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SURVEY

Flavonoid derivatives as anticancer moiety and its effect on
cancer cell lines: An updated review

CHANDRAMOULI MANOJMOULTI*, THOPPALADA YUNUS PASHA, KOPPURAVURI
NAGAPRASHANT, BEEVINAHALLI RAMESH, NOOR UL EAIN
and KARDIGERE NAGARAJU PURUSHOTHAM

Department of Pharmaceutical Chemistry, Sri Adichunchanagiri College of Pharmacy,
Adichunchanagiri University, B. G. Nagara, Karnataka, India

(Received 28 December 2022, revised 8 February, accepted 15 July 2023)

Abstract: Cancer is now considered the number one leading cause of premature
death in industrialized countries. Chemotherapy drugs are quite expensive and
cause multiple side effects. Natural products have been studied in depth for
their potential as anticancer agents because of their remarkable chemical vari-
ability. Among the various natural metabolites, flavonoids are secondary meta-
bolites that are extensively present in nature, have potent anti-cancer pro-
perties, have few adverse effects, and also show synergistic benefits. Numerous
laboratories are diligently investigating the chemistry and biology of novel fla-
vonoid derivatives due to the demand for and value of these drugs. In this
survay, we have summarized clinical trials of various flavonoids, molecular
pathways against various cancer cell lines and recent updates on the anticancer
activity of flavonoid derivatives against various cancer cells synthesized by
various methods, more studies are needed to develop the following mentioned
flavonoid derivatives as an anticancer drug.

Keywords: flavonoids; cancer; chemotherapy; molecular targets.
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1. INTRODUCTION

A significant global issue in terms of human health is cancer. There are
many different types of cancer, and each one is associated with an increase in the
number of cells in the body. One element of the mechanisms that lead to cancer
is cell proliferation and it is distinct from other tumors because of its ability to
invade surrounding healthy tissues. The WHO reports that in 2020, there were
2.30 million new instances of breast cancer, 2.20 million cases of lung cancer,
1.90 million cases of colon and rectal cancer, 1.40 million cases of prostate can-
cer, 1.25 million cases of skin cancer, and 1.08 million cases of stomach can-
cer.1-3 Anticancer therapies involve several methods such as surgery, chemother-
apy and radiation, perhaps individually or in combination. However, side effects
and multidrug resistance are two major obstacles to successful cancer treatment
because this condition is a complicated issue, and it has been challenging to dis-
cover new medicines to combat it.# Cancer drug sales are forecast to reach
$223.21 billion in 2022, up from $199.95 billion in 2021, at a compound annual
growth rate (CAGR) of 11.6 %. Multiple laboratories are extensively investig-
ating the chemistry and biology of novel anticancer agents due to the demand for
and value of these drugs. Cytotoxic drugs, many of which are of natural origin,
are currently the pillars of anticancer chemotherapy.

Natural products can be used as important sources for the development of
new active molecules that might be used as leads or scaffolds to create novel,
highly effective medicines with increased biological activity. Drugs that are
obtained from natural sources show better anticancer activities with minimal side
effects.> Among the various plant metabolites, flavonoids are plants’ most signi-
ficant low molecular weight secondary metabolites. These metabolites comprise
a large number of polyphenolic compounds, including benzopyran with a substi-
tuted keto group on the pyran ring. The configuration, substitution of a hydroxy
group and the number of the hydroxyl group on a parent moiety primarily affect
the pharmacokinetics and pharmacological activity. There is a need to examine
the relationship between structure and function since flavonoids are directly
linked to human dietary components and health.%7 Today, flavonoids are con-
sidered a significant ingredient in a wide range of nutraceutical, pharmacological,
therapeutic and cosmetic uses. This is explained by their ability to affect import-
ant cellular enzyme activity in addition to their antitumor, anti-inflammatory,
antifungal, anti-aging, antiviral, antiallergic and antioxidant activities.® Flav-
onols, anthocyanidins, isoflavones, flavones, flavanones and flavanonols are the
subclasses of flavonoids (Fig. 1).9

Anti-cancer drugs containing flavonoid moiety from the natural source
showed minimal side effects and exhibited synergistic activity. Quercetin, wogo-
nin, kaempferol, silibinin and apigenin are all recognized!? as anticancer drugs
without unwanted side effects. Luteolin showed synergistic activity with cisplatin
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FLAVONOIDS AND ITS ANTICANCER PROPERTIES 93 9

against ovarian cancer. Quercetin with doxorubicin exhibited a synergistic effect
against neuroblastoma and anaplastic osteosarcoma cell lines, quercetin with cis-
platin against human mesothelioma cancer cell lines, and quercetin with temodar
(temozolomide) against human astrocytoma cell line.!!

For the last decade, researchers have mainly focused on synthesizing flavo-
noid derivatives. In the present review, we have summarized the clinical trials of
flavonoids, mode of action, molecular targets for some important flavonoids
against various cancer cells, and the results of the anticancer activity of different
flavonoid derivatives synthesized by the various synthetic method in the past 4
years, i.e., between the years 2019 and 2022, and described their potential against
various cancer cell lines.
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Fig. 1. The basic skeleton of flavonoids and their subclasses.

2. MODE OF ACTION OF FLAVONOIDS IN CHEMOTHERAPY

Flavonoids are believed to be bioactive, safe and widely available molecules,
and they show a wide variety of anticancer activity through various mechanism
of action like cell cycle arrest, mutagen inhibition and antiproliferation, inducing
programmed cell death, inhibit the formation of new blood vessels (angiogenesis)
and antioxidation, modulates ROS-scavenging enzyme activities, and reversal of
multidrug resistance or a combination of these mechanisms (Table I). Followed
by one of the significant drawbacks of anti-cancer agents is the cancer cells’
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susceptibility to or resistance to chemotherapeutics therapies. Flavonoids like
kaempferol, quercetin or morin, exert potent activity to modulate cancer cell
chemoresistance and increase the efficacy of chemotherapy by increased prog-
rammed cell death or apoptosis and induced cell cycle arrest in both chemo-res-
istant and sensitive cancer cells.12-15

TABLE I. List of various molecular targeted pathways for flavonoids against various cancer

cell lines

Quercetin

Cancer cell lines
Targeted molecular
pathway

1C5( values
References

MCF-7, CNE2, HK1, HL-60, HPB-ALL and SCC-9 cancer cell lines
Extracellular signal-regulated kinase (ERK), phosphoinositide 3
kinase target of rapamycin (PI3K/Akt/mTOR), mitochondrial and
caspase cascade pathways.

MCEF-7, 28 uM, HK1, 24 uM, HPB-ALL, 18 uM
16

OH

HO &3
Kaempferol

Cancer cell lines
Targeted molecular
pathway

1C5( values
References

PANC-1 and MIA PaCa-2 cancer cell lines
Phosphoinositide 3 kinase target of rapamycin (PI3K/Akt/mTOR)
signaling pathway
PANC-1, 78.75 uM and MIA PaCa-2, 79.07 uM
17

OH o}
Myricetin

Cancer cell lines
Targeted molecular

pathway

1Cs values
References

DU145, PC3, HCT-15, HT-29, A549, OVCAR-3, T24, PaCa-2,
Pancl, SKOV3, MCF-7 and HepG2 cell lines
Nuclear factor kappa B (NF-xB), nuclear factor erythroid 2-related
factor 2 (Nrf2), phosphoinositide 3 kinase target of rapamycin (PI3K/
/Akt/mTOR), Janus kinase/signal transducers and activators of trans-
cription (JAK/STAT), and canonical Wnt (Wnt/$-catenin) pathways
HT-29, 47.6uM and MCF-7, 50uM
18

Available on line at www.shd.org.rs/JSCS/
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Rutin

Cancer cell lines
Targeted molecular
pathway

1Cs values
‘References

MCF-7, MDA-MB-231, A549, HT-29 and SW480 cancer cell lines
Nuclear factor kappa B (NF-xB), nuclear factor erythroid 2-related
factor 2 (Nrf2), extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinases (JNK) and p38 mitogen-activated protein kinases
(p38 MAPK) pathways
MDA-MB-231, 40 uM, HT-29, 46 uM and SW480, 54 uM
19, 20

oH 0
Luteolin

Cancer cell lines
Targeted molecular
pathway

ICs values
‘References

HCT15, MV4-11, CO115 and MCF-7 cancer cell lines
Nuclear factor kappa B (NF-xB), reactive oxygen species (ROS),
canonical Wnt (Wnt/f#-catenin), DNA topoisomerases and heat shock
protein 90, E-cadherin, mammalian target of rapamycin (mTOR),
integrin $1 and focal adhesion kinase, phosphoinositide-3-kinase
(P13K) pathways
HCTI15, 68 uM, MV4-11, 58 uM, CO115, 66 uM and MCF-7, 36 uM

oH ©
Isorhamnetin

Cancer cell lines

BT474, BT-549, MDA-MB-231, PANC-1, MCF7, T47D and
MDA-MB-468 cancer cell lines

Available on line at www.shd.org.rs/JSCS/
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Targeted molecular
pathway

Mitochondria-dependent intrinsic, phosphoinositide 3 kinase target of
rapamycin (PI3K/Akt/mTOR), mitogen-activated protein kinase

(MAPK) pathways
ICs values BT474, 10 uM, BT-549, 10 uM, MB-231, 16 uM, PANC-1, 26.5uM
References 22-24

OH ©
Galangin

Cancer cell lines
Targeted molecular
pathway

1C5( values

References

MCF-7, T47D, Hs578T, AMN-3, CP70, OVAC-3, HeLa, TU212,
HEP-2, het-15, HT-29, A549, B16F10 and
Eca9760 TE-1 cancer cell lines
Activated protein kinase (AMPK), phosphoinositide 3 kinase target of
rapamycin (PI3K/Akt/mTOR), poly (ADP-ribose) polymerase-1
pathways
MCF-7, 20 uM, T47D, 24 uM, Hs578T, 11 pM, OVAC-3, 34.5 uM,
HeLa, 50 uM, TU212, 10 uM
25

OH ©
Wogonin

Cancer cell lines
Targeted molecular
pathway

1C5( values
References

SW-480, A549, HCT-116, BT-549 and MCF-7 cancer cell lines
Mitogen-activated protein kinase 1 (MEK1), nuclear factor kappa B
(NF-xB), peroxisome proliferator-activated receptor gamma
(PPAR-y) and tumor necrosis factor-o (TNF-a) pathways
SW480, 47.8 uM, HCT-116, 44.6 uM, BT-549, 36 uM

26
OH
0
O OCH;
o
OH OH

Silibinin

Cancer cell lines

Targeted molecular
pathway

MCF-7, H460, HCC827, NCI-H1975, A549 and
NCI-H1299 cancer cell lines
Epidermal growth factor receptor (EGFR/LOX) pathway

Available on line at www.shd.org.rs/JSCS/
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TABLE I. Continued

ICs values NCI-H1975, 96.56 pM, MCF-7, 46uM, H460, 50.5 pM, H1975, 48 uM

References 27
OH

oH O
Apigenin
Cancer cell lines SW480, A375, A549, BT-474, MDA-MB-231, DLD1, A2780,
DU145 and C8161 cancer cell lines
Targeted molecular Janus kinase/signal transducers and activators of transcription (JAK/
pathway /STAT), mitogen-activated protein kinase/extracellular-signal-regul-

ated kinase (MAPK/ERK), canonical Wnt (Wnt/$-catenin), nuclear
factor kappa B (NF-«B), phosphoinositide 3 kinase target of
rapamycin (PI3K/Akt/mTOR) pathways
ICs values MDA-MB-231, 35.15 uM, A549, 79.8 uM
References 28

3. CLINICAL TRIALS OF FLAVONOID DERIVATIVES

Clinical trials were undertaken on 64 individuals (18—65 years) by Zwicker
et al.2% for 56 days to investigate the effectiveness of the drug isoquercetin (3-O-
-glucoside of quercetin) at two doses (500 mg for 28 patients and 1000 mg for 28
patients) in preventing venous thrombosis (blood clots) in individuals suffering
from pancreatic and colorectal cancer by targeting protein disulfide isomerase
(PDI). A thiol isomerase called protein disulfide isomerase (PDI), is released by
vascular cells and is essential for thrombus development. At 500 mg, constip-
ation affected one patient, diarrhea affected four patients, hyponatremia affected
one patient, epistaxis affects one patient, and nausea affected two patients. At
1000 mg, only one patient was affected by gastrointestinal reflux.29

Clinical trials were performed by the University of Minnesota to determine
the effectiveness of purple grape juice (rich in flavonoids) in improving vascular
health in pediatric cancer survivors to determine the effect of purple color grape
juice on endothelial function and biomarkers of vascular and systemic oxidative
stress. Twenty-four individuals between the ages of 10 and 30 volunteered in the
clinical studies.30

The University of Hohenheim, in collaboration with University Hospital
Tuebingen and Quercegen Pharmaceuticals, conducted clinical trials to examine
the efficiency of genistein (isoflavonoid) and quercetin (flavonoid), polyphenolic
phytochemicals in comparison with placebo on the rate of increase in prostate-
-specific antigen (PSA). Analyzing malondialdehyde and protein carbonyl as
markers of oxidative status as well as assessing the prevalence of prostate cancer
are the secondary goals.3!
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The effectiveness of quercetin in preventing and treating chemotherapy-ind-
uced oral mucositis in blood cancer patients was investigated by Pegah Mosan-
nen Mozafari of Mashhad University of Medical Sciences. They give 250 mg of
quercetin capsules to 10 patients in the case group and give a placebo to 10 pati-
ents in the control group containing lactose. To determine the onset and severity
of oral mucositis, patients underwent examinations every other day.32

Fenugreek seeds contain high concentrations of saponins and flavonoids,
which are known to reduce blood lipid levels and improve insulin sensitivity.
With the main goal of evaluating the decrease in ovarian volume and a decrease
in the number of ovarian cysts, Dr. Amrita Sarkari Jaipuriar, MS, and Garg
Hospital, Goalghar, conducted a clinical trial to examine the effectiveness of
fenugreek seeds extract in patients with polycystic ovary syndrome.33

Clinical trials were conducted by Philip Diaz of Ohio State University to
determine whether green tea (rich in flavonoids), may reduce the chance of dev-
eloping certain cancers. The primary and secondary objective of this clinical trial
is to determine the free radical scavenging and measuring NF-kappaB-inducing
kinase by giving 4 cups of green tea for 6 weeks to patients.34

Brigham and Manson, and Women’s Hospital, conducted clinical trials by
giving 2 cocoa extract capsules (containing 500 mg of flavanols, 80 mg of epic-
atechin and 50 mg of theobromine) as a dietary supplement to evaluate whether
cocoa extract decreases the risk of cardiovascular diseases and cancer by review-
ing the various reports like pathology, surgical, operative and diagnostic review
of both inpatients and outpatients.3> The results of the above-mentioned clinical
trials are summarized in Table I, in that some of them not disclosed their results
of clinical trials.

TABLE II. Clinical trials data of flavonoids

Drugs/NCT No. Target Results
Isoquercetin/NCT02195232  Protein disulfide isomerase  D-dimer plasma concentration
(PDI) (decrease, median value,~21.9 %,
p =10.0002).
1 No venous thromboembolism
events.

Protein disulfide isomerase (PDI)
inhibitory activity (37 % at 500
mg and 73.3 % at 1000 mg).
| Platelet-dependent thrombin
generation (median value, -31.1
% at 500 mg and —57.2 % at
1000 mg).
| Circulation of soluble platelet
selectin at 1000 mg.
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Drugs/NCT No.

Target

Results

Purple grape juice and apple

juice/NCT01043939

Endothelial function and Enhances the antioxidant activity.
biomarkers of vascular and  Reduces the oxidation of low-

systemic oxidative stress
(oxidized low-density
lipoprotein, myeloperox-
idase, high sensitivity
C-reactive protein)

-density lipoprotein.

Improves vasodilation.

Quercetin and Prostate-specific antigen No results
genistein/NCT01538316 (PSA)
Quercetin Chemotherapy induced oral No results
tablets/NCT01732393 mucositis
Furocyst (fenugreek seed Reduction in ovary volume No results
extract)/NCT02789488
Green tea/NCT01162642 Scavenging of free radicals No results
and NF-kappaB-inducing

kinase

Cocoa extract/NCT02422745  Cardiovascular events and No results

invasive cancer

4. FLAVONOID DERIVATIVES AS ANTICANCER MOIETY

Fikroh et al. synthesized the (2F)-3-(2-bromo-4,5-dimethoxyphenyl)-1-(2-
-methylphenyl)propanone by the Claisen—Schmidt condensation reaction of
2-bromo-4,5-dimethoxybenzaldehyde and 2-hydroxy-acetophenone with a good
yield of 78 %. The chalcone derivative 1a (Fig. 2) showed moderated action on
breast cancer cell lines (MCF-7) at ICsq of 42.19 pug/ml.36

CH, Br OCH,
‘ x ! OCH;

o) ia

Fig. 2. (2E)-3-(2-Bromo-4,5-dimethoxyphenyl)-1-(2-
-methylphenyl)propanone.

Ngameni et al. synthesized the novel series of O-substituted chalcone moi-
eties containing various groups like allyl-, propargyl- or prenyl- substituent at
different positions on both rings by the Claisen—Schmidt condensation of O-allyl,
and O-propargyl vanillin and substituted aromatic ketones. Compound 2a
showed antitumor action against HCT116 p53 colon adenocarcinoma cells, 2b
against CCRF-CEM cells and MDA-MB-231-BCRP breast adenocarcinoma cells
and 2c¢ against HCT116 p53 cells and HCT116 p53 human colon lung cancer
cells (Fig. 3). All these compounds showed activity at /Csq values below 1 pM.37

Pangal et al. synthesized the chromen-2-one compounds by grinding of
coumarin, trifluoro-substituted anilines and potassium carbonate under solvent-
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-free conditions. Compounds 3a and ¢ showed good anticancer activity against
HeLa cell lines at <10 pg/ml. Components 3a and b (Fig. 4) showed moderate
anticancer activity at a lower concentration against HeLa and MCF-7 cell lines.38

CHs (lzf-b CHy
OO (O
3
Rs Ry O/\\\w O/\\\CH
2a= R":0CH;, REOCH,, R:H &W 2
N

2b=R"H, R*:H, R*:CH;.
Fig. 3. O-propargylchalcone derivatives (2a and b) and O-propargylated chalcone (2c¢).

o
8
b
o” o ; ]\
CF4

3a: 3-CF3
3b: 3,5-CF3 Fig. 4. 3-(2-(Substituted-(trifluoromethyl) phenyl-
3c: 2-CFs amino)acetyl)-2H-chromen-2-one derivatives.

Mirzaei et al. synthesized the hybrids of quinoline and chalcones as tubulin
inhibitors. Compound 4a (Fig. 5) showed good antiproliferative activity at LDs
of 22.4 uM against four human cancer cell lines like A2780 (human ovarian
cancer cell lines), A2780/RCIS (cisplatin resistant human ovarian cancer cell
lines), MCF-7 (human breast cancer cell lines) and MCF-7/MX (mitoxantrone
resistant human breast cancer cell lines) and normal Huvec cancer cell lines by
causing cell cycle arrest at the G2/M phase.3?

Fig. 5. Benzoyl-2-chloroquinolin-3-yl (E)-3-
-(1,3,4,5-trimethoxyphenyl) propanone.

CoPh 4a OCHs

Wang et al. synthesized the chromone-2-aminothiazole scaffolds as novel
CK2 inhibitors. Compound 5a (Fig. 6) showed better activity against CK2 cells
at ICsq value of 0.08 uM and exhibited more potent anticancer activity against
HL-60 tumor cells at /Csg value of 0.25 pM by inhibiting the downstream of cas-
ein kinase II, including a-catenin/Akt pathway and PARP/survivin pathway.40
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5a Fig. 6. N-(5-methoxy-1,3-benzothiazol-2-yl)-4-oxo-
OCH3  -4H-1-benzopyran-2-carboxamide.

Mayer et al. reported the synthesis of novel 7-aminochrysin derivatives by
alkylated with N-phenylchloroacetamides at the 7th position. Compound 6a (Fig.
7) exhibited anticancer activity against MCF7 (Gl59 = 30nM) cell line of breast
cancer and on the HCT-15 cell line of colon cancer cell line (Gl59 = 60nM) at a
nanomolar concentration.4!

HiCO OCHs Fig. 7. 7-(3,5-Dimethoxyanilino)-5-hydroxy-2-phenyl-

6a 4H-1-benzopyranone.

Parvinder Kaur et al. synthesized a new series of cinnamic acid derivatives
by reacting 2-chloro-N-hydroxy acetamide and cinnamic acid amide. Compound
7a (Fig. 8) showed potent activity against lung cancer cell lines (A-549) at an
ICs( value of 10.36 uM among all synthesized derivatives.*2

0 o
HO S NH
r?I/\[‘r
CH; O .
Fig. 8. (2E)-N-Methyl-N-((hydroxycarbamoyl)-
Ta

methyl)-3-(3-hydroxyphenyl)prop-2-enamide.

Rahimzadeh et al. synthesized the novel imidazole-chalcone moieties as inh-
ibitors of tubulin polymerization and as an anticancer agent. In that series of deri-
vatives, compound 8a (Fig. 9) showed a better cytotoxicity effect against adeno-
carcinoma human alveolar basal epithelial cells (A549), human breast cancer
cells (MCF-7), mitoxantrone resistant human breast cancer cells (MCF-7/MX)
and human hepatocellular carcinoma cells (HEPG2) at /Csg value ranging from
7.05 to 63.43 uM.43
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8]
HsCO = N
@ \ B\>~‘SE‘(
HaCO N
OCH;
Fig. 9. (E)-3-(1-Benzyl-2-(ethylthio)-1H-imid-

8a azol-4-yl)-1-(3,4,5-trimethoxyphenyl)pro-
penone.

Sarkate et al. reported the one pot synthesis of new series of flavonoid deriv-
atives with different heterocyclic moieties. Compounds 9a and b (Fig. 10)
showed moderate anticancer activity by inhibiting the enzyme topoisomerase 11
with IC5q values of 10.28 and 12.38 uM against cancer cell lines.#4

NH;,

NH,

Fig. 10. Substituted 2-amino-4,5-dihydro-5-0xo0-4-phenylpyrano[3,2-c]chromene-3-carbo-
nitrile.

Yan et al. reported synthesizing new genistein and chrysin nitrogen mustard
derivatives according to the principle of combination and hybridization. In this
series, compound 10a (Fig. 11) showed better cytotoxic activity against HelLa
(ICs509 = 1.43 uM), PC-3 (ICsg = 2.32uM), DU145 (IC50 = 2.91uM) and MCF-7
cancer cell lines (/C59 = 4.90uM), which were more than 4 times higher than
melphalan.4>

10a
Fig. 11. 7-[3-[Bis(2-chloroethyl)amino]propoxy]-5-hydroxy-2-phenyl-4 H-chromenone.

Thorat et al. synthesized the N-benzyl derivatives of 6-aminofavone by using
the multi-step synthetic procedure like methylation, Friedel-Craft acylation and
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in situ demethylation, Bekar—Venkataraman rearrangement and Buchwald coup-
ling reaction; these reactions were employed in different steps for different start-
ing materials as a potent novel anticancer moieties. In this series, compound 11a
(Fig. 12) showed high potent topoisomerase Il enzyme inhibition activity at /C5
value of 12.10 uM.46

Fig. 12.  6-{(4-Chlorophenyl)methyl]-
amino}-2-phenyl-4H-1-benzopyranone.

Liu et al. designed and synthesized the novel 5,6,7-trimethoxy flavonoid
salicylate moieties by combining 3 different moieties like trimethoxyphenyl,
flavonoid and salicylic acid based on the principle of combination. In these
derivatives, compound 12a exhibits better anticancer activity against HGC-27
and MGC-803 cells with /Cs5q values of 10.20+£6.90 uM and 17.20£3.04 uM,

respectively.4’
Br
o NN
@]
0

OCH;

OCH; O 12a

Fig. 13. 5-Bromo-2-{3-[4-(5,6,7-trimethoxy-4-0ox0-4H-chromen-2-yl)-phenoxy]-propoxy-
benzoate of methyl acid.

Koztowska et al. synthesized the novel derivatives of aminochalcones by
using classical Claisen—Schmidt reaction of substituted aminoacetophenone with
aromatic aldehydes. In this series of aminochalcones derivatives, compound 13a
(Fig 14) showed better anticancer activity against different human colon car-
cinoma cell lines at low ICsq values, i.e., HT-29 (IC59 = 1.43umL-!), LS180
(IC509 = 2.06umL-1) LoVo (IC59 = 1.56pmL1), LoVo/DX (ICs¢ = 1.43umL"1),
and COS7 (IC5g = 26.4umL-1).48

Assirey et al. synthesized the 4',5,7-trihydroxy-flavanone through Knoeven-
agal condensation of an aldehyde, followed by an intramolecular Michael addit-
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ion reaction. Compound 14a (Fig. 15) exhibited potent anticancer activity against
HCT-116, HepG-2, MCF-7 and A-549 tumor cell lines with /Csq values at 1.08,
2.42,2.04 and 1.39 pg/mL, respectively.9

NH,

(0]
13a Fig. 14. (2E)-1-(2-Aminophenyl)-3-phenylpropanone.

Fig. 15. 8-Amino-10-(thiophene)-5-hydroxy-2-
-(4-hydroxy-phenyl)-4-oxo0-3,4-dihydro-2H,10H-pyr-
14a ano|[2,3-f]chromene-9-carbonitrile.

Al-Oudat et al. designed and synthesized the derivatives of chrysin bearing
the N'-alkylidene/arylideneacetohydrazide core by the reaction of hydrazide with
different aldehydes. Compound 15a (Fig. 16) with 4-benzyloxy substituent
showed good antitumor activity against MDA-MB-231 and MCF-7 cell lines
with ICsq values of 3.3 and 4.2 uM, respectively.>0

H
N =
O/\H/ N
(0]
o
15a

Fig. 16. N-(4-(Benzyloxy)benzylidene)-2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl)-
oxy)acetohydrazide.

Hou et al. designed and synthesized the novel derivatives of icaritin as inhib-
itors of putative DEPTOR by multi-step reaction. Compound 16a (Fig. 17)
exhibited a good antimultiple myeloma activity with an /Cs5o9 of 1.09 uM for
human multiple myeloma cell lines (RPMI 8226) and induced RPMI 8226 apop-
tosis, and acts by blocking S phase of the cell cycle.3!
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Fig. 17. 2-(3,4-Dichlorophenyl)-9-(3-fluorobenzyl)-3-
-hydroxy-9,10-dihydro-4H,8 H-chromeno([8,7-¢]-[ 1,3]-
oxazin-4-one.

Kumar et al. synthesized the chalcone derivatives incorporated benzothiaz-
ole-imidazopyridine by employing various reactions like the Suzuki-cross coup-
ling reaction and Claisen—Schmidt condensation reaction. Compound 17a (Fig.
18) showed potent cytotoxic activity against human prostate cancer cell line
(PC3), human lung cancer cell line (A549), human breast cancer cell line (MCF-
-7) and human prostate cancer cell line (DU-145) at /Csq values of 0.03, 0.01,
0.12 and 0.17 puM, respectively.52

OCH,
‘ OCH;
OCH,

Fig. 18. 3-(2-(6-(3.4,5-Trimethoxyphenyl)benzo[d]thiazol-2-yl)-3 H-imidazo[4,5-b]pyridin-6-
-yl)-1-(pyridin-4-yl)propanone.

17a

Silva et al. designed and synthesized the acetylated derivative of quercetin
by acetylation of quercetin with acetic anhydride in the presence of pyridine.
Compound 18a (Fig. 19) exhibited a better cytotoxicity activity against hepato-
cellular cells (HepG2) and promyelocytic leukemia (HL-60) cell lines with /C5q
values of 53.9 and 33.6 uM, respectively.53

Zhong et al. synthesized the novel hesperetin derivatives by the electrophilic
substitution reaction in methanol at 40 °C at the C-6 position. Compound 19a
(Fig. 20) showed better antiproliferative effect on Breast cancer cell lines (MCF-
-7), human liver cancer cell lines (HepG2) and cervical carcinoma cell lines
(HeLa) at IC5( value of 5.3, 8.8, and 8.6 uM, respectively.>*

Insuasty et al. synthesized a novel symmetrical and unsymmetrical quino-
line-based bis-chalcone series by Claisen—Schmidt condensation reaction.
Among the synthesized derivatives, compound 20a (Fig. 21) showed potent anti-
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cancer action against the different carcinoma cell lines like HCT-116 and HT29
with a GI5( value ranging from 0.16-5.45 pM.5>

18a Fig. 19. Quercetin pentaacetate.

OCH,

19a

Fig. 20. Hesperetin derivative.

Lu et al. prepared a novel amino chalcone derivatives as antiproliferative
agents. Among the synthesized compounds, compound 2/a (Fig. 22) showed pot-
ent anticancer activity against MCF-7, HCT-116 and MGC-803 tumor cell lines
with ICsq values of 2.54, 1.83 and 1.52 pM, respectively.5©

Fig. 21. Benzyl-7-chloro-3-((1E,4E)-5-
-(4-hydroxy-3-methoxyphenyl)-3-oxo-
20a penta-1,4-dien-1-yl)quinolin-2(1 H)-one.
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e}

_0
H:C~ g N CH,CH,CH,CI

e
H3C 21a

Fig. 22. 4-Chloro-N-(4-(3-0x0-3,4,5-trimethoxyphenyl)propenyl)phenyl butanamide.

5. CONCLUSION

World Health Organization (WHO) expressed worry about the rising cancer
incidence and it has been expected to continue with the number of new cancer
cases. Anticancer drugs cause numerous side effects and it also affects various
healthy organs and tissues. Flavonoids are secondary metabolites that are unique
lead compounds for drug design and development of potent anticancer drugs,
particularly in chemotherapy. We have summarized the results of clinical trials of
flavonoids and highlighted the synthesized flavonoid derivatives which showed
better cytotoxic activity at lower concentrations against various cancer cells, for
it could help the researchers to develop flavonoid derivatives as anticancer drugs
by carrying out further clinical studies. Further, need to understand key enzymes
related to neoplastic cells and metastasis in-vitro and in-vivo process also helps
in providing novel potent flavonoid derivatives for fighting cancer.

M3BOJ

JOEPUBATH ®JIABOHOUIOA KAO AHTUKAHIEPCKE I'PYITIA JETULEA U IbUXOB
E®EKAT HA REJIMJCKE IMHUJE KAHIUEPA: A)XYPUPAHU ITPELJIEN]

CHANDRAMOULI MANOJMOULI, THOPPALADA YUNUS PASHA, KOPPURAVURI NAGAPRASHANT,
BEEVINAHALLI RAMESH, NOOR UL EAIN nu KARDIGERE NAGARAJU PURUSHOTHAM

Department of Pharmaceutical Chemistry, Sri Adichunchanagiri College of Pharmacy, Adichunchanagiri
University, B. G. Nagara, Karnataka, India

JJaHac ce kaHIep cMaTpa IPUMapPHUM y3POKOM IIpepaHe CMPTH Y HHAYCTPHjalli30BaHUM
3eM/baMa. XemoTepalyje JIEKOBUMa Cy CKyIlle M H3a3HMBajy BHILECTpyKe criopenHe edekTe.
[TpUpOAHN MPOU3BOIM Cy AETa/bHO HCIHTHBAHW 300T HHUXOBOT BEJIMKOI MOTEHLHjasa Kao
aHTUKaHLEPCKUX areHaca 300r BUX0BE XEMHjCKe pPa3HOIUKOCTU. U3aMely MHOTMX NPUPOIHUX
meTtabonura, HIaBOHOUAU Cy CEKyHOAPHU METadoJINTH IIUPOKO PacIpOCTpamkeHH Y IPUPOIH,
KOjU MMajy 3HayajHa aHTHU-KaHLEpPCKa CBOjCTBA, MaJI0 LITeTHUX edekara, U MOKa3yjy CHHep-
TUCTUYKY KOPUCTAH yTULA]. Benuky §poj UCTpaKMBAUKUX IPyNa Map/bUBO UCTPAXKYje XeMUj-
CKa ¥ dUoJoIIKa CBOjCTBA HOBUX JepuBaTa (paBoHOUA 300r moTpeda 3a OBUM jeIUbernuMa.
Y oBOM mperneny, CyMUpaJIM CMO pe3yJiTaTe KIMHHYKAX HUCIHTHBAKba PA3TUYUTHX (IaBo-
HOHWZIa, CHHTETHCAHUX PA3IMYUTHM ITIOCTYIIIMMA, IUXOB edeKaT Ha pasnuuuTe henujcke nu-
HHUje KaHLlepa U HOBe pe3ysiTare akTUBHOCTU (praBoHOMIA, mpema henujama xanuepa. Hosa
H3yuaBama Cy HEOIXO[JHa 3a HajbH Pa3BOj HOBUX AepuBaTta (aBOHOMIA Ka0 aHTUKAHIIEPCKUX
NeKoBa.

(TTpumssero 22. nenembpa 2022, pepunupano 8. debpyapa, mpuxsaheno 15. jyna 2023)
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Abstract: Herein, we have reported the facile synthesis of various benzimidaz-
ole/benzothiazole by using DBU-iodine—iodide as a green and simple catalyst.
The R3NHI3 complexes have been formed by reacting an aqueous mixture of
ammonium iodide and molecular iodine with the aqueous solution of amine.
The structure of R3NHI3 complexes has been confirmed by spectroscopic tech-
niques. The prepared amine—iodine complexes were screened as a catalysts in
the synthesis of benzimidazole/benzothiazoles. Among the screened catalysts
DBUHI3 complex has been found as most efficient catalyst. The synthesis of
benzimidazoles and benzothiazoles has been achieved with the reaction of o-
phenylene diamine/o-aminothiophenol and various substituted aryl aldehyde
using DBUHI3 as a catalyst. The present protocol has offered some advantages
over other reported protocols such as the mild reaction condition, commercially
available precursors, inexpensive catalyst, short reaction time, the broad scope
of the substrate, high yield, simple isolation of the product and environmentally
benign method.

