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The Sociedad Quimica de México was founded in 1956 as a non-profit associa-
tion to promote the development of the professionals and students of chemistry in
education, research, services and industry, and for the diffusion of chemical
knowledge. The Sociedad Quimica de México organizes annually the Mexican
Congress of Chemistry and the National Congress of Chemical Education, both
congresses include activities of current interest for professionals and students of
the chemical sciences. It grants annually the “Andrés Manuel del Rio” National
Award of Chemistry in the Academic area (field of research and field of educa-
tion) and in the Technological area (field of technological development). It also
grants each year the Rafael Illescas Frisbie Best Bachelor, Master and Doctoral
Thesis in Chemical Sciences Awards and the biennial Award of the Sociedad Qui-
mica de México in honor of the Doctor Mario J. Molina, directed to the profes-
sionals in Chemistry Sciences.

The Journal of the Mexican Chemical Society (J. Mex. Chem. Soc) is the
official journal of the Sociedad Quimica de México, it was published as Revista
de la Sociedad Quimica de México (Rev. Soc. Quim. Mex.) from 1957 to 2003,
changing its name in 2004. The Journal of the Mexican Chemical Society (J.
Mex. Chem. Soc.) is a scientific, blind, peer reviewed, and open access, free of
charge publication that covers all areas of chemistry and its sub-disciplines (i.e.
medicinal chemistry, natural products, electrochemistry, material science, com-
putational chemistry, organic chemistry, bioinorganic chemistry, etc). It is de-
voted to facilitating the worldwide advancement of our understanding of
chemistry. It will primarily publish original contributions of research in all
branches of the theory and practice of chemistry in its broadest context as well
as critical reviews in active areas of chemical research where the author has
published significant contributions. The J. Mex. Chem. Soc. is a quarterly pub-
lication in which language of submission and publication is English. To be suit-
able for publication in J. Mex. Chem. Soc., manuscripts must describe novel
aspects of chemistry, high quality of results and discussion an excellent bib-
liographic support, and contribute to the development of the field. Routine or
incremental works are not suitable for publication in J. Mex. Chem. Soc. Au-
thors are encouraged to send contributions in electronic form. Our online sub-
mission system guides you stepwise through the process of entering your article
details and uploading your files. The Sociedad Quimica de México also pub-
lishes since 2007 articles of general interest in the Boletin de la Sociedad Qui-
mica de México.

La Sociedad Quimica de México fue fundada en 1956 como una agrupacion sin
fines de lucro para promover el desarrollo de los profesionales y estudiantes de
la quimica en las areas educativa, investigacion, servicios e industria, y para
difundir el conocimiento de la quimica. La Sociedad Quimica de México organi-
za anualmente el Congreso Mexicano de Quimica 'y el Congreso Nacional de
Educacion Quimica, en los cuales se desarrollan diversas actividades de interés
para los profesionales y estudiantes de las ciencias quimicas. Asimismo, otorga
anualmente el Premio Nacional de Quimica “Andrés Manuel del Rio” en el
area Académica (campos de docencia e investigacion) y en el area Tecnologica
(campo de Desarrollo Tecnoldgico). También otorga anualmente el Premio a
las Mejores Tesis de Licenciatura, Maestria y Doctorado en Ciencias Quimi-
cas, Rafael Illlescas Frisbie. De manera bienal otorga el Premio de la Sociedad
Quimica de México en Honor al Doctor Mario J. Molina, dirigido a los profe-
sionistas de las Ciencias Quimicas.

El Journal of the Mexican Chemical Society (J. Mex. Chem. Soc.), es la
revista oficial de la Sociedad Quimica de México. Desde 1957 y hasta 2003
fue publicada como Revista de la Sociedad Quimica de México (Rev. Soc.
Quim. Mex.), cambiando su nombre en 2004. Es una publicacion trimestral
que tiene como objetivo coadyuvar al avance del entendimiento de la quimi-
ca; las instrucciones para los autores aparecen en cada fasciculo. La Sociedad
Quimica de México también publica desde 2007 articulos de interés general
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Abstract. Carbon steel corrosion inhibition in the presence and absence of Ferula lutea butanolic extract (EBFL)
as a corrosion inhibitor was investigated. This study focuses on the optimization of three main parameters: inhibitor
concentration, immersion time, and temperature, on the corrosion inhibition of X2C30 carbon steel by EBFL based
on the weight loss method. A composite-centered design (CCD) of response surface methodology (RSM) was
employed to design the experiment utilizing Design Expert software in to assess the experimental factors that
influence the process. Both the corrosion rate and the inhibition efficiency were modeled using logarithmic
quadratic equations. The achieved correlation between the predicted and experimental values reveals the accuracy
of the proposed models. This investigation proved that (RSM) is a useful tool to predict the optimal operating
parameters of the examined inhibitor to mitigate carbon steel corrosion. Gravimetric and electrochemical
measurements have indicated that extract (EBFL) exhibits corrosion inhibition properties of X2C30 carbon steel
in 1 M hydrochloric acid medium.

Keywords: Corrosion; carbon steel; Ferula lutea; weight loss measurements; surface response methodology.

Resumen. Se investigo la inhibicion de la corrosion del acero al carbono en presencia y ausencia del extracto
butanoélico de Ferula lutea (EBFL) como inhibidor de la corrosion. Este estudio se centra en la optimizacion de
tres parametros principales: la concentracion del inhibidor, el tiempo de inmersion y la temperatura, sobre la
inhibicion de la corrosion del acero al carbono X2C30 por el EBFL basandose en el método de la pérdida de peso.
Se empled un disefio centrado en el compuesto (CCD) de la metodologia de superficie de respuesta (RSM) para
disenar el experimento utilizando el software Design Expert en para evaluar los factores experimentales que
influyen en el proceso. Tanto la velocidad de corrosion como la eficiencia de inhibicion se modelaron mediante
ecuaciones cuadraticas logaritmicas. La correlacion alcanzada entre los valores predichos y los experimentales
revela la precision de los modelos propuestos. Esta investigacion demostré que (RSM) es una herramienta util
para predecir los parametros operativos optimos del inhibidor examinado para mitigar la corrosion del acero al
carbono. Las mediciones gravimétricas y electroquimicas han indicado que el extracto (EBFL) presenta
propiedades de inhibicion de la corrosion del acero al carbono X2C30 en medio acido clorhidrico 1 M.

Palabras clave: Corrosion; acero al carbono; Ferula lutea; medidas de pérdida de peso; metodologia de
respuesta superficial.
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Introduction

Steel and its alloys are widely used in the construction of tanks, pipes and oil refining equipment [1,2]. These
installations are highly vulnerable to corrosion and have a low resistance to aggressiveness in the presence of acid
solutions, which are often used to remove unwanted scale and rust in many industrial processes. The most widely
commercialized and used acid is hydrochloric acid (HCI). To effectively control corrosion of carbon steel there are
several methods, however, corrosion inhibitors remain among the most effective and practical methods [3-6].

Inhibitors are being used to control steel dissolution and reduce acid consumption [6,7]. Currently,
research on inhibitors includes a variety of activities ranging from protective mechanisms to the monitoring of
industrial systems in which inhibitors are utilized, to the discovery and synthesis of new compounds, to the
assessment of competitively traded products [8]. Corrosion inhibitors are organic and inorganic substances, which
are added to the corrosive environment in an attempt to reduce or eliminate corrosion. These substances are
adsorbed to the metal surface and change the structure of the electrical double layer. The adsorption process
depends mainly on the molecular structure. However, the use of some organic and inorganic chemical inhibitors
is limited because their synthetically produced compounds are very high in cost, their biodegradability is limited
and they are toxic, harmful, and dangerous to humans and the environment [9,10]. The most recent research in the
domain are focused on the corrosion-inhibiting properties of natural plant extracts [11,12]. These represent
extremely rich sources of natural chemical compounds that are eco-friendly and not harmful, cheap, available, and
abundant, renewable, and can be extracted by simple processes and techniques.

A substantial number of reports, reviews, and books have been devoted to the use of green plant-based
corrosion inhibitors for metals in acidic mediums. It has been stated that plant extracts have excellent inhibiting
abilities, with low or no negative impact on the environment. Several types of research are available justifying the
suitability of the plant-based inhibitor. Among the various inhibitors of plant origin studied, we mention
particularly those dedicated to the protection of metals against corrosion in acidic environments. Valek and
Martinez [13] investigated the inhibition of the corrosion of the copper in sulfuric acid 0.5 M by leaf extract of
Azadirachta indica. The methods used were intensity-potential curves and weight loss. Azadirachta indica
revealed an efficacy of 86.4 %. The effect of Punica granatum extract and its main constituents on the inhibition
of mild steel in 2 M HCI and 1 M H,SO; solutions was examined by M. Behpour et al. [14] using weight loss,
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) for various concentrations of the
extract. Azadirachta indica exhibited an inhibitory efficiency of 95.8 % in HCI solution and 94.2 % in H,SO4
solution. N. Soltani ef al. [15] studied the influence of Silybum marianum leaf extract as a corrosion inhibitor of
304 stainless steel in 1.0 M HCIl solution. The highest extract concentration, 1.0 g/L, leads to a rise in inhibitory
efficiency that reaches 96 %. In recent research, the inhibitory effect of Laurus nobilis leaf extract for carbon steel
in 1M HCI acid medium was examined [16]. The achieved findings indicated a maximum protection of 92 %,
which was obtained after 2.5 h at a concentration of 400 ppm of the extract.

In general, for any material, there is a suitable family of inhibitors to provide satisfactory protection
against corrosion. Extracts of certain plants such as Portulaca grandiflora [17], Ficus tikoua leaves [18],
Neolamarckia cadamba barks [19], Ephedra Major [20], Thapsia villosa [21], Arthrospira platensis [22],
Sansevieria trifasciata [23], Orange peel [24], have been reported to inhibit corrosion of metals in acid solutions.

Analytical chemistry is increasingly using response surface methodology (RSM) as a tool for
optimization. It comprises a group of statistical and mathematical methods based on fitting empirical models to
experimental data gathered following the experimental design. To achieve this goal, the studied system is described
using linear or square polynomial functions, which are then used to investigate (by modeling) the experimental
conditions until its optimization [25-30].

The present work is part of the experimental investigations on the inhibition of corrosion of metal surfaces
by the use of green inhibitors. It is in this regard that we examined the corrosion inhibition of a X2C30 carbon
steel by the butanolic extract of the plant Ferula lutea denominated (EBFL) in a 1 M hydrochloric acid medium.
We applied electrochemical and gravimetric techniques to determine the efficiency of the inhibitor, its mode of
acting as well as several corrosion parameters. The values of the most significant operational parameters have been
optimized using the response surface methodology (RSM) based on composite-centered design (CCP) to enhance
the associated responses. The two responses examined were: inhibitory efficiency and corrosion rate. The building
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of the experimental design, the statistical analysis, and the graphical representation of the model as well as the
optimization study of the factors that influence these responses were carried out using the design-Expert software.

Materials and methods

Samples preparation

The material used as the working electrode is a carbon steel of quality X2C30, having the following
chemical composition (in % by weight): C (0.35); Si (0.4); Mn (0.8); P (0.035); S (0.035) and Fe remainder.
Weight loss measurements were conducted on prepared 1x1x1 cm cubes abraded successively with different
grades of emery paper (320, 400, 500, 800, 1000, 1200, and 2000), washed with distilled water, cleaned with
acetone, and dried at room temperature before being utilized in the experiments.

Preparation of HCI solution

The corrosive medium is a 1 M hydrochloric acid solution, obtained by diluting the commercial
concentrated acid of HC1 37 % (Merck) with distilled water. The tests were carried out in this solution without
and with the addition of different concentrations (200,500 and 800 ppm) of the extract: n-Butanol of the plant
Ferula lutea (EBFL).

Solid-liquid extraction

The plant was collected during its flowering period in May in the area of mountain Babor in the
province of Setif in eastern Algeria. Solid-liquid extraction employed in this work is a technique, which consists
in letting the plant material (cut in small pieces) stay in the water/methanol mixture (aqueous methanol) to
extract the active principles (phenolic compounds and flavonoids). The protocol for the n-butanolic extract of
Ferula lutea was carried out according to the literature reports [20,31,32].

Weight loss measurements

This method is relatively easy and does not require any important equipment. It consists of exposing
surface samples (S) in HCI 1M medium in the absence and presence of different concentrations of the inhibitor
(EBFL) maintained at constant temperature for a well-defined time (t) and measuring the mass difference (AW)
of the samples before (W;) and after (Wy) for each test. (1): The loss in weight, corrosion rate, and inhibitor
efficiency were established according to the following relationship:

yal74

The inhibition efficiency (IEw %) can be calculated using Equation (2):

CRo—CR,
IEw% = | ER=ZCRi | 100
W ( CRo j (2)

where, CR,, and CR; are the corrosion rates in the absence and presence of various concentrations of inhibitor
respectively. The corrosion rate (CR) and the inhibition efficiency (IEw%) are very useful to discuss the
adsorption characteristics and thermodynamic parameters that were calculated.

Response surface methodology

An experimental design is a statistical method to control a multi-parameter (factor) problem by
following a pre-conceived program of different experiments to be performed. Its purpose is to minimize the
number of experiments in order to achieve accurate results that reflect the real variation of the studied
phenomenon concerning its different attributes [28,29,33]. A constrained calculation interval is one of the
characteristics of this experimental design. The levels utilized, indicated by the values (-1) and (+1), represent
the minimum and maximum level values allocated to the components that are centered around a middle value,
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respectively (0). Several parameters influence corrosion inhibition such as inhibitor concentration, immersion
time, and temperature. In this work, the responses retained are inhibitory efficiency (Elw %) and corrosion rate
(CR). Composite Centered Design (CCD) based Response Surface Methodology (RSM) was used to investigate
and statistically analyze the effect of (EBFL) on corrosion inhibition of carbon steel in 1M HCI acid medium.
These modeling methods allow for mathematical models involving different parameters that affect the
inhibition efficiency and the corrosion rate. All the planned experiments as well as the statistical analysis of the
results were done with Design-Expert, which is a specialized software for the planning and analysis of
experiments. Table 1 depicts the various levels and factors that were further into the design of this experiment.

In this work, a fitting analysis is recommended using a model comprising a logarithmic polynomial
interaction effects equation. The most common second-order polynomial equation for generating the relevant
model terms and fitting the experimental data is formulated as follows:

k k k
In(Y)=ao+ La X+ Lay X+ ¥ Xay X X; + & 3)

ii=1

where Y represents the predicted response, i.e., inhibition efficiency (IEw%) and corrosion rate (CR), ao, the
constant parameter, X; and X the variables, aj, the i linear coefficient of the input factor X, aj;, the i quadratic
coefficient of the input factors Xi, ajj, the different interaction coefficients between the input factors X; and X;
(1i=1-3, j=1-3), and &;, the model error [34]. As an alternative to performing a test campaign involving 27
experiments for the inhibition efficiency and another 27 for the corrosion rate test, this number can be
minimized to only 17 for each of these two trials, by selecting and applying an experimental design with RSM
and CCD Design and using the Design expert software.

Table 1. Factor levels of the independent variables of the central composite design

Factors Symbols variables Min level (-1) | Medium level | Max level (+1)
Concentration (ppm) A 200 500 800
Temperature (°C) B 20 35 50
Immersion time (h) C 1 2 3

Scanning electron microscopy (SEM)

The samples for surface morphological examinations were immersed in a 1 M HCI solution containing
the optimal concentration found of the inhibitor (800 ppm) for 3 hours at 20 °C. Then they were removed,
washed quickly with distilled water, and dried. The analyses were performed using a scanning electron
microscope; model JEOL JSM-6360 LV.

Results and discussion

Weight loss measurements

As depicted in Table, the achieved results of the weight loss tests show that the inhibition efficiency Elw
(%) increases while the corrosion rate decreases with the increase of the inhibitor concentration (EBFL). The
inhibition efficiency reaches a maximum value of 87.44 % corresponding to the critical concentration (800 ppm),
the immersion time (3 hours), and the lowest temperature (20 °C). This maximum inhibition efficiency is reached
when the inhibitor concentration and immersion time have their maximum values. This behavior can be attributed
to strong adsorption of the inhibitor on the surface of the carbon steel (X2C30) [35-38]. On the other hand, the
lowest inhibition efficiency of 20.61 % is observed when the inhibitor concentration and immersion time are at
the lowest level, and the temperature reaches its highest values, i.e. 200 ppm and 1h, respectively.
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Table 2. Central composite matrix of factors A, B, and C and the experimental values of responses Y and Y>,
obtained by weight loss measurements.

Run Factorl(A) | Factor 2 (B) | Factor 3 (C) | Responsel (Y1) | Response2 (Y2)

N° | Conc (ppm) | Temp (°C) Time (h) IEw (%) CR (mg/cm?.h)
1 800 20 1 86.88 0.0316
2 500 35 3 56.57 0.1412
3 200 20 1 32.36 0.1785
4% 500 35 2 47.72 0.1523
5 200 50 3 29.64 1.3471
6 500 35 1 42.40 0.1492
7* 500 35 2 47.72 0.1523
8 800 35 2 67.77 0.0939
9% 500 35 2 47.72 0.1523
10 200 35 2 25.71 0.2163
11 800 50 1 62.01 0.5353
12 500 20 2 57.59 0.0636
13 800 20 3 87.44 0.0223
14 200 20 3 37.33 0.1113
15 500 50 2 40.82 0.8913
16 800 50 3 71.90 0.5380
17 200 50 1 20.61 1.1186

*Three points in the center of the model.

ANOVA and regression models

The analysis of variance (ANOVA) is a statistical test (Fisher-Snedecor test) that enables users to
analyze the variances of the values generated by the model and those of the residuals. The software suggested
the logarithmic quadratic model used (equations 4 and 5), for both responses (inhibitory efficiency and
corrosion rate). The significance of the model, each factor, and the interactions are checked using a Fisher's test
(F). The more F is greater, the less probability (Prob>F) is, and the more significant the related model and the
main coefficients are. If the value of (Prob>F) is lower than 0.05, then the model is significant at a 95 %
confidence level [39]. Values between 0.05 and 0.10 indicate that the model terms are significant at 90 % and
values higher than 0.10 denote that the model terms are not significant [40,41].

In this study, we have implemented a central composite design, according to which a test campaign
consisting of a set of 17 experiments has been elaborated, with three points corresponding to the center of the
model. The trials were numbered from 1 to 17. Table 2 represents the planning matrix giving the different
combinations of the basic factors: EBFL inhibitor concentration, temperature, and immersion time. The results
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derived from the experimental trials on the samples were used to fit mathematical models that represent the
responses of inhibitory efficiency (Y1) and corrosion rate (Y>) as a function of the independent variables A, B,
and C: inhibitor concentration, temperature, and immersion respectively. The initial analyses of variance for
the two responses are provided in Tables 3 and 4, showing the sum of squares and the mean square for every
parameter, where the p-value and F-value are set as the ratio of the mean square effect respectively, and the
mean square error. Before excluding insignificant terms, the predictive models are expressed in terms of the
variables in the following equations:

Ln(y,)=3.856+0.48A—-0.16B + 0.095C + 0.019AB — 0.044AC
+ 0.045BC — 0.1A% + 0.049B%? + 0.059C*? (4)

and:

Ln(y,)=-1.89-0.58A+1.3B-0.069C + 0.21AB-7.132x10° AC

+0.13BC - 0.047 A%+ 0.47B2 + 0.029C* ®)
Table 3. Initial ANOVA results and statistical parameters for response Y.
Source Sum of squares | df ::f;::e F-Value g}‘;ﬁl:; Observation
Model 2.70 9 0.30 212.39 <0.0001 Significant
A-Conc 2.30 1 2.30 1628.83 <0.0001
B-Temp 0.24 1 0.24 172.07 <0.0001
C-Time 0.090 1 0.090 63.76 <0.0001
AB 2.772x1073 1 2.772x1073 1.96 0.2040
AC 0.015 1 0.015 10.95 0.0129
BC 0.016 1 0.016 11.60 0.0114
A? 0.027 1 0.027 19.42 0.0031
B? 6.323x1073 1 6.323x103 4.48 0.0722
C? 9.210x107 1 9.210x1073 6.52 0.0379
Residual 9.886x107 7 1.412x1073
Lack of Fit 9.886x1073 5 1.977x1073
Pure Error 0.000 2 0.000
Cor Total 2.71 16
Fit Statistics Std Dev =0.038 R?*=0.9964
Mean =3.85 Adjusted R?=0.9917
C.V.%0.98 Predicted R = 0.9695
Adeq Precision = 50.678
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Table 4. Initial ANOVA results and statistical parameters for response Y»
Source Sum of squares | df S?j::e F-Value Il’)}Vozl:Fe Observation
Model 21.54 9 2.39 194.02 <0.0001 Significant
A-Conc 3.40 1 3.40 275.38 <0.0001
B-Temp 16.85 1 16.85 1366.18 <0.0001
C-Time 0.047 1 0.047 3.81 0.0921
AB 0.35 1 0.35 28.74 0.0011
AC 4.069%x10* 1 4.069%x10* 0.033 0.8610
BC 0.13 1 0.13 10.37 0.0146
A? 6.016x107 1 6.016x107 0.49 0.5075
B2 0.58 1 0.58 47.13 0.0002
C? 2.269x1073 1 2.269x1073 0.18 0.6809
Residual 0.086 7 0.012
Lack of Fit 0.086 5 0.017
Pure Error 0.000 2 0.000
Cor Total 21.63 16
Fit Statistics Std Dev =0.11 R*=0.9960
Mean =-1.66 Adjusted R?=0.9909
C.V. % 6.68 Predicted R? = 0.9592
Adeq Precision =47.301

From the ANOVA (Tables 3 and 4), "F-value" of the model is 212.39 for inhibitory efficiency and
194.02 for corrosion rate respectively, implying that the models are significant. There is only a 0.01 % chance
that the model could occur due to noise [30,42]. Probability values less than 0.05 indicate that the model terms
are significant [34,43]. In the case of inhibitory efficacy, the factors A, B, C, the interactions AC, BC, and the
quadratic effects A2, C? are significant terms in the model. The P-value obtained for the interaction of type A B
is 0.2040 (> 0.05). There is therefore no significant effect. Concerning the corrosion rate, the factors A, B, C,
the interactions AB, B C, and the quadratic effect B? are significant terms in the model.

The regression analysis was examined in depth by evaluating the R?, adjusted R?, and predicted R?
determination coefficients. R? indicates the proportion of total response variation predicted by the models.
Correlation coefficients close to 1 indicate the adequacy of the models and the accuracy of the calculated
constants [28]. Adjusted R? can be used to prevent probability errors, when a new term is added, and is a useful
tool for comparing the explanatory power of models with different numbers of predictors. The predicted R? is
used in regression analysis to indicate how well the model predicts responses for new observations. The
predicted R? may be more useful than the adjusted R? for comparing models because it is calculated from
observations not involved in the model estimation. The coefficients of determination R? and adjusted R? indicate
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the quality of the polynomial fit and should be within about 0.20 of each other, to be in reasonable agreement.
Both models have high coefficients of determination (R?=0.9964 for inhibitory efficiency and R?>=0.9960 for
corrosion rate. The adjusted R? value often decreases if statistically insignificant factors are added to the model.
When R? and adjusted R? differ significantly, there is a strong chance that insignificant terms are included in
the model [44], in our case the R? and adjusted R? coefficients are close to 1.00 for both models. Based on this
study, for the first response (inhibitory efficacy), the predicted R? and adjusted R? values are 0.9695 and 0.9917,
respectively, which suggests that the predicted and experimental inhibitory efficiencies are in perfect
agreement. The R? equal to 0.9964 is in excellent accordance with the experimental results, which implies that
this model can reveal 99.64 % of the variability. Furthermore, for the second response (corrosion rate), the
values of R, predicted R? and adjusted R? are respectively 0.9960, 0.9592, and 0.9909 indicating a high
correlation between the observed and predicted values. The coefficient of variation "CV" is the ratio of the
standard error of the estimate to the mean value of the observed response and is a measure of the reproducibility
of the model, generally a model can be considered reasonable if its CV is not greater than 15 % [45]. Thus, in
this study, the obtained coefficient of variation value of 0.98 % (inhibitory efficiency) and 6.68 (corrosion rate)
indicates a high precision and reliability of the experiments.

The ANOVA was then replicated after eliminating non-significant terms and the results for inhibitor
efficacy and corrosion rate are given in Table 5 and Table 6. The adequacy of the regression models to interpret
the experimental data at the 95% confidence level was examined using the ANOVA results. The significance
of both main effects and interaction effects in the predictive models was assessed based on their probability
values (p values). P-values less than 0.05 necessitated rejection of the null hypothesis suggesting that the
particular term significantly affects the measured response of the system [40,41]. Finally, based on the final
ANOVA for two responses Y1 and Y2, as well as the interactions with significant effects, a fitted regression
model with statistical significance can be reported in the following equations:

Lrf Y,)=3.86+0.48A —0.16B + 0.095C + 0.019AB — 0.044AC (6)
+0.045BC — 0.085A2+0.075C=
and:

Lrf Y2)=—-1.91-0.58A +1.3B - 0.069C + 0.21AB +0.13BC +0.47B* (7)

The normal probability plot of the residuals for the two responses (Y1) and (Y>) is depicted in Fig. 1(a)
and 1(b), respectively. The accuracy of the model should be estimated by the difference between the expected
values and the actual values (residuals), which are expected to follow a normal distribution. The data in Fig.
1(a) and 1(b) should be evenly distributed and by a forty-five-degree line. The points are reasonably close to a
straight line [46,47]. The straight lines obtained for the curves demonstrate that the studied residual follows a
normal linear distribution, indicating that the models are appropriate for all examined responses.

Table S. Final ANOVA results and statistical parameters for response Y.

Source Sum of squares | df slzlll:::'le F-Value II;}VO?)I:BS Observation
Model 2.69 7 0.38 182.26 <0.0001 Significant
A-Conc 2.30 1 2.30 1090.50 <0.0001
B-Temp 0.24 1 0.24 115.23 <0.0001
C-Time 0.090 1 0.090 42.70 <0.0001
AC 0.015 1 0.015 7.34 0.0241
BC 0.016 1 0.016 7.77 0.0212
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Source Sum of squares | df sl;[:::e F-Value ll),}‘;zl:; Observation
A? 0.022 1 0.022 10.30 0.0107
c: 0.017 1 0.017 8.11 0.0192
Residual 0.019 9 2.109x1073
Lack of Fit 0.019 7 2.712x1073
Pure Error 0.000 2 0.000
Cor Total 2.71 16
Fit Statistics Std Dev =0.046 R?=0.9930
Mean =3.85 Adjusted R2=0.9875
CV.%1.19 Predicted R* = 0.9681
Adeq Precision = 46.367
Table 6. Final ANOVA results and statistical parameters for response Y>.
Source Sum of squares | df squf::e F-Value I;,}Vozl:; Observation
Model 21.53 6 3.59 362.58 <0.0001 Significant
A-Conc 3.40 1 3.40 343.28 <0.0001
B-Temp 16.85 1 16.85 1703.00 <0.0001
C-Time 0.047 1 0.047 4.74 0.0544
AB 0.35 1 0.35 35.83 0.0001
BC 0.13 1 0.13 12.93 0.0049
B2 0.75 1 0.75 75.68 <0.0001
Residual 0.099 10 9.896x107
Lack of Fit 0.099 8 0.012
Pure Error 0.000 2 0.000
Cor Total 21.63 16
Fit Statistics Std Dev =0.099 R?*=0.9954
Mean =-1.66 Adjusted R =0.9927
C.V. % 5.98 Predicted R* = 0.9838
Adeq Precision = 62.898
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An appropriate model can be determined based on the distribution of data points around the mean of
the response variable as well. A uniformly distributed data point around the mean of the response variable
suggests that the model is suitable (Fig. 2). Correlation between the predicted values of the response based on
the model equation and the actual values obtained in the experiment were investigated using predicted versus
actual plot. It can be seen that the proper correlation to the linear regression fit is obtained in this graph with an
R? value of 0.9930 and 0.9954 for inhibitory efficacy and corrosion rate, which indicates that the model
accurately describes the experimental data. Furthermore, the obtained measured values and their associated
predicted values are compared in Table 7. The maximum error for

The plots of the residuals against predicted values for the final ANOVA in the case of the two responses
examined are displayed in Fig. 3. From this Figure, it can be observed that there is not a considerable dispersion
of the residuals for the two responses. Therefore, it appears that the proposed model was appropriate.

Fig. 1. Normal probability plot of the residuals for: (a) inhibitory efficiency and (b) corrosion rate.
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Fig. 2. Plots of predicted versus actual values for (a) inhibitory efficiency and (b) corrosion rate.
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Table 7. Comparison between experimental and predicted values and calculation of residuals for the two responses (Y1, Y2)

Run Response Y1 ( %) (%) Response Y2 (mg/cm?.h) Residue
Ne IEw(measured) | IEw(redicted) CR(measured) CR(predictedy | €i (IEw) ei( CR)
1 86.88 87.38 0.0316 0.0339 -0.50 -0.0023
2 56.57 52.59 0.1412 0.1364 3.98 0.0048
3 32.36 30.72 0.1785 0.1649 1.64 0.0136
4 47.72 47.67 0.1523 0.1474 0.05 0.0049
5 29.64 30.41 1.3471 1.2308 -0.77 0.1163
6 42.40 43.20 0.1492 0.1593 -0.80 -0.0101
7 47.72 47.67 0.1523 0.1474 0.05 0.0049
8 67.77 69.65 0.0939 0.0815 -1.88 0.0124
9 47.72 47.67 0.1523 0.1474 0.05 0.0049
10 25.71 26.51 0.2163 0.2664 -0.80 -0.0501
11 62.01 59.44 0.5353 0.5206 2.57 0.0147
12 57.59 60.35 0.0636 0.0616 -2.76 0.0020
13 87.44 88.98 0.0223 0.0231 -1.54 -0.0008
14 37.33 36.67 0.1113 0.1121 0.66 -0.0008
15 40.82 45.33 0.8913 0.8006 -4.51 0.0907
16 71.90 73.79 0.538 0.5607 -1.89 -0.0227
17 20.61 20.90 1.1186 1.1429 -0.29 -0.0243
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Fig. 3. Plot of the residual and predicted values of inhibition efficiency (a) and corrosion rate (b).
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Analysis of 3D response surfaces

3D response surfaces are plotted to enable viewing the simultaneous effects of two parameters on a
response. Figures 3 and 4 display the response in terms of inhibition efficiency and corrosion rate respectively.
Three combinations of interactions for every condition were statistically determined for each response. From the
interactive effects of the extract concentration and temperature variables in Fig. 4(a) by keeping the immersion
time at their constant value of 3 hours, we can observe that the inhibition efficiency of carbon steel decreases with
an increase in temperature but increases with an increase in the concentration of the EBFL inhibitor. In general,
corrosion inhibition depends on the adsorption of the organic inhibitor being used. The rate of desorption of EBFL
molecules from the surface of carbon steel becomes more rapid at higher temperatures, which would be expected
to be responsible for the decreased inhibition efficiency. Fig. 4(b) showed an interaction between the concentration
of an inhibitor and the exposure time on the corrosion inhibition efficiency by maintaining the temperature at a
value of 20 °C. The inhibition efficiency increases with both immersion time and increasing EBFL concentration.
This Figure shows that the inhibition efficiency of the extract is quite good for an immersion period of 3 h for
higher concentrations of EBFL. The interaction between immersion time and temperature shows that inhibition
efficiency increases with increasing immersion time. The maximum inhibition efficiency is obtained at the highest
immersion time and lowest temperature combination at the constant value of 800 ppm (Fig. 4(¢)). This suggests
faster adsorption and greater surface coverage on the carbon steel surface by EBFL at higher concentrations.
Nevertheless, Fig. 5(a), indicates that the corrosion rate decreases with the increase of the inhibitor concentration
and also increases with an increase in the immersion time. Fig. 5(b) illustrates that the corrosion rate decreases
with increasing inhibitor concentration and also increases with increasing time, as well as an increase in
temperature leads to an increase in the corrosion rate as observed in Fig. 5(¢) and decreases with increasing
inhibitor concentration. This suggests physical adsorption.

