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Cobalt catalyzed defunctionalization reactions

LJILJANA K. KORACAK* and VLADIMIR D. AJIDACIC**
Innovative Centre, Faculty of Chemistry, Ltd., Studentski Trg 12—16, 11158 Belgrade, Serbia
(Received 18 March, revised 8 April, accepted 9 April 2024)

Abstract: Catalytic defunctionalization of complex molecules has attracted sig-
nificant attention in organic synthesis. This reaction enables common func-
tional groups to serve as “traceless handles” for the new bond construction. In
this mini-review, we have summarized the latest advances, methodologies and
mechanistic insights into the selective cleavage of C—C and C—X bonds catal-
ysed by cobalt complexes, shedding light on their increasing importance in
modern chemical synthesis. The content of this review is categorized according
to the type of functional group being removed from molecules.

Keywords: decarbonylation; decarboxylation; dehalogenation; desulfurization;
deoxygenation.
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1. INTRODUCTION

Transition metal-mediated defunctionalisation through cleavage of C—C or
C-X bonds is an essential synthetic approach.! Moreover, defunctionalisation
reactions exert a direct influence on synthetic organic chemistry by enabling the
temporary utilization of functional groups in synthetic transformations.2 In vari-
ous contexts, defunctionalised substrates are deemed more advantageous than
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786 KORACAK and AJDACIC

their functionalized form. For example, the dehalogenation of polychlorinated
aromatic pesticides yields less environmentally hazardous compounds. The
deoxygenation of aldehydes, acids and similar molecules derived from natural
sources produces compounds suitable for use as biofuels.3 While highly effect-
ive, the typical utilization of the expensive palladium,*> rhodium®7 and ruthen-
ium8.9 complexes might impede the development of this field. On the other hand,
cobalt is earth-abundant, inexpensive and less toxic compared to second row
transition metals. Over the last two decades, cobalt has garnered significant atten-
tion for its applications as a catalyst in bond formation!0 and the bond cleavage!!
processes. In this mini-review, we highlight the development of the cobalt-cat-
alysed defunctionalisation reactions and their applications in synthetic organic
chemistry.

2. DEHYDRODECARBOXYLATION

Obtaining the terminal alkenes from carboxylic acids is a significant pursuit
in organic chemistry with far-reaching implications in both academic research
and industrial applications. Terminal alkenes are versatile building blocks used in
the synthesis of various compounds, including pharmaceuticals, agrochemicals,
and materials.!2 The practicability of accessing terminal alkenes from carboxylic
acids lies in the abundance and accessibility of carboxylic acids as starting mat-
erial. Carboxylic acids are prevalent in nature, and can be derived from renew-
able sources such as biomass or waste streams, offering a sustainable alternative
to petroleum-derived feedstocks.!3 Moreover, carboxylic acids are relatively
inexpensive and can be synthesized through various routes, making them attract-
ive precursors for alkene synthesis.!4 Traditional methods for alkene synthesis
often involve multi-step low atom economy processes with the use of toxic and
expensive reagents.15 In contrast, the direct conversion of carboxylic acids to ter-
minal alkenes offers a more atom-efficient and environmentally benign route. In
recent years, significant advancements have been made in the development of
catalytic systems and reaction methodologies for the selective conversion of car-
boxylic acids to terminal alkenes. Transition metal catalysis, particularly invol-
ving palladium, ! nickel!7-18 or iron catalysts,!? has emerged as a powerful tool
for this transformation.

Tunge and Cartwright have successfully developed a two-catalyst approach
to produce enamides and enecarbamates directly from readily available and
affordable N-protected amino acids using a photoredox catalyst under blue LED
irradiation and a cobaloxime catalyst Co(dmgH),CIPy.20 The protocol, despite
its success with diverse amino acids, exhibits low selectivity, resulting in the pro-
duction of significant quantities of both olefin isomers (£/Z, Scheme 1). Main-
taining a slight excess of photo catalyst relative to cobaloxime is essential for the
reaction to succeed.

Available online at: http://www.shd.org.rs/JSCS
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DEFUNCTIONALIZATION OF ORGANIC COMPOUNDS 787

Co(dmgH),CIPy (3 mol%)

{‘“1 O

PC (5 mol%)
Ra { Na,COj; (1 mol%) R; Rs o H’O
& L
Ri MeOH, H,0 (75 mol%) K, NHR, ‘ O o
R3NHR, Blue LED =, N

{ +
©c0+® Co(dmgH),CIPy PC p,BFs

©/\wNHBOC @A/ WIB /@A\/NHBOC ©'/§(NHBOC

82%, (65:35) T7%, (66:34) 85%, (81:19) 71%, (67:33)

X NHAC A~ NHR O\I‘(\/NHBOC
OO R = Ac, 72%, (82:18) o)

R = Boc, 41%, (71:29)
71% (90:10) R = Cbz, 52%, (71:29) 45% (67:33)

*Cobalt catalyst was reduced with sodium triacetoxyborohydride (7.5 mol %)

Scheme 1. Scope of N-acyl amino acids.

In the reaction mechanism, the olefin formation was initially proposed to
occur through oxidative decarboxylation, generating a radical intermediate fol-
lowed by a hydrogen atom transfer (HAT) reaction (Scheme 2). This process
ultimately produces only CO, and H» as the stoichiometric byproducts.

COIII
l R O
OH
He co' \KNHR
)/%& PC* SETR i
Col, / % ]
NHR Co"-H
~~_NHR
||
colll H
R)\/ NHR R Scheme 2. Proposed mechanism for photo-
7 NHR redox/cobalt dual-catalyzed decarboxyl-
CO; ative elimination.

Two years later, the same research group reported novel insights into the
underlying reaction mechanism. Their experimental studies suggest that the prim-
ary catalytic cycle involves Co(Il) and Co(Ill) intermediates rather than an
anionic Co(I) species.2! This proposal is based on thorough experimentation and
analysis, providing valuable insights into the mechanistic pathways of the react-
ion. Based on their research, it was proposed that a proton-coupled electron trans-

Available online at: http://www.shd.org.rs/JSCS
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788 KORACAK and AJDACIC

fer (PCET) pathway is the preferred route for HAT, and HE by protonation of the
Co(IIT) hydride is the most probable pathway (Scheme 3).

e c m? Scheme 3. Hypothetical mechanism for
Co ‘\f © photoredox/cobalt dual-catalyzed decar-
CO, boxylative elimination.

Under the photochemical conditions, Ritter and co-workers achieved the cat-
alytic dehydrogenative decarboxyolefination of both fatty acids, and structurally
complex carboxylic acids, into olefins.22 They identified the cobaloxime
Co(dmgH)(4-OMe-py)Cl as a proton reduction catalyst and the photoredox cat-
alyst Ir[dF(CF3)ppy]2(dtbpy)PFg, which mediates oxidative decarboxylation, as
optimal catalytic system that enables high reaction yields requirement for stoi-
chiometric additives. From their substrate scope study, it is evident that the dec-
arboxyolefination of a large variety of structurally and functionally complex car-
boxylic acids had been successful (Scheme 4).

Co(dmgH),(4-OMe-Py)CI (5 mol%)

/\8 I{dF(CF3)ppyla(dtbpy)PFs (1 mol%)
b Cs,CO;3 (1 equiv)

C + O +

R (o)) DME/H,0 18:1 RSN 0+®

35 °C, Blue LED

97% 96% 86%
Q)W OA U Q “/
90% 70% 93%

Scheme 4. Substrate scope for dehydrogenative decarboxyolefination.
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DEFUNCTIONALIZATION OF ORGANIC COMPOUNDS 789

In this method, the presence of a base is significantly important as it inc-
reases the concentration of carboxylate, facilitating the efficient one-electron
oxidation to form the neutral carboxyl radical by the iridium catalyst (Scheme 5).

H O Ce:
rA A N
H o Vﬂ
RMO' )\/CO"'
base
H (¢] @
o Decarboxylative Dehydrogenative
cycle cycle R/\
Co"-H
III
*h.lll
RCOOH

H, + RCOO"

Scheme 5. Proposed mechanism for catalytic dehydrogenative decarboxyolefination of
carboxylic acid.

Larionov and coworkers also applied a photoinduced dual catalytic dehydro-
decarboxylation strategy to carboxylic acids using acridine as a photocatalyst and
cobaloxime in a mixture of dichloromethane and methanol under Blue LED
irradiation, in order to obtain alkenes.23 From their comprehensive substrate
scope study, it was observed that the developed method exhibits a broad substrate
scope, encompassing various carboxylic acids, and demonstrated high tolerance
towards diverse functional groups, thereby showcasing its versatility and poten-
tial applicability (Scheme 6).

& Co(dmgH),CIPy (5 mol%)
acridine (20 mol%)

C + +

R oD DCM/MeOH 2:1 RN Q@

LED 2 =400nm
OH o
BnOzc\/\ ©/\/\ \(k/\]/ MeOJ\(\ﬁs/\
72% 66% 63% 83%

71%

Scheme 6. Substrate scope of photoinduced dehydrodecarboxylation.
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790 KORACAK and AJDACIC

They also discovered an efficient chemoenzymatic synthesis (LACo, lipase-
-acridine-cobaloxime method) of long-chain alkenes from triglycerides and unre-
fined biomass. Amano lipase PS from Burkholderia cepacia was used to achieve
enhanced conversion in the hydrolysis of triglycerides (Scheme 7).

Co(dmgH),CIPy (5 mol%)

)L j\ acridine (20 mol%)
1-CorHag O/Y\O n-Cy7Has  Burkholderia cepacia lipase NS
O.__n-Cy7Hs5 DCM/H,0/MeCN 10:4:1 12
A G 74%
| 25-27 °C, LED )\ =400nm 2

Scheme 7. Cooperative chemoenzymatic LACo process.

3. DECARBONYLATION

The aldehyde decarbonylation reaction is among the most important trans-
formations both in biological systems and in a synthetic laboratory. Various org-
anisms possess the ability to convert long-chain aldehydes into alkanes or alk-
enes via a group of enzymes known as aldehyde decarbonylases.24 This process
is accomplished by the release of small molecules such as formic acid, carbon
dioxide and carbon monoxide. Numerous methods have been identified for the
decarbonylation of aldehydes catalysed by transition metals and their comp-
lexes.25:26 Given the ubiquity of the aldehyde group, selective decarbonylation
can serve as an important synthetic strategy, using the aldehyde groups as “trace-
less handles” in various transformations such as the Diels—Alder (DA) reaction,
C—H activation, and others.2

Li and coworkers in 2016 reported the first example of the Co-catalyzed
decarbonylation.2? It was exemplified only on one substrate, 2.4,5-trifluoro-
benzaldehyde. They demonstrated catalytic decarbonylation reaction of 2,4,5-tri-
fluorobenzaldehyde to afford 1,2,4-trifluorobenzene with CoMe(PMes), as a cat-
alyst, and with 1.2 eq. of triethylsilane as a hydrogen source (Scheme 8).

Q5 H Co(PMeg),(SiEt;) "
(10 mol%) .
Et,SiH (1.02 equiv) . \Cﬁ@
. THF,50°C,6h
F F

94%
Scheme 8. Decarbonylation of 2,4,5-trifluorobenzaldehyde catalyzed by CoMe(PMes),.
Dehydroformylation of a-quaternary aldehydes that involves a decarbonyl-
ation step was achieved by Sorensen and coworkers using the dual catalytic

system (Scheme 9).28 Tetrabutylammonium decatungstate (TBADT) and cobal-
oxime pyridine chloride (COPC) were used as catalysts and upon UV irradiation

Available online at: http://www.shd.org.rs/JSCS
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DEFUNCTIONALIZATION OF ORGANIC COMPOUNDS 79 1

at room temperature olefinic products were obtained as regioisomeric mixtures in
low yields (Scheme 9).

Co(dmgH),CIPy (4 mol%)
T H TBADT (4 mol%) ,/'“H J@ @
! i + +
4AM.S., CDsCN C

3 31°C, Ar, hv
substrate ; products
[e] H
<OWH <OW <0m
o i o o]
! 19% 12%
o :
' =
H |
R :
X=H : X=H, 61% X=H, 12%
X=CN : X =CN, 65% X=CN, 13%
X =CO,CH3 X = CO,CHj3, 59% X =CO,CHj3, 9%
o :
AN g4
: 21% 17%

Scheme 9. Dehydroformylation of a-quaternary aldehydes.

Next year, Tonzetich and colleagues successfully conducted the decarbonly-
ation of aromatic and aliphatic aldehydes using cobalt(I) pincer complexes as cat-
alyst.2% However, a drawback of this method is the necessity for a stoichiometric
amount of the catalyst. As depicted in the reaction mechanism illustrated in
Scheme 10, following the formation of the product, the cobalt carbonyl complex
A is unable to undergo further substitution to complete the catalytic cycle.

RCHO

F|’CY2 N PCy, R

= N
NCoNp  E [T N-GocfH
PC < 0
Y2 o K4 PCy,
Nz% ™
?5,’,-;.’ \
PCy, .-~
= PCy,
Al N-Co-cO A | P
~Uke <7
Y2
PCéZO PCy,
RH = 3 .
- N‘,“:O'R e Scheme 10. Proposed mechanism for aldehyde dec-
PCy, arbonylation.

Based on the previous observations of Sorensen and colleagues, Konig et al.
reported a photocatalytic method for the decarbonylation of benzaldehydes in
short reaction time.30 Their method uses thioxanthone (TX) as an inexpensive

Available online at: http://www.shd.org.rs/JSCS
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792 KORACAK and AJDACIC

hydrogen atom transfer (HAT) agent, cobalt(Il) acetylacetonate (Co(acac),) as
the cobalt source, and 4,4'-di-fert-butyl-2,2'-dipyridyl (bbbpy) as the ligand
(Scheme 11). The limitations of this methodology include the weak reactivity of
substrates bearing hydroxy, thioether, nitro and carboxylic acid groups, the deg-
radation of amino and bromo substituted derivatives, and the limited success with
aliphatic aldehydes.

Co(acac); (1 mol%) (0]

TX (8 mol%) Y
Q0 SPOH bbbpy @mote) N O O
T MeCN, LED 7 =385 nm” R L =

N,, 28°C,5h G@ D¢

+C

Nelolio e aies

94% 95% 74% 85% 75%
cl
H H H ©/H H
- o o
© m/©/ NC F F4CO
o 7% 73% 76% 78% 93%

Scheme 11. Decarbonylation of benzaldehydes.

Initially, when the photocatalyst (PC) is excited to its triplet state (PC*), a
hydrogen atom transfer (HAT) occurs with benzaldehyde (I), resulting in the
formation of an acyl radical (II). This intermediate can then combine with the
cobalt(Il) complex (III) to produce a cobalt(IIl) complex (IV). This acyl complex
(IV) is likely to undergo decarbonylation, releasing carbon monoxide and form-
ing organocobalt complex V which can interact with the reduced form of the
photocatalyst (PC—H), restoring it to its ground state (PC) through HAT. Con-

J Rj). ]

j\ R™\1I [co™
oxidative
R IH% PC-H i additon

. (0]
PC
reductive
HAT! elimination R)J\ [Co™
co v
extrusion
PC i
& o 1CoM co
v
R-H
Vi

Scheme 12. Proposed reaction mechanism.
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DEFUNCTIONALIZATION OF ORGANIC COMPOUNDS 793

comitantly, the final product, decarbonylated arene (VI), is formed in this last
step, and active cobalt species is regenerated (Scheme 12). To confirm the evo-
lution of carbon monoxide, CO produced from the decarbonylation of 4-z-butyl-
benzaldehyde is used in the palladium-catalysed aminocarbonylation reaction,
resulting in the synthesis of the anxiolytic drug moclobemide in good yield

(Scheme 13).
Co(acac), (1 mol%)
TX (8 mol%)
H bbbpy (2 mol%)
MeCN, LED 2 =385 nm
t-Bu

2 equiv N,, 28 °C 5h

©@
Et;N (3 equiv)
| o Pd(OAc), (2.5 mol%)
XantPhos (2 5 mol%)
.
cl HZN/\/N\) “THF, N, 50°C, 16h

1 equiv 1.5 equiv

Moclobemide, 63%

Scheme 13. Test reaction for confirming CO evolution.

Following their research on the photocatalytic method for the decarbonyl-
ation of benzaldehydes, Konig et al. reported a photocatalytic dehydroformyl-
ation.31 This process integrates the dehydrogenation of benzyl alcohols into ben-
zaldehydes, followed by the decarbonylation to produce arenes in a one-pot two-
step protocol. It enables the efficient conversion of the diverse benzyl alcohols
under mild photocatalytic conditions. The combination of tetrabutylammonium
decatungstate as photoexcitable HAT-agent and cobaloxime pyridine chloride as
co-catalyst was found to be highly effective (Scheme 14).

HH  Co(dmgH),CIPy (2.5 mol%)

AN (o} TBADT (3 mol%) AN H (}@
RT CH4CN, N,, 35 °C RT _ + 7+ @

LED A = 385 nm

@r@@nﬁjo@“

85% 74% 42% 83% 50%
O 42% 48% 83% 91% 67%

Scheme 14. Substrate scope for benzylalcohols.
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4. DEHALOGENATION

The use of halides as blocking/protecting groups is an intriguing concept.
For this purpose, it is essential to develop efficient dehalogenation strategies.32-33
Additionally, the dehalogenation processes are crucial for eliminating toxic halo-
genated compounds, like chlorinated arenes, which persist in the environment
and resist natural degradation, and a few examples of them are depicted in Fig.
1.34 The efficient reductive dehalogenation methods, often involving transition
metals and hydride sources, have been explored extensively.3>

Cl

O L cl N-CN
Cl.,, ACl |
J O A
cl cl e “cl N
Cl
DDT Lindane Thiacloprid

Fig. 1. Halogen-containing pesticides.

Based on their previous research related to selective C—F/C—H bond act-
ivation of fluoroarenes by cobalt complexes, Li et al. reported the selective hyd-
rodefluorination of aryl fluorides catalysed by Co(PMe3)s.3¢ In this method,
sodium formate was applied as a reducing agent, and the reaction can be con-
ducted in either acetonitrile or DMSO (Scheme 15).

B ColPMes), (10 moi%) H
F HCOONa (1.5 equiv) Fn.1—1(>/
Z MeCN, 80 °C Z

H H FE FFR F
F F F F
RN
fI FH W
~
F F F N F
CF, F FF F
70% 61% 76%

Scheme 15. Cobalt-catalyzed hydrodefluorination of polyfluoroarenes.

Based on the proposed mechanism, the process begins with the oxidative
addition of the C—F bond of the aryl fluoride to the cobalt(0) centre, forming
intermediate I, followed by substitution of fluoride ligand by a formate anion to
yield complex II. Decarboxylation of II generates the hydrido cobalt(Il) inter-
mediate III. Subsequent ligand exchange between the hydrido H atom and the F
atom of the perfluoroarenes produces the hydrodefluorination product, regener-
ating the starting Co(II) fluoride (Scheme 16).

Hydrodehalogenation of aryl bromides in the presence of cobalt porphyrin
catalyst was achieved by Chan and coworkers.37 The optimized reaction condit-
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ions, encompassing cobalt porphyrin catalyst and 50 equiv of KOH, at 200 °C in
THF under nitrogen, were applied for hydrodehalogenation of few electron-rich
and electron-poor aryl bromides (Scheme 17). Although the yields were moder-
ately good, the substrate scope was mainly limited. Conducting the reaction in air
using 2-propanol as the solvent and 4-bromoanisole as the model substrate res-
ulted in the formation of anisole, only slightly lower yield than that obtained
under a nitrogen atmosphere.

Co(PMes),

X
-PMe, }/ GF"
%

H ||>|v|e3
Me;P. F
| \_F ’ >C0/ S
A ™7 MesP @Fm HCOONa
N ! Q(
| —Fn NaF
=
PMe; o)
MesP | H MesP 0—4
L MesP-&g  H
vesP” [ Yr,g LN
m MesP || 5 Fn
=
Il
v Scheme 16. Proposed mechanism of the cat-

-

CO, alytic hydrodefluorination.
Co(ttp) (5 mol%) H
R X KOH (50 equiv) R@/
= THF, N, 200 °C Z
p-tolyl p-tolyl
H H H H
i ? i Br
p-tolyl p-tolyl OMe Cl
0, 0, 0, 0,
Colttp) 84% 88% 48% 43%

Scheme 17. Substrate scope of aryl-bromides.

The reaction starts with Coll(ttp) abstracting a bromine atom from ArBr,
leading to the formation of aryl radical and Colll(ttp)Br. Subsequently, the aryl
radical abstracts a hydrogen atom from the solvent to produce ArH and
Colll(ttp)Br intermediate undergoes ligand substitution with KOH, yielding KBr
and Co!ll(ttp)OH. The Co!ll(ttp)OH species then generates HO, and regenerate
Coll(ttp) via reductive elimination (Scheme 18).
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ArBr

co'l(ttp) H20,
Halogen i
atom transfer 1/2H,0+1/20,

1
AH THF Co -'(.ﬂp)BI‘

Hydrogen — Af Co'l(ttp)oH

atom transfer
KO\HT/

KBr

Scheme 18. Proposed reaction mechanism.

A few years later, the same group improved their method for the catalytic
hydrodebromination reaction of aryl bromides in the presence of a cobalt por-
phyrin catalyst.38 Replacing Coll(ttp) with more electron rich Coll(tbp) at lower
temperature, in the less reactive hydrogen donating solvent (EtOH) resulted in a
higher yield and broader scope. The limited reactivity is observed for the C—CI
bond suggests that aryl chlorides exhibit inertness towards hydrodechlorination
under the optimized reaction conditions (Scheme 19).

n-Bu n-Bu
Co(tbp) (5 mol%) H
RE KOH (d0equiv) gL
Z EtOH, N, 150 °C Z
X=Cl,Br, | n-Bu n-Bu
Co(tbp)
H H H H
OMe cl t-Bu X =Br, 7%
X =Br,100% X =Br, 100% X = Cl, 3%
X =1,100%
OO L
ST ™H
X=1,72% X =Br, 87%

Scheme 19. Substrate scope of Co(tbp) catalyzed hydrodehalogenation.

They have also proposed a revised mechanism, that is based on single elec-
tron transfer. In strongly basic conditions, Coll(tbp) coordinates with OH~ to
form [Coll(tbp)(OH)]~, which transfers one electron to an aryl bromide, gener-
ating an aryl bromide radical anion. This radical anion undergoes rapid carbon—
—bromide bond cleavage to produce an aryl radical and a bromide anion. The aryl
radical can abstract a hydrogen atom from EtOH, yielding the corresponding
arene as the final product. Alternatively, the Co(tbp)aryl intermediate can undergo
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hydrolysis to yield the corresponding arene and Co!ll(tbp)OH. The resullting
Co!ll(tbp)OH then undergoes reductive dimerization to regenerate Coll(tbp)
(Scheme 20).

Hydrogen
atom transfer ArBr [Co"(tbp)(OH)I
AH ~—EOH_ ¢ Vg OH'
-CH3CHOH .
co'(tbp)(OH)
Co(tbp)Ar co'l(tbp)
OH", EtOH
Hydro’YS'>§<CH35HOH A
co'(tbp)(OH)”  -1/2H,0,
ArH

Scheme 20. Catalytic cycle for Col(tbp) catalyzed hydrodebromination.

In 2015, Liao and co-workers proposed the reaction mechanism of debrom-
ination, catalysed by the Bj;-dependent reductive dehalogenase (NpRdhA),
elucidated using the quantum chemical cluster approach with 2,6-dibromophen-
olate as a model substrate (Scheme 21).3% According to the proposed mechanism,
the reaction proceeds through Col-initiated concerted dehalogenation for the
reductive dehalogenase NpRdhA. They also demonstrated that reactivity in the
dehalogenation reaction changes with various halogen substitutions (F, Cl, Br, I)
and indicated the enzyme’s inability to catalyse the defluorination of 2,6-diflu-
orophenolate.

Using molecular hydrogen as a green reducing agent, Beller and coworkers
reported a method for hydrodehalogenation of alkyl and (hetero)aryl-halides in
the presence of heterogeneous cobalt catalyst.#0 Synthesis of novel sustainable
catalyst was based on the complexation of cobalt salt Co(OAc); by chitosan (a
polymer of D-glucosamine) followed by pyrolysis. The substrate scope was very
broad; a range of alkyl, aryl, heteroaryl halides successfully underwent hydrode-
halogenation in the presence of this new cobalt catalyst from cheap and readily
available biowaste with good chemoselectivity (Scheme 22).

They demonstrated the utility of this method in the multistep synthesis of
(£)-peronatin B alkaloid (Scheme 23) and in degradation of halogen containing
pesticides (Metazachlor, Benodanil).

Dehalogenation of bromo- and chloro-aryl and -alkyl derivatives in the pre-
sence of CoBrp, manganese as reductant, and bipyridine ligand, in acetonitrile at
50 °C, and isopropanol as hydrogen donor, was explored by Gosmini and co-
workers in 2021.41 A range of aryl halides featuring both electron-withdrawing
and electron-donating functional groups underwent successful dehalogenation
(Scheme 24).
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H
Lys488-NH, R Br € Lys488- NH3
Tyr426-OH \E;[O_ Tyr426- OH \@[

Br !E!r

C’,‘)" ‘ | l

Enzyme-supstrate complex

R Br R Br
; :o' ; :o’
H Br

- gt

Lys488-NH,

Lysd88-NH; R Br eH
Tyr426-OH \@[o' ) Tyr426-OH
H
Br

"o
S

Enzyme-product complex

Scheme 21. Suggested reductive debromination mechanisms for NpRdhA.

Co-Co3;0,@Chitosan-700

(6-16 mol% Co) H
R X NEt, (2-4 equiv) R1@/
Z H, (30-50 bar) F
MeOH/H,O (3/1-1/1) ~
RZ/Q 120-140 °C Ry H
X =Cl,Br, |
O Cﬁu
X =Br, 95% X = Br, 90% X =1,88%
X =1,90%
f H¢L E
_N
X = Br, 59%
Xi= Br, 49% X = Cl, 90%

Scheme 22. Hydrodehalogenationof alkyl and aryl halides.

In addition to the classic methods described previously, there have also been
developments in the utilization of vitamin B and related bioinspired complexes
as efficient catalysts for dehalogenation reactions. These compounds undergo
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chemical,*? photochemical4? or electrochemical?4 reduction to form supernuc-
leophilic cobalt species, which then reacts with alkyl and aryl halides to produce
alkyl/aryl complexes, by the cleavage of C-X bond (Fig. 2).4°

)\MgBr
O (3 equiv) O A
T .
No, THF.-78°C,2h H

Protechng__ @ e,

group

55%

Co-Co3;0,@Chitosan-700
(8 mol% Co)
K3POy (2 equiv.), Hy (50 bar)
MeOH/H,0 3:1, 120 °C

9] A\

N
g - Scheme 23. Application in (£)-peronatin B
(¥)-Perontain B 88% alkaloid synthesis.
CoBr; (5 mol%)
bipy (5 mol%) H
R = Mn (2.2 equiv) R@/
—_—
=3 TFA, i-PrOH Z
X=Cl, Br MeCN, 50 °C
H H H
COOH OMe
X = Br, 96% X =Br, 80% X = Br, 96%
X =Cl, 96% X =Cl, 66%
H
L, o
z I\
N~ "H s
CN
X =Br, 96% X =Br, 82% X = Br. 99%
X =Cl, 94% X=Cl, 51% ' Scheme 24. Reactivity of aryl electrophiles.

5. DEOXYGENATION

Over the past few decades, the increasing costs associated with petroleum
and other fossil fuels, both in financial, environmental, and societal terms, have
underscored the need to turn to renewable resources for fuel and chemicals
production. Biomass-derived materials have emerged as prime contenders for
renewable chemical sources due to their abundance and ease of handling.3 How-
ever, these materials are typically rich in oxygen, necessitating efficient deoxy-
genation processes. Therefore, it is necessary to continually develop new meth-
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odologies and catalytic systems for removing oxygen-containing functional
groups (hydroxy#0, alkoxy#’, etc.).

R

—=RH |
B, derivate ‘/\\ :
@ .
reduction 1
X

RX

supernucleophile

Fig. 2. Vitamin B, derivatives as efficient catalysts for dehalogenation.

©

CHCl; CCl; CHsCCl; CF4CCls  CHBry

5.1. Dehydroxylation

In 1978, Funabiki and coworkers reported the use of the cobalt complex
HCo(CN)s3, formed in situ from cobalt(Il) chloride and potassium cyanide
under hydrogen atmosphere, as a catalyst for the deoxygenation of allylic alco-
hols.*8 According to the proposed concerted reaction mechanism, the hydrogen-
ation of the C=C bond was followed by elimination of the hydroxy group. How-
ever, the occurrence of double bond transposition is contingent upon the ratio of
cyanide to cobalt, leading to the formation of a mixture of products (Scheme 25).

Co Co-H Co-H

\/\,\(/OH IONL o/ xON (S

+CN° S -CN° {OH
Co-OH
Co-H Co
~_H ~_H /=
\l/\ N N~ /_\_H
H CN/Co < 5:1 CN/Co > 5:1
CN/Co > 5:1

Scheme 25. Direct deoxygenation of allylic alcohols with in situ formed HCo(CN)s™3.

Later, in 1990 Jong-Tae Lee and Howard Alper demonstrated the deoxygen-
ation of allylic alcohols using S-cyclodextrin as a phase transfer catalyst and hyd-
ridopentacyanocobaltate anion as a catalyst.4 The catalytic deoxygenation of
primary and secondary allylic alcohols was achieved in good yields affording
olefins, however the tertiary allylic alcohols did not undergo the reaction under
these reaction conditions (Scheme 26).
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CoCl; (30 mol%)
p-cyclodextrin (5.5 mol%)
KCN (1.7 equiv)

KCI (70 mol%
RW ( o) _ R/\/\H

KOH (0.4 N)

H

S~~~ H Yy e
91% 87% 40%

Scheme 26. Hydrogenolysis of allylic alcohols using HCo(CN)s3 and -cyclodextrin.

The advantage of this method is evident as no hydrogenation or shift of the
double bond was observed. According to the proposed mechanism, the reaction
of the adduct of S-cyclodextrin (f-CD) and HCo(CN)s—3 with the g-allyl complex
VI would yield the product and regenerate II (Scheme 27).

B-CD + HCo(CN)g> — ([3—CD)Hf:o(CN)X3' % (B-CD)Co(CN), >
I

Co(CN),(3-CD)*
AN
RTX"0oH % R X""0C0(CN)(p-CD) —= R™F

n v
[(3-CD)Co(CN),J* ) CN_“ oN-
fO(CN)x.Aﬁ-CD)Z'
RSN i RS 0CoEN) (0D o RS
| - v

Scheme 27. Proposed reaction mechanism.

Mebane and co-workers in 2001 reported a novel method for the deoxygen-
ation of aromatic alcohols using Raney catalysts.59 Raney cobalt was first used in
this kind of transformation and demonstrates its effectiveness exclusively in
catalysing the deoxygenation of a-substituted alcohol (Scheme 28). Compared to

R/@ Raney cobalt R/\H

i-PrOH, A
!
100% 100%
H H
“
Scheme 28. Deoxygenation of a-substituted
98% 0% alcohols.
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Raney nickel, Raney cobalt is less reactive in transfer hydrogenolysis reactions.
However, its advantage is reflected in the absence of ring reduction encountered
during the deoxygenation of a-substituted alcohols containing two or more arom-
atic rings, which can occur with Raney nickel.

5.2. Deoxygenation of phenol ether

In 2014, Wang and co-workers demonstrated an efficient cobalt-catalysed
method for the reductive cleavage of inert aromatic C—O bonds with high sel-
ectivity.5! The desired products were obtained in good to moderate yields using
airstable Co(acac), as a catalyst (Scheme 29).

Co(acac), (15 mol%)
LiAlH, (2.5 equiv)

H
R1—' = Rz +-BuONa (2.5 equiv) R1—; S +R.-OH
Lz toluene, 140 °C = 2

substrate products

SRl O
: 93%

92%

oo, OO0

R = Me R=Me, 100% R=Me, 98%
R = OMe | R=0OMe, 89% R=OMe, 64%
OMe : H

62%

Scheme 29. Co-catalyzed reductive cleavage of various aromatic C—O bonds.

6. REDUCTIVE DESULFURIZATION

In 2018, Yorimitsu and colleagues developed a method for the reduction of
aryl sulfones to produce the corresponding arenes using cobalt-NHC as a cat-
aylst, and primary alkylmagnesium reagent as a hydride source.>? Additionally,
they demonstrated versatility by extending their methodology to a variety of org-
anosulphur compounds, including alkenyl and benzyl sulfones, N-tosylindole, as
well as aryl sulphide and sulphoxide derivatives (Scheme 30).

The proposed reaction mechanism for the reduction of aryl methyl sulphones
is presented in Scheme 32. In the presence of alkylmagnesium reagent, a low-val-
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ent Co-NHC complex A is formed. The oxidative addition of aryl methyl sulfone
I leads to the formation of arylcobalt methanesulfinate B. Intermediate B then
undergoes the transmetalation with an alkylmagnesium reagent to produce the
alkylarylcobalt C, followed by subsequent f-hydride elimination and reductive
elimination to yield arene II. The methanesulphinate anion generated as the leav-
ing group might undergo reduction under the present highly reductive conditions,
hence requiring an excess amount of alkylmagnesium reagent (Scheme 31).

Co(acac), (10 mol%) Pr

Q.9  IPrHCI (12 mol%)
S CgHy3MgBr (3 equiv) N) N
THF, 70 °C Pr iPr
IPrHCI
i /
T OO CC
H
N~ /
OC1zHps
R=Me, 75% R=Me 66%  R=Me, 83% R = Me, 36%
R = tBu, 74%
R = Ph, 85%
O 9\
‘ 9} :§ Tol
S S s
~
COCO U E L
89% 75% 40% 57%

Scheme 30. Cobalt-calatyzed reduction of aryl sulfones and other sulfonyl compounds.

IPreHCI
+
Co(acac),

BrMg._~g l Q.0
“CH,
i |

SR \@
IPr IPr
oy
.

BrMg-SO,Me
c

Scheme 31. Plausible reaction mechanism.
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7. CONCLUSION

Cobalt-catalysed defunctionalization has emerged as a powerful tool in the
field of organic synthesis, offering chemists efficiency and selectivity in the mod-
ification of complex molecules. Emerging the defunctionalization strategies are
poised to become integral to various energy production methods, such as the
conversion of biomass into biofuels. Additionally, the defunctionalization holds
great importance in drug synthesis, converting environmentally hazardous mole-
cules (such as pesticides) into less harmful forms and obtaining precursors for the
polymer industry.
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Peakuyje nedyHKIMOHAIH3aMje Off BEIUKOT Cy 3Hayaja Y MOAEPHOj OPraHCKOj XeMHUjH.
YecTo, yHKIMOHAIHA Irpyna Mo)Ke OUTH MPUBPEMEHO IPUCYTHA Y MOJIEKYly Kao Hiokupa-
jyha unu 3amTuTHA rpyna Koja ce CeJeKTMBHO MO)Ke YKJIOHHUTH M3 jeluibera. Y OBOM Ipe-
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Abstract. Similarly to a phoenix, SARS-CoV-2 has appeared periodically in
waves. The new variants that appeared through mutations have suppressed
earlier variants, causing new waves of the pandemic. The Omicron BA.2.86
Pirola variant is the latest in the sequence. An increased infectivity was not-
iced, which results in rapid spreading, as well as decreased pathogenicity,
which results in a lower number of severe cases. However, in the public there
is a fear of further development of the epidemic. This analysis was made with
the goal to assess the risks in the period of early 2024. Mutations that were
developed by the BA.2.86 variant have led to a change in empirical formula
and thermodynamic properties. The empirical formula of the BA.2.86 virus
particle is CHj 63902300.284130N0.230031P0.00644050.003765- It 1is different than
those of other variants of SARS-CoV-2, other virus species and cellular org-
anisms. The driving force for the virus multiplication, Gibbs energy change of
biosynthesis of the BA.2.86 variant is —221.75 kJ C-mol-!. It is more negative
than that of its host tissue. According to the biosynthesis phenomenological
equation, the more negative Gibbs energy change of biosynthesis allows the
virus to achieve a greater biosynthesis rate and hijack the host cell metabolism.
However, the Gibbs energy change of biosynthesis of the BA.2.86 variant is
similar to those of the CH.1.1 and XBB.1.16 variants. This means that these
variants should have similar multiplication rates and thus similar pathogenicity.
Therefore, it seems that there is no ground for fear of an extensive spreading of
severe forms, but there are reasons for caution and monitoring of the spreading
of the epidemic and potential appearance of new mutations. Moreover, unlike
the earlier pandemic waves, during the newest pandemic wave, the infections
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with influenza, RSV and BA.2.86 variant simultaneously appeared, which des-
erves an analysis.

Keywords: biothermodynamics; virus-host interaction; COVID-19; pandemic;
variant under monitoring; pathogenicity; pathogen.

INTRODUCTION

Phoenix is an immortal bird that cyclically regenerates. Like a Phoenix,
SARS-CoV-2 has cyclically regenerated several dozen times through mutations
from Hu-1 to the newest Omicron BA.2.86 Pirola variant. With every new mut-
ation and new variant, SARS-CoV-2 has obtained a new life appearing slightly
different from its predecessor. Some of the variants have caused pandemic waves
of high amplitude.! Differently from the mythological phoenix, the SARS-CoV-2
phoenix has disappeared and reborn in front of our eyes during the three years of
the pandemic. Thus, SARS-CoV-2 has appeared in late-2019 in Wuhan and was
labeled as the Hu-1 wild type.2 The mutations of the virus have occurred mostly
in the part of the genome that encodes the spike glycoprotein.> However, the
mutations have occurred in other viral proteins as well.4 The evolution of viruses
and the formation of new variants has been described in the literature.5~9

BA.2.86 Pirola is the latest variant of SARS-CoV-2, which is characterized
by many mutations.!0 The number of mutations in BA.2.86 variant, compared to
the XBB.1.5 variant is similar to the difference between the first Omicron variant
and its predecessor Delta variant.!0 This might give the BA.2.86 variant the abil-
ity to infect people who have previously had COVID-19 or who have received
COVID-19 vaccines, which has raised public concerns.!9 During the late 2023
and early 2024, the BA.2.86 variant has become widely spread.!! Even though
there has been a decrease in number of daily infections worldwide since late 2022,
with the appearance of the new Omicron BA.2.86 variant, the number of COVID-
19 cases has increased since the mid-2023. Due to this situation, it would be good
to perform a physicochemical analysis of the BA.2.86 variant to compare its
ability to infect host cells with that of the previous variants of SARS-CoV-2.12

SARS-CoV-2 belongs to the Coronaviridae family.13 It is an enveloped
virus, with a single stranded positive sense RNA genome.!3 SARS-CoV-2 virus
particles contain four kinds of structural proteins: nucleocapsid (N), membrane
(M), envelope (E) and spike (S). The nucleocapsid protein binds to the viral RNA
and forms the nucleocapsid.!4 The nucleocapsid is enclosed in a lipid bilayer
envelope that contains membrane and envelope proteins.!5 The spike proteins
point out from the surface of the virus particle. They represent the virus antigens
that bind to host cell receptors.!®20 Moreover, the SARS-CoV-2 genome
encodes the viral proteins needed for multiplication, which have been identified
as targets for the antiviral medicines.5!-52
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SARS-CoV-2 belongs to RNA viruses.2! RNA viruses exhibit a great tend-
ency to mutate.22:23 Mutations lead to change in information content of the viral
genome, chemical changes in elemental composition, as well as thermodynamic
properties (enthalpy, entropy and Gibbs energy changes of formation and biosyn-
thesis).24-26 Mutation as a biological phenomenon, except through sequencing,
can be detected through the atom counting method, which allows detection of
changes in elemental composition that appear as a consequence of mutations.2’
Furthermore, changes in elemental composition lead to changes in thermodyn-
amic properties.28-31

Since 2019, in the literature, elemental composition and thermodynamic pro-
perties have been reported for several virus species: Ebola,32 Mpox,33 SARS-
-CoV-2,8.9,16,20,24,25,34 HIV 35 arboviruses,> bacteriophages,3¢ etc. Biothermo-
dynamic mechanisms that influence infectivity and pathogenicity of different
variants and the consequences on epidemiology and mechanisms of spreading of
SARS-CoV-2 are available in the literature.37-42

The aim of this paper is to explore the changes in empirical formula, molar
mass, biosynthesis reactions and thermodynamic properties (enthalpy, entropy,
Gibbs energy changes) of formation and biosynthesis of the Omicron BA.2.86
Pirola variant. Based on the obtained results, the goal is to perform an assessment
of the risk of spreading of an epidemic/pandemic of the BA.2.86 variant in early
2024. Moreover, the pathogenicity of the BA.2.86 variant will be compared to
those of the earlier variants of SARS-CoV-2.