Keywords: amine—iodine complexes; benzimidazole; benzothiazole; oxidative
cyclization; organocatalysis.

INTRODUCTION

Benzimidazoles and benzothiazoles are valuable heterocyclic scaffolds due
to their many applications in diverse fields such as agrochemicals, veterinary,
and pharmaceuticals.!=3 They are potent privileged bicyclic aromatic nuclei in
organic and medicinal chemistry. They showed diverse biological activity.*~7
Benzimidazole and benzothiazole are the core structural skeleton in a variety of
drug molecules specifically pantoprazole, riluzole, clemizole, bendamustine,
thiabendazole, telmisartan, benzitramide, omeprazole, Hoechst 33342, pimoben-
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dan, mibefradil, dovitinib EGFR-3, sulfathiazole, ritonavir, abafungin, tiazofurin
and benazolin. This class of heterocyclic compounds display valuable properties
like photochromic, biochemical luminescence, and solvatochromic properties.8.
These heterocyclic molecules have significant biological activity and great phar-
maceutical potential to attract more attention from synthetic chemists (Fig. 1).

H ~ >/{ 2
/>/ S
N N

Th|bendazole

Q o

Omeprazole
H
N MeO N
/>/ N ‘@ S-NH,
N N
Clem|zo|e Riluzole

Structure of medicinally valuable molecules

Fig. 1. Benzimidazoles ring containg drug molecules.

The robust method for synthesis of these molecules involves the treatment of
o-phenylenediamine!? and 2-aminothiophenol!! with carbonyl compounds, such
as aldehyde using Bronsted or Lewis acid catalyst!? and carboxylic acids!3 or
their derivative (nitrile, amide, ester, acid chloride)!4 at elevated temperature.
Another approach involves metal-catalyzed direct alkylation of these molecules
via C-H activation followed by carbon—carbon bond formation.!5 Synthesis of
these molecules was achieved by microwave, 16 ultrasonic wave,!7 ionic liquid,!8
ionic liquid gel,!® nanomaterial, 2 DMF2! and under oxidative condition using
various oxidative and catalytic reagents cited in the reference.2223 The certain
green synthesis of benzimidazole was accomplished by homogeneous catalysis
such as use of triflate erbium catalyst,2# use of active deep eutectic solvent?> and
montmorillonite K 10 heterogenous green catalyst.26 Generally, nearly all
methods of benzimidazole synthesis have worked for benzothiazole.2” The rep-
orted methods have limitations such as harsh reaction conditions, poor yield, high
temperature, hazardous and carcinogenic solvent, expensive catalyst, side react-
ion, slow reaction rate, toxic reagents or tedious workup procedure and difficulty
to isolate the product from the reaction mixture. Consequently, a search for better
catalyst and environmentally benign methodology has continued for the economy
and operational simplicity. Our catalytic procedure for amine—iodine complex is
overcoming these problems.

Iodine catalysis has been known for more than 100 years. It has remarkably
catalyzed various types of reactions.28:29 The drawback of molecular iodine cat-
alyzed synthesis of 2-substituted benzimidazole and benzothiazole is the sub-
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limation of molecular iodine and moisture sensitivity, we have overcome these
problems with amine-iodine-iodide complex organocatalyst.

We have synthesized the new R3NHI3 complexes using amine, ammonium
iodide and molecular iodine.39 The R3NHI3 complexes were characterized by
spectroscopic technique and confirmed.3! These catalysts were air-stable, and
iodine never sublimates or deliquescent. Amine—iodine complex catalyzes the
synthesis of 2-aryl benzimidazole and benzothiazole, also offers several advent-
ages namely short reaction time, easy workup procedure and environmentally
benign protocol. Amine—iodine complexes are organocatalysts that have an indis-
pensable part in synthetic green chemistry because they are stable, less expen-
sive, less toxic and easily applicable to a wide range of substrates. Herein, we
have reported amine—iodine complexes catalyzed condensation and cyclization of
a wide variety of aryl aldehyde with o-phenylenediamine and o-aminothiophenol,
respectively. Moreover, we described the synthesis of new amine—iodine com-
plexes (1a—e) and their synthetic application.

EXPERIMENTAL

The commercially available chemical reagents and solvents were used and their purity
was ensured before use. Solvents that were entirely dry and free of impurities were used.
Reaction of the progress was checked on Merck TLC silica gel 60 F254 plates using UV lamp
(365 and 254 nm) and iodine chamber. The melting point was determined using open capillary
method. The recorded melting points were uncorrected. PerkinElmer FTIR spectrometer was
used to record IR spectra. Bruker Avance III HD NMR 500 MHz spectrometer was used to
obtained 'H-NMR and '3C-NMR spectra in DMSO-dg and CDCl;. HRMS analysis was
obtained on a Bruker Impact Il UHR-TOF mass spectrometer system.

Preparation of DBU-Iodine complexes

2.665 g of Ammonium iodide (18.352 mmol, 2.8 eq.) was added to 5.2 mL water (2
volumes) to get a clear solution in a 250 mL beaker, followed by the addition of 1.667 g of
iodine (6.568 mmol, 1 eq). This solution was added dropwise to a stirred solution of 1 g DBU
(6.568 mmol, 1 eq) in 8 mL water (8 volumes) in a 250 mL round bottom flask. The solid
product has formed during addition, the mixture stirred for 15 min, and the solid product fil-
tered off. The product has been washed with cold water and dried under a vacuum to provide
the desired complexes. After drying the complex, the yield has been reported.

Typical process for the synthesis of benzimidazole/benzothiazole from
o-phenylenediamine/thiophenol and aldehyde

A mixture of o-phenylenediamine/o-aminothiophenol (1 mmol) and aryl aldehydes (1
mmol) was dissolved in 2 mL ethanol in a 25 mL round bottom flask. The catalyst DBUH+I;
complex 1a (15 mol %) added to the reaction mixture, and the reaction mixture was stirred for
30 min. The progress of the reaction was monitored by (hexane:ethyl acetate) TLC. After
completion of the reaction, the solvent evaporated under a vacuum. The crude reaction mix-
ture was quenched with 20 % sodium thiosulfate solution. The product was isolated by ext-
racting with ethyl acetate. The organic layer was dried over sodium sulfate and purified by
column chromatography. The structure of the compound was confirmed by the spectroscopic
techniques and matched with the reported.
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RESULTS AND DISCUSSION

We have prepared a series of R3INHI3 complexes (1a—e), with minor modif-
ication in the reported procedure,27-28 by replacing potassium iodide with ammo-
nium iodide. This change has led to a drastic change in the structure and com-
position of catalysts. In the previous reported procedure by Livia et al’? a
precipitate of the complex with composition RyNH:I»:KI has formed. In the pre-
sent work, we have got a composition as R3NHI3 (Scheme 1). Amine must
contain two heteroatoms in the cyclic system for precipitation and stability of the
complex. The amines like pyrrolidine, piperidine and amino acid proline did not
form solid complexes by the same procedure as a result of a single nitrogen atom
in the cyclic structure.

+ -
Amine + I, + NHJ ——» AmineH : I;
N
- 0o
v O e
=N NJ_N
N + I
I N L
1a DBU-iodine complex 1b Morpholine-iodine 1¢ Urotropine iodine complex
i
(J " (]
+ +
N N
1d Piperazine -iodine complex 1e N-methyl Piperazine-iodine complex

Scheme 1. Synthesis of amine-H-I; complex and structure of respective complex.

The various amine—iodine—iodide complexes have been prepared using
casily available amine, ammonium iodide and molecular iodine. The molecular
iodine was dissolved in the aqueous solution of ammonium iodide then added to
an aqueous solution of amine dropwise, amine—iodine—iodide complex precipit-
ated out and respective amine was obtained (Table I). The product was washed
with excess water till filtrate was free from ammonia, confirmed by moist turm-
eric paper.

The structure of synthesized amine-iodine complexes (1a-1e) was confirmed
by spectroscopic techniques such as UV, IR, HRMS, EDS, !H- and 13C-NMR.
These new homogenous catalysts were screened for the synthesis of 2-aryl
benzimidazole. We have chosen ethanol as a solvent for screening catalytic act-
ivity of the amine-iodine complex catalyst because they are freely soluble in
ethanol and partly soluble in various other organic solvents.
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TABLE I. Synthesis of R3INHI3 complexes; amine (6.568, 1 eq.), iodine (6.568 mmol, 1 eq.)
and ammonium iodide (18.352 mmol, 2.5 eq.) in 2 mL water

No. Complex Color Yield?, %
1 DBU-H+I3 complex Greenish yellow 92
2 Morpholine-H+I; complex Orange yellow 62
3 Urotropine-H-+15 complex Brown yellow 58
4 Piperazine-H+I; complexes Dark brown yellow 73
5 N-methyl piperazine-H+I; complexes Pinkish yellow 66s

“Isolated yield after purification

Initially, our studies were with the screening of prepared amine iodine com-
plexes (1a—e) for synthesis of benzimidazole via condensation and cyclization
reaction of commercially available o-phenylenediamines with p-chorobenzalde-
hyde (Scheme 2). The DBUHI3 complex has given high yield of 2-(4-chloro-
phenyl)-/H-benzimidazole and the results are in Table II.

CHO 20mol% _ ’
@:NHZ 1a-1e RoIH, + 1 N
>—< :)— Cl
NH, + Ethanol, rt 30 min E;[ N/
Cl 4a
3

2

Scheme 2. Model reaction for screening of RyNH,+1; complex for synthesis of benzimidazole.

TABLE II. Screening of R3NHI3 complex catalyst in the synthesis of 2-(4-chlorophenyl)-1H-
-benzimidazole (4a); reaction conditions: o-phenylenediamine (1 mmol), p-chlorobenzald-
ehyde (1 mmol), R3NHI3 complexes 1a—e (20 mol %) in ethanol (2 mL) at room temperature
for 30 min

Sr. No. Complex Yield?, %
1 DBUH-+I5 complex 91

2 Morpholine-H+Izcomplex 74

3 Urotropine-H+I3 complex 85

4 Piperazine-H+I; complexes 80

5 N-Methylpiperazine-H+I; complexes 78

6 Iodine 70

7 Without catalyst Trace

“Isolated yield after purification

Next, we have decided to optimize the amount of DBUHI3 complex with the
same reaction condition. The amount of DBUHI3 was optimized by increasing
the amount from 5 to 20 mol % for 1 mmol scale reaction. When the reaction was
performed in the absence of the catalyst, the product has formed in a trace
amount (Table III, entry 1). The yield has increased with the mol % of amine—
—iodine complex (Table III, entries 2—5). Nevertheless, there was no increase in
the yield when the amount of R3NHI3 catalyst loading has increased from 15 to
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20 % mol. From Table III was observed that the 15 mol % of DBUHI3 complex
was sufficient to achieve excellent yield.

TABLE III. Optimizing the amount of DBUH+I; complex in synthesis of 2-(4-chlorophenyl)-
-1H-benzimidazole (4a); reaction conditions: o-phenylenediamine (1 mmol), p-chlorobenzal-
dehyde (1 mmol), DBUHI3 complex 1a in ethanol (2 mL) at room temperature for 30 min

Entry Catalyst quantity, mol % Yield?, %
1 Without catalyst Trace

2 5 65

3 10 80

4 15 91

5 20 91

“Isolated yield after purification

We have studied the effect of various solvents on product yield (Table IV,
entries 1-9). Among the screened solvents ethanol, toluene, and chloroform have
given excellent yield, and ethanol was found the best solvent for the reaction as a
high amount of product was obtained. Second, fortunately the choice of ethanol
also falls on the fact that it is less toxic and more eco-sustainable solvent than
chloroform and toluene. Hence, we have selected the solvent for the synthesis of
benzimidazole. The solvents DMF, DMSO and acetonitrile offered a moderate
product yield.

TABLE IV. Effect of solvent in synthesis of 2-(4-chlorophenyl)-1H-benzimidazole (4a) using
DBUH-I; complex catalyst; reaction conditions: o-phenylenediamine (I mmol), p-chloro-
benzaldehyde (1 mmol), DBUHI3 complex 1a (15 mol %) in ethanol (2 mL) at room tempe-
rature for 30 min

Entry Name of solvent Yield?, %
1 Ethanol 91
2 Toluene 86
3 Dimethyl formamide 58
4 Dimethyl sulphoxide 66
5 Chloroform 80
6 Acetic acid 50
7 Acetonitrile 61
8 Tetrahydrofuran 31
9 Water 25

“Isolated yield after purification

With the investigated optimum reaction condition, we have synthesized vari-
ous substituted benzimidazole (Scheme 3). The 2-aryl substituted benzimidazole
have been synthesized from o-phenylenediamine (1mmol) with several substi-
tuted aryl aldehyde (1 mmol) via condensation and cyclization reaction in the
presence of DBUHI3 complex (15 mol %) at room temperature in ethanol (Table
V). It was found that various substituted aryl aldehyde containing electron-
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donating groups (p-halogen and methoxy (Table V, entries 1, 4, 5 and 16) and
electron-withdrawing group (nitro, Table V, entries 2, 6 and 14) were formed the
product with good yield, under optimized condition. The heterocyclic aromatic
aldehyde (Table V, entries 10a and 13a) gave a comparatively lower yield under
the same condition. Hydroxy benzaldehyde (Table V, entries 11 and 12) has
afforded an unexpectedly low yield, which may be due to solubility in water. The
aryl aldehyde bearing electron-withdrawing at ortho/para nitro group (Table V,
entries 13 and 15) has afforded product in poor yield. The o-substituted aryl
aldehyde (Table V, entries 3, 12 and 15) has afforded a low yield due to steric
hindrance in cyclization.

H

NH, 1a DBUH + I; Complex N
4+ ACHO ©: )—Ar
EtOH, rt, 30 min N

NH,

2 3 4a-v
Scheme 3. DBU—iodine—iodide catalyzed synthesis of substituted benzimidazole.
TABLE V. Synthesis of 2-aryl substituted benzimidazole; reaction conditions: o-phenylenedi-

amine (1 mmol), substituted arylaldehyde (1 mmol), DBUHI3 complex 1a (15 mol %), EtOH
2 ml, 30 min at rt

Entry Product (4) Yield?, % M. P., °C Literature M. P., °C
1 H 91¢ 290-293 290-29229
@: ,}—@m
N
4a
2 H Cl 86°¢ 228-230 227-22920
CL-C
N
4b
3 H Cl 73¢ 232-234 231-23329
CL—O)
N
4c
4 H 784 286-290 292-29329
e
N
4d
5 764 223-225 222-22330

H
N
CL-O-om
N
4e
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TABLE V. Continued

Entry Product (4) Yield®, % M.P., °C Literature M. P., °C
6 H OMe 81¢ 202-205 200-2022°
N
OO
N
4f
7 H OMe 644 225-227 223-22631
N
C oo
N
4g
8 H o 724 238-240 23924130
N 7
CrLo-Cr
N
4h
9 H 80° 243-245 242-24420
(Lo~
N
4i
10 H 654 216-219 214-21620
CLy-COrm
N
4
11 H 80° 252-254 25425529
@[ >—)-on
N
4k
12 y HO 44¢ 204-206 205-2063!
N
O
N
41
13 H 414 301-303 300!8
(L
N
4m
14 72¢ 196-198 19918

H NO,
N
CI—C
N
4n
15 H OoN 38¢ 229-231 23018

I
Ly
N
40
H
N
CpCr e
N
4p

16 724 280-283 277-279%
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TABLE V. Continued
Entry Product (4) Yield®, % M.P., °C Literature M. P., °C

17 H>__J/__<C::> 51f 270-273 164-16620
N/
W
N
4q
H
18 H ;
L0
N ©
4r
19 y _ 63d 219-222 20232
CLo
Cl
4s
20 Me
H
(I”H/G
N N
Cl
4t
21 y 72f 220-223 22622723
L
/
NN NH
4u
B
H

684 226-228 221-22320

734 221-224 22033

22 r 76° 269-271 -

[solated yield after purification; bproduct was purified by recrystallization in ethanol; ®product was purified by
column chromatography mobile phase hexane: ethyl acetate; dproduct was purified by recrystallization in
chloroform; ®product was purified by column chromatography mobile phase chloroform

Thus, the R3NHI3 complex was catalyzing the synthesis of 2-aryl substi-
tuted benzimidazole using a diverse range of aryl aldehydes and o-phenylenedi-
amine. All synthesized benzimidazole derivatives were characterized by 'H-,
I3C-NMR and physical constants compared with standard data. The TH-NMR
displays a characteristic nitrogen-bearing proton chemical shift J value 12.5-13.5
ppm that reflected in each derivative, whereas the 13C-NMR show a typical
chemical shift 6 value 150 ppm for carbon located between two nitrogens
(Supplementary material to this paper).

The synthesis of 2-substituted aryl benzothiazole derivative (Scheme 4) was
achieved from 2-aminothiophenol and diversity of aryl aldehydes in the presence
of DBUHI3 complex 1a. The aromatic aldehyde bearing electron-donating group
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(p-halogen, methoxy, hydroxyl, amino (Table VI, entries 1, 4, 5, 8, 11, 12, 13,
and 17)) and electron-withdrawing group (m-halogen, methoxy, nitro group,
Table VI, entries 2, 6 and 14-16) provided a good yield of the product under
same optimized process. Also, this reaction works well with the heterocyclic
aromatic aldehyde to form a product 7 in moderate yield (Table VI, entries 19—
—22). The o-substituted benzaldehyde has afforded a poor yield of the product
because of a steric hindrance (Table VI, entry 3). The unexpectedly o-nitro benz-
aldehyde has afforded a product in the higher yield owing to the high polarity of
aldehyde (Table VI, entry 16). Overall, the amine—iodine complex has remark-
ably catalyzed the synthesis of 2-substituted aryl benzothiazole derivatives. The
structure of all synthesized compounds were confirmed by NMR spectroscopic
data and physical constants compared with standard data. The 13C NMR spectra
of benzothiazole have shown a characteristic value of chemical shift 6 168 ppm
for carbon between two heteroatoms sulfur and nitrogen (Supplementary mat-

erial).
SH 1a DBUH + I; complex S
+  ACHO ©: S Ar
NH; EtOH, rt 30 min N

5 6 7a-v

Scheme 4. DBUHI3 catalysed synthesis of benzothiazole derivatives.

TABLE VI. Synthesis of 2-aryl substituted benzothiazole; reaction conditions: o-aminothio-
phenol (1 mmol), substituted arylaldehyde (1 mmol), DBUHI3 complex la (15 mol %),
ethanol 2 mL, 30 min at rt

Entry Product (7) Yield?, % M.P.,°C Literature M. P., °C

1 @:5 844 115-117 111-1123!
,>—< }cn
N
Ta
Cl 72¢ 94-95 93-9431
S
Cr—C
N
Tb
cl
S
L
N
Tc
4 @:S C 80¢ 127-129 129-13133
Y/ Br
N
7d

584 80-82 838431
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TABLE VI. Continued

Entry Product (7) Yield®, % M. P, °C Literature M. P., °C
5 74¢ 120-121 120-12234

6 @ <:> 644 99-102 98-10035

7 61f 229-231 230-23236

S
CI—Com
N

83d 130-132 128-130%7

9 @S@ 914 112-113 109-11033
N/

10 @[ C 62° 85-86 87-8838

11 @ \ i:: 79¢ 227-229 225-22739

12 86° 131-132 124-126%°

13 83¢ 160-162 161-163%

14 @ ::> 82° 320-322 228-230%°

15 78¢° 190-193 185-18736
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TABLE VI. Continued

Entry Product (7) Yield?, % M. P, °C Literature M. P., °C
16 OzN 80¢ 195-197 191-19340

)
L
N
p
17 ©-:3 92¢ 161-163 160—1623°
N
7q
18 654 107-110 110-11239
S/
CL,
N
Tr
19 S 674 103-104 101-102335
]
N (@]
7Ts
20 S — 73¢ 132-134 130-13240
N N
7t

21 72¢ 146-148 14414740
L,
N N\NH
Tu

22

78°¢ 254-256 New compound

“Isolated yield after purification; "product was purified by recrystallization in ethanol; *product was purified by
column chromatography mobile phase hexane: ethyl acetate; “product was purified by recrystallization in
chloroform; “product was purified by column chromatography mobile phase chloroform

Further, the scope of the reaction has extended with the aliphatic aldehydes
like crotonaldehyde, propionaldehyde, acetaldehyde and formaldehyde with
o-phenylenediamine and o-aminothiophenol. The reaction has not proceeded
with aliphatic aldehydes and has not afforded the desired product.

Although the exact mechanism is not clear, a proposed mechanism for the
formation of benzimidazole and benzothiazole is shown in Scheme 5. In first step
the aldehyde (A) oxygen was protonated by abstraction of proton from DBUHI3
complex to form compound (C) and liberate DBUI3 complex. Simultaneously
liberated DBUI3 complex, I~ abstract the hydrogen from amines (B) to form
compound (D) and liberates DBUI2 complex. In next step, C and D reacted to
form intermediate (E). The intermediate E on reaction DBUI2 complex, DBU

Available on line at www.shd.org.rs/JSCS/
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abstract the proton of XH to form X~ and iodine coordinate with I; undergo
cyclization to form intermediate G which undergo oxidative elimination to form
C=N double bond to formed final product (H).

XH
@: + DBU+I X= NH/SH

TN DBU +ly

CHO DBUH + I, &

XH NT
UL e
DBU+|3 NH  HeO i
A D E )

HI + DBU
Scheme 5. Tentative mechanism of DBU-H-I; catalyzed synthesis of benzimidazole and
benzothiazole.
CONCLUSION

In the present work, we have prepared the new R3NHI3 complexes and
studied their catalytic activity in the preparation of 2-aryl substituted benzimid-
azole and benzothiazole derivatives. Among the screened amine—iodine catalysis,
DBUHI3 was found an efficient catalyst for the preparation of 2-aryl substituted
benzimidazole and benzothiazole. We believe that the present method is more
convenient, efficient, greener, simpler and environmentally benign compared to
most reported methods in the literature. The present method has not afforded the
benzimidazole and benzothiazole derivatives with aliphatic aldehydes.

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/11893, or from the corres-
ponding author on request.
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U3BOJ
KOMIIIEKC DBUHI3 KAO EOUKACAH KATAJIM3ATOP 3A CUHTE3Y JEPHUBATA
2-OEHUJIBEH3UMHJA30JIA U BEH30THA3OJTIA

RAMESH GAWADE"? 1 PRAMOD S. KULKARNI'?

'Department of Chemistry Baburaoji Gholap College, Sangvi, Pune 411027, India °S. M. Joshi College
Hadapsar, Tal- Haveli, Pune 411028, India u *Department of Chemistry and Post Graduate Center in
Organic Chemistry, Hutatma Rajguru Mahavidyalaya, Rajgurunagar, Pune 410505, India

Y oBoM papy je onucaHa jeJHOCTaBHAa CHHTE3a PasIMYUTHX OeH3MMMIa30sa/0eH30TH-
asona, ynorpedom DBU—jom—jomuna xao jeZHOCTABHOT M €KOJIOIIKH MPUXBAT/BUBOT KaTalIu3a-
Topa. Hacraje kommnexkc R3NHI3 y peakunju cMenie aMOHUjyM-joOusa, MOIEKYJICKOT joga U
aMmoHHjaka y Bopu. Ctpykrypa komiekca R3NHI3 morephena je CreKTpOCKONICKHUM TEXHU-
Kama. KaTanuTvyka CBOjcTBa OOMjEHOT aMUH—jONUAHOT KOMIUIEKCA Cy UCIHUTAHE Y peakuuju
cuHTe3e deH3nMMHAa30sa/0eH3oTrasona. O ucnuranux karanusatopa DBUHI3 xommiexc ce
noxasao kao edukacad. CHHTe3a DeH3MMHIa30/1a U DEH30THA30/Ia je MOCTUTHYTa y PeaKLH-
jama o-deHnneHaraMKHa/0-aMUHOTHO(EHOIA ca PA3IMYUTUM CYICTUTYHCAHUM apui-anpe-
xupuma xopucrehn DBUHI3 xomIuiekc kao KaTanusaTop. Y OZHOCY Ha Ipyre, NpHKa3aHU
IIPOTOKOJ ¥Ma HEKOJIMKO NMPEeJHOCTH, Kao IITO Cy Oyiard peaklWOHH YCJIOBH, KOMEPLUjaaHO
TOCTYIIHU NPEKyPCOPH, KaTaausaTop KOjU HHUje CKYH, KpaTKO PeaklMOHO BPEME, IIUPK OICer
CyIcTparta, BUCOK NMPHHOC, jeOHOCTaBaH INOCTYNaK M30j0Bama NMPOU3BOJA, M MOCTyNak KOju
HUje LITeTaH 3a )KUBOTHY CPEUHY.

(ITpumsbeHo 26. Maja, pesunupano 30. neuembpa 2022, mpuxsahero 11. pedpyapa 2023)
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2-phenylbenzimidazole and benzothiazole derivatives
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EXPERIMENTAL AND ANALYTICAL DATA

General:

All local brand chemicals were purchase checked their purity by
TLC and purified. The melting point were determined in open capillary
and are uncorrected. For analysis technique following instruments were
used.Solvents that were entirely dry and free of impurities were used.
Reaction of the progress was checked on Merck TLC Silica gel 60 F254
plates using UV lamp (365 nm and 254 nm) and iodine chamber.

Sr. Analysis Type Instrument

No.

1 HRMS Brucker Impact HD

2 UV-visible Spectrum shimadzuCorp, Model UV-2600

3 IR Spectrum shimadzu Corp, FTIR-shimay, Model
IR affinity

* Corresponding author. E-mail: pramodskulkarni3@gmail.com
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4 FESM FEI Nova NanoSEM 450

5 EDS Brucker XFlash 6130

6 TGA-DTA shimadzu Corp

7 NMR (‘H &°C) 500MHz &125MHZ Brucker

Synthesis of amine-iodine complexes

Ammonium iodide (2.8 eq.) was added to water (2 volume) has
obtained clear solution in 250 mL beaker and then added iodine (1 eq).
This mixture of the solution was added dropwise to a stirred solution of
amine (1 eq) in water (8 Volume) in 250 mL round bottom flask. The solid
product has formed during addition, stirred mixture for 15 minutes and
filter off the solid product. The product was washed with cold water and
dried under vacuum to provide the desired complexes and the yield of the

complex was reported.

Typical Process for the synthesis of benzimidazole / benzothiazole
from o-phenylenediamine/thiophenol and aldehyde.

A mixture of o-phenylenediamine/o-amino thiophenol (1 mmol)
and arylaldehyde (1 mmol) was dissolved in 2 mL ethanol in 25 mL round
bottom flask. The catalyst (1a) (15mol%) was added and the reaction
mixture was stirred for 30 min. The progress of the reaction was
monitored by (hexane: ethyl acetate) TLC. The TLC clearly have showed
the disappearance of thestarting material. After completion of the reaction,
the solvent was evaporated under vacuum. The crude solid product was
extracted in ethyl acetate after the addition of 20 % sodium thiosulphate

solution. The organic layer was dried over sodium sulfate and purified by
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column chromatography. The structure of the compound was confirmed
by the spectroscopic techniques and match with the reported.

1a. DBU-Iodine complex (Table 1, Entry 1, 1a): Greenish Yellow solid
M. P. 87°C.

M. F.=CyH;7N, I' I, Mol. Wt. =533.79
HRMS: Positive ion polarity: 153.138 (cal. 153.242).

Negative ion polarity: 126.904 (cal. 126.904), 380.712 (cal.
380.713).

UV-visible Spectrum(nm): 210, 307,364 (Anax =364nm).

IR Spectrum(cm™): 530, 601, 633, 1203, 1319, 1440, 1574, 1638, 3133,
3267.

SEM:Clumpy and agrummerated morphology.

Field Emission Scanning Electron Microscopy Energy Dispersive X-

ray Spectroscopy (FESEM - EDS):

Element At. Number | Wt. % | At. %
Iodine 53 78.97 26.69
Carbon 6 17.57 62.74
Nitrogen 7 3.45 10.57
100 100

TGA: DBU-iodine complex was stable up to 200°C after that gradual
weight loss start up to 380°C then fast weight loss observed and stop
410°C. After 410°Cslow weight loss starts and end by complete vanishing
of complex at 500°C.

Available on line at www.shd.org.rs/JSCS/
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DTA: Endotherm was observed at 110°Cand exotherm at 410°C. Both
peaks are very sharp.

Strong exotherm and sharp weight loss was located in graph at 410°C.
"HNMR:(500 MHz,DMSO-dg):39.47 (s, 1H), 3.55 (t, 2H J=3.55 Hz),
3.48 (t, 2H J=3.48 Hz), 3.24-3.26 (m, 2H), 2.63 (t, 2H J=2.64 Hz), 1.92(q,
J=1.94Hz) 1.54-1.72 (m, 6H);*CNMR:(125 MHz,DMSO-d) 8:165.88,
53.89, 48.38, 38.10, 32.22, 28.70, 26.38, 23.78, 19.34.

1b. Morpholine-lodine complex (Table 1, Entry 2, 1b): Orange Yellow

solid M. P. 78°C.
O
[ j "1,
N
H

M. F.=C4HyNO T I, Mol. Wt. =467.73
HRMS: Positive ion polarity: 88.075 (cal. 88.126).

Negative ion polarity: 126.905 (cal. 126.904), 380.713 (cal.
380.713).

UV-visible Spectrum(nm): 210, 360, 365, 366. (Amax = 360nm).

IR Spectrum (cm™): 585, 626, 817, 859, 1006, 1033, 1083, 1159, 1243,
1295, 1357, 1438, 2858, 3183.

SEM: Clumpy and agrummerated morphology.

Field Emission Scanning Electron Microscopy Energy Dispersive X-

ray Spectroscopy (FESEM - EDS):
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Element At. Number | Wt. % | At. %
lodine 53 66.21 16.45
Carbon 6 23.94 62.86
Oxygen 8 5.36 10.57
Nitrogen 7 4.49 10.11
100 100

TGA:The morpholine-iodine complex was stable up to 150°C then
underwent fast weight loss till 300°Cthen gradual weight loss observed
end at 500°Cby complete disappearing complex.

DTA: It displaysharp endotherm at 150°C and very broad exotherm peak
at 480°C.

"HNMR: (500 MHz, DMSO-dq):8 3.66-3.77 (m, 4H), 3.35-3.41(m,
4H);*CNMR:(125 MHz, DMSO-dg)5:44.09, 45.24, 64.46, 65.55.

1c. Urotropine-lodine complex (Table 1, Entry 3, 1¢): Brown Yellow
solid M. P. 130°C.

N

3

N~ \/N
A
M. F. = C¢H3N4 I' I, Mol. Wt. =521.76
HRMS: Positive ion polarity: 141.113 (cal. 141.192).

'L,

Negative ion polarity: 126.905 (cal. 126.904).
UV-visible Spectrum(nm): 308, 113, 324, 369 (Amax = 369nm).
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IR Spectrum (cm'l): 523, 656, 705, 734, 819, 901, 991, 1028, 1230,
1250, 1381, 1455.

SEM:Clumpy and agrummerated morphology.

Field Emission Scanning Electron Microscopy Energy Dispersive X-

ray Spectroscopy (FESEM - EDS):

Element At. Number | Wt. % | At. %
lodine 53 74.50 22.60
Carbon 6 16.03 51.37
Nitrogen 7 09.47 26.03
100 100

TGA:The complex was very stable up to 255°C after that sharp decrease
in weight continue till temperature 340°C.

DTA: It show sharp three band at temperature 145°C, 255°Cand 450°C.

"HNMR:(500 MHz, DMSO-dg):54.73(s, 12H);"*CNMR:(125 MHz,
DMSO-dg)5:73.85.

1d. Piperazine-lodine complex (Table 1, Entry 4, 1d): Dark Brown

Yellow Solid M. P. 346°C.
NH
E ] "1,
N+
H H

M. F. = C4H{1N; I' I, Mol. Wt. = 467.74
HRMS: Positive ion polarity: 87.091(cal. 87.142).
Negative ion polarity: 126.905 (cal. 126.904).
UV-visible Spectrum(nm): 210, 306, 319, 361, 368 (Amax = 368nm).
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IR Spectrum (cm™): 636, 860, 988, 1084, 1242, 1358, 1400, 1436, 3180.
SEM:Clumpy and agrummerated morphology.

Field Emission Scanning Electron Microscopy Energy Dispersive X-

ray Spectroscopy (FESEM - EDS):

Element At. Number | Wt. % | At. %
Iodine 53 89.50 45.67
Carbon 6 07.55 40.73
Nitrogen 7 02.94 13.60

100 100

TGA: The complex show stability till temperature 115°Cafter sharp and

slow weight loss continue up to 325°C.
DTA: This graph indicates one sharp exothermic band at 325°C.

"HNMR: (500 MHz, DMSO-dg): 8.48(s, 2H), 3.81 (s, 1H), 3.22(t, 1H,
J=3.22 Hz), 3.07 (t, 4H, J= 3.08Hz), 2.9 (s, 1H), 2.61-2.64 §(q,
1H);*CNMR: (125 MHz, DMSO-dg) 5:47.85, 46.74, 44.28, 43.54.

le. N-Methyl-Piperazine-lodine complex (Table 1, Entry 5, 1e):
Pinkish Yellow solid M. P. 178°C.

e
N
+
/N\
H H

M. F. = CsH3N; I' I, Mol. Wt. = 481.75
HRMS: Positive ion polarity: 101.107 (cal. 101.168).
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Negative ion polarity: 126.905 (cal. 126.904).
UV-visible Spectrum(nm): 210, 306, 317, 365 (Amax = 364nm).

