [88]. To reduce energy consumption and
the amount of wastewater generated and to avoid producing inefficient end products, classes of enzymes, especially
lipases, are being successfully explored as substitutes for chemical catalysts [89]. Compared with chemical catalysis,
biodiesel production by lipase displays numerous advantages, such as easy product separation, minimal wastewater
treatment requirements, easy glycerol recovery, and the absence of side reactions [90]. Recently, acidic, alkaline, and
immobilized lipase catalysts were compared regarding efficiency in converting waste cooking oil to biodiesel. Alkaline
and lipase catalysts showed >85 % biodiesel conversion in <120 min. Unlike the alkaline catalyst, the immobilized TLL
used for the study was recycled three times [91].

As described previously, enzymes can be immobilized on the surface of MWCNTSs by adsorption or covalent binding,
resulting in improved catalytic performance and stability and showing great potential in biodiesel synthesis. A
biocatalytic Pickering emulsion using MWCNT-immobilized CALB (CALB@PE) was developed to produce biodiesel, with
Jatrophacurcas L. seed oil and methanol as substrates. A yield of 95.2 %, consistent with the predicted 95.5 %, was
obtained. CALB@PE could be reused up to 10 times without substantial activity loss; it also exhibited better reusability
than the commercial Novozym 435 in biodiesel production [70].

A nanoscale carrier was created as a support for CALB immobilization, and the catalytic performance was evaluated
in methanolysis of rapeseed oil using terc-butanol as the reaction solvent. The carrier was plasma-treated MWCNTs
(MWCNT-COOH), while further functionalization of the obtained oxidized MWCNTSs was performed by using butylamine
(BA) and octadecylamine (OA). The yield of biodiesel for the two of these three supports, namely, MWCNT-COOH and
MWCNT-BA was similar at about 92 %, while 86 % was the yield for the reaction catalyzed by the lipase immobilized on
MWCNT-OA [56].
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The small size of carbon nanotubes, one of its best properties, is also one of its disadvantages because the recovery

after the end of the reaction is challenging. A solution for this problem could be combination of carbon nanotubes with
magnetic nanoparticles, or functionalization with other molecules [92]. Magnetic multiwalled carbon nanotubes (m-
MWCNT) were used to immobilize RML. The obtained esterification activity was 27-fold higher than that of the free lipase.
The immobilized lipase was employed as a biocatalyst in biodiesel production from waste cooking oil in a tert-butanol
solvent system yielding high biodiesel conversion of 94 % under optimal conditions. Additionally, the immobilized lipase
could be recovered easily without showing a significant decrease in conversion rates after 10 cycles of reuse [73]. Same
authors made superparamagnetic MWCNTSs by filling the nanotubes with iron oxide and further modified them by linking
polyamidoamine dendrimers (m-MWCNTs-PAMAM) on the surface. BCL was successfully immobilized on the obtained
carrier via a covalent method. The maximal activity of the immobilized lipase was 17-fold higher than that of the free
enzyme. The immobilized lipase displayed significantly enhanced thermostability and pH-resistance and could efficiently
catalyze transesterification to produce biodiesel at a conversion rate of ~93 % [74].
Deep et al. demonstrated preparation of a lipase-conjugated MWCNT catalyst via a chemical reaction. They examined
the catalyst efficiency for biodiesel production via methanolysis of crude Jatropha oil and compared it with that of free
lipase. The results revealed that the production of fatty acid methyl esters (FAME) (1 h reaction time) increased linearly
with increasing the fraction of the catalyst support. The maximum yield of the desired product was achieved in the
presence of 15 % of the immobilized catalyst (calculated as the mass of catalyst in the total reaction mixture). Moreover,
it was also reported that the developed carbon-based nanocatalysts could be reused up to 10 times without any loss of
enzyme activity. A maximum 90 % FAME yield was recorded for lipase-conjugated MWCNT catalyst, compared to only
10-15 % obtained with the free lipase [64].

3. 2. Flavor esters

Although several flavors and fragrances are obtained either by chemical synthesis or by extraction from plants,
applying biocatalysts for the sake of a safe and productive pathway by more sustainable chemical processes is the main
alternative. Optimization of variables that influence this lipase-catalyzed synthesis, such as enzyme formulations,
solvent-free media, and acetylating agents, is crucial to achieving higher conversions[93].

Lipase from C. rugosa was immobilized by surface modified MWCNTs and used to synthesize ethyl butyrate and
isoamyl acetate, which have characteristic pineapple and banana flavors. Magnetic MWCNTs were produced by
incorporating cobalt and functionalized with aminated polydopamine. The immobilized CRL retained around 84 % of its
initial hydrolytic activity and showed high-yields in enzymatic synthesis of ethyl butyrate and isoamyl acetate,
amounting to 78 and 75 % ester yield, respectively [54].

Compared with geraniol, geranyl esters are preferred for their lower toxicity and higher bioactivity in food,
pharmaceutical, cosmetic, and other fields. Enzymatic synthesis of geranyl esters is the most effective, especially with
lipase as a catalyst [94]. Geranyl propionate was enzymatically synthesized from geraniol and propionic acid using CRL
immobilized on acid-functionalized MWCNTSs [51]. Bourkaibet al. combined advantages of MWCNTSs as a support and
supercritical CO: as a solvent for the synthesis of geranyl acetate catalyzed by CALB [61].

CALB-MWCNT conjugates were shown to be highly efficient in synthesis of pentyl valerate under non-aqueous
conditions as reflected by the esterification yields, storage stabilities and storage stabilities and reusability studies [55].

Alkyl esters of levulinic acid are important flavors and fragrances in pharmaceutical, cosmetic and food industries.
Enzymatically, they are usually prepared in the conventional esterification reaction as demonstrated using CALB
immobilized on commercially available MWCNTs and polytetrafluoroethylene (PTFE) - CALB/MWCNT-PTFE as a
biocatalyst. n-Butyl levulinate has been synthesized in a high yield (99 %) and with high selectivity (>99 %). The catalyst
used retained its activity and stability after sixth reaction cycles, with 69 % yield of ester[45]. However, as lipase can
catalyze ester hydrolysis at the same time, to overcome limitations regarding equilibrium, lactones can be used as
alternative substrates. Szelwicka et al. used the same CALB/MWCNT-PTFE conjugate as a biocatalyst and a-angelica
lactone as a substrate and obtained quantitative yields of n-butyl levulinate. The developed biocatalyst was stable in
the six consecutive reaction cycles [46].
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3. 3. Racemization

One of the most complex and challenging problems in the field of synthesis of valuable chemicals is production of
optically active compounds [95]. Due to the possibility of functional conformation lipases are capable for the resolution
of racemic mixtures of optically active compounds. As the enantiomers of 1l-phenylethanol represent valuable
intermediates in several industries, the lipase catalyzed resolution of (R,S)-1-phenylethanol is a relevant research topic.

Pseudomonas fluorescens lipase (PFL) was covalently immobilized on oxidized MWCNTSs and applied in the kinetic
resolution of racemic 1-phenyl ethanol with good enantioselectivity and recyclability (8 cycles) [62].

To produce effective and recyclable catalysts for enantioselective transesterification of three vinyl esters (acyl
donors) by racemic Solketal esters, PFL was non-covalently immobilized on raw and oxidized MWCNTs (MWCNTs and
0-MWCNTs, respectively). Depending on the structure of the acyl donor, MWCNTSs were found to be 2.2- to 4-fold more
active than their oxidized counterparts (and up to 9 times more activating than the native enzyme), whereas
enantioselectivity was higher for the composites based on o-MWCNTs [63]. The same research group chemically
synthesized different functionalized MWCNTs for the same purpose. The studies revealed that different chemical
functionalization of morphologically identical nanotube supports led to various enzyme loadings, catalytic activities, and
enantioselectivities [38].

3. 4. Miscellaneous applications

Progressively demanding regulations of industrial processes concerning safety and waste disposal have compelled
modification of several chemical processes. A new method for the chemo-enzymatic Baeyer-Villiger oxidation of cyclic
ketones to lactones in the presence of a new heterogeneous nanobiocatalyst consisting of CALB immobilized on
MW(CNTSs has been developed. Activities of the obtained biocatalysts were compared with the commercially available
Novozyme-435. Recycling studies demonstrated the possibility of utilizing the most active MWCNTs-lipase biocatalyst
five times without any significant activity loss [42]. The same nanobiocatalyst was used to synthesize diester plasticizers
based on aliphatic diesters (dicarboxylates). The superior activity of the CALB immobilized on MWCNTs was obtained
resulting in a significant reduction in reaction times compared to those reported in the literature [43].

Wastewater generated from various industries (food, paper, textile, oleochemical, pharmaceutical) contain high
concentrations of oil and grease difficult to treat by using inadequate and costly conventional chemical and/or biological
methods. Therefore, considering the primary function of lipase to catalyze hydrolysis of fat and oil it is not surprising
that they represent an appropriate "green" choice for lipid-rich wastewater treatment. Lipase can degrade complex oily
materials through hydrolysis to free fatty acids that are easier to extract. There are a number of studies about treatment
of oily wastewater using lipases[49,96-101]. However, most of them are directed towards exploiting native enzyme and
synthetically prepared/model wastewater. Only few studies used the immobilized lipase and/or real industrial water,
among which application of CRL immobilized on MWCNTSs was reported [49]. High thermal and operational stability of
lipase immobilized on oxidized MWCNTSs in the presence of EDC and NHS as cross-linkers demonstrated the potential
for improved resistance to severe conditions in industrial applications [49]. In another study it was shown that
immobilization of CRL on MWCNTs significantly improved its activity in olive oil hydrolysis reactions. MWCNTSs affected
diffusion and distribution of the substrate and products in the lipase reaction environment [75].

Production of methyl oleate, an important ester used in detergents, emulsifiers, wetting agents, and intermediate
stabilizers was optimized by using the adsorbed CRL onto raw-MWCNT by dint of Triton X-100 and o-MWCNT. The
obtained biocatalysts produced around 80 % of methyl oleate. o-MWCNT-CRL could be recycled up to 5 times, retaining
50 % of its activity [48,50].

Lipases have the capability to catalyze unconventional reactions as aldol condensation, Hantzsch, Canizzaro, Morita-
Baylis-Hillman, Knoevenagel, UGl and Mannich reaction, Michael addition, perhydrolysis, oxidation and some cascade
reactions [16,78]. It was shown that PPL immobilized on magnetic-MWCNT can catalyze a three-component reaction to
obtain 2H-chromenes at high yields (95 %) [102], while Szelwicka et al. used biocatalyst designed in the presence of
supported ionic liquid-like phase for chemo-enzymatic Baeyer-Villiger oxidation of cyclic ketones. The obtained
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biocatalysts showed high conversion of substrate (92 %) in the model oxidation of 2-adamantanone, under favorable
conditions [68].

4. CONCLUSION

This review aims to summarize and point out the most important advances in the lipase-catalyzed synthesis of
biotechnologically important compounds, with a particular focus on MWCNTs-immobilized biocatalysts. According to
the data presented in this review, it is clear that the development of processes catalyzed by immobilized lipase
represents a focus for many researchers due to the high use of these reactions in important industries. Esterification is
a well-established reaction type in organic synthesis used for manufacturing various valuable esters used prevalently as
food ingredients, in skincare products, pharmaceuticals, and fuels. The fact that enzymatically synthesized products gain
label of natural products makes this technology even more market appealing. Additionally, a lipase-immobilized process
offers significant advantages, including higher chemical and thermal stabilities than the free form of lipase as well as
easy recovery and reuse. However, many challenges need to be overcome. In the future, developing additional viable
and cost-effective methods is required. This can be achievable by enhancing capabilities for biocatalyst recycling,
minimizing lipase production costs using molecular biology and genetic engineering techniques, or by designing
supports from inexpensive and readily available waste biomass (for example, MWCNT from cotton or corncobs).
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Viseslojne ugljenicne nanocevi kao nosac lipaza za organsku sintezu:

pregled najnovijih trendova

Nevena Z. Prlainovi¢, Jelena S. Milovanovi¢?, Nikola Z. Milasinovi¢?, Dejan I. Bezbradica® i Dusan Z. Mijin*
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(Pregledni rad)

Izvod Kljucne reci: Imobilizacija enzima;
Lipaze su poslednjih decenija iroko rasprostanjeni katalizatoriu raznovrsnim organskim reakcijama. b’OkatéI’z‘?{' biodizel; mirisni  estri;
racemizacija

Posebno su interesantne u imobilisanom/nerastvornom obliku jer je na ovaj nacin olak$ana njihova
upotreba uz moguénost recikliranja i ponovne upotrebe ¢ime se smanjuju troskovi samog procesa i
ugljeni¢ne nanocevi, su nasli primenu zbog svojih izuzetnih fizickih, mehanickih i hemijskih svojstava.
Njihova velika specificna povrsina, karakteristi¢na povrsinska morfologija i smanjen otpor prenosu mase
igraju vitalnu ulogu u performansama vezanog enzima. Ovaj pregledni rad predstavlja prikaz glavnih
aspekata lipaze imobilisane na viSeslojne ugljenicne nanocevi i razlicitih strategija imobilizacije za
dobijanje biokatalizatora sa poboljSanim svojstvima. Takode, kako su lipaze enzimi od velikog
komercijalnog znacaja za organsku sintezu i primenu u biotehnologiji, drugi deo rada posvecen je
pregledu najvaznijih industrijskih sektora u kojima su ovi nanobiokatalizatori nasli primenu. Shodno
tome, dat je pregled proizvodnje biodizela, mirisnih estara i racemizacije.
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Abstract
Lateritic ores constitute the main source of raw material for extraction of Ni and Co by the TECHNICAL PAPER
Caron process. Consumption of oil in the reduction furnace is one of the key indicators if the
metallurgical process is economical. To date it has not been possible to replace the additive
fuel oil that is used at commercial scales, therefore, the aim of this study was to partially
replace the oil with bituminous coal on a pilot scale by using a mixture of 2 % coal and 1.25 % Hem. Ind. 78(1) 17-27 (2024)
oil as the reducer additive. Phases of the reduced/leached ores were analyzed by powder X-
ray diffraction, while the metallic state of the ore was determined by leaching the reacted
samples with a bromine-ethanol solution followed by the atomic absorption spectrometry
analysis. Extractions of Ni and Co were confirmed by leaching the reduced ore with
ammoniacal-ammonium carbonate solutions. It was observed that the mixture used as a
reducer additive can replace the fuel oil since it allows the adequate transformation of the
main mineralogical phases of the laterite ore during the reduction process and the average
extraction vyields of Ni and Co for ~3 and ~8 %, respectively. Although the effect of
bituminous coal particle size in the process was not analyzed, the reducing mixture ensured
that the Caron process was more efficient.

UDC: 553.3/.4:622.348.1:669.25

Keywords: nickel and cobalt recovery, furnaces operation, pyrometallurgy.

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

1. INTRODUCTION

Nickel and cobalt are critical elements that are currently in high demand in the production of special steels,
aerospace alloys, and lithium-ion batteries for electric vehicles because they improve material properties such as
durability, resistance to corrosion, ductility, and thermal and electrical conductivities. Predominant ore types in nature
are sulfides and laterites, with a world reserve of the latter close to 60 % [1,2]. Currently, lateritic ores are considered
as the main sources of these metals, concentrating Ni in more than 0.7 % by weight [3]. These deposits are produced
by prolonged and deep weathering of Ni silica containing ultramafic rocks, usually in humid tropical or subtropical
climates. The mineral ores shall be classified as hydrated silicates, clay silicates, and oxide deposits; those are processed
by using a variety of processes, including the Caron process. [4-7]

The Caron process is a technology that combines the pyrometallurgical and hydrometallurgical processes, and is
based on leaching of previously reduced lateritic ores with ammoniacal-ammonium carbonate solutions ((NH4)2CO3)
with the reduction being one of the stages that mostly influence the final extractions [8-10]. Also, the use of the Caron
process is recommended when the contents of Ni, Fe, and MgO in the lateritic ore exceed 0.9, 25 and 2 %, respectively
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[8,11]. Rodriguez et al. [12] recognize that the Caron process, generates high consumption of fuel oil during its
operation, and the reduction stage in the production process induces one of the most important costs.

Reduction of lateritic ore is carried out in Herreschoff multiple hearth furnaces. The furnaces are oil-fired and are
operated at air deficiency in order to produce the required ratio of carbon monoxide to carbon dioxide in each hearth.
Temperatures in the reduction zone are maintained at 750-800 °C [13].

