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Abstract: Narcissus tazetta Linnaeus are grown in the Karaburun district of the Agean Region in Turkey in
large quantities. The flower has an economic value; however, the leaves of the plant are of no use. Within
this study's scope, sorption behaviors of Narcissus tazetta L. leaf powder against cobalt and nickel ions were
investigated by batch experiments. The effects of initial pH, contact time, initial metal concentration,
temperature, and biosorbent dosage were examined using one-factor-at-a-time method. Maximum sorption
capacities for Co(II) and Ni(II) were 43.48 and 35.97 mg g!, respectively. The biosorption process is fast,
and the equilibrium was attained in 15 min. for Co(II) and Ni(II). Data fit the pseudo-second-order kinetic
model well for both metal ions. Thermodynamic parameters reveal that the biosorption is exothermic and
spontaneous. Narcissus tazetta L. Leaf powder is a readily available, costless, and promising biomaterial

that can be used to separate Co(II) and Ni(II) ions from an aqueous solution.
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INTRODUCTION

Industrial effluents contain a wide range of
hazardous metals, including Co and Ni. Among
these metals, cobalt is arising from metallurgical,
chloro-alkali, paint, dye, petroleum, battery
industries, and coal-fired power plants and
penetrates water sources (1). On the other hand,
nickel-containing wastes are generated due to nickel
mining, nickel plating, and battery production (2).
Apart from this, 63Ni and °Co are radionuclides with
long half-lives formed during the nuclear energy
generation, and also accumulate in the metallic
parts of the core and the reactor vessel. Due to its
long half-life (100 vyears), ©Ni will remain a
significant radioactivity source for 20 years after
decommissioning a nuclear reactor (3). Hazardous
metals have destructive effects and therefore their
removal from wastewaters and the aqueous stream
is vital for preserving humanity and the
environment. For this reason, inexpensive, eco-
friendly, and effective materials have always been
the focus of attention in removing hazardous metal
ions from dilute solutions (1 - 100 mg L) and for

the mitigation of heavy metal ion concentration to
acceptable levels.

Separation techniques such as solvent extraction,
chemical precipitation, and reverse osmosis can be
inefficient or very expensive (4). Biosorption is an
intriguing technique often used to remove
hazardous metals from various types of
contaminated waste solutions. It has been reported
that a significant number of biomass are used as
biosorbent in removing metal ions from liquid waste.
Proteins, lipids, and polysaccharides are the
constituents of biomass cell walls containing
hydroxyl, phosphate sulfate, carboxylate, and amino
groups that can adsorb metal ions (4).

Seaweeds (5), brown algae (2,6), fungi (7), rice
bran (4), crab shell particles (8), plants (9), tree
leaves (1,10) were utilized for cobalt and nickel
biosorption studies. Biosorption behaviors of six
different seaweed species for Co(II) and Ni(II) were
examined by Vijayaraghavan et al. They reported
that sorption capacity of Sargassum wightii was
18.58 mg g for Ni(II) at pH 4 and 20.63 mg g for
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Co(II) at pH 4.5 (5). Biosorption studies of Ni(II)
ions were carried out using 4 types of brown algae
by Pahlavanzadeh et al. Ni(II) biosorption was
optimized at pH 6 for all types of algae. The
maximum Ni(II) uptake was found as 55.56 mg g
for Sargassum glaucescens (2). Zafar et al.
analyzed the influence of pH, biosorbent size and
dosage, initial concentration, and time on Ni(II)
sorption using protonated rice bran. It was reported
that the Ni(II) removal was rapid, and 57% of
sorption took place between 15-30 min. Ni(II)
uptake was 102 mg g at pH 6 (4).

Narcissus is the common name of the plant species
from the Amaryllidaceae family of the Narcissus
genus. The homeland of these plants is Europe, and
the richest species is found in Spain and Portugal
(11). Narcissus tazetta is the name of the genus
particularly grown in the Karaburun district of the
Agean Region in Turkey. Flowers are harvested in
the winter period, and afterward, leaves coming out
of bulbs starts to dry. During the summer period,
they become totally dry. Dried leaves have no use,
and they are considered as biowaste. The utilization
of Narcissus tazetta L. leaf powder for the
biosorption of Eu(III) ions has been reported by
inan and Ozkan (12). It is noteworthy to investigate
the separation and removal potential of this novel
biomaterial for hazardous ions.

In this study, we aimed to examine Narcissus
tazetta L. leaf powder's biosorption behaviors for
cobalt and nickel removal from aqueous media. The
biosorbent was characterized, and batch tests were
performed to assess the parameters affecting Co(II)
and Ni(II) sorption.

EXPERIMENTAL SECTION

Materials
Co(NO3)2'6H20,  Ni(NO3)2:6H20, Co and Ni
calibration standards for Inductively Coupled

Plasma-Optical Emission Spectrometer (ICP-OES)
(1000 mg L1), nitric acid and ammonia solution
were supplied from Sigma-Aldrich, Germany. 1000
mg L stock solutions of cobalt and nickel were
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prepared with dissolving 4.94 g and 4.95 g of cobalt
nitrate hexahydrate and nickel nitrate hexahydrate
in 1 L distilled water, respectively.

Preparation of Biosorbent

Dry Narcissus tazetta L. leaves were collected from
a flower garden in Karaburun district (38°40'9.97"N,
26°26'24.61"E), Izmir province (Turkey) in June
2018. The leaves were kept in the oven at 50 °C for
72 h and ground in a mortar. The ground leaf
powders were sieved, and the fraction between
0.125 mm and 0.250 mm were used in batch
experiments.

Characterization Studies

The infrared spectrum of Narcissus tazetta L. leaf
powder was acquired before and after biosorption
by Fourier Transform Infrared-Attenuated Total
Reflectance (FTIR-ATR) spectrometer (Perkin Elmer
Spectrum Two) between 550 and 4000 cm™.
Brunauer-Emmett-Teller (BET) surface area and
porosity measurements of leaf powders were taken
at 77 K by a surface area analyzer (Micromeritics
ASAP 2020). Before measurements, powders were
degassed at 323 K under vacuum for 72 h. BET and
Barrett-Joyner-Halenda  (BJH) methods were
employed to calculate surface area and pore
characteristics of Narcissus tazetta L. leaf powder,
respectively.

Batch Experiments

Batch tests were employed to find out the effects of
sorption parameters on Co(II) and Ni(II)
biosorption. The stock solutions were diluted and
the desired concentrations of test solutions (25 -
600 mg L) were obtained. The pH adjustments of
solutions were done by using nitric acid and
ammonia.

For each run, liquid and solid phases were contacted
in a temperature controlled shaker (GFL 1086) at
130 rpm. Each parameter's effect was determined
by alteration of one variable at a time while others
were kept constant. The experimental conditions
under investigation were provided in Table 1.

Table 1: Experimental conditions under investigation.

Parameter

Value

Initial pH

Contact time (t), min

Initial metal concentration (Co), mg L
Temperature (7), K

Biosorbent dosage (w), g L*

2,3,4,56,7

1,5, 15, 30, 60, 120

25, 50, 100, 200, 400, 600
303, 313, 323

0.4,1,2,4,8

At the equilibrium, the liquid phase was separated
from the biosorbent using quantitative filter paper.

Co(II) and Ni(II) concentrations were determined by
ICP-OES (Perkin Elmer Optima 2000DV). Uptake
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capacity (mg g') and biosorption efficiency (%)
were calculated as given in Egs. (1) and (2),
respectively.

Uptakecapacity(Q):(CO—CQ)X% (Eq. 1)

c,-C
Biosorption efficiency (%)= OC ¢x100 (Eq.2)

0

where C, and C. are the initial and equilibrium
concentrations of Co(II) and Ni(II) ions (mg L), V
is the solution volume (mL) and m is the mass of
the biosorbent (g).

RESULTS AND DISCUSSION

Surface Analyses

Data on surface area and pore properties were
collected for 0.125 - 0.250 mm particle size. BET
surface area and BJH adsorption cumulative pore
volume of leaf powders were measured as 1.725 +
0.0988 m? g and 0.00252 cm3 g, respectively.
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The majority of pores have an average diameter of
1.75 nm; however, there are few pores with an
average diameter between 5 and 100 nm.

FT-IR Analysis

FTIR curves as shown in Figure 1 of the raw and
metal sorbed form of the biosorbent are almost
similar except for a slight alteration in some peaks'
intensity. The peak around 3337 cm indicates -OH
stretching vibrations of hydroxyl containing
functional groups (13), and two peaks at 2917 and
2849 cm refer to -CH stretching vibrations (14). A
peak at 1732 cm™ shows the C=0 stretching of
ketones and carboxylic acids whereas the peak at
1608 cm™' demonstrates the asymmetrical C=0
stretching of COO- groups (15). The peaks at 1245
cm™ and 1020 cm™ can be the indicator of O-H
stretching in phenol group and C-O stretching,
respectively.

The Effect of Initial pH

Co(II) and Ni(II) uptake capacity with the change in
initial pH was assessed in the pH range 2 - 7
(Figure 2). Experiments above pH 7 were not
conducted due to the risk of metal hydrolysis.

G
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= 2849 4cm-1 1608.7cm1 l
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Figure 1: Infrared spectra of Narcissus tazetta L. leaf powder before and after biosorption: before sorption
(black), after Co(II) sorption (red), after Ni(II) sorption (blue).
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Figure 2: Change in Co(II) and Ni(II) uptake capacity with initial pH.

A gradual increase in Co(II) uptake capacity up to
pH 6 is seen. Maximum Co(II) uptake capacity of
15.98 mg g*! was reached. After pH 6, Co(Il)
uptake capacity tends to decrease. Biosorption of
cobalt using Sargassum glaucescens nanoparticles
was investigated by Esmaeili and Beni. The optimum
Co(II) sorption capacity was found at pH 6 (6).

On the other hand, Ni(II) uptake follows an
increasing trend up to pH 4, and at this point, Ni(II)
uptake was 12.71 mg g!. Between pH 4 and 7,
Ni(II) uptake  capacity decreases = slightly.
Vijayaraghavan et al. reported that Sargassum
wightii had a Ni(II) uptake of 18.58 mg g! at pH 4
(5).

The Effect of Contact Time

Figure 3 represents the variation of metal uptake on
Narcissus tazetta L. leaf powder depending on
contact time. It is clearly seen that the sorption was
fast, and the sorption equilibrium was established in
15 min for both Co(II) and Ni(II). At the end of 15
min, uptake capacities were obtained as 11.43 and
10.15 mg g for Co(II) and Ni(II), respectively. No
significant change was determined after 15 min of
contact. Similar data were reported by Akar et al.
(16) where nickel(II) uptake on silica-gel-
immobilized waste biomass increased up to 20 min,
and no considerable change was observed after this
time. Fast biosorption kinetics of Co(II) and Ni(II)
on Narcissus tazetta L. leaf powder could be
interpreted by the abrupt filling of the easily
accessible sites on the cell wall of the biosorbent.
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E
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Figure 3: Influence of contact time on Co(II) and Ni(II) uptake capacity.
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Experimental kinetic data were interpreted by
empirical models. Pseudo-first order model (Eq.(3))
and its linear form (Eq.(4)) are presented below:

dq
d_t[:kl(qe_qt) (Eq 3)
In(q,—q,)=Inq,~k,t (Eq. 4)

where k; is the rate constant (mint), ge and g: are
the quantity of metal uptake per unit mass of
sorbent (mg g!) at equilibrium and at time ¢,
respectively (17-19). Using the slope and intercept
values of the graph, k: and g were obtained. The
experimental data can not, however, be explained
well with the pseudo-first order model due to the
relatively low R? values and the fact that calculated
ge Vvalues are not in accordance with the
experimental data.

The pseudo-second order model (20) is associated
with the capacity of sorbent. The model (Eq. (5))
and its linear form (Eq. (6)) are given below:
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—=k,(q,~q,) (Ea. 5)
d, ¢

t__1 2+i (Eq. 6)
qt que qe

where k> is the second order rate constant (g mg!
min'!). The second-order model parameters were
provided in Table 2. Correlation coefficient (R2)
values point out that Co(II) and Ni(II) biosorption
can be explained well with second-order equation.

The Effect of Initial Concentration

The effect of initial concentration was presented in
Figure 4. Co(II) uptake increased from 5.88 to
35.80 mg g! with an increase in the initial Co(II)
concentration from 25 to 200 mg L. After 200 mg
L't of initial concentration, Co(II) uptake capacity of
biosorbent reached a plateau and was almost
constant. For Ni(II) uptake, a gradual increase can
be seen up to 400 mg L. After 400 mg L, the rate
of increase slowed down, and it can be interpreted
that the filling of active zones on the biosorbent has
started.

Table 2: Second-order kinetic data.

Metal ion qe (mg g?) k2 (g mg™* min) R?
Co(II) 11.81 0.0002 0.999
Ni(II) 10.19 0.0001 0.999

——Coc —8— N1
40

Uptake capacity (mg gt}
P
[}

0 100 200

*

pH-.: E,: pHyy 4
t: 15 min
wi:2gl?

Wi 25 mL

T: 25°C

300 400 500 600

Equilibrium concentration {mg L)

Figure 4: Variation of Co(II) and Ni(II) uptake capacity with initial concentration.

Isotherms interpret the sorption equilibrium and
provide data on the amount of metal ion on sorbent
phase and in the solution. According to Langmuir's
theory, sorption occurs in certain homogeneous
regions on the sorbent surface. Langmuir equation
(21) is written as follows:

Ce 1 CO

—_—=——

: (Eq. 7)
qe q,, qm

where gm is the maximum quantity of the metal per
unit mass of sorbent (mg g1), Ce is the equilibrium
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concentration (mg L), and b is a constant
associated with sorption energy (L mg?).

Table 3 presents the obtained gm, b, and R? values.
High R? values indicate that the sorption of both
metals could be explained well by the Langmuir
model.

Separation factor (RL) is a dimensionless constant
expressed by Webber and Chakkravorti (22). It is
derived from the Langmuir model and is calculated
as in Eq. (8):
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1
R. =
Y 1+bC,

(Eq. 8)

where b is the constant from Langmuir equation (L
mg1), and G, is initial metal ion concentration (mg
L'!). The sorption is considered favorable if the
calculated value of R. is between zero and one (0 <
RL < 1). The variation of Ry values with initial Co(II)
and Ni(II) concentration was plotted as illustrated in
Figure 5. The biosorption was favorable in the whole
concentration range under investigation.
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Figure 5: Variation of separation factor depending on the initial metal concentration.

Freundlich adsorption isotherm are represented as
in Egs. (9) and (10):

. Eq. 9
qe:KfCZ (Fa-9)
lnqe=anf+l InC, (Ea.10)

n

where ge is the metal uptake per unit mass of the
sorbent at equilibrium (mg g1), Ce is the equilibrium

concentration, Kr is the constant related to
adsorption capacity and n is the constant of
adsorption intensity. Freundlich isotherm

parameters are shown in Table 3. If we examine the
R? values, we can deduce that the biosorption data
do not fit the Freundlich isotherm well.

Dubinin-Radushkevich (D-R) equation is described
as in Eq. (11):

lnqe:lnqm_ﬁE2 (Eq. 11)

¢, the Polanyi potential is given by Eq. (12):

€=RTln(1+i) (Eq. 12)

C

e

where B is the mean free energy constant (mol2 J2)
!, ge is the quantity of metal sorbed at equilibrium
(mg g'), gm is the theoretical saturation capacity
(mg g'), T is the temperature (K) and R is the gas
constant. The adsorption mean free energy E (kJ
mol!) is obtained as follows:

1

V(28)

When the E value is below 8 kJ mol~!, the sorption
process can be considered as physical sorption. If
the E value is within 8 - 16 kJ mol™!, the
mechanism is chemical sorption. D-R isotherm data
are summarized in Table 3. E value for both metal
ions was obtained as 0.10 kJ mol-t. These values
indicate that physical sorption plays a dominant role
in both biosorption processes.

(Eq. 13)

The maximum Co(II) and Ni(II) uptake (gm) values
of various biosorbents are illustrated in Table 4. It
was determined that the maximum uptake
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capacities obtained for Co(II) and Ni(II) in the
present study were higher than most of the values
found in similar studies.

The Effect of Temperature
Metal uptake slightly decreased with temperature

RESEARCH ARTICLE

obtained results revealed that the alteration of
temperature determined no remarkable impact on
metal uptake. When the temperature shifted from
303 to 323 K, Co(II) and Ni(II) uptake decreased
from 10.42 mg g to 9.63 mg g and from 10.80
mg g to 10.11 mg g}, respectively.

variation from 303 to 323 K (Figure 6). The

Table 3: Langmuir, Freundlich and D-R isotherm parameters for Co(II) and Ni(II) biosorption on Narcissus
tazetta L. leaf powder.

Langmuir Freundlich D-R
dm(mg g?*) b(L mg?) R2 Kr n R2 gm(mg g*)  E(kJ mol?) R2
Co(1I) 43.48 0.014 0.985 1.917 1.941 0.899 27.89 0.10 0.753
Ni(II) 35.97 0.009 0.987 1.617 2.082 0.984 19.85 0.10 0.721
Table 4: Cobalt and nickel ion uptake (gm) data of various biosorbents.
Biosorbent Maximum Cobalt Maximum Nickel Reference
Uptake (mg g*) Uptake (mg g™)
Ficus Religiosa ~
leaf powder 3.60 (1)
Erotonated rice ) 46.51 (4)
ran
Sargassum 10.11 28.73 (6)
glaucescens
Modified
Aspergillus flavus 31.06 32.26 (7)
Crab Shell
Particles 322.6 - (8)
Cone biomass of
Thuja orientalis ) 12.42 (23)
Black carrot 5.350 5.745 (24)
residues
Coir pith 12.82 15.95 (25)
Narcissus tazetta 43.48 35.97 Present Study

L. Leaf Powder

——Co —8—Ni

Ng\:

pHz 6, pHyt 4

12

10

Uptake capacity (mg gt}
o

t: 15 min
o C.: 50mg Lt
wi:2gl?
Wi 25 mL
4
300 305 310 315 320 325

Temperature (K)

Figure 6: Influence of temperature on uptake capacity.

Thermodynamic data provides information about the  (AH®), entropy (AS°) and Gibbs free energy (AG®)

spontaneity of the biosorption process. The enthalpy
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changes were estimated using Egs. (14), (15) and
(16) (26).

K,= e ¥ (Eq. 14)
C. m
0 0
ik ,=AS_AH (Eq. 15)
R RT
AG'=AH’-TAS® (Eq. 16)

where Kp is the thermodynamic equilibrium constant
(mL gt), T is the temperature (K), R is the universal
gas constant (8.314 J mol! K1), V is the solution
volume (mL), and m is the mass (g) of the
biosorbent. From the slope and intercept of Van't
Hoff plot (InKp versus 1/T) AH® and AS® values were
obtained.

Thermodynamic data concerning Co(II) and Ni(II)
biosorption are presented in Table 5. AG® values
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were found negative at 303, 313, and 323 K,
indicating that the biosorption process was
spontaneous for both metal ions.

The negative AH® value denotes that biosorption is
an exothermic process. The positive AS° value
points out the increase in disorder with the flow of
Co(II) and Ni(II) ions towards the sorbent surface.
Generally, AG® values for physical sorption are from
- 20 to 0 kJ mol!, while chemisorption occurs in the
range of - 80 to - 400 kJ mol? (27). AG® values

obtained in the present study support that the
mechanism involved in biosorption is physical
sorption.

The Effect of Biosorbent Dosage

As shown in Figure 7, Co(II) 's biosorption efficiency
(%) increased from 21.06 to 45.30% with the
variation of biosorbent dosage from 0.4 to 4.0 g L1,

Similar behavior was observed for Ni(II) ions. An
increase in the biosorption efficiency(%) from 25.35
to 43.52% could be seen with the variation of
biosorbent dosage in the same range.

Table 5: Thermodynamic data for Co(II) and Ni(II) biosorption.

Ions AH° (kJ mol?) AS° (kJ mol? K1) AG’° (kJ mol?)
303 K 313 K 323K
Co(1II) -5.62 0.031 -15.013 -15.023 -15.633
Ni(II) -4.35 0.035 -14.955 -15.305 -15.655
—— Co —@— Ni
50
3
40 3
S
~ 30
C
o
2 20
3 PHco: 6, PHy;: 4
% t: 15 min
10 C,: 50 mg L?
T: 25°C
0 V: 25 mL
0 1 2 3 4 5 6 7 8 9
Dosage (gL-1)
Figure 7: Effect of biosorbent dosage on biosorption efficiency (%).
CONCLUSION in 15 min for both metal ions. Biosorption kinetics fit
the pseudo-second-order model well. The sorption
In this study, novel biomaterial biosorption isotherm data were best explained by Langmuir

behaviors, Narcissus tazetta L. leaf powder towards
Co(II) and Ni(II) ions, were investigated. The
maximum Co(II) and Ni(II) uptake were obtained at
pH 6 and pH 4, respectively. The biosorption
process was rapid, and the equilibrium was achieved

isotherm. The monolayer Co(II) and Ni(II) sorption
capacities were 43.48 and 3597 mg g7,
respectively. It has been determined that
temperature does not have a significant impact on
biosorption.  The thermodynamic parameters
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evaluation revealed that the Co(II) and Ni(II)
biosorption  processes were exothermic and
spontaneous. When the biosorbent dosage
increased in the range of 0.2 - 4.0 g L!, biosorption
efficiency (%) of Co(II) and Ni(II) increased from
21.06 to 45.30% and 25.35 to 43.52%,
respectively. Overall results indicate that the
removal of Co(II) and Ni(II) from dilute solutions by
Narcissus tazetta L. leaf powder, which is costless
and readily available in vast amount, is promising.
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Abstract: In the last decades, two serious coronaviruses have appeared in humans and animals, SARS-
CoV (severe acute respiratory syndrome) and MERS-CoV (middle east respiratory syndrome) are also
contagious viruses that causes ARDS stands for acute respiratory distress syndrome. SARS-CoV in 2003
and MERS-CoV in 2012 are characterized as a high mortality rate. This novel human respiratory
coronaviruses, also known as SARS n-CoV or SARS-CoV-2, are needed to rapidly provide therapeutic
options to reduce and prevent the spread of this outbreak. For such infections, there are currently no
scientifically approved precautions or anti - viral products authorized.; therefore, effective remedial and
preventive strategies have to be developed that can be easily applled to this newly emerging epidemic.
In addition to all these, some therapeutic options are also being evaluated that are used for Covid-19,
which includes inhibitory virus molecules or molecules that target specific replication and transcription
enzymes. Since the drugs remdesivir, lopinavir-ritonavir, favipiravir, camostat mesylate, chloroquine,
and hydroxychloroquine were originate closely stand high successful in controlling infection, Covid-19
looks promising. The research on Covid-19, discuss the efficacy of the several drug and vaccines
against Covid-19 and previous outbreaks of SARS and MERS, and provide recommendations for new
modes of treatment, assessment, and clinical research on such terrible epidemic. This paper will
summarize and discuss the main biological characteristics of SARS-CoV-2 and the current scenario of
emerging Covid-19 infections, as well as explain the current therapeutic medications treating Covid-19,
based on the clinical trial data.
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INTRODUCTION

The World Health Organization (WHO) expressed
concern after taking cognizance of this after
coming to light on several fast-spreading viral
pneumonia cases due to unknown reasons in the
Hubei province of Wuhan city of China on
December 31, 2019. Later, on January 7, 2020, it
was self-confirmed by China's scientific research
institutes that the real reason behind viral
pneumonia serious acute respiratory symptoms
would be a new form of coronavirus. SARS-CoV-2

is a virus that causes SARS (1). After which, by the
international committee on taxonomy of viruses on
February 11, 2020, the novel coronavirus was
named SARS-CoV-2 is a coronavirus that causes
extreme acute respiratory syndrome (2). The WHO
then dubbed the SARS-CoV-2-caused disorder
Coronavirus 2019 (Covid-19) (3). Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
viruses are single-stranded RNA viruses with
~30,000 nucleotides and a group of highly diverse,
non-fragmented positive-sense, that In animal
species, it causes infectious, enteric, hepatic, and
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neural ailments, including human belong to the
order Nidovirales, family Coronaviridae, genus
Betacoronavirus, and the species belong to the
severe  acute respiratory syndrome-related
coronavirus (SARS-CoV) (4-8).

In the late 1960s, Tyrrell, one of the virologists
with his colleagues, was investigating the effects of
the virus on humans. While observed within an
electron microscope, infectious bronchitis virus,
mouse hepatitis virus, and swine's transmissible
gastroenteritis virus were all shown to still be
morphologically similar (9). This new virus group
was called coronavirus due to a corona-like surface
and was future authoritatively recognized as the
virus's novel gene (10). As research on the patho-
genetics and  epidemiology of  humanoid
coronaviruses progressed, the character of animal
coronaviruses was increasing quickly. In which it
was observed that coronaviruses cause disorder
trendy many animal classes, plus rats, chickens,
dogs, cats, mice, and pig are all examples of
animals. The research involved in animal studies
focuses only on respiratory disorders. The key
research included gastrointestinal, hepatitis, and
encephalitis in mice; the pathogenesis of these
disorder conditions remained diverse also
multipart, suggesting that the gene as an entire
could cause an extensive range of diseases (11).
Much has been known about the epidemiology of
human respiratory coronaviruses using serological
techniques.  According to recent studies,
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respiratory coronavirus infections are more
common in temperate climates in wintertime and
spring than in the summer and decrease (12). In
2002-2003, SARS, a severe acute respiratory
syndrome known as coronavirus, emerged from
southerly China, spreading worldwide as an
epidemic (13).

Many species, including cats, cows, bats, horses,
and humans, are susceptible to coronavirus
pathogens. There are currently seven forms of
coronaviruses identified, four of which (229E,
NL63, 0OC43, and KHU1l) cause slight to modest
breathing contaminations similar to the general
cold, which do not have many side effects and
these actions are fatal. One and two types, the
SARS-CoV and the MERS-CoV, can origin severe
breathing infections that are more fatal, causing
humans and animals vulnerable to severe illnesses.
Whereas the seventh type recently discovered in
China is the novel coronavirus or Covid-19 that
occurs in humans, Covid-19 is primarily respiratory
or gastrointestinal tap affects humans through
infection whose symptoms are that they can be up
spironia as more severe lower respiratory
infections from the common cold (14). Many
diseases in humans are spread by coronaviruses,
most of which are associated with mild clinical
symptoms, including SARS-CoV, a novel
betacavavavirus that originates from Guangdong,
southern China is spread all over the world (15).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

spike glycoprotein (S)

envelope small membrane protein (E)

it

—_
“'-4\
“ nucleoprotein (N)
b ie

genomic RNA

hemagglutinin-esterase (HE)

Figure 1. Cartoon illustration of the severe acute respiratory syndrome SARS CoV-2 structure.

The nucleic acid of the SARS CoV-2 virus is around
30 kb long, polyadenylated in a positive manner
and single-stranded. RNA is the major identified
viral RNA code meant for a large poly-protein

(Figure 1). The mutation is a natural phenomenon
of nature in which climate change also plays an
important role. Furthermore, if two viruses infect
the same cell simultaneously, coronavirus (SARS-
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CoV-2) is capable of genetic recombination. The
cytoplasm of infected cells is where all
coronaviruses originate, from the endoplasmic
reticulum to the cytoplasmic vesicles. Within that
time period, the vesicles are then extruded or
expelled from of the cell, as well as the cell is killed
(16). Viruses include structural S-spike proteins
(external spikey glycoproteins), N-nucleocapsid
proteins (which are found within the phospholipid
bilayer), and non-structural proteins are all
encoded by separate genetic loci on the virus's
RNA. The nucleocapsid, which is made up of
genomic RNA and nucleocapsid proteins, is at the
heart of the virion (17).

Pandemic Outbreak in Current Scenario

At present, the cases of coronavirus in the whole
world have reached over 9,060,870, indicating that
North America, India, Brazil, Turkey, and Russia
are the main pillars of Covid-19, Europe (France,
Britain, Italy, Germany, Spain, etc.) the major in
the Americas. The United States and East Asia

. REVIEW ARTICLE

China are mainly vulnerable to the coronavirus,
which has resulted in a huge quantity of expiries
and growing rates. The speedy growth of the
worldwide coronavirus is also happening in the
countries of the Indian subcontinent, which is a
large population center; the WHO has also
continuously issued guidelines for health care and
control strategies to countries like India, thorough
exchange of research, technology and public health
information for active illness regulator and
protective administration must be Radan. The best
way to avoid disease transmission is to use the
most widely adopted practice, social distinction,
and work from a home model, which includes
limitations on foreign and local visits, as well as
complete lockdown over a broad geographic
region. These countries' revealed activities include
sanitation adaptation through technology, mass
diagnosis and quarantine, and complete lockdown.
It is critical to comprehend and implement their
preventive public health model as a strategy.
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Figure 2: Covid-19 cases reported weekly by WHO Region, and global deaths,

From December 31, 2019, to May 22, 2021,
conferring to the WHO, there are 162,773,940
cases of Covid-19 universal (giving to the case
definitions and trial strategies applied in the
affected countries), and 3,375,573 worldwide
deaths occurred as of May 22, 2020, supreme
figures of cases have remained testified in USA
(32,605,236), India (24,965,463), Brazil
(15,856,534), France  (5,783,787), Turkey
(5,117,374), Russia (4,949,573), United Kingdom
(4,450,781), Italy (4,159,122), Germany
(3,598,846) Spain (3,598,452), Argentina

as of 23 May 2021**

(3,514,683), Colombia (3,103,333), Poland
(2,855,190) and Iran (2,751,166). The global
epidemic caused by covid-19 has caused the
highest number of deaths (605,805) in the United
States so far and India's death toll (274,390). The
deaths reported by other countries like Brazil
(434,715), France (106,859) Turkey (44,760),
Russia (116,211), United Kingdom (127,679), Italy
(124,126), Germany (86,160) Spain (79,281),
Argentina (70,253), Colombia (80,780), Poland
(71,675) and Iran (76,936).
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Antiviral Drugs with Therapeutic Potential
Against the SARS-CoV-2

In direction of avoid the rapid growing of Covid-19,
intensive monitoring of disease warrants and rapid
dissemination of isolation protocols is vital. It is
well known that no drug or vaccine has been
developed yet. That is why the aim of current
treatment strategies is only symptomatic care and
oxygen therapy. However, prophylactic vaccination
is crucial for the early prevention of an epidemic or
pandemic related to Covid-19. Here is no finding
of drug for the handling of Covid-19 contamination
or prophylactic drugs. The patient's condition and
the habit of handwashing, face covers, and other
hygiene steps are all essential in treating
respiratory aerosol/droplet infections caused by
patients. Covid-19 will reduce the risk of
transmission and be helpful in patient care due to
this. Diagnostic testing of the effectiveness of the
new antiviral drug Remedisvir. The first use of this
drug has been used on various animals in diseases

related to the Ebola virus, SARS, and MERS virus
(18). Scientists around the world are increasingly
trying to find vaccines and drugs to treat infections
transmitted by Covid-19. More than 30 agents,
including Due to this type of research, natural
products from Western medicine and conventional
Chinese medicines have been identified as having
emphatic effectiveness against Covid-19. Any of
these compounds have been tested in clinical trials
and have shown promise in combating Covid-19
(19). For Covid-19 treatment, the National Health
Commission of the People's Republic of China
recommends IFN- and lopinavir/ritonavir. This
recommendation is focused on past studies have
shown that this drugs lower death rates in patients
undergoing SARS. In the most recent version of
the Guidelines, antivirals such as interferon (IFN-),
lopinavir/ritonavir, chloroquine phosphate,
ribavirin, and arbidol are recommended for the
prevention, diagnosis, and treatment of novel
coronaviruses (20).
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Figure 4: Chemical structural formula of some therapeutic agents (drugs) against SARS CoV-2.

Previous research has shown that the RNA
polymerase is responsible for virus-related
duplication in host cells and that the remediesavir
drug acts as an inhibitor, preventing infection from
being transmitted and in rhesus macaques as a
pre-proliferation prophylaxis as a prevention,
rehabilitation therapy, and it reduced disorder,
virus replication, and lung injury. Several countries
around the world, including the United States, are
increasingly using hydroxychloroquine drugs for

patients with uncontrolled Covid-19 infection,
which showed strong in-vitro movement in
contradiction of SARS-COV-2 preclinical

proliferation (21). Recent research has found that
the IFN- compound, a wide-ranging antiviral agent
widely cast-off to take care of hepatitis, weakens
the life cycle and reduces the effects of infection by
disrupting SARS-CoV reproduction in vitro and
decreases the effects of infection (22). Chu et al.
discovered that ribavirin has a wide-ranging of
antiviral effects then that lopinavir/ritonavir has
SARS-CoV motion in vitro against SARS CoV-2 in
medical studies (23). Chloroquine is an
antimalarial medicine that stayed discovered to
have wide-ranging antiviral effects in 2006 (24).
Arbidol, an antiviral drug used to treat the
influenza virus, was found to effectively prevent
SARS-CoV-2 contamination in vitro at
concentrations of 10 to 30 pM in one sample (25).
China approved Favipiravir, an anti-influenza
medication, to treat novel influenza on February
15, 2020. This drug is currently being tested for
Covid-19 therapy. Favipiravir is a new type of
RNA-dependent RNA polymerase (RDRP) inhibitor
with anti-influenza virus properties and the ability
to stop the reproduction of flavi-, alpha-, phyllo-,

market-region, noro- and other RNA viruses (26).
Patients with extreme Covid-19 pneumonia with

hyper inflammatory syndrome and acute
respiratory  failure reacted to tocilizumab
effectively and consistently, with substantial
thereupetic changes, according to a recent

prospective study in a single centre with 100
patients from Italy (27). Dexamethasone was
found to reduce 28-day mortality in patients
hospitalised with Covid-19 who were getting either
intrusive respiratory support or oxygen alone at
the time of trial, but not in those who were not
getting mechanical ventilation (28). Caly et al.,
reported that Ivermectin, an FDA-approved anti-
parasitic drug that has previously demonstrated to
have broad-spectrum anti-viral activity in vitro, is
an inhibitor of the SARS-CoV-2 virus (29).

Vaccines Against SARS CoV-2

Policy makers from various countries have
traditionally demanded a growing number of
clinical trials with a majority of patients and a high
number of resources for human vaccine
production. These safeguards conclude that the
best vaccine product is secure and appropriate for
various demographic groups prior to
commercialization. Unlike SARS and MERS, which
appeared to reconcile spontaneously after
territorial pandemics, the global scale of the Covid-
19 outbreaks has rendered vaccine production a
top priority. This pressing need has prompted a
variety of approaches to vaccine production.
Regulatory bodies from around the world have
demanded that the number of clinical trials on
corona virus-infected people be increased, as well
as the testing of different vaccines. Before being
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approved for commercial use, these studies ensure
that the final vaccine product is safe and effective
for different population subgroups (30). The WHO
has also used this dataset to better understand
global vaccination access discrepancies, utilising

. REVIEW ARTICLE

this evidence to support recommendations for
increased financial support for COVAX, a WHO-
backed worldwide project aiming at ensuring
equitable access to Covid-19 vaccinations (31).
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Figure 5: Cumulative number of Covid-19 doses administered by country. Total number of Covid-19
vaccine doses administered as of 7 April 2021 (Ref. 29).

More than 100 vaccines against SARS-CoV-2 are
being developed, according to WHO reports.
Vaccination can help contain SARS-COV-2
epidemics by preventing infection or lowering the
severity of sickness, virus shedding, and spread.
SARS-COV-2 vaccines have been developed using

DNA and RNA-based vaccines, subunit
(recombinant protein) vaccines, viral vector
vaccines, live-attenuated virus vaccines,

recombinant protein vaccines and inactivated virus
vaccines (32).

CONCLUSION

Covid-19, an infection that has become a global
epidemic and is spreading at a very alarming rate
worldwide. Side effects of Covid-19 can be
predicted to cause more infection than SARS or
MERS and also lead to faster deaths. Assuming
WHO, it can be said that SARS-CoV-2 is more
infectious than SARS or MERS. As the Covid-19
outbreak banquets crosswise the biosphere,
scientists are scrambling to find medications that
may be successful in fighting the virus. There are
currently no antivirals that have been shown to be
effective against Covid-19. Covid-19 is being
treated with medicines that have previously been
used to treat other diseases. Efforts are also being
made to create medical tests to determine the
effectiveness of the medications. However, given
the current severe global epidemic situation and

the urgent need for medical treatment, further
studies should be undertaken as soon as possible
to identify a new vaccine or treatment and to
effectively manage this health crisis. Covid-19 is a
virus that can be spread from person to person.
Covid-19 can be effectively minimized by
interventions such as comprehensive contact
tracing followed by quarantine and isolation, by the
influence of travel bans, wearing covers, wash
hands, and sanitizing outsides.
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Abstract: The K;TisO13 nanorods (KTNRs) were synthesized by Molten Salt Solution method (MSS) using
TiO2 nanoparticles and potassium chloride as precursors. As synthesized KTNRs was characterized by
powder X-ray diffraction to know the crystallinity, scanning electron microscopy confirms the rod type
morphology with diameter 10 to 12 nm with length up to 80 nm, functional groups were studied with
FT-IR spectroscopy, optical property of KTNRs showed the bandgap energy Eg= 3.41 eV by UV-Vis
spectrophotometry. The synthesized KTNRs was used as photocatalyst for degradation of the methyl
orange dye under UV light illumination. The degradation of methyl orange dye followed the pseudo first
order rate law. The kinetics and mechanism of MO dye degradation dye was studied for different
photocatalyst dosage 5, 10 and 15 mg of KTNRs, maximum for rate constant is found for 10 mg of
photocatalyst.
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INTRODUCTION their promising applications in nanodevices (2-8).

Even though there are Ilarge number of

The purification of water contaminated by cyanide
is refined by titanium dioxide (TiO2) by
photocatalytic method (1) for the first time. After
that the research community has investigated
many nanocomposite materials with different
nanostructured materials were used to find the
solutions for environmental pollution problem.
These nanocomposites were more attractive for
environmental issues because of their properties
like non-toxic, photo-stable, low cost, and
insoluble in water.

Similarly, the nanocomposites consisting of one-
dimensional (1 D) nanostructures like nanowire,
nanotubes, nanobelts, and nanorods have also
engrossed the extraordinary interests due to their
size dependent optical, magnetic, chemical,
electronic, mechanical, and thermal properties and

nanomaterials, titanium dioxide-related materials
and their one-dimensional nano structured
materials because of large specific surfaces and
there by improving promising applications in
decontamination, purification and decomposition of
environmental pollutants photocatalytically (9-12).

Beside the high photocatalytic activity, potassium
titanate has the distinctive crystal structure made
up of layered titanium oxide layers and inter layer
cations, which exhibits the brilliant ion exchange
and intercalation ability. The general formula of
potassium titanates consists of K3TinOzn+1.
Numerous methods have been developed to
synthesize one-dimensional potassium titanates’
nanostructures (13) with flux method (14-17).
Alkali metal titanates such as K:TisO9 and K3TicO13
have great mechanical property by incorporating
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metals and plastics (18,19). Many researchers
follow the hydrothermal method (20-22) for
synthesizing the 1-D K3TieO13 nanostructures. In
this work, we have reported the synthesis of
K>TisO13 nanorods by molten salt solution method
and their potential application as photocatalyst in
degrading the methyl orange dye in UV light
irradiation are investigated.

MATERIALS AND METHODS

Materials

Potassium chloride (99%) was purchased from SD
Fne Chemicals, titanium (IV) isopropoxide (97%)
and methyl orange were procured from Sigma
Aldrich The chemicals procured are of analytical
grade and used without any further purification.
Milli Q, deionized (DI) water is used throughout the
experiment for preparing the solutions.

Synthesis of TiO2 nanoparticles

Initially, titanium(IV) isopropoxide of 2 mL volume
was added to 25 mL of DI water and continuously
stirred using magnetic stirrer at 400 rpm for 30
minutes at room temperature; the resultant
solution was further transferred to a silica crucible
and heated at 150 °C using electric bunsen burner
leading to the formation of TiO2 nanoparticles as
titanium(IV) isopropoxide reacts with water,
leaving other components to evaporate. The
resultant powder was dried at 120 °C for 2 h and
then fine ground for 5 minutes in an agate mortar
(23).

RESEARCH ARTICLE

Ti(OCH(CHs)z2)4 (A)+ 2H20 -
(CH3)2CHOH (C) (Eq.1)

TiO2 (B) + 4

(A) titanium (IV) isopropoxide
(B) titanium dioxide
(C) Iso propyl alcohol

Synthesis of K>TisO13 hanorods

The potassium titanate nanorods are synthesized
by using molten salt solution method. 0.05 g of
titanium dioxide nanoparticles and 7.5 g of
potassium chloride were thoroughly mixed and
ground consistently in an agate mortar for 0.5 h.
Then an alumina crucible is obtained and the
mixture is transferred to it and annealed at 850 °C
for 3 h in the furnace. At this higher temperature,
the reaction mixture would be in molten state. The
alumina crucible is allowed to cool naturally to
reach room temperature and in this cooling step
crystallinity of the K>TisO13 would take place in the
presence of molten potassium chloride. The
synthesized product was collected, washed many
times to remove the unreacted potassium chloride
with DI, and dried at 80 °C overnight in hot air
oven.

4 KCI (A)+ 13 TiO2 (B)— 2 K2TisO13 + TiCls (C)
(Eq.2)

(A) Potassium chloride
(B) Titanium dioxide
(C) Titanium(1IV) chloride

Potassium Chloride

Ground for 30 minutes

¥ yp '. 1 ‘ Cooled / P
TiO, Nanoparticles 4 1J/

Annealed at 850°C for 3 h

Naturally

¥/
Jv‘ v

Dried at 100 °C for 8 h K,Ti;0.; Nanorods

Figure 1: Schematic representation of Synthesis of K>TisO13 nanorods.

Characterization Techniques

The  synthesized K;TisO13 nanorods  were
characterized by various advanced analytical
spectroscopic methods such as the powder X-ray
diffraction (PXRD) study were performed using
Rigaku Ultima IV diffractometer using Cu Ka
radiation with A=0.15406 nm in the range 10° -
70° for phase confirmation. In transmittance mode
UV-Visible absorption spectrophotometry was
performed by a Perkin Elmer Lambda 750 in the
range of 200-800 nm. The Optical Bandgap Eg was
measured by plotting (ahv)? versus photon energy
Ev. Morphology of the synthesized KaTisO13
nanorods were confirmed by Scanning Electron
Microscopy Vega 3 Tescan. Functional group study

was performed by Fourier Transform Infrared
spectroscopy with a Perkin ElImer Spectrum Two.

RESULTS AND DISCUSSION

Powder XRD analysis

The powder X-ray diffraction patterns of as
synthesized K3TisO13 nanorods was as shown in
Figure 2. The XRD patterns were completely
matched with the standard literature JCPDS card
number 74-0275 with no additional impurities. The
diffraction patterns indexed as pure monoclinic
system with C2/m phase (24) of K:TisO13 with
a=15.58 A, b=3.820 A, c=9.112 A, and
B=99.764°. The intense diffraction peak
corresponding to hkl values (200) was for 26,
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The crystallite size of the as
product was calculated using
Scherrer’s equation: The size of the nanoparticles
calculated by using Scherrer’'s formula
D=0.9A/Bcos© where D is the crystalline size, A is

RESEARCH ARTICLE

wavelength of X-rays, B is full width half maximum
of the diffraction peak and © is the Bragg’'s
diffraction angle of the diffraction peaks. The
average particle size was found to be and average

crystallite found to be 52nm.

= | —— KTNRs|
)
JCPDS # 74-0275
- TN
S S S8
8 o 1
) —_
3 S g
c HE, N
3 & 8 _
c & S = o
- ) _§ S
— ~ =
A
) .
! I| || | H L | |
10 20 30 40 50 60 70

20 (degrees)

Figure 2: XRD patterns of potassium titanate nanorods.

Scanning Electron Microscopic analysis

The Scanning electron microscopic (SEM) images
were used to analyze the morphology of the as-
synthesized potassium titanate nanorods. Figure 4

a) and b) show the synthesized potassium titanate
nanorods at 1.0 ym and 10 um, respectively.
Morphology of the samples were found to be rod-

shaped.
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Figure 3: SEM images of KTNRs at magnifications a) 1.0 pm b) 10 pm.

EDAX analysis
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Figure 4: EDX elemental analysis spectra of K;TisO13 nanorods.

In order to determine the composition of the as
synthesized products examined by Energy
Dispersive X-ray spectroscopy (EDAX). Figure 4
shows the elemental analysis data.

Table 1: Elemental data of K,TisO13 nanorods.

Element Weight % Atomic %
0 24.28 42.73
K 9.53 13.81
Ti 66.19 43.46

The as-synthesized product from molten salt
synthesis method are pure and free from

impurities and the ratio was found to be 1:3 for
potassium to titanium atomic ratio.

UV-Visible spectrophotometry

The UV-Vis absorption spectra and Bandgap
energy plot was shown in Figure 5 (a) & (b)
Bandgap energy Eg plot. Absorption spectra for
potassium titanate nanorods was Amax = 325 nm
(25). Because there is a transformation in the
structure from spherical particle type to rod type.
This creates a unique electronic property. Bandgap
energy Eg is 3.41 eV for as-synthesized potassium
titanate nanorods were calculated from the plot,
(ahv)? v/s photon energy eV, which is very close to
literature value (26).
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—— KTNRs

A =325 Nm

Absorbance (a.u)

300 400 500 600 700
wavelength A(nm)

— KTNRs

(ahv)’

Eg=3.41eV

15 20 25 30 35 40 45 5.0
Photon Energy (eV)

Figure 5 a) UV-Visible absorption plot absorbance (a.u.) v/s wavelength A (nm) of KTNRs b). Bandgap
energy Eg of KTNRs plot, (ahv)? v/s photon energy eV.

FT IR analysis

FTIR for potassium titanate nanorods was as
shown in Figure 6. The two prominent absorptions
were observed at 3358.3 cm™ and 1640.8 cm!
which are designated to O-H bending vibrations

and H-O-H bending vibrations of the adsorbed
water molecules. Ti-O bending vibrations were
observed at 550 cm™! At 723.7 cm! is assigned to
the vibration of Ti-O-Ti bond in the lattice (27).

—— KTNRs
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Figure 6: FTIR spectra of KTNRs.

Photocatalytic degradation of methyl orange
dye

Under UV light illumination, the degradation of MO
(4-[[(4-dimethylamino)phenyl]-
azo]benzenesulfonic acid sodium salt) by the
photocatalyst was analyzed by using an
absorption-based on UV-Vis spectroscopic
technique. Photocatalytic tests were carried out in
a beaker made up of quartz (150 mL) under
stirring at room temperature, being filled with an

aqueous suspension (100 mL) containing 10 ppm
of MO dye and catalyst (0.10 g/L). A 300 W high
pressure mercury lamp was positioned at 10 cm
away from the quartz beaker, suspension was
bubbled continuously with air.

Prior to irradiation, the solution mixture was
ultrasonicated for 15 min, then stirred for 0.5 h in
dark condition to achieve the
adsorption/desorption equilibrium. The
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concentration of MO after equilibrium was analyzed
by recording the absorption band maximum (Amax
464 nm) in the absorption spectra and taken as
the initial concentration (C,). During the
photocatalysis, the suspension was extracted at an
interval of 30 min, concentration (C), (C/Co) of MO
during the photo degradation were proportional to
the normalized maximum absorbance and derived
from the changes in the dye’s absorption profile at
a given time interval. For comparison, K;TisO13
nanorods were characterized under the same
conditions.

The degradation efficiency (n) was measured by
using following formula n=(1-C)/Co where, Co is

RESEARCH ARTICLE

the initial concentration before irradiation with light
and C is the concentration of dye after irradiation.
The degradation efficiency of MO was analyzed
using UV-Vis spectrometer. Peaks were observed
to be at 464 nm and were assigned as the
absorption of the n-system (28), which was
indicative of the degradation of methyl orange dye
shown in Figure 7 a) and Percentage of
degradation in 7 b). In Figure 7 c) Degradation of
MO can be seen with time. Initially the absorbance
was 0.9412 and gradually decreased with time and
irradiation of UV-Vis light to 0.0252 at 240 min.
The rate constant was found to be 0.000314 min-!
for 10 mg of photocatalytic dosage.

a) b)
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Figure 7: Photocatalytic degradation of K:TisO13 nanorods of different photocatalyst loading a)

Concentration C/Co v/s Irradiation Time (min) b) Percentage degradation v/s Irradiation Time (min) c)
Absorbance (a. u.) v/s wavelength A(nm) of 10 mg KTNRs d) rate constant plot: —In C/Co v/s Time (min)

The same photocatalytic degradation reaction is
repeated keeping all the conditions same but
changing the weight of photocatalyst. The effect of
photocatalytic dosage was varied from 5 mg and
15 mg. The rate constant was found more for 10
mg photocatalyst than 5 mg and 15 mg due to the
availability of number of active sites on the surface

of the sample increases with increasing the
amount of photocatalyst. In this way, the number
of superoxide and hydroxyl radicals also increases.
However, the rate of reaction decreases due to the
covering the active sites of the suspension for
photocatalyst. There by the light radiation will not
fall on the active sites to proceed the reaction.
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Table 2: Photocatalytic dosage and rate constant of the reaction for KTNRs.

For photocatalytic Photocatalytic dosage Rate constant, min!
degradation of MO dye by 5 mg 0.000107
KTNRs with 10 ppm
concentration 10 mg 0.000314

15 mg 0.000277

The K:TisO13 nanorods has a structure as that of
semiconductors, on irradiating to UV light
generates the electron hole pairs after attaining
the equilibrium/desorption in dark condition. The
photo generated electron hole pairs follows the
reaction and gradually degrade the MO dye to CO:
and H>O. The plausible reaction mechanism
(29,30) as follows:

KaTisO13 + ho — KTieO13 (e (ce) + h* (vey(EQ.3)

O:+e - "0r (Eq.4)
H.O + h+ - "OH + H* (Eq.5)
‘OH + h* - "OH (Eq.6)
"02 + H* - "HO; (Eq.7)
MO + ho - MO - (Eq.8)

MO " + K2TisO13— MO + KzTisO13 €™ (c)y (EQ.9)

K2TisO13 €™ (cey + O2 KoTieO13 + O2- (Eq.10)

KoTisO13€ (cey + 027 + 2HY - KiTigO13 + H202

(Eq.11)

K>TigO13 €™ (cB) + H202 — K3TigO13 + "OH + "OH
(Eq.12)

MO " + 02/ "0z / h* (vg) —
C02¢+ H20

(Intermediates) —
(Eq.13)

The degraded products are environmentally
friendly. Hence the K:TisO13 nanorods can be used
as promising photocatalysts for the degradation of
methyl orange dye.

CONCLUSIONS

The potassium titanate nanorods were efficiently
synthesized by molten salt solution method. The as
synthesized K:TisO13 nanorods were in pure
monoclinic phase with rod-like structure with
average 102 nm diameter and length up to 80
nm. The K3TisO13 nanorods showed higher
photocatalytic activity of azo dye methyl orange
under UV light irradiation. Hence it exhibited as a
prominent photcatalyst. Three different dosage
such as 5, 10 and 15 mg was examined for
photocatalytic  activity, rate constant was
maximum for 10 mg, even though as the size
decreases the active site increases, but the rate of

reaction decreases due to the blocking of the
active sites of the suspension for photocatalyst.
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Abstract: The present study focuses on the effect of experimental parameters (pH, temperature, gel
mass, metal concentration, contact time) on the performance of lead adsorption by polyacrylamide
hydrogels. The results obtained showed that the retention of Pb2* ions is closely linked to these
parameters. The adsorbent gels equilibrate with the metal solution after 180 minutes, and the maximum
adsorption capacity is 442.31 mg/g. In addition, the adsorption obeys the pseudo-second-order kinetics
and Langmuir isotherm. Desorption of the micropollutant retained by the hydrogel was also studied
using 0.1 M of HCI solution. The desorption was rapid, and the efficiency exceeded 90% after a contact
time of 90 minutes.
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INTRODUCTION slowly in living organisms from the food chain and
has several harmful effects on human health (2).
It is well known that heavy metals such as
cadmium, lead, copper, and mercury are toxic to  Eliminating these types of pollutants is always a
humans and other living organisms when their big challenge. Numerous studies have developed
concentration exceeds the tolerance limit. Unlike several treatment processes to reduce the amount
organic contaminants, heavy metals are not of these contaminants in aquatic environments
biodegradable and accumulate in living organisms. (3,4). The adsorption process is one of the
Heavy metals are increasingly being released, methods that has shown outstanding cost-
either directly or indirectly, into the environment, effectiveness in contaminants removal of a
particularly in developing countries (1). different nature, including organic pollutants and
heavy metals (5,6). Besides, the research and
Our attention has been focused on lead, which is development of new adsorbents, with a high
considered one of the toxic metals that accumulate capacity for adsorption, abundant, economically
profitable, and effective for treating wastewater is
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a great challenge. Thus, in recent years, a great
importance has been attached to functionalized
polymers because of their low cost and high
capacity to adsorption different pollutants,
especially the possibility of their regeneration (7-
9).

Through the literature, polyacrylamide (PAAM) is
one of the most widely used polymers (10,11).
This material can absorb large amounts of water
compared to other polymers (12). Polyacrylamide
is a functionalized polymer containing a large
number of amide groups that grant an excellent
selectivity for the elimination of several organic
pollutants and minerals (13). Due to its low cost,
recoverable, eco-friendly, high adsorption capacity,
and its use without any modification, PAAM can be
a great adsorbent for heavy metal removal from
wastewater (14,15). Moreover, one of the essential
advantages of using this polymer is its structure
containing abundant active sites that can fix metal
species. Also, the shape and the mechanical
rigidity of the adsorbent promote the separation
procedure at the end of the adsorption experience.
Various studies have investigated the PAAM
hydrogel as a heavy metals adsorbent, such as the
removal of mercury ions from aqueous solutions by
Ramadan et al. (2010) (16); the removal of
chromium ions from industrial lean methyl
diethanolamine solvents (MDEA) by Pal and Banat
(2015) (17) and the copper adsorption by S.
Moulay et al. (2013) (18).

This work aims to study the effect of the physical-
chemical parameters linked on the one hand to
metallic solution and on the other hand to the
polymeric matrix. The optimization of these
parameters allows defining the amount of gel
needed to treat a given metal solution volume. The
equilibrium data were analyzed using various
adsorption isotherms and kinetics.

EXPERIMENTAL SECTION

Adsorbate

The stock solution of lead is prepared from the
corresponding salt: Pb(NO3)2> supplied by the
company SOLVACHIM (Casablanca, Morocco). The
solution studied is prepared by successive dilutions
of the stock solution until the desired concentration
is obtained.

Adsorbent

The material used in this work is polyacrylamide
(PAAM), whose chemical formula is ([-
C2H3CONHz-]n) (Figure 1). It's a polymer made by
radicalic polymerization of acrylamide and
bisacrylamide. PAAM is a superabsorbent hydrogel
with transparent beads of non-porous surface
aspect supplied by Sigma-Aldrich (Saint Louis,

RESEARCH ARTICLE

USA) (CAS number: 9003-05-8, purity: 99.99%,
MW: 150000).

Adsorption Experiments

The adsorption experiments were carried out in a
static regime in a stirred reactor at a fixed
temperature (25 °C + 2 °C). The system was
adjusted to the desired pH by adding small
volumes of 0.01 or 0.1 mol/L HCI, or NaOH
supplied by the company SOLVACHIM (Casablanca,
Morocco). The quantities of metal adsorbed and
the metal removal efficiency was calculated from
the concentrations in the solutions, before and

after adsorption according to the following
equations (19,20):
0=5"Cruy (Eq. 1)
m
R%:@*wo (Eq. 2)

i

Where: Q is the adsorbed amount of lead at
equilibrium (mg/g), R% is the lead removal
efficiency (%), Ci and Cs, respectively, the initial
and equilibrium lead concentration (mg/L), m is
the mass of adsorbent (g) and V the volume of the
lead solution (L).

The FT-IR spectra were obtained by 70 Vertex
instrument of Bruker brand. The analysis was done
by scanning from 4000 cm™ to 400 cm™ with a
resolution of 4 cm<. X-ray diffraction analyses
were recorded using a PANalytical X'Pert HighScore
Plus diffractometer using Cu-Ka radiation (1.5418
A) at a goniometer rate of 26 = 4°/min. SEM
analysis was carried out using QUATTRO S, FEI.
The heavy metal content analysis was carried out
by optical emission spectrometry coupled to
inductive plasma ICP-OES (Ultima2, Horiba Jobin
Yvon)).

Desorption Experiments

To assess the regenerative property of our
adsorbent PAAM, HCl was tested as an eluent
(supplied by the company SOLVACHIM
(Casablanca, Morocco)). The gels loaded with lead
are each immersed in 40 mL of a 0.1 M HCI
solution. The experiment was stirred and
performed at 25 °C. Then the PAAM beads were
collected from the solution, washed with distilled
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water to remove acid excess acid, neutralized with
0.1 M NaOH, and washed again to remove NaOH
excess. Then the beads were reused in the next
cycle of the adsorption experiment. The
adsorption-desorption experiments were carried
out for five cycles.

Model to Experimental Data

° Adsorption kinetics analysis was calculated
using (21):
The pseudo-second-order rate equation as (22):

The pseudo-first-order rate equation as (23):

Q. _ oPe=st 1 1. (g3
o - KelQ-Q) BN (Eq. 3)
dQ,
7 = Ki(Q.-Q)==>In(Q.-Q)=InQ.~ Kt

(Eq. 4)
Where Ki is the pseudo-first-order rate constant
(g/mg min), Kz is the pseudo-second-order rate
constant (g/mg min), Qe and Q¢ are the metal
uptake (mg/g) at equilibrium and at time ¢,
respectively.
° The Freundlich sorption isotherm equation
is given below (24):

1

C, 1
Q:Kf7 ::>]0g(Q):log(kf).pglog(ce) (Eq. 5)

Where K (mg/g) represents the adsorption
capacity, and n represents the degree of
dependence of adsorption with equilibrium

concentration.

The Langmuir sorption isotherm equation is given
below (25):

K,Cc, C 1 C

= >_e + e (Eq 6)
1+KLCe Qt KLQm Qm

Q=Q

Furthermore, the separation factor (R.) was used
to determine whether the adsorption was favorable
or not. The R. was calculated from the following
equation:

RL:; (Eq. 7)
1+K,C,
Where Co and Ce represent the initial and

equilibrium concentration of heavy metals (mg/L);
Qm is the adsorption capacity (mg/g), and K. is
related to the energy of adsorption (L/ mg).
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For the thermodynamic studies, the Eyring
equation was used (26):
ok {2521
(Eq. 8)
AG=—RTInK,;InK = AS)_(AH)1
R R T

Where Kg = Qe / Ce is the sorption distribution
constant and Qe the adsorption capacity at
equilibrium (mg/g), and Ce is the amount of Pb%*
in solution at equilibrium (mg/L), R ideal gas
constant (8,314 J.molt.K1) and T the temperature
(K), AGE® is the Gibbs free energy (J/mol), AS the
entropy (J/kmol) and AH the enthalpy (J/mol).

RESULTS AND DISCUSSION

Characterization of PAAM

X-ray diffraction

X-ray diffraction makes it possible to determine
the structure of the polymer studied. Figure 2
shows the X-ray diffraction pattern of the polymer
in powder form. The absence of peaks in this
figure's spectrum shows that the polymer studied
is an amorphous product (27,28).

FTIR spectroscopy of PAAM

An infrared spectroscopic (IR) study of PAAM gels
before and after lead adsorption was performed
(Figure 3). The purpose of this study is to
understand the mechanism of fixation of Pb2* ions
by polyacrylamide. The study is based on the
comparison of the spectra of free and doped lead
polymers.

The spectrum of blank PAAM shows two peaks at
3465.44 cm™ due to the valence vibration of the
amino group N-H stretching (primary amine) (29-
31). The absorption peak at 2923 cm™ could be
attributed to the C-H elongation vibration of the
CHz group. The adsorption peak at 1639 cm!
confirms the presence of C=0 and that at 1382
cm! corresponds to the valence vibration of C-N,
whereas that at 998 cm?' and 622 cm
corresponds to the valence vibration of NH> (32-
34).