METHODS
Data sources

The genetic sequence of the Omicron BA.2.86 Pirola variant of SARS-CoV-2 was taken
from GISAID, the global data science initiative.*> It can be found under the accession number
EPI ISL 18138566 and is labelled hCoV-19/USA/OH-ODH-SC3032044/2023. Thus, the
findings of this study are based on the metadata associated with one sequence available on
GISAID up to September 24, 2023, and accessible at https://doi.org/10.55876/gis8.230924yd
(please see the Supplementary material to this paper).

The sequence of the nucleocapsid phosphoprotein of SARS-CoV-2 was obtained from
the NCBI database,** under the accession number QIK50455.1. The sequence of the mem-
brane protein of SARS-CoV-2 was obtained from the NCBI database,** under the accession
number QHR63293.1. The sequence of the spike glycoprotein of SARS-CoV-2 was obtained
from the NCBI database,** under the accession number QHR63290.2. The number of protein
copies in the virus particle was taken from literature.*> In a SARS-CoV-2 particle, there are
2368 copies of the nucleocapsid phosphoprotein, 1184 copies of the membrane protein and
222 copies of the spike glycoprotein.*>

The standard Gibbs energy changes of biosynthesis of the wild type Hu-1, Delta
B.1.617.2, Zeta P.2, Eta B.1.525, Theta P.3, Iota B.1.526, Lambda C.37, Mu B.1.621, Kappa
B.1.617.1, Omicron B.1.1.529, Omicron BA.2, Omicron BA.2.75, Omicron BQ.1, Omicron
BQ.1.1, Omicron XBB, Omicron XBB.1, Omicron BA.5.2, Omicron BF.7, Omicron XBB.1.5,
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Omicron BN.1, Omicron CH.1.1, Omicron XBC, Omicron XBB.1.9.1, Omicron XBF and
Omicron XBB.1.16 variants of SARS-CoV-2 were taken from the literature.%-%-18,19.24-26

Empirical formulas

The empirical formulas and molar masses of the virus particle and nucleocapsid of the
Omicron BA.2.86 Pirola variant of SARS-CoV-2 were determined through the atom counting
method as described in references.?’#® The atom counting method is implemented with a
computer program, based on genetic sequences, protein sequences and morphological data.?’

Thermodynamic properties of live matter

Thermodynamic properties of virus particle and nucleocapsid of the Omicron BA.2.86
variant were determined with the Patel-Erickson model?® and Battley model.?8 To find enth-
alpy of live matter (i.e., virus particle or nucleocapsid) with the Patel-Erickson model, the
empirical formula is used to find the number of electrons transferred to oxygen during com-
plete oxidation, £, with the equation:2°

E=4nc+nH—2nO—0nN+5nP+6nS (1)
E is then used to find standard enthalpy change of combustion of live matter, AcH?, with
the equation:
kJ
-mol

AcHo(bio):—111.14C xE ©)

AcHY is then used to calculate standard enthalpy change of formation of live matter,
AHO, with the equation:2

ArHO(bio) = ncA HO(CO,) +n7HAfHO(H20) + ’fTPAfHO(PA‘om) + )
+nsAfH0(SO3) - AcHO
Entropy of live matter is calculated with the Battley model, based on its elemental com-
position. Standard molar entropy of live matter, S°,, is given by the equation:
Sh(J)

ay

59 (bio)=0.187)

ny “4)

where S9(J)is standard molar entropy of element J, a; number of atoms of element J in its
standard state elemental form, and n; the number of atoms of element J in the empirical for-
mula of live matter.?® The summation is over all elements J of which the live matter con-
sists.28 The Battley model can also be used to find standard entropy change of formation of
live matter, ApS?,28 if the constant 0.187 is changed to —0.813:

Sh(),
ay

ApSO(bio)=-0.813) " J ®)

Finally, AS? and A¢H° are combined to find standard Gibbs energy change of formation,
AGO, of live matter

A¢G(bio) = A;HO(bio) — TA;S°(bio) (6)

where T is temperature.4’
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Biosynthesis reactions

Biosynthesis reactions of the virus particle and nucleocapsid of the Omicron BA.2.86
variant were formulated based on their empirical formulas. Biosynthesis reactions are macro-
chemical equations of conversion of nutrients into new live matter in metabolism.*’ The gen-
eral biosynthesis reaction for viruses has the form:

(Amino acid) + O, + HPO,* + HCO;" — (Bio) + SO42 + H,0 + H,CO4 (7

where (Amino acid) represents a mixture of amino acids, which has the empirical formula
CH; 70500 4831N0.224750.022472.08%17:23 Newly synthetized live matter, (Bio), is represented
with its empirical formula.%8-:1723 The source of energy, carbon, nitrogen and sulfur for
biosynthesis are the amino acids.®3:%-17:23 The electron acceptor is 0,.98%1723 The source of
phosphorus is HPO4%.6:8.9:17.23 Excess H' generated during biosynthesis are absorbed by the
HCO5', which is a part of the bicarbonate buffer.6:8.9:1723 Excess sulfur atoms are released in
the form of SO,%, which is an additional metabolic product.6-89-17:23 The oxidized carbon

atoms are released in the form of H,CO;, which is also a part of the bicarbonate buf-
fer.6:8.9.17.23

Thermodynamic properties of biosynthesis

Thermodynamic properties of biosynthesis of the virus particle and nucleocapsid of the
Omicron BA.2.86 variant of SARS-CoV-2 were calculated with the Hess’s law. They were
found based on the biosynthesis reactions and thermodynamic properties of live matter. Ther-
modynamic properties of biosynthesis include standard enthalpy change of biosynthesis,
A, H°, standard entropy change of biosynthesis, ApS?, and standard Gibbs energy change of
biosynthesis, ApGY.47 They can be found by application of the Hess’s law to the biosynthesis
reactions:

ApHO = zpm e AHO =D VAHC ®)
ApsS© = me AT SN A ©)
ApsGO = me e AGO=D  VAGE (10)
where v represents a stoichiometric coefficient.6-8:9:17.23.29.47
RESULTS AND DISCUSSION

Empirical formula and thermodynamic properties of live matter

The empirical formula of the virus particle of the Omicron BA.2.86 variant
of SARS-CoV-2 is reported for the first time:
CH1.63902300.284130N0.230031P0.00644050.003765 (Table I).

Empirical formulas have been reported in the literature for other SARS-CoV-2
variants. The empirical formula of the virus particle of the Hu-1 wild type of
SARS-CoV-2 is CH{ ¢39000.2851N0.2301P0.006550.0038.2> The empirical formula
of the virus particle of the Delta variant of SARS-CoV-2 is:

CH} 638300.2844N0.2294P0.006450.0042-%>

The virus particle of the Omicron BA.1 variant of SARS-CoV-2 is characterized
by the empirical formula CH; ¢40400.2842N0.2299P0.006450.0038.2> The empirical
formula of the virus particle of the Omicron BA.2 variant of SARS-CoV-2 is
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CH1 640300.2838N02298P0.006450.0038-26 Moreover, empirical formulas of other
virus species have been reported in the literature. The empirical formula of a
Poxviridae virus particle is CHj 587600.3008N0.2538P0.0022350.00554-33 A
Vaccinia virus particle is characterized by the empirical formula
CH 587700.3232N0.2531P0.00371S0.00540-3 Therefore, every virus species and
variant is characterized by a different empirical formula. Based on the empirical
formula, it is possible to identify the virus. This provides a rapid method for virus
identification through single particle inductively coupled plasma mass spectro-
scopy, as described by Degueldre.34

TABLE 1. Empirical formulas and molar masses of the Omicron BA.2.86 Pirola variant of
SARS-CoV-2. Empirical formulas have the general form CH,;O,oNnPLpSas, Where ny, 1o,
ny, np and ng are numbers of H, O, N, P and S atoms in the empirical formula, respectively.
Molar masses were reported in two forms: molar mass of the empirical formula, Mr, and total
molar mass of the macromolecular assembly (entire virus particle or entire nucleocapsid),
Mr(tot)

Parameter Virus particle Nucleocapsid
ng 1.639023 1.570946
1o 0.284130 0.343118
nN 0.230031 0.312432
np 0.006440 0.006007
ng 0.003765 0.003349
Mr/ g C-mol! 21.75 23.75
Mr(tot) / MDa 219.7 117.6

Empirical formulas have been reported in the literature for various species of
cellular organisms. The empirical formula of Escherichia coli (bacteria) is:
CH}.91800.528N0.257P1.76x102S5 54x10°K5 87x103Mg2.07x103Cag 36x104
Mng g9x10-6Fe7 82x105CU1 62x106ZN2 41x105.>1 The empirical formula of Peni-
cillium chrysogenum (mold fungi) is:

CH2,02600.511N0.185P9.15x10254.17x10°K3 45x102Mg1.47x103Ca3.69x 10-*Mn
1.08x10-F€9 51x10-°CU1 24x10-ZN2 15x10-5>1  Saccharomyces cerevisiae (yeast
fungi) is characterized by an empirical formula:
CH1.61300.557N0.158P0.01280.003K0.022Mg0.003Ca0.001.2® The empirical formula
of the human organism is:
CH1.729600.2591N0.1112P0.013450.003N20.0027K0.0031C20.0173Clo.0018-
The empirical formula of the virus particle of the Omicron BA.2.86 variant of
SARS-CoV-2 is  CH1 63902300.284130N0.230031P0.00644050.003765  (Table 1I).
Therefore, every class of organisms is characterized by a unique empirical
formula different than those of other organisms.

Except for its empirical formula, the Omicron BA.2.86 variant of SARS-
-CoV-2 has its characteristic thermodynamic properties of live matter (enthalpy,
entropy and Gibbs energy change), which were determined in this research

48
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(Table II). The Gibbs energy change of the formation of the Omicron BA.2.86
virus particle is —24.64 kJ C-mol~!, while that of the BA.2.86 nucleocapsid is
—33.32 kJ C-mol~! (Table II). Therefore, the virus particle has a greater (less
negative) Gibbs energy change than the nucleocapsid. This means that the virus
particle has a greater usable energy content. The reason for this are the lipids in
the viral envelope. The SARS-CoV-2 virus particle contains a lipid envelope.!3
The lipids in the envelope have a high energy content.*® Therefore, the usable
energy content of the virus particle is greater than that of the nucleocapsid.

TABLE II. Thermodynamic properties of live matter of the Omicron BA.2.86 variant of
SARS-CoV-2: standard enthalpy change of formation, AHY, standard molar entropy, S,,%, and
standard Gibbs energy change of formation, A;G?

Name AMHO / kI C-mol! S0/ 1 C-mol'! K-! AGO /kJ C-mol!
Virus particle —64.43 30.70 —24.64
Nucleocapsid —75.41 32.47 —33.32

The Gibbs energy changes of formation have been reported in the literature
for other virus species and variants. The virus particle of the Hu-1 wild type of
SARS-CoV-2 is characterized by a Gibbs energy change of formation —24.8 kJ
C-mol~1.25 Gibbs energy change of formation of the virus particle of the Omic-
ron BA.2.86 variant of SARS-CoV-2 is —24.64 k] C-mol~! (Table II). Thus,
Gibbs energy change of formation of the BA.2.86 variant is different than that of
the Hu-1 wild type. Moreover, Gibbs energy change of a Poxviridae virus par-
ticle is —25.3 kJ C-mol~!,33 while that of a Vaccinia virus particle is —30.0 kJ C-
-mol~1.33 Thus, the virus particle of the Omicron BA.2.86 variant of SARS-CoV-2
has a different Gibbs energy change of formation than those of the Vaccinia and
Poxviridae virus particles. Therefore, every virus species and variant has a char-
acteristic Gibbs energy change of formation.

Gibbs energy changes of formation of cellular microorganisms can also be
found in the literature. Gibbs energy change of formation of some cellular micro-
organisms are: —66.98 kJ C-mol-! for Escherichia coli bacteria, —87.07 kJ C-
-mol~! for Saccharomyces cerevisiae yeast fungi and —18.99 kJ C-mol~! for
Penicillium chrysogenum mold fungi.30 Thus, the Gibbs energy changes of these
cellular microorganisms are different than that of the Omicron BA.2.86 variant of
SARS-CoV-2 (-24.64 kJ C-mol-1). Furthermore, the Gibbs energy change of
formation of the human organism is —37.54 kJ C-mol~!,48 which is different than
that of the Omicron BA.2.86 variant of SARS-CoV-2. This means that every
class of organisms should have a characteristic Gibbs energy change of form-
ation, summarizing the usable energy content in its life matter.
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Biosynthesis reaction and thermodynamic properties of biosynthesis

Based on the empirical formulas of the virus particle and nucleocapsid of the
Omicron BA.2.86 Pirola variant of SARS-CoV-2, biosynthesis reactions were
formulated (Table III). The biosynthesis reaction of the virus particle of the
Omicron BA.2.86 variant is:

1.023637CH| 79800.4831N0.224750.022472 + 0.010469CH,0 + 0.006440HPO 42~ +
+0.025596HCO3~ — CH| 63902300.284130N0.230031P0.00644050.003765
+0.019238S0,2 + 0.067397H,0 + 0.059701H,CO;3 (11)

where CH1 79800.4831N0.2247S0.022472 is the empirical formula of amino acids
and CH1 63902300.284130N0.230031P0.00644050.003765 1 the empirical formula of
the BA.2.86 virus particle (Table I). The biosynthesis reaction of the nuc-
leocapsid of the Omicron BA.2.86 variant is:

1.390323CH 79800 4831N0.2247S0.022472 + 0.4924780, + 0.006007HPO42~ +

+0.043774HCO3~ — CH| 57094600.343118N0.312432P0.00600750.003349 +
+0.027894 SOy2~ + 0.055049H,0 + 0.434097H,COs5 (12)

where CH|.57094600.343118N0.312432P0.00600750.003349 is the empirical formula
of the BA.2.86 nucleocapsid (Table I). The biosynthesis reaction of the BA.2.86
virus particle contains both amino acids and carbohydrates as an energy source,
while that of the BA.2.86 nucleocapsid contains only amino acids. This means
that the biosynthesis of the BA.2.86 virus particle takes more energy than the
biosynthesis of the nucleocapsid alone. The reason for this is the higher energy
content in the virus particle, due to the lipids in the viral envelope, as discussed
above. The lipids in the viral envelope have a high energy content.* This means
that the virus particle that contains the lipid envelope takes more energy for bio-
synthesis than the nucleocapsid which doesn’t contain lipids. This energy comes

TABLE III. Biosynthesis stoichiometry for the Omicron BA.2.86 variant of SARS-CoV-2.
The general biosynthesis reaction has the form (Amino acid) + CH,0 + O, + HPO,2 + HCO;5
— (Bio) + SO,% + H,0 + H,COj3. “Amino acid” represents a mixture of amino acids with the
formula CH; 7950¢.4831N0.224750.022472- “Bi0” represents the empirical formula of live matter
from Table I

Role Name Virus particle Nucleocapsid
Reactants Amino acid 1.023637 1.390323
CH,0 0.010469 0.000000
0, 0.000000 0.492478
HPO,> 0.006440 0.006007
HCO; 0.025596 0.043774
Products Bio 1.000000 1.000000
S0, 0.019238 0.027894
H,0 0.067397 0.055049
H,CO; 0.059701 0.434097
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from the carbohydrates in the biosynthesis reaction. The biosynthesis reaction of
the BA.2.86 virus particle requires more hydrogen phosphate ion than that of the
nucleocapsid. HPO42- is the phosphorus source for biosynthesis. The higher
amount of HPO42 in the biosynthesis reaction is due to phospholipids in the
envelope of the virus particle.

Based on the biosynthesis reactions, the thermodynamic properties of bio-
synthesis of the BA.2.86 variant were determined for the first time. The enthalpy
change of biosynthesis of the BA.2.86 variant nucleocapsid is —232.88 kJ C-mol-!
(Table 1V). This means that the enthalpy of biosynthesis contributes favourably
to the biosynthesis process. The entropy of biosynthesis of the BA.2.86 nucleo-
capsid is —37.48 kJ C-mol~! (Table IV). The negative entropy change is unfav-
ourable for the biosynthesis reaction. The Gibbs energy change of biosynthesis of
the BA.2.86 variant is —221.75 kJ C-mol~!. The negative Gibbs energy change,
which is due to the negative enthalpy change of biosynthesis, means that the bio-
synthesis process is thermodynamically favourable.

TABLE IV. Thermodynamic properties of biosynthesis for the Omicron BA.2.86 variant of
SARS-CoV-2: standard enthalpy change of biosynthesis, A H°, standard entropy change of
biosynthesis, ApS®, and standard Gibbs energy change of biosynthesis, ApG°

Name ApH? / kK] C-mol! ApS /T C-mol! K1 ApG° / kI C-mol!
Virus particle —4.80 6.94 —6.94
Nucleocapsid —232.88 —37.48 —221.75

Virus—host and virus—virus interactions

Gibbs energy change of biosynthesis represents the driving force for the bio-
synthesis process.#” A more negative Gibbs energy change of biosynthesis, AwsG,
implies a greater biosynthesis rate, rs, according to the biosynthesis phenomen-
ological equation:

oy == 25 A4y (13)
where Lys is the biosynthesis phenomenological coefficient and 7 is tempera-
ture.8:23.25 Gibbs energy change of the biosynthesis of the nucleocapsid of the
BA.2.86 Pirola variant of SARS-CoV-2 is —221.75 kJ C-mol~! (Table IV). On
the other hand, Gibbs energy change of biosynthesis for the lung tissue is —49.76
kJ C-mol~1.32 Therefore, the BA.2.86 variant has a much more negative Gibbs
energy change of biosynthesis. This means that, according to the biosynthesis
phenomenological equation, the biosynthesis rate of the BA.2.86 variant will be
much greater than that of its host tissue. Due to this, the infected host cells will
produce the virus particles at a much greater rate than their own building blocks.
This allows the hijacking of the host cell metabolism by the virus. The virus and
its host cell compete for the cellular metabolic machinery and resources. The
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competition occurs in the host cell cytoplasm, at the ribosomes. The virus has a
much greater driving force of biosynthesis, in the form of negative Gibbs energy.
This means that the virus will have a much greater biosynthesis rate, which will
allow it to hijack the host cell metabolism.

The Gibbs energy change of biosynthesis is proportional to the biosynthesis
rate of a virus, according to the biosynthesis phenomenological equation. In case
that several virus species or virus variants are simultaneously in circulation in the
population, the virus with the most negative Gibbs energy change of biosynthesis
will have a competitive advantage.!8:50 The virus characterized by a more negat-
ive Gibbs energy change of biosynthesis will have a greater biosynthesis rate.!8:50
This will allow it to dominate over other viruses circulating in the popul-
ation.18:50 Gibbs energy changes of biosynthesis of SARS-CoV-2 variants are
shown in Fig. 1. The Gibbs energy change of biosynthesis of the nucleocapsid of
the BA.2.86 Pirola variant of SARS-CoV-2 is —221.75 kJ C-mol-! (Table 1V).
Gibbs energy changes of biosynthesis of nucleocapsids of other variants under
monitoring are —221.21 kJ C-mol~! for the Omicron CH.1.1 variant® and —221.19
kJ C-mol-! for the Omicron XBB.1.16 variant.8 Therefore, the Gibbs energy
changes of biosynthesis of the BA.2.86, CH.1.1 and XBB.1.16 variants are very
similar. This means that in case these SARS-CoV-2 variants appear in a popul-
ation, they will have very similar biosynthesis rates. This means that no variant
will have an advantage in the competition in a short time period. As a result, all
three variants should circulate in the population during a pandemic. However,
having in mind that even though it is small, the difference in Gibbs energy
changes of biosynthesis exists, which is the most negative for the BA.2.86 vari-
ant, which means that in a long time period, it will be able to suppress the CH.1.1
and XBB.1.16 variants.

° Omicron XBB - Omicron XBB.1.5 - Omicron CH.1.1
-217.00 1. R OmicronBQ.1.1
Delta B.1.617.2 Omicron BN
Omicron XBB.1
Omicron BA.2,75 Omicron XBF
Omicron BA.2
__-219.00 Mu B.1.621
2 Theta P.3 Omicron XBB.1.16
O Kappa B.1.617.1
2 =m———
o -22100 | . T T T T ——— — — g — Omicron XBB.1.9.1
[} ° ° o2 o o TSR Ty — e e %
& o
ZetaP.2
°
Wild type Hu-1 lota B.1.526
e Lambda C.37
ambaa & Omicron BF.7
Eta B.1.525
Omicron B.1.1.529 Omicron BQ.1
Omicron XBC Omicron BA.5.2
-225.00
May-19 June-20 July-21 August-22 October-23
Time

Fig. 1. Gibbs energy changes of biosynthesis of SARS-CoV-2 variants.
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The concern expressed in the social media, concerning the greater patho-
genicity of the new BA.2.86 variant seems not to be reasonable, since its Gibbs
energy change of biosynthesis is only slightly different than that of the other vari-
ants. The epidemiological measures that were undertaken in the fight against the
other variants that caused the pandemic should result in an adequate response
against the spreading of the BA.2.86 variant. However, the data related to kin-
etics of binding of the new variant to the host cell receptors are still not available.
Therefore, in this work, it is not possible to predict with certainty the potential
changes in infectivity of the new BA.2.86 variant compared to the other variants
of SARS-CoV-2.

The latest wave caused by the Omicron BA.2.86 variant has shown a spe-
cific aspect. Unlike the earlier waves caused by earlier SARS-CoV-2 variants,
during the latest wave, the epidemics appeared in parallel caused by other
viruses. For example, in Serbia, the cases caused by infection with influenza
were registered simultaneously. Having in mind that in the same place at the
same time, at least 3 different viruses appeared, there was competition between
them. The competition between SARS-CoV-2 and other viruses was reported in
literature.% 50 We must have in mind that the pandemic wave that was reported in
literature>0 was of high intensity, with a large number of infected people and a
small number with people with natural or artificial immunity. The reported bio-
thermodynamic properties have shown that in that epidemic wave, there was int-
erference. This means that SARS-CoV-2 dominated, while influenza, parainflu-
enza and RSV were suppressed, because their biothermodynamic properties were
not favourable. In the late 2023 and early 2024, the situation is completely dif-
ferent, since the extent of vaccination against COVID-19 was far greater and also
the natural immunity of the population was also greater. Thus, the intensity of the
pandemic caused by the Omicron BA.2.86 variant is much lower and is about
several thousand new cases daily. This has led to a “dilution” of the virus in the
population and therefore decreased the ability of spreading. Therefore, despite
the still unfavourable thermodynamic properties, there has been a parallel dev-
elopment of epidemics, caused by different viruses. From this we can conclude
that even though thermodynamic properties of the antigen—receptor binding and
the thermodynamic properties of multiplication of the virus play a biologically
important role in the development of the pandemic, an important role is played
by epidemiological measures, in the sense of isolation and vaccination. There-
fore, vaccination remains the primary method in the fight against the epidemic.

CONCLUSIONS

This research reports for the first time the empirical formula, molar mass,
biosynthesis reactions and thermodynamic properties (enthalpy, entropy and
Gibbs energy changes) of formation and biosynthesis of the Omicron BA.2.86
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Pirola variant of SARS-CoV-2. The empirical formula of the BA.2.86 virus par-
ticle is CH1.63902300.284130N0.230031P0.00644050.003765, Which has a molar mass
of 21.75 g/C-mol. The empirical formula of the BA.2.86 variant is different than
the empirical formulas of other SARS-CoV-2 variants, other virus species and
cellular organisms.

The standard Gibbs energy change of formation of the BA.2.86 virus particle
is —24.64 kJ C-mol!, while that of the BA.2.86 nucleocapsid is —33.32 kJ C-
-mol~!. Gibbs energy change of formation of the virus particle is less negative
than that of the nucleocapsid, which implies a greater usable energy content of
the virus particle. This is due to the structure of the virus particle. The virus par-
ticle is enveloped and contains lipids, which have a high usable energy content
and are not present in the nucleocapsid.

The nucleocapsid of the BA.2.86 variant is characterized by a Gibbs energy
change of biosynthesis of —221.75 kJ C-mol-!. Gibbs energy change of bio-
synthesis of the BA.2.86 variant is more negative than that of its host tissue. The
more negative Gibbs energy change of biosynthesis means that the virus will
have a greater biosynthesis rate than the host tissue, according to the biosynthesis
phenomenological equation. The greater biosynthesis rate means that an infected
host cell will produce more virus particles than its own building blocks. This
allows the virus to hijack the host cell.

Gibbs energy change of biosynthesis of the BA.2.86 variant is very similar
to those of the other variants under monitoring: CH.1.1 and XBB.1.16. The
Gibbs energy change of biosynthesis represents the driving force for biosynthesis
of virus particles and is proportional to their biosynthesis rate. Since the BA.2.86,
CH.1.1 and XBB.1.16 variants have similar Gibbs energy change of biosynthesis,
they will have similar biosynthesis rates. This means that they will have very
similar pathogenicity.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12862, or from the corres-
ponding author on request.
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H3BOJ
OMHUKPOH BA.2.86 TIMPOJIA HORHA MOPA: EMITUPUJCKE ®OPMYJIE U
TEPMOJIWMHAMUWYKE OCOBUHE (ITPOMEHE EHTAJITIUIE, EHTPOITUJE U TUBCOBE
EHEPTUJE) HYKJIEOKATICUIA, BUPYCHE YECTHULE U BUOCUHTE3E BA.2.86
[MTUPOJIA BAPUJAHTE

MAPKO E. [IOITOBUR!, MAPTA ITOIIOBUR?, TABPUJIO IIEKYJIAPALL"® © MAPUJAHA ITAHTOBUT ITABJIOBUR'?
"Ynueepsuitieini y Beoipagy, HHcliutiy i 3a XeMujy, TEXHOLOTUfy u memdnypiujy, beiowesa 12, 11000
Beotpag, *Ynusepsuiie y Beoipagy, Buonowxu ®axyniietn, Ciygenmmcku Tpt 16, 11000 Beoipag u
SYnueepsumein y Beoipagy, Lleniiap u3y3emHux 6pgHOCTEY 30 XEMUJY U UHHEHEPUHT HUBOTIHE CPeJUHE
HXTM, Beoipag

CnuuHo denukcy, SARS-CoV-2 ce nepruopM4HO MNOjaBbMBao y Tanacuma. Hose Bapu-
jaHTe Koje Cy ce IojaBwie Kpo3 MyTalyje MOTUCHYJE Cy paHHUje BapHjaHTe, LITO je U3a3Basio
HOBe Tasnace nanaemuje. Omukpon BA.2.86 IIupona BapHujaHTa je HajHOBHUja y HU3Y. YOUEHA je
noBehaHa MHGEKTUBHOCT, IITO Pe3yaTHPa OP3UM IIHPEHEM, Kao U CMambeHa NMaToreHoC T, MITO
pe3yiThpa MambuM OpojeM TelKHX ciryvajeBa. MehyTum, y jaBHOCTH TIOCTOjU CTpax Of Hajber
pa3Boja enupemuje. OBa aHanu3a je ypaheHa ca LubeM Jia CE NPOLIEHE PU3ULIU Y IEPUOAY Of
novetka 2024. roguHe. MyTauuje koje je passuna BapujanTta BA.2.86 nosene cy [0 mpoMeHe
eMInupyjcke (opmyne U TEDMOJUHAMHUKHUX ocobuHa. Emnupujcka dopmyna BA.2.86 BH-
pycHe dectuue je CHi,63902300,284130N0,230031P0,006440S0,003765. OHa ce pasnukyje ce om IOpPYTHX
BapujaHTu SARS-CoV-2, mpyrux Bpcra BUpyca U henujckux opraHusama. IloroHcka cuma 3a
YMHOJKaBamwe BUpyca, mpoMeHa ['ndcose eHepruje duocunrese Bapujante BA.2.86 je —221,75
kJ C-mol'. OHa je HeraTuBHHja on npomHe [uGcoBe eHepruje SuocHHTE3e TKKUBA JoMahuHa.
IIpema (EHOMEHOJIONIKO] jefHAYMHU OMOCHHTE3€, HeraTHBHHja mpomeHa ['mbcoBe eHepruje
duocuHTese omoryhasa BUpyCy fia MOCTUrHe Behy Op3uHy OMoCHHTe3e U npeysme MeTadomu-
3am henuje nomahuna. Mehytum, mpomena I'nbcose enepruje duocunTese Bapujante BA.2.86
je cnmuyHa oHoj Koz BapujanTu CH.1.1 u XBB.1.16. To 3Hauu na oBe BapujaHTe Tpeda Aa UMajy
CI4He Op3uHe pasMHOXKaBamwa, a CaMUM THM U CJIMYHY NaToreHocT. JJakie, YMHHU ce Ia HeMa
OCHOBA 3a CTpax Of eKCTEH3UBHOT IIHMPE®ma TEIKUX 00/IMKa, ajld [IOCTOje Pas3/io3H 3a ONpe3 U
npahemwe MWUpewa eNUIeMyje U OTeHLUjalHe 110jaBe HOBUX MyTalHja. IlITaBule, 3a pasiuky
0 PaHHjUX NaHJEMUjCKUX Tanaca, TOKOM HajHOBHjer MaHAEMMjCKOT Taraca, HCTOBPEMEHO CY
ce nojasune uHodexuuje nHdayenue, RSV u sapujante BA.2.86, 1ITO 3aCIyXyje aHaIu3y.

(TTpummeHo 12. mapTa, peBuaMpaHo 4. anpuna, npuxsahexo 8. maja 2024)
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Abstract: Pyrolysis of quercetin-3-O-rutinoside or rutin and its esters were
investigated. Purified ester samples were prepared from lipase-catalyzed ester-
ification of the parent flavonoid, i.e., rutin using acyl donors with different car-
bon chain length. X-ray diffraction revealed the presence of crystalline peaks in
the rutin esters. The degradation activation energies (£,) as a function of con-
version degree o were determined using Kissinger—Akahira—Sunose and
Flynn—Wall-Ozawa methods, with corroborative results. Disparity in E, imp-
lies distinct thermal degradation routes. For all studied compounds, degradation
is a non-spontaneous process. The presence of acyl moieties and their corres-
ponding carbon chain length in relation to thermodegradation profiles, E,,
entropy (AS) and enthalpy (AH) changes of the pyrolysis are discussed.

Keywords: activation energy; ester; flavonoid; pyrolysis; thermogravimetry.

INTRODUCTION

Quercetin-3-O-rutinoside, or known simply as rutin is a flavonoid with 3-
-hydroxyflavone backbone comprising of quercetin and disaccharide rutinose
(glucose and rhamnose). Rutin is well known for its powerful antioxidant pro-
perties!-2 alongside multiple pharmacological activities that include anti-inflam-
matory,3-4 anti-diabeticS and anti-leukemia.® It has been shown that rutin prepar-
ation as a highly purified nanocrystal significantly improved its physicochemical
properties, particularly its oral bioavailability.’

The potential of flavonoids in theranostic application is limited by their low
stability and solubility in the fatty- and aqueous milieu, respectively. To circum-
vent a number of disadvantages in the traditional chemical synthesis, employing
lipase-catalyzed acylation of flavonoid with fatty acid is highly precise for intro-

* Corresponding author. E-mail: suffian_annuar@um.edu.my
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824 RAZAK and ANNUAR

ducing non-polar group to the former. Enzymatic acylation of flavonoids has
been reviewed by the previous literature.8-10 The reaction is affected by crucial
variables such as acyl donor, acyl acceptor, ratios of reactants, and nature of
solvent, temperature, reaction time and water content.

Among the flavonoids, there is a strong interest in the synthesis of rutin
esters as they possess wide biological activities and pharmacological effects.
Rutin esters exhibit higher antioxidant properties in the various experimental
conditions studied,!1-13 protect LDL cholesterol from oxidation in vitro,!4 inhi-
bit sarco/endoplasmic reticulum Ca2"-ATPase activity,!5 induce the significantly
higher levels of micronucleil® and decrease the production of vascular endo-
thelial growth factor in human K562 lymphoblastoma cells.!” Recently, Cardona
et al. demonstrated that rutin fatty ester formulation with 10 % poly [dimethylsil-
oxane-co-(3-(2-(2-hydroxyethoxy)ethoxy)propylmethylsiloxane] (PDMSHEPMS)
showed significant increase in mucus permeation compared to the formulation
without when tested in self-emulsifying delivery system (SEDDS) for oral
administration.!8 Researches have shown that rutin esters can be potentially
applied in the pharmaceutical, food and cosmetic industries.8-10

In this study, rutin esters were synthesized via optimized lipase-mediated
esterification of rutin, followed by their subsequent isolation to obtain analytical
quantity of purified compounds for thermogravimetric studies. X-ray diffraction
(XRD) was employed to study the crystallinity properties of purified rutin esters
viz. rutin laurate, rutin myristate, rutin palmitate relative to the parent molecule,
i.e., rutin, along with their thermal degradation attributes; addressing an import-
ant gap in the literature on the pyrolysis of high value flavonoids and their fatty
acid esters. Kissinger—Akahira—Sunose (KAS) and Flynn—Wall-Ozawa (FWO)
methods were adopted to calculate the activation energies associated with calori-
metric investigation of rutin and its esters. The findings provide insights on ther-
mal degradation behavior of these valuable compounds; aiding product develop-
ment alongside potential processing routes for the flavonoid esters.

EXPERIMENTAL
Materials
Lipase from Candida antarctica immobilized on acrylic resin (CAL-B), molecular sieve
4 A, and the acyl acceptor, rutin were purchased from Sigma—Aldrich. Acyl donors viz. lauric
acid (dodecanoic acid), myristic acid (tetradecanoic acid) and palmitic (hexadecanoic acid),
acetone, ammonium formate, methanol and acetic acid were supplied by Merck. Analytical
grade solvents and reagents were used as received.

Enzymatic synthesis of rutin ester

The reaction conditions are adopted from the earlier work.!® Three different carbon chain
lengths of acyl donor are selected, i.e., lauric acid (C-12), myristic acid (C-14) and palmitic
acid (C-16) for esterification. Filtered rutin (5103 M) and fatty acid (0.25 M) were solu-
bilized in 5 mL acetone previously dried with 4 A molecular sieves. Direct esterification was
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started by the addition of 50 mg of immobilized lipase. The reaction was carried out in screw-
-capped glass tubes shaken horizontally at 200 rpm, 55 °C. After 96 h, 0.2 mL aliquot from
the reaction mixture was sampled. Each sample was dried at 70 °C, and re-suspended in 1 mL
of methanol and filtered through a 0.22 um PTFE filter for subsequent analysis by HPLC.
Three independent replicates were made for every measurement. Control experiments (with-
out catalyst) were also conducted in parallel.

In order to study the effects of selected reaction parameters, experimental design using
full factorial design (FFD) was devised in MINITAB® 15 software. The effects of three key
variables viz. acyl donor concentration (M, represented by lauric acid), temperature (°C) and
enzyme loading (g) were initially screened using full factorial design (FFD). Lipase-catalyzed
synthesis of rutin ester was performed in random triplicates with lowest, middle and highest
factor levels (Supplementary material to this paper, Table S-I). The effects of studied vari-
ables were evaluated in terms of rutin ester yield as the response output.

With three variables, each studied at three levels (minimum, middle and maximum point
values), there were 27 experimental runs including triplicates generated by MINITAB® 15
software. The design was completely randomized along with the sampling.

High performance liquid chromatography (HPLC)

Quantitative analysis of rutin and its esters were performed in a HPLC (Jasco, Japan)
system equipped with degasser (DG 980 50), binary pump (PU 980), auto sampler (AS 950),
column oven (CO 965) and ultraviolet (UV) detector (UV 975). The detector was operated in
ultraviolet wavelength detection at 280 nm. A Chromolith® HR RP-18¢ column (4.6 mmx10
mm, 2 pm, Merck, Darmstadt, Germany) fitted with analytical guard column (4.6 mmx10
mmx2 pum) was used for separation. The temperature of the column was maintained at 35 °C
with a flow-rate of 1 mL min’!. The injection volume was set at 20 uL. The separation of
different components of the reaction mixture was performed using a gradient of methanol (A)
and water with 0.1 % acetic acid (B) (A/B volume fraction): 0.1 (30/70), 5.0 (100/0), 10.0
(100/0), 11.0 (30/70) and 15.0 min (30/70). The conversion of reactants to acylated flavonoid
(rutin ester) was calculated as the percentage difference between initial and residual molar
concentration of rutin parent molecule:

=100 Finitial — Frcsidual (1)
[Flinitial

where [F]; ;a1 1 the initial rutin concentration and [F egiguar 1S the residual rutin concentration

in the mixture at the end of the reaction. Calibration plot for rutin was constructed using its

standard compound dissolved at different molar concentrations in methanol.

The pure rutin esters (rutin laurate, rutin myristate and rutin palmitate) were separated in
Agilent HPLC, LC 1200 (Agilent Technologies, USA) system equipped with automatic fract-
ion collector. The operating details for the separation of the mixtures are similar with earlier
mentioned method.