Main reactions involved in roasting/reduction in the Caron process are [11,14]:

2FeO0H — Fe203 + H20 (1)
3Fe203 + CO — 2 Fe304 + CO2 (2)
Fe30s4 + CO — 3FeO + CO2 (3)
FeO + CO — Fe + CO» (4)
NiO + CO —> Ni + CO2 (5)
CoO + CO — Co + CO2 (6)
C+C02, — 2CO (7)

Different studies focused on the reduction of lateritic minerals indicating that the particle size [15], temperature profile,
and the composition of the reducing atmosphere are the most important variables in the process [16-19], which is why the
use of reducing additives has been one of the most analyzed variables in recent years [20,21]. Some additives used during
the reduction in the Caron process are FeS: [8], NaCl [8,20], CaClz [8], S [21,22], Na2SO4 [22] and coal [23-25]. Still, it has
not been possible to replace the 2.5% of fuel oil (denoted here as FO-2.5 [11,13,25] implemented at the industrial scale.

Specifically, the use of coal as a substitute for fuel oil in the roasting/reduction in the Caron process has been
considered a technological alternative in recent years to reduce operating costs [22-27].

However, it was demonstrated [26] that the use of anthracite coal to replace 20 % of the additive fuel oil is not
economically feasible.

llias et al. [22,27] evaluated coal (fixed carbon and sulfur contents of 58.6 and 7.5 % respectively) from Pakistan in the
roasting/reduction of lateritic ores using the Caron process. The optimal reduction condition was found for the mixture of
laterite ore with 10 wt.% coal and 9 wt.% of Na2S0a, roasted at 800 °C for 120 min. Leaching of the reduced roast product
carried out in NH3(aq-(NH4)2CO3 solutions (150 g dm total NH3) was influenced by the concentration of carbonate ions and
produced >90 % Ni and 67 % Co. The research presented as a difficulty the use of a residence time and the concentration
of NHz in the first stage of leaching higher than those that have been used on a pilot and industrial scale (residence time in
the furnace: 70-80 min [25] and NHs concentration in the first leaching stage: 60-100 g dm™ [28].

Angulo et al. [23,24,29] analyzed the use of bituminous coal (fixed carbon and sulfur contents of 55.40 and 0.55 %,
respectively) to replace the fuel oil. The studies showed that the substitution is technically and economically feasible by
using the coal content of less than 4 % in the grinding and roasting/reduction processes. The highest extractions of Ni
(>90 %) and Co (> 68 %) were achieved when using the mixture of coal and fuel oil at 2.0 and 1.25 %, respectively. The
residence time in the furnace was of 80 min and the NHs concentration used in the leaching was in the range of 80 to
85 g dm on a laboratory scale.

Consequently, in the present work, we investigate the reduction-roasting behaviour of the laterite sample of
mixtures from different Moa-Cuba deposits when using the same mixture of coal and fuel oil at 2.0 and 1.25 %, denoted
here as BC2-FO1.25 as a reducing additive in the Caron process on a pilot scale. The ultimate goal was to investigate the
possibility to replace the fuel oil at 2.5 % currently used on commercial scales so to assess whether the Caron process
could be carried out more economically and efficiently. Still, it should be noted that the effect of bituminous coal particle
size on extractions was not studied.

2. MATERIALS AND METHODS

2. .1 Methodology

In this research, two lateritic ore processing schemes were evaluated in a pilot-scale reduction furnace. The first was
the use of the reducing additive conventional fuel oil at 2.5 wt.% (denoted here as FO-2.5), while the second was based
on analyzing the effect of the reducing additive mixture of bituminous coal at 2.0 wt.% and fuel oil at 1.25 wt.% (denoted
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here as BC2-FO1.25) under similar operating conditions. For this purpose, the installation that simulates the Caron
process was used in the Centro de Investigaciones del Niquel: Alberto Ferndandez Montes de Oca, Moa-Cuba (CEDINIQ)
[11]. The reduction process was carried out in a Herreshoff furnace (Fig. 1) composed of 17 hearths, listed from top to
bottom from hearth 0 (H-0) to 16 (H-16), enclosed in a metal cylinder 11 m high and 2.51 min diameter, coated internally
by a refractory material; the post-combustion air being fed by the furnace hearths 4 (H-4) and 6 (H-6). The study was
based on comparing the results when using both reducing additives in the reduction-leaching processes. The evaluation
of each reducing additive was carried out during five days of continuous operation. To analyze the effect of the
modification 12 daily samples were taken in each experiment, which were averaged to obtain the daily behavior of the
variables under study.
gases

Dust trapping in gases
cyclone

laterite ores

recirculated ores

H-0
H-2
Post-combustion Air
H-4
H-6
= Dampers
0-1 H-8 T
0-1 H-10 =
0-1 H-12 -
Chamber H-14 [=» Chamber
Oil + Air ———= g = [ —— Oil+Air
H-16

Calcine

Figure 1. Pilot plant scale reduction furnace; letter H designate hearth [11]

2. 2. Physical chemistry characteristics of the fed lateritic ore

Lateritic ore with a degree of homogenization greater than 91 % was fed to the furnace at a rate of 750 kg h'%, after
being dried and ground until the moisture content was less than 4 % by weight and the size distribution of particle less
than 75 um it was from 84 to 88 %. Table 1 shows the main average (a) characteristics of the mineral where it is observed
that there were insignificant differences between the processed samples used in the two experimental series in terms
of the contents of Ni, Co, Fe, MgO, SiO,, Al>03, H.0 and S. Even so, there was a significant difference in the C content
due to the type of additive used. In general, the results presented a low dispersion with standard deviation values lower
than 1.8.
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Table 1. Characteristics of lateritic ore with the two types of additive fed to the reduction process

Content. Wt Particle size, um
ontent, wt

Additive 150 75 45 <45
Ni Co Fe MgO SiO2 Al203 H20 S C Contribution, %
F02.5 1.170 0.099 39.635 2.733 7.769 8.002 3.378 0.231 0.091 3.954 10.428 7.241 78.380
c 0.008 0.002 0.555 0.495 0.254 0.460 0.374 0.009 0.009 0.678 1.340 1.234 1.754
BC2-FO1.25 a 1.167 0.099 39.323 2.828 7.788 8.080 3.660 0.251 2.088 3.425 9.783 7.392 79.400
c 0.013 0.001 0.416 0.513 0.249 0.228 0.190 0.018 0.032 0.698 0.585 1.133 1.500

2. 3. Chemical analysis and mineralogical characteristics of the reduced/leached samples

The reduced ore samples were taken from the even hearths of the furnace using the procedure proposed by
previously [11,25] Each sample was then leached with the ammonium carbonate solution with a concentration of NHs
from 80 to 85 g dm and CO, from 40 to 42 g dm™ for 2 h at a liquid/solid mass ratio (L/S) of 10/1.

The individual elements of interest in the leached mineral were determined by atomic absorption spectrometry
(AAS, model SOLAR 929, Solar System ATI, Unicam Analytical Technology Inc., Cambridge, UK).

The crystalline structure and composition of the reduced/leached minerals were analysed by powder X-ray
diffraction (XRD) by a PANalytical X'PERT3 diffractometer (Malvern Panalytical, UK) with Gonio scanning at 26 angular
log from 4.0042 to 79.9962° and a distance step in 26=0.0080°, potential difference of 40 kV, current of 30 mA and a
calibration checked with an external silicon standard. Fractions of nickel, iron, and cobalt reduced to the metallic state
of the ore in H16 were determined by leaching the reacted samples with a bromine-ethanol solution [30] followed by
AAS analysis with flame and generator hydride, (model SOLAR 929, Solar System ATI, Unicam Analytical Technology Inc.,
Cambridge, UK).

2. 4. Temperature profile and reducing atmosphere in the reduction process

The thermal profile shown in Figure 2 was used in the investigation, regardless of the type of additive under study.
Temperature measurements within different hearths were made by using K-type thermocouples (producer, country).
To determine the effect of the additives FO-2.5 and BC2-FO1.25 in the reducing atmosphere of the furnace, the CO/CO>
volumetric ratio was determined in each even hearth by the method used previously [25].

Temperature, *C

L]
[ o=

4 & g8 10 12 14 16
Hearths number

Figure 2. Temperature profile in the reduction furnace
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2. 5. Nickel and cobalt extractions

Ni and Co extraction content were determined by the following equation, with an estimate of the error for Ni and
Co of £1.5 and 2.5 %, respectively:

1 _ cMet-Ieached ore CFe—fed 100 (8)
C

CExt»Met =

Met-fed cFr—Ieached ore

where:
Cext-met IS the extracted content of the metal under analysis, Ni or Co;
CMet-leached ore iS the content of the Ni or Co in the ore after leaching
Cmet-fed is the content of Ni or Co in the ore fed to the reduction furnace
Cre-fed is the content of iron in the ore fed to the reduction furnace
Cre-leached ore IS the content of iron in the ore after leaching

3. RESULTS AND DISCUSSIONS

3. 1. Effect of BC2-FO1.25 additive on the mineralogical composition and structure of reduced/leached ore

Figures 3 and 4 show the XRD patterns of the reduced/leached lateritic ore samples corresponding to each even
hearth of the reduction furnace.

Itis observed that the processed lateritic ore is characterized by the predominance of iron oxides and oxy-hydroxides
(goethite, maghemite, and hematite), as well as aluminium hydroxide (gibbsite). Silicon and magnesium contents are
mainly expressed in the phase of magnesium silicate hydrate (lizardite), magnesium aluminium oxide (spinel,) and some
silicon oxide (quartz).
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Figure 3. XRD patterns of reduced/leached lateritic ore samples from hearths H-0 through H-4 with the use of additive BC2-FO1.25.
1-Lizardite: MgsSi;Os(OH)4; 2-Maghemite: Fe,1.16031.02; 3-Gibbsite: Al(OH)s; 4-Spinel: MgAl;04; 5-Goethite: FeOOH, 6-Hematite:
Fe,03; 7-Quartz: SiO;; 8-Magnetite, syn: Fes04; 9-Chromite, aluminian: Fe(Cr, Al);04.

The furnace heating zone (from H-0 to H-4) is characterized by the loss of crystalline mineral water linked to the
dehydroxylation process, with a predominance of transformations of goethite into hematite-magnetite, gibbsite in
spinels containing aluminum and the decomposition of lizardite in H-4. The identification of hematite in the feed ore
justifies the low presence of magnetite in H-2.

Different investigations agree that the goethite dehydroxylation process occurs in the temperature range of 250 to
400 °C to release iron oxide in the form of Fe203 as well as NiO [14,20,21,31-34].

In the literature [21] it was recognized that saprolite dehydroxylation has to be achieved between approximately
400 and 800 °C to obtain the complete recovery of Ni and Co.
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The main mineralogical phases identified in the furnace reduction zone (from H-6 to H-16) were iron oxides
(magnetite and maghemite, syn) and magnesium iron aluminum chromium oxide (magnesiochromite, ferroan).
Magnesium iron silicate (fayalite) was only observed in hearths H-14 and H-16 (Fig. 4). The mineralogical phases
detected in this study coincide with the investigations carried out previously [35,36], which identified maghemite,
magnetite, magnesiochromite and fayalite as the main phases in the residues of the Caron process.
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Figure 4. XRD patterns of reduced/leached lateritic ore samples from hearths H-6 through H-16 with the use of additive BC2-FO1.25.
1-Magnetite: Fe;04; 2-Maghemite, syn: Fe,03; 3-Magnesiochromite, ferroan: [(Mg, Fe)(Cr, Al);04]; 4-Fayalite: MgzsFe1,74(SiO4)

Magnetite increased in the content as each hearth corresponding to the reduction zone was passed. In the case of
maghemite, loss of a part of oxygen from the Fe21.16031.92 phase (heating zone) to Fe203 (H-6 to H-16) is observed,
characteristic for the reduction process. ldentification of magnesiochromite, ferroan, and fayalite indicates the
formation of FeO and Fe?*, and that the reduced ore reaches temperatures above 700 °C.

Similar magnetite content trend in the furnace reduction zone was described in a previous study on the Caron
process with using 2.5 % fuel oil as the reducing additive [37]. Sanchez et al. [38] associated the identification of
magnesiochromite and ferroane with processes in which partial substitution of Fe?* by Mg, Cr, Al, and even by Fe®*
occurs in lower proportion. Also, it was recognized that fayalite is a product of transformation of the serpentine phase
occurring at the highest reduction temperatures (600-800 °C) [21].

3. 2. Effect of substituting the reducing additive FO-2.5 with BC2-FO1.25 on chemical and physical characteristics of
the reduced lateritic ore

Average chemical and physical characteristics of the reduced ore that were obtained when using each type of
reducing additive are presented in Table 2 and Supplementary Material Tables S-1 and S-2.

Table 2. Chemical and physical characteristics of the reduced ore

» Content, wt.% Magnetic
Additive Ni  Co Fe Ni° Fe® Fe*  FeO S c P /kgm fracﬁon,%
1.378 0.111 46.162 1.032 2.414 25.628 19.612 0.798 1.274 4690 59.584
FO-2> o 0.022 0.003 0.277 0.034 0.213 1.387 0.543 0.036 0.053 8.843 1.268
BCI-FOL25 1.344 0.112 46.534 1.067 2.782 25.058 19.896 0.604 1.368 4560 59.632
o 0.034 0.005 0.267 0.585 0.064 0.235 0.235 0.055 0.049 9.418 1.859

2



H.J. ANGULO-PALMA et al.: SELECTIVE REDUCTION OF LATERITIC ORE BY THE CARON PROCESS Hem. Ind. 78(1) 17-27 (2024)

It is observed that regardless of the type of reducing additive used, chemical characteristics of the compounds
correspond to an adequate reduction process where the conversion of NiO into metallic nickel (Ni°) is maximized, with
contents of metallic iron (Fe®) lower than 2.85 %. Also, Ni, Co, Fe, Fe?*, FeO, and C contents, density and the magnetic
fraction have shown similar values and were indicative that the substitution of the standard additive does not negatively
affect the reducibility of the lateritic ores. It should be noted that the sulfur content was significantly lower when using
the coal-oil mixture.

Different researchers [39,40] characterized the reduced ore when using FO-2.5 as a reducing additive and the
reported values are close to those reported in this study.

Rojas et al. [41] recognized the negative effect caused by the increase in the sulfur content in the reduced ore in Ni
and Co extractions due to the effect generated by passivation of the combined Fe-Ni-Co alloys during leaching.
Therefore, implementation of the BC2-FO1.25 mixture on an industrial scale would benefit the leaching process.

3. 3. Effect of substituting the reducing additive FO-2.5 with BC2-FO1.25 on the CO/CO: profile in the furnace
atmosphere

Figure 5 shows how the CO/CO. volumetric ratio varies in the even hearths of the pilot reduction furnace when using
the reducing additives under analysis, see Supplementary Material Tables S-3 and S-4. The two zones described by Angulo
et al. [25] were observed in correspondence with the content of reducing agents.
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Figure 5. CO/CO; profile in the pilot furnace atmosphere

The first zone (from H-0 to H-6) is characterized by low CO/CO2 volumetric ratios for both reducers resulting from
the dilution generated by the post-combustion air supply in furnace hearths four and six. The average content of CO
was higher by 16.4 % when using the FO-2.5 additive, justified by the fact that the temperatures in all furnaces are
higher than the flash point of oil, while in the case of coal, the energy is not sufficient to provide the reductants from
the dissociation process.

The second zone (from H-8 to H-16) is characterized by a gradual increase in the concentration of reducing gases. In
all the hearths of the reduction zone (from H-8 to H-16) when using the BC2-FO1.25 additive, the average CO formation
is increased by 22.4 % (o < 0.08) compared to that achieved with the additive that is implemented currently on the
industrial scale (FO-2.5).

Angulo et al. [11] report the average contents of CO in the chimney and the H-10 of the pilot furnace of 5.10 and 8.70 %
respectively (o < 0.105), values close to those achieved in this investigation (5.30 and 7.80 % for the H-0 and H-10,
respectively). In the case of the BC2-FO1.25 mixture, no research was found to date that would allow comparisons to be
made.
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3. 4. Effect of replacing the reducing additive FO-2.5 for BC2-FO1.25 on nickel and cobalt extractions

During the evaluation of both additives, extraction content ranged from 78 to 84 % and 34 to 46 % for Ni and Co,
respectively (Table 3 and Supplementary Material Tables S-5 and S-6). Different studies [11,13,16,25,37,39,40] reported
values that coincide with those achieved in this investigation.

The average extraction of Ni and Co were higher by ~3 and ~8 %, respectively, when using the BC2-FO1.25 mixture
as a reducing additive (Table 3), an aspect that is directly related to chemical and physical characteristics of the resulting
reduced ore and the reducing atmosphere in the furnace in the process with this additive. The increases in Ni and Co
extraction yields indicate that the used technological modification ensures more efficient operation of the reduction
roasting process. These results confirm the values reported by Angulo et al. [23,24] for the laboratory scale experiments.