IR Spectrum (ecm™): 573, 847, 893, 960, 990, 1100, 1365, 1438, 1553,
1651, 2436, 2707.

SEM:Clumpy and agrummerated morphology.

Field Emission Scanning Electron Microscopy Energy Dispersive X-
ray Spectroscopy (FESEM - EDS):

Element At. Number | Wt. % | At. %
Iodine 53 76.30 23.96
Carbon 6 18.18 60.32
Nitrogen 7 05.52 15.71
100 100

TGA: The complex was stable till 200°C above this temperature gradual
weight loss till 320°C.

DTA: One sharp exothermic band observed at 320°C.

"HNMR:(500 MHz, DMSO-d): 88.46 (s, 2H), 2.96-3.05(m, 4H), 2.61-
2.63(m, 4H), 2.35(s, 3H);*CNMR:(125 MHz, DMSO-dy) 6:51.47, 45.40,
43.02.

CHARACTERISATION DATA OF 2-SUBSTITUTED PHENYL
BENZIMIDAZOLE.

1. 2-(4-chlorophenyl)-1H-benzimidazole (Table 5, Entry 1, 4a): Yellow
solid M. P. 290-293°C (290-292°C)"

=0
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'HNMR: (500 MHz, DMSO-dq): 8 12.98 (s, 1H), 8.17-8.20 (m, 2H), 7.73
(d, 1H, J=7.73 Hz), 7.64-7.68 (m, 1H), 7.63 (t, 1H, J=7.62 Hz), 7.61 5 (d,
1H J= 7.60 Hz), 7.20-7.36 (m, 2H); *CNMR: (125 MHz, DMSO-d,)3:
150.61, 144.20, 135.48, 134.95, 129.54, 129.27, 128.60, 123.24, 122.31,
119.43, 111.88.

2. 2-(3-chlorophenyl)-1H-benzimidazole (Table 5, Entry 2, 4b): Brown
solid M. P. 228-230°C (227—229°C)2

NH
(¢
"THNMR: (500 MHz, DMSO-d,). 5 13.04 (s, 1H), 8.23 (t, 1H J=8.22 Hz),
8.17 (t, IH J=8.17 Hz ), 8.15 (t, 1H, J= 8.13 Hz) 7.57-7.66 (m, 1H), 7.55
(t, 1H, J=7.54 Hz), 7.30 (q, 1H), 7.20 — 7.27 & (m, 2H); "CNMR: (125
MHz, DMSO-dg)d: 150.19, 144.11, 135.45, 134.23, 132.67, 131.42,
130.01, 126.48, 125.48, 123.43, 122.41, 119.56, 111.98.

3. 2-(2-chlorophenyl)-1H-benzimidazole (Table 5, Entry 3, 4¢):Yellow
solid M. P. 232-234°C (231-2330C)1

NH
CL;
N

"HNMR: (500 MHz, DMSO-d;): & 12.73 § (s, 1H), 7.90-7.91 (m, 1H),
7.66 (d, 1H, J=7.65 Hz), 7.65 (d, 2H, J=7.65 Hz), 7.50-7.56 (m, 2H),

Cl

Cl
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7.22-7.26 (m, 2H); "CNMR: (125 MHz, DMSO-d) :149.55, 132.56,
132,09, 131.68, 130.82, 130.43, 127.91, 122.72, 120.07.

4. 2-(4-bromophenyl)-/H-benzimidazole (Table 5, Entry 4, 4d):Yellow
solid M. P. 286-290°C (292-293°C)'

NH /:
©i / Br
N

5. 2-(4-Methoxyphenyl)-/ H-benzimidazole (Table 5, Entry 5,
4e):White solid M. P. 223-225°C (222-223°C)’

NH
OO
N

"HNMR: (500 MHz, DMSO-ds): & 12.73 (s, 1H), 8.10 - 8.12 (m, 2H),
7.61 (d, 1H, J=7.60 Hz), 7.48 (d, 1H, J=7.48 Hz), 7.17 (t, 2H, J=7.16 Hz)
7.13 (d 1H J=7.13 Hz) 7.11 (d, 1H J=7.10 Hz) 3.84 (s, 3H); "CNMR:
(125 MHz, DMSO-dg)d: 161.05, 151.79, 144.34, 135.43, 128.45, 123.15,
122.53, 121.90, 118.95, 114.83, 111.49.

6. 2-(3-methoxyphenyl)-1H-benzimidazole (Table S, Entry 6,
4f):Yellow solid M. P. 202-205°C (200-202°C)"

OCH,
NH
/
N

7. 2-(3,4-dimethoxyphenyl)-7 H-benzimidazole (Table 5, Entry 7, 4g):
White solid M. P. 225-227°C (223-226°C)*
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OCH,

NH
@[/
N

8. 2-(2H-1,3-benzodioxol-5-yl)-/ H-benzimidazole (Table 5, Entry 8,
4h):Yellow solid 238-240°C (239-241°C)3

3

"HNMR: (500 MHz, DMSO-d,): & 12.80 (s, 1H), 7.67 (q, 1H, J= 7.66
Hz), 7.45-7.47 (m, 1H), 7.27 (d, 1H, J= 7.26 Hz), 7.21-7.23 (m, 3H),
6.59(d, 1H, J= 6.58 Hz), 5.96 (s, 2H); *CNMR: (125 MHz, DMSO-d;)é:
153.50, 148.07, 147.04, 143.02, 136.25, 124.22, 123.00, 122.60, 119.85,
119.55,111.53, 108.91, 107.22, 101.58.

9. 2-phenyl-1H-benzimidazole (Table 5, Entry 9, 4i): Brown solid M. P.
243-245°C (242-244°C)*

NH
(O
"HNMR: (500 MHz, DMSO-d;): 6 12.91 (s, 1H), 8.19 (t, 2H J=8.18 Hz),
7.67 (d, 1H, J=7.67 Hz), 7.53-7.57 (m, 3H), 7.50 (t, 1 H J=7.48 Hz) 7.18-
7.24 (m, 2H); *CNMR: (125 MHz, DMSO-dy)5: 151.68, 144.28, 135.47,

130.64, 130.30, 129.41, 129.25, 127.09, 126.90, 122.99, 122.13, 119.34,
111.78.

10. 2-(4-methylphenyl)-1H-benzimidazole (Table 5, Entry 10,
4j):Brown Solid M. P. 216-219°C (214-216°C)
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NH
@[/H:}%
N

11. 4-(1H-benzimidazole-2-yl) phenol (Table 5, Entry 11, 4k): White
solid M. P. 252-254°C (254-255°C)'

NH
@[/H:}OH
N

"HNMR: (500 MHz, DMSO-d,): 6 15.33 (s, 1H), 10.87 (s, 1H), 8.25 (d,
2H J= 8.24 Hz) 7.77-7.81 (m, 2H), 7.51-7.54 (m, 2H), 7.09-7.11 (d, 2H,
J=7.09 Hz); "CNMR: (125 MHz, DMSO-dy)5: 162.86, 149.60, 132.12,
130.74, 125.97, 116.98, 114.04, 113.78.

12. 2-(1H-benzimidazole-2yl) phenol (Table 5, Entry 12, 41):Brown
solid 204-206°C (205-206°C)’

N
O
NH

"HNMR: (500 MHz, DMSO-d,): 6 13.29 (s, 1H), 13.09 (s, 1H), 8.06 (d,
1H, J=8.05 Hz), 7.94-7.97 (m, 2H), 7.90 (d, 1H, J=7.89Hz), 6.61-7.64 (m,
2H), 7.48-7.51(m, 1H), 7.38-7.41(m, 1H); *CNMR: (125 MHz, DMSO-
dg)d: 156.85, 152.58, 142.33, 131.85, 128.83, 127.16, 123.10, 122.99,
119.50, 116.88, 115.50, 111.29.

13. 2-(4-nitrophenyl)-1/ H-benzimidazole (Table S, Entry 13
4m):Yellow solid M. P. 301-303°C (300°C)°

NH
(L=
N

HO
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14. 2-(3-nitrophenyl)-/ H-benzimidazole (Table 5, Entry 14,
4n):Yellow solid M. P. 196-198°C (199°C)°

NO,
NH

CI;
N

15. 2-(2-nitrophenyl)-/ H-benzimidazole (Table 5, Entry 15,
40):Yellow solid M. P. 229-231°C (230°C)°

O,N
NH
CL
N

"HNMR: (500 MHz, DMSO-ds): 6 13.06 (s, 1H), 8.03 (dd, 1H, J=8.02
Hz), 7.98 6 (dd, 1H, J=7.97 Hz) 7.85-7.88 (m, 1H), 7.74-7.77 (m, 1H)
7.69 (d, 1H, J=7.65 Hz), 7.57 (d, 1H J=7.56 Hz) 7.20-7.29 (m, 2H);
I3CNMR: (125 MHz, DMSO-d)6:149.42, 147.76, 144.05, 135.07,
133.12, 131.38, 124.77, 124.67, 123.56, 122.36, 119.71, 112.14.

16. 4-(1 H-benzimidazole-2-yl)-N, N-dimethylaniline (Table S, Entry
16,4p):Yellow solid M. P. 280-283°C (277-279°C)'

N
(L
NH

"THNMR: (500 MHz, CDCl3): 12.51 (s, 1H), 7.61-7.64 (m, 1H), 7.23-7.26
(m, 1H), 7.15-7.20 (m, 1H), 7.01 (d, 1H, J=7.01 Hz), 6.67-6.74 (m, 2H),
3.00 (m, 3H), 2.92 (m, 3H); "CNMR: (125 MHz, CDCl;): 155.04,
149.98, 143.30, 136.38, 130.31, 126.94, 124.34, 122.16, 119.26, 117.39,
112.81, 111.81, 110.40, 40.57, 40.23.
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17. 2-[(E)-2-phenylethenyl]-/ H-benzimidazole (Table 5, Entry 17
4q):Yellow solid M. P. 270-273°C (164-166"C)2

18. 2-(furan-2-yl)-/H-benzimidazole (Table 5, Entry 18, 4r):Brown
solid M. P. 226-228°C(221-223°C)?

N o)
I
NH
THNMR: (500 MHz, DMSO-ds): & 12.95(m, 1H), 7.96(dd,
J=1.71&0.90Hz, 1H), 7.57(d, J=7.11Hz, 1H), 7.51 (d, J=7.15Hz, 1H)
7.17-7.22 (m, 3H), 6.72(dd, J=3.4 Hz &0.95 Hz, 1H); "CNMR: (125

MHz, DMSO-ds) 6:147.12, 143.37, 135.00, 134.44, 129.02, 128.68,
127.15, 123.01, 121.90, 117.81, 112.59.

19. 3-(1 H-benzimidazole-2-yl)2-chloroquinoline (Table 5, Entry 19,
4s):Yellow solid M. P. 219-222°C (202°C)’

N
I\
N NH
N/ Cl
THNMR: (500 MHz, DMSO-dy): & 10.41 (s, 1H), 9.34 (s, 1H), 8.08 (d,

1H, J=8.06 Hz), 8.06 (d, 1H, J=8.05Hz), 7.98-8.00 (m, 1H), 7.81-7.85 (m,
1H), 7.35-7.60 (m, 2H); *CNMR: (125 MHz, DMSO-dy) §: 147.57,
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147.02, 145.58, 143.07, 141.48, 133.96, 131.98, 128.41, 128.30, 128.09,
127.05, 124,12, 123.22, 122,74, 119.86, 111.29.

20. 3-(/H-benzimidazol-2-yl)-2-chloro-6-methylquinoline (Table 5,
Entry 20, 4t): White solid M. P. 221-224°C (220°C)’

H.C =~
| \©f\/EKN
=
N Cl

"HNMR: (500 MHz, DMSO-dy): 6 12.94 (s, 1H), 8.87 (s, 1H), 8.59 (s,
1H), 7.75-7.78 (m, 2H), 7.61-7.74 (m, 2H), 7.28-7.59 (m, 2H), 2.63 (s,
3H); "CNMR: (125 MHz, DMSO-d,) §: 148.31, 146.73, 145.95, 141.20,
138.32, 134.71, 127.93, 127.60, 126.83, 124.87, 123.53, 122.41, 119.66,
112.32, 21.64.

21. 2-(1H-indol-2-yl)-1H-benzimidazole (Table 5, Entry 21, 4u):Black
solid 220-223°C (226-227°C)"

N
\

NH

\

NH
"THNMR:(500 MHz DMSO-dy): 8 12.59 (s, 1H), 11.66 (s, 1H), 8.49 (t,
1H, J= 8.48 Hz), 8.14 (d, 1H, J=8.13 Hz), 7.49-7.55 (m, 2H), 7.54-7.55
(m, 2H), 7.49-7.50 (q, 1H), 7.19-7.21 (m, 1H), 7.13-7.16 (m, 1H);
BCNMR:(125 MHz DMSO-ds) &: 149.84, 136.96, 126.77, 125.54,
122.73, 121.78, 120.78, 112.41, 106.74.
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22. 3-(1H-benzimidazol-2-yl)-6-bromo-4H-1-benzopyran-4-one (Table
5, Entry 22, 4v): Yellow solid M. P. 269-271°C.

o )
Br ~
N
1068
0]

"HNMR: (500 MHz, DMSO-dy):5 12.65 (s, 1H), 8.32 (s, 1H), 9.41 (s,
1H), 8.32 (d, 1H, J= 8.31 Hz), 8.06-8.09 (m, 1H), 7.67-7.70 (m, 1H), 7.62-
7.66 (m, 1H), 7.18-7.22 (m, 2H); *CNMR: (125 MHz, DMSO-d;) &:
174.11, 158.91, 155.05, 145.27, 142.70, 137.89, 134.93, 127.82, 125.57,
122.70, 122.40, 121.96, 119.22, 118.73, 115.03, 112.97.

HRMS: [MF C16 H]() 02 Nz Br(M+H)] 342.99 (Calculated: 34216)

CHARACTERISATION DATA OF 2-SUBSTITUTED PHENYL
BENZOTHIAZOLE.

1. 2-(4-chlorophenyl)-1,3-benzothiazole (Table 6, Entry 1, 7a):White
solid M. P. 115-117°C (111-112°C)®

(-0

2. 2-(3-chlorophenyl)-1,3-benzothiazole (Table 6, Entry 2. 7b):White
solid M. P. 94-95°C (93-94°C)"

COC
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3. 2-(2-chlorophenyl)-1,3-benzothiazole (Table 6, Entry 3, 7c): White
solid M. P. 80-82°C (83-84°C)"

-0

4. 2-(4-bromophenyl)-1,3-benzothiazole (Table 6, Entry 4, 7d): White
Solid M. P. 127-129°C (129-131°C)°

=0

"HNMR: (500 MHz, CDCl;): 6 8.06 (d, 1H, J=8.05 Hz), 7.94-7.91 (m,
2H), 7.90(d, 1H, J= 7.89 Hz), 7.61-7.64(m, 2H), 7.48-7.51 (m, 1H), 7.38-
7.41 (m, 1H); "CNMR: (125 MHz, CDCl3)5: 166.70, 154.06, 135.03,
132.54,132.23, 128.90, 126.51, 125.45, 125.42, 123.31, 121.67.

5. 2-(4-methoxyphenyl)-1,3-benzothiazole (Table 6, Entry 5, 7e):White
Solid M. P. 120-121°C (120-122°C)’

N
©i \>—<: :>—OMe
S

"HNMR: (500 MHz, CDCl3): 6 8.02-8.04 (m, 3H), 7.86 (d, 1H, J=7.86
Hz), 7.44-7.48 (m, 1H), 7.33-7.36 (m, 1H), 6.98-7.01 (m, 2H), 3.87 (s,
3H); “CNMR: (125 MHz, CDCL) &: 167.86, 161.91, 154.22, 134.85,
129.10, 126.43, 126.19, 124.78, 122.81, 121.50, 114.36, 55.46.

6. 2-(3-methoxyphenyl)-1,3-benzothiazole (Table 6, Entry 6,
7f):Yellow solid M. P. 99-102°C (98-100°C)"°
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OMe
N
OIS
S

7. 2-(3,4-dimethoxyphenyl)-1,3-benzothiazole (Table 6, Entry 7,
7g):Brown solid M. P. 229-231°C (230-232°C)"!
OMe

N
@ N OMe
S

8. 2-(2H-1,3-benzodioxol-5-yl)-1,3-benzothiazole (Table 6, Entry 8,
7h):Yellow solid M. P. 130-132°C (128-130°C)"

Ssles

"HNMR: (500 MHz, CDCl): & 8.00 (d, 1H, J=7.99 Hz), 7.81 (d, 1H,
J=1.81 Hz), 7.57 (d, 1H, J=7.56 Hz), 7.42-7.45 (m, 1H), 7.30-7.35 (m,
1H), 6.85 (d, 1H, J=6.84 Hz), 5.99 (s, 2H); *CNMR: (125 MHz, CDCL)
8: 167.49, 154.01, 150.01, 148.29, 134.80, 127.94, 126.20, 124.89,
122.86, 122.66, 122.43, 108.56, 107.43, 101.67.

9. 2-phenyl-1,3 benzothiazole (Table 6, Entry 9, 7i): White solid M. P.
112-113°C (109-110°C)*

C—O

10. 2-(4-methylphenyl)-1, 3-benzothiazole (Table 6, Entry, 10,
7j): Yellow solid M. P. 85-86°C (87-88°C)"*

N
(O~
S
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11. 4-(1,3-benzothiazol-2-yl) phenol (Table 6, Entry 11, 7k):White solid
M. P. 227-229°C (225-227°C)"

(O

"HNMR: (500 MHz DMSO-dy): & 10.24 (s, 1H), 8.09 (d, 1H, J=8.07),
8.07 (d, 1H, J=8.06), 7.93-7.00 (m, 2H), 7.49-7.52 (m, 1H), 7.39-7.42 (m,
1H), 6.96 (t, 2H, J=6.95); *CNMR: (125 MHz DMSO-dy) &: 167.92,
160.99, 154.19, 134.57, 129.74, 129.51, 129.27, 126.89, 125.36, 124.50,
122.76, 122.58, 116.55.

12. 2-(1,3-benzothiazol-2-yl) phenol (Table 6, Entry 12, 71): White solid
M. P. 131-132°C (124-126°C)"

N
C
S

"HNMR: (500 MHz, CDCls): & 12.50 (s, 1H), 7.97 (d, 1H, J=7.96 Hz),
7.87 (d, 1H, J=7.87 Hz), 7.66-7.68 (m, 1H), 7.47-7.50 (m, 1H), 7.35-7.70
(m, 2H), 7.09-7.10 (m, 1H), 6.92-6.96 (m, 1H); “CNMR: (125 MHz,
CDClLy) &: 169.35, 157.92, 151.81, 132.73, 132.56, 128.39, 128.14,
126.66, 125.52, 122.16, 121.49, 119.53, 117.85.

HO

13. 4-(1,3-benzothiazol-2-yl)-2-methoxyphenol (Table 6, Entry 13,
7m):White solid M. P. 160-162°C (161-163°C)"*

OMe

N
Cry-Ce
S
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'HNMR: (500 MHz, CDCly): 3 8.03 (d, 1H, J= 8.01 Hz), 7.86 (q, 1H),
7.71 (d, 1H, J= 7.70 Hz), 7.54 (q, 1H), 7.45-7.48 (m, 1H), 7.33-7.37 (m,
1H), 7.00 (g, 1H), 6.10 (s, 1H) 4.00(s, 3H); '*CNMR: (125 MHz, CDCls)
: 168.15, 154.04, 148.52, 146.95, 134.81, 126.22, 126.17, 124.84,
122.72, 121.94, 121.51, 114.71, 109.24, 56.17.

14. 2-(4-nitrophenyl)-1,3-benzothiazole (Table 6, Entry14, 7n):Brown
solid M. P. 320-322°C (228-230"C)14

N
(e
S

'HNMR: (500 MHz, CDCL): & 8.92 (s, 1H), 8.40 (d, 1H, J=8.40 Hz),
8.31 (d, 1H, J=8.30 Hz), 8.11 (d, 1H, J=8.10 Hz), 7.94 (d, 1H, J=7.93 Hz),
7.67 (t, 1H, J= 7.68 Hz), 7.56 (t, 1H, J=7.56 Hz), 7.45 (t, 1H, J=7.45 Hz);
BCNMR: (125 MHz, CDCL3) &: 164.89, 153.93, 148.74, 135.17, 133.01,
130.12, 126.85, 126.05, 125.19, 123.75, 122.69, 122.32, 121.85.

15. 2-(3-nitrophenyl)-1,3-benzothiazole (Table 6, Entry 15, 70):Yellow
solid M. P. 190-193°C (185-187°C)"

NO,
N

OIS
S

16. 2-(2-nitrophenyl)-1,3-benzothiazole (Table 6, Entry 16, 7p):Orange
brown solid M. P. 195-197°C (191-193°C)"

O,N
N

OIS0
S
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'HNMR: (500 MHz, CDCly): & 8.08 (d, 1H J=8.07 Hz), 7.88-7.94 (m,
2H) 7.79 (q, 1H), 7.67-7.70 (m, 1H), 7.61-7.64 (m, 1H), 7.51-7.54 (m,
1H), 7.43-7.46 (m, 1H); *CNMR: (125 MHz, CDCl;) §: 162.40, 153.51,
148.91, 135.79, 132.39, 131.81, 130.93, 128.10, 126.59, 125.87, 124.61,
123.94, 121.58.

17. 4-(1,3-benzothiazol-2-yl)-N, N-dimethylaniline (Table 6, Entry 17,
7q):White solid 161-163°C (160-162°C)"

N
(=)
S

18. 2-[(E)-2-phenylethenyl]-1,3-benzothiazole (Table 6, Entry 18,
7r):White solid M. P. 107-110°C (110-112°C)"

T

19. 2-(furan-2-yl)-1,3-benzothiazole (Table 6, Entry 19, 7s): White
solid M. P. 103-104°C (101-102°C)"°

@[N\ o

>

1HNMR: (500 MHz, CDCl3): 6 8.04 (d, 1H, J=8.04 Hz), 7.88 (d, 1H,
J=7.88 Hz), 7.60 (d, 1H, J=7.59 Hz), 7.47-7.50 (m, 1H), 7.36-7.39 (m,
1H), 7.18 (d, 1H, J=7.18 Hz), 6.59-6.60 (m, 1H); *CNMR: (125 MHz,
CDCl3)6:157.56, 153.74, 148.73, 144.70, 134.26, 126.48, 125.19, 123.11,
121.57,112.53, 111.43.

20. 2-(pyridin-2-yl)-1,3-benzothiazole (Table 6, Entry 20, 7t):Brown
solid 132-134°C (130-132°C)'
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(I~

"HNMR: (500 MHz, CDCL3): 6 8.67-8.68 (m, 1H), 8.36 (d, 1H, J=8.35
Hz), 8.08 (d, 1H, J=8.08 Hz), 7.94 (d, 1H, J=7.94 Hz), 7.80-7.84 (m, 1H),
7.47-7.51 (m, 1H), 7.34-7.42 (m, 2H); "CNMR: (125 MHz, CDCL) §:
169.35, 154.25, 151.36, 149.63, 136.99, 136.09, 126.26, 125.63, 125.25,
123.55, 122.00, 120.73.

21. 2-(1H-indol-2-yl)-1,3-benzothiazole (Table 6, Entry 21, 7u):Brown
solid M. P. 146-148°C (144-147°C)'¢

Co-

"HNMR:(500 MHz, CDCls):5 8.82 (s, 1H), 8.44 (d, 1H, J=8.43 Hz), 8.03
(d, 1H, J=8.03 Hz), 7.93 (d, 1H, J=7.92 Hz), 7.88 (d, 1H, J=7.87 Hz), 7.46
8 (t, 1H, J=7.46 Hz), 7.43 (t, 1H, J=7.41 Hz) 7.35-7.28 (m, 3H);
BCNMR: (125 MHz, CDCLy) &: 163.00, 153.730, 136.46, 133.84,
126.34, 126.07, 124.92, 124.23, 123.44, 122.11, 121.83, 121.30, 121.05,
112.46, 111.67.

22: 3-(1,3-benzothiazol-2-yl)-6-bromo-4H-1-benzopyran-4-one. (Table
6, Entry 22, 7v): Yellow solid M. P. 254-256 °C.

Br. =~
WN
@]
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'HNMR:(500 MHz, CDCL): & 9.28 (s, 1H), 8.50 (d, 1H, J=8.49 Hz),
7.98-8.04 (m, 2H), 7.83 (q, 1H), 7.46-7.53 (m, 2H), 7.41 (t, 1H, J=7.40
Hz); “CNMR:(125 MHz, CDCl;) &: 173.58, 158.03, 156.55, 154.69,
151.63, 137.33, 136.08, 128.98, 126.32, 125.17, 124.97, 122.57, 121.68,
120.34, 119.75, 118.52.

HRMS: [MF: C;s Hy O, NS Br(M+H)]: 359.95 (Calculated: 359.21).
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Synthetic study on the angular triquinanes
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Abstract: The synthesis of an angular triquinane, which could serve as a suit-
able platform for the synthesis of several natural products (panaginsene, silphi-
nene, senoxydene) is described. The synthesis is based on two consecutive cyc-
lopentene annulations, where alkenes were used as latent carbonyl function-
alities (via Wacker reaction), and cyclopentenone annulation was effected by
aldol condensation.

Keywords: cyclopentane; natural products; organic synthesis; Wacker oxidation;
aldol condensation.

INTRODUCTION

Among the thousands of structurally diverse, naturally occurring sesquiter-
pene compounds, the subgroup of triquinanes, although not numerous, occupies a
prominent place, due to peculiar structures and a range of biological activities.
These polycyclic compounds are assembled from condensed cyclopentane rings
and, depending on the fusion pattern, can be classified as linear, angular or pro-
pellane (Fig. 1). Triquinane structural subunits are also embedded into tetraquin-
ane skeletons. Not surprisingly, they have attracted considerable interest from the
synthetic community. !

@ B P

linear angular propellane
triquinane triquinane

Fig. 1. Three types of triquinane fusion.
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976 STJEPANOVIC ez al.

The naturally occurring angular triquinanes comprise four skeletal types,
namely isocomanes, silphinanes, pentalenanes and silphiperfolanes (Fig. 2).
Some of them exhibit interesting biological activities, such as subergorgic acid
(1, member of the isocomane family), which is cardiotoxic,2 but also shows
antiholinesterase activity,3 and hence the ability to act as antidote against Soman
in mice.* Oxygenated congeners of pentalenene 2, such as pentalenolactone,
show antibiotic activity.® Silphinene 3 is a biosynthetic precursor of oxygenated
products such as aspergilanes,® or penifulvins; penifulvin A possesses significant
insecticidal activity.”

G @ BB

isocomane pentalenane silphinane silphiperfolane 6
CO,H
e O
- H
H -
1 2 3 4 5

Fig. 2. Examples of naturally occurring angular triquinanes.

We became interested in silphinene 3 and its congeners — panaginsene 48
and senoxydene 5. These compounds share the common angular triquinane
skeleton, with some differences in the position of the alkene bond and one methyl
substituent. One stereochemical difference is also of note: the methyl group at
C-11 may be of either trans-configuration (in panaginsene and senoxydene), or
cis-oriented (in silphinene), with respect to the cyclopentene ring. Interestingly,
panaginsene was initially assigned as cis-configured isomer 6, which was later
revised (corrected structure: 4). Nine total syntheses of silphinene have been
reported, the first one by Ito and coworkers, who used bicyclopentadiene as the
starting material.!0 Paquette and Leone-Bay constructed the triquinane skeleton
by iterative application of 3-oxo-organocuprate 1,4-addition/aldol condensation
reaction tandem.!! Sternbach and coworkers relied on the intramolecular Diels—
—Alder reaction, followed by oxidative fragmentation of the transient tricycle to
the diquinane intermediate.!2 The synthesis by Wender and Ternansky hinges on
arene-olefin meta-photocycloaddition, followed by reductive cleavage of cyclo-
propane ring in the tetracyclic intermediate.!3 Crimmins and Mascarella used a
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tactical combination of reactions: [2+2] alkene photocycloaddition/cyclobutane
fragmentation to access racemic 3.14 Synthetic approach by Nagarajan and Rao is
based on two cyclopentane annulations, the first by intramolecular Horner-
Wadsworth- Emmons reaction and the second by a radical 5-exo-cyclization.!3
Yamamura and coworkers created a tricyclic intermediate by an intramolecular
cycloaddition of electrochemically generated phenoxy cation; this intermediate
was then elaborated into a triquinane framework.!1® Franck-Neumannm, Miesch
and Gross developed “the cyclobutenic way” to silphinene, which comprises the
cyclopropanation of bicyclo[3.2.0.]hept-6-ene cycloadduct, followed by solvo-
lysis of a highly strained tricyclic intermediate.!” Fraser-Reid and Dickson used
the chiron approach and synthesized (-)-3 from mannose.!® Two syntheses of
panaginsene have been reported: Lee and Geum used as a key step an intramole-
cular cycloaddition via biradical intermediate,® whereas Chakraborty and Singh
relied on McMurry coupling for the cyclopentene ring closure.!® As for senoxy-
dene, two syntheses have been reported: Paquette and coworkers used intramole-
cular ene cyclization for the stereoselective formation of the key bicyclic inter-
mediate,20 whereas Ito and coworkers exploited the common intermediate from
their previous synthesis of silphinene.2!

RESULTS AND DISCUSSION

We set out to develop a method that would allow for the efficient cons-
truction of the angular triquinane 7, which contains the skeleton of these three
congeners, and where the configuration of the C-11 methyl group could be
established subsequently (i.e., in late stages of synthesis), possibly giving rise to
both diastereoisomers.

Our retrosynthetic analysis is blueprinted in Scheme 1. Cyclopentenone dis-
connection in 7 by aldol condensation transformation simplifies the target to
bicyclic ketone 8, which could be obtained from 9 by tactical combination of
reactions: allylation/Wacker oxidation. Bicyclic ketone 9 should be accessible by
aldolization/isomerization tandem reaction; we were aware that this step would
need a study on the reaction conditions/product distribution relationship. The
dicarbonyl precursor 10 of enone 9 could be prepared by Wacker oxidation of

Aldol
condens. Alkylation Wacker Aldol condensation  Qrganocuprate \Wacker

)t/ oxidation + isomerisation 1,4-addition oxidation

o o \j1 o / 0
(@] AN
= = = ot =
wj‘
7 38 9 10 11

Scheme 1. Retrosynthetic analysis of angular triquinane 7.
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3-butenylcyclopentanone derivative (not shown), on its turn obtainable from
known 4,4-dimethyl-2-cyclopentene-1-one (11).22

The synthesis commenced with 1,4-addition of a butenyl cuprate reagent to
the known 4,4-dimethylcyclopent-2-ene-1-one (11), which afforded the adduct
12 (Scheme 2). This transformation was reported earlier;20> however, modifying
the reaction conditions — activation by trimethylsilyl chloride and lithium chlor-
ide — improved the yield considerably (82 vs. 65 % in the previous publication).23
Wacker oxidation of 12 under an oxygen atmosphere required 72 h at 50 °C, but
provided dione 10 in 84 % yield. Various reaction conditions were tried to
accomplish the cyclization step (i.e., 10 — 9), including potassium hydroxide in
aqueous ether, potassium tert-butoxide in fert-butanol, or in THF, pyrrolidine
(alone, or in the presence of acetic acid, or p-TsOH), but in all cases the mixtures
of conjugated (13) and deconjugated (9) product were obtained. Finally, we
found that the cyclization could be performed in boiling toluene, in the presence
of catalytic amounts of p-TsOH, to provide the desired bicyclic enone 9 in 83 %
yield (accompanied with 9 % of the conjugated isomer 13). The next step was the
installation of acetonyl moiety, to obtain dione 8. From several synthons avail-
able as synthetic equivalents of “acetonyl cation” we chose the structurally simp-
lest one — allyl bromide — for two reasons: a) minimization of steric hindrance
and b) the allylation product 14 should be amenable also to aldehyde 15 — an
intermediate whose role is explained below (in Scheme 3). The regioselective
allylation of 9 was promoted by sodium hydride in boiling THF, where single
regio- and diastereoisomer 14 was obtained (85 %). It is of note that the regio-
selectivity in the reactions of this type is highly dependent on a substrate
structure; thus, in the allylation of the structurally related bicyclic system, the less
substituted o~position of the ketone required protection, in order to secure allyl-
ation at the more substituted ¢ -position.20 The Wacker oxidation of 14 pro-

O
i Y PdCl, (cat.)
CuBrSMez CuC\(cat) stOH (cat.)
LiCI, TMSCI, 0,, DMF, Hy,0 p-TSOH,
THF 50°C, 72 h PhMe, A
82% 84% 83% 1’ o, :
1 9 :
/\/Er | E
NaH, THF ' ;
refuks | 0T
85% 13
PdCI, (cat.) o]
t-BuOK, THF \\( Cucl (cat.) . _j
- - o
THF, t-BuOH 0,, DMF, H;0
40°C 50°C, 17 h >
51% 50% H
7 14

Scheme 2. Synthesis of triquinane 7.
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ceeded much faster than the previous one (i.e., 12 — 10), and provided bicyclic
dione 8 in 50 % yield (accompanied with 10 % of aldehyde 15). Upon the
treatment with potassium fert-butoxide in tert-butanol, 8 cyclized into triquinane
7 (51 %), thus providing the target molecule in six steps (12 % overall yield)
from the starting 4,4-dimethylcyclopent-2-ene-1-one (11).