Conversion (%)

Liquid chromatography/tandem mass spectrometry (LC/MS/MS)

Molecular weight analyses for rutin and its esters were performed using a liquid chroma-
tograph (LC, Shimadzu, LC 20 AD, binary pump) interfaced to AB Sciex 3200QTrap LC/MS/
/MS with Perkin Elmer FX 15 uHPLC system used for integration, calibration, plotting of
LC-MS spectra and data processing, for both qualitative and quantitative analyses. A Pheno-
menex Aqua C18 reversed phase column (50 mmx20 mm, 5 pm particle size) was installed as
the stationary phase. Reaction components separation were achieved using different gradients

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



826 RAZAK and ANNUAR

of 0.1 % formic acid and 5 mM ammonium formate in water (C) and acetonitrile with 0.1 %
formic acid and 5 mM ammonium formate (D) as follows (C/D volume fraction): 0.01
(90/10), 8.00 (10/90), 11.00 (10/90), 11.10 (90/10) and 15.00 min (90/10) at a constant flow
rate of 0.25 mL min’!. The column oven temperature was operated at 40 °C with the injection
volume of 20 uL over the total running time of 15 min. The mass spectrometer was operated
in the negative turbo ion spray (ESI) mode, and the electrospray source parameters were fixed
as follows: electrospray capillary voltage 3.5 kV, source temperature 500 °C. Nitrogen was
used in the electrospray ionization source. The de-solvation gas and source gas flows were at
40 psi. The de-clustering potential and entrance potential were at 40 and 10 V, respectively.

Thermogravimetric analysis (TGA)

Thermal properties of standard rutin and acylated rutin viz. rutin laurate, rutin myristate,
rutin palmitate were determined using thermogravimetric analysis (TGA) performed using
Perkin Elmer TGA 4000 machine (Perkin Elmer, USA). Approximately 8 to 10 mg of the
sample was loaded onto the ceramic crucible pan. Each sample was heated from 30 to 800 °C
at multiple heating rates of 5, 10, 15 and 20 °C min™! under a nitrogen flow rate of 20 mL min™'.

Thermodynamic and kinetic analyses of thermal degradation of rutin and its esters

The activation energy (E,) values for thermal degradation of rutin and its esters were
calculated using iso-conversional method on the basis that the reaction rate depends on tem-
perature and conversion degree. Compared to model-fitting method, the kinetic approach is
preferable as it is sufficiently flexible to allow for any changes in the mechanism during the
reaction course, and mass transfer limitation is minimized by the use of multiple heating rates.
Two kinetic methods namely Kissinger—Akahira—Sunose (KAS) and Flynn—Wall-Ozawa
(FWO) were applied for the analysis of samples thermograms. Mathematical basis and der-
ivation for the analysis are provided in the Supplementary material.

X-ray diffraction (XRD) analysis

Powder X-ray diffraction (XRD) analysis was performed on the prepared sample powder
for phase identification and determination of crystallite size using a PANalytical EMPYREAN
machine (Analytical, Almelo, Netherlands). The operation voltage and current were at 40 kV
and 40 mA, respectively, with a diffraction angle from 10 to 70° applying a resolution of 26.

The average crystallite size is determined using Debye—Scherrer equation:

K
Pcosé
where D is mean crystallite size, x is coefficient equal to 0.94, 1 is the wavelength of the X-

-ray radiation used (0.15406 nm), S is full width half maximum intensity measured in radian
and 0 is the angle from the corrected position.

RESULTS AND DISCUSSION

2

Liquid chromatography/tandem mass spectrometry (LC/MS/MS)

LC/MS/MS spectra show that a single ester product is formed by the ester-
ification of each aliphatic fatty acids (Supplementary material, Fig. S-la—d).
From the representative spectrum, a distinct signal at m/z 791.4 (g = 9.64 min)
establishes that only a single lauric acid is acylated to each molecule of rutin to
yield rutin laurate (Fig. S-1b). It is also observed that longer carbon chain length
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of the acyl donor used in the reaction results in longer retention time for the acyl-
ated flavonoid, and correspondingly larger m/z value. Individual peak for rutin
myristate appears at m/z of 819.5 (fr = 10.85 min, Fig. S-1c); rutin palmitate
presents its major ion peak at m/z 848.8 (g = 12.27 min, Fig. S-1d). For each
synthesized rutin ester, consistent fragmentation pattern is evident at m/z 463.2
and 591.4 authenticating successful esterification of acyl donor molecule to the
rutin parent molecule. The exact position of the esterification in rutin molecule
has been authenticated from our previous study, i.e., acylation by the lipase enz-
yme takes place specifically on the secondary 4”-OH group of the rhamnose
moiety. !9

Effects of acyl donor carbon chain length on conversion yield

The effects of carbon-chain length of acyl donors on the lipase-mediated
esterification of rutin were investigated using aliphatic fatty acids with carbon
number ranging from 12 to 16. The progress of esterification reaction was moni-
tored for 120 h, which also included the equilibrium state. The amount of synthe-
sized rutin esters increased with reaction time. However, after 96 h, negligible
changes in the rutin ester concentration was observed attributed to the significant
amount of water product present in the reaction mixture (data not shown). At
equilibrium, comparable conversion and reaction rate were achieved for the three
types of rutin esters synthesized (Supplementary material, Fig. S-2). Similar find-
ings are reported in the literature that showed the fatty acid chain length had a
slight effect or no significant effect on conversion yield when fatty acids, of
medium and high chain length, are used in acetone media.l”-20 However, Viskup-
icova et al.!! and Ardhaoui et al.?! reported that increasing the carbon number of
the aliphatic fatty acids (from C12 up to C18) resulted in gradual decrease in con-
version yield of esters with steric hindrance and was suggested as the primary
reason. Therefore, the effect of the chain length of the fatty acid (the acyl donor)
on esterification yield is difficult to generalize and remains a matter of dis-
cussion.?

Statistical experimental design of lipase-mediated esterification

From the three acyl donors tested (C12—C16), the esterification of rutin with
lauric acid was selected as a model reaction. The effects of selected variables
namely lauric acid concentration (M, factor A), enzyme loading (g, factor B) and
temperature (°C, factor C) were initially screened using a full factorial design
(FFD). A total of 27 experimental runs were generated, and the equilibrium con-
centration of rutin laurate was assayed at 96 h. Responses for variables screening
experiments are shown in Table S-II (Supplementary material). The highest rutin
laurate molar concentration was observed when the concentration of lauric acid,
enzyme loading and temperature were specified at 0.25 M, 0.05 g and 55 °C, res-
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pectively. Conversely, the lowest rutin laurate molar concentration was obtained
at the lowest level of each variables when in combination. Detailed analysis of
the statistical experimental design results and optimization are provided in the
Supplementary material.

X-ray diffraction (XRD)

X-ray diffraction patterns of rutin and its esters are shown in Fig. S-3
(Supplementary material). The diffraction pattern provides important information
on material crystallinity including its relative difference to amorphous structure.

The average crystallite size of rutin and its corresponding esters are shown in
Table 1.

TABLE 1. Determination of crystallite size using Debye—Scherrer equation, FWHM: full-
width-at-half maximum; D: diameter

Sample 20/° FWHM/° D /nm
Rutin 15.01 0.3070 27.26
16.84 0.2558 32.79
22.24 0.3070 27.54
26.29 0.2558 33.31
Rutin laurate (R-12) 5.76 0.2047 40.59
6.79 0.2047 40.61
9.23 0.3070 27.12
23.03 0.2558 33.10
Rutin myristate (R-14) 5.74 0.2047 40.59
6.74 0.2047 40.60
9.14 0.2558 32.54
23.03 0.2047 41.37
Rutin palmitate (R-16) 5.64 0.2047 40.58
6.65 0.3070 27.07
9.00 0.4093 20.35
22.63 0.2047 41.37

Rutin exhibits intense and sharp diffraction peaks at 26 15.01, 16.83, 22.3
and 26.2° with crystallite size of 27.27, 32.79, 27.54 and 33.31 nm respectively.
These results are comparable and consistent with Samli et al. demonstrating the
crystalline behavior of rutin.22 On the other hand, X-ray diffraction of rutin esters
shift towards lower angles and exhibit similar pattern at 5.76, 6.79, 9.23 and
23.03° for rutin laurate, 5.74, 6.74, 9.14 and 23.03° for rutin myristate and 5.64,
6.65, 9.00 and 22.63° for rutin palmitate. At 26 5.64 to 5.76°, for all studied
esters, equal crystallite size is determined. Sharp peaks in diffractograms of pure
rutin and its corresponding esters specify crystalline behavior of the compounds.

The peak top position of rutin 26 26.2° shifts to lower angle (26 26.2 to 23°)
for the corresponding esters with the same peak intensity values. Interestingly, at
this angle, comparable crystallite size (33.31 nm) is observed for rutin and rutin
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laurate. However, the crystallite size increases from 33.31 (for rutin) to 41.37 nm
(for rutin myristate and rutin palmitate). While minor differences are observed in
the diffractograms, it categorically excludes possible dramatic alteration in the
crystallinity of the samples. It can be concluded that the presence of fatty acid
moiety in the rutin ester results in similar crystalline behavior as in pure rutin,
and the average size of crystallite is proportional to acyl donor chain length. The
esterification of fatty acids with higher chain lengths, such as myristic acid and
palmitic acid, disrupts intermolecular hydrogen bonds, leading to the formation
of an ordered and compact molecular arrangement and consequently altering the
crystalline size of rutin. Similar pattern is observed in the modification of maize
starch by esterification with fatty acid moieties.23 This is further supported by the
entropy change values of rutin ester showing increase in orderliness with the inc-
rease of fatty acid length (AS, Table IV). In general, crystalline substances are
physically more stable relative to amorphous ones since their molecules are
arranged in a highly ordered, regular pattern.

Thermogravimetric analysis (TGA)

In this study, TGA was used to investigate the thermal behavior of rutin and
its corresponding esters. While most thermal degradation studies of rutin and
other flavonoids are associated with the thermal treatment of samples,24-26 there
is a noticeable gap in the literature concerning the use of TGA. Weight loss curve
provides the information to analyze the changes in sample composition and its
thermal stability. First derivative of the curve for a particular sample in relation
to changes in temperature is used to show the point at which weight loss is most
evident. TG and DTG curves for thermal degradation of rutin and its esters are
shown in Fig. 1, and the corresponding data are summarized in Table II.

TG and DTG curves show the degradation of rutin and its corresponding
esters occurring in four stages, indicating a complex process with multiple stages
(Fig. 1). Although the curves are not radically dissimilar, observable differences
for thermograms of rutin and its esters are apparent.

The weight of rutin parent molecule decreases gradually within the range of
30-200 °C, with a mass loss of about 6 %. Using pure rutin compound as a refer-
ence, the first degradation stage of rutin esters shifts towards lower temperature.
TG curves of rutin esters exhibit initial weight loss of 6—8 % in the temperature
range of 30-90 °C (Fig. 1a). The mass loss below 90 °C of rutin laurate is lower
than rutin myristate and palmitate (Fig. 1b). For all samples, a small region of
weight loss around 100 °C can be seen from their corresponding DTG curves
attributed to the evaporation of moisture (Fig. 1b). According to da Costa et al.
the loss of water molecules (dehydration) of rutin occurs in the first two stages
involving molecular rearrangement of rutin polymorphic structure.2’

With increasing temperature, small molecule and weak chemical bonds gra-
dually decompose and TG curves fall away. It is observed that the first and sec-
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Fig. 1. Thermal decomposition analyses of rutin and its corresponding esters at heating rate of
15 °C min’!': a) TG; b) DTG.

TABLE II. Stages and percentages of mass conversion in thermal degradation of rutin and its

esters

Sample T; Tmax . Degrada.tion stage

°C First Second Third Fourth Total
Rutin 240.07 27272 6.06 33.60 12.40 18.43  70.49
Rutin laurate (R-12) 220.19 282.05 5.89 41.74 13.70 2050 81.87
Rutin myristate (R-14) 21949 285.13 8.01 43.60 13.62 18.56  83.74
Rutin palmitate (R-16) 217.28 27886 6.84 4779 11.15 1890  84.68
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PYROLYSIS OF RUTIN ESTERS 83 1

ond degradation stages from the DTG curves of rutin esters are much higher and
sharper than for the rutin parent molecule (Fig.1b). The maximum temperature
peak (Tmax) is recorded in the second stage as drastic degradation of rutin and its
esters occur. It was also reported that for temperatures above 100 °C, a sharp
degradation of rutin was observed.24 The onset of degradation temperature
(Tinitial) 1s used to indicate resistance to thermal degradation. Rutin is thermally
stable up to 240 °C but its ester compounds exhibit lower Tipitia viz. 220, 219 and
217 °C for rutin laurate, rutin myristate and rutin palmitate, respectively (Table
II). Thermal stability of rutin esters is lower than that of rutin parent molecule by
20 °C. Rutin is a type of flavonol glycosides consisting of quercetin and disac-
charide rutinose (rhamnose and glucose). Based on isothermal profile, da Costa
et al. reported that the presence of glycoside moieties in rutin alters its thermal
degradation rate through lowering of degradation temperature compared to quer-
cetin alone.2” Relatively high temperature helps to promote the degradation of
disaccharide substitution. Introduction of acyl donor to the glycone part of rutin
culminates in a comparatively earlier onset of esters degradation. On the other
hand, it can be seen that Tj,x for the studied rutin esters are higher than that of
parent molecule, which corresponds to the decomposition of acyl donor group
present in the esters (Table II).

The second degradation peaks of rutin esters are similar to pure rutin (200 to
390 °C). Major degradation of rutin is characterized by significant mass loss, i.e.,
~34 %. With the acyl substituents, mass loss of rutin esters in the second stage
increases to 42, 44 and 48 %, respectively, due to longer carbon chain length.
Longer chain fatty acid represents higher molecular weight of acyl donor group
hence higher percentage of mass loss. Further mass loss occurs in the range of
333 to 498 °C when the evaporation of rutin and its esters come about (~18-20
%). This outcome implies that the degradation of rutin is influenced by tempe-
rature.24 Finally, the compounds gradually decompose into final products at tem-
perature above 498 °C. With longer acyl donor chain length, its decomposition
leads to higher percentage of total degradation (Table II).

TG and DTG curves of rutin and its corresponding esters at heating rates of
5, 10, 15, 20 °C min~! are shown in Figs. 2 and 3, respectively. For all samples,
temperatures of recorded degradation stages increase progressively with higher
heating rate. Maximum points of TG (Fig. 2) and minimum points of DTG
curves (Fig. 3) shift towards higher temperatures. The observation is attributed to
faster dissipation rate of heat at higher heating rate, consequently degradation
occurs at comparatively higher temperature, thus the shift of TG curves to the
right.

From the TG plot of rutin and its esters (Fig. 2), degradation starts at about
30 °C and proceed rapidly with increasing temperature until 270-280 °C. Then,
weight loss decreases slowly until final temperature. The temperatures where 50
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% weight loss (750¢) of rutin esters occur are lower than that of rutin parent
molecule. At heating rates from 5 to 20 °C min!, Tsqo, for rutin shifts from
481.93 to 485.5 °C. For rutin laurate, it is about 106 °C lower than that for rutin
(376.18 to 381.30 °C), while T5q9, for rutin myristate (345.15 to 346.31 °C) and
rutin palmitate (332.24 to 346.65 °C) are approximately 137 and 144 °C lower,
respectively. In the temperature range of 795-808 °C, degradation of studied
esters yields carbon residue approximately 20 % and below (7gg,). In contrast,
the final carbon residue from pure rutin sample is more than 20 %, corresponding
to total weight loss of 22.97, 25.62, 28.99 and 29.46 % at the heating rates of 5,
10, 15 and 20 °C min!, respectively.
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Fig. 2. TG curves of rutin and its corresponding esters at heating rates of 5, 10, 15 and 20 °C
min’! :a) rutin, b) rutin laurate, c) rutin myristate and d) rutin palmitate.

In the temperature range of 30-200 °C, DTG peaks of pure rutin are broader
than its esters (Fig. 3a). The tailing of the rutin peaks become prevalent as the
heating rate increases (indicated by an arrow). In the case of rutin esters (Fig. 3b—
—d), sharper peaks are observed at the early stage of degradation as heating rate
increases. Temperature at the lowest point of the DTG curve indicates the tem-
perature at the highest degradation rate. From Fig. 3, for heating rates of 5 to 20
°C min~!, maximum mass loss rate increases rapidly, viz. —=3.156 to —12.664 %
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min! (259.88 to 274.57 °C), —2.579 to —14.62 % min~! (270.65 to 283.98 °C),
~2.705 to —14.88 % min~! (270.04 to 288.33 °C) and —2.96 to —13.79 % min!
(253.99 to 280.04 °C) for rutin, rutin laurate, rutin mysristate and rutin palmitate
respectively.
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Fig. 3. DTG curves of rutin and its corresponding esters at heating rates of 5, 10, 15and
20 °C min’!: a) rutin, b) rutin laurate, c) rutin myristate and d) rutin palmitate.

Activation energy in thermal degradation of rutin and its corresponding esters

Since the degradation of rutin and its corresponding esters involve multiple
stages, the iso-conversional methods (model-free approach), namely KAS and
FWO are preferred to calculate the kinetic parameters in order to better under-
stand the process. The two methods allow for estimation of activation energy (E,)
as a function of conversion degree without the need to provide pre-assumption on
the reaction function and reaction order. It allows for analysis of multi-step
kinetics as a dependence of activation energy on conversion degree, subsequently
making deductions with respect to the complexity of the process.

The regression lines based on KAS and FWO methods are presented in Figs.
S-7 and S-8 of the Supplementary material, respectively. The regression lines of
In (B/T2) versus 1/T for KAS method, and In S versus 1/T for FWO method,
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based on the same degree of conversion at different heating rates, allow for act-
ivation energy calculation from the slope. Excellent linear fitting of all data sets
were achieved with coefficient of correlation, R2 > 0.98. E, values for thermal
degradation of rutin and its corresponding esters were determined for mass con-
version range of 0.05 < a < 0.90. The range spans the four separate degradation
stages observed (Table II), for the temperature range 30 to 800 °C.

The activation energy (E,) for thermal degradation of both rutin and its
esters, when calculated using KAS and FWO methods, varies with conversion
degree throughout the degradation process. Hence, it is obvious that thermal deg-
radation of rutin and its esters proceed through a non-simple process. Never-
theless, for equal a studied, both methods yield £, values with the high degree of
agreement (Table III).

TABLE III. Activation energies calculated using KAS and FWO methods for thermal degrad-
ation of rutin and its esters

o Sample Kissinger—Akahira—Sunose Flynn—Wall-Ozawa
(KAS) method (FWO) method
E, /kJ mol'! A E, / k] mol! A
0.05 Rutin 77 1.48x1010 80 3.82x1010
Rutin laurate 81 2.25x1012 82 4.13x1012
Rutin myristate 76 3.12x10!! 78 6.51x10!!
Rutin palmitate 73 7.92x1010 74 1.83 x10M1
0.30 Rutin 205 5.23x1019 203 3.88x1017
Rutin laurate 246 2.32x10%3 243 3.05x1016
Rutin myristate 176 2.93x10'6 176 4.51x1010
Rutin palmitate 110 1.82x1010 113 1.37x1013
0.60 Rutin 218 3.49x1013 218 3.40%x1013
Rutin laurate 178 1.34x1013 180 2.11x1013
Rutin myristate 153 1.60x101! 156 3.22x10!!
Rutin palmitate 101 1.12x107 107 5.24x107
0.90 Rutin 224 1.38x10!2 228 2.45x10!2
Rutin laurate 65 144307 77 78787
Rutin myristate 66 62909 77 16028
Rutin palmitate 67 52652 78 19297

From Table III, for each a, E, calculated from both methods exhibit very
similar trend with respect to the increase in the length of carbon chain of acyl
donor with relative error less than 5 %, a considerably low hence tolerable error
range.

At the first stage of degradation (a« = 0.05), rutin and its esters show com-
parable activation energies, viz. 7381 kJ mol~! for KAS method and 74-82 kJ
mol~! for FWO method (Table III). These values are in accord with the weight
losses shown in Table II, attributable to loss of water molecules and evaporation
of volatile compounds. For pure rutin, the £, values calculated by both KAS and
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FWO methods grew larger in magnitude throughout the progressive a, i.e., 0.05
to 0.90, and increasing degradation temperature (i.e., £, 77 to 224 kJ mol~! for
KAS method; 80 to 228 kJ mol~! for FWO method, Table III). The observed
trend is in stark contrast to its corresponding esters where they exhibit a maxi-
mum in £, when o = 0.30, before it decreases, and corroborated by both KAS
and FWO methods. The observations implicitly identify distinct thermal degrad-
ation routes undergone by rutin and its corresponding esters, as most likely non-
-elementary. For a range from 0.60 to 0.90, E, values for thermal degradation of
pure rutin are consistently highest compared to its corresponding esters. E,
values for the latter increase from o = 0.05 to a = 0.30, and decrease steeply
afterwards (Table III).

For all three rutin esters, highest £, is at a = 0.30 as determined and agreed
by both KAS and FWO methods (Table III). It is hypothesized that at a = 0.30,
and coincided with the second DTG peak, the calculated £, is minimal activation
requirement for breaking of ester bond between acyl donor chain and rutin parent
molecule. The E, for decomposition of rutin ester to rutin and acyl donor fraction
is suggested to depend upon the length of acyl donor carbon chain where E,
decreases with the increase in the carbon length of acyl moiety attached to rutin
parent molecule, and it is clearly inferable from Table III with respect to a 0.30
to 0.60 as agreed by both KAS and FWO methods. It is proposed that the stable
C—C distribution within rutin parent molecule is reduced as the carbon length of
attached acyl moiety increases. The mean bond enthalpies in the aromatic rings
of quercetin and its sugar moiety are much higher than that of rutin parent mole-
cule bonded to aliphatic carbons. These results agreed with the roasting studies
by Rohn et al.28 They reported that thermal degradation behavior of several quer-
cetin glycosides are subjected to the types and position of their sugar moieties.
The main product is the aglycone quercetin which remains stable as thermal deg-
radation progresses at 180 °C for 60 min. The £, data obtained in this study,
specifically in the « range of 0.30-0.60, also implied that the rutin esters studied
may follow distinct mechanisms in their thermal degradation.

At o = 0.90, corresponding to the final degradation stage, the highest £,
value for rutin parent molecule is revealed by both KAS and FWO methods (224
and 228 kJ mol-!, respectively). For the three rutin esters, the E, values are in
range of 65 to 67 kJ mol~! obtained using KAS method, and comparably similar
at 77 to 78 kJ mol~! by FWO method. The E, value of rutin is almost three times
higher than those for its esters at a = 0.90, corresponding to the degradation of
sugar moiety of the rutin. In contrast, significantly lower E, values are deter-
mined for the three rutin esters, i.e., the energy barrier to overcome in the internal
chain breaking of separated acyl moiety during the final stage of degradation.
These results corroborate with the almost equal observed mass loss 18-20 %
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(Table II) for the three rutin esters studied. The findings made in this study agree
with da Costa et al.2>

Thermodynamic parameters of rutin and rutin esters

Thermodynamic parameters, while essential in providing insight into the
nature of thermal degradation, are often overlooked for phytochemicals that inc-
lude flavonoid compounds.2? The thermodynamic parameters in the thermal deg-
radation of rutin and its esters are summarized in Table IV.

TABLE IV. Thermodynamic parameters in thermal degradation of rutin and its esters at dif-
ferent conversion levels at the heating rate of 20 °C min!

Kissinger—Akahira—Sunose Flynn—Wall-Ozawa
(KAS) Method (FWO) method
o Sample
AH AG AS AH AG AS
kJmol'!  kJmol! JK!mol! kJmol! kJmol! JK!mol!

0.05 Rutin 75 98 —60 76 97 -52
Rutin laurate 78 84 -17 79 84 -12

Rutin myristate 73 85 34 75 85 28

Rutin palmitate 70 86 —45 72 85 -38

0.30 Rutin 200 135 119 199 135 117
Rutin laurate 242 138 188 238 137 184

Rutin myristate 171 140 57 171 139 57

Rutin palmitate 105 140 —61 108 138 —54

0.60 Rutin 212 185 37 213 185 38

Rutin laurate 172 178 -9 174 178 -5

Rutin myristate 148 180 —46 151 179 —40
Rutin palmitate 96 183 —-125 102 180 -113

0.90 Rutin 217 245 =30 220 244 -26
Rutin laurate 57 211 -163 68 258 —-188
Rutin myristate 58 208 -170 69 239 —-182
Rutin palmitate 60 211 -171 70 238 —-180

The values of AH, AG and AS calculated at different conversion levels and
the highest rate of the degradation occurrence. Positive AH indicates thermal
degradation of rutin and its esters is endothermic (Table V). These results corro-
borate the DSC results obtained by the other findings that show rutin samples
exhibit endothermic events.3031 A comparable AH value for rutin is observed at
a = 0.30 to 0.90 which maybe happen due to greater thermal resistance of the
pure rutin molecule. It is suggested pyrolytic decomposition is mainly regulated
by the stable C—C distribution. Hydrogen bonds and aromatic, © electron interact-
ions develop between the rings A and C may influence the stabilization effi-
ciency of the rutin. Lower value of AH for rutin esters corresponds to lower
energy constraint for their thermal degradation relative to pure rutin. Lower
values of AH are observed with longer acyl chain length. One plausible explan-
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ation might be that during the pyrolysis process, after the weak bonds degraded
(a = 0.05) and then aromatic, 7 electron interactions develop between the rings
started to degrade accounted for the further increase in AH and activation
energies. The whole pyrolysis is mainly controlled by 15-carbon flavone skeleton
of flavonoid rutin and its intermediate products during pyrolysis. It is hypo-
thesized that above 260 °C, degradation involves the saccharide moiety and it
interferes with the stabilization reactions.! Disaccharides are temperature-sensi-
tive, particularly during high-temperature processing. In this case, the degrad-
ation of the acylated saccharides become more profound with longer acyl chain
length reflected by lower value of AH (a = 0.30 to 0.60). The long hydrocarbon
chain allows less interactions to take place inside the aromatic rings, demanding
less energy to break these bonds. At the highest degradation (o = 0.30), the vari-
ances in positive AH values of rutin esters are calculated at 67-71, 63—66 and
130-137 kJ mol-! corresponding to differences between rutin laurate and rutin
myristate, rutin myristate and rutin palmitate, rutin laurate and rutin palmitate
respectively. The range shown is provided from calculation based on KAS and
FWO methods (Table IV).

The Gibbs energy change (AG) values calculated for thermal degradation of
rutin and its esters are positive, corresponding to a non-spontaneous and thermo-
dynamically non-favorable process. At any specific a, negligible variation of AG
between rutin and its esters are observed. For all studied compounds, the AG
values increase with temperature. At the time of this report, the AG values for
pyrolysis of crystalline, different single-type flavonoid esters are yet to be rep-
orted. Possibly related are AG values estimated for thermal degradation of total
flavonoid compound (TFC) in sweet cherries extract ranging 86—105 kJ mol~1.32

In terms of entropy change (AS, Table IV), rutin parent compound shows
positive AS indicative of its tendency towards energy and matter dispersal. Con-
versely, acylated rutins show transition from positive to negative values of AS,
which reflect less tendency towards energy and matter dispersal for them. It is
inferred that the acylation of rutin results in ester compounds that are not likely to
be progressing towards a state of disorder. Reduced energy is needed as the com-
pounds adopt more ordered structures.

CONCLUSION

Analyses of activation energy as a function of conversion degree, alongside
thermodynamic parameters in the pyrolysis of rutin and its fatty acid esters filled
an important void in the literature, and yield useful insights to potential product
processing and development routes. Significant variations in activation energies
were seen with conversion levels for rutin and its esters ranging from 65 to 246
kJ mol~!. The AH (60 to 242 kJ mol-!) and AG (84 to 245 kJ mol!) values for
all compounds were positive, indicating endothermic and non-spontaneous nature
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of pyrolysis. AS shows significant variation with conversion levels ranging from
—188 to 180 J K-1 mol-!l. This clearly represents complex chemistry of thermal
conversion with reactions of widely varying kinetic character occurring at differ-
ent stages of conversion.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12453, or from the corres-
ponding author on request.
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HcTpaxiBaHa je MHUpou3a KBepueTHH-3-0O-pyTHHO3HUA WIH PYTHHA, U HBEerOBUX ecTapa.
[Tpeuynurheny y3opuu ectapa Cy NPUIPEeMIbEHH JTMIa30M-KaTalu30BaHOM ecTepudrKalijoM
nosnasHor IaBOHOUA], Tj. PyTHHA, kopucTehy auwn JoHOpe ca PasNIuYUTOM LYKUHOM YIJbe-
HUYHOT naHIa. Judpakndja X-3paka je OTKpHIa IMPUCYCTBO KPUCTAIMHHYHHUX ITMKOBA KO
ecrapa pyTHHa. AKTHUBallMOHE eHepryje Aerpanauvje (Ea) kao QyHKUHMje CTENeHa KOHBEP3Hje
onpehene cy metonama Kissinger—Akahira—Sunose u Flynn—Wall-Ozawa, ca y3ajamHO mnojp-
xaBajyhum pesyntatuma. Henonynapawe y Ea UMIUTHIMPA PA3/IMYUTE IyTeBE TEPMaJTHe Jer-
pamauuje. 3a CBa UCNIMTHBAHA jeIUBEHA, Jerpajalyja HUje CIoOHTaH mpouec. IIpucycTso anun
CTPYKTYPHHUX e/leMeHaTa ¥ Ay)KHHa HHUXOBUX JIaHAlla YI/beHUKa AUCKYTOBAHO je y OJHOCY Ha
TepMozerpagauuoHe npodune, E. u mpomeHa entponuje (AS) v entannuje (AH) npy NUPOIU3H.

(ITpumsbeHo 24. jyna, pepunupaHo 27. centemdpa, npuxsaheno 2. janyapa 2024)
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Table S-1. Factor and level set up for FFD screening experiment

Factor Level
Lowest Middle Highest
Lauric acid (M) 0.05 0.15 0.25
Temperature (°C) 35 45 55
Enzyme loading (g) 0.03 0.04 0.05

Mathematical basis and derivation for thermochemical analysis

Thermal degradation rate under a linear heating rate is expressed by equation
(S1):

B (Z—:) = k(T)f(O-’) (S1)

where S is heating rate (°C min-!), k is the rate constant (min!), T is
temperature (Kelvin), ¢ is time (s) and f{a) is a function describing dependence of
reaction rate on the extent of reaction, a. o is degree of conversion expressed by
equation (S2):
M, — M,
Mo — My (52)

where My refers to the initial weight, M, refers to the sample weight at time ¢
and Mg refers to the final weight.

The temperature (7) dependence of the rate constant is described by the

Arrhenius equation. Thus, the rate of heterogenous solid state reaction can be
described by:

a =

* Corresponding author. E-mail: suffian_annuar@um.edu.my
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da _Eg
E=Ae RTf(a) (53)

where A pre-exponential Arrhenius factor, £, activation energy, and R
universal gas constant. Comparing eqs. (S7) and (53) gives:

oa A Eq

—~ =¢ Rf(a)
st 5t (s4)
Integration of Eq. (54) yields
¢ da @ AT _Ih;_aTdT
——=gl@==| e
o f@ 7 Bz, (S9)

For the KAS method, the Coats—Redfern approximation of p(x) = e*/x2 is
applied for the temperature integration to obtain Eq. (S6):

A RT* _Eg
g(a) = 3R C RT S6)
By taking natural logarithm, Eq. (S6) is expressed as Eq. (S7):
In (ﬁ) =In (i) _Za
T? E,g(a)) RT (S7)

The activation energy is obtained from a plot of In (8 /T2) versus 1/T for a
given value of conversion, a, where the slope is equal —£,/R.

For the FWO method, Doyle’s approximation, which is given as log (p(x)) =
—2.315-0.4567x is applied for temperature integration as shown in Eq. (S§8):

A E,
ga) = Eo.oo4s4e‘(1'°szﬁ)

(S8)
By taking natural logarithm, Eq. (S8) is expressed as Eq. (S9):
AE, E,
In(8) = In (Rg(a ) ~ 5331 - 1052 1% )

where a plot of In (f) versus /7 is fitted for £, calculation from the slope.
The enthalpy, AH is calculated using Eq. (S10):

AH =E, — RT (S10)

The pre-exponential factor (4), the Gibbs free energy (AG), and the entropy
(AS) are calculated using Egs. (S11), (S12) and (S13), respectively:

Eq

A=p-E, &) (S11)
Eq

A=p-E, @) (S12)
Lo _ (BH =86

B ( T ) (S13)

where Kp is Boltzmann constant and /4 is Planck constant.
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Figure S-1 LC/MS/MS chromatograms for rutin esters: (a) rutin and their ester peaks (b)
fragmentation pattern of acylated rutin with lauric acid (c) fragmentation pattern of acylated
rutin with myristic acid (d) fragmentation pattern of acylated rutin with palmitic acid.
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Figure S-2. Conversion percentage and reaction rate of esterification of rutin with lauric acid,
myristic acid and palmitic acid.
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Figure $3 X-Ray diffractograms of rutin and its corresponding esters (a) rutin (b) rutin laurate
(c) rutin myristate (d) rutin palmitate
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Table S-II. Responses of FFD experimental runs as a function of different combinations of
variables and their levels

Run Lauric acid Enzyme Temperature ~ Rutin laurate
™) loading (g) (°C) (x 10 M)
1 0.05 0.03 35 2.11
2 0.05 0.03 35 2.08
3 0.05 0.03 35 2.19
4 0.05 0.03 55 4.97
5 0.05 0.03 55 4.83
6 0.05 0.03 55 4.66
7 0.05 0.05 35 5.61
8 0.05 0.05 35 5.41
9 0.05 0.05 35 5.63
10 0.05 0.05 55 7.02
11 0.05 0.05 55 7.11
12 0.05 0.05 55 6.73
13 0.15 0.04 45 11.62
14 0.15 0.04 45 11.35
15 0.15 0.04 45 11.3
16 0.25 0.03 35 3.16
17 0.25 0.03 35 3.01
18 0.25 0.03 35 3.13
19 0.25 0.03 55 10.12
20 0.25 0.03 55 9.61
21 0.25 0.03 55 9.89
22 0.25 0.05 35 7.56
23 0.25 0.05 35 7.8
24 0.25 0.05 35 7.61
25 0.25 0.05 55 12.06
26 0.25 0.05 55 12.16
27 0.25 0.05 55 12.12

Analysis of Statistical Experimental Design Results

Analysis of variance (ANOVA) on full order model terms (main-, 2-way and
3-way effects) using Minitab® 15 software reveals good correlation with R2- and
R2- adjusted value of 0.9986 and 0.9980 respectively (Table SIII). The effects of
lauric acid molar concentration, enzyme and temperature, and their interaction
effects (AB, AC, and BC) are found significant in all cases (p < 0.05). The single
effect of full interaction (ABC) is also significant owing to all main effects are
significant. The F-value for the studied factors shows temperature (¥ = 3884.52)
variable exerts the strongest influence on the response followed by lauric acid
molar concentration (F = 2929.40) and enzyme loading (¥ = 2523.37).
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Table S-III. ANOVA for the effects of lauric acid molar concentration, temperature and
enzyme loading on rutin laurate production

Factor DoF (f( d{ 69 ’7s) ?xdjl (1)‘/[7“? F p
Main factor 3 21.2 7.1 3112.43 0.000
Lauric acid (A) 6.6 6.6 2929.40 0.000
Enzyme (B) 5.7 5.7 2523.37 0.000
Temperature (C) 8.8 8.8 3884.53  0.000
2-way interactions 3 2.5 0.8 360.75  0.000
Lauric acid*Enzyme (AB) 0.1 0.1 25.56  0.000
Lauric acid*Temperature
(AC) 1.9 1.9 841.36  0.000
Enzyme*Temperature
(BC) 0.5 0.5 21533 0.000
3-way interactions 1 0.000 0.000 17.41  0.001
Lauric
acid*Enzyme*Temperature 0.000 0.000 17.41  0.001
(ABC)
Residual Error 18 0.000 0.000
Total 26 6.6 6.6

DoF: Degrees of freedom; Adj SS: Adjusted sum of squares; Adj MS: Adjusted mean of
squares; F: F-statistic; p: p-statistic

The main effect plots were constructed based on the mean of rutin laurate
molar concentration for each factor level. Slope of the plot determines the
magnitude of response change with respect to variable change (Figure S4). The
mean increases from low to high level when the effect of a factor is positive, and
vice versa when the effect is negative. The effects of all factors are positive as
shown by the increase in experimental means when each factor changes from
low- to high level. Steeper line indicates a stronger effect of the variable on the
experimental response. However, the differences in the relative steepness of the
response slopes for lauric acid molar concentration, temperature and enzyme
loading variables are not comparable vis-a-vis the variable change.
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Figure S-4. Main effect plots representing the effects of lauric acid molar concentration,
temperature and enzyme loading on rutin laurate production

Normal probability plot is used to identify substantive departures from
normality. One point on the plot is assigned to each effect. The points which are
close to a line fitted to the middle group of points represent those estimated
factors that do not demonstrate any significant effect on the response variables.
The points far away from the line represent the real factor effects. The normal
probability plot is shown in Figure S5. The effects of main factors (A, B, and C)
and their interactions (AC) are considered to be real considering their significant
distance away from the vertical line. Point ABC, BC and AB are attributed to
random occurrences. Temperature shows the strongest effect since its point lie
furthest from the line, also in agreement with the F-value in Table SIII. The
factor effects decrease in the following order viz. C > A >B > AC > BC > AB >
ABC.
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Normal Plot of the Standardized Effects
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Figure S-5. Normal plot of the standardized effects of lauric acid molar concentration,
temperature and enzyme loading on rutin laurate production

To evaluate the fitted model, residual analysis was performed with
standardized residuals (Figure S6). Residual values are derived from
experimental values deducted by the model fitted values (Residuals =
Experimental values — Model fitted values). The normal probability plot of
residuals (Figure S6a) shows that the residuals are normally distributed as all
standardized residual points exhibit approximately a linear pattern. By observing
the residuals against fitted (predicted) values (Figure S6b), a random pattern of
residuals on both sides of standardized zero line indicates low probability of
systematic errors in the experiment (+ 2). The normal probability assumption is
also corroborated by the general bell-shape curve of the histogram constructed
for standardized residuals (Figure S6c). It also indicates that the error associated
with the experimental data are largely due to random occurrences. In addition,
experimental order shows negligible effect on the data collected from the absence
of clear pattern in standardized residuals versus observation order plot (Figure
S6d). Generally, experimental points are reasonably scattered without obvious
trend; hence supporting a valid assumption of normal distribution for the
collected data.
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Figure S-6 Residual plots

Based on Anderson-Darling (4D) analysis for possible violation of normality
assumption, the 4D value (= 0.552) is found to be insignificant (p = 0.141).
Using calculated data from the model, the normal probability plot of residuals
shows that the observed values follow closely the theoretical distribution (not
shown). It can be concluded that the pattern of residuals follows, in general, a
normal distribution; thus, implying the collected data are less likely subjected to
non-random errors.
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Figure S-7 Regression lines of rutin and its esters based on KAS method at heating rates of 5,
10, 15, 20 °C min™! (a) rutin (b) rutin laurate (c) rutin myristate (d) rutin palmitate (Standard
deviation of the duplicate measurements was <7 %,).
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Abstract: DFT calculations were employed to investigate the adsorption of
gases produced from SF¢ decomposition (SO, and SO,F,) on pristine and Ti-
-decorated single-walled carbon nanotubes (Ti-(8,0) SWCNT). All structures
were relaxed and their structural and electronic properties were investigated
before and after gas adsorption on the surface of the nanotubes. (Ti-(8,0)
SWCNT) was found to have high chemisorption sensitivity to Ti, SO,F, and
SO, adsorptions on its surface. The electronic properties of (8,0) SWCNT were
altered from semiconductor to metallic upon decoration with Ti, as demon-
strated by the calculated band structures and the density of states (DOS). SO,F,
and SO, adsorption on the surface of (Ti-(8,0) SWCNT) from different sides
transformed the conductor (Ti-(8,0) SWCNT) into a semiconductor nanotube.
To more carefully study the nature of adsorption, partial density of states
(PDOS) calculations were also made. Additionally, Ti decoration induced a
magnetization of approximately 2.61 ug in (8,0) SWCNT, which disappeared
after gas adsorption.