Table 3. Nickel and cobalt extraction results

. Content, wt.% (Reduced and leached) Extraction, wt.%
Additive - -
Ni Co Fe Ni Co
FO-2.5 a 0.295 0.077 48.11 79.22 35.74
) o 0.004 0.001 0.598 0.428 1.130
a 0.254 0.069 48.37 82.30 43.90
BC2-FO1.25
o 0.015 0.002 0.253 1.104 1.388

5. CONCLUSIONS

The BC2-FO1.25 additive can reasonably increase the degree of recovery of nickel and cobalt from the laterite ore
in the roasting/selective reduction process. The results of this study suggest that using this technological modification
guarantees proper transformation of goethite in limonite to magnetite and serpentine minerals to olivine phases in
saprolite. The use of this additive at a pilot scale showed that the industrially used additive fuel oil (FO-2.5) can be
replaced since the main technological indicators of the process were improved. It should be stressed that the average
formation of carbon monoxide in all hearths in the furnace reduction zone increased by ~22 % while the average
extraction yields of Ni and Co were higher by ~3 and ~8 % respectively.
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(Struéni rad)
Izvod Kljucne reci: ekstrakcija nikla i kobalta,

Lateritne rude predstavljaju glavni izvor sirovine za ekstrakciju Ni i Co po Caron procesu. Potro3nja ulja rad peci, pirometalurgija

u redukcionoj pedi jedan je od kljuénih pokazatelja da li je metalurski proces ekonomican. Do danas nije
bilo moguée zameniti aditiv loZ ulje koji se koristi u komercijalnim razmerama, stoga je cilj ove studije
bio da se delimi¢no zameni nafta bitumenskim ugljem na pilot skali koriS¢enjem mesavine 2 % uglja i
1,25 % nafte kao redukcionog aditiva. Faze redukovanih/luZenih ruda analizirane su difrakcijom
rendgenskih zraka praha, dok je metalno stanje rude odredivano luZenjem izreagovanih uzoraka
rastvorom brom-etanola nakon cega je usledila analiza atomske apsorpcione spektrometrije. Ekstrakcije
Ni i Co potvrdene su luZzenjem redukovane rude rastvorima amonijum-amonijum karbonata. Uoceno je
da smesa koja se koristi kao redukcioni aditiv moZe da zameni mazut jer omogucava adekvatnu
transformaciju glavnih mineraloskih faza lateritne rude tokom procesa redukcije i prosec¢ne prinose
ekstrakcije Ni i Co za ~3 i ~8. %, redom. lako efekat veli¢ine Cestica bitumenskog uglja u procesu nije
analiziran, redukciona smesa je obezbedila da je Caron proces efikasniji.
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Abstract

Pyrolysis is a thermochemical process of degradation of organic compounds where the reaction ORIGINAL SCIENTIFIC PAPER
takes place in an inert atmosphere. The process scale varies between industrial, semi-industrial
or laboratory. During the pyrolysis process temperature has to be controlled, but, most of
pyrolysis studies do not clearly state where the temperature is measured and weather the
temperature field is uniform. In this paper thermal behavior of a laboratory scale fixed-bed Hem. Ind. 78(1) 29-40-24 (2024)
reactor and energy consumption during pyrolysis processes were analyzed. Three different
samples were used: mixture of plastic waste (sample 1), biomass (sample 2) and mixture of
plastic waste and biomass (sample 3). The analysis of the thermal behavior of the reactor
indicates that with careful regulation or temperature control of the process, one can obtain
diagrams that can be used for the purpose of recording thermally intensive processes, similar
to more complex thermogravimetric (TG) and derivative thermogravimetric (DTG) analyses. It
has been shown that it is possible to change the heating rate and the overall energy efficiency
of the process by simply choosing the appropriate raw material mixture.
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Keywords: Waste plastics; waste recovering; thermal reaction; heating rate; energy consumption.
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1. INTRODUCTION

Plastic waste is a common part of municipal solid waste (MSW), which is composed of different mixtures of plastic,
mostly consisting of: low-density polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polys-
tyrene (PS), polyvinyl chloride (PVC), and polyethylene terephthalate (PET). The main components of municipal plastic
waste are PE and PS [1]. Plastic waste is bulkier than other organic waste so that it occupies large spaces in landfills.
Also, this is the main reason for the high costs of disposal and incineration of this type of waste. Waste-to-energy
technologies convert plastic waste into heat, hydrocarbon fuels and chemicals [2]. Pyrolysis of plastic is a tertiary
recycling method, whereby the polymer is heated in the absence of oxygen causing the polymer cracking [3]. Pyrolysis
is also used for biomass conversion where the mostly used feedstock is plant matter, like forest residues, yard clippings,
wood chips, and municipal solid waste [4].

Pyrolysis process represents a basis for production of the second generation of synthetic fuels, materials, and
chemicals [5]. This reaction occurs in an inert atmosphere, in which organic compounds are decomposed, generating
gaseous and liquid products that can be further utilized as fuels or chemicals. The inorganic material remains un-
changed [6,7]. During pyrolysis of polymers, macromolecules are broken down into smaller molecules [8]. Biomass
materials are mostly chemically and physically heterogeneous, whereby their components have various reactivities and
yield different products [9].

Many studies have been published focusing on pyrolysis of plastic and biomass waste. A comprehensive bibliometric
survey on pyrolysis of plastic waste has been done by Armenise et al. [10], while several studies provide detailed
explanation on pyrolysis of plastic, pyrolytic reactors, effects of different parameters on the liquid oil yield and its
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characterization [11-16]. Interesting studies on the catalytic pyrolysis have been published by Budsaereechai et al. [17],
and Suhartono et al. [18] showing that addition of natural catalysts lead to higher yields of liquid products with better
properties (no wax formation, increased calorific value, and lower viscosity) compared to the pyrolysis runs without
catalysts. Catalytic pyrolysis of plastic sample based on the plastic waste composition from Portuguese municipal solid
waste has been conducted by Pinto et al. [19]. However, this study showed that there is no big difference between
thermal and catalytic pyrolysis of selected plastic waste mix (68 % PE, 16 % PP, and 16 % PS). Uthpalani et al. [20] have
reviewed the literature on pyrolysis of HDPE and LDPE wastes. Kalargaris et al. have been studied diesel engines
powered by pyrolytic oil gained from pyrolysis of plastic waste throughout several studies [21-24]. Some papers [25-28]
confirm and prove the success of pyrolysis of the mixture in the specific configuration of the reactor with a fixed bed
that was used in this work as well.

Generally, pyrolysis can be divided into two phases, primary and secondary. When a solid biomass particle is heated
in the absence of oxygen heat is firstly transferred to the particle surface by radiation and/or convection and then to
the interiors of the particle by conduction. The temperature within the particle increases and contributes to the removal
of moisture that is contained in biomass, and the pyrolysis reaction takes place. Due to the chemical reactions heat is
generated/consumed, which with phase changes cause a temperature gradient as a function of time that is nonlinear.
Volatiles and gas products flow through the particle pores. The rate of pyrolysis reactions depends on the local tempera-
ture [9].

Benefit of pyrolysis is production of high energy compounds (char, tar, and gas) from low energy materials (solid
waste). The conversion depends on operating conditions, e.g. heating rate, maximum temperature, processing time at
the maximum temperature, pressure, and catalysts used [29,30]. Additionally, the quality and yield of the oil products
are depending on: operating temperature, the ratio of plastic waste and catalyst, and the type of reactor [31].

1. 1. Pyrolysis reactors

There are many different types of pyrolysis reactors and their classification can be based on: the final products
achieved (oil, char, heat, electricity, gases), reactor mode of operation (batch or continuous), manner in which the
reactor is heated (direct or indirect heating), method used to load the reactor (manually or mechanical), the pressure
at which the unit operates (atmospheric, vacuum, pressurized), material used for the construction of the reactor (soil,
brick, concrete, steel), reactor portability (stationary or mobile), and the reactor position [32].

Fixed-bed reactors are commonly used on a laboratory scale for pyrolysis of municipal solid waste, while industrial
applications of this reactor type are rare. The heating rate is low, and the particles are not heated uniformly. This is due
to the low heat transfer coefficient within the reactor and the absence of mixing of feedstock. So, the particles located
near the heating source will gain more heat, whereas those more away from the heating source would be cooler [33].
Pyrolysis of biomass in fixed-bed reactors was studied in several studies [e.g. 34-36]. In another study that used fixed-
bed reactors for pyrolysis of plastic waste, polystyrene and multilayer plastic were used in different ratios as raw
materials. This research concluded that with the longer cracking time and the higher number of plastic multilayers, the
fuel volume, viscosity, and heat value were increased. The addition of multilayer plastic also decreased percentage of
benzene in the final product [37].

It is important to differentiate between the temperature of the reaction and the reactor temperature. The reactor
temperature must be higher because of the need for a temperature gradient to provide heat transfer [38]. The tem-
perature profile and heat transfer that occur during pyrolysis are decisive factors that determine the reactor perfor-
mance, and consequently the oil yields [39]. Since pyrolysis is a thermal degradation process, efficient heat transfer
increases the process efficiency. Plastic has low heat conductivity that leads to non-uniform heat distribution [40].
Temperature profile in the reactor is used to determine the area where thermal cracking happens, since cracking is the
most important step during plastic pyrolysis to produce oil (fuel) [41]. In the work of Hartulistiyoso et al. [41], pyrolysis
of waste plastic bottles was conducted in cylindrical reactor. Five thermocouples were used to monitor temperature at
the bottom, top and in the middle part of the reactor, with different arrangements, while the temperature profile within
the reactor was predicted by Computational Fluid Dynamic (CFD) modeling. Predicted temperature profiles were similar
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to the experimentally measured temperature values. Accurate measurement of the particle temperature is important
for the development of kinetic models. In most experiments temperature is measured by thermocouples close to the
sample. However, there is less information on temperature profile inside the sample [42]. Fluidized bed is one of the
reactors that can provide uniform temperature and uniform heating rate during high temperature operation [40].

Since the literature does not provide sufficient information on temperature distribution during plastic pyrolysis, this
paper aims to investigate the uniformity of the temperature field in a pyrolytic reactor (fixed-bed reactor) that has been
developed at the University of Banja Luka, at the Faculty of Technology. Energy consumption during pyrolysis of different
samples was also analyzed.

2. EXPERIMENTAL

The experiments were carried out with plastic waste blends, originating from municipal solid waste, biomass
sawdust and blends of plastic waste and sawdust. Plastic packaging waste originates from household waste from Banja
Luka, Republic of Srpska, Bosna and Herzegovina, and the sawdust is from local sawmills from Banja Luka region. The
ratio of plastic types in the blends was following: polypropylene (PP) 40 %, low-density polyethylene (LDPE), 35 %, and
high-density polyethylene (HDPE) 25 %. A mixture of two typical types of waste wood biomass beech sawdust and spruce
sawdust was used as the biomass sample, which were mixed in equal mass ratios (1:1).

Packaging household waste was used to prepare PP and HDPE samples, while LDPE granulates for the production of plastic
bags was used as LDPE sample. The waste packaging was firstly thoroughly washed, dried, shredded and grounded in the
laboratory mill. After grinding, a mixture of PP and HDPE was prepared in the selected ratios and a granulometric analysis was
performed. The average diameter of the plastic mixture (PP + HDPE) was 1.40+0.02 mm. The prepared plastic mixture was
then mixed with cylindrical LDPE granulates (2.20 mm diameter x 5.03 mm length). The prepared biomass sample was dried
to a constant mass for 24 h at a temperature of 105 °C, in order to avoid the influence of humidity variations in the starting
raw material. A granulometric analysis of the biomass mixture was carried out as well yielding the average sawdust particle
diameter of 0.77£0.12 mm. All samples were weighed by using a KERN KB 1200-2 laboratory scale.

Experiments were performed using a total sample mass of 200 g, and the height of the packed bed was 95 mm. Only
one experiment, i.e. the experiment with maximum reactor loading, was performed with the sample mass of 350 g, and in
that case the packed bed height was 190 mm.

Pyrolysis was performed in a laboratory scale, fixed bed reactor at the University of Technology in Banja Luka (Bosnia
and Herzegovina), presented in Figure 1.

Figure 1 Block diagram of the experimental pyrolysis fixed-bed reactor: a) cylinder with nitrogen gas; b) mass gas flow meter;
c) the pyrolysis reactor vessel; d) thermal insulation; e) steam condensation system; f) separation system - vessels for receiving
condensate; g) discharge of non-condensable gas into the gas washing system; h) distribution cabinet with the regulation system; i) PC.
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A prepared and weighed sample was placed in the reaction vessel (c) and nitrogen was used as the carrier gas, to
provide inert atmosphere (a). A gas-flow meter (b) was used to adjust the gas flow (100 ncm3min™), and after 10 min, inert
atmosphere was accomplished. A PC (i) using CelciuX (EJIN-TC4A-QQ) (Omron) thermal controller and CX-Thermo (Omron)
were used for automatic control and regulation of the system (h) by turning on or off the electric heaters system (c)
according to the control loop [25,28]. The thermocouple T1 (Thermocouple type K, Omron, Japan) measured temperature
at the bottom part of the reactor and served as a control sensor for the controlling loop of electric heaters i.e. as a control
variable. The reactor temperature set point was 500 °C. The time that feedstock spent on a set point temperature was
considered to be a reaction time. After the chosen reaction time of 45 min, the regulation system was turned off. As the
temperature of the reactor fell below 100 °C, the reactor was taken apart and the reaction vessel was disconnected from
the reactor (c). The reaction vessel was weighed before and after the pyrolysis reaction and the solid residue was
determined from the mass difference. The vessels for receiving condensate (f) were disconnected from condensation
system (e) and weighed as well, to determine the mass of condensable products, including a part of the condensate
products mass from internal walls of condensation system (e) [28].

The reactor vessel is in the form of a vertical cylinder (101.6x2 mm). The vessel consists of a body (lower part) and a
body cover (upper part), with bolted flange joint with gaskets. The body is 200 mm high representing a reaction vessel and
it is separated from the upper part and serves as a dosing system. The design enables simple weighing of the raw material
and solid residue after the process is completed, so that it is possible to set up material balances relatively easily. A second
cylindrical container is attached to the reactor body from the upper side - a cover with a total length of 40 mm. This cover
carries three K-type thermocouples and three stainless steel tubes (A304) in which there are cartridge-electric heaters with
a total power of 3x350 W. By connecting the cover to the reactor body, the electric heaters and thermocouples are placed
in the reactor body. The heaters extend to the bottom of the reactor body, while three thermocouples are arranged in the
reactor body, at different heights, as shown in Figure 1. Thermocouples T1, T2, and T3 are located: 7, 90 and 220 mm from
the bottom of the reactor body, respectively. The reactor is made of stainless steel (A304) and a 3 cm thick thermal
insulation layer of stone wool is applied on the outer wall of the reactor.

Reactor temperature changes were monitored at three characteristic points, while the temperature of non-
condensable gases was recorded at the exit from the separation unit. All temperatures were measured by K-type thermos-
couples and recorded using CX-Thermo software package (Omron, Japan). Regulation of the operation of the heater, i.e.,
temperature control was performed using the temperature controller CelciuX (EJIN-TC4A-QQ) (OMRON, Japan).
Adjustment of the PID constants was carried out before the reaction started. Also, the specified constants and other
characteristic values in the regulation system were set by using the software. Given the sensitivity of temperature
regulation, before each experiment that included a new type of raw material (i.e. plastic mixture, bbiomass, and
plastic/biomass mixture) measurements were carried out with the self-running option of PID constants (autotuning).

Inert gas flow was measured and regulated by a mass flow meter/regulator (MASS VIEW model MV-304 Mass Flow
Regulator, Bronkhorst High-Tech BV, Nederland) with the measurement range 0.04 to 20 dm3 min! and the additional
possibility of fine flow regulation. Nitrogen of 99.99 % purity was used as a carrier gas. The total heat consumption was
determined based on the electricity consumption, which was measured by the Wolcraft Energy Check 3000 device
(Wolcraft GmbH, Germany), which covers the measurement range from 0.001 to 9999 kWh.

3. RESULTS AND DISCUSSION

The developed pilot plant provides the possibility of recording a diagram of the thermal behavior of the reactor (i.e.
temperatures measured by thermocouples arranged within the reactor and at the exit of the condensation unit).