The first change observed after lead adsorption
appears at the peaks corresponding to the N-H
vibration; they become wider and intense with the
appearance of a new band of N-H at 1561.44 cm™.
A bending vibration is observed at 1615 cm
corresponding to the double band C=0; after the
adsorption of the lead, this band becomes more
intense. The vibration bands C-H, CH>, and C-N, do
not change the spectra of the formed complex.
They are therefore not involved in the coordination
of Pb%* to the PAAM polymer.
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The observations presented above show that PAAM  to a chemical crosslinking of the polymer and thus
probably acts as a bidentate ligand, coordinating the repulsion of the water molecules present in the
with the metal Pb2* center by two bonds to the CO  polymer network. This explains the deflation of the
and NHz groups (Figure 4). This coordination leads gel after lead adsorption (35).
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Figure. 2: X-ray diffraction of PAAM.
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Figure 3: IR spectrometry of PAAM hydrogel and lead charged PAAM.
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Figure 4: PAAM-Pb complex.

SEM analysis

Figure 5 (a) shows the SEM micrograph of the
lead-containing gel, and Figure 5 (b) shows the
EDX mapping of the region shown in (a), the lead,
shown in turquoise blue, is present in the gel in a
random distribution. Figure 5 (c) shows the EDX
spectrum of the same region and peaks are
corresponding to Pb, N, and O; these last two
elements should be present in a PAAM polymer;
carbon is detected, but this corresponds to the
carbon in the gel and the carbon ribbon. Pb peak is
present; it confirms the presence of lead on the gel
(36).

Effects of Different Experimental Parameters
on Adsorption of Lead by PAAM

Effect of contact time

Experiments were performed to determine the
time required for the metal removal process to
reach equilibrium. The study consists of placing, in
a temperature-controlled cell, a volume of 100 mL
of 20 ppm of lead solution and 0.026 g of PAAM
gel. The whole is stirred at 25 °C until equilibrium.
The following curve represents the simultaneous
variations of the concentration and the pH of the
metallic solution versus time.

According to Figure 6, we notice two phases: the
first one is fast from 0 to 30 minutes, and the
second phase is slow from 60 until 180 minutes
when equilibrium is reached. This is relating to the
wide availability of the free active sites of PAAM at
the beginning of the experience, which becomes
weak over time (37).
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Figure 5: EDX analysis coupled with the SEM of the lead-laden PAAM
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Figure 6: Evolution of lead concentration and pH over time (V=100 mL, T=25 °C, pH=5, m=0.026 g,
[Pb®*]=20 ppm).

At the same time, we observe an increase in the loaded with metal by consuming H* (19). In our

pH, ranging from 5.5 to 6.7. The increase in pH operating conditions, we record an adsorption
shows that the gel equilibrates with the solution efficiency close to 97%.
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Effect of adsorbent dose

Studying the effect of PAAM's mass on lead
adsorption allows us to determine the optimal
mass that will be used throughout our study. For
this purpose, we put PAAM masses varying from
0.007 to 0.08 g each in contact with 100 mL of
metal solution. The results obtained are shown in
Figure 7. According to the results, the percentage
of lead elimination by PAAM increases rapidly with
the increase in the mass of the adsorbent to the
value of 0.026 g. Beyond this value, the increase
in adsorbent content slightly affects the adsorption
of the lead until reaching an equilibrium of 100%.
This is explained by the fact that by adding the
adsorbent, more active centers will be available to
adsorb Pb** ions. Therefore the system reaches an
equilibrium state for an initial lead concentration of
20 ppm (38). Finally, 0.026 g will be considered
and used as optimal mass.

Effect of pH

pH has a remarkable influence on the process of
removing metal cations in aqueous solutions by
adsorption, as it directly affects the surface load
and the nature of the ion species of adsorbates. In
this context, the effect of pH on the adsorption of
lead by PAAM gel was studied at different values:
2, 3, 4, 5 and 6. Masses of PAAM are put in
contact with lead solutions. According to Figure 8,
it can be observed that the adsorption efficiency of
lead increases with increasing pH. Indeed, at acidic
pH, the adsorption yield is almost equal to 16%,
and it increases with increasing pH until reaching a
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maximum corresponding to equilibrium at pH = 4,
where the yield is equal to 97% (39). This can be
explained by the fact that at low pH values, the
surface of the adsorbent would be surrounded by
H+, which would decrease the interaction of Pb%*
with the sites of the adsorbent due to repulsive
forces. The decrease in adsorption at low pH
values may be due to the high concentration and
high mobility of the H*, which are preferentially
adsorbed than metal ions (40). On the other hand,
the gels' deflation at a more acidic pH prevents the
diffusion of metal ions in the gel. With the increase
in pH, the quantity of protons in solution
decreases, the competition between H* and Pb**
for the occupation of surface sites becomes less
strong, hence increasing adsorption yield.

Effect of the temperature

Temperature is a significant parameter in the
adsorption process. To study the influence of this
parameter, experiments were carried out at
different temperatures (25, 35, 45, and 55 °C)
using a thermostat. The resulting mixture was
stirred until equilibrium. Figure 9 represents the
effect of temperature in the performance of lead
adsorption by the PAAM. Based on the results
obtained, we find that the increase in temperature
causes an increase in the adsorption efficiency
(41). In fact, the increase in temperature leads to
the expansion of the polymer's macromolecular
chain, promoting the metal's adsorption. These
results show that the adsorption process is
probably endothermic.

100 +
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—¢ g 4
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Figure 7: Effect of the mass of the PAAM polymer on the adsorption of lead (T=25 °C, [Pb**]=20 ppm,
pH=5, t=3 h, V=100 mL).
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Figure 8: Effect of the pH on adsorption lead by PAAM (T=25 °C, m=0.026 g, V=100 mL, [Pb?**] =20
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Figure 9: Effect of the temperature on lead adsorption by PAAM (m=0.026 g, V=100 mL, pH=5, [Pb**]=
20 ppm, t =3 h)

Effects of ionic strength

The effect of ionic strength on the sorption of lead
ions onto PAAM was studied by conducting
experiments at different concentrations of NaCl
(25, 50, 100, 200, and 300 mg/L) (Figure 10). We
observe from the figure that the amount of Pb ions

decreased with an increase in the ionic strength of
the electrolyte solution. This can be explained,
probably, by the competition of lead ions with
other ions to adhere with the adsorbent. This
result is confirmed by previous work concerned
with water treatment (42,43).
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Figure 10: Effect of various ionic strength on lead adsorption by PAAM (m=0.026 g, V=100 mL, T= 25
°C, pH=5, [Pb] = 20 ppm, t=3 h).

Effect of the initial lead concentration

The initial concentration of the pollutant has an
important influence on the retention capacity of
the support. To study its effect, solutions of lead at
different concentrations: 20, 50, 100, 150, 200,
300, and 500 ppm were considered. It appears
from Figure 11 that the initial concentration of the
metal actually influences the retention process.
Indeed, the ability to fix the ions increases as the
lead solution's content increases. A maximum is

obtained for a concentration close to 200 ppm,
where the retention capacity of lead reaches
442.31 mg/g. This can be explained by the
depletion of all existing active sites at the surface
of the support (44). Besides, the increase in
concentration induces the increase in the driving
force of the concentration gradient, thus increasing
the diffusion of dye molecules in solution through
the surface of the adsorbent (45).

500
—
. 400 +
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£ 300 4+
o
200 +
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Concentration (ppm)
Figure 11: Adsorption capacity versus the initial lead concentration.

Isotherms and Kinetics of Lead Adsorption by
PAAM

Adsorption isotherm

The adsorption capacity of lead by PAAM gels was
studied as a function of the initial Ilead

concentration. The experimental conditions are
identical to those used previously. The initial
concentration of lead varies from 20 to 500 ppm.
The results obtained were modeled by two
empirical models: Langmuir and Freundlich. These
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for
and

two models provide a widely used tool
elucidating the adsorption mechanism
quantifying adsorbent/adsorbate affinity.

Figure 12 (a, b) represents the isotherms of lead
adsorption by PAAM. It is observed that the
adsorption is satisfactorily described by the
Langmuir model (R? = 0.9994), reflecting the
homogeneous nature of the surface of this solid
(PAAM).

Table 1 represents the
calculated from the Langmuir

various parameters
and Freundlich

7
In Qe . (a)
6 + ﬁ" +*
<l*
¥'=0,3341x + 4,4353
- R2=0,8286
a4
*
3 4
-2 0 4 6 8
In Ce
5
A (c)
*
34 *.
gy = -0,024x + 4,0304
= 2T .. R2=0,8053
o
[ 1 '-,’_.
é 1
£0 ' -
[ 100 _. T 300
1+ Time {min) ",
e
»
-3

RESEARCH ARTICLE

models. According to these results, it can be seen
that the maximum adsorbed quantity obtained by
the Langmuir model 454.54 mg/g is very close to
that obtained experimentally 442.31 mg/g, the
correlation coefficient RZ = 0.9994 is close to unity,
and the separation factor RL <1 implying that the
adsorption of lead on PAAM is favorable (46). This
reinforces the validity of the Langmuir model,
which is based on monolayer coverage and the
absence of interactions between the entities
adsorbed on sites of the same nature. These
results agree with previous work on other supports
loaded with Pb, cited in the literature (47,48).

1
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Figure 12: Freundlich (a), Langmuir (b) isotherms and Pseudo-first-order (c), Pseudo second-order (d)
kinetics applied to lead®* ion adsorption by PAAM.

Adsorption kinetics

Two kinetic models were applied to describe the
mechanism of lead adsorption by PAAM gels:
Pseudo first-order kinetic model and pseudo
second-order kinetic model (Figure 12 ¢, d). The
purpose of applying these models is to provide
general expressions capable of describing the
adsorption kinetics of solutes on a surface.

Table 2 represents the various kinetic parameters
calculated from the graphic representation of these
models. The calculated kinetic parameters are K1,
K2, and Qe (adsorption quantity) for both models.
The value of the amount of lead adsorption
calculated from the pseudo-second-order model is
the closest to that determined experimentally,
which indicates the suitability of using this model
to describe the adsorption of lead by PAAM. The
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correlation coefficient of the pseudo-second-order
model is of the order of 0.998. For the pseudo-
first-order model, the correlation coefficient is
0.8053. These data confirm that the pseudo-
second-order kinetic model is the most reliable to
describe the adsorption of lead by PAAM. This
model suggests that the lead adsorption depends
on the adsorbate and the adsorbent and that a
chemisorption process is involved in this sorption
and physisorption. This is in good agreement with
previous work on other supports loaded with Pb,
cited in the literature (49,50).

Thermodynamic study
Determining thermodynamic parameters is very
important to understand the effect of temperature
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on adsorption better. In principle, it can also
predict the strength of the bonds between the
adsorbent and the adsorbate.

Figure 13 shows the In Kd=f(1/T) curve for the
adsorption of lead by PAAM. The thermodynamic
parameters of this process are shown in Table 3.
The standard enthalpy value is positive, which
confirms that the adsorption process is
endothermic. It is accepted that the binding
energies of physical adsorption are generally
between -20 and 0 kJ/mol, while the energies of a
chemical bond are in the range of-80 to -400
kl/mol (51). In our case, the enthalpy is equal to
18 kJ/mol, which means that the adsorption of
lead by PAAM is physical in nature.

Table 1: Parameters of the Langmuir and Freundlich equations for lead adsorption by PAAM.

Langmuir isotherm

Freundlich isotherm

Qm, exp Qm KL

Ks

R2 R 1 R2
(mg/g)  (mg/g) (L/mg) . (mg/g) /"
442.32 454,54 0.13 0.9994 0.453-0.0149 84.37 0.3341 0.8286
Table 2: Kinetics parameter of lead adsorption by PAAM.
Pseudo-first-order Pseudo-second-order
Qmax K1 Qe 2 K2 Qe Rz
(mg/g) (g9/mg.min) (mg/g) (g/mg.min) (mg/g)
71.99 0.024 56.28 0.8053 0.00055461 78.86 0.9980
4
N 3+
£
2 —
1 ——
0 } } }
0,003 0,0031 0,0032 0,0033 0,0034
1/T

Figure 13: Van't Hoff plot of lead adsorption by PAAM.

Table 3: Thermodynamic parameters of lead adsorption by PAAM.

T (K) (3/mol) (3/mol) (3/k,mol) R
298 -7355.03

308 -8257.65

318 -9103.93 18879.43 88.62 0.9996
328 -9961.30
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Desorption of Lead Ions from PAAM

Among the characteristics and requirements that
an adsorbent must-have is its regeneration and
reuse in adsorption. In fact, the adsorbents must
be able to be regenerated by elution to recover the
adsorbed metal. The results showed HCI is
effective in removing the adsorbed metal. Figure
14 shows the adsorption and desorption yields of
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metals during the five cycles of adsorption-
desorption. It can be seen that the rate of
desorption was generally above 97%, and the
adsorption efficiency was hardly affected. These
results indicate that the polyacrylamide beads
would have great potential in practical applications
for the removal of metal ions as well as for their
recovery.
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Figure 14: Adsorption and desorption of lead by PAAM.

To better visualize the desorption process, samples
were taken from the HCI solution during
desorption, diluted, and then dosed. Changes in
the concentration of lead over time are shown in
Figure 15. The equilibrium is reached at
approximately 90 minutes, which shows that the
desorption kinetics is 2 times faster than the
adsorption kinetics. This can be explained by the
low swelling of the metal-laden PAAM, which
decreases the path traveled inside the gel and
accelerates the diffusion of species during
desorption.

Adsorption of Bivalent Cations by PAAM

To study the adsorption of other metals by PAAM,
we introduced a magnitude of 0.026 g of PAAM gel
in Pb2*, Cd?* and Cu?* solutions with the same
concentration (10* M) (Figure 16). The curves
obtained show quick adsorption for the three ions
for the first 30 minutes. However, the equilibrium

is reached after 3 hours of contact regardless of
the adsorbed metal. The maximum adsorption
amounts reached are 71.6 mg/g, 46.8 mg/g and
28 mg/g of Pb2*, Cu?* and Cd?*, respectively. It is
clear that the PAAM adsorb Pb ions more than
other metallic ions. These results can be attributed
to the affinity of the polymeric hydrogel vis-a-vis
certain metals; in fact, it can be influenced by the
valency and the ionic size of the heavy metals once
hydrated (52,53). At equal valence, a Ilow-
hydrated cation has more affinity than a high-
hydrated cation. The smaller the non-hydrated
radius of a cation, the stronger its hydrated radius,
because it attracts water molecules more strongly.
At equal valence, therefore, it is the voluminous
cations that will be fixed preferentially and lead
ions are voluminous, more than copper and
cadmium, that’s why they are more adsorbed by
the adsorbent.
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Figure 15: Kinetics desorption of lead by PAAM using HCI as eluent.
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Figure 16: Absorption capacity of divalent cations by PAAM versus time.

Comparison with Other Adsorbents PAAM hydrogel in heavy metal adsorption. Table 4
It is found that the adsorption amount of PAAM has shown various hydrogels that have been
among the highest capacities of hydrogels, and studied previously for the removal of Pb ions.
herein lies the novelty and the importance of using

Table 4: Comparative study of the adsorption of PAAM by different hydrogels.
Adsorption capacity

Adsorbent Reference
(mg/g)
Chitosan hydrogel beads 124.2 (54)
Poly(N-|sopropylacrylam|de_-co-benzo18-crown-6- 142 (55)
acrylamide)
bentonite/ sodium lignosulfonate graft-polymerized 218.04 (56)

with acrylamide and maleic anhydride (BLPAMA)
Acid hydrolysis lignin-g-poly-(acrylic acid) 235 (57)
poly (acrylamide-co-itaconic acid)/multi-walled

carbon nanotubes (P(AAm-co-IA)/MWCNTSs) 107.36 (38)
Polyacrylamide 442.31 Present work
poly (AA)—bentonltes(LJSrfé?bsorbent composites 1666.67 (59)
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CONCLUSION

Given the intense interest in superabsorbent
polymers in recent years, we tested the potential
of polyacrylamide to adsorb lead. The study of the
influence of the experimental parameters showed
that the equilibrium was reached after 180
minutes, and the decrease in the concentration of
lead was accompanied by an increase in the pH of
the solution, which implies that the gel equilibrates
with the metal solution by fixing H* protons. The
increase in pH promoted the adsorption of the
metal; a maximum was reached from pH = 4. At
high lead concentrations, the gel reached its
maximum metal load, about 442.31 mg/g.

Adsorption isotherm was studied on the considered
concentration interval where the Langmuir model
well represents experimental data. Linear
representations of kinetic curves have shown that
the pseudo-second-order model gives the best
match compared to the pseudo-first-order.
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Abstract: A pharmacophore describes the framework of molecular features that are vital for the biological
activity of a compound. Pharmacophore models are built by using the structural information about the
active ligands or targets. The pharmacophore models developed are used to identify novel compounds that
satisfy the pharmacophore requirements and thus expected to be biologically active. Drug discovery
process is a challenging task that requires the contribution of multidisciplinary approaches. Pharmacophore
modeling has been used in various stages of the drug discovery process. The major application areas are
virtual screening, docking, drug target fishing, ligand profiling, and ADMET prediction. There are several
pharmacophore modeling programs in use. The user must select the right program for the right purpose
carefully. There are new developments in pharmacophore modeling with the involvement of the other
computational methods. It has been integrated with molecular dynamics simulations. The latest
computational approaches like machine learning have also played an important role in the advances
achieved. Moreover, with the rapid advance in computing capacity, data storage, software and algorithms,
more advances are anticipated. Pharmacophore modeling has contributed to a faster, cheaper, and more
effective drug discovery process. With the integration of pharmacophore modeling with the other
computational methods and advances in the latest algorithms, programs that have better perfomance are
emerging. Thus, improvements in the quality of the phamacophore models generated have been achieved
with this new developments.
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INTRODUCTION

Drug discovery and development is an expensive
and complex process that takes more than 10 years
(1). Drug design and discovery is a challenging task
that needs the involvement of multidisciplinary
approaches. Computer-aided drug design (CADD)
methods are mainly employed in the early to mid-
stage of the drug discovery process. CADD methods
have contributed much to the drug discovery
process with the rapid advance in computing
capacity, data storage, software and algorithms (2-
4). CADD has applications in target fishing, target

validation, hit identification and selection of the lead
and its optimization (5). Herein, pharmacophore
modeling, which is among the CADD methods, is
reviewed.

A pharmacophore is a molecular frame that
describes the vital features responsible for the
biological activity of a molecule (6). Pharmacophore
models are generated to increase the understanding
about the ligand-protein interactions. They can be
empolyed in identifying new molecules that satisfy
the pharmacophore requirements and thus expected
to be active (7). Pharmacophore models can be built
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by using the structural information about the active
ligands that bind to the target if the target structure
is not available. This is known as ligand-based
pharmacophore modeling approach (8). In
conditions where the structure of the target is
available, pharmacophore models can be built by
using the structural properties of the target. This is
known as structure-based pharmacophore modeling
approach (Figure 1) (7).

There are several pharmacophore modeling tools in
use. HipHop, HypoGen, Pharmer, PHASE, GASP,

%gqg\

Ligand-based '\

REVIEW ARTICLE

PharmaGist, PharmMapper, MOE, LigandScout, and
GALAHAD are examples of softwares used for
pharmacophore model generation (5). With the use
of such softwares, pharmacophore modeling has
been employed at the various stages of the drug
discovery process (9). Virtual screening, drug target

fishing, ligand profiling, docking and ADMET
(absorption, distribution, metabolism, excretion,
toxicity) prediction are among its popular

application areas (Figure 1) (10-12).

<" Structure-based

o \ J Pharmacophore Modeling
Applications in Drug Discovery
Virtual Target Ligand s ADMET
Screening Fishing Profiling Df’d@g P1'¢d1ct;011

Figure 1: Overview of pharmacophore modeling and its applications.

The scope of the application of pharmacophore
modeling in the drug discovery process has been
increased by solving the challenges being faced.
There are challenges in pharmacophore scoring
functions used in virtual screening, modeling ligand
flexibility, molecular alignment, and selection of
training sets (13). In order to overcome these
challenges the contribution of the other
computational methods is crucial. Thus, the
integration of pharmacophore modeling with the
other computational methods is performed in a way
that solves some of these limitations (14). For
example, phamacophore modeling has been
integrated with molecular dynamics simulations.
With this integration better pharmacophore models
have been built (15). Furthermore, with the
contribution of the latest computational approaches
such as machine learning the advances in
pharmacophore modeling has got momentum (16).

In this study, the general principles of
pharmacophore modeling and its major application
areas in the drug discovery process are explained.
Moreover, the challenges faced and their probable

solutions through the advances in the computational
methods are covered. This work aims to fill the
information gap observed in pharmacophore
modeling and to provide an updated informaion for
the academia and the pharmaceutical industry.

PRINCIPLES OF PHARMACOPHORE MODELING

The pharmacophore concept was introduced by Paul
Ehrlich in the early 1900s. Then, the term
pharmacophore was coined and defined as
molecular features that bears (phoros) the
necessary properties for the biological activity of a
drug (pharmacon) (17). In those year's
pharmacophore was understood as chemical or
functional groups on a molecule that are responsible
for the biological activity. IUPAC (International
Union of Pure and Applied Chemistry) defined
pharmacophore as the sum of steric and electronic
properties that are required for the interaction of a
molecule with a target and thus provide the
biological activity (13).
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Pharmacophore is a pattern of features responsible
for the biological activity of a compound. This shows
that the concept of pharmacophore is more of about
features than chemical groups. Each atom or group
of a compound that shows features associated with
molecular recognition can be converted into a
pharmacophore pattern (18,19). Molecular
pharmacophore patterns can be hydrogen bond
donors (HBD), hydrogen bond acceptors (HBA),
positive features, negative features, aromatic rings,
hydrophobic features and their combinations
(20,21).

A pharmacophore model includes several patterns
arranged in a particular 3D (three dimensional)
pattern. Each pattern is depicted by a typical sphere
containing radius that determines the deviation
tolerance from the exact position. There are also
various other displaying ways. These patterns can

be displayed as a single pattern or their
combinations (22).
There are two principal approaches of

pharmacophore modeling that are used in the drug
discovery process: Ligand-based pharmacophore
modeling and structure-based pharmacophore
modeling. In the ligand-based pharmacophore
modeling approach, novel ligands are designed by
using a set of active ligands available (23). This
approach is employed if the target structure is not
available. In a similar manner, the structure-based
pharmacophore approach is employed when the
structure of the target protein is available (24).

REVIEW ARTICLE

In the ligand-based pharmacophore modeling, first
active ligands are identified by using the literature
available or database search. The data set is split
into a training set and test set. Then, feature
analysis of the training set ligands is done. The
common features are detected through the
alignment of the active ligands. The next step is
pharmacophore model generation and ranking of the
generated models. Finally, pharmacophore model
validation is performed and the best pharmacophore
model is selected depending on the results obtained
(23,25).

In the structure-based pharmacophore modeling,
selection and preparation of target protein structure
is the first step. The second step is binding site
prediction. Then, complemental chemical features of
the binding site amino acids and their layouts are
identified by analyzing it carefully. After this, the
pharmacophore features, which should be optimized
by the adjusted tools in the programs employed, are
generated. Finally, crucial pharmacophore features
responsible for the activity are selected (7).
LigandScout (26), MOE (27), Pocket v2 (28) and
Snooker (29) are among the commonly used
softwares for structure-based pharmacophore
modeling. Similarly, there are various softwares and
servers used in pharmacophore modeling. The
commonly employed programs and servers are
summarized in the alphabetical order (Table 1).

Table 1: Programs and servers used in pharmacophore modeling.

Program/Server Brief Description

CATALYST-HipHop (30)

CATALYST is now part of the BIOVIA Discovery Studio. It consists
of algorithms used in pharmacophore generation:

HipHop and

HypoGen. HipHop gives the alignment of active ligands against a
specific target and finds the three dimensional arrangements of
common features by overlapping various structures.

CATALYST-HypoGen (8)

It generates hypotheses that are able to estimate the activity of

molecules quantitatively by using biological analysis data. Thus, it
allows the correlation of the structural and activity data for
pharmacophore modeling.

GALAHAD (31)

performance. It

The program uses modified genetic algorithm and fixes certain
shortcomings of the GASP program and thus
increases the computational

increases its
speed by using

prebuilt structures as a starting point.

GASP (32)
for the

GASP is available in the SYBYL package. It uses genetic algorithm
detection

of pharmacophores. Unlike the other

pharmacophore determinations, conformational search is carried
out instantly in the GASP process and is an integral part of the
program. A single low energy structure and random spinings are
applied to examine conformational changes before superimposing
on each input compound.

LigandScout (26)

Though it is possible to perform both structure-based and ligand-

based phamacophore modeling with LigandScout, it is among the

first programs specialized

in structure-based pharmacophore

modeling. Especially, if the structure of the target protein is
present in its ligand bound state, LigandScout is widely used.

MOE (27) MOE

is able to perform

ligand-based and structure-based
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PharmagGist (33)

Pharmer (34)

PharmMapper (35)

PHASE (36)

pharmacophore modeling. Model building is performed by the
pairwise alignment of the active ligands. It is recommended to
decrease the magnitude of the training set by grouping similar
molecules.

It is a freely accessible server used in ligand-based pharmacophore
generation. This web server detects pharmacophores via multiple
flexible alignments of the input molecules.

It is a pharmacophore method that makes searching based on the
width and complexity of the query instead of the molecular library
screened. It is a very fast method and its source code is available
under an open-source license.

It is a freely accessible web server used for the identification of
potential targets for the input |ligands. It calculates
pharmacophores by using semi-rigid pharmacophore mapping.

It is provided by Schrddinger package. It is a convenient approach
used in drug discovery with or without its receptor structure. It
creates a hypothesis from one or more ligands, protein-ligand
complexes and apo proteins. It has a special algorithm designed
for use in optimization of lead compounds and virtual screening.

APPLICATIONS OF

PHARMACOPHORE

REVIEW ARTICLE

the scope of the application of pharmacophore

MODELING IN DRUG DISCOVERY

Pharmacophore modeling is employed in virtual
screening, fishing drug targets, ligand profiling,
docking, and ADMET prediction. New perspectives
are also expected for various applications of
pharmacophore modeling in the future due to the
simplicity and versatility of the concept. In this way,
besides the applications explained here, it may have
applications in polypharmacology, drug repurposing
and side effect prediction (24). In order to explain

modeling in drug discovery, publications in the last
two decades are depicted here (Figure 2). These
figures are the average of the number of documents
published in Scopus, PubMed, and ScienceDirect.
They are obtained by searching in these search
engines using ‘pharmacophore modeling’ and ‘drug
discovery’ as keywords. As illustrated by the
publications generated, the use of pharmacophore
modeling in drug discovery has been increasing
(Figure 2).
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Figure 2: Publications in the application of pharmacophore modeling in drug discovery.

Applications in virtual screening

Pharmacophore modeling is frequently used in
virtual screenings to identify compounds that trigger
the intended  Dbiological activity. Therefore,
researchers generate a pharmacophore model that

codes the 3D structure of the desired interaction
pattern correctly. There are various options to
create a pharmacophore model according to the
information about the query protein target. When
several active ligands and their inactive derivatives
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are available, separating the ligand data into
training set and test set, for the validation of the
pharmacophore models generated, is a common
practice (37).

For example, pharmacophore modeling and virtual
screening together with docking were used to
identify novel Mycobacterium tuberculosis InhA
(MtInhA) inhibitors. In this work, pharmacophore
models were built using 36 known crystal structures
of MtInhA. By the combination of ligand-based and
structure-based data, four pharmacophore features
were used to filter compounds that can meet the
essential binding features of MtInhA. The
compounds obtained from the pharmacophore-
based virtual screening of the ZINC database was
docked to compare the binding mode and score of
the screened compounds. After thorough analysis of
the in silico results, experimental testing was
perfomed on six selected ligands. Three of these
compounds were found to be potential InhA
inhibitors (38).

In a recent work, pharmacophore modeling was
used to repurpose drugs availabile in DrugBank for
the fight against COVID-19. In this work, some
potential candidates that can be used in the fight
against the Coronavirus pandemic were screened
(39).

Applications in drug target fishing

When mechanism of action of drug molecules isn't
well known, CADD can be used to elucidate the
mechanism.  Chemoinformatics-based  similarity
search tools are used for the identification of similar
ligands with known mechanisms of action (40).
However, pharmacophore modeling can also be used
for other purposes that are different from searching
for molecules with a pharmacophore query. The
compound under investigation can be the query and
the purpose here is to determine the
pharmacophore model that may be suitable for the
compound. Such pharmacophore models can be
developed manually or retrieved from the databases
(41). Furthermore, this method can be used to find
a target for a particular molecule whose activity is
still unknown. For example, many plant metabolites
have been investigated and several possible drug
targets have been found for them (42).

Applications in ligand profiling

Pharmacophore modeling is utilized in ligand
profiling to estimate the possible targets, their
adverse effects and suggest new targets for drugs.
Not only structure-based pharmacophore modeling
but also ligand-based pharmacophore modeling is
utilized in ligand profiling however structure-based
pharmacophore modeling is preferable (43).
Pharmacophore modeling can be an alternative to
molecular docking for profiling of ligands (44).
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In a study conducted by using pharmacophore
modeling-based ligand profiling, targets are
assigned correctly. In this study, through both
structure-based and ligand-based pharmacophores,
16 metabolites from Ruta graveolens were screened
against a dataset of 2208 pharmacophore models.
The computational results were validated by
experimental setups with a special focus on AChE
(acetylcholinesterase), HRV (human rhinovirus) coat
protein and CB2 (cannabinoid receptor type 2). The
experimental results confirmed the binding profile
obtained from the pharmacophore modeling (42).

Applications in docking

There are various means to combine
pharmacophore-based and docking-based molecular
modeling approaches. This may overcome some of
the drawbacks of both approaches and may lead to
generate better results. Pharmacophore models can
be used as initial filters to reduce the number of
molecules to be docked, during the docking process
as pharmacophore guides and after docking as
filters to select ligands and rank the poses (45).
Pharmacophore models are used as filters to
determine molecules that meet the basic structural
and chemical functionality requirements of the
query before molecular docking (46). Before the
evaluation using docking, pharmacophore is utilized
as a search query to filter the ligand database.
Pharmacophore-constrained docking is also
applicable in docking softwares available and
permits certain types of ligand-protein interactions
to exist in the docking pose (47). Similarly,
pharmacophore models can be used in post-docking
filtering to identify the correct binding mode of a
compound (47,48). Therefore, pharmacophore
models can be used in enriching the top ranking
docking results (49).

For instance, pharmacophore and docking were
used to filter Chk-1 (checkpoint kinase-1) inhibitors
from a compound database. The pharmacophore
model was used as initial filter in searching for small
compounds that can interact with the adenine
region of Chk-1 through a HBA and a HBD features.
Then, docking was undertaken by incorporating
these interactions in the pose identification. For
each ligand, multiple poses were saved and
rescoring was carried out. At the end of the study,
compounds with potential binding affinity were
identified (50). In another recent study,
pharmacophore modeling and docking were used to
discover new dual adenosine A1/A2A receptor
antagonists (51).

Applications in ADMET
Low ADMET property is among the principal reasons
for the failure of drug development efforts (52).

Therefore, the necessity of determining ADMET
properties in the early stages of the drug
development process is generally accepted.

Pharmacophore modeling methods are used in
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estimating ADMET properties early to reduce the
failures in the endeavor to develop novel drugs
(53).

It is possible to use pharmacophore models in
identifying the likely interactions between the drug
and its metabolizer enzymes by comparing the
similar chemical features of tested compounds and
drugs whose ADMET profile is well known (54). For
instance, a pharmacophore model that is able to
estimate the binding of a drug-like molecule to
some CYP (cytochrome P450) enzymes was
generated by using the interactions of known drugs
with CYP enzymes and the probable degradation by
these enzymes was assesed (55). Similarly, ADMET
pharmacophore model was generated for the 5’-
diphospho-glucuronosyl transferase, which are
enzymes related to drug excretion (56).

CHALLENGES IN PHARMACOPHORE MODELING

There are limitations in pharmacophore modeling
that should be overcome. Therefore, there are new
efforts to solve such problems and thus increase the
quality of the applied modeling (57).

One of the application areas of pharmacophore
modeling is virtual sceening by pharmacophore.
However, there are no good scoring functions used
in virtual screening by pharmacophore (58). Here,
the extent of matching of the ligand to the
pharmacophore query is usually expressed by the
RMSD between the patterns of the query and atoms
of the compound. However, this measurement does
not consider the similarity with known inhibitors and
thus cannot estimate the overall similarity with the
receptor. Therefore, compounds that match the
pharmacophore query may differ from the other
known inhibitors and contain functional groups that
cannot bind with the receptor binding site. This
makes the molecules inactive though they are
perfect matches (59).

Another challenging problem in pharmacophore-
based virtual screening is higher ‘false positive’
rates, that is, the virtual hit ligands may not be
biologically active (13). This limitation may result
from lack of the required hypothesis, quality of the
pharmacophore model and discrepancies from the
real biological conditions. Using expertises,
exhaustive validation, including important
information about the target and integrating with
the other computational methods need to be
considered to overcome this drawback (60).

Modeling ligand flexibility is also an important
challenge. To solve this, structure analysis based on
predetermined structure databases or during the
pharmacophore process can be used. The method
based on predetermined structure databases has
been found to have a better performance (61).
However, there are deficiencies in virtual screening
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by pharmacophore that is performed using the
method depending on predetermined structural
databases. These databases consist of a few low
energy structures per molecule. If the structure of
an active ligand is missing, there is a possibility of
not detecting it (62). This is especially true for
various structures with rotatable bonds of small
molecular functional groups like hydroxyl. It would
be hard to differentiate the various rotations by
RMSD value difference during structure generation.
Generally, pharmacophore search tools can rotate
such bonds during the matching process to find the
right directional conformations of small flexible polar
functional groups. The other limitation is the
absence of a clear way to create a pharmacophore
query (63).

Similarly, in  structure-based pharmacophore
modeling protein flexibility and ligand
conformational flexibility are the major challenges.
These limitations can be overcome by generating
the pharmacophore model using docked complex
built through flexible docking or by the generation
and alignment of the models from protein-ligand
molecular dynamics simulations simultaneously. In
other words, combination of the structure-based
approach with flexible docking and molecular
dynamics simulations may alleviate these drawbacks
(64). Furthermore, in structure-based approach
generation of pharmacophore models is not
straightforward. Especially, when various
combination of features are likely, each
pharmacophore model may lead to different set of
compounds (65).

Molecular alignment is a difficult matter in
pharmacophore modeling. Molecular alignments can
be classified as point-based and feature-based
approaches according to their basic nature. In the
point-based algorithms, double atoms, fragments or
chemical pattern points are overlapped using low
square matching. The need for predetermined
connection points is a major drawback of this
approach. The feature-based algorithms use
molecular domain determinants, often represented
by Gaussian function sets, to create alignments.
Development of new alignment methods continues
(66).

The other challenging issue in the practical job is
the right selection of the training set molecules.
Although this issue is non-technical and
straightforward, it may confuse users. The type of
ligand molecule, size of the dataset and chemical
variety have been shown to significantly affect the
final pharmacophore model generated (13).

ADVANCES IN PHARMACOPHORE MODELING
The scope and depth of the utilization of

pharmacophore modeling in the drug discovery
process are increasing (Figure 2). As a result, in
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order to keep up with the new developments in the
area, contribution of the other computational
methods is in need (45). Herein, the latest methods
in the integration of the pharmacophore modeling
with molecular dynamics (MD) simulations and the
contribution of machine learning to its advance are
presented. The necessity of the integration of it with
the other compuational methods is apparent as it is
demonstrated by its applications in the last three

years (Table 2). Thus, more integrational
approaches with the other complementary
computational methods are anticipated (18).

Moreover, the new approaches will help to overcome

the difficulties encountered in pharmacophore
modeling.
Integration with molecular dynamics

simulations

Since ligands and receptors are dynamic bodies, it is
clear that ligand-receptor complexes and thus the
underlying interactions are also dynamic. Based on
this concept, researchers began to integrate MD
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simulations in  the generation of  better
pharmacophore models (67). In recent years most
of the pharmacophore modeling implementations in
the drug discovery process are in combination with
MD simulations (Table 2). Thus, the integration of
pharmacophore generation with MD simulations will
have a profound effect on the improvement of this
approach.

HSRP (hydration site restricted pharmacophore),
SILCS (site identification by ligand competitive
saturation) and dynophores are examples for
methods that use conformations obtained from MD
simulations for pharmacophore building (16). In the
HSRP approach, the aim is to reduce the number of
pharmacophore features by determining hydration
points on the surface of the protein (68). The SILCS
method uses the binding hot spots of probe
compounds in MD simulations for the generation of
pharmacophore models (69). On the other hand,
the dynophore represents the fully automated
integration of MD  simulations  with the
pharmacophore generation (70).

Table 2: Recent applications of pharmacophore modeling in combination with other computational

methods.

Aim of the Study Major Findings Other Computational
Methods Used
Identification of 20S Five promising compounds Virtual screening, molecular

proteasome inhibitors (71)

Identification of new
Mycobacterium  tuberculosis
MurG inhibitors (72)
Development of inhbitors
against HER family proteins
(73)

Identification of novel
caspase-1 inhibitors (74)

Identification of novel
compounds that inhibit TNFa
and/or TNFR1 (75)

Identification of new
therapeutic agents against
resistant  tuberculosis by
targeting DNA Gyrase B (76)
Designing of new DprE1l
inhibitors for tuberculosis
(77)

Elucidation of key

interactions between SARS-
CoV-2 main protease (Mpro)
and its possible inhibitors
(78)

Exploration of novel drugs

that might inhibit the @5
subunit of 20S proteasome
were identified.

Ten potential inhibitors of
MurG were identified.

A lead compound with better
properties than the reference
ligand, afatinib, was found.
Four compounds that can be
leads for the development of
new anti-inflamatory agents
were identified.

Fifteen promising leading
compounds that can serve as
novel TNFa and/or TNFR1
inhibitors were identified.
Seven potential selective
inhibitors of Gyrase B were
detected.

A potential lead compound
that can be used as DprE1l
inhibitor was identified.

Residual key for the
interactions between SARS-

CoV-2 Mpro and three drug
candidates were revealed.

Eight molecules that might
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docking, and MD simulations

Homology modeling, virtual
screening, molecular docking,
and MD simulations

Molecular docking, ADMET
property analysis, virtual
screening and MD simulations
Virtual screening, molecular
docking, MD simulations and
ADMET property analysis

Molecular docking, virtual
screening and ADMET
property analysis

MD simulations, virtual
screening and  molecular
mechanics

Molecular docking, free

binding energy estimations,
MD simulations, and ADMET
property analysis

MD simulations

Homology modeling,
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against COVID-19 by hinder the attachment of the molecular docking, virtual
inhibiting its receptor binding Spike protein of novel screening and ADMET
domain (79) Coronavirus to the host property analysis

receptor were predicted.
Identification of new Ten potential Coronavirus Virtual screening, molecular
potential Coronavirus inhibitors were identified. docking and MD simulations
inhibitors (80)
Identification of new Two potential dual negative Virtual screening, MD
molecules for the regulation allosteric modulator simulations and ADMET

of glutamate signaling compounds against mGIuRs property analysis

pathway (81) in neurodegenerative
diseases were identified.

Discovery of novel TNF-a Sixteen molecules with better Molecular docking, virtual

inhibitors (82) binding affinity than the screening, MD simulations,
previously known TNF-a and free binding energy
inhibitors were identified. estimations

Identification of new GSTP1- Four promising hGSTP1-1 Virtual screening and ADMET

1 inhibitors (83) enzyme inhibitors were analysis
screened.

Involvement of machine learning trigger the desired biological activity.

The improvements in computing capacity and the
available data have contributed much to the drug
discovery process. Machine learning, which is a
subfield of artificial intelligence (AI), has been used
in pharmacophore modeling over the last years. In
the era of big data, machine learning methods have
developed into more efficient approaches such as
deep learning. Thus, several machine learning
methods that use the concept of pharmacophores
have been developed (16). In addition to this,
machine learning has been used in improving the
scoring functions (84).

HSPharm (hot spots guided receptor based
pharmacophores), PharmIF (pharmacophore based
interaction fingerprint) and DeepSite are examples
for machine learning approaches trained with
pharmacophores. The HSPharm trains random forest
decision trees with pharmacophoric descriptors to
decrease the number of pharmacophore features
(85). The PharmlIF trains support vector machine
(SVM) with pharmacophoric fingerprints to rank
docking poses of small molecules (86). The
DeepSite trains convolutional neural network (CNN)
with pharmacophoric descriptors to find out cavities
and calculate binding affinities (87).

CONCLUSION

Pharmacophore is a pattern of features responsible
for the biological activity of a molecule. There are
various programs used in the generation of
pharmacophore models. The pharmacophore models
developed are used to identify new molecules that
satisfy the pharmacophore requirements and thus
expected to be biologically active.

Pharmacophore modeling has several applications at
the various stages of the drug discovery process.
Pharmacophore modeling is widely employed in
virtual screenings to identify the molecules that

Pharmacophore models are also used as filters to
identify molecules that meet the pharmacophore
requirements prior, during and after docking.
Furthermore, pharmacophore models are used in
drug target fishing, ligand fishing, and ADMET
property predictions.

It is possible to overcome the challenges
encountered in pharmacophore modeling by using
the other advanced computational methods. For
instance, phamacophore modeling has been
integrated with molecular dynamics simulations.
This has the potential to alleviate problems faced in
the modeling of the ligand flexibility. Lack of good
scoring functions used in virtual screening by
pharmacophore is another challenge observed.
Machine learning can be used in improving such
scoring functions as it has been employed in various
computational approaches. Therefore, with the new
advances in pharmacophore modeling, it is possible
to develop pharmacophore models with better
properties.

In short, pharmacophore modeling has played its
own role in the drug discovery process.
Improvements in computing capacity, increase in
the available data, integration with the other
computational methods and involvement of the
latest algorithms have enhanced the quality of the
pharmacophore models generated. As the quality of
the pharmacophore model developed increases, its
potential role in the drug discovery also increases.
With this in mind, further improvements that will
increase the quality of the pharmacophore models
are still required.
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Abstract: The ionic liquid of pyridine base [emPy]l was prepared. Then, a series of complex salts were
designed from it with some transition metal chlorides Fe(III), Co(II), Ni(II) and Cu(lI) as Lewis acids.
The compounds were characterized by spectroscopic and physical methods such as nuclear magnetic
resonance "'H-NMR", infrared spectroscopy "FT-IR", electronic spectrum "UV", mass spectroscopy "MS",
elemental analysis "CHN", magnetic susceptibility, molar conductivity, and other methods. The thermal
stability of these compounds was also verified within the temperature range of (25-1000 °C). [emPy]I
and its complex salts were tested in the extractive desulfurization process EDS. The procedure treats
them with the model fuel of sulfur content of 2000 ppm, prepared from dissolving dibenzothiophene DBT
in n-hexane. The ratio of sulfur removal was estimated using the GC-FID technique. The optimal
conditions for EDS process were studied, and the possibility of reusing the extractant more than once
without regeneration.
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INTRODUCTION appropriate approach for desulfurization depends

mainly on the percentage and types of sulfur
The combustion process in vehicle engines compounds in the fuel. It is possible to use
generates emissions of sulfur gases, affecting alternative methods like oxidation desulfurization
pollution control equipment in vehicles and (ODS), adsorption desulfurization (ADS), and
increasing pollution. To increase the efficiency of others (6-8). One of the essential alternative

pollution control equipment, it is preferable to methods used is extraction desulfurization EDS,

significantly reduce the sulfur content in the fuel
(1-3).

The processes of hydrodesulfurization (HDS) has a
good efficiency. Still, they have limited use,
especially for aromatic sulfur compounds. Further,
in aromatic sulfur compounds, the HDS process
can cause a high cost. It requires particular
temperature and pressure conditions, affecting the
rest of the fuel components such as olefinic
compounds and reducing the octane number. Also,
the harsh conditions may affect catalysts used in
the process (4, 5). Therefore, the choice of an

especially for aromatic sulfur compounds such as
thiophene, benzothiophene, and their derivatives.
The EDS process is carried out under appropriate
laboratory conditions of temperature and pressure
and does not require special equipment; thus, it
does not change the fuel's chemical structure and
physical properties, and the octane number value
is not reduced (3, 9-12).

The most important solvents used in the EDS
process are acetonitrile and pyrrolidine, DMF, and
DMSO. It is noticed that the selectivity to extract
the sulfur compounds is not accessible due to the
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proximity of polarity with some other aromatic
compounds. The efficiency of the extraction
process does not exceed 50% at most, which
means that large quantities of solvent are used.
Therefore, it is better to use other materials that
help in increasing the selectivity of sulfur
compounds, and among these materials are ionic
liquids (ILs) (11, 13, 14). Ionic liquids are among
the promising materials and solvents for having
distinct properties such as viscosity, thermal
stability, and solubility. It is possible to control and
change the properties of ionic fluids by changing
the anion or the cation. The solubility of (ILs) in
the fuel is an essential factor in its use in the EDS
process. On the other hand, the solubility of ionic
liquids with a nitrogen base in fuel increases
nitrogen gas emissions (NOx), leading to increasing
pollution and increasing the cost of reuse of ionic
liquids. For these reasons, ionic liquids that do not
dissolve in the fuel must be chosen for EDS of
sulfur compounds (6, 15-17).

Some pyridine-based ionic liquids have been tested
in the EDS process after tested for their non-
solubility in the fuel (diesel) by analyzing the
treated fuel using (HPLC). The results showed that
there was no package belonging to the ionic
liquids. It was found that the efficiency of
extraction increases with the increase of the
aromatic character of the sulfur compounds
(thiophene (T) < benzothiophene (BT) <
dibenzothiophene DBT) under the same conditions
(18, 19). In general, ionic liquids that do not
contain a transition metal have low efficiency in
the EDS process. The results confirmed that ionic
liquids containing metals are more efficient than
the ionic liquid alone and more efficient than the
metal halide under the same conditions EDS. Many
ionic liquids containing transition metal chlorides
are used, such as non-hydrous FeClz and CuCl with
3-butyl-1-methylimidazolium chloride [BMIM]CI
have been used in EDS. The amount of sulfur
removed increases with metallic elements due to
the increased acidity (20-22).

In this work, some pyridine-based ionic liquids
were tested with some transition metal halides in
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the EDS process using a model of diesel oil
containing DBT as an aromatic sulfur compound.
The optimal conditions for extractive
desulfurization were also determined.

EXPERIMENTAL PART

All chemical compounds used are of high purity
and from trustworthy international companies
without treatment. The chemical compounds were
prepared and characterized according to the
approved methods (6, 23-26).

Preparation of the Compounds

Preparation of 4-ethyl-1-methylpyridinium jodide
[emPy]I:

The ionic liquid [emPy]l was prepared by reacting
4-ethyl pyridine with methyl iodide in a molar ratio
(1:1) by adding methyl iodide slowly and gradually
with continuous stirring for one hour with cooling;
the reaction is exothermic. An additional excess
amount of methyl iodide is added to obtain a
higher yield of the product. After completion, the
brown-yellow precipitate was formed, unreacted
methyl iodide was removed by washing the
product formed with n-hexane for more than one
time.

Preparation of complex salts of 4-ethylpyridinium
jodide [emPy]FelCl3, [emPy]:MI.Cl (M= Co, Ni
and Cu):

Some transition metal complex salts of the
[emPy]l were prepared by reacting molar ratios
(2:1) of the [emPy]I: metal chloride (CoClz, NiCly,
and CuCl2) and with a ratio (1:1) of the [emPy]I:
iron(III) chloride (FeCl3). The reaction is done by
dissolving the ionic liquid with an appropriate
amount of ethanol (10 mL) and adding the metal
chloride dissolved in water (10 mL), and adding it
gradually, refluxing the mixture for two hours with
continuous stirring. After the end of the reaction,
the solution is concentrated in half by evaporation,
left for 24 hours, the complex salt precipitates, and
then the solution is filtered and the precipitate
washed with diethyl ether. Scheme 1 shows the
preparation of compounds.
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CH2CH3 CHZCHB
\\ CH3I ‘ \ I_
= cooling string 1 h \
N N
?\‘\\ | [emPy]I
CHs
REFLUX|MCl5:[emPy]I
2h 1:2
[emPy]FelICl;
[emPy]2M12CI2

M = Co, Ni and Cu

Scheme 1: Preparation of the compounds.

Characterization of the prepared compounds detector, the programmed temperature: Intake
All  the prepared compounds were well injector temperature: 280 °C, detector
characterized using various physical and temperature: 275 °C, oven temperature: 125 °C for

spectroscopic methods. 'H-NMR was carried out by
using DMSO-de as a solvent (Bruker Avance DPX
400 MHz). Elemental analysis was measured by
Flash EA 1112 Series Thermo electron corporation.
The GC-Mass is obtained using a Trio-1000 mass
spectrometer; an infrared spectrum is carried out
by JASCO Canvas FT/IR 4200 (KBr and CsI disks).

3 min then ramping till 185 °C for 10 min. Gases’
flow rate details:hydrogen gas: 1 kg / cm?2, make
up gas (air): 1 kg/cm?, air: 1.5 kg / cm?, helium
gas: 2 kg/cm?. Column properties: Name: SE-30,
length: 28 m, diameter: 0.50 mm, film thickness:
1.2 ym. Table 1 shows the quantitative analysis
and physical data of the prepared compounds.

At the same time, atomic absorption
spectrophotometry was measured by SensAA GCB  Extraction desulfurization analysis
scientific equipment system (Avanta 2.02 The model fuel oil contained 2000 ppm

software). A Shimadzu 1800 spectrometer UV-Vis
was used for collecting electronic spectra, and
magnetic susceptibility was tested by using
Sherwood MK1, an electrothermal melting point
9100 was used to determine the melting points.
The thermal study was tested using Mettler Toledo
TGA\DSC with STARe evaluation software virgin
(15.01) at 25-1000 °C with a ramping heat rate of
10 °C/min under air. Conductivity was recorded via

dibenzothiophene DBT, and it was prepared by
dissolving DBT in n-hexane in weight percentage.
All prepared compounds were used for EDS using
100 mL quick-fit conical flask 10 mL of model fuel
mixing with salts at 25 °C with a specific time, SK-
L180. Pro linear array laboratory shaker used for
shaking (350 rpm) to optimize the best conditions
and make systematic testing with a different time
and concentration. The concentration of DBT

the HANNA EC214 conductivity meter. Gas before and after the treatment was measured by
chromatography was carried out by using GC-FID equipment; hexadecane Cis was used as
(STRUMENTAZIONE 4200 CARLO ERBA) FID- the reference.

Table 1: Quantitative analysis and physical data of the prepared compounds.

CHN calcd./(found)

() 0, °
No. Compounds C% H% N% M% Cl% Color m.p C
[emPy]I 3857  4.86 562
1 CeHuIN (38.23) (4.62) (5.44) Brown yellow 45
[emPy]FelCl;  23.36  2.94  3.41  13.58  25.86
2 CHuCINFe  (22.43)  (2.61) (3.24) (14.32) (26.43)  blackred 80
[emPyl.CoICls  35.82  4.51 522  10.98  19.82 .
3 CiHaChIN.Co  (35.03) (4.22) (4.85) (11.32) (20.42) Darkolive 140
4 [emPyLNIC; 3583 451 522  10.94  19.83 olive 0
CioHaeCLINGNI  (34.67) (4.42)  (5.02) (11.14) (20.78)
. [emPyl.CulCl; 3551 447 518 1174  19.65 Srown (60
CioHzeChLIN:CU  (35.03)  (4.32)  (4.84) (12.22) (20.76)
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RESULTS AND DISCUSSION

Characterization of ionic its
complex salts

The structure of IL as [emPy]I was confirmed with

liquid and

spectroscopy (*H-NMR, FTIR, and UV-Vis),
elemental analysis, and high resolution mass
spectrometry. !H-NMR (DMSO-ds, 400 MHz):

51.255 (3H-CHs, t, J = 7.56 Hz), 52.904 (2H-CH.,

RESEARCH ARTICLE

q, J = 7.56 Hz), 04.288 (3H-CH3, s), 08.006 (2H-
Ar, d, J = 6.40 Hz), 58.860 (2H-Ar, d, J = 6.52
Hz). MS m/z (relative intensity): 122 (0.02%), 119
(1.30%), 118 (14.50%), 117 (3.37%), 92
(2.03%), 91 (51.80%), 90 (2.12%), 75 (3.62%),
74 (100.00%), 73 (5.75%), 72 (0.39%). Figures 1
and 2 show the 'H-NMR of [emPy]I and the cation
mass spectra, respectively.
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Figure 1: 'H-NMR analysis of [emPy]l.
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Figure 2: Positive ion mass spectrum of [emPy]".

The infrared measurements were made using the
KBr disk of the region (600-4000 cm™), while the
Csl disk within the (200-500 cm™) region was
used. The stretching frequencies of the pyridine
aromatic ring of [emPy]I and it is complex salts
were investigated, and u(C=C) group appeared in

the region of (1608-1646 cm™). While u(C=N) and
u(C-N) bands appeared in the region (1430-1473
cm) and (1110-1245 cm™!) respectively, while the
u(C-H) bands appeared in the (3019-3370 cm™)
region (27, 28). The new active group u(N*-CH3s)
was noticed at (2356-2854 cm™), while the metal-
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halide bond u(M-X) (X= Cl, I) appeared at (239-
331 cm™) all these values matching with literature
(27-29). Table 2 shows the stretching frequencies

RESEARCH ARTICLE

of the main active groups
compounds.

in the prepared

Table 2: Stretching frequencies (cm-!) of FT/IR spectral data of prepared compounds.

No. Compounds u(C=C) u(C=N) u(C-N) u(C-H) uU(N+-CHs) u(M-X)
1 [emPy]l 1643s 1473m 1187m 3019s --- ---
2 [emPy]FelCls 1608m 1454m 1214s 3370s 2356w 239s,331s
3 [emPy].CoICls 1643s 1446w 1118m 3320s 2854w 254m,316s
4 [emPy]2NiICl3 1646s 1454w 1110m 3336s 2368w 242s,327s
5 [emPy],CulCls 1612m 1430m 1245w 3359s 2846w 246s,331s

DMF was used in the electronic spectra as a
solvent. Also, the magnetic susceptibility was
measured at a temperature of 25 °C to investigate
the geometrical shape of complex salts. The results
proved the tetrahedral shape of complex salts and
using conductivity to verify the ionic state of the
prepared salts at the same temperature by using
DMF as a solvent with concentration 103 M. The

percentage of metal in the complex salt was
measured by the atomic absorption technique,
which showed a good match with theoretical
values, as well as similar the other works (30-35).
Table 3  clarifies the spectral, magnetic
susceptibility, and conductivity data of prepared
compounds.

Table 3: Spectral, magnetic susceptibility, and conductivity data

Bands Suggested Conductivity
No.  Compounds cm-! transitions Herr(BM) (ohm.cm2.mol?)
28248 n-n*
1 [emPy]I 34602 N --- 74
2 [emPy]FelCls ggg; SEST, 5.72 79
3 [emPyl.CoICls 14836  “A; (F)— “T: (F) 4.20 145
16477 4A; (F)- *T1 (F)
17761 “Ax (F)- *T1 (P)
4  [emPyl:NiICls 12610 3Ty (F)— T2 (F) 3.61 140
14164 3T (F)-3Az (F)
14310 3T1 (F)-3T: (P)
5  [emPy],CulCls 14310 2T, 2E 2.42 144

The thermal stability of the prepared compounds
was tested. As shown in Figure 3, the ionic liquid
shows good stability up to 250 °C, as it
decomposes in two primary stages (the first loses
70% by weight, and the second loses 20% by
weight). The isothermal stability was studied for
[emPy]I at 100 °C up to 120 min; it is proved that
the compounds stable at this temperature as well
as same in previous studies literature (36-38). The

thermal stability of the complex salts was also
measured under the same thermal conditions. All
the prepared compounds showed good stability
below 100 °C, within the operational conditions for
the desulfurization extractive process EDS. The
Ni(II) complex salt loses the moisture water (10%
mass loss) below 100 °C. Figure 4 shows the
thermogravimetric analysis curve of all prepared
compounds.
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Figure 4: TGA analyses of prepared compounds.

EDS optimization conditions analysis

For optimizing the best conditions in EDS process,
the model oil was treated with several reaction
conditions (concentration, time, and temperature)
through systematic experiments. All tests carried
at 25 °C, to choose the best compound, 10 mL of
2000 ppm DBT was tested with 0.05 g of
extractant dissolved in 5 mL of DMSO with 30 min

of shaking. Figure 5 clarifies the result of EDS with
mentioned conditions.

T R
29

1 e

£=0 22 23
£50 + o
§10 —
] w:;%,?:'%

1 b R {

compound Mo.

Figure 5: S-removal in condition: 2000 ppm of
DBT, 30 min and 0.05 g of extractant at 25 °C.

Ionic liquids of pyridine have one of the essential
extracting factors used in desulfurization processes
(39, 40), and from the results in Figure 5, the
[emPy]I (IL) gave 16% of sulfur removal, as the
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proposed removal mechanism depends on the
interference of aromatic electrons in the sulfur
compounds with their counterparts in a pyridine
ring (n-n interactions), which depends on electron
density (6, 41). The extractant factor efficiency
depends on the type of the cation and type of the
anion, as all the compounds under study have the
same cation. Therefore, the difference in the
efficiency of desulfurization is attributed to the
anion. From a comparison of the results, it
becomes clear that the complex salts have a
higher efficiency than the ionic liquid alone. Lewis
acids (metal chlorides) act as extraction agents in

RESEARCH ARTICLE

addition to the ionic liquid. The proposed
mechanism is the interference of sulfur and
aromatic electrons in sulfur compounds with the
metal (M= Fe(II), Ni(II), Co(II) and Cu(II)) and
the halide bound with the metal (6, 26, 42). In
general, Lewis acids show less ability in
desulfurization processes than complex salts,
which confirms the important role of ionic liquids,
while the previous work have better efficiency as
they use a large amounts of extractants (3, 15,
43). The copper complex salt [emPy].CulClz has
been chosen for study the best condition as shown
in the Figures 6-8.

40 -
35 -

coafpmeommn="""

30
25
20 +
15
10
5,

S -removal %

0 T T
0 15 30

45 60 75 90

Extraction time - min

Figure 6: Effect the time of extraction, treatment conditions: 2000 ppm DBT and 0.05 g of
[emPy]>CulICls at 25 °C.
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Figure 7: Effect the concentration of extractant [emPy]2.CulCls, treatment conditions: 2000 ppm DBT and
30 min at 25 °C.
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Figure 8: Effect the concentration of DBT, treatment conditions: 30 min, 0.05 g of [emPy].CulCl3 at 25

Through the above diagrams (Figures 6-8), we
notice that increasing the time has a positive effect
on the efficiency of the extraction process, but it is
limited. The increase in the concentration of
complex salt reflects positively on the efficiency of
the sulfur removal process, which matches the
literature (6, 41), but with very few differences,
and is not economically feasible. Furthermore,
increasing the sulfur content leads to an increase
in the efficiency of the extraction process in a
limited way. The use of high concentrations of
sulfur content may negatively affect the reusability
of complex salt or ionic liquid more than once

°C.

without regeneration. It is possible to suggest that
the optimal conditions for the extraction process
are (time = 30 minutes, complex salt
concentration, 0.05 g, and the sulfur content DBT
is 1000 ppm).

Extractants reusability tests

The ionic liquid [emPy]I and its complex salts were
tested for the reusability experiment without
regeneration, where the prepared compounds were
used three times, and the reuse results showed
less efficiency than the use of extractant for the
first time as fresh extractant, as shown in Table 4.

Table 4: EDS efficiency after three times of usage of extractant (reaction conditions: time = 30 min,
extractant weight = 0.05 g and DBT concentration = 2000 ppm) at 25 °C.

Sulfur removal %
lst 2nd 3rd

No. Compounds
1 [emPy]l
2 [emPy]FelCls
3 [emPy]>CoICls
4 [emPy]2NiICl3
5 [emPy],CulCl3

CONCLUSION

The new ionic liquids prepared from pyridine-base
compensators showed promising efficacy in the
EDS process, especially those containing Lewis
acids (transition metal chlorides). The results
showed that the efficiency of the extraction
process increased when the concentration of the
extracted material increased, as well as when the
extraction time increased, furthermore, the
increase in the sulfur concentration in the oil
model. The study also showed the possibility of
reusing the ionic liquid and its complex salts
without regeneration but with less EDS efficiency.
The prepared compounds also showed good
thermal stability under the experimental conditions
used in the extraction sulfur removal processes.