£
i

80 =
© Time () s T " A Gonc (ppm) B: Temp (*C)

Fig. 4. 3D response surface diagrams for Inhibition Efficiency: (a) Temperature versus concentration, (b) Time
versus concentration, and (¢) Time versus temperature.
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Fig. 5. 3D response surface diagrams for corrosion rate: (a) Temperature versus concentration, (b) Time versus
concentration and (¢) Time versus temperature.
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Optimization and confirmation tests of the results

Response surface methodology (RSM) was used to choose the parameters that maximized the
inhibition efficiency and corrosion rate of the butanolic extract (EBFL) as a corrosion inhibitor. The
concentration of the inhibitor (A), temperature (B), and immersion time (C) were the three factors that were
optimized. The predicted values of the responses are the optimal values based on the experimental findings
shown in Table 7 and confirmed in Fig. 6, whose values of the optimal solution are close to 1 (or 100 %) for
both examinations (Inhibition efficiency and corrosion rate). These values are picked as the parameter values
that have the greatest impact on the response factor. According to Table 8, RSM tends to search, among a
multitude of solutions, the top 10 best cases out of a large number of possibilities. The highest reported response
values for corrosion rate and inhibition efficiency in this context are 0.02306 mg/cm?h and 88.9852 %,
respectively.

—®

- |

200 800 20 50 1 3

A Conc = 800 B:-Temp = 20 Ctemps =3

20,61 8744 0,0223 1,3471

El= 889852 V =0,023058
Fig. 6. Optimal conditions selected for parameters influence corrosion inhibition in the absence and presence
of EBFL with their responses (inhibition efficiency and corrosion rate)

Table 8. Ten best solutions for parameters influencing corrosion inhibition in the absence and presence of
EBFL, with their responses (inhibition efficiency and corrosion rate).

Number | Conc (ppm) | Temp (°C) | Time (h) | IEw (%) | CR (mg/cm?.h) | Desirability
1 800.000 20.00 3.00 88.985 0.0231 1.00
2 799.795 20.026 2.984 88.744 0.0232 1.00
3 799.992 20.003 2.972 88.605 0.0232 1.00
4 797.143 20.000 2.999 88.744 0.0232 1.00
5 799.987 20.002 2.950 88.301 0.0233 1.00
6 799.960 20.002 2.941 88.186 0.0233 1.00
7 797.601 20.002 2.965 88.312 0.0234 1.00
8 798.887 20.002 2.930 87.360 0.0234 1.00
9 799.794 20.002 2.898 87.631 0.0235 1.00
10 786.274 20.001 2.999 87.875 0.0239 0.999
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Calculation of the inhibitory efficiency and the corrosion rate at different temperatures from the models

To better understand the behavior of a metal in an aggressive medium and the nature of the metal/inhibitor
interaction in this environment, it is interesting to determine the temperature values provided by the two suggested
models in the range of 20 to 50 °C after 3 h of immersion. All the computations of the inhibitor efficiency and the
corrosion rate, (Egs. 6 and 7), were done using MATLAB software. From Table 9, we notice that EBFL has good
inhibitory properties against the corrosion of carbon steel in 1M HCI medium. The increase in temperature leads
to a decrease of the inhibitory efficiency showing a desorption phenomenon, i.e. the protective layer formed on
the steel surface by adsorption of the extract is destroyed. According to [48, 49], this phenomenon was explained
by the high sensitivity of the physical interactions of Van Der Waals type between the iron surface and the
inhibitor. The inhibitory efficiency (IEw) decreases while the corrosion rate (CR) increases with temperature in
the range of 20 °C to 50 °C for all concentrations used. For all these concentrations, the corrosion rate (CR) also
increases with temperature but takes lower values than the corrosion rate (CR) in the acid solution only.

Table 9. Calculation of the inhibitory efficiency and the corrosion rate from the two models proposed in the
absence and presence of different concentrations of EBFL at different temperatures after 3h of immersion.

TCC) C(ppm) T careutared® | CReatcutatea(mg/em?h)

0 / 0.1903

200 37.20 0.1121

20 400 53.62 0.0661
600 71.69 0.0389

800 88.89 0.0229

0 / 0.2665

200 34.55 0.1725

30 400 49.80 0.1116
600 66.59 0.0722

800 82.57 0.0467

0 / 0.5453

200 32.09 0.3874

40 400 46.27 0.2753
600 61.86 0.1956

800 76.70 0.1390

0 / 1.6299

200 29.82 1.2716

50 400 42.97 0.9921
600 57.96 0.7741

800 71.24 0.6039
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Adsorption mechanism
Adsorption parameters

The adsorption processes of inhibitors are governed by the chemical structure of the organic
compounds, the nature and surface modification of the metal, the charge distribution in the molecule, and the
type of aggressive medium [48]. Therefore, different isotherms including Langmuir, Temkin, Frumkin, and
Freundlich, were checked to find the appropriate adsorption isotherm as listed in Table 10. The following
relationship defines the value of the coverage rate (0) of the metal surface by the adsorbed inhibitor:

9:’1%’ (8)

Table 10. The correlation coefficient of different adsorption isotherms at different temperatures.

Coefficient of correlation (R?)
Isotherms of dsorption
20°C 30°C 40°C 50°C
Langmuir 0.9243 0.9242 0.9243 0.9243
Freundlich 0.9922 0.9922 0.9922 0.9922
Temkin 0.9556 0.9555 0.9556 0.9556
Frumkin 0.8119 0.7908 0.7382 0.6459

After having plotted the different isotherms at different temperatures, the most suitable correlation
coefficient for use in our case is the Freundlich isotherm model in which the correlation coefficient of the curves
is very close to the unit compared to the others (Fig. 7). From the Freundlich isotherm, we can easily deduce
the adsorption constant reported in Table 11.

Thermodynamic parameters of adsorption

According to the Freundlich isotherm, (0) is related to the inhibitor concentration In Ci by the
following equation :

log 8 = log K .qs + @log c )

00

-0,24

4ponm

P -
10, /%//

| | | logC,,

Fig. 7. Freundlich adsorption isotherm of carbon steel in 1M HCI in the presence of EBFL at different
temperatures.
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Table 11. Adsorption constants (Ka.ds) at different temperatures.

Model Isothermal Freundlich
Plant
Temperature (°C) Slope Intercept Kads
20 0.62535 -4.32587 1.32x1072
30 0.62533 -4.39951 1.23x1072
EBFL
40 0.62535 -4.47337 1.14x1072
50 0.62528 -4.54670 1.06x1072

We note that the values of K,¢s decrease with temperature. The equilibrium constant K, is related to
the standard free energy of adsorption AG2; by the following Eq.10 :

AGYs = _RTIn<CH20)Kads (10)

where: Cy,o = 10%mg / L. R is the gas constant and T represents the absolute temperature. The standard
enthalpy of adsorption AH2 ;¢ can also be deduced from the Vant'Hoff (Eq.11):

/n(Kads)?%m (11)

Fig. 8 exhibits the variation of In(Kags) versus 1/T. The slope gives AHZ,;. Using the Gibbs Helmholtz
equation to calculate the standard entropy of adsorption AS2,, from the Eq.12:

Angs = AHgds - TASgds (12)

Lok (I'mg)

1T (¥
Fig. 8. The variation of In (K,qs) as a function of inverse Temperature.

The thermodynamic data obtained for the EBFL are presented in Table 12.
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Table 12. Thermodynamic parameters of EDFL in 1 M HCI medium for different temperatures.

EBFL Thermodynamic parameters
T (K) Kaas(mg/1) AGY ;5 (kJ.mol™) AHY ;. (kJ.mol ") AS?,(J.mol' K™
293 1.32.102 -23.113 59.130
303 1.23.102 -23.724 -5.788 59.195
313 1.14.10 -24.309 59.173
323 1.06.102 -24.890 59.139

From Table 12, under the same conditions, we see that the K,q4s values of the EBFL decrease with
increasing temperature. The negative values AGY,;, indicate the spontaneity of the adsorption process and the
stability of the adsorbed double layer on the metal surface. The obtained results of the adsorption AGags values
close to —20 kJ/mol confirm the physisorption mechanism [20,49]. The enthalpy value calculated from the
Vant'Hoff equation is of the order of -5.788 kJ/mol, which shows the exothermic character of the adsorption of
the latter on the surface of the carbon steel confirming physisorption. This can also be explained by the decrease
of the inhibitory efficiency by increasing the temperature. We note that AS2;, in the presence of EBFL is
positive. This involves an increase in the disorder that accompanies the adsorption of inhibitory molecules from
the solution onto the metal surface [50].

Determination of activation energies
In this study, the Arrhenius-type dependence observed between the corrosion rate and temperature is
represented by the following relationship [51]:

InCR=InA-E2 (13)
RT

where A is a constant (pre-exponential factor), Ea is the activation energy, R is the universal gas constant and
T is the absolute temperature. A plot of the logarithm of the CR versus 1/T showed a straight line. As exhibited
in Fig. 9, the values of apparent activation energy E, were obtained from the slope (-E./R).

LnCR{mgcm 'l 0

4 a0

UT(K)
Fig. 9. Arrhenius diagram of the corrosion rates of carbon steel in 1 M HCl medium in the absence and presence
of the different concentrations of EBFL.
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The alternative formulation of the Arrhenius relation as expressed in Equation 14 was used to
determine the activation enthalpy AH, and activation entropy AS, values [20,49,52].

InCR =[n RT + Asa}— 4Ha

Nh " RT | RT (14)
where, h represents the Planck’s constant (6.626x1073* J.s) and N is the Avogadro’s number (6,022x10% mol ™).
The plot of In (CR/T) versus (1/T) showed a straight line (Fig. 10). The values of AH, and AS, were deduced
from the slope (-AH4/R) and intercept (In(RT/Nh)+ AS./R).

Ln [CRS Tiimg em b K1)

#d4 k2w

1TK)
Fig. 10. Alternative Arrhenius diagram of the corrosion rates of carbon steel in 1M HCl medium in the absence
and presence of the different concentrations of EBFL.

Table 13. Activation parameters of X2C30 carbon steel in 1M HCI in the absence and presence of different
concentrations of EBFL.

EBFL (ppm) | Ea(kjemol ') | AH{(kjemol") | AS(Jemol™)
blank 55.906 53.350 95.606
200 63.266 60.710 116.305
400 70.610 68.054 136.949
600 78.001 75.445 157.744
800 85.381 82.825 178.505

The findings achieved in this study reveal that the values of (E,) ranged from 63.266 to 85.381 kJ mol
I, It is obvious that the apparent activation energy (E,) increased with the concentration of EBFL and was more
than in the absence of an inhibitor as displayed in Table 13. This increase reflects that the inhibitory molecules
of EBFL are physisorbed [52-55]. We note that the change in the values of E, may be attributed to the geometric
blocking effect of adsorbed inhibitive species on the steel surface. The positive sign of the enthalpy values of
activation, thus expressing its difficult course, reveals the endothermic nature of the carbon steel dissolution
process.
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Morphological characterization

SEM analysis is a useful tool to characterize the surface morphology of carbon steel samples. Fig.
11(a), 11(b), and 11(c), displayed the surface morphology of carbon steel samples immersed in 1 M HCI
solution without and with the addition of 800 ppm of EBFL for 3 h at 293 K. Fig. 11(a) shows the polished
lines on the surface of carbon steel before its exposure to the testing environments. Fig. 11(b) show that the
surface of the sample is heavily damaged and severely corroded compared However, in the presence of 800ppm
of the inhibitor EBFL as shown in Fig. 11(c), the external morphology appears softer, indicating a protected
surface. These results support all obtained results cited above.

after 3 h immersion time at 293 K.

Conclusions

In this work, a Response Surface Methodology (RSM) based on the Composite Centered Design
(CCD) was used to study and statistically analyze the effect of the extract (EBFL) on the corrosion inhibition
of carbon steel (X2C30), in a 1M HCI acid medium. This statistical method allows the establishment of
mathematical models involving different parameters that influence the inhibitory efficiency as well as the
corrosion rate, namely: the inhibitor concentration, the immersion time, and the temperature. The weight loss
method was employed to evaluate and analyze the inhibitory effect and the influence of specific parameters on
the corrosion of the carbon steel electrode.
The different results obtained from this investigation are:
e  Quadratic logarithmic models modeled the inhibitory efficiency and corrosion rate as responses. From
the statistical analysis ANOVA we confirmed that both obtained models are significant (P=0.0001<
0.05) with a satisfactory correlation between the measured values and those adjusted (R =99.30 %
and R%ajus= 98.75 %) for the case of inhibitory efficiency and (R? =99.54 % and R?ajus=99.27 %) for
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the corrosion rate. According to the experimental results obtained with the highest desirability, the
highest response values reported for the corrosion rate and inhibition efficiency in this context were
0.02306 mg/cm?+h and 88.9852 % respectively.

The study of the influence of concentration and temperature on the inhibitory efficiency and the
corrosion rate was carried out to confirm the adsorption model on the metal surface. Several factors
highlighted the physisorption nature of the EBFL adsorption namely: the apparent activation energy
of the steel dissolution process, which is higher than the activation energy value, obtained in the case
of the acid alone, the negative values of the free energy of adsorption as well as the negative value of
the enthalpy of adsorption. The thermodynamic study showed that the adsorption of the extract on the
steel surface is spontaneous and follows the Freundlich adsorption isotherm model. SEM micrographs
confirmed the adsorption of protective film on carbon steel.

Acknowledgements

The authors like to thank the Algerian General Direction of Research (DGRSDT) for their support.

References

9.

. Al-Moubaraki, A.H.; Obot, LB. J. Saudi Chem. Soc. 2021, 25, 101370. DOI:

https://doi.org/10.1016/j.js¢s.2021.101370.

Al-Janabi, Y.T. in: Corrosion Inhibitors in the Oil and Gas Industry, Wiley-VCH Verlag GmbH &
Co. KgaA, 2020. DOI: https://doi.org/10.1002/9783527822140.chl.

Trabanelli, G. Corrosion. 1991, 47, 410-419. DOI: https://doi.org/10.5006/1.3585271.

Liu, J.; Yu, W.; Zhang, J.; Hu,S.; You, L.; Qiao, G. Appl. Surf. Sci. 2010, 256, 4729- 4733. DOLI:
https://doi.org/10.1016/j.apsusc.2010.02.082.

Rice, J. Mechanics of Solids. Encyclopedia Britannica, 1993.

Musa, A.Y.; Khadom, A.A.; Kadhum, A.A.H.; Mohamad , A.B; Takriff, M.S. J. Taiwan Inst. Chem.
Eng. 2010, 41, 126-128. DOI: https://doi.org/10.1016/].jtice.2009.08.002.

Ameer, M.A. ; Fekry, AM. Int. J. Hydrogen Energy. 2010, 35, 11387-11396. DOI:
https://doi.org/10.1016/j.ijhydene.2010.07.071.

Khaled, K.F. Mater. Chem. Phys. 2011, 125, 427-433. 542. DOI:
https://doi.org/10.1016/j.matchemphys.2010.10.037.

Balulescu, M.; Herdan, . J. Synth. Lubr. 1997, 14, 35-45. 544. DOL
https://doi.org/10.1002/js1.3000140104.

10. Zakeri, A. ; Bahmani, E.; Rouh Aghdam, A.S. Corros. Commun. 2022, 5, 25-38. DOI:

https://doi.org/10.1016/j.corcom.2022.03.002.

11.Yaro, A.S. ; Al-Jendeel, H. ; Khadom, A.A. Desalination. 2011, 270, 193-198. DOI:

https://doi.org/10.1016/j.desal.2010.11.045.

12.Hussin, M.H. ; Kassim, M.J. Mater. Chem. Phys. 2011, 725, 461-468. DOL:

https://doi.org/10.1016/j.matchemphys.2010.10.032.

13. Valek, L.; Martinez, S. Materials Letters. 2007, 61, 148-151. DOI:

https://doi.org/10.1016/j.matlet.2006.04.024.

14. Behpour, M.. Ghoreishi, S.M. ; Khayatkashani , M.; Soltani ,N. Mater. Chem. Phys. 2012, 131, 621-

633. DOI: https://doi.org/10.1016/j.matchemphys.2011.10.027.

15. Soltani, N.; Tavakkoli, N.; Kashani, M.K.; Mosavizadeh, A.; Oguzie, E.E.; Jalali, M.R. J. Ind. Eng.

Chem. 2014, 20, 3217-3227. DOI: https://doi.org/10.1016/j.jiec.2013.12.002.

363


https://doi.org/10.1016/j.jscs.2021.101370
https://doi.org/10.1002/9783527822140.ch1
https://doi.org/10.5006/1.3585271
https://doi.org/10.1016/j.apsusc.2010.02.082
https://doi.org/10.1016/j.jtice.2009.08.002
https://doi.org/10.1016/j.ijhydene.2010.07.071
https://doi.org/10.1016/j.matchemphys.2010.10.037
https://doi.org/10.1002/jsl.3000140104
https://doi.org/10.1016/j.corcom.2022.03.002
https://doi.org/10.1016/j.desal.2010.11.045
https://doi.org/10.1016/j.matchemphys.2010.10.032
https://doi.org/10.1016/j.matlet.2006.04.024
https://doi.org/10.1016/j.matchemphys.2011.10.027
https://doi.org/10.1016/j.jiec.2013.12.002

Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-e 2594-0317

16. Dehghani, A.; Bahlakeh, G.; Ramezanzadeh, B.; Ramezanzadeh, M. J. Ind. Eng. Chem. 2020, 84, 52-
71. DOI: https://doi.org/10.1016/j.jiec.2019.12.019.

17. Fadhil, A.A.; Khadom, A.A.; Ahmed, S.K.; Liu, H.; Fu, C.; Mahood,H.B. Surf. Interfaces. 2020, 20,
100595. DOI:https://doi.org/10.1016/j.surfin.2020.100595.

18. Wang, Q.; Tan,B.; Bao, H.; Xie , Y; Mou, Y.; Li, P.; Chen, D.; Shi,Y.; Li, X.; Yang, W.
Bioelectrochemistry. 2019, 128, 49-55. DOI: https://doi.org/10.1016/j.bioelechem.2019.03.001.

19. Chaubey, N.; Singh, V.K.; Savita ; Quraishi, M.A.; Ebenso, E.E. Int. J. Electrochem. Sci. 2015, 10,
504-518. DOI: https://doi.org/10.1016/S1452-3981(23)05009-5.

20. Boukhedena, W. ; Deghboudj, S. ; Benahmed, M. ; Laouer, H. J. Mex. Chem. Soc. 2022, 66, 248-271.
DOI: http://dx.doi.org/10.29356/jmcs.v66i2.1630.

21.Kalla, A. ; Benahmed, M. ; Djeddi,N. ; Akkal,S.; Laouer, H. Int J Ind Chem. 2016,7, 419-429. DOLI:
https://doi.org/10.1007/s40090-016-0094-8.

22. Anwar, B.; Khairunnisa, T. ; Sunarya, Y. Int. J. Corros. Scale Inhib. 2020, 9, 244-256.

23.Oguzie, E.E. Corros. Sci. 2007,49, 1527-1539. DOLI: https://doi.org/10.1016/j.corsci.2006.08.009.

24. M’hiri, N.; Veys-Renaux, D.; Rocca, E.; Ioannou, 1.; Boudhrioua,N.M.; Ghoul,M. Corros. Sci. 2016,
102, 55-62. DOI: https://doi.org/10.1016/j.corsci.2015.09.017.

25.Kosari, A.; Davoodi, A.; Moayed; M.H.; Gheshlaghi, R. Corros. 2015, 71, 819-827. DOI:
https://doi.org/10.5006/1578.

26.Haris, N.ILN.; Sobri, S.; Kassim, N. Mater. Corros. 2019,70, 1111-1119. DOI:
https://doi.org/10.1002/maco0.201810653.

27.0Okewale, A.; Adesina, O.; Akpeji, B. Nig. J. Basic Appl. Sci. 2019, 27, 47-56. DOI:
https://doi.org/10.4314/njbas.v27i2.7.

28. Caglar, A., Sahan , T.; Selim Cogenli, M.; Yurtcan, A.B.; Aktas, N.; Kivrak, H. Int. J. Hydrogen
Energy. 2018, 43, 11002-11011. DOI: https://doi.org/10.1016/].ijhydene.2018.04.208.

29.Im, J.-K.; Cho,l-H; Kim,S.-K.; Zoh, K.D. Desal. 2012, 285, 306-314. DOI:
https://doi.org/10.1016/j.desal.2011.10.018.

30.Liu, Y.; Wang , J; Zheng ,Y.; Wang, A. Chem. Eng. J. 2012, 184, 248-255. DOI:
https://doi.org/10.1016/j.cej.2012.01.049.

31. Akkal, S.; Louaar, S.; Benahmed, M.; Laouer, H.; Duddeck, H. Chem. Nat. Compd. 2010, 46, 719-
721. DOIL: https://doi.org/10.1007/s10600-010-9724-0.

32. Obi-Egbedi, N.O.; Essien, K.E.; Obot, I.B.; Ebenso, E.E. Int. J. Electrochem. Sci. 2011, 6, 913-930.
DOI: https://doi.org/10.1016/S1452-3981(23)15045-0.

33. Tinsson, W. in: Plans d'expérience: constructions et analyses statistiques. Springer Science &
Business Media, 2010.

34. Mongomery, D. in: Montgomery: design and analysis of experiments. John Willy & Sons, 2017.

35.Ladurée, D.; Paquer, D.; Rioult, P. Rec. Trav. Chim. Pays-Bas. 1977, 96, 254-258. DOI:
https://doi.org/10.1002/recl.19770961004.

36.0bot, 1. ; Obi-Egbedi, N. Curr. Appl  Phys, 2011, 11, 382-392.DOLI:
https://doi.org/10.1016/j.cap.2010.08.007.

37. Abdallah, M. Corros. Sci. 2002, 44, 717-728. DOLI: https://doi.org/10.1016/S0010-938X(01)00100-7.

38. Ali, S.A.; El-Shareef, A.M. ; Al-Ghamdi , R.F. ; Saeed, M.T. Corros. Sci. 2005, 47, 2659-2678. DOI:
https://doi.org/10.1016/j.corsci.2004.11.007.

39. Lawson, J. in: Design and Analysis of Experiments with SAS. Chapman and Hall/CRC, New York,
2010.

40.Yaghoobi, H.; Fereidoon, A. Polym.  Compos. 2018, 39, E463-E479. DOI:
https://doi.org/10.1002/pc.24596.

41.Yaghoobi, H.; Fereidoon, A. J  Nat.  Fibers. 2019, 16, 987-1005. DOI:
https://doi.org/10.1080/15440478.2018.1447416.

364


https://doi.org/10.1016/j.jiec.2019.12.019
https://doi.org/10.1016/j.surfin.2020.100595
https://doi.org/10.1016/j.bioelechem.2019.03.001
https://doi.org/10.1016/S1452-3981(23)05009-5
http://dx.doi.org/10.29356/jmcs.v66i2.1630
https://doi.org/10.1007/s40090-016-0094-8
https://doi.org/10.1016/j.corsci.2006.08.009
https://doi.org/10.1016/j.corsci.2015.09.017
https://doi.org/10.5006/1578
https://doi.org/10.1002/maco.201810653
https://doi.org/10.4314/njbas.v27i2.7
https://doi.org/10.1016/j.ijhydene.2018.04.208
https://doi.org/10.1016/j.desal.2011.10.018
https://doi.org/10.1016/j.cej.2012.01.049
https://doi.org/10.1007/s10600-010-9724-0
https://doi.org/10.1016/S1452-3981(23)15045-0
https://doi.org/10.1002/recl.19770961004
https://doi.org/10.1016/j.cap.2010.08.007
https://doi.org/10.1016/S0010-938X(01)00100-7
https://doi.org/10.1016/j.corsci.2004.11.007
https://doi.org/10.1002/pc.24596
https://doi.org/10.1080/15440478.2018.1447416

Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-e 2594-0317

42.Cobas, M.; Sanroman, M.A.; Pazos, M. Bioresour. Technol. 2014, 160, 166-174. DOI:
https://doi.org/10.1016/j.biortech.2013.12.125.

43. Yazici, EY.; Deveci, H. Hydrometallurgy. 2013, 139, 30-38. DOI:
https://doi.org/10.1016/j.hydromet.2013.06.018.

44 Hicks,C.R. in: Fundamental concepts in the design of experiments. Holt, Rinehart and Winston,
New York, 1964.

45.Rossi, R.J. in: Applied biostatistics for the health sciences. John Wiley & Sons, 2022.

46.Garba, Z.N.; Bello, I.; Galadima, A Lawal, AY. KIJMS. 2016, 2, 20-28. DOI:
https://doi.org/10.1016/j.kijoms.2015.12.002.

47. Anadebe, V.C.; Onukwuli, O.D. ; Omotioma, M.; Okafor, N.A. Mat. Chem. Phys. 2019, 233, 120-132.
DOI: https://doi.org/10.1016/j.matchemphys.2019.05.033.

48. Ahamad, 1I.; Prasad, R. ; Quraishi, M. Corros. Sci. 2010, 52, 933-942. DOI:
https://doi.org/10.1016/j.corsci.2009.11.016.

49.Boukhedena, W.; Deghboudj, S. J. Electrochem. Sci. Eng. 2021, 11, 227-239. DOL:
https://doi.org/10.5599/jese.1050.

50.Wang, H.-L.; Fan, H.-B.; Zheng, J.-S. Mat. Chem. Phys. 2003, 77, 655-661. DOI:
https://doi.org/10.1016/S0254-0584(02)00123-2.

51. Huang, Ww. ; Zhao, J. Colloids Surf. A. 2006, 278, 246-251.
DOI:https://doi.org/10.1016/j.colsurfa.2005.12.028.

52.Fiala, A.; Boukhedena, W.; Lemallem, S.E.; Brahim Ladouani, H.; Allal, H. J. Bio- Tribo-Corros.
2019, 5, 1-17. DOI: https://doi.org/10.1007/s40735-019-0237-5.

53.Kosari, A.; Momeni, M.; Parvizi, R.; Zakeri, M.; Moayed, M.H.; Davoodi, A.; Eshghi, H. Corros. Sci.
2011, 53, 3058-3067. DOI: https://doi.org/10.1016/j.corsci.2011.05.009.

54.Umoren, S.A; Obot, I.B. Surf.  Rev. Lett. 2008, 15, 277-286. DOI:
https://doi.org/10.1142/S0218625X08011366.

55. Ebenso, E.E. Mat. Chem. Phys. 2003, 79, 58-70. DOI: https://doi.org/10.1016/S0254-0584(02)00446-7.

365


https://doi.org/10.1016/j.biortech.2013.12.125
https://doi.org/10.1016/j.hydromet.2013.06.018
https://doi.org/10.1016/j.kijoms.2015.12.002
https://doi.org/10.1016/j.matchemphys.2019.05.033
https://doi.org/10.1016/j.corsci.2009.11.016
https://doi.org/10.5599/jese.1050
https://doi.org/10.1016/S0254-0584(02)00123-2
https://doi.org/10.1016/j.colsurfa.2005.12.028
https://doi.org/10.1007/s40735-019-0237-5
https://doi.org/10.1016/j.corsci.2011.05.009
https://doi.org/10.1142/S0218625X08011366
https://doi.org/10.1016/S0254-0584(02)00446-7

Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

Bioactive Lipids, Nutritional Benefits and Phytochemicals Present in Hura
Crepitans Seed Oil

Ayomadewa Mercy Olatunya*, Adeolu Jonathan Adesina
Department of Chemistry, Faculty of Science, Ekiti State University, P.M.B 5363, Ado Ekiti Nigeria.

*Corresponding author: Ayomadewa Mercy Olatunya, email: ayomadewa.olatunya@eksu.edu.ng

Received January 24%, 2023; Accepted September 4%, 2023,

DOI: http://dx.doi.org/10.29356/jmcs.v68i3.1950

Abstract. Bioactive lipids are a group of lipids that can exhibit biological activity, prevent certain deadly diseases,
and serve as sources of energy and nutrients for human’s daily activities. Thus, the need for their regular
availability in the body system. The bioactive lipids (fat-soluble vitamins, phytosterol, and fatty acids),
phospholipids, and phytochemicals present in Hura crepitans seed oil were investigated using standard analytical
procedures. The nutritional, antinutritional, and physicochemical properties were also investigated. The result
showed that the seed oil is rich in B sitosterol, campesterol, stigmasterol, and vitamin A. It also has a high
percentage of linoleic acid and oleic acid, with a total unsaturated fatty acid of 80.31 %. The total phospholipid
content was 3717.91 mg/100 g, with phosphatidylcholine and phosphatidylethanolamine being highly abundant
in the seed oil. The sample has 1.63 and 2.714 mg/100 g of saponin and alkaloids, respectively, and 0.530 mg/100
g of oxalate. The oil has a high percentage of oil yield, ionization, and saponification values and a high amount
of fat (37.5 %) and protein (27.31 %). Therefore, the oil from this underutilized plant could be of numerous
applications in the pharmaceutical, cosmetics, and food industries as sources of important bioactive compounds.
Keywords: Bioactive lipids; health benefits; Hura crepitans, phytochemicals.

Resumen. Los lipidos bioactivos son un grupo de lipidos que pueden exhibir actividad bioldgica, prevenir
ciertas enfermedades mortales y servir como fuentes de energia y nutrientes para las actividades diarias del ser
humano. De ahi la necesidad de su disponibilidad regular en el sistema corporal. Los lipidos bioactivos
(vitaminas liposolubles, fitosterol y acidos grasos), fosfolipidos y fitoquimicos presentes en el aceite de semilla
de Hura crepitans se investigaron utilizando procedimientos analiticos estandar. También se investigaron las
propiedades nutricionales, antinutricionales y fisicoquimicas. El resultado mostré que el aceite de semilla es
rico en [} sitosterol, campesterol, estigmasterol y vitamina A. También tiene un alto porcentaje de acidos
linoleico y oleico, con un total de acidos grasos insaturados de 80.31 %. El contenido total de fosfolipidos fue
de 3717.91 mg/100 g, siendo la fosfatidilcolina y la fosfatidiletanolamina, muy abundantes en el aceite de
semilla. La muestra tiene 1.63 y 2.714 mg/100 g de saponina y alcaloides, respectivamente, y 0.530 mg/100 g
de oxalato. El aceite tiene un alto porcentaje de rendimiento de aceite, valores de ionizacion y saponificacion y
una alta cantidad de grasa (37.5 %) y proteina (27,31 %). Por tanto, el aceite de esta planta subutilizada podria
tener numerosas aplicaciones en las industrias farmacéutica, cosmética y alimentaria como fuente de
importantes compuestos bioactivos.

Palabras clave: beneficios de la salud; fitoquimicos; Hura crepitante; lipidos bioactivos.
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Introduction

Lipids are large and diverse groups of naturally occurring organic compounds which also perform different
functions in the system of living organisms [1]. They have been found to be involved in some biological activities that
can help the body to run smoothly. Some of these activities include helping the brain to work well, joint mobilization,
energy production, lubrication of the cells which help to protect the delicate organs of the body and also help in internal
cellular communication [1]. In addition, they help to transport some vital fat-soluble components (vitamins, sterols)
within the body system. Some examples of lipids components include fatty acids, phospholipids, and waxes.

Fatty acids are important constituents of the membrane cell. They are part of lipids which are widely spread
in nature and are of important biological, structural and functional roles [2]. Furthermore, fatty acid produces a huge
quantity of adenosine triphosphate (ATP) thus, helping to provide energy by storing used calories [3,4]. Apart from
this, some lipids also help to improve the health of the human heart which made the American heart Association to
recommend a daily triacylglycerol level of 100 mg for a proper functioning of the heart [4].

Bioactive lipids are the group of lipids that can exhibit biological activity and provide health benefits. Some
examples of these bioactive lipids are fat soluble vitamins, phytosterols, carotenoids, phenolic lipids, Sphingomyelins
[5]. Fat soluble vitamins are vitamins that are soluble in fats and are absorbed and transported in the body like fats.
They are also stored in the liver and fat tissue [6].

These fat-soluble vitamins are vitamins A, D, E and K, and they are important for a wide range of biological
processes in the body. Vitamins A and E are considered essential vitamins because, the body cannot synthesize them
and so, they are obtained from diets while Vitamin K is synthesized in the colon and vitamin D can be synthesized
by the body from exposure to sunlight. Although, these vitamins are important, their storage can lead to their
excessive accumulation in human body which can also become toxic. This often occur in people that takes single
supplements of fat-soluble vitamins rather than from foods rich in vitamins [7].

Phytosterols and phospholipids have been found to have numerous health benefits. This include helping in
the development and proper cognition of the brain. They also help to prevent development of certain diseases thus
helping the body to be in a condition of total well- being [8—10].

In view of the envisaged vast health benefits and importance of the availability of these lipids to the body
system, there is a continuous search for naturally occurring sources of these lipids in some underutilized plants and
their plant oils.