In Figure 2 a thermal diagram, i.e., the reactor temperature profile is presented, during the empty reactor operation,
i.e. heating the reactor without any raw material to a temperature of 500 °C for 45 min., at the inert gas flow of
0.1 cm? min™, total heating power of 1050 W and the heating rate of 19.7 °C min™* (PID characteristics of the system
were P =24; | =306; D=52.1).
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Figure 2. Thermal diagram of the empty reactor (heating rate 19.7 °C min, 1050 W, PID constants: P =24, 1= 306, D = 52)

Figure 3 shows the thermal diagram in the pyrolysis experiment with the plastic waste mixture at the same process
parameters (500 °C, 45 min, 0.1 cm® min!) and at the same heating conditions, where the heating rate was 12.1 °C min™.
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Figure 3. Thermal diagram in the reactor during pyrolysis of the mixture of plastic waste (heating rate 12.1 °C min’,
1050 W, PID constants: P =24, | =306, D = 52)

Both figures show non-uniform temperature distribution. The temperature in the lower part of the reactor
(thermocouple T1) is lower than the temperature in the middle part of the reactor (thermocouple T2), which is very
evident during pyrolysis (Fig. 3). Still, this is expected behavior, because during the heating phase, plastic is located in
the upper and middle part of the reactor (measured by thermocouple T2). During heating, plastic melts, and it comes
down towards the reactor bottom. This clears the upper and middle parts of the reactor, which enables intensive heating
compared to the bottom part of the reactor. In the lower reactor part energy intensive processes (endothermic
processes) are carried out.

The temperature in the upper part of the reactor (measured by thermocouple T3) is the lowest, which is expected.
Namely, this part of the reactor, i.e. the lid of the reactor body, is practically non-insulated and is partly occupied by
inert/non-heating parts of the cartridge-electric heaters. This behavior is additionally influenced by the fact that the
carrier gas is introduced in that part of the reactor, which is not subject to pre-heating, i.e. the carrier gas enters the
system at ambient temperature.

By the comparison of the two figures (Figs 2 and 3), the difference can be clearly observed. During the operation of
an empty reactor, the heating of the system was faster i.e. a faster rise in temperatures measured by thermocouples
T1, T2, and T3 (Fig. 2) occurred. However, during pyrolysis of the raw material (Fig. 3) this temperature increase was
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slower. The decrease in the heating rate in the temperature interval from 419 to 483 °C of the lower reactor part
(measured by T1) i.e. the reactor part where the feedstock material is placed, is particularly characteristic for pyrolysis
of plastic. This finding is in accordance with thermogravimetric (TG) and derivative thermogravimetric (DTG) diagrams
reported in literature [32,50]. Individual polymers degrade in the following order PS < PET < PP < PE [3]. Only PS
decomposition occurs in the range between 350 and 450 °C, while pure PET degrades at temperatures between 390
and 470 °C, and PP, LDPE, and HDPE degrade between 450 and 510 °C [25].

Figure 4 shows the thermal diagram of empty reactor operation and Figure 5. shows the thermal diagram of the reactor
filled with the biomass sample, during pyrolysis at 500 °C, time of 45 min, and nitrogen flow rate of 0.1 cm® min and heating
rate 28.6 °C min’.. Both experiments were carried out under identical heating conditions (total heating power: 1050 W, PID
characteristics of the system: P= 121, / = 718, D = 122.3), whereby the heating rate of the empty reactor was 15.8 °C min%.
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Figure 4. Thermal diagram of the empty reactor (heating rate 15.8 °C min™, 1050 W, PID constants: P =121, | = 718,
D=122.3)
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Unlike the diagram in Figure 3, the diagram in Figure 5 shows a much faster increase in temperatures measured by
thermocouples T3, T2, and T1, at temperatures above 200 °C, and at the same time a faster temperature increases than
during the operation of the empty reactor under identical conditions (Fig. 4). This directly implies the existence of
exothermic effects in the biomass pyrolysis process, and that the biomass pyrolysis process itself is less energy demanding

than plastic pyrolysis. Pyrolysis kinetics of biomass was investigated in literature [43] showing two stages: drying stage and
devolatilization stage.
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Figure 5. Thermal diagram of the reactor during biomass pyrolysis (heating rate 28.6 °C min™, 1050 W, PID constants:
P=121,1=718 D=122.3)
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In the first stage, at temperatures between 50 and 70 °C, the moisture content drops resulting in mass loss. In the
temperature range between 130 and 150 °C, TGA/DTG studies provide a flat line as a sign of water removal. And this point
(150 °C) is the drying end temperature. During the second, devolatilization stage, biomass undergoes depolymerization
and restructuring (mass loss is recorded at temperatures from 150 to 200 °C). After that, thermal chemical reactions occur,
and TGA curves show a drop in the interval between 200 and 400 °C. The volatile matter yield depends on temperature
and gas atmosphere [43]. It is possible to additionally analyze the obtained thermograms by mathematical methods and
based on different slopes of the curves during the operation of the empty and reactor filled with raw materials, at the same
operation conditions, to obtain the exact values of the thermal effects in the investigated process.

Considering the above statements, it can be concluded that in the developed pilot plant it is possible, with careful
regulation or temperature control of the process to record diagrams that can be used for the purpose of identifying
thermally intensive processes, similar to more complex TG and DTG analyses.

Figure 6 shows the thermal diagram of the pyrolysis experiment of a mixture of plastic/biomass in a ratio of 3:1, at
500 °C and a time of 45 min, at the inert gas flow of 0.1 cm? min and under the conditions of heating waste plastic
(total heating power: 1050 W; PID constants: P = 24, | = 306, D = 52.1), while the heating rate was 15.2 °C min™.
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Figure 6. Thermal diagram of the reactor during pyrolysis of plastic/biomass mixture in the ratio 3:1
(heating rate 15.2 °C min™t, 1050 W, PID constants: P =34, | =306, D = 52.1)

By comparing the obtained curves with the corresponding ones in Figure 3, a more intense increase in temperature
is observed measured by thermocouples T1, T2, and T3, where the characteristic interval (419 to 483 °C), observed
during the plastic pyrolysis, is almost completely absent. This means that part of the heat released during the
devolatilization of biomass was directly used for the endothermic parts of the plastic pyrolysis process. Thus, it can be
concluded that the co-pyrolysis of plastic and biomass, in the examined ratio of 3:1, had a favorable effect in terms of
reducing the heat consumption. This behavior was additionally proven by measurement of the total consumption of
electricity or heat for the analyzed processes.

From all the thermograms shown above, it can be seen that temperatures measured by thermocouple T3 were lower
during the operation of the empty reactor compared to those during the pyrolysis of the investigated raw materials.
This could be explained by the fact that the gaseous or steam products of pyrolysis additionally heat up the upper part
of the reactor with their sensible heat compared to the conditions during the empty reactor operation.

It can be assumed that different temperatures in the vertical reactor section, above all temperatures measured by
T2 and T3, affect the distribution and quality of the products. Namely, higher temperatures in the middle part of the
reactor (T3) compared to the lower part of the reactor cause a larger cracking volume of steam products compared to
the expected cracking volume, which would have occurred at a lower temperature (T2), i.e. under the conditions of a
uniform temperature field within the reactor. Examination of the mentioned assumption is the subject of further
research and modification of the heating system within the reactor, which will allow comparison of the yield and quality
of the products at two different heating modes, i.e. at the existing and with the uniform temperature field.
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Temperature distribution during the pyrolysis process is in accordance with monitored temperature profiles
reported in literature [53], where pyrolysis of PP was carried out in a fixed-bed reactor at different temperatures (300,
400, 500, and 600 °C).

3. 1. Heat consumption and heating dynamics analysis

Table 1 provides values of the consumed electricity for the experiments, presented by the above shown thermal
diagrams. The electric heaters are pure so-called “Ohm-consumers”. Therefore, one can assume that the measured
values of electricity consumption correspond to the heat consumption in the analyzed processes.

Table 1. Heat consumption during pyrolysis of plastic, biomass, and plastic/biomass mixture
Heat consumption, Wh

Specific heat consumption,

Feedstock R.eactor filled Empty Process heat Wh kg!
with feedstock reactor
Plastic, 200 g 835 482 353 1765 (1386*)
Biomass, 200 g 269 459 -190 -950
Plastic/biomass mixture 3:1, 200 g 702 482 220 1100

*Value for the experiment in which the reactor was filled with 0.35 kg of plastic

Presented data in Table 1 can serve as an assessment of the energy intensity of the process. In the fourth column, the
heat consumption of the process is given as a difference between the total heat used for the reactor operation during the
pyrolysis of 0.2 kg of the feedstock material and the total heat used for operating the empty reactor under identical
conditions. From these data, it can be seen that pyrolysis of plastics is the most energy-demanding process with a total
heat consumption of 835 Wh, and the estimated heat consumption of the process of 353 Wh for 0.2 kg of the raw material,
i.e. 1765 Wh kg* (6354 kJ kg™). Pyrolysis of biomass is the least energy-demanding process with a total energy consumption
of 269 Wh, and a difference of -190 Wh (-950 W kg) compared to the consumption of the empty reactor. This indicated
the exothermic nature of the biomass pyrolysis process, and it favors reduction in the heat consumption for the 3:1
plastic/biomass co-pyrolysis process, amounting to 220 Wh for 0.2 kg of the raw material (1100 Wh kg™?).

In order to analyze the possibility of further filling the reactor and the impact on energy consumption, research on
the pyrolysis of plastics was carried out with the reactor filled with 0.35 kg of the plastic mixture. The aforementioned
tests showed a total heat consumption of 967 Wh, and if the heat consumption of the empty reactor of 482 Wh is taken
into account (Table 1), the process heat is 485 Wh, yielding 1386 Wh kg (4989 kJ kg'). In the experiment, the yield in
the reactor was the same as in the experiment when the reactor was filled with 0.2 kg of raw material. These results
indicate higher reactor efficiency at higher loadings, which is expected considering that lower heat fraction is released
through the reactor walls. In practice, the total heat required for the pyrolysis process consists of the heat required to
heat the raw material to the appropriate temperature, the heat of depolymerization of the raw material, the heat of
evaporation and obtaining gaseous products, the heat for heating the inert gas, and the heat required to maintain the
reactor at a given temperature, which includes also heat losses through the reactor walls. Therefore, the analyses of the
thermal energy in the developed laboratory scale reactor, which included all the mentioned effects, can serve as an
estimate for the thermal analysis of larger pilot, semi-industrial and industrial reactors.

In the work of Xingzhong et al. [45] the total energy required for the pyrolysis of PE was 1316.1 kJ kg™. Also, similar
result is presented in literature [46], for the same raw material, theoretical heat consumption was1.075 1075 kJ kg™.
Another study [47] investigated the temperature influence on conversion of polystyrene to liquid oil by using pyrolysis
in a fixed-bed reactor. It was concluded that the temperature of 500 °C yielded the maximum oil amount. At the tempe-
ratures below 500 °C, wax was produced, and above this temperature gases were the main reaction products [56].
Energy demand of the conventional pyrolysis process ranges between 23 and 30 MJ kg, however information on
processing scale are lacking. Microwave pyrolysis seems to be more energy efficient in comparison to conventional
pyrolysis, because of the fast and selective heating [48]. Energy consumption during microwave pyrolysis is between 5
and 10 MJ kg1 [49]. This agrees with the result obtained in this work (1765 Wh kg ~6.35 MJ kg™?), which further indicates
that the applied pyrolysis process is more energy efficient than the conventional one (regarding the mentioned

s



M. DURDEVIC et al.: THERMAL BEHAVIOR OF A FIXED BED REACTOR DURING THE PYROLYSIS PROCESS Hem. Ind. 78(1) 29-40 (2024)

literature values for energy consumption). Furthermore, the results obtained in this work are in the range of energy
consumption values for microwave pyrolysis. Considering that the used reactor provides heating directly in the raw
material layer, unlike classic batch or fixed-bed reactors, where the heat comes from the outer walls, this type of
pyrolysis seems more energy efficient, resulting in lower energy consumption.

The obtained theoretical results differ from the results obtained in this research, primarily because pyrolysis is
observed at a temperature lower than 100 °C, without taking into account heat losses and operating conditions of a real
processing plant.

By analyzing the thermal diagrams from Figures 3, 4, and 5, i.e., by observing the time required to reach the pyrolysis
temperature, the heating rate is obtained, which is presented in Table 2.

Table 2. Heating rates during pyrolysis of plastic, biomass, and plastic/biomass mixture

Heating rate, °C min-!

Feedstock Reactor filled with feedstock Empty reactor
Plastic 12.1 19.7
Biomass 28.6 15.8
Plastic/biomass mixture 3:1 15 121

From the table 2 and the corresponding thermal diagrams, it is clearly seen how the dynamics of reactor heating
changes with the change of raw material., even at the same heating conditions (pyrolysis of plastic and pyrolysis of the
mixture

4. CONCLUSION

The main conclusions of this work can be summarized as follows.

e The analysis of the thermal behavior of the reactor indicates that in the developed pilot plant it is possible, with
careful regulation or temperature control of the process, to record diagrams that can be used for the purpose of
detecting thermally intensive processes, similar to more complex TG and DTG analyses. The obtained thermal
diagrams of pyrolysis of plastics indicate an extremely endothermic phase of the process in the interval from 419 to
483 °C, while thermal diagrams of biomass pyrolysis indicate an extremely exothermic phase of the process at
temperatures higher than 200 °C. The thermal diagram of co-pyrolysis of plastic and biomass in ratio 3:1 indicates a
favorable effect of biomass addition in terms of lowering the energy consumption of the process; this is additionally
proven by measurements of the total electricity consumption for the analyzed processes.

e Plastic pyrolysis is the most energy-demanding process with the specific heat consumption of 1765 Wh kg at a
heating rate of 12.1 °C min’}, while the biomass pyrolysis is the least an energy-demanding process with a total
consumption of 269 Wh for 0.2 kg of raw material, at a heating rate of 28.6 °C min’!, and specific heat consumption
950 Wh kg*. The specific heat consumption for the co-pyrolysis of the plastic/biomass mixture was 1100 Wh kg™ at
the heating rate of 15.2 °C min™.

e When the reactor is filled with 0.35 kg of plastic, the reactor shows higher energy efficiency with the specific heat
consumption of 1386 Wh kg™

e The analyses of heating dynamics and the total energy consumption during the co-pyrolysis of a 3:1 plastic to
biomass mixture, shows that it is possible to change the heating rate of the process and the overall energy efficiency
of the process by simply choosing the appropriate mixture.
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Analiza termickog ponasanja reaktora sa nepokretnim slojem u procesu

pirolize

Milica Burdevié?, Sasa Papuga? i Aleksandra Kolundzija®

IMasinski fakultet Banja Luka, Univerzitet u Banjoj Luci, Bosna i Hercegovina
2Tehnoloski fakultet Banja Luka, Univerzitet u Banjoj Luci, Bosna i Hercegovina

(Naucni rad)
Izvod

Piroliza je termo-hemijski proces u kojem dolazi do razgradnje organskih jedinjenja. Proces se odvija u
inertnoj sredini, a moZe se primeniti na industrijskom, polu-industrijskom i laboratorijskom nivou.
Tokom procesa pirolize, kontrolise se temperatura, medutim, studije i radovi koji se bave pirolizom ne
naglasavaju gdje se temperatura mjeri i da li je temperaturno polje ujednaceno. U ovom radu se istrazuje
termicko ponasanje laboratorijskog reaktora sa nepokretnim slojem, kao i potrosnja energije tokom
procesa pirolize. Koris¢ene su tri varijante polaznih sirovina: mjesavina plasticnog otpada (uzorak 1),
biomasa (uzorak 2) i mjesavina plastike i biomase (uzorak 3). Analiza termic¢kog ponasanja reaktora
ukazuje da se uz pailjivu regulaciju ili kontrolu temperature procesa mogu dobiti zavisnosti koje se mogu
koristiti u svrhu registracije termicki intenzivnih procesa, slicno sloZenijim analizama odnosno
termogravimetrijom (TG) ili derivativnom termogravimetrijom (DTG). Pokazalo se da je mogude
promijeniti brzinu zagrijavanja i ukupnu energetsku efikasnost procesa jednostavnim odabirom
odgovarajuce sirovinske mjesavine.
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Thermal conductivity and microstructure of Bi-Sb alloys
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Abstract

Four Bi-Sb aIons with compositions Bi79.65b20.4, Biss.9Sbas.1, Biso.sSbeo.2, Bi1seSbsi.4 have been ORIGINAL SCIENTIFIC PAPER
investigated regarding the microstructures and thermal properties. The microstructure was
examined by scanning electron microscopy with energy-dispersive X-ray spectrometry. The
light flash method was applied to determine thermal diffusivity and to obtain thermal
conductivity in the temperature range 25 to 150 °C, while the indirect Archimedean method Hem. Ind. 78(1) 41-50 (2024)
was used for determination of densities of the investigated Bi-Sb alloys. The obtained results
have shown that the density of the studied alloys decreased monotonically with increasing
the antimony content. On the other hand, the specific heat capacity of Bi-Sb alloys increased
with the increase in the antimony content as well as with increasing the temperature.
Thermal diffusivity of the alloys increased slightly with increasing the temperature. Thermal
conductivities of the examined Bi-Sb alloys were determined to be in the range of 3.8 to
7 W m1K1, which is lower than thermal conductivities of pure bismuth and antimony. The
results obtained in this work represent a contribution to better knowledge of the thermal
properties of Bi-Sb alloys, which are of key importance for determining the possibility of their
practical application.
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1. INTRODUCTION

The metal bismuth (Bi) and metalloid antimony (Sb) belong to the group 5A of the periodic table of elements, with the
A7 rhombohedral structure. Bismuth is the least toxic heavy metal, but it has poor mechanical and thermal properties and
because of that, it is rarely used as a structural material [1,2]. Bismuth alloys are being considered for use as Pb-free high-
temperature [3] and low-temperature [4-6] solders due to their suitable melting interval. Antimony found its application
as an alloying element in lead alloys (for solder, bearings, cable sheathing, battery grids, and ammunition) and in tin alloys.
Antimony is also used as a component of 1lI-V semiconductors such as InSb, AlSb, and GaSb [7].