16% 13% 10%
29% 20% 16%
22% 10% 10%
23% 13% 10%
33% 22% 13%
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Abstract: Edible oils are often adulterated with fixed oils because of their high quality and price. Sesame
oil is prone to adulteration due to its high commodity value and popularity. Therefore, a rapid, simple,
and non-invasive method to detect adulteration in sesame oil is necessary for quality control purposes.
Handheld and portable FT-NIR, FT-MIR, and Raman spectrometers are easy to operate, non-destructive,
rapid, and easy to transport for in-situ assessments as well as being cheaper alternatives to traditional
instruments. This study aimed to evaluate three different vibrational spectroscopic techniques in
detecting sesame oil adulteration with sunflower and canola oil. Sesame oils were adulterated with fixed
oils at different concentrations (0 - 25%) (w/w). Spectra were collected with portable devices and
analyzed using Soft Independent Modelling of Class Analogy (SIMCA) to generate a classification model to
authenticate pure sesame oil and Partial Least Squares Regression (PLSR) to predict the levels of the
adulterant. For confirmation, the fatty acid profile of the oils was determined by gas chromatography
(GQ). In all three instruments, SIMCA provided distinct clusters for pure sesame oils and adulterated
samples with interclass distance (ICD) over 3. Furthermore, FT-NIR and FT-MIR showed excellent
performance in predicting adulterant levels with rva>0.96. Specifically, the FT-MIR unit provided more
precise classification and PLSR prediction models over FT-NIR and Raman units. Still, all the units can be
used as an alternative method to traditional methods such as GC, GC-MS, etc. These units showed great
potential for in-situ surveillance to detect sesame oil adulterations.
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INTRODUCTION

+90-456-233-10-00/1849.

China, Myanmar, India, and Nigeria are the leading
countries for sesame oil production, followed by
Japan (6). The largest sesame oil producer, China,
had an annual production of 302,354 tons (29%),
followed by Myanmar with 168,100 tons (16%),

Sesame oil is a seed oil extracted from Sesamum
indicum L. Because it provides many health
benefits and contains antioxidants,

polyunsaturated fatty acids, tocopherols, sesamin
and sesamol, which are cardioprotective functional
components, it is becoming more popular and
demanded worldwide (1,2). Sesame oil consists of
up to 48% linoleic acid, 43% oleic acid, 12%
palmitic acid, and 7% stearic acid (3). Sesame oil
is used in foods as a flavor enhancer, in
shortening, cosmetics, and pharmaceuticals (4,5).

India with 87,200 tons (8%), Nigeria with 54,000
tons (5%), and Japan with 52,700 tons (5%) in
2018 (6). Sesame oil is a premium oil, therefore
an expensive oil, which increases the concern of
authentication. Sunflower, canola, maize, and
soybean oils are the most common oils used for
adulterations in sesame oil (7).
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Conventional analytic techniques such as GC,
HPLC, NMR, and IMS have focused on specific
marker compounds in the pure oils (4). These
traditional methods focus on targeted approaches
that pre-define the chemical marker for their
identification and quantification; however, those
can be failed to detect unexpected adulterants that
cannot be determined through the selected method
(8). Although these methods susceptible and
accurate, they require transportation of samples to
the facilities where analysis is carried, are invasive,
expensive, time-consuming, and require high-cost
instrumentation and maintenance and complex
sample preparation (9). Vibrational spectroscopy
techniques (VST) combined with multivariate data
analysis can be used as an alternative to the
conventional techniques because VST can provide
rapid, precise, and sensitive chemical information
of the samples. Besides, a non-targeted approach
using VST focuses on all chemical compounds
without knowing the sample's chemical structure,
which could then be compared with the pure
sample's fingerprint profile (10). The performance
of VST on the detection of adulteration in the
edible oils has been evaluated in the literature,
including olive oil (8), avocado oil (11), and
sesame oil (12). With the advancement of
microelectromechanical systems, fibers, sensors,
optical parts, and detectors have been assisted the
miniaturization of vibrational spectroscopy units.
These units can provide in-situ analysis, real-time
assessments, rapid and cost-efficient results
because there is no need to transport the samples
and convenience to the food industry and food
control agencies (13).

This study aimed to evaluate the performance of
three different vibrational spectroscopy techniques
and portable devices on the authentication of
sesame oil.

MATERIALS and METHODS

Materials

Sesame oils (32 different commercial products),
sunflower oils (6 different commercial products),
canola oils (6 different commercial products) were
purchased from various local markets in Istanbul,
Turkey, and Columbus, OH, USA. Sunflower and
canola oil were selected because both oils were
cheaper than sesame oil and could be used as
adulterants in sesame oil. Samples were stored at
4 °C until further analysis to prevent any oxidative
changes in the oil. One of the pure sesame oils was
chosen randomly, and it was adulterated with 5,
10, 15, 20, and 25% (w/w) sunflower oil and
canola oil, separately. Adulteration with adulterant
levels lower than 10% may not be feasible
economically; therefore, it may limit the use in
food fraud practices, and high adulterant levels
may be easily detected by sensory without any
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instrument used. Therefore, a 5-25% range was
selected to imitate realistic and practical
applications in the adulteration of oils (14).

Methods

NIR

The NIR of the oil samples were collected using
micro-NeoSpectra (Si-Ware Systems, Cairo, Egypt)
(Figure 1), a compact Fourier Transform Near-
Infrared (FT-NIR) sensor equipped with a single-
chip Michelson interferometer with monolithic
Opto-electro-mechanical structure with a single
uncooled indium-gallium-arsenide (InGaAs)
photodetector. A total of 50 pL of oil sample were
deposited on the unit's sensor, and the spectra
were collected at the range of 7400-3920 cm™ in
absorbance mode and with a 16 cm™ resolution.
Samples were scanned for 15 seconds to increase
the signal-to-noise ratio. Spectral data collection
was carried out in duplicate.

MIR

A total of 50 pL of the oil sample was placed on the
IR crystal. The FT-IR 5500 (Agilent Technologies
Inc., Santa Clara, CA) (Fig. 1) spectrometer
equipped with a temperature-controlled 5-bounce
ZnSe crystal set to 40 °C. The spectra were
collected at 4 cm~! resolution over a range from
4000 to 650 cm~!, and an interferogram of 64
scans co-added to increase the signal-to-noise
ratio. Spectral data collection was carried out in
duplicate.

Raman

Three milliliters of oil sample were placed in a 10-
mm light path quartz cuvette (Hellma Analytics,
Mulheim, Germany), and the Raman spectra were
collected using a WP 1064 compact portable
Raman spectrometer (Wasatch Photonics, Durham,
NC, USA) (Figure 1). The Raman unit was
equipped with an Indium Gallium Arsenide
(InGaAs) detector and a laser source operating at
1064 nm. The spectra were collected from 1855 to
200 cm~! with a resolution of 4 cm~1- and 3 scans
were co-added to improve the signal-to-noise ratio
of the spectrum with an integration time of 3000

ms. A background spectrum was acquired in
between every sample to eliminate the
environmental variations. Spectral data were

displayed in terms of scattered light by the sample
and viewed using EnlightenTM software (Wasatch
Photonics, Durham, NC, USA). Spectral data
collection was carried out in duplicate.

GC (Reference method)

The fatty acid profile was determined using a fatty
acid methyl ester (FAME) procedure (15) with
slight modifications. A total of 100 pL oil sample
was dissolved in 1 mL of n-hexane in a
microcentrifuge tube; after adding 20 pL of 2 N
potassium hydroxide in methanol, the mixture was
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vortexed for a minute. The microcentrifuge tube
set aside for the phase separation, and a 750 uL of
an aliqguot from the upper part was removed into
another microcentrifuge tube with a pinch of
anhydrous sodium sulfate. The tube was
centrifuged at 13.2 rpm for 5 min, and the upper
part (~500 pL) was transferred into a borosilicate
glass vial. Samples were analyzed using an Agilent
6890 (Santa Clara, CA, USA) GC, with a flame
ionization detector (FID) and an HP G1513A
autosampler and a tray. Fatty acids were eluted
through an HP-88 100 m x 0.25 mm x 0.2 um
column (Agilent, Santa Clara, CA, USA), and
helium was used as a carrier gas. A total of 1 pL of
the sample was injected with a split ratio of 20:1.
The oven temperature was set at 110 °C for 1 min,
then increased to 220 °C (5 °C/min) and held for
15 min. The injector temperature was 220 °C, and
the detector temperature was 250 ©°C. The
identification of the fatty acids was achieved by
comparing each peak's retention time against the
reference standards (Supelco®37 Component
FAME Mix, Sigma Aldrich, St. Louis, MO, USA). GC
analyses for each sample were carried out in
duplicate.

Data Analysis

A multivariate data analysis software (Pirouette
version 4.5, Infometrix Inc., Bothell, WA, USA)
was used to analyze the spectral data.

SIMCA

A supervised pattern recognition technique relies
on a confidence region for each class after PCA is
applied. Observations are projected in each PC that
decides if the observation belongs to that class or
not. Because the spectra are complex, SIMCA is
required for obtaining meaningful information of
the data matrix (16). More information can be
found in the literature (17-19). SIMCA was used to
determine the pure samples and adulterated
sesame oils. Known classes (sesame, sunflower,
and canola oils) were used to create a classification
algorithm to identify the correct classes (80% of
the total samples). Then, the validation data set
(20% of the samples that were not used in the
classification model) was informed to evaluate the
model. SIMCA was evaluated based on three-
dimension class projection, misclassification (if the
sample was predicted in the correct class), and
interclass distance (ICD).

PLSR

Partial Least Square Regression (PLSR) was used
to evaluate the fitness of the model using the
standard error of cross-validation (SECV), standard
error of prediction (SEP), coefficient of correlation
(r), and outlier diagnostics. PLSR is one of the
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most used multivariate data analyses used for
correlated, noisy, and multi-X variables. For
example, data obtained from FT-NIR, FT-MIR, and
Raman can have thousands of data points (X
variable, i.e., FT-MIR - from 3500 cm™ to 800 cm~
1), PLSR includes the PCA features where
thousands of variables can be compressed into few
latent variables called factors, predictors, or
components. Detailed information for PLSR can be
found in the literature (20-23). Samples with large
residuals indicating the samples with structure do
not fit in the model, and high leverage indicates
the sample or variable have very much impact on
the calibration model were considered as outliers
(not shown in the data).

RESULTS AND DISCUSSION

SIMCA Results - FT-NIR Spectra

Due to NIR spectra's complexity, and to make the
interpretation more straightforward, the spectra
were mean-centered, second derivative, and
smoothly transformed before the SIMCA analysis
to obtain better spectral characteristics (with a
second-order poly-nominal filter with a 19-point
window). Even though many pre-processing
options were tried, the best results were obtained
using a 19-point window (i.e., 21, 25, 35-point).
SIMCA was used to generate a classification
algorithm for the oils. Figure 2A shows the SIMCA
3D projection to classify sesame oil, sunflower oil,
and canola oil. Based on the SIMCA, all oil samples
were clustered very distinctly (ICD>19). Figure 2B
shows the classification's discriminating power,
which expresses the variables (wavenumber (cm-
1)) responsible for the classification. Peak
identifications were made based on the literature
(24,25). Around 4386 cm!, the combination of C-H
stretching vibration can be observed. The peak at
4876 cm! is associated with the C-H vibration of
cis-unsaturation. Lastly, the peak at 5660 cm™ is
related to the first overtone of the C-H stretching
vibration of chemical groups (i.e., methylene).

Figure 2C shows the FT-NIR prediction. The
prediction model indicated that adulterated
samples were clustered from pure samples.

Moreover, two out of eight validation samples (not
used in calibration set) did not fit in the model, and
GC data confirmed that those samples' fatty acid
profile was different from pure samples. Only one
sample was misclassified when comparing FT-MIR
and Raman results. Figure 2D shows the score plot
of the model, indicating that using two factors was
enough to represent the model with ~ 97%.
Overall, a miniaturized FT-NIR spectrometer
combined with SIMCA showed that FT-NIR could be
an alternative method for detecting sesame oil
adulteration with cheap vegetable oils.
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Figure 1: Commercial portable and handheld FT-NIR, FT-MIR and Raman spectrometers, and the spectra

of oils obtained from them.
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Figure 2: SIMCA 3D projection obtained from FT-NIR spectral data (2A), discriminating power obtained
from SIMCA (2B), Validation model of SIMCA (2C), score plot for validation model (2D). SE: sesame oil;
SF: sunflower oil; CA: canola oil; ? mark: suspected sample.

SIMCA Results - FT-MIR Spectra

Before the SIMCA analysis, the spectra were
mean-centered, local-scoped, first-derivative,
normalized, and smooth-transformed (19-point
window) for improving spectral characteristics.
Figure 3A shows SIMCA 3D projection obtained
from FT-MIR spectral data. The samples were
clustered distinctly with ICD>10. Based on the ICD
value, FT-NIR was slightly better than FT-MIR.
Figure 3B shows the discriminating power, and the
peaks assignment was made based on previous
studies (26,27). The peaks around in the range of
3024 - 2864 cm™ associated with C-H stretching
of methyl and methylene groups (CHz symmetric
and CH3 asymmetric stretching), 1836 - 1709 cm!
related to -C=0 ester stretching vibration (C-O
stretching esters of fatty acids), 1450 - 1377 cm!
associated with C-H bending (symmetrical and
scissoring) vibrations of CH and CHsz groups.

Although the oil spectral profile seems similar,
triglyceride composition would impact the band
intensities and slight shifts in the wavenumbers for
functional groups. Figure 3C shows the prediction
model. Similar to the FT-NIR results, adulterated
samples were clustered very distinctly. Besides,
three out of eight external validation samples did
not fit in the model, and GC results were confirmed
the fatty acid profile of those samples were
different than pure sesame oils. SIMCA results
indicated that even with low adulterant levels (5%)
could be detected by FT-MIR spectrometer. Figure
3D shows the score plot of the SIMCA validation
model obtained from FT-MIR spectral data
indicating that using three factors was enough to
represent the prediction model with ~ 88% of all
variables. Overall, portable FT-MIR unit showed
great performance in detecting sunflower and
canola oil adulterations in sesame oil.
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Figure 3 SIMCA 3D projection obtained from FT-MIR spectral data (3A), discriminating power obtained
from SIMCA (3B), Validation model of SIMCA (3C), score plot for validation model (3D). SE: sesame oil;
SF: sunflower oil; CA: canola oil; ? mark: suspected sample.

SIMCA Results - Raman Spectra

Similar to previously mentioned techniques,
spectral data were mean-centered, locally scoped,
second-derivative, and smooth-transformed (19-
point window). Figure 4A shows the classification
of three oils. Based on the spectral data, all three
oils were clustered distinctly with ICD>5. The
classification obtained from Raman spectral data
was slightly worse than both FT-MIR and FT-NIR
data based on the ICD value. A possible
explanation for this result would be the due less
scanning region (wavenumber) in our Raman
spectrometer. For instance, FT-MIR covers 3064 -
2786 cm, which region associated with CH. and
CHs; however, Raman covers up to 1855 cm in
our unit. Figure 4B shows the discriminating power
for classification. 1445 cm!, associated with -CH3
bending vibrational mode, is the most powerful

band for classification. 1291 cm™! (twisting -CH3),
1640 cm? and 1657 cm™ (stretching cis-R-
HC=CH-R) were also powerful bands for
classification. The peaks assignments were made
based on the literature (28). Figure 4C shows the
validation model. Similar to FT-MIR unit, Raman
spectrometer detected the adulterated samples,
and three suspected samples which then con-
firmed by GC-FID, and those were clustered
distinctly. SIMCA results indicated that a Raman
spectrometer could detect as low as 5%
adulteration in sesame oil. Figure 4D shows the
score plot for validation model indicated three
factors were enough to represent the prediction
model with ~ 93% of all variables. Overall, the
portable Raman spectrometer showed good
performance in detecting sesame oil adulteration
with sunflower and canola oil.
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Figure 4 SIMCA 3D projection obtained from Raman spectral data (4A), discriminating power obtained
from SIMCA (4B), Validation model of SIMCA (4C), score plot for validation model (4D). SE: sesame oil;
SF: sunflower oil; CA: canola oil; ? mark: suspected sample.

PLSR Results - FT-NIR, FT-MIR, and Raman
Spectra

Table 1 shows the prediction performance of three
vibrational spectroscopy units for predicting
adulterant levels in sesame oil. The optimum
factors for predicting models were between four to
six. Although the performance would be slightly
better if more factors were used, using more
factors would include noise or irrelevant
components that would cause overfitting the
model. Likewise, using fewer factors than optimum
number would cause underfitting associated with

781

less variance than needed (29). PLSR models of
the oils yielded high SECV, high SEP, rca, and rval
values, indicating the accuracy of the prediction
models. Correlation coefficient value (r) s
accepted as an excellent prediction over 0.90, and
suitable prediction over 0.80 (30). FT-NIR, FT-MIR,
and Raman units showed excellent performance in
predicting adulterant levels (rva>0.90). Portable
FT-MIR unit showed superior performance over
handheld FT-NIR and portable Raman units since it
provided lower SEP, and higher rval.
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Figure 5 Partial Least Square Regression (PLSR) calibration and validation plots for sunflower oil levels
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Table 1: Statistical performance of the prediction models developed using FT-NIR, FT-MIR, and Raman
spectrometers for adulteration levels in sesame oil.

Calibration model Validation model

Unit Parameter
Range? NP Fc< SECVY rcal® Range N SEPf  ralf
FT-NIR SFO 0-25 18 5 1.17 0.994 | 5.0-20.0 12 2.03 0.976
CAO 0-25 18 6 1.76 0.985 | 5.0-20.0 12 2.28 0.969
FT-MIR SFO 0-25 18 6 1.41 0.990 | 5.0-20.0 12 1.82 0.978
CAO 0-25 18 4 0.95 0.996 | 5.0-20.0 12 1.36 0.988
Raman SFO 0-25 18 5 2.83 0.937 | 5.0-20.0 12 3.23 0.898
CAO 0-25 18 4 2.87 0.924 | 5.0-20.0 12 3.26 0.909

aThe unit of the range is %.
dStandard error of cross-validation.

PNumber of samples used in calibration models. “The number of factors.
eCorrelation coefficient of cross-validation.

fStandard error of

prediction. 9Correlation coefficient of prediction for external validation. SFO: Sunflower oil. CAO: Canola

oil.

CONCLUSIONS

In this study, sesame oil adulteration with
sunflower and canola oil was aimed to be

determined by portable FT-NIR, FT-MIR, and
Raman spectrometers. Developed SIMCA and PLSR
models showed that sesame oil adulteration could
be detected rapidly, non-destructively, and reliably
by using portable vibrational spectroscopy units.
Based on portable units' and GC results, three out
of 32 samples were suspected as being
adulterated. FT-MIR spectrometer showed slightly
better performance than FT-NIR, superior
performance than Raman spectrometers. These
techniques may detect sunflower and canola oil
adulterations in sesame oil as low as 5%. These
portable units can provide government agencies
and the oil industry an alternative method to the
traditional methods.
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Abstract: With the development of current technology, several concepts of self-healing materials
(SHMs) have recently been proposed, and capsule-based SHMs are explored. In our study, a terminal
alkyne compound (bis-propargyl-succinate, BPS) is concerned as a healing agent to be used as a core
material, and poly(urea-formaldehyde) (PUF) is employed as a wall shell. Besides, the chemical,
morphological and thermal properties of the microcapsules (MCs) are also determined by Fourier-
transform infrared spectroscopy (FTIR), gas chromatography (GC), thermogravimetric analysis (TGA),
and optical microscopy (OM). Additionally, the MCs have better thermal stability up to 257 °C with the
rough outer surface. The MCs have successfully encapsulated 75.0% of BPS with a size range of 63 -
125 pm and PUF shell thickness range of 5.72 - 11.35 pm; moreover, the stability of MCs is well
maintained within 50 days at room temperature basing on the solvent extraction method.
Concomitantly, self-healing ability is activated by the breakup of the MCs as cracks, then the healing
agent (BPS) is released into the cracked regions to react with azide groups of the polymeric matrix. The
BPS in the MCs is moved to cracked regions, which involves MCs diameter and weight fraction of PUF
capsules. Moreover, the self-healing ability can reach high when BPS amounts (i.e., SHMs containing 5%
and 10% of MCs) are available sufficiently to be outrightly filled into the cracked regions. Thereby, MCs'
size and weight fraction can be reasonably selected to result in an optimal healing capacity for a pre-
established size of cracks.
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INTRODUCTION repaired damages to themselves without any

external diagnosis or human intervention. The
Currently, several concepts of self-healing SHMs can be classified primarily into different
materials (SHMs) have recently been considered. approaches basing on self-healing mechanisms
At the same time, SHM is an artificial or (i.e., vascular, capsule-based, and intrinsic). The
synthetically-created material to be automatically approaches also diversify by various damaged
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volumes to can heal, as well as the healing ability
can be repeated in the same location and the rate
of healing, leading to each approach having
advantages and challenges to investigate.
Moreover, microcapsule (MC)-based SHMs contain
a healing agent that is capsuled and protected
from different globular shells when the damages
break them, at the same time that the self-healing
mechanism is based on releasing the healing agent
in the MCs to react with the polymeric matrix at
the damaged region. The polymer shell walls are
created from a number of techniques to protect the
core materials (healing agents) containing inside
them; in particular, the most common methods
relate to the shell formation at the interface of
droplets in an oil-in-water emulsion (1).
Additionally, the damages and cracks regularly
appear on/in the polymeric materials during a used
long-term, which loses their necessary functions
and impacts to their mechanical properties (2-5).
The fabrication methods of SHMs are concerned as
a significant role in maintaining the necessary
properties of materials; thus, the source materials
have a self-healing ability in the damaged
polymeric matrix is considered as a healing agent
that is truly attracted to can investigate its abilities
(3-6).

Simultaneously, polyurethane (PU) is one of
synthetic polymers, that is formed from a
polycondensation reaction of a terminal hydroxyl
group-contained pre-polymer and a di-isocyanate
(or a polyisocyanate) (7-9). A typical classification
utilized for powerful and selective reactions is
mentioned to a "azide-alkyne" click reaction that is
conducted by compounds containing azide and
alkyne groups (10-13). Here, a terminal alkyne (-
C=C-) compound can be well prepared through
one-step method with a suitable molar ratio of
reactants as shown in our previous works (13, 14),
while glycidyl azide polyol (GAP, a pre-polymer) is
known an azide (-Ns3) compound containing
terminal hydroxyl (-OH) group that can well react
with isocyanate (-N=C=0) compound to form an
azide group-contained PU matrix (13, 14).
Remarkably, the preliminary healing ability on the
SHMs has been investigated in the first study of
ours (13), which was based on the direct injection
method by the various assuming cuts on the GAP-
based PUs, the as-prepared bis-propargyl-
succinate (BPS) was then injected to repair the
damaged regions (assuming cuts) of the GAP-
based PUs. Thus, this is a precondition to continue
conducting an investigation of PU/MCs-based SHMs
in this study, as well as which can be a novel SHMs
on the basic of "azide-alkyne" click reaction
between an azide group-contained polymeric
matrix (the as-prepared GAP-based PU) and a
terminal alkyne compound-contained healing agent
(the as-prepared BPS). Specifically, it uses only

RESEARCH ARTICLE

one type of healing agent (alkyne compound)-
contained capsule instead of two different healing
agents (azide and alkyne compounds)-contained
capsules on a polymeric matrix (polyisobutylene)
by Gragert et al. (15), or one healing agent (the
azide compound)-contained capsule on a polymeric
matrix (alkyne-graphene oxide) with the use of
copper-catalyzed azide-alkyne (CuAAC) click
reaction by Akhan et al. (16). As limitation of the
use of CuAAc regrading to diffusion of the
participating reactants, Dohler et al. (17)
performed more extensively in variety of
multivalent azide/alkyne compounds and polymers
grafted with various molecular weights, viscosities,
and functional group densities. Further, Saikia et
al. (18) also designed an azide-alkyne
cycloaddition-based SHMs through azide-multiwall
carbon nanotubes with poly(t-butyl acrylate) and
alkyne compound-contained capsule embedded in
an epoxy matrix. On the basic of any damaging
event occurs in the epoxy matrix, the healing liquid
could dissolve the implanted catalyst from the
matrix to occur the crosslinking reaction between
azide and alkyne leading to healing the cracks, as
well as investigated the influences of temperature
and healing time (18).

4 N
PU matrix MCs

BPS flows into crack

“Azide-Alkyne” Click
N5 vy

Figure 1: Self-healing mechanism of PU/MCs-
based SHMs using "azide-alkyne" click.

Thereby, a terminal alkyne compound BPS is
concerned as a healing agent to be used as a core
material, and poly(urea-formaldehyde) (PUF) is
employed as a wall shell. BPS was prepared
through an esterification reaction in our previous
works (13, 14), while PUF/BPS MCs are fabricated
in an oil-in-water emulsion to conduct surveys of
chemical, morphological, and thermal properties of
the as-prepared MCs based on Fourier-transform
infrared spectroscopy (FTIR), gas chromatography

788



Vo TS et al. JOTCSA. 2021; 8(3): 787-802.

(GC), thermogravimetric analysis (TGA), and
optical microscopy (OM). Concomitantly, the
stability of the as-prepared MCs is also

investigated at room temperature following a
storage time cycle by the solvent extraction
method. Moreover, the self-healing ability of SHMs
is activated by the breakup of the above MCs as
cracks, an amount of healing agent liquid (BPS) in
the MCs is released to move into the cracked
regions, conducting a reaction of "azide-alkyne"
click [i.e., azide groups of the polymeric matrix
(GAP-based PU) and alkyne groups of healing
agent (BPS)] (12, 19, 20) (Figure 1). Besides, the
influences of MCs content, diameter, and crack
types on PU/MCs-based SHMs are also
investigated. These can open a new approach for
the fabrication of capsule-based SHMs from GAP-
based PU matrices.

MATERIALS AND METHODS

Materials
GAP polyols were offered from the Korean
Company. Poly(ethylene-alt-maleic  anhydride)

(EMA, My = 100,000 - 500,000) was provided from
Sigma company. Ammonium chloride 98+% was
obtained from the Alfa Aesar company. Resorcinol
98.0% and Urea 99.0% were purchased from
Samchun Company. Formaldehyde solution 37.0%
were offered from Junsei Chemical Co., Ltd
(Japan). BPS was synthesized via an esterification
reaction in our previous work to be continued using
as a core material in this study (13).

Fabrication of PUF/BPS MCs

IPDI

\L/\ GAP polyol

w! Microcapsule

RESEARCH ARTICLE

MCs are fabricated in an oil-in-water emulsion by
the in-situ polymerization method. 2.50 g of urea,
0.25 g of ammonium chloride, and 0.25 g of
resorcinol are added and stirred into EMA aqueous
solution (0.5 wt%) at 55 °C. The pH solution is
adjusted (i.e., pH = 2.60 - 3.50) by hydrochloric
acid (HCl) and sodium hydroxide (NaOH).
Especially, 1-octanol is supplemented into the
above solution to avoid surface bubbles. The BPS is
added slowly to obtain an emulsion and stabilized
for 10 min. Thereafter, the formaldehyde solution
is added to achieve a 1/1.9 molar ratio of
formaldehyde/urea. After 4 h, the suspension of
MCs is separated, as based on filter papers under
vacuum. Finally, the MCs are washed with a
solvent mixture (distilled water: n-hexane), which
then are air-dried for 24 - 48 h. Herein, sieves
(Chung Gye Sang Gong SA) are employed to
separate the sizes of the MCs.

Preparation of PU/MCs-based SHMs

GAP polyol (8.00 g) is dried at 60 °C under
vacuum and cooled down to 25 °C - 30 °C. Then,
IPDI (0.45 g) is quickly added and stirred in the
GAP polyol (25 - 30 °C). Next, 0.15 g of TPB
solution (20 wt% in BZ), 0.24 g of DNS solution
(12.5 wt% in BZ), and 0.44 g of MCs (5 wt% of
PU) are added and stirred under vacuum. Finally,
the above mixture is filled into a mold (3 cm x 8
cm) to continue removing the bubbles under
vacuum (30 °C, 3 h); the curing process of
PU/MCs-based SHMs is conducted in the oven (60
°C, 7 days) (13, 14). The reaction scheme of
PU/MCs-based SHMs is described in Figure 2.

¢ -C=C-: alkyne group

T -N;: azide group

Figure 2: Formation scheme of PU/MCs-based SHMs.

Instruments of analysis

Fourier-transform infrared spectroscopy (FT-IR) of
the samples is scanned in the 4000 - 400 cm™
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region (Nicolet 380, Ietled Co.).
Thermogravimetric (TGA) curves of the samples
are conducted from 50 to 850 °C with a ramp rate
of 20 °C min~! under the dry nitrogen atmosphere
(20 mL/min) by a Seiko Exstar6000 (TGA4000,
PerkinElmer). Surface morphology of the as-
prepared MCs is performed with an optical
microscope (OM) (Olympus SZX12) and i-
Solution™ IMTcamCCD Digital Camera. The
diameter of the as-prepared MCs is determined
from Standard Testing Sieves (Chung Gye Sang
Gong SA). A gas chromatograph (GC) (Shimadzu,
Inc.) with a 320 pm internal diameter capillary
column and flame ionization detector is employed
to determine the core materials in MCs. The GC
samples are prepared by adding MCs into a vial
containing acetone, which is then filtered and
collected the liquid to measure.

RESULTS AND DISCUSSION

Morphological characterization of PUF/BPS

MCs
O
I .0
H,N-C-NH; +* HC~ -—— H;N
H
Urea Formaldehyde

I
—C-NH-CH,—OH = H-C
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A chemical method with in-situ polymerization has
been applied for the fabrication of MCs (1). In this
process, the polymerization is conducted in/on the
continuous phase of the interface through the
dispersed core material. Initially, a polymer with
low molecular weight (i.e., prepolymer) will be
formed; as time goes on, it grows in size. It means
that this polymer will deposit on the surface of the
dispersed core material, thereby generating a solid
capsule shell. In the fabrication process of the
MCs, the PUF/BPS MCs have been rinsed with
distilled water: n-hexane, which then are air-dried
at room temperature—resulting from that the yield
of spherical MCs was obtained to 82.0% after air-
dried 2 days. Besides, the formation of poly(urea-
formaldehyde) (PUF) capsules has been included a
possible reaction of urea and formaldehyde to
attain methylol urea and dimethylol urea (Figure 3)
during in-situ polymerization, which continues a
condensation under acidic conditions to collect the
PUF wall shell in Figure 4. Herein, BPS is concerned
as a healing agent to be encapsulated in PUF
capsules.

=0
H

Methylolurea

I
HO-H:C-HN-C-NH-CH.—OH

Dimethylolurea

Figure 3: Formation scheme of methylol urea and dimethylol urea.

Furthermore, the encapsulation of BPS in the PUF
capsules takes place simultaneously during the
formation of crosslinked PUF. Urea and
formaldehyde are all soluble in an aqueous
medium, which can react to each other to form
PUF as mentioned above in an acidic environment
and 55 °C. During the initial stage of the in-situ
polymerization, the urea-formaldehyde molecule is
rich with polar groups (i.e., methylol urea,
dimethylol urea, or low molecular weight
compound) is compatible with water. Besides, the
number of polar groups will gradually decrease
with an increase in polymer molecular weight,
which reduced the hydrophilicity of PUF molecules

to separate from the aqueous phase and deposited
on the already emulsified oil droplets (i.e.,
hydrophobic organic phase) after this molecular
weight attained a certain value. The PUF shell
thickness has been optimized in order that this PUF
shell contains the maximum amount of core
material. Here, the diameter of the prepared
PUF/BPS MCs is separated from standard testing
sieves. Four standard testing sieves with different
mesh sizes (180, 150, 125, and 63 pm) were used
to separate the particles. The PUF/BPS MCs size
range of 63 — 125 pm (Figure 5) is chosen to apply
for the preparation process of SHMs.
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POLY UREA FORMALDEHYDE
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NETWORKTYPEI
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Figure 4: Possible formation of PUF during in-situ polymerization.

In Figure 5, it shows the OM micrographs of MCs
morphology. Overall, the microencapsulation
efficiency of the prepared PUF/BPS MCs has
occurred condensation reaction for the PUF wall
shell; its strength cannot endure the treatment
such as washing and separation (Standard testing
sieves) because PUF particles have been moved
out the capsules. At the same time, most of the
prepared PUF/BPS MCs are round globules; the
PUF particles will deposit much around the
capsules leading to the outer surface of the MCs

becoming rougher, as well as the MCs are tightly
clustered together. Furthermore, the PUF particles
deposit around the capsules and separate out the
capsules, indicating that the inner surface of the
capsule is smoother than the outer surface of the
capsule. In other words, the polymeric membrane
is formed to be protected the MCs well.
Additionally, the less thickness MCs did not rupture
after they were separated via standard testing
sieves.
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Encapsulation ability of BPS into the PUF
capsules

MCs are prepared from the PUF shell and the filled
BPS to be characterized through different
instrumental techniques. In particular, chemical
characterization of the as-prepared MCs is
investigated by FTIR spectroscopy, as shown in
Figure 6. For PUF spectra (Figure 6A), peaks of O-
H and N-H stretching vibrations are assigned at
3390 cm™!, and a peak at 2969 cm-! is the
stretching vibration of saturated H-C-H symmetry
and inverse symmetry. Besides, the peaks at 1652
cm~!, 1560 cm~' and 1251 cm~! belong to NH-
CO-NH, N-H, and C-O-C stretching vibrations,
respectively. A peak of C-H bending vibration is
observed at 1382 cm~!; C-N stretching vibrations
are assigned at 1194 cm~! and 1116 cm™!. These
results confirm that the shell material is
successfully created from PUF wall shell basing on

50
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in-situ polymerization. Furthermore, in BPS spectra
(Fig, 6B), C-H stretching and bending vibrations
are observed at 2946 and 1417 cm~1, respectively.
Peaks of C-O stretching vibration are assigned at
1309 cm~! and 1147 cm~!. Besides, special H-C=C
and C=C stretching vibrations in BPS are absorbed
in 3257 cm~! and 2133 cm™!, respectively. Peaks
at 1724 cm~t, 960 cm~* and 798 cm~! belong to
C=0 stretching vibration, =C-H bending vibration,
and -(CH2)2- unit stretching vibration. Overall,
there is a matching of core material (BPS) and
shell material (PUF) in PUF/BPS MCs spectra
(Figure 6B), as well as the spectra of BPS and the
core material inside the MCs, have also been
confirmed a matching at above-mentioned
characteristic peaks. Hence, it manifests that BPS-
core material has been successfully encapsulated
in the PUF capsules.
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Figure 6: FT-IR spectra of PUF wall shell (A), PUF/BPS MCs, and BPS (B).
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To further evaluate MCs' characterization and the

storage ability of BPS in the MCs, a gas
chromatograph is applied to estimate the
appearance of core material successfully
encapsulated in the shell material. Here, the

mixture of acetone and MCs are sealed to
recognize the presence of BPS into the MCs for one
week, as well as the core material has enough time
to diffuse from the PUF capsules into the solvent.
GC instrument is employed for the filtered solution
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to can assess the presence of core material. From
the GC results of this filtered solution, there is the
only peak of acetone solvent, indicating that the
core material is still kept in shell material during 5
days (Figure 7A); however, two peaks of core
material (BPS) have appeared in this filtered
solution after one week (Figure 7B). This result is
also similar to the above FTIR report for
successfully encapsulated BPS in UF shell material
and the storage ability of BPS in the MCs.

2'0 | J L L LJ |
L ]
L ]
e Acetone B.
» —
15 ° -
L d
3
L ]
.
L]
[ ]
,‘E‘ 1.0} : J
g i
= :
osh BPS ]
0.0
0 2 4 6 8 10 12

Time (min)

Figure 7: GC curves of a (Acetone: MCs) mixture after 5 days (A) and 7 days (B).

Content of BPS and PUF shell thickness in
PUF/BPS MCs

The identification of BPS content in MCs is
concerned as a major factor. In order to determine
the content of BPS in the prepared MCs, five
mixtures of PUF/BPS have been prepared as
follows: 100/0, 30/70, 20/80, 10/90, and 0/100
(%, wt/wt), which are then measured by TGA
instrument as shown in Figure 8 (A, B). The
calibration curve for BPS content versus weight
loss of BPS will be constructed (Figure 8C) from
the above-prepared mixtures, so the relationships
of the content of BPS and the weight loss of BPS is
calculated as shown in Equation 1, where y is the

content of BPS, and x is the weight loss of BPS
from the TGA curve. Based on Equation 1, the
content of BPS in the prepared MCs can be
identified, resulting in that the content of BPS in
the prepared MCs achieved 75.0% [As shown in
Figure 10, the obtained weight loss of BPS (WL =
~77.0%, at 210 °C) on the TGA curve of PUF/BPS
MCs is considered as x-value that can be added in
Eqg. (1) to calculate the content of BPS (y-value)].
At the same time, this method can be seen as a
new one to identify the core material content in
the MCs.

y=0.1781x%+0.8300 x+0.0001 (Ed- 1)
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Figure 8: TGA (A) and DTG (B) curves of five mixtures. Calibration curve for content of BPS versus
weight loss of BPS (C).

In addition to the above-mentioned identification
method of the content of the core material, the
content of BPS in the prepared MCs can also be
determined by the solvent extraction method. The
PUF/BPS MCs are crushed in a mortar with pestle.
A solvent mixture (ethanol and acetone) is
employed to dissolve and extract the core material
from these MCs. Next, the insoluble PUF shell is
filtered, washed, and dried for 12 - 24 h. The
content of encapsulated core material (Ec) in the
prepared MCs is calculated by Equation 2; Ws and

Wi are the weight of the sample and the insoluble
shell's weight, respectively. As a result, the
content of BPS in the PUF/BPS MCs has been
attained to 73.0%. As such, the calculated
contents of core material are similar in the two
methods as mentioned above.

Ws= Wi 10095 (E.2)
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Figure 9: Schematic diagram of PUF/BPS MCs.

Additionally, the determination of the PUF shell
thickness in PUF/BPS MCs is truly significant. The
MC is supposed as a round globule (Figure 9) to
calculate this PUF shell thickness in this study. The
mass of PUF shell is shown in Equation 3, Ms is
considered as the mass of PUF shell; R and r are
seen with an order to as the MCs radius and the
core of the MCs radius, and ps is defined as the
PUF density (1.180 g/cm3® (21, 22)). Besides, the
mass of BPS is shown in Equation 4, Mc is the
mass of BPS, and pc is the density of BPS (1.17
g/cm3). The content of BPS (P) and the thickness
of PUF shell (T) are presented with an order in
Equations 5 and 6. Hence, from Equations 3 to 6, it
is truly easy to obtain the thickness of the PUF
shell (Equation 7).

4 4
5 Coo- RS'ps _ 5 CoT - r3.p5: M, (Eq. 3)
% STt T pe= MC (Eq. 4)
_ M 100% (Eg. 5)
M + My
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T=R—r (Eq. 6)
3
T=R-(1- V.ps - P ) (Ea.7)
Pc — Pc P +ps-P

Based on the above Equation 7, the thicknesses of
PUF shell are identified to be 5.72 - 11.35 pm
according to 63 - 125 pm of diameters of MCs and
75.0% of MCs BPS content; concomitantly, the
MCs fill percentage is estimated to be 76.0% by
volume.

Thermal properties of PUF/BPS MCs

In addition to identifying the BPS content in the
PUF/BPS MCs based on a TGA instrument, this
instrument is also employed in an investigation of
the thermal property of the PUF/BPS MCs, as well
as the thermal stability of the MCs is considered as
a significant factor in the practical application (23-
25), the thermal analysis of the prepared MCs
involve to both the PUF shell and BPS (core agent)
to be conducted for the further characterization.
Specifically, Figure 10 (A, B) displays TGA and DTG
curves of PUF wall shell, PUF/BPS MCs, and BPS. In
TGA and DTG curves of PUF wall shell, it shows
that a little weight loss at ~100 °C is primarily
attributed to the elimination of free formaldehyde
and an entrapped residual water (3, 26-30); in
particular, the weight loss at 249 °C and 355 °C
are primarily ascribed to the PUF’s decomposition.
The residual undergoes extensive fragmentation
above 500 °C (26-30). Additionally, the thermal
degradation of MCs containing BPS is further much
complexed than that of PUF shell material. The as-
prepared MCs are better thermal stability through
the weight loss at 257 °C and 418 °C, while the
core material (BPS) degradation is initiated at 210
°C as shown in TGA and DTG curves. Hence, it is
further confirmed that the as-prepared MCs truly
contain both PUF (shell material) and BPS (core
material), which is suitable with the above FTIR
and GC reports.
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Figure 10: TGA (A) and DTG (B) curves of PUF wall shell, PUF/BPS MCs and BPS.

Stability of PUF/BPS MCs

In the practical application of the MCs, the storage
ability (or stability) is seen as a significant factor;
therefore, the stability of PUF/BPS MCs in this
study is truly necessary to be investigated. Herein,
the PUF/BPS MCs are crushed in a mortar and
pestle mentioned in the solvent extraction method.
A solvent mixture (ethanol and acetone) is
employed to dissolve and extract the core material
from these MCs. Next, the insoluble PUF shell is
filtered, washed meticulously, and dried for 12 -
24 h. The core content in the MCs at the initial
time and at storage time is calculated by Equation
2, then the weight loss of MCs in the storage time
is calculated by Equation 8, Ec1 and Ecz are initial
content of core material and content of core
material during the storage time, respectively.
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As shown in Figure 11, it indicates that the stability
of MCs is well maintained within 50 days at room
temperature, the weight loss of the MCs is about
0.20 wt% within 50 days, as well as the significant
role of PUF shell in BPS protection. The weight loss
of the PUF/BPS MCs becomes higher with the
increasing tested storage time. At the same time,
the weight loss of MCs in the storage time involves
the diffusion of the core material over the PUF shell
and the elimination of free-formaldehyde (22, 23)
primarily. As such, this study can open an
approach for preparing the PUF/BPS MCs are
employed as healing agents.
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Figure 11: Weight loss of PUF/BPS MCs at room temperature.
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Self-healing ability of PU/MCs-based SHMs

As known, a healing agent is encapsulated and
protected in globular capsules when damages
break them. The self-healing mechanism s
performed by releasing the healing agent to react
with the polymeric matrix at the damage region. In
particular, MC is seen as one of many applications
of polymer to protect specific functional materials
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from or to release them into an outer phase for a
long time. Herein, the self-healing ability of the
PU/MCs-based SHMs is activated by rupture of the
MCs in response to cracks, then an amount of BPS
liquid in the MCs is released to move into the
cracked regions, conducting reaction with the azide
groups of the polymeric matrix (GAP-based PU) via
"azide-alkyne" click.

Complete-crack

Figure 12: Schematic of complete-crack and non-complete-crack on PU/MCs-based SHMs.

Gragert et al. (15) conducted an investigation of
two different healing agents (azide and alkyne
compounds)-contained capsules on a high-
molecular-weight poly(isobutylene) matrix,
resulting that the specimens could be recovered
after 5 days at 25 °C (91%) or 3 days at 60 °C
(107%) through the shear-induced click cross-
linking. Akhan et al. (16) preformed a survey of
one healing agent (azide compound)-contained
capsule on an alkyne-graphene oxide matrix with
the use of CuAAC click reaction, leading to
improving the self-healing efficiency through an
incorporation of the low molecular weight self-
healing agent within the microcapsule. Besides,
Saikia et al. (18) designed an azide-alkyne
cycloaddition-based SHMs through azide-multiwall
carbon nanotubes with poly(t-butyl acrylate) and
alkyne compound-contained capsule embedded in
an epoxy matrix, manifesting that this SHM
recovered as much as 65% of its original fracture
toughness. Herein, the self-healing ability of the
as-prepared PU/MCs-based SHMs on the basic of
only one type of healing agent (alkyne compound)-
contained capsule is surveyed through various
weight ratios of MCs and cracks. PU/MCs-based
SHMs have been prepared by adding the PUF/BPS
MCs into PU matrix with four different weight ratios
of the MCs (i.e.: 5, 10, 25, and 40%). After the
curing process of PU/MCs-based SHMs, these
samples are cut following the complete-crack and
non-complete-crack, which are then put into oven
at 60 °C as described in Figures 12 and 13. The

resulting that the prepared SHMs have not self-
healed at various cracked regions after 7 days, it
means that the BPS amount in the MCs is not
enough to conduct reacting with the azide groups
of PU matrix at the cracked regions. However,
these cannot explain that the calculated BPS
amount in the MCs is quantitatively correct. Thus,
to further investigate that, BPS is injected into
crack regions of above PU/MCs-based SHMs to be
manually delivered to the cracked regions using a
syringe, which are then put into an oven (60 °C)
for 7 days (Figure 13). For the SHMs containing
5% and 10% of MCs, "azide-alkyne" click has
occurred completely at various cracked regions,
except for the complete-cracked region of the
SHMs containing 10% of MCs. The "azide-alkyne"
click has not effectively occurred at each cracked
region of the SHMs containing 25% and 40% of
MCs, although an amount of BPS has been injected
manually into the cracked regions from a syringe.
It means that the amount of the MCs actually
occupies more than that of the azide groups of PU
matrix at the cracked regions. Although the BPS
liquid on the surface of each sample disappeared
after 7 days as shown in Figures 13 (3 and 4), they
are injected manually into the cracked regions,
indicating that injected BPS has diffused into
samples to react with the azide groups of PU
matrix. However, the diffusion regions in the
phenomena have not yet been clearly explained
here.
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2. After 7 days
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Figure 13: Influence of weight ratios of the MCs and injected BPS into PU/BPS-based SHMs.

In order to further explain the results mentioned
above, an SHM containing MCs has been randomly
distributed, as shown in Figure 14. It is assumed
that a planar crack has occurred in this material
system. All MCs then are intersected by the plane,
and which will be broken to release core material.
Besides, the number of broken MCs (n) is
calculated by Equation 9, N is seen as the total
number of MCs in the sample, and P is the
probability of a broken MC. It means that the MCs
are evenly distributed in the sample; the
probability should be based on Equation 10; ps, A,
dc, and Ms are the density of the sample, the crack
area, the diameter of the MCs, and the total mass
of the sample, respectively. Besides, the total
number of MCs in the PU/MCs-based SHMs can be
calculated on the MCs weight fraction from
Equation 11; ® and m. are the mass fraction and
the mass of MCs, respectively. The amount of
delivered BPS (m) from the cracked area is
calculated by Equation 12, mn is the total mass of
BPS delivered, assuming all MCs intersected by the
cracked region are broken. From Equations 9 - 12,
the available, total mass of BPS for delivery per
unit crack area is calculated by Equation 13. The
above-mentioned total mass of BPS is proportional

to both the weight fraction and the diameter of
MCs (Table 1), as well as the self-healing ability
can be controlled by both available BPS amount at
the cracked region and achieved self-healing

status.
n=P-N (Eq. 9)
p=P A d (Ea. 10)
Mg
n=d M (Eq. 11)
mC
=" _ 0 M (Eq. 12)
A A
m=p,¢ - d, (Fq. 13)
Furthermore, based on the visually observed

results of the above samples (Figure 13), the
samples have been designed with different cracks
and MCs weight fractions to investigate the self-
healing ability. These results manifest that the
observed healing performance is a combination of
MCs' weight fraction and diameter in this material
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system. Overall, it is supposed that the self-
healing ability can depend on the amount of
available BPS - healing agent, which can be
supported from Equation 13. As a result, the BPS
amount delivered autonomically from MCs is not
enough to reach effectively the self-healing ability
(Table 1). Here, the best healing capacity has been
achieved for the SHMs containing 5% and 10% of
MCs. Moreover, the MC's weight fraction and
diameter relationship also affect the amount of
core agent in the MCs distributed at the cracked
region. According to some references, the PUF
capsules with rougher surfaces and larger
diameters are beneficial to appreciate the self-
healing efficiency of polymeric composites (1, 31).
At the same time, the appreciated self-healing
ability can be achieved by delivering much the
healing agent into the cracked regions; according
to theory, which suitable weight fractions of MCs
can accomplish. However, for an actual self-

RESEARCH ARTICLE

healing efficiency, it can much depend on the
necessary properties of the final product (i.e., its
bonding strength with polymeric matrix, density,
thickness, etc.).

MCs
(Diameter =d )

Crack 4 e /8 e v v e
(Area=A) _ I i
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e e% o @

Figure 14: Schematic of PUF/BPS MCs in PU
matrix.

Table 1: The amount of delivered BPS normalized by crack area.

Samples de Ps | © m a
(um) (g/cm?) (%) (g/cm?)*10

5 wt% MCs 63 - 125 1.306 5 4.11 - 8.16
10 wt% MCs 63 - 125 1.306 10 8.23 - 16.33
25 wt% MCs 63 - 125 1.306 25 20.57 - 40.81
40 wt% MCs 63 - 125 1.306 40 32.91 - 65.30

CONCLUSIONS

In summary, the PUF shell has been prepared
successfully by the in-situ polymerization. The PUF
particles are precipitated through the fine powder
formation and bonded to the surface of MCs.
Concomitantly, the as-prepared MCs consist of
both PUF - shell material and BPS - core agent,
which are prepared successfully with up to 82.0%
yield achieved based on the in-situ polymerization
process of PUF shell. Additionally, the MCs have
better thermal stability up to 257 °C with the
rough outer surface. The MCs have successfully
encapsulated 75.0% of BPS with a size range of 63
- 125 pym and the PUF shell thickness range of
5.72 - 11.35 ym; moreover, the stability of MCs is
well maintained within 50 days at room
temperature based on the solvent extraction
method. In addition, the as-prepared PUF/BPS MCs
have been employed to fabricate PU/MCs-based
SHMs containing various weight ratios of the MCs,
suggesting that the BPS amount is delivered
autonomically through using MCs is too low to

reach the self-healing ability effectively. Besides,
the best healing performance has been achieved
for the SHMs containing 5% and 10% of MCs when
an amount of BPS has been injected manually into
the cracked regions, indicating that the healing
ability could be investigated. However, its bonding
strength with polymeric matrix, thickness, density,
etc., also involves self-healing efficiency. These
can open an approach for the fabrication of
capsule-based SHMs, and the characterization and
reaction rate of the capsule-based SHMs can also
be investigated in the next work.
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Abstract: The drug Perindopril Erbumine (PE), an ACE inhibitor, and can be used to treat the patients
with hypertension and cardiac failure problems. A sensitive, inexpensive, and precise analytical
technique has been developed for the estimation of Perindopril in bulk and formulations. The procedure
involves the development of color by forming an oxidative coupling reaction between drug (PE) and
Brucine/I047). The formed colored species were measured at Amax=520 nm. The developed method
showed linearity within the concentration limits of 8-24 pg mLt. The linear correlation coefficient (r) and
molar absorptivity were found to be 0.9999 and 9.16 x 103 mol-t.cm™. % Recovery = SD values were in
the range of 99.16 - 100.7 (£ 0.41 - £ 0.8) (n=3) which indicates the accuracy of the developed
method. The interference of other excipients that are commonly present in formulations is found to be
negligible. Precision and accuracy of the proposed method were confirmed by Student’s t-test and F-
tests at 95% confidence limits with (n-1) degrees of freedom. The validity parameters of the proposed
method were calculated by ICH guidelines.
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INTRODUCTION inhibitor). It is used as a medicine for patients
having the problems like hypertension and cardiac
failure. ACE inhibitér (1) inhibits the transfer of

angiotensin (AT-I) into angiotensin (AT-II).

Pharmacodynamic agents refer to group of drugs
which activate or reduce various functions of the
body so as to bring some relief to the body without
healing the disease. These are generally used as
depressants or stimulants, blocking agents,
antianginal, anticoagulants, antihypertensive
agents, anti-acne and ACE inhibiting agents, etc.
In the present investigation, the drug used namely

The molecular formula of Perindopril Erbumine
(PPE) is C23H43N30s. Its IUPAC name is“(2S, 3aS,
7aS)-1-[(S)-N-[(S)-1-carboxy-butyl]-alanyl]

hexahydro-2-indolincarboxylic acid, 1-ethylester
(2), compound with tertiary-butylamine (1:1)”

perindopril erbumine (PDE) is referred to as one of
the categories of the aforesaid agents called as
angiotensin converting enzyme inhibitor (ACE

(Figure 1). The drug (PDE) is listed in the British
Pharmacopoeia (3), Remington (4), and Physician’s
desk reference (5). A survey of the literature
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revealed that UV (6,7), HPLC (8-11), RP-HPLC (12-
18), spectrofluorimetric  (19,20), UV-Visible
spectrophotometric (21-24), kinetic
spectrophotometric (25,26), LC-MS (27,28), and
GC-MS (29) methods were reported for the
estimation of PPE. It was found that there are very
few spectrophotometric methods are reported for
the assay of PPE. The authors made an attempt to
develop and validate spectrophotometric method
for PPE in bulk form and formulations using
Brucine - I04™ as chromogenic reagent.

MATERIALS AND METHODS

Instrumentation

Precise and accurate wavelength measurements
were made using UV wavelength scanning double
beam  spectrophotometer (UNICAM  UV-500,
Thermo Electron Corporation, UK) and Vvisible
scanning spectrophotometer (SL-177 of Elico, Elico
India). Digital pH meter (Elico LI 120) was used for
measuring PH of the samples. All materials were
weighed using Dhona 200D analytical balance with
an accuracy of £ 0.1 mg.

Preparation of Brucine (BCN) Solution, NaIO4
Solution

Reagents belonging to investigative grade, bulk,
and formulation samples were made using
deionized water. Brucine (BCN) (Loba; 0.2%,
5.06x1073 M) was prepared by dissolving 200 mg of
brucine initially in @ minimum amount of 0.16 M
H>SO04 and then made up to 100 mL with distilled
water. Sodium metaperiodate (AR grade, BDH;
0.2%, 9.35 x 103 M) solution was prepared by
dissolving sodium metaperiodate (200 mg) in 100
mL deionized water and standardized by
iodometric method. Sulfuric acid (AR grade,
Qualigens; 2.3N) was prepared by mixing 6.4 mL
of 18 M conc. H2SO4 to 50 mL of deionized water
initially, followed by diminishing to 100 mL with
the same solvent (deionized water).

Preparation of Standard Perindopril Erbumine
Solution (ppe)

We dissolved 100 mg of perindopril erbumine in a
minimum quantity of 0.1 M sodium hydroxide
solution followed by dilution to 100 mL with
distilled water to prepare the standard stock
solution (mg mL! ). The released free erbumine
was extracted with 10.0 mL of chloroform. The
aqueous solution free from erbumine was used as
the stock solution. It is further diluted stepwise
with distilled water to obtain working standard
solutions of concentration of 200 yg mL!

RESEARCH ARTICLE

Procedure for Formulations

Coversyl (Serdia Pharmaceuticals (India) Pvt Ltd.,
India), Coversyl plus (Serdia Pharmaceutical Ind.
Itd., India), Perigard-DF (Glenmark
Pharmaceuticals Ltd., India), and Aceon (Solvay
Pharmaceuticals, 1Inc.) containing perindopril
erbumine were procured from local market. Tablets
equivalent to 2 mg, 4 mg and 8 mg per tablet
respectively were selected for this study. Tablet
powder equivalent to 100 mg was taken for
extraction with chloroform (4 x 25.0 mL portions)
and filtered. The filtrate was taken and extracted
three times with 0.1 M NaOH using a separating
funnel. Stock solution (mg mL1') was prepared
diluting the aqueous alkaline extract to 100 mL
with deionized water. The working standard of 200
Hg mL* solutions was made by diluting a portion of
the above stock solution and analyzed as per the
developed analytical method.

Calibration Curve of Perindopril Erbumine by
UV Method

100 mg of bulk drug sample was dissolved in 100
mL of distilled water to prepare the stock solution
(mg mL?). The working standard solution
concentration of 100 ug mL! was prepared from
an aliquot portion of 10.0 mL of the above stock
solution. The absorption spectrum was recorded on
a spectrophotometer within the UV region against
a reagent blank (Figure 3). A portion of the
working standard drug solution (1.0 - 3.0 mL,
conc.100 pg mL1) was taken in a series of 10.0 mL
calibrated tubes, and diluted to 10.0 mL with
doubly distilled water. The absorbance was
measured at 204 nm against deionized water as
blank. The concentration of the drug sample was
calculated using its calibration curve (Fig.4). The
UV absorption method was chosen as a reference
method.

Protocol of Proposed Method

Aliquots of standard drug solution [1.0 - 3.0 mL,
200 pg mL1'], 3.0 mL of 5.067 x 103 M brucine,
1.5 mL of 9.35 x 103 M NalO4 solution and 2.0 mL
of 2.3 N sulfuric acid were added successively into
a series of calibrated tubes. The volume was
brought up to 10.0 mL with distilled water and
kept in boiling water bath for 20 min. The solutions
were cooled to room temperature and the volume
was made up to 25 mL with distilled water. The
absorbances were measured at 520 nm against a
similar reagent blank within 30 min. The stability
of colored species was found as 40 minutes,
afterwards the absorbance was found to decrease
which may be due to the decomposition of the
oxidative coupling product. The amount of PPE was
computed from its calibration graph (Figure 5).
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Figure 1: Structure of Perindopril Erbumine (PPE).
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Figure 2: Absorption spectrum of PPE - Brucine — NalO4 method. a) PPE-Brucine -NalO4
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Blank Vs deionized water.

Absorbance

i} T T ' ' + ]

185 205 225 245 265 285 305

Wavelength, nm

Figure 3: Absorption Spectrum of Perindopril ([PPE] = 4.53x107% M).
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4 M; [H2S04] = 1.84%x104 M).
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Scheme 1: Oxidative coupling reaction of perindopril erbumine with brucine-periodate.
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Table 1: Validation of PPE-BCN the method.

Wavelength

Molar absorptivity

Beer’s Law limits

Limit of detection

Correlation coefficient

Limit of quantification
Relative Standard Deviation*
% of error

0.01 Confidence Limits

0.05 Confidence Limits

520 nm

9.16 x 103L mol-*cm™!
8 - 24 pg mL?

1.0 x 102 ug mL?
0.9999

1.1 x 10t yg mL?
0.56

0.59
0.93

*Estimation of six observations.
RESULTS AND DISCUSSION

Absorption Spectrum of Perindopril-Brucine
System

For the selection of analytical wavelength, the
sample solution containing fixed quantity of drug
(PPE), brucine solution, and other furnished
variables as outlined in the analytical procedure
was scanned in the visible wavelength region 350
- 800 nm against the reagent blank. The spectrum
of the oxidative coupling product observed to have
maximum wavelength at 520 nm which was
selected for the analysis. The spectrum of reagent
blank against isopropanol solvent was also
measured (Figure 2).

Mechanism for Oxidative Coupling Product
Formation Reaction

In the present investigation, the chemistry of
colored species was studied. Sastry et al reported
brucine-periodate reagent for the
spectrophotometric  determinations of sulfur-
containing compounds and tryptophan (30). In the
present investigation, the bruciquinone formed
from brucine and periodate undergoes nucleophilic
attack on the most electron-rich portion of the
coupler (-NH-) in PPE (free from erbumine) to give
1-monosubstituted bruciquinone derivative which
is presented in Scheme 1.

Validation of Analytical Data

Following (ICH) guidelines (31), the developed
method was validated for various optical and
regressive characteristics such as slope, intercept,
correlation coefficient, LOD, LOQ sensitivity, RSD,
and percentage of error.

Linear Relationship

The developed analytical procedure showed the
linear relationship within the Beer’s law range (8 -
24 ug mL1). Beer’s law plot (n = 6) was measured
under optimum conditions and found consisting of
linearity with a high correlation coefficient (r) value
0.9999. The standard calibration curve drawn at
five concentration levels. Results are given in Table
1.

Limits of LOD and LOQ
Limit of detection (LOD) and Limit of quantification
(LOQ) were calculated using the below given
expressions.
(LOD) = 3.3xSa /b
(1)

(2)
Where b is the slope of the calibrated curve and Sa
is the standard deviation of the intercept.

(LOQ) = 10xSa /b

Sensitivity

The sensitivity of the developed method was
measured in terms of molar absorptivity (emax),
limit of detection, and limit of quantification.
Results of molar absorptivity, LOD, and LOQ are
9.16 x 103 1.0 x 102 pg.mL?, and 1.1 x 10!
HMg.mL?, respectively (Table 1).

Sandell’s Sensitivity

It is measured as “smallest weight of substance
that can be detected in column of unit cross
section”. The Sandell’'s sensitivity is the
concentration of the analyte (in pg mL?' ) which
will give an absorbance of 0.001 in a cell of path
length 1 cm. Units of Sandell’s sensitivity (S) is
given as ug cm2 , and its value was found as 4.82
x 1072 pg.cm2

Selectivity of Method

Selectivity for the assay analytical procedure was
calculated by analyzing standard drug sample
solution in the presence of excipients that are
commonly present in formulations. The excipients
namely microcrystalline cellulose, magnesium
stearate, lactose, and titanium dioxide. The results
of developed method indicated that no interference
from the excipients present in formulations.