Keywords: gas adsorption; carbon nanotube; modified nanotube; electronic pro-
perties; charge transfer.

INTRODUCTION

Sulphur hexafluoride (SFg) has been widely used in gas-insulated equip-
ment, but it can decompose into SO,F>, SO, and other compounds! under partial
discharge over time. Various methods, such as gas chromatography and detector
tubes,2 have been used to identify SF¢ decomposition products. Since the carbon
nanotube discovery in 1991,3 it has been widely used in nanotechnology, energy
storage materials, gas adsorption properties* and hydrogen storage.> In addition
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to their essential applications, numerous studies have focused on preparing CNTs
for gas detection due to their excellent properties, including higher sensitivity,
faster response, and the ability to detect a wider variety of gases. To improve the
detection properties of CNTs, various methods have been suggested, including
decorating or doping them with metal atoms to enhance their functionality in
identifying a wide range of gases.® Kong er al. have reported the gas sensing
properties of single-walled CNTs, laying the groundwork for the application of
one-dimensional nanomaterials in gas detection.” Zhao et al. have studied the
adsorption of Ny gas and various gas molecules on (5,5) SWCNTs and bundles
using DFT. They observed weak interactions between SWCNTs and gas mole-
cules, which did not significantly influence the electronic structures of carbon
nanotubes.® In another study, Zhou et al. have investigated the adsorption of
SO,, CH30H and CHy4 on Pd-decorated (5,5) CNTs. The strong binding energies
and significant electron charge transfers indicated the promising potential of Pd-
-CNTs for the detection of these gas molecules.” Ozekmekci et al. investigated
the adsorption of hydrogen sulphide onto gallium, germanium and boron doped
(4,0) single-walled carbon nanotubes (SWCNTSs) using DFT. Their results
showed that all doped SWCNT structures have negative Gibbs energy change
and adsorption energy values, indicating their potential for H»S removal via ads-
orption.!0 Patrignani et al. studied the adsorption of NO and CO on pristine and
metal-decorated (8,0) SWCNT using DFT. Both gases caused a slight deform-
ation of the nanotube curvature in the direction of the adsorbed molecule. Their
research demonstrated that decorating SWCNTSs with transition metals (Sc, Cr,
Fe and Ni) enhances both molecule adsorption and sensing performance.!! The
selection of the (8,0) zigzag SWCNT is driven by its semiconducting properties
and heightened sensitivity to conductivity changes, making it a preferred choice
for gas detection.!2 Furthermore, an increase in the tube diameter results in a
smaller broken symmetry factor (larger #), thereby enhancing the adsorption cap-
ability of the SWCNT.!3 Recently, experimental and theoretical simulations have
indicated the potential for uniform coating of carbon nanotubes with Ti atoms.
The nearly empty d orbitals of Ti facilitate interactions with ligands such as
gases. Consequently, the charge transfer occurs from the ligands highest occu-
pied orbital to the empty orbital in Ti. This is followed by a reverse charge don-
ation from the d orbital back to the ligand's lowest unoccupied orbital. This int-
ricate charge transfer process, along with the covalent bonding with Ti, leads to
the formation of a stable Ti—C bond.!4 It's noteworthy that there is a lack of rep-
orts concerning the application of Ti-decorated carbon nanotubes for detecting
SF¢ decomposition products in gas insulation equipment. Thus, this study holds
significant importance as it offers fresh insights into the development of gas sen-
sors through the use of Ti-decorated SWCNTSs for this specific purpose. In this
study, we investigated the gas sensing properties of (8,0) SWCNT and Ti-décor-

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



GAS ADSORPTION ON MODIFIED SWCNT 843

ated (8,0) SWCNT for SFg decomposed gases (SO,F, and SO»), using DFT
calculations. We analysed the structural parameters, adsorption energies, density
of states (DOS), band structures and partial density of states (PDOS) in order to
describe the interaction between the gases and SWCNTs.

COMPUTATIONAL METHOD

The adsorption of SO, and SO,F, molecules to the surfaces of both pristine and Ti-dec-
orated (8,0) SWCNTs was calculated using the Quantum-Espresso software package.!> The
GGA-PBE functional was used to account for exchange-correlation effects.!® A typical (8,0)
SWCNT was created in a supercell with lattice constants a = 26.46 A and ¢ = 4.26 A. The
Monkhorst-Pack scheme with a 1x1x10 k-point grid was used to sample the Brillouin-zone.!”
An energy cut-off of 60 Ry was set for the wave function in all structures. The VdW-Grimme-
-D2 approach was used to correct van der Waals interactions in the calculations. The
Xcrysden software was used to display the geometries obtained from DFT calculations. In this
study, SO, and SO,F, molecules were adsorbed on different sides of the (8,0) SWCNT and
Ti-decorated (8,0) SWCNT. The structural and electronic properties, such as band structures,
density of states (DOS) and partial density of states (PDOS), were calculated. Furthermore,
the magnetization was assessed through spin-polarized calculations. To investigate the stab-
ility of (Ti-(8,0) SWCNT) structure, the formation energy for Ti adsorbed on the surface of
(8,0) SWCNT is defined as:

Et = Eti/swent — Eswent — Ei (D

where ETiswents Eswent ad Ey are total energies of the Ti-SWCNT, isolated SWCNT and
isolated Ti atom, respectively. The adsorption energy is computed to describe the gas-surface
interaction:'®

Eads = Lsurface/gas — Esurface - Egas (2)

where the parameter Egpcc/gas Tepresents the total energy of adsorbed structures, Egyface and
Eqq are the energies of optimized pristine or Ti decorated (8,0) SWCNT and the isolated gas
molecules, respectively. Based on Eq. (2), the negative values with greater absolute values of
adsorption energy indicate favourable adsorptions. We utilized Bader charge analysis!®20 for
a comprehensive understanding of the gas adsorption mechanism. Charge transfer between Ti

and SWCNT is determined by the equation:
O = Orisswent — Ori 3)

where Oriswent and Or; represent the charge transfer for the Ti decorated on SWCNT and iso-
lated Ti, respectively. The charge transfer for each gas adsorption process is calculated as:

Qa = ans/ surface — ans (4)

Here, QOgagisurface and Ogas denote the charge transfer amount after adsorption by the gas and
isolated gas, respectively. A negative value of charge transfer indicates the acceptance of elec-
trons by the gas molecules.
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RESULTS AND DISCUSSION
Adsorption of SO; to pristine (8,0) SWCNT

The optimized structure of the pristine (8,0) SWCNT with the number of
carbon atoms is depicted in Fig. 1. As shown in Fig. 1, after optimization, the
C1-C2 and C1-C3 bond lengths of the (8,0) SWCNT are approximately 1.43 and
1.42 A, respectively, which are consistent with previous findings.2!

Fig. 1. The optimized structure of pristine (8, 0) SWCNT.

The SO; molecule was added in front of the C1 atom of the nanotube from
both S and O sides. To distinguish between them, SO,—S—CNT is used when SO,
is adsorbed from the S side, and SO,—O—CNT is applied when SO, is adsorbed
from the O side. Fig. 2 shows the optimized configurations of SO,—S—CNT and
SO,—O-CNT.

@ c
& s o
® ©°

a b
Fig. 2. The optimized configurations of SO,—S—CNT (a) and SO,—O—-CNT (b).

From Fig. 2, it is apparent that the SO, molecule is situated at a considerable
distance from the (8,0) SWCNT in SO,—S—CNT and SO,—O-CNT configurat-
ions, with distances of 3.04 and 3.28 A, respectively. The adsorption energies of
SO, in SO,—S-CNT and SO,—O-CNT configurations are —0.24 and —0.23 eV,
respectively. Table I presents the nearest bonding distances (D) and adsorption
energies of all structures. Low adsorption energy values and long distances sug-
gest weak adsorption of SO, to the (8,0) SWCNT in both configurations. Band
structures and DOSs of each structure are illustrated later on. The results confirm
that (8,0) SWCNT is a semiconductor with a band gap of 0.59 eV, consistent
with previous studies.22 Upon the SO, adsorption, a new band emerges above the
Fermi level in the conduction band of both configurations which can be attributed
to p orbitals of S and O atoms of the SO; molecule. However, the band gaps do
not change significantly after adsorption, as seen in Table I. All structures exhibit
overlapping of spin up and spin down bands, indicating no induced magnetiz-
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ation after SO, adsorption from both sides. To gain further insight into the nature
of adsorption, the partial densities of states (PDOSs) are presented later on. It
was observed that p orbitals of S and O atoms in SO, have high density at about
—7 eV and are hybridized with p orbitals of the carbon atom in (8,0) SWCNT.
However, this hybridization is far from the Fermi level and does not result in
bond formation in either configuration. Therefore, the adsorption of SO, does not
significantly alter the magnetic or electronic properties of (8,0) SWCNT, which
is in consistent with previous findings.2? For visualizing electronic distribution,
the Bader charge analyses calculated the charge difference before and after gas
adsorption on nanotube surfaces. The charge transfer for all configurations was
computed using Eq. (4) and is presented in Tables I and II. As indicated in Table
I, no significant electron transfers were observed between SO, gas and (8,0)
SWCNT in SO,—S—CNT and SO,—O-CNTconfigurations.

TABLE I. Nearest atoms and their distances (D), adsorption energies (E,q), band gaps (Eg)
and magnetization (u) of (8,0) SWCNT before and after gas adsorption and Bader charge
analysis for all configurations (Qg)

Configuration To D E,/ eV E,/eV u 0O,
SWCNT - - - 0.59 0 _
SO,—S-CNT C-S 3.04 -0.24 0.56 0 —-0.05
SO,—O-CNT C-S 3.28 -0.23 0.57 0 -0.07
SO,F,—F-CNT C-F 3.22 —-0.79 0.58 0 —-0.01
SO,F,—O—CNT C-O 3.19 —0.78 0.58 0 —0.01

TABLE II. Formation energies (Ey), nearest atoms and their distances (D), adsorption energies
(Eqads), band gaps (E,) and magnetization (u) of (Ti-(8,0) SWCNT) before and after gas
adsorption and Bader charge analysis for all configurations (Q,)

Configuration E¢/eV to D Eags/ eV Eg/eV u 0O,
Ti-SWCNT —-1.65 Ti-C 2.19 2.61
SO,—S-Ti-CNT Ti-O 1.90 -4.77 0.43 0 -1.02
SO,—O-Ti-CNT Ti-O 1.93 -3.58 0.52 0 -0.95
SO,F,—F-Ti-CNT Ti—F 1.77 -6.74 0.30 0 -1.29
SO,F,—O-Ti-CNT Ti-O 1.68 -5.39 0.50 0 —1.18

Adsorption of SO>F; to (8,0) SWCNT

The optimized configurations of SO;F>—F-CNT and SO>F,—O—-CNT, which
represent the adsorption of the SO;F, molecule to the SWCNT from F and O
sides, respectively, are shown in Figs. 3 and 4.

The results show that, after optimization, the SO,F, molecule is located at a
distance of 3.22 and 3.19 A from the CNT in SO,F>,~F-CNT and SO,F,—O—
—CNT configurations, respectively. Table I displays the adsorption energies and
the nearest distance (D) between SO,F, and the C atom of (8,0) SWCNT. The
results reveal that the adsorption energy of SOF, is more negative than that of SO,
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Fig. 3. The optimized configurations of (8,0) SWCNT after SO,F, adsorption: a) from F side
(SO,F,—F—CNT) and b) from O side (SO,F,—O—CNT).
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GAS ADSORPTION ON MODIFIED SWCNT 847

favouring SO;F, adsorption over SO, onto SWCNT. Nevertheless, the con-
junction of extended distances and low adsorption energies suggests a weak ads-
orption. Fig. 4 shows the band structure and DOS results of SO;F, adsorption on
SWCNT. The conduction band of the system displays new energy levels that are
far from the Fermi level and do not significantly affect the band gap. The PDOS
of these structures are also illustrated in Fig. 5. Spin up and spin down peaks for
both configurations are symmetric, which can be attributed to non-magnetic nat-
ure of these structures. Our PDOS findings demonstrate that p orbitals of O and F
atoms of SO,F; in both configurations are located far from the Fermi level, and
cannot hybridize with p orbital of carbon atom in the (8,0) SWCNT, located near
the Fermi level. This reinforces the conclusion that SO,F, adsorption is weak, as
suggested by our electronic calculations. the Charge analyses given in Table |
reveal minimal charge transfer from SO,F; gas to the surface of (8,0) SWCNT in
both SO;F>—F-CNT and SO,F>,—O-CNT configurations. Thus, the electronic cal-
culations substantiate the notion that SO,F; adsorption onto (8,0) SWCNT is weak.
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Fig. 5. PDOS of: a) (8,0) SWCNT before adsorption, b) after SO, adsorption from S side
(SO,—S—CNT), ¢) after SO, adsorption from O side (SO,—~O—CNT), d) after SO,F, adsorption
from F side (SO,F,—F—CNT) and e) after SO,F, adsorption from O side (SO,F,—~O—CNT).
Left and right side of each graph show the spin up and spin down bands, respectively. Red
dash line shows the Fermi level.
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Adsorption of SO, to Ti-(8,0) SWCNT

The Fig. 6a shows the optimized structure of a Ti-decorated (8,0) SWCNT.
Initially, the Ti atom was located in front of the C1 atom of the nanotube at the
equilibrium C-Ti distance. As seen in Fig. 6a, the Ti atom moves to the hollow
part of the CNT after optimization, in agreement with prior studies.23 The nearest
distance between C atom of the nanotube and Ti atom after optimization is
approximately 2.19 A. The formation energy, calculated using Eq. (1), is about
—1.65 eV, confirming the stability of this modified nanotube. The SO, molecule
was then adsorbed to this modified nanotube from the S and O sides, resulting in
SO»,—S-Ti—CNT and SO,—O-Ti—CNT configurations, respectively.

Fig. 6. The optimized configurations of: a) Ti-CNT before adsorption, b) after SO, adsorption
from S side (SO,—S-Ti—CNT) and c) after SO, adsorption from O side (SO,—O-Ti—CNT).

Adsorption of SO>F > to Ti-(8,0) SWCNT
SO,F, molecule was adsorbed to Ti-modified nanotube from F and O sides,
referred to as SO,Fo—F-Ti—CNT and SO,F,—O-Ti—CNT, respectively. The opti-

mized configurations of the (Ti-(8,0) SWCNT) after the adsorption of SO,F;
from both sides are depicted in Fig. 7.

Fig. 7. The optimized configurations of Ti-decorated (8,0) SWCNT after SO,F, adsorption:
a) from F side (SO,F,—F-Ti—CNT) and b) from O side (SO,F,—O-Ti—CNT).

The band structures and DOSs of the (Ti-(8,0) SWCNT) structure are pre-
sented in Fig. 8a. The results indicate that the decoration of titanium on the
surface of (8,0) SWCNT results in the appearance of new bands near the Fermi
level, leading to a transition from a semiconductor to a metallic carbon nanotube.
The density of states increase near the Fermi level, consistent with earlier find-
ings.24 The splitting of spin up and spin down bands near the Fermi level induces a
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Fig. 8. Band structure and DOS of: a) Ti—-SWCNT before adsorption, b) after SO, adsorption
from S side (SO,—Ti—S—CNT), ¢) after SO, adsorption from O side (SO,—O-Ti—CNT),
d) after SO,F, adsorption from F side (SO,F,—F-Ti—CNT) and e) after SO,F, adsorption
from O side (SO,F,—O-Ti—CNT). Black and red lines show spin up and spin down bands,
respectively. Red dash line shows the Fermi level.

magnetization of about 2.61 upg in (Ti-(8,0) SWCNT). By calculating both the
magnetization and conductivity of this structure, it is possible to identify the
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adsorption of Ti on the surface of (8,0) SWCNT. Fig. 9a displays the PDOS of
(Ti-(8,0) SWCNT), showing that the s and d orbitals of the Ti atom are unsym-
metrical and lead to the magnetization of the Ti-decorated (8,0) SWCNT. These
orbitals are hybridized with p orbitals of C atom of (8,0) SWCNT at the Fermi
level, resulting in the formation of a Ti-C bond. Since the carbon atom is more
electronegative than titanium, the electrons move towards the carbon atom, lead-
ing to a partially filled molecular orbital, as reported previously.23 Bader charge
analysis, for Ti and SWCNT charge transfer (calculated using Eq. (3)), reveals a
significant positive excess charge of +0.86e on the bonded Ti atom. These find-
ings support the concept of charge transfer from the bonded Ti atom to the
SWCNT, consistent with earlier investigations.23-24 Therefore, Ti atom creates
active sites that promote surface chemical reactions and support faster sensing.
All molecules are bonded to the surface through the Ti atom of (Ti-(8,0)
SWCNT), which is a more suitable site than other atoms for gas adsorption. The
optimized structures of (Ti-(8,0) SWCNT) after the adsorption of SO, from both
sides are shown in Fig. 6, and the corresponding parameters and adsorption
energies are illustrated in Table II. As depicted in Fig. 6b, after SO, adsorption
from S side in SO,—S-Ti—CNT configuration, Ti atom moves to the centre of the
C1-C2 bond, and the C1-C2 bond length increases from 1.46 A in Ti-(8,0)
SWCNT to 1.54 A. The results reveal that after adsorption, one O atom disso-
ciates from the adsorbed molecule. The distance between the Ti and separated O
atom of SO, is approximately 1.93 A, while the Ti atom is bonded to both O and
S of OS at distances of 1.90 and 2.35 A, respectively. In SO,—O-Ti-CNT
configuration, the Ti atom remains above the hollow site of (8,0) SWCNT. The
results show that in this configuration, the Ti atom is bonded to all three atoms of
the SO, molecule. The nearest distance between the Ti atom of (Ti-(8,0)
SWCNT) and the O atom of SO, is 1.93 A. In both configurations, the O atoms
are close to the Ti atom, which can be attributed to the strong electronegativity of
the oxygen atom, in agreement with previous reports.25 Due to the strong inter-
action between the Ti atom and the dissociated O atom of SO, in SO,—S-Ti—
—CNT configuration, it can be concluded that more electrons transfer from (Ti-
-(8,0) SWCNT) to the SO, molecule in this configuration than in SO,—O-Ti—
—CNT configuration, which is consistent with previous works.26 Table II displays
the adsorption energies of SO; in SO,—S-Ti—CNT and SO,—O-Ti—-CNT
configurations as —4.77 and —3.58 eV, respectively. The results suggest that SO,
adsorption from S side is energetically more favoured in SO,—S-Ti—CNT config-
uration compared to SO,—O-Ti—CNT configuration. These adsorption energies
are more negative than those in pristine SWCNT. The band structures and DOSs
of SO, adsorption to (Ti-(8,0) SWCNT) are illustrated in Fig. 8. After SO,
adsorption, it appears that the half-occupied levels of (Ti-(8, 0) SWCNT) shift up
to the conduction band due to electron transfers from the Ti atom to the SO, mole-
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Fig. 9. PDOS of: a) Ti-SWCNT before adsorption, b) after SO, adsorption from S side
(SO,—S-Ti—CNT), c) after SO, adsorption from O side (SO,—O-Ti—CNT), d) after SO,F,
adsorption from F side (SO,F,—F-Ti—CNT) and e) after SO,F, adsorption from O side
(SO, F,—O-Ti—CNT). Left and right side of each graph show the spin up and spin down
bands, respectively. Red dash line shows the Fermi level.

cule. The band gap of (Ti-(8,0) SWCNT) is increased to 0.43 and 0.52 eV in
SO,—S-Ti—CNT and SO,—O-Ti—-CNT configurations, respectively. The spin up
and spin down levels overlap, indicating no magnetic character in these config-
urations. For further comparison, the PDOSs of SO, adsorption in SO,—S-Ti—
—CNT and SO»—O-Ti—CNT configurations are presented in Fig. 9b and c, res-
pectively. In SO,—S-Ti—CNT configuration, the d orbitals of the dissociated O
atom of the SO, molecule have a high density at the Fermi level, confirming
more electron transfer in SO,—S—Ti—CNT configuration than in SO>—O-Ti—CNT
configuration. After the SO, adsorption, the d orbitals of the Ti atom are pre-
sented at the Fermi level and are hybridized with p orbitals of O and S atoms of
the SO, molecule, which leads to the chemical adsorption in both configurations.
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The comparison of Fig. 9b and ¢ with Fig. 9a shows that the polarization of Ti
orbitals is removed, confirming the electron transfer from Ti atom to the SO»
molecule. Therefore, SO, adsorption alters both the electronic properties and
magnetism of (Ti-(8,0) SWCNT). The Bader charge analysis results are pre-
sented in Table II. The analysis reveals more substantial electron transfer in the
SO,—S-Ti—CNT configuration compared to the SO,—O-Ti—CNT configuration.
The negative value of Qg for SO; adsorption in both configurations signifies the
electron transfer from the (Ti-(8,0) SWCNT) to SO, molecule.

In SO>F»—F-Ti—CNT configuration, the Ti atom remains above the hollow
site of the (Ti-(8,0) SWCNT), as shown in Fig. 7a. The C-Ti bond length
decreases from 2.19 A in the (Ti-(8,0) SWCNT) to 2.09 A. The results indicate
that after the adsorption, one F atom dissociates from the adsorbed molecule.
This dissociative adsorption is similar to the adsorption of SO;F, to the PtN3—
—CNT surface.2” The distance between the Ti atom and the separated F atom of
SO,F, is approximately 1.77 A. The Ti atom forms a bond with O atom of SO,F
at a distance of 1.85 A. In SO,F,~O-Ti—CNT configuration, after adsorption of
SO,F, from O side, Ti atom moves to the centre of the C1-C2 bond, as depicted
in Fig.7b. This causes an increase in the C1-C2 bond length from 1.46 A in (Ti-
-(8,0) SWCNT) to 1.52 A, thereby increasing the orbital overlap after adsorption.
The results indicate that after adsorption, one O atom dissociates from the ads-
orbed molecule. Therefore, a strong bond is formed. The distance between the Ti
atom and separated O atom of SO,F, is approximately 1.68 A. The Ti atom
forms a bond with the O atom of SO,F at a distance of 2.08 A. The adsorption
energies in both configurations and the nearest distance between SO,F, and the
Ti atom of (Ti-(8,0) SWCNT) (D) are presented in Table II. The high adsorption
energies and the dissociation of SO,F; post-adsorption in both configurations
imply robust adsorption, aligning with prior reports.2* The results demonstrate
that the SO,F, adsorption energy in SO,F)—F-Ti—CNT configuration is more
negative than in SO,F,—O-Ti—CNT configuration, which can be attributed to the
dissociated F atom and its higher electronegativity in SO,F,—F-Ti—-CNT config-
uration. Fig. 8 shows the DOS and band structures of SO,F, adsorption on (Ti-
-(8,0) SWCNT). As depicted in Fig. 8d, when SO,F; is adsorbed to (Ti-(8,0)
SWCNT) from F side in SO,F,—F-Ti—CNT configuration, the Fermi level shifts
down, and two bands near the Fermi level shift up to the conduction band, which
can be attributed to the d orbitals of the Ti atom. The conductor Ti-decorated
nanotube changes to a semiconductor nanotube with a band gap of 0.30 eV and
no magnetic property after adsorption. On the other hand, when SO;F, is ads-
orbed to (Ti-(8,0) SWCNT) from O side in SO,F,—O-Ti—CNT configuration, the
DOS at the Fermi level approaches zero, and the band gap increases to 0.50 eV
(refer to Fig. 8e for band structure and DOS). The PDOSs of SO,F; adsorption in
SO,F>—F-Ti—-CNT and SO,F,—O-Ti—CNT configurations are illustrated in Fig.
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9d and e, respectively. Comparison of Fig. 9d and e reveals that the p orbitals of
the dissociated F atom in SOF,—F-Ti—CNT configuration have high density at
the Fermi level, whereas the valence orbitals of the dissociated O atom in
SO,F>—O-Ti—CNT configuration have low density at the Fermi level. This con-
firms the stronger interaction between (Ti-(8,0) SWCNT) and SO;F, gas in
SO,F>—F-Ti—-CNT configuration. The spin up and spin down electronic states
overlap in both configurations of SO,F,, and no magnetization can be observed
in these configurations. The valence orbitals of all atoms of the SO,F, molecule
also appear at the Fermi level and are hybridized with the high—intensity peaks of
the Ti atom, which leads to chemical bond formation in these configurations. The
bader charge analysis reveals greater charge transfer in the SO,F)—F-Ti—CNT
configuration compared to SO;F>,—O-Ti—CNT, as shown in Table II. The negat-
ive charge transfer value for SO,F, adsorption in both configurations indicates
electron donation from the (Ti-(8,0) SWCNT) to the gas molecule.

CONCLUSION

In this study, we examined the adsorption of gases resulting from the decom-
position of SFg (SO, and SO;F») on the surface of pristine and Ti-decorated (8,0)
SWCNTs from different sides using DFT calculations. The formation energy rev-
ealed that Ti-decorated (8,0) SWCNT is thermodynamically stable. To inves-
tigate the interaction between gases and SWCNTs, we calculated the adsorption
energy, the band structures, the density of states, the partial density of states, the
magnetic behaviour, the charge transfer and the conductivity. The principal
conclusions are as follows:

1. SO, and SO,F; weakly adsorb on (8,0) SWCNT, without altering its
electronic properties.

2. Decorating (8,0) SWCNT with titanium shifts electronic properties from
semiconducting to metallic, acting as an active site for SFg decomposed gas
adsorption.

3. The strong adsorption of SO, and SO,F, on Ti-(8,0) SWCNT changes the
system conductivity from metallic to semiconductor.

4. The conductivity order after SO, and SO;F; adsorption on (Ti-(8,0)
SWCNT) from different sides is as follows: SO,F,—F-Ti—CNT < SO,—S-Ti—
—CNT < SO7F2—O-Ti-CNT < SO»—O-Ti—CNT.

5. The negative charge transfer values for SO,F;, and SO, adsorptions indi-
cates the electron donation from the (Ti-(8,0) SWCNT) to gas molecules.

Based on the sensing mechanism, (Ti-(8,0) SWCNT) can be used to prepare
a gas chemiresistor sensor for the detection of SFg decomposed products (SO,
and SO;F») in SF¢ insulated equipment.
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U3BOJI

HUCIITUTHUBAILE OCOBMHA AJCOPIILIMJE TACOBA HACTAJIUX PA3I'PAIIIbOM SFs
(SO2 ¥ SOzF.) HA HEOJUPHYTUM U Ti-YKPAIIEHUM SWCNT IIOBPITMHAMA:
DFT CTYOUJA

ELHAM GHOLAMREZAI KOHAN', HOSSEIN MOHAMMADI-MANESH' 1 FOROUGH KALANTARI FOTOOH?

'Department of Chemistry, Faculty of Science, Yazd University, Yazd, Iran u “Department of Chemistry, Yazd
Branch, Islamic Azad University, Yazd, Iran

DFT u3spauyyHaBamwa Cy HckopuilheHa 3a UCTpa’KMBame afCOPNLHjy racoBa npo3Be-
neHux pasrpagmoM SFe (SO2 m SO:F2) Ha HegupHYTUM U Ti-yKpalleHUM jeJHO3UIHUM
yribeHUYHUM HaHonesuma (Ti-(8,0) SWCNT). CBe cTpyKType Cy peslakcupaHe U BhHUX0Be
CTPYKTYpHE U €JIeKTPOHCKE 0COOMHE HCTpaXXEHE MPE U IOoC/Ie afCopILMje raca Ha MOBp-
muHU HaHoueBH. 3a (Ti-(8,0) SWCNT) je HaheHo ma WMa BUCOKY XeMHCOPILHjCKY
ocemsbuBoCT Ha Ti, SO2F; u SOz agcopnuyje Ha CBOjoj MOBPIMHHU. EnekTpoHcke ocoduHe
(8,0) SWCNT cy ce npoMeHuse o] TOTyNIPOBOOHUUKHX Ha MeTalHe fonaBaweM Ti, kako
je mokasaHo U3pauyyHATHUM CTPYKTypama Tpaka M rycTuHama cramwa (DOS). SOzF2 u SO
agcopnuuja Ha noBprHHU (Ti-(8,0) SWCNT) ca pasnuYUTHUX CTpaHa MPEBOSU IPOBOLHY
(Ti-(80) SWCNT) y nosionpoBOAHY HaHOIeB. [la WM ma)/bMBO MCHHUTAIX IPUPOLY an-
copnuuje, ypaheHa cy u u3pauyHaBawa napuujanHux ryctuHa crawa (PDOS). JonaTtHo,
nonaBawe Ti MHOyKyje MarHetusanujy on npubnuxkso 2.61 us y (8,0) SWCNT, xoja
HecTaje HakOH aJicopIijuje raca.

(TIpumisero 2. hebpyapa, pepunupano 1. mapra, npuxsaheno 17. anpuna 2024)
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Abstract: The primary aim of the current investigation is to contribute to
SARS-CoV-2 research by identifying potential lead compounds for clinical
applications, with a specific focus on inhibitors targeting the main protease
(MP™), In this research, molecular docking analysis was conducted using the
software molecular operating environmental (MOE) to evaluate the potency of
bioactive compounds sourced from medicinal plants as inhibitors of SARS-
-CoV-2 MP. Among 118 natural compounds with anti-HIV characteristics, the
top seven candidates (h3, h84, h85, h87, h90, h108 and h110), were identified
based on their superior binding energies with comparison to the reference lig-
and N3. These selected compounds exhibited binding affinities of —33.996,
-35.336, —32.615, —32.154, —33.452, -31.903 and —40.360 kJ mol'!, respect-
ively. To further refine our shortlist of potential candidates for human applic-
ation, we examined the drug-likeness, and the pharmaceutical attributes of
these compounds using the SwissADME web server. Among them, only two
compounds, namely h85 and h87, demonstrated favorable pharmacological
properties suitable for human administration. These two compounds were sub-
sequently shortlisted for further investigation. To explore the conformational
stability of ligands within the MP™ active site, we performed molecular dyn-
amics (MD) simulations. These simulations showed reliable and steady traject-
ories, supported by analyses of root-mean-square-fluctuation (RMSF) and root-
-mean-square deviation (RMSD). These findings and favorable molecular pro-
perties as well as interaction profiles suggest that these two lead compounds
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may be promising SARS-CoV-2 therapeutic candidates. They present exciting
starting points for further drug design.

Keywords: SARS-CoV-2; natural compounds; molecular docking; ADMET pro-
perties; dynamic simulation.

INTRODUCTION

With human-to-human transmission, the corona-virus 2 (SARS-CoV-2),
which originated in China, quickly spread over the world and impacted a greater
population.! This novel corona-virus disease 2019 (COVID-19), is called severe
respiratory syndrome corona-virus 2 (SARS-CoV-2), and was first identified in
December 2019 in the city of Wuhan, Hubei Province of China. Its high repro-
ductive capacity played a pivotal role in the ensuing pandemic, leading to a sig-
nificant loss of human lives, as documented by Huang et al.2~4

The World Health Organization (WHO) declared this disease a global health
problem on January 30, 2020 with absolute urgency, involving international
bodies, due to its continued progression. COVID-19 has spread to 200 nations
worldwide,> with the United States, India, Brazil, Colombia, Russia, Spain, the
United Kingdom and France being the most affected countries.® The most recent
update states that the corona-virus family is a wide group of viruses that may
cause disease in both humans as well as animals. Humans can get respiratory inf-
ections from many corona-virus strains, which can range from common colds to
more serious diseases.”

As a zoonotic virus, SARS-CoV-2 has the potential to spread from animals
to humans in the future, serving as a warning and indicator for sensible COVID-
-19 control and prevention efforts.® From its spread, SARS-CoV-2 generated
rapid genomic changes, stimulating viral type selection. The WHO defines a var-
iation of concern (VOC) as a viral variety that has evolved to outcompete other
variations and affect public health.%10

The COVID-19 pandemic has accelerated antiviral treatment research and
use to unprecedented levels. Many chronic viral illnesses including HIV and hep-
atitis C have been successfully treated with antivirals. However, their use to treat
acute viral infections like COVID-19 is limited. Computational tools have enabled
the rapid analysis and sharing of viral genomes in recent years and allow near-
-real-time monitoring of viral alterations.!!

These computational tools can predict the virus’s replicative fitness and
adaptation to the human host.”

The chymotrypsin-like protease (3CLP™), commonly referred to as the main
proteases (MP™) and one or more known papain-like proteases with its abbre-
viation (PLP™) are the two primary viral proteases found in coronaviruses.
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The main proteases, recognized as MP™ or 3CLpro, play a vital role in the
viral replication process. Their function involves cleaving polyproteins at various
sites, leading to the production of different functional proteins.!2

These 3CLpro enzymes are indispensable for coronavirus (CoV) replication,
especially in the case of the severe pandemic caused by SARS-CoV and SARS-
-CoV-2 in the 218t century. Consequently, these have been tested as targets that
have promising power for the design and development of broad-spectrum tech-
nologies of anti-CoV19 medications.!3Most efforts to produce novel SARS-
-CoV-2 3CLpro inhibitors are based on previously published SARSCoV 3CLPr
inhibitors due to the significant association between the 14 various kinds of
3CLPros generated from coronaviruses, as shown by their phylogenetic links.
Because it is a potential target for managing different CoVs by limiting viral
multiplication and pathogenesis, 3CLP™ has attracted a lot of attention from both
the academic and business realms. The development of new anti-CoV drugs con-
tinues to rely heavily on the separation of active molecules from natural products.
The use of naturally occurring substances that have been extracted from plants to
treat a wide range of illnesses has received attention.!4 Many molecules of div-
erse chemical structures, from medicinal plants, have been proven to contain
antiviral activity. Indicating that plants constitute a vast and unexplored potential
supply of antiviral medicines. There is an outstanding review study on antiviral
drugs extracted from plants.!5 There have been findings from molecular docking
simulation studies using natural products and well-known antiviral medications
to find possible therapeutic agents against the non-structural proteins of SARS-
-CoV-2.16,17

Biothermodynamic studies have provided intriguing insights into the com-
plex dynamics of SARS-CoV-2 interactions by revealing the dynamic interact-
ions between viral components and host receptors in epidemiology and patho-
physiology research.!8-20

Key findings from biothermodynamic studies on the interaction between
SARS and CoV-2 are as follows. First, compared to Bat-CoV spikes, the spike
glycoprotein (S-glycoprotein) of SARS-CoV-2 has a stronger affinity for the
human ACE-2 receptor.!9 Second, the gut microbial ecology can be disrupted by
even moderate instances of SARS-CoV-2 infection, which can result in a less
stable gut microbiota.20

Third, although the pathogenicity of more recent SARS-CoV-2 variants,
such as BF.7 and BA.5.2, has not changed, they are more contagious.2!-22
Fourth, fevers between 311 and 312 K can increase neutralizing antibodies bind-
ing affinities to the spike protein, which may reduce SARS-CoV-2’s ability to
infect others. Finally, Omicron sublineage spike glycoproteins bind to the ACE2
receptor more strongly at colder temperatures, which raises the possibility of inc-
reased viral transmission in the fall and winter.19:23
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Previously, a prototype thermodynamic equilibrium model was developed
for determining the dose—response potential of a respiratory virus such as SARS-
-CoV-2.19

Our study focused on 118 naturally occurring substances that have antiviral
characteristics and particularly target HIV-1 (anti-HIV1). We selected these
chemicals based on their potential, which has been previously identified, and the
pathophysiological symptoms of COVID-19 and HIV-1 were shown to be ident-
ical. We additionally identified antiviral drug databases to be a useful source of
motivation,?# as agents against the SARS-CoV-2 (MPr) with significant roles in
viral replication/transcription and host cell recognition. This is achieved through
the application of MD simulations, complemented by the computational assess-
ment of drug-like and ADMET (absorption, distribution, metabolism, excretion
and toxicity) properties for the highest-ranking compounds.25-30

We anticipate that this investigation will offer a comprehensive under-
standing of the binding and interaction between antiviral agents and the SARS-
-CoV-2 main protease (MP©).

MATERIAL AND METHODS
Ligand identification

This study assembled a dataset comprising 118 natural chemical inhibitors specific to
HIV-1, drawing upon previous research findings as documented in the literature.!%30 Detailed
information is available in Supplementary material to this paper (Fig. S-1 and Table S-I).

Table S-1I of the Supplementary material outlines the binding energies of the 118 differ-
ent chemicals to the protein identified by the PDB ID 6LU7. Fig. S-1 visually represents the
optimized 2D molecular structures. These structures were generated using HyperChem 8.03
software3! after an initial of sketch Marvin software.3? The optimization of antiviral natural
product geometries commenced with molecular mechanics3? utilizing the MM+ force field
with RMS = 0.0041 kJ/A34 In addition, the PM3 semi-empirical approach was applied for
subsequent geometric re-optimization.

Molecular docking simulations

The 3D structure of MP™ protein bound with N3 inhibitor was taken from the PDB web-
site: Protein Data Bank (http://www.rcsb.org) with the PDB (ID: 6LU7).3% In addition, MOE
software (MOE, version 2007.09)3637 is applied for re-docking of co-ligands with the target
and also for docking the studied molecules with MP™ SARS-CoV-2 protein.

The initial step involves the preparation of two proteins. By removing water molecules,
the N3 inhibitor and adding polar hydrogen atoms into the structural conformation, as outlined
by (Chtita et al., 2022).!® Subsequently, ligands designated for docking undergo structural
optimization, and hydrogen atoms are added. According to Chtita et al.,!° the site of action is
defined as the volume occupied by the co-crystallized ligands in the pocket of each target fol-
lowing a well-determined orientation.

At pH 7.0, the PDB incoherence was adjusted, and the protonation state was assigned
using the structure preparation mode of the MOE software. Alignment of key residues inv-
olved in ligand binding, such as: His41, Cys145, Met49, Thr45, Aspl187, Aspl187, Phel40,
Argl188, Asn142, GIn189, Met165, Glul66 and His172, is remarkably high (RMSD = 0.99 A)
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in the ligand/binding pockets of the main protease of the SARS-CoV-2 virus, as shown in Fig.
1. It is thought that they facilitate the substrate’s grid opening to the active state.38

Fig 1. Binding -pocket with important
residues of SARS-CoV-2virus MP(6LU7).