The scope of sesquiterpene natural products targeted by this methodology is
not limited to angular triquinanes, but extends to bridged diquinanes, i.e., ced-
renes. Thus, regioisomeric oxidation of intermediate 14 should provide aldehyde
15, from which the assembly of cedrene skeleton would be accomplished by an
intramolecular aldol reaction (Scheme 3). In this way, a single synthetic inter-
mediate (i.e., 14) would provide access to several members of two distinct
classes of quinane natural products.

pN

" \>:

a-cedrene

N

p-cedrene

- -

Scheme 3. Towards o~ and S-cedrene.

CONCLUSION

To summarize, the efficient synthesis of the advanced intermediate 7 for the
synthesis of triquinane sesquiterpenes (panaginsene, senoxydene and silphinene)
is described, which relies on iterative application of the Wacker oxidation/aldol
condensation tactical combination of reactions (i.e., 12 — 9; 14 — 7). The res-
earch aiming to the conversion of this intermediate into the target natural pro-
ducts, as well as extension of this methodology to the synthesis of cedrenes
(according to Scheme 3), is underway in our laboratories.

EXPERIMENTAL
General experimental details

All chromatographic separations were performed on silica gel 60 (0.063—0.2 mm),
Merck. Standard techniques were used for the purification of reagents and solvents. NMR
spectra were recorded on Varian/Agilent 400 (\H-NMR at 400 MHz, '3C-NMR at 100 MHz
in deuterated chloroform, if not otherwise stated. Chemical shifts are expressed in ppm (J)
using tetramethylsilane as internal standard, coupling constants (J) are in Hz. IR spectra were
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recorded on Thermo Scientific Nicolet Summit FT-IR instrument, and are expressed in cm™!.
Mass spectra were obtained on Orbitrap Exploris 240 spectrometer.

The physical data and NMR spectra of the synthesized compounds are given in
Supplementary material to this paper.
4-(But-3-en-1-yl)-3,3-dimethylcyclopentan-1-one (12)

To the solution of CuBr-SMe, (9.7 g, 47 mmol, 2.16 eq) and LiCl (2 g, 47 mmol, 2.16
eq) in THF (50 mL) a solution of Grignard reagent prepared from magnesium turnings (1.42
g, 58.44 mmol) and 4-bromo-1-butene (6 g, 44.44 mmol) was added dropwise at —78 °C, and
the reaction mixture was stirred for additional 30 min. A solution of ketone 11 (2.4 g, 21.8
mmol, 1 eq.) and TMSCI (7 mL, 5.98 g, 55 mmol, 2.52 eq.) in THF (51 mL) was added
dropwise over 30 min. The reaction mixture was allowed to warm to room temperature over-
night, quenched with acetic acid (22 mL) and stirred for 1.5 h. The mixture was transferred
into a beaker and saturated solution of NaHCO; (160 mL) was added in portions. The mixture
was filtered through Celite and extracted three times with methylene chloride. The combined
organic layer was washed with brine, and dried over anh. MgSQy,, filtered, concentrated at
rotovap and purified by dry-flash chromatography (petroleum ether/ethyl acetate = 7/1) to
afford 2.96 g (82 %) of product 12 as a pale yellow oil.
3,3-Dimethyl-4-(3-oxobutyl)cyclopentan-1-one (10)

Ketone 12 (610 mg, 3.67 mmol, 1 eq) was added to the solution of PdCI, (40 mg, 0.225
mmol, 0.06 eq) and CuCl (150 mg, 1.51 mmol, 0.41 eq.) in DMF (2.8 mL) and H,O (0.5 mL,
27.76 mmol, 7.56 eq.) under an O, atmosphere. The reaction mixture was stirred at 50 °C for
72 h, then diluted with water and extracted with Et,O. Organic layer was washed with water
and brine, dried over anh. MgSQy, filtered, concentrated at rotovap and purified by dry-flash
chromatography (petroleum ether/ethyl acetate = 7/1) to afford 561 mg (84 %) of product 10
as pale yellow oil.
3,3,6-Trimethyl-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (9)

TsOH-2H,0 (55 mg, 0.29 mmol, 0.22 eq) was added to the solution of diketone 10 (240
mg, 1.32 mmol) in toluene (20 mL). The flask was equipped with Deak-Stark apparatus and
the reaction mixture was refluxed for 5 h. The mixture was transferred into a separatory fun-
nel, diluted with DCM, washed with saturated solution of NaHCOs3, dried over anh. MgSQOy,,
concentrated at rotovap and purified by dry-flash chromatography (petroleum ether/ethyl acet-
ate = 95/5) to afford 182 mg (83 %) of product 9 (R; = 0.32 (petroleum ether/ethyl acetate =
= 95/5)) followed by 15 mg (9 %) of conjugated ketone 13 (R¢ = 0.17 (petroleum ether/ethyl
acetate = 95/5)).
6a-Allyl-3,3,6-trimethyl-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (14)

A solution of ketone 9 (200 mg, 1.22 mmol, 1 eq.) in THF (3 mL) was added to the
suspension of NaH (73 mg (60 %), 1.83 mmol, 1.5 eq.) in THF (1 mL), the mixture was
heated to reflux and stirred for 30 min when allyl bromide (0.21 mL, 2.43 mmol, 2 eq.) was
added. After 4 h, more allyl bromide was added (0.21 mL, 2.43 mmol, 2 eq.) and refluxing
was continued overnight. Reaction was quenched with water, acidified with few drops of 1.5
M HCI, extracted with DCM, washed with brine, dried over anh. MgSQ,, filtered, concen-
trated at rotovap and purified by dry-flash chromatography (petroleum ether/ethyl acetate =
=95/5) to afford 213 mg (85 %) of product 14 as colourless oil.
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3,3,6-Trimethyl-6a-(2-oxopropyl)-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (8)

Ketone 14 (64 mg, 0.31 mmol, 1 eq.) was added to the solution of PdCl, (16.6 mg, 0.09
mmol, 0.3 eq.) and CuCl (40.3 mg, 0.41 mmol, 1.3 eq.) in DMF (0.7 mL) and H,O (0.128
mL) under an O, atmosphere. The reaction mixture was stirred at 50 °C for 17 h, then diluted
with water and extracted with Et,O. Organic extract was washed with water and brine, dried
over anh. MgSOQ,, filtered, concentrated at rotovap and purified by column chromatography
(hexane/ethyl cetate = 9/1) to afford 35 mg (51 %) of product 8 as colourless oil.

5,5,8-Trimethyl-4,5,5a,6-tetrahydrocyclopenta[c]pentalen-2(1H)-one (7)

The solution of diketone 8 (18 mg, 0.082 mmol, 1 eq.), Z-BuOK (20 mg, 0.175 mmol,
2.14 eq.) and ~BuOH (0.1 mL) in THF (3.5 mL) was heated to 40 °C for 1 h. After cooling to
room temperature, the reaction mixture was diluted with water and few drops of 1.5 M HCI,
extracted with Et,O, washed with saturated solution of NaHCO; and brine, dried over anh.
MgSQOy, filtered, concentrated at rotovap and purified by column chromatography (petroleum
ether/ethyl acetate = 5/1) to afford 8.5 mg (51 %) of product 7 as colourless oil.

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/12460, or from the corres-
ponding author on request.
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U3BOJ
CUHTETHUYKA CTYOIUJA AHTYJIAPHUX TPUKMHAHA

MUXAWIO H. CTJENIAHOBUR', AIEKCAHJIAP B. JAHKOBHR’, BOJAH 3. BYJIOBUR', PATOMHP B. MATOBUR®
1 PAJIOMUP H. CAUUMUR"?
1YHueep3umeu7 y Beoipagy — Xemujcku @axyniwewi, Ciuygenwicku wipi 16, 11158 Beoipag, *HUXTM —
Lentnap 3a Xemujy, Fbetowesa 12, 11158 Beoipag u SCpucxa axagemuja Hayka u ymewHocmiu, Knesa
Muxauna 35, 11000 Beoipag

[TpencraBbeHa je CUHTe3a aHIyJapHOT TPUKHHAHA, KOJU MOXKE MOCIYKUTH Kao KIbyYHU
HUHTEpMe[Ujep 32 CHHTe3y HeKOJIMKO MPUPOHUX MPOU3BOAa (MaHaruHceHa, CWiUHeHa, CeH-
oxcuneHa). Curesa ce 3aCHMBA Ha JIBE Y3aCTOINHE aHysalldje LIMKIONEeHTeHOBOr [IPCTeHa, KOk
KOjUX Cy ajKeHH HCKOpUILheHH Kao jaTeHTHe kapOoHWIHe GYHKUHOHAIHEe rpyne (ImpeKko
Wacker peakigje), a aHy/nauuje HUKIOMEHTEHOHA Cy OCTBApeHe aJIIOIHUM KOHZeH3alljama.

(ITpumibeHo 28. jyHa, peeuaupaHo 1. jyna, npuxsaheno 24. jyna 2023)
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1. PHYSICAL DATA
1.1. 5,5,8-Trimethyl-4,5,5a, 6-tetrahydrocyclopenta[c]pentalen-2(1 H)-one (7):

'H NMR (400 MHz, CDCly) & 5.96 (s, 1H), 5.42 (s, 1H), 2.53 - 2.43 (m, 1H), 2.42 (s,
3H), 2.42 (s, 2H), 2.01 (dd, J, = 7.8 Hz, J, = 1.6 Hz, 1H), 1.43 — 1.41 (m, 3H), 1.11 (s, 3H),
0.91 (s, 3H). C NMR (100 MHz, CDCL,) § 210.5, 188.8, 140.9, 126.8, 125.3, 70.0, 56.0,
48.2,43.2,33.5,32.5, 26.6, 11.4. IR (ATR) vy 3404, 3038, 2956, 2924, 2860, 1710, 1636,
1441, 1410, 1382, 1365, 1167, 1018, 826, 802. HRMS (m/z) [M+H]" caled. for C,,H,50:
203.14304, found: 203.14204.

* Corresponding author. E-mail: rsaicic@chem.bg.ac.rs
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1.2. 3,3,6-Trimethyl-6a-(2-oxopropyl)-3,3a,4,6a-tetrahydropentalen-1(2H)-one (8):

"H NMR (400 MHz, CDCL;) § 5.40 (s, 1H), 2.90 (d, J = 17.6 Hz, 1H), 2.67 (d, J = 17.6
Hz, 1H), 2.58 (dd, J; = 7.30 Hz, J, = 2.25 Hz, 1H), 2.47 (d, J= 17 Hz, 1H), 2.41 — 2.31 (m,
2H), 2.19 (d, J = 17 Hz), 2.08 (s, 3H), 1.61 (s, 3H), 1.12 (s, 3H), 0.93 (s, 3H). *C NMR (100
MHz, CDCl;) 6 218.8, 207.1, 140.0, 128.3, 66.4, 53.9, 53.0, 47.7, 36.1, 32.0, 30.7, 30.7, 25.1,
12.5. IR (ATR) vy 3037, 2957, 2867, 1732, 1444, 1387, 1360, 1274, 1274, 1214, 1160, 795,
569. HRMS (m/z) [M+H]" calcd. for Ci,H,00,: 221.15361, found: 221.15257.

1.3. 3,3,6-Trimethyl-3,3a,4,6a-tetrahydropentalen-1(2H)-one (9):

"H NMR (400 MHz, CDCl;) § 5.37 — 5.33 (m, 1H), 3.11 (d, J = 8.30 Hz, 1H), 2.76 —
2.69 (m, 1H), 2.49 — 2.33 (m, 2H), 2.23 (d, J = 16.65 Hz, 1H), 1.98 (dt, J, = 16.65 Hz, J, =
1.25 Hz, 1H), 1.76 (s, 3H), 1.08 (s, 3H), 1.04 (s, 3H). *C NMR (100 MHz, CDCl3) § 217.2,
136.9, 127.0, 62.7, 51.9, 51.0, 37.0, 34.0, 30.4, 24.4, 15.3. IR (ATR) vyux: 3039, 2956, 2928,
2867, 1736, 1453, 1410, 1370, 1287, 1261, 1219, 1180, 1154, 1124, 1018, 964, 802. HRMS
(m/z) [M+H]" caled. for C;;H;¢O: 165.12739, found: 165.12660.
1.4. 3,3-Dimethyl-4-(3-oxobutyl)cyclopentan-1-one (10):

"H NMR (400 MHz, CDCly) § 2.52 — 2.34 (m, 3H), 2.15 (s, 3H), 2.12 (s, 2H), 1.96 —
1.80 (m, 3H), 1.45 — 1.35 (m, 1H), 1.17 (s, 3H), 0.91 (s, 3H). *C NMR (100 MHz, CDCl;) &
217.8, 208.4, 55.5, 46.0, 42.8, 42.6, 38.8, 30.1, 27.5, 23.5, 21.7. IR (ATR) vy 3467, 2956,
2871, 1741, 1716, 1464, 1406, 1368, 1273, 1219, 1183, 1164, 1164, 530. HRMS (m/z)
[M+H]" calcd. for C;;H,50,: 183.13796, found: 183.13705.
1.5. 4-(But-3-en-1-yl)-3,3-dimethylcyclopentan-1-one (12):

"H NMR (400 MHz, CDCl3) & 5.85 — 5.75 (ddt, J, = 17.05 Hz, J,= 10.22 Hz, J; = 6.50
Hz, 1H), 5.05 - 5.00 (dd, J; = 17.16 Hz, J,= 1.50 Hz, 1H), 4.99 —4.96 (dd, J; = 10.18 Hz, J,=
0.7 Hz, 1H), 2.49 — 2.38 (m, 1H), 2.18 — 2.09 (m, 1H), 2.11 (s, 2H), 2.04 — 1.88 (m, 3H), 1.70
—1.63 (m, 1H), 1.31 — 1.22 (m, 1H), 1.15 (s, 3H), 0.89 (s, 3H). *C NMR (100 MHz, CDCl5)
6218.6,138.5,115.0, 55.6,45.9,42.8, 38.7, 33.0, 28.9, 27.5, 21.8.
1.6. 6a-Allyl-3,3,6-trimethyl-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (14):

"H NMR (400 MHz, CDCL3) & 5.65 — 5.55 (m, 1H), 5.39 (s, 1H), 5.10 — 5.02 (m, 2H),
2.61 (dd, J, = 14.25 Hz, J, = 6.50 Hz, 1H), 2.45- 2.42 (m, 1H), 2.39 — 2.35 (m, 1H), 2.28 (d, J
=16.10, 1H), 2.13 (dd, J; = 14.20 Hz, J, = 7.90 Hz, 1H), 2.01 (d, J = 16.10 Hz, 1H), 1.64 —
1.62 (m, 3H), 1.06 (s, 3H), 1.00 (s, 3H). C NMR (100 MHz, CDCl3) & 218.3, 139.5, 134.4,
128.1, 117.8, 68.9, 53.6, 52.4, 38.5, 36.2, 32.8, 30.5, 24.7, 12.5. IR (ATR) vpax: 3076, 3037,
2959, 2926, 2858, 1731, 1640, 1440, 1413, 1380, 1369, 1161, 993, 914, 805. HRMS (m/z)
[M+H]" caled. for C1,H,,0: 205.15869, found: 205.15773.
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2. COPIES OF 'H AND "C NMR SPECTRA FOR SYNTHESIZED COMPOUNDS
2.1. 5,5,8-Trimethyl-4,5,5a,6- tetrahydrocyclopenta[c]pentalen 2(1H) -one (7)
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Fig. S1 - '"H and °C NMR spectra of 5,5,8-trimethyl-4,5,5a, 6-
tetrahydrocyclopenta[c]pentalen-2(1H)-one (7)
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2.2. 3,3,6-Trimethyl-6a-(2-oxopropyl)-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (8):
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Fig. S2 — 'H and "°C NMR spectra of 3,3,6-trimethyl-6a-(2-oxopropyl)-3,3a,4,6a-
tetrahydropentalen-1(2H)-one (8)
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2.3. 3,3,6-Trimethyl-3,3a,4,6a-tetrahydropentalen-1(2H)-one (9):
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Fig. S3 — 'H and °C NMR spectra of 3,3,6-trimethyl-3,3a,4,6a-tetrahydropentalen-1(2H)-one
®
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2.4. 3,3-Dimethyl-4-(3-oxobutyl)cyclopentan-1-one (10):
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Fig. S4 — 'H and °C NMR spectra of 3,3-dimethyl-4-(3-oxobutyl)cyclopentan-1-one (10)
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thylcyclopentan-1-one (12):
BRRREAN

HC o,

Nl
-

107
300]
anu{

5.0 4.5 40 35 3.0

~
n
P
-
in
-
)

05 0.0

—13.5
150

—556

12

T T T T T T T T
230 220 210 200 190 180 170 160

T T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

Fig. S5 —"H and °C NMR spectra of 4-(but-3-en-1-yl)-3,3-dimethylcyclopentan-1-one (12)
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2.6. 6a-Allyl-3,3,6-trimethyl-3,3a,4, 6a-tetrahydropentalen-1(2H)-one (14):0
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Fig. S6 — 'H and *C NMR spectra of 6a-allyl-3,3,6-trimethyl-3,3a,4,6a-tetrahydropentalen-
1(2H)-one (14).
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Abstract: Poly(y-glutamic acid) (PGA), naturally produced by Bacillus species,
is a biodegradable, non-toxic, biocompatible and non-immunogenic negatively
charged polymer. Due to its properties, it has found various applications in the
food, cosmetic and pharmaceutical industries. In this work, Bacillus subtilis
17B was selected as the best PGA producer among fifty wild-types Bacillus
strains tested and characterized as a glutamate-independent producer. The pro-
duction of PGA by the newly identified strain was optimized and increased
tenfold using the Box—Behnken experimental design. The purity of PGA after
recovery and purification from the fermentation broth was confirmed by SDS-
-PAGE followed by methylene blue staining. PGA was characterized by ESI
MS and used for the preparation of a new nanocomposite with TiO,. The syn-
thesis of PGA/TiO, nanocomposite, its structural analysis, and cytotoxic effect
on the cervical cancer cell line (HeLa cell) was investigated to determine the
potential anti-cancer usage of this newly prepared material. It is encouraging
that PGA/TiO, nanocomposite showed an increased cytotoxic effect compared
to TiO, alone.

Keywords: PGA production; wild-type Bacillus strain, PGA characterization;
cytotoxicity.
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INTRODUCTION

Polyglutamic acid (PGA) is a biodegradable naturally occurring biopolymer
that consists of L- and D-glutamic acid. PGA is a negatively charged water-sol-
uble polymer. Unlike amino acids in polypeptides, glutamic acid monomers in
PGA create amide bonds between a-amino and y-carboxyl groups.! PGA was
first discovered in 1937. as a major component of the B. anthracis capsule.?
Owing to its biodegradability, PGA has various current and potential applications
such as: drug carrier, anti-cancer drug delivery treatment of rheumatoid arthritis,
genes, protein and peptide delivery, water treatment polluted by heavy metal and
basic dye adsorber, thickener and bitterness relieving agent, cryoprotectant, etc.3
PGA proved to be an efficient drug delivery matrix as a nontoxic, biodegradable,
biocompatible and non-immunogenic polymeric material for water-soluble and
insoluble drugs and other molecules as nanoparticles.3 Negatively charged serum
proteins and erythrocytes were reported to not aggregate with anionic polymeric
carriers (e.g., PGA), which overcame serum inhibitory effects.4 It is also known
that polymeric nanoparticles can collect specifically in cancer tissues,’ making
them effective anticancer drug carriers. Studies of titanium dioxide nanoparticles
and their various organic compound hybrid materials are becoming increasingly
important due to their potential use in novel medical therapies. Furthermore, to
improve efficient anticancer and antimicrobial therapies, many other approaches
utilizing TiO, have been tested.® The importance of the development of new for-
mulations is also indicated by the fact that increasing the therapeutic efficiency of
TiO; can be achieved by using nanocomposites.

Currently, the majority of commercial y-PGA is made by cost-effective mic-
robial fermentation from biomass instead of chemical synthesis, peptide synthesis
or biotransformation. Polyglutamic acid is mainly produced by bacteria of the
genus Bacillus. Most common species include B. licheniformis, B. subtilis, B.
megaterium, B. pumilis, B. mojavensis and B. amyloliquefaciens.! A few unusual
PGA producers include the halophilic archaebacterium Natrialba aegyptiaca’
and the Gram-negative bacterium Fusobacterium nucleatum.® These microorg-
anisms produce PGA as an extracellular viscous material during fermentation
that can then be isolated and purified.?

Bacillus species are widely used industrial organisms due to their high
growth rates, short fermentation cycle times and relatively inexpensive nutrit-
ional requirements.10 The types and characteristics of a PGA-producing bacterial
strain dictate the medium composition. Firstly, all PGA-producing bacteria can
be divided into glutamic acid-dependent and independent.!! Glutamic acid-dep-
endent strains require the presence of L-glutamic acid in the fermentation broth,
usually, in the range of 20-30 g L-1.12 For successful PGA production, it is
necessary to take into account the individual but also synergistic impact of the
above factors for the design of bacterial growth and production medium. Accord-
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ing to the literature, the DoE approach has successfully been used for carbon and
nitrogen source selection for PGA production.!3 To find optimal production con-
ditions, it is necessary to use a statistical method that takes into account the ana-
lysis of the synergistic effect of at least three important factors, such as Box—
Behnken design (BBD). There are examples in the literature where a high level
of production of a significant product was obtained by using BBD to optimize the
microbiological process.!4

As the possibility of preparation of PGA/TiO; nanocomposite and the pot-
ential of its anticancer activity has not been investigated so far, this was set as the
goal of this work.

In this study, the best PGA producer, among 50 different natural Bacillus
isolates originating from the soil and different locations in Serbia, was selected
and identified. In order to achieve the highest level of PGA production influence
of carbon source was analyzed using the DoE approach (BBD) where concen-
trations of glucose, glycerol and glutamate were varied. Purified PGA was used
for the preparation of nanocomposite with TiO,. Both, PGA and PGA/TiO, were
structurally characterized by ESI MS, whereas PGA/TiO, cytotoxicity was
examined using cervical cancer (HeLa) cells.

EXPERIMENTAL
Chemicals

Unless otherwise stated, all reagents and solvents were purchased from Merck and
Sigma—Aldrich. All chemicals were of the best available purity and used without further purif-
ication.

Screening of y-PGA producers

PGA production was investigated in 50 isolated wild-type strains of Bacillus sp. An
overnight culture of each strain was prepared by incubation of a single colony in 5 mL of ster-
ilized Luria—Bertani (LB) medium and grown for 18 h at 37 °C and 150 rpm. The screening
medium was prepared according to the medium most commonly used for PGA production and
contains per liter:1> glucose, 100 g; sodium glutamate, 0.5 g; citric acid, 0.5 g; NH4CI, 10 g,
KH,POy4, 0.34 g; Na,HPO,4 12H,0, 0.895 g; MgSO,4-7H,0, 0.5 g; FeCl;-6H,0, 0.04 g;
CaCl,-2H,0, 0.15 g; MnCl,-4H,0, 0.26 g. The fermentation broth was prepared by mixing 2
mL of an overnight culture of each strain with 48 mL of the screening medium. Fermentation
was carried out for 5 days at 37 °C and 150 rpm. The best producer strain was selected and
used in further experiments.

Identification of selected strain

The selected Bacillus 17B strain was identified by 16S rRNA gene sequence analysis.
Total DNA from Bacillus 17B strain was isolated using the phenol-chloroform extraction
method previously described by Hopwood and co-authors with minor modifications.!® Log-
arithmic phase cells were treated with lysozyme (4 mg mL-!, for 15 min at 37 °C) prior to
treatment with 2 % SDS. The 16S rRNA gene was amplified using 27F (5’-AGA GTT TGA
TCC TGG CTC AG-3’) and 1492R (5’-GGT TAC CTT GTT ACG ACT T-3") universal
primers.!7 The amplified PCR fragment was sequenced by a Macrogen sequencing service

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



988 SOKARDA SLAVIC et al.

(Macrogen Europe, Amsterdam, Netherlands). Sequence annotation and a database search for
sequence similarities were completed using the BLAST program of the National Center for
Biotechnology Information — NCBL!8

Optimization of PGA production media

Box—Behnken design (BBD) was used to identify optimal concentrations of three differ-
ent carbon sources using Design-Expert software (version 11, Stat-Ease, Inc., Minneapolis,
MN, USA). Three analyzed factors were glucose (A), glycerol (B) and glutamate (C). The
evaluated response Y was the level of y-PGA production (g L!). All three factors (A, B and C)
were studied at three different levels (concentrations, Table S-I of the Supplementary material
to this paper) through sets of 14 experiments (Table S-II of the Supplementary material). The
other components of the medium were constant (citric acid, 0.5 g; NH4Cl, 10 g, KH,PO,, 0.34
g; Na,HPO,-12H,0, 0.895 g; MgSO,4-7H,0, 0.5 g; FeCl;-6H,0, 0.04 g; CaCl,-2H,0, 0.15 g;
MnCl,-4H,0, 0.26 g). The fermentation broth was prepared by mixing 2 mL of an overnight
culture with 48 mL of medium. Production fermentations were carried out for 5 days at 37 °C
and 150 rpm in a thermostat shaker (KS 4000i, IKA).

The experimental data of the BBD was represented in the general form of the two-factor
interaction (2FI) model as shown in Eq. (1), to develop an empirical model which will be used
to analyze the effect of factor interactions.

q q
y=PBo+ 2 Bxi+ Y Byxix; +e (1)

i=1 1<i<j

where y is the predicted response (PGA yield), f is a constant coefficient, ¢ is the number of
variables, §; is the linear coefficient, f8;; represents the interaction coefficient and x; and x; are
the process variables and ¢ is the residual. Analysis of variance (ANOVA) was used to assess
the significance of the model and the impact of coefficients in regression analysis.

Isolation of y-PGA from the culture broth

The culture broth was centrifuged at 10000g for 20 min at 25 °C. The supernatant was
adjusted to pH 3 using 1 M H,SO, and stored at 4 °C for 12 h. The precipitate was removed
by centrifugation at 10000g for 20 min at 25 °C. The resulting supernatant was mixed with
ice-cold ethanol in a volume ratio of 1:3. The PGA precipitate formed was separated after
centrifugation at 5000g for 20 min at 4 °C. The obtained PGA precipitate was dissolved in
distilled water and purified using a Sephadex G-25 column. The remaining proteins in the
PGA solution were hydrolyzed with 50 pg mL-! Proteinase K,!° and the resulting mixture was
ultrafiltered through a Microcon membrane with a 30 kDa cut-off to protein hydrolysis pro-
ducts. The retentate (PGA) was air-dried and used for further analysis.

To confirm the purity of the isolated PGA, SDS PAGE was performed using a Hoefer™
Mighty Small™ II Mini Vertical Electrophoresis System with a 10 % polyacrylamide gel.2°
The gel was stained by the modified method of Yamaguchi et al.2! To verify the presence of
proteins, the gel was first stained with Coomassie brilliant blue (G-250) and rinsed with 7 %
acetic acid/5 % ethanol. After a short rinse with distilled water, PGA in the gel was stained
with 0.5 % methylene blue dissolved in 3 % acetic acid. The gel was rinsed with distilled water.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) of PGA and TiO, was done using
Thermo Electron Corporation Nicolet 380 spectrometer in attenuated total reflection (ATR)
mode. Spectra resolution was 4 cm! in the range of 4000400 cm™!,
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Electrospray ionization mass spectrometry

An isolated polymer of glutamic acid and acidic hydrolyzed PGA was analyzed by elec-
trospray ionization mass spectrometry (ESI MS) on a Waters Quattro micro API mass spectro-
meter. All samples were previously diluted with 0.1 % water solution of formic acid to the
concentration of 0.1 mg mL-!, whereas the hydrolysate was diluted 1000 times, to avoid the
influence of the high concentration of HCI used for its hydrolysis.

PGA was hydrolyzed by using a microwave digestor (Milestone START D, SK-10T) in
the presence of 6 M HCI. The process was performed according to the manufacturer’s ins-
tructions and it was finished within 20 min.

The spectra acquisition was done in the positive ion mode in the mass range from 50 to
4000 Da. The temperature of the ionization source was 125 °C, of a gas carrier 380 °C, the
capillary voltage was 3 kV, whereas the conus voltage was in the range from 20 to 90 V, dep-
ending on the sample.

PGA/TiO, nanocomposite

Formation and characterization of nanocomposite. Colloidal spherical TiO, nanopar-
ticles (average diameter, d of 5 nm) were synthesized by the modified method of Rajh et al.??
Nanoparticle concentration was determined after dissolving the particles in concentrated
H,S0, by the concentration of the peroxide complex, as previously described.??

PGA and TiO, were mixed in different ratios (present in Table S-III of the Supplement-
ary material) and incubated for 2 h at 25 °C with agitation at 150 rpm.2* A formed white
PGA/TiO, nanocomposite (NC) precipitate was recovered by centrifugation at 10000g for 30
min and air-drying.

Cytotoxic effect of nanocomposite. HeLa cells were cultured in Dulbecco’s modified
eagle’s medium supplemented with glucose, L-glutamine, fetal bovine serum, penicillin and
streptomycin solution, according to the supplier’s instructions. Cells were seeded in flat-bot-
tomed 96-well microtiter plates (2000 per well) and incubated overnight with varying concen-
trations of PGA, TiO, nanoparticles and an NC. Samples were prepared in distilled water and
incubation terminated after 48 h. Cell viability was determined using the sulphorhodamine B
(SRB) assay.?’ The absorbance was measured at 550 nm with a reference wavelength of 690
nm in a microplate reader (Wallac, VICTOR2 1420 Multilabel counter, PerkinElmer, Turku,
Finland). The results were presented as a percent of cell viability determined according to the
following equation:

Cell viability (%) =100 Absorbance of sample

2
Absorbance of control )

The measurements were made in quintuplicate and the results were presented as the
mean + standard deviation.

RESULTS AND DISCUSSION
PGA producer screening
PGA is an extracellular polymer produced by certain Bacillus species inc-
luding Bacillus paralicheniformis ATCC 9945a,26 which was used as a standard
PGA producer strain for comparisons with wild-type isolates. The PGA-pro-
ducing ability of 50 different Bacillus sp. strains originating from Serbia, dep-

osited in a laboratory bank UB483, was investigated. Screened Bacillus isolates
produced PGA in the range of 0.40 to 4.07 mg mL~L. The strain indicated as 17B
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exhibited the highest yield of PGA (4.07 mg mL-1), higher even than B. para-
licheniformis ATCC 9945a (2.27 mg mL-1) under the conditions used for fast
selection of strains. Selected isolate (17B) was identified as B. subtilis according
to the highest identity (99 %) with the 16S rRNA gene of the species Bacillus
subtilis from the NCBI database. Strain B. subtilis 17B was selected for medium
optimization, as it showed the highest PGA-producing capabilities.

Optimization of culturing conditions for PGA production

The Box—Behnken experimental design was set using the concentrations of
carbon sources (glucose, glutamate and glycerol) as variables and PGA yield was
measured as a response (Table I). Response surface methodology (RSM) was
used to determine the synergistic effect of glucose, glycerol and glutamate con-
centrations on PGA yield, and the results are given in Table L.

TABLE I. Box—Behnken experimental design PGA yield

Run Cglucose /g L1 Cglycerol /g Lt Cglutamate /g L1 YieldPGAa mgmL-l ()/)
(A) (B) © Actual value?  Predicted value
1 10 0 2.75 13.9 13.7
2 80 0 2.75 28.0 28.3
3 10 50 2.75 38.6 37.0
4 80 50 2.75 34.0 329
5 10 25 0.5 18.8 23.6
6 80 25 0.5 28.4 32.6
7 10 25 5 28.0 27.1
8 80 25 5 30.0 28.6
9 45 0 0.5 20.6 17.7
10 45 50 0.5 40.0 38.5
11 45 0 5 21.6 243
12 45 50 5 27.3 314
13 45 25 2.75 37.4 27.9
14 45 25 2.75 25.2 27.9

*All data are significantly different from each other according to Tukey’s test (p < 0.05)

The regression analysis has produced a two-factor interaction (2FI) model
that describes PGA yield as a function of independent variables and their inter-
actions in terms of coded factors:

PGA yield(mg mL‘1)= 27.99+2.644+6.98B—0.113C G

—4.684B—-1.904C -3.42B
The coefficients are obtained based on the least-squares method in such a
way that the sum of the squares of the errors, ¢, is minimized. A positive coef-
ficient value indicates that this variable has a positive effect on PGA yield, while
a minus indicates a negative impact. Statistical analysis was performed to assess
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the significance of the model used and the coefficients in the 2FI regression
equation. ANOVA parameters are shown in Table S-IV of the Supplementary
material. Models /' and p values, 3.88 and 0.049, respectively, indicate that the
model is significant. Both glucose and glycerol have a positive impact on PGA
production, while glutamate has a negative impact. Based on ANOVA, only gly-
cerol shows the significant impact on the increase of PGA yield. The two-factor
interactions of these components have insignificant negative impacts. Response
surface 3D graphs show the two-interactive effects of independent variables on
PGA yield (Fig. S-1 of the Supplementary material). Fig. S-1a represents the
combined effects of glucose and glycerol concentrations, while Fig. S-1b shows
the effects of glycerol and glutamate concentrations on PGA production. Gly-
cerol has a higher linear coefficient and steeper rise than glucose (Fig. S-1a), thus
positively impacting PGA production. Even though glutamate has a negative effect
on PGA vyield with its linear coefficient being —0.113, its impact is barely detect-
able. Neither graph reveals a finite plateau, implicating a possibility of further
medium and yield improvement. According to the results, a minimal concen-
tration of glutamate (0.5 g L~1) is optimal. Also, it is necessary to provide a high
concentration of glucose and glycerol (80 and 50 g L-!, respectively) for the pro-
duction of 38 g L~ of PGA.