Hura crepitans plant is commonly known as Sandbox tree. It belongs to the family of Euphorbiaceae and
has a height of about 9 meters on the average [11]. It houses the masculine and feminine flowers on the same tree and
the back of the tree is covered with spines, the fruits are green when not ripe but turns brown on ripening (as shown
in Fig. 1) and the pod explodes violently to liberate their seeds to the surrounding. The seed oil is used as purgative
[11] and has also been claimed to be poisonous when ingested in excess amount while it could also cause cornea
damage or partial blindness when in contact with the eye [11]. Notwithstanding these shortcomings, some researchers
have found that the seeds contain high percentage of poly unsaturated fatty acids, good mineral composition and
nutritional composition [11-14], but there is paucity of information to the best of our knowledge on the phospholipids
and some bioactive lipids of the seed oil. Therefore, the aim of this research is to investigate the lipids and bioactive
lipid profiles, phytochemical composition, nutritional and antinutritional properties and industrial properties’
potentials of this underutilized African plant.

[t

Fig. 1. Hura crepitans tree housing both ripe and unripe fruits.
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Materials and methods

Collection of samples

Matured fruits were collected from Hura crepitans trees within Ekiti State University Ado- Ekiti
premises and was identified at the Department of Plant Science of the University. The fruits were dehulled
manually to obtain the seeds. The seeds were washed with distilled water to remove the contaminants and were
air dried at room temperature. The dried seeds were then ground to powder using electric grinder. The powdered
seeds were kept in airtight container until further use.

Extraction of oil

100 g of the powdered sample was loaded into Soxhlet extractor with n hexane as the solvent and the
oil was extracted for 8 hours at 60 —70 °C. Extracted oil was then concentrated using a rotary evaporator and
was refrigerated until further analysis.

Determination of phospholipid profile of the sample

The phospholipid profile of the extracted oil was determined using the method of Raheja et al [15],
with slight modification. 0.01 g of the extracted oil was added to test tubes, and nitrogen was passed over the
oil to completely remove the solvent. Chloroform (0.40 mL) was then added to the tubes, followed by 0.10 mL
of a chromo-genic solution. The content of the tube was heated to 100 °C in a water bath for 80 seconds and
cooled to room temperature; 5 mL of hexane was then added, and the tube was gently shaken several times.
The solvent and the aqueous layer were allowed to separate; the hexane layer was recovered and concentrated
to 1.0 mL for GC analysis using a gas chromatography instrument (HP 6890 Powered with HP ChemStation
Rev. A 09.01 [1206] software, Agilent Technologies, Inc.) equipped with pulse flame photometric detector.
The conditions were as follows: stainless steel column 30 m x 0.25 mm x 0.25 pm (HP-INNOWax, Agilent
Technologies, Inc.); column temperature of 250 °C; carrier gas N, 35 mL/minutes and H,, 30 mL/minutes.
Oven temperature program: initial temperature of 50 °C; first ramping at 10 °C/minutes for 20 minutes and
maintained for 4 minutes; second ramping at 15 °C/minutes for 4 minutes and maintained for 5 minutes.

Determination of the bioactive lipids
Phytosterol

The phytosterol profile was determined according to the method of the International Organization for
Standardization [16]. After the addition of 1.0 mL of internal standard solution, approximately 250 mg of the
oil was saponified with an ethanolic potassium hydroxide solution; the unsaponifiable fraction was isolated by
solid-phase extraction on an aluminum oxide column, and the steroid fraction was obtained after thin layer
chromatography. Bands were visualized using n-hexane/ethyl acetate (80:20, v/v) as the developing solvent.
The sterol profile was analyzed using GC analysis carried out with a HP 6890 Powered with HP ChemStation
Rev. A 09.01 (1206) software (Agilent Technologies, Inc.) fitted with a HP-INNOWax column (30 m x 0.25
mm % 0.25 pm, Agilent Technologies, Inc.) equipped with flame ionization detector. Nitrogen carrier gas was
used at a flow rate of 35 mL/minute and a pressure of 22 psi, 1 mL/minute. The injector and detector
temperatures were 250 °C and 320 °C, respectively, and the oven was programmed to decrease in temperature
from 60 to 15 °C at 4 °C/minute. The injection volume was 1 L, with a split ratio of 20:1. The total sterol content
was determined by considering all peaks of sterols eluted between cholesterol and A7 -avenasterol. Peaks were
identified by comparing the relative retention times of the samples with those obtained from standards.

Fatty acids

The fatty acid composition was determined according to Cocks and Rede [17] with slight modification.
0.5 g of the extracted oil was mixed with 3 mL of dimethyl ether and 0.2 mL of sodium methoxide to form a
colloidal solution. The solution was allowed to settle and was centrifuged to precipitate. The solid was filtered
and the filtrate was kept for GC analysis. 1 pL of the filtrate was injected into the gas chromatography
instrument (HP 6890 Powered with HP ChemStation Rev. A 09.01 [1206] software, Agilent Technologies, Inc.)
equipped with a flame ionization detector. The conditions were the same as described for determination of
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phospholipid composition above. Individual fatty acids were identified by comparing their retention times with
a certified fatty acid methyl ester. The relative percentage of each fatty acid was quantified as the percentage of
total fatty acids.

Fat soluble vitamins
Vitamin A

Quantity of vitamin A present in the sample was determined according to the methods of Sebrell and
Harris [18] with slight modification. 1 mL of oil sample was measured into a 250 mL volumetric flask and
dissolved in 20 mL of petroleum ether. Acetone (2:1 v/v) mixture was added to the extract. The flask containing
the mixture was placed on a shaker to shake at 200 rpm for 20 minutes to ensure uniform mixing at room
temperature. The mixture was later centrifuged at 4000 rpm for 10 minutes and the supernatant collected and
made up to 50 mL with the solvent mixture. The supernatant was transferred to a 250 mL separatory funnel to
separate the organic layer (upper layer). The aqueous layer was discarded, and the organic layer was transferred
into the 50 mL volumetric flask and made up with solvent mixture for determination of absorbance. Working
standard of B-carotene of range 0 - 50 ppm were prepared from stock solution. The absorbance of samples as
well as working standard solutions was read on a Cecil CE2041 UV Spectrophotometer at a wavelength of 450
nm against blank and the amount of vitamin A present in the sample was determined.

Vitamin E

The vitamin E was determined according to the method of Association of Official Analytical Chemists
[19]. 1 mL of the sample was measured, macerated with 10 mL of n hexane in a test tube for 10 minutes and
centrifuged for 10 minutes. The solution was filtered; 3 mL of the filtrate was transferred into a dry test tube in
duplicates and evaporated to dryness in a boiling water bath. 2 mL of 0.5 N alcoholic potassium hydroxide was
added and boiled for 30 minutes in a water bath. Then 3 mL of n-hexane was added and was shaken vigorously.
The n-hexane was transferred into another set of test tubes and evaporated to dryness. 2 mL of ethanol was
added to the residue and another 1mL of 0.2 % ferric chloride in ethanol was added. Then 1 mL of 0.5 %, 1, 1-
dipyridyl in ethanol was added followed by the addition of 1 mL of ethanol to make it up to 5 mL The solution
was mixed, and absorbance taken at 520 nm against the blank.

Vitamin K

3 mL of samples and blank was measured separately into test tubes. In each test tube, 2 mL of 0.2 %
solution of 2, 4 — dinitrophenyl hydrazine was added and mixed well. It was heated in a water bath to almost
dryness and was cooled at room temperature. 15 mL mixture of ammonia and alcohol in ratio 1:1 was added to
each test tube and its absorbance was read at 635 nm against blank.

Vitamin D

2 mL of the oil was measured and 3 mL of hexane was added to it slowly at interval of 60 seconds.
The phase was separated by centrifugation at 4000 rpm for 15 minutes. 4 mL of the upper organic phase was
transferred to a small beaker and dried under liquid nitrogen gas. The dried extract was solubilized in methanol
and the absorbance was taken at 275 nm and the reading was compared with that of standard at different
concentrations.

Determination of phytochemicals and antinutrients
Saponin content

100 cm? of 20 % aqueous ethanol was added to 3 g of the powdered sample in a 250 cm? conical flask.
The mixture was heated over a hot water bath for 4 hours with continuous stirring at a temperature of 55 °C.
The residue of the mixture was re-extracted with another 100 cm3 of 20 % aqueous ethanol after filtration and
heated for 4 hours at a constant temperature of 55 °C with constant stirring. The combined extract was
evaporated to 40 cm® over water bath at 90 °C. 20 cm? of diethyl ether was added to the concentrate in a 250
cm?® separating funnel and vigorously agitated from which the aqueous layer was recovered while the ether layer
was discarded. This purification process was repeated twice. 60 cm® of n-butanol was added and extracted twice
with 10 cm?® of 5 % sodium chloride. After discarding the sodium chloride layer, the remaining solution was
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heated in a water bath for 30 minutes, after which the solution was transferred into a crucible and was dried in
an oven to a constant weight. The saponin content was calculated as:

) Weight of saponin
Amount of Saponin = - X 100
Weight of sample

Tannin content

One gram of the powdered sample in a conical flask was added to 100 cm? of distilled water. This was
boiled gently for 1 hour and then filtered. Addition of 5 cm® Folin-Denis reagent and 10 cm? saturated Na,CO;
solution into 50 cm? of distilled water and 10 cm® of diluted extract (aliquot volume) was carried out after being
pipetted into a 100 cm? conical flask for color development. The solution was allowed to stand for 30 minutes
in a water bath at a temperature of 25 °C after thorough agitation. The optical density was measured at 700 nm
using Spectrum Lab 23A spectrophotometer and compared on a standard tannic acid curve using the equation
below:

C x extract volume x 100

T i id 100g) =
annic act (mg/ g) Allqu0t volume x Welght Of sample

Where C is the concentration of tannic acid read from the graph.

Alkaloids content

200 cm? of 10 % acetic acid in ethanol was added to 3 g of the powdered sample in a 250 cm? beaker
and allowed to stand for 4 minutes. The extract was concentrated on a water bath to one-quarter of the original
volume followed by addition of 15 drops of concentrated ammonium hydroxide drop wise to the extract until
the precipitation was complete immediately after filtration. After 3 hours of mixture sedimentation, the
supernatant was discarded and the precipitates were washed with 20 cm? of 0.1 M of ammonium hydroxide and
then filtered, the residue was dried in an oven and weighed. The percentage of alkaloid is expressed
mathematically as:

Amount of Alkaloid = 9t of alkaloid 1 o
mount of Alkaloid = Weight of sample

Flavonoid

3 g of the powdered sample was mixed with 25 mL of 80 % aqueous methanol. The whole solution
was filtered through the whatman filter paper. The filtrate was transferred to a crucible and evaporated into
dryness over a water bath and weighed. The amount of flavonoid present in the sample was calculated using
the equation below:

. m Weight of residue
Flavonoid ( g ) = g ! X 100
100g Weight of sample

Oxalate content

Exactly 20 cm? of 0.3 M HCl in each powdered sample (2.5 g) was extracted thrice by warming at a
temperature of 50 °C for 1 hour with constant stirring using a magnetic stirrer. For oxalate estimation, 1 cm? of
5 M ammonium hydroxide was added to 5 cm? of extract to ensure alkalinity. 2 drops of phenolphthalein
indicator, 3 drops of glacial acetic acid, and 1 cm?® of 5 % calcium chloride was added to make the mixture
acidic before standing for 3 hours. This was followed by centrifugation at 3000 rpm for 15 minutes. After
discarding the supernatant, the precipitate was washed three times using hot water by mixing thoroughly each
time before centrifugation. 2 cm? of 3 M tetraoxosulphate (V1) acid was added to each tube and the precipitate
dissolved by warming in a water bath at 70 °C. Freshly prepared 0.01 M potassium permanganate (KMnOs)
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was titrated against the content of each tube at room temperature until the first pink colour appears throughout
the solution. The solution was allowed to stand until it returned colorless after which it was heated and re-
titrated again until a pink color appears and persists for at least 30 seconds. The amount of oxalate was calculated
using the equation below:

weight of oxalate 100

oxalate composition = -
P weight of sample 1

Phytate content

Samples were extracted with 100 mL of 2 % HCI for 3 hours and then filter through a No 1 Whatman
filter paper. 25 mL was taken out of the filtrate and place inside a conical flask and 5 mL of 0.3 % of ammonium
thiocyanate solution was added as indicator. After which 10 mL of distill, water was added to give it the proper
acidity and this was titrated against iron (III) chloride solution until a brownish yellow coloration persist for 5
minutes.

Determination of the physical, chemical, and nutritional properties of the sample

The physical and Chemical properties (acid, ionization, saponification, peroxide, FFA values) and the
nutritional composition of the samples were determined using the method of the Association of Official
Analytical Chemists [19].

Statistical analysis
The analysis was carried out in triplicates and the mean of the three values were calculated using
Microsoft Excel package 2016.

Results and discussion

Phospholipid composition

The result of the phospholipid composition of the plant is presented in Fig. 2. The result showed that
the plant has a high amount of phosphatidyl choline (PC) (1847.27 mg/100 g). This was followed by
phosphatidyl ethanolamine (PE) (933.31 mg/100 g) and phosphatidyl serine (PS) (647.79 mg/100 g).
Phosphatic acid and lysophosphatidyl choline were detected in averagely low quantities in the plant and the
total phospholipid composition of the investigated Hura crepitans plant was 3717.91 mg/100 g. Various classes
of phospholipid have numerous health benefits because phospholipids are part of the lipid’s molecules found
in cellular membranes; they are essential lipid molecules that make up the lipid bi-layers of cells.
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Fig. 2. Phospholipid composition of Hura crepitans seed oil.
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The high amount of PC and PE in the plant is also of great importance because PC & PE are the most
abundant phospholipid in mammalian cell membranes, comprising 30 — 50 % and 15 — 25 % respectively of total
phospholipids in the cell [20,21] thus showing that the plant could be a source of these essential phospholipids.

PC has been found to be effective in ameliorating and curing liver disease [22]. It is effective in
reducing the development of arthritis and helps to limit inflammatory process of joints [23,24] while PE could
be helpful in suppressing cancerous cells, and in producing the energy that powers the whole cells thereby
helping to support mitochondrial function [21].

The presence of PC, PE and PS in appreciable quantity coupled with the high amount of total phospholipid
detected in the plants showed that the plant could be of great benefit as a potential source of these essential lipids.

Phytosterol content

The result of the phytosterol content of the investigated plant is presented in Table 1. Based on the results
obtained, Hura crepitans seed oil had a very high amount of B-Sitosterol which was followed by Campesterol and
stigmasterol while the amount of total phytosterol in the plant oil was 881.55 mg/100g. Phytosterols are fatty
compounds derived from plants and they represent the greatest portion of unsaponifiable matter in plant lipids.
They are bioactive compounds that have been found to have numerous health benefits in the human body system
[25]. B- sitosterol, Campesterol and stigmasterol are the most common phytosterols in the human diet and these
three phytosterols are beneficial to human health. B sitosterol has been found to have the ability to control the
formation of inflammation and inflammatory cytokines thus it helps to reduce pains and normalize the function of
natural killer cells which play a central role in the pathogenetic mechanisms to prevent diseases [10]. Campesterol
and other plant sterols have been found to lower the chance of cardiovascular problems such as heart failure,
atherosclerosis, and stroke [26]. Considering the health benefits of these phytosterols, and their high availability
in this African plant, Hura crepitans seed could be considered as an essential plant for potential industrial sources
of these phytosterols and also as nutritional supplements which are essential human nutrients because the human
body cannot synthesize these bioactive lipids [25]. A unique contribution of our study is the observation that prior
to now, little is known about the phospholipid and phytosterol compositions of Hura crepitans seed oil. Thus,
making the current study about the first to highlight the rich component of these essential compounds in the plant.
Given the potential numerous health benefits of phytosterols and phospholipids, our study has raised the need for
further research to explore more about the biochemical composition of Hura crepitans seeds.

Table 1. Phytosterol composition of Hura Crepitans plant.

Phytosterol composition | Amount (mg/100 g)
Cholesterol 4.653 x 103
Cholestanol 4.699 x 10
Ergosterol 3.71 x 106
Campesterol 104.52
Stigmasterol 79.57

5 — avenasterol 8.521
Sitosterol 688.94
Total 881.55

Fatty acid composition of the investigated plant

The result of the fatty acid composition of Hura crepitans plant is presented in Table 2 while the results
of the total fatty acids is presented in Fig. 3. As shown in Table 2, the plant has high amount of linoleic and
oleic acids (52.25 and 25.50 %) respectively. It also has a total saturated fatty acid composition of 19.69 %, total
unsaturated fatty acid composition of 80.31 % and poly unsaturated fatty acid composition of 54.15 % (Fig. 3).
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Table 2. Fatty acid composition of Hura crepitans plant.

Fatty Acid Percentage composition
Myristic acid 0.43
Palmitic acid 12.09

Palmitoleic acid 0.60
Margaric 0.069
Stearic acid 532
Oleic acid 25.50
Linoleic 52.25
Linolenic acid 1.56

Arachidic 0.88
Arachidonic 0.105
Behenic acid 0.604

Erucic acid 0.230

Lignoceric acid 0.291

The fatty acid profile of the Hura crepitans plant presented in this present work is similar to the reports
of Ezeh et.al. [27] and Alabi et al. [28] but has higher percentage composition of linoleic fatty acid when
compared to the reports of Okolie et al. [29], Abdulkadir et al. [11] and Oyeleke et al. [12]. The discrepancies
in these results may be due to the differences in geographical location, season of sampling and method of
extraction and analysis. Linoleic fatty acids also known as Omega 6 fatty acids are precursor for other omega -
6 fatty acids because the body cannot synthesize long chain fatty acids with odd numbers of carbon atoms [2]
but these long chain fatty acids are important for the mammalian cells to perform various biological functions.
Linoleic fatty acids are the major components of the adipose tissues like the brain where they take part in the
development and maintenance of the central nervous system during both embryonic and adult stages [30]; they
also help in sustaining the structural integrity of cellular membranes and serve as signaling molecules [30].
Another important fatty acid present in high amount is oleic acid which was the major monounsaturated fatty
acid present in the sample. Oleic acid has antioxidant ability that prevents oxidative stress which can lead to
various diseases [31], it is also beneficial in the treatment of type 2 diabetes and insulin sensitivity [32].
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Fig. 3. Total fatty acid composition of Hura crepitans seed oil.
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TUFA- total unsaturated fatty acid; PUFA — poly unsaturated fatty acid, SFA- saturated fatty acid

Fat- soluble vitamins

The result of the fat -soluble vitamin of the plant is presented in Fig. 4. Based on the result obtained,
the plant contains majorly vitamin A (116.55 pg/kg) and little concentration of vitamins D, E and K. Vitamin
A are important in multiple cellular processes like communication, recognition, adhesion and aggregation.
These they do by helping in glycoproteins synthesis which are important in the above - mentioned cellular
processes [6]. Vitamin A has also been found to be used in treatment of skin cancer, acne, and acne related
diseases. It also has antioxidant activity, and it is required for the maintenance of normal mucous membrane
and normal vision [6]. Therefore, the plant could be a source of vitamin A for various industrial processes and
applications. The vitamin A profile of the Hura crepitans plant presented in this work is lower when compared
to the reports of Udoh et al. [13] and Fowomola & Akindahunsi [14]; the variation in the results may be due
to the differences in the processing techniques, season of harvest, method of determination of the parameter and
geographical locations which is a reflection of the climatic conditions in which the plant is grown. Despite
these differences, all the authors including the present study, have established that Hura crepitans contain high
quantity of vitamin A thus confirming that the plant could be a good source of the vitamin.
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Fig. 4. Fat soluble vitamin composition of Hura crepitans plant.

Phytochemical and antinutritional composition

The results of phytochemical and antinutritional composition of the plant are presented in Table 3. The
results showed that the plant contains appreciable amounts of saponin and alkaloid. Other investigated
phytochemicals were detected in low quantity in the plant. For the antinutrients, phytate and oxalate were detected
in minute quantities in the investigated African plants (Table 3). Saponins can control human cardiovascular
disease and reduce blood cholesterol in human [33]. They also possess various pharmaceutical properties like anti-
inflammatory [34], immunological adjuvant activities, hemolytic activities, antioxidant properties and anti —
cancer effects thus attracting a lot of attention as potential targets for drug discovery and development [35].

Table 3. Phytochemical and Antinutritional composition of Hura crepitans plant.

Phytochemical | Amount (mg/100 g)
Saponin 1.633
Alkaloid 2.714

Tannin 0.399
Flavonoid 0.524
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Antinutrients Amount (mg/100 g)
Phytate 0.210
Oxalate 0.530

Pure isolated alkaloids and their synthetic derivatives are used as basic medicinal agents because of
their analgesic, antispasmodic and antibacterial properties [36]. Therapeutically, alkaloids are particularly well
known as anaesthetics, cardioprotective, anti-cancer and anti-inflammatory agents [37,38] and these further
highlights the health and industrial benefits of this phytochemical. The fact that these phytochemicals were
detected in the investigated plant showed that the plants could be used as a source of the phytochemicals; further
affirming its usefulness in the industries to solving sundry human needs problems.

Phytate has been reported to be able to form a complex with protein by the actions of cations (Zn, Ca)
which act as a bridge between the negatively charge protein carboxyl and the phytate thereby making the cation
unavailable to the body system. Likewise, oxalate binds with another mineral such as calcium to form oxalate salt
and complexes which have an inhibitory effect in peptic digestion and can lead to kidney stone disease [13,33,39].
Both antinutrients inhibit the bioavailability of minerals in the body system when ingested in high amount.

It has been suggested that dietary oxalate in the range of 50 — 200 mg is acceptable [40]. However,
phytate amounts higher than 50 mg/ day could cause a significant reduction in zinc absorption [41]. The quantity
detected in the investigated sample is far lesser than the toxicity level proposed by these researchers [40,41],
thus suggesting that it is likely that Hura crepitans may be safe and less toxic. Nevertheless, there is need for
further research on the antinutritional components of the plant to ascertain its safety.

Physicochemical properties and the nutritional composition of the plants

The physical and chemical properties of the investigated plant are presented in Table 4 while the
nutritional parameters are presented in Table 5. The results of the physical and chemical properties of the
investigated plant showed that the sample has percentage oil yield of 58.76 %. It has high iodine and saponification
values (159.58 (Wijs) and 193.37 mgKOH/g respectively). It also has high quantity of unsaponifiable matters. The
pH is 5.20 and the specific gravity is 0.87 g/mL. Regarding the nutritional composition of the plant, the amount of
protein detected in the sample was 27.31 %, carbohydrate of 11.2 % and fat of 37.50 % (Table 5).

Table 4. The physical and chemical properties of Hura Crepitans seed.

Parameters Amount
Colour Golden yellow

Percentage oil yield (%) 58.76
pH 5.20
Acid value (mgKOH/g) 2.35

Iodine value (Wijs) 159.58
Peroxide value (Meq/kg) 5.26

Saponification value (mgKOH/g) 193.37
Unsaponifiable matter (g/kg) 14.85
Specific gravity (g/mL) 0.87
Kinetic viscosity (cp) 4.92
Refractive index (nD40)°C 1.45
Free fatty acid (mgKOH/g) 5.21
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The percentage oil yield of the investigated plant is higher than 25.7 % reported for groundnut by
Olatunya et al [42]. showing that the plant has higher oil yield than some conventional oil seeds. The low acid
value, peroxide value, high iodine, and saponification values of the oil are indication of the oil’s potential
industrial’s benefits. Acid values are indication of edibility of oil. The recommended codex acid value for edible
virgin oils is 6.6 mg KOH/g according to Food and Agriculture Organisation [43] the acid value reported for the
investigated oil is lower than the recommended value thus indicating that the oil could be safe. Iodine values are
used to indicate the level of unsaturation in oil and are also used to classify the oil into drying or non-drying oil.

The high iodine value of the investigated oil is an indication that the plant oil has high level of
unsaturation, and this has been further corroborated in the fatty acid composition of the oil. Oils with iodine
values greater than 130 mgKOH/g are classified as drying oil; based on this Hura crepitans oil could be regarded
as a drying oil and therefore, it could be used in the industries to manufacture cosmetics, oil paint and vanishes
[44]. In addition, the saponification values are indication of the oil’s applicability in the production of soap [45].
The physical and chemical properties of Hura crepitans seed oil presented in this work is comparable with the
reports of other authors who have previously worked on the plant [46—49]. Owing to the high oil yield of this
plant and some of its chemical properties, the seed oil will be of great importance in various industries.

Table 5. Nutritional Composition of Hura crepitans flour

Analysis Amount (%)
Moisture content 10.5
Ash content 7.55
Fat 37.5
Crude fibre 5.94
Protein 273
Carbohydrate 11.2
Energy (kcal) 321

The nutritional composition of the plant showed that it is rich in protein, fat, and carbohydrates and
has averagely high amount of crude fiber which showed that the seed flour could be used in animal feed. The
high ash content of the samples is an indication for presence of minerals. This observation is in agreement with
the reports of Oyeleke et al. [12] and Okolie et al. [29] on Hura crepitans seed flour.

Conclusions

The samples are rich in phytosterols, phospholipids, vitamin A, polyunsaturated and monounsaturated
fatty acids. All these bioactive lipids have been found to have numerous health benefits. They also help the
body system to carry out some biological functions; thus, their availability in this plant showed that the plant
could be a source of these essential ingredients. The plant also has averagely high quantity of alkaloids and
saponin which are some of the major phytochemicals that have been found to be of great importance in
pharmaceutical industries thus making this underutilized and readily available plant to be of great usefulness in
the pharmaceutical industries as therapeutic agent. The amount of the antinutrients detected in the samples
indicated that the plant may be safe and less toxic. The physical, chemical, and nutritional analysis of the plant
showed that the plant is rich in protein, carbohydrates, and fat. It also has good chemical properties indicating
its potential use in various industries. Therefore, this study showed that (Hura crepitans) an underutilized plant,
has great industrial potentials and health benefits potentials rather than being considered as a waste.
Nevertheless, more research is needed to confirm its safety profile.
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Abstract. In this work, we presented an atomistic simulation study on YAIOs; perovskite. We simulated the
reported crystal structure through the energy minimization process from coulombic and Buckingham potentials
with the General Utility Lattice Program (GULP). We determined the formation energy for all point pair defects
presented in the system. We found that the anionic Frenkel together with Schottky pair defects are the main defects
in the YAIO; perovskite.

Additionally, we performed several energy profile migrations for each ion, and we determined that oxygen
migration was the favored migration via the vacancy-vacancy path with 98.70 kJ/mol. In the end, we performed a
series of calculations about doping energy, and we calculated that Ca?" is the best aliovalent ion for doping YAIOs
compound, which involves the minimum doping energy while the aliovalent doping increases the oxygen vacancy
defects. We suggested that these atomistic simulations could be used as a tool in the design or optimization of new
materials for developing solid electrolytes.

Keywords: YAIO; perovskite; atomistic simulations; point defect energy; ion migration.

Resumen. En este trabajo presentamos un estudio hecho por medio de simulaciones atomisticas para el compuesto
YAIO; con estructura perovskita. La estructura se simuld por medio de la minimizacion energética de los
potenciales de Coulomb y de Buckingham. Se determino la energia de formacion para todos los pares de defectos
puntuales que puede presentar el sistema y encontramos que los defectos tipo Frenkel anidnico y los Schottky son
los principales en el compuesto de estudio. También determinamos los perfiles energéticos de migracion para los
iones en el sistema y encontramos que la migracion de menor energia corresponde a la de oxigeno via vacancia-
vacancia con una energia de 98.70 kJ/mol. Hacia el final del articulo, presentamos los calculos referentes a la
energia de dopaje y encontramos que el mejor ion para dopar al compuesto YAIOjs es el ion Ca?*; esto debido a la
menor energia de dopaje involucrada y el hecho de que el dopaje aliovalente incrementa las vacancias de oxigeno
en el sistema. Sugerimos que este tipo de estudios pueden ser una herramienta muy versatil en el desarrollo y
optimizaciéon de nuevos electrolitos sélidos.

Palabras clave: Perovskita YALOs; simulaciones atomisticas; energia de defectos puntuales; migracion de
iones.

Introduction

Solid Electrolytes (SE) are materials involved in many technological devices that are directly or
indirectly related to renewable energy. Electrolyzers for water splitting [1], [2], electrochemical membranes for
gas separation [3], and solid oxide fuel cells (SOFCs) for electricity generation [4] among others, are devices
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where the electrolyte plays an important role due to the charge-mass transport. Developing better electrolyte
materials will enhance the performance of the electrochemical devices and consequently, will consolidate an
energy society with low-carbon fuels, whether hydrogen as an energetic vector is considered [5].

High-Temperature Solid Electrolytes (HTSE) display better performance in ionic transport than room-
temperature ones. Additionally, when HTSE are used in electrochemical devices, these show fast catalytic
response at electrodes which allows to use of materials based on oxides instead of Pt or Pd electrodes [6]. These
characteristics get the attention of the research community for developing new HTSE for electrochemical
devices and atomistic simulations could be a useful tool for exploring in silico which materials are candidates
to bring out good electrical properties. Thus, in this work, we performed atomistic simulations in YAIO; with
perovskite structure since this crystal structure has the main characteristic for exhibiting ionic conductivity as
close packed anion arranged together with ions in its high oxidation state which minimizes the electronic
conductivity [7]. Besides this, perovskite-type structures could present proton conductivity, which is another
form of ionic conductivity [8-10]. Also, we presented a doping study with aliovalent ions; as ionic conductivity
depends on the charge carrier concentration, doping systems had the higher concentration [11] due to the
extrinsic point defects are much bigger than intrinsic defects.

YAIOs exhibits a perovskite-like structure with octahedra tilting. The unit cell is orthorhombic with
lattices parameters a = 5.33 A, b =7.375 A and ¢ = 5.18 A. This structure presents two crystal positions for
oxygen ion, one at 4c¢ (0.475, 1/4, 0.586) and the other at 8d (0.293, 0.044, 0.203) Wyckoff positions, while the
cations present only one crystal position; 4c (0.0526, 1/4, 0.4896) for Y** and 4b (0, 0, 0) for AI**. The space
group for this crystal structure was reported as Pnma (No. 62) [12].

Atomistic simulations had been employed to study ion diffusion pathways in several systems showing
results very close to experimental values [13—16], thus we used this methodology in this work. Atomistic
simulations were carried out using GULP code (version 5.2) [17], [18]. This code uses static modeling
techniques based on the classical Born model for ionic solids, allowing the description in mathematical terms
of the system energy as a function of particle coordinates. In this model, the integral charge of the ions
corresponds to its oxidation state, and the energy interactions (¥7;) between ions are calculated in terms of long-
range coulombic forces and short-range pair potentials with the standard Buckingham potential. This potential
simulates the electron cloud overlap (Pauli repulsion) and dispersion interactions (van der Waals) [ 13]. All these
terms are included in equation 1, where « is the Coulomb constant; ¢; and ¢; are the integral charges of the ions
i and j respectively; r; is the inter-ionic distance and A4j;, p; and Cj; are empirical parameters assigned to each
ion-ion interaction, except for the cation-cation interactions which were treated as purely coulombic.

1 i1 _7; Ci'
7, (1) =5 2k exp| =L |- M
o T Py ) T

Results and discussion

YAIO; perovskite crystal structure was calculated using Buckingham pair potentials previously
reported for Y-O, O-O [19], and AI-O [20]. These potentials are listed in Table 1 together with core-shell
parameters. Crystal structure results are showed in Table 2 where it can be seen that the calculated lattice
parameters agreed with those previously reported by Diehl [12]. Calculated atomic coordinates (data not
showed) also agreed with experimental ones as can be observed in Fig. 1, where not only coordination polyhedra
were the same but the tilting angle was satisfactorily calculated after fitting the p Buckingham parameter for
cation-anion interactions.
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Table 1. Parameters used for Y AlOj; crystal modeling with GULP, the potentials for Y-O, O-O pairs were taken
from [19], and for Al-O pair from [20].

Tonic pair | 4 [kJ/mol] | p[A] | C[kJ/mol A% | Ton | Y"[le]] | k [kJ/mol A?]
Y-0 126395.79 | 0.350865 0.00 Y | 0.0000 9648437.16
Al-O 232481.90 | 0.275805 0.00 AP* | 0.0430 38978.15
0-0 2196421.15 | 0.1490 4148.87 0> | 0.2389 4052.38

Table 2. Structural parameters comparison between reported and simulated structures.

Fig. 1. (A) Reported and (B) calculated crystal structure for YAlO; perovskite.