This study investigates molecular docking, examining the interactions between docked
molecules and the key active sites. To determine which molecule exhibited the most effective
interaction with the target, the results were based on the binding energy.!%16

In silico pharmacokinetics analysis

The development of novel drugs relies significantly on understanding their pharmaco-
dynamic and pharmacokinetic properties. That interplays ADME and toxicology of chemicals
within body, providing crucial insights into how a drug is processed and eliminated. Several
methods, including Lipinski’s Rule of Five (Ro5), were used to consider factors like Log P
ligand molecular weight, and hydrogen bond donor and acceptor that serves as pivotal tools in
predicting a compound’s bioavailability.?® Additionally, our investigation integrated Swiss
ADME (http://www.swissadme.ch/) as a comprehensive platform to evaluate ADMET charac-
teristics.0

Dynamics simulations

Molecular dynamics simulations of the two top-ranked ligand—protein complexes was
made by using the Desmond module in Schrédinger software version 2021-3,*! with the force
fields: OPLS*? to analyze and interpret the stability of the different interactions involved
between the top-docked ligands and the protein in terms of binding affinity.

As a requirement for the limits, the system under study was delimited by an ortho-
rhombic simulation box with 10 A in three dimensions. The SPC is the solvation model water
used in this simulation. The system was neutralized by adding 10 Na* and 6 CI-, and then 0.1
M NaCl was added as salt to modeling the physiology of the human body. The simulated sys-
tem was optimized and reduced via the steepest descent minimization to eliminate steric col-
lisions. The MDS was then run for 1ns at NVT equilibrium at 300 K, followed by NPT equi-
librium by setting the experimental condition at 1.01325 bar and 300 K for the full simulation
time (100 ns), to stabilize the system at the required conditions.

In the simulation, the first system, 6L.U7-h85, comprised 43,652 atoms with 12,961
water molecules and had a net charge distribution of +10 from sodium ions and —6 from
chloride ions. Conversely, the second system, 6LU7-h87, contained 43,643 atoms and 12,958
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water molecules, and maintained the same charge distribution of +10 from sodium ions and —6
from chloride ions. Finally, many parameters were determined at the end of the simulation: we
determine the mean square fluctuation/RMSF and the mean square deviation/RMSD, and all
the protein—substrate interactions, with qualitative and quantitative aspects. The Desmond
Structure program Schrddinger,*! was used to create the graphics.

RESULTS AND DISCUSSION

Molecular docking investigation

This study focused on the protease Mpro, specifically targeting the (PDB ID
6LU7), as a prospective protein for inhibition of COVID-19. In the pursuit of
proposing new inhibitors for 6LU7, it was important to investigate the inhibition
mechanism employed by the most promising compound identified through com-
prehensive screening. Upon comparing the docked energies of all examined
molecules, it becomes apparent that a significant proportion of ligands exhibit
superior energy scores. This indicates that these compounds assume a more fav-
orable docking pose compared to the reference ligand N3 (C35H48N60S), whose
interaction energy is listed in Table S-II as (—32.615 kJ/mol). To visualize the int-
eractions of the reference ligand N3 within the active site of 6LU7 the MOE
software was utilized. The analysis revealed that the reference ligand N3 when
bound to the main protease then protease refers to an enzyme capable of degrad-
ing the peptide bonds connecting two amino acids present in proteins, so demon-
strates inhibitory activity by making conventional hydrogen bonds with the amino
acid Ser46 and one with Pro168 amino acid; n-alkyl interactions with Met49, His
163, His 41; and carbon-hydrogen bond with GIn189 of the enzyme (Fig. 2a).

Table I presents the results of molecular docking. Notably, the more negative
binding energy values indicate that the complex has a good stability (Fig. 2a).The
active site of the receptor enzyme comprises residues such as Met 49, Phel40,
His41, Metl65, Luel4l, Glul66, His164, GInl192, Hisl172, Leu27, Val42,
GIn192, Thr190, Phel81, Asp187, Alal91, Cys145, Phel40, Argl88, Leu27 and
Leul4l.

The seven compounds h3, h84, h85, h87, h90, h108 and h110, which have
the best binding score with the 6lu7 protein, are presented in (Fig. 2b).

Docked conformation of the compounds demonstrated that they are engaged
in desirable interactions with the binding-pocket residues of the target protein,
such as hydrophobic interactions, polar interactions, and hydrogen bonding. Hyd-
rogen bonding or hydrogen bridge is an intermolecular or intramolecular force
involving a hydrogen atom and an electronegative atom such as oxygen, nitrogen
and fluorine. The intensity of a hydrogen bond is intermediate between that of a
covalent bond and that of van der Waals forces.

The hydrogen bond binds with key residues inside the pocket are considered
to be a determining factor in the average binding of the ligand with the active site
of the receptor. The increased number of hydrogen bonds in the complex between
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the ligand and protein may account for the higher binding affinity. The work of
Imberty et al. indicates that interactions with distances between (2.5 and 3.1 A),
are considered strong interactions.43 The hydrogen bond distances between the

active site residues and the seven most favorable compounds range from 2.01 to
3.05 A (Table I).

N3
Interactions
| van der Waals - Amide-Pi Stacked
- Conventional Hydrogen Bond I:I Alkeyl
| Carbon Hydrogen Bond I:I Pi-Alkyl
(a)
Ligand Ligand-receptor interactions Affinity, kJ/mol

h3 —33.996

(b)

Fig. 2. a) Diverse binding interactions of 6LU7 with N3 inhibitor; b) summary of docking
interactions for MP" SARS-CoV-2 protein.
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h84 -35.336
h85 -32.615
h87 -32.154

Fig. 2. Continued.
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h90 -33.452
h108 -31.903
h110 —40.360

Fig. 2. Continued.

Several antiviral medication studies have shown that inhibiting protease
activity may cure several diseases caused by viruses. Hence, proteases emerge as
potential targets for novel antiviral interventions. This inclination is grounded in
the fundamental role that proteases assume during viral replication processes.44
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TABLE I. Types of residue interactions and bond distances of the compounds examined with
the residues of target protein 6LU7; strong interaction: 2.5 A < D < 3.10 A, and average
interaction: 3.1 A<D <3.55 A%

Compd. Interaction Interaction residues of 61u7 Distance, A Type Of.H B
type Interaction
h3 H-Bond Asnl42, Glul66, Leul41, Gly143 3.05, 2.21, 2.24,2.01, Strong
2.36
Pi-Anion Cys 145 4.82 -
h84 H-Bond Thr26, Glu166, Cys145 2.82,2.98,2.92 Strong
Pi-Anion Met 49 4.94 -
h85 H-Bond  Thr26, Ser144, Glul66, Cys 145  2.71,2.38,2.19, 2.62 Strong
Pi-Anion Cys 145 5.40 -
h87 H-Bond Glul66 2.81 Strong
Pi-Anion Cysl145 5.39 -
h90 H-Bond Thr26, Glu166, Cys 145 2.37,2.58,2.19 Strong
Pi-Anion Cys 145 5.46 -
h108 H-Bond Thr26, Glul66 2.11,2.30 Strong
h110 H-Bond  Thr26, Thr190, Thr25, Met165, 2.90, 1.80, 2.85, 2.63, Strong
His 164 2.72,2.34
Pi-Anion Glul66 3.83 Average

To highlight potential drug candidates, an ADMET scan was done to exam-
ine the pharmacokinetics of the top-ranked ligands (h3, h84, h85, h87, h90, h108
and h110). An in-silico investigation allows for the exploration of pharmaco-
kinetic parameters (ADMET). In medicinal chemistry, a key focus is the signific-
ance of high oral bioavailability in optimizing bioactive molecules for therapeutic
purposes.

Drug-likeness and pharmacokinetic properties

Drug like-likeness or drug-like mainly evaluates the possibility for a mole-
cule to become a drug in the future, orally based on its bioavailability. ADME
predictions were conducted utilizing the freely accessible using the web-based
software SwissADME,40 on the following link: http://www.swissadme.ch. For
drug-likeness studies, several rules were applied such as Lipinski’s rule,3°
Veber’s rule,*> Ghose’s rule,*6 Muegge’s rule?’ and Egan’s rule ,*® these filters
were recently tested in recent works.#9:50 The prediction, drug-likeness and
ADME calculation results are shown in Tables II and III. According Table II,
only the compounds h85, h87 and h90 exhibit a single violation according to
Lipinski’s rule. Meanwhile, three compounds (h3, h84 and h108 display more
than one violation; however, they remain in the category of bioavailable ligands,
but are less selective.38

The compound h110 displayed 4 violations (HBD > 5, HBA > 10, MWt >
500 Da, TPSA > 140 A), therefore this ligand could have an oral bioavailability
problem.
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TABLE II. Results of applying Lipinski’s Rule

Bioactive compound

Property h3  h84  h85  h87 _ h90 _ h108 _ hil0
MW (<500 Da) 538.46 583.63 539.59 525.57 532.58 512.51 1009.01
Log P (<5) 0.25 1.70 2.59 2.40 1.37 1.32 1.02
H-bond donor (< 5) 6 2 1 1 1 5 11
H-bond acceptor (< 10) 10 11 9 9 9 8 15
Violations 3 3 1 1 1 2 4

TABLE III. Drug-likeness properties and ADME prediction of bioactive ligands

Bioactive compound

Drug-lik rt
TUg-likeness property h3  h84  h85  h87  h90  hl08 hll0

Lipinski No No Yes Yes Yes No No
Veber (<10 Rot, < 140 TPS4)  No Yes Yes Yes Yes No No
TPSA | A? 181.80 13434 95.65 95.66 119.44 14452 275.13
Log (S/mol L) -6.75 555 -620 584 564 -6.19 -12.12
Bioavailability score 0.17 0.17 0.55 0.55 0.55 0.55 0.17
PAINS alert 0 0 0 0 0 0 0
GI Low Low High High High Low Low
BBB permeability No No No No No No No
Log Kp -6.01 -7.15 -6.08 -630 -6.62 -593 523
-CyplA2 inhibitor No No Yes Yes Yes Yes No
-Cyp2C19 inhibitor No No No No No No No
-Cyp2C9 inhibitor No No No No No Yes No
-Cyp2D6 inhibitor No Yes Yes Yes Yes Yes No
-Cyp3A4 inhibitor No No No No No No No

The Veber filter stipulates that the PSA4: polar surface area less than 140 A2
and the number of rotatable bonds (nRoth < 10 A) for a ligand. On the contrary,
compounds h3, h108 and h110 have PSA exceeding 140 A2, indicating a pro-
pensity for suboptimal bioavailability.

All of the compounds are well-suited for attaching to their targets because
they contain less than 10 rotatable bonds, which helps them get away from the
entropic penalty.

Three candidates showed less rule violations: Lipinski, Veber and Veber
rules, those are the compounds h85, h87 and h90.Hence, based on Lipinski’s
“rule of five”, Veber’s rule and ADME characteristics, compounds h85, h87 and
h90 may be the most suitable drug candidates amongst the originally chosen
compounds.

Nevertheless, the ROS5 test does not prove that the molecule has drug-like
properties. The oral bioavailability of a drug, denoted %F, is the proportion of
the administered dose which can reach the site of action. A score of 55 % is
considered satisfactory, meaning it passes the five-fold test. With a score of 55
%, the substances h85, h87 and h90 demonstrated acceptable bioavailability. 38
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According to the results presented in Table III, we can say that the molecules
h84, h8 and h90 have moderate solubility in aqueous solution, except h3, h85,
h108 and h110, which have low solubility in the aqueous phase. According to the
ADME properties, the absorption of the molecule in the intestine is described by
the gastrointestinal (G/) factor, which is observed to be high; this explains that
the compounds h85, h87 and h90 are strongly absorbed in the gastrointestinal
system.

Certain parameters that can be exploited in computational calculation with a
more or less reasonable degree of accuracy include penetration across the CNS:
central nervous system or the BBB: the blood-brain barrier. It’s noteworthy that
all the compounds do not present any permeability through the BBB barrier.

Two molecules were found capable of passing ADME profiling for the study
of toxicity among the seven molecules. using the Pro-Tox web server with refer-
ence to the Globally Harmonized System.5!

The significant enzyme in the family of CYP: CYP3A4, is responsible for
metabolism of half of all medications. Another enzyme in the family, CYP2C9,
metabolizes several pharmaceuticals that are used in clinical settings, including
the drug diclofenac and celecoxib.52 The Table IV shows that the bioactive lig-
and h87 is a substrate for CYP2C9.

TABLE IV. Toxicity of bioactive compounds

Compound Hepatotoxicity Carcinogenicity Mutagenicity =~ Cytotoxicity LDsq/ mgkg'!

h3 No No No No 2430
h84 No No No No 3000
h85 No No No Yes 500
h87 No No No Yes 500
h90 No No Yes No 500
h108 No No No No 1500
h110 No No No No 2000

Compounds h84, h85, h87, h90, and h108 in our study act as inhibitors for
the CYP2D6 enzyme, which is crucial in metabolizing about 25 % of known
pharmaceuticals, contributing to potential clinical issues. However, two com-
pounds, h3 and h110, identified in Table IV, are non-inhibitors of CYP2D6.

The Boiled-Egg Plot, a feature available through SwissADME, is used to
assess BBB barrier permeability and passive gastrointestinal absorption of the
compounds under investigation. This graph juxtaposes the lipophilicity of a com-
pound with its TPSA surface area.*0-53 Compounds located in the inner yellow
region result in gastrointestinal absorption in the white region, are predicted to
possess permeability across the blood-brain barrier. Conversely, compounds bey-
ond the gray zone may have physicochemical properties less conductive to pas-
sive gastrointestinal absorption and blood—brain barrier penetration.
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An influential participant in the natural elimination of various medications
with diverse molecular structures, the permeability glycoprotein (P-gp) serves as
a crucial protein transporter.> The chemicals that are expected to be pumped up
from the brain or the gastrointestinal lumen as substrates of the P-glycoprotein
(PGP+) are shown by the points colored by blue (h84, h85, h87 and h90). Points
in red, such as molecules h3 and h108, are associated with P-glycoprotein non-
-substrates (PGP-).

Compounds h85, h87 and h90, positioned in the white region of the
SwissADME Boiled-Egg Plot (Fig. 3), are expected to behave like small ligands,
which have a high likelihood of gastrointestinal absorption. Conversely, com-
pounds h3, h84 and h108, located in the grey region, are expected to have less-
-than-ideal brain permeability across the membrane CNS.52

BOILD EGG PLOT

% B BB

a oS nids HIA

[G] h -

9 0 PGP

= 0 PGP—
h3 and h108
molecules out of
range!

TPSA

Fig 3. Boiled-Egg Plot.

The Pro-Tox online server provides predictions for four toxicity endpoints,
which include hepatotoxicity, cytotoxicity, carcinogenicity, and mutagenicity.
Additionally, it calculates an LDsq value for acute toxicity in rats (Table 1V).
Except for h85 and h87, which had positive predictions for cytotoxicity and car-
cinogenicity, the results demonstrated that all other compounds proved to be non-
-toxic. The results of LDsq of all compounds are presented in Table IV, and the
value of h3, h84, h108 and h110is high, 1500-3000 mg/kg, which recommended
that these compounds only have a lethal effect at high doses. Comparing that, the
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three bioactive ligands h85, h87 and h90 with lower doses are more lethal than
the compounds with higher LDj5.

Compounds h85 and h87 adhered to the rules with no more than one viol-
ation, displaying favorable ADMET proprieties. This suggests their potential as
orally active lead molecules. Consequently, h85 and h87 were selected as models
for MD investigation, specifically focusing on their stability within the Mpro
binding site.49

Conformational dynamics and stability

We investigated the conformational stability, structural dynamics, and pro-
tein—ligand interactions of the h85 andh87 compounds and the 6LU7 receptor
using 100 ns (MD simulation). The RMSD values for the two complexes started
with a constant rise and are progressively equilibrating with just a slight vari-
ation, as expected. The RMSD for h85-6LU7 slightly deviates between 40 and 70
ns, then stays balanced and averages about 2.4 A until the completion of the run
(Fig. 4c). For the second complex h87-6LU7, the RMSD values of protein and

a/ RMSD of 6LU7-87 complex b/ RMSF of 6LU7-87 complex
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Fig 4. a) RMSD plot of 6LU7-h87 complex. b) RMSF plot of C-alpha atoms for 6LU7-h87.
¢) RMSD plot of 6LU7-h85 complex. d) RMSF plot of C-alpha atoms for 6LU7-h85.
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ligand remain constant at around 2.4 A (Fig. 4a). Both RMSDs exhibit minimal
change after achieving equilibrium and both systems have C-alpha RMSDs less
than 2.8 A, suggesting that they are stable.

The study of the stability of complexes under consideration was further
assessed by studying the evolution of their RMSF, as illustrated in Fig. 4b and d.
The RMSF was used to measure each residue’s flexibility capability and to inves-
tigate inhibitor binding to the target.>* RMSF was performed on the protein back-
bone in this study, and it demonstrates a similar trend in both systems. The aver-
age RMSF values for h85-6LU7 and h87-6LU7 were 2.5 and 2, respectively. Fur-
thermore, the residues 150 and 300 in h85-6LLU7 are very flexible, and the h87—
—6LU7 fluctuation arises at residues 140, 150-200 and 280-300. Moreover, the
residues in the helix and loop (150-300) closest to the ligand show some fluctu-
ation and flexibility. There is an h85-6LU7 flexible loop with a fluctuation
greater than 4.5. Overall, the RMSF figure demonstrates that the binding of h85
and h87 to 6LU7 does not influence residual fluctuations, indicating that these
complexes are adequately stable.

By observing the interaction histogram throughout the simulation duration
(Fig. 5), there are at least three residues (GLU166, GLN189 and THR190) that

a/Protein-Ligand Contacts b/ Protein-Ligand Contacts

W S PIRLEL L ELNEL PP PP ’ \?v”? Q;@@ Y 117‘ «1@ ,‘@&@79&’9\06/@9@?@9@
A N e o o s o s R TPy TS E S S S G
& ¥ FFPVIVEFPETITEEPTVYEY
. . H-bonds = Hydrophobic Bl lonic I Water bridges |
H-bonds = Hydrophobic M lonic MWater bridges |

¢/ Number of contacts d/ Number of contacts

i TN L IR TRR DB TR T 1

20 40 60 80 100
Time (nsec)

20 a0 60 80 100
Time (nsec)

Fig. 5. MD simulations results of h85 and h87. a) The histogram of 6LU7-h85 interactions
throughout the trajectory. b) The histogram of 6LU7-h87 interactions throughout the
trajectory. ¢) Bar charts of 6L.U7-h85 number of contacts. d) Bar charts of 6LU7-h85

number of contacts.
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interact between ligand h85 and COVID-19 main protease for 100 ns either
through hydrogen bonds, hydrophobic interactions or water bridges (Fig. 5a),
which have the greatest number of contacts between 2 and 3 (Fig. 5c). While
ligand h87 formed three important interactions with the main protease (HIS41,
GLU166 and GLN189), including hydrogen bonds, water bridges and hydro-
phobic bridges (Fig. 5b), the number of contacts went from 2 to 3 (Fig. 5d).

CONCLUSION

The coronavirus pandemic, which has affected many countries and changed
the rhythm of life during the years 2020-2022, is now a one of the main concern
for the whole globe. In this study, we prepared 118 natural compounds and used
advanced molecular docking and dynamic simulation to characterize and screen
potential bioactive compounds against the coronavirus. Only 7 compounds dem-
onstrated good binding affinity in comparison to the reference bioactive com-
pound N3. The overall binding energies of the seven ligands except h110 ranged
between —31.903 and —35.336 kJ/mol, which is similar to the energy value of the
reference ligand N3 (—32.615 kJ/mol).

Based on the ADME analysis and molecular docking investigations, two
specific ligands, h85 and h87, have shown potential as inhibitors of the corona-
virus. This study serves as a preliminary selection to allow further experimental
studies; by in vitro and in vivo methods to explore the pharmacokinetic aspects
and adverse effects of these two compounds, for the design of possible future
potential drugs against SARS-CoV-2.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12757, or from the corres-
ponding author on request.

U3BOL
HCTPAXUBAILE EOMKACHOCTHU INTPUPOJHUX ITPOU3BOJA TTIPEMA SARS-COV-2:
CUHEPIMCTUYKH ITPUCTYII KOJH YKIBYUYJE CUMYJIATMJE MOJIEKYJICKUM
OJOKHMHI'OM U MOJIEKYJICKOM THHAMHUKOM

NABILA AOUMEUR!, MEBARKA OUASSAF?, SALAH BELAIDI?, NOUREDDINE TCHOUAR', LOFTI BOURAGAA?,
IMANE YAMARI?, SAMIR CHTITA® u LEENA SINHA*

"University of Sciences and Technologies of Oran (USTO), Laboratory of Process Engineering and
Environment, BP 1503 Oran 31000, Algeria, *Biskra University, LMCE Laboratory, Department of Matter
Sciences, Biskra, Algeria, *Hassan II University of Casablanca, Laboratory of Analytical and Molecular
Chemistry, Casablanca, Morocco u *University of Lucknow, Department of Physics, 226007 Lucknow, India

['maBHU LWb OBOT MCTpaKHBama je fa JornpuHece uctpakuawy SARS-CoV-2 upeHTH-
¢urKauyjoM NOTeHIUjaTHUX Bojehux jemumema 3a KIMHUUKe IIPUMEHe, ca MocedHUM oKy-
COM Ha MHXUOHUTOpE KOjU LWbajy INMaBHy npoteasy (MP™). Y oBoM HCTpaxuBamy ypaheHa je
IOKUHT aHanmusa kopucrehu codtsep molecular operating environmental (MOE) 3a mpoueny
NOTeHUWjasa OMOaKTUBHUX jeNUmbema, NOOMjEHHX U3 JIEKOBUTHX OM/baKa, ka0 MHXHOMTOpa
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SARS-CoV-2 MP. Mehy 118 npuponHux mpousBoza ca anti-HIV kapakrepuctukama, cemam
Hajbomux kangupara (h3, h84, h85, h87, h90, h108 u h110), je uneHTH(HUKOBAHO HAa OCHOBY
dospux eHepruja BesuBama y nopehemwy ca pedepeHTHUM auraifomM N3. OBa omadpaHa jemu-
Bewha I0Kasyjy BesuBHe adunutere op -33,996, —35,336, —32,615, —32,154, —-33,452,
—31,903, omHocHo —40,360 kJ mol™!. [la 61 masbe Cy3swIM JIMCTY MOTEHUHjATHUX KaHAUOATA 3
IPUMEHY KOJ Jby[H, UCIIUTAIN CMO CIMYHOCT Ca JIEKOBHUMA, U (papmaueyTcke aTpudyTe 0BUX
jenumema kopucrehu SwissADME mpesxuu cepsep. Mehy wmuMa, camo 1Ba jemumersa, Haume
h85 u h87, cy nokaszana noxemHe ¢apMakosouIke 0COOMHe TOTOHE 3a MPUMEHY KO JbYAHU.
OBa IBa jenumema Cy ITOTOM H3/IBOjEHA 3a Aa/ké UCIUTHBame. Ja Ou ucrpakuiu koHOp-
MalMOHy CTadWIHOCT JIUraHaga y MP™ akTUBHOM MeCTy, U3BEJIH CMO CUMYyJalldje MOJIEKYJI-
CKOM AuHaMuKoM (MD). OBe cumynauyje cy rnokasajie Noy3fiaHe U I0CTOjaHe TpPajekTOpHje,
NOAp)KaHe aHAIM30M CpemNlmMX KBagpaTHHX (uykryauuja (RMSF) U cpefwmuX KBafpaTHHX
nes”januja (RMSD). OBH Hamasd M TMOKe/bHE MOJIEeKyJICKe 0CODHMHE W WHTEepPaKUHOHH ITpOo-
¢unu cyrepuiny na oBa fBa Boseha jenumerwa mory dutu obehasajyhu SARS-CoV-2 Tepanuj-
cxy kaHgunaty. OHa cy y30yz/buBe NonasHe Tauke 3a Ja/bU AU3ajH JIEKOBa.

(ITpumsseno 4. janyapa, peBuaupano 28. janyapa, npuxsaheno 3. mapra 2024)
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Figure S-1: Antiviral natural products h1-h118 with significant
binding affinities against SARS-CoV-2
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Table S-I: Functional group
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R1 R2 R3 R4 R5
h29 OH 0 OAC OH -
2. H "H 2. H
h30 OAC OH OH 0} -
“nH /"'H o H
h31 0 (0] OAC| O -
“oH
h32 OH OH 0 o) -
/2 2
h OH OH H H
33 /’ H> / o (0) CHj3
h34 (0] OH CHj CH3 | CH;O
Zon H
h35 (0] H> CH; CH; | CH,O
H
h36 (0] H> OH | OH CHj3
Zon
h37 H H H H
h38 OH H OH H -
h39 OH OH H H -
h40 H H H OH -
h41 H H H OH H
h42 H H H H H
h43 H OH H H H
h44 H OH H H OH
h45 H OH OH OH H
h46 H OH OH OH H
h47 OH OH OH OH H
h48,h51 H OH - - -
h49,h52 OH H - - -
h50,h53 H OAc - - -
h54 Me H - - -
h55 H Me - - -
h56 H COOH - - -
h57 H CH,OH - - -
h58 H COOCH,C0O0C - - -

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



SUPPLEMENTARY MATERIAL

S209

Hj

h59 Ac COOH -
h60 COCgHs COOH -
h61 COCH=CHCHj3; COOH -
h62 COCH,CH,COOH COOH -
h63 Me OH -
h64 Me Me -
h65 H Me -
h66 H H H
h67 H H Me
h68 Ac H Me
h69 Ac Ac H
h70 Butyryl H Me
h71 OaN - -

—HN—\{ >—OCH3
h72 HaCO - -

HN @—N 0,

h73 HaCO ~ N

—HN@—NOZ
h74 HsCO - -

OCH,4
h75 /N - -
T
H

h76 E -

—NHQ :@

N
h77 N OF - -
h78 - -
OH
h79 ———=0H —COH,C -
i
h80 e OH —I(I3OCH=CH2 -
O

h81 Me H

< OH
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h&2 Me Me
S o

h&3 <:> H Me
—CN CN

h84 O H Me
=—CN CO,C,Hs

h8&5 Me Me
—-CN—< :)—F

h86 @ H Me
=—CN NO;

h&7 H Me
-—CN@—F
h&8 Me H
e OH
h&9 Me Me
e OH

h90 @ H Me
=CN CN

nol O H Me
=—CN 002C2H5

h92 @ Me Me
-CN F

h93 H Me

ol )

h94 H Me

—o i)
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[} 00
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OH ~oH
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Table S-II: Results 6LU7 enzyme SCORE with studied ligands.
o S-Score o S-Score o S-Score
Ne°.Comp. (kJ/mol) N°.Comp. (kI/mol) N°.Comp. (kI/mol)
hl -30.270 h47 -26.376 h91 -32.782
h2 -32.405 h48 -18.045 h92 -30.940
h3 -33.996 h49 -27.214 h93 -32.489
h4 -29.433 h50 -27.214 h94 -32.405
hS -30.144 h51 -28.051 h95 -23.906
h6 -32.112 h52 -8.206 h96 -24.409
h7 -34.708 h53 -26.879 h97 -25.665
h8 -22.315 h54 -28.595 h98 -25.623
h9 -23.655 h55 -28.553 h99 -10.718
h10 -22.064 h56 -22.608 h100 -25.790
hll -14.528 h57 -23.362 h101 -24.785
h12 -23.822 h58 -26.000 h102 -25.790
hl3 -27.130 h59 -25.958 h103 -8.499
h14 -25.539 h60 -25.330 h104 -26.586
h15 -30.144 h61 -23.362 h105 -25.330
hl6 -31.024 h62 -22.776 h106 -27.256
h17 -22.818 h63 -25.455 h107 -26.628
h18 -30.479 h64 -25.413 h108 -31.903
h19 -29.977 h65 -25.120 h109 -33.075
h20 -30.103 h66 -21.101 h110 -40.360
h21 -26.753 h67 -20.682 hlll -30.144
h22 -25.706 h68 -23.404 h112 -28.595
h23 -25.204 h69 -25.790 h113 -23.069
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h24 -22.399 h70 -26.376 h114 -30.103
h25 -26.041 h71 -31.149 h115 -33.578
h26 -17.291 h72 -29.768 h116 -31.066
h27 -15.742 h73 -32.489 h117 -32.238
h28 -28.888 h74 -31.610 h118 -30.479
h29 -26.000 h75 -31.526 RéEf(N3) -32.615
h30 -25.916 h76 -30.061
h31 -29.140 h77 -29.851
h32 -6.070 h78 -30.144
h33 -26.669 h79 -30.270
h34 -24.618 h80 -30.270
h35 -24.367 h81 -26.376
h36 -26.795 h82 -27.758
h37 -26.795 h§3 -27.758
h38 -24.450 h84 -35.336
h39 -23.822 h85 -32.615
h40 -22.776 h86 -31.735
h41 -24.576 h87 -32.154
h42 -23.278 h88 -25.874
h43 -25.037 h89 -28.679
h44 -25.413 h90 -33.452
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Abstract:. Potassium-ion-based batteries have emerged as promising alternat-
ives to traditional lithium-ion batteries for energy storage systems due to their
affordability, wide accessibility and comparable chemical characteristics to
lithium. This study employs molecular dynamics simulations to explore the
physical phenomena of potassium fluoride in aqueous solutions. The interat-
omic interactions were defined using the OPLS-AA force field, while the
SPC/E water model and ions were represented as charged Lennard—Jones par-
ticles. The simulations were conducted across concentrations ranging from 0.1
to 1.0 mol kg!. The insights derived from this investigation provide valuable
understanding into the behaviour of KF electrolytes and their potential utility in
energy storage systems. A comprehensive comprehension of the impact of KF
electrolyte concentration on structural, dynamic and dielectric properties is piv-
otal for the design and optimization of potassium-ion batteries, as well as other
electrochemical devices leveraging KF-based electrolytes. This research sig-
nificantly contributes to the ongoing endeavours aimed at developing efficient
and economically viable energy storage solutions that transcend the confines of
traditional lithium-ion batteries.

Keywords: molecular dynamics; potassium fluoride; hydration phenomenon; self-
-diffusion coefficient; dielectric constant; energy storage system.

INTRODUCTION

In recent years, a surge of interest has emerged in the pursuit of new battery
technologies aimed at addressing the limitations of standard lithium-ion bat-
teries.!»2 One such promising development involves batteries centred around pot-
assium ions, which hold potential as alternatives for energy storage systems.3:#
These potassium-ion batteries offer several advantages over their lithium-ion
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https://doi.org/10.2298/JSC231106003L
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counterparts, including reduced costs, abundant availability and comparable
chemical properties.>~7

Lithium-ion batteries have become the preferred choice across various
applications, ranging from portable devices to electric automobiles.8: However,
their production costs remain relatively high due to limited global lithium res-
erves and intricate extraction processes.!0:1!1 Furthermore, lithium-ion batteries
heavily rely on cobalt, a rare and costly material entangled with ethical and
environmental concerns in its mining.12:13 These factors have prompted res-
earchers and scientists to explore alternative battery chemistries that can offer
similar or enhanced performance while being more economically feasible and
sustainable.

Significantly, potassium is an abundant element present in the Earth’s crust
and readily available, rendering it a cost-effective substitute for lithium.!415 Its
widespread availability ensures a steady and sustainable supply chain, reducing
the concerns related to resource scarcity.” Additionally, the potassium ions exhi-
bit comparable chemical properties to lithium ions, enabling them to demonstrate
akin electrochemical behaviour and energy storage capabilities.!6-18 Recent
studies have exhibited promising results in the development of potassium-ion
batteries.!9-20 Researchers have made substantial progress in augmenting battery
performance, energy density, and cycle life, rendering these batteries more viable
for practical applications.21-22 These advancements primarily revolve around the
design of suitable electrode materials, electrolyte formulations and battery archi-
tectures, all geared towards optimizing the performance and stability of the pot-
assium-ion batteries.23-25 Within various applications, particular attention has
been directed towards the electrolytic system involving a fluoride anion and pot-
assium cation due to its significance.26-29 Nonetheless, a comprehensive examin-
ation of the existing literature uncovers a scarcity of molecular equilibrium sim-
ulation studies targeting KF(,q) systems within the specified concentration range.

The organization of this paper is as follows: Section 2 include the details for
the MD simulations. Section 3 elucidates and presents the theoretical equations
employed in this investigation. Section 4 deals with the study’s findings, inc-
luding computed structural and dynamical characteristics, alongside the dielectric
constant at different concentrations. Lastly, Section 5 summarizes the conclus-
ions and concluding remarks.

COMPUTATIONAL DETAILS

In this research, we conducted molecular dynamics (MD) simulations at a temperature of
298.15 K to investigate the behaviour of potassium fluoride (KF) within aqueous solutions of
varying concentrations. To describe the interatomic potentials between ions and water compo-
nents,?® we employed the optimized potentials for liquid simulations-all atom (OPLS-AA)
force field. The simulations were carried out using GROMACS-2020-63'32 under the NPT
ensemble, wherein both particle number (V) and pressure were held constant at 1 bar using
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AQUEOUS POTASSIUM FLUORIDE SYSTEM 879

Parrinello-Rahman pressure coupling.>3 To maintain the temperature at 298.15 K, a Nosé—
~Hoover thermostat was used.3*3>

The simulations were carried out for a total of 108 steps, with each time step set to 0.1 fs,
resulting in a simulation time of 100 ns. This extended simulation time allowed for a compre-
hensive exploration of the system’s dynamics and behaviour. For representing water mole-
cules, we employed the widely used SPC/E model,3® known for its accuracy in reproducing
numerous solution properties.

The interaction between ions and water molecules was depicted through Coulombic
interactions and a short-range Lennard—Jones (LJ) potential 3’ with the ions interacting select-
ively with oxygen or hydrogen atoms within the water molecules, Table I. The main aim of
this study is to gain insights into the behaviour and properties of potassium fluoride within an
aqueous solution. Through our simulations we computed the radial distribution functions
(RDFs) for different ion pairs, uncovering the microstructural characteristics of the solutions.
Furthermore, we determined the hydration numbers by integrating the RDFs. Additionally, we
evaluated the dynamic and dielectric properties of different components by modelling the self-
diffusion coefficient and relative permittivity (¢). These simulations provided a comprehen-
sive understanding of the interatomic interactions and dynamics within the system, shedding
light on the structural, dynamical and dielectric properties of the potassium fluoride solution.

TABLE 1. Lennard—Jones interactions and electrostatic forces parameters within the force
fields of water and ions38-3°

Element qle o/ A &1y / keal* mol!
K* 1.00000 4.93463 0.00033

F- -1.00000 2.73295 0.72000
Oy —0.84760 3.16560 0.65017
H,, 0.42380 3.16549 0.15532
Theoretical formalism

In this system, both the interactions between ions {ion—ion} and ions with dipoles {ion—
—dipole} are modelled using a combination of Coulombic and Lennard—Jones potentials. The
general representation of the potential is :40

Uy(r) =220 4 ag,[(CEy2 - (Ciys) (1)
i i Y

The equation incorporates the charge of the the atom (or ion), denoted as ¢;, and is
essential in describing the Coulombic potential. Additionally, the Lennard—Jones parameters
o;j and g;; are determined using the combination rules from Egs. (2) and (3), respectively:

o)== 2)

ey = Jei€; 3)

These combination rules play a pivotal role in the computation of the Lennard—Jones pot-
ential, responsible for describing the attractive and repulsive forces operating among particles.
By employing this generalized potential equation, we attain invaluable insights into the intri-

*1 kcal =4184 ]
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cate interplay of forces within the system, thus contributing to a comprehensive grasp of its
structural and dynamic behaviours.

For the analysis of structural properties within aqueous solutions, a crucial methodology
involves the calculation of the radial distribution function (RDF), denoted as gj;(r), pertaining
to various pairs of ions. Eq. (4) presented below encapsulates the mathematical representation
of gj;(r) function, which characterizes the spatial distribution of ion pairs / and j. This equation

quantifies the possibility of locating an ion i at a distance rj; from ion j within the solut-
i op 26,41
ion:2%

gij (r) = 4nr? pdr 4)

To determine the coordination numbers, n,-j(r), associated with different ions, we inte-
grated the radial distribution function by:4142

njj (r)=4p; J.o

.
™" gy (r)dr (5)

This integration provides an estimation of the number of water molecules surrounding
M™ within the distance range from 0 to 7. Here, gjj(r) represents the RDFs for the i/ pair,
while p; denotes the number density of particles corresponding to the minimum of the first
peak in the RDF. This analysis allowed us to gain insights into and quantify the extent of ion—
—water molecule interactions within the specific environment surrounding M™ in the solution.

To characterize dynamic properties, our focus lies in computing the self-diffusion coef-
ficient (D), a pivotal factor for representing the translational motion of particles within the
aqueous system. This coefficient is determined by analysing the long-time limit of the mean
square displacement (MSD) using Einstein’s relation:2°

D= lim LS 117ty +0)=r(t) ] ©)
In Eq. (6), (o + ¢) denotes the position vector of the molecule’s (or ion’s) centre of mass
at time ¢. Through the analysis of the temporal evolution of the centre of mass position, we
acquire enhanced insights into the diffusive patterns and motion of particles within the aque-
ous system.
Moreover, in the pursuit of deriving the dielectric constant of non-polarizable fluids, we
evaluate the fluctuations in the total dipole moment (M) within the simulation volume. Eq. (7)
provides the mathematical representation of this calculation:2¢

g=3KB;<V>(<M2>_<M>2) @

Here, M represents the cumulative sum of individual dipole moments (1) contributed by
all particles in the system, where N denotes the total number of particles. The examination of
these fluctuations furnishes significant insights into the dielectric characteristics of the non-
-polarizable fluid system, elucidating its electrical properties and interactions.

RESULTS AND DISCUSSION
Structural proprieties

The evolution of concentration within an electrolytic solution is a pivotal
aspect for understanding the structural characteristics of complex systems, espe-
cially in the presence of an aqueous medium. However, upon analysing the litera-
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ture, it has become evident that there exists a dearth of data concerning the influ-
ence of concentration on the KF(,q) system. Furthermore, this study leads us to
the conclusion that the calculated density of these solutions exhibits a linear
decrease as the concentration increases. To provide a comprehensive overview of
the studied system, Table II presents our molecular simulation data, including
parameters such as density, volume, number of hydrogen bonds, total energy,
kinetic energy and structural properties of this system at various concentrations.
The initial analysis aims to highlight the strong correlation between concentration
and the examined physicochemical properties, thus enhancing our understanding
of the dissolution process of potassium fluoride within an aqueous medium.