Precision

Precision of the analytical procedure expresses
“the closeness of agreement between a series of
measurement obtained from six determinations of
sample solution under prescribed conditions”. The
intra-day precision was calculated by measuring
“absorbance of sample solution of particular
concentration within the linearity range at regular
intervals on the same day”. The inter-day precision
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was calculated by measuring “absorbance of
sample solution of same concentration at a fixed
time in three consecutive days”. The precision of
developed method expressed in terms of relative
standard deviation (RSD) for the smallest
concentration indicating good precision. Results
are presented in Table 1.

Accuracy

Accuracy of analytical procedure was calculated as
“percentage of error between the measured mean
concentrations and taken concentrations”. The
accuracy and precision was checked by comparing
the result of developed and UV reference method
statistically through Student’s t- and F- tests at
theoretical values of 95% confidence limits with

RESEARCH ARTICLE

(n-1) degrees of freedom. It was observed that the
values obtained for t- and F- tests for the proposed
method are found to be lower than the tabulated
values 29 of 2.57 and 5.05 respectively. %
Recovery + SD values were in the range of 99.16-
100.7 (+ 0.41 - + 0.8) (n=3) which indicates the
accuracy of developed method. Results of accuracy
are given in Table-2. The interference of other
excipients that are commonly present in dosage
forms is found to be negligible. The proposed
method is found to be sensitive and more accurate
within the Beer’s law range with reference to
correlation coefficient value compared to literature
methods (Table 3).

Table 2: Estimation of Perindopril-Erbumine (PPE) in formulations.

Formulation Quantity Quantity found 95% 95% UV reference
Batches (mg) by PPE-BCN confidence confidenc Value
method (mg)* limit values F - e limit
Test values t-
Test

I 2 2.01 £0.021 1.86 0.87 2.00 £ 0.005
II 4 3.99 £0.028 2.69 0.18 4.00 + 0.003
IT1 4 3.96 +0.16 1.15 1.70 4.00 £ 0.017
v 8 8.05 +0.06 3.86 0.61 7.99 +0.021

*Average value of six observations.
CONCLUSION

Sensitivity of the technique lies only on the nature
of the reaction with an appropriate chromogenic
reagent selected but not on the sophistication of
the instrument. The method developed is specific
to be recommended for routine analysis in bulk
and formulations as a substitute to GLC, HPLC, GC-
MS, and LC-MS, etc. in quality control laboratories
where the sophisticated and expensive instruments
are not available.
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Abstract: Targeted tricyclic quinolines were prepared from the corresponding aminoindazolic and indolic
derivatives as starting materials using two comparative methods; conventional heating and microwave
irradiation. We noticed that the syntheses of 5-amino-1-methylindazole and 5-aminoindole were
abandoned due to their conversion to fluorescent products one week after free contact with air and
acetone. As a result of this finding, we decided to condense the relevant amine with acetone or mesityl
oxide to confirm our hypothesis. We show that the amine is converted to the derived quinoline through
these condensation processes. Subsequently, this reaction was extended to the aminoindazole
derivatives of positions 5 and 6, yielding the appropriate quinoline derivatives. Similarly, 5-aminoindole
exhibited the same reactivity. By applying the corresponding NMR and centesimal techniques, the
resulting structures were identified.
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INTRODUCTION

Throughout this century, significant research has
been conducted on the synthesis and development
of new heterocyclic compounds containing various
heteroatoms, namely nitrogen, oxygen, and sulfur;
the goal of this work is to produce products with
active biological properties that are comparable to
those found in nature (1-3). Indazole and
quinoline  derivatives are  pharmacologically
important, forming the basic structure of several
drugs treating arthritis (4), gynecological
disorders, anti-inflammatory (5), the derivatives of
isoxazole, thiazoles, and quinoline cyanopyridine,
have very good anticancer and antimicrobial

activity (6-8). A brief overview of their general
preparation methods is necessary; more detailed
studies were conducted to synthesize derivatives
of quinoline starting from a series of carbonyl (9-
19), while scandium ion was used as a catalyst in
place of iodine to modify the Skraup reaction in
order to increase yield in less time when
microwave irradiation was used (13). W.Xiang-
Shan and co-worker used a method to obtain
quinoline derivatives via three-component
reactions of aldehydes, aminoindazole, and
thiopyranone (20); recently, a tetrahydro-3H-
pyrazolo[4,3-f]quinoline core was synthesized
using Povarov multicomponent reaction, the
product’s proof is its efficiency against cell cancer
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(21) (Figure 1), we were then interested on the
synthesis of these types of heterocycles with fast,
Literature
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simple, and eco-friendly methods.
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Figure 1: Similar reactions described in the literature.

EXPERIMENTAL SECTION

General Remarks: Melting points were measured
on a Blchi Melting Point apparatus and are not
corrected. Microwave reactor for microwave-
assisted extractions: Monowave 450 from Anton
Paar, The 'H and '3C NMR spectra were measured
on a Bruker Avance 300 Spectrometer operating at
300 MHz (300 MHz for 'H and 100 MHz for 13C).
The chemical shift was recorded as units relative to
DMSO-ds or CDCl3 as the solvent unless otherwise
stated, and J values in Hertz. Combustion analyses
were performed in the Microanalysis Laboratory of
the National Center for Scientific Research in
Vernaison in France. Separations by
chromatography were performed with Merck on
“silica gel 60 “(60 - 230 mesh).

Condensation of aminoindazoles into
quinoline

Method a

A dry 250 mL bi-necked flask was charged with
2.50 g (17.01 mmol) of 1-methyl-5-aminoindazole,

with 5 mol% (0.215 g, 0.850 mmol) of iodine, into
a solution of acetone of 200 mL (variable quantity
according to the number of mole of amine used).
The solution is carried under reflux for 3 hours, the
solution was washed with water, the solvent was
removed under reduced pressure, and the residue
is purified by chromatography on a column with
eluent: EtOAc / petroleum Ether (1/1 v/v).

Method b

In sealed tube charged with stirring bar, a solution
of 5-aminoindazole (0.133 g, 1 mmol) in 5 mL of
acetone was added 5 mol% of iodine; the reaction
mixture was heated at 150 °C with 400 W during
30 min, the solution was washed with water the
solvent was removed under reduced pressure, the
residue is purified by chromatography on column
with eluent: EtOAc / petroleum ether (1/1 v/v).

Method c

A dry 250 mL bi-necked flask was charged with an
equimolar mixture of 1-methyl-5-aminoindazole
(2.50 g, 17.01 mmol) and of mesityl oxide (1.67 g,
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17.01 mmol) with 5 mol% of iodine (0.215 g,
0.850 mmol), in solution in 200 mL of acetone.
The solution is carried under reflux for 3 hours.
After filtration and evaporation, the residue is
purified by chromatography on the column, eluent:
EtOAc / petroleum ether (1/1 v/v).

3,7,7,9-Tetramethyl-6,7-dihydro-3H-
pyrazolo[4,3-f] quinoline I method c :

3.75 g, 97%, method a : 1.33 g, 34%, m.p. 148
°C, 'H-NMR (300 MHz, DMSO-ds, d, ppm) : 7.88
(1H, s), 7.23 (1H, d, J = 8.7 Hz), 6.76 (1H, d, J =
8.7 Hz), 5.72 (1H, s), 5.21 (1H, s), 3.92 (3H, s),
2.19 (3H, s), 1.19 (6H, s). 13C-NMR (100 MHz,
DMSO-ds) &6: 138.7, 135.1, 130.3, 128.9, 127.6
(Ar-C), 120.7, 116.5, 109.4, 109.2 (Ar-CH), 50.7
(-NH-C(CHs3)2), 35.3 (>N-CHs), 29.7 (2x-CH3),
21.7 (-CH3). Anal. calcd for CisH17N3: C, 73.98; H,
7.54; N, 18.49. Found: C, 73.39; H, 7.34; N,
18.52.

7,7,9-Trimethyl-6,7-dihydro-3H-pyrazolo[4,3-
f] quinoline III, method b: 0,96 g, 45%, method
c: (1.33 g, 10 mmol) of 5-aminoindazole, mesityl
oxide (0.98 g, 10 mmol), iodine 5 mol% and 100
mL of acetone: 0.6 g, 28%, 'H-NMR (300
MHz ,DMSO-de, 8, ppm): 12.42 (1H, s), 7.69 (1H,
s), 6.92 (1H, d, J = 8.7 Hz), 6.47 (1H, d, J = 8.7
Hz), 5.38 (1H, s), 4.94 (1H, s), 1.96 (3H, s), 0.94
(6H, s). 13C-NMR (100 MHz, DMSO-de) 6: 139.5,
138.6, 129.1, 127.3, 125.1 (Ar-C), 120.1, 116.7,
110.2, 109.2 (Ar-CH), 50.8 (-NH-C(CHs)2), 29.8
(2x-CH3), 21.7 (-CHs3).

(1,3-Dimethyl-buta-1,3-dienyl)-(1H-indazol-

5-yl)-amine IV , method ¢ : (1.33 g, 10 mmol) of
5-aminoindazole, mesityl oxide (0.98 g, 10 mmol),
iodine 5 mol % and 100 mL of acetone : 0.51 g,
24%, 'H-NMR (300 MHz ,DMSO-ds, 0, ppm): 12.66
(1H, s), 7.95 (1H, s), 7.09 (1H, d, J = 8.7 Hz),
6.57 (1H, d, J = 8.8 Hz), 5.50 (2H, d, J = 8.3 Hz),
5.21 (1H, s), 4.89 (1H, d, J = 5.1), 3.72 (1H, s),
3.33 (3H, s), 1.00 (3H, s). 3C-NMR (100 MHz,

DMSO-ds) d: 143.6, 138.4, 135.2 (Ar-C),
120.4,118,3, 118.4, 106.9 (Ar-CH), 125.4 (-N-
C(CH3)=C-), 125.2  (H.C=C(CHs)-), 105.8

(H.C=C(CH3)-), 74.3 (-N-C(CH3)=C-), 27.1, 21.5
(-CHy).

7,7,9-Trimethyl-6,7-dihydro-1H-pyrazolo[ 3,4~
f] quinoline V, method c¢: a mixture of (1 g,
7.220 mmol) of 6-aminoindazole, mesityl oxide
(0.737 g, 7.220 mmol), iodine 5 mol % (0.361
mmol , 0,091 g) and 100 mL of acetone, 1.130 g,
74%, m.p. 190°C, 'H-NMR (300 MHz ,DMSO-ds, 0,
ppm): 12.06 (1H, s), 7.69 (1H, s), 7.28 (1H, d, J
= 8.4 Hz) 6.48 (1H, d, J = 8.5 Hz), 6.16 (1H, s),
5.10 (1H, s); 2.25 (3H, s), 1.21 (6H, s). 13C-NMR
(100 MHz, DMSO-de) 0: 143.5, 142.2, 138.6,
127.3, 125.4 (Ar-C), 120.4, 117.84, 116.9, 110.1
(Ar-CH), 50.7 (-NH-C(CHs)2), 29.8 (2x-CH3), 21.3
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(-CH3).

1,7,7,9-Tetramethyl-6,7-dihydro-1H-
pyrazolo[3,4-f] quinoline VI, method a: (0.147
g ,1 mmol) of 1-methyl-6-aminoindazoline in 10
mL of acetone, with 5 mol % of iodine give 49%,
0.136 g. A mixture of 1-methyl 6-aminoindazole
(0.195 g, 1.326 mmol), mesityl oxide (0.131 g,
1.326 mmol), in 30 mL of methanol, acetone and
glacial acetic acid (1/1/1 v/v/v), activated by 10
mol% Pd/C, 0.135 g, 48%, m.p. 92°C, 'H-NMR
(300 MHz ,DMSO-de, 0, ppm): 8.16 (1H, s), 7.68
(1H, d, J = 7.5 Hz), 6.79 (1H, d, J = 8.5 Hz), 5.40
(1H, d, J = 4.7 Hz), 4.23 (3H, s), 2.74 (3H, s),
1.58 (6H, s). 3C-NMR (100 MHz, DMSO-des) &:
144.9, 144.3, 139.0, 136.9, 133.9 (Ar-C), 120.9,
117.2, 112.1, 99.9 (Ar-CH), 50.9 (-NH-C(CH3)2),
39.3 (>N-CH3), 29.4 (2x-CH3), 27.5 (-CHs3).

Condensation of aminoindole into quinoline
In the presence of acetone

A dry 250 mL bi-necked flask was charged with
1.45 g (10.98 mmol) of 5-aminoindole, with 5 mol
% (0.14 g, 0.549 mmol) of iodine, into a solution
of 100 mL of acetone (variable quantity according
to the number of moles of amine used). The
solution is carried under reflux for 3 hours. After
evaporation, the residue is purified by
chromatography on the column, eluent: CH2Cl> / n-
pentane (1/1 v/v). Compound II is isolated with a
42% yield, 0.98 g.

In the presence of mesityl oxide

A dry 250 mL bi-necked flask was charged with an
equimolar mixture of 5-aminoindole (0.265 g,
2.023 mmol) and of mesityl oxide (0.198 g, 2.023
mmol) with 5 mol% of iodine (0.026 g, 0.101
mmol), in solution in 50 mL of acetone. The
solution is carried under reflux for 3 hours. After
filtration and evaporation, the residue is purified by
chromatography on the column, eluent: CH2Cly/ n-
pentane (1/1 v/v). Compound II is isolated with a
50% vyield, 0.215 g.

7,7,9-Trimethyl-6,7-dihydro-3H-pyrrolo[ 3,2-
f] quinoline II, m.p. 118°C, 'H-NMR (300
MHz ,DMSO-de, delta, ppm): 10.71 (1H, s), 7.14
(1H, d, J = 2.3 Hz), 7.04 (1H, d, J = 8.3 Hz), 6.48
(1H, d, J = 8.5 Hz), 6.44 (1H, sbr), 5.17 (1H, s),
2.20 (3H, s), 1.17 (6H, s). 3C-NMR (100 MHz,
DMSO-ds) 6: 137.5, 130.9, 130.1, 127.3, 124.7
(Ar-C), 124.5, 113.2, 111.7, 110.9, 100.9 (Ar-CH),
50.6 (-NH-C(CHs3)2), 29.4 (2x-CH3), 22.3 (-CH3).

RESULTS AND DISCUSSION

Test of Catalysts
The treatment of 5-aminoindazole with different
catalysts in acetone under reflux and microwave
afforded to the corresponding quinoline III in good
yield (Scheme 1).
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Our first study focused on the absence of a
catalyst; any progress was found neither under
reflux nor a microwave system (Table 1, Entry 1).
The same reaction was carried out with iodine in
different amounts 5 mol%, 10 mol%, and 20 mol
%, the given result in yield is the same 45%
(Table 1, Entry 2), showing that a higher amount
of catalyst has no influence on the reaction. Some
transition metals were also used to catalyze our
reaction under the same conditions, copper (Cul,

@T Pt
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CuCl, CuS0a), iron (FeCl3), manganese (MnO), and
bismuth (BiCl3) in their salt form give fewer
interesting results (0-25%) as shown in (Table 1,
Entry 3-8). ZnCl; performs the reaction as iodine
does and led us to the desired product III with a
45% vyield (Table 1, Entry 10). I> was chosen
instead of ZnCl; to catalyze the reaction because of
its non-toxic, inexpensive, and eco-friendly nature
(22-27).

X
Catalyst HN
N
reflux or N
Microwave H
III

Scheme 1: Cyclization of 5-aminoindazole with acetone under different conditions.

Table 1: Optimization of yield for III using different catalysts under reflux.

Entry Catalyst Time (h) yield%?®
1° - 3 ND @
2° I> 3 4572
3 Cul 3 Trace
4 CuCl 3 20
5 CuSOa4 3 ND
6 BiCls 3 25
7 FeCl3 3 25
8 MnO 3 ND
9 PdCl> 3 23

10° ZnCl2 3 45

3 Reaction tested under microwave system (30 min,150 °C,400 W), Pisolated yield, ND: not detected

Optimization of the conditions for microwave
irradiation

The choice of the optimal condition reaction under
microwave irradiation was studied, the same
substrate has been condensed in the presence of
acetone catalyzed by iodine, starting with
temperature from 100 °C during 30 min of
reaction, we observed a formation of compound
III with 20% of yield, after increasing the heating
we reached 150 °C corresponding to 45% of yield,
some impurities were spotted above this
temperature, we then fixed it and changed the
time of reaction, after 5 min under irradiation no
evolution was observed, the structure III begins
to be formed from the 15th min, the isolated yield
indicates 12% and start increasing until 45% and
stabilizes after 30 min of reaction. The reaction

under reflux was privileged compared to
microwave irradiation because it requires less
drastic conditions insight of the power and

temperature needed to get our desired structures.

Formation of quinolines

Having noted, we observed a transformation of 5-
amino-1-methylindazole and the 5-aminoindole
bunged with the free air into quinoline I and II
(Figure 2).

Test reaction of condensation on the products
transformed lead to the same structure of
quinoline I and II in both cases, even with acetone
or mesityl oxide.

X X

HN
\N AN

HN

N N
\

1 Me II

Figure 2. Quinolines I and II formed from 5-
amino-1-methylindazole and the 5-aminoindole
respectively.
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After 3 hours in refluxing the 5-amino-1-
methylindazole with acetone in the catalytic
medium of iodine, we observed the formation of
the product I with a yield of 34%. However, the 5-
amino-1- methylindazole treated with mesityl
oxide in the presence of iodine led to a similar
product of structure I with a yield of 97% (Table 2,
Entry 1). After carrying out the proton and carbon
13 NMR spectra, a study of spectral fragmentation
of mass shows the presence of a molecular mass
of 227 amu and a chemical ionization of the peak
[M + 1] + is equal to 228 amu (M + H+) and two
other significant peaks of fragmentation M/Z = 29
for ion NCH3] + and M/Z = 41 for ion HCN] +. The
addition of the 5-aminoindole with acetone in the
presence of a catalytic quantity of iodine under
reflux led to the same structure II, which is
obtained with a reaction yield of 42%. However,
the action of mesityl oxide on the 5-aminoindole,
under the same conditions, gives us the structure
II with a yield of 50%, as shown in (Table 2 (Entry
2). We realized that the reaction of 5-
aminoindazole in the presence of acetone produces
the compound III with 45% of yield (Table 2,
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Entry 3), then we observed the formation of
another product IV in addition to our predicted one
III by using mesityl oxide under identical
conditions, the two current structures were formed
in competition with less difference in yield 24%
and 28% respectively (Table 2, Entries 3-4). For
this phenomenon, two mechanisms were
suggested, a different attack of the mesityl oxide
on 5- aminoindazole (Scheme 3, 4). However, the
condensation of the 6-aminoindazole with mesityl
oxide led to the compound V with an output of
74%, illustrating a more interesting result against
the condensation with acetone which gives a 27%
yield (Table 2, Entry 5). The structure VI was
formed with 49% in vyield under the same
conditions as the previously formed quinolines; in
order the increase this last and to observe the best
condensation, the 6-amino-1-methylindazole
condenses with mesityl oxide in the presence of a
mixture of the solvent of
CH30H/CH3COCH3/CH3CO2H catalyzed by Pd / C
(12), the competitor's condition shows any
evolution in yield and give 48% of quinoline VI
(Table 2, Entry 6).

Table 2. Formation of quinoline derivatives using acetone and mesityl oxide.

. Yield usin Yield usin
Entry ° Amine Product acetone bg mesityl oxidge b
X
HaN N HN
1 \©\/\N N\ 34% 97%
N N
\ \
I
X
N N
H H
II
X
H,N HN 45% © 28%
3¢ @j N
N ,
’ N
N N
III
4 H,N ND 24%
\
Ty
N
H
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N
H
IV
\
N N
o,
5c N HN H 9704 < 74%
HoN N _
\'
N\
N
\ N
6 /©\/\’N AN \ 49% 489% d
H5N N\ =
VI

@ Reaction condition: solvent: acetone, reflux (3h), 5 mol% I as the catalyst.

bIsolated yield, ND: not detected.

¢ Reaction was also tested under microwave irradiation (150 °C, 400 W, 30 min).

4 Reaction condition : solvent : CH3OH/CH3COCH3 /CHsCOzH ,reflux (3h), 10 mol% Pd / C (12) as catalyst.

Proposed mechanisms group then a Diels-Alder reaction naturally takes
The mechanism proposed is shown in (Scheme 2), place spawning dehydration. Finally, structure I is
iodine participates in equilibrium form of acetone produced following a cyclization step.

into enol, the amine attacks the carbonyl functional

Scheme 2. The suggested mechanism for obtaining structure I using acetone.

The two structures IV and V were formed because carbonyl function disadvantaging the cyclization
of the considerable difference of amine’s attack on  (Scheme 3).

mesityl oxide. Structure IV was undoubtedly

formed when the amine reacts favorably with the
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Scheme 3. The mechanism suggested obtaining structure IV using mesityl oxide.

On the other hand, the amine reacts correctly with
the aliphatic alkene vacating place to the

Attack at 1, 4

O\ H>N \ J
N — >
H /
H

S

II1

cyclization naturally done by the carbonyl function
(Scheme 4).

H H ‘/
OH S
",
N HN
N ® N
N /
H

Scheme 4. The mechanism suggested obtaining structure III using mesityl oxide.

CONCLUSION

In conclusion, a simple and eco-friendly approach
has been demonstrated to synthesize different
quinolines with a different yield up to 97% starting
from indazolic and indolic structures by
condensation using acetone and mesityl oxide in a
catalytic medium of iodine, the conventional way
and the microwave system of the condensation
reaction generate the same results, on this cause
that the reflux reaction was chosen as the leading
precursor to obtain our final structures in order to
avoid the energy consumption at elevated
temperature which can assist polymerization.
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Abstract: The aim of this study is to synthesize activated carbon with high surface area from peach kernel
shells which is an agricultural waste. In this study, activated carbon synthesis was carried out by using CO,
at 2 different temperatures (800 and 900 °C) with physical activation from products carbonized at 4
different temperatures (300, 400, 500, and 600 °C) and 2 different N, gas flow rates (100 and 500
mL/min). After carbonization, solid, liquid, and gas yields of the materials were calculated. The surface area
of activated carbons synthesized was calculated by BET analysis and the differences in the surface area
were shown by changing the synthesis conditions. Surface areas vary between 340.15 and 686.74 m?/g. In
samples pores formed were examined by DFT plus. It was found that most of these pores consist of
micropores. Also, the structures of the samples were examined with SEM and XRD analyses. Methylene blue
removal of the synthesized samples was studied and the results were compared.
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INTRODUCTION open if there are closed pores. The formation of the
pores is as follows (6):

Activated carbon, known as activated charcoal, isa Vv Volatile components in the raw material
high surface area, amorphous and graphite-free leave the structure by heating the raw material in
carbonaceous compound. Activated carbons, which  an inert environment.

do not have a chemical formula, differ from each

other with their surface areas, advanced and Vv These components, which move away from

adjustable pores, mechanical strength, high reactive
surface chemistry, adsorption capacities, the raw
materials they are synthesized, the activation
method used and chemicals used (1-5).

One of the most important properties of activated
carbons is that they have a porous structure that
causes the surface area to grow. Besides its porous
structure, pore volume and diameter are important.
The formation of pores in activated carbons starts at
the carbonization stage. Through physical and
chemical activation, these pores gain volume and

the raw material, pore on the raw material
according to the size of the structure.

v If the displaced structure is in the middle of
the solid, the internal pressure will increase in the
solid and will open micro channels as this structure
moves away.

The pore distribution and pore diameter in an
activated carbon vary depending on the type of raw
material used and the carbonization temperature

(7).
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In recent years, research has been increased
towards the use of agricultural waste products for
the synthesis of activated carbon. These biomass
products are sustainable, cheap, and rich sources of
carbon. This feature makes them the suitable raw
material for the synthesis of activated carbon. In
respect of environmental concern, these agricultural
wastes will get decayed finally with time, but most
of them reduce slowly and create pollution. The best
way to address these issues is to use them as
precious material. Along with having a good source
of carbon, these biomaterial wastes include other
elements and compounds, which can be exploited
cleverly according to the application (8). Some
agricultural wastes synthesized from activated
carbon coffee husks (9), durian shells (10), olive
stones (11), rice straw (12), oil palm fibers (13),
walnut shells (14), rice husks (15), waste apricot
(16), cherry stones (17), banana peels (18),
sawdust (19), rice bran (20), almond shells (21),
tea waste (22), herb residues (23), corn cobs (24),
rice hulls (25), sugarcane bagasse (26), cotton
stalks (27), orange peels (28), date stones (29),
coconut husks (30), etc.

Activated carbon is an adsorbent acquired from

carbonaceous substances with a disorganized
crystallographic shape, constituted through
randomly dispensed microcrystals. This

microcrystalline shape is constructed from standard
systems which include graphene sheets and
fullerene or quasi-graphitic fragments. However,
this microcrystalline association does now no longer
enlarge on a macroscopic scale ensuing in a
disordered and surprisingly nanoporous shape.
Consequently, those substances gift excessive
surface area, extensive type of practical groups and
a pore length distribution. All those traits supply
them an outstanding potential to adsorb a
remarkable range of molecules (31). In addition to
this potential, it is used in many different fields.
Some of those purification (32), nuclear power
stations (33), gas separation (34), energy storage
(35), catalysis (36), water treatment (37),
pharmaceutical (38), capacitors (39), petroleum
industries (40), etc.

Adsorption, which is one of the most used areas of
activated carbons, takes place through the pores on
the surface of the activated carbon. The substance
to be adsorbed enters through these pores and
interacts with the outer surface of the activated
carbon and adheres to that region. Adsorption takes
place in this manner. However, for the adsorption to
take place, the material to be adsorbed must pass
through the pores of the activated carbon. If these
pores are small or if the material to be adsorbed is
larger than the pores, adsorption cannot take place
(41).

In this study, activated carbon synthesis was made
from peach kernel shells which are agricultural

RESEARCH ARTICLE

waste. In this study, carbonization temperature,
carbonization gas flow and activation temperature
were changed. The synthesized active carbons were
compared with each other.

EXPERIMENTAL

Synthesis of the Activated Carbon

Supplied with peach kernel shells (Bursa, Turkey)
was used without applying any pretreatment except
for washing with water. These shells were firstly
subjected to pyrolysis process and the synthesis of
activated carbon was made on solid char. A three-
zone furnace was used for the pyrolysis process of
peach kernel shell. The furnace was placed in the
steel reactor with the help of a steel cuvette by
taking approximately 500 = 25 g and subjected to
pyrolysis in nitrogen atmosphere. Pyrolysis was
carried out at 300, 400, 500, and 600 °C. The
furnace started at room temperature and increased
to 10 °C per minute to the final temperature. When
it reached the final temperature, the furnace
remained stable for 1 hour and was then allowed to
cool to room temperature. Nitrogen gas atmosphere
was used in all of these processes and nitrogen gas
flow was made with the help of a manometer.
Nitrogen gas for the samples was tested by means
of manometer pyrolysis at 100 and 500 mL/min gas
flow rates. The pyrolysis liquid was collected by
means of the back cooler connected to the outlet
end of the steel reactor.

Char obtained was placed in a three-zone furnace
by means of a glass reactor and the physical
activation was carried out. Two different activation
temperatures (800 and 900 °C) were studied. At
these temperatures, CO, gas was used for activation
and the gas flow was fixed to a flow of 100 mL/min
by means of a manometer. In this activation
process, the furnace increased from 10 °C per
minute starting from room temperature and
remained at the final temperature for 1 hour.

Preparation of Methylene Blue

The methylene blue used in the study was placed in
a beaker and kept in an oven at 105° for 6 hours.
Then 1 gram of methylene blue was taken and 1000
ppm, 1 liter stock solution was prepared.

Adsorption

The prepared stock solution was diluted to 100 ppm
and 0,1 grams of activated carbon sample was
added to 100 mL and mixed for approximately 24
hours by magnetic stirrer (pH 6.2 at room
temperature). The received solutions were filtered
through a syringe filter and measured at 660 nm in
a UV-Vis device.

Equipment

Carbonization process with Protherm PZF 12/50/700
furnace, activation process with Protherm PZF
12/60/600 furnace were carried out.
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Analysis

UV-Vis analyses were performed with a Shimadzu
UV-2100S, SEM analyses were carried out with a
Leo EV040 brand scanning electron microscope,
XRD were realized with a Rigaku RadB-DMAX II
computer-controlled X-ray diffractometer, and BET
(Brunauer-Emmett-Teller) measurements  were
performed with a Micromeritics Tristar 3000, and
elemental analyses were realized with a CHNS-932
(LECO) Elemental Analyzer.

RESEARCH ARTICLE

RESULTS AND DISCUSSION

Biomass is converted to solid (char), liquid, and gas
by pyrolysis process. These transformations vary
depending on the biomass species and pyrolysis
conditions. Table 1 shows the solid, liquid, and gas
transformations of the peach kernel shell used as
raw material as a result of the process.

Table 1: Solid, liquid and gas yields as a result of pyrolysis process.

Temperature / N, Gas Flow Solid Yield % Liquid Yield % Gas Yield %
300 °C/ 100 mL/min 41.5 39.91 18.59
300 °C/ 500 mL/min 43.02 37.55 19.43
400 °C/ 100 mL/min 34.24 37.04 28.72
400 °C/ 500 mL/min 33.62 34.22 32.16
500 °C/ 100 mL/min 29.55 33.1 37.35
500 °C/ 500 mL/min 29.01 36.17 34.82
600 °C/ 100 mL/min 27.03 37.25 35.72
600 °C/ 500 mL/min 27.03 31.29 41.68

Peach kernel shell was subjected to pyrolysis at four
different temperatures (300, 400, 500, and 600 °C)
and solid, liquid and gas yields were calculated.
Solid yield decreased with increasing temperature.
It is seen that gas yield increases while liquid yield
decreases with increasing temperature. Although
the change in pyrolysis gas flow rate changed the
solid, liquid and gas yields excessively at some
temperatures, the change in some temperatures
was very low.

The BET analysis results of the synthesized
activated carbons are shown in Table 2. According
to these results, the surface area varies between
686.74 and 340.15 m?/g. The highest surface area
was achieved at an activation temperature of 800
°C in N; gas flow of 100 mL/min at 500 °C
carbonization temperature. Table 2 shows that the
change in temperature of pyrolysis caused changes
in surface areas. Increasing the pyrolysis
temperature up to 500 °C caused a positive change
in the surface areas, while the rise to 600 °C
showed a negative change in the surface areas. The
change in the gas flow rate of pyrolysis caused
changes in the samples. There was no order in
these changes. The increased gas flow rate, except
for 2 samples, caused a decrease in surface areas.
The change in the activation temperature caused
the surface area to change. In particular, the
increase in activation temperature increased the
surface area of samples. Since one of the objectives
in activated carbons is the increased surface, it is
necessary to work at high activation temperature
when using CO, for high surface area activated
carbons. Also, when we look at the synthesized
activated carbons, we can usually mention two
types of pores. Table 2 shows that activated
carbons are composed of micropore and mesopore.
Some samples were found to consist entirely of

micropores. In particular, the activated carbon
synthesized at low carbonization temperature and
low activation temperature is entirely composed of
micropores. Increased carbonization temperature
increased mesopore formation. Also, the increased
gas flow rate increased the amount of mesopore in
the samples. Another parameter, namely activation
temperature, positively affected mesopore
formation. Table 2 shows the total volume, micro
and meso volumes of the activated carbons. Almost
all of the samples consisted of micro volumes. In
some samples, meso volumes were not observed at
all, whereas in some samples a small amount was
observed. Increased activation temperature caused
micro volume to increase.

In the literature (42), activated carbon synthesis
have been made from peach kernel shell. However,
chemical activation method was generally used in
these studies. In very few physical activation the
results of activation temperature and carbonization
temperature on activated carbon using CO, were not
investigated. In some studies, physical activation
was performed with water vapor. However, even
with this activation, the activated carbons
synthesized differ from each other. Compared with
the studies in the literature, this study showed
differences in many ways. The surface areas of the
synthesized activated carbons were smaller than
those synthesized by chemical activation in the
literature (43). This is due to the fact that the
chemical agent can directly contact the surface
while the CO; hits the surface. However, during this
contact, the chemical agent affected the surface and
the active carbons have increased the ratio of
mesopore. In this study, the amount of mesopore is
less. In the literature (31), water vapor is used in
activated carbons synthesized by physical
activation. It is seen that the use of water vapor
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causes more development of pores. When the water
molecule contacted the biomass, it caused the pores
to grow by contacting the pore walls in the cavities
formed by carbonization. However, since the CO,
molecule was larger than the water molecule, it
could not provide expansion in the walls and
expanded into the pore center. Therefore, the
amount of mesopore is very high in water vapor
studies in the literature. As the surface area will
increase with increasing mesopore amount, the
surface area in these studies is higher than the
surface areas of the synthesized active carbons.

Figure 1 shows that the pore distribution ranges in
the samples. Samples generally have pore
distributions ranging from 1 nm to 2 nm. These pore
distributions show the micropores formed in the
structure. As in Table 2, the micropore ratio was
found to be high in the samples. These results

RESEARCH ARTICLE

showed parallelism with the pore distribution graph
and confirmed the structure.

One of the ways of characterizing activated carbons
is N2 adsorption graphs. N2 adsorption graphs
provide information about the pores of activated
carbons. Six types of adsorption plots were defined
by IUPAC (International Union of Pure and Applied
Chemistry). Each graph tells us about the pores of
activated carbons by following different N2
adsorption. N2 adsorption graphs of the synthesized
activated carbons are given in Figure 2. According
to the graph in Figure 2, the N2 adsorption graph is
similar to type 1. Type 1 graphs are generally N2
adsorption graphs seen in microporous and low
surface area activated carbons. In the graph,
adsorption at low pressure increases rapidly. This
increase is due to microporous. The adsorption
stops with the filling of micropores in the structure
and the graph proceeds in a straight way.
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Table 2: BET analysis results of activated carbons.

Carbonization

Physical Activation

Temp. (°c) N2 GasFlow (min/mb) = 1oy, (oc/100 mL c0,) n?:?g :1?/9 :1"21/9 cn:’;/g c‘r’l:;c/rog c:::;og ::1
300 100 800 340.15 340.15 - 0.19 017  0.02 -
300 500 800 353.48 353.48 - - 0.18 - -
300 100 900 445.42 412.06 33.35 0.22 021 001 2
300 500 900 417.42 408.03 9.38  0.20  0.21 - 1.94
400 100 800 596.73 69.81 526.9 0.55  0.03  0.52 3.74
400 500 800 378.05 373.27 4.78 0.18  0.19 - 1.92
400 100 900 458.24 426.67 31.56 0.228 0.224  0.004 1.9
400 500 900 451.8  427.63 24.17 - 0.22 - -
500 100 800 686.74 - 686.7 0.68  0.02  0.66 4.01
500 500 800 356.99 356.99 - - 0.19 - -
500 100 900 422,53 40239 20.13 0.20  0.21 - 1.97
500 500 900 447.65 412.41 3523 022 021  0.01 1.9
600 100 800 349.23 34324 598 0.18  0.05 0.3 -
600 500 800 345.42 34542 - - 0.18 - -
600 100 900 427.13 399.99 27.14 021  0.21 - 2
600 500 900 412.89 409  3.88 - 0.21 - -
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Figure 1: Pore size distribution of activated carbon sample A. Activated carbon sample at 500 °C 100
mL/min N carbonization and at 900 °C with 100 mL/min CO. activation B. Activated carbon sample at
400 °C 100 mL/min N, carbonization and at 900 °C with 100 mL/min CO. activation C. Activated carbon
sample at 600 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO; activation D.
Activated carbon sample at 300 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO,
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Figure 2: Adsorption isotherms of N, A. Activated carbon sample at 500 °C 500 mL/min N
carbonization and at 900 °C with 100 mL/min CO, activation B. Activated carbon sample at 500 °C 100
mL/min N, carbonization and at 900 °C with 100 mL/min CO; activation C. Activated carbon sample at
400 °C 100 mL/min N, carbonization and at 900 °C with 100 mL/min CO, activation D. Activated carbon
sample at 300 °C 100 mL/min N; carbonization and at 900 °C with 100 mL/min CO. activation.
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Figure 3: A. SEM image of raw peach shell B. Activated carbon sample at 500 °C 100 mL/min N,
carbonization and at 800 °C with 100 mL/min CO, activation C. Activated carbon sample at 500 °C 500
mL/min N carbonization and at 900 °C with 100 mL/min CO, activation. D. Activated carbon sample at 400
°C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. E. Activated carbon sample
at 400 °C 100 mL/min N; carbonization and at 900 °C with 100 mL/min CO; activation.
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Figure 4: XRD chart of samples. A. XRD chart of raw peach shell. B. Activated carbon sample at 400 °C
100 mL/min Ny carbonization and at 800 °C with 100 mL/min CO; activation. C. Activated carbon sample at
400 °C 100 mL/min N carbonization and at 900 °C with 100 mL/min CO. activation. D. Activated carbon
sample at 500 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. E. Activated
carbon sample at 500 °C 500 mL/min N, carbonization and at 900 °C with 100 mL/min CO activation
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Figure 5: FTIR spectra of raw material and activated carbon samples. A. Raw material. B. Activated carbon
sample at 400 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO, activation. C. Activated
carbon sample at 400 °C 100 mL/min N. carbonization and at 900 °C with 100 mL/min CO. activation. D.
Activated carbon sample at 500 °C 100 mL/min N, carbonization and at 800 °C with 100 mL/min CO,
activation. E. Activated carbon sample at 500 °C 500 mL/min N, carbonization and at 900 °C with 100
mL/min CO; activation.

One of the methods used to characterize activated
carbons is SEM analysis. Thanks to SEM analysis,
we see the pores of the activated carbons. SEM
images of the synthesized activated carbons and
peach kernel shell used as raw materials are shown
in Figure 3. According to SEM images, peach kernel
shell does not show pores on its surface without any

pretreatment. The formation of pores on the surface
is seen as a result of activated carbon synthesis.

XRD analysis of synthesized activated carbons and
peach kernel shell is shown in Figure 4. When the
raw materials and activated carbons were
examined, no crystalline structure was found in the

828



Kigik I, Onal Y. JOTCSA. 2021; 8(3): 821-834.

structure. Amorphous is observed in the structures.
In the peach kernel shell used in the synthesis of
activated carbon, a small amount of regular
structure is encountered. In particular, the peak of
about 22° is defined as the cellulose peak and is
seen in cellulose-structured materials. During the
synthesis of activated carbon, this regular structure
was disrupted by heat and partially lost this peak
intensity in activated carbon samples.

The FTIR spectroscopy technique was used to
identify the functional groups on the surface on
activated carbons and the raw material. According
to the FTIR spectra in Figure 5, the band belongs to
OH stress vibrations at approximately 3450 cm,
band around 2850 cm™ indicates the C-H stretching
vibrations, the band seen at about 1700 cm™
originates from C=0, band at about 1600 cm™
belongs to the C=C bond vibration of alkenes. Band
at about 1000 cm™ is the peak of vibrations caused
by C-OH and C-O-C bonds.

Elemental analysis results of synthesized activated
carbons and raw material are given in Table 3.
According to Table 3, It is seen that the carbon
amounts of the synthesized activated carbons are
approximately 7-71% higher than the raw
materials. In addition, the carbon content of the
synthesized activated carbons that are exposed to a
high activation temperature is generally less than
the others. Activated carbons synthesized at the
same carbonization temperature and activation
temperature of 800 °C appear to reduce the amount
of carbon at an increased gas flow rate. However, at
the activation temperature of 900 °C this was the
opposite. The hydrogen content of the synthesized
active carbons decreased approximately 5 times
compared to the raw material.

Adsorption, which is one of the most commonly
used application fields of activated carbons, was
studied. In this work, methylene blue adsorption
capacities of activated carbons were examined. The

RESEARCH ARTICLE

adsorption capacity of the synthesized activated
carbons was found to be very low. The reason for
this is methylene blue, which is the molecule to be
adsorbed, and the reason is the diameter of the
pores formed on the activated carbon. If the
molecule to be adsorbed passes through the pores
on the activated carbon, it will bind to the atoms on
the outer surface of the pores through secondary
interactions. Because the methylene blue molecule
did not pass through the pores on the activated
carbon this phenomenon could not occur. The
synthesized activated carbons have very small pore
diameters. DFT results show how small and narrow
the pore diameters change. Therefore, these results
are quite natural.

CONCLUSIONS

In this study, it is aimed to synthesize activated
carbon with narrow pore distribution from peach
seed peel, which is an agricultural waste. In the
study, carbonization was made at 4 different
temperatures and 2 different gas flows, and CO2
was used for activation. As a result of the
characterization of the samples, it was observed
that micropores were abundant and showed a
narrow pore distribution according to the DFT plus
data. The micropore ratio in the prepared activated
carbons varied depending on the temperature and
gas flow rate. No micropores were observed in one
sample, although some samples consisted entirely
of micropores. In the elemental analysis of activated
carbons, the amount of carbon showed a maximum
increase of 71% compared to the raw material. In
the study, the adsorption capacity of methylene
blue studied in the samples with narrow pore
distribution was quite low, while adsorption was not
observed in some samples. Although the activated
carbons prepared in this study are not suitable for
methylene blue adsorption, it can be checked
whether they are suitable by using different
applications.
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Table 3: Elementary analysis results of raw materials and activated carbons.

Carbonization AF::I:KI sai;iln
N: Gas

Temperature Flow 'I;e°21/p1e(;gt:1rl-e C H N s

°C dk/mL €0,)
Raw Materials 50.45 5.68 0.072 -

300 100 800 79.27 1.03 0.28 -
300 500 800 78.25 1.132 0.32 -
300 100 900 54.07 1.317 0.184 -
300 500 900 57.74 1.063 0.242 -
400 100 800 86.27 0.98 - -
400 500 800 74.85 1.628 0.276 -
400 100 900 62.06 0.59 - -
400 500 900 69.40 1.219 0.132 -
500 100 800 86.53 0.97 - -
500 500 800 79.76 1.607 0.268 -
500 100 900 65.90 1.509 0.138 0.053
500 500 900 74.34 0.64 - -
600 100 800 84.00 1.39 0.215 -
600 500 800 77.46 1.412 0.259 -
600 100 900 76.81 0.59 - -
600 500 900 82.77 1.009 0.173 0.054

Table 4: Methylene blue adsorption capacity of activated carbons.

Carbonization Physical Activation

Temperature NFZIS‘:S Temperature Seer Adsorption Capacity q.
°C dk/mL (°C/100 mL CO,) m?/g (mg/g)
300 100 800 340.15 2.98
300 500 800 353.48 0.89
300 100 900 445.42 12
300 500 900 417.42 9.69
400 100 800 596.73 1.44
400 500 800 378.05 -
400 100 900 458.24 24.1
400 500 900 451.8 16.29
500 100 800 686.74 -
500 500 800 356.99 -
500 100 900 422.53 9.69
500 500 900 447.65 7.74
600 100 800 349.23 -
600 500 800 345.42 -
600 100 900 427.13 8.15
600 500 900 412.89 7.93
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Abstract: In this study, we aimed to synthesize a B-diketonate-based ligand and its Eu(III) complex
which are used for luminescent biolabel. For this purpose, we chose acetophenone as the starting
material which contains methyl group at the alpha position of the ketone group. Firstly, we obtained
4,4,5,5,6,6,7,7-octafluoro-3,8-dihydroxy-1,10-diphenyldeca-2,8-diene-1,10-dione (H.ODIT) ligand in a
reaction between acetophenone and diethyloctafluoroadipate with Claisen condensation. This ligand was
characterized by 'H-NMR, 13C-NMR, and mass spectral analyses. We obtained a single crystal H>ODIT as
characterized by X-ray analysis. At the second step, in order to bind H>ODIT to the antibody, it is
reacted with chlorosulfonic acid. As a result of this reaction, the functional group of -CISO> was bound to
the structure. The structure of H.CODIT was characterized by NMR and mass spectral analysis. In the
third step, to understand the usability of the ligand as a biolabel, the complex compound was
synthesized with EuClz. The complex compound was excited with UV light at 306 nm wavelength,
specific hypersensitive >Do — ’F> phosphorescence electronic transition of the Eu(III) was observed
which proved that the luminescent H.CODIT molecule can work as a biolabel.

Keywords: Beta-diketonate, Claisen condensation, europium(III) complex, keto-enol tautomerism,

luminescence, biolabel.
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Lanthanides are known for their atomic emission
properties. Europium is a versatile lanthanide; a
myriad of luminescense applications of europium
such as biomedical sensor, diagnosis, drug
delivery, and optical screening exist (2-7). One of
the most striking properties of the complexes that

INTRODUCTION

The investigation of luminescence properties of
complexes of rare earth elements was introduced
upon the excitation of europium B-diketone
complexes by ultraviolet light in 1942 (1).

Biomedical and biolabeling of europium B-diketone
complexes have been a subject of interest since
then.

contain lanthanides is absorption of light with a
specific wavelength followed by a reflection with a
distinct wavelength. Either a ligand or a metal
center are responsible for such absorption
behavior. Energy is emitted through various ways,
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which are florescence or phosphorescence, heat,
and a photochemical product (8). In the Ln(III)-
ligand bonding, 4f electrons are screened by the
electrons of 5s? and 5p® so that they can rarely
take place in covalent interactions with ligands.
The covalency of a Ln(IlI)-ligand bond is around 5-
7%. As a result of this screening, transitions are
considered weak in respect to both absorption and
emission. It is a difficult task to excite 4f electrons
directly unless subjected to a laser, even for highly
luminescent materials. Ln(III) ions cannot
fluoresce through absorbing UV light (6,9). The
lanthanide ion depends on fluorescence ligands in
order to transfer to °D; energy level through a
viable mechanism, and the absorption of light is
similar to an antenna. The long lifetime of the
excited states of complex lanthanide ions (0.2-1.5
ms), large Stokes slip (over 200 nm), and
emission at visible region makes them attractive
ions in terms of possessing narrow and sharp
emission bands (2). Visible emission spectrum of
Eu3t results from °Do—’F; transition, and
transitions at specific wavelength are: 594 nm
(°Do—7F1); 617 nm (°Do—7F2); 659 nm (°Do—"F3),
(10).

Eu3* complexes usually provide higher sensitivity,
which accounts for their very strong preference
among lanthanides. Eu3* complexes exhibit some
distinct properties such as i) performing absorption
pinnacle at UV region (about 330 nm) and
fluorescence emission at 615 nm, ii) possessing a
narrow emission band, iii) considerable lifetime of
the triplet state of their complexes under excitation
(longer than 100 ps), iv) indicating low background
signal, v) demonstrating sharp emission peaks,
and vi) not causing any radioactive contamination.

B-diketones or 1,3-diketones consist of two
carbonyl groups separated by a carbon atom,
which is an a-carbon. On the other hand, carbonyl
substituents can be either alkyl, fluorinated alkyl,
or aromatic/heteroaromatic groups. The selection
of functional groups affect the properties of Eu(III)
complexes. For instance, solubility and volatility
are increased in organic solvents when branched
alkyl chains such as tert-butyl group are
introduced. Perfluorinated alkyl groups increase
the Lewis acidity. Aromatic B-diketones better
absorb light when compared to aliphatic ones.
Furthermore, functional groups affect the energy
state of the ligand (singlet and triplet), (11).
Fluorescent intensity increases when an electron
donor (R1) and acceptor (Rz) are introduced in the
same ligand for PB-diketonato (RiCOCHCOR?)-Eu
complexes (12).

The selection of the ligands that will be constituted
with europium(III) depends on the application. The
ligands used as biolabeling in medical diagnostic
kits can be divided into 4 main categories: i)
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ligands exhibiting no luminescent property, ii)
polyamino carboxylate based luminescent ligands
(PAC based), iii) B-Diketone based Iluminescent
ligands, and iv) other luminescent ligands (13).

Luminescent lanthanide B-diketones have a wide
range of applications, including electroluminescent
device and sensors, lasers, and bioanalysis (14).
Eu(III) complexes are established to be stable in
aqueous solutions of pB-diketonates, covalently
bonded to the protein easily due to their tendency
to chlorosulfonation, and possessing highly
luminescent character. Their lesser side products
in reactions, ease of their synthesis, and cost-
effective synthesis can be counted as other
advantages (15).

Ultrasensitive bioanalytical kits of analysis are
based on the detection of the existence of analyte

that bonds to the material of interest or
measurement of the concentration (5). The
applications regarding the use of Iluminescent

lanthanide complexes in bioanalysis date back to
1983 (16). Most of them are designed for
biochemical evaluation or qualitative measurement
of specific antibodies or any antigen. Within the
possibility of involving radioactive atoms (2°I, 3H,
and *C) that generate signals for some regions,
many labels are available. In addition, enzymes,
fluorescent probes, chemiluminescent compounds,
metals, and metal chelates and liposomes, as non-
radioactive labels, can be used due to their
numerous advantages (17). This study aims to
synthesize the non-radioactive label Eu(III)
complex.

Employing ketone and fluorine compounds as
precursors, a very limited number of compounds
synthesized via Claisen condensation can be found
in the literature. Most of them contain aromatic
rings. Despite the vast number of synthesis of
lanthanide-B-diketone complexes, very few of
them have been utilized in biomolecular labeling
(11) by reason of them being only bidentate that
makes them have a limited stability. In order to go
beyond this limit, tetradentate ligands comprise of
two B-diketones in a molecule were synthesized.
These ligands were then used in immunoanalysis
for designation of various biomolecules (18,19).
This study focuses on the synthesis of tetradentate
B-diketonate based luminescent ligand with eight
fluorine atoms and two aromatic rings and its
availability on biomolecular labeling.

MATERIALS AND METHODS

EuClz, acetophenone, dimethyloctafluoroadipate
(DEOFA), sodium methoxide (NaOCH?3),
chlorosulfonic acid (HSO3sCl), diethyl ether, ethanol,
and 1,4-dioxane were all provided by Sigma-
Aldrich and used without any purification. NMR
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analysis were carried out by using a Bruker Biospin
NMR Spectrometer with data acquisition by taking
advantage of an Avance III 400 MHz instrument.
FTIR studies were run by a Bruker Vertex 70 FT-
IR. UV-visible electronic spectra were obtained by
a Shimadzu UV-2450 spectrophotometer. Mass
spectrometry of the complexes were performed by
an Agilent 6530 Accurate Mass Q-TOF LC/MS. X-
ray single crystallography of H>ODIT ligand was
studied by using D8-QUEST diffractometer with a
graphite-monochromatic Mo-Kq light source at 296
K. The structure was examined by SHELX-2013
(20,21) through direct methods and least squares
method was applied to refine the matrix at F2 by
taking advantage of WINGX software. Crystalline
X-Ray Diffraction data was acquired from Bruker
APEX-II (22) diffractometer. Molecular diagrams
were generated by MERCURY software (23).
Supramolecular analysis was run by WinGX
software (24). Luminescence spectrum of the
complex was obtained by Perkin Elmer LS55
florescence spectrophotometer.
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Synthesis of (2z,82)-4,4,5,5,6,6,7,7-
octafluoro-3,8-dihydroxy-1,10-diphenyldeca-
2,8-diene-1,10-dione (H20DIT)

In order to form the acetophenone sodium salt,
NaOCHs and 50 mL of diethyl ether in catalytic
amount were placed in a two-necked round-bottom
flask connected to a refrigeration apparatus.
Acetophenone (2.50 g, 20 mmol) was slowly added
into the flask, and the solution was stirred for 1 h.
The observed color was pale light yellow. DEOFA
(3.60 g, 10 mmol) was added in this solution drop-
wise. A yellow color was observed. Thin layer
chromotography was employed in order to
determine the reaction time, amount of matter,
and purity in a specific timespan. n-Hexane-
chloroform (1:3, v:v) mixture was used for
chromatographic analysis. The solution was stirred
for 5 days at room temperature followed by the
evaporation of the solvent. The residue was
dissolved with water. pH adjustment (pH=6) was
later carried out with 15% H>SO4. Precipitated
substance at acidic medium was dried and
crystallized from ethanol-1,4-dioxane (3:2, v:v)
mixture (Scheme 1). Yield: 2.50 g (48.5 %).

) 0 HO CF,
CH3 i CHaNa™ 2)ii
—_— - —_—
3)iii
o HQ CF;
S —CF,
H-ODIT

Scheme 1: Reagents and conditions. (i) NaOCHs, diethyl ether, rt, 1 h; (ii) DEOFA, rt, 5 days; (iii)
H2S04, H20.

Synthesis of (22Z,82Z)-1,10-bis(benzene-1-
sulfonyl chloride)-4,4,5,5,6,6,7,7-octafluoro-
3,8-dihydroxydeca-2,8-diene-1,10-dione
(H2CODIT)

H.ODIT (0.98 g, 2 mmol) compound was added
slowly in HSO3Cl (5 mL) that was placed in a
balloon under refrigeration apparatus. The color of
the solution turned to light green from yellow

followed by a dark green color when the whole
material was introduced into the solution. The
solution was stirred for 5 days at room
temperature. To abandon the excess chlorosulfonic
acid, solution was dripped onto ice-water. A yellow
solid was formed in ice-water. The solution was
then filtered, rinsed with cold water, and dried
(Scheme 2). Yield: 0,99 g (72%).
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HO CF: HSO-Cl
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S0 ,Cl

H,CODIT

Scheme 2: Synthesis of H.CODIT compound.

Synthesis of the Eu(III) complex

Chlorosulfonated ligand (H.CODIT) (0.97 g, 1.4
mmol) was dissolved in ethanol. EuCls (0.18 g,
0.70 mmol) was introduced in the stirring solution
resulting that complexation occurs very rapidly.

Clo ;5
EuCls
HZCODIT —_ =
EtOH
clo ;s

Subsequent to abandoning of ethanol, the obtained
solid material was rinsed with water and diethyl
ether followed by drying (Scheme 3). Yield: 0.87 g
(81%).

CF2

w@

S0, Cl

CFE2

N

CF Z_CF 7

Scheme 3. Synthesis of Eu(III) complex.

RESULTS AND DISCUSSION

Spectroscopic studies

While the the structure of the the synthesized
H>ODIT compound was illuminated via *H-NMR and
13C-NMR spectroscopy, mass spectrometry, X-ray
single crystal diffactometry and FT-IR techniques,
'H-NMR and !3C-NMR spectroscopy, mass
spectrometry, and FT-IR were employed for the
characterization of the H>CODIT ligand. Structural
properties of the complex was determined by FT-
IR, mass, luminescence spectroscopy, and UV-
Visible techniques.

FTIR spectra
ATR technique was employed in obtaining the FTIR
spectra of the ligands and complexes in the range

of 4000-550 cm
were determined.

and characteristic vibrations

FTIR spectrum of DEOFA is given in Figure la. The
absorption band at 1778 cm™ results from C=0
stretching (-CO-OR). Two other absorption bands
at 1181 and 1142 cm™ were observed and these
bands were assigned to —-CFz group vibrations. The
stretching vibration absorption band at 2994 cm!
could be assigned to the aliphatic C-H group.

In the FTIR spectrum of H>ODIT compound (Figure
1b), the peaks observed at 1595 and 1565 cm!
belong to tautomeric state keto and enol form
carbonyls v(C=0), respectively. v(C=C) and v(C-0)
vibration bands of enol form correspond to 1466
and 1228 cm™!, respectively. Two sharp peaks at
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1185 and 1156 cm™ belong to v(CF:) vibrations.
The intense peak observed at 751 cm results

from the vibration that belongs to the
monosubstituted benzene ring (25).
v(SO2Cl) vibration peak is observed in FTIR

spectrum of the H.CODIT compound (Figure 1c)
apart from H2ODIT compound. Asymmetric
vibration of sulfonyl chloride group gives a peak at
1343 cmt. On the other hand, two peaks at 842
and 806 cm exhibit the disubstituted bonding to
benzene ring (25).

FTIR spectrum of Eu(III) complex is given in Figure
1d. The peak observed at 1604 cm™ relates to the
v(C=0) vibration of keto form carbonyl that does
not bond to the metal in H.CODIT compound. On
the other hand, peaks observed at 1564 cm™ and
1404 cm™ belong to v(C=0) and v(C=C) vibrations
of enolic structure, respectively. Characteristic
vibration bands shift to lower frequencies in f-
diketone complex for the free ligand. This shift
arises from the acidic proton loss of enolic
structure from hydroxyl group and bonding of
enolic hydroxyl oxygen and enolic carbonyl oxygen
to the metal ion in the chelate mode (26). The
peak that is coherent to the v(CF2) vibrations in the
ligand is at 1240 cm™ and v(SOxCl) vibrations
result in the peak at 1171 cm™ (25). The emergent
absorption band observed at 510 cm™ in the
complex suggests the existence of Eu-0
coordination bond (27,28).

Mass Spectra

Mass spectrometric results obtained from H>ODIT
molecule in chloroform solution are presented in
Figure 2. Investigating the mass spectrometry of
H.ODIT ligand, addition of one hydrogen to this
ligand results in a strong molecular ion peak at
m/z 495.08 that corresponds to the [H,ODIT +H]*
ion. The peak observed at m/z 517.07 corresponds
to the [H2ODIT +Na]™* ion whereas the peak at m/z
518.07 belongs to the [HODIT +Na+H] ion.
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H>ODIT structure
spectrometric data.

is supported by the mass

The mass spectra of ligand H>CODIT was recorded
in chloroform solution is presented in Figure 3a.
The mass spectra of H.CODIT showed accurate
molecular ion peak at m/z 691.03, matched with
the theoretical value. Two molecular ion peaks at
690.34 and 693.99 in the spectrum correspond to
one hydrogen atom subtraction and two hydrogen
atoms addition in the molecular ion peak,
respectively.

Mass spectrum that belongs to Eu(III) complex in
ethanol as solvent is given in Figure 3b. The
product ion at m/z 1532.78 in the spectrum was
observed through the introduction of protonated
ion were resulted from the molecular ion peak of
the ligand. The structure shown in the spectrum,
which has the most bonding abundance, has a
peak at m/z 1018.23.

NMR Spectroscopy

'H-NMR and !3C-NMR spectra of the ligands were
recorded in benzene-ds as solvent. *H NMR and !3C-
NMR of H,ODIT are presented in Figures 4 and 5,
respectively. Due to the symmetry of the
compounds in the solution, half of the molecules
were taken into consideration when the spectra
were being acquired.

For 'H NMR spectrum of the H.ODIT ligand, the
triplet that belongs to the Ha proton bonded to
aromatic ring was observed in the range of 6.92-
6.89 ppm whereas the triplet that belongs to Hp
protons in the range of 7.07-7.03 ppm. The
doublet belonging to H¢ protons were observed in
the range of 7.45-7.43 ppm. The singlet at 6.42
ppm that belong to the active alpha proton (-CH)
neighboring the carbonyl group suggests the
formation of the (-HC=C) functional group, as a
result of keto-enol tautomeric equilibrium in the
structure, and a possible intramolecular hydrogen
bond (O-H---0), (Figure 4a).
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Figure 3: Mass spectra of the compounds: (a) H.CODIT, (b) Eu(III) chelate.

When the 'H NMR spectrum of H>CODIT ligand
was investigated, Ha and Hy protons bonded to
aromatic ring were observed in the range of
7.45-7.44 and 7.42-7.41 ppm as two doublets,
respectively. On the other hand, Hc proton was
detected in the range of 7.02-7.06 ppm as
triplet, and Hq protons were detected in the
range of 6.92-6.90 ppm also as triplet. Active
alpha proton belonging to the H.CODIT ligand
was established at 6.41 ppm as singlet (Figure
4b).

When the !3C-NMR spectrum of the H>ODIT
ligand was observed, the peaks that belong to
aromatic ring carbons are surveyed in the range
of 127.21-132.94 ppm. The carbon, which

belongs to (-HC=) group, exhibiting keto-enol
tautomer balance in the structure resonated at
93.27 ppm. Keto and enol carbons are
characterized at 184.94 and 179.09 ppm,
respectively. The peaks at 109.95 and 126.97
ppm belong to the carbon of (-CF2) group
(Figure 5a).

The carbons bonded to the aromatic ring in the
13C-NMR spectrum of H>CODIT ligand resonated
in the range of 126.97-132.95 ppm. Keto-enol
tautomeric equilibrium exhibits a peak at 93.28
ppm, belonging to the (-HC=) group. Keto
tautomer carbonyl carbon and enol carbon
resonated at 184.94 ppm and 178.83 ppm,
respectively (Figure 5b).
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UV-Visible Spectra

UV-visible absorption spectrum of HODIT
compound was observed in a 10 M ethanolic
solution (Figure 6a). The band at 265 nm visible
light short wavelength belongs to aromatic ring
n-n* transition. The second band observed at
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318 nm wavelength belongs to n—n™ electronic
transition of keto and enol carbonyl group of the
tautomer. Lastly, the band observed at 329 nm
(e = 38660 L mol! cm™) corresponds to n—-n*
transition of conjugation and delocalization of
the ligand in the electronic system (29,30).
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Figure 6: UV-visible spectra of (EtOH, 1.0x104 M), (a) H2ODIT, (b) H.CODIT ligands.