Parameter Reported Simulated
a[A] 5.330 5.274
b[A] 7.375 7.406
c[A] 5.180 5.223
VA 203.619 204.031

Elatiice [kJ/mol] - -14373.3

Since the calculated lattice was close to the experimental one, we performed point defect calculations
to obtain the formation energy for associated point defects (Schottky and Frenkel defects). Point defects were
calculated using the Mott-Littleton approximation [21] which splits the crystal into three spherical regions to
optimize the calculations; the inner region, called Region 1, has the defect at the center, and the ions are strongly
affected by the point defect. The ion positions in Region 1 must be calculated for each ion. In the next region,
called Region 2a, the ions are slightly affected by the point defect and their positions can be calculated through
a potential. In the outer region, called Region 2b, the ions are not affected by the point defect and do not
contribute to the defect energy calculation. In this work we use a 14 A radius for Region 1 and a 30 A radius
for Region 2a, this configuration allowed us to calculate the point defect energy considering the effect of 2300
ions around the point defect; usually, the Mott-Littleton approximation considers at least 300 ions for this kind
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of calculations [22]. The calculated energy relative to points defects is listed in Table 3; the interstitial positions
used in these calculations were (0.5,0.5,0) for Y3*, (0.5395, 0.25, 0.25) for AI**, and (0.8616, 0.75, 0.875) for
OZ. In this table is possible to see that oxygen vacancy energy for the two crystallographic oxygen ions is very
close between them because of the similar crystallo-chemical environment.

Table 3. Calculated point defects energy in YAIO; perovskite.

Energy [kJ/mol]
Species
Vacancies Interstitial

Y 4436.02 -2192.35
Al 5928.85 -4088.59
O, 2151.65

-1213.50
(0)3 2147.71

We use standard Kroger-Vink defect notation to describe associated defects such as Schottky or
Frenkel defects. Symbols as V;, or ;5 are used to describe a single point defect; the main symbol indicates the
specie at point defect (usually ¥ is used for indicating a vacancy), subscript indicates the position in the lattice
represented by the atom or ion occupying that site (interstitial positions are represented by i), and superscript
indicates the charge of the point defect, dots (+) for positive charge, dashes (‘) for negative, and (x) for neutral
defects [23].

From point defect and lattice energy, it was possible to determine the formation energy for the intrinsic
defects on the YAIOs3 structure according to its corresponding formation reactions listed below in Kroger-Vink
notation.

" " 3 ..
null——Vy +Vy +3V5 Schottky defect (2)

null ——V; +7, Yttrium Frenkel defect (3)

null Va+Al, Aluminum Frenkel defect (4)

null —— V() + 0, Oxygen Frenkel defect (5)

In these equations null indicates a perfect crystal without point defects so the formation energy for
each intrinsic defect was calculated taking into account the null state as a reference value (0 kJ/mol) and, in the
case of Schottky defect, lattice energy was considered in the equation due to mass conservation. A couple of
examples of those calculations are presented below.

1 .
Eqpun =5 ( E. +E.+E, +2E_ +E,, ) Schottky formation (6)
1
Frenkel Al — 5 (EKL +E A ) Aluminum Frenkel formation (7)
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The energy defect formation is normalized to the total number of point defects formed in each reaction.
The calculated values are listed in Table 4, where it can be seen that Schottky and anionic Frenkel defects are
the most favoured and in consequence, the cationic and oxygen vacancies together with oxygen interstitial are
the main defects present in the system.

Table 4. Associative defects energy in YAIO; perovskite.

Associative defect | Energy/defect [kJ/mol]
Schottky 487.72
Frenkel Y 1121.83
Frenkel Al 920.13
Frenkel O, 469.08
Frenkel O, 467.11

Ionic migration calculations were performed firstly, in a linear path formed by two nearest vacancies,
determining the energy for an interstitial defect placed along the linear path as can be seen in Fig. 2. Those
defects generate a profile where the maximum energy is related to the migration energy in the diffusion process,
and then, to the activation energy in the electrical conductivity process [24]. lonic migration (from vacancy to
vacancy) calculations were carried out by AI**, Y**, and O* species and minimum energy migration results
were 413.15 kJ/mol, 926.45 kJ/mol, and 105.16 kJ/mol, respectively. As the oxygen ion migration had a
minimal value, the rest of the calculations were focused only on this ion.

22607, = 105.16 kJ/mol }Tw

“m

d,=2.709 A
2240 / . 1

2220- " \
2200 /'/ \

2180 /' \

Defect energy (kJ/mol)

2160+

2140

0.0 0.1 02 03 04 05 06 0.7 0.8 09 1.0
Path
Fig. 2. Path and energetic profile migration due to oxygen ion migration in Y AIO3 compound.

The linear path does not always result in the best path due to the steric effect between ions. In
perovskite structure has been reported the presence of a “saddle point” [25] which consists of a space where the
steric effects due to AI*" and Y** on oxygen ion are minimal, the size of the saddle point is defined by the critical
radius (reric) showed in Fig. 3. In the ideal case, the linear path must contain the saddle point, but due to the Al—
O bond length decreases as the path becomes close to the saddle point, it is necessary to evaluate alternative
paths in which steric effects are minimal. In this scenario, we calculated the interstitial energy at the saddle
point near and far from the AI** (the octahedra center) this is outlined in Fig. 3.
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cerit '\ /e

B

Saddle = @®:
point . °

Fig. 3. Variation of the migration path for oxygen ions due to the saddle point in perovskite structures.

In the ideal perovskite structure, the saddle point, A sites, and B site positions are in the same plane,
but, since YAIO; is a distorted perovskite, saddle point, A, and B sites are not in the same plane and in
consequence there are two ways to evaluate an alternative oxygen migration around A1**, one with the saddle
point aligned with AI** site (red points in Fig. 4) and a second one aligning the saddle point with Y3* positions
(black points in Fig. 4). As can be observed in Fig. 4, no matter which of the paths are used, both had a minimum
at the same point which is outer from the AlO¢s octahedra. Additionally, as those calculations were made in the
middle of the path, it can be assumed that each point corresponds to the maximum energy for a nonlinear path.
A plot of migration energy as a function of the distance of the saddle point was made (Fig. 4), where the
minimum migration energy of 98.70 kJ/mol was obtained for migration outside of the octahedra.

600+ —p»—Relativeto Y
—&— Relative to Al | A

500
400 1
300

200

100 i\»'//

-08 -06 -04 -02 00 02 04 06 08
Critical radius (i\)

Migration energy (kJ/mol)

Fig. 4. Oxygen migration around AI*" taking into account the saddle point effect.

Considering the Frenkel disorder, oxygen migration could take place through vacancy and interstitial
defect, moreover, the atomistic simulations showed this migration is not favoured by its high migration energy
(about 765.03 kJ/mol), but it was calculated that interstitial-interstitial migration had a 98.70 kJ/mol migration
energy which is similar to the vacancy-vacancy oxygen migration showed in Fig. 4. According to simulations,
oxygen is the main charge carrier in the system because it presents the minimal migration energy; the path
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migration could be via vacancy-vacancy in a nonlinear path through the saddle point or via interstitial-interstitial
in a linear path; moreover, the presence of oxygen interstitial it would unlikely due to the lack of chemically
favoured sites for oxygen ions because the perovskite structure can be seen as a close packed arrangement of
oxygen and yttrium ions and the aluminum cations took the octahedra holes [26]. Thus, oxygen migration via
vacancy vacancy would be the main way for ionic transport.

High ionic conductivity in SE usually is related to the high concentration of charge carriers, but this is
very low when charge carriers come from intrinsic point defects. Dopped compounds are usually the solution
to enhance the amount of charge carriers, because they keep the same crystal structure, and then, the same
migration energy, but the number of point defects can be adjusted according to chemical reaction. Often, doping
occurs via aliovalent doping (when a substitution occurs with an ion with a different charge but similar size)
and doping the A-site in the perovskite structure yields oxygen vacancies according to the reaction (8) where
an oxide with general formula MO is considered.

2MO—22 50M . + V) + 20 (8)

According to Shannon radii, aliovalent cations for Y>* (1.019 A) are Ca®, Mg?* and Zn?" whose ionic
radii are 1.12 A, 0.89 A, and 0.9 A respectively [27], thus these cations could be used for doping YAIO;
perovskite. Atomistic simulations made possible the determination of doping energy according to equation (9)
which had been obtained from the reaction (8).

E,pe =E, +3E,. - EM 9)

doping lattice

The crystal structure parameters for CaO, MgO, and ZnO were previously reported [28] and lattice
energy was calculated from GULP to determine the energy doping for each aliovalent ion, the results are listed
in Table 5 where it can be seen that doping YAIO; with Ca?* implicates the lower energy thus the Y xCaxAlO;.
x2 system would be the thermodynamically favored system among those formed with the aliovalent ions studied
in this work. It would be important to mention that the Ca®* crystal radius is closer to that for Y**, which can be
related to the lower doping energy for the Y.xCaxAlOs.x» system.

Table 5. Doping energy for different aliovalent ions.

D(i)g:lng Ionic radius (A) | Doping energy (kJ/mol)
Ca?* 1.12 4507.12
Mg?* 0.89 4570.60
Zn* 0.90 4570.51

The method employed in this work could be used as a tool for designing new materials where ionic
transport is an important feature. Atomistic simulations require nonexpensive computing infrastructure and
results can easily correlated with crystal structure and chemical properties and these calculations can optimize
the selection criteria process in the research of new materials for ionic transport.

Conclusions

We successfully simulated the YAIOs crystal structure from electrostatic long-range interactions
together with short-range Buckingham potentials. The lattice energy calculated was -14373.3 kJ/mol.
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Additionally, formation energy for Schottky and Frenkel pair defects was calculated, and we determined that
Schottky defects together with anionic Frenkel defects are the main point defects present in the YAIO; structure
due to its low formation energy: 487.72 kJ/mol for Schottky disorder and 467.11 kJ/mol for Frenkel disorder.
Considering the point defects present in the compound, we performed migration calculation and we found that
the lower migrations energy corresponded to oxygen ion migration via vacancy-vacancy and interstitial-
interstitial site with 98.70 kJ/mol in both cases. In the end, we performed atomistic simulations to calculate the
doping energy involved in the Y .xMxAlOs.x» system with M = Ca?", Mg?" and Zn?*; we found YxCaxAlO;.x»
system had the minimum doping energy which implied that was the thermodynamically favored system. All
these calculations allowed to us select one system in which structural and chemical properties could bring out
interesting electrical properties.
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Abstract. This study aimed to evaluate the effect of modification on non-conventional native starch derived
from the seed of Artocarpus lakoocha or monkey fruit (Native Starch). The current study determined the
excipient characteristics of native and modified starches by examining their physicochemical properties, flow
properties, and release characteristics. It showed better improvement in the physicochemical and functional
properties and was helpful in the formulation of immediate-release formulations when tested with paracetamol
as a model drug. The results from the Field Emission Scanning Electron Microscopy (FESEM) Micrograph
revealed a disruption of the granular structure. FTIR analysis confirmed the carbohydrate nature of the starch.
The X-ray diffraction pattern demonstrated the decrease in crystallinity following thermal modification. Here,
we utilized waste seeds of Artocarpus lakoocha to isolate starch, its modifications, and their usage in effective
drug delivery formulations, such as tablets and suppositories, compared to the marketed formulations. In
summary, this study aims to assess the effects of starch modification and demonstrates the potential advantages
of using starch derived from Artocarpus lakoocha seeds. It addresses the need for improved excipients in
pharmaceutical formulations, promotes sustainability through waste utilization, and highlights the versatility of
these starches in various applications, including drug delivery and functional foods.

Keywords: Artocarpus lakoocha starch; immediate drug delivery; physical modification; physicochemical
properties; suppository; tablet.

Resumen. Este estudio tuvo como objetivo evaluar el efecto de la modificacion sobre el almidon nativo no
convencional derivado de la semilla de Artocarpus lakoocha o fruto de mono (Native Starch). El presente
estudio determind las caracteristicas de los excipientes de los almidones nativos y modificados examinando sus
propiedades fisicoquimicas y de flujo asi como sus caracteristicas de liberacion. Mostré una mejor mejora en
las propiedades fisicoquimicas y funcionales y fue util en la formulacion para su liberacion inmediata cuando
se probo con paracetamol como farmaco modelo. Los resultados de la micrografia de microscopia electronica
de barrido por emision de campo (FESEM) revelaron una alteracion de la estructura granular. El analisis FTIR
confirmo la naturaleza glucosidica del almidon. El patron de difraccion de rayos X demostrd la disminucion de
la cristalinidad después de la modificacion térmica. También utilizamos semillas de desecho de Artocarpus
lakoocha para aislar el almidon, sus modificaciones y su uso en formulaciones efectivas de administracion de
medicamentos, como tabletas y supositorios, en comparacion con las formulaciones comercializadas. En
resumen, este estudio tuvo como objetivo evaluar los efectos de la modificacion del almidon y demuestra las
ventajas potenciales del uso de almidon derivado de semillas de Artocarpus lakoocha. Aborda la necesidad de
mejorar los excipientes en las formulaciones farmacéuticas, promueve la sostenibilidad mediante la utilizacion
de residuos y destaca la versatilidad de estos almidones en diversas aplicaciones, incluida la administracion de
medicamentos y los alimentos funcionales.
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Introduction

Artocarpus lakoocha Roxb. is a deciduous tree belonging to the family Moraceae. It is also known as
Monkey fruit in English and Lakuch in Ayurveda. In India it is known as “lakuchi,” “dahu,” and “barhal,” in
Thailand as “lokhat,” and in Malaysia is called as “tampang” [1-2]. Starches are natural polysaccharides,
Because of their unique characteristics, and serve as a food type for humans and are one of the most essential
raw materials for numerous industries. Their resource is cheap, readily available, renewable and biodegradable.
However, native starch still has several restricted properties and fails to meet demands in several fields
adequately. Almeida et al., evaluated and compared the effect of the utilization of five different non-
conventional starches extracted from chickpea, common bean, Peruvian carrot, sweet potato and white bean
and four different commercial starches obtained from cassava, corn, potato and rice in pound cake [3].

So far, scientists have discovered a way to modify the native starch’s structure and properties to
increase its economic efficiency and ease to use. Studies have been conducted on various starch modification
processes, specifically physical modification [4]. Artocarpus heterophyllus Lam. seed starch has already been
reported as a natural starch candidate as a potential pharmaceutical excipient in various pharmaceutical dosage
forms, such as binding agents and disintegrants in pharmaceutical tablets [5]. Lakoocha trees have crimson
male and orange-yellow female blooms. There are approx. 20 to 30 seeds in a fruit. Generally, Artocarpus
species are recognized for their therapeutic and nutritional benefits and also have been used medicinally and
nutritionally for years [50]. Artocarpus lakoocha has been studied for its bioactive properties, extracts, and
bioactive compounds from various parts of the plant, including the bark, leaves, seeds, and pericarp, have been
found to possess exceptional phytochemicals. [2] However, specific statical data on the availability and
constraints for procuring Artocarpus lakoocha seeds are not readily available. Many pharmaceutical and food
companies utilize starch as a binder and dissolver. Potato, rice, and maize are commercial starches. Unexplored
starch sources like Artocarpus lakoocha starch offer several advantages over other starches, making it a
valuable asset [6]. Significantly less work has been done on Artocarpus lakoocha Roxb. seed starches (ASS),
includes its modification, formulation, and evaluation. The main aim of this study was to investigate the effect
of native and modified starch with its change in functional and physicochemical parameters of starch isolated
from Artocarpus lakoocha seed. So that in the future, ASS can be used in the pharmaceutical and food
industries.

Materials and methods

Collection of seeds and isolation of starch from Artocarpus lakoocha seed

The seeds were collected from the botanical garden of Birla Institute of Technology, Mesra, Ranchi.
Using the method described by Zhang et al. and Banyal ef al. [6,9,16] with exhibiting minor modification,
separated starch was from the seed. The seed was soaked with distilled water to make a paste, and the paste was
filtered three times. After drying at 50 °C, the starch was powdered and sieved using a 100 particle sieve size
and packed in a closed container and for further analysis. The ground paste was then, immersed in 0.05 % (W/v)
sodium hydroxide and left overnight at room temperature. Finally, the resulting suspension was thoroughly
washed with water to obtain a clear supernatant. The isolated wet starch was collected and dried overnight in a
hot air oven at 50 °C. Fig S1[16].
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Modification of starch
Ultrasonication of starch (UMS)

By using an ultrasonicator, ultrasonic modification of starch was done. 30 % (w/v) of the starch
solution was prepared. The sample was ultrasonicated for 20 min at 25 °C, the frequency was 20.5 kHz, and the
power was 170 watts. The ultrasonicated modified starch was centrifuged at 3000 rpm for 30 min. Then starch
was sieved and dried in a hot air oven at 50 °C for 24 hrs [10,11].

Pregelatinized modification of starch (PMS)

For pregelatinized modification of native starch, 10 gm of the starch sample was dissolved in 100 mL
of distilled water and incubated at 90 °C for 20, 25, and 35 minutes with constant agitation at 500 rpm. After
that, pregelatinized starch was dried for 24 hours at 50 °C. The dried and flaky starch was then powdered using
an analytical mill and passed through a sieve with a mesh size of 100 um, and pregelatinized starch with
intervals of 20, 25, and 30 minutes were designated as PM-1, PM-2, and PM-3 respectively [12,13].

Starch hydrolysis

For starch hydrolysate (SH-2) or (SH-4), starch was mixed with solutions of Citric acid, glacial acetic
acid, and water and then, heated to 95 °C for 2 and 4 hours respectively. The sediments were washed using
ethanol several times after the solvent was removed by an evaporation method. When hydrolysates were
dissolved in water, they produced pH values of 3.74 and 3.54 respectively, whereas with phosphate buffer
solutions they achieved pH values of 7.11 and 7.07 respectively [14].

Physicochemical analysis of starch

Various techniques were used for the physicochemical analysis of non-conventional starch, which
includes percentage yield, moisture, ash, amylose, pH, elemental analysis, water holding capacity, oil
absorption capacity, dispersibility, micrometric properties, swelling and solubility (for methods, please refer
to supporting information file) [9,22].

Field emission scanning electron microscope (FESEM)

Using FESEM (Carl Zeiss, Germany, Sigma 300 model), the morphological properties of starch were
determined in which it was done with double-sided carbon adhesive tape for mounting 4-5 mg of starch samples
on a sphere of aluminum, and then a thin coating of gold was added on top. Images were recorded at
magnifications ranging from 100 to 5.00K at 5 kV accelerating voltage [12, 23].

Thermogravimetric analysis

For the determination of thermostability (Netzsch, Germany LFA-467) model was used. The Alumina
crucible containing starch powder (5 mg) was heated from 30 to 600 °C at a rate of 20 °C/min and filled with
nitrogen maintaining a flow rate of 20 mL/min [17].

Differential scanning calorimetry (DSC)

DSC (TA Instruments, USA, Q 10) model was used to determine starch thermal properties. 5 mg of
starch samples were taken into aluminum pans and sealed for that analysis. At a heating rate of 10 °C/min,
samples were scanned from 60 to 300 °C. All samples were equilibrated for 15 minutes. Thermal analysis was
performed in a nitrogen atmosphere. The temperatures at the start (To), peak (Tp), end (Tc), and AH have been
calculated automatically. (Tc-To) was used to calculate the gelatinization temperature range (R). The ratio
H/(Tp-To) was used to calculate the PHI (o) [24].

Fourier transform infrared spectroscopy (FTIR)

The Frontier (Perkin Elmer, USA) was used to determine FTIR spectroscopy. The dried KBr and starch
samples were combined and pressed to form a pellet and were scanned between 400 and 4000 cm™! frequency
[12].
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X-ray diffraction (XRD)

The XRD (model: Bruker Kappa Apex II) was used to determine the crystal properties of dried starch
specimens. The instrument was calibrated to 35 mA and 40 kV to a diffraction pattern (20) varying from 10 to
80 °C at 15 °C/ minute [16].

Application of starches in the drug delivery
Preparation of tablets

We used the wet granulation method for the preparation of tablet formulation. All the ingredients were
taken in mortar and pastle along with paracetamol drug, and then the distilled water was added for the
preparation of dough illustrated in Table S1[16,20].

Granules were prepared by passing the resulting wet mass through ASTM # 10 mesh. Then the granules
were dried at 45 °C in a hot air oven for 30 minutes. After that, lubricants were added. Finally, the tablets were
punched on a 16-station tablet punching machine (Cadmach, Ahmadabad, India).

Evaluation of tablets

20 tablets from each formulation were taken and weighed to determine the average weight. Erweka
Hardness Tester was used for the determination of tablet hardness. Tablet friability was measured using Roche
Friabilator. USP disintegration device Erweka ZT3 (Heusenstamm, Germany) was used for the disintegration
test [27].

Assay of paracetamol tablet
Assay of paracetamol was determined by using earlier method described by Venkataswamy 2018 [28].

In vitro release study

For the determination of in vitro release, USP type-II dissolving test apparatus (LAB INDIA DS 8000,
India) was used while taking, an intestinal medium with a pH of 6.8 buffers and 50 rpm at 37+0.5 °C was used
for the in-vitro release profile. 1 mL sample was taken from an intestinal medium of pH 6.8 buffers using a
syringe with a membrane filter (0.45um) and was replaced with 1 mL of fresh buffer at a predefined interval.
The proportion of drug release was estimated using UV-VIS spectroscopy (Shimadzu UV-2450) and
absorbance at 243nm [12,20,28].

Formulation of suppository

Rectal suppositories were made using the fusion method at 36°C on a lipophilic base - cocoa butter.
Each one contained 125 mg of paracetamol drug. The molten bases were combined with SH2 and SH4 and then
poured into a polyethylene mold. After solidification, the suppositories were stored at 4 °C until use, as
illustrated in Table S2 [14].

Evaluation of suppositories

Twenty suppositories were taken for the weight variation test. Softening time of lipophilic
suppositories was determined. Suppositories were disintegrated using the Erweka ZT3 disintegration device
(Heusenstamm, Germany) [29].

Assay of acetaminophen-based suppository
The Assay of the paracetamol suppository was done by the previously described method Khatri et al.
2017 [29].

Dissolution test for suppositories (In vitro release of suppositories)

Dissolution apparatus used to evaluate paracetamol suppositories (NS, UMS, PM-1, PM-2, and PM-
3). In a stirred beaker, the Suppository was placed on the bottom. While the stirrer spun at 100rpm, maintained
the system at 37 = 1° C. 1 mL sample was taken and replaced with 1 mL of fresh medium at 0, 5, 10, 15, 20,
25, 30, 35, 40, 45, 50, 55 and 60 minutes. Samples were filtered using a membrane filter (0.45um) connected
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to a syringe and diluted. UV-VIS spectroscopy (Shimadzu UV 2450) was used to measure the absorbance at
243 nm and calculate the % drug release of suppositories [14,29].

Results and discussion

Physicochemical analysis of starch
The physicochemical properties of starch are illustrated in Table 1, Micromeritic properties and
elemental analysis illustrated in Table S3, swelling and solubility shown in Table 2 and 3.

Table 1. Physicochemical properties of NS and modified starch (UMS, PM-1, PM-2, and PM-3)

Starch V(Y,E)C co?lltlgllto(s‘;) ) c(l)\:;):lslttu(l;z) Ash content pH Dispersibility OAC
NS 179.5 £ 0.01 10.954+£0.01 | 11.36 £0.11 | 0.009+0.01 | 7.1 +0.03 73.00 = 0.02 15.00 £ 0.25
UMS 185.6 £0.03 24.418 +0.03 10.1£0.01 | 0.010+0.03 | 7.2+0.01 72.00 +0.01 12.07+£0.15
PM-1 294.5+0.01 25.704 £0.02 | 9.54+0.04 | 0.014+0.02 | 7.4+0.04 71.00 £ 0.02 12.01 £0.17
PM-2 302.1 £0.02 33.048+0.04 | 9.23+0.02 | 0.015+£0.03 | 7.5+0.01 70.00 + 0.03 11.03+£0.23
PM-3 323.1+£0.04 42.846+£0.03 | 9.11+0.01 | 0.015+0.05 | 7.5+0.03 69.00 + 0.02 10.05+0.11
Table 3. Swelling properties of Native (NS) and modified starch (UMS, PM-1, PM-2, and PM-3).
Swelling power (%)
Starch
30 °C 45°C 60 °C 75 °C 90 °C
NS 2.13+£0.34 3.78 £0.21 5.11+0.35 7.01 £0.21 9.58+0.36
UMS 4.11+0.11 6.65+0.11 10.51 £0.24 12.34 £0.34 1437 +£0.11
PM-1 6.31+0.13 10.11 £0.41 11.41+£0.11 15.11 £0.23 17.41 £0.23
PM-2 8.55+0.01 11.31 £0.35 12.42 £0.01 16.01 £0.39 19.21 £0.16
PM-3 9.13+0.12 12.52 £0.12 14.31 £0.43 18.03 £0.32 22.64+0.22
Table 4. Solubility powers of Native (NS) and modified starch (UMS, PM-1, PM-2, and PM-3).
Solubility power (%)
Starch
30 °C 45°C 60 °C 75 °C 90 °C
NS 8.60£0.22 8.23+0.09 10.06 £ 0.35 12.11 £0.41 14.32 +£0.24
UMS | 13.12+0.11 14.65+£0.12 16.21 £0.16 18.23 £0.45 19.57 £0.13
PM-1 | 1431+0.14 16.12 £0.31 19.47 £ 0.81 22.14+£0.23 22.36 +0.04
PM-2 | 1555+0.12 18.51 £0.26 22.34+£0.56 24.21+0.43 15.11 £0.08
PM-3 | 17.11£0.15 19.80 £ 0.14 24.56 £ 0.43 30.23 £0.12 33.14+0.23
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Starch yield and moisture content

The starch yield was found to be 50 % (db) [31]. Moisture content serves as a gauge for the starch’s
stability when kept in storage. The moisture content of NS, UMS, PM-1, PM-2, and PM-3 was from 9.11 to
11.36 % [32].

Amylose, ash, and pH content

The range of amylose contents of NS, UMS, PM-1, PM-2, and PM-3 were 10.954 %, 24.418 %,
25.704 %, 33.048 %, and 42.846 %, respectively. The amylose content in starch was significantly affected by
the pregelatinized treatment. Starch hydrolysis depolymerized and amylose resulting in smaller chain sizes
[33]. Ash concentration was reported to range from 0.012 to 0.15 %. The pH of starch was between 7.1-7.5.
The pH typically affects the stability of pharmaceutical formulations.

Water holding capacity (WHC)

The WHC of NS samples was found to be 179 + 0.01 %, whereas UMS, PM-1, PM-2, and PM-3 were
reported to be 185 + 0.03 %, 294.5 + 0.01 %, 302.1 £ 0.02 and 323.1 + 0.04 respectively [12]. The findings
revealed that the modification of starch increased its water absorption capacity [33,34]. The WHC increases as
the pre-gelatinization time increases because starch undergoes hydrothermal treatment, which causes the
granules to rupture and release their soluble components.

Qil absorption capacity (OAC)

The oil absorption capacity of the NS sample was found to be 15 = 0.25 %, whereas for the UMS, PM-
1, PM-2, and PM-3 decreased with modification, with values of 13 £0.15 %, 12+0.17 %, 11 +0.23 %, and 10
+ 0.13 % respectively. Earlier reported OAC was slightly higher values (17.00 = 1.37 %) [34].

Dispersibility
NS dispersibility decreased with modification. When particles collide, their kinetic energy increases,
and they do not sink to the bottom which further results in dispersion stability depicted in Table 1[9].

Micromeritic properties
Bulk density

The bulk densities (BD) were between 0.41-0.82 g/cc. NS contains the lowest BD (0.41 g/cc).
However, after modification, bulk densities of starch were increased, and PM-3 was the highest (0.82 + 0.21
g/ce) [36].

Tapped density
Tapped densities were 0.52 + 0.01, 0.62 £ 0.04, 0.89 £ 0.13, 0.91 £ 0.71, and 0.93 £ 0.04 g/cc of NS,
UMS, PM-1, PM-2 and PM-3.

Carr’s index and hausner’s ratio
The PM-3 shows a lower Carr’s index (11.82 + 0.34) and Hausner’s ratio (1.13 = 0.06) indicating good
flow.

Angle of repose

The Angle of repose of NS and UMS was 33.35 £ 1.06, and 32.16 + 0.60 indicates good flow properties
and the value of PM-1, PM-2, and PM-3 ranged between 28.11 + 0.71, 27.7 5+ 0.22, and 26.35 + 1.06, with
excellent flow properties after modification [37] illustrated in Table 2. Micromeritic found PM-3 valuable for
pharmaceutical industries. The Carr’s index of pregelatinized starches exhibited a reduction as the
pregealatinization time increased, signifying improved compressibility compared to NS. Additionally, a
decrease in the angle of repose for all modified starches indicated enhanced powder flow properties. This
improvement is likely attributed to the transformation of spherical starch granules into irregular shapes and the
filling of void spaces with irregular particles in the pregelatinized and ultrasonicated starch [16].
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Table 2. Powder characteristics of NS and modified starch (UMS, PM-1, PM-2, and PM-3).

Sample Buli(g;lcecl;sity Tapp(eg(;c(i;ensity Carr(’oz i)ndex Hausner’s ratio Angle (()ef) repose
NS 0.41+0.03 0.52+0.01 21.15+0.21 1.26 +0.03 33.35+1.06
UMS 0.53+0.01 0.62 +0.04 14.5+0.61 1.16 £0.02 32.16 £ 0.60
PM-1 0.77 £0.49 0.89+0.13 13.48 £0.02 1.15£0.03 28.11 £0.71
PM-2 0.79 £ 0.71 0.91+0.71 13.18 £0.51 1.15+£0.07 27.75+0.22
PM-3 0.82 +0.21 0.93 +0.04 11.82+0.34 1.13+£0.06 26.35 £ 1.06

Swelling and solubility power

The ability of starch to form hydrogen bonds with water molecules influences swelling volume.
Because of intermolecular hydrogen bonding in amorphous regions, starch granules swell rapidly at
temperatures below 70 °C [38,39]. The reported values for swelling power for the NS, UMS, PM-1, PM-2, and
PM-3 were 9.58 + 0.36, 14.37 £ 0.11, 17.41 £ 0.23, 19.21 £ 0.16 and 22.64 + 0.22 % respectively illustrated
in Table 3 [40]. For NS, UMS, PM-1, PM-2, and PM-3, the solubility percent values were recorded as14.32 +
0.24 %, 19.57 + 0.13 %, 22.36 £ 0.04, and 33.14 + 0.24 % respectively illustrated in Table 4. [40]. The study
showed that modified starches had a higher solubility index than native starches [41]. Thermal modification
altered the granular structure of native starch, enhancing water absorption and improving drug release
characteristics. Typically, the swelling power of starch is influenced by the level of amylose content and its
water-holding capacity [16].

Field emission scanning electron microscope (FESEM)

The NS, UMS, PM-1, PM-2, and PM-3 micrographs are shown in Fig. 1. The NS and UMS starch
were round to oblong in shape with a smooth surface and texture [42]. Pregelatinized starches were discovered
to have an irregular shape, a rough surface and deep groves. The hydrothermal treatment restructured the
modified starch granules causing an irregular shape and uneven texture. The groves and crevices on the surface
of starch aid in trapping of the drug and facilitating immediate release drug delivery [43].
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Thermogravimetric analysis (TGA)
Fig. 2, Fig. S2 illustrates the TGA curve of NS, UMS, PM-1, PM-2, and PM-3 revealing three distinct

degradation patterns. The first mass loss occurred at 20 to 240 °C possibly related to bound water evaporation.
The de-polymerization of the starch structure causes the second and most significant mass loss in the
temperature range of 240-456 °C. The oxidation of organic matter is responsible for the third mass loss between
456 and 600 °C [44]. The thermogram showed starches were chemically stable at 20 to 270 °C.

Weight (%)

T T T T T T T T T T
100 200 300 400 500 600

Temperature

Fig. 2. Thermogravimetric Analysis of native and modified starch S1 (NS), S2 (UMS), S3 (PM-1), S4 (PM-2),
S5 (PM-3).

Differential scanning calorimeter (DSC)
Fig. 3 illustrates the DSC curve. NS, UMS, PM-1, PM-2, and PM-3 starches exhibit wide variations in

their PHI (@), AH, transition temperatures (onset, peak and conclusion), transition temperature range (Tc -To).
Three different peaks have resulted in NS, UMS, PM-1, PM-2, and PM-3 starches. NS has a low degree of
crystallinity; it’s enthalpy of gelatinization was significantly higher than PM-3. H gel indicates the loss of
molecular order within the granules. Artocarpus lakoocha Roxb. seed starches (ASS) transition temperatures

were higher than those previously reported starch [45].