TABLE II. Simulation values reveals thermodynamic and structural properties of KF ) sys-
tem at different concentrations

Parameter C/mol kg Exp. data
0.1 0.3 0.5 0.8 1.0
p/103kg m3 1.005 1.011  1.032 1.053 1.067 -
V /nm3 64.529 63.932 63.419 62.569 62.019 -
Ei/ 103 kJ mol™! —0.886 -0.951 -1.009 -1.107 -1.173 -
Eiinetic / 10° kJ mol-! 0.161 0.160 0.159 0.158 0.158 -
Number of H-bonds per H 1.677 1.702  1.724 1765 1.793 -
H(k-ow) / A 2.720 2720 2.720 2720 2.720 2.804
Hydration number (cni+ ) 6.602 6.634 6.665 6.708 6.735 6.40%
r(r-ow) / A 2.600 2.600 2.600 2.600 2.600 2.64%
Hydration number (cnF. ) 6.329 6.334 6341 6351 6.360 6.10%
6.80*

To explore the local structure of the electrolyte system, we performed mole-
cular dynamics simulations in a canonical NVT ensemble. This allowed us to
calculate hydration data for all constituents, encompassing ions and water mole-
cules. In particular, we scrutinized the pair correlations among ions, ion—water,
and water—water interactions using radial distribution functions (RDFs). Our
investigation centred on aqueous KF electrolytes maintained at a temperature of
298.15 K.

The RDFs, acquired across diverse concentrations spanning from 0.1 to 1.0
(mol kg1), have been obtained and are graphically depicted in Figs. 1-3. These
RDF graphs offer valuable insights into the spatial arrangement and interplay
between ions and water molecules within the KF electrolyte system. By analys-
ing these RDFs, we gain enhanced comprehension of local structural attributes
and their fluctuations with changing concentration levels. This research contri-
butes to a more comprehensive understanding of the system’s behaviour.

Radial distribution functions have yielded valuable insights into the micro-
structural properties of the electrolytic system in KF aqueous solution. Fig la
illustrates the gx_ow(7) first peak, which was detected at a distance of 0.272 nm,
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indicating a well-defined coordination shell around the potassium cation. The
second hydration shell was observed in the range of distance between 0.466 and
5.921 nm, suggesting the presence of additional water molecules in the environ-
ment. The gr_pgw(7) in Fig 1b exhibited dual peaks as well, with the initial peak
observed at a separation of 0.159 nm, followed by a secondary peak at 0.305 nm.
These findings are consistent with both experimental results and computer simul-

LAHMIDI et al.

ations conducted on the KF aqueous system.*3:45

g(n

g(n

Fig. 1. gx.ow(r) and gg_pgw(7) for potassium cation at various concentrations.
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Fig. 2. gr.ow(7) and gg_y.(7) for fluoride anion at various concentrations.

The analysis of Fig. 2 demonstrates that the gp_pgw(7) function indicates the
existence of two distinct peaks at distances of 0.160 and 0.305 nm, respectively.
This suggests a double-layer hydration of the fluoride anion. Similarly, the
gr_ow(7) curve also exhibits two peaks. The first peak is observed at a distance of
0.260 nm, followed by the second one between 0.328 and 0.344 nm.

Moreover, the coordination numbers of potassium and fluoride ions increase
in an almost linear with increasing concentrations. This suggests a disruption in
ion-dipole interactions and an augmentation in ion—ion interactions. These coor-
dination numbers range from 6.602 to 6.735 for K* and from 6.329 to 6.360 for
F~. This can be attributed to the significant difference in electronegativity
between the ions, which amounts to Ay = 3.16 for this specific system. This dif-
ference will enable strong hydrogen bonding with HyO molecules. Consequently,
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the combined effects of M™---H,O and M---H,O interactions contribute to the
dissociation of KF into its fundamental ions, which leads to increased levels of
hydration for F~ and K*, especially as concentrations rise.

8~ -8
—— C=0.1 mol kg™ o i
74— C=0.3mol kg’ L7
C=0.5mol kg
C=0.8mol kg
1 c=10molkg’ '65
£
* 3
o z
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=
g
3 5
—
(]
[e]
2 - O
14
0 -0

— T T T T "~ T " T T 1T "~ T "~ T~ T 7T
00 01 02 03 04 05 06 07 08 09 10 1.1 12
r/nm
Fig. 3. Radial distribution functions {gk_g(7)} at various concentrations.

The analysis of Fig. 3 highlights the presence of four distinct groups of ion
pairs. The first peak, observed at a distance of 0.264 nm, depicts ion pairs in
contact (CIP). The existence of solvent-separated ion pairs (SIP) is confirmed by
the second peak located at 0.428 nm. The double solvent-separated ion pairs
(2SIP) are clearly identified by the third peak at a distance of 0.664 nm. Finally,
free ions are represented by the last peak, which is less intense and covers a
broader range of positions between 0.788 and 0.959 nm.

Moreover, the analysis of RDF variations reveals that as concentration inc-
reases, the presence of CIPs weakens, leading to a slight decrease in the coordin-
ation numbers (CN) of the K™ and F~. The strong intensity of CIPs underscores
the significant binding energy between the two ions, owing to the high value of
the electronegativity difference attributed to the fluoride ion.

In Fig. 4a, the increase in concentration brings forth noticeable microstruc-
tural effects in the aqueous KF(,q) system. The variation in the gow-ow(7) func-
tions demonstrates a decline in the peak intensities” maximum values. The ana-
lysis of this phenomenon signifies a considerable distortion in the structure due to
intensified Ow—Ow interactions as the concentration rises. Consequently, there is
a growing concentration of ions in the system, responsible for arranging water
molecules regularly, thereby leading to modifications in the local structure.
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Fig. 4. gow-ow(r) and gow.nw(7) functions at various concentrations.
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Moreover, Fig 4b illustrates the impact of concentration on the distribution
of the hydrogen bond network. This is proved by the diminishing peak intensities
as the concentration increases, indicating a reduction in the count of hydrogen
bonds between Ow and Hw. This shift can be attributed to the strong competition
between the highly electronegative fluoride anion and the oxygen atom. This
competition leads to the breaking of the hydrogen bonds created by the solvent

molecules (H,O).

Dynamical and dielectric properties

Table III presents newly calculated data for the dielectric constant and self-
-diffusion coefficient specific to aqueous KF(aq) systems at various concentrat-
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ions, using the molecular dynamics approach at 7 = 298.15 K. The analysis of
Fig. 5 reveals a gradual reduction in self-diffusion coefficients as the concen-
tration increases. Notably, this decrease is more pronounced for water molecules
compared to ions, a phenomenon attributed to the stronger influence of Coulomb
forces on ions.

TABLE III. Molecular dynamics results for the dielectric and dynamic properties of water
molecules, ions and KF electrolyte at various concentrations

C/mol kg'! Dxr Duyo Dx+ Dr clc?rllizfliré) Exp. data

0.1 2.5048  2.5100 1.8857  1.1589  70.2847 + -
+0.0252  +0.0239 +0.1246 +0.5037 0.4007

0.3 23891 24040 1.7974  0.8693  68.3135+ -
+0.0317 +£0.0253 +0.2715 +0.0112 0.3450

0.5 22808+ 23093  1.5111  0.8416 653158  Dmuyo=2.30%
0.0199  +0.0265 +0.3044 +0.0072  +0.4313

0.8 2.1763 22236 14416  0.7639  62.1923 + -
+0.0700 +0.0638 +0.3613  +0.0338 0.1745

1.0 2.0115  2,0507  1.2499  0.6842 60.0358 Do =2.14%
+0.0130  +0.0399 +0.1183 +0.0466  +0.4034 £=60.8"

Di/ 105 cm?s™

0.0 02 04 06 08 170
C / mol kg™

Fig. 5. Self-diffusion coefficients of both water molecules and ions within the aqueous KF
system at different concentrations.

Fig. 6 illustrates that the dielectric constant values also display a decline with
increasing concentration. This decrease is primarily attributed to the strength of
the electric field created by the two ions (K™ and F-) within the aqueous solution,
which weakens the polarization of the KF(,q) electrolytic system. Furthermore,
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our results concerning the dielectric constant are in good agreement with other
values from experimental data.46.47

120 ~

——C=0.1mol kg!
——C=0.3mol kg™
———C=0.5mol kg™
——C=0.8mol kg™
——C=1.0mol kg™

100 ~

80
R W NN

60

40

T T T T 1
0 20000 40000 60000 80000 100000
t/ps

Fig. 6. Variations of the dielectric constant (¢) for the aqueous KF system as a function of
simulation time at different concentrations.

CONCLUSION

In this study, we applied a molecular dynamics approach to investigate the
structural, dynamical, and dielectric properties of the KF(,q) binary electrolyte
system. The chosen method has proven highly effective for the examination of
such materials in aqueous solutions. Through our molecular simulations, we
gained valuable insights into the interactions between water molecules and ions
(K*, F-), shedding light on the formation and stability of ion pairs and the intri-
cate network of hydrogen bonds within the present aqueous electrolytic system.

Moreover, our investigation led to the determination of new simulation data
regarding the self-diffusion coefficients and the dielectric constants across a
broad range of concentrations, from infinite dilution to saturation, using the
molecular dynamics approach. These results offer a comprehensive overview of
the concentration-dependent effects on the mobility and the dielectric behaviour
in potassium fluoride aqueous solutions. This knowledge significantly contri-
butes to the understanding of the various mechanisms at play in this complex
system.

Overall, this work represents a significant advancement in optimizing the use
of KF electrolytes in numerous sectors, particularly within the realm of potas-
sium-based rechargeable battery technology. The findings from our study gives
the potential to enhance the efficiency and the performance of such electrolytes
in industrial applications.
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U3BOJI

HUCIIUTHUBAILE CTPYKTYPHHUX, IMHAMUYKHX U JUEJIEKTPUUYHUX CBOJCTABA
BOJEHHX PACTBOPA KAJIMJYM-®JIYOPUJA PA3JTMUYUTHX KOHUEHTPALTUJA
[TIOMORY MOJIEKYJICKE JUHAMUKE

AYOUB LAHMIDI, SANAA RABII, ABDELKBIR ERROUGUI, SAMIR CHTITA, MHAMMED EL KOUALI
1 MOHAMMED TALBI

Laboratory of Analytical and Molecular Chemistry, Faculty of Sciences Ben M’Sick, Hassan II University of
Casablanca, Morocco

barepuje xoje ce 3acHMBajy Ha Kanujymy cy odehasajyha anTepHaTHBa Tpamuio-
HaJIHUM JIUTHjyM-jOHCKUM OaTepHjaMa 3a CHUCTEME 3a CKIAJULITEHE EHEPIHUje YCIen
BUXO0BE NMPUCTYNAaYHOCTH, IIUPOKE AOCTYITHOCTH U XEMHUjCKUX KapaKTepUCTHKA CAUYHUX
JTUTHjyMy. Y OBOM pajy NpUMEBEHE Cy CUMyJaluje MOJEKyJICKe JUHaMHuke fa du ce
ucnutanu UMYk (peHOMeHU KauujyM diyopuia y BOOEHUM pacTBopuma. Mebhy-
aToOMCKe HHTepakuuje cy nedunHucane npumeHom OPLS-AA mosa cuna, gok cy SPC/E
MOJEN BOLE U jOHHM TNpEeNCTaB/beHHM Kao HaeneKkTpucHe JleHapa—lloHcoBe uecTHue.
Cumynauuje cy ypahene 3a omcer konuentpauuja ox 0,1 o 1,0 mol kg'!. Pesynraru
Io0UWjeHH y OBOM HCTpPa)kKMBamky INOMPHHOCE pasdyMeBamy MoTeHUHjanHe mpumene KF
€eKTPOJIUTa y CUCTEMUMaA 3a CKIajulliTewme eHepruje. CBeobyxBaTHO pasmMeBame yTH-
naja koHueHtpauuje KF enexkTponuTa Ha CTPYKTypHE, AUHAMHWYKe WU JUENEKTPUYHE
ocoDMHE je K/byYHO 3a fAM3ajH U ONTHUMH3ALH]y KalHWjyM-jOHCKHX OaTepHja, kao H
IPYrux eneKkTpoxeMHujckux ypehaja xoju kopucre enexrposnute 3acHoBaHe Ha KF. OBo
HUCTpaXKMBawme JONPHUHOCH TeKyhHM Hamopuma YCMEpPEeHHUM Ka Pa3Bojy edUKaCHUX U
€KOHOMCKH OAP’KHMBUX pelllemha 3a CKIaJUILITeHhe eHepruje Koju npeBa3uias3e OrpaHu-
yewa TPaSULMOHATHUX JUTHjYM-jOHCKUX DaTepHja.

(TTpumisero 6. HoBemOPpa, pesupupano 23. neriembpa 2023, mpuxsahero 19. janyapa 2024)

REFERENCES

1. A. Tomaszewska, Z. Chu, X. Feng, S. O’Kane, X. Liu, J. Chen, C. Ji, E. Endler, R. Li, L.
Liu, Y. Li, S. Zheng, S. Vetterlein, M. Gao, J. Du, M. Parkes, M. Ouyang, M. Marinescu,
G. Offer, B. Wu, eTransportation 1 (2019) 100011
(https://doi.org/10.1016/j.etran.2019.100011)

2. Y.Kim, W. M. Seong, A. Manthiram, Energy Storage Mater. 34 (2021) 250
(https://doi.org/10.1016/j.ensm.2020.09.020)

3. K. Beltrop, S. Beuker, A. Heckmann, M. Winter, T. Placke, Energy Environ. Sci. 10
(2017) 2090 (https://doi.org/10.1039/C7EE01535F)

4. X.Lin, J. Huang, H. Tan, J. Huang, B. Zhang, Energy Storage Mater. 16 (2019) 97
(https://doi.org/10.1016/j.ensm.2018.04.026)

5. H. Xu, H. Chen, C. Gao, ACS Mater. Lett. 3 (2021) 1221
(https://doi.org/10.1021/acsmaterialslett.1c00280)

6. R. Rajagopalan, Y. Tang, X. Ji, C. Jia, H. Wang, Adv. Funct. Mater. 30 (2020) 1909486
(https://doi.org/10.1002/adfm.201909486)

7. 1.-Y. Hwang, S.-T. Myung, Y.-K. Sun, Adv. Funct. Mater. 28 (2018) 1802938
(https://doi.org/10.1002/adfm.201802938)

8. Y. Mekonnen, A. Sundararajan, A. I. Sarwat, in Proceedings of SoutheastCon 2016,
2016, pp. 1-6 (https://doi.org/10.1109/SECON.2016.7506639)

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

AQUEOUS POTASSIUM FLUORIDE SYSTEM 889

X. Zeng, M. Li, D. Abd El-Hady, W. Alshitari, A. S. Al-Bogami, J. Lu, K. Amine, Adv.
Energy Mater. 9 (2019) 1900161 (https://doi.org/10.1002/aenm.201900161)

H. Vikstrom, S. Davidsson, M. Ho0k, Appl. Energy 110 (2013) 252
(https://doi.org/10.1016/j.apenergy.2013.04.005)

S. Ziemann, D. B. Miiller, L. Schebek, M. Weil, Resour. Conserv. Recycl. 133 (2018) 76
(https://doi.org/10.1016/j.resconrec.2018.01.031)

R. T. Nguyen, R. G. Eggert, M. H. Severson, C. G. Anderson, Resour. Conserv. Recycl.
167 (2021) 105198 (https://doi.org/10.1016/j.resconrec.2020.105198)

G. Zubi, R. Dufo-Lopez, M. Carvalho, G. Pasaoglu, Renew. Sustain. Energy Rev. 89
(2018) 292 (https://doi.org/10.1016/j.rser.2018.03.002)

J. Zhao, X. Zou, Y. Zhu, Y. Xu, C. Wang, Adv. Funct. Mater. 26 (2016) 8103
(https://doi.org/10.1002/adfm.201602248)

Y. Xu, C. Zhang, M. Zhou, Q. Fu, C. Zhao, M. Wu, Y. Lei, Nat. Commun. 9 (2018) 1720
(https://doi.org/10.1038/s41467-018-04190-z)

S. Zhang, Y. Liu, Q. Fan, C. Zhang, T. Zhou, K. Kalantar-Zadeh, Z. Guo, Energy
Environ. Sci. 14 (2021) 4177 (https://doi.org/10.1039/D1EE00531F)

L. Jiang, Y. Lu, C. Zhao, L. Liu, J. Zhang, Q. Zhang, X. Shen, J. Zhao, X. Yu, H. Li, X.
Huang, L. Chen, Y.-S. Hu, Nat. Energy 4 (2019) 495 (https://doi.org/10.1038/s41560-
019-0388-0)

K. Kubota, M. Dahbi, T. Hosaka, S. Kumakura, S. Komaba, Chem. Rec. 18 (2018) 459
(https://doi.org/10.1002/tcr.201700057)

J. C. Pramudita, D. Sehrawat, D. Goonetilleke, N. Sharma, Adv. Energy Mater. 7 (2017)
1602911 (https://doi.org/10.1002/aenm.201602911)

Z.Jian, Y. Liang, I. A. Rodriguez-Pérez, Y. Yao, X. Ji, Electrochem. Commun. 71 (2016)
5 (https://doi.org/10.1016/j.elecom.2016.07.011)

M. Sajjad, F. Cheng, W. Lu, RSC Adv. 11 (2021) 25450
(https://doi.org/10.1039/D1RA02445K)

X. Lu, M. E. Bowden, V. L. Sprenkle, J. Liu, Adv. Mater. 27 (2015) 5915
(https://doi.org/10.1002/adma.201502343)

S. Liu, L. Kang, J. Henzie, J. Zhang, J. Ha, M. A. Amin, M. S. A. Hossain, S. C. Jun, Y.
Yamauchi, ACS Nano 15 (2021) 18931 (https://doi.org/10.1021/acsnano.1c08428)

Y.-S. Xu, S.-Y. Duan, Y.-G. Sun, D.-S. Bin, X.-S. Tao, D. Zhang, Y. Liu, A.-M. Cao, L.-
-J. Wan, J. Mater. Chem., A 7 (2019) 4334 (https://doi.org/10.1039/C8TA10953B)

Y. Wu, Y. Sun, Y. Tong, X. Liu, J. Zheng, D. Han, H. Li, L. Niu, Energy Storage Mater.
41 (2021) 108 (https://doi.org/10.1016/j.ensm.2021.05.045)

A. Errougui, M. Talbi, M. Kouali, E3S Web Confer. 297 (2021) 01009
(https://doi.org/10.1051/e3sconf/202129701009)

T. Noél, Y. Cao, G. Laudadio, Acc. Chem. Res. 52 (2019) 2858
(https://doi.org/10.1021/acs.accounts.9b00412)

A. Errougui, M. Talbi, M. El Kouali, Egypt. J. Chem. 65 (2022) 1
(https://doi.org/10.21608/ejchem.2021.67302.3453)

A. Errougui, A. Lahmidi, S. Chtita, M. El Kouali, M. Talbi, J. Solut. Chem. 52 (2023)
176 (https://doi.org/10.1007/s10953-022-01222-7)

G. A. Kaminski, R. A. Friesner, J. Tirado-Rives, W. L. Jorgensen, J. Phys. Chem., B 105
(2001) 6474 (https://doi.org/10.1021/jp003919d)

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



890 LAHMIDI et al.

31. M.J. Abraham, T. Murtola, R. Schulz, S. Pall, J. C. Smith, B. Hess, E. Lindahl,
SoftwareX 1-2 (2015) 19 (https://doi.org/10.1016/j.s0tx.2015.06.001)

32. B. Hess, C. Kutzner, D. Van Der Spoel, E. Lindahl, J. Chem. Theory Comput. 4 (2008)
435 (https://doi.org/10.1021/ct700301q)

33. M. Parrinello, A. Rahman, J. Appl. Phys. 52 (1981) 7182
(https://doi.org/10.1063/1.328693)

34. S.Nosé, Mol. Phys. 52 (1984) 255 (https://doi.org/10.1080/00268978400101201)

35. W. G. Hoover, Phys. Rev., A 31 (1985) 1695 (https://doi.org/10.1103/PhysRevA.31.1695)

36. H.J. C. Berendsen, J. R. Grigera, T. P. Straatsma, J. Phys. Chem. 91 (1987) 6269
(https://doi.org/10.1021/100308a038)

37. S.1. Sandler, & J. K. Wheatley, Chem. Phys. Lett. 10 (1971) 375
(https://doi.org/10.1016/0009-2614(71)80313-5)

38. C.J. Fennell, A. Bizjak, V. Vlachy, K. A. Dill, J. Phys. Chem., B 113 (2009) 6782
(https://doi.org/10.1021/jp809782z)

39. 1. Zielkiewicz, J. Chem. Phys. 123 (2005) 104501 (https://doi.org/10.1063/1.2018637)

40. S. Reiser, S. Deublein, J. Vrabec, H. Hasse, J. Chem. Phys. 140 (2014) 044504
(https://doi.org/10.1063/1.4858392)

41. Experimental Determination of Partial and Environmental Structure Functions in Non-
crystalline Systems — Fundamental Aspects. in Anomalous X-Ray Scattering for Material
Characterization: Atomic-Scale Structure Determination, Y. Waseda, Ed., Springer,
Berlin, 2002, pp. 9-20 (https://doi.org/10.1007/3-540-46008-X_2)

42. M. Guo, W. Wang, H. Lu, Fluid Phase Equilib. 60 (1990) 37
(https://doi.org/10.1016/0378-3812(90)85041-8)

43. X. Zhang, X. Liu, M. He, Y. Zhang, Y. Sun, X. Lu, Fluid Phase Equilib. 518 (2020)
112625 (https://doi.org/10.1016/j.fluid.2020.112625)

44. S. Deublein, J. Vrabec, H. Hasse, J. Chem. Phys. 136 (2012) 084501
(https://doi.org/10.1063/1.3687238)

45. Y. Laudernet, T. Cartailler, P. Turq, M. Ferrario, J. Phys. Chem., B 107 (2003) 2354
(https://doi.org/10.1021/jp0223814)

46. D. W. McCall, D. C. Douglass, J. Phys. Chem. 69 (1965) 2001
(https://doi.org/10.1021/j100890a034)

47. F. E. Harris, C. T. O’Konski, J. Phys. Chem. 61 (1957) 310
(https://doi.org/10.1021/j150549a009).

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



Journal of
the Serbian
Chemical Society

g Dambm’v%e@\ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 89 (6) 891-905 (2024) Original scientific paper
JSCS-5762 Published 30 June 2024

Modelling a cyclic staircase voltammetry of two electron
transfers coupled by a chemical reaction on a rotating
disk electrode®
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Abstract: Two electrode reactions that are coupled by a chemical reaction are
called an ECE mechanism. The model of this mechanism which has an
unstable intermediate is developed for staircase voltammetry on the rotating
disk electrode. It is assumed that both electrode reactions are fast and reversible
and that the chemical reaction may appear to be of the second order and rever-
sible. The influence of the concentration of an electro-inactive component of
the chemical reaction is investigated, and the conditions under which the react-
ion turns into the first order one, and becomes totally irreversible, are reported.

Keywords: an ECE mechanism; steady-state response; logarithmic analysis; kin-
etic currents.

INTRODUCTION

The electrochemical reactions of p-nitrosophenol,!2 adriamycin,3 benzene-
sulfonyl fluoride,*> hexacyanochromate(IIl),® tocopherol,” methylcatechol®-?
and dopamine!9 consist of two electron transfers that are coupled by a chemical
reaction between the product of the first electrode reaction and the reactant of the
second one.!1-13 The acronym of this mechanism is ECE and its theory is dev-
eloped for both polarography!4-19 and voltammetry,20-27 on either expanding or
stationary planar and spherical electrodes. Depending on the difference between
standard potentials of two electrode reactions, the response of ECE mechanism
may consist of either two waves or a single wave.28 This mechanism can be
considered as a special case of multiple electron transfer reactions, with coupled
chemical processes that are described by the extended schemes of squares.29-32
Under the steady state conditions on the rotating disk electrodes the kinetics of
chemical reaction in the ECE mechanism can be measured.33-37 In this paper the
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theory of ECE is extended to the general case of the unstable intermediate in
cyclic staircase voltammetry on the rotating disk electrode.

MODEL

It is assumed that an electrolytic solution contains a dissolved reactant of the first elec-
trode reaction and an electro-inactive substance Y that cannot react with the mentioned react-
ant. The first electron transfer is a fast and reversible electro-oxidation. Its product cannot par-
ticipate in the second electron transfer, but it can react with the substance Y to produce a new
electroactive compound G that can be oxidized to the final product H. The standard potentials
of the first and the second electrode reactions are equal, or the one of the second reaction is
lower. Hence, the second reactant G is oxidized at the same potentials as the initial reactant A.
Both chemical reaction and the second electrode reaction are reversible in the chemical and
electrochemical senses, respectively. The described mechanism can be represented by the fol-
lowing chemical equations:

ASB+e (1)
B+YSG )
GSH+e 3)

On the rotating disk electrode the mass transfer and currents are defined by the following
system of differential equations and the initial and boundary conditions:

2
9ep _pdica _ dep @
ot ox?2 ox
aCB ach aCB
— = —v——k + ki 5
5 2 Vo eeeey Theo &)
aCY aZCY aCY
—=D———-v——k +k 6
P 2 Vo fremey theca (6)
aCG aZCG aCG
— = +k k 7
o 2 Uy heesey ~heca (7
ac_HzD_a H _vaﬂ (8)
ot ox?2 ox
t=0,x20:cy=cr,cg=0,cy =cy,cg =0,cy =0 ©)
t>0,x >o0icy —ca,cg = 0,0y —>cy,cg —0,cq —0 (10)
xZO:CB,XZO=cA,X:0exp(F(E—E10)/RT) (11
CH,x=0 = €G x=0eXP(F (E — ES) / RT) (12)
aCA 11
0 = —— 13
( ) 0= 7g 13)
aCB Il
D =—— 14
( )x 0= "%g (14)
Bc
D Pem =0 (15)
aCG 12
D . 16
(== ™ =0 = 7S (16)
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ac I
D(a—:)x:o = —F—g (17)
v=—=0.51003"2v"12x2 (18)
K= ]'i—f (19)
b

The meanings of all symbols are reported in Table 1.

TABLE 1. The meanings of symbols

Symbol Meaning

cz Concentration of species Z
Ch,CY Bulk concentrations of species A and Y
D Diffusion coefficient

) Diffusion layer thickness
AE Potential increment

At Time increment

Ax Space increment

E Potential

EVEY Standard potentials

F Faraday constant

I, I, Currents

v Kinematic viscosity
ke, ky, Rate constants of chemical reaction
Equilibrium constant of chemical reaction
Rotation rate
Gas constant
Electrode surface area
Time
Temperature
Step duration
Flow rate of solution

SaNTLma®

The Egs. (4)—(8) were solved by the finite difference method.?® The current was cal-
culated for the staircase cyclic voltammetry. The dimensionless current is defined by the fol-
lowing equations:

D= (Il +12)§SS /FSCZD (20)
Sss =1.61D13y 16112 @1)

The following parameters were not changed: D = 10-5 cm?/s, v= 102 cm?/s, At =107 s,
DAt/Ax*=0.2, AE=1mV and 7= 10 ms.

RESULTS AND DISCUSSION

An ECE mechanism can be recognized by performing the electrochemical
experiments in the absence and the presence of the electro-inactive compound Y
if it is possible. An imaginary response is presented in Fig. 1 for the reversible and
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Fig. 1. Dimensionless cyclic staircase voltammograms of the ECE mechanism on the rotating

disk electrode. E? =EY, D =107 cm?/s, v=10"2 cm?s, At =10~ s, DAt/Ax> = 0.2,
AE=1mV and 7= 10 ms, = 4w rad/s, kecy =103 57!, Kci =1 (A) and 103 (B) and

¢y /ca=0(1)and 1 (2).

irreversible chemical reactions. It is also assumed that the standard potentials of
the first and the second electrode reactions are equal and that both reactions are
electrochemically reversible, as well as that the rotation rate of the disk electrode
is rather low. In the absence of Y the voltammogram is characterised by the
limiting current that is determined by the single electron transfer and the concen-
tration of the initial reactant A (see Eq. (20)). Dimensionless peak currents (@ ox
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= 1.29 and @, req = —0.29) appear at 0.039 V and —0.039 V vs. Elo , respectively.
If the bulk concentrations of A and Y are equal, the dimensionless limiting cur-
rent increases to 1.74, which can be explained by the increasing number of
exchanged electrons and the peak currents depend on the dlrnenswnless equilib-
rium constant Kc A - The chemical reaction is reversible if Kc) A= 1 and
irreversible if Kcy 4 = 103. In the first case, the peak currents of the oxidation and
reduction are equal to 2.28 and —0.49, respectively, and the peak potentials are
0.048 V and —0.042 V vs. El The rate of chemical reaction depends on the
product kfc A and the value assumed in Fig. 1 corresponds to a rather fast react-
ion that can transform the second reactant G into the first product B, in the rev-
erse branch of the Voltammogram This is the origin of the reduction peak at
—0.042 V. However, if KcA— 103 the backward rate constant of the chemical
reaction is very small and the second voltammogram in Fig. 1B exhibits the oxid-
ation peak at 0.031 V, but there is no reduction peak in the reverse branch. This
form of the response is the indication of an irreversible chemical reaction in the
ECE mechanism.

Fig. 2 shows the Voltammograms influenced by the decreasing stability of
the intermediate G. If E2 - El = —0.1 V, the second reactant G is oxidized at the
electrode surface as soon as it is produced by the chemical reaction, and the
response shows some characteristics of the concerted transfer of two electrons.
Comparing to the curve 1, the oxidative maximum is higher and the reductive
minimum is deeper, while the peak separation decreases frorn 90 to 67 mV and
the medlan of peak potentials of curve 2 is —0.043 V vs. El , which is close to
(E2 +E1 )/ 2 that is predicted for infinitely fast chemical reaction.3® However

03

Fig. 2. Dependence of the ECE response on the second standard potential. Kci =1, ¢y =ch
and (E9—EQ)/V=0(1),-0.1 (2),-0.2 (3) and 0.3 (4). All other parameters are as in Fig. 1.
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the further decreasing of the difference Eg —Elo causes the diminishing of the
reductive peak in the reverse branch of the voltammograms. Although the medi-
ans of peak potentials of curves 3 and 4 are —0.083 and —0.130 V, the peak separ-
ation increases to 126 and 220 mV, respectively. This is caused by the diffusion
of the final product during the reverse scan, as can be seen in Fig. 3. Depending
on the second standard potential, the peak potential of reduction of H is lower
than —0.042 V, and more time is needed to reach it. During this time the concen-
tration of H near the electrode surface is diminished and lower current is obtained
by its reduction. This is another reason why the ECE may appear irreversible.

0.24

1A

0.157

0.17

0051 A

2B

50 100 150 200 250 300 350

Fig. 3. Dimensionless concentrations of the final product H (1) and the second reactant G (2)
during the reverse scan in cyclic voltammetry at —0.076 V (A) and —0.239 V (B).
(E9—EQ)/V =-0.1 (A) and -0.3 (B). All other parameters are as in Fig. 2.

Under the influence of the increasing rotation rate, the maximum and mini-
mum of the voltammogram of ECE mechanism gradually vanish and the res-
ponse acquires the form of polarographic wave. This is shown in Fig. 4. The half-
-wave potential of the oxidative branch of polarogram is —0.003 V vs. Elo and the
one of the reductive reverse branch is 0.003 V. This difference appears because
the calculated response corresponds to the near steady-state conditions. At lower
scan rates the two branches are overlapped and Ej/, — Elo =0V for equal diffus-
ion coefficients. The limiting current of polarogram is lower than the limiting
current of voltammogram, because the reactants spend more time near the elec-
trode surface if the rotation rate is lower. Hence, the chemical reaction appears
faster at lower rotation rate.

Fig 5 describes the logarithmic analyses of the oxidative branches of steady
state voltammograms that correspond to various standard potentials of the second
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electrode reaction. If ES = Elo and chemical reaction is reversible this function is
a straight line with the slope of the inverse function
AE -E)/ Alog(@ /| (B, —®))= 0.062 V and Ej, — E = —0.003 V. So, the
two parallel single electron transfers appear as a simple one electron wave. If
E5 —Elo = —0.1 V this analysis is a curve with two parallel asymptotes and a
steeper middle part. The inverse slope in the middle is 0.044 V and the one of
asymptotes is 0.062 V. This is in the agreement with the theory of a simple EE
mechanism with an unstable intermediate.3 The half-wave potential is —0.041 V,
which is close to the medium value of the peak potentials of curve 2 in Fig. 2.
The half-wave potentials of the curves 3 and 4 in Fig. 5A are —0.054 and —0.055
V, respectively. This is similar to the potentials of maxima of curves 3 and 4 in
Fig. 2, which are —0.020 and —0.019 V, respectively. This shows that the oxid-
ation of the second reactant G can start only after the first reactant A is oxidized,
regardless of the standard potential of the second electrode reaction.

-0.5

-0.2 -0.1 0 0.1 02 0.3
E-E%/V

Fig. 4. Influence of the electrode rotation rate on the ECE responses. EY = E{ and
@/ rad s' = 47 (1) and 407 (2). All other parameters are as in Fig. 2.

The logarithmic analyses of the ECE waves that are influenced by the
irreversible chemical reaction are shown in Fig. 5B. If both standard potentials
are equal, the slope in the middle is lower than the slopes of the asymptotes and
the half-wave potential is —0.030 V vs. Elo . The chemical reaction is consuming
the first product B, and the whole ECE response appears at lower potential. Also,
a small separation of the two electron transfers can be noted. If £, — 10 =01V
the logarithmic analysis acquires a regular form and the half-wave potential i

—0.060 V. This is because the mechanism becomes irreversible.
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A)

log(P/(Diim — P))

'
)

202 01 ) 01
E-EY/V

B)

log(D/(Diim — D))

-2

E-E%/V

Fig. 5. Influence of the second standard potential on the logarithmic analyses of the ECE
responses at high rotation rate. Kcj =1 (A)and 10° (B), @=40n rad/s and (E9 —E) / V=0
(1),-0.1 (2),—0.2 (3) and —0.3 (4). All other parameters are as in Fig. 2.

Fig. 6 shows the dependence of the dimensionless limiting currents of the
waves on the logarithm of the product of the forward rate constant and the bulk
concentration of the compound Y. This product can be achieved either by the
variation of the product kfc A » keeping the ratlo cY / cA 1, or by the Var1at10n
of the ratio cY /cA , keeping the product kch =1 s~L. Note that log( kch) =
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Fig. 6. Relationship between limiting currents of the ECE responses and the logarithm of the
product keey . EY =E?, Kcp =1, w=40nrad/s and cy =cj (1) and kpcp =157 (2). All
other parameters are as in Fig. 1.

log( kfcj;) + log( c; / cZ). The results of these two procedures are not equal
because of the diffusion of Y. Experimentally, these procedures can be per-
formed if the concentrations of A and Y can be changgd independently. If the
bulk concentration of Y is fixed, then the product kgcy is also fixed and the
kinetics of the ECE mechanism can be changed only by the variation of the
rotation rate of electrode. In this research it is assumed that the concentration of
Y can be changed. The basic difference between compounds A and Y is that the
currents of both electrode reactions depend on the concentration of the first react-
ant A, but not on the concentration of compound Y. The latter is determining the
forward rate of chemical reaction only. If the ratio cY iy A 1s low, the chemical
reactlon consumes Y, regardless of the bulk concentration of A. The higher is
cA , the higher are currents and more Y is consumed The change of Y concen-
tratlon can_ be neglected only if the ratio CY / c A 1s very high. Fig. 6 shows that
for CY —cA the variation of reactant A concentration causes the increasing of
limiting current to Diim = 1.50 if kch =50 s~ and that this current increases to
1.86 if kpey= 6x10% s, For keca= 1 s7! the variation of Y concentration
results in @y, = 1.52 if kch 20 s ! and @y, = 1.98 if kch 5x104 s~1. Fig.
7 shows that the ratio of concentrations of Y and A influences the form of the
ECE responses. The corresponding half-wave potentials are shown in Fig. 8. If
cY =cp the wave looks hke a single electron polarogram and its E1/ changes
from 4 to -1 mV. If CY /cA 5x10% and kch— 1 s71, the response consists of
two poorly separated waves and the half-wave potentlal is —0.054 V vs. El
Within the interval 1 <log( kch ) < 3 there is a linear relationship:
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Eyjy — E)=-0.016log(kecy ) +0.012 V (22)

05

02 01 0 01 02 03
E-E%/V

Fig. 7. Polarograms of the ECE mechanism; k¢cy /s'=0 (1), 6x10*(2) and 1 (3) and

C:( /CZ =0(1),1(2)and 5x10* (3). All other parameters are as in Fig. 6.

E[,‘z - Eo1 / mV
0 -
* * - g\.\:\. .
’ 1
.
N\e
20 e
R,
\b‘
‘\
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S .
e
\' %
€8
S
0 2 4
log(krev™®)

Fig. 8. Half-wave potentials of the ECE mechanism with reversible chemical reaction;
¢y =ch (1)and kecy = 1571 (2). The straight line is defined by Eq. (22). All other parameters
are as in Fig. 6.

The bulk concentration of Y influences only the forward rate of the chemical
reaction, making the latter irreversible. This could mean that the responses cor-
responding to high values of the dimensionless equilibrium constant do not dep-
end on the concentration of the compound Y. In Fig. 9 it is shown that this hypo-
thesis is not true. The limiting currents are marked by 1 in Fig. 9A and were cal-
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Fig. 9. The dependence of limiting currents (A) and half-wave potentials (B) of the ECE
responses on the logarithm of the product kecy . Kcy = 10% and ¢y =ci (1) and kgcp = 15!
(2). The straight lines 1 and 2 are defined by Eqgs. (23) and (22), respectively. All other

ulated by the variation of the product kch, assuming  that KcA

parameters are as in Fig. 6.

103 and

c; / cz = 1. The same results were obtained for Kc, 4 = 104, which means that the
responses in Fig. 9 correspond to totally the 1rrevers1ble chemical reaction. These
kinetic currents are characterized by @y, = 1.56 if kch 50 s! and @}, = 1.95
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if kfc:} = 5x10%4 s71. These values are higher than those shown by curve 1 in Fig.
6 but they are lower than the limiting currents calculated by the variation of
CY / cA ratio keeping kch— 1 s!and KcA— 103. These currents are shown by
curve 2 in Fi ig. 9A. They are marked by @i, = 1.52 if kch 20 s and @y, =
= 1.97 if kgcy = 104 s71. These values are identical to the curve 2 in Fig. 6. So,
again, it can be concluded that the effect of chemical reaction is the highest if the
diffusion of compound Y can be neglected, and the chemical reaction is ﬁotally
irreversible. In the simulation these conditions can be fulfilled if ¢y =cy and
ky = 0. The results of such simulation are reported in Table II, and compared with
the curve 2 in Fig. 9A. A small difference can be seen within the 1nterval 1 <
kch < 100. This means that the assumption cy —cY is justified if cY / cA >
100. The half-wave potentials of the irreversible ECE mechanisms are shown in
Fig. 9B They can be approximated by the straight lines in the interval 1 <
log( kch) < 3. The line 1 in Fig. 9B is defined by the following equation:

Eyp _El =-0.012log( kch )+ 0.005 V (23)
The line 2 in this figure is defined by Eq. (22).