H>CODIT compound was characterized in 104 M
ethanolic solution (Figure 6b). Three absorption
bands at 268, 318 and 325 nm (e 33850

Lmolicm) resulting from n-n* and n-n”
electronic transition were observed at UV-visible
absorption spectrum.
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UV-Visible spectrum of the complex in 104 M
aqueous solution has an € value of 91600 L mol-
I cm™ at 268 nm, which belongs to n-n" and
n-n"* transitions whereas the band at 321.5 nm

1.000
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possessing a considerably high value of € =
28980 L mol' cm™ belongs to the charge
transfer to the metal from the ligand (Figure 7).

0 800

0800 -

Absorbance
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0.200 -

[ujinuln) &7
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Figure 7: UV-Visible spectrum of the complex (H20, 1.0x10-5 M).

X-Ray Diffraction Analysis

Crystallographic data and refinement details of
H.ODIT are presented in Table 1; selected
bond distances, angles and hydrogen bond
geometries are listed in Table 2. H,ODIT ligand
belongs to the P2;/c space group. As seen in
Figure 8, a center of symmetry located on the
mid position (1/2, 1/2, 0) of C-C [C11-C11i]
bond exists. The C9-02 bond is typical double

bond [1.245 (2) A], while the C7-O1 bond is
single bond [1.314 (2) A]. The molecules of
H>ODIT are connected by n---n interactions. The
n---n contact between the phenyl rings may
stabilize the structure, with centroid-centroid
distance of 3.992(3) A. As seen in Figure 9,
n---n interactions maintain the packing along
[111] direction.
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Figure 8: The molecular structure of H.ODIT showing the atom numbering scheme. [(i) -x+1, -

Table 1. Crystal data and structure refinement parameters for H,ODIT.

Empirical formula

Formula weight
Crystal system
Space group

a (é)

b (A)

c (R)

B(°)

Vv (R3)

4

D¢ (g Cm_3)

M (mm)

0 range (°)
Measured refls.
Independent refls.
Rint

S

R1/wR2

AX max/AX min (618\'3)

C22H14Fg04

494,33
Monoclinic
P2i/c

8.168 (5)
11.385 (5)
11.425 (5)
104.042 (5)
1030.7 (9)
2

1.593

0.16
3.1-28.3
20454
2552

0.027

1.06
0.043/0.114
0.28/-0.18

Figure 9. The n---n interactions in HODIT.
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Table 2: Selected bond distances and angles, hydrogen bond parameters for HODIT (A, °).

Bond distances (A)

C10-F1 1,3596 (19) C10-F2 1.3478 (18)
C11-F3 1,3475 (18) Cl1-F4 1,3519 (18)
C9-02 1,245 (2) C7-01 1,314 (2)
Bond angles (9)
C7—01—H1A 105.0 (19) 02—C9—C8 125.77 (15)
01—C7—C8 120.67 (15) 01—-C7—C6 115.02 (14)
F2—C10—F1 107.33 (13) F3—C11—F4 107.70 (13)
Hydrogen bond parameters (4, °)
D-H---A D-H H---A D---A D-H---A
O1—H1A:::02 0.95 (3) 1.67 (3) 2.552 (2) 153
Photoluminescent Properties of the transitions from excited °Do of 4f configuration
Complex to ’F; (j = 0 to 6) level. The most intense red

Data acquisition in regards to excitation and
radiation spectra for various modes such as
luminescence, phosphorescence, and
bioluminescence is available in modern
photoluminescent spectroscopy. Acquiring the
excitation spectrum, excitation chromator scans
keeping a specific radiation wavelength
constant while excitation wavelength is kept
constant when radiation monochromator scans
in obtaining a radiation spectrum.

Eu(III) radiation usually consists of stripes at
red spectral region. This ion corresponds to

e

Wavelength (nm)

emission line results from °Do — 7F1 magnetic
dipole transitions, ranging between 610 and
630 nm wavelength.

Excitation and radiation spectra of the complex,
in its solid state, was recorded at room
temperature with a scan interval of Aex:15
nm/Aem:15.0 nm. Eu(III) complex was excited
by UV light at 306 nm. The emission band
observed at 615 nm corresponds to °Do — 7F>
electrical dipole transition (Figure 10).

&0

Figure 10: Emission spectrum of the complex (H20, 1.0x10-> M).

CONCLUSION

A novel B-diketone based ligand and its Eu(III)
complex has been synthesized in pursuit of
advancing a biolabel in techniques for labeling
biomolecules in this study. H2ODIT and
H,CODIT ligands were elucidated by using !3C-
NMR, !'H-NMR, mass spectrometry and FTIR
spectroscopic techniques. Furthermore, X-ray
analysis of single crystal synthesis of H,ODIT

ligand was carried out. As a result, this ligand
prefers enolic structure in the equlibrium of
keto-enol tautomer. HCODIT ligand was
synthesized with EuClz  complex, and
luminescent analysis was carried out in order to
investigate the viability of its biolabeling.
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SUPPLEMENTARY DATA

Crystallographic data for the structural analysis
has been deposited with the Cambridge
Crystallographic Data Centre, CCDC No.
1817092. Copies of this information may be
obtained free of charge from the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk or WWW:
http://www.ccdc.cam.ac.uk).
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INTRODUCTION

The carbon-nitrogen bond arrangement is a
significant manufactured advance in natural
combination for creating N-heterocyclic particles,
which assume a real job in the union of modern
polymers, agrochemical, besides organically
dynamic drug products (1). The 2,3-benzopyrrole
core is one of the most seriously considered
primary examples by manufactured just as organic
scientific experts (2) because of the natural
organic exercises. Nanoparticles (NPs) are great
impetuses for the natural union, and however,
during the movement of a synthetic response, they
show the extraordinary inclination to total and
misshape. Thus, they need help to achieve their
synthetic and actual security as catalysts.
Nitrogen-containing heterocyclic compounds are
vital applications because of their abundance in
nature. Several nitrogen-containing heterocyclic

compounds exhibit many biological activities like
antibacterial, antiarthritis, antiasthmatic, and
many other types of biological activities (3-5).

Nitrogen-containing heterocycles also show their
essential role as ligands, explosives, stabilizers in
photography (6-8). The synthesis of such
compounds by eco-friendly methods is of great
interest to the research community. Oxygen-
containing heterocycles have displayed a very wide
range of biological and therapeutic properties (9).
This chromene moiety, which belongs to a
naturally occurring oxygen-heterocylic class, shows
a wide range of biological activity. These
compounds can be used as antioxidant agents,
antifungal agents, anticancer agents etc. (10).

Heterocyclic compounds are structural units
present in various biologically active natural
products and pharmaceuticals (11). However, due
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to a lack of substrate, the extent and generality of
a particular 2,3-benzopyrrole's synthesis have
sometimes been reduced. As a result, developing
reliable and cost-effective methods for
synthesizing 2,3- benzopyrroles from readily
available starting materials is still challenging (12).
One of the most pressing issues and problems in
recent decades has been the use of nanoscience in
the advancement of ecology, drug, and most
notably, catalysts. Nanoscience and green
chemistry have unique compatibility and accuracy
due to the efficient implementation of

REVIEW ARTICLE

nanotechnology in manufacturing greener goods,
making nanoscience a savior in environmental and
energy challenges (13). Due to their high
reactivity, sustainability, ease of recapture, and
opportunity to recycle, metallic nanoparticles have
recently been widely used as alternative catalysts
in organic synthesis. Metal nanoparticle catalyzed
reactions have many advantages over traditional
metal-catalyzed reactions, including low catalyst
loading, low cost, strong atom efficiency, higher
yields, shorter reaction time, and the opportunity
to recycle catalysts (14).

Imatinib(Antitumor agent)

Figure 1: The structures of cyprodinil and imatinib.

Formation of 3-Substituted 2,3-Benzopyrrole
in Water Using Polymer-Attached ZnO NPs as
a Eco-Friendly Catalyst

3-Amino alkylated 2,3-benzopyrroles were
synthesized by Tauhid Shaikh et al. in the
presence of ZnO nanoparticles. 2,3-Benzopyrroles
react with benzaldehyde and aniline to form 3-
amino alkylated 2,3-benzopyrroles. Polylactic acid
(PLA) includes a hydrophobic region around ZnO,
which is naturally hydrophilic. PLA can absorb
organic molecules, as shown by its use in the drug

NH,

delivery framework; thus, this nanocomposite can
serve as an amphiphilic catalyst. By absorbing
substrate molecules, PLA may improve the
accessibility of the catalyst (ZnO) (15). To
investigate the effect of solvent on reaction results,
a model reaction was carried out in various
solvents, such as N,N-dimethylformamide (DMF),
p-dioxane, dimethyl sulfoxide ((CHs)2S0),
acetonitrile, oxolane, acetone, and H>0. The best
result is found in the presence of water.

PLA/ZnO NH
Solvent O N\

N
RT N

Ultrasonic

Scheme 1: Synthesis of 3-amino-alkylated 2,3-benzopyrrole. Adapted from (15).

Larock’s 2,3-Benzopyrrole Synthesis Using N,
N-Dimethylformamide-Stabilized Pd
Nanocluster

In the presence of a Pd nanocluster, Kaito Onishi
et al. synthesized 2-iodoanilines with alkynes to
produce 2,3-disubstituted 2,3-benzopyrroles. This
reaction took place in the absence of ligands and
with low catalyst loadings. The most effective
solvent was DMF, which created an isolated yield
of 88%. Then there were mixed solvents like
DMF/HO (1:1) and N-methyl pyrrolidone

(NMP)/H20 (1:1). A trace amount of product was
obtained when DMF/H;O (1:1) was used. When
NMP/H,O (1:1) was used, the product was
obtained in 28% yield, and various additives are
used, but NaCl was the best additive; product yield
was 69 percent without the addition of NaCl. As
reported in the palladium complex-catalyzed
Larock 2,3-benzopyrrole synthesis, salts such as
NaCl increased the catalytic activity by
synthesizing a chloride-ligated zerovalent
palladium species (16).
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Pd NCs(X mol%)
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Ph

|
S
NH,

Base,additive
solvent
1359C 48hr

N
H

Scheme 2: Synthesis of 2,3-disubstituted 2,3-benzopyrrole. Adapted from (16).

Synthesis of Bis(indolyl)methanes Using an
Efficient and Versatile Reagent, Ag NPs

Aromatic aldehyde and 2,3-benzopyrrole react to
form bis(indolyl)methanes in the presence of Ag
nanoparticles. This is an outline of a modest, mild,
and effective method to the fusion of bis(indolyl)
methane and its derivatives because the most

bis(indolyl)methanes, at 25 ©°C, an optimized
number of nano-Ag arranged the reaction of
benzaldehyde and 2,3-benzopyrrole. When Ag
nanoparticles take less than 0.001 mol, the yield of
the product also decreases. Several Lewis acids
catalyzed a mixture of products in EtOH at 25 °C,
but the best synthesis formed is in the presence of

active cruciferous compounds for promoting Ag NPs. Some solvents yielded like CHCI3 (55%),
healthy estrogen metabolism and inducing CH3CN (42%), H.O (20%), but EtOH gave 94%
apoptosis in human cancer cells are yield (17).
o ()
(@]
Ag nanoparticles (0.0001g) Ar “_NH

EtOH, r.t. 10-15 min.

Ag nanoparticles (0.001g)

L
N

H

H

N
= ye

EtOH, r.t., 20 min.

Scheme 3: Synthesis of bis(indolyl)methanes. Adapted from (17).

Synthesis of 2,3-Benzopyrrole of 2-
Nitrobenzyl Cyanide in the Presence of Co—Rh
Heterobimetallic NPs

Reductive cyclization of two 2-Nitrobenzyl Cyanide
in the presence of heterobimetallic Cobalt-Rhodium

Ar \ NH
NPs vyields 2,3-Benzopyrrole (14). They have
higher  catalytic efficiency compared to
monometallic NPs. Heterobimetallic NPs have

recently been concerned with much consideration
as catalysts (18).

R,
X N
Ri X CN CO,Rh/C(5mol%) (X“‘“ A\
T B Ry
NO, wet MeOH(3mol) Z N
RT,24hr H
Up t097%yield

R1=H,Alkyl,Alkoxy,Halogen

Ry=H,Alkyl,Alkoxy,Aryl,Ester,Halogen

X=C,H,N

Scheme 4: Synthesis of 2,3-benzopyrrole. Adapted from (18).

Synthesis of N-arylation of 2,3-Benzopyrrole
and Imidazole with Aryl Halide in the
Presence of CuFe.04 Magnetic NPs

2,3-Benzopyrrole  and imidazole N-arylation
reactions with various aryl halides in the presence
of CuFe204 nanoparticles. In the below ligand-free
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circumstances, the reaction yields well to excellent
with CuFe;0s4 nanoparticles as the catalyst.
Furthermore, CuFe;0s4 NPs could be recycled six
times, lacking down their operation (19).
Optimization of reaction taken in different solvents

K
N X

N R [Nf> CuFe,04 @

HX + - -

N=/" \_7 KoCO3/DMF R

110%C
X=l, Br
R=CH3 -OCHj; -NO, -Cl, -F, -COCHj3

REVIEW ARTICLE

and bases such as 1. NMP 97%, 2. DMF 82%, 3.
CH3CN 22%, 4. CHxCl; 26%, 5. Toluene 15%, and
6. K3PO4 97% 7. EtsN 35%, 8. KoCO3 71%, 9. KOH
64%, 10. NazPO4 .12H,0 58% 11. Cs,CO3 78%.

N
SR
CuFe,0y @Q @
KoPO4/NMP N + HX
110%C /

Scheme 5: Synthesis of N-Arylindole and N-Arylimidazole. Adapted from (19).

Synthesis of 1,1,3-tris(1H-indol-3-yl) Alkanes
in Attendance of Silica-Coated Magnetic
Nanoparticle

Proposed a straightforward and worthy system for
the amalgamation of 1,1,3-tris(1H-indol-3-yl)
alkanes catalyzed with MNPs-TUD-SO3H. As per the
response pathway to start with, the carbonyl

gathering of a B-unsaturated compound will be
initiated within sight of MNPs-TUD-SO 3 H impetus
and shaped the dynamic halfway. 2,3-Benzopyrrole
effectively assaulted to this insecure halfway, and
the item relating gives due to the 1,4- and 1,2-
Subsequent

increments. stage followed by

initiation of existing moderate through attractive
nanoparticles MNPs-TUD-SO3H and a nucleophilic
response of the third atom of 2,3-benzopyrrole
with this halfway that in the end this synergistic
cycle finished by eliminating a water atom and the
ideal item 1,1,3-tris(1H-indol-3-yl) alkane was
created at present of the novel nanostructured
impetus. The authors related that the reaction
between crotonaldehyde and 2,3-benzopyrrole was
considered under the same reaction condition in
the presence of 10 mol% thiourea dioxide as a
catalyst. The corresponding 1,1,3-tri(1H-indol-3-
yl) alkane was synthesized in 40% yield (20).

SO:H
o N
T
!/
)

Solvent-Free,60°C -
10 mg NMPs cat.

Scheme 6: Synthesis of 1,1,3-tris(1H-indol-3-yl)alkanes. Adapted from (20).

One-Pot Synthesis of Benzofurans under
Aqueous Conditions Using Silver Iodide NPs
In the existence of a silver iodide nanocatalyst, the

reaction of salicylaldehyde, morpholine, and
phenylacetylene produce 2,3-disubstituted
benzofuran in aqueous media. First, in this

condensation reaction, reagents, such as copper
iodide, copper chloride, silver bromide, and silver

iodide, were used to test the efficiency of the
catalytic activity. We discovered that silver iodide
is the best catalyst for this reaction, so we ran the
model reaction with silver iodide nanoparticles.
Furthermore, compared to bulk Agl, silver iodide
NPs produced outstanding vyields in quicker
response times (21).
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CHO
/
OH © Z

N

H
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[O]
Agl-Nps N
water
C—
e) Ph

Scheme 7: Synthesis of 2,3-disubstituted benzofuran. Adapted from (21).

Synthesis of Poly-Substituted Furans
Catalyzed CuO NPs in an Aqueous Medium

MnO: interceded ZnCl> and helped blend of 3,4-
dicarbonylfuran subsidiaries in corrosive acidic
medium, according to Zhuo et al. The Zhuo
technique had a few limitations, such as the use of
an abundance measure of ZnCl;/MnO2 as an
impetus that was not reusable, unforgiving
reaction conditions (refluxing in a corrosive acidic
medium at 130 °C), and a longer response time
(24 h). It lowered segregated yields of items (15-

CuO NPs /TBHP

80%). The addition of 2-methylpropane-2-peroxol
as an oxidizing agent (1 eq.) increases the yield
and decreases the reaction time significantly (3 h).
After 12 hours of refluxing a mixture of A (1
millimole), B (5 mmol), and CuONPs (10
milligrams) in the presence of CuO nanoparticles
(10 milligrams), 40% of the required furan
derivative was obtained. The addition of 2-
methylpropane-2-peroxol as an oxidizing agent (1
eq.) increases product amount and decreases
response time significantly (3 h) (22).

O 0]

R1 R3
- 7\

R4=Alkyl/Alkoxy

cyclic/acyclic ketone

EtOH:H20 R4 0O R5
Reflux,2-3hr

Scheme 8: Synthesis of 3,4-dicarbonylfuran. Adapted from (22).

Synthesis of Naphthopyran Derivatives, Using

Novel Ferrocene-Based Ionic Liquid
Supported on Silica Nanoparticles
The model reactions were 2-naphthol,

benzaldehyde, and malononitrile. For this reason,
the efficiency of (SiO@Im-Fc [OAc]) was
investigated employing a change of solvents,
temperatures, and quantities of synthesized
nanocatalyst to find a more efficient, convenient,
and rapid method for the synthesis of
naphthopyran derivatives. The findings are
summarized in this report. For the model reaction

. I/CN

H ¢N

(@]
* Ar)l\

R\_MN@(NT\/\/@)

at room temperature in the presence of 30 mg
nanocatalyst, a variety of traditional organic
solvents such as EtOH, CH2Cl,, CHCI3, CH3CN, and

H.O, as well as solvent-free conditions, were
screened. At ordinary temperatures, various
traditional solvents provided low to moderate

yields. Surprisingly, the best results were obtained
without the use of any solvents. The model
reaction was then performed in varying amounts of
nanocatalyst (5 to 50 mg) and at different
temperatures (23).

o

CH

Solvent-free

90?

Ar
CN

98
o] NH,

Scheme 9: Synthesis of naphthopyran derivatives. Adapted from (23).
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Synthesis of 3,4,5-Trisubstituted Furan-
2(5H)-one Derivative Using 4-
carboxybenzylsulfamic Acid Supported on
Magnetic NPs

In the presence of magnetic NPs aided by 4-
carboxybenzylsulfamic acid, the combination of
trisubstituted furan  derivatives from aryl
aldehydes, various anilines, and dimethyl
acetylene dicarboxylate. Designing heterogeneous

0 O
X H N NH, 0. F OCH,3
| ’\/ + | \/ +
= H;CO
R1 R2 3

SA-AMBA-MNPs (catalyst)

REVIEW ARTICLE

hybrid catalysts to synthesize furans, such as 4-
carboxybenzylsulfamic acid-functionalized Fe304
nanoparticles (SA- AMBA-MNPs) as a new green
and magnetically simple distinguishable catalyst
(24). The reaction was carried out using various
solvents and amounts of catalyst, with the best
results obtained using ethanol catalyst at 20 mg at
70 °C for two hours and a yield of 92%.

70°C, Ethanol (3ml)

Scheme 10: Synthesis of 3,4,5-trisubstituted furan-2(5H)-one. Adapted from (24).

Amine-Functionalized SiO>@Fez0s NPs are
Used in a One-Pot Multi-Component Synthesis
of Bioactive 2-Amino-4H-Benzo[b]Pyrans
Formation of 2-amino-4-(4-bromophenyl)-7,7-
dimethyl-5-oxo0-5,6,7,8-tetrahydro-4H-chromene-

functionalized SiO@Fe304 NPs from p-
bromobenzaldehyde, propanedinitrile, and
dimedone. The lack of a catalytic product led to an
absence of 2-amino-4H-benzo[b]pyrans. Rising the
quantity of catalyst by 2 to 10 mg resulted in a

3-carbonitrile required the use of amine- higher percentage yield of the formula (25).
F9304 %//SI

@] O ¢N
H &+ + <
Br CN

Temp.

Scheme 11: Synthesis of 2-amino-4-(4-bromophenyl)-7,7-dimethyl-5-o0x0-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitrile. Adapted from (25).

Synthesis of Benzofurans from Terminal
Alkynes and Indophenols using Recyclable
Palladium NPs under the Ligand-Free
Condition

The authors developed highly efficient and robust
heterogeneous reaction supported by Pd
nanoparticles on N, O-dual-doped hierarchical
porous carbon using a one-pot tandem reaction of
o-iodophenols with terminal alkynes. The catalyst
allowed for sequential intermolecular Sonogashira
cross-coupling followed by cyclization of o-
iodophenols with terminal alkynes to synthesize a
variety of 2-benzofurans under copper- and ligand-

successive intermolecular Sonogashira reactions
after recirculating o-iodophenols with terminal
alkynes to produce a variety of 2-benzofuran
derivatives under copper- and ligand-free
conditions with a selectivity of 60%. Various bases
were used in the reaction, including Na.COs,
K2COs3, Cs2COs, Ks3POs, NaO‘Bu, KOH, DBU (1,8-
diazabicyclo[5.4.0]Jundec-7-ene), and TEA
(triethylamine). Under similar conditions, it was
discovered that K3PO4 with two equivalents to the
reactant was the best option for superior catalytic
efficiency in terms of equal operation and
selectivity (a full conversion with up to 96%

free conditions (26). The reagent allowed selectivity).
| Pd@N,O Carban
Y 0.3 mol% of Pd = .
Ry t R= ( - > R1®7R’
= OH 5 ml DMF,K3PQy, =~0

160°C

Scheme 12: Synthesis of benzofurans. Adapted from (26).

856



Roy A et al. JOTCSA. 2021; 8(3): 851-862.

A One-Pot Three-Component Reaction
Catalyzed by Zinc Oxide NPs: A Simple
Synthesis of 4-AryINH1,2,3 Triazoles

Synthesis of NH-triazoles in the presence of ZnO
nanoparticles using 4-bromobenzaldehyde,
nitromethane, and sodium azide as model
substrates. A wide variety of solvents, both organic
and aqueous, were studied. Surprisingly, the yield
of the desired items varies significantly in each
case. It can be shown that when PEG-400 was
used as a solvent at 100 °C, the best results were
obtained. The reaction can also proceed when

CHO

REVIEW ARTICLE

aqueous was also carried out in the water, but the
product yield was meager.

Following that, several solvents were investigated,
including dichloromethane (DCM), DMF,
dimethylsulfoxide (DMSO), ethylene glycol, and
toluene, but the vyields of NH-triazoles were
inferior. The cycloaddition reaction of 4-
bromobenzaldehyde, nitromethane, and sodium
azide was also performed in PEG-400 solvent at 80
°C to optimize the temperature. Notably, at this
temperature, the product's yield decreased (27).

N=N

Catalyst,100°C - NH

+ CH3NO; + NaNj

Zn0O-PEG-400

Br

Br

Scheme 13: Synthesis of 4-aryINH-1,2,3-triazoles. Adapted from (27).

ZnO NPs are Used to Synthesize 3,4-
Dihydropyrimidin-2(1H)-(thio)one
Derivatives

It's a Biginelli reaction in which aldehyde,
diketones, and urea were used as starting
materials. As a solvent, H2O was used. The

response took place at 50 °C. ZnO nanoparticles
catalyze this reaction. These types of responses
are not able to proceed without the use of

catalysts. It is observed that this reaction produces
a small yield of desired products without catalyst
after straining the reaction mixture for 28 hours.
However, when catalysts were used, the result of
the desired outcome was good to excellent.
Moreover, the time for the completion of the

reaction was about half an hour at mild
temperature (28).
R
H2oizno ~ Re00C N
. =
50%C R, H,-J‘\\D

Scheme 14: Synthesis of 3,4-dihydropyrimidin-2(1H)-(thio)one derivatives. Adapted from (28).

Synthesis of Furan Derivatives using Highly
Efficient Silica-Coated Magnetic NPs by Multi-
Component Reaction

The derivatives of furan are formed when aniline,
aromatic aldehyde, and
dialkylacetylenedicarboxylate react. This reaction
proceeds at room temperature, and the catalyst
used for this process was silica-coated magnetic
NPs. Only 0.004 g of catalyst was used for the
response. Observations have shown that as the
catalyst volume increases from 0.004 to 0.006, the

NH; CHO

MeO,C—==—CO,Me + N

product yields do not change. So it can be
concluded that the best quantity of catalyst was
0.004 g. A trace amount of product was obtained
in the catalyst shortage (29). At room
temperature, 4 mg of catalyst was measured in
different solvents such as aqueous medium, ethyl
alcohol, methyl alcohol, and acetonitrile. As can be
shown, ethyl alcohol is the perfect solvent
designed for this conversion, yielding 93% of the
time.

Catalyst

Reaction condition
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Scheme 15: Synthesis of methyl-oxo-2,4-diphenyl-2,5-dihydrofuran-3-carboxylate. Adapted from (29).

Synthesis of Trans-dihydroindeno[1,2-
b]furans in the Presence of a Nano-Fe;O0s3-
Quinuclidine-based Catalyst

When N-arylpyridinium bromide, 1,3-
diketohydrindene, and arylglyoxal were reacted in

the equimolar condition in the presence of nano-
Fe>03-quinuclidine in aqueous media for 1.5 hours,
the best product will come from the Ar group 4-
NO2CsH4 and the X group Cl, with a 94% overall
yield (30).

AN 0O
| N+ 0
—
+ HHN +
Br X o 0

Scheme 16: Synthesis of trans-dihydroindeno[1,2-b]furans. Adapted from (30).

Synthesis of Novel Furan-2(5H)-One's
Derivatives Utilize Magnetic Nanoparticle and
their Antibacterial Activities

FesOs nanoparticles functionalized with 2-amino-
1,3-benzothiazole-6-carboxylic acid (SA-ABTCA-
Fesz04) were synthesized as a new heterogeneous
catalyst containing inorganic and organic parts.

The product shows antimicrobial action. This
synthesis was carried out at different temperatures
(25, 80 ©°C), varying the quantity of SA-
ABTCAFes304 as catalyst (5, 10, 15 mg). The results
showed that 15 mg of SA-ABTCA-Fesz04 at 80°C
was the best condition (31).

0 o}
NH- MeO
s H 2 e e
z >
R OMe

— =
SA -ABTCA -Fe;,0, — 3 )
""-\-\.._\_\_\_0

“\ OMe
SA -ABTCA -Fe;0, (Catalyst) |/ _
R Ny —NH
80°C, Ethanol (5ml) O TN
=N
H
s N__~""8S0sH
s
o) N

Scheme 17: Synthesis of novel furan-2(5H)-one derivatives. Adapted from (31).
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One-pot  Multi-Constituent
Tetrahydrobenzo[b]pyran

Heterogeneous Nanoparticle
The one-pot multi-component reaction of
aldehydes, active methylene groups such as
malononitrile, and dimedone in the presence of

Synthesis of
Using

Fe3s0s @SiO2-imid-PM have been developed to
synthesize various derivatives of
tetrahydrobenzo[b]pyran and

3,4dihydropyrano[c]Jchromene under different
conditions such as reflux in water, ultrasonic
irradiations nanoparticles behave as a magnetic
catalyst. Because of their magnetic property, these
catalysts can quickly be recovered from the

@]

REVIEW ARTICLE

reaction mixture. H,O, EtOH, MeOH, EtOAc, CHClI3,
and CH3CN were used as solvents to complete the
reaction using 20 mg Fe304@SiO2-imid-PM. The
data showed that the response went smoothly in
refluxing H20, producing the desired product's high
yields. Under reflux, this multi-component
condensation can also be achieved in solvents such
as ethanol and methanol as they are protic
solvents. These solvents yield 87% and 79% of
desired product, respectively. However, this
reaction can take more time and produce less yield
of desired outcomes in the presence of aprotic
solvents like CHCI;, EtOAc, and CH3CN (32).

Fe30,4@SiO»-Imid-PMA" Catalyst CN

ArCHO + CH,(CN), +

o H,O/Reflux or Ultrasonic/H,O/r 1.

- | |

Scheme 18: Synthesis of tetrahydrobenzo[b]pyran derivatives. Adapted from (32).

Synthesis of Benzo[b]furan and its
Derivatives Using Green Nanocatalyst

benzo[b]furan derivatives by utilizing silica NPs in
a one-pot multi-component reaction (33). The best

Isocyanides, 2° amines, and 2- results and vyield (95%) were obtained, when
hydroxybenzaldehyde derivative form  Ri=(1,3,3-tetramethylbutyl), R(Benzyl) X, (NOz)
O
R H  1.CH2CI2, rt, 30 min
+ L o
+__
” 10°C,5Min

silica nanoparticles, solvent - free condition

N-R

rt, 24 h

—» X R1
Ty
@)

Scheme 19: Synthesis of benzo[b]furan derivatives. Adapted from (33).

Alkynes
using

Interpolation of CO:
Followed by Allylic
Nanocatalyst

Heterocyclic compounds were synthesized by
utilizing catalyzed carbonylation cinnamyl chloride

into Aryl
Chlorides

N
OA/\Q +CO;
+

and the derivative of phenylacetylene in the
presence of CO; gas. The reactions were done in
the presence of DFNS/-CD/Au NPs. Approximately
98% of the product is obtained (34).

L

DFNS/CD/Au )
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Scheme 20: Synthesis of furan derivatives. Adapted from (34).

Porous CuO Catalyzed Green Synthesis of
Some Novel 3-Alkylated Indoles

The green synthesis of some novel 3-alkylated
indoles as active antitubercular agents was
catalyzed by porous CuO. In 10 mL of water, a
solution of indole (1 millimole), dimedone (1
millimole), and substituted aldehyde (1 millimole)
were stirred at room temperature until the reaction
was completed in the presence of 0.04 mmol

mpCuO as a heterogeneous catalyst. The solid
compound that resulted was filtered out and then
treated with DMF. To recover mpCuO particles, the
mixture was centrifuged for a long time at 2500
rpm. After that, the organic solution was poured
into water, purified, and recrystallized from ethanol
before being dried under a vacuum to obtain the
pure product (35).

0O CH,
CH
0 R 3
0 mpCuO
P CHy + = O
Scheme 21: Synthesis of novel 3-alkylated indoles. Adapted from (35).
CONCLUSION 2017;19(17):4153-6. DOI:
https://doi.org/10.1039/C7GC01463E.
The most commonly used strategies and

mechanistic descriptions of various nanoparticles
and some nitrogen oxygen-containing heterocyclic
compounds were discussed. The effect of solvent
role in the reaction was investigated. From a
mechanical standpoint, the catalyst's most notable
characteristic is its ability to be reused up to three
times or more without losing its efficacy. As a
result, this catalyst outperforms other non-
magnetic catalysts in several respects. Easy
process, smoother reaction, adequate recovery,
and reversibility of the nanocatalysts are appealing
and exciting features of this procedure.
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Abstract: Traditional study has discovered that natural materials such as wood are scarce and that
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researchers' attention from both a theoretical and practical standpoint. It has been seen from the research
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dust. The most commonly used metal is iron
(usually steel), and the corrosion of this metal is the
subject of the following question. Corrosion is shown
by the rusting of iron (Fe>03.H20) and the forming
of a green carbonate film [(Cu CO> + Cu(OH):] on
copper (1-5).

INTRODUCTION

When surfaces deteriorate due to chemical reactions
with their surroundings, then corrosion happens.
Rusting can also occur in plastics, concrete, and
wood, although it is more prevalent in metals.
Corrosion is the formation of more solid products as

a result of surface reactions in a chemical or
electrochemical reaction as metals or alloys are
attacked in their environments such as air, water, or

Metals are generated by their ores (oxide, chloride,
sulfides etc.) found in Earth’s crust by different
metallurgical processes.

Table 1: A table showing that most of the materials decay overtime.

Material Type of decay Mitigation actions

Wood Fungi, Insects, and Sun+rain Chemicals, Paint/varnish

Steel Rust Galvanizing, Painting

Concrete Cracking / Spalling Corrosion-resistant rebar

Stone Wear, Damage by Pollution Usually none taken

Glass Breaks Tempered glass

Polymer Become brittle under UV light Improved polymer grades
Aluminum Pitting over time, possible galvanic Galvanic corrosion can be prevented
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corrosion
Copper Forms a green patina over time None
Stainless steel No decay None required

Corrosion Research Explanations

As per IUPAC, "“Corrosion is an irreversible
interfacial reaction of a material (metal, ceramic,
polymer) with its environment which results in its
consumption or dissolution into the material of a
component of the environment. Often, but not
necessarily, corrosion results in effects detrimental
to the usage of the material considered. Exclusively
physical or mechanical processes such as melting
and evaporation, abrasion or mechanical fracture
are not included in the term corrosion”

Corrosion can affect our lives in a variety of ways,
from the inconvenience of a seized nut on our
vehicles to a disaster caused by a combustion
chamber break in a jet plane engine. Understanding
corrosion processes aids in product design and
selection to ensure high levels of safety. The most
important factor in corrosion prevention is safety,
but economy is also important (6). Corrosion costs
money not only because the object must be
removed, but also because time and processing
materials are wasted (7,8). Studies also shown that
metallic building depreciation has an important
impact on the economies of all countries, including
roads, transport, accommodation, construction and
development, and government. The need for
expensive retrofits is eliminated by proper
construction. Corrosion management should be
considered during the facility's commissioning and
service (9,10). Corrosion in buildings and
installations can be avoided by applying appropriate
inhibitors to water cooling and increasing the
distribution of impressed current cathodic safety. In
the United States, the cost of corrosion, both direct
and indirect, is expected to be about $279 billion a
year, or 3.2 percent of GDP (GDP). In India, the
direct cost of corrosion is projected to be $26.1
billion (2.4 percent of GDP) (11-17). Corrosion
engineering is the science of preventing and
controlling corrosion. Corrosion is estimated to save
$9.3 billion in costs. The most serious effects of
infrastructural defects are the loss of financial
wealth, natural resources, and human lives. Metals
are commonly used as automotive parts in modern
times, which makes them mostly corrupt. Alloys are
the only viable option, but not the most strong.
Corrosive production is an ordinary phenomenon
which transforms a polished metal, such as oxide,
hydroxide and sulfide, into a chemically stable state.
It decreases the strength, appearance, and fluid and
gas permeability of the material and structural
properties. It was found to form the studies that the
rate of corrosion on mild steel in different conditions
like dry, marine, humid (additional to different
agents) has been stated as 0.001, 0.02, 0.2 mmpy,
respectively.

Mechanism of Corrosion

Corrosion chemistry is complex, but can be divided
into an electrochemical phase. An anode during
corrosion occurs at a certain point on the surface of
an iron material. The electrons formed at this anodic
position, when H* is present, flow through the metal
in a separate position and reduce oxygen (which is
assumed to be accessible from H>COs produced by
carbon dioxide dissolution into water in a moist
atmosphere). The ion of hydrogen in water is
present in order to dissolve other acid oxides in the
atmosphere. This place is a cathode used as basic
two reactons.

a) Oxidation
(anodic reaction)
Fe 5 Fe?t + 2 e-
b) Reduction
i) In neutral and alkaline medium
02+ 2H0 + 4 e - 4 OH-
i) In acidic medium
2H* + 2e> H»

a) Formation of rust

Fe?* + 20H- - Fe(OH)z --------------- (4)
Fe(OH), (oxidation) Fa(QH); [Fe203.H20]
Rust -- (5)

The concept of corrosion must be expanded to
include microbially mediated causes based on a
better understanding of how different
microorganisms in soil and water function. Chemical
and electrochemical corrosion, high temperature
and low temperature corrosion, wet corrosion and
dry corrosion, etc. are all examples of corrosion.
(18-20).

Two Forms of Corrosion

When there is no humidity or dampness to aid
corrosion, dry corrosion occurs, and the metal
oxidizes on its own, whereas metals undergo wet
corrosion as a result of electron movement, which
includes two measures: oxidation and decrease.

Metal iotas lose electrons during oxidation. The
electrons in decrease are then picked up by the
surrounding condition. The anode is the metal that
lacks electrons. The cathode is the second metal,
fluid, or gas that absorbs electrons, while the
medium is the electrolyte (21-23).

Micro-corrosion cells are created due to the
heterogeneity in metal or in corrosive environment.
These cells are classified as Galvanic Cell and
Concentration Cell, which represents two dissimilar
metals, are immersed in electrolyte / corrosive
environment as well as the concentration of the
electrolyte is not wuniform around the metal
respectively.
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The several forms of corrosion have been discussed
as Uniform Corrosion, which represents
dissolution of iron or zinc piece in acid solution,
Galvanic Corrosion in steel pipe connected to
copper plumbing, Pitting Corrosion where failure
occurs suddenly, Intergranular Corrosion due to
localized attack occurs adjacent to grain boundaries,
Fretting Corrosion due to mechanical action of
solid body on the metal under load and moving
condition, Selective Leaching due to removal of
one of the element from alloy by corrosion process,
Stress Corrosion due to the fact that it occurs in
specific corrosive environment and Crevice
Corrosion (8,21,23,24).

Inhibitors

Inhibitors are compounds that are applied to the
corrosion medium when corrosion occurs in a damp
atmosphere to slow the rate of corrosion by
delaying the anodic and/or cathodic processes. A
significant part of the cost can be minimized by
using inhibitors.

NACE defined inhibitors as “A substance which
retards corrosion when added to an environment in
appropriate concentration” whereas ISO defined as
“A chemical substance which decreases the
corrosion rate when present in the corrosion system
at a suitable concentration without significantly
change in the concentration of any other corrosive
agent”.

Many of the researchers discussed that a good
corrosion inhibitor must act as cost-effective,
chemically inert, a good inhibitor of dissolution of
metal and environmental friendly as well as, it
should not decompose during service condition, and
inhibit the diffusion of hydrogen into metal
(6,20,25,26).

LITERATURE REVIEW

One significant pattern in present day human
advancement is to impact slow substitution of
common materials particularly made of wood
through whichever altogether engineered materials
otherwise adjusted characteristic resources. The
quick industrial development of numerous nations
demonstrates the shrinkage in metal assets. Clearly,
metals are critical in current building yet many can
be severely influenced by corrosion since they are
related with high vitality. In the cutting edge age, it
is basic to alter the properties of a metal and
additionally combinations as per customized
particulars intended for target applications. Be that
as it may, after the alterations the serious issues
related with the metallic materials is its destructive
nature. The degree of consumption relies upon the
material synthesis and the idea of the earth to
which it is uncovered. Loss of economy, regular
assets, and human lives includes serious issues of
corrosion, due to if there should be an occurrence of
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infrastructural breakdown. So it is exceptionally
imperative to step into new improvements in
consumption alleviation. Counteraction of corrosion
of materials in destructive condition is a difficult
one. Various techniques have traditionally been
used to minimize intake, including cathodic safety,
progression monitoring, decreasing quality of the
metal pollutant, and using surface therapy
approaches as well as consolidating suitable
composites (27). In any case, corrosion inhibitors
have proved to be the most simple and cost-
effective method of ensuring and preventing acidic
media use. Those same inhibitors restrict use and
prevent metal corrosion damage to mechanical
ships, equipment, and surfaces. Since inorganic and
natural inhibitors are poisonous and costly, recent
attempts have been made to find ways to guard
against corrosion (28,29). Numerous analysts have
as of late centred around corrosion avoidance
strategies utilizing green inhibitors for mild steel in
acidic solution for imitate modern procedures.

Some papers suggested triazines,
anilinopropionates, polymers, dyes, drugs, ionic
liquids, natural products (plant extract) N-(6-

methoxyquinolin-4-yl)-pentane-1,4-diamine (MPD),
N’-(7-chloroquinolin-4-yl)-N,N-diethyl-pentane-1,4-
diamine (CDPD), thiosemicarbazide, phenyl
isothiocyanate, N-phenylhydrazine-1,2-
dicarbothioamide (PDA) and azorubine dye (AZB),
streptomycin, cephalexin, ceftadizime (CzZD), and
eco-friendly polyaspartic acid (PASP) (25,30-40) as
different effective class of corrosion inhibitors on
mild steel in HCl and H>SO4 solution interface and
found the inhibitor efficiency to be about 90% and
more respectively. To increase the counter
consumption and scale restriction properties of
metal surfaces, an uncovered multi-use bearer of
mesoporous titanium dioxide whiskers (TiOz2(w) (41)
was contrived in epoxy covering and altered by
ethylenediamine tetra (methylene phosphonic
corrosive) (EDTMPA) and imidazoline, whereas (42)
ginger concentrate as consumption inhibitor from
normal assets was concentrated to forestall
corrosion of mild steel in corrosive media. (43)
PASAC3, PASAC 11 and PASAC13 organic corrosion
inhibitors were examined for carbon steel in cooling
water.

Several researches reviewed the use of polymers
(25,44), organic compounds (34,45-47), natural
products (48,49) and so on as corrosion inhibitors
(50). The combination of carbon (C) and iron (Fe)
forms carbon steel which in broad forms are utilized
in marine applications, atomic, petroleum product
power plants, transport, concoction preparing,
development, mining, and metal handling hardware
because of its expense and accessibility.
Notwithstanding, corrosions are probably going to
assault carbon steel in forceful condition, yet in
addition in ordinary condition. The majority of the
successful inhibitors have an issue concerning
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biocompatibility, biodegradability, bioaccumulation
and harmfulness arrangement that is destructive to
the ocean-living space. Inhibitors can be divided
into four categories to be specific; anodic inhibitors,
cathodic inhibitors, blended inhibitors, and
unpredictable consumption inhibitors. The
assessment of inhibitors type can be portrayed by
electrochemical or submersion test by adding
recognized measure of inhibitor into arrangements
which are ordinarily seawater.

The section put forth will discuss selective polymers
having versatile corrosion inhibition properties i.e.,
same polymer as corrosion inhibitor for different
metals and media (51). The major water-soluble
polymeric systems discussed are polyacrylic acid,
polyacrylamide, polyvinyl alcohol, polyethylene

glycol, polyvinyl pyrrolidone, polyethylene imine,
polyelectrolytes, polyphosphates, and natural
polymers. Rheology alteration, surface sealing,

personal hygiene, and oilfield formulation, corrosion
inhibitors, polymer flooding, precious metal-ion
recovery, and colloid stabilization are only a few of
the uses for these water soluble polymers. Some of
the synthetic polymers like polyacrylic acid,
polyvinyl alcohol, sulfonated polystyrene, etc.
(52,53), have extensively been used in medicinal
field for drug delivery, implants, medical devices
and injectable polymer conjugates. The inhibitor
efficiency of N1,N1-diallyl-N6,N6,N6,N5-
tripropylhexane-1,6-diaminium (NDTHDCQC), for
carbon steel in 15 percent HCI solution and found
that poly-NDTHDC is better than NDTHDC in 1000
mg/L inhibitor and was used in weight loss,
electrochemical, and surface testing techniques. The
efficacy of the inhibition increased but afterwards
fell at 60 °C of the combination (54). There are a
few consumption control techniques to alter the
materials viable, which incorporates cathodic
insurance, (22,55,56); anodic insurance, (57,58)
and alloying. The utilization of substance inhibitors,
(59,60) was the principle corrosion counteraction
method in which change of the earth was
considered. This technique is regularly considered as
the best and common sense strategy for corrosion
avoidance because of its simplicity of use. A few
works have been accounted for the consumption
restraint of various metals in different destructive
conditions. At first consideration was fixated on
natural mixes. It was audited (61) that the quantity
of announced natural mixes while other papers (62-
65) has talked about the different heterocyclic
mixes utilized as corrosion inhibitors. Worldwide
awareness on the natural effect of the natural mixes
established the framework for the improvement of
earth sympathetic mixes as green inhibitors. Green
inhibitors incorporate normal plant materials and
non-harmful, eco-benevolent polymers (66-68) in
their audit articles secured the distinctive revealed
plant materials for consumption hindrance of
metals.

REVIEW ARTICLE

Polymers, copolymers, joined polymers, and
polymer composites have also become more
common as natural antioxidants in recent years
(69). (70,71) in their articles investigated the
polymers for consumption counteraction
applications. The elite of the polymeric consumption
inhibitors is because of its bigger size and various
utilitarian tying down gatherings. The polymers
essentially get adsorbed on the metal surface
through the binding down gatherings and ensure
slightly additional substrate than that of the
corresponding monomers. Polymeric mixtures were
tried for their capability to control the corrosion
procedure utilizing traditional and electrochemical
systems. The adequacy of the inhibitors was
assessed using electrochemical techniques such as
potentiodynamic polarization, potentiostatic
polarization, direct polarization, and electrochemical
impedance spectroscopy. Some other extraordinary
systems utilized for the assessment of polymeric
corrosion inhibitors were talked about in detail. (72)
According to some papers, polymer is a good
covering medium for plain carbon (soft) steel to
prevent corrosion in an acidic medium like
hydrochloric acid. At high current thickness,
polymerization of the shielding operator frames
enormous and circular miniaturized scale particles
with a rough surface. Polymerization of the polymer
covering at low current thickness, on the other
hand, produces a smooth and homogeneous
polymer film. To have surface insurance, electro-
polymerization of a polymer on the exterior of a
metal may be used. In 1 M HCI, poly(vinyl liquor
cysteine) [PVAC] worked well as a mild steel
ingestion inhibitor. In an oxalic corrosive form,
ammonium persulfate was used to create a water-
dissolvable leading polymer composite poly(vinyl
liquor cysteine) (20). Examined polymers which act
both as antiscalant and inhibitors and resulted that
corrosion happens because of synthetic and
electrochemical responses. Creator expressed that
the natural mixes adsorb superficially and interface
with  the surface. Leading polymers and
biodegradable polymeric materials may likewise
assume imperative job in future to shield materials
from decay. (61) Using UV, FTIR, and SEM-EDX to
characterize a composite, (73,74) discovered that
with an increasing focus on the hindrance
proficiency (IE) of chitosan biopolymer, it is able to
minimize its intake of copper by 3% using
electrochemical (polarization and impedance) and
weight reduction calculations combined with
morphology tests. (75) Via a weight reduction
technique and a potentiodynamic polarization test,
the influence of thiocarbanilide (TCB) corrosion
inhibitor behavior of high carbon steel in 1 M,
H>SO4, and HClI corrosive arrangements was
investigated. The natural compound worked
effectively in corrosive solutions at all focuses with
standard TCB restriction mastery, according to the
data collected. It was discovered that TCB adheres
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to the Langmuir and Frumkin isotherm models of
adsorption.

Polyacrylamide (PACM), prepared by radical
polymerization technique using ammonium
persulfate (APS) as initiator wunder nitrogen

atmosphere (76) tested polymers act as mixed
anodic and cathodic inhibitor in the 1.0 M HCl 96%
efficiency at room temperature. Many researchers
found that oil and gas industries are most suffering
from the problem of corrosion (77). Some of the
works investigated that because of oxygen,
corrosive enviroments, CO: and H.S defilement,
polymeric corrosion inhibitors for the use at metal
surface, to hold consumption rates under control,
researchers must use weight measurement, EIS,
potentiodynamic, and polarization tests to find
effective inhibitors for versatile materials. Polymers,
unlike small atom consumption inhibitors, have a
wider range of applications and greater film-framing
capabilities, which may significantly enhance
protective obstruction capabilities. This audit
counted the most well-known polymeric structures
utilized as consumption inhibitors for various phases
of the oil and gas investigation, generation and
transportation enterprises. Among corrosion
alleviation procedures, the utilization of
consumption inhibitors despite everything stays to
be one of the most financially reasonable techniques
in controlling the corrosion rate since these
materials can without much of a stretch be applied
through bunch as well as ceaseless medications with
least measures of material with the point of limiting
incomplete or complete shutdowns in the plants. Be
that as it may, when contrasted with little atom
inhibitors, polymeric materials are not yet as
broadly utilized. Polymers, on the other hand, have
a considerable capacity for outperforming the
showcase of small particle inhibitors while holding
the fixation to a minimum due to the intrinsic
advantages of these macromolecules, such as
stronger film shaping operators, a few possible
attachment focuses, and extremely adaptable
depolymerization. Polyamine corrosion inhibitors
that have been modified with carboxylic corrosive,
heterocyclic moieties, thiols, disulfides, and
phosphorus-containing  useful gatherings are
appropriate for joining on the metal surfaces of
different hardware and transmission pipelines that
are widely utilized. Polymerization techniques are
becoming more and more regulated, different
designs, stretched, hyper expanded, dendrimeric,
and so on, might be increasingly suitable in tending
to the exceptionally destructive media experienced
when it comes to the oil and gas industries (78). In
this analysis, it is mentioned that the inhibition
efficiency increases significantly with the increase of
theobromacocoa peel polar extract TCPE content
using for the examination of corrosion inhibition
efficiency of 0.3% C mild steel bar, however,
(79,80) in a number of violent media, both natural
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and synthetic polymers have proven useful to resist
metal corrosion.

Many researchers found that oil and gas industries
are most suffering from the problem of corrosion. It
was investigated that the due cause of it may be
oxygen, acid stimulation, CO2 and H»S defilement in
the environment. It was proposed by the
researchers that the versatile nature inhibitors with
multi-functionality and better film-forming
capabilities like polymeric corrosion inhibitors may
be the better solution there. Polymeric corrosion
inhibitors have been found one of the market-place
solutions for minimizing the rate of corrosion since
these chemicals can be easily spread by lot and/or
ongoing treatments with limited material volumes in
order to prevent partial or complete plant
interference. Polymeric materials have been shown
to be stronger film-forming agents (81,82), several
potential binding sites, are highly stable for
derivatives and are likely to exceed the performance
of small molecular inhibitors while retaining a low
concentration.

Industrial Applications of Corrosion Inhibitors

o Refinery industries: Film forming long chain
amines are used as corrosion inhibitors.
° Power Plants: Nitrites, Chromate,

Phosphate, Benzotriazoles are used in cooling water.
° Steel Industry: During pickling of steel
organic mixed inhibitors are used.

° Acidification of Qil Well: Thermally stable
inhibitors are used. e.g. acetylenic compounds,
cinnamaldehydes, quaternary salts, and Mannich
bases are used as inhibitors.

o Automobiles: For control of internal
corrosion of coolants nitrites, phosphonates,
Silicates, benzoates, and mercaptans are used.
° For controlling external corrosion,
proofing pigments are used.

. Reinforce concrete - Calcium Nitrite, calcium
stearate, and tannic acid are used.

rust

DISCUSSION

The preceding literature provides an outline of
various forms of corrosion, the ingestion process,
and previous research on the use of natural
polymers as mild steel corrosion inhibitors (83,84).
According to the preceding discussion, conventional
plant eliminates are viable sustainable consumption
inhibitors, but polymers seem to be more suitable
for use by the steel specimen. In sulfuric or
hydrochloric corrosive medium, reduction of weight,
with impedance electrochemistry, were mainly used
and confirmed by potentiodynamic polarization and
surface  morphology techniques about corrosion
restraint. There is still a lot of untapped potential,
especially in the computational visualization of large
concentrate divisions on steel specimen. It will
really aid in the establishment of specific
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components for corrosion resistance. Work on the
investigations of genuine modern emanating to

genuine circumstances is constrained. Some
corrosion  prevention techniques have been
suggested, including raising awareness of high

corrosion threats and potential savings, dispelling
the misconception that there is little that can be
done about corrosion, increasing corrosion savings
by sound corrosion protection by updating rules,
regulations, standards, and management
procedures, and staff training and instruction in
corrosion prevention.

Additional research into these plant-based materials
in other destructive conditions, such as carbon
dioxide, sulfur dioxide, and hydrogen sulfide, is
required, while polymers such as linear insulated
polymer (polyacrylic acid, polyvinyl alcohol,
polystyrene).

(52,53,85), cross-linked insulated polymer (aniline-
formaldehyde derivatives copolymer), and
conducting polymers (polyanthranilic acid,
sulfonated polyaniline) seem to have a wide range
of applications and potential. Frequency
experiments for potential approaches should also be
carried out in order to revolutionize these traditional
mixes and effectively replace the regular synthetic
concoctions that are currently used to monitor
corrosion using best inhibitor for corrosion with
methods such as chemical process, weight loss
method, electrochemical, and atomic analysis of
surface using microscopy, among others.
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Abstract: The present study aims to investigate the potential inhibitory effect of eicosenoic fatty acids on
protein tyrosine phosphatase B of Mycobacterium tuberculosis (PtpB). PtpB is recognized to play a vital
role in Mycobacterium tuberculosis (Mtb) successful latent infection. It prevents the fusion even between
phagocytosed mycobacteria with lysosomes so that the bacteria escape from degradation. We have over-
expressed recombinant Mtb PtpB within Escherichia coli BL21(DE3), and further, we have used the protein
for inhibition assay with cis-2 and trans-eicosenoic fatty acids. It is revealed that at a concentration of 16
UM, cis-2- and trans-2-eicosenoic fatty acids can inhibit PtpB by 63.72% and 74.67%, respectively.
Docking analysis has confirmed strong interactions of PtpB with cis-2 and trans-2-eicosenoic fatty acids,
with the binding energy of -60.40 and -61.60 kcal/mol, respectively. These findings underline both fatty
acids’ high potential to be further investigated to discover drugs against latent tuberculosis infection.
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INTRODUCTION At the onset of M. tuberculosis infection,
macrophages -the host cells that act as the first line

Phone +62 (0370) 623873, Fax +62 (0370) 634918

The World Health Organization estimates that Mtb
infects one-fourth of the world population in a latent
fashion (1,2). Although not all infections develop
into active tuberculosis cases, the number of people
with tuberculosis (TB) is still very high. There are 10
million new TB cases with a death rate of 1.2 million
registered annually (1).

of the defense system- engulf the bacteria in a
process called phagocytosis. Phagocytosis results in
membrane-enclosed structures called phagosomes.
Phagosomes wundergo a series of maturation
processes by fusion with early endosomes, late
endosomes, and lysosomes. This maturation
process includes several stages to form early,
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intermediate, and, finally, mature phagolysosomes
(3). The presence of specific marker proteins
characterizes each stage. The mature form of
phagolysosome is a membrane-enclosed structure
with an acidic lumen (pH 4.5) containing an array of
lysosome-derived proteases/hydrolases and reactive
oxygen species (ROS). They collectively serve as
host weapons to degrade invading bacterial cells

(4).

Together with monocytes and dendritic cells,
macrophages constitute the mononuclear phagocyte
system (MPS). The hallmark of this system is the
recognition and elimination of pathogens (5). Mtb
and related species, however, are equipped with the
ability to evade the hostile environment of
macrophage cells. Mtb does this by secreting
different types of molecules that can interfere and
prevent phagosome fusion with lysosomes, which
are otherwise lethal for the Mtb bacteria. They
include mycobacterial lipid and glycolipid such as
trehalose-6,6’-dimycolate (TDM) and
lipoarabinomannan (LAM), respectively. TDM has
been shown to facilitate Mtb survival by decreasing
phagosomal acidification and phagolysosomal fusion
in murine macrophage (6). LAM was reported to
inhibit early phagosomal markers (7). The
mycobacterial may also secrete proteins or
enzymes, such as protein tyrosine phosphatase A
(PtpA), protein tyrosine phosphatase B (PtpB),
secretory acid phosphatase M, zinc-dependent
metalloprotease 1, lipoamide dehydrogenase C,
serine/threonine protein kinase G (PknG), and
PEPGRS62 protein (5,8). These proteins have been
demonstrated to play important roles in the Mtb
survival from macrophage elimination. Once the
bacteria escaped from the degradation process, they
enter a latent infection phase (9). This so-called
latent tuberculosis infection (LTBI) can last for years
and even decades before resurrecting into active TB
(10). Therefore, understanding the interactions
between the Mtb pathogen and host macrophages is
essential to overcome tuberculosis.

PtpA and PtpB are among the proteins secreted by
Mtb, and both of them play a role in facilitating the
persistence of mycobacterial infection (11). Deletion
of PtpA and PtpB reduces Mtb survival within
macrophages and dramatically reduces the Mtb
bacillary load in the lung of chronical guinea pigs
(12,13). Researchers proposed PtpA to interfere
with the formation of the acidic lysosome by
blocking the V-type proton pump responsible for the
lysosome’s acidification (14,15). The void of
acidification eventually switches the lysosomal
hydrolases into an inactive form, a condition that
favors Mtb’s survival (16). Likewise, PtpB protein
phosphatase is also known to promote
mycobacterial survival from host degradation. A
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recent report suggested that PtpB reduces the
expression of proinflammatory cytokines as well as
the apoptosis of macrophages (17). It also limits
macrophages’ bactericidal responses by inhibiting
NF-xB and MAPK signaling pathways (18).
Therefore, these phosphatases constitute a high
potential to be research targets due to their
essential role in Mtb infection.

It has recently been shown that cis-2 and trans-2-
eicosenoic fatty acids can inhibit PtpA (19). A few
reports suggest that PtpA and PtpB have common
inhibitors, although the inhibitory effect may vary
(20). In this context, the present study aims to
reveal whether cis-2 and trans-2-eicosenoic fatty
acids can also inhibit PtpB.

MATERIALS AND METHODS

Materials

Recombinant plasmid pET-30a bearing M.
Tuberculosis PtpB is maintained in Escherichia coli
strain XL1-Blue. The strain BL21(DE3) of E. Coli was
used for expression. Bacterial growth media was
standard lysogeny broth (LB), which consisted of
0.5% yeast extract (BD), 1% Tryptone (Bio Basic),
1% NaCl (Merck), 2% bacto agar (Difco) for plated
culture, and 25 pg/mL kanamycin (Bioworld). The
inducer of gene expression was Isopropyl 1-thio-f3-
D-galactopyranoside (IPTG), supplied by Thermo
Scientific, whereas the substrate for PtpB was para-
nitrophenyl phosphate (pNPP, Sigma). Materials for
SDS PAGE were acrylamide and bis-acrylamide (Bio
Basic), sodium dodecyl sulfate (Bio Basic),
tetramethylethylenediamine (Bio Basic), ammonium
persulfate (Bio Basic), glycine (Bio Basic), beta-
mercaptoethanol (Sigma), bromophenol blue, and
Coomassie Brilliant Blue (Sigma), dithiothreitol
(Sigma) and protein ladder (Thermo Scientific).
Sample degradation by protease was prevented by
the addition of Phenylmethylsulfonyl fluoride (PMSF,
Sigma). Guanidine hydrochloride (GuHCI) was
purchased from MP BioScience.

Inhibitor cis-2- and trans-2-eicosenoic fatty acids
were purchased from Larodan AB. Trans-11-
eicosenoic acid and sodium orthovanadate were
purchased from Sigma. S-((3S,10R,13R)-10,13-
dimethyl-17-octyl-2,3,4,7,8,9,10,11,12,13,14,15,
16,17-tetradecahydro- 1H-cyclopentala]
phenanthren-3-yl) nonanethioate or DTP was
purchased from Interbioscreen. The inhibitors
structures are shown in Table 1.

DMSO (MP BioScience) was used as the solvent for
the substrate in the presence of imidazole (Thermo
Scientific). Graphics were plotted in Graphpad Prism
7. Docking analysis was performed by Discovery
Studio (Accelrys, San Diego, CA, USA).
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Table 1: Compounds tested their inhibitory effect on PtpB.

No Compound Structure/formula Note
1 Sodium Na™ O O Na* general inhibitor for
orthovanadate \V/ phosphatases as a
N control (21)
Na* 0 o]
2 DTP* CH, proposed to inhibit PtpB
(22)

3 Cis-2-eicosenoic HO o
acid
™

4 trans-2- HO,
eicosenoic acid

5 trans-11- HO,
eicosenoic acid

PtpA inhibitor (19)

PtpA inhibitor (19)

a related fatty acid with
double bond position
lies apart from carboxyl
group

*) DTP:
1H-cyclopenta[a]phenanthren-3-yl) nonanethioate

Methods

Expression and Production of PtpB

The recombinant pET30a plasmid bearing the Mtb
PtpB gene was used to transform Escherichia coli
BL21(DE3). Expression of PtpB under the control of
T7 promotor within the pET30a vector was induced
by adding 0.5 mM IPTG to the -culture of
transformant E. coli (23) in its early log phase, i.e.,
when the culture reached to ODeoo of ”0.3.
Incubation of E. coli culture was prolonged at 37 °C
with a shaking speed of 250 rpm and harvested
after 4 hours of induction. The high PtpB expression
leads to the formation of an inclusion body (IB),
which is further subjected to the recovery process
described below.