The obtained result indicates that B. subtilis 17B used in this study is a glut-
amate-independent strain, which in the literature implies a potentially lower pro-
duction cost. 27 In recent years, studies on the synthesis of PGA have mostly con-
centrated on glutamate-dependent strains.28:29 However, the main limitation for
large-scale production of PGA is the high production costs due to the addition of
significant amounts of expensive exogenous L-glutamate.30 Since glutamate-ind-
ependent strains could significantly lower the cost of PGA synthesis and simplify
the fermentation process, more attention is given to them nowadays.3! Glutam-
ate-independent strains were considered ineligible for industrial y-PGA product-
ion, limited by their low y-PGA productivity,3! but based on the results shown in
this study this state could be modified. In a screening study, B. subtilis 17B strain
showed two times higher productivity of PGA than B. paralicheniformis ATCC
9945a and after optimization of the cultivation, productivity was improved tenfold.

Isolation and purification of PGA

PGA was purified from the fermentation broth from accompanying small
molecules including yellow pigment and proteins (using Proteinase K) and ana-
lyzed by SDS-PAGE after standard CBB staining and methylene blue staining.32
SDS PAGE electropherogram is given in Fig. 1. Samples before Proteinase K
treatment are rich in proteins (line 1). After the treatment with Proteinase K, most
proteins were removed from samples (line 2). Detection of PGA in SDS PAGE
was not possible by staining with CBB, therefore the basic dye methylene blue
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was used for PGA’s visualization (Fig. 1, MB). This is most likely because poly-
glutamic acid is a negatively charged polymer with no hydrophobic regions that
could be stained using CBB.33 The polymer (1-2 MB) showed multiple wide
blue bands. Methylene blue staining of PGA was better after proteinase treat-
ment, presumably because of the stronger interaction of PGA and methylene blue
in absence of proteins. This phenomenon could be due to the formation of elec-
trostatic interactions between PGA and proteins from the sample, thus reducing
the number of free functional groups available for interaction with methylene
blue. Furthermore, successful basic dye staining proved the presence of a negat-
ively charged polymer.

~ CBB MB
«—PGA
Fig. 1. SDS PAGE electropherograms of PGA pro-
duced by B. subtilis 17B stained with CBB and
methylene blue (MB). 1 — before; 2 — after Proteinase
2 1 2

1 K treatment.

Mass spectrometry of isolated PGA

Detection of the number of Glu units in the PGA was determined by ESI
MS, and the identity of individual signals was confirmed by comparison with
hydrolyzed polymer and standard (Glu). The sample ionization has been assisted
by the addition of formic acid, in order to increase the ion yield, and the positive
ion ESI mass spectra are given in Fig. S-2 of the Supplementary material,
whereas the signal identity is listed in Table S-V of the Supplementary material.
ESI MS is, a so-called, “soft” ionization technique,34 thus the extent of fragment-
ation are low. Mostly, the loss of HyO, CO or CO; from the -COOH group was
detectable.

In summary, all detected ions imply that isolated polymer contains Glu and
that the highest number of Glu units is 15 which is in agreement with the liter-
ature.35
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Characterization of PGA-TiO, nanocomposite systems and potential application

The potential application of PGA produced by B. subtilis 17B was tested by
the formation of PGA/TiO, NC for the possibility to increase the cytotoxic effect
of TiO, nanoparticles against HeLa cells. To examine nanocomposite formation,
we recorded the spectra of purified PGA, PGA/TiO, nanocomposite and TiO,
nanoparticles (Fig. S-3 of the Supplementary material).

The band at 1650-1660 cm~! in the PGA FTIR spectrum can be identified as
the amide I band. The signal at 1079-1116 cm™! is the result of a C-N bond. The
low-intensity signal at 1450—1457 cm™! originates from weak carbonyl absorp-
tion and is consistent with the literature.3¢ The over 3000 cm™! region is of lower
intensity, presumably because the sample was isolated from the basic medium
making it mostly deprotonated. This reduces the number of hydrogen bonds that
otherwise amplify the O—H and N-H bond signals. To this broad region signals
of aliphatic N—H stretching, that have no clear bands, belong. However, region
3409-3442 cm! can be distinguished and may correspond to OH group absorp-
tion.37 All the assigned signals indicate a glutamic acid polymer, while the abs-
ence of a C—O bond confirms the absence of polysaccharide and that PGA was
successfully purified.

Although the PGA/TiO; nanocomposite FTIR spectrum shows a significant
difference compared to the PGA spectrum, the problem might arise from the con-
centration ratios, as the TiO, signals dominate. It seems that all of the main sig-
nals from the PGA spectrum disappear in the NC spectrum, implying the exist-
ence of PGA-TiO; interaction. The high-intensity signals at 2321-2365 cm™! for
the PGA spectrum and 2312-2355 ¢cm™! for the nanocomposite spectrum origin-
ate from the asymmetric stretching of CO; that was present in both samples and
it is stemming from the air.38 However, the interaction between these two com-
ponents is demonstrated by slower sedimentation of TiO; nanoparticles in the
presence of PGA in the solution. The experiment that was performed by centri-
fugation of suspensions containing varying PGA: TiO; mass ratio at 12000g was
done. Whereas only a short impulse was required to sediment TiO; nanoparticles
from a physiological solution without PGA (pH 7), at the PGA: TiO; ratios at
1:25 to 1:2, more than 30 min of centrifugation was necessary, which indicates
stabilization of TiO, in the physiological solution. Since the electrostatic interact-
ions between an organic polymer (alginate) and TiO, nanoparticles resulting in
their stabilization have already been demonstrated,3® we assume that in a similar
manner, a -COO- group interacts with the surface of TiO, nanoparticles.

In the next step, we preliminarily tested the cytotoxicity of all components
and the NC system against HeLa cells. Namely, colloidal TiO, nanoparticles
form a stable colloidal solution at pH 2, which is not in a physiological range and
limit their application in biological systems.40 Therefore, our hypothesis was that
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the addition of PGA will stabilize the system and enable its application in the
physiological range.
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R O T of PGA isolated from B. subtilis 17B
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TiO, nanoparticles, and PGA/TiO, NCs.

As presented in Fig. 2, the addition of PGA produced by Bacillus sp. 17B
increased the cytotoxic effect of TiO,, whereas PGA alone showed no cytotox-
icity, as compared to control/untreated cells. Although the TiO, nanoparticles
demonstrated a light-induced cytotoxic effect, there are also data that show that
these nanoparticles can also be cytotoxic in the dark,*! and our results are in line
with these findings.

These preliminary results demonstrated the potential application of PGA as
stabilizers for TiO, nanoparticles that have various biological applications,*? but
the mechanism of its action and other physicochemical properties of the system
need to be further investigated in more detail.

CONCLUSION

The newly isolated strain of B. subtilis 17B, a natural isolate from the soil, a
promising PGA producer (initially showing twice the PGA production compared
to the commercially used strain B. paralicheniformis ATCC 9945a) produced a
high level of PGA after applying statistical optimization methods (PGA product-
ion increased tenfold). B. subtilis 17B was characterized as glutamate-independ-
ent which candidate it as a promising strain for PGA production due to the cost-
-effectiveness process. The PGA-TiO, nanocomposite showed better cytotox-
icity toward HeLa cells than TiO;, which opened up the possibility of application
in biological systems considering that TiO, nanoparticles are not stable in a
physiological pH range.

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/12132, or from the corres-
ponding author on request.
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U3BOL
HOBU HAHOKOMIIO3UT PGA/TIO: JOBUJEH OJ ITOJIU(yTJTYTAMUHCKE
KHUCEJIMHE) 3 HOBOU30JIOBAHOTI COJA Bacillus subtilis 175

MAPHHEJIA IIOKAPJIA CJIABUR', BAIbA PAJIUR’, BPAHUCIIAB HACTACUJEBUR®, MUJTULIA MATUJEBUR?,
30PAH BYJUUR' n AIEKCAH/IPA MAPTETHR'
1Yuuaep3uu76u7 y Beoipagy — Uncluutiy i 3a XeMujy, WexHoI0Tujy u meianypiujy — Huciautiyin og
HauuonanHoi 3naudja 3a Peiiydnuxy Cpdujy, Beoipag, ZHeHmap 30 KOHBEP3UJY CBETUIOCHE eHepiuje
COHERENCE, Jlabopawiopuja 3a awiomcky Gpusuxy, HHcmiuilyd 3a HykaedapHe Hayke ,Bunua" —
Hucmiuiniyw og HayuoHanHol 3uauaja 3a Petiydnuxy Cpdujy, Yrnusepsuttiewi y beoipagy, Beoipag,
3I/Iucmuu7.yru 3a nyxaeapne nayxe ,Bunua" — Hucuiiyti og HAyuoHanHol snauaja 3a Peiiydnuxy Cpéujy,
Ynusepsuinewi y beoipagy, beoipag u 4YHueep3umew y Beoipagy — Xemujcku paxyniueit, beoipag
[Monu(y-rmyramuncka kucenuna) (PGA), xojy mpousBoje Dakrepuje popma Bacillus, je
OuopasrpafvuB, HETOKCHYAH, OMOKOMIIATUOMIAH M HEHMMYHOT€H HETaTUBHO HAeJIEKTPUCAHHU
nonumMep. 30T CBOjUX CBOjCTaBa HAIAO je Pa3HOBPCHY NMPUMEHY y mpexpamdeHOj, Ko3MeT-
W4YKOj U hapMalleyTCKoj UHOYCTpUjU. Y oBOM pany, Bacillus subtilis 176 je u3abpaH kao Haj-
6omu II'K mponyuep Mebhy menmecerax TecTUpaHUX NPUPOJHUX H30jaTa DakTepHja M3 OBOT
polia U OKapaKTepucaH Kao ITIyTaMar HesaBHCTaH npoayuep. IIpoussoama IITK oBUM HOBO-
UIeHTH(UKOBAaHUM COjeM je ONTHMH30BaHa U HeceTocTpyko yBehana xopuurhewmem Box—
—Behnken excnepumenTanHor fusajHa. Yucroha PGA HakoH M30/10Bama U peyninhaBama 13
depMeTanioHe TeuHOCTH je moTBpheHa enexrpodopesom (SDS-PAGE) HakoH dojera mMeTH-
JeHCKUM TIaBUM. PGA je okapaxrepucaHa mMaceHoM crekpockonujom (ESI-MS) u xopuiu-
hena 3a nobujawe HOBOT HaHOkoMmo3uTa ca TiOz. Cunresa PGA/TiO: HaHOKOMIIO3UTa, He-
roBa CTPYKTypHa aHa/lu3a U LUTOTOKCHYHU edekaT Ha henujcky nuHMjy paka rpauha mare-
puue (HeLa henuje) je ucnivran fa du ce yTBpauia NoTeHLHjalHa yrnorpeda oBOr HOBOKOOH-
jeHor matepujana y 6opdu nporus henuja paka. Hanokommnosur PGA/TiO; noxasao je mose-
han uuToTOKCHYHH edekaT Ha ToMeHyTe hennje paka y nopehemy ca camum TiOs.

(TTpummeno 16. Hoemdapa 2022, pesuavpano 23. janyapa, npuxsaheno 3. mapra 2023)
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MASS SPECTROMETRY OF ISOLATED PGA

The spectra of glutamic acid (Fig. S-2) contain only the signals
corresponding to the ions generated by the proton or sodium addition (m/z 148.09
or 170.09, respectively). In addition, the ions formed by the proton/sodium
replacement or the loss of water molecules were observed, which is in agreement
with previously analyzed spectra of amino acids.! In the spectrum of a
hydrolyzed polymer (Fig. S-2B), the ions detected at low m/z positions arise
from inorganic ions present in the carrier fluid, whereas ions in the mass range
m/z 140-180 arise from glutamic acid. Because of the high concentration of HCI
in the solution, required for hydrolysis, no Na-adducts are detectable in the
spectra. These results strongly imply that Glu does not polymerize during the
acquisition of mass spectra and that the signals detected in the polymer spectra
arise exclusively from the ions present in the isolate (Fig. S-2C). Although ESI
mass spectra can contain multiply charged ions, in the spectra acquired under our
conditions, we have detected only singly charged ions, and the highest number of
units detected is 15. lons are generated by the loss of CO, and the spectra are in
agreement with the literature data.2

* Corresponding author. E-mail: marinela.sokarda@ihtm.bg.ac.rs
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Table S-I. Limits of the Studied Parameters

Factor levels

Factor Symbol Low Central High
(D 0) (D
Calucose /8 L1 A 10 45 80
Calycerol /g L1 B 0 25 50
Colutamate /g th C 0.5 2.75 5

Table S-II. Three-Factor Box-Behnken Experimental Design

Run A B C
1 -1 -1 0
2 1 -1 0
3 -1 1 0
4 1 1 0
5 -1 0 -1
6 1 0 -1
7 -1 0 1
8 1 0 1
9 0 -1 -1
10 0 1 -1
11 0 -1 1
12 0 1 1
13 0 0
14 0 0

Table S-III. TiO, and PGA concentrations (¢ / pg mL™!) used for nanocomposite formation
and cell cytotoxicity assay.

Sample TiO, PGA
NCI 1000 200
NC2 1000 400
NC3 1000 500
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Table S-IV. ANOVA

S309

Source Sum of Squares df Mean Square F-value p-value
Model 593.74 6 98.96 3.88 0.0496 Significant
A-Glucose 55.65 1 55.65 2.18 0.1833
B-Glycerol 389.21 1 389.21 15.25  0.0059
C-Glutamate 0.1013 1 0.1013 0.0040 09515
AB 87.42 1 87.42 3.43 0.1066
AC 14.44 1 14.44 0.5658  0.4764
BC 46.92 1 46.92 1.84 0.2172
Residual 178.63 7 25.52
Lack of Fit 104.21 6 17.37 0.2334 0.9161 Not significant
Pure Error 74.42 1 74.42
Cor Total 772.38 13

Table S-V. Position and signal identity of peaks detected in the positive ion ESI mass spectra
given in Fig. 5: (A) glutamic acid, (B) hydrolyzed polymer, and (C) isolated PGA is given.

Position, m/z  Signal identity  Position, m/z Signal identity
130,04 Glu-H20+H+ 306,94 Glu2+H20+Na+-H+
142,09 Glu-CO+Na+ 448,96 Glu3+2Na+-2CO-H++H20
164,93 Glu+H20-H+ 590,86 Glu4+3Na+-3CO+H20+H+
148,09 Glu+H+ 1150,07 n.i
170,09 Glu+Na+ 1662,81 Glul3-CO+H+
192,09 Glu+2Na+-H+ 1793,11 Glul4-CO+H+
214,08 Glu+3Na+-2H+ 1957,2 Glul5+H+
226,08 n.i.

a b) 40
' o
t\‘“ﬁs N
3 N 71
2 - l é‘» 23
§ . g 18

30

2 10 # -1
Glycerol, gL." 0 1020 Glucose, gl.

32 ;
Glutamate, gL

0
Glycerol,gL’”o 0 5 41

Fig. S-1. 3D response surface graph for the effects of a) concentrations of glycerol and
glucose and b) concentrations of glycerol and glutamate on PGA yield. The third variable was
held constant at the center point.
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Fig. S-2. Positive ion ESI mass spectra of glutamic acid (A), hydrolyzed isolated PGA (B) and
isolated PGA (C).
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Fig. S-3. FTIR spectra of purified PGA, PGA/TiO, nanocomposite, and TiO,.
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Synthesis of sodium silicate crystals from rice husk ash
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Abstract: The rich husk is an agricultural waste of rice cultivation worldwide,
which is highly rich in amorphous silica. Rice husk obtained from Dagiri was
pyrolyzed at 750 °C to give white ash (RHA) which was further treated with
acid (ARHA). The ash was reacted with sodium hydroxide at 90 °C for 2.5 h to
produce sodium silicate crystals. Sodium silicate synthesized in the study was
characterized for some physicochemical parameters. Their structural and mor-
phological properties were assessed using a Fourier transform infra-red spec-
trophotometer (FTIR), X-ray diffractometer (XRD) and scanning electron mic-
roscope (SEM). The mineralogical composition of the ash and sodium silicate
was investigated with energy-dispersive X-ray fluorescence (EDXRF) spectro-
meter. The sodium silicate produced has a melting point of 61 °C, pH of 12.03
and appeared as brownish—white to clear-white in colour. The RHA and ARHA
from XRD investigation showed patterns which match the mineral phase cris-
tobalite, while that of the sodium silicate XRD patterns match the mineral hep-
tahydrate disodium trioxosilicate as the most dominant phase. Rietveld refine-
ment of the XRD pattern for the sodium silicate gave R, = 12.81, Ry, = 5.55,
x2=5.3274 and GoF =2.3081 against a dual phase analysis. The crystals
synthesized are suitable for use in cosmetic formulations.

Keywords: acid treated ash; cosmetic; crystal structure; paddy; silica; water glass.

INTRODUCTION

Rice husk is an agricultural waste material produced via the cultivation of
rice!. Rice production worldwide was pegged at over 952 million tons in 2016
according to a 2018 data report by the Food and Agriculture Organization (FAO).
The rice husk, which is the outer cover of the rice, accounts for 20 % of the
paddy produced annually (about 190 million tons).2

* Corresponding author. E-mail: creamysal@yahoo.co.uk
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The world has seen a tremendous increase in annual rice production in recent
years when compared with the previous report of an estimated 40 million tons in
2003. It is regarded as the second most-produced cereal in the world and geo-
graphically concentrated in Asia with over 90 % of the world output. While, Nig-
eria is putting efforts to develop this sector of agricultural produce, the bulk of
rice husks generated is mostly sent to landfills, burnt as fuel to generate energy
and leading to residual ashes (RHA) containing over 60 % silica content.3-4

Rice husk contains high ash content,3-¢ varying from 13 to 29 wt. % depend-
ing on the variety, climate, and geographic location. The ash is largely composed
of silica (87-97 %) with small amounts of inorganic salts.%7 The high ash con-
tent can be recovered as amorphous silica.8 The amorphous nature of silica in
rice husk makes it extractable at a lower temperature range of 90-110 °C.3

Sodium silicate solutions are complex mixtures of silicate anions and poly-
mer silicate particles with a mole ratio of SiO; to NayO > 2 and are commercially
referred to as water glass.* The solutions are generated in different grades as
characterized by their Si0;:NayO ratios, varying water contents and low visco-
sity.? Sodium silicate is among the alkali silicates that gave rise to extensive stu-
dies due to their importance in mineralogy, solid-state chemistry and chemical
technology. About 12 natural sodium silicates minerals are known to exist and
nine of them have been studied structurally.!® Anhydrous sodium silicate are
considered important raw materials in production of finished products in both
inorganic chemistry and technical mineralogy.!! Some of industrial applications
include production of water glass solutions or manufacture of acid-resistant ena-
mel frits, components of refractory cements, steel and alloy castings, electrodes,
dyeing, printing, textile auxiliaries as inorganic binders or builders in washing
powders (soap and detergent cake).!l-13 Crystalline sodium silicates such as
NaySi>O5 have been shown to exhibit high ion-exchange capacity, selectivity and
multifunctionality; such as buffering capacity, water softening ability and ability
to degrade fats by hydrolysis and as such suggested as alternative replacement of
sodium tripolyphosphate builder in detergents.!415 It has been suggested that
soluble sodium silicates play other vital role of corrosion inhibition in many of its
applications such as engine antifreeze and detergents.!® Sodium silicate in surf-
actants have been applied in detergent technology for pre-flush technology, with
the main role of sodium silicate targeted at removal of hardness (Ca2*, Mg2™)
which can complex with anionic surfactants making them less reactive or
unstable. The silicates minimize these unwanted charges by sequestering the
metals via a precipitation reaction. The silica anion also competes for active,
positively-charged sites on the casing and wellbore thereby reversing their sur-
face charge and repelling surfactants.!? Sodium silicate is also used as a binder in
cosmetic products, such as face powders, eyeliners and lipsticks, to give them a
smooth and creamy texture. It helps to bind the different ingredients together and

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



SYNTHESIS OF SODIUM SILICATE CRYSTALS 1 OO 1

prevent them from separating.!” Sodium silicate can be used as a thickener in
shampoos and conditioners, to improve viscosity and consistency. Sodium silic-
ate can also be used as a pH stabilizer in lotions and creams, to help maintain
their pH levels. This is important because certain cosmetic ingredients can
become less effective or even unstable at certain pH levels. Sodium silicate can
be used as a preservative in liquid soaps and facial cleansers, to help prevent the
growth of bacteria and other microorganisms. It works by altering the pH level of
the product, which makes it less hospitable to microorganisms. Sodium silicate
can also be used as a skin protectant in sunscreens and lotions, to help shield the
skin from harmful UV rays and other environmental pollutants. It forms a pro-
tective film on the skin, which helps to prevent moisture loss and maintain the
skin's natural barrier function.!8.19

The work aims to synthesize a sodium silicate crystal from rice husk ash for
possible use in the cosmetic industries.

EXPERIMENTAL

Rice husk was obtained from rice mill at Dagiri, Gwagwalada local government of Fed-
eral Capital Territory, Abuja, Nigeria, analar grade sodium hydroxide and hydrochloric acid
from Sigma Aldrich were used. All solutions were prepared with distilled de-ionized water.

Sample pre-treatment

Rice husk was washed with water to remove sand and dust particles. The washed rice
husk was then spread on tray and air dried for 24 h. Dried rice husk was placed in stainless
steel cylinder and turned to ashes at 750 °C for 3 h in a Carbolite muffle furnace available at
Sheda Science and Technology Complex (SHESTCO), Abuja. The pyrolyzed sample tagged
RHA were weighed (200 g) separately and treated with 1600 mL of HCI (10 and 20 %) in a
Pyrex beaker and heated for 2 h at 90 °C. The reaction mixtures were filtered and washed
repeatedly with distilled deionized water until the filtrate becomes neutral to litmus. The resi-
dues designated 10 % ARHA and 20 % ARHA (acid treated RHA) were dried at 105 °C for
12 h in a carbolite hot air oven and kept in a desiccator for subsequent steps.

Preparation of sodium silicate

Modified method?? was adopted: 150 g of ARHA was reacted with 1200 mL NaOH (10
%) in a Pyrex beaker and heated at 90 °C for 2.5 h. The reaction mixture was filtered and the
filtrate concentrated by heating to 2/3 of its original volume. The concentrate was seeded with
a pinch of pure sodium silicate crystals to induce rapid crystallization. The sodium silicate
crystals formed were separated by decanting the supernatant liquid. The crystals were rinsed
with iced cold distilled deionized water and allowed to drain on a filter. The drained crystals
were stored in polyethylene container.
Physicochemical characterization of crystal

Determination of sodium oxide content (IS 6773 (2008)). The sodium oxide content of
crystal obtained was determined by titrating dissolved crystal sample with standard hydro-
chloric acid to pH 4.3 using methyl orange indicator. 5 g of sodium silicate crystals were dis-
solved in 50 mL deionized water and transferred to 100 mL volumetric flask then diluted to
mark with deionized water. A 25 mL portion of the solution was titrated against 0.2 M HCI to
orange end-point colour.
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Calculations.

3.1VM
exmo =M 1)
w

where V is volume of hydrochloric acid used, M is the molarity of the hydrochloric acid and w
is the mass of crystal sample.

Viscosity measurement. The viscosity of liquid sodium silicate solutions was determined
using the Brookfield rotational viscometer according to the ASTM D2983 by insertion of
number 2 spindle, rotating at 60 rpm at 25 °C in the sodium silicate liquor. The viscosity was
read from the display reading. The determination of viscosity of sodium silicate liquor was
essential to determine the optimum thickness for effective crystallization of the sodium silic-
ate crystals from its water glass liquor.

Determination of total solid (IS 6773 (2008)). The total solids of liquid silicates were
determined by weighing 5 mL (5 g) into a known weight of pre-fired porcelain crucible and
placed in a muffle furnace at 1050 °C for 30 min. A few drops of 30 % hydrogen peroxide
were added to prevent spattering. After cooling in a desiccator and the crucible was
reweighted. The weight of the residue was taken and the relative content of solids were rep-
orted to the nearest 0.01 %.

Determination of silicon dioxide content (IS 6773 (2008)). The SiO, content was cal-
culated by subtracting the % of sodium oxide from the % of total solids.

Sodium silicates are often described by the weight ratio of the silicon dioxide to the
sodium oxide, with the sodium oxide as unity. It may be calculated directly by dividing the %
of SiO, content by the % of Na,O content that has been chemically determined.

Determination of pH (ASTM D4972). A 0.1 % solution of sodium silicate was prepared
by dissolving 0.1 g of sodium silicate crystals in 100 mL deionized water. The pH of the
sodium silicate liquor and 0.1 % sodium silicate solution was measured using the pH electrode
and Orion Versa Star Pro meter advanced electrochemistry meter.

Melting point determination (DIN 53736). The microscopic hot stage method melting
point apparatus by Bristoline was used. A single crystal sample of the sodium silicate was
placed on a hot stage and the heater turned on. The temperature at the point the crystal melts
was read from the inserted thermometer.

Characterization of crystals

Empyrean pan-analytical XRD (with CuKa at 1 = 1.54060 A, U=40 V, =40 mA and 5
to 74°, 26 angle), EDXRF (vacuum and air atmosphere geological sample analysis) and
Phenom ProX scanning electron microscope available at the central laboratory of Umar Musa
Yar’adua University, Katsina, were used to study the crystal structure, mineral composition
and morphology of the crystal respectively. Thermo-Scientific Nicolet iS5 FT-IR spectro-
meter equipped with iD7 ATR sampler was used to asses any functional group available in the
RHA, ARHA and sodium silicate crystals over the range 500-4000 cm™! and resolution of 0.5
cm!. The thermal behaviour was investigated by the Perkin-Elmer MSE-TGA 4000 TGA
(30-950 °C at 10 °C/min) available at Ahmadu Bello University, Zaria.

RESULTS AND DISCUSSION
Physicochemical properties of sodium silicate crystals

The physical properties of sodium silicate crystals are shown in Fig. 1 and
some other chemical properties are given in Table I. From the images in Fig. 1,
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the appearance of the crystal was originally brownish—white but on further wash-
ing, it became brightly white and soapy to the touch. The pH of sodium silicate
solution was found to fall within the commonly reported range of 11-12.5, as a
solid with alkaline properties in solution it is readily neutralized to silica solid in
the presence of acid. This forms the basis for most reported work on the synthesis
of silica from rice husk ash.21-24

Fig. 1. Images of samples obtained: a) brownish silicate, b) washed silicate and c) crystalline
appearance of washed silicate.

TABLE I. Some physical and chemical properties of sodium silicate crystals and silica

Property Sodium silicate Sodium silicate liquor 750 °C 10 % 20 %
crystals (Water glass) RHA ARHA  ARHA
Colour Brownish to Brownish White White White
white
pH 12.03 12.03 Neutral ~ Neutral ~ Neutral
Solubility, g dm™ High High Insoluble Insoluble Insoluble
Density, g cm™ - 1.415 - - -
Viscosity, mPa s - 25 - - -
Stability in air Slow Stable Stable Stable Stable
efflorescence
Melting point, °C 61 - - — —
Na,O content, % 12.40 11.54 - - -
Si0O, content, % 25.99 25.30 - - -
Sio,/Na,O 2.00 2.19 - - -
Total solid 38.39 36.84 — — —

RHA — sodium silicate crystals composition analysis

The elemental composition of the RHA, ARHA and sodium silicate crystals
obtained from X-ray fluorescence analysis (by the air and vacuum atmosphere)
are shown in Table II. It can be noticed that the percentage composition of SiO;
increases progressively as the acid treatment concentration increase from 10 to
20 %, while other metal oxides concentration decreases.
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TABLE II. EDXRF oxides composition (%) of RHA, ARHA and crystals

Oxide 750 °C RHA 10 % ARHA 20 % ARHA Sodium silicate
Fe,04 0.4698 0.15836 0.18990 0.1576
Na,O - — — 14.739
MgO 3.30 1.46 0.35 1.379
Al,O4 1.443 1.147 1.063 1.3516
SiO, 72.148 90.344 91.567 18.665
P,0;5 4.761 0.7510 0.8647 0.8505
SO; 0.1647 0.0780 0.0777 0.3631
Cl 0.0256 0.01778 0.02052 0.0824
K,0 3.3802 0.5772 0.5897 0.2346
CaO 0.7572 0.1326 0.1220 0.03335
MnO 0.4367 0.08555 0.08706 0.00799
SnO, 1.00 1.00 1.00 -
Others 0.17478 0.07515 0.08312 0.05111

This decrease indicates the effectiveness of acid treatment in purifying the
rice husk ash samples, as a means of preventing unnecessary side reactions. The
Si0; and NayO content of the sodium silicate crystals were 18.665 and 14.739 %
respectively. This will indicate that the ratio of SiO; to Na,O is 1, which is not in
agreement with the classical method result. This deviation may be attributed to
the consequential presence of traces of CaO, MgO, Al,O3, K;O and Fe;03,
which might equally react with the acid during the titrimetric determination of
NajO, thus giving a higher false value of Na;O. According to the study by Owo-
eye et al., the synthesis of a sodium disilicate from RHA at different concen-
tration of 3, 4 and 5 M of NaOH was found to contain 28.64, 42.25 and 36.97 %
SiO, while the NayO content was 12.32, 17.23 and 18.24 %, respectively,25
which were all higher than the 18.665 % of SiO, and 14.739 % of NayO content
obtained in the present study at lower concentration of NaOH (10 % = 2.5 M).
Similarly, Siregar et al. reported the synthesis of sodium silicate from both corn
cob and rice husk with content of Na of 43.29 and 22.63 %, that of O of 36.48
and 71.98 % while the Si content was 20.23 and 5.39 %, respectively.20

XRD of the solid obtained

The diffractogram of RHA obtained is shown in Fig. 2. The RHA, 10 %
ARHA and 20 % ARHA diffractogram patterns correspond to the mineral cris-
tobalite (96-900-8111). The diffractogram obtained for RHA treated at 750 °C,
confirms that heat treatment of rice husk at a higher temperature such as 750 °C
results in the formation of crystalline silica. A similar report showed that treat-
ment of rice husk between 450-700 °C generally results in silica predominated
with amorphous phase,2” while the higher temperature of 1000-1350 °C results
in silica predominant by crystalline phase. Similarly, Shihab and Twej reported

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



SYNTHESIS OF SODIUM SILICATE CRYSTALS 1 005

obtaining amorphous and crystalline phases when rice husk was treated at 650
and 1000 °C, respectively.24

i 20 % ARHA
1640
820 — J H -

0

2460

2430 |-
1620 | -
810 J l -
2100 I- 750 °C RHA 7

1400 u
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0 ]
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%8 I ‘Cristobalite
64 | 4

32 - —
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20/°

Fig. 2. XRD patterns of RHA, ARHA and reference pattern.

It was also observed that there was no specific change in the crystalline
phase nature of the RHA when it was acid treated at different concentrations of
10 and 20 % HCI.

The diffractogram of the sodium silicate crystals obtained (Fig. 3) match the
reference phase 2106900 of the crystallography open diffractogram with a chem-
ical name of sodium hydrogen tetraoxosilicate heptahydrate (NayH,SiO4-7H,0).10

The suggested properties associated with this crystal show that it is mono-
clinic, and the Rietveld refinement of the XRD pattern for the sodium silicate
performed by the profex software, v. 5.0, gave Ryp=12.81, Rexp=135.55, = =
= 5.3274, GoF =2.3081 for NayH»SiO4-7H70 and Na3HSiO4:2H,0 phase ana-
lysis.28 The inability of the y2 value found to meet up to the threshold value of
1.5 may be due to the presence of some impurities (majorly Al and Mg and traces
of Ca, Fe, Zn, etc.) associated with the synthesis.

FT-IR spectra of rice husk ash and sodium silicate

The infrared spectra of the rice husk ash treated under high temperature and
acid treatment are shown in Fig. 4. There were very week absorption peaks at posit-
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Fig. 3. Diffractogram pattern of synthesized sodium silicate.

ion of 3000 and 3500 cm~! which are usually attributed to O-H group for
moisture in the 750 °C RHA sample. For 20 % ARHA and 10 % ARHA there
was no visible absorption in the same region of 3000 to 3500 cm™!, which is a
representation of —O—H group from water or Si—O—H.22.29 The peaks at 1021,
1098 and 1090 cm™! at 750 °C for 10 % ARHA and 20 % ARHA samples,
respectively, are often attributed to Si—O—Si asymmetric bond stretching vibrat-
ion.30 The peaks at 797, 794 and 795 cm! are attributed to the Si—O bending
vibration band.3! Most of the absorption peaks detected in the 750 °C RHA
sample were also noticed to have disappeared in the 10 % ARHA and 20 %
ARHA samples. This may be linked to effective removal of remnants lignin, cel-
lulose and hemicellulose by the acid treatments. The spectra of sodium silicate
show a strong broad peak at 3048.42 cm~! which was attributed to presence of
—OH group, associated to moisture. The peak at 1667.16 cm™! is similarly a com-
plementary —OH group caused by bending vibration of water.!” While the strong
stretching peak at 987.89 cm™! is due the Si—O bond stretching of the silicon tet-
rahedron.32:33 The peak at 1443.94 cm™~! may be attributed to C—O symmetric
stretching of C—O—Si, due to some C sneaked or CO; absorbed into the separated
solid.34 Also the peak at 2355.14 cm~! position may be attributed to O=C=0
stretching, since sodium silicate crystals may have been exposed to atmospheric
carbon(IV) oxide during the draining process of the crystal.
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Fig. 4. FT-IR spectra of sodium silicate crystals.