The Bi-Sb phase diagram is characterized by the existence of a continuous solid solution phase (Bi, Sb) [8]. By adding
antimony to bismuth, it is possible to control the structure of the energy bands and the transport properties of the
obtained alloys [9,10]. Depending on the antimony content, these alloys can exhibit semimetal behavior (molar ratio of
antimony xs» < 0.07), or semiconductor behavior (0.07 < xsp < 0.22), which is interesting from the scientific point of view.
For higher antimony contents, the solid solution adopts a semimetal behavior again [11,12]. Because of this, Bi-Sb alloys
with less than 20 at.% Sb have the potential for efficient thermoelectric conversion and are of interest from the practical
point of view.

Many studies have been performed to investigate the possibility of using Bi-Sb alloys in thermoelectric and
thermomagnetic cooling devices [13,14]. These alloys remain the best choice for n type leg of thermocouples used in
thermoelectric cooling devices operating at temperatures below 200 K [11].

Thermal and electrical properties of polycrystalline BiixSbx (x = 0.10, 0.12 and 0.15) semiconductor alloys were
investigated in literature [11]. Electrical resistance, thermoelectric power and thermal conductivity were measured in
the temperature range 300 to 500 K. It was found that the thermal conductivity of Bi—Sb alloys is lower than the thermal
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conductivity of pure bismuth, due to electron scattering because of point defects created by the addition of Sb (when
Bi is doped with Sb, it undergoes a semi-metal-semiconductor transition). In this process, additional electron scattering
centers and a higher concentration of pores are formed.

Bi1-xShx (x = 0.08 to 0.17) alloys obtained by melting pure elements and subsequent quenching and annealing were
investigated regarding semiconductor and thermoelectric properties by measuring the Hall coefficient, electrical
resistance and Seebeck coefficient in the temperature range from 20 to 300 K for hardened and annealed samples [10].
Literature values of thermal conductivity for several Bi-Sb alloys of different compositions are given in a compilation of
values of thermophysical quantities of pure elements and alloys [15].

In the present study, as a contribution toward a more complete understanding of thermal transport properties of
Bi-Sb alloys, four of these alloys with compositions Bizs.6Sb20.4, Biss.9Sbas.1, Biso.sSbeo.2, Biis.sSbe1.4 were experimentally
examined. Thermal diffusivity and thermal conductivity were obtained in wide composition and temperature ranges
using the light flash technique. In addition, microstructure was analyzed by scanning electron microscopy with energy-
dispersive X-ray spectrometry (SEM-EDS).

2. EXPERIMENTAL

The alloys were prepared by melting pure Bi (99.99 %, Alfa Aesar, Germany) and Sb (99.999 %, Alfa Aesar, Germany)
in evacuated quartz tubes. The samples were re-melted several times to improve homogeneity. The prepared alloys
were annealed at 240 °C for one week and after that slowly cooled within the furnace.

A scanning electron microscope (VEGA 3LMU, Tescan, Czech Republic) with the energy-dispersive X-ray
spectrometer (X-act, Oxford Instruments, UK) was used to analyze the microstructure and chemical composition of the
samples. SEM-EDS analysis was performed with an accelerating voltage of 20 kV. An EDS area and point analysis was
used to determine the overall composition of the alloys as well as the compositions of coexisting phases within each
alloy. The samples were prepared using a traditional metallographic procedure that included wet grinding, polishing
with alumina slurry (granulation 0.3 um), etching with a diluted solution of ferric chloride in water, and after that
cleaning in an ultrasonic bath. Backscattered electron mode (BSE) SEM microstructure images were captured on the
surfaces of the prepared samples.

The light flash method was applied by using a TA Instruments compact benchtop apparatus (Discovery Xenon Flash
DXF-500, TA Instruments, USA) to measure thermal diffusivity and specific heat capacity in the range 25 to 150 °C. More
information on the fundamental theoretical concepts and practical procedures underlying the used flash method can
be found in literature [16-19]. The Bi-Sb alloy samples were pressed into round disks (12.7 mm in diameter and 2 mm
thick, with two ground plane parallel end-faces). The prepared disc-shaped samples were then placed in the vacuum
furnace of the DXF-500 instrument and heated to the desired temperatures (25, 50, 100 and 150 °C) at a constant
heating rate (10 °C min'). The reported results are the average values obtained from three repeated measurements.

Specific heat capacity values were calculated by using the CALPHAD method [20], and densities of the investigated
alloys at room temperature were determined by using the indirect Archimedean method [21] with distilled water (p =
0.99679 kg m3) and an electronic instrument (Mettler Toledo, Switzerland).

Thermal conductivity of the alloys was subsequently calculated using the experimentally determined and calculated
values of thermal diffusivity, density, and specific heat capacity, following the equation [16]:

A =apCp (1)
where A represents thermal conductivity, a is the measured thermal diffusivity, p is the density, and G, is the calculated
specific heat capacity of the studied alloys.

3. RESULTS AND DISCUSSION

3. 1. Microstructure observation

SEM micrographs, illustrating microstructures of the investigated alloys Bi79.65b20.4, Biss.9Sba43.1, Bizo.8Sbeo.2, Bi1g.6Sbs1.4
under different magnifications, are given in Figures 1-4.
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EM HV: 20.0 kV WD: 12.45 mm VEGA3 TESCAN|
View field: 277 ym Det: BSE 50 pm
SEM MAG: 1.00 kx  Date(m/dly): 01/01/09 Performance in nanospace

SEM HV: 20.0 kV WD: 12.45 mm VEGA3 TESCAN
View field: 2.77 mm Det: BSE 500 pm
SEM MAG: 100 X Date(mid/y): 01/01/09 Performance in nanospace

Figure 1. SEM images of the Biz96Sb20.4 alloy, nominal magnification: (a) 100x and (b) 1000x

a . b

EM HV: 20.0 kV WD: 12.25 mm VEGA3 TESCAN|
View field: 277 ym Det: BSE 50 pm

SEM HV: 20.0 kV WD: 12.25 mm VEGA3 TESCAN

View field: 2.77 mm Det: BSE 500 ym

SEM MAG: 100 x  Date(mid/y): 01/01/09 Performance in nanospace SEM MAG: 1.00 kx  Date(m/d/y): 01/01/09 Performance in nanospace
Figure 2. SEM image of the Bisg 9Sbss.1 alloy, nominal magnification: (a) 100x and (b) 1000x

a . b

SEM HV: 20.0 kV WD: 12.00 mm VEGA3 TESCAN SEM HV: 20.0 kV WD: 12.00 mm VEGA3 TESCAN|

View field: 2.77 mm Det: BSE 500 pm View field: 277 ym Det: BSE 50 pm
SEM MAG: 100 X Date(mid/y): 01/01/09 Performance in nanospace SEM MAG: 1.00 kx  Date(m/dly): 01/01/09 Performance in nanospace

Figure 3. SEM image of the Bizq.gSbeo.» alloy, nominal magnification: (a) 100x and (b) 1000x
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View field: 2.77 mm Det: BSE 500 pm View field: 277 pym I Det: BSE 50 pm
SEM MAG: 100 x  Date(mid/y): 01/01/09 Performance in nanospace SEM MAG: 1.00 kx  Date(m/d/y): 01/01/09 Performance in nanospace

Figure 4. SEM image of the Bis.6Sbs1.4 alloy, nominal magnification: (a) 100x and (b) 1000x

Alloys have a highly homogeneous macrostructure that can be seen throughout the samples (Figs. 1-4). However,
the microstructure of all four investigated alloys shows inhomogeneity due to coring on solidification. Coring is generally
observed in alloys with a noticeable difference between liquidus and solidus temperatures. The liquidus and solidus
lines are separated from each other in the Bi—Sb phase diagram resulting in segregation (chemical inhomogeneity) in
the melt-grown crystals [10]. The center of each grain, which is the first part to freeze, is rich in the high-melting element
(e.g. Sb for this Bi-Sb system), whereas the concentration of the low-melting element increases from the central part
of the grain to the grain boundary. This is known as a cored structure. Segregation is characterized by an unequal
distribution of elements and formation of concentration gradients within the grains.

In order to remove chemical inhomogeneity as the result of segregation, it is necessary to carry out a long-term
homogenization annealing. Obviously, annealing at 240 °C, which is temperature just below solidus temperature in the
case of the Bi-Sb alloys studied, in the duration of 1 week was not sufficient to fully eliminate segregation.

By the EDS analysis of surfaces of the samples, the overall composition of the investigated Bi-Sb alloys was
determined. The obtained values show that there are minor deviations from the planned compositions (20, 40, 60, and
80 % Sb) of the alloys that occurred during the preparation of the samples. The EDS analyses of the grains confirmed
the occurrence of crystal segregation. The inner areas of the grains that have a darker shade in the SEM images are
areas richer in antimony, while the outer, lighter parts of the grains are richer in bismuth, as given in Table 1.

Elemental SEM-EDS mapping was applied to study the elemental distribution within the studied Bi-Sb alloys. The
example of the EDS elemental map for the Biss.sSbas.1 alloy is given in Figure 5.

a b c

Figure 5. Elemental SEM-EDS mapping for the Bise.9Sbas.1 alloy: (a) microstructure, (b) Bi distribution, (c) Sb distribution
(scale bar = 300 um)
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It can be seen that the green contrast for Sb distribution (Fig. 5¢c) shows high intensity within the regions that
correspond to the darker regions on the image of alloy microstructure (Fig. 5a). This analysis confirms that Sb is mainly
concentrated in the central parts of the grains exhibiting dark shade on SEM image. On the other hand, Bi is mainly
concentrated in the brighter areas shown in the SEM image.

Table 1. The results of the SEM-EDS analysis of the investigated alloys

Overall Sb content, at.% Microstructure Identified phase Regign on SEM Co.ntent, at%

Image Bi Sb
dark 49.1 50.9
20.4 Cored grains of (Bi,Sb) solid solution (Bi,Sb) solution gray 60.3 39.7
bright 84.2 15.8
dark 20.2 79.8
43.1 Cored grains of (Bi,Sb) solid solution (Bi,Sb) solution gray 40.4 59.6
bright 72.5 27.5
dark 16.2 83.8
60.2 Cored grains of (Bi,Sb) solid solution (Bi,Sb) solution gray 28.7 71.3
bright 67.2 32.8
dark 5.9 94.1
81.4 Cored grains of (Bi,Sb) solid solution (Bi,Sb) solution gray 26.1 73.9
bright 40.8 59.2

3. 2. Thermal conductivity of Bi-Sb alloys

Literature values of thermophysical properties of pure Bi and Sb are presented in Table 2.

Table 2. Thermophysical properties of pure Bi and Sb [7]

Melting point, Latent heat of fusion, Density, Specific heat capacity*, Thermal conductivity,
Metal
°C Jgt gcm3* JglK? W m1K1*
Bi 271.4 53.976 9.808 0.122 8.2
Sb 630.7 163.17 6.697 0.207 24.3
*at 25°C

Bismuth has one of the lowest thermal conductivity among all metals (8.2 W m™ K at 25 °C). Antimony has
significantly higher values of melting temperature, latent heat of fusion, specific heat capacity and thermal conductivity
compared to bismuth, while bismuth has a higher density than antimony.

Table 3 shows the values of specific heat capacity, thermal diffusivity and thermal conductivity for the examined Bi-
Sb alloys in the temperature range 25 to 150 °C. Thermal diffusivities were measured by the flash method, while thermal
conductivities were calculated using the density and specific heat capacity data of the investigated materials (Eq. 1).

Firstly, alloy densities at room temperature were measured using the buoyancy method based on Archimedes'
principle with an estimated uncertainty of £ 1 % [21]. It was assumed that the densities of the alloys are approximately
constant in the narrow temperature range studied. Figure 6 shows density values for the investigated Bi-Sb alloys, as
well as density values for pure bismuth and antimony at room temperature.

It can be seen that the densities of Bi-Sb alloys lie between the values of densities for pure bismuth and antimony
and that the density of the alloys decreases monotonically with increasing the antimony content.

The CALPHAD method [20] and the thermodynamic COST 531 lead-free solder database [22] were used to calculate
the specific heat capacities of the alloys under consideration. The calculated specific heat capacity values were checked
for accuracy by comparison with the corresponding measured values obtained at room temperature using the light flash
technique (pure bismuth and antimony were used as reference materials).
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Table 3. Specific heat capacity, thermal diffusivity, and thermal conductivity of the investigated Bi—Sb alloys in the temperature
range 25-150 °C

Temperature, Calculated specific heat capacity, Thermal diffusivity, Thermal conductivity,
0,
Sb content, at.% °c ) gk mm? 51 W m K1
25 0.133 3.46+0.10 4.2+0.3
204 50 0.134 3.64+0.11 4.4+0.3
’ 100 0.137 3.85+0.12 4.7+0.3
150 0.140 3.99+0.12 5.0+0.3
25 0.148 4.76+0.14 5.9+0.4
431 50 0.149 5.00+0.15 6.3+0.4
’ 100 0.152 5.27+0.16 6.710.4
150 0.155 5.40+0.16 7.0£0.4
25 0.162 4.01+0.12 5.1+0.3
60.2 50 0.163 4.07+0.12 5.2+0.3
’ 100 0.166 4.17+0.13 5.4+0.3
150 0.169 4.24+0.13 5.6+0.3
25 0.183 2.90+0.09 3.840.2
814 50 0.185 2.96+0.09 3.9+0.2
' 100 0.187 3.05+0.09 4.1+0.2
150 0.190 3.12+0.09 4.2+0.3
10.0
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Figure 6. Densities of Bi-Sb alloys depending on composition at 25 °C (data are average of n=3)

Based on the results shown in Table 3, results it can be concluded that the specific heat capacity increases with the
increase in antimony content in the alloys. Also, with the increase in temperature, there is an increase in the specific
heat capacity of all tested alloys.

Figure 7 shows a comparison of calculated and experimentally determined specific heat capacities of Bi-Sb alloys at
25 °C.

Based on the presented results it can be noted that the specific heat capacity of Bi-Sb alloys increases with increasing
the Sb content and temperature. The calculated values of specific heat capacity for Bi79.65b20.4 and Biis.sSbs1.4 alloys are
in very good agreement with the values obtained by the flash method. In the case of Bise.sSbss.1 and Biss.sSbeo.2 alloys,
slightly larger deviations are visible between the calculated values and those obtained by the flash method.
Determination of specific heat capacity using the flash method requires the use of a reference material of known specific
heat capacity.
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Figure 7. Comparison of calculated and experimentally determined specific heat capacities of Bi-Sb alloys at 25 °C (data are average

of n=3)

In the present study, pure bismuth was used as a reference material for measuring the specific heat capacity of

Bi79.6Sb20.4 and Bise.oSbas.1 alloys with high bismuth contents. To determine the specific heat capacity of antimony-based

alloys Biss.sSbeo.2 and Bi1s.sSbsi.4, pure antimony was used as a reference material. The reason for the better agreement

between the calculated and experimental values of the specific heat capacity for the Bizo.6Sb20.4 and Biis.sSbsi.4 alloys

can be explained by their greater similarity in terms of specific heat capacity with the reference materials that were

used. This leads to the conclusion that coupling of a reference and sample with similar thermal properties might increase

the accuracy of the specific heat capacity measurement.

Figure 8 shows the dependence of the experimentally determined thermal diffusivities of the examined Bi —Sb alloys

on temperature.
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Figure 8. Temperature dependences of the experimentally determined thermal diffusivities of the examined Bi-Sb alloys (data are
average of n=3)

It can be observed that with the increase in temperature there is a slight increase in thermal diffusivity.
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Based on the results in Table 3, it can be concluded that the thermal conductivity values of the tested Bi-Sb alloys
are low and are approximately in the range of 3.8 to 7 W m™ K%, which is lower than the thermal conductivity of pure
bismuth. With an increase in temperature, there is a slight increase in thermal conductivity.