Recovery of PtpB and activity assay

Recovery of PtpB from inactive IB was made re-
solubilization and dialysis against refolding buffer,
as described elsewhere (24). Briefly, IB was washed
three times with wash buffer (50 mM Tris pH 8; 0.1
mM NaCl; 0.1 mM EDTA, 5% glycerol; 0.1 mM DTT,
and 5% Triton X-100). In each washing step, IB
suspension was sonicated and recovered by
centrifugation at 14.000 rpm at 4 °C for 10 minutes.
No Triton X-100 was added in the second and third
washing steps. The washed IB was further dissolved
in the same buffer containing 6 M GuHCI and shaken
vigorously (250 rpm) until a clear lysate was
observed. The denatured protein was transferred
into a dialysis tube (Carolina Biological Supply
Company) with a cutoff between 12,000 to 14,000
Daltons. The dialysis was undertaken against

S-((3S,10R,13R)-10,13-dimethyl-17-octyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-

refolding buffer (20 mM Tris pH 8; 5 mM EDTA; 5
mM DTT; 50 mM NaCl, 20% glycerol, and 0.32 M
GuHCl) overnight. On the next day, the refolding
buffer was exchanged, and dialysis further
proceeded for two hours. The buffer exchange and
dialysis cycle were subsequently repeated for two
times.

A time-course curve that shows the activity of
recombinant PtpB was created by plotting the
absorbance of para-nitrophenol over time. pNP is
the product of para-nitrophenyl phosphate
hydrolysis by PtpB. The reaction was carried out in a
96 well-plate containing 40 pL of 100 mM imidazole,
20 pL of 50 mM pNPP substrate, 135 pL mili-Q
water, and 5 pL of recovered PtpB in a total volume
of 200 pL. The reaction was allowed to proceed
within the spectrophotometer chamber (Multiskan
Go, Thermo Scientific). The spectrophotometer was
set to automatically record the absorbance at 410
nm in five minutes intervals for two hours.

Inhibition of PtpB with cis-2 and trans-2-eicosenoic
fatty acids

We have performed an inhibition assay of PtpB with
a procedure adapted from Mascarello et al. (20).
The reaction mixture contained 100 ng PtpB (in
phosphate buffer, pH 8.0), 20 mM imidazole, 20 mM
pNPP substrate, 16 uM inhibitor (Table 1), and Milli-
Q water to complete the reaction volume to 200 pL
in a 96-well plate. The reaction was carried out at
37 °C. After 15 minutes, the reaction was stopped
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by the addition of 80 pL of 0.25 M NaOH, and the
absorbance was recorded at 410 nm immediately.
PtpB activity was calculated by the following
equation:

A= VoI X A A 410

e Xtime
Where
A : activity (Unit)
Vol : reaction mixture volume (L)
JAVAVER) sample absorption - blank absorption,

measured at 410 nm

€ : molar extinction of pNP (1.78 x 104 M-
Lemt)
t : measurement time (minutes)

Molecular Docking

In order to describe the interaction between PtpB
with the inhibitor molecules, we have performed
docking analysis by using the software Discovery
Studio (Biovia, Accelrys, San Diego USA). The
protein structure of PtpB was retrieved from RCSB
Protein Data Bank with accession humber 1YWF.

RESULTS AND DISCUSSION

The required material for the inhibition assay was
prepared by over-expressing the Mtb PtpB gene in
E. Coli BL21(DE3). We found that the protein exists
as an IB (Figure 1A). Despite initially being inactive

A. PtpB expression in
E. coli BL21(DE3)

B. Resolubilization of PtpB

KDa M C R

72 S -
55 —
E-3 55 = z
36 — =
=]
% 36 - - <
17 — 28 -

10 —
17 -
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protein, expression as IB offered a high protein level
that can be recovered by an established procedure
to gain protein with sufficient purity for inhibition
assays. As shown in Figure 1B, re-solubilization with
6 M GuHCI followed by dialysis effectively removes
the excessive salt. The application of GuHCI gave a
better result compared to previous work with 8 M
urea (24). The observation might come from the
relatively efficient solubilization of the IB by GuHCI
compared to urea (25).

The re-solubilized protein was active, as shown by
its ability to cleave pNPP substrate into para-
nitrophenol and phosphate.

H,0, PtpB
PNPP ., pNP + P

colourless yellow

The absorbance of the reaction mixture was
recorded at 410 nm every five minutes for two
hours. The data was plotted in a time-course curve
(Figure 1C). The curve showed good linearity within
the first 45 minutes. We employed this reaction to
test whether prospective inhibitors (Table 1) can
decrease PtpB activity. The inhibition mixture
containing PtpB, substrate pNPP, and inhibitor was
allowed to react, and the absorbance at 410 nm was
recorded after 15 minutes of reaction.

C. PtpB activity

Time-course
2.0+
a-"’"l
1.54 e 500
o
E-g
1.0 o
g
-4
=
0.5 &
£-4
s
-4
0.0 T T T T T |
0 20 40 60 80 100 120
time (minute)

Figure 1: Expression of PtpB in E. coli BL21(DE3).

A. Expression of PtpB in E. coli BL21(DE3) under
IPTG induction. M: protein ladder; C: untransformed
E. coli extract; IB: inclusion body found in the

insoluble  fraction; S: soluble fraction or
supernatant.
B. Solubilization of PtpB with  Guanidine

hydrochloride and its recovery in refolding buffer.
M: protein ladder; C: lysate from untransformed E.
coli; R: recovered PtpB. Proteins were separated by
12.5% SDS-PAGE.

C. Activity of recombinant PtpB was measured over
time. PtpB hydrolyzed pNPP substrate to release the

yellow color of para-nitrophenol. The absorbance
was measured at 410 nm at 5-minute intervals for
120 minutes.

We tested the inhibitory effect of cis-2 and trans-2
eicosenoic fatty acids on the activity of PtpB. In this
preliminary work, we employed a single dose of
inhibitors of 16 uM that represent a low dose (26).
Figure 2 shows the activity of PtpB is reduced by
cis-2 and trans-2-eicosenoic fatty acids to 36.28%
and 25.33, respectively. In other words, cis-2 and
trans-2-eicosenoic fatty acids inhibit PtpB by
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63.72% and 74.67%, respectively. The inhibition of
PtpB by trans-2-eicosenoic fatty acid was in line
with the effect of sodium orthovanadate, a general
inhibitor for phosphatases (27). In an in silico study,
Dhanjal and co-workers suggested that the
compound DTP is a potential inhibitor for PtpB (22).
We also showed for the first time that DTP inhibits
PtpB with a slightly less effect than cis-2 and trans-
2-eicosenoic acids. Trans-11-eicosenoic fatty acid, a
related fatty acid whose double bond lies apart from
the carboxyl group, only slightly inhibited PtpB
activity (Figure 2). It showed that the double bond
position that is close to the carboxy group is crucial
for cis-2- and trans-2-eicosenoic to inhibit PtpB.

PtpB Inhibition

ra 2] B tn
n n I 1

PtpB activity (x10°* L)
=

=]
L

-
o ,_\‘C'-'\ R
o" e
SR RS
&S
~ $

Inhibitor (16 M}

Figure 2: The activity of PtpB in the presence of
several inhibitors.
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PtpB activity in the presence of several inhibitors at
a concentration of 16 uM. Control: PtpB without
inhibitor. Inhibition by sodium orthovanadate
(NasV04), DTP, cis-2-eicosenoic fatty acid, trans-2-
fatty acid, and trans-11-fatty acid correspond to
69.44%, 52.22%, 63.72%, 74.67% and 17.53%,
respectively, with regard to control. All data are
averages of two measurements. ESA: eicosenoic
fatty acid.

To reveal the interaction between those inhibitors
with PtpB, we performed a docking experiment.
Figure 3A-B shows that both cis-2 and trans-2-
eicosenoic acids fit the active site of the PtpB
structure with the binding energy of -60.40 and -
61.60 kcal/mol, consecutively. These values are
closed to the cDocker energy of native phosphate
ligand of -81.47 kcal/mol; Table 2). This shows that
both cis-2 and trans-2-eicosenoic fatty acids have
stable interaction with PtpB. The strong interactions
are supported by the presence of three and four
hydrogen bonds between cis-2 and trans-2-
eicosenoic fatty acids, respectively, with critical
amino acids of PtpB. Besides, both hydrophobic
inhibitors are assumed to have a pi stacking (n-n
stacking) interaction with the aromatic ring of Phegs
residue. A weaker interaction of PtpB is observed
with trans-11-eicosenoic fatty acid. Although trans-
11-eicosenoic fatty acid forms three hydrogen bonds
and an attractive charge interaction with PtpB, the
lack of pi stacking interaction seems to be
responsible for the weaker interaction (summarized
in Table 2). Based on the binding energy and the
presence of hydrogen bonds between cis-2 and
trans-2-eicosenoic fatty acids with PtpB, it can be
concluded that both fatty acids have high inhibition
activity against the virulence factor of Mtb. This
finding is also in agreement with the in vitro
inhibition assay described in Figure 2.
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A. Complex of PtpB and cis-2-eicosenoic acid
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B. Complex of PtpB and trans-2-eicosenoic acid
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Figure 3: Docking of PtpB with selected inhibitors.

The strong interaction of PtpB with cis-2 and trans-2 eicosenoic fatty acids is supported by three potential
hydrogen bonds of the protein through residues Pheis:, Alais2, and Argise. The interaction is also
strengthened by the presence of attractive charge interaction with the positively charged residue Lysieas,
which is also observed with trans-11-eicosenoic fatty acid (A-C). An additional hydrogen bond between PtpB
with trans-2-eicosenoic acid via Aspies (B) confirmed the more potent inhibitory effect of trans-2-eicosenoic
acid than its cis-2 isomer (A). In contrast to the cis-2 and trans-2-eicosenoic fatty acids, a Pi stacking (n-n
stacking) interaction is absent in the docking of PtpB with trans-11-eicosenoic fatty acid (C).

Table 2: Docking parameters of PtpB with several inhibitors.

Compound cDocker Energy Interaction
(kcal/mol)
cis-2-eicosenoic acid -60,3957 Hydrogen bonds: Pheisi, Argies, Alais2
Pi stacking (n- n stacking): Pheos
Attractive Charge: LySi64
trans-2-eicosenoic -61,6195 Hydrogen bonds: Pheis1, Argies, Alais2, Aspiss
acid Pi stacking (n- n stacking): Phegs
Attractive Charge: Lysi64
trans-11-eicosenoic -55,4227 Hydrogen bonds: Pheis1, Argies, Alais2
acid Attractive Charge: Lysies
co-crystalized ligand -81,4651 Hydrogen bonds: Pheie:, Alais2, LySiss, Aspies, Hisoas,

PO42- Pros:
Pi stacking (n- n stacking):
Leuio:, Val231

Attractive Charge: Meti2s

Pheos, Tyrizs, Leuzz7,

Although the primary host substrate of PtpB is
primarily unknown, accumulated evidence
emphasizes the crucial role of PtpB in preventing
the host degradative pathway (28). Hence,
targeting PtpB to prevent the onset of latent

tuberculosis infection has lead to the screening of
many potential inhibitors (29). Various types of
compounds, either naturally occurring or modified
compounds, have been reported to inhibit PtpB. A
series of chalcones derivatives, for example, has
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been reported to inhibit PtpB at low micromolar
concentration, i.e., with ICso < 30 pM (27). Further
development has expanded the inhibition at
submicromolar concentration, such as reported by
Liu and coworkers who tested polypropionate
derivatives isolated from deep-see fungus to inhibit
PtpB. They revealed that the compounds have ICsg
in the range of 5.1 to 12 pM (30). Here we
demonstrated that cis-2 and trans-2-eicosenoic
fatty acids strongly inhibit PtpB. This finding could
be helpful for the development of drugs to prevent
latent tuberculosis infection. Targeting PtpB offers
an advantage since the protein is secreted into the
macrophage’s cytoplasm. There is no requirement
that the inhibitor has to overcome the thick
hydrophobic envelope of mycobacteria (14).
Moreover, it is also worth considering alternative
application strategies; for instance, using the
potential inhibitors in combination with first-line TB
drugs such as rifampicin and isoniazid as PtpB
inhibitors were reported to enhance mycobacterial

elimination (11,31). However, before further
exploration, the selectivity of inhibition among
human phosphatases might also be deemed
necessary.

CONCLUSION

The present study shows that both cis-2 and trans-
2-eicosenoic fatty are able to inhibit Mtb PtpB. This
is also the first report that long fatty acids can
inhibit PtpB. The inhibitory potential was also
supported by docking analysis. Further study can be
directed to investigate whether these compounds
can also inhibit macrophage cells or animal model
infection by Mtb.
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Abstract: Turmeric (Curcuma longa L.) is widely utilized as a spice, food colorant, and preservative in
India, China, and South-East Asia. With containing potential turmeric extracts and compounds, it has been
utilized in traditional medicine for various diseases counting diabetes, hepatitis, hemorrhoids, hysteria,
indigestion, skin disease, inflammation, anorexia, hepatic disorders, cough, and sinusitis, etc. So far, a
large number of work has been conducted to find and prove biological activities and pharmacological
applications of turmeric and its extracts in both animals and humans. In particular, curcumin
(diferuloylmethane), a characteristic component with major yellow bioactive turmeric feature, has been
found to possess numerous biological actions. Nonetheless, the polyphenol compound in curcumin has
been limited for human disease treatments even though adequate studies are utilized in animal trials.
Plenty of ongoing studies are also contributing significantly to this promising molecule that to the forefront
of human therapeutics as well as its activities in health benefits. Thus, curcumin and some turmeric
extracts are considered as non-toxic and highly promising compounds with a lot of potentially biological
functions based on an appropriately used dose. It is expected that curcumin and some turmeric extracts
can be explored in novel medical applications in the future to effectively against or treat various diseases.
Here, we hope that it is likely a good and right approach for using and encouraging this product, and its
chemical components and effective clinical applications will be briefly summarized in disease treatments.
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plant, it has ovate or oblong leaves with light green
and a spicy aroma while its flowers’ color are lilac-
white (3). Besides, its rhizomes accord flavorful
yellow powder after dried and crushed (4), which
have been extensively served with a long history in

INTRODUCTION

There is a consecutive increase in treating various
diseases based on natural products (herbs) in recent
years. Primarily, Curcuma longa L. (Zingiberaceae -

Ginger family) is known to be turmeric that is native
to India, as well as which is cultivated and assigned
everywhere tropical/subtropical regions and South
East Asia (1, 2) (Figure 1). For Curcuma longa

Chinese and Ayurvedic medicines (Indian system of
Medicine, as a “cleanser of the body”) (5) (Figure
1). It was probably cropped at first as a dye and
later on, which was employed as cosmetic (i.e.,
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aromatic food product). Similar to other herbal
foods, people first utilized it as a food and later
explored that it has effective medicinal actions;
therefore, Curcuma longa L. has also attracted
significant attention because of its colorant nature
(6). This natural pigment is considered as a food
colorant and as a material that enhances health or
even healing diseases (7, 8), instead of synthetic
dyes that can weaken the hepatic function and
induce oxidative stress. There is currently numerous
turmeric products marketed with various
concentrations of extracted bioactive compounds
(9), as well as plenty of studies demonstrated the
high performance of bioactive compounds contained
in this plant utilizing like anti-bacterial, anti-
inflammatory, anti-oxidant and anti-carcinogenic
agents. They were employed to be a herbal
medicine to prevent premature aging and diseases
(10-12). In particular, natural curcuminoids
curcumin (i.e., diferuloylmethane,
demethoxycurcumin, and bis-demethoxycurcumin)
in turmeric are essentially found in rhizomes,
natural monoterpenes are often in essential oils
from flowers and leaves, and natural sesquiterpenes
are essentially contained from roots and rhizomes.
The curcuminoid curcumin contents are often
different with various conditions (i.e., sources,
locations, varieties, and cultivations), resulting in
that the quality and quantity of commercial turmeric
products can be significantly varied.

Additionally, Curcuma longa L. has found several
biological and pharmacological activities leading to
becoming an engaging nutraceutical for
chemoprevention purposes or disease treatments
(13), which have been attributed to natural
curcuminoids; curcumin-containing phenolic
compounds counted mainly of curcumin I, II, and III
(i.e., diferuloylmethane, demethoxycurcumin, and
bis-demethoxycurcumin) (14) (Figure 2).
Nonetheless, in the curcuminoids, curcumin is
poorly stable as well as reach low aqueous solubility
(15). Actually, curcumin is unstable in basic
solutions that break down easily (especially for non-
solubility in acidic solutions), yielding mainly
feruloylmethane, ferulic acid, and yellow-brown
products (16), which induces its invalidation in
pharmaceutical actions as well as its limitation in
food industries (17, 18). This often confuses the
solubility concept of curcumin; besides, curcumin
can be changed to free-flowing micro-particles that
support improving its solubility in both acidic media
and aqueous stability overcome the above-
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mentioned problems (19).

In addition to the above, the combination of
turmeric extracts and chitosan films [i.e., anti-
microbial, biocompatible, biodegradable, and eco-
friendly features (20, 21)] was also investigated to
evaluate the anti-bacterial and physical properties.
Notably, biopolymers-based wound-healing
materials have attached a significant consideration
that can combine with curcumin or bioactive
turmeric extracts for wound-healing applications to
enhance their excellent performances (22).
Theoretically, wound healing relates to multiple
factors (i.e., growth factors and cytokines), such as
cell populations, extracellular matrix, and soluble
mediators. It can induce chronic wound growth if
healing does not evolve a stepwise procedure.
Especially, curcumin is one of them, used to treat
dermal injury (23, 24) as well as a variety of
diseases (i.e., asthma, hepatic disorders, diabetes,
respiratory diseases, etc.). From in vitro or in vivo
tests, curcumin prodded fibroblast proliferation,
granulation tissue development and collagen
deposition in cutaneous wound healing (23-25).

As known, coronavirus disease 2019 (COVID-19)
was found first in Wuhan (China) at the end of 2019
like an infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2),
handwashing (soap and water/lukewarm water-

based handwashing, or alcohol-based hand
sanitizers) and wearing masks (cloth masks,
medical masks, N95 respirators, and surgical

masks) are currently one of the ways that can
prevent the influenza virus infection (26, 27).
Remarkably, turmeric is served as one of functional
foods that can strengthen the immune system and
treat respiratory diseases. People in the world are
now self-isolating at their homes, the use of
turmeric products may support enhancing the
immune system and prevent SARS-CoV-2 infection
through the daily diet, that may reduce the COVID-
19 infection risk and a recovery in SARS-CoV-2
infection cases (28). Therefore, it is imperative to
clearly understand its available chemical
components and activities to can be utilized in
bioactive and pharmacological applications after
demonstrated its reliability. Herein, we hope that it
is likely a good and right approach for using and
encouraging this product, and its chemical
components and effective clinical applications with
appropriately used doses will be briefly summarized
in disease treatments.
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(A)

és

Curcuma longa plant

Turmeric drugs

Turmeric slices

Figure 1: Curcuma longa L. — turmeric rhizomes and powder (A); and possibly commercial turmeric
products (B).

CHEMICAL COMPONENTS

Curcuma longa L. was known as turmeric that was
extensively served as a food colorant; nonetheless,
it was considered to be plenty of possible biological
and medicinal activities, such as anticancer,
antioxidant, anti-inflammatory properties, etc.
(Possible biological and medicinal activities of
compounds/extracts from turmeric rhizomes are
summarized in Table 1). The chemical structures of
some available compounds (natural curcuminoids
curcumin) are presented in Figure 2.

The quality and quantity of curcuminoids and
chemical components of turmeric are significantly
noticed to their performance in human disease
treatments, for instance, the major bioactive
properties in the turmeric rhizome are curcuminoids
(14), phenolic acid and flavonoids (29). To maintain
the quality of turmeric during storage and usage
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processes, dehydration (moisture removal) is
suggested as a main method for turmeric
preservation (30), such as freeze-drying, low-
temperature drying, and microwave-vacuum drying
methods (31, 32). Among them, the common hot-
air drying method is a good selection, owing to
being a simple and easy process; however, if this
method is conducted during a long time with high
temperatures, it can degrade color, flavor, and
bioactive compounds. For the freeze drying method,
it is the most effective approach to maintain
turmeric quality, but its disadvantages are high
cost, long drying time, and high energy
consumption. For the sun-drying method, it is
known a traditional approach, which takes a long
time that can reduce the product quality and
bioactive compounds (32). Thereby, a more
effective drying method is required to maintain
expected quality as well as to preserve the major
bioactive compounds in turmeric.
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Figure 2: Chemical structures of natural curcuminoids and metabolites of curcumin.

Actually, turmeric from Curcuma longa L. contained
carbohydrates (69.4%), protein (6.3%), fat (5.1%),
minerals (3.5%), and moisture (13.1%), as well as
its oil, could attain ~5.8% through steam distillation
of turmeric rhizomes with borneol (0.5%), a-
phellandrene (1%), zingiberene (25%), sabinene
(0.6%), cineole (1%), and sesquiterpenes (53%)
(33). In particular, curcumin is a mixture of three
curcuminoids [i.e., curcumin I (C21H200s,
diferuloylmethane, 94%), curcumin II (Cz0H18Os,
demethoxycurcumin, 6%) and curcumin III
(C19H1604, bis-demethoxycurcumin, 0.3%)] (14, 34)
(Figure 2), which is considered a characteristic for

its yellow color. Besides, curcumin I (C21H200s,
curcumin, diferuloylmethane) is a major
curcuminoid, as well as phenolic -OH and -CH:
groups in B-diketone moiety contained in these
turmeric compounds, have been revealed to possess
anti-inflammatory (35) and antioxidant (36)
properties, and other effective bio-activities as
shown in Table 1, leading to becoming an engaging
nutraceutical for chemopreventive purposes or
disease treatments.

Moreover, it is dissolved well
solvents (methanol, ethanol,

in some organic
acetone, and dimethyl
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sulfoxide, etc.) that can reach  various
derivatives/extracts, but they are insoluble in water.
The use of solvents in extraction processes is one of
important factors to achieve high performance and
environment. To attain anti-oxidative extracts in
Curcuma longa L., it is performed with conventional
solvents (methanol, ethanol, and acetonitrile) (37,
38). In recent years, deep eutectic solvents (i.e.,
solvents based on an incorporation of a hydrogen
bond acceptor and a hydrogen bond donor) (39, 40)
are considered to be one of new classes of green
solvents have emerged that is owing to non-toxic
and biocompatible extraction procedures, which can
cause less influence to environment and available
nature of these bioactive compounds. In fact, the
deep eutectic solvents can be prepared from the
required purpose, especially for the extraction of
bioactive compounds that are known as designer
solvents. From solvent characteristics, there are
current various hydrogen bond donors and hydrogen
bond acceptors used to synthesize these deep
eutectic solvents, such as choline chloride (41),
menthol, and betaine (42), that for their
combination can be sugars, carboxylic acids,
alcohols, amines, or other compounds containing
hydrogen bonds (41, 42). Other parameters are
important in this approach, i.e., solute/solvent ratio,
extraction temperature and time (43, 44).
Particularly, some studies have conducted the
extraction processes to attain bioactive compounds
from turmeric based on the use of green solvents
(45-47). For example, Oliveira et al. (48)
investigated the deep eutectic solvents and various
process conditions to extract bioactive compounds
from the parts of Curcuma longa plant (i.e., leaves,
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cytotoxicity, and genotoxicity in Allium cepa cells.
As a result, these extracts showed non-cytotoxicity,
non-genotoxicity, chelation with iron and anti-
bacterial features indicating a high potential
application in the pharmaceutical industries.

In order to reach highly effective curcumin and
some turmeric extracts in biological applications, it
depends significantly on suitably used doses.
Specifically, dietary use of curcumin/turmeric
extracts with appropriate doses has also been
indicated to inhibit tumor induction in various
organs of mice (49-51) and rats (52). The use of
curcumin (53) and turmeric extracts (54) with high
doses on mice have not shown an increase in
mortality as well; in contrast, those of turmeric
oleoresin to pigs has been lowered the food-
conversion efficiency (or weight gain) as well as
raised the weight of the liver and thyroid leading to
having histological changes in their kidney, liver,
and urinary bladder (55). Besides, the use of
turmeric extracts with high doses on mice has also
been impacted strongly to the tissue weights, bodily
weight gain, and levels of their red blood cells and
white blood cells (54). Thereby, curcumin and some
turmeric extracts are served as non-toxic and highly
promising compounds with plenty of potentially
biological functions based on an appropriately used
dose. In addition to above-mentioned biological
activities, turmeric has been found in traditional
medicine and currently medicinal applications, such
as anemia, indigestion, diabetes, hemorrhoids,
edema, hepatitis, atherosclerosis, hysteria, wound
and bruise healing, urinary disease, psoriasis,
rheumatism, anorexia, dermal disease,

rhizome, and flowers) that could be used as inflammation, hepatic disorders, cough, sinusitis,
flavonoids, antioxidant, antimicrobial, chelation with  etc. (56).
Fe2*, inhibition of the cholinesterase enzymes,
Table 1: Biological activities of turmeric compounds and extracts.
Compounds/extracts Biological activities

Turmeric powder

Wound-healing (57)

Alcoholic extract

Anti-bacterial (58)

Aqueous extract

Anti-fertility (59)

Ar-turmerone

Anti-venom (60)

Bis-demethoxycurcumin or

Anti-oxidant (61)

Demethoxycurcumin
Crude etheric or Chloroform Antifungal (62)
extracts
Anti-bacterial (63), anti-protozoan (58), anti-viral (64),
Curcumin hypolipemic (65), hypoglycemic (66), anti-coagulant (67), anti-

oxidant (36), anti-tumor (68), anti-carcinogenic (69)

Ethanolic extract

Anti-inflammatory (70), hypolipemic (71), anti-tumor (72), anti-

protozoan (73)

Methyl curcumin

Anti-protozoan (74)

Petroleum ether extract

Anti-inflammatory (70), anti-fertility (59)

Sodium curcuminate

Anti-inflammatory (70), anti-bacterial (58)

Volatile oil

Anti-inflammatory, anti-bacterial (58), anti-fungal (75)
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EFFECTIVE CLINICAL STUDIES

Turmeric has been utilized much in Chinese and
Ayurvedic medicines, at same time that various
biological and pharmaceutical characterization (i.e.,
anti-inflammatory, antioxidant, anti-diabetic, anti-
carcinogenic, anti-coagulant, anti-bacterial, anti-
ulcer, antifungal, anti-fibrotic, hypotensive,
antiviral, etc.) of curcumin and some turmeric
extracts can contribute to being effective against or
treating human diseases. Wherein, crude extracts
from turmeric have reached high evaluations in
numerous medicinal and clinical applications to can
be applied in more extensive studies grounded on
their bioactivity, mechanism of action,
pharmacological effects, and toxic features. Also,
curcumin can exist in a pure compound that shows
lots of biological activities, which contribute to
developing and expanding novel drugs from this
compound based on its mechanism of action and
pharmacological effects. Concomitantly, plenty of
studies based on animal models have also
contributed to building up a solid foundation that
can evaluate well the safety and efficacy of
curcumin to prevent and treat human diseases
(Table 2).

Among them, turmeric extracts and curcumin have
revealed possible activities that were utilized for
both prevention and treatment of human diseases
counting cancer (colorectal cancer, multiple
myeloma, prostate cancer, oral cancer, pulmonary

cancer, pancreatic cancer, etc.), peptic ulcer,
ulcerative proctitis, atherosclerosis, gastric
ulcer/inflammation, diabetes, diabetic
nephropathy/micro-angiopathy, chronic bacterial

prostatitis, etc. (56). As such, turmeric extracts and
curcumin have used effectively in the treatment of
human diseases, but their bioavailability are poor
that can be due to poor absorption, rapid
metabolism/systemic elimination inducing some
restrictions of their therapeutic efficacies (76). On
that basis, there were lots of approaches grounding
on combinations of curcumin and several various
appropriate components to can be served more
effectively in the treatment of human diseases (76-
79). Especially, the bioavailability of curcumin has
been investigated to be significantly enhanced by

considering curcumin and non-curcuminoid
compounds of turmeric (80). The polyphenol
compound in turmeric also causes several
disadvantages in used curcumin doses, and its

safety, efficacy, and a non-toxicity at appropriate
doses have been suggested through human clinical
trials.

In particular, Cheng et al. (81) conducted
evaluations of the effectively used curcumin dose
(8.0 g/day) in the pharmacokinetics, toxicology, and
biological characterization of 25 patients with
uterine cervical intraepithelial neoplasm, Bowen
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disease of the skin, oral leucoplakia, cancer of the
resected urinary bladder, or intestinal metaplasia of
the stomach through the oral curcumin for 3
months. Besides, Dhillon et al. and Kanai et al. (82,
83) also investigated a combination of curcumin
(8.0 g/day) and gemcitabine that was safe and
effectively applied in >20 patients with pancreatic
cancer. Curcumin containing polyphenol lowered the
aberrant crypt foci formation (i.e., colorectal polyps’
precursor) (84) in 44 smokers through oral
curcumin for 30 days (2.0-4.0 g/day), as well as
which indicated the effect of curcumin against and
prevented an aberrant crypt formation of foci on
smokers (84). In addition, 360.0 mg of curcumin in
capsules was used for patients with colorectal
cancer for 10-30 days (three times a day) (85),
suggested that the use of curcumin in the colorectal
cancer treatment could improve the patients’ health
(85). Polasa et al. (86) studied the treatment of
pulmonary cancer in smokers based on the use of
turmeric, resulting in that the urinary excretion of
mutagens lowered significantly in these smokers.

Curcumin has not been only used alone, but also
combined with other agents. For instance, oral
curcumin and piperine have been combined
effectively to treat pains and oxidative stress
markers (malondialdehyde) in patients with tropical
pancreatitis (60), resulting in the plasma
malondialdehyde and erythrocyte glutathione levels
lowered and increased, respectively; however, the
pains were not improved (87). Curcumin also
prevented prostate-specific antigen productions in
men with high prostate-specific antigens (88);
besides, 1.0 g of a curcumin pill for one week could
enhance levels of vitamins C/E and reduce the
contents of 8-hydroxydeoxyguanosine /
malondialdehyde in patients with precancerous
lesions (89). Furthermore, curcumin could be used
as a maintenance medication for 89 patients with
ulcerative colitis (90, 91), indicating that relapse
rates in the curcumin-treated group (4.65%) were
lower much than that in the placebo group
(20.51%) (90, 91). Kedia et al. (92) conducted oral
curcumin investigation according to mild-to-
moderate level of ulcerative colitis (150
mg/thrice/day; 8 weeks), indicating that low dose
was ineffective in inducing remission in mild to
moderate cases of ulcerative colitis, while oral
curcumin (500.0 mg/day) and prednisone have
been combined well together to treat a patient with
ulcerative colitis by Lahiff et al. (93). Concomitantly,
tetrahydrocurcuminoid and narrow-band ultraviolet
B have been coupled together to against and treat
vitiligo - a skin disorder (94), resulting significant
improvements in the overall re-pigmentation degree
of the combination group (94). Crohn’s disease is a
chronic relapsing inflammatory intestinal disease,
which influences to the gastrointestinal tract (oral-
anal). Holt et al. (95) investigated this disease
through the use of curcumin, manifesting that there
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are significant reduction in symptoms as well as
inflammatory indices in all patients. In the case of
gallbladder contraction, the use of curcumin could
also impact to gallbladder through the studies of
Rasyid et al. (96, 97). As a result, the gallbladder
sizes lowered through an appropriately used
curcumin dose (20.0-80.0 mg; 0.5-2 h). Niederau
et al. (98) showed a faster reduction in dumpy and
colicky pain of patients with biliary dyskinesia. For
the cases of inflammatory diseases, use of curcumin
also achieved effective performances in the
recurrent and chronic anterior uveitis treatments.
Ocular discomfort reduced after 12-18 months of
the recurrent anterior uveitis treatment in more
than 80.0% of patients (106 patients) (99), as well
as there were not any adverse effect with efficacy
and recurrent of disease (100). Besides, oral
curcumin was applied for patients with peptic ulcer
(101), gastric ulcer (102), and postoperative
inflammation (103), resulting in that the ulcer
formation reduced significantly (101, 102), as well
as the anti-inflammatory property, exhibited
superior comparing with phenylbutazone (103).
Notably, a standardized preparation of curcuminoids
was used in type 2 diabetes treatment of different
oxidative stress (malondialdehyde) and
inflammatory markers (104), leading to much
improving for those markers in these patients.
Particularly, the use of curcumin can show a
promising and potential treatment for Alzheimer’s
disease (105, 106). Multiple myeloma (107) was
also treated by use of curcumin for 6 months (4.0
g/day), indicating that para-protein load and urinary
N-telopeptide of type I collagen in 26 patients
decreased much; additionally, theracurmin (i.e., a
well absorptive curcumin) dispersed well in colloidal
nanoparticles that could inhibit alcoholic intoxication
in humans (77).

In general, the use of curcumin has shown
beneficial activities that could against or treat
human diseases through the above mentions.
Nonetheless, there were also several reported
restrictions toward the uses of this polyphenol
compound. Specifically, it could inhibit the activity
of metabolizing enzymes in vitro/animal (108-110);
in contrast, the use of curcumin to human-like drugs
metabolized (i.e., acetaminophen, digoxin, and
morphine) by these enzymes could lead to
undesired results of them that might induce to toxic
features. Curcumin could induce DNA damage in
cells (111), leading to a common occurrence in
carcinogenesis; concomitantly, it also served as an
iron chelator that induced anemia in rats and mice
(112). Furthermore, use of curcumin with high
doses (0.45-3.6 g/day or 0.9-3.6 g/day) could
induce nausea/diarrhea, as well as which raised
lactate dehydrogenase and alkaline phosphatase
amounts in humans (113, 114); besides, the used
doses of curcumin was unallowable at a higher level
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of 8.0 g/day in patients with premalignant lesions
(81).

Remarkably, curcumin has been also suggested as a
COVID-19 disease treatment to prevent the lethal
influences of SARS-CoV-2 (115), which may be
helpful to be a supportive part for other drugs that
can probably prevent or treat the COVID-19 disease
(116). A respiratory syncytial virus is recently
noticed as a major threatening remark to human
with various ages that induces acute respiratory
infections. Chen et al. (117) demonstrated the
influenza virus yield lowering >90.0% in cell culture
through the use of curcumin (Co = 30 pM) that
could be due to the influences of viral protein
synthesis (i.e., neuraminidase, hemagglutinins, and
matrix protein). Likewise, curcumin could also
inhibit the budding and replication in the nasal
epithelial cells of humans Ileading to the
improvement of the activities of an epithelial barrier
to be effective against respiratory syncytial virus
(118), as well as the oral curcumin effectively
inhibited the inflammatory prostaglandin synthesis
and neutrophil functions (119) reducing well
desired-inflammation. Simultaneously, several
curcumin derivatives have indicated with anti-viral
properties; for example, a surveyed-neuraminidase
process manifested that curcumin derivatives could
reduce influenza A virus subtype H1N1 (H1N1)
activation caused neuraminidase in lung cells with
infected H1iN1 (120). Moreover, turmeric
compounds and extracts were also used to be
effective against influenza A virus subtype H5N1
(H5N1) virus in Madin-Darby dog renal cells through
intervening infectious hem-agglutination activities
(in vitro) (121), or both the up-regulation of mMRNA
expressions (IFN-B and TNF-a) (122, 123) to be
beneficial for recent disease outbreak cases. The
use of curcumin is truly helpful in other viral
troubles (i.e., acquired immunodeficiency syndrome,
AIDS) (124) that regards to its inhibition activity on
both human immunodeficiency virus type 1 (HIV)
integrase and protease (125), and which was
demonstrated to reduce the influenza virus-infected
pulmonary tissue by hampering the NF-umB signals
and preventing the inflammatory cytokines release
(126, 127).

For the wound healing, oral administration and
topical applications are the most common usages.
Actually, the wound healing procedure is known a
very complex approach, that regards to substance
coagulation, inflammation, accumulation, formation
of fibers tissues and collagen proliferation,
contraction of wound, and granulation tissue and
scar formation (128). In the case of treatment,
curcumin  has manifested a limitation in
pharmaceutical feature, a low absorption in oral
bioavailability, quick metabolism, and short half-life
(76, 129). Concomitantly, curcumin has a very poor
solubility in aqueous solution (nature of a
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hydrophobic compound) that leads to be not
appropriate for topical applications at wound
regions, which can also induce a toxic response
from the use of high concentrations
(characterization of a polyphenolic compound)
(130). Therefore, the therapeutic usefulness of
curcumin in topical wound-healing applications has
been developed on effective delivery systems, which
is based on better curcumin solubilization to build a
principle for stable and slow release of the soluble
drug form. Curcumin can combine with several
biopolymers to enhance the wound healing
performance. Zhang et al. (131) conducted a
chemical modification for curcumin compounds to
apply effectively in the wound healing standardized
in streptozotocin-induced diabetic rats, which
achieved high performances through daily topical
applications (Co = 1.0% and 3.0%, over 7-10 days)
or administered systemically (oral intubation; 30.0
mg/kg). Nano-formulated curcumin has also well
inhibited methicillin-resistant S. aureus, and
noticeably accelerated the wound healing process on
wound mice (7.5 mg/mL, over 7 days) (132).
Chereddy et al. (133) showed a potential capacity of
poly(lactide-co-glycolide) nanoparticles loaded with
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curcumin in the wound healing evaluation, as well
as improved both the stability and solubility of
curcumin. The gel-core hyalurosomes loaded
curcumin also indicated a high healing performance
for the burn wound on wound rats (134). These
proposed that the nano-formulated curcumin can be
utilized for preclinical applications in the future. The
used curcumin doses have been proved to be similar
effects in humans and remain to be explained.
Additionally, a large number of studies have
indicated in detail the safety and efficacy of this
polyphenol in animals (i.e., monkeys, rodents,
horses, cats, etc.) to offer a solid foundation for
effective surveys in human clinical trials. In other
words, this polyphenol's efficacy is needed more
investigated before it can be applied for human
disease treatment. In summary, the efficacy of
curcumin and some turmeric extracts have
prevented and treated human diseases that seem
promising and potential. It is expected that
quantities of ongoing studies can contribute
significantly and reveal a detailed and more precise
understanding of turmeric efficacy and its action to
prevent and treat human diseases.

Table 2: Accomplished clinical studies using biological activities of turmeric.

. Number of .
Diseases patients Dosages Durations
44 (84) 2.0-4.0 g/day (84) 1 month (84)
Colorectal cancer (84, 85) 126 (85) 1.08 g/day (85) 10-30 days (85)
. 25 (81) 8.0 g/day (81) 3 months (81)
Cancer lesions (81, 89) 75 (89) 1.0 g/day (89) 7 days (89)
. 72 (104) 0.6 g/day (104) 8 weeks (104)
Diabetes (104, 135) 14 (135) 6.0 g (135) 15-120 min (135)
Diabetic micro-angiopathy (136) 25 1.0 g/day 4 weeks
25 (82) 8.0 g/day (82) 3 months
Pancreatic cancer (82, 83, 87) 21 (83) 8.0 g/day (83) 3 months
20 (87) 1.5 g/day (87) 6 weeks (87)
Prostatic cancer (88) 85 0.1 g/day 6 months
Pulmonary cancer (86) 16 1.5 g/day 30 days
89 (90, 91) z'g g/dfg’a(g(og';)l) 6 months (90, 91)
Ulcerative colitis (90-93) 1(93) 150‘ mg /chice/da 2-10 months (93)
29 (92) 9(92) Y 8 weeks (92)
Vitiligo (94) 10 Twice/day 12 weeks
Alcohol intoxication (77) 7 0.03 g/once --
. - 34 (105) 1.0-4.0 g/day (105) 6 months (105)
Alzheimer’s disease (105, 106) 33 (106) | 2.0-4.0 g/day (106) | 24 weeks (106)
Peptic ulcer (101) 45 3.0 g/day 4 weeks
Gastric ulcer (102) 60 1.0 g/day 6-12 weeks
Postoperative inflammation (103) 46 1.2 g/day 6 days
Multiple myeloma (107) 26 4.0 g/day 6 months
Gallbladder contraction (96, 97) 12 20.0-80.0 mg 0.5-2 h
Acquired immunodeficiency
syndrome (124) 40 2.5 g/day 8 weeks
Lupus nephritis (137) 24 500.0 mg/day 3 months
Atherosclerosis (138) 10 0.5 g/day 7 days
Acute coronary syndrome (139) 70 0.045-0.18 g/day 2 months
Dejerine-Sottas’ disease (140) 1 1.5 g/day 4 months
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2.5 g/day 8 months
I 5 (95) 1.08-1.44 g/day (95) 1-2 months (95)
Crohn’s disease (95, 141) 31 (141) 3.0 g/day (141) 6 months (141)
Ulcerative proctitis (95) 5 11.615gg//ddaayy i mgzm
Recurrent anterior uveitis (99) 106 1.2 g/day 12-18 months
H. pylori infection (142) 8 1.125 g/day 6-22 months
Chronic anterior uveitis (100) 53 1.125 g/day 12 weeks
Rheumatoid arthritis (143-145) 8 (143) 0.5 g in food (143)
18 (144) 1.2 g/day (144) 2 weeks (144)
45 (145) 0.5 g/day (145) 8 weeks (145)
.- 50 (146) 0.2 g/day (146) 3 months (146)
Osteoarthritis (146, 147) 100 (147) 1.0 g/day (147) 8 months (147)

CONCLUSION

In summary, turmeric (Curcuma long L.) has been
directly employed in curries and other spicy dishes
from India, China, and South East Asia, which has
been proved the correlative bio-activities of
curcumin in its possibly pharmaceutical applications
that against or treat animal/human diseases. In
addition to studies using curcumin in animal trials, it
has already been revealed to be safe and effective
at appropriately used doses through plenty of
clinical trials; however, the polyphenolic compound
has also been limited to treat or prevent some
human diseases. Numerous studies regarded to
absorption, metabolism, distribution, and excretion
of curcumin indicated its poor absorption and fast
metabolism that gravely restricts its available

bioavailability; therefore, plenty of approaches
based on a variety of combination between
curcumin  and several various appropriate

components to can be applied in the effective
treatment of human diseases. Simultaneously, a
large number of ongoing studies can contribute
significantly to this promising molecule at the
forefront of human therapeutics. Thereby, curcumin
and some turmeric extracts are considered as non-
toxic and highly promising compounds with a lot of
potentially biological functions that based on an
appropriately used dose. For further understanding
and suitable judgment in medical care, it is
expected that curcumin and some turmeric extracts
can be explored in novel medical applications in the
future to effectively against or treat various human
diseases.
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Abstract: The genus Rhamnus belongs to the Rhamnaceae family, which contains approximately 137
species, traditionally used as folk medicine in East Asia, North and South America, and subtropical
regions of Africa. The genus is used traditionally to treat diseases such as cancer, wound, jaundice,
hepatitis, gonorrhea, laxative, hypertension, malaria, stomach ache, snake bite and diarrhea.
Anthraquinones and flavonoids are the most cited compounds from the genus of which polyphenols were
abundant with tremendous antioxidant, wound healing and antiinflammatory activities. Pharmacological
activity evaluation of the extracts and isolated compounds revealed anti-inflammatory, antioxidant,
antimalarial, antibacterial, anti-mutagenic, anti-genotoxic, hepatoprotective, anticancer, and anti-
proliferative activity. The genus afforded drug leads such as 6-methoxysorigenin (12) and prinoidin (23)
with anti-tyrosinase and cytotoxicity, respectively, as well as antioxidant drug leads such as Kaempferol-
3-0-B-rhamninoside (31) rhamnetin-3-0O-B-isorhamninoside (37) and isotorachrysone (55). The
present review endeavors to provide a comprehensive and up to date compilation of documented
traditional medicinal uses, phytochemicals and pharmacological activities of the genus and provided
valuable information in support of its uses as an alternative medicine for future healthcare practice.
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INTRODUCTION subtropical Africa with a wide

traditional medicinal uses (5-13).

spectrum of

Traditional medicine has been in existence even
before the advent of modern medicine. It
continues to remain as an alternative care

The chemistry of Rhamanus species does not
exhibit great diversity. The main groups of

available for the majority of the developing
countries due to its intrinsic qualities, unique, and
holistic approaches as well as its accessibility and
affordability (1, 2). The genus Rhamnus consists of
137 species (Figure 1) and 19 synonyms (3). The
word Rhamnus means ‘a kind of prickly plant' and
‘buckthorn or Christ’s thorn’ in Greek and Latin
languages (4). The genus is distributed in East
Asia, North and South America and various parts of

secondary metabolites reported from the genus are
anthrones, anthraquinones, and flavonoids of
which polyphenols were abundant with tremendous
antioxidant, wound healing, and antiinflammatory
activities. The present review endeavors to provide
a comprehensive and up-to-date compilation of
documented biological activities and
phytochemistry of the genus and provided valuable
information in support of its uses as an alternative
medicine for future healthcare practice.
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T
R. alaternus

Figure 1: Some medicinally important species of the genus Rhamnus L. (14, 15).

Taxonomy of the genus Rhamnus:

Kingdom: Plantae, Order: Rosales, Family:
Rhamnaceae, Genus: Rhamnus. The names
redberry, red berry buckthorn, California redberry,
evergreen buckthorn, spiny buckthorn, and holly
leaf buckthorn have been used for multiple taxa of
Rhamnus (16).

Botanical Description and Traditional Uses
The genus Rhamnus comprises 137 species of
shrubs and small trees in temperate, sub-tropical
and tropical countries (17). It is an evergreen or
deciduous plant and resistant to frost. The leaves
are either alternate or sub-opposite. The
hermaphrodite small flowers are weakly scented
(18). Botanical description and traditional uses of
various Rhamnus species is summarized in Table 1
below.
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Table 1: Botanical distribution and traditional medicinal uses of the genus Rhamnus.

Scientific name Part Distribution Traditional use Refs
R. alaternus L. Leaf, Aerial Algeria as a digestive, diuretic, laxative, and for the therapeutics of (19)
Part, hepatic and dermatological disorders
Leaf Algeria treatment of gastrointestinal system diseases (hepatitis) (20)
Bark Algeria Used to treat jaundice (21)
Aerial part Algeria Hepatic jaundice and chlorosis (22)
Root, Aerial Part Spain, Iberian Used to treat depurative (blood purification) (23, 24)
Peninsula
Aerial Part Spain therapeutics of hypercholesterolemia (23)
Aerial Part Spain therapeutics of antihypertensive (lowers blood pressure) (23)
Bark, Branch Italy to treat hemostatic, wounds, laxative (25)
Branch, leaf Iberian Peninsula to treat high blood pressure (24, 26)
Branch, Leaf Israel, Algeria to treat jaundice (5,22)
R. alnifolia L'Hér Root, Bark USA to treat gonorrhea and cathartic (7)
R. alpina L. Branch Italy to treat cardiac disease, wounds (27)
R. cathartica L. Bark Bosnia and treatments of common buckthorn, diarrhea, diuretic (28, 29)
Herzegovina, Turkey
Fruit Southeast Europe antiseptic for wounds (30)
Fruit Serbia to treat laxative (31)
R. fallax L. Bark Bosnia and to treat and manage dermal diseases (32, 33)
Herzegovina
Bark Montenegro/ Serbia to treat constipation (34)
R. heterophylla Oliver Root, Leaf China to cease bleeding (11)
R. ilicifolia Kellogg Root USA laxative, diuretic and to treat gonorrhea (16)
Whole Part USA analgesic or antirheumatic (35)
R. lycioides L. Leaves, Shoot Turkey to treat pulmonary cancer (36)
R. nepalensis Wall MA Root India to treat the treatment of pneumonia (37)
Lawson
R. nitudus Davis Bark Turkey Used as emetic (38)
R. persica Boiss. Leaf Iran to treat allergy and itching in children, wound (39)
R. prinoides L'Hér Bark, Fruit, Kenya to treat sexually transmitted disease (gonorrhea), (40)
Multiple Part
Fruit, Stem, Kenya to treat gonorrhea, prostate, malaria, brucellosis (41)
Root, and Leaf
Root Kenya to treat muscular skeleton disorder (Arthritis, backaches, (42)
rheumatic)
Leaf Ethiopia to treat Snakebite (43)
Roots, Leaf South Africa Used for blood purifiers, pneumonia, emetics, purgative, colic, (44)
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stimulants

Branch South Africa Herpes, diabetes, HIV related infections (45)
Root, Leaf, and Kenya to treat ear, nose, and throat (ENT) diseases (46)
Steam
Leaf Ethiopia, Uganda to treat tonsillitis, wound, eczema, skin infection, fever in children, (47-56)
tuberculosis, dandruff, water-borne disease

Seed Ethiopia to treat ringworm (57)
Root Kenya to treat sexually transmitted infection (58)
Root Kenya amoebiasis, bacillary dysentery, tonic, pneumonia (59)
Root Ethiopia to treat hepatic problems (60)

R. purpureus Edgew. Bark, Steam, Himalayas to treat digestive disorders (61, 62)
Fruit, Leaf

R. purshiana DC. Bark Algeria to treat respiratory tract diseases (pharyngitis) (20)
shell Mexico to treat skin rash and stomachache (63)

R. staddo A.Rich Tree Kenya Used for strength/nutrient supplement, sexually transmitted (64)

diseases, flu/cold

Multiple Part Kenya to treat diarrhea (40)
Root, Steam, Kenya to treat gonorrhea, diabetes, endometritis (41)

R. trigueter Wall M. A. Leaf, Fruit, Pakistan to treat hemorrhagic septicemia (65)

Lawson Branch
Bark, Fruit Himalaya used for blood purifier, boils, scabies, skin diseases, tonic (62)

R. virgatus Roxb. Bark Himalaya, India to treat eczema and ringworms (61, 66)
Steam, Fruit, Himalaya to treat emetic, purgative, eczema, ringworm, affection of spleen (62)
Bark
Fruit and Bark Nepal/Iran to treat diarrhea and dysentry (67)
Fruit, Bark India to treat emetic, spleen infection, and purgative, curing white dots (61, 68)

of eyes
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Phytochemicals

Anthraquinones, flavonoids, naphthalene
derivatives, terpenoids, alkaloids, steroids, organic
acids are secondary metabolites reported from
various Rhamnus species of which anthraquinones
and flavonoids are the most cited ones (Figures 2-
4, Table 2).

Anthraquinones

Several anthraquinones (1-30, Table 2) have been
isolated from Rhamnus species. Of these,
compounds, a cytotoxic compound prinoidin (23)
was reported from the fruits of R. nepalensis
against KB (human epidermoid carcinoma of the
mouth) with ICso value of 0.045 pM, which was
four times more potent than the standard
doxorubicin having ICso value of 0.2 uM (69). A
prominent anti-tyrosinase effect was displayed by
6-methoxysorigenin  (12) reported from R.
nakaharai with ICso vaue of 42.2 pM, which was
twofold more potent than kojic acid with ICso value
of 82.1 uM (70). In a related study, antioxidant
alaternin (10) was reported from R. nakaharai with
ICso value of 117.7 yM compared to ascorbic acid
(ICso value of 63.7 uM) using DPPH assay method
(70).

Flavonoids

Flavonoids, which are important secondary
metabolites, are widespread in the plant kingdom,
either in a free form or in the form of glycosides
with wide spectrum of pharmacological application
(71). Various flavonoids (31-52) and their
derivatives have been reported from the genus
Rhamnus. Of these, flavonoids 31, 33, 36, 37 and
40 exhibited cytotoxic, antioxidant, anti-
hyperlipidemia, anti-proliferative, and anti-
genotoxic activity (72-75).

Naphthalene derivatives

To date, 7 naphthalene derivatives (53-59) have
been reported from different parts of Rhamnus
species such as R. prinoides, R. cathartica, R.

REVIEW ARTICLE

wightii, R. procumbens, R. makaharai, R. pallasri
and R. serrutu. Of these, musizen (54) obtained
from whole part of R. wightii exhibited antibacterial
activities against S. aureus and K. pneumonia
using agar disc diffusion assay with MIC value of 9
pg/mL, which was more potent than streptomycin
having MIC value of 120 ug/mL (76).

Terpenoids

Up to date, four terpenoids (60-63) have been
reported from leaves and bark extracts of R.
califormica (77).

Alkaloids

Alkaloids are a large group of naturally occurring
compounds with diverse pharmacological activity
(78). To date, four alkaloids (64-67) have been
reported from leaves and bark extracts of R.
califormica (77).

Steroids

Previous studies reported Ilimited number of
steriods and steriod glycosides such as B-sitosterol
(68) from roots of R. formosana, root bark and
leaves of R. alaternus and leaves of R. serrutu (79-
81) whereas stigmasterol-B-D-glycoside (69) and
B-sitosterol-3-O-glycoside (70) were reported
roots of R. formosana (79) and root bark and
leaves of R. alaternus (80), respectively.

Organic acids

Organic acids are another important component of
the genus Rhamnus. Previously studied revealed
compounds 71-72 and 73-75 from leaves of R.
alaternus (82) and leaves of R. heterophylla (83),
respectively.

Miscellaneous Compounds

Compounds 76 and 77 were reported from root
and bark of R. serrutu and R. davurica,
respectively (81, 84). The later was also reported
from heart wood parts of R. nakaharai (70).

903



Table 2: Compounds reported from the genus Rhamnus.

Compound Plant species Part used Reference
Anthraquinones
Chryisophanol (1) R.formosana and R. serrata Root (79, 81)
R.prinoides Leaves, Stem (85)
R.alaternus Stem, bark (86)
R.frangula Stem bark and (87)
branch
R.sphaerosperma Stem (88)
R.alpinus and R.saxatilis Bark (89-91)
R.nepalensis Fruit (69)
R.californica Leaf and bark (77)
Emodin (2) R.formosanaand R. serrata Root (79, 81)
R.pumila Stem,bark (86)
R.prinoides Fruit, Leaf (92, 93)
R.cathartica, R.pubescens, Leaf (83, 94-96)
R. alaternus and
R.heterophylla
R.frangula Stem bark and (87)
branch
R.sphaerosperma Stem (88)
R.procumbens Whole part (97)
R.alpinus and R.saxatilis Bark (89, 90)
R.nakaharai heartwood (70)
R.nepalensis Fruit (69)
R.californica Leaf and bark (77)
Physcion (3) R.formosana Root (79)
R.fallax Stem, bark (86)
R.intermedia Stem (86)
R.prinoides Leaf and Stem (85, 92)
R.frangula Stem bark and (87)
branch

904



R.serrate, R.alaternus and R. Root (81, 98)
alaternus
R.sphaerosperma Stem (88)
R.davurica, R.alpinus and Bark (84, 89, 91)
R.saxatilis
R.procumbens Whole part (97)
R.nepalensis Fruit (69)
R.californica Leaf and bark (77)
Emodinanthrone (4) R.prinoides Leaves, Stem (85, 93)
Emodinbianthrone (5) R.prinoides Fruits (93)
R.nepalensis Fruit (69)
Chrysophanol-emodinbianthrones R.nepalensis Fruit (69)
6
éh)rysophanolbianthrone (7) R.nepalensis Fruit (69)
1,2,6,8-tetrahydroxy-3- R.nakaharai heartwood (70)
methylanthraquinone-8-0-§-
glucopyranoside (8)
emodin-8-0-B-glucopyranoside (9) R.nakaharai heartwood (70)
Alaternin (10) R.nakaharai heartwood (70)
6-methoxysorigenin-8-0-f3- R.nakaharai heartwood (70)
glucopyranoside (11)
6-methoxysorigenin (12) R.nakaharai heartwood (70)
Aloe-emodin (13) R.alaternus Root (98)
R.alpinus and R.saxatilis Bark (89-91)
Rhein (14) R.alaternus Root (98)
R.alpinus and R.saxatilis Bark (89-91)
Madagascin (15) R.saxatilis and R. alpinus Bark (90)
R.cathartica and Fruit (99)
intermedia
3-geranyloxyemodin (16) R.saxatilis and R. alpinus Bark (90)
emodin-6-0-arabinopyranoside- R.alaternus Fruit (100)
3’,4’'-diacetate (17)
emodin-6-O-arabinopyranoside- R.alaternus Fruit (100)
2',3',4'-triacetate (18)
Emodin 6-O-B-L-rhamnose (19) R.libanoticus Bark (101)
Emodin 8-0O-B-D-glucoside (20) R.libanoticus Bark (101)
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Physcion 8-0-fB-rutinoside (21) R.libanoticus Bark (101)
R.pallasri Bark (102)

Emodinanthrone-6-0- R.prinoides Fruit (93)

rhamnopyranoside-2',3",4'-

triacetate (22)

Prinoidin (23) R.prinoides Fruit (85, 93)

Prinoidin-emodinbianthrones (24) R. nepalensis Fruit (69)

Rhamnepalins (25) R. nepalensis Fruit (69)

Glucofrangulin (26) R.prinoides Fruit (103)
R.cathartica Leaf (94)

1,6,8-trihydroxy-3- R.formosana Root (104)

methylanthraquinone 1 -O-

rhamnosyl (1-2) glucoside (27)

1,8-dihydroxy-6-methoxy-3- methyl R.formosana Root (79)

anthraquinones 8-0- rhamnosyl-

(1-2)-glucoside (28)

1,2,6,8 tetrahydroxy-3 methyl R.alaternus Root bark and Leaf (80)

anthraquinone 8-0-B-D-

glucopyranoside (29)

1,4,6,8 tetrahydroxy-3 methyl R.alaternus Root bark and Leaf (80)

anthraquinones 1-0-B-D-

glucopyranosyl-4,6-di-O-a-L-

rhamnopyranoside (30)

Flavonoids

Kaempferol-3-0-B-rhamninoside R.petiolaris Fruit (105)

(31) R. nakaharai Heartwood (70)
R. alaternus Leaf (72, 73)

Luteolin (32) R.alaternus Leaf (82)
R.davurica Bark (84)

Kaempferol (33) R.alaternus Leaf, Fruit (96, 106)
R.lycioides Aerial parts (107)
R.davurica Bark (84)
R.saxatilis, R.catharticus and Fruit (106)
R.disperma
R.californica Leaf and bark (77)
R.pallasii Bark (108)

906



R.heterophylla Leaf (83)
Quercetin (34) R.lycioides Aerial part (107)
R.pallasii and R.davurica Bark (84)
R.saxatilis, R.catharticus, Fruit (106)
R.alaternus and R.disperma
R.californica Leaf and bark (77)
R.heterophylla Leaf (83)
Rhamnazin-3- isorhamninoside (35) R.formosana Root (104)
Rhamnocitrin 3-O-B-isorhamninoside R.formosana Root (104)
(36) R.nakaharai heartwood (70)
R. alaternus Leaf (72, 73)
Rhamnetin 3-O-isorhamninoside R. alaternus Leaf (72, 73)
37
(Rhaznnetin 3-0-(3""-0-B- R.petiolaris Fruit (105)
coumaroyl)-B - rhamninoside (38)
Quercitrin 39) R.petiolaris Fruit (105)
R.pallnsii Bark (108)
Apigenin (40) R.davurica Bark (84)
Rutin (41) R.alaternus Leaf (82)
R.cathartica Leaf (94)
Rhamnazin (42) R.prinoides Fruits, Leaf (93)
R.lycioides Arial part (107)
R.disperma Arial part (109)
R.heterophylla Leaf (83)
Rhamnetin (43) R.lycioides Arial Part (107)
R.disperma Fruit (70)
Aromadendrin (44) R.lycioides Arial Part (110)
R.pallasii Bark (108)
Eriodictyol (45) R.lycioides Arial Part (110)
R.pallasii Bark (108)
Rhamnocitrin (46) R.prinoides Leaf and Stem (93)
R.lycioides Arial Part (107)
R.davurica Bark (84)
R.saxatilis Fruit (106)
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R.catharticus Fruit (106)
R.alaternus Fruit (106)
R.heterophylla Leaf (83)
Taxifolin (47) R.lycioides Arial Part (107)
R.pallnsii Bark (108)
R.davurica Bark (84)
R.pallasii Bark (108)
3- methoxy flavone (48) R.lycioides Aerial part (107)
3-0O-Methylquercetin (49) R.prinoides Leaf and Stem (93)
Pallasiin (50) R.pallasii Bark (108)
Isorhamnetin (51) R.pallasii Bark (108)
Mearnsetin (52) R.pallasii Bark (108)
Naphthalene Derivatives
Geshoidin (P-sorigenin-8-0-p-D- R.prinoides Leaf and stem (85)
glucoside) (53) R. cathartica Leaf
Musizin (54) R.prinoides Leaf and stem (85)
R.wightii and R. procumbens  Whole part (76, 97)
Isotorachrysone (55) R.nakaharai Root bark (111)
B-sorigenin (56) R.prinoides Leaf and stem (85)
R. cathartica Leaf (94)
a-sorinin (57) R.pallasri Bark (102)
Eugenine (58) R.serrutu Root (81)
3-hydroxyeugenine (59) R.serrutu Root (81)
Terpenoids
Umbellulone (60) R.californica Leaf and bark (77)
1,8-cineole (61) R.californica Leaf and bark (77)
a-terpineol (62) R.californica Leaf and bark (77)
Thymol (63) R.californica Leaf and bark (77)
Alkaloid
Domesticine (64) R.californica Leaf and bark (77)
Nordomesticine (65) R.californica Leaf and bark (77)
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Isoboldine (66) R.californica Leaf and bark (77)
Bufotenine (67) R.californica Leaf and bark (77)
Steroids
Stigmasterol-B-D-glycoside (68) R.formosana Root (79)
B-sitosterol (69) R.formosana Root (79)
R.alaternus Root bark and Leaf (80)
R.serrutu Leaf (81)
B-sitosterol-3-0O-glycoside (70) R.alaternus Root bark and Leaf (80)
Organic Acid
P-coumaric acid (71) R.alaternus Leaf (82)
Ferulic acid (72) R.alaternus Leaf (82)
Gallic acid (73) R.alaternus Leaf (82)
R.heterophylla Leaf (83)
Malic acid (74) R.heterophylla Leaf (83)
Salicylic acid (75) R.heterophylla Leaf (83)
Miscellaneous Compounds
5-hydroxy-7-methoxyphtali (76) R.serrutu Root (81)
R.davurica Bark (84)
p-hydroxybenzaldehyde (77) R. nakaharai Heart wood (70)
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Figure 2: Anthraquinones reported from the genus Rhamnus.
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Essential oils

The essential oils from plants are known with
various pharmacological activities (112). Campbell
et al., (2019) reported essential oils from the
leaves of R. prinoides of which 4-hydroxy-4-
methyl-2-pentanone and ethyl 4-ethoxybenzoate
score more than 85% and exhibited significant
anti-biofilm activity (113). In a related study,
Chouitah et al., (2012) reported essential oils from
the leaves of R.alaternus (114) of which camphene
(17.63 %), linalool (16.13 %), pulegone (15.01
%), naphthalene (14.66 %), mequinol (2.77 %)
and borneol (2.13 %) are among the major
components.