Thermogravimetric analysis of sodium silicate crystals

The results of TGA for 750 °C RHA, 10 % ARHA, 20 % ARHA and sodium
silicate crystals are shown in Fig. 5. It can be observed that a two-step weight
loss occurs during the temperature treatments of RHA and 10 % ARHA. The first
weight losses of 0.242 and 0.122 %, which occurs before 200 °C, can be attri-
buted to physically adsorbed water.35 The second step weight loss occurs between
200 and 400 °C, which may be attributed to loss of other volatile, probably trap-
ped in the sample’s matrix during initial preparation. The 20 % ARHA sample
TGA curve depicts only one-step weight loss of 1.05 % between 28 and 450 °C.
This weight loss may be attributed to release of trapped moisture as well as other
volatiles. Overall, the TGA of 750 °C RHA, 10 % ARHA and 20 % ARHA
samples appeared to be stable to heat treatment as about 98 % of the materials
remain after 850-900 °C.

The TGA for the crystal sample shows that there was also two-step weight
loss between 30 and 400 °C and between 400 and 500 °C. The first weight loss is
considered a dehydration step, which is attributed to the loss of moisture in the
crystal near and above its melting point as evidenced by the low weight loss of
1.777 %. The second weight loss may be attributed to the removal of mole
equivalents of crystal water molecules from the crystals sample as signified by
the large weight loss of 34.475 %. The residue obtained after the attainment of
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550 °C is attributed to the formation of anhydrous sodium silicate. Beyond the
550 °C, the anhydrous silicate was relatively stable with about 55 % of sample
remaining.
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Fig. 5. Loss in weight measurements.

SEM morphological observation

The surface morphological appearance of the RHA obtained at 750 °C shows
a micro-flaky and irregular shape with agglomeration (Fig. 6). For the 10 %
ARHA the micro-flaky agglomeration possesses a wavy opening fitted with lat-
eral pores much like an oval hexagon and the 20 % ARHA showed no wavy pat-
tern opening while also showing rod-like microstructure and some micropores.
The isolated rod-like structure seen in the 20 % ARHA bears evidence of induced
crystallinity as a result of increased acid concentration. The sodium silicate mor-
phology at 12000x magnification, Fig. 6d, shows an uneven surface and the
appearance of tiny pores on the surface of agglomerated morphology. The sur-
face of the crystal also appears to have slight indentation while the irregular
pores appears to run deep.

Significant agglomeration of particles on the surface of the amorphous silica,
used in the synthesis of sodium silicate from corncob and rice husk, as well as
existence of pores within the agglomerates was also reported.26
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Fig. 6. Scanning electron microscopic images of: a) 750 °C RHA, b) 10 % ARHA, ¢) 20 %
ARHA and d) sodium silicate (SS) crystal surface.

CONCLUSION

Rice husk ash was used to synthesize crystalline sodium silicates. The acid
treatment of RHA showed improvement on the purification of silica obtained as
well as improved crystal structure. The similarity of all the RHA (750 °C, 10 %
ARHA and 20 % ARHA) to the cristobalite phase also shows that treatment type
affects the crystallinity of the silica obtained. The sodium silicate sample synthe-
sized was found to contain two phases namely disodium orthosilicate (91.91 %
NayH»Si04-7H,0) and trisodium orthosilicate (8.10 % Na3HSi04-2H»0), as rev-
ealed by the rietveld refinement analysis. Since disodium orthosilicate are often
used in cosmetic formulations as an exfoliating agent or abrasive. The synthe-
sized orthosilicate will be useful in improving skin texture when added to cosmetics.
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LIST OF SYMBOLS AND ABBREVIATIONS

ARHA — Acid treated rice Husk Ash

ATR — Attenuated total reflectance

BSCA — Brownish Silicate Crystal Abuja

COD - Crystallography Open Database

DTA — Differential thermal analysis

EDXRF — Energy—dispersive X—ray fluorescence spectrometer
FAO - Food and Agriculture Organization

FTIR — Fourier transform infra-red spectrophotometer
RMRDC — Raw Materials Research and Development Council
RHA — Rice Husk Ash

SEM - Scanning electron microscope

SHESTCO — Sheda Science and Technology Complex

TGA — Thermogravimetry analysis

XRD — X-Ray diffraction/diffractometer

Ry, — Weight profile R-factor

Ry — Expected R-factor

GoF — Goodness of fit
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U3BOJI
CHUHTE3A KPUCTAJIA HATPUJYM-CUJIMKATA U3 ITEIEJIA IMPUHYAHE JbY CKE

STELLA ADEDUNNI EMMANUEL', ALHASSAN ADEKU SALLAU', OLUWASEYE ADEDIRIN', HUSSAIN DOKO
IBRAHIM?, MOHAMMED LAWAL BUGA?, ANTHONY OKEREKE?, GERTRUDE NGOZI OZONYIA®
1 FORTUNE MIEBAKA ALABI?

1Chemistry Advanced Research Center, SHESTCO, Abuja, Nigeria u “Raw Materials Research and
Development Council, RMRDC, Maitama, Abuja, Nigeria

300r ysroja nUpHHYa MHUPOM CBETa, MUPUHYAHA JbYCKa NMPENCTaB/ba BEOMa PacnpocTpa-
HBEeHU TI0JbOTIPUBPENHU OTHaz OoraT aMopdHUM CUIHLHjyMOM. Y OBOM pamy, MUPOTH3OM Ha
750 °C nupuHYaHa JbycKa je npeTBopeHa y oenu neneo (RHA), koju je 3aTum TpeTupaH Kuce-
nuHoM (ARHA). HakoH Tora, fodujeHa cycneHsdja je TpeTHpaHa HaTPUjyM-XUAPOKCUIOM Ha
90 °C Toxom 2,5 h, npu yemy nosasu o U3[Bajaka KPUCTala HaTPHjyM-CUIKMKaTa. Kpucranu
HaTPHjyM-CUIMKATa Cy OKapaKTepPHCAaHH Ha 0a3d pasimuYUTUX (PU3NUYKO—XEMHjCKUX Iapame-
Tapa. 3a ompehuBame CTpyKType CHIHKaTa ynoTpedseHH Cy HHGpaUpBeHH CreKTpodoTo-
metap ca PypujeoBom Tpanchopmanujom (FT-IR), pennrencku mudpaxromerap (XRD) u
ckeHupajyhu enekrpoHcku mukpockon (SEM). 3a ucnuTHBame MHUHEDAIOIIKOr cacTasa Iie-
nejna ¥ HaTPUjyM-CUIMKaTa KOPUINhEH je eHepreTCKH AUCIEP3UBHHM PEHATEHCKH (iyopec-
ueHTHU cnektpoMeTtap (EDXRF). Tauka Tomsbema J00HjeHUX KpUCTaia HaTpHUjyM-CUINKATa je
61 °C, pH 12,03, mox je wuxoBa boja duna nsmehy ceerinocmehe u csernmocuse. McnutrBama
denor nenena nomohy XRD, HakoH werose peakuuje ca kucennHom (ARHA), nokasana cy na
UCMHATUBAHU y30pLM UMAjy CTPYKTyPy MHUHepajia KpUcTodanuTa, IOk CTPYKTypa HaTpHjyM-CH-
JMKaTa oAroBapa CTPYKTYpPH MHHEpaja HaTPHjyM-TPHUOKCOCHIMKAT-XenTaxuapaT. Metomom
pasznBajama o Putsenny (Rietveld refinement method) npuMemneHOM Ha JUGPAKTOrpamMe KpHUC-
Tala HaTpUjyM-CUIMKaTa podujeHe cy cnenehe BpemHOCTH: Rup = 12,81, Rex = 5,55, Xz =
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= 5,3274 u GoF = 2,3081. Haheno je ma cy KkpucTanu HaTpUjyM-CHIMKaTa TIOTONHHU 3@ MPH-
mpeMy KO3MeTHIKUX popmyraiyja.
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Identification of organic compounds using artificial neural
networks and refractive index
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Abstract: 1dentification of chemical compounds has many applications in sci-
ence and technology. However, this process still relies significantly on the
knowledge and experience of chemists. Thus, the development of techniques
for faster and more accurate chemical compound identification is essential. In
this work, we demonstrate the feasibility of using artificial neural networks to
accurately identify organic compounds through the measurement of refractive
index. The models were developed based on the refractive index measurements
in different wavelengths of light, from UV to the far-infrared region. The
models were trained with about 250,000 records of experimental optical cons-
tants for 60 organic compounds and polymers from published literature. The
models performed with accuracies of up to 98 %, with better performance obs-
erved for the refractive index measurements across the visible and IR regions.
The proposed models could be coupled with other devices for autonomous
identification of chemical compounds using a single-wavelength dispersive
measurement.

Keywords: machine learning; ANNS; classification, deep learning, materials iden-
tification.

INTRODUCTION

Organic material identification is a vital process across various industries
such as pharmaceuticals, food, agriculture and environmental science. The ability
to identify organic compounds quickly and accurately is imperative for the dev-
elopment of new products, monitoring environmental pollutants and detecting
contaminants in food and drugs.!—3 However, the traditional methods of material
identification, such as gas chromatography and mass spectrometry, can be tedi-
ous and costly.®> Therefore, it is crucial to explore new ways to facilitate organic
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materials identification. One such approach that has gained attention recently is
the use of machine learning techniques.

Machine learning (ML) is a branch of computer science that focuses on
developing algorithms that can learn from and make decisions based on complex
data.® One recent development in ML is deep learning, a cutting-edge field that
uses artificial neural networks (ANNs) to improve the performance of traditional
ML models.” ANNS are artificial systems that are modelled after biological neu-
ral networks and are able to learn and perform tasks without pre-programmed
rules by being exposed to various datasets and examples.® Deep learning is
among the most effective, efficient, and cost-effective approaches to ML.9 Addit-
ionally, ANNs have the advantage of being able to increase their accuracy in
production. Unlike traditional ML models like random forests, ANNs do not
need to be fully re-trained as more data becomes available; this can lead to sig-
nificant cost savings in terms of computational resources. Therefore, ANNs are a
suitable approach to ML.

ANNSs have found applications in various fields such as environmental sci-
ence, where they are used to predict the percentage of water pollutant removal
based on experimental variables such as temperature and treatment time.!0-12
Moreover, Raman spectroscopy imaging has been widely used in combination
with machine learning (ML) techniques to identify the properties and structures
of organic compounds. Raman spectroscopy is a non-destructive imaging method
that provides information about the vibrational modes of a compound, which can
be used to determine its chemical structure and composition.

One of the key benefits of using Raman spectroscopy imaging in conjunction
with ML algorithms is its ability to accurately identify the chemical structure and
composition of various organic compounds.!3:14 Studies have reported ML
models based on Raman spectra that were able to classify materials like biomole-
cules, organics and inorganics.!5-18

Despite the higher performance of ML models using spectra images as input,
the setup and equipment for obtaining associated spectra data is more complex
and expensive. Therefore, a simple measurement like the refractive index (n) can
offer alternatives. Refractive index of a sample is defined as the ratio of the speed
of light in a vacuum to its speed in the sample medium.

The chemical composition of a sample can also affect its refractive index
through the presence of certain functional groups or atoms that can interact with
light in specific ways.!9 For example, refractive index has been used for detect-
ion of components with low chromophoric activities such as sugars, triglycerides,
organic acids, pharmaceutical excipients, and polymers.20 So, the refractive
index is an optical property that carries enough information related to chemical
composition.
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Machine learning models for predicting refractive indices of polymers have
been previously reported.21-22 In another work, refractive index was used as the
input to ML models to differentiate between normal and malignant tissues in bio-
medical.23

This work was inspired by a study attempting to apply random forests (RF),
a traditional ML algorithm and refractive index to identify organic com-
pounds.?4 In order to train the machine learning models, we use data from a pub-
lic database of refractive indices for organic compounds and polymers. The data-
base contains data from literature gathered over a long period of time.25

To the best of our knowledge, this is the first work to report the use of
refractive index for classification of organic compounds with artificial neural
networks (ANNs).

EXPERIMENTAL
Database

Version 1.0.0 of a web scrapper built using Python was run on the refractive index web-
site, which is a database for experimental optical constants from published literature since
1940.% The scrapper targeted 60 organic compounds and polymers. The scrapped data was
stored as comma-separated values (CSV). The file contains four columns: organic compound
(book), wavelength (1), refractive index (n) and extinction coefficient (k). The scrapped data-
base has a total of 248,756 entries and 9645 missing values of k.

The database was split into five categories as follows (Fig. 1): ultraviolet (0-0.4 um),
visible (0.4-0.75um), near IR (0.75-1.5 um), IR (1.5-4pum) and far IR (>4 um).

120000

100000

80000

count

60000

40000

20000

uv Visible

Near IR IR Far IR
Wavelength region

Fig. 1. Raw scrapped data from the refractive index website.

Data pre-processing

All the missing values for extinction coefficients in the raw database were replaced by
zero. Since the UV and visible data was not enough for training the models, the data augment-
ation was performed on these regions using the Sellmeier equation.2® This is a mathematical
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formula that can be used to predict the refractive index of a material as a function of wave-
length. The data augmentation was required to artificially synthesize more data using domain
knowledge,?” which is a technique used previously with Raman spectra-based organic clas-
sifiers.!6-18

The Sellmeier equation is given by the following equation:

n2(1)=1+ﬂ+ B, . (1)
H-C h-C

Where n(2) is the refractive index at wavelength 4. By, B,,... and Cj, C,,... are Sellmeier
coefficients that are specific to the material. A custom Python script was used to estimate the
missing Sellmeier coefficients by curve fitting (see the supporting information).

Artificial neural network classifiers (ANNs) for organic compounds

Scikit-Learn, TensorFlow and Keras Python libraries were used for training and evaluat-
ing the accuracy of the ANN classifiers. This was done in a Google Collaboratory environ-
ment.28:2% Seven different models were developed according to available categories (see Fig. 4
later on). Each model contains three main layers: an input layer, hidden layers, and an output
layer. The input layer takes in three independent variables: 4, n and the extinction coefficient
(k). Hidden layers contain neurons; they extract and represent features from the input data,
allowing the network to learn. The output layer performs the final compound classification,
which is based on voting among 60 possible compounds. The compound with a high prob-
ability is considered the output of the model.”*8 An overview of the model design is shown in
Fig. 2.

Refractive Index-@ ,O - _ O O
Wavelength O S O O :O
Extinction — T~ N ~ ) £
Coefficient "/ O L/ W,
‘() C) {Predicted organic
compounds)
Input Layer Hidden Layer Hidden Layer Cutput Layer

Fig. 2. ANN organic classifier model architecture.

To evaluate the model’s performance, monitoring was performed during the training and
testing stages. In the training stage, the loss and accuracy of all models were monitored by a
validation data set. If the model’s prediction is perfect, the loss is zero. This tells how poorly
or well a model behaves after each iteration of the optimization.2>3% On the other hand, the
testing stage was performed using a test data set; the test data serves as an estimate of its
performance on new, unseen, data.

Accuracy, precision, recall and the F'1 score were used as evaluation metrics for the clas-
sifier. Precision tells us how many of the positive predictions were correct; recall tells us how
many of the actual positives were identified while the F'1 score gives a single metric to eval-
uate the overall performance of the model by balancing precision and recall.28:3! These eval-
uation metrics are mathematically defined as follows:
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.. TP
Precision = 2)
TP+ FP
TP
Recall=—— 3
TP+ FN
Flscore = 2><Pre.cl.smnXRecall )
Precisiont+Recall

where the term true positives (7P) refer to the number of samples correctly predicted as
positive, while false positives (FP) indicate the number of samples incorrectly predicted as
positive. Similarly, true negatives (TN) refer the number of samples correctly predicted as
negative and false negatives (FN) represents the number of samples incorrectly predicted as
negative.

RESULTS AND DISCUSSION
Data pre-processing
Analysis of the raw data revealed the percent of missing extinction
coefficient values in each region as follows (Fig. 3): UV (58.99 %), visible
(82.67 %), near IR (7.28 %), IR (0.32 %) and far IR (0.25 %). The final database
with data augmentation contains seven categories (Fig. 4). The UV region data

was increased from 1807 to 132314, and the visible region data was increased
from 6268 to 120455. The amount of data in other regions was left unaltered.

80 A

missing k values, g
) B w [l ~
o o o o] =]

N
o
L

a
=]
L

uv Visible Near IR IR Far IR
wavelength region

Fig. 3. Missing extinction coefficient values in raw data.

Performance of artificial neural network classifiers

The accuracies of the ANN models are listed in the following order: Near IR
(98.44 %) > 1R (97.72 %) > visible-augmented (86.60 %) > far IR (84.09 %) >
UV-augmented (81.49 %) > visible (69.22 %) > UV (59.00 %). It is observed
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that models in the near IR and IR regions outperform other regions (Fig. 5).
Moreover, from Figs. 6 and 7, the losses of the near IR and IR regions converge
to low and stable values, while the accuracy reaches high and stable values. This
indicates that the models in the near IR and IR regions are generalizing well and
not overfitting.28:32 The precision, recall and F1 scores of the near IR and IR
models shows high performance of above 98 % (Table I).

120000 -

100000 -

80000 1
€
3
o
[s]
60000 -
40000
20000
o
UV  UV-augmented Vis Vis-augmented Near IR IR Far IR
Wavelenath reaion
Fig. 4. Augmented refractive index data.
100 -

80 A

60 A

Model Accuracy

40 1

20 1

UV UV-augmented Vis Vis -augmented Near IR IR Far IR
Wavelength region

Fig. 5. Testing accuracies for the ANN classifiers.
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Fig. 6. Training and validation for ANN model in near IR region.
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Fig. 7. Training and validation for ANN model in IR region.

TABLE I. Performance evaluation for ANN classifiers

ANN Model Precision, %  Recall, % F1 score, %  Accuracy, %
uv 79.00 81.00 79.00 59.00
UV — augmented data 82.00 82.00 81.00 81.49
Visible 73.00 69.00 67.00 69.22
Visible — augmented data 86.00 87.00 85.00 86.60
Near IR 99.00 98.00 98.00 98.44
IR 98.00 98.00 98.00 97.72
Far IR 85.00 84.00 84.00 84.09
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Meanwhile, the performance of models in the far IR, UV and visible regions
is unsatisfactory. The recall, precision and F1 scores in these regions are low
(Table I). Their loss-accuracy plots show unstable values, and bumpy non-con-
verging lines, indicating their unreliability (Figs. S1-S5 of the Supplementary
material tp this paper). For UV and visible regions, more than 58 % of k values
were missing in their datasets (Fig. 3), which may provide the model with less
information to accurately learn the relationships between input and output vari-
ables. As a result, overfitting or poor generalization performance may be obs-
erved.33

Nevertheless, the accuracies for UV and visible models were observed to
increase by more than 17 % with data augmentation (Fig. 5); this suggests the
possibility of improving the performance by increasing the amount of training
data in these regions.

The accuracy and loss plots obtained from the near IR (Fig. 6) and IR (Fig.
7) models are smoother, and the lines converge well, while plots for models
containing augmented data show convergence but with bumpy lines (Fig. S1-
—S5). This implies that the validation dataset is not a good representation of the
training data set; this may be due to artificially synthesized data from the data
augmentation process, which introduced noise.28:32

Comparison with other machine learning organic classifiers

The developed models are comparable with models from previous studies
(Table II), indicating the potential of using the refractive index measurement to
facilitate the identification of organic compounds using machine learning.

TABLE II. Comparison of this work with some previous studies using Raman spectra data
with machine learning. ResNet = residual neural network, DRCNN = deeply-recursive
convolutional neural network, ANN = artificial neural network, CNN = convolutional neural
network, KNN = K-nearest neighbor, ML = machine learning

Method Dataset Accuracy, % Reference
ResNet Organic biomolecules 100.00 15
CNN Organic and inorganic compounds 100.00 16
DRCNN Organic compounds and minerals 98.10 17
KNN Organic biomolecules 93.90 15
KNN Edible oils (fatty acids) 88.90 18
ANN classifier Organic compounds and polymers 81.49 (UV) This work
86.60 (Vis)
98.44 (Near IR)
97.72 (IR)
84.09 (Far IR)
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CONCLUSION

In this study, the artificial neural network classifiers (ANNSs) for identifying
organic compounds were developed and tested successfully. The models rely on
refractive index measurements across the UV and far IR spectral regions. Inform-
ation related to the refractive index of an organic compound and the wavelength
of light used facilitate its accurate identification by artificial neural networks.

ANNSs in the near IR and IR regions showed better performance, with the
accuracy levels above 97 %, suggesting the potential of refractive index measure-
ments in these regions. The observed performance is comparable to models using
Raman spectra as inputs. Although the accuracies for the UV, visible and far IR
regions are slightly lower, ranging from 81 to 86 %, the additional data and hyp-
erparameter optimizations showed the possibility of improving performance in
the future.

This study demonstrates the feasibility of using artificial neural networks to
identify organic compounds using a single wavelength dispersive measurement.

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/12261, or from the corres-
ponding author on request.

H3BOJ
UIEHTHOUKALIMJA OPTAHCKUX JEIUILELA KOPUIIREBEM BEIITAUKHUX
HEYPOHCKHX MPEXA U UHIEKCA ITPEJJAMAIbA

INNOCENT ABEL KIRIGITI', NANIK SITI AMINAH' u SAMSON THOMAS®

'Department of Chemistry, Faculty of Science and Technology, Universitas Airlangga, Surabaya 60115,
Indonesia and “Department of Chemistry, Faculty of Mathematics u Natural Sciences, Universitas
Indonesia, Depok 16424, Indonesia

Hpentudukanvja XeMHjCKUX jefHbeha MMa MHOTO NPUMEHA Y HayLUH M TEeXHOJIOTHjH.
MehyTtum, oBaj ce mpolec jolr yBek MHOTO OCJIakha Ha 3Hake W MCKYyCTBO XemMudapa. Tako je
0J CyLITUHCKE B&)KHOCTH pa3B0j TEXHHKA 3a OprKe U MOoy3[jaHHje UAEHTU(PHUKOBabE XEMUjCKUX
jenumema. Y 0BOM pafy, mpescraBUhemMo HM3BOJBMBOCT KOpHUIThema HEYPOHCKUX Mpexa 3a
N0Yy3[JaHO UAEHTU(PHUKOBa®kE OPIraHCKUX jeIUIbEHha MEPEHEM HHIEKCA NpelaMama. Pa3sujeHn
Cy MOJEIH 3aCHOBaHH Ha MEPEHBHMMa HMHIEKCA MpejlaMama Ha PA3IMYUTUM TaJaCHHUM JyXKH-
Hama ceTioctH, of UV po maneke uHdpaupseHe 00nacTu. Mopenu cy TpEHHPaHHU ca OKO
250,000 3ammca eKkCriepUMEHTAHUX ONTHYKUX KOHCTAaHTH 3a 60 OpraHCKuX jemvmema H
nonuMepa U3 nydnrvKkoBaHe IuTepaType. Monenu cy ussBohenu ca noyspgasowhy go 98 %, ca
0o/bMM pe3y/NITaTOM ONaXKEHUM 33 Mepema MHAeKca Npenamama y BUIbMBOj U HUII obnacrtu.
[IpennoxeHH MOJENH CE MOTY CIIPETHYTH ca OPYrMM ypehajuma 3a ayTOHOMHY HIOEHTHU(DH-
Kallljy XeMHjCKUX jequbeha JUCIIEP3UBHUM MEPEHEM Ha jeHOj TalaCHOj Ty KHUHH.

(ITpummeHo 1. pedpyapa, pesunupaso 15. pedpyapa, mpuxsaheHo 4. asrycra 2023)
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J. Serb. Chem. Soc. 88 (10) (2023) 1013-1023
Table S-1. Accuracy scores for the developed ANNs

ANN Model Training Accuracy Validation Accuracy Testing Accuracy
(Per wavelength A N o
: (%) (70) (%)
region)
uv 60.00 59.00 59.00
UV - augmented data 82.59 76.73 81.49
Visible 73.33 70.76 69.22
Visible — augmented 86.17 86.65 86.60
data
Near IR 98.62 98.58 98.44
IR 97.89 97.76 97.72
Far IR 86.81 83.79 84.09

* Corresponding author. E-mail: nanik-s-a@fst.unair.ac.id
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Abstract: This research discusses the corrosion behavior of as-cast Al alloys
with different Mg content by potentiostatic electrochemical impedance spectro-
scopy (PEIS). The complex plane spectra of all samples feature a high-fre-
quency loop, followed by semi-infinite diffusion impedance characteristics at
low frequencies, with the corrosion-induced formation of a defined porous
structure of a layer making finite diffusion through the pores dominant upon
prolonged exposure. The most compact layer causes the most pronounced and
well-resolved finite diffusion features in the impedance spectra of the sample
with the highest Mg content, while the sample with the lowest Mg content has
a highly porous layer unable to slow down the corrosion rate at the layer/
/sample interface. The highest layer capacitance and diffusion admittance are
found in the sample with the highest Mg content, with a more adherent protect-
ive film expected to form. However, the growth rate of the layer was not ade-
quate for the remarkable closing of the pits, indicating the weakness of this
sample towards pit activity. The results show that increasing Mg content imp-
roves corrosion resistance and clearly separates bulky corrosion from localized
pitting corrosion, but it also increases the thickness of a more compact, poorly
adhesive layer.
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1026 SCEPANOVIC et al.

INTRODUCTION

Aluminum and its alloys have a wide range of applications in industry as
well as consumption due to their unique properties, such as light weight, high
strength and good corrosion resistance.!=3 Due to the broad application and eco-
nomic importance of aluminum and its alloys, increasing attention is being paid
to researching the corrosion characteristics of these materials in cast, aged, and
technically processed states.!'*5 Aluminum-magnesium alloys have been the
subject of numerous studies on corrosion rates in various solutions.> The form-
ation of a protective oxide layer is the main reason behind its excellent corrosion
resistance. However, under saline conditions, such as those encountered in mar-
ine environments, aluminum alloys are vulnerable to localized degradation in the
form of pitting and crevice corrosion. This type of corrosion occurs due to the
adsorption of anions, particularly chlorides, at the oxide-solution interface.d
From the standpoint of corrosion rate, in a chloride environment, AI-Mg alloys
are susceptible to localized degradation in the form of pitting corrosion. The
highest corrosion rate is observed in alloys containing around 0.8 mass % of
magnesium.# A higher magnesium content in Al alloys generally indicates a
higher degree of surface oxidation, where magnesium content varies from 6 to 8
%.9-10 The passive stable surface film serves as a barrier for the transfer of cat-
ions from the metal to the environment and for the counter diffusion of oxygen
and other anions.!! Chemically homogeneous, single-phase amorphous alloys
free from crystalline defects such as precipitates, segregates, grain boundaries
and dislocations often create a conducive environment for the formation of a uni-
form passive film without any weak points.® Dragos et al.12 shows results of
elongation and structural analysis of AI-Mg alloy before and after heat treatment
and artificial aging. On the other hand, alloys with magnesium are structural
metals that are lightweight. The lightweight nature of such materials is the main
reason for the interest in AI-Mg alloys in various industrial applications.!3

Aluminum forms a protective oxide film in the pH range 4.0-8.5, but this
depends on temperature, form of oxide present and the presence of substances
that form soluble complexes or insoluble salts with aluminum. This implies that
the oxide film is soluble at pH values below 4.0 and above 8.5. Several inves-
tigations reported that the pitting potential of aluminum in chloride solutions is
independent of pH in the range 4-9.14-16 However, pitting corrosion rate was
found increased at slightly acidic and alkaline solutions with respect to neutral
solutions.

The corrosion behavior of aluminum alloys is significantly affected by the
presence of particles in the matrix.3 Literature data2.8,14.16,19 showed that Mg,Si
particles tend to be anodic in relation to the matrix and can act as initiation sites
for corrosion. Most often, the Mg,Si phase dissolves, leaving behind a cavity that
acts as a nucleation site for pitting.14-16.20.21 These observations were made

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



ALUMINUM ALLOYS CORROSION IN CHLORIDES 1027

during investigations carried out on commercial aluminum alloys with low Si/Mg
mole ratios.”-22

Crevice corrosion is a highly localized form of corrosion that occurs by infil-
tration of water into closely fitted surfaces. The presence of aggressive ions, such
as chloride, often creates extensive localized attack.!4 Metals like aluminum that
depend on oxide films or passive layers for corrosion resistance are particularly
susceptible to crevice corrosion. Attack from this phenomenon can be aggravated
when combined with the presence of crystalline defects such as Mg5Si precipit-
ates. The possibility exists for reducing drastically the alloy susceptibility to cor-
rosion if its microstructure is modified by appropriate heat treatment prior to
usage. The research conducted in this study aimed to determine the corrosion rate
of an Al alloy in its cast and aged states, as well as to compare the corrosion rate
for both states. Aluminum and its alloys have been used in a wide range of indus-
tries due to their favorable characteristics such as high strength-to-weight ratio,
excellent formability and resistance to corrosion. Aluminum alloys are increas-
ingly utilized in a diverse array of products, including airplane parts, components
for the aerospace industry and the shipbuilding sector.!7-18 These industries
require materials with high strength-to-weight ratios and superplasticity. Com-
pared to other metals, aluminum alloys offer superior strength while being light-
weight. The development of materials with superplasticity aims to enhance their
mechanical and forming properties.!® Various manufacturing techniques have
been employed to fabricate and improve these superplastic materials, such as ext-
rusion, rolling, forging, stir casting, as well as more recent methods like friction
stir processing.!” However, the corrosion resistance of these materials is influ-
enced by factors such as alloy composition, processing history, and environ-
mental exposure. Therefore, understanding the corrosion behavior of these mat-
erials is crucial for their effective and sustainable use in various applications. The
aim of the presented investigation was to analyze the influence of Mg content on
the corrosion behavior of Al alloys in order to contribute to reliable prediction of
their behavior and to the development of improved corrosion-resistant Al alloy
for specific applications.

EXPERIMENTAL

The investigated alloys were obtained by casting and air-cooling in the Foundry Labor-
atory at the Faculty of Metallurgy and Technology in Podgorica. A 5.5 kW resistance furnace
with a working temperature of 1100 °C was used to obtain the alloys. The melting of the
alloys was carried out in a graphite crucible placed in the furnace.

High-purity magnesium was used as an alloying element in the alloys, with the Mg con-
tent of 2.42, 3.14 and 7.90 mass % in alloys 1,2 and 3, respectively. Copper, zinc, chromium,
and manganese were also used as alloying elements in the alloys. The chemical composition
of the obtained alloys was analyzed at the Aluminum Combine Podgorica (KAP) using a non-
-destructive X-ray quantometer method. The selection of the alloying elements was based on
previous research, with a focus on the effect of magnesium content on the corrosion charac-
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teristics while keeping the content of other alloying elements approximately constant. After
casting, all three alloys were subjected to heat treatment, including heating at 51545 °C for 6 h
and quenching in warm water.

Corrosion and electrochemical potentiodynamic investigations were carried out using
accelerated testing equipment — the PAR system consisting of a potentiostat/galvanostat
model 273, a differential eclectrometer, a corrosion cell K0047, a saturated calomel electrode
(SCE), auxiliary electrodes — cylindrical electrographite, a computer with corrosion software
SOFTCORR 352 11, and a printer. All potentials are expressed on SCE scale.

Corrosion testing was performed using the following methods:

— monitoring the change in corrosion potential over time, E,,; = f(7);

— polarization resistance method, R;

— potentiodynamic method.

A NaCl solution with a concentration of 0.51 M was used as the corrosion medium.

The electrochemical behavior was also assessed using potentiostatic electrochemical
impedance spectroscopy (PEIS). The measurements were carried out using a three-electrode
cell system in a 0.51 M NacCl solution, with platinum wire and SCE Serving as the counter and
reference electrodes, respectively. Prior to PEIS measurements, the electrolyte was purged
with N, for 30 min. A potentiostat/galvanostat SP-240 (BioLogic SAS, Grenoble, France) was
used for PEIS measurements at open circuit potential.

Optical images were taken with Leica 20 MP Ultra Wide Angle Lens, /2.2 aperture camera.

RESULTS AND DISCUSSION

The results of the chemical composition of the obtained alloys are presented
in Table I. The table shows the percentage of each alloying element used in the
production of the alloys, which is an important factor that can affect their pro-
perties, including their resistance to corrosion.

TABLE 1. Results of the chemical composition of Al alloys in mass %

Alloy Fe Si Ti Cu Zn v Ct Mn Mg Sn Ni Pb
L1 029 0.12 0.14 034 0.59 0.012 021 0.33 242 0.001 0.002 0.007
L2 030 0.12 0.13 035 0.62 0.012 025 0.25 3.14 0.001 0.002 0.008
L3 024 0.14 0.13 0.52 0.83 0.013 0.26 0.29 7.90 0.001 0.002 0.001

Table I shows that these are multi-component alloys with different contents
of alloying elements. The table lists the mass percentage of each element in the
alloys. It can be observed that the alloys have varying amounts of Mg, Cu, Zn,
Cr, Mn and Fe. The presence and the amount of each element in the alloys can
significantly affect their properties, such as strength, hardness and corrosion res-
istance. Therefore, understanding the chemical composition of the alloys is cru-
cial for predicting and controlling their behavior in different applications.

Fig. 1 shows the corrosion potential over time of as-cast Al alloys in 0.51 M
NaCl solution. Before starting the polarization measurements, the system needs
to be stabilized, which is judged by acceptable stability in time of the corrosion
potential. Corrosion potential is monitored upon sample immersion into the elec-
trolyte. From the results shown in Fig. 1, a shift in potential of the tested samples
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towards more positive values can be observed. The shift in potential of the alloys
towards more positive values is interpreted as passivation, or the formation of an
oxide film on the surface of the tested samples. The protective layer becomes
thicker and more compact over time. This film prevents the passage of aggressive
chloride ions from the solution, thus protecting the material from further corrosion.
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Fig 1. Corrosion potential of as-cast Al alloys over time in 0.51 M NaCl solution.