Figure 9 shows a comparison of the obtained thermal conductivity values for the tested Bi-Sb alloys at 25 °C with
literature values [11,15].
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Figure 9. The obtained values of thermal conductivity for the tested Bi-Sb alloys at 25 °C in this study compared to literature values

Based on the literature values, it can be noticed that both studies [11] and [15] generally reported values that did
not exceed 10 W m® K1, while the investigated alloys generally had higher amounts of Bi. The thermal conductivity
values obtained in this work are in relatively good agreement with these literature values. It can be concluded that Bi-
Sb alloys have very low thermal conductivities, which are lower than that of pure antimony and significantly lower than
the thermal conductivity of pure bismuth.

4. CONCLUSION
Based on the performed experiments and the analysis of the obtained results, the following can be concluded:

a. The microstructure of all examined alloys is similar and consists of large grains of (Bi, Sb) solid solution, indicating
that Bi and Sb form a continuous series of solid solutions. The microstructure is inhomogeneous. The reason for this
is crystal segregation that appeared during crystal growth during cooling. Annealing at 240 °C for 1 week was not
sufficient to remove crystal segregations.

b. Densities of Bi-Sb alloys lie between the values of the densities for pure bismuth and antimony, decreasing
monotonically with increasing the antimony content.

c. Thermal diffusivity of Bi-Sb alloys increases slightly with increasing temperature.

d. The specific heat capacity of Bi-Sb alloys increases with increasing the Sb content and with increasing temperature.
The values obtained at 25 °C were compared with the values obtained by the flash method and a good agreement
was found.

e. With anincrease in temperature, there is a slight increase in thermal conductivity. The thermal conductivities of the
examined Bi-Sb alloys are low and are in the range of 3.8 to 7 W m™ K, which is lower than the thermal conductivity
of pure bismuth. Alloys with intermediate antimony content had slightly higher values of thermal diffusivity and
thermal conductivity than alloys with low and high antimony contents.

The results presented in this paper are essential for a better understanding of the thermal behavior of the
investigated Bi-Sb alloys under different temperature conditions.
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Toplotna provodljivost i mikrostruktura Bi-Sb legura

Dragan M. Manasijevi¢, Mirjana S. MiloSevi¢, LjubiSa T. Balanovi¢, Uros S. Stamenkovi¢,

Miljan S. Markovic i Ivana I. Markovi¢

Univerzitet u Belgradu, Tehnicki Facutet u Boru, Bor, Srbija

(Naucni rad)

Izvod

Ispitivani su mikrostruktura i termicke osobine Bi-Sb legura sastava Bizs.6Sb20.4, Biss.sSbaz.1, Bizo.sSbeo.2,
BiissSbsia. Za ispitivanje mikrostrukture pripremljenih legura koris¢ena je skenirajuca elektronska
mikroskopija sa energetsko disperzivnom rendgenskom spektrometrijom. Svetlosno-impulsna metoda
je primenjena za merenje toplotne difuzivnosti i za odredivanje toplotne provodljivosti. Za odredivanje
gustine Bi-Sb legura koriséena je indirektna Arhimedova metoda. Dobijeni rezultati pokazuju da se
gustina proucavanih legura monotono sniZava sa povecanjem sadrzaja antimona. Specifi¢ni toplotni
kapacitet Bi-Sb legura raste sa povecanjem sadrzaja Sb i sa povecanjem temperature. Toplotna
difuzivnost ispitivanih legura odredena je u temperaturnom intervalu od 25 do 150 °C. Toplotna
difuzivnost Bi-Sb legura blago raste sa povec¢anjem temperature. Toplotne provodljivosti ispitivanih Bi-
Sb legura su u rasponu od 3,8 do 7 W m * K, $to je niZe od toplotnih provodljivosti Cistog bizmuta i
antimona. Rezultati dobijeni u ovom radu predstavljaju doprinos boljem poznavanju toplotnih osobina
Bi-Sb legura, koje su od klju¢nog znacaja za odredivanje mogucnosti njihove prakti¢ne primene.
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Impact of leaching procedure on heavy metals removal from coal fly ash
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Abstract

In this work, removal of heavy metals (Cr, Mn, Co, Ni, Cu, Zn, As, Cd, and Pb) from fly ash has ORIGINAL SCIENTIFIC PAPER
been studied using acid leaching and wet oxidation methods. In parallel, microwave-assisted
acid digestion was applied for determination of pseudo-total concentrations of heavy metals
to estimate the leaching efficiency. Multivariate statistics (Pearson correlation, principal
component analysis, and hierarchical cluster analysis) have shown two dominant groups of Hem. Ind. 78(1) 51-62 (2024)
elements, depending on their characteristics and affinity towards the ash solid phase. Thus, Cr,
Zn, Mn, Co, and Ni belong to the group I, while Pb, As, Cd, and Cu belong to the group II. It was
demonstrated that the wet oxidation method was more suitable than acid leaching since the
reduction in metal concentration was 30 to 75 % compared to 12 to 25 % obtained by acid
digestion. The influence of fly ash treatment on the residue characteristics was investigated by
X-ray diffractometry and scanning electron microscopy. The analyses revealed surface and
structure changes of fly ash after the wet oxidation treatment. Overall, wet oxidation could be
an appropriate treatment for heavy metal removal from fly ash, providing a material that could
be further used, thus reducing the risk of pollution caused by the disposal of coal combustion
fly ash.

UDC: 662.613.13:669.018.291-045.38

Keywords: Waste utilization; wet oxidation; acid leaching; material characterization.

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

1. INTRODUCTION

Ash, bottom and fly presents one of the waste streams generated in the coal combustion process. The amount,
characteristics, and potential usage of this waste depend on the coal type and properties of the combustion process.
The Republic of Serbia (RS) is dominantly dependent on coal as a resource for electric energy production; the installed
capacity is 4,437 MW, and about 24 billion kilowatt hours are generated annually. Nikola Tesla Thermal Power Plants
Branch (TENT) is the largest electricity producer in Southeast Europe. The plant has 14 units with a total installed
capacity of 3,430 MW. Annually, TENT generates more than 50 % of electricity in Serbia. In line with the waste
management hierarchy, which highlights the reuse and recycling of waste, in particular, both in the EU and RS, research
is still being carried out regarding the reuse of waste in the process of making construction products containing certain
amounts of waste [1]. Approximately 7 million tons of fly ash and slag are produced in thermal power plants in Serbia
every year, only 3 % of which is used in the cement industry [2].

Threats to human health and quality of the environment have been mostly the subject of studies/research focusing
on coal fly ash (CFA) from Serbian power plants. Single-agent extraction and sequential extraction procedures were
used to determine the leaching levels of different metals (Al, As, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, and Pb) [3]. In a previous
study, analysis of CFA, taken from the ash dumps located in the vicinity of the power plant Kostolac using the method
of sequential dissolution has been performed to determine the influence aspects of selected heavy metals (V, Cr, Mn,
Co, Ni, Cu, Zn, Cd, and Pb) on working and living environments [4]. The isotopic ratios 2°Pb/2°’Pb and 2°%Pb/?°’Pb
determined in CFA from Serbian coal-fired power plants present an important contribution to a lead isotopic database
fundamental for interpreting different pollution sources [5]. Determination of rare earth elements in CFA leachate from
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five Serbian coal-fired thermoelectric power has recently been investigated using dispersive solid-liquid microextraction
based on a poly(1,6 hexanediol diacrylate)/graphene sorbent followed by inductively coupled plasma mass
spectrometry, ICP-MS [6].

Pollutant emissions from coal and coal waste combustion plants and fly ash landfilling from electricity production
were evaluated regarding the environmental risks [7]. This study compared power plants in Serbia Kolubara A, Kostolac
B, and Nikola Tesla A, as well as a semi-industrial fluidized bed boiler, as combustion facilities with different combustion
regimes, fuel types, and capacities.

In recent research [8], human health risk assessment of potentially harmful substances in fly ashes has been
performed by estimating the carcinogenic and non-cancer risks for trace elements and the incremental life cancer risk
of seven carcinogenic polycyclic aromatic hydrocarbons (PAHs) associated with different exposure routes.

Samples of coal fly ash from two coal-fired power plants in Serbia (Nikola Tesla and Kostolac) were analyzed and
examined as neutralization agents of acid mine drainage [9]. Cotton, cotton/polyester yarn, and fly ash as waste
materials from Serbia were used as adsorbents for the removal of certain heavy metals from water [10].

Enhanced coal fly ash leaching can be used to extract valuable element(s) from CFA and to remove toxic element(s)
[11]. In the present study, the effect of two methods, acid leaching and wet oxidation, on the removal efficiency of some
toxic/hazardous heavy metals from fly ash originating from two Serbian thermal power plants, Nikola Tesla A and Nikola
Tesla B, has been investigated. Wet oxidation has been proposed for the first time for this purpose. With this approach,
reuse of CFA could be provided, thus reducing the risk of contamination caused by CFA disposal. Bottom ash has been
studied, as well, in order to determine fractionation of trace pollutants during the combustion process.

2. MATERIALS AND METHODS

In this work, bottom and fly ash were collected from coal-fired power plants (CPP) in Serbia, Nikola Tesla A and B,
located near the Serbian capital, Belgrade. They use lignite as a fuel obtained from the Serbian coal mining complex, RB
Kolubara. The CPP Nikola Tesla A, the Serbian largest thermal power plant, has a capacity of 1765 MW and six generation
units, while CPP Nikola Tesla B has a total capacity of 1320 MW and two generation units.

Determination of the chemical composition of fly ash and bottom ash was performed by using inductively coupled
plasma-optical emission spectrometry (ICP-OES). In specific, prior to the digestion, bottom and fly ash samples were
oven-dried at 60 °C for 8 h and then homogenized by using a ball mill. A portion of 0.5 g of the homogenized coal fly ash
sample is mixed with 3.0 g lithium tetraborate (299.995 %, Sigma-Aldrich, USA) as a fluxing agent, in a platinum crucible.
The mixture is then placed in a laboratory furnace and subjected to a controlled temperature ramp up to 1000 °C, a
then hold at 1000 °V for 2 h. The obtained homogeneous glass bead is dissolved in a 0.3 % acid solution HCI (ACS reagent
grade, Sigma-Aldrich, USA). The resulting solution is analyzed by using the instrument Agilent ICP-OES model 5800
(Agilent Technologies, Santa Clara, CA, USA).

2. 1. Coal ash treatment procedures

Three procedures were used for coal ash treatment: 1) microwave-assisted digestion; 2) acid leaching; and 3) wet
oxidation.

In the first method (i.e. microwave-assisted digestion) bottom and fly ash samples (0.5 g) were digested by using
high-purity ACS reagent grade mineral acids (nitric, hydrofluoric, and boric) purchased from Sigma-Aldrich (USA). Two-
step microwave digestion (Milestone ETHOS LEAN, Milestone Srl, Sorisole, Italy) was carried out. In the first step, 6 mL
of concentrated nitric acid and 2 ml of concentrated hydrofluoric acid were added to a Teflon vessel. The digestion
conditions for the microwave system were as follows: constant power of 800 W, 10 min at 552 kPa, then 15 min at 827
kPa. The Teflon vessels were then cooled to room temperature and, in the second digestion step, 20 ml of boric acid (5
% w/v) and 20 ml of high purity water (resistivity 18.2 MQ-cm) were added. In the second step, digestion conditions for
the microwave system were as follows: constant power of 800 W, 10 min at 552 kPa, then 15 min at 827 kPa. After
digestion, the solution was filtered, and the clear filtrate was diluted to 50 mL with high-purity water obtained from a
Milli Q water system (Merck, Darmstadt, Germany).
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In the acid leaching method, 1 g of fly ash was burned at 360 °C for 1 h first followed by 650 °C for 1 h. Then 3 ml of
concentrated HNOs and 5 ml of concentrated HCIO4 (ACS reagent grade, Sigma-Aldrich, USA) were added. The beakers
were kept on a hot plate (56 to 58 °C). Next, 10 ml of concentrated HCl was added. The solid phase was then separated
from the solution. The solution was diluted to 50 ml with high-purity water, while the solid phase was analyzed by X-ray
diffractometry (XRD) and scanning electron microscopy (SEM).

For wet oxidation, approximately 0.2 g of fly ash was weighed (the weight was recorded to the nearest 0.1 mg), and
approximately 0.2 g of V.0s (ACS reagent grade, Sigma-Aldrich, USA), 8 ml of concentrated HNOs, and 2 ml of
concentrated H2S04 (ACS reagent grade, Sigma-Aldrich, USA) were added. The vessel was placed in a heated sand bath
and covered with a watch glass. The temperature was gradually increased to reach 150 °C, which was then maintained
for 24 h. After heating, the vessel was cooled and then diluted to a volume of 20 ml with water. The solid phase was
separated by centrifuge and further analyzed by XRD and SEM. The liquid phase was transferred into a 100 ml volumetric
flask and made up to volume with high purity water.

Bottom ash and fly ash were subjected to microwave digestion to determine distribution of the examined heavy
metals between these phases. Only fly ash was treated by acid digestion and wet oxidation, due to the harmful impact
on human health and the environment. All experiments were performed in triplicate.

The element concentration in the leachate samples was measured by either ICP-OES, Agilent ICP-OES model 5800
with SPS 4 autosampler (Agilent Technologies, Santa Clara, CA, US) or inductively coupled plasma mass spectrometry
(ICP-MS), Thermo Fisher iCAP Q ICP-MS (Thermo Fisher Scientific Inc., Waltham, MA, US). The analysis was repeated
three times and the mean was reported as the concentration of heavy metal. All chemicals were of reagent grade. The
applied procedure was run without a sample, and the obtained blank values were subtracted from the ICP-OES/ICP-MS
measurements of the elements evaluated.

2. 2. Fly ash and residues characterization

Fly ash and leaching/oxidation residues were examined by XRD and SEM.

Diffraction measurements were performed by using a SmartLab Rigaku powder diffractometer (Rigaku Corporation,
Tokyo, Japan) that works on the principle of Bragg-Brentan geometry, using an X-ray tube with a copper anticathode,
that is, using CuKa radiation with a wavelength of 4 = 0.1542 nm. The voltage on the X-ray tube was 40 kV, and the
current was 30 mA. Measurements were made in the range of diffraction angles 2 #from 5 to 90° with an angle step of
0.02° and a measurement speed of 2°/min. X-ray phase analysis of the samples was performed on the obtained
diffractograms by using the EVA v.9.0 program package [12] and with the help of the PDF-2 crystallographic database
[13]. Morphology of fly ash samples before and after leaching/oxidation was observed by TESCAN MIRA 3 XMU field
emission scanning electron microscope, FESEM (Tescan, Brno, Czech Republic) operated at 20 keV.

The main steps of applied coal ash treatment procedures are illustrated in Figure 1.

Microwave-assisted digestion Acid leaching Wet oxidation
Bottom ash/fly ash Fly ash Fly ash
Mic"(’}‘j’lﬂ‘&dﬁgf)ﬁio” HNOs, HCIO4, HCI V20s/HNOs, H2S04
ICP-MS analysis ICP-MS, XRD, SEM ICP-MS, XRD, SEM

Figure 1. Main steps of applied procedures
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3. RESULTS AND DISCUSSION

3. 1. Composition of bottom ash and fly ash

Chemical compositions of examined fly ash and bottom ash are presented in Table 1.

Fly ash from both CPPs is characterized by a high concentration of silica and alumina and a low concentration of
calcium. It belongs to class F, according to ASTM C618 [14], since the sum of the percentages of SiO2 + Al20s + Fe20s is
76.13 % (TENT A) and 84.63 % (TENT B), higher than a minimum of 70 %.

Table 1. Chemical composition and loss on ignition (LOI) of the investigated fly ash and bottom ash
Content, %

CPP /ash SiO Al;,03 Fe;03 Ca0 MgO K20 Na,0 TiO LOI
TENT A/ fly ash 48.1 25.6 2.36 7.1 4.6 6.2 0.7 0.8 3.0
TENT A / bottom ash 27.3 19.4 3.09 3.9 2.0 34 0.6 0.5 41.8
TENT B/ fly ash 54.3 24.9 5.4 4.0 2.1 4.2 0.7 0.8 1.4
TENT B / bottom ash 41.1 23.2 6.22 2.1 14 3.7 0.6 0.7 14.6

Fly ash samples from CPPs TENT A and TENT B were shown to be very similar (Table 1) implying negligible effects of
burning conditions; both CPPs use lignite from the RB Kolubara basin. Concerning chemical composition, minor
differences in concentrations of Si and Al oxides and Na20 and TiOz concentrations are noticed. TENT A fly ash is slightly
enriched in CaO, MgO, and Na20 and has a slightly higher LOI.