0.2
0.0
0.2
0.4
0.6

Heat Flow (Normalized) (W/g)

-1.2 -
-1.4 -

-1.6

-1.8 4

2.0 . . . . . . . . . . . . .
50 100 150 200 250 300 350

Temperature (A~C)

Fig. 3. DSC prepared from S1 (NS), S2 (UMS), S3 (PM-1), S4 (PM-2), S5 (PM-3).
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Fourier transform infrared spectroscopy (FTIR)

Fig. 4 shows the FTIR spectra of native and modified starches. The peaks in the 1000 cm™ region
indicated the glucopyranoside ring’s presence. Pregelatinized starches resulted in a peak at 1055 cm!, which was
caused by the starch recrystallizing during the modification process and the presence of OH stretching was
characterized by broadband ranging from 3100 and 3300 ¢cm!. The a- and B-type glycoside linkages were caused
by absorption bands near 840 and 890 cm™! [46]. A distinctive peak showed C-H stretching at 2931 cm! [47].
Asymmetric stretching of the C-O molecule has caused a small but sharp peak at 1650 cm™'[48]. A peak caused
C-O-C asymmetry stretching at 1092 cm™! [49].

3250 1650

2
3

% Transmittance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (1/cm)

Fig. 4. FT-IR of NS and modified starch S1 (NS), S2 (UMS), S3 (PM-1), S4 (PM-2), S5 (PM-3).

X-ray diffraction (XRD)

The XRD patterns of NS, UMS, PM-1, PM-2, and PM-3 were shown in Fig. 5 and Fig. S3. The native
starches NS and UMS were crystalline when compared to PM-1, PM-2, and PM-3 starches. The crystalline
nature of the NS starches was demonstrated by their strong scattering peaks at 15.126°, 17.135°, 17.948°,
20.058°, 23.023°, 26.606°, 30.538°and 38.379° respectively and UMS at 15.151°, 17.161°, 17.916°, 20.058°,
23.073°, 26.538°, 28.981°, 30.453°and 38.173°. The diffraction pattern of pregelatinized starches revealed the
lack of large peaks with very few sharp peaks at 17.177°, 22.289° and 34.106 °, showing a reduction in
crystallinity due to heat treatment [16-17]. Pregelatinized starches decreased crystalline peak intensity which
further suggests that a broken double helix and fewer crystalline amylopectin regions are present.

Intensity (a.u)

T T T T T 1
10 15 20 25 30 35 40 45 50

2 theta (degree)

Fig. 5. X-ray diffraction of native and modified starch NS, UMS, PM-1, PM-2, PM-3.
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Evaluation of tablets

The physical parameters of the paracetamol tablets were shown in Table 5. All of the tablets, hardness,
and friability were found to be within the acceptable range United States Pharmacopeia (USP). The Assay
ranges from 99.82 to 104.29 %, and the average weight of all the tablets was found to be between 649.00 and
651.66 mg within the USP range. The disintegration time of tablets made with modified starch was shorter than
those made with native starch. The amount of paracetamol was calculated from the line of the regression
equation, y = 0.056x + 0.018, R?>=0.995 (Fig. S4) [12,15,20,24].

Table 5. Results of paracetamol tablets evaluation.

Sample Thickness Diameter Hardnefs Friability .\Vt.aight D:l"
(mm) (mm) (Kg/cm?) (%) variation (mg) | (min)

NS 4.22 +0.04 12.90 + 0.04 6.50+0.51 0.26 650.11 £0.42 3.15
UMS 432+0.12 12.86 +0.02 6.60 +0.42 0.28 649.85 +0.45 245
PM-1 4.72 +0.07 12.91 £0.07 6.87+0.01 0.27 650.56 = 0.34 2.19
PM-2 4.27+0.02 12.98 £0.01 7.66 +0.64 0.30 649.11 +0.75 2.15
PM-3 436 +0.03 12.88 +£0.03 7.87+0.22 0.31 651423 +£0.11 2.09

In vitro dissolution study

Fig. 6 illustrates an in-vitro dissolution study of tablets prepared with non-conventional native starch
and modified starches along with commercial paracetamol tablets. All of the tablets demonstrated faster drug-
release properties. However, when compared to the commercial and other modified starches, PM-3
demonstrated faster drug release. This could be because starch formed a loose granular structure, resulting in
less binding capacity. The drug release was found to increase with increasing pre-gelatinization time. Finally,
PM-3 can be a promising excipient for immediate-release formulations [12,16,20].

Dissolution Profile

160
- (PCI500)

@ = (NS)
o
o 1004 =+ (UMS)
ar
o -+ (PM-1)
gll (FM-2)
o 50 s
- - (PM-3)

0 1 | 1 1

0 20 40 60 a0

Time (minutes)
Fig. 6. In vitro release profile of paracetamol tablets using NS and modified starch (UMS, PM-1, PM-2, and PM-3).

Evaluation of suppositories
The absorption of suppositories at 243 nm standard value was 0.987. The amount of Acetaminophen
was calculated from the line of regression equation y = 0.051x + 0.030, R? = 0.987 from Fig. SS5.
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Table 6 summarizes the average results of the physicochemical test, and Fig. 7 shows the results of
dissolution. The uniformity of mass of single-dose preparation test of all series of suppositories was found to
be within 5 %, meeting USP requirements. The softening time of all suppositories was found to be within the
USP range. All suppositories were dissolved within 60 minutes. The percentage of drug release of paracetamol
suppositories was determined at a body temperature of 37°C. The percentage was 99.05 %. The use of modified
starch as a physicochemical active suppository excipient appears to be promising [14].

Table 6. Results of paracetamol suppositories evaluation.

. Softening Disintegration Drug content
Sample | Average weight (g) time(min) time(min) (%)
NS 1.319 £ 0.01 24.31 +£0.03 14.32 £ 0.02 83 +0.06
UMS 1.326 + 0.06 28.2£0.01 17.43 £ 0.04 85+0.02
PM-1 1.349 + 0.02 20.32 +0.05 20.87 £ 0.03 89 +0.01
PM-2 1.352+0.01 18.78 £ 0.02 15.21 £0.01 90 +0.03
PM-3 1.354+0.03 1531+ 0.01 10.26 £ 0.02 95+0.02
100
80 -
é 60 -
é 40 -
=
—a— (NS)
—— S
20 —A—(I(PJI\T\/ILI)j
—v—(PM-2)
0 —— (PM-3)
o 1 2 3 4 50 &0

Time (min)
Fig. 7. In vitro release profile of Acetaminophen suppositories using NS and modified starch (NS, UMS, PM-
1, PM-2, and PM-3).

Conclusions

In this study, we thoroughly examined the physicochemical and functional properties of non-
conventional native and modified starches derived from Artocarpus lakoocha seeds. We found that these seeds
yielded a starch content of 50 % (w/w). Through our investigations, we observed significant improvements in
the physical characteristics of the starch after modifying the amylose content. Specifically, properties such as
swelling power, solubility, WHC, and OAC exhibited enhancement. Our analysis using techniques like FTIR
confirmed the presence of carbohydrates in native and pregelatinized starches. Furthermore, the hydrothermal
treatment led to a notable reduction in crystallinity, which was substantiated by XRD and FESEM micrographs
of both native and modified starches. Thermal stability, as revealed by TGA, demonstrated the suitability of
these starches for various applications. Tablets formulated with both native and modified starches exhibited
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favorable in-vitro drug release profiles, underscoring their potential as excipient for immediate-release dosage
forms. Additionally, the improved flow properties of the modified starches proved advantageous during tablet
formulation processes, including mixing and compression. Our study also delved into the impact of starch
hydrolysates on various physicochemical properties of suppositories. Notably, we found that starch
hydrolysates could serve as cost-effective pharmaceutical aids, enhancing the physicochemical characteristics
of suppositories. In summary, our investigation highlights Artocarpus lakoocha-derived non-conventional
native and modified starches as promising excipients for immediate-release dosage forms. These findings offer
potential avenues for the development of efficient pharmaceutical formulations.
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Abstract. The synthesis of silver nanoparticles (AgNPs) with plant extracts has acquired a lot of interest in recent
years, due to its different applications in areas such as medicine, optics, food, pharmaceutic, among others. The
aim of this work was to evaluate aqueous extracts of Mexican oregano (Lippia graveolens), rich in antioxidant
compounds, to synthesize AgNPs. L. graveolens extract was characterized by HPLC and the antioxidant capacity
was evaluated by ABTS, DPPH and CUPRAC. The effect of factors such as pH, concentration of precursor and
temperature on the synthesis of AgNPs was studied. The particles were characterized by SEM, TEM, FTIR and
their stability was evaluated with respect to time. The AgNps showed a spherical shape with an average diameter
of 2.4 nm, and antimicrobial activity against S. aureus, L. monocytogenes and E. coli. After 30 days of storage,
the AgNps agglomerated to form dendritic structures.

Keywords: Silver nanoparticles; Mexican oregano; antimicrobial activity; green synthesis.

Resumen. La sintesis de nanoparticulas de plata (AgNPs) mediante extractos de plantas ha adquirido interés en
afios recientes debido a los diversos campos donde pueden usarse, como la medicina, Optica, alimentos,
farmacéutica, entre otras. El objetivo de esta investigacion fue evaluar la capacidad de extractos acuosos del
orégano mexicano (Lippia graveolens), rico en compuestos antioxidantes, para sintetizar AgNPs. El extracto de
L. graveolens fue caracterizado por HPLC y la actividad antioxidante fue evaluada mediante los ensayos de ABTS,
DPPH y CUPRAC. Se estudi6 el efecto del pH, concentraciones de precursor, y temperatura en la sintesis de
AgNPs. Las particulas fueron caracterizadas mediante SEM, TEM, FTIR y su estabilidad con respecto al tiempo
fue evaluada. Las AgNps presentaron una forma esférica con didmetro promedio de 2.4 nm, y actividad
antimicrobiana contra S. aureus, L. monocytogenes and E. coli. Después de 30 dias de almacenaje, las AgNps se
aglomeraron formando estructuras dendriticas.

Palabras clave: Nanoparticulas de plata; orégano mexicano; actividad antimicrobiana; sintesis verde.
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Introduction

Metallic nanoparticles in a nano size scale show unique characteristics with extensive applications in
diverse fields such as agriculture, cosmetics, pharmaceutics, medicine, textiles, and food industry [1]. Silver is
the metal of first choice to produce nanoparticles due to its high antimicrobial activity against a wide range of
bacteria and fungi as well as its catalytic properties [2,3]. Physical and chemical methods have been used to
synthesize NPs but they are environmentally hazardous, technically laborious, and expensive [4]. To overcome
these limitations, green synthesis methods have been proposed to obtain silver and gold nanoparticles (AgNPs,
AuNPs) where antioxidants, plant extracts and microorganisms are used as reductant reagents [5]. The use of
plant extracts has the advantages of being scalable and less expensive than the methods based on microbial
processes; on the other hand, the rate of reduction of metal ions using plants has been found to be much faster
as compared to microorganisms affording stable metal nanoparticles [6,7]. Several reviews highlight the
synthesis, characterization, and application of plant-based metallic nanoparticles [8-10]. The secondary
metabolites of plants (terpenoids, phenolic acids and flavonoids) act as reducing and stabilizing agents in the
synthesis of metal nanoparticles, then the source of the plant extract and the extraction process influence the
characteristics of the NPs [11,12].

Most of the aromatic oregano plants belong to the genus Origanum (Lamiaceae) and Lippia
(Verbenaceae). Among the aromatic plants used to produce AgNPs, Origanum vulgare better known as
European oregano, has been reported to generate spherical AgNPs sizes of 136 nm [13] and 1 to 50 nm [14].
Lippia graveolens KHB, commonly known as Mexican oregano, is used as condiment of many traditional
Mexican dishes as well as raw material to produce cosmetics, drugs, and liquors. In Latin America, L.
graveolens is used as antiseptic, antipyretic, analgesic, antispasmodic, antioxidant and antimicrobial agent [15].
The aqueous extract of L. graveolens has many secondary metabolites being the most abundant flavonoids and
terpenoids which are responsible of the observed antioxidant activity [16-18]. The reducing power of L.
graveolens extracts can mediate the synthesis of metallic nanoparticles. In the present study, AgNPs were
obtained by an aqueous extract of Lippia graveolens, the effect of extract concentration, reaction time,
temperature and pH of the reaction medium was analyzed. The obtained nanoparticles were physicochemical
characterized, and the antimicrobial activity was tested against food pathogens.

Methodology

Materials

2,2 -azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), potassium persulfate, Trolox, 1,1-
diphenyl-2-picrylhydrazyl (DPPH), Folin & Ciocalteu’s reagent and HPLC standards were obtained from
Sigma Chemical Co. (St. Louis MO, U.S.A.). Agar (TSA), and Tryptic soy broth (TSB) were purchased from
Becton—Dickinson (New Jersey, USA). All solvents, and silver nitrate were obtained from Baker (Mallinckrodt
Baker, Inc., Phillipsburg, NJ, USA). Ammonium acetate, copper (II) chloride, sodium hydroxide, sodium
carbonate, copper (II) sulfate, potassium persulfate, methanol, sodium potassium tartrate and 96% EtOH were
obtained from Merck (Darmstadt, Germany).

Lippia graveolens extract preparation and characterization

10 g of the dried plant were taken and mixed with 100 mL of deionized water and heated at 60 °C for
10 min. After cooling at room temperature, the mixture was filtered with a Whatman No.1 filter paper and the
aqueous filtrate was lyophilized and stored for future use. The antioxidant activity of the extract was evaluated
by the DPPH, ABTS and electrochemical CUPRAC (cupric ion reducing antioxidant capacity) assays according
to reported procedures [19-21] and the results were expressed as ICso in mg/L. The total phenolic content of the
extract was determined by Folin-Ciocalteu colorimetric method [22] expressing the results as mg of gallic acid
equivalents per g dried sample (mg GA/g dw). The HPLC-DAD method reported by Ramirez-Jiménez et al.
[23] was used to obtain the phenolic profile of the extract. The external standard method was used to quantify
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the secondary metabolites in an Agilent 2100 Series HPLC system (Agilent Technologies, Palo Alto, CA, USA)
using a Sorbax Eclipse XDB-C18 column (Agilent Technologies, 9.4 x 250 mm, 5.0 pm).

Biosynthesis of silver nanoparticles

To study the effect of pH (2, 5, 8, 10), temperature (20, 60, 80 °C) and reaction time (5, 10, 15, 20 min)
on the AgNPs formation, solutions containing 20 mg of lyophilized oregano aqueous extract and AgNO3; 1mM
were used. Values of pH were adjusted by using 0.1 N NaOH and 0.1 N HCI after the addition of the extract.
The temperature used for pH experiments was 20 °C and for reaction time 80 °C. The AgNPs formation was
monitored by UV-Vis spectrophotometry (200-800 nm) (Spectra Max Tunable Microplate Reader, Molecular
Devices Co., Sunnyvale, CA, USA). The colloidal suspensions were centrifuged at 15,000 rpm, washed three
times with distilled water and dried at 60 °C, the powder was kept for further characterization.

Silver nanoparticle characterization

Infrared absorption spectra of dried AgNPs and dried extracts were recorded by DRIFT with 4 cm™ of
resolution (Spectrum GX spectrophotometer, Perkin Elmer, Massachusetts, USA with a diffuse reflectance
accessory, Pike Technology model). The morphology and size of AgNPs were obtained from a JEOL (Japan)
high-resolution transmission electron microscope (JEM-1010) and a Carl Zeiss (Jena, Germany) high-
resolution scanning electron microscope (EVO-50). Image J software was used to calculate the diameters of the
NPs (average of 50 NPs).

Stability of silver nanoparticles

The colloidal solutions obtained after biosynthesis of silver nanoparticles (pH 5, 80 °C, 5 min), were
stored at room temperature for 30 days. Every five days UV—Visible spectra was recorded, and at the end of the
experiment the AgNPs solution was characterized by TEM.

Antimicrobial activity

To evaluate the antimicrobial activity of the AgNPs, the agar well diffusion technique was used against
Escherichia coli (ATCC 25922), Listeria monocytogenes (ATCC 35152) and Staphylococcus aureus (ATCC
6538). The methodology described by Soto et al. [24] was followed. Briefly, five uL (103> CFU/mL) of each
microorganism culture were suspended in 6 mL of ST agar tempered at 45 °C, mixed and immediately poured
into a Petri dish. Once agar solidified, 10 uL of AgNPs solution (20, 40, 60, 70, 80, 90 and 100 pg/mL) were
placed on the agar surface, then incubated for 48 h at 30 °C and the zone of growth inhibition was measured.
Oregano lyophilized extract (100 pg/mL) and chloramphenicol (500 pg/mL) were used as control.

Results and discussion

Characterization of Lippia graveolens extract

Table 1 shows the identified compounds by HPLC-DAD of lyophilized L. graveolens extract.
Rosmarinic, gallic and ellagic acids, kaempferol and thymol were the major components among the identified
secondary metabolites, this result is similar to the reported data by Herrera-Rodriguez et al. [25] who evaluated
the phenolic compounds in the essential oil of L. graveolens by GC/MS analysis. Thymol was detected in a
higher concentration than Greek oregano (10.6 pg/g) under similar extraction conditions [26]. The antioxidant
activity of the aqueous extract was evaluated by ABTS, DPPH and CUPRAC techniques, the first two methods
are based on electron transfer from the secondary metabolites of the extracts to the radicals while the last one
evaluates the electron-donating capacity of the extract to reduce a metal complex [27]. ICsy values of 229.4 +
10.5 mg/L, 290.1 + 12.7 mg/L, and 95.01+ 0.69 mg/L for ABTS, DPPH and CUPRAC assays were obtained,
respectively. The antioxidant activity of the extract was similar to the reported values (ICso 207 mg/L) for
methanolic extracts from L. graveolens evaluated by the DPPH assay [15]. As expected, the antioxidant values
were lower than the aqueous extracts from O. vulgare (26.7 mg/L) [28]. The total phenol content was 330.5+1.7
mg GAE/g dw, this value is higher than the reported values for several hydroethanolic extracts from L.
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graveolens samples (95.74- 99.71mg GAE/g dw) [29]. Rosmarinic acid, thymol and kaempferol are the
secondary metabolites that significantly contribute to the antioxidant capacity of the extract.

Table 1. Phenolic compounds in Lippia graveolens determined by HPLC-DAD

tl:;;el(l;i?:) Compound Concentration mg/g dw | % Adjust
Phenolic acids
3.22 Gallic acid 1.31+£0.39 93.9
3.97 Protocatechuic acid 0.26 £ 0.02 97.9
5.44 Ellagic acid 1.86 £0.05 94.6
5.65 Coumaric acid 0.96 £ 0.07 96.5
5.76 Rosmarinic acid 2.46+0.19 99
59 Ferulic acid 0.62 £0.03 99.8
Aldehyde
6.16 Vanillin 0.87 £0.01 97.9
Flavonoids
7.44 Quercetin 0.81 +0.09 99.7
14.69 Apigenin 0.63 +£0.04 98.7
14.91 Kaempferol 5.76 £0.03 92.3
4.68 Naringenin 0.48 £ 0.05 98.3
Monoterpene
15.22 Thymol 3.12+£0.06 93.7

Results reported as mean + standard error of three replicates. The concentration is reported as mg/g of
dried sample.

Biosynthesis of silver nanoparticles in different conditions

The green synthesis of AgNPs with plant extracts is mediated by the compounds that have enough
electrochemical potential to reduce silver ions, then the chemical state and concentration of the extract
components affect the size and shape of the nanoparticles [30]. It has been demonstrated by several authors that
green synthesis of AgNPs involves the reduction of Ag* to Ag® by antioxidant secondary metabolites, in this
case mainly rosmarinic acid, thymol and kaempferol. Then nucleation and growth of Ag® nanoparticles occur
to finally be covered by the oxidized secondary metabolites, this final stage favours the stabilization of the NPs
[8-10,24].

Here, colloidal solutions of AgNPs were prepared by adding different concentrations of AgNOs to an
aqueous solution of the oregano extract, the solutions changed their colour from transparent to dark yellow
within minutes, indicating the presence of AgNPs. The effect of silver nitrate concentration is shown in Fig.
1(a), the characteristic AgNPs surface plasmon resonance (SPR) absorption band was observed at 357-400 nm.
The band absorption increased, and the wavelength was shifted to the red as AgNOj; concentration increased
from 1 mM to 4 mM. Similar results were reported for the obtention of AgNps from an aqueous extract of
Oscillatoria limnetica, addition of the silver nitrate concentration from 0.1 mM to 0.5 mM shifted the surface
plasmon bands from 422 nm to 430 nm with gradual intensity increase (0.531-0.710) [31].
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Considering the SPR response, further experiments were conducted using 1| mM AgNOs. Fig. 1(b)
shows the absorption spectra of colloidal solutions at different temperatures (20-80 °C). With the increase of
temperature, the reduction of silver salt is enhanced, as indicated by the rapid color change of the solution. The
peak absorption wavelength shifted toward blue from 437 to 400 nm with the temperature increment. As
reported, this displacement indicates that the size of the synthesized nanoparticles decreases with increasing
temperature, which may be due to a faster reaction rate at higher temperature. It is generally accepted that high
temperature promotes Ag nucleation while low temperature allows the growth of AgNPs, then smaller particles
with uniform size distribution are formed at higher temperature [32,33].

The pH plays an important role in the nanoparticle’s synthesis because the electron transfer from the
secondary metabolites to the silver ions depends on the molecular ionization, also the charge of biomolecules
might affect AgNPs capping as well as stabilizing properties [34]. Fig. 1(c) shows the spectra of AgNps
synthetized under different pH values at 80 °C, this temperature was chosen considering that smaller AgNPs
were obtained. At pH 2 two absorption bands at 365 and 443 nm were observed. It has been reported that the
AgNPs with nanocube morphology exhibit two dipole plasmonic peaks, one belongs to oscillating charges
along longitudinal axis, and the other one belongs to oscillating charges along latitudinal axis [35]. For pH 5, 8
and 10 only one band was observed at 400, 375 and 442 nm, respectively. In basic pH values the synthesis of
silver nanoparticles is faster than at acid pH, the change of color was observed immediately, but when the
solution was heated precipitation was observed. Verma and Mehata [34] observed that at high pH values the
particles became unstable and agglomerated, when kept overnight. For this study, AgNPs synthesis at pH 5
shows the major absorbance and the more defined band at lower wavelength which is related to small
nanoparticles and homogeneous distribution of the particle size [36]. In other studies, it was reported that basic
pH promotes the synthesis of silver nanoparticles due to deprotonation of organic acids such as citric and malic
acid [37].

The effect of time reaction was evaluated using AgNO3 1mM, pH 5 and 80 °C. Fig. 1(d) shows the
spectra of AgNPs at different reaction times, after ten minutes of reaction no SPR wavelength displacements
were observed. The increment of the SPR absorption band indicates an enhancement in the formation of AgNPs.
The reaction was completed at 30 min and a precipitate was obtained.
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Fig. 1. UV-Visible spectra of synthetized AgNPs using aqueous extract of L. graveolens at different parameters.
(a) AgNOs; concentration, (b) 1 mM AgNO:; at different temperatures, (¢) 1 mM AgNO; at different pH and (d)
1 mM AgNO:; at different reaction time.

Characterization of AgNPs

The synthesis of AgNPs was conducted in the optimal conditions established in the previous
experiment (AgNO; ImM, pH 5, 80 °C and 10 min). Fig. 2 shows the morphology of nanoparticles obtained by
SEM and TEM, the AgNPs were spherical with diameters between 1-4 nm. Several plant extracts have been
used to synthesize spherical AgNPs with sizes ranging from 0.5 nm to 100 nm [8-10]. The oregano AgNPs
obtained here are smaller than those obtained from European oregano (Origanum vulgare) aqueous extract (136
nm) [18], and ethanolic extract (30-58 nm) [19]. Similar size was reported for AgNPs obtained from
Polygonatum graminifolium (3-15 nm) [38], Coriandum sativum (6.95 nm) [39], Sida cardifolia (3-8 nm) [40],
Piper retrofractum (1-5 nm) [41], and Allium sativum (3-6 nm) [42].
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Fig. } (a) TEM and (b) SEM images of AgNPs and (c) size distribution.

Fig. 3 shows the DRIFT spectra for the dried extract, where the typical fingerprint region from 800 to
1800 cm™ attributed to the stretching and bending vibrations characteristic of the L. graveolens secondary
metabolites is observed [43]. This region included the signals at 1100-1400 cm™! corresponding to C-O of hydroxyl
groups, bands at 1400-1500 cm™' corresponding to C-O and C-C stretching vibrations specific to phenyl groups,
signals at 1500-1600 cm™ corresponding to aromatic domain and N-H bending, and the region at 1600-1800 cm'!
corresponding to bending N-H, C=0 stretching’s signals assigned to aldehydes, ketones, and esters [43,44].
Other important band observed was at 3000-3700 cm™' corresponding to O-H stretching vibrations. The spectra of
the dried AgNPs displayed most of the DRIFT bands of the extract, which confirm that the secondary metabolites
play the role of capping and stabilizing agents in the synthesis of AgNPs. Some displacements were observed for
some bands that represent the interactions of functional groups with AgNPs surface [45].

Transmitance (%)

¢ FINGER PRINT

4000 3600 3200 2800 2400 2000 1600 1200 BOO 400
Wavenumber tcm"}

Fig. 3. DRIFT of lyophilized L. graveolens extract and dried AgNps.

Stability of AgNPs

Fig. 4(a) shows the UV-Vis spectra of AgNPs at different times of storage. After fifteen days of storage
at room temperature, the AgNPs SPR signal changed drastically, and after a month under storage, the colour of
the AgNPs solution turned dark- gray and a sediment was formed. As storage time increase, the SPR signal gets
wider and shifted to higher wave numbers, confirming changes of shape and size of the nanoparticles. After one
month of storage, the SEM and TEM images (Fig. 4(b)-(¢)) evidenced AgNPs clustering with a morphology which
has been denominated flower-like [46]. It has been proposed that the formation of the dendritic structures involves
the aggregation of NPs to form micrometric worm-like structures that serve as template for the growth of multi-
branched structures [47]. These dendritic structures can be used in catalysis, and antimicrobial metallic coatings,
among other applications [48,49].
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Fig. 4. (a) UV-Vis spectra of AgNPs at different days of storage. (b) TEM image after 30 days of storage, and
(¢) SEM image after 30 days of storage.

Antimicrobial activity

Table 2 shows the diameter of growth inhibition zones produced by oregano extract and AgNPs against
three food pathogens, S. aureus, L. monocytogenes and E. coli. For all tested microorganism, the AgNPs antimicrobial
activity was concentration dependent, and the results revealed that the AgNPs displayed significant inhibition activity
against all the tested pathogens. Although, L. monocytogenes and S. aureus are Gram positive with a thicker
membrane cell compared to Gram negative microorganism such as E. coli, both demonstrated sensitivity to the
antimicrobial effect of AgNPs. Similar results were reported by Ruiz-Baltazar et al. [50] where AgNPs synthetized
with Melissa officinalis leaf extract, at 15 and 20 mM exhibited growth inhibition diameters of 12.5 and 11.5 mm
against S. aureus and E. coli, respectively. Sankar et al. [13] evaluated the antimicrobial activity of AgNPs (30 pL)
obtained from O. vulgare extract against E. coli obtaining a 10 mm growth inhibition diameter. Several factors are to
be considered regarding AgNPs antimicrobial activity, the electronic effect produced by the interaction of silver with
bacterial membrane surface, the chemical structure of secondary metabolites that stabilized the AgNPs when
synthesized by plant extracts, and the shape and size of NPs [7,51]. All the evaluated AgNps concentrations showed
higher antimicrobial activity compared with L. graveolens extract [52,53]. The antimicrobial activity of the Mexican
oregano has been mainly attributed to the terpenes like thymol and eugenol as well as phenolic acids like rosmarinic
acid (15,29,52). As expected, the antimicrobial activity of the AgNPs were higher than the extract, since the
antimicrobial activity produce by the release of Ag+ ions is added to the antimicrobial activity of the secondary
metabolites that surrounded the NPs (8-10). At the maximum AgNps concentration (100 pg/mL), the antimicrobial
effect against E. coli and S. aureus was higher than chloramphenicol.

Table 2. Diameter of growth inhibition zone of AgNPs against S. aureus, E. coli and L. monocytogenes.

Concentration (ugml) |y G | ameter (o | Diameter (mm
20 9.36 +£0.15° 8.52 £ 0.06f 9.46+0.11F
40 10.16 + 0.19% 9.64 +0.12°¢ 10.27 +£0.09¢
60 11.06 £0.11¢ 10.89 + 0.044 10.71 £ 0.07%
70 12.60 +0.16° 11.15 +0.094 11.63 £0.11°¢
80 13.53 £ 0.17% 11.59 +£0.05°¢ 13.38 + 0.03°
100 14.87 £ 0.452 12.58 £ 0.10° 13.95 £ 0.06*
Extract (100 pg/mL) 7.56 +0.14¢ 7.90 + 0.05¢ 7.5+0.11
Chloramphenicol (500 png/mL) 13.95+0.39% 14.80 + 0.05° 10.80 = 0.08¢

Results reported as mean + standard error of three replicates. Different letters in the same column represent significance difference
(P<0.05) according to the Tukey test n=3.

408



Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-e 2594-0317

Conclusions

Silver nanoparticles have been successfully synthetized using L. graveolens extract, the AgNPs are
spherical and exhibit a high energy SPR band around 400 nm. According to the FTIR analysis, the compounds
present in L. graveolens extract play an important role in the reduction and stabilization of metal nanoparticles.
The obtained AgNPs are stable in colloidal solution for 15 days, after which the nanoparticles agglomerated
and formed dendritic structures, meaning that the use of oregano AgNPs on liquid products that need to be
stored for more than 15 days is not recommended. The AgNPs antimicrobial activity is dependent on the
concentration and has better activity against S. aureus and E. coli. The obtained AgNPs can be used in different
applications due to its biological activity and morphology.
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Abstract. In this study, essential oil from the leaves of Croton kongensis Gagnep. from two different locations in
Thanh Hoa province, Vietnam, were obtained by hydrodistillation in a Clevenger-type apparatus and characterized
by GC/MS analyses. The Nhu Xuan essential oil sample contained sabinene (52.17 %), (E)-caryophyllene (7.23 %),
and linalool (6.33 %) as major components, while the Thuong Xuan essential oil sample contained sabinene
(12.96 %), camphene (9.45 %), linalool (8.43 %), bornyl acetate (7.99 %), (E)-nerolidol (7.07 %), and (E)-
caryophyllene (6.53 %). Both essential oil samples showed promising antimicrobial activity against four bacterial
and four fungal strains using the broth microdilution method, with minimum inhibitory concentrations (MICs) <200
pg/mL. However, the Thuong Xuan essential oil sample exhibited a broader spectrum of antimicrobial activity than
the Nhu Xuan essential oil sample. Furthermore, the anti-inflammatory potential study showed that the Thuong Xuan
essential oil sample exhibited better inhibition of nitric oxide production induced by lipopolysaccharide in RAW
264.7 cells than the Nhu Xuan essential oil sample, which has ICso values of 97.32 and 172.67 pg/mL, respectively.
These findings provide a theoretical foundation for further investigation and use of the essential oil from C. kongensis
leaves in the pharmaceutical and food industries.

Keywords: Croton kongensis; anti-inflammatory; antimicrobial; chemical composition; volatile oils.

Resumen. En este estudio, el aceite esencial de las hojas de dos poblaciones de Croton kongensis Gagnep. colectadas
en la provincia Thanh Hoa en Vietnam, fue obtenido por hidrodestilacion mediante un aparato Clevenger, y las
muestras fueron caracterizadas mediante el andlisis de CG/EM. La muestra del aceite esencial proveniente de Nhu
Xuan contenia sabineno (52.17%), (E)-cariofileno (7.23%), y linalool (6.33%) como constituyentes mayoritarios,
mientras que la muestra proveniente de Thuong Xuan contenia sabineno (12.96%), canfeno (9.45%), linalool
(8.43%), acetato de bornilo (7.99%), (E)-nerolidol (7.07%), y (E)-cariofileno (6.53%). Ambas muestras mostraron
actividad antimicrobiana promisoria contra cuatro cepas bacterianas y cuatro cepas fuingicas, usando el método de
microdilucion del caldo, obteniendo concentraciones minimas inhibitorias (MICs) < 200 pg/mL, respectivamente.
No obstante, el aceite esencial proveniente de Thuong Xuan mostrd un espectro mas amplio de actividad
antimicrobiana con respecto a la muestra de Nhu Xuan. Ademas, el estudio del potencial anti-inflamatorio de los
aceites esenciales indicd que la muestra de Thuong Xuan exhibié mejor inhibicion de la produccion de 6xido nitrico
inducida por lipopolisacaridos en células RAW264.7, con respecto a la muestra de Nhu Xuan, con valores de Clso de
9732 y 172.67, respectivamente. Estos hallazgos proporcionan un argumento tedrico para investigaciones
adicionales y para el uso del aceite esencial de las hojas de C. kongensis en las industrias farmacéutica y de alimentos.
Palabras clave: Croton kongensis; anti-inflamatorios; antimicrobianos; composicion quimica; aceites volatiles.
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Introduction

The rise of antimicrobial resistance has generated a huge concern in the health system in recent decades
[1]. This is a phenomenon in which microorganisms, such as bacteria, viruses, fungi, and parasites, evolve to
become resistant to antimicrobial drugs. This has increased the risk of treatment failure, prolonged illness, and
the spread of infections [1]. Furthermore, steroidal, and non-steroidal anti-inflammatory drugs are commonly
used to treat inflammatory diseases, but they also have side effects and limitations [2]. Non-steroidal anti-
inflammatory drugs can cause digestive problems, kidney damage, and increased risk of heart disease, while
long-term use of steroids can result in osteoporosis, diabetes, and immunosuppression. Additionally, some
inflammatory conditions can become resistant to these drugs over time, reducing their efficacy. In this context,
essential oils, with their low toxicity and potential antimicrobial and anti-inflammatory properties as well as
accompanied by reduced side effects, have attracted renewed attention as an alternative to conventional
antimicrobial and anti-inflammatory drugs [3,4].