It can also be seen that corrosion potential takes more positive values as the
Mg content increases. This indicates that greater protective ability of the passive
films are reached with lower Mg content.

Linear polarization is an electrochemical technique used for monitoring cor-
rosion. It is based on the determination of the polarization resistance, R}, from the
slope of the polarization line near the corrosion potential. Based on the results
shown in Fig. 2a, and numerical values of the experimental measurements which
are shown in Table II, it can be concluded that the samples are stable in the tested
solution. Comparing the results, based on the value of the polarization resistance
Ry, (Table II), it can be observed that there is highest corrosion resistance for the
L2 sample, followed by L1 and L3.

Fig. 2b shows the potentiodynamic cathodic and anodic polarization curves
of the tested samples in a 0.51 M NaCl solution. In the cathodic region, a small
change in current density with potential is observed, indicating a low corrosion
rate of the tested samples in the NaCl solution, while in the anodic region, a
larger change in current density with potential is observed. The results of the
measurements are presented in Table I1I. Based on the values of jeorr and Ej—
given in Table III, it can be concluded that L1 is the lowest rate of corrosion in
the tested environment, followed by L3 and L2. The potentiodynamic polariz-
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ation curves provide valuable information about the corrosion behavior of the
materials, as well as the values of the corrosion potential and the current density

at which corrosion rate is negligible.
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T potentiodynamic cathodic and anodic
polarization curves of Al alloys in
the as-cast state in a 0.51 M NaCl

b) solution.

TABLE II. Change of corrosion potential over time of as-cast Al alloys in a 0.51 M NaCl sol-
ution

Sample Egor/ mV Eg, / mV
L1 -836 -725
L2 -834 -743
L3 -879 —740

Tables II and III present the complete results of corrosion studies in 0.51 M
NaCl on alloys L1, L2 and L3 in as-cast state. The tables provide information on
corrosion potential, corrosion current density, polarization resistance, corrosion
rate and other related parameters. By analyzing these data, one can gain insight
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into the effectiveness of different alloy composition in preventing corrosion and
choose the optimal material for specific applications.

TABLE III. Corrosion potential change over time of as-cast Al alloys in a 0.51 M NaCl sol-
ution

Sample Ej—o/ mV R,/ kQ cnr? Bo/mV Jeorr ! LA cm2
L1 —727.5 1.106 19.63 19.64
L2 -743.3 2.554 25.57 8.503
L3 —736.7 0.4605 16.93 47.15

Fig. 3 shows the impedance characteristics of the cast samples upon initial
(24 h) and prolonged (120 h) exposure to chloride-containing corrosive medium
as impedance complex plane plots.

" 5]
" 24h 134 = 24h 1 . 24h
= 120h 2] -2k | = 120h

IR RE R TTETA A8 6 7 8 2 10 1142 134 3
AT Zika Zik

Fig. 3. Impedance complex plane plots of as-cast Al-Mg alloy samples upon initial (24 h) and
prolonged (120 h) exposure to 0.51 M NaCl solution. Symbols: registered data; lines: the data
of equivalent electrical circuit.

Complex plane spectra of all samples feature high-frequency loop, which is,
in the cases of lower Mg content (L1 and L2), followed by well-defined semi-inf-
inite diffusion impedance characteristics at low frequencies. Prolonged exposure
causes the deviation of a near-45°-inclined straight line to more resistance-def-
ined behavior as the corrosion proceeds. This indicates the transition from semi-
infinite to more noticeable finite diffusion conditions due to the generation and
growth of a passive layer on the sample surface. While electrolyte species par-
ticipating in the corrosion processes diffuse initially from the electrolyte bulk, the
corrosion-induced formation of defined porous structure of a layer makes domin-
ant the finite diffusion through the pores upon prolonged exposure. The layer
over L3 sample of highest Mg content seems to be formed much quickly, since
finite diffusion characteristics are more resolved already in the initial stage of
exposure. The photographs of corroded samples (Fig. 4) show that the surface
layer of L3 appears the most compact with the least frequent pitting corrosion
sites. However, the radii of corrosion products (white zones) around pits are larg-
est, which indicates that pitting corrosion is dominant mechanism in the initial
stage. According to Fig. 4, it appears that the increase in Mg content favors the
pitting corrosion and induces the formation of more compact passive layer. The
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most compact layer apparently causes the most pronounced and well-resolved
finite diffusion features in the impedance spectra of L3. The differences between
the properties of a layer on L3 and that on L1 and L2 are indicated also by the
measures of the high-frequency loop. Although the associated resistances are
similar for all of the three samples, the imaginary impedance is lower for L3 due
to larger capacitance of a thinner and more compact layer.

10 mm

TN . 8 &
Fig. 4. Optical images of the tested samples after 120 h exposure to 0.51 M NacCl solution.

The considerations of the features of impedance spectra are proved further
by the structure of the most suitable equivalent electrical circuit which describes
best the physicochemical properties of the samples while they corrode (Fig. 5).
The samples of lower Mg content and of less compact passive layers behaves
equivalently to the circuit consisted of a parallel connection of capacitor and res-
istor, which is in series to Randles—Sevcik (R—S) conformation.

R1 c1 cPE3

T e I e e A

R1 c1 c2 CPE3

I d e T

R3 R4 w1

Fig. 5. Equivalent electrical circuits of as-cast Al-Mg alloy samples: a) for L1 and L2 and b)
L3 upon initial (24 h) and prolonged (120 h) exposure to 0.51 M NaCl solution.

m

m

v

8

RC in parallel describes the properties of a layer, whereas R—S relates to
diffusion-controlled corrosion processes. Owing to the most distinguishable pit-
ting corrosion and an indication of more compact layer structure, the circuit for
L3 required additional RC time constant in series, which indicates the difference
between the properties of a bulky layer and that formed around the pits. The
values of the circuit parameters are presented in Fig. 6.

The highest values of layer resistance is found for L2 of mid Mg content,
associated to the lowest layer capacitance, which indicates the thickest layer is
formed on this sample. In Fig. 4 it can be seen that massive layer is formed over
the sample surface except the areas close to the sample surface, where pitting
corrosion appears dominant. The formation of a massive layer is followed by
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considerable increase in charge transfer resistance (R2, which was the lowest
initially) and double layer capacitance (CPE-T3). This indicates that corrosion
processes take place much faster on L2 than on L1 and L3; however, fast cor-
rosion produces the thickest layer, whose porous structure did not change sig-
nificantly while the layer grows (initial layer resistance and diffusion admittance
are similar to those found upon prolonged exposure (day 1-day 5). Consequently,
the corrosion proceeds at the sample surface accessible through the pores of the
layers, which area is considerably smaller with respect to L1 and L3. Hence the
R2 and CPE-T3 for L2 are considerably larger.

R3/R4 c1/c2
'2 I‘IJIII “"‘l IIIII'I 0.00 - E SR s
u [ 3 u (¥ L3
BDayl WDay5 mDayl mDayS
R2 CPE-T3
é | J : J
: 1 12 13 u 2 13
mDay1 mDay5 mDasy1 mDay5S

CPE-T1

Fig. 6. The values of circuit parameters of the investigated samples; R3/R4 and C1/C2 —
resistances and capacitances of the passive layer; R2 and CPE-T3 — charge transfer and double
layer capacitance (the values of CPE exponent are above 0.75) associated to corrosion
processes; CPE-T1 — diffusion admittance.

Layer resistance of L1 considerably increases during exposure, but it is still
lower than the resistance found for L2. This increase is associated with the lowest
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charge transfer resistance and diffusion admittance among the samples upon pro-
longed exposure. This finding is the strong indication of the highly porous layer,
unable to slow down the corrosion rate at the layer/sample surface interface.
Huge pores homogeneously distributed over the layer surface are also seen in
Fig. 4, and even appearance of a cracks around the pits in the middle of the
sample is clearly visible. It can be concluded that the L1-L2 increase in Mg con-
tent improves the corrosion resistance and clearly separates bulky corrosion from
localized pitting corrosion. However, it increases the thickness of more compact,
poorly adhesive, layer.

Further increase in Mg content applied in L3 decreases additionally the layer
thickness and makes it considerably more compact, which should be beneficial
for the formation of a more adherent protective film. This is reflected in the high-
est layer capacitance and diffusion admittance that is for L3 straightforwardly
defined by finite diffusion mechanism (finite Warburg element was only suitable
in equivalent circuit for L3, whereas classical Warburg element met the require-
ment to describe the diffusion in the cases of L1 and L3). However, for the
applied exposure the growth rate of a layer was apparently not adequate for the
remarkable closing of the pits, since the increase in charge transfer resistance and
double layer capacitance was not registered for L3 upon prolonged exposure. The
weakness of L3 sample toward the pit activity could be connect to the presence
of additional RC time constant, of quite different values of the parameters with
respect to that for a layer. Namely, the resistance is much lower, few tens of €,
and even deceases to ca. 8  upon prolonged exposure. The associated capacit-
ance is close to 0.1 mF, which is much lower than that of a layer — thus indicating
its highly localized appearance on the surface. Despite this poor immunity of L3
sample toward pitting corrosion, the registered propagation of the properties of a
protective layer during 5-day exposure should be expected to show protective
features upon much longer exposures to corrosive medium.

CONCLUSION

The article describes the results of an experiment aimed at investigating the
corrosion behavior of as-cast Al alloys in NaCl solution. The study employed dif-
ferent electrochemical techniques, including corrosion potential measurements,
linear polarization and potentiodynamic polarization curves, as well as impe-
dance measurements. The results show that the Al alloys form a protective oxide
film on the surface, which prevents the passage of aggressive chloride ions from
the solution, thus protecting the material from further corrosion.

The study found that the impedance characteristics of the cast samples
change upon initial and prolonged exposure to the chloride-containing corrosive
medium. The complex plane spectra of all samples feature a high-frequency loop
followed by well-defined semi-infinite diffusion impedance characteristics at low
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frequencies. Prolonged exposure causes the deviation of a near-45°-inclined
straight line to more resistance-defined behavior as the corrosion proceeds. The
most compact layer apparently causes the most pronounced and well-resolved
finite diffusion features in the impedance spectra of L3. The article concludes
that the increase in Mg content favors the pitting corrosion and induces the form-
ation of a more compact passive layer.

The study used the most suitable equivalent electrical circuit to describe the
physicochemical properties of the samples while they corrode. The samples of
lower Mg content and less compact passive layers behave equivalently to the
circuit consisted of a parallel connection of a capacitor and resistor, which is in
series to the Randles—Sevcik conformation. The circuit for L3 required an addit-
ional RC time constant in series, indicating the difference between the properties
of a bulky layer and that formed around the pits. The highest values of the layer
resistance are found for L2 of mid Mg content, associated with thicker and more
compact layers. These results provide insights into the corrosion behavior of as-
cast Al alloys and can be useful for the design of new alloys with better corrosion
resistance.

In conclusion, the study investigated the corrosion behavior of as-cast Al
alloys in NaCl solution, using various electrochemical techniques. The study
found that the Al alloys form a protective oxide film on the surface, which pre-
vents the passage of aggressive chloride ions from the solution, thus protecting
the material from further corrosion. The study also found that the impedance
characteristics of the cast samples change upon initial and prolonged exposure to
the chloride-containing corrosive medium, and that the increase in Mg content
favors the pitting corrosion and induces the formation of a more compact passive
layer. These results provide insights into the corrosion behavior of as-cast Al
alloys and can be useful for the design of new alloys with better corrosion resist-
ance. The findings of this study can have significant implications for the develop-
ment of new corrosion-resistant alloys for a variety of applications. The results
demonstrate that the corrosion behavior of Al alloys can be controlled by the
composition of the alloy and the formation of a protective oxide layer on the sur-
face. Overall, the study highlights the importance of understanding the corrosion
behavior of materials and provides a valuable contribution.
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U3BOA

HMIIEJAHCHH OO3UB ATYMHUHHUIJYMCKHX JIETYPA CA PA3JIMUUTUM CAIPXAJEM
MATHE3HUJYMA TOKOM H3JIOKEHOCTH XJIOPUOHOJ KOPO3MOHOJ CPEOIWUHH

JEJIEHA IIRENTAHOBUR', MAPUJAHA P. [TAHTOBUR [TABJIOBUR>’, IAPKO BYKCAHOBHURE',
TABPUJIO M. LIEKYJIAPAL> 1 MUPOCJIAB M. IIABJIOBUR™
IMewanymeo—mexuonomnu Qaxynivein, Ynueep3utieti y LIpnoj Fopu, ITogiopuya, Lpna 'opa,
ZI/IHcmuw.yru 3a xeMujy, WexHoNolujy u metanypiujy, UHctauiiyii 0g HayuoHanHol 3uauaja 3a Peuyonuxky
Cpbujy, Llentiap 3a eneximpoxemujy, Ynusepsutiein y Beoipagy, Beoipag u LIeniiap usy3emmux 6pegrociiu
30 XeMUjy u unicerwepuni sugoine cpequne, HHCUTUY i 3a XeMujy, lexHonolujy u metwanypiujy, beoipag

OBO UCTpaXMBame ce DaBU IOHaIIameM Koposuje Al jerypa ca pasiu4uTUM cafipxKajeM
Mg y3 npuMeHy NOTEHUHMOCTaTCKe eleKTpOXeMMjcke umrnepsaHcHe crnekrpockonuje (PEIS).
CrieKkTpH y KOMIUIEKCHO] PaBHHM CBUX y30paKa Ce KapaKTepHIIy MeT/boM BHCOKe (peKBeHIuje
npaheHoM KapakTepucTHkama mnony-deckoHauHe nudysdje Ha HUCKUM (pekBeHIHjama, ca
(opmupameM nedUHHCaHE TIOPO3HE CTPYKTYpe CJIoja ycien Kopo3uje, ITo JOBOAH [0 JOMHU-
Hallije KOHauHe Nu(y3uje Kpo3 Mope MpU MPOAYKeHOj U3M0KeHOCTH. HajKkoOMIIakTHHjU CJ10j
y3pOKyje HajuspakeHHje W HajjacHUje KapaKTepHUCTHKe KOHayHe Audy3uje y UMIefaHCHUM
CTeKTpuMa y3opkKa ca Hajpehum canp:xajem Mg, IOk y3opak ca HajMamUM cagpxajeM Mg uma
BHCOKO TIOpPO3aH CJI0j KOjU HE MO’Ke YCIOpUTH Op3UHYy KOpO3Hje Ha TpaHuLHM (asa c1oj/y30-
pak. Hajsehy kamauuTHBHOCT M agMUTaHUH]y AUQY3UOHOT CJIoja MMa y30pak ca Hajsehum
cagpkajeM Mg, ca oueKHBAaHOM I10jaBOM aleKBATHOT 3alUTUTHOT dunma. Mehytum, dp3una
pacTa cioja Huje dusa HOBOJbHA 33 3HAUAjHO 3aTBapame MUTOBA, IITO yKasyje Ha ci1abocT oBor
y30pKa ITpemMa MUTHHT KOpo3uju. PesyntaTy nokasyjy na nosehame cagpxaja Mg nobosmiasa
OTIIOPHOCT Ha KOPO3Hjy U jaCHO pa3fBaja KOpO3HWjy y Macu MaTepHjaia Off JT0KaJIu30BaHe MUT-
HHT KOopo3HWje, alnu uctoBpemeHo nosehasa nebmuHy crioja koju je crnabuje agxesdje ¥ KOM-
NaKTHUjH.

(ITpumsbeHo 5. Maja, peBunupano 23. jyHa, npuxsaheHo 1. jyna 2023)
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Abstract: In recent years, there has been a growing focus on the reuse of metal-
lic components from waste electrical and electronic equipment (WEEE) which
refers to electrical and electronic equipment that has become obsolete, stopped
working, or developed defects during production. In this research, shaking
table was selected as a gravity concentration tool for the recovery of copper
from the light components. The flowsheet included comminution, gravimetric
concentration and physical/chemical characterization of feed material and pro-
ducts. The process parameters were deck angle (degrees), motion frequency
(Hz), wash water rate (L/m) and particle size diameter. The Box Behnken Des-
ign (BBD) was used to optimize the performance of the wet shaking table and
to identify the ideal combination of its operating parameters. By analysing the
experimental design, it was found that the optimal settings for deck angle, mot-
ion frequency, wash water rate and particle size diameter were 2°, 50 Hz, 12
L/m, and —500+300 mm, respectively. These optimal settings were located near
the central points of the experimental design, suggesting that the actual optimal
point could be within the designed space.

Keywords: printed circuit boards; recycling; shaking table; copper; ANOVA.

INTRODUCTION

Several electrical and electronic equipment such as cell phones, computers,
televisions, and printers that are obsolete, no longer work or had defects during
their production are classified as waste electrical and electronic equipment. The
re-utilization of WEEE components (printed circuit boards (PCBs), batteries,
LCD, etc.) has received special attention in recent years because some of the
metals (Cd, Pb, Hg, Br, Be and organics) have toxic effects on health and the
environment. One of the most researched electronic parts, PCBs, are made of
copper sheets laminated onto a non-conductive substrate used to support elec-
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tronic components mechanically and maintain the electrical connectivity of the
circuits. Thin boards are composed of 28-32 % metallic components and 68 %
non-metallic components that mainly include plastics, epoxy resin reinforced
glass fibers and ceramics.!2 Metallic fraction includes Fe, Cu, Al, Pb, Sn, Pd,
PGM, Zn and precious metals that are more than 10 times that of rich-content
minerals. Typical metal contents are 10-27 % Cu, 2-8 % Al, 1-4 % Pb 1-8 %
Fe, 1-6 % Sn and <0.1 % precious metals (Au; 10-1600 ppm, Ag: 20-200x103
ppm, Pd: 5-970 ppm).3 There are: i) mechanical/physical,%7 ii) thermal®-® and
iii) chemical,10-14 jv) physicochemical techniques!5 and their combinations!6-18
applied to recover the targeted metallic fraction from PCBs. Physical methods
include dismantling; screening; shape separation; flotation; jigging; air, electro-
static, magnetic, eddy current and density-based separation. These methods are
generally used as pre-treatment methods to simplify the following metal recovery
methods. Thermal recovery techniques having high operating costs with low-
efficiency consist mainly of pyrolysis and combustion generating air pollution
through the release of furans and dioxins. Chemical methods, hydro- and electro-
metallurgical techniques, provide high metal recoveries, while producing large
quantities of waste acidic electrolytes which must be carefully handled.5-1°
Among numerous recycling applications, more preferred process worldwide
might be the mechanical/physical recycling techniques owing to a fact that valu-
able metals in PCBs are elementary substance.?0 Typical flow sheet starts with
dismantling step to recover large iron, lead and aluminium parts and precious
metal-concentrated parts separately. The target metal on the dismantled board is
copper that is widely used in electrical circuits, machine, construction, defence
industry and other fields.2! However, the complex nature of the copper/other
metals—epoxy resin—ceramic—glass fibre embedded board complicates the recyc-
ling process. Non-metallic fraction (1.1-2.5 g/cm?) has lower densities compared
to metallic fraction while metals have higher densities in the range of 7-21.4
g/cm3. Thus, most of the time multiple steps are needed to recover pure metals.
Gravity concentration methods as an environmentally benign method to rec-
over valuable metals from PCBs are the popular options for the pre-treatment
steps. After sufficient liberation, metals and plastic fractions can be easily separ-
ated which can be supported by the concentration criteria (CC = (pheavy/Pfluid)/
/(plight/pfluid))- The studies in the literature attempted to recover metallic contents
by gravity methods are jigging, sorting on aero-tables, sink-float separation.6:7-22-24
Bilesan et al.” used hydrocyclone to recover PMs and Cu and reported 72 % total
separation efficiency of copper. In the other study?3 on pneumatic separation
method followed by electrostatic/magnetic separation, copper recovery was 57 %
for 0.3-0.6 mm size fraction. Das et al.2? applied a multi-step process in which
the table was used for two purposes: classification and pre-concentration. Copper
grade in concentrate was 38 %. Total metal grade and recovery was 92 and 97 %,
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respectively, in the study of Duan et al.® in which Falcon concentrator was used.
Similarly, Ma et al.25 investigated heat-treated product grade after concentrating
with Falcon and found product grades approximately 90 %. Burat and Ozer26
analysed the recovery of metals with shaking table-electrostatic/magnetic separ-
ators and obtained a heavy fraction with 41 % copper grade and 95 % copper rec-
overy from the first process. The research on metal separation from PCBs by wet
jigging and flotation processes gave as a result the metal product with 92.5 %
grade at the size fraction of 0.59-1.68 mm.! In the Ventura et al. work,27 phys-
ical processing alone as well as combined with thermal treatment (200-500 °C)
has been performed to recover gold and copper. Physical treatment alone showed
recoveries of 67 and 87 wt. % for gold and copper, respectively.

In this article, a shaking table was selected as a gravity concentration tool for
the separation of the light material (plastic) from the heavier material (metal).
The success of separation with concentrators depends on the selection of suitable
design of variables and conditions. The effect of different operating and process
parameters are crucial to understand and control the process.25-28 However, it is
very time consuming to test the influence of all factors on the process efficiency.
Thus; a well-designed experimental test program should be followed to deter-
mine the response of the process to each parameter.29-31 The objective of the
present study was to determine the effect of the important operating variables of
the shaking table using response surface methodology (RSM) in conjunction with
Box Behnken method (BBM). The selective separation of heavy metals (copper,
zinc, brass, gold, etc.) was not considered. It was intended to minimize the
environmental drawbacks of electronic wastes and the effective recovery of met-
allic resources. The data collected from the experiments were analysed and the
analysis of variance (ANOVA) of the model was performed using Design expert
software version 9.0.2.0 from Stat Ease Inc., USA.

EXPERIMENTAL

In the present study, tests were implemented with the main PCBs from the same model/
/brand LED TVs after removal of electronic components (resistor, capacitor, diode, transistor,
etc.) on the board (Fig. 1). The operations included comminution, gravimetric concentration
and physical/chemical characterization of feed material and products.

In order to reduce the size effect in the concentration process, the components of PCB
(epoxy resin, glass fibre cloth and copper) were liberated by two step-comminution.
Dismantled PCBs were crushed in a shredder knife crusher with a 10 mm grid. In this type of
crusher, hammers, which swing freely, are attached to rotating arms. The swinging hammer
contacts the feed material at a high speed and imparts kinetic energy to fracture the feed.
Pulse-jet bag filters are used to collect and recycle the dust throughout the comminution. In
the second step, the particle size was reduced in closed circuit by a laboratory type ring mill
up to —300 pm. Particle size measurement was applied using a vibratory laboratory sieve
shaker. The microscope analyses were conducted to determine the copper liberation. Shaking
table method was chosen to separate Cu from the PCBs.
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Fig. 1. PCB of LED TV original (top), dis-
sembled board used for the experiments (bot-
tom).

Experimental set-up

A Wilfley shaking table was used to recover the copper particles. It is an efficient tech-
nique to prevent the dust problem. It separates materials by particle density on inclined planes
having smoothed/grooved shapes by the vibration of pulp material back and forth while wash
water is flowing. Fig. 2 presents its schematic representation and the separation for WPCBs.
The principle is based on the separation of rapid-moving coarse light particles from slower-
-moving small dense particles in the flowing water film with longitudinal vibration. Separ-
ation process starts: i) after feeding a 20-25 mass % pulp from the feed box which moves
along the table with wash water; if) continues with the diagonal movement of particles dep-
ends on their size and density by the vibration mechanism, using a slow forward stroke and
rapid return; #ii) ends by the collection of small-dense particles at the left end of table and
large-lighter particles from opposite the feed box. The separation of metal and plastic mat-
erials can be conducted using a Wilfley model to the particle size from 100 pm to 1 mm.3?

Spiral
concentrate

Feed box

Angle
measurement

Angle

adjusiment
wheel

Motion
frequency
controller

F: Feed
C: Concentrate
M: Middling

T: Tailings
WW: Wash water
PW: Process water

Concentrate Intermediate
Product Product

Residue

Fig. 2. Left: shaking tabletop view; right: WPCB separation.33-34

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



COPPER RECOVERY BY SHAKING TABLE 1 043

Response surface methodology (RSM) in conjunction with Box Behnken design (BBD)

BBD was developed by George E. P. Box and Donald Behnken in 1960.3% The BBD of
experiments offer modelling of the response surface methodology. The BBD make it possible
to study sequentially the effect of the various factors of the design if, during the study of the
first factors, the other factors are maintained at a constant level.3® RSM and BBD are experi-
mental design statistical tools used to evaluate complex multivariable systems, analyse the
cause-and-effect relationship between true mean responses and input control variables, and
optimize the response of multiple variable processes. The designs are not based on full or
fractional factorial models.37-8 It is specifically designed to fit a second-order model that is
the primary interest in most RSM studies. To fit a second-order regression model (quadratic
model), the BBD only needs three levels for each factor.2%3° The BBD fixed a mid-level
between the original low and high level of the factors, avoiding the extreme axial points and
using face points. The addition of the mid-level point allows the efficient estimation of the
coefficients of a second-order model.*0

In the present study, the experiments are conducted using a BBD combined with RSM
and the empirical relations are established for correlating the interactive and higher-order inf-
luences of various machining parameters on the laboratory type shaking table. Four different
factors, particle size (mm); wash water flow rate (L/m); deck angle (°); motion frequency (Hz)
and their influence on the copper grade and recovery of the concentrate were evaluated. 24 set
of trials and four control experiments were conducted during the studies. The main advantage
of the RSM-BBD methodology is the ability to perform analysis of several parameters with
fewer experimental trials matched to other methods. 4 factors on 3 levels (low, medium and
high) were assessed which were represented by a (—1), a (0) and a (+1) sign, respectively. The
test variables chosen for the study are designated as particle size (4), wash water flow rate (B),
deck angle (C) and motion frequency (D). These independent variables to predict responses,
namely Cu grade and recovery of the shaking table separator, are named as Y1 and Y2,
respectively. Variables (4, B, C and D) and their coded/actual levels used in this study are
indicated in Table I.

TABLE 1. Box Behnken design parameters and experimental conditions; —1: factor at low
level; 0: factor at medium level; +1: factor at high level

Coded variable levels

Variable Symbol

-1 0 +1
Particle size, mm A -300 500-300 +500
Wash water flow rate, L/m B 6 12 18
Deck angle, ° C 1 2 3
Motion frequency, Hz D 40 50 60

The mathematical model of second-order polynomial equations was used to predict the
relationship between the four factors and the response. The Eq. (1) is shown by the second
order polynomial:

Yl 2= b0+b1A+b28+b3C+b4D+b12AB+b13A C+b14AD+
b23BC+b24BD+b34CD+b1 1A2+b2232+b33CQ+b44D2 (D)
where Y is the predicted response, by model constant; A, B, C, D independent variables; by, b,

and bs, by are linear coefficients; bqy, by3, b1a, br3, bas and by, are cross product coefficients
and bqy, byy, b33 and byy are the quadratic coefficients. Table I shows the experimental matrix
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design and the results of response variables considered. ANOVA for response surface quad-
ratic model was applied on the results of beneficiation for the goodness of fit of the model and
significance of each regression. 3D surface plots were generated using Design Expert 9.0.2
software.

RESULTS AND DISCUSSION
Physical and chemical characterization of PCBs
Particle size measurement of the ground PCBs was applied using a vibratory
laboratory sieve shaker for 20 min. After agitation of sieve shaker PCBs col-
lected on each sieve were weighted to calculate the particle size distribution. Wet

chemical analysis was done to determine the Cu content of each different size
fractions. Results are shown in Table II.

TABLE II. Size wise chemical analysis results of Cu from PCBs

Particle size, um Content, wt. % Grade (Cu)
+500 413 12.50
-500+300 35.1 21.38
=300 23.6 11.29
Total 100 15.33

Wet chemical analyses in aqua region were performed to determine the
metal content. The spectroscopic analyses of electrolyte solutions were carried
out on Analytik Jena NovaA 300 AAS. The chemical composition of PCB is
shown in Table III. A major component was copper. Thus, the remaining metallic
elements (Fe, Sn, Al, Ca, etc.) were not traced for this study.

TABLE III. Chemical analysis of PCB of LED TV

Component Cu Sn Al Ni Pb Zn Fe Ca Non-metals
Grade, % 1537 372 322 210 145 1.04 0.09 6.42 66.31

Microscopic and mineralogical characterization of PCBs

The microscope analysis with the Nikon SMZ 1500 binocular microscope
revealed that the copper liberation occurred under the particle sizes of 1 mm. The
microscope pictures of all size fractions are given in Fig. 3. Three size fractions
were selected to conduct the shaking table experiments: —1+0.50, —0.5+0.3 and
—0.30 mm. X-Ray diffraction analyses of PCBs were performed using a Rigaku
Miniflex II diffractometer with CuKa radiation. Qualitative XRD analysis of the
head sample indicated the presence of polymer, ceramic and copper as major
components and small amounts of tin and aluminium in the PCB.

Shaking table experiments

24 sets of trials and four control experiments were conducted to assess the
effects of the four variables. The actual data achieved from the tests were also used

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



COPPER RECOVERY BY SHAKING TABLE 1 045

Fig. 3. Microscope analyses of ground sample (top left: —2+1, —1+0.5, —0.5+0.3 mm; bottom
left: —0.3+0.2, —0.2+0.1, —0,1 mm).

to make the mathematical equation presenting copper grade and copper yield as a
function of the independent variables. The experimental results of the design
matrix along with their condition are presented in Table IV. The experimental
programme provided a broad range of grade and recovery values which foresaw
that the concentrate fraction had been enriched up to with an amount of 53.29 %
Cu grade and 83.72 % Cu recovery whereas a maximum amount of 89.99 % Cu
recovery (with content of 37.33 % Cu grade).

The experiments were carried out using the laboratory type-shaking table
(gravity concentrator) to concentrate the copper particles. The regression coeffi-
cient values for the copper grade and copper yield are listed in Table V. The
significance of each coefficient was determined by the Student’s f-test. As it is
shown, both independent variables and their interactions can affect the copper
grade and yield of the PBCs. From Table V, the model F-value of implies that
the model is significant for the Cu grade and yield, 98.60 and 19.51, respectively.
There is only a 0.01 % chance that a “model F-value” this large could occur due
to noise. Values of “Prob > F” less than 0.05 indicate model terms are signific-
ant. In this case 4, B, A2, B2 are more significant model terms for grade. Values
greater than 0.1000 indicate the model terms are not significant. The significance
level of the coefficients is evaluated with the F-value. In other words, for the
coefficient to be more significant, the F-value is expected to be large.

The response of yield (%) and grade (%) fitted to the second-order poly-
nomial equations. The uncoded model equation for grade (Y1) and recovery (13)
of the concentrate fraction of the shaking table is in Egs. (2) and (3), respectively.
A positive value of the parameter coefficients shows a direct effect on yield and
copper content, while a negative sign indicates an adverse effect.
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Y1 =+53.27-6.304+1.65B—0.59C-0.075D+0.134B+1.484C—

—0.434D-0.17BC+0.27BD+0.27CD-20.3842-5.37B2-3.92C2-3.47D?  (2)
Y, = +83.56-10.494-1.75B-3.30C-1.91D+2.054B+4.454C+

1.564D-2.16B+0.014BD-2.57CD-4.6642-9.067B2-7.15C2-3.94D2 3)

TABLE IV. RSM-BBD designed experimental results

Run number Actual independent variables Grade, Cu % Yield, Cu %
A B C D Actual Predicted Actual Predicted

1 300-500 12 2 50 52.63 53.27 84.95 83.56
2 300-500 12 1 60 47.22 46.12 77.95 76.43
3 300-500 18 2 60 45.44 46.28 64.04 66.92
4 500 18 2 50 23.68 23.00 60.44 59.66
5 300-500 18 2 40 47.35 45.88 72.76 70.71
6 300 12 1 50 38.26 37.33 91.92 89.99
7 300-500 12 2 50 53.02 53.28 82.19 83.56
8 300-500 12 2 50 53.96 53.27 83.40 83.56
9 500 6 2 50 20.42 19.44 59.93 59.06
10 500 12 1 50 22.69 21.77 62.60 60.11
11 300-500 18 3 50 46.22 44.87 62.90 60.15
12 300-500 12 3 50 32.65 33.18 71.38 74.50
13 300-500 12 1 40 46.91 46.81 71.82 75.10
14 300-500 6 2 40 44 .35 43.13 76.45 74.23
15 300 6 2 50 31.42 32.29 82.74 84.14
16 500 12 3 50 23.02 23.56 59.82 62.41
17 300 18 2 50 34.16 35.33 75.06 76.55
18 500 12 2 60 22.24 22.61 63.43 64.12
19 300-500 12 3 60 45.2 45.48 67.35 64.69
20 300-500 6 2 60 41.35 42.43 67.68 70.39
21 300-500 6 1 50 41.19 42.74 68.80 70.24
22 300-500 12 3 40 43.8 45.09 71.52 73.65
23 300-500 6 3 50 4321 4191 70.43 67.97
24 300-500 12 2 50 53.45 53.29 83.72 83.56
25 300 12 2 60 37.53 36.06 84.10 81.99
26 500 12 2 40 21.94 23.61 63.99 64.82
27 300 12 2 40 35.53 35.36 90.90 88.92
28 300-500 18 1 50 44.89 46.39 69.88 71.07

Fig. 4 shows the solid linear relationship between the experimental and pre-
dicted values of the responses. The determination coefficients R2 of 0.9907 and
0.9546 of grade and yield cupper content of PCBs, respectively, shows that the fit
is reasonably good. The predicted R? values of grade and yield copper content of
PCB 0.9475 and 0.9346, respectively, are reasonably consistent with the adjusted
R? values 0.9806 and 0.9256, and the difference between these two values is less
than 0.2 for both models, implying that the overall mean may be a better pred-
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ictor of the response. The actual and predicted values of both the concentrate
grade and yield obtained using model Eqs (2) and (3) are presented in Fig. 4a and
b, respectively. The predicted values are in well agreement with the experimental

values.