TABLE II. Limiting currents of the ECE waves influenced by the first order and the second
order chemical reactions

log( krcy ) D (cy =cy) Diim (Fig. 9A)
0 1.068 1.064
0.3 1.126 1.120
0.48 1.175 1.168
0.7 1.255 1.247
1 1.388 1.381
1.3 1.527 1.523
1.48 1.602 1.599
1.7 1.684 1.682
2 1.771 1.771
CONCLUSIONS

The ECE mechanism which consists of the two electrochemically reversible
electrode reactions that are linked by a chemical reaction of the primary product
B and the compound Y depends on the stability of the intermediate G. If the two
waves appear, the limiting current of the second one depends on the kinetics of
chemical reaction, and the rate constant can be estimated under certain con-
ditions.37 In this paper the two electro-oxidations with equal standard potentials
were investigated. It is shown that the response is a single wave and that the
limiting current depends on the kinetics of chemical reaction and its stability
constant. The mechanism appears irreversible if the second standard potential is
lower than the first one and also if the stability constant is high and the concen-
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tration of the compound Y is much higher than the concentration of the initial
reactant. The second order reaction depends on the diffusion of Y, but this can be
neglected at very high concentrations and the reaction becomes to be the first
order and totally irreversible. Under these conditions the mechanism is indepen-
dent of the stability constant.

U3BOJ

MOJEJIOBAILE BOJITAMETPUJE CA ITPABOYTAOHHM TAJIACUMA 3A
IOBOEJIEKTPOHCKY U3MEHY CITPETHYTY CA XEMHUJCKOM PEAKIIMJOM HA
POTUPAJYROJ IUCK EJEKTPOIU

MILIVOJ LOVRIC
Divkoviceva 13, Zagreb 10090, Croatia

EnexTpoxemujcka peakuuja [BOEIEKTPOHCKE H3MEHE CIPErHyTa ca XEeMHjCKOM
peaxuujom ce HasuBa ECE mexaHHu3am. Y 0BOM HUCTpa)kMBamwy je pa3BHUjeH MOME BOJTa-
METpHje ca NpaBOyraOHMM TajacMMa Ha poTupajyhoj OUCK eNeKTPOAH, KOjH YK/bydyje
Hectadunan MHTepMenujap. [IpeTnocTaBbeHO je Ja cy oDda €IeKTPOXEMHjCKa CTyNma
Op3a u peBep3ndUIIHA U [a je XEMHjCKH CTylawk PEBEP3UOWIHA peaklHja Apyror pena.
HcnuTuBaH je yTHLaj KOHUEHTpaldje eleKTPOXeMHUjCKH HeakTHBHE KOMIIOHEHTe y Xe-
MHjCKOM CTynwmy M oapeheHH Cy YC/IOBH INOJ KOjUMa Taj CTyNnawk INOCTaje UpeBep3u-
OunaH ¥ IpBOT pepa.

(ITpumibeno 23. HoBemdpa 2023, pesuaupaHo 12. janyapa, npuxsaheHo 1. mapra 2024)
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Abstract: The stalks left after harvesting corn, tomatoes, and tobacco have no
further use and are usually burned on agricultural land. In our work samples of
this waste were collected and pyrolyzed at 400 °C for 30 min in a nitrogen
atmosphere. The solid residue (biochar) obtained by pyrolysis was analyzed,
and the results were compared with widely used solid fuels such as wood, coal,
coke and charcoal. The heat values of biochar from tomato, tobacco, corn ZP
6263, and corn BC 398 stalks were 24.12, 23.09, 26.24 and 25.78 MJ kg'!, res-
pectively. These values are significantly higher than the heat value of wood,
which is about 12.50 MJ kg'!. The ash content of biochar was 12-20 %, which
is consistent with the ash content of solid fuels. No heavy metals were found in
biochar samples. The results show that biochar obtained from the pyrolysis of
agricultural waste, such as tomatoes, tobacco and corn stalks, has good poten-
tial for use as a solid fuel.

Keywords: biochar; agricultural waste; solid fuel.

INTRODUCTION

Fossil fuel consumption has increased significantly in the last few decades,
leading to environmental problems, including greenhouse gas (GHG) emissions
and deterioration of air quality caused by different gaseous pollutants and fine
particles. The production of carbon-neutral and low-GHG fuels from renewable
sources, such as biomass, is increasingly important in gradually replacing con-
ventional fossil fuels.! Although there are other renewable energy sources, such
as wind, sun, geothermal and hydrothermal, biomass is still the most abundant
and readily available, considering that a large part comes from agriculture, which
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https://doi.org/10.2298/JSC240126048V

907

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



908 VUKICEVIC et al.

is one of the most crucial production sectors in the world, responsible for food
manufacture.2 Biomass can be defined as the biodegradable part of products:
waste and residues from agriculture, forestry and related industries, as well as the
biodegradable part of industrial and municipal waste. Slow pyrolysis, performed
at low temperatures and low heating rates, has been practiced for many years to
maximize the yield of solid char.3 Biochar is a solid carbon-rich substance pro-
duced during the thermochemical processing of various biomass. Biochar has
multiple advantages and potentials as a cheap and environmentally friendly mate-
rial. It can replace more expensive synthetic carbon materials for many applic-
ations in nanocomposites, energy storage, sensors, and biosensors.4 As a green
material, biochar has attracted great interest in promoting carbon sequestration
and reducing GHG emissions. It is also an additive to improve soil quality, inc-
rease crop production, and control soil and water pollution.>

Unfortunately, raw biomass is not an ideal energy source, and its direct use
faces significant obstacles arising from its properties, such as poor grindability,
high moisture content and low energy density. For example, poor grinding of bio-
mass material caused by its fibrous structure significantly increases energy con-
sumption and is a challenge during fuel preparation. As for the high moisture
content, it lowers the maximum combustion temperature and consequently can
reduce the thermal efficiency and increase the emission of pollutants. To over-
come these disadvantages, a pre-treatment process is necessary to improve the
quality of biomass-derived fuel.® Compared to traditional fuels such as coal, nat-
ural gas and oil, biomass fuel and biochar, is a neutral, sustainable alternative
with controlled pollutant emission.”

This paper describes the characterization of a solid product — biochar
obtained by pyrolysis of tomato, tobacco and corn stalks. Despite the range of
feedstocks and techniques available for biochar production, relatively few works
report understanding the correlation between physical and thermochemical pro-
perties related to its potential use as a solid fuel for energy production.8 Corn,
tobacco and tomatoes are widely grown and used in almost all regions of Serbia
and the surrounding countries. Thus, much waste is available after harvesting and
fruit picking. Residual stalks are agricultural waste usually broken down by the
burning process in the fields. This treatment is known to cause severe environ-
mental pollution and destruction of agricultural land. As is well known, com-
bustion creates problems not only by the emission of pollutants that are harmful
to the environment but also those that can enter the food chain through the
growth of new plants. Therefore, the goal of this work was to reuse this agri-
cultural waste through the production of biochar in the pyrolysis process, as well
as the assessment of the potential exploitation of biochar in the form of biofuel.?
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EXPERIMENTAL
Biomass samples

The samples used in this research were collected in the fall of 2022 in Serbia and air-
dried for 30 days before use. The corn stalks collected near the town of Sabac originated from
two corn hybrids: ZP 6263 and BC 398. For this research, stalks with leaves were cut
approximately 5—-10 cm from the ground. Tobacco stalks were collected in the area of Sem-
berija, near the town of Bijeljina. Virginia-type tobacco stalks were cut a few centimeters
above the ground. Tomato stalks, type Optima F1, were taken after picking fruits in the green-
house near Pirot. The stems were pulled from the roots, and the roots were cut off the stalks.
The stalks and leaves were cut with scissors into smaller pieces, with an average length of 10
cm. All samples were sieved so that particles of 2—5 mm size used in the experiments were
obtained.

Pyrolysis process

Dry samples of agricultural waste were used for pyrolysis experiments. Pyrolysis was
performed at a temperature of 400 °C for 30 min using an MTF 10/15/130 tube furnace from
Carbolite, UK. Pyrolysis occurs under a constant flow of nitrogen (99.999 %) at 150 cm3 min-!.
The heating rate was 100 °C per min. The pyrolysis of each sample was repeated about 20
times under the same conditions to obtain enough solid residues for analysis. Bio-oil was col-
lected in acetone HPLC, while biochar was dispersed in acetone HPLC and then filtered, i.e.,
washed, before further analyses. The biochar was washed to remove the remaining liquid
fraction (bio-oil) that may have remained on it.

Characterization of biomass and biochar samples

Characterization of biomass samples included determination of ash content, cellulose,
hemicellulose and lignin content, heat value, elemental composition (the content of C, H, N,
S) and thermogravimetric analysis (TGA). The physicochemical characterization of obtained
biochar samples included similar analyses: determination of ash content, elemental analysis
and heat value, ICP-OES analysis, and FTIR analysis. Ash content was determined by burning
1 g of sample in the oven at 750 °C (ASTM D2584, ASTM D5630). The method used to
determine cellulose, hemicellulose, and lignin content was based on the properties of these
compounds to dissolve in different solvents.® Extractive substances: 1 g of biomass (B) was
mixed with 60 ml of HPLC acetone at 90 °C for 2 h. After that, samples were dried in an oven
at 110 °C until constant weight (£). The amount of extractive substances was calculated as:

(B — E) = Amount of extractives (g) €8

Hemicellulose content: 150 ml of sodium hydroxide solution (0.5 mol I'') was added to
extractives-free biomass. The temperature (80 °C) was controlled using a hot plate for 3.5 h.
Samples were washed with deionized water until they were free from Na'. Samples were
dried in an oven at 110 °C until constant weight was obtained (/). The amount of hemicellu-
lose was calculated as:

(E — H) = Amount of hemicelluloses 2)

Lignin content: 30 ml of 98.99 % sulfuric acid was added to extractives-free biomass
(E). Samples were left for 24 h at ambient temperature and boiled at 100 °C using a hot plate
for 1 h. Samples were filtered, and the solid residue was washed using deionized water until it
was free from sulfate ions. After that, samples were dried in an oven at 110 °C until constant
weight was obtained (L). Value L corresponds to the amount of lignin.

Cellulose amount (C) was determined as:

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



910 VUKICEVIC et al.

1 g—((B—E)+ (E—-H)+ L)=Amount of cellulose (C) 3)

The heat value of the sample was determined using the IKA C400 instrument by stan-
dard method SRPS CEN/TS 16023:2014. Elemental analysis was performed using a CHNS/O
element analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany). Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) was performed using Spectroblue
TI ICP-OES instrument and method EPA M 200.7, while for sample preparation, method EPA
M 3052/ISO 2598-1 was used. The thermal behavior of biomass was investigated by thermo-
gravimetric analysis (TGA) on TA Instruments TGA Q500, Thermogravimetric analyzer
(Delaware, USA). About 10 mg of the biomass was placed into the platinum crucible, loaded
into the TG furnace, and heated from 25 to 700 °C at 5 °C min’!. The FTIR spectra of the
biochar samples were acquired using an IRAffinity-1 spectrometer (Shimadzu, Japan). Spectra
were collected in the 4000400 cm™! spectral range, with a resolution of 4 cm™!. Before ana-
lysis, the solid biochar sample was crushed, mixed with KBr and pressed into pellets.

RESULTS AND DISCUSION

Characterization of different types of biomass

Before pyrolysis, biomass samples were characterized. The aim was to deter-
mine important physicochemical characteristics of dried samples and choose rel-
evant conditions for the pyrolysis process. The contents of ash, extractives, hemi-
cellulose, cellulose and lignin are shown in Table 1. It is essential to note the high
cellulose, hemicellulose and lignin content in all biomass samples. Hemicellulose
is the dominant component in each sample, followed by cellulose and lignin. This
composition makes biomass suitable for obtaining carbon-rich materials. Regard-
ing literature data, hemicellulose, cellulose, and lignin decompose over different
temperature ranges; generally, hemicellulose decomposes at a lower temperature
range (220-315 °C), than cellulose (315—400 °C), while lignin decomposes over
a broad range of temperatures (150-900 °C). Compared to cellulose and hemicel-
lulose, the breakdown of lignin is a complicated and complex phenomenon.10 It
is known that a higher lignin content leads to a higher biochar yield. In contrast, a
higher hemicellulose and cellulose content leads to a higher yield of liquid
fraction. Our results showed that tobacco possesses the highest lignin content,
while corn BC 398 has the highest hemicellulose and cellulose content. So, the
highest biochar yield was expected from tobacco waste. The lowest yield was
expected from corn BC 398.

TABLE 1. Chemical composition (%) of biomass samples; Ext — extractives; Hem — hemicel-
lulose; Cell — cellulose; Lig — lignin

Sample Ash Ext Hem Cell Lig Hem+Cell
Corn ZP 6263 4.78 6.00 45.72 28.86 19.42 74.58
Corn BC 398 4.25 4.23 48.24 34.28 13.25 82.52
Tobacco 4.66 5.53 40.00 28.90 25.57 68.90
Tomato 7.67 3.33 49.57 29.58 17.52 79.15
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Table II shows the results of elemental analysis and heat values. These
results are consistent with cellulose, hemicellulose and lignin content. All
samples showed the highest content of carbon (40.44-45.68 %), followed by
hydrogen, nitrogen and sulfur.

TABLE II. Elemental composition and heat value of biomass samples

Sample C, % H, % N, % S, % Heat value / MJ kg'!
Corn ZP 6263 45.68 6.44 0.86 0.38 17.81
Corn BC 398 44.49 6.29 3.21 0.00 18.17
Tobacco 4441 6.19 1.03 6.60 17.14
Tomato 40.44 6.09 2.01 0.00 18.68

TGA of biomass samples

Thermogravimetric analysis is crucial for characterizing biomass as a raw
material for fuel production and understanding the pyrolysis process. Biomass is
converted into biochar by pyrolysis in an inert atmosphere at high temperatures.
Thermogravimetric analysis of biomass samples was used to determine the opti-
mal decomposition temperature to be used in the pyrolysis process. The TGA and
dTGA curves of the biomass samples are shown in Fig. 1, while the characteristic
temperatures obtained from the curves can be seen in Table III. The TGA curves
for the analyzed samples were very similar, which is not surprising considering
that the thermal behavior of the sample depends on its chemical structure.
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Fig. 1. TGA curves of tobacco, tomato and corn stalks.
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According to literature data, lignin decomposes in the temperature range of
311.5-461.3 °C as the most stable component of biomass. Cellulose is less stable
and decomposes in the 326.8-369.7 °C temperature range. As the least stable,
hemicellulose decomposes in the temperature range of 223.4-332.8 °C.11

TABLE III. Data obtained by thermogravimetric analysis of tobacco, tomato and corn stalks

Sample Lossat 120 °C, %  fy.x/ °C  Residue at 400 °C, % Residue at 700 °C, %
Corn ZP 6263 4.82 330 31.5 21.81
Corn BC 398 4.18 327 32.5 22.57
Tobacco 422 309 37.6 19.80
Tomato 2.55 320 41.5 26.72

Three phases are distinguished on each TG curve from Fig. 1. The first phase
refers to the evaporation of the remaining moisture in the biomass samples.!! It
can be noted that the first mass loss occurs at a temperature of about 120 °C and
is about 2.5 % for tomatoes and almost 5 % for corn samples. The second phase
corresponds to the highest mass loss, with a peak on the dTG curve from 309 °C
(tobacco) to 330 °C (corn samples). Peak maxima are marked with #,,x and
given in Table III. The second phase ends at temperatures above 400 °C, while
the third phase and complete degradation ends at about 700 °C. The solid residue,
i.e., biochar, is formed during the third degradation phase. The residue at 700 °C
was from 9.80 % for tobacco to 26.72 % for tomato (Table III).

Yield of pyrolysis products

Pyrolysis is the thermal destruction of biomass in the absence of air/oxygen,
which produces valuable liquid oils, gases, and solid products. Different con-
ditions lead to the creation of products in different proportions. Many techniques
have been developed to increase yields or improve the quality of said products.
Pyrolysis can be slow, fast or flash, depending on the heating rate. Also, if neces-
sary, it can be catalyzed. When biomass is pyrolyzed at low heating rates (5—7 K
min—1), a smaller proportion of liquid and gaseous products along with a more
significant proportion of biochar are obtained. Fast pyrolysis occurs at a heating
rate of about 300 °C min~!, which can be used to get a higher liquid product
yield. Flash pyrolysis occurs when the reaction time is only a few seconds or less.
The heating rate is very high, and this type is used to increase the yield of liquid
and gaseous products. !0

In this work, pyrolysis was performed at 400 °C for 30 min. The weight of
obtained biochar and bio-oil was measured after the pyrolysis process. Yields
were calculated in relation to the initial weight of biomass. The yield of the
gaseous fraction was calculated by subtracting the yield of biochar and bio-oil
from 100 %. The yields of all products obtained by pyrolysis of corn, tobacco,
and tomato stalks are given in Table IV.
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TABLE 1V. Yield of bio-oil, biochar and gaseous products obtained by pyrolysis of corn,
tobacco and tomato stalks

Product yield, % Corn ZP 6263 Corn BC 398 Tobacco Tomato
Bio-oil 33.5 22.8 28.5 20.5
Biochar 30.6 29.7 343 36.5
Gas 35.8 47.6 37.2 43.0

The yield of biochar was around 30 %. Values ranged from 29.7 % for
biochar from corn stalks BC 398 to 36.5 % from tomato stalks (Table IV). The
obtained yields by pyrolysis (Table 1V) were slightly lower than the solid resi-
dues obtained by thermogravimetric analysis at 400 °C (Table III). According to
TGA results, the residue at 400 °C was 31.5 % for corn ZP 6263, 32.5 % for corn
BC 398, 37.6 % for tobacco and 41.5 % for tomato stalks. At 700 °C, the solid
residue ranged from 19.80 % for the tobacco sample to 26.82 % for the tomato
sample (Table III). The results showed that the pyrolysis temperature was ade-
quately selected and the yield of biochar obtained by the pyrolysis process fol-
lowed the expected values obtained based on TGA.

Biochar is formed in the last step of thermal degradation of biomass. As can
be seen in Fig. 1, complete degradation is achieved at temperatures higher than
400 °C. Lignin, as the most stable compound, does not entirely decompose at 400
°C, so it partially remains as a solid residue. Regarding literature data, with
increasing pyrolysis temperature, the yield of the solid residue decreases, and the
yield of the liquid fraction increases.!? Therefore, lower temperatures (such as
400 °C at which we conducted experiments) favor biochar production.

Characterization of biochar samples

Biochar has been characterized, and its properties are compared with solid
fuels such as wood, coal, coke and charcoal. Some of the most important features
are given in Table V.

TABLE V. Ash content and elemental composition of obtained biochar

Sample Ash content, % C, % H, % N, % S, %
Corn ZP 6263 12.84 69.62 4.96 1.64 0.00
Corn BC 398 19.12 65.08 3.51 1.76 0.00
Tobacco 16.54 60.84 4.37 1.49 0.00
Tomato 19.19 52.87 4.21 2.61 0.00

The main characteristic of fuel is its ash content. The literature states that the
ash content of different types of coal is 5-50 %.!3 The ash content of biochar
samples was 12-20 %, which is in accordance with literature data. The nitrogen
content was low (1.49-2.61 %), corresponding to the fuel's characteristics. The
content of hydrogen, an element that significantly contributes to the combustible
characteristics of the fuel, was from 3.51 % in corn biochar BC 398 to 4.96 % in
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corn biochar ZP 6263. The content of sulfur was below the detection limit, which
can be explained by the fact that sulfur, during pyrolysis, quickly builds gaseous
compounds that do not remain in solid or liquid fractions.

As is well known, solid fuels such as wood, coal, coke and charcoal are
widely used. Due to its composition, wood has been used as a solid fuel since the
dawn of man. Wood is mainly formed from cellulose. Coal is a light brown to
black sedimentary rock of organic origin that can burn. Coals are formed in
swamps by the deposition and accumulating dead plant material made of cellu-
lose, lignin, tannin, efc. During the deposition of plant material, a series of com-
plex biochemical (diagenetic) changes occur under the influence of microorg-
anisms. In anoxic conditions, lignite and brown coal are formed by changing org-
anic matter under the influence of microorganisms and elevated pressure. Fur-
thermore, due to temperature, elevated pressure, and mineral catalysts, complex
geochemical (catagenetic) changes in organic matter lead to coal formation.!3
Therefore, coal is described as a hydrocarbon fuel consisting of various sub-
stances containing carbon, hydrogen and oxygen, as well as smaller amounts of
sulfur and nitrogen.!4 Coals can differ according to the origin of organic matter,
degree of maturity, class, and purpose.!> The most interesting here are wet coals
that contain a large amount of carbonized cellulose, lignin, and hemicellulose
residues. Dark coal and hard coal are examples of wet coal.!3 Coal can be con-
verted into various products by processes similar or the same as pyrolysis. Pyro-
lysis or dry distillation processes convert dark coal into charcoal with a higher
heat value. The exact process is used to obtain coke from hard coal.!3 Carbon
content is one of the main characteristics that describe the fuel properties of a
compound or mixture. The carbon content of biochar from corn, tobacco, and
tomato stalks was compared with the carbon content of commonly used solid
fuels and presented in Fig. 2.

The carbon content ranges from about 50 % in wood to about 95 % in coke.
In the biochar produced in this work, the carbon content was 52.8 % in tomato
biochar, 60.84 % in tobacco biochar, 65.08 % in corn BC 398 biochar, and the
highest percentage was 69.62 % in biochar from corn ZP 6268. It can be con-
cluded that any biochar is a carbon-rich material. Therefore, its carbon content is
similar to solid fuels (wood, coal, coke, and charcoal). The main characteristic,
we wanted to monitor and compare, was the heat value of the obtained biochar
samples.

There are many different types of coal with different heat values. Here, for
comparing heat values, high-grade anthracite of the coal type, which has the
highest carbon content and heat value of 34.9 MJ kg1, was used. The heat value
of coke is 32.6 MJ kg1, and that of charcoal is 25.7 MJ kg~1. Fig. 3 compares
the heat values of standard solid fuels!6-18 with the biochar samples’ values from
this work.
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Considering the results, it can be concluded that biochar produced from corn,
tobacco, and tomato stalks possess a high heat value, which is between the heat
value of wood and coke. The heat value of tobacco and tomato biochar is lower
than coal, but biochar from both corns has a higher heat value. Therefore, these
types of biochar have the potential to be used as another type of solid fuel.

ICP-OES analysis showed that each biochar contains different elements that
could be interesting from other perspectives and for other uses of these materials.
Table VI presents some major elements (metals, sulfur, and phosphorus) that
occur in high concentrations.

All biochar samples contain high Na, K, Ca, Mg and S concentrations. How-
ever, biochar produced from tomatoes has the highest concentration of these
elements, contributing to its promising potential for the use as a fertilizer. The
concentration of Cu is highest in biochar obtained from tobacco, which contri-
butes to the basic properties of biochar. The highest concentration of Al was in
biochar obtained from tomatoes. This element comes from the soil. The Si con-
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centration is highest in BC 398 maize biochar and very similar to ZP 6263 maize
biochar. In contrast, the silicon concentration is much lower in tobacco and tom-
ato biochar. Phosphorus is the most abundant in tobacco biochar, followed by BC
398 and tomato corn biochar, and the least abundant in ZP 6263 corn biochar.
Data from the literature show which elements can be found in materials obtained
from agricultural biomass. The main components of wood fuel ash are Ca, K, Mg
and Si. The amounts of other elements, such as P, S, Na, and Al, are significantly
lower. Si, K, and Ca dominate in fuel from agricultural biomass, followed by
elements such as Mg, S, P, Na, Al, and Fe, which occur in lower concen-
trations. !9

TABLE VI. Most abundant elements obtained by ICP-OES analysis

Element content, mg kg Corn ZP 6263  Corn BC 398 Tobacco Tomato
Na <100.00 <100.00 260.93 10285.00
K 18930.00 16654.00 74037.00 42518.00
Mg 4385.00 5440.00 3030.00 11451.00
Ca 9474.00 12949.00 25399.00 49513.00
Cu 17.65 17.48 25.00 16.85
Al 250.80 391.46 234.88 676.01
Si 31705.00 37198.00 5349.00 3350.00
P 2148.00 3250.00 3353.00 3001.00
S 594.42 974.03 3753.00 4336.00

It is important to emphasize that the concentrations of heavy metals were
below the detection limit, which is significant for the quality of ash after com-
bustion. The results of ICP-OES analysis showed that biochars have good pot-
ential for use as solid fuels. It is known that certain elements appear in agri-
cultural biomass as a result of fertilization or post-harvest processing.!®

The results obtained by FTIR analysis (Fig. 4) showed the presence of seve-
ral different functional groups.

The peak obtained in the region between (3000-3700 cm!) corresponds to
the OH stretch of water molecules of hydroxyl groups (OH) and phenols. Peaks
in the 29003000 cm™! region correspond to aliphatic C—H stretching vibrations.
These peaks can be attributed to structures formed by the thermal degradation of
cellulose and hemicellulose.29 At about 1600 cm~1, peaks originating from vib-
rations of double C=C bonds were determined. Peaks at 1300-1450 cm™! are
attributed to the in-plane bending of C—H bonds.2! In tobacco and both corn bio-
chars, peaks at 10001100 cm™! are observed, corresponding to the C—O group,
which may be present in various compounds produced in degradation processes.
Finally, the peaks in the 400-900 cm~! region belong to aromatic C—H stretch,
—Si-O-Si—, Al-O, Al-O-Si or stretching Si-O groups.2!-22 This is consistent
with literature data and ICP-OES analysis results, which showed the presence of
Al and Si.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



BIOCHAR FROM AGRICULTURAL BIOMASS 9 1 7

100 ey IR R i PR et bl i |
Lah H B! oD £ 1
Y h ] ; : i
B i | . i H
| s i / |
| i i i L
1 : i h
Bl . ; | s i
= / { ¢ i
= I ! | b s |
< T0 ﬂ' 1 . 1 L i
z ! ! It I .
H H / Voo it i
z . 4 s i oA 1 i !
z 60 I S oien i | e ¢ ' Al i
= W : i s i EAN . ™
= I i ! | \ P
Fgli] | 4 | s /
= L i B N i 1
i o | LW A
10 . / : | %
', [ : ' Lx
\ £ L Vo in 4
e L I I [Tl
30 ) [ i Lo o —
IERT] el
. . ) - — Tt
0 u ) Poopo b
oE
o= I
10
y | s b gn ALt e . il
B L e N o
[ f i | ) ¢ 1
B ! ! | P / i i
J ' n f/ | i
/ ! 7
s § / i ¥ ¢ 4
- / X I3 —
s ! F‘ i ! \ i f o
870 ; /
= i : 1
0 HH ’-' e K | P ‘,“ 1
F i o ; N :
£ ! A / b
s s B o i - ! HosOs AL
= L} . [
£ W s o T
30 / [
o 0 .
L |
3 1 i I
30 P J y
1y L
a i T
20 [y L
= o =C
oo 3500 3000 25000 2000 1500 1000 o i 350 00 2500 2000 1500 non R

Wasvennmbers S on” Wavennmbers S em'

Fig. 4. FTIR spectra of biochar from corn BC 398 (a), corn ZP 6263 (b), tobacco (c¢) and
tomato (d) stalks.

CONCLUSION

In this work, agricultural biomass, i.e., corn, tobacco, and tomato stalks,
widely available in many locations in Serbia, were used for the pyrolysis process.
Biomass samples were characterized after air drying, and the results showed its
promising potential for high-quality pyrolysis products. Pyrolysis was performed
at a lower temperature of 400 °C, where the solid residue is the dominant pro-
duct. The biochar samples’ ash content and heat value indicate good fuel charac-
teristics. The heat values of biochar, which are 23.09-26.24 MJ kg1, correspond
to the heat value of charcoal. Still, it is lower than the corresponding values for
coke and anthracite and much higher than the heat value of wood. The results
also showed that the heat value of biochar produced from corn stalks is slightly
higher than the corresponding value for coal. In comparison, the heat value of
biochar from tobacco and tomato stalks is lower. The ash content of each ana-
lyzed biochar is relatively low, corresponding to good fuel characteristics. ICP-
-OES analysis showed high concentrations of elements such as Ca, K, Mg, Na, S
and P, while toxic elements and heavy metals were below the detection limit.
This leads to the conclusion that no heavy metals will remain in the ash after
combustion. The general conclusion is that biochar obtained by pyrolysis of corn,
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tobacco and tomato stalks can be considered green material with a good potential
for use as a solid fuel. Pyrolysis of agricultural biomass to obtain biochar is a
convenient, environmentally friendly way to reduce this type of waste and get
new valuable products.
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U3BOA

BHOYT'AJb U3 ITO/bOITPUBPEONHE BMOMACE: 3EJIEHH MATEPHUJAJI
KAO EKOJIOIIKA AJITEPHATHBA YBPCTUM ®OCHUJIHUM TOPUBUMA

EMUIUIA BYKUREBUR!, JEJIEHA UCAUJIOBUR? TOPOAHA TAJULIA3, BECHA AHTUR?
1 BPAHUMUP JOBAHUWREBUR!
"Ynusepsuiem y Beoipagy — Xemujcku paxynimem, Cygenmcku wpi 12—16, 11000 Beotpag,
2ynueep3utueii y Feotpagy — IMomouipuspegru paxynieni, Hemarwuna 6, 11080 3emyn, u >Ynusepsuieid y
Beoipagy — Hncimutnyw 3a xemujy, wexHonoiujy u memanypiujy, Fbetowesa 12 11000 Beoipag

CTadmuke Koje 0CTajy HaKOH JKETBe KyKypy3a M OyBaHa, kao M dpama mnapajajsa,
HeMajy paby ynorpedy M OOHMUHO ce chmamyjy Ha HO/BONPUBPESHOM 3E€MIBHINTY. Y
HalleM pajy y30pLH OBOr OTHaja Cy NPUKYIUbeHU M nuponusoBaHu Ha 400 °C y aTtmo-
cdepu asorta Tokom 30 min. AHanu3UpaH je YBPCTH ocTaTak (duoyram) modujeH mupo-
JM30M, a pe3yiTaTu Cy ynopeheHH ca WINPOKO KOpUIIheHUM KOHBEHIIMOHAJIHUM YBPC-
THM TOpPMBUMA Kao WITO Cy APBO, yrab, KOKC ¥ OpBEHHU yrasb. Kamopujcke BpemHOCTH
duoyrpa U3 cradbuka nmapapnajsa, oyBaHa, Kykypysa ZP 6263 u kykypysa BC 398 bune
cy 24,12, 23,09, 26,24 u 25,78 MJ kg'!. OBe BpenHOCTH Cy 3HATHO Behe 01 KaJOpHUjCKe
BPENHOCTH ApBeTa Koja uaHocu oko 12,50 MJ kg™'. Canpxaj nemena y Guoyrisy je fuo
12-20 %, wTo je y cxiamy ca cagpxkajem Iemnena Koh YBPCTUX ropusa. Y y3opuuma duo-
yriba HUCY npoHaheHU Temku meTanu. Pesynratu mokasyjy na duoyras nodujeH nupo-
JTM30M HOJONPUBPENHOT OTHAfAa, Kao IUITO Cy cTad/buKe Iapanajsa, oyBaHa U KyKypysa,
uMa fodap MoTeHnHUjal 3a ynorpedy kao YBpCTO TOPUBO.

(ITpumsbeHo 26. jaHyapa, pesunupaHo 21. dedpyapa, mpuxsaheno 20. anpuna 2024)

REFERENCES

1. S. Wang, G. Dai, H. Yang, Z. Luo, Prog. Energy Comb. Sci. 62 (2017) 33
(https://doi.org/10.1016/j.pecs.2017.05.004)

2. D. Fetjah, L. Ainlhout, B. Thssane, A. Houari, Z. Idardare, L. Bouqpbis, J. Ecol. Eng. 22
(2021) 36 (https://doi.org/10.12911/22998993/133964)

3. S.N. Bburi¢, S. D. Brankov, T. R. Kosani¢, M. B. Cerani¢, B. B. Nakomci¢-Smaragdakis,

Therm. Sci. 18 (2014) 533 (https://doi.org/10.2298/TSCI120711021D)

Z.Hu, L. Wei, J. Compos. Sci. 7 (2023) 354 (https://doi.org/10.3390/jcs7090354)

. R. Font, J. Molto, A. Galvez, M. D. Rey, J. Anal. App. Pyrol. 85 (2009) 268

(https://doi.org/10.1016/j.jaap.2008.11.026)
6. Z.Liu, G. Han, Fuel 158 (2015) 159 (https://doi.org/10.1016/j.fuel.2015.05.032)

o

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



[e BN

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

BIOCHAR FROM AGRICULTURAL BIOMASS 9 1 9

. B. Song, P. Hall, Front. Energy Res. 8 (2020) (https://doi.org/10.3389/fenrg.2020.00058
. W. A. Wan Ab Karim Ghani, P. S. Fernandez, M. Q. Halele, S. Sobri, J. Jasni, MATEC
Web Conf. 62 (2016) 04003 (https://doi.org/10.1051/mateccont/20166204003)

M. A. Maisyarah, L. J. Shiun, A. F. Nasir, H. Haslenda, H. W. Shin, Chem. Eng. Trans.
72 (2019) 79 (https://doi.org/10.3303/CET1972014)

H. B. Goyal, D. Seal, R. C. Saxena, Ren. Sustain. Energy Rev. 12 (2008) 504
(https://doi.org/10.1016/j.rser.2006.07.014)

D. Chen, K. Cen, X. Zhuang, Z. Gan, J. Zhou, Y. Zhang, H. Zhang, Comb. Flame 242
(2022) 112142 (https://doi.org/10.1016/j.combustflame.2022.112142)

X. He, Z. Liu, W. Niu, L. Yang, T. Zhou, D. Qin, Z. Niu, Q. Yuan, Energy 143 (2018)
746 (https://doi.org/10.1016/j.energy.2017.11.062)

1. Kojic, PhD Thesis, Faculty of Chmistry,Belgrade, 2022 (in Serbian)
(https://phaidrabg.bg.ac.rs/view/0:25866)

R. Arisanti, STT 3 (2018) 100 (https://doi.org/10.26554/sti.2018.3.2.100-106)

P. I. Premovié, R. S. Nikoli¢, M. P. Premovi¢, Geol. Soc., London, Spec. Public. 125
(1997) 201 (https://doi.org/10.1144/GSL.SP.1997.125.01.16)

P. Grammelis, N. Margaritis, E. Karampinis, Fuel Flex. Energy Gener. (2016) 29
(https://doi.org/10.1016/B978-1-78242-378-2.00002-X)

I. V. Miroshnichenko, D. V. Miroshnichenko, I. V. Shulga, Y. S. Balaeva, V. V. Pereima,
Coke Chem. 62 (2019) 143 (https://doi.org/10.3103/S1068364X19040057)

A. O. Otieno, P. G. Home, J. M. Raude, S. I. Murunga, A. Gachanja, Heliyon 8 (2022)
¢10272 (https://doi.org/10.1016/j.heliyon.2022.e10272)

M. Praspaliauskas, N. Pedisius, D. Cepauskiené, M. Valantinavicius, Biomass Conv.
Bioref. 10 (2019) 937 (https://doi.org/10.1007/s13399-019-00457-7)

C. Hadey, M. Allouch, M. Alami, F. Boukhlifi, I. Loulidi, Sci. Worid J. 2022 (2022)
2554475 (https://doi.org/10.1155/2022/2554475)

A. Supriya, R. Samantray, S. C. Mishra, IOP Conf. Ser..: Mater. Sci. Eng. 178 (2017)
012022 (https://doi.org/10.1088/1757-899X/178/1/012022)

H. Huang, N. G. Reddy, X. Huang, P. Chen, P. Wang, Y. Zhang, Y. Huang, P. Lin, A.
Garg, Sci Rep. 11 (2021) 7419 (https://doi.org/10.1038/s41598-021-86701-5).

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.






Journal of
the Serbian
Chemical Society

g Damblm’v%e@ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 89 (6) 921-937 (2024) Original scientific paper
JSCS-5764 Published 3 July 2024

Two-stage thermocatalytic conversion of waste XLPE to
diesel-like fuel

UFUK SANCAR VURAL'*, ABDULLAH YINANC? and HUSEYIN CAHIT SEVINDIR3

! Pasabayir Mh. Mehmetcik Cd. 77/18, Bandirma, Balikesir, Turkey, °Tekirdag Namik Kemal
University, Corlu Vocational School of Technical Sciences, Tekirdag, Turkey and 3Suleyman
Demirel University, Department of Environmental Engineering, Faculty of Engineering,
Isparta, Turkey

(Received 28 September, revised 8 October 2023, accepted 21 March 2024)

Abstract: Cross-linked polyethylenes (XLPE) are not preferred in industrial
pyrolysis applications and mechanical recovery methods due to great thermo-
chemical resistance to heat and deformation. The studies on pyrolysis of XLPE
up to 600 °C on obtaining fuel have generally yielded high levels of wax and
have not been of interest to the energy sector. In this study, two-stage pyrolysis
of XLPE was carried out catalytically and also without catalyst (thermal, T-
-pyr) under 500 °C with heating rates of 5 and 10 °C min’!. In the pyrolysis
experiments, three different catalytic studies were performed by adding MCM-
-41 + HZSM-5 catalyst mixture to the polymer phase only (PPC-pyr), by filling
Cu(I)-MAS + HZSM-5 catalyst mixture to the gas outlet column only (GPC-
-Pyr) and adding catalyst mixtures in both polymer phase and gas phase (MPC-
-pyr). The highest diesel-like fuel (91.40 wt. %) was obtained in multiphase
catalytic pyrolysis experiments at 460 °C with a heating rate of 5 °C min'!. The
calorific value, kinematic viscosity, density, flash point and cetane number of
the fuel were found as 45.97 MJ kg1, 2.72 cSt, 832.5 kg m3, 57 and 59 °C,
respectively. The results of the two-stage catalytic cracking and the heating rate
profile will be a guide for industrial pyrolysis applications. The simple feasibil-
ity for industrial applications showed that it would be a very profitable inves-
tment.

Keywords: cross-linked polyethylene; thermal cracking; heterogenous catalysis;
zeolite.