Croton L. is a genus of plants in the Euphorbiaceae family, with about 1300 species distributed in
tropical and subtropical regions [5]. The plants are known for their bright and diversely coloured leaves and
their use in traditional medicine to treat various ailments such as stomachache, abscesses, sore throat, and
malaria [6,7]. Croton species have been found to contain phytochemicals such as diterpenes, triterpenes,
sesquiterpenes, alkaloids, and flavonoids, which are thought to contribute to their medicinal properties [8-11].
Some Croton species have been found to possess anti-inflammatory, antimicrobial, antimalarial, anticancer,
and antioxidant activities [8-11].

Croton kongensis Gagnep. (Synonym: Croton tonkinensis Gagnep.) is a species of plant in the genus
Croton, native to China [12,13]. It is known for its medicinal properties and has been traditionally used for
various purposes, including the treatment of skin conditions, diarrhea, stomach aches, and dysmenorrhoea [14,
15]. In terms of pharmacology, various parts of C. kongensis have been studied for their biological activities
and potential medicinal properties. For example, the leaves and stems of C. kongensis have been found to
possess antimicrobial and antimalarial activities [13,16]. The plant is also a rich source of diterpenoids, which
are known to promote various beneficial biological activities [16-21]. Moreover, the authors have
acknowledged the existence of two previously published studies on the chemical compositions of essential oils
derived from C. kongensis [22,23]. The results of these studies demonstrated that the primary compounds found
in the essential oil of C. kongensis were B-caryophyllene (10.1 %), B-bisabolene (9.6 %), bicycloelemene
(8.0%), linalool (7.8 %), a-humulene (7.1 %), and B-sesquiphellandrene (6.9 %) in the leaves [22], as well as
benzyl benzoate (12.7 %), B-selinene (9.8 %), bulnesol (8.0 %) and 5,6,7,8-tetrahydroquinoxaline (7.4 %) in
the stems [23]. In addition, the chemical constituents and biological properties of essential oils extracted from
other species of Croton have been extensively investigated [24-34]. Nevertheless, it is worth noting that the
information available on the antimicrobial and anti-inflammatory activities of C. kongensis essential oil is
limited, and the qualitative and quantitative profiles of essential oils can be affected by environmental factors,
as evidenced by previous studies [35-37]. As a result, this current research aims to explore the chemical
constituents, antimicrobial activity, and nitric oxide (NO) production inhibitory activity of essential oil obtained
from C. kongensis leaves collected from two distinct regions in Thanh Hoa province, Vietnam, namely Nhu
Xuan and Thuong Xuan.

Materials and methods

Plant material

The Fresh leaves of Croton kongensis growing wild in Nhu Xuan (sample 1) and Thuong Xuan (sample
2) of Thanh Hoa province, Vietnam were randomly collected in February 2022 (Table 1 and Fig. 1). Geographic
positions (latitude and longitude), altitude, locations, and key meteorological data (total rainfall, average
minimum and maximum temperatures) of each collection site are presented in Table 1. The voucher specimens,
NXTH-2022 for the Nhu Xuan sample and TXTH-2022 for the Thuong Xuan sample were identified by Dr. Le
Dinh Chac, from Hong Duc University, Vietnam, and deposited in the herbarium of that university.

413



Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

Table 1. Geographic positions and climatic data of the locations.
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Fig. 1. Collection site of Croton kongensis from two different locations in Thanh Hoa province, Vietnam. (A)
Nhu Xuan; (@) Thuong Xuan.

Extraction of the essential oil

The leaves of C. kongensis were prepared for essential oil extraction by cutting them into small pieces
and subjecting them to hydrodistillation using a Clevenger-type apparatus. The extraction process was carried
out for a duration of 4 h, following the methodology recommended by the Vietnamese Pharmacopoeia [38],
and as described in earlier publications [39,40]. The experiments were conducted in triplicate. The resulting
essential oils were then dried using anhydrous sodium sulfate, filtered, and stored at 4 °C until they were ready
for testing and analysis.

Gas chromatography/mass spectrometry (GC/MS)

The GC/MS analysis was conducted to identify the chemical components of the essential oil samples
obtained from the leaves of C. kongensis. The analysis was performed using an Agilent 7890A gas chromatograph,
which was coupled with a 5975C Mass Spectrometer detector and equipped with a DB-XLB capillary column (60 m
x 0.25 mm i.d., 0.25 um film thickness). Helium was used as the carrier gas, with a flow rate of 1.0 mL/min. A volume
of 1.0 pL of essential oil was injected into the column, with a split ratio of 100:1. The column temperature was
maintained at 40 °C for 1 min, followed by a gradual increase to 270 °C at a rate of 4 °C/min, and held at 270 °C for
5 min. The inlet and ion source temperatures were set at 250 °C and 230 °C, respectively. The ionization voltage
applied was 70 electron volts (eV), and the mass range was set between 35 and 450 atomic mass units (amu).
Identification of the constituents was performed on the basis of their retention time, Kovats retention indices (relative
to C7—Csp n-alkanes, under the same experimental conditions), and computer matching with the NIST Mass Spectral
Database for GC-MS as well as comparisons of their mass spectra with those of authentic samples or with data already
available in the literature [41,42]. The quantitative analysis was performed by integrating the peak areas.
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Antimicrobial assay

The antimicrobial activity of essential oil samples from C. kongensis leaves was evaluated against eight
microorganisms obtained from the American Type Culture Collection (ATCC, Manassas, USA). These included two
Gram-positive bacteria (Bacillus subtilis ATCC 6633 and Staphylococcus aureus ATCC 6538), two Gram-negative
bacteria (Escherichia coli ATCC 8739 and Pseudomonas aeruginosa ATCC 9027), two filamentous fungi
(Aspergillus niger ATCC 9763 and Fusarium oxysporum ATCC 48112), and two yeasts (Candida albicans ATCC
10231 and Saccharomyces cerevisiae ATCC 16404). The broth microdilution method with minor modifications to a
previous protocol was used to determine the minimum inhibitory concentration (MIC) of the tested oil samples
[43,44]. The microorganisms were grown on Tryptic Soy Agar (TSA) and Sabouraud Dextrose Agar (SDA) for
bacteria and fungi, respectively. The essential oil samples, dissolved in 10 % dimethylsulfoxide (DMSO), were added
to 96-well microtiter plates in concentrations ranging from 200 to 12.5 pg/mL. The microorganisms were inoculated
into each well at a concentration of 150 x 10® CFU/mL, and the plates were incubated at 37 °C for 24 h for bacteria
and 48 h at 30 °C for fungi. The lowest concentration of essential oil that inhibited the visible growth of a
microorganism after overnight incubation was defined as the MIC [44]. All the tests were repeated in triplicate.
Streptomycin, tetracycline, and nystatin were used as positive controls for Gram-positive bacteria, Gram-negative
bacteria, and fungi, respectively, while NaCl 0.9 % was used as a negative control.

Nitric oxide production inhibitory assay

The NO inhibitory activity assay was used to evaluate the anti-inflammatory potential of essential oil
samples extracted from C. kongensis leaves, as previously described with minor modifications [45]. The assay
was conducted on RAW 264.7 macrophage cells that were stimulated with lipopolysaccharide (LPS). The cells
were obtained from the American Type Culture Collection (ATCC) and cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 pug/mL streptomycin, and 100 U/mL
penicillin, under 5 % CO, at 37 °C for 48 h. The cells were then seeded at a density of 2.5 x 103 cells/well in
96-well plates and treated with 1 pg/mL of LPS for 24 h. The quantity of nitrite in the culture medium was
measured using the Griess reaction and quantified spectrophotometrically at 570 nm on an Infinite F50
microplate reader (Tecan, Mannedorf, Switzerland). All the tests were repeated in triplicate. The 50 % inhibition
concentration (ICso) was calculated using the program Table Curve Version 4.0.

To determine cell viability, the MTT assay was performed according to the protocol previously
described [45]. After cell culture, the supernatants were collected for NO measurement. Next, 100 pL of 0.5 %
w/v MTT, dissolved in phosphate buffer saline, was added to each well and incubated for an additional 4 h at
37°Cin a5 % CO, incubator. After incubation, the insoluble formazan product was dissolved in DMSO, and
the degree of MTT reduction was measured by analyzing the absorbance at 540 nm on an Infinite F50
microplate reader (Tecan, Mannedorf, Switzerland). All the tests were repeated in triplicate.

Statistical analysis

The experiments were conducted in triplicate, and their mean value was calculated. The results were
presented as mean =+ standard deviation, which was calculated using Microsoft Office Excel 2010. Statistical
analysis was performed by Student’s t-test. Differences were considered significant at p < 0.05.

Results and discussion

Chemical composition of the essential oil

Hydrodistillation of the leaves of C. kongensis collected from the two different locations yielded 0.13 % +
0.01 and 0.15 % + 0.01 pale yellowish oils for Nhu Xuan (sample 1) and Thuong Xuan (sample 2), respectively. Both
essential oil samples from the leaves of C. kongensis were analyzed by GC/MS. The compositions of two samples of
C. kongensis are displayed in Table 2, where constituents are listed in order of their elution on the DB-XLB column.
A total of 54 components were detected, 42 and 50 of which were identified, accounting for 99.60 % and 97.55 % of
the oil of Nhu Xuan and Thuong Xuan samples, respectively.

415



Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

As can be seen from Table 2, the essential oil sample of Nhu Xuan was characterized by significantly larger
amounts of monoterpenes (69.29 %) than sesquiterpenes (27.31 %), while the Thuong Xuan oil sample had a less
different content of monoterpenes (54.79 %) and sesquiterpenes (38.42 %). The main composition of the oil of Nhu
Xuan was characterized by its high content of sabinene (52.17 %). (£)-Caryophyllene and linalool were also found
to be abundant in the Nhu Xuan oil sample with 7.23 % and 6.33 %, respectively. In the oil of Thuong Xuan, the
most abundant composition was sabinene with 12.96 %, lower than that of the Nhu Xuan sample. Camphene
(9.45 %), linalool (8.43 %), bornyl acetate (7.99 %), (E)-nerolidol (7.07 %), and (F)-caryophyllene (6.53 %) were
also found to be abundant in the essential oil of Thuong Xuan. However, most of these compounds occurred in a
lower content in the Nhu Xuan oil sample. In addition, our results also demonstrated that the composition was
different not only quantitatively but also qualitatively. For instance, geraniol and borneol, which accounted for 0.29 %
and 0.43 % of the volatile oil of the Thuong Xuan sample, respectively, were not identified in the Nhu Xuan sample.
Two of the identified chemical compounds in the Nhu Xuan sample such as ar-curcumene and germacrene D, which
accounted for 0.17 % and 0.15 %, respectively, were not detected in the Thuong Xuan sample.

Table 2. Chemical compositions of essential oil from the leaves of Croton kongensis from two different locations.

Relative peak area (%)
No. Compound * RI? RI¢
Nhu Xuan Thuong Xuan

1. Tricyclene 928 921 -4 0.29
2. a-Thujene 929 924 0.60 0.36
3. a-Pinene 938 932 1.50 4.76
4. Camphene 955 946 0.58 9.45
5. Sabinene 979 969 52.17 12.96
6. B-Pinene 984 974 0.89 0.38
7. Myrcene 991 988 0.55 0.23
8. a-Terpinene 1021 1014 0.67 0.39
9. 0-Cymene 1029 1022 0.11 0.20
10. Limonene 1033 1024 0.41 1.12
11. 1,8-Cineole 1037 1026 2.78 4.09
12. 2-Heptyl acetate 1039 1038 3.00 4.34
13. y-Terpinene 1063 1054 1.08 0.73
14. cis-Sabinene hydrate 1072 1065 0.18 -
15. Terpinolene 1094 1086 0.29 0.32
16. Linalool 1101 1095 6.33 8.43
17. Borneol (= endo-Borneol) 1175 1173 - 0.43
18. Terpinen-4-ol 1185 1174 0.63 1.00
19. a-Terpineol 1197 1186 0.25 0.73
20. Geraniol 1256 1249 - 0.29
21. Linalyl acetate (= Linalool acetate) 1257 1254 - 0.23
22. Bornyl acetate 1294 1287 0.27 7.99
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Relative peak area (%)
No. Compound * RI® RI¢
Nhu Xuan Thuong Xuan

23. Methyl geranate 1326 1320 - 0.24
24. d-Elemene 1348 1335 0.19 0.15
25. o-Terpinyl acetate 1356 1346 - 0.17
26. Cyclosativene 1382 1372 - 0.12
27. a-Copaene 1389 1374 0.20 0.12
28. Daucene 1392 1385 0.53 0.60
29. Cyperene 1418 1398 0.13 0.71
30. (E)-Caryophyllene (= B-Caryophyllene) 1437 1417 7.23 6.53
31. trans-o0-Bergamotene 1446 1432 0.13 -
32. (E)-B-Farnesene 1465 1443 0.19 0.17
33. a-Humulene 1471 1452 2.06 2.27
34. 9-epi-(E)-Caryophyllene 1479 1464 0.62 0.47
35. v-Curcumene 1488 1470 0.33 0.19
36. y-Muurolene 1490 1476 - 0.16
37. ar-Curcumene 1491 1482 0.17 -
38. Germacrene D 1498 1484 0.15 -
39. trans-Muurola-4(14),5-diene 1511 1498 - 0.35
40. Bicyclogermacrene 1514 1500 5.11 4.38
41. B-Bisabolene 1517 1507 1.69 2.82
42. B-Sesquiphellandrene 1534 1526 2.60 2.37
43. d-Cadinene 1537 1528 0.23 0.30
44. trans-Dauca-4(11),8-diene 1547 1534 0.46 0.79
45. (E)-Nerolidol 1569 1561 3.50 7.07
46. 4a-Hydroxygermacra-1(10),5-diene 1593 1575 0.23 0.42
47. Spathulenol 1597 1577 0.43 1.51
48. Caryophyllene oxide 1605 1582 0.43 2.73
49. Humulene epoxide I 1620 1600 - 0.18
50. Ledol 1625 1602 0.23 0.66
51. Humulene epoxide 11 1632 1608 - 1.07
52. epi-0-Cadinol (= t-Cadinol) 1658 1638 0.31 1.28
53. a-Cadinol 1672 1652 0.16 0.75
54. (E,E)-Farnesol 1728 1719 - 0.25
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Relative peak area (%)
No. Compound * RI® RI¢
Nhu Xuan Thuong Xuan
Monoterpene hydrocarbons 58.85 31.19
Oxygenated monoterpenes 10.44 23.60
Sesquiterpene hydrocarbons 22.02 22.50
Oxygenated sesquiterpenes 5.29 15.92
Others 3.00 4.34
Total identified 99.60 97.55

Note: Elution order on the DB-XLB column; "Calculated Kovats retention index on the DB-XLB column; Literature
retention index; Ynot detected.

It is noteworthy that two prior studies have been conducted to investigate the composition of essential
oil from C. kongensis. Dai et al. [22] reported the major components of essential oil from C. kongensis leaves
as B-caryophyllene (10.1 %), B-bisabolene (9.6 %), bicycloelemene (8.0 %), linalool (7.8 %), a-humulene
(7.1 %), and B-sesquiphellandrene (6.9 %). Apparently, both samples of essential oil from C. kongensis leaves
obtained in the present study presented discrepancies when compared with data reported by Dai et al. [22].
Indeed, although bicycloelemene was one of the main components in Dai ef al.’s study, this component was not
detected in both oil samples of the present study. In addition, sabinene was found in high amounts in both oil
samples of the present study (Table 2), while this component was in lower amounts in Dai ef al.’s study [22].
Furthermore, the components in both oil samples of this study were significantly different from the essential oil
of C. kongensis stems reported by Chau ef al. [23]. Chau et al. [23] found that the major compounds in the
essential oil of C. kongensis stems were benzyl benzoate (12.7 %), -selinene (9.8 %), bulnesol (8.0 %), and
5,6,7,8-tetrahydroquinoxaline (7.4 %). Therefore, the essential oil composition of C. kongensis may vary
depending on the part of the plant studied and environmental conditions.

Although there is little information available specifically about C. kongensis, there have been many
studies on the essential oil compositions of other Crofon species, particularly their leaves. For instance, previous
studies have found that the major constituents of leaf essential oil from C. cajucara were linalool (41.2 %), (E)-
nerolidol (12.6 %), and B-caryophyllene (6.9 %) [26], whereas in C. matourensis, B-caryophyllene was the most
abundant compound [28]. Phenylpropanoid compounds were the main components of leaf essential oil of C.
grewioides, which consisted mainly of (E)-anethole (65.5 %), eugenol (10.6 %), and (£)-methyl isoecugenol
(4.7 %) [31]. In a study on C. campestris, caryophyllene oxide (29.9 %) and humulene oxide II (8.0 %) were
the major components in leaf essential oil [34]. These findings indicate that the chemical variability of essential
oils from Croton leaves depends largely on the species being studied.

The observed differences in essential oil compositions may be attributed to various factors, such as
environmental conditions, genetic factors, season and harvest period, and other factors [37,46,47]. Additionally,
there have been studies investigating the variation in essential oil compositions of Croton species collected
from different locations. For instance, GC-MS analysis showed significant differences in essential oil
compositions of C. rhamnifolioides samples collected from three different locations in the semiarid region of
the state of Pernambuco, Brazil [36]. Similarly, essential oil compositions extracted from leaves of C. jimenezii
collected from two locations in Costa Rica were found to vary significantly [35]. These findings support our
results that environmental factors are important contributors to the variation in chemical components of
essential oil from C. kongensis leaves across different geographical locations.

Antimicrobial activity

The present study tested the antimicrobial activity of essential oil extracted from C. kongensis leaves
collected from two different locations. The findings are outlined in Table 3 using the broth microdilution
method, which analyzed eight microorganisms. The essential oil from Nhu Xuan demonstrated inhibitory
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effects against S. aureus, A. niger, C. albicans, and S. cerevisiae with a MIC of 200 pg/mL. However, it did not
suppress the growth of B. subtilis, E. coli, P. aeruginosa, and F. oxysporum. On the other hand, the essential
oil sample from Thuong Xuan showed antimicrobial activity against almost all the tested microorganisms,
except F. oxysporum. The most significant antimicrobial activity was observed in the essential oil sample from
Thuong Xuan against C. albicans with a MIC of 150 pg/mL. In addition, the essential oil sample from Thuong
Xuan inhibited the growth of B. subtilis, S. aureus, E. coli, P. aeruginosa, A. niger, and S. cerevisiae with a
MIC of 200 pg/mL. Therefore, it can be concluded that the essential oil sample from Thuong Xuan
demonstrated more effective antimicrobial activity than that from Nhu Xuan. This variance in activity could be
due to the presence of distinct chemical compounds or differences in predominant compounds in the essential
oils [46,47]. These research results align with prior studies examining the antimicrobial properties of essential
oils from Croton plants, which selectively inhibited the growth of various microorganisms [29,30,33,34]. It is
crucial to note that natural products with MIC values below 500 pg/mL are considered potent inhibitors, those
with MIC values ranging from 600 to 1500 pg/mL are considered moderate inhibitors, and those with MIC
values above 1600 pg/mL are considered weak inhibitors [48,49]. Based on these guidelines, both essential oils
from C. kongensis leaves demonstrated potent antimicrobial activity and may represent a promising new source
of antimicrobial agents.

Table 3. Antimicrobial activity of essential oil from the leaves of Croton kongensis from two different locations.

MIC
Microorganisms Essential oil
Streptomycin | Tetracycline | Nystatin
Nhu Xuan | Thuong Xuan

Bacillus subtilis ND 200 6.25 NA NA
Staphylococcus aureus 200 200 6.25 NA NA
Escherichia coli ND 200 NA 6.25 NA
Pseudomonas ND 200 NA 12.5 NA

aeruginosa
Aspergillus niger 200 200 NA NA 12.5
Fusarium oxysporum ND ND NA NA 25.0
Candida albicans 200 150 NA NA 6.25
Saccharomyces 200 200 NA NA 12.5

cerevisiae

Note: MIC: minimum inhibitory concentration (ng/mL); ND: not determined; NA: not applicable.

The antimicrobial activity of both essential oil samples could be attributed to their chemical
composition. Indeed, several investigations have shown that sabinene, linalool, and (E)-caryophyllene were
major components in both essential oils with broadly antimicrobial [50-52]. Camphene, bornyl acetate, and (E)-
nerolidol were abundant components in the essential oil sample of Thuong Xuan also known for their well-
known antimicrobial properties [53-55]. However, the antimicrobial activity of essential oils may also be due
to an additive or synergistic effect of the major constituents with the minor components [47,56]. This means
that the overall activity of the oil is likely the result of a combination of compounds rather than a single
compound. Therefore, minor components in two essential oil samples such as o-pinene, 1,8-cineole, o-
humulene, and bicyclogermacrene, can be other possible factors affecting this antimicrobial activity [57-60].
These compounds can interact with the microorganism cell membrane and alter its permeability, leading to the
leakage of cell contents and the death of the microorganism [61].
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In general, the mechanism of action of essential oils against microorganisms is difficult to describe
due to the complexity of their composition. However, one of the advantages of using essential oils is that the
wide variety of chemical compounds present in the oil can interact with different targets in the microorganism
and inhibit its growth and survival [61,62]. This multi-target effect can make it more difficult for the
microorganism to develop resistance, as it would need to evolve multiple resistance mechanisms at the same
time [61]. Therefore, using essential oils may be a way to decrease the likelihood of microorganism resistance.

Nitric oxide production inhibitory activity

Innate immune cells produce NO, a molecule that can be potentially harmful [63]. Immune cells such
as macrophages release NO as part of the inflammatory response when the body experiences infection or injury.
This NO can damage surrounding tissue, leading to chronic inflammation [64]. The measurement of NO
production in response to stimuli, like LPS, in cells such as macrophages can help evaluate the anti-
inflammatory effects of plant extracts. A reduction in NO production would indicate an anti-inflammatory
effect.

In this study, the essential oil extracted from C. kongensis leaves collected from two locations was
evaluated for its ability to inhibit NO production in LPS-stimulated RAW 264.7 macrophage cells. Both
essential oil samples were effective in inhibiting NO production at all tested concentrations (25, 50, 100, and
200 pg/mL), as shown in Table 4. The 200 pg/mL concentration of Nhu Xuan and Thuong Xuan oil samples
was found to inhibit NO production by 56.76 % and 78.51 %, respectively. Furthermore, the inhibition by both
essential oil samples was found to be dose dependent. The ICsy values of Nhu Xuan and Thuong Xuan oil
samples were 172.67 and 97.32 pg/mL, respectively. The MTT assay revealed that concentrations up to 100
pg/mL did not decrease the cell viability of RAW 264.7 cells treated with essential oils. Additionally, essential
oil treatments with concentrations below 100 pg/mL were found to slightly increase the number of RAW 264.7
cells. However, when the concentration of both essential oil samples was increased to 200 pg/mL, the viability
of RAW 264.7 cells decreased slightly. These results suggest that the Thuong Xuan essential oil sample
exhibited a greater inhibitory effect on NO production in LPS-stimulated RAW 264.7 macrophages than the
Nhu Xuan sample. The varying chemical compositions of the two essential oil samples may account for their
different effects on NO production in LPS-stimulated RAW 264.7 macrophages. Each essential oil sample may
have a unique combination of chemical compounds in its essential oil, which could have different abilities to
interact with cellular signaling pathways involved in NO production [64]. Furthermore, the different
concentrations of the same compounds in the essential oils of both samples could also contribute to the observed
differences in NO inhibition.

Table 4. Inhibitory effects of essential oil of Croton kongensis leaves from two different locations on nitric
oxide (NO) production and cell viability in LPS-stimulated RAW 264.7 macrophage cells.

. Nhu Xuan Thuong Xuan
Concentration
(ng/mL) % Inhibition NO | % Cell viability | % Inhibition NO | % Cell viability
200 56.76 + 0.98 87.05 = 0.74 78.51 +0.61 86.74 = 0.14
100 31.81+0.73 101.95 + 1.36 5179+ 0.53 99.64 + 0.18
50 1634+ 1.04 103.75 £ 0.61 42.74+0.72 105.17 % 0.09
25 8.76 + 0.83 115.66 + 0.32 2279+ 0.68 106.13 + 0.05

Note: Values are expressed as mean + standard deviation (SD) (n = 3).

Overall, the inhibitory effects of two essential oil samples on NO production in LPS-stimulated RAW

264.7 macrophage cells could be explained by the presence of their abundant components such as sabinene,
linalool, camphene, bornyl acetate, (E)-nerolidol, and (£)-caryophyllene. These compounds have been studied
for their potential anti-inflammatory effects, including the inhibition of NO production in LPS-stimulated RAW
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264.7 macrophages [64-67]. Sabinene has been shown to may inhibit the activity of inducible nitric oxide
synthase (iNOS), the enzyme responsible for the production of NO in macrophages, by blocking the
phosphorylation of iNOS [68,69]. Camphene and (E)-nerolidol may inhibit the activity of iNOS by decreasing
the expression of the iNOS gene [70,71]. Furthermore, linalool, bornyl acetate, and (£)-caryophyllene may
inhibit the activity of iNOS and the expression of pro-inflammatory cytokines such as TNF-a and IL-1 which
are involved in the production of NO [64-67]. In addition, (E)-caryophyllene can also act as a selective activator
of the Peroxisome Proliferator-Activated Receptor (PPAR-y) which regulates the production of pro-
inflammatory cytokines and the expression of iNOS [67]. However, we also hypothesize that the reduction of
NO production by the two essential oil samples could be due to the effect of the minor components present in
the essential oil as well as a synergism between the major and minor components [64,68].

Conclusions

In conclusion, both essential oil samples from the leaves of C. kongensis examined in the current study
had different chemical compositions. The main compounds in the essential oil sample of Nhu Xuan were
sabinene (52.17 %), (E)-caryophyllene (7.23 %), and linalool (6.33 %), while sabinene (12.96 %), camphene
(9.45 %), linalool (8.43 %), bornyl acetate (7.99 %), (E)-nerolidol (7.07 %), and (E)-caryophyllene (6.53 %)
were the main constituents in the essential oil sample of Thuong Xuan. Furthermore, the antimicrobial activity
and production inhibitory activity of both essential oil samples were examined. The test results showed that the
essential oil sample of Thuong Xuan had better antimicrobial and production inhibitory activities than the Nhu
Xuan sample. These differences could be explained by different environmental parameters such as climatic
conditions.
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Abstract. A type of magnetic zinc ferrites modified SBA-15 supported ionic liquids have been synthesized and
evaluated as effective catalysts for the synthesis of cyclic carbonates from epoxides and CO,. The effects of
catalysts, CO, pressure, reaction temperature, and catalyst stability have also been investigated, the catalyst
ZnFe;04@SBA-15-ILVO; exhibited excellent activity in high to excellent yields (87~98 %) with excellent
selectivities (98~99.7 %). Moreover, the catalyst exhibited excellent stability and could be easily recovered and
reused for five times without a considerable decrease in catalytic activity. This work provides a sustainable and
efficient strategy for the chemical fixation of carbon dioxide into valuable cyclic carbonates.

Keywords: Supported ionic liquid; magnetic zinc ferrites modified SBA-15; cycloaddition; cyclic carbonates;
carbon dioxide.

Resumen. Se sintetizo y evaluo un liquido i6nico soportado tipo ferrita de zinc magnética modificada SBA-15
como un catalizador efectivo para la sintesis de carbonatos ciclicos a partir de epoxidos y CO». Se investigaron
los efectos del catalizador, el CO», la presion, la temperatura de reaccion y la estabilidad del catalizador; el
catalizador ZnFe;O4@SBA-15-ILVO3; mostré una excelente actividad con rendimientos de altos a excelentes
(87~98 %), asi como excelentes selectividades. Adicionalmente, el catalizador mostrd tener una excelente
estabilidad, y se logro recuperar y reutilizar facilmente en cinco ocasiones sin mostrar un decremento importante
en su actividad catalitica. Este trabajo proporciona una estrategia sostenible y eficiente para la transformacion
quimica de diéxido de carbono en carbonatos ciclicos de alto valor.

Palabras clave: Liquidos idnicos soportados; ferritas de zinc magnéticas modificadas SBA-15; cicloadicion;
carbonatos ciclicos; diéxido de carbono.

Introduction

Chemical fixation of CO, into value-added products was one of the promising strategies for CO,
capture and storage, which play important roles towards the clean environment [1-4]. As a promising way for
CO; chemical utilization, the cycloaddition reaction of CO, with epoxides is promising due to both the view of
100% atomic economy and the wide applications of cyclic carbonates products in fine chemistry and industry
[5,6]. However, due to the thermodynamic stability and kinetic inertness of CO,, considerable efforts have been
devoted to develop efficient catalytic systems for the CO, sustainable transformation. Recently, a wide range
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of catalytic systems have been successfully developed for the synthesis of cyclic carbonates, including metal
complexes [7-9], metal-organic frameworks [10-12], covalent organic frameworks [13,14], InBrs/NBusBr [15],
Ag/TUD-1 [16], organocatalysts [17-19], Zn—Zr bimetallic oxide [20], and others [21-23]. Despite these
advances, the development of a green and sustainable strategy for the chemical fixation of CO; into cyclic
carbonates via the cycloaddition with epoxides remains a challenge for chemists.

Ionic liquids (ILs) have found numerous applications in various areas of reaction solvents and catalysis
due to their negligible vapour pressure, thermal and chemical stability, non-flammable, nonvolatile, low toxicity
and strong structural design prospects [24-28]. Through the functional design of anions and cations of ionic
liquids, the use of ILs as catalysts in the efficient synthesis of cyclic carbonates via the cycloaddition of CO,
and epoxides have been developed [29-31]. However, the isolation of pure ILs from products and reusability
has been the major issue in these processes in view of eco-sustainability. Immobilization of ILs onto solid
supports could alleviate these issues, not only reduce cost, and enhance catalytic efficiency, but also
facilitate catalyst separation and reutilization [32-35]. Amongst the available supports, magnetic mesoporous
materials such as the inactive mesoporous silica materials modified by different magnetic active metal oxides
have become as exceptional and significant solid supports due to the unique properties of high specific surface
area, easy functionalization, well-defined size, controlled pore size distribution, innocuity and high
biocompatiblity, good hydrothermal stability as well as easy separation and reusability [36-46]. Herein, a type
of magnetic zinc ferrites modified SBA-15 supported ionic liquids via the immobilization of different amounts
of functional ionic liquids onto active magnetic zinc ferrites modified SBA-15 supports have been designed to
investigate their catalytic performance in the synthesis of cyclic carbonates via the cycloaddition of CO, and
epoxides under mild conditions (Scheme 1). In addition, catalyst reusability was also carried out to assess the
stability of the catalytic system.

0
co
R 2 o
8 Z"FezO4@S/BA-15-lLanion R/K/
- ihe s
Doowly O AN '
o 'O—/Sl N&N/\/\/\/\:
1o~ —0 = |
%R fanion] © ;
Il I

Scheme 1. Catalytic synthesis of cyclic carbonates with magnetic supported ionic liquids.