TABLE V. Regression coefficient values for the parameter and parameter interaction effects

Factor Cu (%) grade Cu (%) yield

Coefficient F-value  Prob>F Coefficient F-value  Prob>F

estimate estimate
Intercept 53.27 98.60 <0.0001 83.56 19.51 <0.0001
A-particle size, mm -6.30 215.92 <0.0001 -10.49 154.05 <0.0001
B-wash water flow 1.65 14.83 0.0020 -1.75 4.28 0.0592
rate, L/m
C-deck angle, ° -0.59 1.89 0.1930 -3.30 15.21 0.0018
D-motion frequency, -0.075 0.031 0.8638 -1.91 5.09 0.0419
Hz
AB 0.13 0.031 0.8637 2.05 1.95 0.1859
AC 1.48 4.00 0.0667 4.45 9.23 0.0095
AD -0.43 0.33 0.5767 1.56 1.13 0.3069
BC -0.17 0.054 0.8198 -2.16 2.18 0.1634
BD 0.27 0.13 0.7194 0.014 8.675*105 0.9927
CD 0.27 0.13 0.7194 -2.57 3.09 0.1022
A? -20.38 1131.48  <0.0001 —4.66 15.17 0.0018
B? -5.37 78.44 <0.0001 -9.06 57.38 <0.0001
c? -3.92 41.83 <0.0001 -7.15 35.79 <0.0001
D? -3.47 32.78 <0.0001 -3.94 10.87 0.0058
Lack of fit 8.46 0.0526 8.36 0.0535
60 100 |
(a) - (b)
' [ Tfi " o
B 0 - < 80 e
0| - R*= 0.9907 - R? = 0.9546
- 60 ..
10 — 50—
T

0 40
Actual

50 60

80
Actual

I T
o0 100

Fig. 4. Relationship between observed and predicted values (a: grade, b: recovery).

Table VI shows the analysis of variance of the developed models for the
concentrate fraction of Cu grade and yield. Fisher’s test with corresponding P
values was used to study the effect of different parameters on two responses
(grade and recovery) in the result analysis by ANOVA analysis model. The
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models are significant as the F-value is high, the Prob>F value is less than 0.05
and the standard deviation is very small 1.48 for the grade and 2.93 for the rec-
overy.

TABLE VI. ANOVA for the parameters of RSM-BBD for the grade and yield models

Statistics Source

Cu (%) grade model Cu (%) yield model
Sum of square 3041.68 2342.52
Degree of freedom 14 14
Mean square 217.26 167.32
F-Value 98.60 19.51
Prob>F <0.0001 <0.0001
Standard deviation 1.48 2.93
R? 0.9907 0.9546

According to the results of the shaking table tests, which were divided into
narrow sizes to obtain maximum grade and yield; the lowest grade value 20.42
%, the highest grade value 53.96 %, the lowest yield 59.82 % and the highest
yield 91.92 % were found (Table VII).

TABLE VII. Statistical analysis for responses (grade and yield)

Variable Unit Type Value

Std. Dev. Low  High
Particle size mm Factor 0 =300  +500
Wash water flow rate L/m Factor 0 6 18
Deck angle ° Factor 0 1 3
Motion frequency Hz Factor 0 40 60
Rrecovery of concentrate % Response 1.48 59.82  91.92
Grade (Cu) % Response 2.93 20.42 53.96

Effect of shaking table variables on concentrate grade

Due to the significant difference between the specific gravity of plastics and
metals, PCB powder can be separated through low-cost gravity operations such
as tabling. To provide the better understanding of the results, the predicted
models are described in terms of three dimensional (3D) response surface plots
which show the effect of process variables on grade and yield of Cu in concen-
trate fraction of shaking table. Fig. 5 explains the effect of the process parameters
of Wilfley table on the grade of concentrate fraction and it shows the effects of
particle size (4), wash water flow rate (B), deck angle (C) and frequency (D) on
the grade of the concentrate fraction. It is observed that higher grade is obtained
at lower level of wash water, flow rate and higher level of deck tilt angle, which
is caused due to a decrease in the residence time of the gangue minerals and that
results in the wash away of the low-density minerals to the tailing fraction. Also,
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it is observed that higher grade is obtained at 300—500 particle size range at level
of wash water flow rate. When evaluating the effect of changes made among the
B, C and D parameters on the grade, it was observed that the results showed rel-
atively moderate values and there was not a significant difference. From the
graphs and the equation obtained through ANOVA analysis, it is understood that
the particle size has the greatest impact on the Cu % grade. The results depicted
in Fig. 5 indicate that the highest copper grade, 53.96 %, is obtained at the centre
level of the inclination and the wash water flow rate recovery is necessary.
Therefore, the tabling stage serves a dual purpose as a classification and a pre-
-concentration operation. The process targets a high yield clean product with a
middling stream having relatively lower purity, and a low-grade rejectable tail-
ings stream.

Fig. 5. Results of effecting variables on concentrate for Cu % grade.

Effect of of shaking table variables on concentrate yield

Based on the information provided, Fig. 6 shows the variables that affect the
concentration of Cu % yield in a separation process. The relationship between
these variables is complex, and the values of some parameters are dependent on
the level of other parameters. Specifically, it has been observed that the effect of
deck angle on the Cu % yield is dependent on the washing water flow rate. Inc-
reasing the deck angle level reduces the washing water flow rate, especially when
the washing water flow rate is at its lowest level. Therefore, a moderate level of
deck angle should be selected to increase the Cu % yield. Additionally, the
results show that the Cu % yield increases when the deck angle and particle size
are at their lowest, and the main effects of particle size, deck angle, square of
wash water flow rate, and frequency have a significant impact on the separation
process.
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Among the interactional effects, the interactions between particle size, deck
angle, and wash water flow rate have a considerable effect on the recovery of the
concentrate fraction. However, the frequency and interaction between frequency
and deck angle, as well as the interaction between wash water flow rate and
frequency, are less significant. Empirical models were used to describe the effect
of each variable at different combination variables on concentrate recovery in
Fig. 6. Overall, understanding the relationships and interactions between these
variables is critical to optimizing the separation process and achieving the desired
Cu % yield.

Js (doprce)

Fig. 6. Results of effecting variables on concentrate for Cu % yield.

Validation of the model

Grade and recovery are significant terms for evaluating the performance of
any unit operation in mineral processing. In addition, the grade and recovery of
any process are inversely related to each other. To validate the obtained model
for predicting the grade and recovery of copper content in concentrate, several
tests were conducted based on the empirical model. The observed and predicted
results for both responses are illustrated in Fig. 7. Fig. 7 shows that the predicted
values are in good agreement with the observed values, with R? values of 0.9525
and 0.9413 for grade and recovery of copper concentrates, respectively. Overall,
this study provides valuable insights into the performance of the described unit
operation for copper processing.

It was also found that the predicted values of the experimental values are in
reasonably good agreement, with R* value for grade and recovery of the concen-
trate fraction of the laboratory shaking table is 0.9907 and 0.9806, respectively.
According to the results of the ANOVA analysis, the particle size was found to
be the most effective parameter in terms of both grade and metal recovery. The
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optimized values for the greatest grade and the recovery were 53.96 and 83.40 %,
respectively.

5 92
% % 2 9 2=9413
< 1
3 @ 3 38
=) 7 86
o M 3
2 5 84
< 40 i 82
E -y

36
3736 38 40 42 44 46 48 30 52 S —e———r—
Actual grade (%)
Actual Yield (%)

Fig. 7. Relationship between observed and predicted values for the grade and yield (% Cu).

CONCLUSION

In this study, the Box Behnken design was used to optimize the performance
of the wet shaking table and to identify the ideal combination of its operating
parameters. The four process parameters were investigated: deck angle, motion
frequency, wash water rate, and particle size diameter. The mathematical models
were developed for both grade and recovery of Cu in the concentrate fraction by
using a set of experimental data and the mathematical software package Design
Expert 9.0.2 software. The optimal settings were determined to be a deck angle
of 2°, motion frequency of 50 Hz, wash water rate of 12 L/m, and particle size
diameter of —500+300 mm. Optimal settings were determined to be near the cen-
tral points of the experimental design, indicating that the true optimal point may
lie within the designed space.

Acknowledgments. The authors would like to thank Baris Kiziltepe for his help during
the comminution steps, Assoc. Prof. Dr. Hatice Yilmaz for mineralogical characterization and
Lecturer Fatih Turan for chemical characterization.

U3BOJL
N3BJIAYEILE FAKPA CA IITAMITAHUX KOJIA (PCB) IOMORY BUBPALTMOHOI CTOJIA

OZGE GOK u GUL AKAR SEN
Dokuz Eylul University, Faculty of Engineering, Mining Engineering Department, Izmir, Turkiye

Y nocnenmux HEKOIMKO FOAMHA PacTe 3aMHTEPECOBAHOCT 33 MIOHOBHY YIOTpedy MeTail-
HUX KOMIIOHEHTH U3 eJIeKTPUYHE U eJIeKTPOHCKe omnpeme otnagHor nopekna (WEEE), mro ce
OITHOCH Ha eJIeKTPHUUHE U eJIeKTPOHCKe ypehaje Koju cy MocTasay 3acTapernt, MPecTaid Ja paje
WY TI0Ka3any jedexre TOKOM ITPOM3BOAbE. Y 0BOM HCTPaXXMBaly Kao aiaT 3a 'paBUTaLlUOHY
KOHLIEHTpalMjy 3a peuuKIaxy 0akpa M3 JaKMX KOMIIOHEHaTa u3abpaH je BUOpalMOHU CTO.
TexHOJOWKY TOCTYIaK je YK/bYYHBAO YCUTHABalbe, TPaBUMETPHjCKy KOHLEHTpauujy u ¢u-
3UUKO—XEMHU]jCKY KapaKTepusalujy yaasHor MaTepHjaia ¥ npogykara. [TapameTpu npoueca cy
dunu yrao crona (y creneHrma), dpekseHnuja nokpera (Hz), Sp3uHa Bogme 3a ucnupame
(L/m) u npeuynux uvectuna. box bexuken (Box Behnken) musaju (BBD) je ymoTtpedmen 3a

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



1052 GOK and SEN

onTHMHU3aNN]jy nepdopMaHCH MOKPOT BUOPALIMOHOT CTOJMIA U UAEHTHDHUKALIU)Y UIeanHe KOM-
OuHalLWje WeroBUX pagHUX MapaMmeTrapa. AHAIU30M eKCIePUMEHTAIHOT Ou3ajHa yTBpheHo je
Jla Cy ONTHUMasHe BPEJHOCTH 3a yrao CToja, ppeKBeHLHjy TOKpeTa, Op3UHY BOAE 3a UCIIUPambe
Y npeyHuK yectuna usnocunu 2°, 50 Hz, 12 L/m u —5004+300 mm, penom. OBe onTumMainHe
MoCTaBke Owse cy JouupaHe OnMu3y LEHTPATHUX Tavyaka eKCIepUMEHTAJHOT JU3ajHa, IITO
Cyrepulle Jia ce CTBapHa ONTHMasTHa Tauka MOXKe HaJla3uTH YHyTap ogpeheHor mpocropa.

(ITpumsbeHo 16. MapTa, peBugvpaHo 8. anpuia, npuxsaheno 12. anpuna 2023)
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Abstract: Decades of mining activity have resulted in the accumulation of sig-
nificant amounts of tailings that are deposited over the natural vegetation,
forming deposits tens of meters thick. The tailings are poor in organic matter
and macronutrients and contain a high concentration of potentially toxic ele-
ments (PTE). Their surface remains unvegetated for long periods of time and is
susceptible to fluvial and wind erosion. Equisetum arvense and E. telmateia
appear to be the first colonizers in the tailings of the Pb—Cu—Zn mine in Serbia.
Each plant was sampled along with its associated substrate. Pseudototal and
available metals in the substrate, as well as total As, Cd, Cu, Fe, Mn, Ni, Pb
and Zn concentrations in the plant parts were determined by atomic absorption
spectrophotometry. The findings show that both species have high bioaccumul-
ation capacity and tolerance to otherwise toxic concentrations due to efficient
accumulation, immobilization and detoxification of these elements in their
underground parts. It is expected that the long-term presence of metal-tolerant
horsetail species would increase the organic matter content of flotation resi-
dues, thus gradually improving their physical, chemical and biological pro-
perties. This, in turn, would promote the natural succession of other metal-
tolerant plant species and soil microorganisms.

Keywords: potentially toxic element; pollution; phytoremediation.

INTRODUCTION

As a result of the substantial global demand for mineral raw materials and
their extensive use in various industries, mining and ore processing remain pro-
minent sectors within the primary industry of certain countries, yielding signific-
ant financial profits. Despite advancements in mining technology and waste red-
uction strategies, mining activities continue to pose a significant threat to the
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environment due to the generation of spoils and effluents containing exceedingly
high concentrations of potentially toxic elements (PTEs). It is worth noting that
only a small fraction of the total processed material is extracted as a concentrated
metal product, while a substantial proportion, up to even 97-99% of the mined
ore, becomes flotation tailings. Flotation tailings share a similar composition to
the original ore, and containing significant amounts of unrecovered minerals,
contribute to the environmental pollution.!=3 Flotation tailings consists of fine
particles (dp <75 um) that remain after the technological processing and extract-
ion of desired elements from the polymetallic ore, and are discarded with water
into the tailing pond. Further release of PTEs from these particles occurs through
various processes of chemical and physical particle disintegration. Eventually,
PTE enter the food web, often leading to adverse effects on the health and
biodiversity of surrounding ecosystems, as well as posing risks to human health.4
This issue is particularly prominent in countries where regulatory framework to
mitigate environmental pollution risks is not effectively enforced. Furthermore,
the flotation tailings are also abundant in process chemicals, including organic
solvents like xanthate, which are utilized for the effective separation of metals
during mineral flotation processes. It is noteworthy that a significant portion,
nearly half, of the xanthates employed in the mineral flotation process is ulti-
mately discharged into the flotation tailings.> The presence of these process
chemicals within the tailings, further emphasizes the complex composition and
potential environmental impact of these waste materials. Additionally, flotation
tailings surface layers are prone to fluvial erosion and the dispersion of fine par-
ticles through wind, further exacerbating their environmental impact.4:6.7 There-
fore, PTE contamination can extend several km beyond the mining site, signific-
antly affecting local and regional land use and posing health risks to nearby
human communities.

Restoring large areas covered by flotation tailings presents significant chal-
lenges due to unfavourable physical and chemical properties of these technosols,
which strongly hinder plant growth and result in consequent long-term lack of
vegetation cover.8~10 Vascular plants that establish themselves as the initial colo-
nizers of flotation tailings are uncommon and exhibit remarkable adaptability to
the challenging environmental conditions found in such areas. Among these rare
plant species that pioneer the colonization of polymetallic flotation tailings, sev-
eral belong to the genus Equisetum. Equisetum is an ancient genus of vascular
plants with a long evolutionary history dating back to the Upper Devonian
period.! All species within the Equisetum genus are perennial plants, possessing
erect herbaceous stems that emerge from an extensive rhizome system bearing
adventitious roots.!1:12 Horsetails have demonstrated a remarkable ability to
tolerate unfavourable physical and chemical properties of substrates, even allow-
ing for the accumulation of metals at higher concentrations.!3:14 This resilience
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in the face of challenging soil conditions is thought to be linked to their archaic
adaptation to geothermal environments characterized by high levels of potentially
toxic metals and metalloids harmful to most plant species, such as arsenic or
mercury.!5 In the specific context of this study, the two horsetail species, Equi-
setum arvense and E. telmateia, were observed as the initial colonizers in the
flotation tailings of a lead—copper—zinc mine in Serbia. The objectives of this res-
earch were twofold: i) to analyse the concentrations of potentially toxic elements
(PTEs) in the flotation tailings as well as in the underground and aerial parts of
the two Equisetum species and ii) to evaluate their capacity for bioaccumulation
and their potential for utilization in the initial stages of bioremediation efforts.

EXPERIMENTAL

Details related to site description and plant and substrate sampling are given in Supple-
mentary material to this paper.

Substrate analysis

The substrate samples were cleaned from stones and biotic material. After air drying, the
samples were ground and sieved (pore diameter 200 um). Ten grams of a homogenized sub-
strate was mixed with 25 ml of distilled water or with 25 ml of 1 M KCI to determine active
(pHypp0) and exchangeable (pHg ;) substrate acidity, respectively.!® The samples were stirred
for 30 min and the pH was measured directly in the suspension (Iskra MA 5730).

For determination of the pseudo-total PTE concentration (As, Cd, Cu, Fe, Mn, Ni, Pb,
Zn) in the substrate, samples were dried to constant weight at 100 °C, and digested in 65 %
HNO; at 150 °C in Kjeldaltherm® digestion block (Gerhardt, Germany), according to the US
EPA method 3051.17 Solutions for determining available PTE concentrations were made by
extraction for 2 h in 1 M ammonium acetate and 0.01 M EDTA mixture (pH 7).!8 The concen-
trations of PTE were determined by atomic absorption spectrophotometer (Shimadzu AA-
-7000, Japan) comparing sample absorption values with those of known standards. The pre-
cision of the procedure for PTE was evaluated by analyzing the certified soil material (Soil
90-0115-0106, BIPEA-Bureau Interprofessionnel d’Etudes Analytiques).

Plant analysis

To avoid contamination by residual substrate particles, the collected plant samples were
carefully washed in tap water and then thoroughly rinsed with deionized water. The plant mat-
erial was divided into (vegetative) shoots and underground parts, air-dried, powdered, oven-
dried at 100 °C for 24 h, and completely digested in 65 % HNOj; at 150 °C in Kjeldaltherm®
digestion block, according to the US EPA method 3051.!7 Concentrations of PTE (As, Cd,
Cu, Fe, Mn, Ni, Pb, Zn) in plant samples were determined by atomic absorption spectrophoto-
meter (Shimadzu AA-7000, Japan), comparing the sample absorption values with those of
known standards. Analytical procedure accuracy was assessed by analysis of the standard ref-
erence plant material NIST 1515 (apple leaves).

Phytoremediation potential

The phytoremediation potential of two horsetail species was determined on the basis of
bioconcentration factor (BCF) and translocation factor (TF).!® BCF provides information on
the accumulation of PTE in the underground plant parts and their efficiency of PTE removal
from the substrate. Translocation factor (TF) is the ratio of the PTE concentration in the
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aboveground part of the plant and its concentration in the undergound parts, and provides
information on the plant’s efficiency in translocating a certain PTE from underground to its
aboveground parts. BCF and TF values were calculated using the following formulas:

BCF = Cunderground plant parts / Csubstrate (1)
TF= Cshoot/ Cunderground plant parts (2)
where Cynderground plant parts @1 Cghoor T€present PTE concentrations in plant underground parts
and shoots, respectively, whereas cqypsirate 1S the available PTE concentration in the belonging
substrate.
Statistical analysis
Data are expressed by the mean + standard deviation of eight replicates. All data were
initially tested by the Shapiro-Wilk test for normality. Statistically significant differences
between two independent groups were calculated using the non-parametric Mann-Whitney U
test because of the non-normality of the data. Statistical analyses were performed in R (ver.
3.5.1; R Core Team 2018).

RESULTS AND DISCUSSION
Flotation tailings chemical properties

As indicated in Table I, both the active (pHp,0) and exchangeable soil
acidity (pHgc]) were within the neutral range. The pHy,0 was statistically sig-
nificantly lower in E. arvense substrate compared to that of E. telmateia, whereas
pHkc1 was lower again in the E. arvense substrate, but without statistical sig-
nificance (Table I). At a soil pH around neutral, it is assumed that all the studied
elements are well dissolved in the soil water solution, although their availability
would increase with decreasing pH, except for As.

Both substrates exhibited elevated pseudo-total concentrations of several ele-
ments (As, Cd, Cu, Pb, Zn) that surpassed the maximum allowable concentrat-
ions (MAC) specified in international soil guidelines (Table I). These concen-
trations were several-fold higher (Ni, Pb, Zn, Cd, Cu) and approximately 25-fold
higher (As) than the MAC values. Since the substrates studied were solid waste
materials from extractive metallurgical processes, it was expected that such high
concentrations of potentially toxic elements (PTEs) would be observed. Although
detected pseudo-total PTE concentrations were very similar between the sub-
strate samples, there were statistically significant differences regarding all ele-
ments, with exception of As. This heterogeneity is a common characteristic of the
flotation tailings resulting from the deposition of waste material originating from
different mined ores, which can vary in their metal content.20

The portion of EDTA-available elements in the pseudo-total content in FgT
and Fpa substrate is listed in descending order, respectively, and was as follows:
Pb (45 %, 44 %) > Cd (36 %, 37 %) > Mn (16 %, 20 %) > Ni (13 %, 8 %) > Zn
(8 %, 10 %) > Cu (7 %, 10 %) > Fe (0.2 %). The presence of elevated metal
availability in flotation tailings has been previously established in the literature
for various metals. For instance, Kasowska et al.2! highlighted the considerable
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presence of readily available copper (Cu) in copper ore flotation tailings, which
constituted approximately 41 % of its pseudo-total concentration. Additionally,
Karczewska and Milko?2 reported that EDTA exhibited the highest effectiveness
as a chelating agent, enabling the release of up to 16 % of EDTA-available lead
from the pseudo-total metal content. The prominent metal availability in the
investigated flotation tailings may be attributed to the presence of residual metal
xanthates and their degradation products in the tailings. The highest Pb and Cd
EDTA-availability can be attributed to very high EDTA efficiency for desorption
of listed metals from xanthates.23-24 While it is commonly known that metal
availability is moderate at neutral and tends to be higher under acidic conditions,
it is important to consider that in substrates already colonized by plants the metal
bioavailability can be further increased in plant rhizosphere. This enhanced
bioavailability of metals can be attributed to some microbiome and plant roots
exudates, such as organic acids and hydrogen ions, that acidify the root micro-
environment and desorb metals at the negatively charged reactive sites of soil
particles making them more available for uptake by roots.2>

TABLE I. pH values and PTE concentrations (mg kg'!) in the flotation tailings; MAC — max-
imum allowable concentration.?® Values with no letter in common are significantly different
(Mann-Whitney U, p < 0.05)

Parameter Substrate MAC / mg kg'!
Fgr Fea
pHu0 7.6+0.05P 7.5+0.032 —
pHk 7.4+0.12 7.0+£1.32 -
Pseudo-total
As 48442432 533+362 15-20
Cd 9.6+0.2b 8+0.12 1-5
Cu 349+120 300+42 60-150
Fe 25848+95b 2539941452 —
Mn 2003+25b 1759+612 1500-3000
Ni 68+1.32 75+1b 20-60
Pb 448+432 55846 20-300
/n 1823+24b 14454302 100-300
EDTA available
Cd 3.5+1.62 3.0+0.22 -
Cu 25+182 33+0.82 -
Fe 49+4 .6 62+7° -
Mn 3284242 348+112 —
Ni 8.5+72 6142 -
Pb 200+72 247+£212 —
7n 153+£372 1494402 -
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Potentially toxic element accumulation by horsetails

The analysis of concentrations of potentially toxic elements in the inves-
tigated species, E. arvense and E. telmateia, reveals a significant accumulation of
PTE in their underground parts. Notably, the concentrations of the investigated
elements, except for As and Mn, were considerably higher in the underground
plant parts (Table II) compared to the corresponding EDTA-available element
concentrations in the substrates (Table I). Consequently, this disparity led to their
BCFs > 1 (Table III). Both E. arvense and E. telmateia exhibited the highest
bioconcentration factors for Fe and Ni, followed by Zn and Cu. Generally, E.
arvense demonstrated higher BCFs compared to E. telmateia, with Cu and Ni
showing a 1.7-fold and 4.5-fold higher BCFs in E. arvense. Both Equisetum
species efficiently retained and immobilized accumulated PTE in their under-
ground parts, manifesting low transfer rates to shoots. This was detected through
significantly lower concentrations of the elements in the shoots, accompanied by
TF <1 (Table III). However, an exception was noted only for Mn (TF = 1.24) in
E. telmateia. The overall results indicate that both species possess a substantial
bioaccumulation capacity and tolerance to elevated concentrations of PTE in
their underground parts. Their metal tolerance is attributed to complex and effi-
cient PTE detoxification systems in rhizomes that could be also associated with
typically high silicon content in Equisetum that is not simply beneficial, but
essential mineral element.27-28 It is well documented that Si alleviates heavy
metal stress in horsetails and some other plants by being involved in external and
internal mechanisms of Si-mediated alleviation of metal toxicity, as a part of
their biochemistry.1429:33 Previous studies have shown that horsetails are often
behaving as extremophiles regarding their substrate properties. Thus, E. arvense
was found to tolerate nitrogen deficiency and specific elemental composition in
volcanic tephra and flotation tailings, therefore being the most or among the most
successful and dominant herbaceous species in such specific disturbed
habitats.34-36 Also, E. palustre, E. ramosissimum and E. ramosisti were among
the first plant colonizers in natural succession of the mine and flotation
tailings.37-40 Furthermore, owing to its metal tolerance E. hyemale was
efficiently used in the removal of Pb and Cr from the leachate in the wastewater
treatment biotechnology.4!

Even though Equisetum species typically form extensive colonies on wet-
lands, they have some properties that can be helpful in substrates that appear dry
on the surface. One such trait is the presence of an extensive underground rhiz-
ome system that can penetrate up to a depth of one meter, allowing them to
access water from deeper soil layers.!2 This morphological adaptation proves
particularly valuable in colonising substrates with unfavourable granulometric
structure and water conditions, such as flotation tailings.
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TABLE II. PTE concentrations in underground parts and shoots of E. telmateia and E. arv-
ense grown in the flotation tailings (mg kg™!)

Sample Element E. telmateia E. arvense  Upper concentration limits20
Underground parts As 18+18 2340.7° -

Cd 5.0+£0.12 9.3+0.3b -

Cu 51.6+3.32 117+8b -

Fe 711+62 842+15b -

Mn 93.9+43.32  318+15b -

Ni 13.8+0.5*  44.2+2.8° -

Pb 65.4+2.4% 2324240 -

Zn 389+142  633+33P -
Shoots As 35.542.6>  10+0.42 5-20

Cd 1.3+0.12 3.1+0.1b 5-30
Cu 10.5+0.7° 8.0+0.3 20-100
Fe 618+4b 380442 -
Mn 116+3.62 2706 400-1000
Ni 6.5+0.3b 5.9+0.4 10-100
Pb 26.2+0.8°  24.3+0.6 30-300
Zn 317+14b 23544 100-400

TABLE III. Bioconcentration (BCF) and translocation factor (7F) for two horsetail species
grown in flotation tailings

BCF TF
Element Species
E.telmateia E. arvense E.telmateia E. arvense

Cd 1.43 2.66 0.26 0.33
Cu 2.06 4.68 0.20 0.07
Fe 14.51 17.18 0.87 0.45
Mn 0.29 0.91 1.24 0.85
Ni 1.62 5.20 0.47 0.13
Pb 0.33 1.16 0.40 0.10
Zn 2.54 4.14 0.81 0.37

CONCLUSION

The current study demonstrates the ability of wetland species Equisetum
arvense and E. telmateia to successfully establish themselves in heavily metal-
-polluted flotation tailings. Despite absorbing substantial concentrations of vari-
ous potentially toxic elements (As, Cd, Cu, Pb and Zn) in their underground
parts, these plants exhibit no adverse effects from the elevated levels of these
elements. Remarkably, the concentrations of PTE in the shoots remain consist-
ently low, indicating that the PTE tolerance of the two investigated horsetail
species relies primarily on their capacity to exclude these elements. The findings
provide further evidence that the PTE tolerance observed in both species is sup-
ported by efficient adaptive mechanisms, enabling the accumulation, effective
immobilization, and detoxification of PTE within the underground plant parts.

Available on line at www.shd.org.rs/JSCS/

(CC) 2023 SCS.



1062 ANDREIJIC et al.

Furthermore, the significant availability of potentially toxic elements (PTE)
within the flotation tailings, containing multiple metals, highlights the potential
for secondary extraction of residual metals from this type of waste material.
Reprocessing the tailings would not only reduce metal leaching that are precious
for industry, but also mitigate their detrimental environmental impact. Although
PTE-tolerant horsetail plants could be suitable candidates for metal extraction
from the rhizosphere, the collection of their underground parts from flotation
tailings presents technical challenges. However, their vital ecological role in such
technosols primarily lies in increasing organic matter content through the decom-
position of old underground and aerial parts. This, in turn, enhances the sub-
strate’s capacity to retain PTE. Over the long term, this process facilitates gradual
improvements in the physical, chemical, and biological properties of the substrate
and promotes natural ecological succession by other metal-tolerant plant species
and soil microorganisms.

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/12228, or from the corres-
ponding author on request.
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U3BOJ
AKYMYJTAIIUJA TIOTEHIIMJAJTHO TOKCUYHUX EJIEMEHATA KOI IBE CAMOHUKIIE
BPCTE POJA Equisetum HA OJIATAJTUIITY ®JIOTALIMOHE JAJIOBUHE

TOPJAHA AHJPEJUR', MUJIMJAHA KOBAYEBWR?, XKEJ/BKO LIEJIETOBHR', YPOII AJTEKCUR',
WCHUJOP IPIOBUR” 1 TAMAPA PAKUR’

1YHusep3uu7.em y Beoipagy, Hnctiuyin 3a upumeny nyxaeapre enepiuje, banaticka 316, 11080 Beoipag u
ZYHueepsuw.ew y Beoipagy, Buonowxu paxynimei, Ciygentticku wpi 16, 11000 Beoipag

PesynTar BULIENEIIEHUjCKUX PyNApCKUX aKTHBHOCTH Cy 3HaTHE KOJMWYMHE (IIoTalloHe
janmoBuHe Koja ce oIla)ke Ha BeJHMKe MOBPIIMHE cTBapajyhu HaHoce nedrprHe HEKOTHKO Jece-
THHA MeTapa. JaJoBUHA ce KapakTepulle Ne@HUIIUTOM OpraHCKe MaTepHje ¥ MaKpOHyTpHje-
HaTa, CagpXW XEMHKa/ldje MOPEeKIOM M3 TEXHOJOWIKOI Mpolleca U BUCOKY KOHLEHTpaUHjy
NOTEHUHjaTHO TOKCUYHUX enemeHaTa (PTE). IlociefuyuHo, MOBPIIMHA jaJOBUIUTA U3Y3€THO
Iyro octaje e3 BereTauyje 1 NOAI0XKHA je (IyBHjalTHOj U €0/ICKOj epo3uju. Equisetum arvense
u E. telmateia ce mojaBbyjy kao MHOHWPCKE BPCTE Ha OAJIATAIUINTY (PIOTALIHOHE jalOBHHE
pynuuka Pb—Cu—Zn y Cpbuju koju je uctpakvBaH y 0BOj cTynuju. CBaka dusbka je y3opko-
BaHa 3aje/IHO ca CyICTpaToM U3 30He pusocdepe. IlceynoykynHe U MpUCTyNayHe KOHLIEHTpa-
uuje As, Cd, Cu, Fe, Mn, Ni, Pb, Zn y cyncrpary ¥ KOHIeHTpaudje y OM/bHUM TKUBHUMA
onpeheHe cy aTOMCKOM allCOPIIMOHOM CIEKTpO(OTOMETpUjoM. PesynraTd Hokasyjy na cy
MEXaHHM3MH TOJIEPaHLMje 3aCHOBaHU Ha e(UKAaCHHO] aKyMyJlalikju, UMOOWIU3aLHjU U OETOK-
cudvkauuju PTE y nogsemunm SuspHUM fenoBuma. OBe JBe BpCTe pactaBiha MMajy Hensoc-
TaBHY yJIOTy Yy moBehamwy cagpikaja opraHCcke MaTepHje IITO NMOCTeneHo nodoseiiaBa GU3nIKa,
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XeMHjcka ¥ DHOOIIKa CBOjcTaBa CyICTpara, a TUME W [oJp)KaBa MPUPOJHE EeKOJIOLIKE CyK-
necyje Jpyrum OWbBHUM BpCTama U 3eMJbUIITHUM MUKPOOPraHH3MHMa OTIIOPHUM Ha MeTale.
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Site description

Plants and their belonging substrates were collected from two different parcels of the
flotation tailings of the active Pb-Cu-Zn mine on Mt. Rudnik (44,11 N; 20,495 E; 500 m asl),
located in central Serbia (Fig. S-1A). Equisetum arvense and E. telmateia populations are
distributed across two distinct sections within the peripheral area of the flotation tailings,
adjacent to the surrounding natural vegetation. These sections benefit from a sufficient water
supply as a result of the presence of a nearby stream (Fig. S-1B). It is worth noting that no
deposition of waste material has occurred in either of these tailing parcels for the past four
years preceding the sampling. The climate in this region and at this altitude is temperate.

Rudnik
.

Fig. 1. Location of the mine (A) and strands of Equisetum arvense and E. telmateia in the
flotation tailings dump (B).

* Corresponding author. E-mail: gordanaa@inep.ac.rs
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Substrate and plant sampling

Each plant was sampled together with the substrate surrounding the rhizome and its
adventitious roots, from the depth 0-20 cm, in August 2017. Each composite substrate sample
(Fga, E. arvense flotation tailings substrate; Fgr, E. telmateia flotation tailings substrate) was
composed of well mixed substrate samples collected from the rhizosphere of 15 individuals.
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