INTRODUCTION

Cross-linked polyethylenes are cross-linked thermoset polymers made from
low-density (LDPE) or high-density polyethylene (HDPE), commonly known as
XPE or XLPE. Cross-linked polyethylenes are synthesized by three different
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922 VURAL, YINANC and SEVINDIR

cross-linking methods: peroxides, silane, and high-energy irradiation.!-2 Poly-
mers obtained by peroxide crosslinking reaction are classified as PE-Xa (or P-
-XLPE), by silane linkage as PE-Xb (or Si-XLPE), and by high irradiation link-
age as PE-Xc (or I-XLPE), and crosslinking degree is 75, 65 and 60 %, respect-
ively.3# Cross-linked polyethylene are used in the wire and pipe industries, in
healthcare prosthetics, primarily in cable industry, as they have excellent power
insulation, good heat resistance, dimensional stability and resistance to environ-
mental stress cracking due to cross-links.> A feasible and successful method has
not yet been developed for the recovery of defective products that do not comply
with the reaction conditions during the production of cross-linked polyethylene.>
The scrap cross-linked polyethylene cables consist of cables that are replaced
during the periodic maintenance of electrical distribution lines or cables that
cannot be used as a result of faulty production. Since XLPE is a thermosetting
polymer, it hardens irreversibly.® For this reason, it makes it impossible to rec-
over by melting it to be reshaped and used again. Mechanical recovery is also not
possible, as it inhibits flow at high temperatures.® While producing HDPE in
subcritical and supercritical methanol and water is somewhat promising, the
cleavage of the main chain and the selectivity of removal of crosslinks still rem-
ains to be studied.® Although recently, experiments on thermoplasticization by
selective degradation of the cross-linked structure, using supercritical fluids, have
been successfully carried out, it has not yet been put into practice on an industrial
scale.67

Wang et al.® succeeded in producing fuel by hydrogenating polyethylene
with a tungstated zirconia catalyst at low temperatures of 250 °C. Although the
method was carried out under mild conditions than thermal and catalytic pyro-
lysis experiments, thermal or catalytic pyrolysis methods are still seen as more
convenient processes since they are high-cost processes in terms of industrial
application. Recycling of XLPE by thermal decomposition methods is a more
satisfactory method as it will provide alternative contributions to energy pro-
duction.6

Catalysts play an important role in the pyrolysis of hydrocarbons and
olefins.? The catalyst lowers the pyrolysis temperature by reducing the activation
energy required to break the carbon bonds, thus shortening the pyrolysis time.? In
addition, the catalyst is effective in the selectivity of pyrolytic products according
to their molecular weight distribution. During the catalytic pyrolysis process,
carbocationic decomposition of volatile molecules, isomerization, oligomeriz-
ation, cyclization and aromatization reactions occur.” Homogeneous catalysts
such as AICl3, heterogeneous catalysts such as zeolite solid acid catalyst and
FCC are used in the pyrolysis of polymers.® Heterogeneous catalysts are more
preferred over homogeneous catalysts because of the difficulty in separating the
catalyst from the products after pyrolysis. The most commonly used solid acid
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catalysts in polymer pyrolysis are heterogeneous catalysts such as ZSM-5,
HZSM-5, Y-zeolite and MCM-41.%:10.11 The acid content, pore structure and
shape of zeolites plays an important role in diffusion and cracking of molecules
into the acid region of the catalyst during pyrolysis. As the diffusion rate of
molecules into the pores of the catalyst increases, the retention time and cracking
rate decrease and more liquid product is obtained. Increasing the residence time
of molecules in the pores of the catalyst increases secondary reactions and there-
fore gas formation.9-!! ZSM-5 with a micro pore diameter of 0.55 nm and
HZSM-5 with a medium pore diameter of 0.9 nm catalyse the conversion of hyd-
rocarbons and olefins into low molecular weight components.10:11 The catalytic
activity of ZSM-5 with smaller pore diameter is higher than HZSM-5. In the
pyrolysis of plastics, small molecules such as gasoline are formed with ZSM-5,
while larger molecules such as diesel oil or jet fuel are formed with HZSM-
5.10.11 Dye to the high catalytic activity of ZSM-5, more gas is produced in the
pyrolysis of plastics than other zeolites. Eze et al.1? investigated the pyrolysis of
different plastics with various catalysts and catalyst mixtures. They observed that
the highest degradation rate was obtained with zeolite catalysts, and the highest
liquid yield was obtained in 1:1 ratio MCM-41 and ZSM-5 catalyst mixtures.
They stated that since pyrolytic liquids contain high amounts of aromatic com-
pounds, pyrolytic liquids are a product similar to gasoline. Eze et al.l? also
obtained 76, 77, 58 and 63 % liquid product from the pyrolysis of LDPE,
LLDPE, HDPE and XLPE, respectively at 430 °C with silica-alumina catalyst.
They stated that the reason for obtaining a lower rate of liquid product from
HDPE and XLPE was due to wax formation. Santos et al.13 stated that HDPE
cracked 48.3 % with ZSM-5, 88.4 % with HZSM-5 at 450 °C, and <16.3 % with-
out catalyst. Ratnasari et al.14 investigated the effect of MCM-41 and ZSM-5
catalysts on the thermal degradation of HDPE, using a two-stage pyrolysis
method. Approximately 65 % pyrolytic oil was obtained with MCM-41 alone,
the amount of non-condensable gas increased with ZSM-5 alone. They stated that
the thermal cracking rate of ZSM-5 is much faster than MCM-41, because ZSM-
-5 has a higher Si:Al ratio and more acidic character than MCM-41.

During cracking, the surface activity of the catalyst decreases rapidly as the
catalyst surface is covered with carbonaceous residues formed by secondary
reactions. When transition metals such as Zn, Cu or alkali metals are immobil-
ized on the catalyst surface, secondary reactions that cause coke formation are
reduced. As the acidity and surface activity of the metal-loaded catalyst inc-
reases, wax formation decreases and the formation of gasoline and kerosene-like
molecules increases.!0:11.15 One of the most important features of metal-loaded
zeolites is that they reduce the sulphur value of the fuel. Mesoporous molecular
sieves (MCM-41), mesoporous aluminosilicate (MAS) and Y-type zeolite (NaY)
were used for the desulphurization of hydrotreated naphtha.!6-18 Amorphous
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inner walls leading to poor stability and weak acidity reduce the catalytic powers
of mesoporous molecular sieves. To improve the stability and acidity of the
mesoporous molecules, the amorphous matrix is modified with aluminum and
silica and partially converted into the nano-sized zeolite phase. The desulfur-
ization activity of MAS, MCM-41 and NaY in hydrotreated diesel sample con-
taining 207 and 315 ppm sulphur was compared. MAS showed a higher activity
than MCM-41 and NaY, and sulphur values were found to decrease to 53 and
109 ppm, respectively.16:17 Although the pore diameter (3.51 nm) and the surface
area (940 m2 g!) of MAS were lower than MCM-41, MAS showed higher
activity against sulphur because it was more acidic than MCM-41. Li et al. red-
uced sulphur value of diesel from 315 to 54 ppm with Cu-MAS.17

In this study, the thermochemical transformation of XLPE was carried out
without catalyst, using mesoporous MCM-41 heterogeneous catalyst in the poly-
mer phase, Cu-MAS catalyst in the gas phase and catalysts in both phases, with a
heating rate of 5 and 10°C min~!. Since it is aimed to produce diesel equivalent
fuel, microporous catalysts (ZSM-5 and HZSM-5) with high acidic and catalytic
activity were not preferred. To obtain products in the boiling point range of
diesel, mesoporous MCM-41 polymer phase, which has a larger pore diameter
and lower catalytic activity and acidity than microporous catalysts, was used. To
reduce coking and desulphurization, Cu-MAS, which has higher catalytic acti-
vity, was used as a catalyst in the gas phase. In multiphase catalytic cracking
experiments performed with low heating rate, the highest amount of fuel and the
least amount of gas and wax were obtained.

EXPERIMENTAL

The cross-linked polyethylene was obtained from a local power cable manufacturer’s
copper recovery department in shreds <10 mm. The composition of waste plastic is given in
Table I. Cetyltrimethylammonium bromide (CTMAB, 98 %), sodium aluminate (NaAlO,)
were obtained from Sigma-Aldrich, Aluminium sulphate (Al,(SO4);-18H,0), sodium silicate
solution (8 % Na,O, 27 % Si0,), K,CO3, H,SO4 (97 %), NaOH, Cu(NOs),, y-Al,O5 (particle
size 63—-200 um, pore size 9 nm) and silica gel (particle size: 63—200 pum, pore size: 60 A,
pore volume: 0.7-0.85 cm? g1, surface area: > 480 m? g'!) was obtained from Merck.

Table I. Waste XLPE composition

Ultimate analysis Proximate analysis
Element Content, wt. % Component Content, wt. %
C 85.94 Volatiles 98.43
H 13.21 Fixed carbon 0.16
N 0.07 Ash 0.54
S 0.24 Moistures 0.87
Croslinked degree 84.00

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.
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Thermal cracking experiments were carried out in a two-stage fixed bed reactor. The first
reactor is 50 cm long, 30 cm high, made of 4 mm 316Ti stainless steel and is designed to melt
the polymer. The empty volume of the reactor is 35 L. During the melting of the polymer, a
80 cm length and 14 cm diameter column was connected to the reactor for volumetric expan-
sion and removal of gases. The reactor is heated with a 7.5 kW electrical resistance. The sec-
ond fixed bed reactor with a diameter of 20 cm, a length of 30 cm and an empty volume of 10
L (Fig. 1), was used in the pyrolysis experiments. The amount of polymer melt fed into the
cracking reactor is controlled by the overflow pipe connecting the two reactors. A column
with a diameter of 14 cm and a length of 160 c¢m, consisting of 3 sections, was connected to
the steam outlet of the reactor. The first section, the upper part of the column, is the reflux
part. The gas phase catalytic reactions were carried out with the catalyst in pellet form, which
was charged to the second section of the column. The column also acts as a reflux column to
separate waxes and liquids from the gas phase that escape the gas phase as a result of sudden
expansions. In the last section of the column, gases are discharged from the reactor and poly-
mer melt is fed into the reactor from the first reactor. The reactor is heated with a 7.5 kW elec-
trical resistance. The column is connected on a single pass condenser column with a length of
1,5 m, a diameter of 16 cm and a 1/2-in tube bundle. Two collection vessels are connected to
the condenser outlet to separate the light and heavy distillate phases. The uncondensed gases
were burned after desulphurization by passing through sodium hydroxide solution.

Hot water Cold Water
out in
. 1 1 [ Neon-Condense

| | | Gas

Heat Exchanger

@14 cm x
L160 cm -
Separator ©16 cm x 150 cm

O14 ¢m Packed
IN x L80 em Column
N | N, '

T —
o Overflow
Thermal Cracking
Liquidification Step
Step 20cmx30cm

30cm x50 cm
Heavy Light
Phase Phase

L Feed
L Pump

Fig. 1. Apparatus to experimental set-up.

The temperature values measured by the pt100 sensors placed inside the reactors and on
the column, the heating rate was realized with a computer-controlled K-type thermocouple.
The pyrolysis process was carried out at atmospheric pressure using inert N, carrier gas (a
flow rate of 200 cm? min'!). LECO, CHNS-932 elemental analyser was used for C, H, N and
S analysis in fuel. Viscosities were measured according to the ASTM D445 method by the
Ostwald viscometer at 40 °C. The calorific value of the pyrolysis oil samples was measured
using a U-Therm YX-ZR model semi-automatic calorimeter. Densities of pyrolytic oils were
measured with Anton Paar DMA 38N densimeter according to the ASTM D7777 method. The
flash point of the pyrolytic oil samples was determined using the PMA 500 model Pensky—
—Martens device according to the ASTM D93 method. In order to find the amounts of diesel
and gasoline-like fractions, distillation of pyrolytic oils was carried out according to ASTM
D-93. Sunflow brand, 1440 rpm, 5 L min-!, SF-025 model, 0.2 kW, 220 V hot oil transfer
pump was used for the transfer of the polymer melt. The cetane number was calculated
according to the ASTM D'4737-03 method.
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Determination of croslinging degree of waste XLPE

Polyvinyl chloride (PVC) and metallic impurities in the sample are separated in water by
density difference and dried at room temperature. Crosslinking degree of XLPE sample was
determined by gel content according to ASTM 10147:2004. To determine the gel content of
XLPE, approximately 0.30 g of sample was placed in a xylene weighing flask and extracted
by heating at 110 °C for 8 h. It was then dried under vacuum at 150 °C for 30 min. The gel
content of the XLPE was determined by weighing the weight of the remaining cross-linked
fraction. Cross-linking degree was determined as 84 %.

Mesoporous MCM-41 Synthesis

MCM-41 was synthesized according to the method in the literature.!%1° 72 g of CTMAB
was dissolved in 1000 cm? distilled water under stirring 265 g of sodium silicate and was then
introduced into the mixture. H,SO, was added dropwise to give a solution with a pH of 11.
The mixture was allowed to heat in an oven at 100 °C for 24 h. The precipitate was filtered,
washed, and dried at 55 °C under a vacuum, before calcination. Then, the dried precipitate
was calcined under airflow at 550 °C for 6 h.

Mesoporous aluminosilicate (MAS) synthesis

MAS was synthesized by a two-step method.!%!7 Nanoclustered zeolite Y seeds were
prepared by reacting NaOH (0.088 mol) and NaAlO, (0.10 mol) in H,O (8.5 mol) with silicate
anions (0.90 mol) in the form of a sodium silicate solution containing 27 % SiO, and 14 %
NaOH under vigorous stirring at 100 °C overnight. The addition of cetyltrimethylammonium
bromide (0.20 mol), sulphuric acid (0.52 mol) and water (127 mol) to the seeds solution,
followed by an additional stirring period of 20 h at 100 °C afforded a hexagonal alumina-
silicate mesostructure, which we denote as MAS. The synthesized MAS was calcinated under a
nitrogen atmosphere at 550 °C for 1 h, and then in the air at the same temperature for 6 h.

Cu(l)-MAS synthesis

Ion exchange was performed by mixing MAS with 0.5 M Cu(NOj), solution for 24
h.16.17 Then, the filtered adsorbent was dried at 100 °C for 24 h. Finally, Cu?" was reduced to
Cu" by calcining in nitrogen atmosphere at 450 °C for 3 h.

Pellet synthesis

Pellets were synthesized by the literature method.!® 20 wt. % < 2 mm of y-Al,05 was
added onto the synthesized zeolites. Deionized water was carefully added until the mixture
became mushy. The mixture, which came to the consistency of dough, was cut in the dimen-
sions of 3 mmx10 mm by passing through a laboratory-type extruder. Wet pellets were kept at
room temperature overnight and then dried in an oven at 120 °C for 4 h. Dried pellets were
calcined at 550 °C for 6 h.

Two-stage thermal and catalytic cracking of XLPE

12 kg of XLPE was added to the reactor, and melting of polymer was carried out in an
inert nitrogen atmosphere. In the first stage reactor, the heating rate was kept low (2 °C) to
prevent sudden volumetric expansion and heated until all of the polymer was liquefied. In the
second step, 12 kg melted polymer was added to the second reactor (cracking reactor, Fig. 2).
The thermal cracking process was completed by keeping the heating rate at 5 and 10 °C min‘!.
The experiments were repeated by adding 120 g of catalyst to the molten polymer alone,
adding catalyst to the column only, and adding catalyst to both the polymer and the column.
MCM-41 as polymer phase catalyst was added to the liquefied polymer in the second stage,
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and Cu(I)-MAS was added as gas phase catalyst to the catalytic column connected to the
steam outlet.

1. Melting Step

2. Cracking Step
> @
Synhetic Zeolits
Waste XLPE <500 °C Pyrolytic oil
Distillationl.%ﬁo °C

| } Purification

g —

=s HZO;-]-HCOFH’ Fig. 2. The conversion of waste XLPE cables

ilicagel ) ¢

Diesel-Like Fuel Distilled Oil to diesel-like fuel.

Pretreatment and setting of sludge

Before the distillation process, impurities such as polymeric substances, asphaltenes and
water must be separated from the pyrolytic oil. Thus, coking is minimized during the distil-
lation process. A flocculent/coagulant containing 0.2 wt. % polyacrylamide and 0.5 wt. %
sodium silicate was added to pyrolytic oil and mixed with an air compressor at 60 °C for 2 h,
then left for 6 h to settling of the precipitate. Thus, the residue and water were separated from
the pyrolytic oil.

Distillation

To purify the pyrolytic liquids obtained from the pyrolysis of XLPE, the pyrolytic liquids
were first catalytic distilled, then treated with active silica gel and filtered. 600 cm? of the
supernatant was placed in a catalyst-filled packed column-mounted distillation kettle. Ceramic
wool was placed at the bottom of second column section and Cu(1)-MAS in pellet form was
filled on the column. The distillates were collected in the collection vessels between 55 and
360 °C. The non-condensed gases were burned in the burner after desulphurization by passing
through the 4 M NaOH solution. Distillates up to 180 °C were deposited in the light distillate
vessel, and those between 180-360 °C were collected in the heavy distillate vessel.

Desulfurization and decolourization process

100 mL of distilled pyrolytic oil and 12 mL of formic acid was added to a 250 mL three-
-necked flask and mixed with a magnetic stirrer in a thermostatic water bath at 50 °C for 30
min. Then, 7 ml (30 %) H,O, was added to the mixture and the solution was stirred for addi-
tional 180 min. Air was passed through the balloon during mixing. The mixture was trans-
ferred to a separatory funnel, after 45 min the oxidized pyrolytic oil and oxidant phase were
separated. The sulphur containing components were extracted by mixing the oxidized pyro-
lytic oil with a 1:1 ratio of 50 % aqueous methanol solution.

Purification step

To decolorize and remove impurities in the distilled and desulfurized pyrolytic oil, 1 %
silica gel was added to the solution and stirred at 60 °C and 80 rpm for 45 min, then filtered.
The process steps are given in Fig. 2 until a diesel equivalent product is obtained from XLPE.
Calculations

After the pyrolysis and distillation experiments, the liquid product volume and density
were measured, and the liquid product amount was calculated by weight. The residue remain-
ing in the reactor was weighed to measure the amount of non-pyrolysis XLPE (char). The
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amount of uncondensed gas was measured by subtracting the amount of liquid and solid phase
from the amount of XLPE added to the reactor. The pyrolytic liquid was settled for 8 h and
the wax formed was separated from the liquid product by separatory funnel. The amount of
wax in solid form at room temperature was weighed and its ratio in the pyrolytic liquid pro-
duct was determined.

RESULTS AND DISCUSSIONS

The biggest difference between polyethylene and XLPE is that polyethylene
melts above its melting point temperature, while XLPE softens by acting like
rubber. Crosslinking reduces melt index and elongation at break, improves creep
resistance, impact strength, environmental stress crack resistance (ESCR) and
resistance to slow crack growth. The density and tensile strength of polyethylene
are not affected by crosslinking. The crosslinking of polyethylene takes place in
four stages: initiation, propagation, branching and termination.# Cross-linking
changes the physical properties of the polymer such as density, flexibility, hard-
ness and viscosity. Crosslinking occurs between carbon atoms or other chain
branches in adjacent chain molecules or between chains branches joined to the
same polymer chain (Fig. 3).20

LDPE

Fig. 3. The view of polyethylene and crosslinked
XLPE polyethylene.20

According to Chen et al.,2! three types of radical chain reactions occur
between volatile compounds during pyrolysis: initiation, propagation and termin-
ation. These radical reaction mechanisms are: 1) cracking of molecules to form
alkanes and alkenes by the Rice-Kossiakoff mechanism, 2) adding alkenes to
radicals to increase carbon chain growth and radical scattering and 3) adding
radicals to each other to form larger molecules (Egs. (1)—(3)). Radical scattering
and interrelationships are more dominant at low temperatures, leading to an inc-
rease in carbon chain length and thus a decrease in non-condensable gas yield.
These results show that the reactions between the volatile components occurring
during the pyrolysis of hydrocarbons are not stable in the cracking process. The
reactions between the volatile components are dependent on the pressure, heating
rate and temperature, as well as the varying residence time. Since cracking is
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more dominant at high temperatures, the carbon chain of the molecules will
shorten, so the oil yield decreases and the amount of non-condensed gas inc-
reases:

Cracking: R-CH,~CH,—CH-R’ — R-CH," + CH,=CH-R’ (1)
Propagation: R® + CH,=CH-R’ — R—-CH,~CH-R’ 2)
Coupling: R—-CH;* + R’~CH3* — R—CH»—-CH»—R’ 3)

The two stage pyrolysis processes of XLPE obtained from scrap cables were
carried out catalyst-free thermal pyrolysis (T-Pyr), polymer phase catalytic pyro-
lysis (PPC-Pyr), gas-phase catalytic pyrolysis (GPC-Pyr), multi-phase catalytic
pyrolysis (MPC-Pyr) at different heating rates. MCM-41 was chosen to obtain
higher liquid products in the polymer phase with boiling points in the range of
diesel fuel. MCM-41 has a larger pore diameter than other synthetic zeolites,
which is weaker than microporous catalysts, also reduces the amount of non-con-
densable gas.!0-11 Its only disadvantage is that the catalyst efficiency decreases
due to rapid clogging of the catalyst pores. Since the catalyst will be added again
in each experiment, the disadvantage of catalyst poisoning will be eliminated.
Strongly acidic and microporous catalysts such as ZSM-5 and HZSM-5 were not
preferred in this study because they increased the amount of non-condensable gas
and gasoline was obtained as the main product. In the gas phase, Cu(I)-MAS was
used as a catalyst. Cu(I)-MAS in the gas phase, it ensures the re-cracking of large
molecules formed as a result of secondary reactions, thus reducing the amount of
wax and sulphur amount in the liquid product.!7:18

As seen in Table II, 83.84 and 91.40 % diesel equivalent fuel was obtained
in gas phase and multi-phase catalytic pyrolysis of XLPE with a heating rate of 5
°C min~!, respectively. These values appear to be close to the 83.15 % gasoline
value obtained from the two-stage catalytic pyrolysis of HDPE by Ratnasari et
al.1* The amount of fuel obtained from single-stage catalytic pyrolysis of XLPE
(63 %) by Eze et al.!? is much lower than that obtained in our study. Single-stage
pyrolysis is insufficient to completely crack high-density plastics such as HDPE
and XLPE.

Mo et al.2? investigated the pyrolysis characteristics of cross-linked poly-
ethylene cables by thermogravimetric method. As seen in Fig. 4, in the study
carried out from room temperature to 800 °C, at 40 °C, 20 mL min~! in air, 98.83
% weight loss is observed between 400-500 °C, which is the pyrolysis stage of
the polymer. The peak of the DTG curve showing the endothermic reaction is
484.96 °C, and it merges with the DSC curves. In our study, in two-stage multi-
-phase catalytic pyrolysis experiments, the pyrolysis temperature was found to be
448 °C at 5 °C heating rate and 441 °C at 10 °C min—! heating rate. The pyrolysis
temperature at both heating rates is lower than the temperature found by Mo et
al.22 1t is clear from these results that the two-stage catalytic pyrolysis method of
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XLPE has reduced the pyrolysis temperature, so that less energy will be con-
sumed to complete pyrolysis in industrial processes.

TABLE II. The experimental results of XLPE pyrolysis at 5 and 10 °C min'!; T-Pyr: thermal
pyrolysis, PPC-Pyr: polymer phase catalytic pyrolysis, GPC-Pyr: gas phase catalytic pyro-
lysis, MPC-Pyr: multiphase catalytic pyrolysis

Pyrolysis Liquid Gas Residue? WaxP Liquefaction  Pyrolysis
method wt. % wt. % wt. % wt. % temp., °C temp., °C
Heating rate, 5 °C/min
T-Pyr 46.59 5.52 9.26 38.63 237 482
SPC-Pyr 72.83 4.78 6.18 16.21 218 467
GPC-Pyr 83.84 4.11 5.42 6.63 — 458
MPC-Pyr 91.40 3.21 3.56 1.83 — 448
Heating rate, 10 °C/min
T-Pyr 27.83 7.23 8.43 56.51 216 473
SPC-Pyr 44.60 6.42 7.12 41.86 207 461
GPC-Pyr 59.17 5.76 6.73 28.34 - 452
MPC-Pyr 72.07 5.11 5.56 17.26 — 441
4Remaining char in the reactor; bthe waxes were separated by settling the pyrolytic liquid for 8 h
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Fig. 4. TGA-DSC curve on XLPE cable material >

Due to the low heat conductivity of the polymer in the first stage of pyro-
lysis, no significant increase was observed in the pyrolysis temperature in the
first 45 min, the temperature rice slowly between the 45t and 60th min, and the
temperature increase suddenly accelerated after the 60th min. From these results,
it was understood that the melting of the polymer started at the 45 min, com-
pleted at the 60th min, and thermal degradation started after the 60th min. The
conversion of the polymer via time at 5 °C min~! is shown in Fig. 5. As can be
seen from Fig. 5, the liquid product yield is low in the first 60 min. The thermal
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degradation started to accelerate after 60 min, as the heat given to the system up
to the liquefaction temperature was spent on loosening the crosslinks and phase
change in the polymer. The pyrolysis process was completed in the 105t min..

100

80

X
E 60
=
R —=T-Pr
w
g 40 -=-PPC-Pr
8 —=~GPC-Pr
20
-=MPC-Pr
0
40 60 80 100

t/ min.

Fig. 5. Conversion of XLPE to liquid products at a 5 °C min’! heating rate.

In Table 11, the highest amount of liquid product was determined as 91.40 %
in multi-phase catalytic experiments. At the same time, the amounts of uncon-
densed gas and residue remaining in the reactor are lowest in the multi-phase cat-
alytic pyrolysis experiment. At high heating rate, the amount of liquid decreases,
and the amount of uncondensed gas and residue is found to be slightly higher. At
high heating rate, the rate of cracking and the speed of cracked gas molecules
increased, thus the catalytic interaction decreased. By the increase of coking at
high heating rate, the amount of residue remaining in the reactor increased
slightly. These results show that the retention time decreases depending on the
heating rate, thus the evaporation rate increases, and the secondary reactions dec-
rease. Therefore, the amount of uncondensed gas increased, and larger molecules
were obtained in the form of wax without cracking.

Table II shows that the liquefaction temperature and pyrolysis temperature in
the pyrolysis experiments of XLPE decreased depending on the increase in the
heating rate. With the increase in heating rate, the intermolecular cross-links
loosened faster and the polymer passed into liquid form before the bonds started
to break. This was observed during pyrolysis as the temperature remained cons-
tant throughout liquefaction and started to rise with the start of cracking. In Table
IL, it can also be seen that the liquefaction and pyrolysis temperatures in catalyst-
free pyrolysis experiments are higher than in catalytic pyrolysis. It is clearly seen
that the catalyst reduces the activation energy required to break intermolecular
bonds. The temperature of gas phase catalytic pyrolysis is lower than that of
polymer phase catalytic pyrolysis. The catalytic interaction in the gas phase is
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faster than in the solid phase, and the catalyst minimizes secondary reactions. In
both polymer phase and gas phase catalytic experiments, the pyrolysis tempe-
rature and liquefaction temperature are the lowest. Using catalysts in both phases
accelerates the faster degradation of the polymer.

As a result of thermal cracking of PE plastic types, molecules that have not
completed the full cracking reaction form waxes with a boiling point higher than
500 °C. In order to obtain high amounts of fuel in the pyrolysis of plastics, it is
desired that the amount of wax is at a minimum level. Al-Salem et al.23 obtained
32 % and 64.5 % wax in the pyrolysis of HDPE and LDPE at 500 °C, respect-
ively. Arabiourrutia et al.24 obtained wax in the range of 70-80 % from the pyro-
lysis of HDPE, LDPE and PP at 450—600 °C. They found that the amount of wax
decreased due to the decrease in secondary reactions at high heating rate and
pyrolysis temperature. As can be seen from Table II, the liquid yield was inc-
reased, and the amount of wax was reduced because of the correct catalyst deter-
mination strategy in the gas phase and polymer phase. The catalyst used in the
polymer phase increased the cracking rate, on the one hand, large molecules con-
tinued to be cracked in the gas phase, and on the other hand, the amount of
uncondensed gas decreased due to catalytic radical reactions. The packed column
also acts as a molecular sieve and thus prevents the escape of non-condensed
gases, while large molecules such as waxes continue to break down into smaller
molecules in the gas phase. Parameters such as retention time of cracked mole-
cules, pyrolysis temperature and heating rate affect the amount of fuel, gas and
wax. While no wax is observed in the catalytic pyrolysis of plastics at high heat-
ing rates, the amount of gas increases and the amount of fuel decreases. As the
retention time of cracked gases increases at low pyrolysis temperatures, coking
and wax formation increases. For this reason, thermal and catalytic pyrolysis
experiments were carried out under mild conditions, below 500 °C. It is aimed to
increase fuel efficiency rather than completely preventing wax formation. As
seen in Table II, the lowest amount of wax and the highest amount of fuel were
obtained in multiphase catalytic cracking experiments at a heating rate of 5 °C. In
thermal cracking experiments, the highest wax and lowest fuel amount were
obtained.

In Table III, the carbon, hydrogen and nitrogen content of the fuel were
found to be close to diesel fuel. The reason why the carbon content of the fuel
obtained by multi-phase catalytic cracking is slightly higher than the others may
be due to the higher amount of cracked low molecular weight hydrocarbons. The
ash content of fuels is in the negligible range.

As seen in Table I11, the sulphur value of the fuel obtained from multi-phase
catalytic cracking experiments was reduced from 0.24 to 0.052 ppm. The desul-
phurization efficiency was calculated as 78.4 %. In catalytic pyrolysis experi-
ments of XLPE, the sulphur removal efficiency was found to be less than the
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hydrotreated diesel sample, since the factors such as steric hindrance of large
molecules, coking and wax reduce the catalytic activity of Cu(I)-MAS. As it can
be seen in Table III, the desulfurization efficiency is listed as MPC-pyr > GPC-
-pyr > PPC-pyr > T-pyr. Cu(I)-MAS showed higher catalytic activity than MCM-
-41 in sulphur removal. Pyrolytic oil samples were distilled and treated with
formic acid-hydrogen peroxide and finally silica gel to remove impurities, thus a
light transparent lemon-yellow coloured diesel quality fuel was obtained.

As can be seen in Table III, the density values obtained in the vapour phase
catalytic experiments were found to be closer to diesel fuel due to the higher
degradation of the polymer in the multiphase catalytic cracking process. The
density value of the fuel obtained from thermal pyrolysis and polymer phase
catalytic pyrolysis experiments is lower than that obtained in the gas phase and
multi-phase. The reason for this may be repolymerisation or isomerization
reactions that occur by catalysing secondary reactions in the gas phase. The
density value of the fuel formed by multi-phase catalytic cracking is the lowest,
as expected. Some of the small molecules formed as a result of cracking in the
polymer phase cracked again in the gas phase, reducing the density values of the
fuel. The density of liquid from the gas-phase catalytic pyrolysis was found to be
equivalent to diesel fuel in Table III.

TABLE III. Physicochemical properties of liquid products according to pyrolysis method with
5 °C min’! of heating rate; v: kinematic viscosity, GCV: gross calorific value

Parameter T-Pyr PPC-Pyr GPC-Pyr MPC-Pyr DF
C 84.56 84.60 84.89 85.38 86.43
H 13.72 14.76 13.98 13.78 13.99
N 0.56 0.62 0.58 0.61 0.13
S 0.17 0.11 0.059 0.052 Nd
Ashes, wt. % 0.02 0.04 0.03 0.02 Nd
GCV/MIJ kg'! 44.56 46.12 45.34 45.97 44.79
Density, kg/m? 811.24 810.16 832.54 796.67 830.00
v/cStat 40 °C 2.69 2.32 2.72 2.17 2.43
Flash point, °C 56 53 57 52 56
Yield, wt. % 53.92 70.12 86.48 89.56

Cetane number 55 54 59 53 57

Distillation temperature, °C

IBP 168 164 174 147 165
10 % recovery 201 197 221 187 209
50 % recovery 247 244 287 234 281
90 % recovery 344 342 352 339 344
FBP 366 364 370 358 368

The gross calorific value (GCV) of the fuels obtained from catalytic and
thermal pyrolysis of XLPE compared with diesel fuel (DF) was found to be close
to each other (Table III). The calorific value of the fuel obtained from polymer
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phase catalytic pyrolysis was found to be slightly higher than the others (46.12
MJ/kg). This may be because more olefinic molecules are formed by catalytic
reactions in the polymer phase. The diesel product used in the comparison was
obtained from local companies, and there may be differences between the calo-
rific values of diesel products of different companies. In general, it has been obs-
erved that the calorific values of the fuel obtained from the catalytic pyrolysis of
XLPE are at the same level as the diesel supplied from the market.

The kinematic viscosity values are between 2.17 and 2.72 ¢St and corres-
pond to the kinematic viscosity value of diesel fuel (2.43 cSt). It is understood
that the ratio of olefin and aromatic compounds in pyrolytic fuels is higher than
in paraffinic compounds. Thus, it has been observed that the high wax ratio seen
in the single-stage pyrolysis experiments is eliminated by the cascade pyrolysis
method in Table III.

As can be seen in Table III, the flashpoint of the fuels obtained from poly-
mer phase catalytic pyrolysis is lower (52 °C). The flashpoint of the fuel obtained
as a result of catalytic pyrolysis in the gas phase is 57 °C, slightly higher than the
flashpoint of diesel fuel at 56 °C. From this, it was understood that the paraffinic
structure of the molecules formed because of the thermal decomposition in the
gas phase is higher than that of diesel fuel. In a way, this shows that the fuel
obtained as a result of gas-phase catalytic pyrolysis is comparable to diesel fuel.
The cetane number was found to be 57 in the gas phase catalytic pyrolysis pro-
cess (Table III). This value is close to the cetane number (56) of the diesel fuel
used in the comparisons. The number of paraffinic molecules in fuels can be
explained as more regular burning of the fuel.

The cetane number of the fuel was found at the desired value due to the
paraffinic molecules formed because of the pyrolysis of XLPE in Table III. Since
the best cetane number and other physical properties are obtained from the gas
phase catalytic pyrolysis, the fuel obtained from the gas phase catalytic pyrolysis
of XLPE can be used as a diesel equivalent fuel by adding fuel additives without
the need to blend with other fuels, or it can be directly blended with diesel in any
ratio, can reduce consumption costs. It was observed that the distillation data (10,
50 and 90 % recovery values) obtained from gas phase catalytic pyrolysis were
compatible with diesel fuel. The distillation range of the fuel obtained in the gas
phase coincides with that of diesel.

CONCLUSIONS

Scrap XLPE is the most economical potential raw material source in
obtaining fuel by pyrolysis method as free waste. In industrial applications, the
pyrolysis of XLPE is not preferred because it produces a high amount of wax.
Also, wax causes major problems as it clogs the process lines. In this study, the
formation of wax was minimized by the two-stage heating method and the diesel
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equivalent pyrolytic fuel was obtained at the maximum ratio. To obtain the
highest fuel efficiency in the catalytic or thermal pyrolysis process, it has been
determined that the polymer should be melted at a low heating rate up to 207—
—214 °C, and then the pyrolysis should be completed by increasing the heating
rate not exceeding 10 °C min~!. In addition, the successful applicability of the
column-filled distillation method has been observed for the purification of the
obtained pyrolytic fuels. The thermal catalysis, polymer phase catalysis and gas
phase catalysis methods were compared, and it was understood that the most
suitable method in terms of fuel properties was the multi-phase catalytic pyro-
lysis method. The most widely known thermal cracking catalyst, synthetic zeo-
lites, was used in the experiments in order to determine the difference between
thermal cracking and catalytic cracking.

The main purpose of the study is to reveal a decisive method in industrial
applications by decreasing the wax ratio with the gradual heating rate and inc-
reasing the fuel efficiency. The type and amount of catalyst, reactor types, the
pyrolysis of XLPE with scrap tires, waste mineral oil, or waste vegetable oil, and
changes in the chemical structure of the products in these application differences
are planned as the subject of further studies. The waste XLPE is still collected in
nature as garbage or directly incinerated. The recovery of waste XLPE polymers
as an energy source rather than mechanical recovery is a work that should be
considered in waste management plans. It will take its place in the recycling
sector as an alternative method for the disposal of such wastes with high energy
value in a way that will minimize environmental problems.

Acknowledgment. We thank Corlu Vocational High School for technical support and
assistance in this research.

N3BOJI

IBO®A3HA TEPMOKATAJIMTHYKA KOHBEP3HUJA OTIIAJHOT XLPE Y TOPMBO
CJIMYHO OU3ETY

UFUK SANCAR VURAL!, ABDULLAH YINANC? u HUSEYIN CAHIT SEVINDIR?

'Pasabayir Mh. Mehmetcik Cd. 77/18, Bandirma, Balikesir, Turkey, “Tekirdag Namik Kemal University,
Corlu Vocational School of Technical Sciences, Tekirdag, Turkey u 3Suleyman Demirel University, Department
of Environmental Engineering, Faculty of Engineering, Isparta, Turkey

Ympexenn nonuetuneHu (XLPE) Hucy noxempHH y MHOYCTPHUjCKMM NDUMEHama
NHPOJIM3€ U METOJaMa MEXaHHUYKOI PELHUKINpama 300r BEIHKE TEPMOXEMH)jCKE OTIIOP-
HOCTH Ha TomiaoTy U medopmauuje. Cryauje o nuponusu XLPE no 600 °C 3a nodujame
ropyMBa Te€HepaJHO Cy jaje BEeJUKy KOJIMYMHY BOCKa W HHUCy Ouiae of HHTepeca 3a
eHEepreTCcKu CeKTop. Y OBOj CTyAuju, nBocTeneHa nuposusa XLPE u3sBenmena je y mpu-
CyCTBY KaTajausaTopa U 0e3 katanusartopa (TepmanHo, T-pyr) Ha 500 °C, ca dp3uHama
3arpeBama on 5 u 10 °C min™'. U3BefeHe Cy TpH pa3IHUYMTE KATATUTUYKE CTyAHjE TOAA-
BawmeM cMmelne karanuzatopa (MCM-41 + HZSM-5) camo y nonumepHy ¢asy (PPC-
-pyr), NymemeM H3/la3He KOJNOHe raca cmemom karanusaropa (Cu(I)-MAS + HZSM-5)
(GPC-Pyr) u nomaBameM CMellle KaTaJd3aTopa y MOMUMepHY U racHy ¢asy (MPC-pyr).
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Hajseha xonununua pusen ropusa (91,40 %) nodujeHa je y ekclepUMEHTHMa BHIIe-
(hasHe KaTa/mUTHUKe nuponuse Ha 460 °C ca Sp3uHOM 3arpeBama ong 5 °C min™'. YTBp-
heHo je ma xanopujcka BpeOHOCT, KHHEMATH4YKa BUCKO3HOCT, IYCTHHA, Tayka Nabewma U
lleTaHCKM Opoj ropusa usHoce 45,97 MJ kg™, 2,72 cSt, 832,5 kg m™3, 57 u 59 °C,
penom. Pe3ynTaTH ABOCTENEHOT KATAaJUTUUYKOT KpeKWHra W npodun Op3uHe 3arpeBama
Ouhe BOIWY 3a MHOYCTPUjCKY NMPUMEHY NHUPOJW3e. JeJHOCTaBHA M3BOIJBHUBOCT yKasyje
na o1 To dua BeoMa HCIUIAaTHBA HHBECTHUIIHja 3@ HHIYCTPHjCKY TPUMEHY.

(TTpumiseHo 28. aBrycra, peBuaupano 8. okrodpa 2023, npuxsaheno 21. mapra 2024)
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