Pharmacological activities

Hepatoprotective activity

Berroukche et al. (2015) evaluated
hepatoprotective activity of the macerated R.
alaternus extract in Wistar rats treated with the
toxic carbon tetrachloride (CCls) that causes
hepatic damage through evaluation of both the
biochemical and histopathological changes in rats.
The extracts with bodily weight (250 mg/kg)

reduced the elevated levels of alkaline
phosphatase (ALP),Glutamic oxaloacetic
transaminase (GOT),Glutamic pyruvic
transaminase (GPT) and total bilirubin and
significantly attenuated the deleterious

histopathologic changes in the liver after carbon
tetrachloride (CCls)-intoxication (14).

Anti-inflammatory activity

Thakru and Prasad (2019) evaluated in vivo anti-
inflammatory activity of ethanolic extract of
R.purpureus stem bark using the carrageenan-
induced rat paw edema assay in adult Swiss albino
mice, where 200 mg/kg bodily weight of the
extract was administered orally to different groups
of mice with indomethacin (10mg/kg) as the
positive control. The crude ethanolic extract
showed considerable (P < 0.05) anti-inflammatory
activity with inhibition of 54.50% and 54.77%
after 3 h and 4 h of treatment as compared to the
standard drug indomethacin (10 mg/kg) showed
the inhibition of 50.46%, and 51.78% after 3 h

and 4 h of treatment, respectively (115).

Chen et al., (2018) evaluated the anti-
inflammatory activity of apigenin (40) and
Kaempferol (33) isolated from 80% methanol bark
extract of R.davurica Pall using the cyclooxygenase
(COX-2) inhibition assay, with aspirin as the
positive control. Apigenin (40) and Kaempferol
(33) exhibited anti-inflammatory activity with ICsg
values of 10.14 and 9.27 yg/mL, respectively (74).
Chen et al., (2020) evaluated anti-inflammatory
activity of 60% ethanol stem and stem bark semi-
purified extracts of R.prinoides using
cyclooxygenase (COX-2) inhibition assay, with
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aspirin as the positive control. The semi-purified
extract exhibited activity with ICso value of 20.6
pg/mL, which was weak activity compared to ICso
value of 6.33 pg/mL exhibited by ascorbic acid

(116).

Antibacterial activity

Molla et al., (2016) evaluated antibacterial
activities of methanol and chloroform solvent
fractions of R.prinoides crude leaves extract
against S. aureus, S. pyogen, S. pneumoniae, and
S. typhi using agar well diffusion methods with
ampicillin and ciprofloxacin as positive controls.
Methanol and chloroform extracts revealed
antibacterial activities at different concentrations
(78 mg/well, 39 mg/well, and 19.5 mg/well). The
average minimum inhibitory concentration of the
methanol and chloroform extracts ranged from
8.13-32.5 mg/mL and 8.13-16.25 mg/mL,
respectively (117).

Ammar et al., (2007) evaluated the antibacterial
activities of petroleum ether, chloroform, ethyl
acetate, methanol, and total Oligomers flavonoids
(TOF) enriched leaves extracts of R.alaternus
against S. aureus, E. faecalis, E. coli, S. enteritidis
and S. typhimurium using micro dilution and agar
dilution methods. The TOF extracts showed
activities against S. aureus, E. faecalis, E. coli, S.
enteritidis and S. typhimurium with MIC values of
120 pg/mL,175 pg/mL, 1.75 mg/mL, 125 pg/mL
and 62.5 pg/mL, respectively, while the ethyl
acetate extract exhibited with MIC values of 70
pg/mL, 150 upg/mL, 3.75 mg/mL, 100 ug/mL and

175 pg/mL, respectively (118).

Chouitah et al., (2012) evaluated antibacterial
activities of essential oils of R.alaternus leaves
against P. aeroginosa, E. coli and S. typhimurium
using the paper disc diffusion method. The
essential oils exhibited activities with zones of
inhibition 8, 17 and 15 mm, respectively (114).
Carranza et al., (2015) evaluated antibacterial
activities of methanol extracts of leaves and bark
of R. californica against B. cereus, S. pyogenes, M.
smegmatis, S. aureus, methicillin-resistant S.
aureus (MRSA), E. coli, and P. aeruginosa using
disc diffusion and minimal inhibitory concentration
(MIC) assays. Both extracts inhibited MRSA growth
and other Gram-positive bacteria with MICs of 3.3-
6.0 mg/mL (77). Raja et al., (2018) evaluated
antibacterial activities of ethyl acetate extract of
R.wightii whole part against S. aureus, B. cereus,
E. faecalis, K. pneumonia, P. aeruginosa and E.
coli using agar disc diffusion method with
streptomycin and gentamycin as positive controls.
The ethyl acetate extract of the whole part of
R.wightii revealed inhibition zones (in mm) of 15,
16.66, 15, 19, 10.66 and 12, respectively, which is
highly comparable with the positive control,
streptomycin (25 pg/disc) and gentamycin (50

913



Nigussie G, Melak H, Endale M. JOTCSA. 2021; 8(3): 899-932.

pg/disc). The isolated compound musizen (54) and
standard drugs have additionally inhibited S.
aureus and K. pneumonia growth at a
concentration (MIC value) of 9 pg/mL and 120

pg/mL, respectively (76).

Kosalec et al., (2013) evaluated antibacterial
activities of methanol bark extracts of R. alaternus,
R. fallax, R. intermedia and R. pumila against S.
aureus, P. aeruginosa and E. coli using micro-
dilution broth assay. All plant extracts exhibited
activities with MIC values of ranging from 1.25 to
2.5 pyg/mL (86). Carranza et al., (2015) evaluated
antibacterial activities of methanol leaf extracts of
R.californica against S. aureus, Methicillin-resistant
S. aureus, B. cereus, P. aeruginosa, S. pyogenes
and E. coli using Kirby-Bauer disc diffusion assay
with streptomycin as positive control. The extract
exhibited activities with zone of inhibition ranging
from 9 mm to 14.3 mm, which was moderate
activities compared to the standard with zone of

inhibition ranging from 17 mm to 23.8 mm (77).

Antifungal Activity

Kosalec et al., (2013) evaluated antibacterial
activities of methanol bark extracts of R. alaternus,
R. fallax, R. intermedia and R. pumila against C.
albicans, A. niger and M. gypseum using micro-
dilution broth assay. All the plant extracts
exhibited activities with MIC values of 0.625
mg/mL and 2.5 mg/mL against Candida albicans
and Aspergillus niger, respectively, whereas
extracts of R. fallax, R. intermedia and R. pumila
exhibited with MIC value of 0.313 mg/mL against
dermatophyte species (Microsporum gypseum)

(86).

Antimalarial activity

Koch et al. (2009) evaluated antimalarial activities
of chloroform root bark extracts of R. prinoides
against chloroquine-sensitive Plasmodium
falciparum strain using ELISA assay with
chloroquine as standard drug. The extract exhibit
with ICso value of 3.53pg/mL, which was weak
activities compared to ICso value of 0.004 pg/mL
exhibited by chloroquine the standard drug (119).
Another study evaluated the anti-plasmodia
activities of n-hexane, dichloromethane, and
methanol root extracts of R.prinoides using the
radioisotope method. All extracts were found to
have in vitro antimalarial activity. The highest
activity was displayed by n-hexane and
dichloromethane extracts with ICso values of 19.9
pg/mL and 30.3 pg/mL, respectively (120). The
naphthalene derivative geshoidin (53) from
R.prinoides showed an ICso value of 4.0 pM and
0.4 pM against the chloroquine-sensitive (D6) and
chloroquine-resistant (W2) strains of Plasmodium
falciparum (121). In a related study, in vivo anti-
malarial activity of aqueous extracts from leaves
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and root barks of R.staddo, R. prinoides and their
chloroquine (CQ) potential effects against a blood-
induced CQ-resistant rodent parasite in mice
showed high chemo suppression in the range 51%
-75% (122). Results of those studies suggest that
the extracts of R.prinoides have a promising
antiplasmodial activity which supports the folkloric
use of the plant for treating malaria.

Antioxidant activity

Bhouri et al., (2011) evaluated Kaempferol 3-0-3-
isorhamninoside (31) and rhamnocitrin 3-0-3-
isorhamninoside (36) isolated from soxhlet
methanolic leaves extract of R.alaternus using
superoxide radical scavenging activity with
riboflavin as reference signal. The compounds
produced an 80.4% and 85.6% decrease in
NBT/riboflavin photo reduction, respectively, at a
dose of 150 pg/assay. However K30-ir was more
potent superoxide scavenger with an ICso value of
18.75 pg/mL than R30-ir (ICso = 22.5 pg/mL)(73).
Rocchetti et al., (2019) determined the antioxidant
activities of methanol and aqueous unmature fruit
extracts of R.petiolaris using radical scavenging
activities (DPPH and ABTS assay) with reported as
trolox equivalents (mgTE/g extract) as reference.
The methanolic and aqueous unmature fruit
extracts were the most effective 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS)
scavenger (470.96 mg trolox equivalent (TE)/g
and 394.96 mg TE/Qg) respectively (123).

Zeouk et al., (2020) evaluated in vivo antioxidant
activities of ethanolic extracts of R.alaternus leaves
using scavenging activities (DPPH assay) with
butylated hydroxytoluene (BHT) as a standard. The
crude extract showed activities with ICso value of
58 pg/mL, which has good antioxidant activities
when compared to ICsp value of 31 pg/mL
exhibited by butylated hydroxytoluene (BHT), the
positive control. Similarly, ethanolic extracts of
R.alaternus leaves fraction have exhibited highest
antioxidant activity with ICso values of 32.76%,

27.01% and 38.87%, respectively(96).

Ammar et al., (2008) evaluated the antioxidant
activity of aqueous extract and ethyl acetate
fraction leaves of R.alaternus using Xanthine
Oxidase (XOD) assay with allopurinol as positive
control. The aqueous extract and ethyl acetate
fraction exhibited high xanthine oxidase inhibiting
with respective ICso values of 208 and 137 pg/mL
and super oxide anion scavenging effects with ICs
values of 132 and 117 pg/mL (124). Ammar et al.,
(2009) evaluated the antioxidant activities of
methanolic and total oligomer flavonoid enriched
extracts from R.alaternus leaves using DPPH
radical scavenging and xanthine oxidase (XOD)
assay with vitamin E and allopurinol as positive
control, respectively. Rhamnetin-3-0O-
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isorhamninoside (37) showed DPPH activities with
ICso value of 1.5 pg/mL which is more antioxidant
activity as compared to ICsg value of 3 pg/mL
exhibited by vitamin E the standard drug.
Similarly, the isolated compound exhibited
xanthine oxidase (XOD) inhibiting with respective
ICsp values of 18, 81 and 40 pg/mL and superoxide
anion scavenging effects with ICso values of 42,79
and 35 pg/mL as compared with the positive
control allopurinol having ICso value of 37 and 4

Hg/mL, respectively (72).

Ben Ammar et al., (2008) evaluated antioxidant
activities of methanol extracts from R.alaternus
leaves and root bark wusing DPPH radical
scavenging and xanthine oxidase (XOD) assay with
a-tocopherol and allopurinol as positive control,
respectively. The root bark extract of R.alaternus
revealed more effective than the leaves extract
with ICso values of 7.21 and 18.84 pg/mL,
respectively, compared to ICso value of 3 pg/mL
exhibited by a-tocopherol. Similarly, the leaves
and root bark extract exhibited xanthine oxidase
(XOD) inhibiting with respective ICso values of
103.96 and 83.33 pg/mL and superoxide anion
scavenging effects with ICso values of 171 and 92
Mg/mL compared to allopurinol having ICso value of

37.3 and 6 pg/mL, respectively(125).
Bhouri et al., (2012) evaluated antioxidant
activities of Kaempferol-3-0-B-isorhamninoside
and rhamnocitrin 3-0-B-isorhamninoside (37)
isolated from leaves of R. alaternus using cupric
reducing antioxidant capacity (CUPRAC), reducing
power assay, and ferric reducing antioxidant power
(FRAP) with Trolox (10-1000 pg/mL) as a positive
control. The compound K30-ir and R30-ir
exhibited a significant ability to reduce the Cu?*
neocuproine complex to Cu* neocuproine in a dose
dependent manner. The highest values obtained
with 1 mg/mL of each compound, were 374 ug/mL
and 310 pg/mL equivalent to Trolox, respectively.
The reducing power assay evaluates antioxidant
capacity of compounds based on their ability to
reduce ferric (Fe3*) to ferrous (Fe?*) ion through
the donation of an electron, with the resulting
ferrous ion (Fe?*) formation monitored
spectrophotometrically at 700 nm. The tested
compounds exhibited good reducing potential a
concentration of 1 mg/mL. R30-ir exhibited higher
reducing power of iron (368 pg/mL equivalent of
Trolox) than K30-ir (330 pg/mL equivalent of

Trolox) (126).

Chaouche et al., (2020) evaluated the antioxidant
activities of methanol-acetone leaves and stem
bark extracts of R. alaternus using DPPH radical
scavenging and ferric reducing antioxidant
potential (FRAP) assay with butylated
hydroxyanisole (BHA) as a positive control. The
leaves and stem bark extracts exhibited DPPH
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activities with ICso values of 10.5 and 51.2 ug/mL,
respectively, which was weak activity compared to
ICso value of 5.6 pg/mL exhibited by BHA the
positive control. Similarly, the leaves and stem
bark extracts exhibited FRAP activities with ECsg
values of 0.4 and 1.8 pg/mL, respectively, which
was weak activity compared to ECso value of 0.1

pg/mL exhibited by BHA (127).

Hsiao et al., (1996) evaluated antioxidant activities
of compound isotorachrysone (55) isolated from
root bark extracts of R.nakaharai using iron-
induced lipid peroxidation technique in rat brain
homogenates with butylated hydroxytoluene
(BHT), alpha tocopherol and desferrioxamine as a
positive controls. The study revealed that
isotorachrysone (55) exhibited ICso value of 1.64
UM, which was comparable to ICso value of 1.08uM
exhibited by BHT and was more potent than alpha
tocopherol and desferrioxamine with ICso values of
3.71 and 97.10 pM as standard drug (111).

Kosalec et al., (2013) evaluated antioxidant
activities of bark extracts of R. alaternus, R. fallax,
R. intermedia and R. pumila using B-carotene-
linoleic acid, DPPH radical scavenging, reducing
power assay, and chelating activity with BHA,
ascorbic acid, quercetin, and EDTA as positive
controls. All the plant extracts, R. alaternus, R.
fallax, R. intermedia and R. pumila exhibited
activities using pB-carotene-linoleic acid assay with
ECso values of 250, 289, 38 and 29.5 pg/mL
respectively, which was greater activity compared
to ECso value of 852 pg/mL exhibited by ascorbic
acid. Similarly, all the plant extracts, R. alaternus,
R. fallax, R. intermedia and R. pumila exhibited
activities using reducing power assay with ECso
values of 0.91, 1.99, 0.81 and 0.99 pg/mL
respectively, which was comparable and greater
activities compared to ECsp values of 7.53, 1.8 and
7.59 ug/mL, respectively, exhibited by BHA,
quercetin and ascorbic acid as standard drugs

(86).

Lu et al., (2016) evaluated antioxidant activates of
alaternin (10) and emodin-8-0-glucoside (20)
isolated from methanol extracts of R.nakaharai
heart wood using ABTS, DPPH and Superoxide
dismutase (SOD-like) assay with ascorbic acid, 3-t-
butyl-4-hydroxynisode (BHA) as positive control.
The compound alaternin (10), showed DPPH
activity with ICso value of 117.7 pM, which was
moderate activities compared to ICso value of 63.7
UM exhibited by ascorbic acid. Also, alaternin (10)
and emodin-8-0O-glucoside (20) exhibited SOD-like
activities with ICso values of 247 and 232 uM,
respectively, which were better activities compared
to ICso value of 292 pM exhibited by BHA (70).
Chen et al., (2020) evaluated antioxidant activities
of 60% ethanol stem and stem bark crude and
semi purified extracts of R.prinoides using DPPH
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and ABTS assay with butylated hydroxytoluene
(BHT) as positive control. The semi-purified extract
exhibit DPPH activities with ICso value of 0.2
mg/mL, which was more potent than the standard
BHT having ICso value of 0.286 mg/mL. Similarly,
the crude extracts exhibit ABTS activities with ICso
value of 0.0596 mg/mL, which was comparable to

ICso value of BHT (116).

Mazhar et al., (2013) evaluated antioxidant
activities of methanol extract and their fractions
(ethyl acetate, n-butanol, chloroform and n-
hexane) of R.triquetra aerial parts using DPPH
assay with butylated hydroxytoluene (BHT) as a
positive control. The crude extract and their
fractions exhibited activities with ICso values of
70.26, 7.59, 37.98, 60.09 and 182.99 pg/mL
respectively, of which the ethyl acetate fraction
showed better activity among the extracts,
compared to ICso value of 12.1 pg/mL exhibited by
BHT (128). Boussahel et al., (2013) evaluated
antioxidant activities of methanol and aqueous
extract of R. alaternus leaves using DPPH and B-
carotene-linoleic acid assay with butylated
hydroxytoluene (BHT) as a positive control. The
methanolic and aqueous extracts exhibited DPPH
activities with ICso values of 0.082 and 0.398
mg/mL, respectively, of which methanol extract is
more active, compared to ICso value of 0.032
mg/mL exhibited by BHT. Similarly, the methanol
extract exhibited activities using [-carotene-
linoleic acid assay with 89% inhibition, which was
comparable to 99.2% inhibition displayed by BHT
(129). Boussahel et al., (2015) evaluated
antioxidant activities of methanol bark extract of
R. alaternus using oxygen radical absorbance
capacity assay (ORAC) with trolox equivalent
antioxidant capacity as a standard. The extract
exhibited with 6.55 mmol TE/g extract, which was
more active as compared to the standard TEAC
with 0.75 mmol TE/g extract (130).

Antiproliferative Activity

Ben Ammar et al., (2008) evaluated the
antiproliferative effect of root bark and leaves
extracts obtained from R. alaternus against K562
human cell line and L1210 mouse lymphoma cells,
at various concentrations comprised between 100
and 800 pg/mL using tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (MTT) assay. The leaves and roots
extracts from R. alaternus showed interesting
antiproliferative in a dose-dependent manner. The
root extract was more effective than the leaves, on
both types of leukemia cells. Indeed, concerning
the K562 human cell, the ICso values of roots and
leaves extracts were determined at 165 and
260.69 pg/mL, respectively. Concerning the L1210
cells, the ICso values of roots and leaves extracts
were determined at 210.73 and 343.10 pg/mL,
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respectively, in the presence of a-tocopherol as
positive control (125).

Chen et al., (2016) evaluated the antiproliferative
effect of 80% methanol extracts obtained from
R.davurica using protein-staining sulforhodamine B
(SRB) microculture colorimetric assay against
human cancer cell lines of HT-29 (intestinal
carcinoma) and SGC-7901 (gastric carcinoma).
The extract exhibited significant dose-dependent
antiproliferative activities against HT-29 and SGC-
7901 cells with ICso values of 24.96 and 89.53
pg/mL, respectively. Meanwhile, inhibitory
activities against both HT-29 and SGC-7901 cells
significantly increased by the treatment with R.
davurica bark extract in a time-dependent manner
from 24-96 h at a dose of 150 pg/mL, although
there was a decrease on SGC-7901 cells at the
time from 72 h-96 h (84).

Chen et al., (2018) evaluated the antiproliferative
effect of compounds apigenin (40) and kaempferol
(33) obtained from 80% methanol extracts of
R.davurica bark using MTT colorimetric assay
against three human cancer cell lines of Hep G2
(hepatic cancer), SGC-7901 (gastric carcinoma),
and HT-29 (intestinal carcinoma). Kaempferol (33)
exhibited antiproliferative activities against HT-29,
SGC-7901 and Hep G2 cells with ICspvalues of
25.7, 13.43 and 20 upg/mL respectively, while the
compound apigenin (40) exhibited with ICso values
19.79, 17.76 and 10.20 pg/mL, respectively (74).

Wound healing Activity

Tessema et al., (2021) evaluated wound healing
activities of methanol leaf extracts of R.prinoides
using excision and incision models in adult Swiss
albino mice, with nitrofurazone ointment as a
standard. Treatment with 5 % and 10 % (w/w)
methanol extract ointment exhibited significant
wound recovery activities in both excision and
incision models, which has higher activity when
compared the standard nitrofurazone ointment
(131).

Cytotoxicity and Toxicity Activity

Ahmadi et al., (2016) evaluated the cytotoxic
activities of hydroalcoholic extracts of R.frangula
against breast cancer cellline (MCF-7) using 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. The extract exhibited
activities with half maximal cytotoxic concentration
(CCsp) value of 10 mg/mL (132). Ben Ammar et
al., (2008) evaluated the cytotoxic activities of
petroleum ether, chloroform, ethyl acetate,
methanol and total oligomers flavonoids (TOF)
enriched leaves extracts of R.alaternus against
human chronic myelogenous K562 and murine
Leukaemia L1210 cells using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The TOF extract exhibited
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with ICso values of 75 pg/mL and 198 pjg/mL
against K562 and L1210 cells, respectively.
Similarly, the ethyl acetate extract showed
activities with ICso values of 232 pg/mL and 176

Hg/mL respectively (125).

Bhouri et al., (2011) evaluated the cytotoxic
activities of kaempferol 3-O-B-isorhamninoside and
rhamnocitrin 3-0-B-isorhamninoside isolated from
methanol leaves extracts of R.alaternus using
Alamar blue assay against human lymphoblastoid
TK6 cells, with cells treated by 0.5% DMSO as a
control. The compound neither K30-ir nor R30-ir
reached 50% inhibition of TK6 cell proliferation
(75). Chen et al., (2016) evaluated in vitro toxicity
activity of 80% ethanol bark extracts of R.
davurica against normal human hepatic cells (L-
02) using protein-staining sulforhodamine B (SRB)
microculture colorimetric assay. The extract
exhibited activities with ICso value of 229.19
pg/mL on L-02, which suggested that R. davurica
bark extract showed very low or no toxicity on
hepatic cell viability (84).

Mai et al., (2001) evaluated cytotoxicity activity of
prinoidin (23) isolated from methanol extracts of
R.nepalensis fruit against KB (human epidermoid
carcinoma of the mouth) cell using MTT assay with
doxorubicin as a positive control. Prinoidin (23)
exhibited ICso value of 0.045 uM, which was four
times more potent than the standard, doxorubicin,
having ICso value of 0.2 pM (69). Boussahel et al.,
(2015) evaluated cytotoxicity of methanol extract
of R.alaternus bark against human monocytic
leukemia cells (U937) using trypan blue assay with
taxol as standard drug. The extract exhibited
activities with ICso values of 6.39 pg/mL, which
was comparable to ICso value of 2.47 pg/mL
exhibited by taxol the standard drug (130).

Anti-tyrosinase Activity

Lu et al., (2016) evaluated the anti-tyrosinase
activity of 6-methoxysorigenin (12) isolated from
methanol extracts of R.nakaharai using mushroom
tyrosine inhibitory assay with kojic acid as positive
control. The study revealed that 6-
methoxysorigenin (12) exhibited activities with
ICso value of 42.2 uM, which was twofold inhibitory
effect than the positive control kojil acid having

ICso value of 82.1 uM (70).

Antihyperlipidemic Activity

Tacherfiout et al., (2018) evaluated
antihyperlipidemic activities of methanol extracts
of R.alaternus leaf on circulating lipids in rats with
Triton WR-1339-induced hyperlipidemia,
intracellular lipid accumulation and expression of
genes of fatty acid metabolism in human hepatoma
HepG2 cells, and adipogenesis in the 3T3-L1
murine adipocyte cell model. The Oral crude
extract administration decreased blood levels of
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cholesterol and triacylglycerol in hyperlipidemic
rats (by 60% and 70%, respectively, at 200 mg
extract/kg). In HepG2 cells, the extract exposure
dose-dependently decreased intracellular lipids and
up-regulated gene expression of carnitine
palmitoyl transferase 1 involved in fatty acid
oxidation, while in the 3T3-L1 model the extract
favored preadipocyte proliferation and
adipogenesis, pointing to positive effects on

adipose tissue expandability(133).

Ammar et al.,
peroxidation activity of
isorhamninoside, rhamnocitrin-3-0-
isorhamninoside and rhamnetin-3-0--
isorhamninoside (37) from methanol leaf extracts
of R. alaternuswas estimated by calculating the
values of malondialdehyde (MDA) in cultured K562
human chronic myelogenous leukemia cells. In this
study, the compounds displayed ICso values of
180,320 and 106 pg/mL, respectively, compared
to ICso value of 15ug/mL exhibited by vitamin C as
a reference (72).

(2009) evaluated the anti lipid
kaempferol 3-0-B-

Antimutagenic activity

Ammar et al., (2008) evaluated the antimutagenic
activity of leaves extracts by the Ames assay,
using the mutagen Aflatoxin Bl (AFB1l) at a
concentration of 10 pg/mL. The experiment was
carried out with two strains of Salmonella
Typhimurium (i.e., TA98 and TA100) in the
presence of various extracts, and spontaneous
revertant was used as control. Petroleum ether,
chloroform, methanol, water, and total oligomers
flavonoids (TOF) extracts obtained by R. alaternus
were investigated at various doses (10, 50, and
250 pg/mL) and remarkably reduced the AFB1-
induced mutagenicity. The study revealed that
ethyl acetate extract to be the most effective at a
dose of 250 pg/mL. At such dose, the inhibition
percentage of mutagenicity was determined by the

Ames assay up to 78% for the TA98 strain (124).

Antigenotoxic activity

Bhouriet al., (2011) evaluated the antigenotoxic
activity of Kaempferol 3-O-B-isorhamninoside and
rhamnocitrin3-0-B-isorhamninoside isolated from
methanol extract of leaves of R. alaternus on E.
coli PQ37 using SOS chromo test with two positive
control snifuroxazide and aflatoxin B1 used at 10
pg/assay and 5 upg/assay, respectively. The assay
carried out in absence of both aflatoxin B1 and
extracts constituted the negative control. For the
three flavonoid concentrations studied (1, 5, and
10 pg/assay), the antigenotoxic activity of
rhamnocitrin  3-O-B-isorhamninoside was higher
than the one determined for Kaempferol 3-0O-B-

isorhamninoside (73).

Bhouri et al., (2012) evaluated antigenotoxic
properties of Kaempferol 3-O-B-isorhamninoside
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(31) and rhamnocitrin 3-O-B-isorhamninoside (36)
isolated from leaves of R. alaternus (i.e.,) using
comet assay on human lymphoblastoid cells TK6
and NH32. Quantification of the comet data was
reported as Total DNA damage (TDD). The
compound exhibited no significant difference was
detected between the TDD induced by K3O-ir
(TbD=212, 151 and 67 at concentrations of
respectively of 800, 400 and 200 pg/mL) and that
induced by R30-ir (TDD=238, 139 and 110) at the
same tested concentrations in TK6 cells and the
negative control (non-treated cells; TDD=163) on
the other hand. In the opposite, a significant
increase of the total DNA damage (TDD=348) was

: 899-932.
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observed in TK6 cells exposed to 75 uM of H.0,,
compared to the untreated cells. Likewise, K30-ir
and R30-ir revealed a non genotoxic effect at the
doses of (200 and 400 pg/ml) whereas the highest
tested concentration (800 pg/mL) exhibited a
genotoxic effect when tested with NH32 cells. The
TDD values were 240 and 226 with respectively
K30-ir and R30-ir, suggesting inducing of DNA
breakage in p53 deficient lymphoblastoid human
cells (126).

Summary of pharmacological activity of Rhamanus
species is presented in Table 3 below.
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Table 3: Pharmacological activities of extracts and isolated compounds from Rhamnus species

Activity Plant species Extract Plant Part Method Effect Refs
Hepatoprotective R. alaternus aqueous leaves Biochemical ~and Extract reduced levels of alkaline phosphatase (ALP), (14)
histopathological Glutamic oxaloacetic transaminase (GOT), Glutamic
changes in Wistar pyruvic transaminase (GPT) and total bilirubin and
rats significantly attenuated deleterious histopathological
changes in the liver
Anti-inflammatory R. alaternus ethanol Stem bark Carrageenan- extract exhibited anti-inflammatory activity with inhibition (115)
induced rat paw of 54.50% and 54.77% after 3 hr and 4 hr of treatment
edema assay as compared the standard drug indomethacin (10 mg/kg)
showed the inhibition of 50.46%, and 51.78% after 3hr
and 4hr of treatment, respectively
Anti-inflammatory R. prinoides ethanol Stem and stem Cyclooxygenase extract exhibited activities with ICso value of 20.6 pg/mL, (116)
bark ( COX-2) assay which was weak activities compared to ICso value of 6.33
pg/mL exhibited by ascorbic acid the standard
Anti-inflammatory R. davurica methanol bark Cyclooxygenase The isolated compounds, apigenin (40) and Kaempferol (74)
( COX-2) assay (33) exhibited activities with ICso values of 10.14 and
9.27 pg/mL respectively
Antibacterial R. prinoides Methanol leaves Agar well diffusion  Extract exhibited activities against S. aureus, S. pyogen, (117)
and S. pneumoniae, and S. typhi with MIC value of methanol
chlorofor and chloroform fractions ranged from 8.13 mg/mL to 32.5
m mg/mL and from 8.13 mg/mL to 16.25 mg/mL,
respectively.
Antibacterial R. californica methanol Leaf and bark Disc diffusion Both extracts exhibited activities against B. cereus, S. (77)
pyogenes, M. smegmatis, S. aureus, methicillin-resistant
S. aureus (MRSA) with MIC value of 3.3-6.0 mg/mL
Antibacterial R. alaterus Ethyl leaves Microdilution and The TOF extract exhibited activities against S. aureus, E.
acetate agar dilution faecalis, E. coli, S. enteritidis and S. typhimurium with
and Total MIC values of 120 pg/mL,175 pg/mL, 1.75 mg/mL, 125 (118)
Oligomers pg/mL and 62.5 pg/mL respectively, while the ethyl
flavonoids acetate extract exhibited with MIC values of 70ug/mL,
(TOF) 150pg/mL, 3.75 mg/mL, 100 pg/mL and 175 pg/mL
respectively
Antibacterial R. wightii Ethyl Whole part Agar disc diffusion  Extract exhibited activities against S. aureus, B. cereus, (76)
acetate E. faecalis, K.pneumonia, P. aeruginosa and E. coliwith
inhibition zones (in mm) of 15, 16.66, 15, 19, 10.66 and
12 respectively
Antibacterial R. methanol Bark Micro-dilution All extract exhibited activities against S. aureus,P. (86)
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alaternus,R.

broth assay

aeruginosa and E. coli with MIC value of ranging from

fallax,R. 1.25 to 2.5 pg/mL
intermedia
and
R. pumila
Antibacterial R. califormica methanol Leaves Kirby-Bauer disc Extract exhibited activities against Staphylococcus aureus, (77)
diffusion Methicillin-resistant Staphylococcusaureus, Bacillus
cereus,Pseudomonas aeruginosa,Streptococcus pyogenes
and Escherichia coliwith zone of inhibition ranging from 9
mm to 14.3 mm
Antibacterial R. wightii Ethyl Whole part Agar disc diffusion  Musizen (54) exhibited activities against S. aureus and K. (76)
acetate pneumonia with MIC value of 9 pg/mL, which was more
potent than the standard drug Streptomycin having MIC
value of 120 pg/mL
Antifungal R. alaternus, methanol Bark micro-dilution All extract exhibited activities against C. albicans, A. niger (86)
R. fallax,R. broth assay and M.gypseum with MIC values of 0.625 mg/mL and 2.5
intermedia mg/mL against C. albicans and A.niger respectively, while
and the plant extracts R. fallax,R. intermedia and R. pumila
R. pumila exhibited with MIC value of 0.313 mg/ml against
dermatophyte species (M. gypseum)
Antimalarial R. prinoides Chlorofor  Root bark ELISA assay extract exhibited activities against chloroquine-sensitive (119)
m Plasmodium falciparum strain with ICso value of 3.53
pg/mL, which was weak activities compared to ICso value
of 0.004 pg/mL exhibited by chloroquine the standard
drug
Antimalarial R. prinoides Hexane&  root Radioisotope extracts of hexane and dichloromethane exhibited (120)
dichlorom activities anti-plasmodia with ICso values of 19.9 pg/mL
ethane and 30.3 pg/mL, respectively
Antimalarial R. prinoides aqueous Leaves and root blood-induced CQ- The plant extract and standard drug,chloroquine (CQ) (122)
and R. staddo bark resistant rodent potential effects against a blood-induced CQ-resistant
parasite in mice rodent parasite in mice showed high chemo suppression
in the range 51% -75%
Antioxidant R. alaterus methanol Root bark and DPPH , Xanthine The root bark and Leaves extract exhibited DPPH  (125)

leaves

Oxidase (XOD)
and

Superoxide anion
scavenging effects

activities with  ICso values of 7.21 and 18.84 pg/mL,
respectively, when compared to ICso value of 3 pg/mL
exhibited by a-tocopherol the positive control. Similarly,
the leaves and root bark extract exhibited xanthine
oxidase (XOD) inhibiting with respective ICso values of
103.96 and 83.33 pg/mL and superoxide anion
scavenging effects with ICso values of 171 and 92 pg/mL
as compared with the positive control allopurinol having
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IC50 value of 37.3 and 6 pg/mL respectively

Antioxidant R. petiolaris Methanol  fruit DPPH and ABTS Extracts exhibited activities with 470.96 mg trolox (123)
and assay equivalent (TE)/g and 394.96 mg TE/g) respectively
aqueous
Antioxidant R. alaternus methanol leaves DPPH, Xanthine Rhamnetin-3-0-B-isorhamninoside (38) exhibited DPPH (72)
Oxidase and activities with ICsg value of 1.5 pg/mL which is more
Superoxide anion antioxidant activity as compared to ICso value of 3 ug/mL
scavenging effects exhibited by vitamin E the standard drug. Similarly,
kaempferol 3-0-B-isorhamninoside (31), rhamnocitrin-3-
0O-B-isorhamninoside (36) and rhamnetin-3-0-
isorhamninoside (37) exhibited xanthine oxidase (XOD)
inhibiting with respective ICso values of 18, 81 and 40
pg/mL and superoxide anion scavenging effects with ICsgo
values of 42, 79 and 35ug/mL as compared with the
positive control allopurinol having ICso value of 37 and
4ug/mL respectively
Antioxidant R, alaternus methanol leaf Super oxide Kaempferol 3-O-B-isorhamninoside (31) and rhamnocitrin  (73)
radical scavenging 3-O-B-isorhamninoside exhibited activities with ICso
values 18.75 and 22.5 pg/mL respectively
Antioxidant R. nakaharai methanol Heart wood DPPH assay The isolated compound, alaternin (10) exhibited activities (70)
with ICso value of 117.7 uM, which was moderate
activities compared to ICso value of 63.7 pM exhibited by
ascorbic acid the standard drug
Antioxidant R. nakaharai Root bark Iron induced lipid The isolated compound, isotorachrysone (55) exhibited (111)
peroxidation activities with ICso value of 1.64 pM, which was
comparable to ICso value of 1.08 pM exhibited by the
standard butylated hydroxyl toluene (BHT) and was more
potent than a- tocophenol and desferrioxamine with ICsgo
values of 3.71 and 97.10 yM respectively
Antioxidant R. alaternus ethanol leaves DPPH assay extract exhibited activities with ICso value of 58 pg/mL, (96)
which has good antioxidant activities when compared to
ICso value of 31 pHg/mL exhibited by
butylatedhydroxytoluene (BHT), the positive control
Antioxidant R. alaterus Aqueous leaves Xanthine Oxidase aqueous extract and ethyl acetate fraction exhibited high (124)
and ethyl (XOD) and Super xanthine oxidase inhibiting with respective ICso values of
acetate oxide anion 208 and 137ug/mL, and super oxide anion scavenging
fraction scavenging effects with ICso values of 132 and 117pg/mL
Antioxidant R. alaterus Methanol- Leaf and stem DPPH assay and leaves and stem bark extracts exhibited DPPH activities (127)
acetone bark ferric reducing with ICso values of 10.5 and 51.2ug/mL respectively,

antioxidant
potential

which was weak activity compared to ICso value of
5.6pg/mL exhibited by BHA the positive control and FRAP
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activities  with ECso values of 0.4 and 1.8 pg/mL
respectively, which was weak activity compared to ECsp
value of 0.1 yg/mL exhibited by BHA the positive control

Antioxidant R. alaternus leaves Cupric reducing Kaempferol 3-0O-B-isorhamninoside (31) and rhamnocitrin  (126)

antioxidant 3-0-B-isorhamninoside (36) exhibited CUPRAC and
(CUPRAC), reduced power assay activities with ICso value of 1
reducing power mg/mL, while FRAP activities exhibited at the same

assay and ferric concentration 1000 pg/mL reduce a maximum of iron ion
reducing by 300 pg/mL and 320 pg/mL equivalent of Trolox
antioxidant power respectively

(FRAP)

Antioxidant R. alaternus, Bark beta-Carotene- All exhibited activities using B-Carotene-linoleic acid assay (86)
R. Fallax, linoleic acid, DPPH with ECso values of 250,289, 38 and 29.5 pg.mL
R. intermedia radical respectively, which was greater activity compared to ECso
and R. pumila scavenging, value of 852 ug/mL exhibited by ascorbic acid the positive

reducing power control. Similarly, all the plant extracts exhibited activities

assay and using reducing power assay with ECso values of 0.91,

Chelating activity 1.99, 0.81 and 0.99 pg/mL respectively, which was
comparable and greater activities compared to ECso
values of 7.53, 1.8 and 7.59 pg/mL respectively exhibited
by BHA, quercetin and ascorbic acid as standard drugs

Antioxidant R. prinoides ethanol Stem and stem DPPH The semi purified extract exhibited DPPH activities with (116)

bark and ABTS assay ICso value of 0.2 mg/mL, which was more potent than the
standard BHT having ICso value of 0.286 mg/mL.
Similarly, the crude extracts exhibit ABTS activities with
ICso value of 0.0596 mg/mL, which was comparable to
1Csp value of BHT, the positive control

Antioxidant R. triguetra methanol Aerial part DPPH assay crude extract and their fractions (ethyl acetate , n- (128)

butanol, chloroform and n-hexane) exhibited activities
with ICso values of 70.26, 7.59, 37.98, 60.09 and 182.99
pg/mL respectively, which was the ethyl acetate fraction,
is more active compared to ICso value of 12.1 pg/mL
exhibited by the standard (BHT)

Antioxidant R. alaternus Methanol leaves DPPH The methanol and aqueous extracts exhibited DPPH (129)
and and activities with ICso values of 0.082 and 0.398 mg/mL
aqueous B-carotene-linoleic respectively, which was the methanol extract, is more

acid assay active compared to ICso value of 0.032 mg/mL exhibited

by the standard (BHT). Similarly, the methanol extract
exhibit activities using B-carotene-linoleic acid assay with
89% inhibition, which was comparable to 99.2% inhibition
by BHT the standard
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Antioxidant R. alaternus methanol leaves Oxygen radical extract exhibited with 6.55 mmol TE/g extract, which was (130)
absorbance more active as compared to the standard TEAC with 0.75
capacity assay mmol TE/g extract
(ORAQ)

Anti-hyperlipidemia R. alaternus methanol leaves Calculating kaempferol 3-0O-B-isorhamninoside (31), rhamnocitrin-3- (72)
Malondialdehyde O-B-isorhamninoside (36) and rhamnetin-3-0O-
in cultured K562 isorhamninoside (37) from methanol leaf extracts
cells exhibited by calculating the values of malondialdehyde

(MDA) in cultured K562 human chronic myelogenous
leukemia cells with ICso values of isolated compound
180,320 and 106 pg/mL, respectively

Anti-hyperlipidemia R. alaternus methanol leaves Using The Oral crude extract administration decreased blood (133)
Hyperlipidemia levels of cholesterol and triacylglycerols in human
rats hepatoma HePG2 and 3T3-L1 murine dipocyte cell

hyperlipidemic rats model (by 60% and 70%,
respectively, at 200 mg extract/kg)

Anti-proliferative R. alaternus methanol Root bark and MTT assay The root barks and leaf extract exhibited activities against  (125)

leaf K562 cells with ICso value of 165 and 260.69 pg/mL.
Similarly the extracts exhibited activities against L1210
cells with ICso value of 210.73 and 343.10 pg/mL,
respectively

Anti-proliferative R. davurica methanol  bark sulforhodamine B The extract exhibited activities against human cancer cell (84)
(SRB)micro lines HT-29 and SGC-7901 with ICso values of 24.96 and
culture 89.53 pg/mL. respectively
colorimetric assay

Anti-proliferative R. davurica methanol  bark MTT  colorimetric Kaempferol (33) exhibited activities against human (74)
assay cancer cell lines HT-29, SGC-7901 and HePG2 with IC50

values of 25.7, 13.43 and 20 upg/mL respectively, while
the compound apigenin (40) exhibited with IC50 values
19.79, 17.76 and 10.20 pg/mL respectively

Wound healing R. prinoides methanol leaves Excision and Treatment with 5 % and 10 % (w/w) methanol extract (131)
incision models in ointment exhibited significant wound recovery activities in
adult Swiss albino both excision and incision models
mice

Cytotoxicity R. frangula hydroalco MTT assay Extract exhibited activities against breast cancer cell lines (132)

holic (MCF-7) with half maximal cytotoxic concentration (CCso)
value of 10 mg/mL.

Cytotoxicity R. alaternus Ethyl leaf MTT assay TOF extract exhibited activities against human chronic (125)

acetate myelogenous K562 and murine leukemia L1210 with ICsp
and Total values of 75 pg/mL and 198 pg/mL against K562 and
Oligomers L1210 cells respectively. Similarly, the ethyl acetate
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flavonoids

extract showed activities with ICso values of 232 pg/mL
and 176 pg/mL respectively

Toxicity

. davurica

ethanol

bark Sulforhodamine B

(SRB)

microculture
colorimetric assay

Extract exhibited activities against normal human hepatic
cells (L-02) with ICso value of 229.19 pg/mL .

(84)

Cytotoxicity

. alaternus

methanol

leaf Alamar blue assay

kaempferol 3-0-B-isorhamninoside (31) and rhamnocitrin
3-0-B-isorhamninoside (36) exhibited activities against
human lymphoblastoid TK6 cells, the compound neither
K30-ir nor R30-ir reached 50% inhibition of TK6 cell
proliferation

(75)

Cytotoxicity

. nepalensis

methanol

fruit MTT assay

The isolated compound, prinoidin (23) exhibited activities
against KB ( human epidermoid carcinoma of the mouth)
with ICso value of 0.045 uM, which was four times more
potent than the standard, doxorubicin having ICso value of
0.2 uM

(69)

Cytotoxicity

. alaternus

methanol

bark Trypan blue assay

extract exhibited activities against human monocytic
leukemia cells (U937) with ICso values of 6.39 pg/mL,
which was comparable to ICsp value of 2.47 pg/mL
exhibited by taxol the standard drug

(130)

Anti-tyrosinase

. hakaharai

methanol

Heart wood Mushroom

tyrosine inhibitory

assay

6-methoxysorigenin (12) exhibited activities with ICs
value of 42.2 uM, which was twofold inhibitory effect than
the positive control kojil acid having ICsg value of 82.1 uM

(70)

Anti-mutagenicity

. alaternus

agqueous

leaf Ames assay

The ethyl acetate fraction exhibited against Salmonella
Typhimurium (TA98) strains with a dose of 250 pg/mL
and 78% inhibition mutagenicity

(124)

Antigenotoxic

. alaternus

methanol

leaf SOS chromo test

kaempferol 3-0O-B-isorhamninoside (31) and rhamnocitrin
3-0-B-isorhamninoside (36) on E. coli PQ37 at different
concentration (1,5 and 10 pg/mL) showed
antigenotoxicity activities

(73)

Antigenotoxic

. alaternus

methanol

leaf Comet assay

Kaempferol 3-O-B-isorhamninoside (31) and rhamnocitrin
3-0-B-isorhamninoside (36) exhibited activities against
human Ilymphoblastoid cells TK6 at the same tested
concentration, the total DNA damage induced by K3O-ir
and R30-ir showed no significant difference was detected

(126)
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CONCLUSION

Traditional medicine continues as an alternative
care available for the majority of the developing
countries due to its intrinsic qualities, unique and
holistic approaches as well as its accessibility and
affordability. The present review endeavors to
provide a comprehensive and up to date
compilation of documented traditional medicinal
uses, phytochemicals and pharmacological
activities of the genus and provided valuable
information in support of its uses as an alternative
medicine for  future healthcare practice.
Phytochemicals including anthraquinones and
flavonoids are the most dominant compounds
reported from the genus of which polyphenols
were abundant with tremendous antioxidant,
wound healing and antiinflammatory activities. The
genus afforded exemplary drug leads such as 6-
methoxysorigenin (12) and prinoidin (23) with
anti-tyrosinase and cytotoxicity as well as
antioxidant drug leads such as Rhamnetin-3-0-3-
isorhamninoside (37) and isotorachrysone (55).
Nevertheless, more attention should be paid to the
genus considering its wide spectrum of
pharmacological properties. Further investigation
should be conducted to evaluate promising cruds
extracts as well as compounds in search for new
drug candidates.
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Abstract: Drug repurposing studies have played a crucial role in fighting the Covid-19 pandemic.
Discovering a new drug molecule for disease takes a very long time. However, repurposing a drug
molecule developed for another disease can accelerate new treatments for a disease. Thus, several drug
repurposing studies were carried out targeting essential proteins for SARS-CoV-2. Nsp16-Nsp10 interaction
was targeted in this work since this interaction is needed for SARS-CoV-2 to evade the human immune
system. Therefore, docking calculations of approved 2126 drug molecules obtained from the Drugbank
database were performed using the AutoDock Vina program. These docking calculations, drugs Ledipasvir
Elbasvir, Venetoclax, Digitoxin, Irinotecan, Dexamethasone, Acetyldigitoxin, Dactinomycin, Lumacaftor,
and Simeprevir, have the highest docking scores. Significant interactions for these drug molecules were
presented.
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INTRODUCTION Covid-19 arsenal. As an example, a detailed
interaction study was performed and 332 important
protein-protein interactions were reported to be

potential drug targets (4). Among apparent targets

Since the outbreak of the Covid-19 pandemic, more
than 130 million people have been infected by

SARS-CoV-2 as of April 2021 (1). Even though
several vaccines have been developed to combat
SARS-CoV-2, existing mutations and prospective
mutations necessitate alternative therapeutics (2).
Since discovering a novel small molecule against a
drug target could take a significant amount of time,
drug repurposing studies were performed to speed
up the process of finding a drug molecule against
SARS-CoV-2 (3). In drug repurposing studies,
alternative drug targets are needed due to two
important reasons: The loss of efficacy resulting
from mutations and enhancing efficacy due to
combination therapies. Also, some molecules might
not show efficacy in clinical trials despite having
promising pre-clinical trial results. Thus, the
diversity and abundance of available therapies for
the treatment of covid-19 patients is important.
Many attempts have been made to contribute the

such as spike Receptor Binding Domain (RBD),
SARS-CoV-2 main protease, and transmembrane
serine protease 2 (TMPRSS2), Non-structural
protein 16 is a promising target for drug
repurposing studies (5-7).

Non-structural protein 16 (Nspl16) methylates the
viral RNA cap so that viral RNA cannot be
distinguished from the host RNA. For the enzymatic
activity, Nspl16 needs Non-structural protein 10
(Nsp10). Nspl6 and NsplO form a heterodimer
complex structure (8). The Nspl16/Nspl0 complex
transfers a methyl group from S-
adenosylmethionine (SAM) cofactor to the 2'
hydroxyl of ribose sugar of viral mRNA. Interestingly
human homolog of Nsp10, CMTrl does not need a
partner for the methylation activity. Since SAM
cofactor is also needed in several human
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methyltransferases, targeting SAM binding site for
the drug discovery might not be an ideal strategy
due to potential off-target side effects (9). Drug
molecules targeting SAM binding site of Nspl6
might also bind human CMTrl. An alternative
strategy would be preventing the formation of the
Nsp16/Nsp10 complex structure. Thus, in this work,
drug repurposing is applied on SARS-CoV-2
Nsp16/Nsp10 interaction site.

Molecular docking calculations are one of the
fundamental methods to predict the binding of a
ligand to a protein (10-12). There have been several
drug repurposing studies that target Nsp16 protein.
Tazikeh-Lemeski et al. selected 1516 FDA-approved
drug molecules based on similarity with SAM and
docked these molecules into the SAM binding
groove of Nsp16 (13). Quan Yang and co-workers
screened 7,173 stereoisomers of 4,574 approved
ligands obtained from the MTiOpenScreen database.
They carried out docking of these molecules in the
SAM binding pocket (14). Vijayan et al. performed
docking of 2,100 FDA drugs from ZINC and 400
compounds from Spec database, and 1,600 drugs
from DrugBank into the SAM binding site (15). In
these drug repurposing studies, docking calculations
were performed on the SAM binding site. However,
targeting Nsp16-Nsp10 interaction has not been the
focus yet. Therefore, in this work, we aim to predict
potential drug molecules which might hamper the
interaction of Nspl6 with Nspl0. To do so, the
Nsp16-Nsp10 interface is selected as the center in
the docking calculations.

RESEARCH ARTICLE

MATERIAL AND METHODS
Protein and Ligand preparation

The structure of the Nspl6-Nspl0 complex was
obtained from the protein data bank (PDB ID:
6W4H). All crystallographic water molecules and
non-amino acid molecules were removed from the
structure. Protonation states of the amino acids of
Nspl6 were determined using python
implementation of PROPKA3 (16, 17). Hydrogen
atoms were added using the AutoDockTools
program (18). The docking box was centered on the
Nsp16-Nspl0 interface (Figure 1). The center for
the grid box was selected to be 76, 25,16 on X, Y
and Z axis by manually orienting the center for the
grid box. Note that these coordinates are based on
the 6W4H.pdb structure. The dimensions of the
docking box were set to be 20, 35, and 25 A in the
X, Y, and Z-axis, respectively. Docking calculations
were performed using the AutoDock Vina program
(19). The exhaustiveness parameter is set to 24 in
these calculations. Information of the 2126 drug
molecules was downloaded from the DrugBank in
the SDF file format as of April 2021 (20). Three-
dimensional structures of the ligands were created
and converted into the PDBQT file format using the
Open Babel software (21). Ligand interaction
diagrams were produced using Maestro (academic
version) program (22).

Figure 1: Visualization of grid box used in docking calculations. Blue: Nsp16, red: Nsp10, and Green:
Docking box.

RESULTS AND DISCUSSION

Prior to screening of drug molecules, re-docking of
SAM molecule was performed to validate the
docking protocol. RMSD difference between the
binding pose obtained by the docking calculation
and the binding pose observed in the crystal

structure was calculated as 0.647 & (Figure 2). The
distribution of the docking scores for tested drug
molecules is given in Figure 3. Docking scores were
populated around -6.1 kcal/mol. Top-ranked
compounds as a result of docking screening are
summarized in Table 1.
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Figure 2: Re-docking of SAM molecule. Nsp16 is shown by gray color. Binding pose of SAM obtained by
docking calculation is shown by red color. SAM conformation observed in the crystal structure is shown by
blue color.
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Figure 3: Distribution of docking scores.

Table 1: Docking scores for the top-ranked drug molecules.

Drug Name Docking Score Disease or Condition
(kcal/mol)
1 Ledipasvir -10.1 Hepatitis C
2 Elbasvir -9.4 Hepatitis C
3 Venetoclax -9.2 lymphocytic leukemia
4 Digitoxin -9.2 Congestive cardiac insufficiency, arrhythmias, and cardiac
failure
5 Irinotecan -9.0 metastatic colorectal cancer
6 Dexamethasone -9.0 endocrine, rheumatic, collagen, dermatologic, allergic,

ophthalmic, gastrointestinal, respiratory, hematologic,
neoplastic, edematous

7 Acetyldigitoxin -8.9 Congestive cardiac failure

8 Dactinomycin -8.7 Wilms' tumor, childhood rhabdomyosarcoma, Ewing's
sarcoma and metastatic, nonseminomatous testicular cancer

9 Lumacaftor -8.7 cystic fibrosis (CF)

10 Simeprevir -8.7 hepatitis C
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In these docking calculations, the Ledipasvir
molecule has the highest absolute docking score of -
10.1 kcal/mol. Ledipasvir is used as an antiviral for
treating chronic hepatitis C. Important interactions
between Ledipasvir and Nsp16 are given in Figure 4.
Ledipasvir forms hydrogen bond interactions with
GIn6885 and Ser6903 and forms hydrophobic
contacts with Val6842, Ala6843, Ala6881, Phe7043,
and Leu7042. After Ledipasvir, Elbasvir has the
second-highest docking score of -9.4 kcal/mol.
Elbasvir is also an antiviral used to treat chronic
hepatitis C. Elbasvir makes hydrogen bonds with
Ser6903 and Asp6904 and makes hydrophobic
contacts with Ala6881, Leu7042, Ala6905, and
Pro6835. Venetoclax has the third-highest docking
score of -9.2 kcal/mol. Venetoclax is a BCL-2
inhibitor and used for the treatment of chronic
lymphocytic leukemia. Venetoclax forms hydrogen
bonds with Arg6884 and has hydrophobic contacts
with Pro6878, Ala6877, Val6876, and Leu6887.
Digitoxin also has a docking score of -9.2 kcal/mol.
Digitoxin is a cardiac glycoside used to treat atrial
fibrillation, chronic cardiac failure, and arrhythmias.
Digitoxin forms hydrophobic contacts with Nsp16
through Pro6888, Leu6887, Val6882, Ala6881,
Val6882, 11e6838, Pro6835, Phe7043, and Leu7042
residues. Irinotecan has a docking score of -9.0
kcal/mol. Irinotecan is a topoisomerase-1 inhibitor
used for the treatment of colorectal cancer.
Irinotecan makes hydrogen bond interaction with
Arg6884 and forms hydrophobic contacts with
Pro6888, Leu6887, Ala 6877, Val6876, Val6842 and
Val6902 residues. Dexamethasone also has -9.0
kcal/mol predicted binding affinity. Dexamethasone
is an anti-inflammatory and immunosuppressant
molecule used to treat a variety of diseases and
conditions such as arthritis, blood/hormone
disorders, and allergic reactions. Dexamethasone
has hydrophobic contacts with Val6882, Ala6881,
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Val6842, 11e6838, and Pro6835. Acetyldigitoxin is an
acetyl derivative of digitoxin and has a binding score
of -8.9 kcal/mol. Acetyldigitoxin is used for the
treatment of congestive cardiac failure.
Acetyldigitoxin has hydrophobic interactions with
Val6882, Ala6881, Val6842, Ile6838, Pro 6835,
Phe7043, and Leu7042. Dactinomycin has -8.9
kcal/mol predicted binding affinity. Dactinomycin is
a chemotherapy agent used to treat various cancers

such as Wilms' tumor, childhood
rhabdomyosarcoma, and Ewing's sarcoma.
Dactinomycin has hydrophobic contacts with

Ala6881, Val6882, Val6842, 11e6838, and Val6876
amino acids of Nspl6. Lumacaftor also has a
binding affinity of -8.7 kcal/mol. Lumacaftor is used
for the treatment of cystic fibrosis. Lumacaftor has
hydrophobic  interaction with GIn6885 and
hydrophobic contacts with Pro7049, Leu6887,
Pro6888, and Met7045. Simeprevir has a docking
score of -8.7 kcal/mol. Simeprevir is an antiviral
used to treat hepatitis C. Simeprevir has
hydrophobic interactions with Val6876, Ala6877,
Pro6878, Ala6881, Leu6887, Ala6905, and Met6839
amino acids. When we compare these top-10 ranked
compounds with the predicted compound due to
other drug-repurposing studies by Tazikeh-Lemeski
et al.; and Vijayan et al., our predictions do not
overlap with predictions of these studies (15). This
situation is normal since, in those drug repurposing
studies against Nspl6, SAM binding site was
selected for docking calculations. We also
investigated how docked molecules overlap the
Nsp16-Nsp10 interface. To do so, we visualized the
Nsp16-Nspl0 complex with docked structures of a
few drug molecules in Figure 6. It is seen that
docked molecules cover the Nsp16-Nspl0
interaction surface well. A summary of the amino
acids forming important interactions with drug
molecules is presented in Table 2.

Table 2: Summary of important amino acids forming hydrophobic contacts and hydrogen bonds with drug
molecules.

Drug Name Hydrophobic contacts

Hydrogen bonding

Ledipasvir Val6842, Ala6843, Ala6881, Phe7043 GIn6885, Ser6903
Elbasvir Ala6881, Leu7042, Ala6905, Pro6835 Ser6903, Asp6904
Venetoclax Pro6878, Ala6877, Val6876, Leu6887 Arg6884
Digitoxin Pro6888, Leu6887, Val6882, Ala6881, Val6882, I1le6838,

Pro6835, Phe7043, Leu7042
Irinotecan Pro6888, Leu6887, Ala 6877, Val6876, Val6842, Val6902 Arg6884
Dexamethasone Val6882, Ala6881, Val6842, 11e6838, Pro6835
Acetyldigitoxin Val6882, Ala6881, Val6842, 1le6838, Pro 6835, Phe7043,

Leu7042
Dactinomycin Ala6881, Val6882, Val6842, 11e6838, Val6876
Lumacaftor Pro7049, Leu6887, Pro6888, and Met704 GIn6885
Simeprevir Val6876, Ala6877, Pro6878, Ala6881, Leu6887, Ala6905,

Met6839
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Figure 4: Ligand interaction diagrams using the docked structures of the drug molecules.
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Ledipasvir
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Elbasvir

Figure 6: Visualization of Nsp16-Nsp10 complex with a docked drug molecule. Note that in docking
calculations, only Nsp16 is used. Blue color shows Nsp16, and Red color shows Nsp10 proteins.

Current use of the drugs predicted in this work was
searched in the literature. Dexamethasone is
currently being used for the treatment of
hospitalized patients. In randomized clinical trials
(RCT) Dexamethasone significantly lowered the
mortality rate (23). Ledipasvir/sofosbuvir
combination did not exhibit significant efficacy in a
very small RCT, yet RCTs with larger sample sizes
are needed to assess the efficacy of Ledipasvir (24).
Venetoclax is being tested on Covid-19 fit patients
with Chronic lymphocytic leukemia (25). There is no
RCT study on Digitoxin but there is an experimental
evidence on impeding the cytokine storm which
eventually could lead to the death of Covid-19
patients (26). Simeprevir has not been tested in an
RCT but in combination with remdesivir it can
suppress the replication of SARS-CoV-2 in vitro
(27). No clinical trial has been performed on
Elbasvir, Irinotecan, Acetyldigitoxin, Dactinomycin
and Lumacaftor.