Experimental

Materials and apparatus

Pluronic 123 (EO20PO70EO2) was purchased from Sigma-Aldrich, and other reagents are of analytical
grade and used directly without further purification. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) were recorded with a JSM-7500F electron microscope. FT-IR spectra
were conducted on a PE Fourier Transform spectrometer in a range from 4000 to 400 cm™'. Powder X-ray
diffraction patterns were recorded on an Ultima IV diffractometer using Cu Ka radiation (A = 1.5405 A), with
a scan speed of 4°/min. Thermogravimetric analysis (TGA) was performed on a NETZSCH STA 449 F5 with
a heating rate of 10 °C min! under nitrogen. UV-Vis spectra were obtained on a Shimadzu UV-2450
spectrophotometer. The BET surface area and pore volume distributions of the catalysts were determined with
N, adsorption-desorption isotherms using a BELSORP-max instrument. Pore size distribution curves were
calculated from the analysis of desorption branch of the isotherm by the BJH (Barrett—Joyner—Halenda).
Magnetic properties were carried out using a vibrating sample magnetometer (PPMS-9T, Quantum Design,
USA) in the magnetic field range of -10000 to 10000 Oe at room temperature. 'H NMR spectra were recorded
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on a Bruker Avance 400 MHz spectrometer in DMSO-ds or CDCl; with tetramethylsilane (TMS) as an internal
reference. Elemental analysis were obtained on a Vario Micro cube Elemental Analyzer. Melting points were
measured by an electro-thermal IA 9100 apparatus.

Synthesis of magnetic supported ionic liquids

Magnetic zinc ferrites functionalized SBA-15 support ZnFe;O4s@SBA-15 was synthesized following
the previously reported methods [42-44]. The supported ionic liquids were prepared according to the similar
procedures described in literatures (Scheme 2) [25-29, 36-39]. To a round-bottomed flask were added sodium
ethoxide (0.3 mol), imidazole (0.3 mol) and ethanol (150 mL). The mixture was vigorously stirred at 70 °C for
8 h, then (3-chloropropyl) triethoxysilane (0.3 mol) was added into the solution gradually and stirred at 80 "C
for 12 h. After filtering the slurry and evaporating the ethanol solvent to give 1. Next, 1-bromo-octan (0.2 mol)
and 1 (0.2 mol) were dispersed in 120 mL of toluene, and the resulting mixture was stirred under nitrogen at
110 °C for 24 h. After this procedure, the excess solvent was isolated by liquid-liquid separation and the residue
was dried under vacuum at 70 °C to give 2. Then, 2 (0.1 mol), potassium metavanadate (0.1 mol) or sodium
dihydrogen citrate (0.1 mol) or sodium proline (0.1 mol), and methanol (60 mL) were refluxed under vigorous
stirring for 24 h. The suspension was filtered, washed with ethanol and dried at 50 °C to give the anionic
functionalized ionic liquids ILanion 3. Finally, the magnetic supported ionic liquids 4 were synthesized using
a post-synthesis grafting method. A mixture of the as-prepared ZnFe,O4@SBA-15 (2.0 g), [Lanion 3 (1.2 g),
and ethanol (80 mL) was refluxed for 24 h. The resulting precipitates were centrifugalized, washed three times
with dichloromethane and dried at 50 °C overnight to obtain ZnFe,O4@SBA-15-1Lanion 4.

— ~~cl toluene
=\ C,HsONa ( \ (Et0)sSi ( \ SiOEt) _ oTene ©
H enon Na 5 \/\/

N C,H5OH A % C,Hs0H

\_\_\_\» kvo, ' N 1,0,/ NaC,HgNO,
CH;0H
N ®\ o :
\\ [anion] ©

Br
ZnFe,0,@SBA-15

—_———
2 \’\,Si(OEt)a ILanion \/\’Si(OEt)a C,H;0H

e :
: o :
%>Si/\/\N/®\N/\/\/\/\ ! anion= VOalcsH-,O-,ICsHaNOz

4

Scheme 2. Synthesis of magnetic supported ionic liquids.

Catalytic synthesis of cyclic carbonates

The cycloaddition reactions of CO, and epoxides were conducted in a stainless-steel autoclave.
Typically, the reaction autoclave was replaced with CO,, then epoxide (10 mmol) and ZnFe,Os@SBA-15-
ILVOs; (0.15 g) were added into the autoclave under stirring. The reaction mixture was stirred at 90 °C for a
desired time under a fixed pressure. The reaction progress was monitored by GC. After completion of the
reaction, the catalyst was easily separated by an external magnet and then washed three times with CH,Cl, for
the recycling experiments, fresh substrates were added and recycled under identical reaction conditions. All
target products are known and commercial, thus were verified by comparison with those of standard compounds
or by '"H NMR and Elemental analysis.

Spectroscopic data for products
1,3-Dioxolan-2-one (Table 2, entry 1). '"H NMR (400 MHz, CDCls) (6/ppm): 4.53 (s, CH,, 2H). Elemental
analysis for CsH4Os: C, 40.84; H, 4.53; O, 54.44. Found: C, 40.92; H, 4.58; O, 54.50.
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Propylene carbonate (Table 2, entry 2). 'H NMR (400 MHz, CDCls) (6/ppm): 1.47 (dd, CHs, 3H), 3.95 (t,
CH, 1H), 4.53 (t, CH, 1H), 4.82 (m, CH, 1H); Elemental analysis for C4HsOs: C, 47.01; H, 5.86; O, 46.97.
Found C, 47.06; H, 5.92; O, 47.01.

(Chloromethyl)ethylene carbonate (Table 2, entry 3). 'H NMR (400 MHz, CDCls) (6/ppm): 3.75 (dd, CHa,
2H), 4.32 (t, CH,, 1H), 4.59 (t, CH», 1H), 4.93 (m, CH, 1H); Elemental analysis for C4HsClOs: C, 35.14; Cl,
25.92; 0, 35.11. Found C, 35.19; Cl, 25.96; O, 35.15.

4-(Hydroxymethyl)-1,3-dioxolan-2-one (Table 2, entry 4). 'H NMR (400 MHz, CDCl3) (6/ppm): 3.56 (t, CHa,
2H), 4.28-4.50 (dd, CH», 2H), 4.76 (m, CH, 1H), 5.25 (t, OH, 1H). Elemental analysis for C4HsO4: C, 40.64;
H, 5.07; O, 54.15. Found: C, 40.68; H, 5.12; O, 54.19.

1,2-Butylene glycol carbonate (Table 2, entry 5). 'H NMR (400 MHz, CDCIl;) (6/ppm): 0.93 (t, CH3, 3H),
1.57-1.61 (m, CH,, 2H), 4.06 (t, CH», 2H); 4.42 (d, CH», 1H); 4.64 (m, CH, 1H); Elemental analysis for CsHgOs:
C, 51.68; H, 6.90; O, 41.32. Found: C, 51.72; H, 6.94; O, 41.34.

Hexahydrobenzo[d][1,3]dioxol-2-one (Table 2, entry 6). 'H NMR (400 MHz, CDCl;) (6/ppm): 1.37-1.42 (m,
CH,CH,, 4H), 1.74-1.80 (m, 2CH,, 4H), 4.61 (t, 2CH, 2H); Elemental analysis for C;H;00s: C, 59.11; H, 7.05;
0, 33.71. Found C, 59.15; H, 7.09; O, 33.76.

Styrene carbonate (Table 2, entry 7). '"H NMR (400 MHz, CDCls) (6/ppm): 4.30 (t, CH,, 1H), 4.72 (t, CH,,
1H), 5.67 (t, CH», 1H), 7.29-7.37 (m, Ar-H, 5H); Elemental analysis for CoH3Os: C, 65.80; H, 4.86; O, 29.21.
Found C, 65.85; H, 4.91; O, 29.24.

Results and discussion

X-ray diffraction (XRD) was performed to investigate the structure of the supported ionic liquids. As
can be seen from the Fig. 1, all the samples exhibited a broad diffraction peak between 26 = 20-25°, which are
assigned to the characteristic peak of mesoporous silica [42-45], suggesting the basic crystalline structure of
ordered mesoporous materials. The characterization peaks at 26 = 30.3°, 35.4°, 42.8°, 53.6, 56.5°, 62.4°
assigned to the ZnFe,Oj4 crystal planes (220), (311), (400), (422), (511), (440), respectively (JCPDS card No.
221012). In addition, no obvious peaks about the ionic liquid species were observed, indicating a well dispersion
on the support framework.

Intensity (a.u.)

20 (degree)
Fig. 1. XRD diffractograms of ZnFe204@SBA-15-ILVO3 (a), ZnFe204@SBA-15-ILC6H707 (b),
ZnFe204@SBA-15-ILCSH8NO2 (¢), and ZnFe204@SBA-15 (d).
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The surface morphologies of samples are evaluated by SEM analysis. As shown in Fig. 2(d),
ZnFe,04@SBA-15 presents an irregular shape consisting of some spherical agglomerates with wrinkled nano-
sized particles. Fig. 2(a-c) display the SEM images of the magnetic supported ionic liquids. After the
immobilization of ionic liquid on the ZnFe,O4@SBA-15 support, the whole morphologies are retained, pointing
to the preservation of the well-ordered structure in these supported ionic liquids. Comparatively, the typical
aggregated small and irregular particles are clearly seen in these samples, which are attributed to the IL
immobilization results. The EDX analysis revealed the presence of the corresponding elemental signals
including C, Si, O, N, V, Fe, Zn in these supported ionic liquids (Fig. 3), indicating the successful
immobilization of ionic liquid moieties on the support framework.

; : 1 %Q 2
Fig. 2. SEM images of ZnFe204@SBA-15-ILVO3 (a), ZnFe204@SBA-15-ILC6H707 (b), ZnFe204@SBA-
15-ILCSH8NO?2 (¢), and ZnFe204@SBA-15 (d), five times recycled ZnFe204@SBA-15-ILVO3 (e).

Fig. 3. EDX images of ZnFe204@SBA-15-ILVO3 (a), ZnFe204@SBA-15-1LC6H707 (b), ZnFe20O4@SBA-
15-ILCSH8NO?2 (¢), and ZnFe204@SBA-15 (d).
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To validate and characterize the functional groups of the supported ionic liquids, FT-IR spectra of the
samples are taken. As shown in Fig. 4, the peak around 3600-3345 cm™! was accounted for the characteristic band
of hydroxyl stretching vibration. The peaks at around 2952-2853 cm™! are attributed to the C-H stretching vibration
of CH; and CHa. The characteristic peaks at around 1085 cm ™! and 804 cm ™! are attributed to the Si-O-Si stretching
vibration. The absorption peaks around 1634 cm, and 1259 cm! are assigned to C=C, and C-N stretching
vibrations of imidazole ring [25-27]. Also, the peak at around 725 cm™ is attributed to bending vibration of CH,
units. Furthermore, the peaks at about 575 cm’!, and 417 cm™ were assigned to the lattice vibration modes of
ZnFe;04 [41-43]. The above results indicated that the existence of mainly characteristic groups and the successful
immobilization of ionic liquid on the support. The UV—vis spectra of the samples are shown in Fig. 5. For the
supported catalysts, three major adsorption peaks could be observed in the region of 210-450 nm, the absorption
peaks centered at around 227 nm is attributed to Si-O transition, other absorption weak peaks located at around
398 nm and 439 nm are probably assigned to the absorption of zinc ferrite particles of ZnFe,O4 [38-41]. At the
same time, no remarkable peaks of ionic liquid are found on the UV—vis spectra of the supported ionic liquids,
which might be due to their low loading and good dispersion on the support framework.

L3a aeg SO
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©) ‘
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345
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Wavenumber (em™)

Fig. 4. FT-IR spectras of ZnFe204@SBA-15-ILVO3 (a), ZnFe204@SBA-15-ILC6H707 (b),
ZnFe204@SBA-15-ILCSH8NO?2 (c).
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Fig. 5. UV-Vis spectras of ZnFe204@SBA-15-ILVO3 (a), ZnFe204@SBA-15-ILC6H707 (b),
ZnFe204@SBA-15-ILC5H8NO? (¢), and ZnFe204@SBA-15 (d).
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The structural characteristics of the superior supported catalysts ZnFe,Os@SBA-15-ILVOs3, and
ZnFe;04@SBA-15 are accomplished by a N, adsorption-desorption isotherms and BJH pore size distribution
analysis. As shown in Fig. 6, these samples exhibit the type IV isotherms with HI hysteresis loop at relative
pressure (P/Pg) = 0.5-0.7, indicating their typical mesoporous structures. It is clearly found that the surface area
and pore volume are significantly decreased from 145.7 m?/g, 0.59 cm’/g for ZnFe;O4@SBA-15, 80.2 m?/g,
0.42 cm?/g for ZnFe;O4@SBA-15-ILVOs, respectively. The reduced surface area and pore volume may be due
to the successful immobilization of ionic liquid on the support. Compared with the pure ZnFe,O4s@SBA-15
support, the supported catalyst ZnFe,O4s@SBA-15-ILVOs; displayed no obvious change in terms of the pore
size distribution (12.5 nm for ZnFe,O4@SBA-15, 12.8 nm for ZnFe,O4@SBA-15-ILVOs). It is worth noting
that after the loading of ionic liquid, the mesoporous structure of the catalyst can be well remained.
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Fig. 6. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of ZnFe204@SBA-15, and
ZnFe204@SBA-15-ILVO3.

Initially, the catalytic performance of the magnetic supported ionic liquids was investigated employing
the cycloaddition of CO; and propylene oxide with as the model reaction, and the results were summarized in
Table 1. In a first set of experiments, the reaction was carried out in the presence of the three supported ionic
liquids catalysts of ZnFe;04@SBA-15-ILCsH707, ZnFe,O4@SBA-15-ILCsHsNO, and ZnFe,Os@SBA-15-
ILVO; (Table 1, entries 1-3). It was observed that ZnFe,Os@SBA-15-ILVOs3 achieved the best outcome, in
terms of 98 % yield of propylene carbonate with 99.5 % selectivity (Table 1, entry 3). For comparison, bare
magnetic support ZnFe,O4@SBA-15 or bulk ionic liquids as catalysts in the cycloaddition gave much low
product yields (48~75 %) and selectivities (90.5~93.7 %) (Table 1, entries 4-7). Besides these, no product was
obtained when the reaction in the absence any catalyst (Table 1, entry 8). The influence of the amount of suitable
catalyst ZnFe,O4@SBA-15-ILVOs; on the cycloaddition was also studied. It can be seen that the product yield
increased with increasing the amount of catalyst from 0.05 g to 0.15 g (Table 1, entries 9, 10 and 3). No
significant enhancement in the yield was observed with further increasing the catalyst amount to 0.3 g (Table
1, entries 11 and 12). Thus, the optimum catalyst amount was 0.15 g.

Table 1. Catalyst screening for the cycloaddition of propylene oxide with CO,.?

Entry Catalyst Catalyst (g) | Time (h) | Yield (%)" | Selectivity (%)¢
1 ZnFe;04@SBA-15-1LC¢H70; 0.15 3 84 97.2
2 ZnFe;04@SBA-15-ILCsHsNO, 0.15 3 90 98.7
3 ZnFe;04@SBA-15-ILVO; 0.15 3 98 99.5
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4 ILCsH707 0.2 8 57 90.5
5 ILCsHsNO» 0.2 8 69 92.1
6 ILVO; 0.2 8 75 93.0
7 ZnFe)04@SBA-15 0.4 8 48 93.7
8 - - 24 trace -

9 ZnFe;04@SBA-15-1LVO; 0.05 5 51 98.7
10 ZnFe;O4@SBA-15-ILVO; 0.1 3 82 99.1
11 ZnFe,04@SBA-15-ILVO; 0.2 3 98 99.4
12 ZnFe,04@SBA-15-ILVO; 0.3 3 97 99.2

Reaction conditions: propylene oxide (10 mmol), CO2 (0.5 MPa), 90 °C. Isolated yield. °GC analysis.

Then the influence of CO; pressure on the cycloaddition was also studied (Fig. 7(a)). It can be seen
that the product yield and selectivity increased with increasing the CO; pressure from 0.2 MPa to 0.5 MPa.
These results were related to the favorable diffusion between substrates and ZnFe,O4@SBA-15-ILVOs at the
higher CO; pressures, resulting in more mass transfer and increasing the cycloaddition efficiency. No significant
enhancement in the yield and selectivity was observed with further increasing the CO; pressure to 1.0 MPa.
Excessive CO, pressure may reduce the concentration of propylene oxide, resulting in the slightly reduced
product yield and selectivity. Thus, the optimum CO; pressure was 0.5 MPa. Moreover, reaction temperature
was an important factor to affect the cycloaddition (Fig. 7(b)). It can be seen that the yield was increased in the
reaction temperature up to 90 °C. Nevertheless, use of higher temperature beyond 90 °C would lead to a
decreased yield and selectivity, which was due to the side reactions of isomerization and ring opening occurred
at overly high temperatures (GC analysis). Accordingly, the appropriate temperature is 90 °C.

100 | S — 100 4 I P ——
P — ~ & e .
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Fig. 7. (a) Influence of CO2 pressure on the cycloaddition (10 mmol propylene oxide, 0.15 g ZnFe20O4@SBA-
15-ILVO3, 90 °C, 3 h), (b) influence of reaction temperature on the cycloaddition (10 mmol propylene oxide,
0.15 g ZnFe204@SBA-15-ILVO3, 0.5 MPa CO2, 3 h).

Furthermore, the thermal stability catalyst of ZnFe;O4@SBA-15-ILVO; was evaluated by
thermogravimetric analysis (TGA) (Fig. 8(a)). The first weight loss of 5.4 % below 200 °C was attributed to
the elimination of adsorbed water and solvent. The second weight loss of 20.06 % from 200 °C to 600 °C was
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due to the elimination and decomposition of the ionic liquid moieties. This analysis strongly confirmed that the
catalyst possessed superior thermal stability (<200 °C), which is beneficial to maintain its catalytic activity.
Magnetic property of ZnFe,O4@SBA-15-ILVO; catalyst was evaluated by using a VSM curve (Fig. 8(b)). The
catalyst exhibited a superparamagnetic property with magnetic saturation 12.6 emu/g, which can be easily
separated from the reaction mixture via an external magnet. In order to further expand the practicability of the
protocol, the reusability of the novel catalyst was then examined for the benchmark reaction under the optimal
conditions (Fig. 8(c)). After completion of the reaction, the catalyst could be easily separated and collected
from the reaction mixture with an external magnet, washed three times with CH,Cl, and subjected to the next
cycle. The catalyst could be reused five times for the reaction without considerable loss of catalytic activity,
indicating that the catalyst had a good catalytic recyclability. In addition, the surface appearance features of the
catalyst after five cycles is similar to that of the fresh one (SEM, Fig. 2(e)) and the structural features of the
catalyst not changed after five cycles (FT-IR, Fig. 8(d)), which suggested that the magnetic catalyst has
excellent product performance and stability.
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Fig. 8. (a) TG analysis, (b) magnetization curve, (¢) recyclability study, and (d) FT-IR analysis of catalyst
ZnFe204@SBA-15-ILVO3 after five times use.

To demonstrate the generality of this approach for the cycloaddition, a range of epoxides were then
investigated (Table 2). The epoxides containing electron-donating or electron-withdrawing groups could be
successfully converted into the corresponding cyclic carbonates in high to excellent yields (87~98 %) with
excellent selectivities (98~99.7 %) under the optimal reaction conditions. Interestingly, 2-
(chloromethyl)oxirane was the most reactive substrate and converted into 4-(chloromethyl)-1,3-dioxolan-2-one
within 1.5 h (Table 2, entry 3). Furthermore, the carboxylation of 7-oxabicyclo[4.1.0]heptane required a long
time of 4 h to obtain a high yield of 87 % (Table 2, entry 6), which may be due to the high steric hindrance
during the reaction. These results indicated that the designed catalyst could be widely and efficiently used for
the synthesis of cyclic carbonates through cycloaddition of CO, and epoxides.
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Table 2. Catalytic synthesis of cyclic carbonates from epoxides and CO,.2
Entry Epoxide Product Time (h) | Yield (%)" | Selectivity (%)*

0]
1 /A )J\O 3 91 99.3
\_/

o]
0
0
2 /A ))—]t/o
5 0
N RPA CI\/Zj/g 1.5 98 99.7

@]

@)

3 98 99.5

o
0 0
4 Lo | Ho ‘/g 3 95 99.2
\&o

0 o)
5 A \/C/g 3 96 99.3

6 () O:Z>:O 4 87 98

© 0

7 ©/) @_{\g 3 9 99.1

aReaction conditions: epoxide (10 mmol), CO2 (0.5 MPa), ZnFe204@SBA-15-ILVOs (0.15 g), 90 °C.
"Isolated yield. °GC analysis.

O

Based on the above experimental results and previous studies [15-20, 29-31], a possible reaction
pathway for the catalytic synthesis of cyclic carbonates from the cycloaddition of CO, with epoxides was
proposed (Scheme 3). The catalyst ZnFe,O4@SBA-15-ILVO; provides a synergistic microenvironment, which
could be more favorable to active CO» and epoxides. Initially, the substrate epoxide could be activated via the
coordination interaction with the metal sites of ZnFe,O4@SBA-15 support to form an intermediate I, together
with the adsorption and activation of CO; by the imidazolium cation to form carbonate species. Simultaneously,
the VO3 anion adds to the less sterically hindered C atom of epoxide via the nucleophilic attack for the formation
of intermediate I1. Next, there is nucleophilic interaction between the oxygen anion of intermediate IT and CO,,
thus stimulates the formation of the intermediate acyclic carbonate III. Subsequently, intermediate III could be
converted into the corresponding product via intramolecular nucleophilic substitution. The regeneration of the
catalyst ZnFe,O4@SBA-15-ILVOs was used for the next cycle. The presence of intramolecular synergy of
ternary active sites (metal sites of ZnFe,Os@SBA-15, VO3 anion, and imidazolium cation) on the CO,
cycloaddition significantly enhanced the activities of the catalyst in this reaction system. The combination of
ionic liquid and magnetic zinc ferrites modified SBA-15 provides superior advantages in the separation of
cyclic carbonates products, recovery, and reusability of catalyst via an external magnet under identical
conditions.
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Scheme 3. Possible reaction pathway for the synthesis of cyclic carbonates.

Conclusions

In conclusion, a type of magnetic zinc ferrites modified SBA-15 supported ionic liquids were designed
and synthesized and used as effective and heterogeneous catalysts for the synthesis of cyclic carbonates from
epoxides and CO,. The results showed that a range of epoxides with CO, employed in the presence of the
catalyst ZnFe;O4@SBA-15-ILVOs; leading to the corresponding products in high to excellent yields and
excellent selectivities under mild conditions. Moreover, the catalyst could be easily recovered and reused for
five times without a considerable decrease in catalytic activity. This procedure offers additional advantages in
terms of ease work-up, feasibility, cleaner reaction profile, sustainable and stable recyclability of catalyst. This
protocol provides a green and promising strategy for the synthesis of cyclic carbonates toward catalytic

cycloaddition of CO, to epoxides.
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Abstract. Solid biomass fuels are economical and practical renewable energy sources. Exploitation of agricultural
biomass as a fuel offers considerable advantages in different domains as energy supply as far as the climate is
involved. In this study we intended to investigate the feasibility of alternative agricultural residues of grape pomace
and corn cob pellets with addition of sawdust, starch, and waste rapeseed oil and to examine how these additives
affects the calorific powers and pellets physical properties. Sawdust, starch, and waste rapeseed oil addition was
10 %. Pellets were produced by a manual single pellet press. The calorific powers of the biomass samples were
experimentally determined using an oxygen bomb calorimeter (model 6200 adiabatic calorimeter Parr
Instruments). The results show that waste rapeseed oil addition significantly increases the calorific powers in grape
pomace and corn cob pellets. The highest calorific value was obtained for the grape pomace pellets containing
10 % waste rapeseed oil, 22.14 MJ/kg, compared to grape pomace control pellets, of 21.35 MJ/kg. The calorific
values of corn cob control pellets were also increased when adding 10 % waste rapeseed oil, from 17.29 MJ/kg to
19.76 MJ/kg.

The results obtained in this work, related to calorific powers, moisture, ash, volatile, sulphur and nitrogen content,
fixed carbon, bulk density, fuel value index, energy density and combustion efficiency, revealed that depending
on additives used and their dosage, an acceptable fuel pellet could be produced.

Keywords: Biomass pellets; raw materials; combustion calorimetry; additives dosage.

Resumen. Los combustibles de biomasa so6lida son fuentes de energia renovables econdmicas y practicas. Al
tomar en consideracion el clima, la explotacion de la biomasa proveniente de la agricultura como combustible
ofrece ventajas considerables como fuente de energia en diferentes ambitos. En este trabajo estudiamos la
factibilidad utilizar residuos agricolas de pastillas de orujo de uva y elote adicionandole aserrin, almidon y
desperdicio de canola para analizar como estos aditivos afectan el potencial caldrico y las propiedades fisicas
de las pastillas. El aserrin, almidon y canola se agregaron al 10%. Las pastillas se obtuvieron en una pastilladora
manual. Experimentalmente, las potencias caloricas de las muestras de biomasa se determinaron con una bomba
calorimétrica de oxigeno (calorimetro adiabatico Parr Instruments modelo 6200). Los resultados muestran que la
adicion de canola incrementa significativamente la potencia caldrica de las pastillas de orujo y elote. El valor
calorico mas alto se obtuvo con las pastillas de orujo a las que se les adicion6 un 10% de canola, y fue de 22.14
MJ/kg, comparado con el control de pastillas de orujo que tiene un valor de 21.35 MJ/kg. Las potencias caloricas
de las pastillas de control de elote también se incrementaron al adicionar 10% de canola, pasando de 17.29 MJ/kg
a 19.76 MJ/kg.

Los resultados de este trabajo relacionados con las potencias caléricas, humedad, contenido de cenizas, volatiles,
contenido de azufre y nitrégeno, carbono, densidad de bulto, indice de valor del combustible, densidad de energia
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y eficiencia a la combustion revelan que se puede obtener una pastilla de combustible aceptable dependiendo de
utilizar los aditivos y las dosis adecuadas.
Palabras clave: Pastillas de biomasa; materias primas; calorimetria de combustion; dosis de aditivos.

Introduction

A solid fuel based on plant biomass could be a substitute to coal, which in comparison to this fossil
fuel, is generated in nature. The expression “biomass” suggests here a diversity of plant constituents, as well as
their residues and wastes [1].

In order to produce energy, biomass can be good enough for being considered an option as sustainable
and carbon-neutral raw material. In the energy sector, all over the world, there is a need for a fundamental
transformation, due to the changing climate circumstances and growing emissions of greenhouse gases.
Consequently, biomass gained noticeable attention as a feasible stockpile. Energy from biomass is dependent
on various supplies: agricultural and house-hold waste, forest wastes and energy crops. There are two classes
of biomass energy production: biofuels (liquid fuels obtained from biomass, replacing petroleum production)
and biopower (electricity and heat are obtained using biomass).

In Romania, a high potential is considered to have the production of biofuels and biogas. According to
the Romanian National Institute of Statistics the unused technical energy production potential from renewables
is of around 8000 Ktonnes, which includes 47 % biomass and biogas, 19 % solar, 19 % wind, 14 % hydro and
2% geothermal energy [2].

Romania is the second country after France regarding the agriculture sector, for both the cultivated
area and production of corn [3].

The pellet market is developing constantly, the EU being directly a leader in this area. In Europe, an
essential role will have the pelleted solid biofuels in achieving renewable energy objectives, as stated by
European Commission. All this reveal furthermore extension in pellet manufacturing and requirement for
employment of new, low-cost, substitute raw materials. Alternative supplies of notable concern are residues
and by-products from agriculture and food/feed processing. Biomass constituents with high- and low-energy
can be mixed in convenient amounts. Constituents generating excessive quantity of ash can be combined with
constituents that produce a small amount of ash in order to obtain a good-quality pellet. Choosing the
appropriate constituents and combine them in suitable ratio customize the calorific value, moisture and ash
content. In order to enhance the quality parameters, biomass can be combined with constituents, such as wood
or coal dust [4].

In this study grape pomace and corn cob were chosen as raw materials for obtaining alternative biofuel
pellets. The demand to develop the quality of the pellets has become progressively significant. The quality of
pellets is established by the end-user’s specification on the combustion systems and the handling characteristics
[5]

According to Grover et al [6] the first and most relevant step in the analysis into the employment of
fuels obtained from waste for energy targets is the achieving of calorific values. Compressed biofuels are
performed for improving the fuel properties of residues. Compressed biofuels derived from solid biomass
residues, briquettes or pellets, will accomplish a better fuel homogenization, lower moisture content and a
higher energy density [7].

Grape pomace is a powerful source of biomass, being the most abundant waste from wine production
[8]. The most outspread crops are grapevine, representing 50 million tonnes of grapes per year of which more
than 20 million tonnes are assumed by European producers [9]. Romania recorded an increase of the grapes
production since 2014, this great potential is due to its geographical position, climatic condition and sandy soils
[10]. The waste that comes from wine processing (seeds, skins, leaves and stems) obtained by the winemaking
industry, turn into an ecological and economic difficulty, thus, utilisation within power sector is financially
reasonable and technically justified in both small and large wineries [11].

439



Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

Corn cobs are a ratio of the corn residues (corn stover), besides stalks, leaves (including tassels) and
husks [12]. The capacity of corn stover for energy production are expressive since corn is one of the most
expanded grown field crops worldwide [13].

Correlating to further crop residues, corn cobs have more favourable combustion properties. Hence,
this fuel is a challenge to woody fuels, intending to diminish undesirable consequences after combustion.
Corncob has a heating value of about 19.14 MJ/kg, thus might be employed as an alternative for coal or mixture
with coal to decrease hazardous emissions which contaminate the environment. In Romania, the areas cultivated
for corn and sunflower are placed in the top four along with France, Germany, and Spain. Our country was
second after France for both the cultivated area and production of corn [3]. A method to handle these agricultural
residues from industrial processing is to use it for solid combustion as a solid fuel in blends with various
additives, due to the inconveniences with pelletization as well as with emissions of undesired by-products
during combustion. This is the argument why the additives with good densification characteristics seems
encouraging for preparing pellets with enhanced quality.

In the literature, there was implemented a wide range of calorimetrical measurements of combustion
heat and caloric power of grape marc in its original state, grape marc after seed separation (assumption of oil
pressing usage), and in seeds themselves. The results indicate that the heating power varies between 16.07-
21.14 MJ/kg [14]. Although many biomass feedstocks possess natural binders, they do not have enough strength
due to the limitations of binding between particles. The most used additives can be coal, lignosulphonate, starch,
sawdust and sugar, dolomite, corn or potato flour, and some vegetable oils [15-16]. Additives are added to
improve the combustion properties, improve durability, or to reduce wear on the pellet die. The additives and
binding agents influence all the main features of the biomass pellets. Each additive has consequences in distinct
physical and thermal properties when used with various biomass materials. The additives act as a lubricant and
raise the production rate and lower the energy use per unit output of wood pellets. In the literature is specified
that 0.5 % assay of motor oil and vegetable oil raise the calorific values and 0.5 % corn starch additive decreases
calorific values by about 0.5 MJ/kg [16].

Gageanu et al. performed a series of experimental research conducted on pellets obtained from
agricultural biomass, namely, wheat straws, rapeseed stalks, corn stalks as received and with additives (paraffin
5 %, paraffin 1.5 % + corn starch 5 % and dolomite 5 %). The authors demonstrated that the pellets obtained
after combining different types of materials and those obtained by using additives showed good results, both
during the production process as well as in terms of the quality parameters [17].

Starch is already used on some markets to achieve reduced operating costs and better durability.
Obernberger and Thek found that 7 of 23 producers of pellets (mostly in Austria) used starch as a biological
binding agent to reduce the operating cost and achieve higher abrasion resistance [18]. Nielsen showed by
laboratory measurements that, when 5 % of potato starch was added, the strength of the pellets increased [19].

Corn starch was the most effective of the starch binders; the tensile strength of the pellets improved
with up to 10 wt %. Further additions of the three starches, up to 20 wt%, made the pellets deteriorate in terms
of tensile strength, even though density increased [20].

According to Demir et al., starch may function as an adhesive agent. Additives of 2.5 %, 5 %, 7.5 %,
10 % (wt/wt) starch to pellet materials were examined. Their results showed an improvement on pellet
processing, calorific values and physical properties with increasing starch content [21].

Falemara et al. studied the physical and combustion properties of briquettes produced from agricultural
wastes (groundnut shells and corn cobs), wood residues (Anogeissus leiocarpus), and mixture of the particles
at 15 %, 20 %, and 25 % starch levels (binder). The authors concluded that briquettes containing 25 % starch
level had better quality in terms of density and combustion properties, thus being suitable as feasible alternative
energy source [22].

Rice husk and coconut shell have been proposed as alternative energy sources by Yuliah et al. The basic
ingredients were briquettes prepared from rice husk and coconut shell charcoal with varying composition and
addition of tapioca starch gradually as adhesive material to obtain briquettes in solid with the maximum heat
energy content. After going through pressing and drying process, the briquettes with 50:50 percent of composition
and the 6 % addition of adhesive was found to have the highest heat energy content, equal to 4966 cal/g [23].