The concentrations of major oxides in fly ashes (Table 1) are similar to those determined in fly ashes sourced from
European coal-burning power plants (from Spain, the Netherlands, Italy, and Greece), except for K20, which is at a higher
concentration in fly ashes examined in this research (6.2 for TENT A and 4.2 for TENT B) compared to 0.4 to 4.0 for fly
ashes examined in the research of Moreno et al. [15].

The influence of combustion conditions is observed in the bottom ash chemical composition, where the SiO»
concentration and LOI are significantly different in the two CPP ash samples and indicate incomplete coal combustion
in TENT A. LOI of bottom ash from TENT A is almost 3 times higher compared to TENT B / bottom ash.

3. 2. Heavy metal concentration

Contents of selected heavy metals in both fly ash and bottom ash samples originating from coal-fired power plants
TENT A and TENT B is presented in Figure 2.

-

600 ns
i :
450 q [ TENT A - bottom ash
1 \ | TENT A - fly ash
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1007 NV R NI 77
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Figure 2. Concentrations of selected heavy metals (triplicate average) in fly ash after microwave-assisted digestion (the error bars
represent the standard deviation of the triplicates)
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The heavy metal concentration decreases in the order Mn > Cr> > Ni > Cu > As > Pb >Zn > Co > Cd (TENT A) and
Mn > Cr > Ni > Cu > Pb > As >Zn > Co > Cd (TENT B), indicating similar patterns. All samples are enriched with Mn, in a
concentration range of 386.9 (TENT A bottom ash) and 606 mg kg™ (TENT B fly ash). Concentrations higher than 100 mg
kg were noticed for Cr and Ni in all samples, while other elements were present at lower concentrations. Elements at
the lowest concentrations are Cd, ranging from 1.3 (TENT A bottom ash) to 1.6 mg kg* (TENT B fly ash) and Co, ranging
from 14.6 (TENT B bottom ash) to 23 mg kg (TENT B fly ash).

All elements are present in low to middle contents compared to the data reported for European coal combustion fly
ashes [15]. The examined fly ashes have the lowest content of Cd (1.4 (TENT A) and 1.6 mg kg* (TENT B)) and Co (16.3
and 23 mg kgt in TENT A and TENT B fly ashes, respectively). The range of these heavy metals in European fly ashes is
1-6 mg kg™ for Cd and 20 to 112 mg kg™ for Co [15]. Previously, it has been emphasized that the basic factor influencing
the chemical composition of fly ash is the type of basic fuel used [16]. Based on the data presented in Figure 2, trace
element concentrations in the native fly ashes studied, it was concluded that the values are similar.

Generally, elements and their compounds can evaporate during coal combustion, and they can be adsorbed and
condensed on the surface of coal combustion particles when the temperature decreases [17]. Distribution of various
elements between the bottom ash and fly ash depends on the type of boiler, operating conditions, the fuel mix, and the
efficiency of flue gas cleaning devices [18] and is greatly influenced by the temperature in the combustion boiler,
retention time of feed coal and air supply to the combustion grate [19]. In order to describe the element distribution
between fly ash and bottom ash, f/b value (ratio of element concentration in the fly ash to that in the bottom ash) is
calculated. This index is used to detect elements that are volatilized and subsequently condensed totally or partially in
the flue gas (high f/b ratio) or heavy and low-volatile elements that preferably are enriched in bottom ash [20]. For both
TENT A and TENT B, the f/b value for Cr is lower than 0.8 (0.76 and 0.78, for TENT A and TENT B, respectively), suggesting
its enrichment in bottom ash in comparison to fly ash. Cr has relatively low vapor pressures and a higher boiling point,
so it was retained in the slag or bottom ash [21]. Nickel is depleted in TENT B fly ash (f/b = 0.79), while Zn is depleted in
TENT A fly ash, with the same value of f/b = 0.79. The results obtained concerning the bottom ash of TENT A enrichment
with even 4 elements (Cr, Ni, Cu, and Zn) are in accordance with TENT A bottom ash characteristics; namely, a high value
of LOl is an indication of a high amount of unburned carbon, which is the reason for its adsorption affinity.

The concentrations of examined elements in residuals obtained after acid leaching and wet oxidation are presented
in Figures 3 and 4, respectively. To easily compare values for different methods, the concentration scale was the same
as in Figure 2.
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Figure 3. Concentrations of heavy metals (triplicate average) remained in residuals after acid (the error bars represent the standard
deviation of the triplicates)
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A decrease in the concentration of all examined elements is observed after acid treatment (Figure 3). The highest
removal degree by acid digestion is obtained for Mn and for fly ash from both CPPs, 25 % for TENT A and 19.5 % for
TENT B. The lowest removal efficiency is obtained for Pb (12.4 %, TENT A).
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Figure 4. Concentrations of heavy metals remained in residuals after wet oxidation (triplicate average); the error bars represent the
standard deviation of the triplicates)

Applying the wet oxidation method showed a significant decrease in the concentration of the examined heavy metals
in all tested samples from both CPPs (Figure 4). Considering the degree of concentration decrease, two groups of
elements are distinguished: one group in which the degree of removal is from 30 to 50 % (Cr, Ni, Cu, Zn), and the second
group in which this degree is in the range 60 to 75 % (Mn, Co, As, Cd and Pb).

In general, wet oxidation showed 2-6 times higher extraction for analyzed heavy metals than acid leaching.
Previously, it has been observed that the effect of different acids and acid combinations on fly ash digestion and metal
dissolution is metal-dependent [22].

3. 3. Fly ash and residual characterization

Surface compositions of fly ash from TENT A and TENT B, and of residuals obtained after acid leaching and wet
oxidation were investigated via XRD. Detailed information on the morphology, shape and surface texture of individual
particles was obtained using SEM. The phases found in fly ashes and their chemical formulas and symbols are shown in
Table 2, while XRD profiles are presented in Figure 5.

Table 2. Mineral name, chemical formula, and symbol

Name of mineral Chemical formula Symbol
Quartz SiO; Q
Cristobalite Si0; Cr
Anhydrite CaS0q An
Mullite A|4,54Si1,3509,53 Mu
Anorthoclase (Nao.7Ko.3)(Al1.025i2.080s) Ano
Albite (Na,Ca)Al(Si,Al)30g Al
Hematite oFe,03 He
Calcite CaCOs3 C

Fly ashes from both CPPs have shown similar patterns in mineralogical characterization, which is expected considering
the same origin of the fuel (lignite, RB Kolubara). The phase analysis results show that in all samples, a few crystalline
phases and probably one amorphous phase are present. The dominant crystalline phase in the fly ashes was made of
silicates and alumosilicates, such as quartz, mullite, albite, and anorthoclase. Carbonates (calcite), oxide of iron (hematite),
and sulfate mineral (anhydrite) were also detected. The types and proportions of metal minerals in coal ash vary depending
on their origin [23]. Previously, it was published that magnetite was present in coal fly ash from TENT B [24]. In this research,
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as well as in the research of Sedlija et al. [25], this mineral was not detected while only weakly magnetic hematite was
present. A considerable amount of amorphous matter is present, which is confirmed in results published previously [9,25].

A
Q

An Mu

Q Ano residual after wet oxidation

P | S

residual after acid digestion

Intensity
°

An|Ano TENT A fly ash
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20/°
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Q
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- . Q Cr I.'l’mo Hec
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Figure 5. Mineral identification of the initial coal fly ash and the residual after the treatment from: A) TENT A; B) TENT B

Diffraction peak intensities of crystalline phases in the residuals after acid digestion did not change significantly
compared to the initial fly ashes, indicating that the crystalline phase types did not change significantly. After wet
oxidation, the quartz phase remained the main mineral phase, as it is difficult to dissolve under applied conditions. Also,
the crystal phase diffraction peaks of cristobalite and calcite in the residual after this treatment did not change
compared to those of the initial fly ash. On the other hand, the XRD analysis of wet oxidation residuals has shown
changes in the anorthoclase, albite, and hematite contents.

SEM images of the fly ashes are shown in Figures 6 (TENT A) and 7 (TENT B) together with residuals of acid-treated

and wet oxidized fly ash.
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Figure 6. SEM micrographs of TENT A samples A,B) initial fly ash; C,D) residual after acid digestion;
E,F) residual after wet oxidation; (A, C and E: scale bar =5 um; B, D and F: scale bar = 50 um)
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SEM images of fly ashes from TENT A and TENT B are similar (Figs 6A and 7A, respectively) showing particles of
different sizes and shapes. Similar results were obtained previously by Wang et al. [11], where three typical CFA particles
were found: spherical, oval, and irregular. For TENT A, the fly ash sample contains few 5 um particles, while in the TENT
B sample, one large particle is noticed, with many small fine particles packed inside and on its surface. The residual of
TENT A fly ash after acid digestion had the same morphological pattern as the ash, while wet oxidation resulted in
particle structure degradation.

3. 4. Correlation analysis

The experimental data from the chemical analysis after treatment (wet oxidation, acid leaching and microwave
digestion of bottom ash/fly ash, TENT A/TENT B) have been used for the correlation analysis. The calculated correlation
coefficients are listed in Table 3.

Table 3. Pearson correlation matrix between heavy metal concentrations in coal fly ash samples

Cr Mn Co Ni Cu Zn As Cd
Mn 0.997
Co 0.990 0.987
Ni 0.972 0.968 0.995
Cu 0.747 0.767 0.616 0.525
Zn 0.997 0.988 0.990 0.974 0.707
As 0.881 0.902 0.821 0.769 0.716 0.848
Cd 0.968 0.975 0.927 0.888 0.566 0.951 0.970
Pb 0.968 0.961 0.924 0.884 0.538 0.965 0.925 0.983

Typically, a high correlation was found among all heavy metals because all fly ash samples were obtained by burning
the lignite of the same origin. The strongest correlation was found between Pb, Cd, and As, while a very high correlation
exists between Cr, Mn, Ni, Zn, and Co.

After performing the correlation analysis, the correlation matrix was checked (i.e. the correlation matrix of variables
has to have the sufficient number of correlation coefficients above 0.3 to apply factor analysis [26]). Also, justification
for performing the factor analysis was confirmed (i.e. the Kaiser-Meyer-Olkin (KMO) indicator takes values between 0
and 1, and the smallest value acceptable for good factor analysis (FA) is 0.5 to 0.6 [26,27] and the Bartlett's test of
sphericity should be statistically significant, i.e. that p < 0.05 [28]). Consequently, the principal component analysis (PCA)
was applied to the original data set. Two main components were obtained, which can explain the largest variance, over
90 % (Fig. 8). Most heavy metals with very strong correlations are in the first component.
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This scree plot shows that the eigenvalues start to form a straight line after the second principal component.
Therefore, the remaining principal components account for a very small proportion of the variability (close to zero) and
are probably unimportant. Similar results were obtained by applying cluster analysis to z-transformed data. The
dendrogram in Figure 9 shows clusters that coincide with and confirm the result obtained by the PCA analysis. The
tested parameters were grouped into two clusters based on their characteristics and affinity towards the solid phase.
In cluster |, there are predominantly Cr, Zn, Mn, Co, and, at a slightly greater Euclidean distance, Ni; in the second cluster,
Pb, As, and Cd, and as a special one at a slightly greater Euclidean distance, Cu.
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Figure 9. Dendrogram (using Ward linkage) of element grouping in fly ash samples

4. CONCLUSION

The present study investigated contents of selected heavy metals (Cr, Mn, Co, Ni, Cu, Zn, As, Cd, and Pb) in coal
bottom and fly ash in samples collected from two Serbian coal-fired power plants, TENT A and TENT B, both using lignite
from RB Kolubara. Microwave-assisted acid digestion was applied for sample preparation. The obtained results indicate
that burning conditions did not significantly influence the chemical composition, nor the concentration of heavy metals.
These concentrations were in the range reported for European coals. A decrease in heavy metal concentration in the fly
ash residue has been observed during the heavy metal removal experiments using acid leaching and wet oxidation. The
results indicate that wet oxidation is more efficient, with the removal degree in the range of 30 to 75 %; after this
treatment, particle structure and surfaces were changed. In this way, material for possible further application can be
prepared, and consequently, contamination caused by large amounts of disposed CFA can be reduced.
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(Naucni rad)
Izvod

Uklanjanje teskih metala (Cr, Mn, Co, Ni, Cu, Zn, As, Cd i Pb) iz elektrofilterskog pepela proucavano je
koris¢enjem metoda kiselog luzenja i vlazne oksidacije. Paralelno je primenjena i kisela digestija uz
pomo¢ mikrotalasne pecnice za odredivanje pseudoukupnih koncentracija teskih metala u cilju procene
efikasnosti luZenja. Multivarijantna statistika (Pearsonova korelacija, analiza glavnih komponenti i
hijerarhijska klaster analiza) pokazala je dve dominantne grupe elemenata u zavisnosti od njihovih
karakteristika i afiniteta prema ¢vrstoj fazi pepela. Grupe I (Cr, Zn, Mn, Co i Ni) i Il (Pb, As, Cd i Cu) su
medusobno diskriminisane. Pokazalo se da je metoda vlazne oksidacije prikladnija od kiselog luZenja jer
je smanjenje koncentracija metala bilo 30-75 % u poredenju sa 12-25 % dobijenih kiselom digestijom.
Takode je ispitan uticaj tretmana leteéeg pepela na karakteristike ¢vrstog ostatka metodama
rendgenske difrakcije i skenirajuce elektronske mikroskopije. Ovim metodama su otkrivene promene na
povrsini i u strukturi leteceg pepela nakon tretmana vlaznom oksidacijom. Vlazna oksidacija se moze
smatrati kao moguca metoda za tretman u cilju uklanjanje teskih metala iz lete¢eg pepela, obezbedujudi
materijal koji bi se mogao dalje koristiti i smanjujuci rizik od zagadenja izazvanog odlaganjem leteceg
pepela.
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Abstract
Contamination of water resources by active pharmaceutical ingredient wastes is among ORIGINAL SCIENTIFIC PAPER
major environmental concerns. To prevent major disruptions of aquatic life, an efficient and
environmentally-friendly turbidity removal procedure of common contaminants such as
paracetamol should be established. In this study, several natural deep eutectic solvents
(NADESs) were screened to reduce the turbidity of simulated water contaminated with Hem. Ind. 78(1) 63-72 (2024)
paracetamol below the standard turbidity limit recommended by the National Water Quality
Standards for Malaysia (50 NTU). The optimal operating parameters (NADES dosage, stirring
time and operating pH) were determined. Under optimized conditions, stearic acid-based
NADES achieved the highest turbidity removal of 97.5 %. High coagulation performances
were investigated based on molecular interaction using COSMO-RS (COnductor like
Screening MOdel for Real Solvents) o-profile and o-potential (histogram of charge density
distribution over molecular surface) and showed high affinity between the NADES
compounds and paracetamol. Thus, NADESs are promising candidates for turbidity removal
of paracetamol from water and are viable in further investigations for effluent treatment
applications.

UDC: 632.153:661.12:543.316

Keywords: Active pharmaceutical ingredients; flocculation; coagulation; wastewater treatment.
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1. INTRODUCTION

Substantial efforts in research and industrialisation have been carried out to establish effective treatment and
purification of industrial wastewater to meet the increasing public demand of clean water. These efforts include various
techniques which were conducted for removal of pollutants from wastewater with high efficiency such as liquid-liquid
extraction (LLE), aqueous biphasic systems, adsorption, and application of liquid membranes [1-3]. Wastewater
treatment plants usually involve physical, chemical, and biological treatments to minimize and remove pollutants from
water. Individual wastewater treatment methods that are classified as primary, secondary and tertiary treatment
methods are integrated into a set of systems to achieve a certain degree of contaminant elimination [4]. Industrially,
the treatment of wastewater utilizes numerous chemical substances such as activated carbon, chlorine, ozone, and ionic
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liquids (ILs) [5]. However, such chemical substances pose challenges in terms of manufacturing/operating costs, material
reusability and recyclability, and environmental impact during disposal when exhausted [6]. Therefore, further studies
are required towards development of advanced water purification processes using sustainable, renewable low-cost
materials.

Importance of utilization of natural deep eutectic solvents (NADESs) in extraction of pollutants from wastewater has
been widely explored in numerous studies such as purification of water contaminated with bisphenol-A (BPA) using
hydrophobic deep eutectic solvents (DESs) [7], a circular approach to purify water contaminated with ciprofloxacin by
using hydrophobic DESs [8], synthesis and characterization of DESs and hydrophobic application for micro-extraction of
environmental water samples [9], development of hydrophobic DESs for extraction of pesticides from aqueous
environments [10] and separation and pre-concentration of parabens from water samples by liquid-liquid micro-
extraction [11]. The outcomes of these studies reveal that DESs are one of many viable and effective alternative
materials in removing pollutants of high concern, such as BPA, pesticides and active pharmaceuticals ingredients (APIs)
from wastewater. However, the ability of DESs to remove turbidity of wastewater induced by paracetamol content has
not been studied yet despite its exacerbating impact towards the environment due to the increased production and
consumption by humans.