CONCLUSION

The interaction between Nspl6 and Nspl0 is
essential for SARS-CoV-2 to escape from the host
immune system. In this work, potential drug
molecules which could prevent the formation of the
Nsp16-Nsp10 complex were predicted using docking
calculations. Drugs Ledipasvir Elbasvir, Venetoclax,
Digitoxin, Irinotecan, Dexamethasone,
Acetyldigitoxin, Dactinomycin, Lumacaftor, and
Simeprevir were ranked in the top-10 by their
docking scores. Among other amino acids of Nsp16,
GIn6885, Ser6903, Val6842, Ala6881, Phe7043,
Leu7042, Asp6904, and Arg6884 were predicted to
be essential amino acids for the interaction with
drug molecules. Drug molecules predicted in this

study will open new possibilities for the treatment of
SARS-CoV-2 infected patients.
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Abstract: Adsorption of N2 on mixed-ligand benzoic acid and 1, 10-phenanthroline ligand of Mn(II)
metal-organic framework (MOF)-nanoparticles were demonstrated. The synthesized nanostructures are
characterized by techniques such as scanning electron microscopy (SEM), fourier-transform infrared
spectroscopy (FT-IR), and UV-visible spectrophotometry (UV-Vis). The pore size distribution and
adsorption capacity of the synthesized MOF were investigated experimentally by measuring the N
adsorption isotherm at 77.3 K, and the resulting data were fitted to Brunauer-Emmett-Teller (BET), de
Boer, Dubinin-Radushkevich (DR), Banet-Joyner-Halenda (BJH), Horvath-Kawazoe (HK), and also
applied to Density Functional Theory (DFT) models. Excitation of the Mn-MOF nanostructure resulted in
an emission at 400 nm. The DSC study reveals that this molecule has a good chemical stability. The FT-
IR measurement shows a variety of functional groups that are highly coordinated. Moreover, the
adsorption properties evaluated by several adsorption models compared with current adsorbent
materials show Mn-MOF has superior thermal stability, a high surface area, and pore openings. Because
of these findings, Mn-MOF appears to be a viable material for storing gases and energy, whether at low
or high pressures.
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INTRODUCTION Nanoparticles are materials in the size range of 1-
100 nm and can be synthesized in a variety of
morphologies such as spheres, platelets, disks,
rods and tubes. They have large surface area per

unit volume and many functions in this small

Self- assembly (1) methodology of synthesis can
be a robust (1) tool (2) for the preparation (3) of
complex supramolecular (3-4) architectures with

fascinating properties. Self-assembly permits volume.
greater control (1) in creating two and three-
dimensional structures on account of predicting the Research into complex functional organic

way metal-ligand coordination sphere (5) and
ligand liability direct the reactions (6) to the
desired products (7). Nature utilizes different kinds
of weak (8), non-covalent (9) interactions (5) like
hydrogen (10) bonding, charge-charge (11),
donor-acceptor (12), n-n (13), van der Waals
(14), and hydrophilic and hydrophobic interactions
(15), to create self-assembled complex structures
with controlled shapes (16), and sizes (17). Self-
assembly (3) offers a wealth of understanding
processes (4) like natural life fibers (18-19),
micelles (20), vesicles (21), ribbons (22), and
tubes (23).

molecules through dynamic (2) covalent bonding
have brought out exploitable chemical and physical
properties (24) of these molecules for exciting
applications (25) within the fields of energy (4)
storage, gas (23) adsorption, gas separation (24),
host-guest chemistry (25) and nano-composite
preparations (26). The metal ions in coordination
polymers (20) are the sources of energy storage,
magnetism, luminescence (13), and adsorption
within the compound (27). Tailoring functionality
to meet required luminescence (28), electronic,
mechanical (29), and optical properties need
careful control over numerous components for the
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formation of self-assembled coordination (21)
polymers.

This account focuses on investigating the
adsorption (30) capacity of the manganese(II)
supramolecular reaction induced by the benzoate
ion and 1,10-phenanthroline ligands
rearrangement. The two hemilabile ligands
possessing different binding sites reacted with
manganese metal ions resulting in a heteroligated
complex compound with enhanced adsorption
capacity for various applications in luminescence
and energy storage (4).

In this present work, we established how porous
Mn-MOF adsorb nitrogen and can be used for
storing energy through comparing theoretical
breakthrough curves with the experimentally
observed results (11,16). The prepared Mn-MOF
builds out as a crystal in all directions, exhibiting a
very rigid, uniform, and precise arrangement of
atoms with six-coordinate manganese(II) centers
as the primary metal node. The carboxylate
ligands adopt monodentate and bidentate
coordination modes. Because of their affinity for
oxygen atoms, they are often used to synthesize
functional metal complexes. 1, 10-phenanthroline
was in-cooperated to the backbone of the
carboxylate ligand to prevent the coordination of
more water molecules with the manganese(1I)
metal ions.

The electronic properties of this six-coordinate
Mn(II) center make this MOF reactive towards
nitrogen, creating a stronger M-N; interaction. The
coordination sites saturated with Mn-MOF
nanoparticles cannot interact with nitrogen gases
(22) easily. The high density of Mn(II) shows a
high gas uptake capacity, making Mn- MOF a
promising N> adsorbent (31) capacity for various
applications in the areas of luminescence and
energy storage (4). Different adsorption isotherm
models (22) were used to evaluate the adsorption
(31) capacity of the Mn-MOF and its pore filling
towards applications for adsorbent-based chillers,
heat pumps, and gas storage (8,32).

N7 = O
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MATERIALS AND METHODS

All the chemicals utilized in this work are of
reagent grade (8) and used as obtained. The
elemental composition of Mn-MOF was performed
on Perkin-Elmer 2400 elemental analyzer.
Morphology of the prepared compound was carried
out on a Zeiss Supra (32) instrument with a
resolution of 5 nm at 30 kV (8). Vibration bands
within Mn-MOF were determined using a Nicolet
Magna (33) FT-IR spectrometer within the range of
4000-400 cm,

The surface area, pore size, and pore diameter of
the Mn-MOF were evaluated by measuring the N:
adsorption isotherms (13) at "77.3 K" using an
iQMicropore-XR (Quantachrome Instruments, FL,
USA). Prior to the experiment, the sample was
outgassed (31) under vacuum at 120 °C (33).

A single crystal Mn-MOF (0.05 mm x 0.54 mm x
0.60 mm) was selected and mounted on a cryoloop
for structure determination on a Bruker DUO APEX
II CCD diffractometer using graphite-
monochromatic Moka ( A =0 .71073 A) Oxford
Cryostream-700. The structure was solved by a direct
method in SHELXT-2018/3 (34).

Self-assembly of Mn-MOF nanoparticles

Mn-MOF was prepared as shown in Figure 1. The
mixture of MnCl2.4H20 (0.5 mmol) and benzoic
acid (0.1 mmol) in 20 mL aqueous solution was
stirred for 5 minutes at 50 °C. NaOH (1 mol/L)
solution was used to maintain the hydrogen ion
concentration of the reaction mixture. A 5-mL
alcoholic solution of 1, 10-phenanthroline (1.5
mmol) was added with stirring for 3 hours at 50
°C. On the fifth day, pale yellow crystals were
observed to have separated from the mother liquor
in the reaction vessel (31,35). The elemental
analysis result shows that the C, H, Mn, and O are
50.50, 4.20, 16.50, and 28.80 (calc.) and 50.48,
4.27, 16.40, and 28.85 (found), respectively.

Mn2+

N = OH

1, 10-phenanthroline banzolc acid

50°C, CHz0H/H20

Figure 1: Graphical reaction pathway to Mn-MOF nanoparticles.
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RESULTS

The one-pot synthesis of yellow Mn-MOF single
crystal analysis in Figure 2a shows a 3D
microporous supramolecular network constructed
by 2D-layered Mn-MOF with related
crystallographic data (8) listed in Table 1. The
diffractogram in Figure 2b & 2c shows that the Mn-
MOF crystallized in a triclinic space group P-1(31).
The asymmetric unit displayed a monodentate

RESEARCH ARTICLE

benzoate ligand, two 1, 10-phenanthroline ligands,
and a coordinated water molecule. The Mn(II) ion
is six coordinated (32) by four nitrogen atoms from
two (32) 1,10-phenanthroline ligands, one oxygen
atom (15) from the carboxylate group of benzoate
ligand, and one oxygen atom (31) from
coordinated water molecule resulting in a distorted
octahedral shape. Neighboring benzoate and
phenyl groups are interlinked through n-n stacking
interactions (25).

(a) (b)

(9

Figure 2: a) Projection along 'a' axis of the three-dimensional framework showing the cavities b)
Molecular packing along the b axis c¢) ORTEP drawing of Mn-MOF.

Table 1: Crystal data, data collections, and
refinement of Mn(II)-MOF at 200 K.
Crystal Data
CasH25MN2012
666.38
1332.77 [Based on
SHELXL2014 Atomic

Empirical formula
Formula weight
Unit Cell Weight

Weights]
Crystal system Triclinic
Space group P-1(No.2)
a/R, a/° 7.4369(3), 88.847(2)
b/R, B/° 12.9898(6), 82.518(2)
c/R, y/° 14.1176(6), 89.975(2)
Volume/A3 1351.93(10)
Z 2
pP calc/g cm™3 1.637
fg/mm 1.001
F(000) 684 [calc. 685.70]
Crystal size/mm? 0.05 x 0.54 x 0.60
Wavelength//&

Micro-sized structures seen in the SEM image in
Figure 3 are plate-like sizes and have porous
surface area, implying that Mn-MOF will have high
nitrogen adsorption capacity (35). Figure 4 shows

i1 894 um BSD Full

Figure 3: SEM microaph of Mn-MOF.

Data Collection

Temperature/K 200
Theta Min-Max/° 1.6, 28.4
Dataset -9: 9; -16:17; -18: 18

/restraints/parameters

Tot., Unig. Data, R(int) 49223, 6713, 0.025

Observed Data [I = 5021
2.00 (I)]

Refinement
Nref, Npar 6713, 414
R, wR2, S

w = A2N(FON2N)
+(0.0551P)~2~+1.0319
P] Where
P=(FON2~N+2FCN21N)/3!
Max. and Av. Shift/Error 0.00, 0.00

0.0353, 0.1092, 1.05

Min. and Max. Resd. -0.56, 1.34
Dens. [e/Ang” 3]
Radiation/ A MoKa 0.71073

the fluorescent spectrum, measured within the
range of 300-800 nm, shifting to a longer
wavelength with an emission maximum of 400 nm
(23).

Y

2]

(=)
-

100 ¢

Intensity{a.u.)

50 \
400 500 600 700
Wavelength(nm)

Figure 4: Spectrum at Aex = 308 nm.
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The infrared spectrum of Mn-MOF in Figure 5
shows vibration bands within the range (13) of
3100-3753 cm™? for v(OH) (13) and 842-920 cm™?
for o(OH) (Kupgan et al., 2019), an indication of
coordinated water (13) in Mn-MOF. The complex
exhibits N-H stretching within the range of 2753-
3373 cmt. The asymmetric and symmetric
stretching frequencies of carboxylate (29) ions are
shown within the range of 1688-1618 cmand

RESEARCH ARTICLE

1416-1282 cm (22). The characteristic IR bands
of the Mn(II) complex appear at 1688 cm™ (C=0)
(30) and 3373 cm™* (H20) (23). The N-N stretching
frequency (29) of the complex appeared at 779-
708 cm™ (29) is associated with the bidentate
bridging nature of neutral ligands. These results
are an indication that Mn-MOF was successfully
synthesized.

o
w

el

1 610 1 ?JO

Transmittance
P P

P

P,

f A
P I'fL_fﬁYh
P < \

T 1 T T T LI
3500 3000 2500

T 1 1 T LI
2000 1500 1000

Wavenumber (cm-1)

Figure 5: FT-IR spectrum of Mn-MOF.

Figure 6 shows the Brunauer-Emmett-Teller (BET)
single- multilayer adsorption/desorption isothermal
plot of Mn-MOF at 77.3 K (Table 2). The correlation
coefficient (R2= 0.992) and surface area using the
BET model was determined by the following linear
expression in Equation 1 (22):

(Eg. 1)
Where W = weight of gas adsorbed, P/Po = relative
pressure, Wm weight of adsorbate as a
monolayer, C = BET constant. Slope (s), intercept

PG

P

1
WmC

C-1
w,C

. N

w3

(i), and weight (Wm) were determined from
Equation 2 below:
S:C_li: 1 WW:L_ (Eq. 2)
w. . W C " s+i
Total surface area (St) was calculated from
expression (Equation 3):
5 = Wnl A (Eq. 3)
! M
N = Avogadro's number (6.023x10%3), M =
Molecular weight of Adsorbate (28.013), A =
Adsorbate cross-sectional area (16.2 A2 for

Nitrogen). Specific Surface Area (S) (23) is then
determined by the total surface area (23) by
sample weight in Equation 4:

S

i

= (Eq. 4)
W

5

The experimentally determined surface area with
the BET model 825.465 m?gt which is large
compared to some natural porous (18) materials,
such as clay (10-100 m2g?!) (19), activated
graphite (119 m2g'!), and other types of zeolite
and porous carbons (18, 23).

Langmuir's experimental data plot (Figure 7)
features a broader plateau region of the loop,
which extends up to relatively high P/Po. The
optimization of relative pressure within the range
of 0.00E+00 -3.50E-02 in Figure 7 shows that
adsorption increased with increasing relative
pressure, and at 1.71, the adsorption process was
maximum with 84.62 % and then slightly
decreases and practically constant till relative
pressure 3.00E-01. The lesser adsorption at lower
relative pressure could be attributed to lesser
surface sites available for sorption (22). This model
was used to investigate the sorption capacity of
Mn-MOF using the linear expression in Equation 3:
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1 _c-1 P, 1
v P, 1] v.C P, V.C (Eq.5)
L7 p -
2.2 7
2 4
E 18
[=]
g
E y=3.028x+1.190
‘5 R*=01992
14 Cconstant = 3.545
1.2 4
1 T T T T T T 1
] 005 01 0.15 02 0.25 03 0.35
P/Po
Figure 6: BET Single-multilayer nitrogen
adsorption isotherm of Mn-MOF.
Where P= partial vapor pressure (33) of

adsorbate, P, = saturated pressure of adsorbate.

1.50E+00

1.45E+00

y=0.9%8 +1.243
1.408:00 R'=0600

PfPofW

1.356+00

1.30E+00

1.25E+00

1.20E+00

0.00E+00 5.00E-02 100E-01 150801 2.00E-01 250E-01 3.008-01 350801

Relative pressure (P/Po)
Figure 7: Langmuir plot of N2 on Mn-MOF at
77.3K.

Figure 8 shows the isotherm plot of volume at STP
(cc/g) against relative pressure shows a linear
fitting result with a strong correlation of +1,
indicating a perfect positive linear relationship. The
estimated micropore volume of Mn-MOF from this
model is found to be 5.151cc/g (14).

vy=5303x+ 5151
R*=1

Volume (cc/g)
i

a 0.0 0.1 0.15 0.2 023 0.3 0.33

P/Po

Figure 8: A linear form of Langmuir isotherm.

Figure 9 shows a linear correlation between the
volumes adsorbed with statistical thickness. The t
values were determined using the Halsey equation
in Eq.6 &7 (26):
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oo [ 1399 =
t(A) = > (Eq. 6)
0.034—-log—
P':l
E:V% x 10°(A) (Ea. 7)

Where S is the total surface area (26) and Vi is
the adsorbed liquid volume (27); Viigq = Vads (STP) X
15.47 for nitrogen adsorption at 77.3 K(26). The
T- method for external surface area analysis
calculated from the slope (Equation 1) gives
surface area comparable to BET values (29),
showing an agreement between the two methods.

160 y= 74.85x-2139
140 R?=0.994
g 120 -
F i
iy 123 # Volume@5TP{cc/g)
E —Linear (Volume@5TP(cc/g))
g 60
e
20
0 T T T 1
2 3 4 5 6
twi
Figure 9: Temkin Adsorption isotherm for Mn-
MOF.

Dubinin-Radushkevch (DR)-plot by expression (4)
gave information on the micropore volume (13).
The shape of the experimental Logarithm weight
adsorbed plot against Log?P/P, (Figure 10) results
in a linear uniform Gaussian distribution with a
negative intercept and negative slope. The
adsorption energy, average pore width, micropore
volume, and micropore surface area of the Mn-
MOF were determined from Equation 8, Table 2
(24):

¢ 2
W=W ,exp _(BAE ) (Eq. 8)

P
A=—A G:RT]ﬂ(Fﬁ)JE:ﬁEﬁ (Eq. 8a)

Where, B =affinity coefficient (0.3300), A
adsorption potential, DR exp(n)= 2.000, E
characteristic adsorption energy, W and W, are
amount adsorbed at P/Po and the micropore
volume, respectively.

The PSD (Table 3) from the _experimental

adsorption (20) isotherm NHP(PE) were
] Q

determined from  Equation 9 (20). The
experimental isotherm (Table 3) is represented in
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Figures 1la & b as differential (left) and
cumulative (right) distributions. Figure 11b shows
pore size distribution (21) calculated by QSDFT
and NLDFT (22) methods to overlap generously,
indicating that both methods give similar results
despite different approaches. Both methods show
the three-peak distribution of micropores region
with sizes 1.93 and 2.31-2.64 nm. The smallest
pore size on QSDFT PSD, as expressed in Equation
9, is 1.68 nm resulting in not fully resolved peak in
low pore size range with an L-curve (27).

RESEARCH ARTICLE

P Dmax. P L

Nexp(P_):J-Dm.-n, NQSDFI(P—, D)F|D|dﬂ
L] L]
(Eq. 9)
F Where: = experimental adsorption
N FJW isotherm data, W = pore width,
° N i = isotherm on a single
aexp Pa

pore of width W, f(W) = pore size distribution
function. Here Dmin and Dmax are the minimum and

-1.50E+00

0.00E+00 5.00E-01

1.00E4+00

-2.00E+00

Log weight adsorbed(g)

-2.50E+00

Log2(P/Po)

Figure 10: Dubinin-Radushkevich adsorption isotherm for Mn-MOF.

2.50E402 r 2.50E-01
== Cumulative surface area [m2/g]
® 2008402 7 = Cumulative pore volume[cc/g] 200801
™
E
5 150E+02 r 150801
&
g
& 100E402 F 1.00E-01
5
?
2
®  S5.00E+01 r 5.00E-02
3
E
=)
Y 0.00E400 D.0DE+00
15 17 19 21 23 25 27 20
-5.00E401 - Pore width [nm] - -5.00E-02

Cumulative pore volume[cc/g]

maximum pore sizes (31) in the kernel,
respectively.
1.50E+00 2.00E+00
y=-0.478x - 1.528
RZ=0.977
350E+02 4 50E-01
—— ds{d)
3.00E+02 - —a— dv{d) AooEeL
3 50E01
2.50E+02
3. 00E01
200E+02 -
=8 2. 50E01 =
s T
E 1.S50E4+02 20001 EE-
# 100E4+02 150801 .
10001
S5 00E+01
5. 00E-02
0.00E+00 1 ¢
1ls > 25 0 00E+00
-S.00E+01 - Pore width (nm) -5.00E-02
Figure 11.(a) Cumulative (20) and (b)
differential cumulative pore volume (19) and

cumulative surface area distributions of Mn -MOF
on carbon slit pore from N2 adsorption isotherms
at 77.3 K (19) using NLDFT equilibrium mode.
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P/Po

4.85E-02
1.33E-01
1.71E-01
2.41E-01
3.00E-01

Table 2: Nitrogen adsorption on Mn-MOF.

Volume at STP 1/[W(Po/P)-1)] P/Po/W Logz(P/Po) Weight adsorbed
(cc/9) [(9)]
31.2535 1.31E+00 1.24E+00 1.73E+00 4.69E-03
75.3158 1.63E+00 1.41E+00 7.69E-01 1.13E-02
95.5990 1.73E+4+00 1.43E4+00 5.88E-01 1.43E-02
132.8608 1.91E+00 1.45E+00 3.82E-01 1.99E-02
164.7080 2.08E+00 1.46E+00 2.73E-01 2.47E-02
Table 3: DFT & NDFLT Pore Analysis.
Pore Cumulative pore Cumulative dv(d) ds(d)
width volume surface area [cc/nm/g] [m2/nm/g]
[nm] [cc/g] [m?/g]
1.6879 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.7656 0.00E+00 0.00E+00 0.00E+00 0.00E+00
1.8469 5.23E-03 5.66E+00 6.43E-02 6.96E+01
1.9319 2.10E-02 2.20E+01 1.85E-01 1.92E+02
2.0208 3.50E-02 3.59E+01 1.58E-01 1.56E+02
2.1138 3.64E-02 3.72E+01 1.51E-02 1.43E+01
2.2111 5.49E-02 5.39E+01 1.90E-01 1.72E+4+02
2.3129 8.87E-02 8.31E+01 3.32E-01 2.87E+02
2.4194 1.19E-01 1.08E+02 2.84E-01 2.35E+02
2.5307 1.56E-01 1.38E+02 3.36E-01 2.65E+02
2.6472 2.02E-01 1.72E+02 3.90E-01 2.95E+02
2.7691 2.36E-01 1.97E+02 2.83E-01 2.05E+02

Statistical

thickness, A
3.221736914
3.919188098
4,179641641
4.633363309
5.013433024
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Figure 12: (a) shows the pore size distribution and (b) shows the DSC plot with a depression at 264.43
°C (- 7.20 mW), AH +107.00 KJ/mol (AH +551.00]/g).

Table 4 gives the micropore analysis by Dubinin-
Radushkevich (DR), Horvath-Kawazoe (HK), and
Dubinin-Astakhov (DA) methods. Dollimore and
Heal (DH) (20) were used to estimate the pore size
distribution (13). The pore-size distribution (18) is
obtained by applying the BJH (Barret, Joyner, and
Halenda) technique.

DISCUSSION

The Langmuir surface area of 4374 m2g! after
activation shows a high permanent porosity with
an octahedrally coordinated environment. FT-IR
spectrum results show that Mn-MOF has well-
populated functional groups that form a strong
coordination network for storage purposes. The
Mn-MOF exhibits a pore size of 6.077 nm and pore
volume of 2.920 nm displaying a highly porous and
high nitrogen uptake capacity.

CONCLUSION AND RECOMMENDATIONS

These findings are consistent with literature
reviews and adsorption experiments published by a
number of authors revealing the storing capacity of
metal-organic frameworks’. This work describes a
novel synthetic method for preparing self-
assembled porous metal-organic frameworks with
potential energy storage capabilities.

We use several adsorption isotherms to investigate
the storage and adsorption capacity of the Mn-MOF
produced in this study. We performed DSC, SEM,
single-crystal diffraction studies, FTIR,

fluorescence, and UV-visible spectrophotometry to
characterize this compound. The strong storing
and adsorption capacity of the manganese(Il)
nanoparticles is revealed by experimental findings
and evaluation adsorption capacity of this
compound under some adsorption isotherms. The
Mn-MOF surface area is currently being optimized
for hydrogen and carbon capture.
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Table 4: Adsorption properties of Mn-MOF given by different Isotherm Models.

Adsorption Models Surface Pore Pore Slope Adsorption C Average Pore Intercept Bestn R2
Area Size Volume energy constant pore width Diameter
(m2g1) (nm) ccg? KJ/mol (nm) (nm)
SinglePoint BET 5.017 E+02 3.029 1.190 E+00 0.9960
MultiPoint BET 8.255 E+02 3.029 3.545 1.190 E+00
Langmuir 4.374 E+03 0.79612 1.25689 0.8650
Barrett, Joyner, and 9.570 E+02 2.093 4.614 E-01 2.093 E+00
Halenda Method (BJH)
Dollimore and Heal 1.034 E+03 2.093 4.776 E-01 2.093 E+00
(DH)
T-method 8.255 E+02 0.9940
Dubinin Radushkevich 8.601E+02 6.077 3.056 E-01 -4.780 4.279 6.077 E+00 2.964E-02 2.000 0.9770
method (DR) E-01
Density Functional 196.913 0.236 2.647
Theory (DFT)
Dubinin-Astakhov 2.920 0.707 2,92E+00 2.964E-02 1.000
Method (DA)
Horvath-Kawazoe (HK) 1.882 1.326 E-01 1.882 E+00
SF 3.534 2.708 E-02 3.534

E+00
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Abstract: In this study, two aqueous extracts from the aerial parts of Aaronsohnia pubescens subsp.
pubescens (Odorized aqueous extract (OE) and Deodorized aqueous extract (DE)) were used as some
novel ecological corrosion inhibitors for mild steel (MS) in 1 M HClI medium. For this reason, the
inhibition behavior of the OE and DE were investigated using weight loss measurements, electrochemical
assays, kinetics, and thermodynamic parameters, and electrochemical methods, both stationary
(Potentiodynamic polarization (PDP)) and transient (Electrochemical impedance spectroscopy (EIS)).
The obtained results showed that EO and DE act as effective corrosion inhibitors and the inhibition
efficiency of inhibitors increases for the concentration of 1.5 g/L; reaching some high values of 93.11
and 87.88% in 1 M HCI solution at 308 K for OE and DE, respectively. Furthermore, PDP measurements
exhibited that the studied of each inhibitor performs as a mixed-type inhibitor. The results of the
thermodynamic kinetic parameters indicate the adsorption of OE and DE on the MS surface sites obeying
the Langmuir adsorption isotherm.

Keywords: Aaronsohnia pubescens subsp. pubescens; aqueous extracts; mild Steel; ecological corrosion
inhibitors; 1 M HCI.
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INTRODUCTION

Mild Steel (MS) is extensively used in many
industries such as tanks and water utilities, power
production, heat exchangers, oil, chemical, and
electrochemical technologies due to good
mechanical strength and relatively low price, but it
is susceptible to several forms of corrosion in some
environments especially in the acidic environment
(1, 2). This phenomenon can be minimized or

delayed by various means such as coatings,
cathodic protection, and corrosion inhibitors (3).
Corrosion inhibitors, classified as inorganic and
organic types, are one of the most cost-effective
methods for controlling corrosion. The most well-
known acid corrosion inhibitors are organic
compounds that adsorb on the MS surface and
protects it from corrosion by blocking the active
sites. These inhibitors are rich in electrons and can
share their electrons with unoccupied d-orbitals of
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steel (4). Nowadays, the researchers' interests are
directed towards environmental-friendly inhibitors
(i.e., biodegradable molecules). The essential oils
(EOs) and extracts components from a variety of
plants origins as eco-friendly sources of
sustainable corrosion inhibitors (5-9). These types
of inhibitors, which are readily available through a
simple extraction process, are able and effective to
protect the metal from corrosion (10).

In our laboratory, a great deal of research has
been carried out to study inhibitive effect several
plant extract on the corrosion of steel in 1 M HCI
(11-16). In this context, recently, Aaronsohnia
pubescens subsp. pubescens essential oil has been
established, as an eco-friendly corrosion inhibitor
of acid corrosion of MS in 1 M HCI. The inhibition
efficiency IE (%) was found to increase with
naturally substance content to attain 82.11% at
1.50 g/L (17).

The main objective of current research is to study
for the first time the potency of the power of
extracts from the aerial parts of Aaronsohnia
pubescens subsp. pubescens Figure 1 (Odorized
aqueous extract (OE) and Deodorized aqueous
extract (DE)) to protect mild steel in 1M HCI
medium were assessed by WL measurement, PDP,
and EIS examinations.

EXPERIMENTAL PART
Inhibitors

The experimental phase followed in the current
study such as preparations of the aqueous extract

RESEARCH ARTICLE

(OE and DE) have been mentioned according to a
previously described experimental procedure in our
work (18). A portion (100 g) of dried plant
material was extracted with 1 L of water under
refluxing for 3 h. The liquid retentate was
collected, filtered, and centrifuged at 5000 rpm for
30 min. The supernatant was also filtered to
eliminate any residues and lyophilized to give
finally odorized aqueous extract (OE) in a yield of
11.37 % (w/w). However, the liquid retentate
obtained after completion of hydrodistillation of
100 g dried plant material in 1 L of water for 3 h,
using a Clevenger-type apparatus to isolate volatile
compounds, was collected, filtered, centrifuged
and lyophilized to give finally deodorized aqueous
extract (DE) in a yield of 10.82 % (w/w) (19).

i : et
3 LD SN ST 2
Figure 1: Aaronsohnia pubescens subsp.
pubescens in its native habitat in south-eastern
Morocco.

Air-dried sample

(100g)

Hot water refluxing (3H)

Hydrodistillation (3H)

Essential
oil EO

Liquid retentate ]
Il
Lyophilisation
b

[ Liquid retentate ]
I

Lyophilisation

(AE1) OE

(AE2) DE

[ Odorized Hot Water Extract ‘Deudurized Hot Water Extract }

.

Figure 2: Scheme of the extraction methods of aqueous extracts from aerial parts of Aaronsohnia
pubescens subsp. Pubescens.

Corrosion test

Corrosion inhibition on MS in 1 M HCI by OE and
DE was performed by using WL, PDP and EIS
methods according to the methodology described
previously in our work (13,17). A very low
concentration range (0.25-1.5 g/L) of inhibitors
were prepared in 1M HCl media for its corrosion

inhibition potential at different temperatures (308-
343 K).

Preparation of MS segments, corrosive
solutions and inhibitors

Corrosion tests were conducted on the MS
segments with dimension of 2 cmx2 cmx0.05 cm;
the MS metal presents the subsequent composition
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with mass percentage (%): P 0.09, Si 0.38, Al
0.01, Mn 0.05, C 0.21, S 0.05 and Fe 99.21.
Before each corrosion test, the MS segments were
mechanically ground with sequential grades of
emery papers (400, 600 and 1200 grit), and
ensuing rinsed and degreased with distilled water
and acetone, then dried and weighed. The
corrosive acid solution was a molar hydrochloric
acid (1 M of HCIl), was prepared from concentrated
commercial acid of HCl (37%) by dilution with
distilled water.

Electrochemical (PDP and EIS) measurements
Before conducting each electrochemical corrosion
test, the sample was immersed in the test solution
during 30 min at the open circuit potential (Eoce) to
find a steady state. Both PDP and EIS tests were
performed from utilizing an assembly of
electrochemical cell containing three electrodes: a
disc cut from the MS as working electrode (1 cm?),
a saturated calomel electrode as a reference
electrode, and a platinum electrode as counter
electrode. All electrochemical measurements were
carried out using a potentiostat/galvanostat (Model
PAR 263A) and the electrochemical parameter
values were determined using the Volta Master 4
software. We note that all potentials measurement
in this study were obtained with respect to the
potential value of the reference electrode.

RESULTS AND DISCUSSION

Effect of both concentration and temperature
The effect of different concentrations of OE and DE
on MS corrosion in 1 M HCI at 308 K was
investigated using the gravimetric method. The
inhibition efficiency (IEw (%)) was calculated on
the basis of the Equation 1:

IE % = corr ~ Wcorr(inh) =100 (Eq 1)

corr

where Wcorr and Wcorr (inh) are the values of
corrosion rate of MS in 1 M HCl medium without
and with the addition of the aqueous extracts
tested.

The obtained results of the study are summarized
in Table 1. It shows that the corrosion rate reduces
and the IE (%) increase with concentrations and
reach a maximum value of 93.46 and 80.48 % at
1.5 g/L of OE and DE, respectively. These results
suggesting that the aqueous extracts inhibited the
corrosion of MS in a dose-dependent manner. This
behavior can be attributed to the strong interaction
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of the compounds forming these extracts with the
metal surface. In other words, we observed that
the inhibition efficiency of OE is slightly increased
when the temperature media increases, which
results probably to the chemisorption behavior of
OE onto MS surface.

PDP investigation

The effect of EO and DE at 308 K on anodic and
cathodic reactions was demonstrated by PDP plots
in 1 M HCI medium and the embodiments obtained
are displayed in Figures 3 and 4. The outputted
parameters of PDP analysis including the potential
of corrosion (Ecorr), the current density of corrosion
(Icorr) and cathodic and anodic Tafel slopes (Ba and
Bc) are given in Table 2. The corrosion inhibition
efficiency IEpor (%) was derived as given below:

1 —1 .
IE,5p %=(“’”—“’”"”“)><100 (Eq. 2)

I

corr

Where Icorr and Icorinn are the corrosion current
densities in the absence and the presence of
inhibitor, respectively.

According to Figures 3 and 4, we have noticed that
the use of OE and DE at 308 K are suppressed
both the cathodic hydrogen development and
anodic metal dissolution reactions. Moreover, the
PDP curves in the inhibited solutions were
translated into lower current densities. The
polarization diagrams noted that the addition of
different concentrations of the two aqueous
extracts that both the cathodic and anodic
reactions did not affect, as well as the
corresponding Ecorr appeared to be approximately
constant significant. Therefore, EO and DE can be
classified as mixed-type inhibitors (20). In
addition, the results of Table 2 indicate that the
rate of the Icrvalues of MS is decreased with an
increase in the concentrations of the two
inhibitors; reaching some high values of 517 and
862 pA/cm? in 1 M HCI solution at 308 K for OE
and DE, respectively at 1.5 g/L. These results
suggest that the addition of EO and DE loading
more compounds of both adsorbed on the MS
surface, and thus the corrosion-resistant film can
be generated on the metal surface (21). As shown
in Table 2, the IEpppr (%) of EO and DE in the 1 M
HCl solution is about 91.02% and 85.05%
respectively. It can be concluded from these
findings that both aqueous extracts provided the
good anti-corrosion performance, with a clear
preference for OE.
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Table 1: Weight loss results for MS in 1 M HCI with and without different concentrations of aqueous extracts (OE and DE) at different temperatures.

C (g/L) 308 K 313 K 323 K 333 K 343 K
W (mg/cm?.h) IE% (%) W (mg/cm2.h) IE% (%) W (mg/cm2.h) IE% (%) W (mg/cm2.h) IE% (%) W (mg/cm2.h) IE% (%)

OE 1M HCI 0.942 ... 1.751 ... 2836 ... 3.641 ... 6.301 ...
0.25 0.186 80.25 0.344 80.37 0.532 81.24 0.682 81.28 1.115 82.30
0.50 0.116 87.66 0.214 87.78 0.320 88.70 0.409 88.78 0.638 89.88
1.00 0.108 88.58 0.197 88.74 0.315 88.88 0.404 88.90 0.633 89.96
1.50 0.065 93.11 0.119 93.22 0.189 93.33 0.241 93.39 0.412 93.46

DE 0.25 0.224 76.21 0.470 73.15 0.824 70.95 1.064 70.77 1.872 70.29
0.50 0.193 79.50 0.378 78.44 0.622 78.08 0.822 77.42 1.426 77.37
1.00 0.152 83.89 0.309 82.38 0.507 82.12 0.667 81.68 1.170 81.43
1.50 0.114 87.88 0.276 84.23 0.473 83.33 0.621 82.95 1.230 80.48
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Figure 3: Anodic and cathodic polarization curves of MS in solutions of 1 M HCI without and with different
concentrations of odorized extract.
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Figure 4: Anodic and cathodic polarization curves of MS in solutions of 1 M HCI without and with different
concentrations of deodorized extract.
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Table 2: Electrochemical parameters for the MS in 1 M HCl with and without various concentrations of
aqueous extracts from Aaronsohnia pubescens aerial parts (OE and DE) at 308 K.

C - Ecorr Icorr 'BC Ba [+

(g/L) (mV/SCE)  (mA cm2) (mV dec!) (mV dect) IEPor (%)

1 M HCI 490.0 0.5779 147.4 74.8 oo,
0.25 462.9 0.1145 110.2 60.8 80.18
OF 0.50 460.1 0.0857 100.1 67.1 85.17
1.00 498.9 0.0701 109.2 62.9 87.86
1.50 497.0 0.0517 100.7 65.0 91.02
0.25 497.8 0.1651 110.6 74.3 71.43
0.50 480.8 0.0997 104.8 73.5 82.74
DE 1.00 495.3 0.0897 110.7 72.1 84.47
1.50 494.0 0.0862 106.5 /4.4 85.05

EIS investigation

The EIS is a convenient and rapid approach for
examining the protective properties of inhibitors
onto metal surfaces in different corrosive
environments (22). Thus, it was used to evaluate

the effectiveness of the two aqueous extracts
tested. The EIS measurements of the immersed MS
in 1 M HCI medium protected with various
concentrations of EO and DE at 308 K are depicted
in Figures 5 and 6 sequentially.
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Figure 5: The Nyquist plots of the immersed MS in 1 M HCI without and with different concentrations of OE
at 308 K.
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Figure 6: The Nyquist plots of the immersed MS in 1 M HCI without and with different concentrations of DE
at 308 K.

In the present investigation, the Nyquist plots of EO
and DE (Figures 5 and 6) showed a single capacitive
loop whose size increases with increased
concentrations of both aqueous extracts employed
(23,24). However, these capacitive loops are not
the perfect semicircles because of a frequent

dispersion effect attributing to roughness because of
heterogeneous solid surface (25-27). In addition,
the diameter of the Nyquist plots increases as a
function of the concentration of each inhibitor, which
affirms the adsorption of the EO and DE molecules
on the MS surface.

CPE

{Re' Ry

Figure 7: Equivalent circuit used to fit the experimental EIS data of the immersed MS in 1 M HCI without
and with different concentrations of OE and DE.

Furthermore, the impedance curves were fitted by
using EC-LAB software, and an equivalent electrical
circuits (EEC) diagram corresponds to the metal/
solution interface (the double layer between the
MS / EO / HCI and MS / DE / HCI) was proposed in
Figure 7 (28-30). As reported in Figure 7, the
equivalent circuit elements consisting of solution
resistance (Rs) connected in (CPEq) represent the
constant phase element coupled with the
polarization resistance (Rp). In this circuit, Rp
corresponds to the sum of charge transfer
resistance (Rc«) and diffuse layer resistance (Rq) at
the metal/solution interface in the absence of OE
and DE (Rp = R« + Rd). While that (R"p)
corresponds to the sum of Rp, Ra (accumulated
species) and Rr (film resistance) in the presence of

the two studied extracts(R”, = Rp + Ra + R¢ ) (31,32
). The CPEq is defined as follows:

1
Yz':;j '5‘3'.]2

(Eq. 3)

Legpe=

Where Y, benefits from the possibility of a non-ideal
capacitance of (CPEq) , (w) is the angular frequency
and (j) is the imaginary unit, and n is the phase
shift, which gives details about the degree of
surface inhomogeneity for whole numbers(0<n<1))
(29,33).

The inhibition efficiency Ems (%) is designed
according to (Equation 4), where R"”, and Ry are the
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polarization resistance in the presence and absence
of inhibitors, respectively.

o . R
IEEEQ%,I:(RM—EF %100 (Eq.4)

The impedance data that were fitted according to
the equivalent circuit and inhibition efficiency (Ees
%) are listed in Table 3. According to the fitted
results, that the double layer capacitance (Ca)
values were reduced for the inhibited samples,
evidencing the enhancement of the OE and DE
molecules adsorption onto the surface. The
reduction of the (CPEa) values for the protected
samples is attributed to the replacement of water
molecules adsorbed on the metal surface with the

RESEARCH ARTICLE

compounds of OE and DE at the metal /solution
interface (34). In addition, we noticed that the
values of R, increases with the increase of different
concentrations of two aqueous extracts to reaches
its maximum values 288.10 and 174.05 (Q.cm?) at
1.5 g/L for the OE and DE respectively.
Consequently, the inhibition efficiencies (IEgis%) of
OE and DE showed the maximum IEes% is
approximate 92.09% and 86.91% respectively.
Thus, it reveals that the OE and DE molecules have
considered as a useful green inhibitors to protect MS
against corrosion and to reduce the reactive sites
which  could be created during corrosion
phenomenon (35). These results are in good
agreement with the results obtained by PDP
investigation and show that OE has the best
inhibitory performance compared to DE.

Table 3: The electrochemical data obtained from the fitting of EIS curves for MS immersed in 1 M HCI
without and with various concentrations of OE and DE at 308 K.

C Rs Rp CPEua n Cai IEes
(g/L) (Q.cm2) (Q.cm2) Y, (x10°6SM Q-lcm-2) (x10°S Q-cm-2) (%)
Blank
0.00 1.699 22.78 327.88 0.902 92.88 -
EO
0.25 1.731 80.08 223.09 0.891 58.27 71.55
0.50 1.772 133.02 118.18 0.866 45.72 82.87
1.00 1.821 174.72 94.08 0.925 42.02 86.96
1.50 1.891 288.10 84.80 0.851 37.88 92.09
DE
0.25 1.701 76.08 258.01 0.888 64.07 70.05
0.50 1.752 87.98 175.11 0.849 54.00 74.10
1.00 1.791 117.67 107.18 0.981 42.52 80.64
1.50 1.823 174.05 93.22 0.893 39.75 86.91

Kinetics/Activation parameters

Inhibitory performance as a function of temperature ( : _ :

(T) has been discussed in this part. It is understood |p w =In R + AS, + AH, (Eq. 5)
that the variation of the corrosion rate as a function T N_.h R RT

of temperature gives results that make it possible to
thermodynamically demonstrate the mechanism of
OE and DE adsorption onto an MS surface.
According to the Arrhenius plot Ln (W/T) versus
103/T, we calculated the enthalpy AH®, and entropy
AS°; energies; then the standard activation E°; was
calculated from the plot of In(W) against 103/T.
These parameters are associated for MS without and
with inhibitors basing on the following equations:
Equation 5 for AH®°; and AS°, energies (36) and
Equation 6 for E°; energy (37).

The outputted parameters from the Arrhenius plot
(Figures 8 and 9) are listed in Table 4.

s
g

RT

(Eqg. 6)

InW=InA+

Where W, R, T, h and Na signify the corrosion rate,
the universal constant of the ideal gas, the absolute
temperature, the Planck’s constant and universal
Avogadro number, respectively.
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Figure 8: Arrhenius plots for MS corrosion rates (W) in 1 M HCI in the absence and presence of different
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Figure 9: Transition-state plots for MS corrosion rates (W) in 1 M HCI in the absence and presence of
various concentrations of each inhibitor.
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Table 4: Enthalpy AH®,; and entropy AS°, energies for MS without and with various concentrations of OE
and DE.

E°a

C(9/L) (k3. molt) (k3. mol) (k3. mol?)

AH°,

Ea- AH®a AS°,

(3. molt, K1)

1 M HcI 43.35 40.65 2.70 -112.32

0.25 40.74 38.04 2.70 -134.24

OE 0.50 38.62 35.92 2.70 -145.00

1.00 40.69 38.00 2.70 -138.91

1.50 42.11 39.42 2.70 -138.61

0.25 48.29 45.59 2.71 -122.13

DE 0.50 45.66 42.96 2.70 -117.86

1.00 46.35 43.65 2.70 -117.45

1.50 52.96 50.26 2.71 -97.82

It is crystal clear from the data in Table 4 that the I C

increase of Ew (%)with temperature and the lower Temkin : 1p E]ZIHKME—E-H (Eq. 8)

value of E°a are in favor of chemisorption for OE,
but are in favor of physical electrostatic nature for
DE.

Additionally, the positive value of standard
activation enthalpy reveals the endothermic process
of corrosion phenomenon of MS (38). However, in
other words, the positive value of the standard
activation entropy showed a high disorder of the
inhibitors molecules during adsorption. (39).
Adsorption isotherm and
parameters

To get information more about the adsorption and
the surface behavior of OE and DE molecules,
different models of adsorption isotherms including
Langmuir, Temkin and Frumkin were considered
with the range of temperature of 308 to 348 K at
the different concentrations of OE and DE. The
equations related to these isotherms are use these
formulas (40):

thermodynamic

1
K

Langmuir : (Eq. 7)

C
== C
H +

ads

Frumkin : ln{c_(ﬁ”:anadi_,_g_g (Eq. 9)

where Kads is adsorption coefficient, 0 is the surface
coverage and Cinn is the concentrations of the OE
and DE.

The Kads values can be calculated from the intercept
lines on the Cinh/8 axis. As shown in the results
Figures 10 and 11 and Table 5, the linear regression
factor of this isotherm model appears close to 1 for
the both aqueous extracts. it is understood that the
OE and DE adsorption onto the metal followed the
Langmuir isotherm. Using the following equation
(Eq. 10) the standard free energy of adsorption
AG®ads for OE and DE was calculated:

= 1 Exp(ﬁ) (Eq. 10)

K
24555 RT

where R, T, 55.5 are gas constant, absolute
temperature of experiment the molar concentration
of water in solution in respectively.
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Table 5: Langmuir isotherm adsorption parameters for 1 M HCI/OE and DE/MS interface at various

temperatures.
T(K) R?  Kaas (L.g*)  AGP°ads (KJ. mol)
308
0.999 18.41 -25.66
313 0.999 18.51 -25.58
OE 323 0.999 20.40 -26.66
333 0.999 20.49 -27.50
343
0.999 24.39 -28.82
308
0.999 14.70 -24.58
313
0.999 17.24 -25.40
DE 323 0.998 16.39 -26.07
333
0.999 16.12 -26.84
343
0.999 22.02 -28.56

We can conclude from Table 5, OE has a greater
value indicating its ability to be absorbed easily and
strongly (41). Also, it is clear that, the negative
values of AGPads suggest that the adsorption of
inhibitor molecules onto MS surface is a
spontaneous phenomenon. The predominant
adsorption mode of OE and DE depends upon
factors such as the nature of the extract molecules,
type of acid anion, as well as chemical changes in
the extracts. Molecular adsorption of the OE and DE
at the metal surface can be attributed to the
presence of electronegative elements such as
oxygen and nitrogen atoms and also to the presence
of n-electrons. The high inhibitive performance of
OE is due probably to the synergic effect of their

volatile especially, E-anethole (15.4%), (E)-
heptadeca-10,16-dien-7-one (11.1 %), and Z-B-
ocimene (8.6%) were identified as major

constituents of the essential oil from Aaronsohnia
pubescens subsp. pubescens and non-volatile
compounds. These results are coherent those of the
studies previously reported in our group (12).

CONCLUSION

The experimental results showed that the odorized
aqueous extract (OE) and deodorized aqueous
extract (DE) of Aaronsohnia pubescens subsp.
pubescens proved significant corrosion inhibition
activity. PDP curves demonstrate that inhibitors acts
as a mixed type inhibitor in 1 M HCI. The inhibition
is accomplished by a mixture physical and chemical
adsorption of the extract components on the MS
surface. The aqueous extracts obeys a Lagmuir
adsorption isotherm. The Nyquist diagram showed
that adsorption mechanism of OE and DE are
governed by a charge transfer process. The high
protective efficiency of OE is due to the synergic
effect of their volatile and non-volatile molecules.
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Abstract: Boron nitride quantum dots (BNQDs) are of high interest with their excellent photophysical and
structural characteristics. BNQDs can be synthesized through hydrothermal synthesis methods with
different nitrogen precursors; however, until now, the optical properties of BNQDS synthesized with
different nitrogen precursors have not been compared in details yet. In this study, BNQDS were
synthesized through hydrothermal synthesis methods by using urea, melamine, and thiourea as nitrogen
precursors and optical properties of BNQDS were compared by comparing emission and excitation
characteristics of each BNQD synthesized by different nitrogen precursor. Structural properties of BNQDs
were compared through infrared spectrum of each BNQDs. Our results revealed that the change in
nitrogen precursor causes significant differences in photophysical and structural properties of BNQDs.
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INTRODUCTION Amongst all, BNQDs have been studied widely with

their unique features such as low toxicity and high

Quantum dots made of 2-dimensional materials, in
other words graphene like materials, are called 2D
quantum dots and have become the center of
attention with their excellent photophysical and
structural properties (1-4). 2D quantum dots have a
lateral size in the range of 2 - 6 nm with thickness
less than 1 nm and display graphene-like geometry
(1-4). These nanomaterials are simply nanometer-
sized blocks of well-known 2D materials such as
graphene, graphitic carbon nitride, hexagonal boron
nitride, molybdenum sulfide, molybdenum selenide,
tungsten sulfide, etc (1-4). 2D quantum dots have
been considered as versatile materials since their
discovery and have been used in many different
application and research areas such as
optoelectronics, supercapacitors, batteries, cell
imaging, and sensors (1-7).

biocompatibility (1-4). BNQDs were discovered in
2014 by Lin et al. and firstly synthesized through
reducing the size of bulk hexagonal boron nitride
(top-down approach) (8). After their discovery,
BNQDs have been synthesized through top-down
synthesis methods (8-16) and bottom-up synthesis
methods (15,17-19) in many different studies. In
most of studies in which bottom-up synthesis
methods were used, boric acid was used as the
boron precursor; however, the nitrogen precursor
was different (15,17-19). The most common used
nitrogen precursors were ammonia, urea, and
melamine (15,17-19). Each study claimed the final
product that they obtained were BNQDs, and also
the spectral outcomes were pointing out the
quantum dots were indeed similar in structure,
however, no detailed comparison on optical
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properties of BNQDs synthesized with different
nitrogen precursor was conducted until now.

In this study, we synthesized BNQDs through
hydrothermal bottom-up synthetic methods by
using boric acid as the boron precursor and 3
different nitrogen precursors; urea, melamine, and
thiourea. The photophysical properties of BNQDs
were analyzed in details by collecting emission and
excitation spectrum of each quantum dot type.
Detailed structural analysis was conducted by using
Fourier transform infrared spectroscopy. Our results
showed that each BNQD type had its unique optical
and structural properties and therefore they should
be considered as different quantum dot type.

MATERIALS AND METHODS

All chemicals that were used in this work were of
the highest purity and were purchased from Sigma-
Aldrich Co. They were wused without further
purification.

Synthesis of Boron Nitride Quantum Dots

Boron nitride (BN) quantum dots were synthesized
through a modified hydrothermal synthesis method
(17). To synthesize BN quantum dots, boric acid
was used as a boron precursor and three different
nitrogen precursors (urea, thiourea, and melamine)
were selected to accompany boric acid. Firstly, 300
mg of boric acid and 100 mg of nitrogen precursor
were completely dissolved in 5 mL of distilled water.
Then, the clear solution was transferred into a
Teflon-lined stainless steel reaction chamber,
sealed, and placed in a furnace oven (brand:
Isolab). The reaction chamber was heated until 200
°C and kept at that temperature for 24 hours. After
24 hours, the reaction chamber was taken out and
cooled down to room temperature. A colorless clear
solution was obtained as the crude product, which
was purified by filtering with 0.22 micrometer
syringe and centrifuging at 14,000 rpm for 30
minutes. The purified solution was kept at 4 °C for
further use.

Optical and Structural Characterization of C-BN
and BCN QDs

Optical properties of BN QDs were characterized by
Scinco Neosys-2000 single - beam ultraviolet-visible
(UV-Vis) spectrophotometer and Varian Cary Eclipse
fluorescence spectrofluorimeter. Each sample was
dissolved in 10 mL of ultrapure water after
purification and diluted until optical density was
under 0.1 in order to prevent errors resulting from
self-absorption, then the absorption spectrum of
each sample was «collected by a UV-Vis
spectrophotometer. The further optical properties
were determined through aqueous solutions of
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quantum dots. Emission spectrum of each sample
was collected by wusing different excitation
wavelengths (Aexc) in the range of 250 - 400 nm.
The emission color of each sample was observed
under 366 nm UV-light. Photoluminescent excitation
(PLE) spectrum of each sample was collected at 440
nm. Quantum yields of the BN QDs were measured
by using coumarin 102 in ethanol as a standard (the
reference quantum yield was 0.93) (20,21).

Structural analysis of BN quantum dots was
performed through Fourier transform infrared
spectroscopy (FTIR) and Transmission electron
microscopy (TEM). Bonding characteristics of BN
quantum dots were determined by attenuated total
reflectance FTIR spectroscopy. FTIR spectrum of
each quantum dot was carried out in the range of
3750-800 cm~! by using a Perkin Elmer Spectrum
One ATR-FTIR spectrometer.

The shape and size of quantum dots were
determined by using TEM. TEM measurements were
conducted with JEOL JEM 1220 at an acceleration
voltage of 100 kV.

RESULTS AND DISCUSSION

Synthesis of BN quantum dots

Bottom-up synthesis of BN QDs are generally
carried out by using various boron and nitrogen
precursors (15,17-19). In most of the studies, even
though the precursors for boron and nitrogen differ,
the synthesis conditions are similar to synthesize BN
quantum dots (15,17-19). In this study, boric acid
was chosen to be the sole boron precursor (Figure
1). As nitrogen precursor, melamine, urea, or
thiourea were used with boric acid separately to
synthesize BN QDs in order to check the effect of
nitrogen precursor on structural and optical
properties of BN QDs. The duration for synthesis
and synthesis temperature were chosen to be 24
hours and 200 °C, respectively, as these conditions
were frequently used to synthesize BN QDs (Figure
1) (15,17-19).

As the molecular structure of nitrogen precursors
were compared, it was seen that in fact all these
precursors can also act as precursor of additional
elements, such as sulfur, oxygen, and carbon
(Figure 2). Urea and melamine are frequently used
in synthesis of BN QDs, however, thiourea has not
been preferred widely (15,17-19). In the literature,
it was suggested that BN QDs can be synthesized
through using either melamine or urea, however, it
should be considered that different molecular
structures of urea and melamine most likely cause a
distinct difference in the structure of QDs, therefore
in the optical properties of QDs.
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Figure 1. Schematic representation of synthesis of Boron Nitride quantum dots.
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Figure 2. Structures of nitrogen precursors.

Structural characterization of BN QDs

The size characterization was performed on U-
BNQDs by TEM and it was found out that BN QDs
had a size around 2 - 5 nm, which is the typical size
range for BNQDs (Figure 3). The structural
differences in BN QDs synthesized by different
nitrogen precursors displayed themselves in FTIR
spectrum of each QD (Figure 4). The most

Figure 3. TEM image of BNQDs.

observable difference was explained as follows; BN
QDs derived from thiourea (T-BNQDs) had a very
sharp and intense peak at 2550 cm™ which
corresponded to S-H bonding where neither BN QDs
derived from urea (U-BNQDs) nor BN QDs derived
from melamine (M-BNQDs) had (Figure 4) (15,17-
19). This peak showed that S=C double bond in
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thiourea was broken during synthesis of BN QDs and
thiol groups were formed in the structure of T-
BNQDs. FTIR spectrum of U-BNQDs and M-BNQDs
had typical -BOH bonding peaks around 1180 cm,
however, this peak shifted to 1210 cm™ in FTIR
spectrum of T-BNQDs due to existence of -SH
groups on the surface of T-BNQDs (Figure 4)
(15,17-19). Each BN QD had typical B-N bonding
peak around 780 - 800 cm and 1380 - 1420 cm!
(Figure 4). As the structures of U-BNQDs and M-
BNQDs were compared, the main difference

Transmittance (%)
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between the FTIR spectra of U-BNQDs and M-
BNQDs was the peak around 920 cm™, the -N-B-O
edge peak, which was the clear evidence of
structural difference between U-BNQDs and M-
BNQDs (Figure 4). Adjacent to the peak at 880 cm,
attributed to stretching vibration bands of C-O, the
U-BNQDs possessed a peak at 920 cm™ which
showed that U-BNQDs had N-B-O groups on the
surface (Figure 4). These clear differences showed
that depending on nature of nitrogen precursor, BN
QDs had different structural characteristics.

Urea
Melamine
.- = Thiourea

|
8
-

T T
4000 3500 3000

T
2500

T T T
2000 1500 1000

Wavenumber (cm™)

Figure 4. FTIR spectra of BNQDS synthesized with urea (black), melamine (red) and thiourea (blue).

Optical characterization of BN QDs
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Figure 5. Absorption (left) and Fluorescent spectrum (right) of BNQDS synthesized with urea (black),
melamine (blue), and thiourea (red). For fluorescent spectrum, each BNQDs were excited by 350 nm light.

Absorption spectrum and emission (PL) spectrum of
a quantum dot are the two main indicators that let
us characterize optical properties of all types of
quantum dots (15,17-19). The comparison of

absorbance spectrum of each BN QDs revealed that
the absorption characteristics of M-BNQDs and U-
BNQDs were similar, where absorbance spectrum of
T-BNQDs was different from those of U-BNQDs and
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M-BNQDs (Figure 5). Absorbance spectra of U-
BNQDs and M-BNQDs possessed an intense peak
around 230 nm, due to C=C peak in the structure of
BN QDs and a relatively mild peak around 280 nm,
due to band-edge transition in BN QDs (Figure 5)
(15,17-19). Both of these peaks also appeared in T-
BNQDs, but with a dramatically low intensity, which
showed that the structure of T-BNQDs was
considerably different from structure of M-BNQDs
and U-BNQDs, as was also indicated through FTIR
spectrum of each BN QDs. The emission spectrum of
each BN QDs revealed the same story; emission
spectrum of M-BNQDs upon Aexc= 350 nm and
emission spectrum of U-BNQDs upon Aexc= 350 nm
were almost identical, a single peak around 416 nm,

s =]

emms
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where the emission peak of T-BNQDs red-shifted
almost 15 nm, a single peak around 432 nm (Figure
5). The incorporation of S into BN QD structure
caused a considerable red-shift in emission peak of
BN QDs, and also caused a significant decrease in
quantum yield of BN QDs; the U-BNQDs and M-
BNQDs had quantum vyield of 24% and 21%,
respectively, where T-BNQDs had quantum yield of
6%. Although the FTIR spectrum of M-BNQDs and
U-BNQDs were different, the absorption and
emission spectrum were quite similar. Yet, the
further analysis on optical properties of BN QDs
showed that M-BNQDs and U-BNQDs had different
excitation properties (Figures 6, 7, and 8).

440 nm

Boric Acid - Urea
Boric Acid - Melamine
Boric Acid - Thiourea

4-—/,__———4\

Intensity (a.u.)

T T——

T 1 T
200 225 250 275

T
300

1 T 1 T
325 350 375 400

Wavelength (nm)

Figure 6. PLE spectrum of BNQDS synthesized with urea (black), melamine (red), and thiourea (blue).

U-BNQD and M-BNQD had similar
photoluminescence  excitation  (PLE)  spectra;
however, there was one significant difference that
U-BNQD had broadened the excitation peak in 225 -
250 nm region while M-BNQD did not (Figure 6). T-
BNQD had an entirely different PLE spectrum with

an intense peak between 200 - 225 nm (Figure 6).
The difference in the PLE spectrum of U-BNQD and
M-BNQD resulted in an observable difference in
emission spectrum of these quantum dots with Aexc
= 250 nm.
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Figure 7. Fluorescent spectra of BNQDS synthesized with melamine with different excitation wavelengths.

The emission spectrum of M-BNQD had a single
peak at 415 nm with Aexe = 250 nm (Figure 7)
where the emission spectrum of U-BNQD had a
single peak at 395 nm with Aexc = 250 nm (Figure
8). This difference is most likely due to existence of
different groups on the surface of M-BNQD and U-

Boric Acid - Melamine

Intensity (a.u.)

BNQD, the existence N-B-O groups on the surface of
U-BNQDs. It should be noted that U-BNQD and M-
BNQD had very similar emissive properties with Aexc
300 nm, Aexce = 350 nm and Aexce = 400 nm
(Figures 7 and 8).

— o= 290 NM
= eye= 300 NM
—deye= 350 NM
= heyc= 400 NmM

T T T
300 350 400

T
450

T T T
500 550 600 650

Wavelength (nm)

Figure 8. Fluorescent spectrum of BNQDS synthesized with urea with different excitation wavelengths.

These observations showed that, despite the
differences on the surface of U-BNQD and M-BNQD,
these quantum dots had similar inner crystal
structure and the crystal structure can be excited

through lower energy possessing light (300 - 400
nm), where surface of BN QDs could be excited
through higher energy possessing light (250 nm).
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CONCLUSION
Boron nitride quantum dots are generally
synthesized through hydrothermal methods by

using boric acid as a boron precursor and various
chemicals such as urea, melamine, and thiourea as
nitrogen precursors. The BN quantum dots
synthesized with different nitrogen groups had
significant optical and structural differences. When
thiourea was used as nitrogen precursor, it was
observed that sulfur was incorporated with crystal
structure and incorporation of sulfur to nanocrystal
structure caused significant changes in optical
properties of quantum dots, such as decrease in
quantum vyield and shift in emission peak
wavelength. The BN quantum dots synthesized by
using urea and melamine as nitrogen precursors
had similar emission properties upon excitation
through 300, 350, and 400 nm light, however, the
U-BNQD had a broadened PLE spectrum compared
to M-BNQD and had different emission properties
upon excitation through 250 nm, which was a
consequence of existence of N-B-O bonding on the
surface of U-BNQD that was observed in FTIR
spectrum of U-BNQD.
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