In this study, NADESs are employed as cost-effective materials acting as the coagulant stage in APl wastewater
treatment. Specifically, NADESs were studied as alternative solvents regarding the ability to decrease the turbidity of water
contaminated with paracetamol to below the standard turbidity limit recommended by the National Water Quality
Standards for Malaysia (50 NTU). The optimal conditions were achieved by manipulating experimental parameters such as
the dosage of NADESs, stirring time and pH of the water system. Furthermore, the interactions between the NADES
constituents and paracetamol were investigated and inferred using COSMO-RS. Ultimately, this study demonstrates DESs
as a viable and effective alternative in water purification technologies by method of extraction of pollutants.

2. MATERIALS AND METHODS

NADESs were synthesised from the following chemical constituents: stearic acid (SA, Merck, Malaysia, 297 %),
levulinic acid (LA, Sigma Aldrich, Malaysia, 298 %), malonic acid (MA, Sigma Aldrich, Malaysia, 299 %), and choline
chloride (ChCl, Sigma Aldrich, Malaysia, 298 %). Synthetic wastewater samples contaminated with acetaminophen
(paracetamol, Merck, Malaysia, 299 %) were prepared by dissolving paracetamol in distilled water yielding an
acetaminophen solution of 10 g L' concentration. An electronic turbidity meter (HI 98703, Hanna Instruments,
Woonsocket RI, USA) was used to measure the initial and final turbidity readings of the synthetic wastewater. The
solution pH was adjusted by adding either 0.1 M sodium hydroxide solution or 0.1 M hydrochloric acid solution, and
was measured using a digital pH meter (Mettler Toledo Seven Compact, Switzerland).

2. 1. Preparation of NADESs

NADESs were prepared according to similar procedures published in prior literature [12]. Briefly, the NADESs were
prepared by mixing a hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) constituent at specific component
molar ratios as listed in Table 1. The obtained mixtures were stirred vigorously at 60 — 65 °C using a hot plate magnetic
stirrer until a homogenous liquid is formed.

Table 1. Molar ratios of chemical constituents used to prepare the NADESs, hydrogen bond acceptor is choline chloride

Hydrogen bond donor (HBD) Molar ratio Abbreviation of NADES
Stearic acid (SA) 1:2 ChCI:SA
Malonic acid (MA) 1:1 ChCl:MA
Levulinic acid (LA) 1:2 ChCl:LA

2. 2. Optimisation of experimental parameters

The list of NADESs prepared in Table 1 and its individual constituents were screened as natural coagulants for turbidity
removal, and the compounds with acceptably high efficiency in turbidity removal were selected for further optimisation.
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The dosage of NADESs was optimised as follows: initially, 2 g of NADESs were added to 500 mL of simulated wastewater at
pH 6.0. Flash mixing mode (coagulation) was first performed at a stirring rate of 200 rpm for 5 min. Subsequently, slow
mixing at a stirring rate of 150 rpm was conducted for 15 min. After the stirring procedures, the treated wastewater was
allowed to sit for 30 min, at which the treated wastewater was sampled by pipetting a sample out from the beaker at a
predetermined depth below the water surface. The final turbidity reading was recorded by using the turbidity meter. The
experiment was conducted in triplicates to obtain the average value. The experimental procedures were repeated with
different increasing dosages of NADESs (10, 16, 20 and 40 g L'Y). The coagulation efficiency is represented by the turbidity
removal efficiency (TRE) from wastewater and is calculated based on equation (1):

T,-T

TRE= 100 (1)

T
where To is the turbidity of paracetamol-contaminated wastewater before extraction and T is the turbidity of
paracetamol-contaminated wastewater after extraction.
Optimisation of stirring time was conducted by using the optimised dosage of NADESs on turbidity removal. The
effect of stirring time was investigated for 10, 15, 25 and 30 min. Finally, the optimal pH of the wastewater system was
investigated for pH 4, 7, 9 and 11 using the pre-determined optimum conditions of NADES dosages and stirring time.

3. RESULTS AND DISCUSSION

3. 1. Screening of NADESs as potential coagulants

Screening of NADESs and its individual constituents was conducted prior to the optimisation step and the results are
presented in Figure 1. At the pre-optimisation stage, the highest turbidity reduction was achieved by ChCI:SA (90 %),
followed by ChCI:LA (85 %) and ChCl:MA (84 %). Additionally, the individual organic acid constituent of the NADESs
exhibited some level of performance in turbidity removal. For example, LA as a standalone compound achieved a TRE
of 77 %, whereas MA achieved the lowest TRE value out of the three acid constituents at 57 %. In the further
optimisation analysis, the individual constituents were excluded from further optimisation based on the turbidity
removal performance of the NADESs. The NADESs were used as new coagulants for the turbidity removal of simulated
wastewater samples contaminated with paracetamol.
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Figure 1. Screening of NADESs and its individual constituents in relation to its turbidity removal performance (data are average of n=3)

3. 2. Dosage effect of NADESs

The effect of NADES dosages on the turbidity removal is shown in Figure 2. Each NADES resulted in different optimum
dosages that efficiently reduced turbidity of the wastewater. The optimum dosage of ChCI:SA NADES was determined
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as 16 g LY, where the turbidity reading of the wastewater was decreased from 400 NTU to 10 NTU, corresponding to a
TRE of 97 %. On the other hand, the ChCI:LA NADES achieved a high TRE value of 94 % at the lowest optimum dosage
among the three NADESs at 10 g L'™X. Comparatively, ChCI:MA NADES required the highest optimum NADES dosage of
20 g L! to achieve 96 % TRE. The optimum dosage depends on the coagulant's molecular weight, ionic character and
degree of ionization. Ultimately, low coagulation and flocculation efficiencies are due to the insufficient or excessive
dosages of DESs. Larger dosages could either agitate the sedimentation process causing re-suspension of aggregated
particles [13].
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Figure 2. Effect of NADES dosage on turbidity removal efficiency of synthetic paracetamol contaminated wastewater (data are
average of n = 3)

3. 3. Effects of stirring time

Effects of stirring time on the turbidity removal are presented in Figure 3. For the ChCI:SA NADES, the optimum
stirring time was determined at 20 min where the turbidity decreases from around 400 NTU to 11 NTU, corresponding
to a TRE value of 97 %.
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Figure 3. Effect of stirring time on turbidity removal efficiency of synthetic paracetamol contaminated wastewater using optimized
NADES dosages (data are average of n = 3)
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Similar TRE performances can be achieved by using the ChCI:LA NADES at the optimum stirring time of 25 min. The
ChCl:MA NADES achieved a maximum of 96 % TRE at the optimal stirring time of 30 min, which was the longest stirring
time out of the three NADESs investigated. In the present study, the coagulation and flocculation steps are assumed to
occur in stages and the stirring time was observed to affect both processes. However, the coagulation is unaffected by
excessive mixing, but inadequate mixing can result in the incomplete coagulation phase. Typically, the contact time for
rapid-mixing is allowed for 1-3 min, while the design of flocculation contact times may vary from 15—60 min according
to the equipment design.

3. 4. Effects of pH of the wastewater system

Effects of the solution pH on the turbidity removal are shown in Figure 4. The optimum pH for stearic acid and
levulinic acid-based DES is pH 6 where the turbidity level can be reduced from around 400 NTU to 11 NTU and 13 NTU.
pH 7 was the optimal pH value for the turbidity removal using ChCI:MA where the turbidity was reduced from around
400 NTU to 16 NTU. Hence, it can be concluded that choline chloride-based deep eutectic solutions can perform well in
the pH range of 6-7. The surface charge of the coagulants is affected by the pH of the water. The surface of coagulated
paracetamol particles is negative at high pH, resulting in a lower turbidity removal. When H* ions are added, pH steadily
decreases with the turbidity, resulting in a relatively clear supernatant. This is due to the increasing concentration of
hydrogen ions in the suspension which neutralises some of the negative charges on the coagulated paracetamol
particles [14].
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Figure 4. Effects of wastewater pH on turbidity removal efficiency using optimized NADES dosages and stirring time (data are
average of n = 3)

3. 5. Performance comparison of NADESs under optimal conditions

Turbidity removal efficiencies of the NADESs and their individual constituents at the optimised conditions are
illustrated in Figure 5. The optimized NADES dosage, stirring time and water pH of each NADES employed in this study
are presented in Table 2. The highest turbidity reduction was achieved by ChCI:SA (97.5 %), followed by ChCI:LA (97.0
%) and ChCI:MA (96.4 %). The NADES constituent components were also efficient in removing the turbidity of
wastewater with the turbidity reduction efficiency ranging from 87 to 93 %. Similar trends were observed at the
screening stage, where malonic acid alone was less efficient in the turbidity removal compared to stearic and levulinic
acids at their optimal conditions. Comparatively, the effects of various ChCl-based NADESs were previously studied for
the turbidity removal in a bentonite suspension [13,14]. Carboxylic acids such as citric, lactic and malic acids were used
as the HBD components of the NADESs revealing high removal efficiencies of up to 100 %. The results from this study
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showed comparable removal efficiencies with NADESs based on other types of carboxylic acids as their constituents.
Furthermore, these results suggest that the fatty acids alone could perform well in removing turbidity.
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Figure 5. Comparison of turbidity removal efficiencies of NADESs and their individual constituents under optimal conditions (data are
average of n = 3)

Table 2. Optimized NADES dosage, stirring time and wastewater pH for the removal of turbidity in paracetamol contaminated
wastewater

ChCl:SA ChCl:LA ChCI:MA
Dosage, g L! 16 10 20
Stirring time, min 20 25 30
pH of water system 6 6 7

3. 6. Investigation of molecular interactions between the pollutant and NADES

The performance of coagulants in this work can be explained by interactions between molecules with respect to the
COSMO-RS o-profile and o-potential (histogram of charge density distribution over molecular surface). The validity of
this approach was explained in detail in literature [15] and was reported in many recent studies involving molecular
interactions analysis [16-18]. In the o-profile, the molecule is considered adequately polar to induce hydrogen bonding
as the screening charge density exceeds +0.84 e nm™. A higher o absolute value shows that the compound is a stronger
HBD or HBA. On the other hand, the o-potential indicates affinity of a component in a mixture towards another. In the
o-potential plot, a higher negative u (o) value indicates enhanced attraction between the molecules, whereas a higher
positive value indicates increased repulsion between the molecules. In the horizontal axis, an increase in the negative
and positive values for the hydrogen bonding threshold (+0.84 e nm) indicates the region of a molecule where
interactions between the HBDs and HBAs occur, respectively. The o-profile and o-potential of all species involved in this
study are depicted in Figures 6 and 7, respectively.

In the turbidity reduction process, the coagulation mechanism can be inferred from interactions between
paracetamol and the coagulants. Firstly, it is relevant to observe solvation effects in a mixture of paracetamol and water.
As seen in Figure 6, water molecule possesses both donor and acceptor abilities via the hydrogen bonding between
hydrogen atoms and the oxygen atom, respectively. Paracetamol possesses several peaks in the non-polar region due
to the presence of the benzene ring and methyl group within the molecular structure. Additionally, paracetamol also
exhibits peaks in the polar regions, which may be responsible for the hydrogen bonding with water observed from the
similar peaks in the o-profile of water. However, the non-polar surface of paracetamol makes it sparingly soluble in
water at ambient temperature. Therefore, a competition can be expected between the water—paracetamol interaction
and their corresponding self-associations, i.e. water—water and paracetamol—paracetamol interactions.
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Figure 7. Plot of o-potentials for the NADESs and their individual constituents, paracetamol, and water

From the paracetamol accumulation in water, a net negative charge can be expected from the colloids as
paracetamol has more peaks in the hydrogen bond acceptor region. This explains the coagulation effect from the
neutralization of opposite charges upon the introduction of coagulants, and consequently decreasing the turbidity of
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water. This also suggests that the coagulant should have high hydrogen bond donor ability or being highly electro-
negative i.e. exhibiting the peaks or the curve in the left side of the o-profile. The o-potential of both molecules also
explains similar molecular interactions, where the interactions occur mainly in the polar regions.

By comparing the o-profiles of the coagulants involved in this study, the presence of choline chloride brought significant
peaks in the hydrogen bond donor region, i.e. at around -0.9 e nm™. This peak interacts well with the peaks of paracetamol
in the hydrogen bond acceptor region, i.e. 1.4 e nm™. In addition, the peaks of malonic acid (1.1 e nm™), levulinic acid (1.2 e
nm2) and stearic acid (1.2 e nm2) on the right side of the o-profiles indicate significant polar interactions with the polarized
peak of paracetamol on the left side (1.6 e nm). On the other hand, the coagulants that consists of stearic acid (pure
stearic acid and ChCI:SA (1:2)) show an obvious peak in the non-polar region. This peak is due to the presence of linear —
CH: carbon chains in stearic acid, while the higher peak observed in the NADES form is due to its double molar ratio.
However, as seen in the o-potential, the non-polar attractions between the coagulants and paracetamol are very small
compared to that in the polar region. Thus, it can be concluded that coagulants with straight carbon chains can be used to
treat paracetamol contaminated water as long as they contain strong polar moieties. In the o-potential plots, all coagulants
showed attractive interaction in the polar regions, and relatively small attractions in the non-polar region. In the hydrogen
bond acceptor region, paracetamol shows high affinity towards coagulants with negative x values at the hydrogen bond
donor region. From the investigations of the three NADESs, the attraction behaviour towards paracetamol increases in
the order of ChCI:SA (1:2) > ChCI:LA (1:2) > ChCI:MA (1:1). This order is consistent with the performance of turbidity
removal efficiency depicted previously in Figure 5. Furthermore, when comparing this specific region with all coagulants
involved, the attraction behaviour at this region increased in the order of ChCl > ChCI:SA (1:2) > ChCI:LA (1:2) > ChCl:MA
(1:1) >> levulinic acid > malonic acid > stearic acid. This ranking is almost identical to our experimental turbidity removal
efficiency results, where ChCl is the only coagulant that showed significant deviation. Thus, it can be assumed that the
polarity of coagulants with respect to the hydrogen bond donor ability influences the efficiency of turbidity removal.

4. CONCLUSION

High turbidity removal performances were demonstrated by using NADESs in this study. In a simulated wastewater
containing paracetamol, ChCI:SA vyielded the highest turbidity removal performances at 97.5 %, closely followed by
ChCI:LA and ChCI:MA at 97.0 and 96.4 %, respectively at its optimized operating conditions. Optimal conditions were
also applied for application of the individual fatty acid constituents. Under optimal conditions, the constituent
components can also work efficiently on reducing turbidity of paracetamol-contaminated wastewater at a TRE range
from 87-93 %. As a result, NADESs have been demonstrated to be able to reduce the turbidity of water to a lower value,
in comparison to their individual components. The proposed NADESs can be categorized as promising solvents for the
removal of turbidity caused by paracetamol in water and are preferable as novel coagulants owing to the simplicity of
synthesis and application. As a preliminary study in applying NADESs for turbidity removal, these novel coagulants (ChCl-
DES) require further studies in effluent treatment applications.
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Izvod Kljuéne reci: Aktivni farmaceutski
Kontaminacija vodnih resursa otpadom aktivnih farmaceutskih sastojaka je medu glavnim problemima sastojci; rokgIacija; koagulacija;
ivotne sredine. Da bi se spreili veliki poremeéaji u prirodnim vodama, treba uspostaviti efikasan i tretman otpadnih voda

ekoloski prihvatljiv postupak uklanjanja zamucéenja od strane uobicajenih zagadujucih materija, kao Sto
je paracetamol. U ovoj studiji je istraZivana upotreba nekoliko prirodnih dubokih eutektickih rastvaraca
u cilju smanjivanja zamucenosti simulirane vode kontaminirane paracetamolom ispod standardne
granice zamudenosti koju preporucuju Nacionalni standardi kvaliteta vode u Maleziji (50 NTU). Odredeni
su optimalni radni parametri (koli¢ina eutektickih rastvaraca, vreme mesanja i radna pH vrednost). Pod
optimizovanim uslovima, koris¢enje eutektickog rastvaraca na bazi stearinske kiseline dovelo je do
najveceg smanjenja zamucenosti od 97,5 %. Visoke performanse koagulacije su ispitivane na osnovu
molekularne interakcije, koris¢enjem COSMO-RS (CONductor like Screening MOdel for Real Solvents)
o-profila i o-potencijala (histogram raspodele gustine naelektrisanja preko molekularne povrsine) i
pokazali su visok afinitet izmedu eutektickih rastvaraca i paracetamola. Zaklju¢eno je da su eutekticki
rastvaraci obecavajudi kandidati za uklanjanje zamuéenosti vode izazavane prisustvom paracetamola i
prikladni su u daljim istraZivanjima tretmana otpadnih voda.
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