In the literature, studies regarding the effects of additives on the pelletization of raw and torrefied food
waste were performed using three binders; starch, lignin, and vegetable oil, at various compositions of 10 %,
15 %, and 20 % in order to obtain the raw and torrefied food waste pellets [24].
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Potato starch is another common binder that can reduce the energy needed for pellet formation,
increasing the moisture content, and decreasing the lower heating value [25,26]. Concentrations of 10 %, 20 %,
and 30% provided ash content of 1.45 %, 1.50 %, and 1.59 % and calorific value of 18.2, 18.1, and 18.0 MJ/kg,
respectively.

The effects of paraffin, corn starch, and dolomite on the quality of wheat straw pellets were
investigated by Gageanu et al. [17,27] founding beneficial effects of these binders on the pellet length, surface,
shape, bulk density, and ash content.

Vegetable oils are referred in literature as additives which decrease die wall friction and reduce energy
consuming for pelleting procedure as a result of lubrication effect, however there is no systemic research about
the impact of oil on pelletability and physical characteristics of pellets.

Waste cooking oils (WCO) are classified among used vegetable oils (UVO), which, according to the
Waste Catalogue Regulation of the Minister of Environment dated 27 September 2001, constitute waste
hazardous for the environment [28].

Waste vegetable oil is disposed by restaurants, food manufactures, households since it cannot be
furthermore utilized in human or animal dietary. Improper removal of waste vegetable oil can be ecologically
harmful; hence its furthermore usage is preferred. Waste vegetable oil has an appreciable capacity as a
constituent of pelleted biofuels due to the fact that it is non-fossil oil, possess high calorific value and does not
necessitate any preliminary treatment. Oil inclusion can enhance wood fuel characteristics, but compaction of
wood with adding oil could be more complex. Utilization of oil can decrease dust generation during pelleting
and afterward throughout pellet manipulation [29].

Misljenovic et al. added waste vegetable oil in two different amounts in spruce sawdust, which has
been pelletized in a single pellet press under four compacting pressures. Their results led to the conclusion that
oil addition significantly increases energy content in biofuel, make material less compressible, reduce pellet
strength and reduce friction on the pellet — die contact area. The most important change caused by waste
vegetable oil addition is reflected in increasing energy content [30-31]. Emadi et al. used plastic wastes as
additives in the pelletizing process of wheat straw and barley straw. The result showed that the higher heating
value and tensile strength were increased [32]. Similar results were reported by Saletnik et al. modifying the
energy parameters of wood pellets using waste cooking oil. The waste cooking oil was applied at the rates of
2%, 4 %, 6 %, 8 %, 10 % and 12 % relative to the weight of pellets, increasing the calorific value of the pellets
without decreasing their durability. The highest dose of the modifier (12 %) on average led to a 12-16 %
increase in calorific value. In each case, the addition of sunflower oil resulted in decreased contents of ash in
the pellets; on average a decrease of 1638 % was reported in the samples treated with the highest dose of the
modifier [33].

In literature, experiments concerning fast pyrolysis of corn cob (CC) and waste cooking oil (WCO)
were conducted in a fixed-bed reactor, using CC/WCO ratios (1:0.1; 1:0.5; 1:0.87; 1:1 in mass). CC/WCO ratio
of 1:1 was found to be the optimum considering high bio-oil yields (68.6 wt.%) and good bio-oil properties
(HHV of 32.78 MJ/kg) [34].

The benefit of oil palm and para-rubber residues, and the potential of these residues as biomass were
examined by Wattana et al [35]. The biomass pellets were prepared from oil palm leaves (PL) and frond (PF),
para-rubber leaves litter (PAL) and branch (PB) and their blend (mixing of 50 wt.% of two materials). These
samples were the waste in the local plantation in Pathiu District, Chumphon Province, Thailand. The authors
demonstrated that the characteristics of mixed biomass pellets differed from pure biomass pellets which
contributed to the further improve its quality.

Waste engine oil is a type of artificial organic additive. The waste engine oil was recycled as an additive
in wheat straw pelletizing process. Wang et al. focused on the reuse of wheat straw and waste engine oil by
producing pellets with mixtures of the two products. The engine oil content was 5 %, 10 %, 15 % and 20 %
included in biomass pellet. The higher heating value was only affected in this case by the additive content and
increased linearly as the oil content increased [36].

In our study, we have demonstrated that 10 % content of starch, sawdust and waste vegetable oil
applied to grape pomace and corn cob biomass, are suitable for obtaining pellets with good characteristics in
term of combustion. Proximate analysis, namely, moisture content, volatile matter, ash content, and fixed
carbon was performed. Combustion calorimetry method was applied for obtaining the calorific values of the
studied species.
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The obtained results will complete the existing databases concerning the properties of solid biofuels
from biomass containing the mentioned additives. Our investigations clearly indicate that the type of biomass
used in the process has an important effect on the energy parameters.

The achieved data are helpful for both improving the value of characterized biomass pellets and for
the recycling of used rapeseed oil.

Experimental

Material
Samples description

The biomass pellets resulted from grape pomace and corn cob and their mixture with 10 % waste
rapeseed oil, sawdust and starch were used. The rapeseed oil was acquired from household, starch and sawdust
were used from the market.

Corn cobs and grape pomace were selected as raw materials from local cultivators, in September 2021.

GP cC
Fig. 1. Biomass grape pomace (GP) and corn cob (CC) before and after grinding.

Method and equipments

The pelletisation process consists of certain subprocesses such as grinding, drying, milling and
pelleting. The process of pelletization is affected by the material’s moisture content, particle size, density, fibre
strength, lubricating characteristics and natural binders [37].

Prior to the pelleting, the samples were dried at 105 °C in the laboratory oven, until constant mass [38].
It is known that moisture content affects the energy yield of the process.

In the pelletisation process, pretreatment mainly consists of two different processes: drying_and
grinding. Drying is usually required to decrease the moisture content of biomass which in many cases exceeds
an appropriate value for pelletisation (between around 6 and 18% moisture content). Milling is also required in
order to transform the feedstock into a more uniform material. The material after milling process consists of
particles which are of equal size and similar moisture content. This homogeneity makes the pellets more durable
[39]. Furthermore, milling brings size reduction which in turn leads to an increase in particle surface area
facilitating interparticle bonding [40].

In raw state, up to 70-80 % mass of grape residues is water. It is necessary to dry it first to guarantee
effective utilisation within most of power technologies.

According to Burg et al., to reduce a moisture content of grape pomace from 60 % to 8 %,
approximately 1.5 GJ of heat need to be utilised. However, that value may be covered by renewable energy
streams (solar, geothermal) or waste heat (from fumes) in integrated driers [41]. Comprehensive drying of grape
pomace is essential to be introduced also for reasons of the periodicity of the grape pomace generation
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(harvesting takes place between September and October). When having a lot of water, aerobic biodegradation
during storage contributes would deteriorate quality as a fuel [42].

The moisture content is determined by weighing of the sample before and after drying, the obtained
difference in weight being considered for calculation, according to o EN 13183-1:2004 standard. [43].

The different blends of corn cob and grape pomace containing 10 % starch, sawdust and used rapeseed
oil were prepared in appropriate proportions, weighting in dry basis and, by means of a mechanical blender,
thoroughly mixed in order to ensure optimal homogenization that guaranteed the right composition of mixtures.
The purpose was to obtain pellets that would meet the specifications established for industrial pellets. The
proportion of biomass samples for each blend was configured, taking into account the N, S and ash contents of
each biomass sample, since these parameters could restrict the quantity of biomass permitted in the mixture
with respect to pellet quality specifications. After mixing, there have been obtained stable pellets by using a
Parr 2811 Pellet Press. This pellet press provides a convenient means for compressing powdered materials into
pellet or tablet form, being a compact, hand-operated press producing uniform pellets in a polished stainless-
steel die and ejecting them smoothly into a stainless receiver without danger of contamination. This system is
designed to provide a steadily increasing mechanical advantage up to a ratio of approximately 50 to 1 at the end
of the stroke. Thus, a force of 20 pounds applied to the lever develops approximately 1000 pounds on the punch,
which is adequate to produce firm pellets from most powdered materials. The obtained pellets are cylindrical
in shape with flat ends and have 5 inch diameter [44]. The calorific values for all the blends studied were higher
than 16.5 MJ/kg, which is the minimum value required for the industrial pellet qualities.

The calorific energy values were measured using an isoperibolic Parr Instruments 6200 Combustion
Calorimeter, previously described [45]. Proximate analysis was performed to establish the standards quality of
the pellets produced.

The calorific values using Parr Instruments 6200 Combustion Calorimeter were calculated following
ASTM D5865 standard test for gross calorific value [46] and standard operating procedure of the calorimeter
[47]. The method was detailed in previous papers [45,48]. The nitrogen was calculated from the nitric acid
formed [45]. Sulphur content was performed by adding in the resulted solution of the calorimeter bomb after
combustion, a diluted sodium hydroxide to convert sulphur to sulphates [49]. The obtained results are crucial
in the estimating of the emission of gas contaminants generated during combustion (dioxins, furans, NOx, SOx,
or HCN), corrosion problems in heaters and bad operation in boilers.

Bulk densities have a major impact on shipping and storage charges [50-51] and were calculated using
an analytical balance Mettler Toledo, model XP6.

Volatile matter is a characteristic feature of solid fuels, which is standardized when assessing energy
biomass [52-54]; biomass is characterized by a high content of volatile matter [53] which includes gaseous
products and vapours produced during the thermal decomposition of solid fuel under anaerobic conditions. The
amount of volatile components essential to the assessment of the energy suitability of solid fuels decreases as
the degree of carbonization increases. Volatile matter content (%) is an important parameter which has a
considerable influence on the combustion process [55]. Data from the literature indicate that biomass contains
up to 2.5 times more volatile matter than coal, which has a significant impact on the conditions under which it
is ignited and combusted [56].

The presence of volatile compounds can change the behaviour of the fuel in generating boilers,
variations in efficiency and severe operational problems. Volatile matter content was calculated according EN
ISO 18123:2015 standard and following the procedure stated in the literature [57].

Fixed carbon [58-59] is the mass left after the release of volatile compounds, excluding ash and
moisture. This may be calculated using some of the data obtained previously in the proximate analysis. The
higher the percentage of fixed carbon in a solid fuel, the higher the calorific value and consequently, the fuel is
better.

The ash content (AshC, %) was derived from the difference in the weights of the bomb crucible before
and after combustion. To obtain accurate results the measurements were performed in triplicate, in accordance
with the protocols of the literature [60]. Similar to hard coal and lignite, biomass combustion produces solid
waste, mainly in the form of bottom ash. The quantity of this waste is largely dependent on the type of biomass
used [56]. Typically, biofuels have much lower ash content after combustion than fossil fuels such as coal or
lignite. This has certain operational benefits, i.e., longer periods between ash disposal.
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The energy density (MJ/m?) was derived from the bulk density and calorific value of the biomass raw
materials [61-62].

The analysis of the fuel value index (FVI, GJ/m?) shows that the materials are applicable to the energy
product, a threshold value for application as fuel being 100 GJ/m? [63]. The procedure was previously described
[64]. Each test was caried out in triplicate. The aim of the knowledge of each property under investigation is to
certify the solid fuel derived from biomass in accordance with European standards for solid biofuels CEN/TS
14961/ 2005.

Combustion efficiency is a measure of how well the fuel is being burned and the main parameter to
describe the performance of a biomass furnace. Essentially, it is the
percentage of the energy of a fuel that has been used up in the burning process. While complete combustion
(100 percent combustion efficiency) is theoretically possible, in reality it is not, mostly due to heat losses [65].

In literature, a method for calculation of the combustion efficiency is presented. The method is based
on the combustion reaction and can be applied to every biofuel with given composition. The following equation
is proposed [66-67]:

Combustion efficiency (%)zl—[(unbumed fuel in botom solids)/(initial fuel placed in burner)}xlOO )

The statistical analysis of the obtained data was performed using Minitab 18 program [68]. The median
of the survey and the standard deviation was determined as the main statistical parameters of tendency and
dispersion, for each group of values. The entire statistical analysis was carried out with a confidence interval of
95 % and an alpha error of 0.05.

Results and discussion

Extensive knowledge of all the parameters presented above is essential for characterizing a biomass
sample as a potential fuel resource. Calorimetry may be the most influential of all because it provides precise
data on the heating value of each of the samples studied; data that when combined with market prices for each
fuel, enable consumers to compare the energy and financial yield of each one.

Grape husk (pomace) obtained from a winery in native state cannot be used efficiently due to its size,
biodegradability, and low weight. The grape raw materials has a very good caloric power, comparable with the
one of fire wood and pellets obtained from beech or resinous sawdust, thus obtaining pellets of good quality
from this raw material, especially when additives are used is of great interest. As other researchers stated before,
the more sugar the higher calorific value will be [69].

Due to their high calorific value the corn cob cores are often used as fuel, and the by-products of the
combustion process are also used. The products of the corn cob core combustion process, i.e., ash, can be used
as partial substitutes in cement production [70].

Starch-based and sawdust binders offer numerous advantages that are both ecologically and
economically beneficial, including improving durability, reducing abrasion and dust formation, lowering the
energy consumption of the pelleting plant and reducing maintenance and wear costs [71]. The possibility of
using used vegetable oil in a valuable way, combined with the advantage of avoiding its dispersion into the
environment and its very high availability, has encouraged scientists to look for a way to reuse waste. The most
common uses of used vegetable oil are the production of bio-lubricants or fuel as animal feed, or as additives
for asphalts and for energy production [28]. In Fig. 2 are shown the obtained higher heating values and moisture
content for the studied samples. Moisture content is known to be one of the most important parameters for
determining the quality of biopellets. The low water content will facilitate the ignition of the biopellet and
extend the shelf life. High moisture levels can result in mould growth during storage [72]. From Fig. 2 it can be
ascertained that single additive waste rapeseed oil has the highest heating value (40.21 MJ/Kg) and the lowest
moisture content (1.32 %). The grape pomace pellets containing 10 % waste rapeseed oil have the highest
heating value (22.14 MJ/kg) and the lowest moisture content (2.81 %) from the analysed samples containing
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additives, thus being in agreement with literature statements [72]. Authors demonstrated that increasing dosages
of wheat and maize starch further reduces the final wood pellet moisture content [16].

An important aspect to take in consideration for obtaining good quality pellets is the method of pellet
refining. Densification by means of pelletisation is considered to be a proven technology to improve biomass
properties for its conversion into heat and power. Also, the torrefaction process upgrades the biomass and
produce solid fuels with better quality. Torrefaction is helpful in enhancing biomass for its use in wider
applications. A major advantage of torrefaction is that it can break down the fibrous character of biomass and
reduce the formation of soot [73].

Torrefaction is a fast-developed technology to produce solid biofuel (biochar) or sustainable materials
for several applications, but the problem induced by tar, one of the by-products formed from biomass
torrefaction, is an important challenge that needs to be solved, especially in industrial systems. The torrefaction
process increases the ash content in final products, and this limits the applications of combustion and
gasification from torrefied biomass. Comparing the raw and torrefied biomass higher heating values (HHV)
results that torrefied biomass values ranges between 16-29 MJkg!, higher than raw biomass values of 15-20
MJkg! [74].

An alternative process for the production of biopellets is a combination of torrefaction with
pelletisation and is called the TOP process for the production of TOP pellets. The TOP process integrates the
advantages of both processes with respect to the quality of the biopellet, having a net calorific value of 19 to 22
MJ/kg as received. This results in an energy density of 14 to 18.5 GJ/m?, significantly higher than conventional
biopellets produced from softwood (sawdust: 7.8 to 10.5 GJ/m?) [75].

In Table 1 are presented a summary of various biomass combustion technologies.

Table 1. Summary of various biomass combustion technologies.

Species HHV LHV 1\;[(())Illsttel:ll;e Technologies
MJ/Kg) | MJI/Kg) (%)
Grape pomace (our exp.) 21.35 21.14 23.28 combustion calorimetry
Grape seeds (lit.) 20.83 20.03 19.2 combustion calorimetry [76]
Corn cob (our exp.) 17.66 17.42 8.63 combustion calorimetry
Corn cob (lit.) 18.7 18.3 7 torrefaction in tubular furnace [77]
Maize Stalks (Corn Cobs) (lit) | 1546 | 15.06 6.9 t"“efa“io‘s‘;;;}f;q[‘% pyrolyzed
Corn stover (lit.) 17.6 17.2 8.1 combustion calorimetry [78]
All W(t))(;:)lnfl:?ss (2llirtlg most 17.9 17.5 5-60 moving grate furnaces [79]
Sorghum (lit.) 15.8 14.4 5-60 bubbling fluidized bed [79-80]
Sorghum (lit.) 17.1 15.8 5-60 circulating fluidized bed [79-80]
Sawdust (our exp.) 18.17 17.94 2.82 combustion calorimetry
Sawdust (lit.) 19.47 19.3 32 briquetting [81]
Starch (our exp.) 15.45 15.42 7.66 combustion calorimetry
Starch (lit.) 19.43 19.22 2.67 combustion calorimetry [82]
Waste rapeseed oil (our exp.) 40.22 40.11 1.32 combustion calorimetry
Sunflower husks (lit.) 18.83 18.44 4 combustion calorimetry [76]
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Compared with other method of biomass energy fortification like torrefaction, the addition of 10 % oil
increased the final energy content similarly as torrefaction at 225 °C. This way of increasing the energy content
is definitely easier and less energy demanding compared to torrefaction [83].

I Higher heating value (HHV) (MJ/kg)
(%) Jusyuoo aimisioy m

Fig. 2. Plot of the higher heating values and moisture content for the studied samples. (GP=grape pomace;
CC=corn cob; SW=sawdust; ST=starch; URO=used rapeseed oil; GP/10%SW=grape pomace containing 10 % sawdust;
GP/10%ST=grape pomace containing 10 % starch; GP/10 %URO= grape pomace containing 10 % used rapeseed oil;
CC/10%SW=corn cob containing 10 % sawdust; CC/10%ST=corn cob containing 10 % starch; CC/10%URO=corn cob
containing 10 % used rapeseed oil).

Our values for high heating value of control grape pomace (21.35 MJ/kg) and corn cob (17.29 MJ/kg)
are close to the values reported for bamboo biomass ranging from 18 to 21 MJ/kg. These values are higher than
other commonly used biomass such as sugarcane bagasse (16.60 MJ/kg), corn cob (16.90 MJ/kg), barley straw
(16.81 MJ/kg), rice straw (16.78 MIJ/kg) , pine wood chips (16.81 MJ/kg), lignite (16.16 MJ/kg) and palm
kernel shell (19.82 MlJ/kg) [84-85].

The values of the higher heating value for control grape pomace (21.35 MJ/kg) calculated in this work
are greater than the values reported by Annamalai et al [86], of about 20.34 MJ/kg. It is obvious that grape
pomace is a material with a very good calorific value, surpassing the values of wood (14.6 MJ/kg) and cereals
(18.00 MJ/kg) [14, 87]. The high heating values are caused by wastage of sugars. According to the literature, it
is very possible to use waste corn cob as fuel in the power plant due to its calorific value of about 16.92 MJ/kg
[88], close to the results reported in this study, of 17.29 MJ/kg.

Analysing the obtained results, it can be ascertained that samples containing 10 % starch present a
lower heating value than the control sample (see Fig. 2), a higher value being observed for samples with 10%
waste rapeseed oil. Nosek et al [89] reported for the wood pellets that a 0.5 % dosage of motor oil and vegetable
oil increases calorific values, and 0.5 % corn starch additive decreases calorific values by about 0.5 MJ/kg.

The moisture content obtained in this study for grape pomace is 23.28 % and for corn cob samples
8.63 % without using additives. Adding the mentioned additives, these values decrease ranging between 2.81 %
and 6.65 %, the lowest value being obtained by adding 10 % waste rapeseed oil (Fig.2). These results indicated
that additives are beneficial for decreasing moisture and keeping it under 10 %, the desired value for optimal
storage and use, the same behaviour being highlighted by Gageanu et al. in their study concerning wheat straws,
rapeseed stalks, corn stalks and their mixtures with paraffin 5 %, paraffin 1.5 % + corn starch 5 % and dolomite
5 %. Their moisture values ranged between 8.25 % and 11.65 % for pellets obtained without using additives
and between 7.48 % and 9.25 % for pellets obtained using additives [17]. Li and Liu reported that a good quality
pellet has a moisture content ranging between 6 % and 12 % [90].

Kumar et al. investigated the effect of combining dry leaves, rice husk and sawdust in different
proportions and concluded that the dry leaves can be used as potential source for the production of briquettes
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in India. Their higher heating value of 20.03 MJ/kg indicates that the briquette could supplement the traditional
wood fuel for cooking and other purposes. Sawdust was added in proportion of 20 %, 40 % and 50 % respectively.
Briquette made from equal proportions of sawdust and rice husk had the lowest heating value, of 16.52 MJ/kg,
thus resulting that blending of biomass materials will not always produce higher quality briquettes [91].

Our results indicated an increase of the higher heating value by adding 10% sawdust in grape pomace
and corncob samples, from 21.35 MJ/kg (control grape pomace) to 21.72 MJ/kg and from 17.29 MJ/kg (control
corncob) to 17.39 MJ/kg, respectively.

Greinert et al. in their study evidenced that pellets prepared from a mixture of 80 % of straw and 20 %
of wood had a low ash generation value amounting to 2.34 % and a calorific value of 18.95 MJ/kg. The pellets
prepared from a mixture of 70 % of straw, 27 % of wood and 3 % of lime had a calorific value of 18.83 MJ kg™
and an ash generation amounted to 2.98 % [92]. The amount of ash generated from biomass is described as
variable, depending on the origin of the material. For pure wood, it is within 0.4—1.8 %; for wood bark, it is
within 6.3-10.4 %; for energy plants, it is within 2.4—-7.7 %,; for agricultural biomass, it is within 6.9-9.2 %j;
for agri-food industry wastes, it is within 1.1-9.2 % [93]. From Fig. 3 we can conclude that our ash values for
corn cob and grape pomace are in agreement with the above-mentioned intervals.
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I Higher heating value of ash free sample (HHVf) (MJikg)

Fig. 3. Plot of the higher heating values and ash content for the studied samples.

(GP=grape pomace; CC=corn cob; SW=sawdust; ST=starch; URO=used rapeseed oil; GP/10%SW=grape pomace
containing 10 % sawdust; GP/10 %ST=grape pomace containing 10 % starch; GP/10%URO= grape pomace containing
10% used rapeseed oil; CC/10%SW=corn cob containing 10 % sawdust; CC/10%ST=corn cob containing 10 % starch;
CC/10%URO=corn cob containing 10 % used rapeseed oil).

In order to guarantee a combination of efficiency and comfort for the consumer of pellets in the home
heating sector, a high ash content should be avoided, as this would eliminate the necessity of emptying the ash
box at regular intervals, minimize the risk of slag formation in the furnace and lower soot emissions [18]. Taking
these risks into account, the 10 % waste of rapeseed oil corn cob samples seems to be the most suitable raw
materials for pellet production, with an ash content of 0.578 %. The low ash content indicates the good quality
of the pellets, the values obtained from this study are less than 4 % (Fig. 3), considered as the tolerance level
for the ash content in the fuel [94]. Ebeling et al. reported 1.4 % ash content for corn cob, which is lower than
for other agricultural biomasses., e.g. the corn stover has 6.7 % ash content and the wheat straw 5.7 %, but
higher than the woody biomass with an average ash content of 0.9 % to 1.2 % [95]. The control grape pomace
sample has an ash content of 1.017 % and corn cob 1.374 %. The lowest content of ash was calculated for
pellets containing 10 % waste rapeseed oil, grape pomace (0.77 %) and corn cob (0.578 %) respectively. In
literature it was demonstrated by Saletnik et al that addition of waste cooking oil, even at a rate of 2 %, resulted
in a statistically significant decrease in ash contents in beech wood pellet from the Pomorskie Region, in
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coniferous wood pellet from the Swietokrzyskie Region and in coniferous and deciduous wood pellet from the
Podkarpackie Region [33].

Regarding the wood pellets, Kuokkanen et al. found that a supplement of 1 % potato flour does not affect
ash content, but 2 % dosage of the same additive increases ash content from 0.5 % (native wood) to 0.6 % [96].
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Fig. 4. Plot of the fixed carbon (%), volatile matter (%), sulphur and nitrogen content (%) for the investigated
sample.

(GP=grape pomace; CC=corn cob; SW=sawdust; ST=starch; URO=used rapeseed oil; GP/10%SW=grape pomace
containing 10% sawdust; GP/10%ST=grape pomace containing 10% starch; GP/10%URO= grape pomace containing 10%
used rapeseed oil; CC/10%SW=corn cob containing 10% sawdust; CC/10%ST=corn cob containing 10% starch;
CC/10%URO=corn cob containing 10% used rapeseed oil).

Grape pomace and corn cob have very low nitrogen and sulphur levels compared to coal (nitrogen 0.8-
1.9 % and sulphur 0.7-1.2 %) [97]. In this study, control grape pomace has a nitrogen level of 0.517 %, the
lowest level being obtained for grape pomace with 10 % starch, about 0.172 %. Corn cob presents a nitrogen
level of 0.653 %. Knowing the nitrogen content of biomass is important to assess nitrogen oxides (NOy) that
are air pollutants. From Fig. 4 it can be ascertained that the presence of additives of 10 % results in decreasing
the nitrogen content of the investigated samples.

Malat’ak et al in their study on white and red grape pomace as well as grape stems, added straw of
Miscanthus sinensis (in proportion of 25 %, 50 % and 75 %) in order to verify the possibility of a reduction in
emissions of NOy. In their study, NOx concentrations decreased significantly in stems and gradually in
pomaces. The mixtures with 50 % and 25 % red grape pomace indicate the effect of addition of cleanly burning
biomass on the emissions of CO and NO. With an increasing proportion of Miscanthus straw, the emission
concentrations of nitrogen oxides decreased [7].

The sulphur levels for control samples are lower compared to coal, this making them emit less sulphur
oxides (SOx) than fossil fuels. Control grape pomace sample has 0.279 % sulphur content and control corncob
0.436 %. Greinert et al. reported a low content of sulphur for the studied mixtures of straw and wood, about
0.3 % comparing with our mentioned results. The authors stated that the content of biomass components is
strongly related to the species of energy plants and particular parts of these plants [92].

Sulphur is a major problem because of the accumulation of sulphates on the heat transfer surfaces of
the combustion chamber [98]. Research has demonstrated that the biomass tested contains a quantity of sulphur
that meets the standards for wood pellets. Moreover, the presence of sulphur is a natural consequence of the
sulphur content of vegetable proteins, which is a building material for the biomass tested.

The percentage of fixed carbon content in pellets is a critical factor in determining the calorific value
of the fuel [99]. From Fig. 4 it can be seen that the samples containing additives have a high level of fixed
carbon than the control samples, thus a high calorific value, which is in agreement to literature statements [50].
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The approach of volatile matter assigns the components released when fuel is heated at a high
temperature, eliminating moisture, being part combustible gases (CxHy gases, CO or H») and part incombustible
(CO3, SO, or NOy). Usually, biomass has a very high volatile level, with common biomass values at about
75 %, but they may increase to 90 %, depending on the sample [100]. The lowest volatile sample should have
the highest energy content. Corn cob pellets without additives have the highest volatile content of 89.6 %; this
means that more energy will be needed to burn the volatile matter before releasing its thermal energy. By
comparing the volatile matter content of the samples containing 10 % starch with pristine ones, results that this
additive produces the decreasing of the volatile matter content. This is caused by the presence of volatile
substances contained by an adhesive, such as CO, CO,, H>and CH4 [23]. The most volatile matter is contained
by pristine samples of corn cobs and grape pomace as it can be observed from Fig. 4.

For comparison, Maj et al. [101] indicated that the volatile content in the corn cobs cores from seed
production was 69.24 %, below than the values reported in the analyses performed in this study. On the other
hand, Lu et al. [54] carried out studies on the volatile matter content in 66 types of biomasses and stated that
their levels range between 70.39 % - 83.92 %. This analysis shows that the volatile components reported in the
literature are typically lower than the values obtained in the experiments performed in this work.

The high heating value (HHV) was found to be ranged between 16-21 MJ/kg for the two types of
biomasses studied. Among the used additives, the waste rapeseed oil presented the highest HHV values (40.21
MJ/Kg), which indicated that it would be the most appropriate additive for improving the combustion
characteristics of biomass. It should be pointed out that the calorific value of pellets obtained from agricultural
biomass is extremely important for professional energetics because this index affects the price of the product
delivered.

The combustion efficiencies for all types of the studied pellets were calculated using equation (1) and
ranged between 98 up to 99.91 % (see Table 2). Our results in terms of combustion efficiencies are close to the
values obtained by Chen et al. for pellets made from wood and coal residues at various ratios (0, 25, 50, 75, and
100 % wood, and 50 % wood-plus-limestone). The authors stated that the obtained combustion efficiencies,
ranging from 96 to 100 % of all types of investigated pellets were excellent [67].

Well-designed pellet-fired systems can achieve efficiencies of over 80 per cent. Many pellet stoves
operate with a very high excess air level, which reduces their efficiency to 50-60 per cent. Technology to reduce
emissions and improve combustion efficiency is being developed continuously. Thus, the negative
environmental impacts of biomass combustion that exist today will be reduced in future plants [102].

Table 2. Determination of bulk densities and energetic features of grape pomace and corn cob with different
additives.

Species Bulk der;sity FVI3 Energy desnsity Corpbustion

(kg/m°) J/em?) (MJ/m°) efficiency (%)
Grape pomace (GP) 431.5 388.9 9212.5 99.07
10% sawdust-GP 3824 396.9 8121.11 98.71
10%starch-GP 462.8 3266.5 9293.5 99.27
10% waste 0il-GP 4225 4317.9 9354.7 99.05
Corncob (CC) 217.2 438.05 5194.3 98.45
10% sawdust-CC 159.24 326.66 4687.17 98.59
10% starch-CC 294.13 587.87 5755.38 98.96
10%waste 0il-CC 191.4 1681.08 5784.0 99.30
sawdust 175.2 882.13 3183.03 98.76
starch 640.8 5874.8 9900.3 99.76
Waste rapeseed oil 939 75707.3 33977 99.91
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From Table 2 it can be observed that the studied biomass has low bulk density, which consists of pieces
of different shapes and sizes. For this reason, the low energy density was increased by converting the free
biomass to dense pellets. The pellet bulk density was increased when 10 % starch was added, from 431.5 kg/m?
to 462.8 kg/m? (grape pomace) and from 217.2 kg/m? to 294.13 kg/m? (corn cob), although that required by the
ENPlus Bquality (600 kg/m?) was not reached. It was demonstrated that other additives, such as lignosulphonate
and different types of starch, also decrease the moisture content of wood pellets, thereby increasing the bulk
density of the product [16].

Stahl M. et al investigated how white sugar, molasses and spent sulphite liquor additives affect the
energy needed by the pellet press, the durability and oxidation of the produced pellets. They found that using
sugar additive, the bulk density (7 to 15 %) and durability (10 to 20 %) of the pellets were increased [103].

The FVI is a relevant parameter for the screening of biomass species, and it can be concluded that the
samples with the highest FVI possesses better biofuel properties [104].

The amount of heat that can be "pulled" through the combustion of biomass is referred to as the energy
density. Different fuels have different levels of energy density, which can be calculated using the equivalent
energy released during combustion. The amount of energy that can be released by a specific mass or volume of
fuel is known as its energy density. The quality of the fuel increases with increasing energy density. From Table
2 it can be ascertained that the samples with the highest energy density and fuel value index were 10 % waste
rapeseed oil-grape pomace and 10 % waste rapeseed oil-corn cob, demonstrating that waste rapeseed oil is the
best additive for enhancing the quality of the pellets. Pellets made from 10% waste rapeseed oil-grape pomace
and 10 % waste rapeseed-oil corn cob appear to be particularly well suited for a clean and effective combustion.
We were able to draw conclusions concerning energy efficiency and measures for environmental protection
thanks to the analysis of additive properties.

Conclusions

To improve the quality of the pellets made from grape pomace and corncob and to lower the
concentration of harmful emissions, three additives, namely, sawdust, starch and used rapeseed oil in addition
of 10 % in dry solids, were used. In comparison to most types of wood, the results of proximate analysis and
their calorific values are significantly higher. In comparison to pristine grape pomace and corncob, the nitrogen
and sulphur content decreases when 10 % sawdust, starch, and waste rapeseed oil are added. Addition of waste
rapeseed oil (from cooking) applied at a rate of 10 % relative to the weight of the pellets, increased their calorific
value. Each time, the pellets ash contents decreased when the waste rapeseed oil was added. The biomass pellets
from this study have a calorific value ranged between 16 to 22 MJ/kg. Pellets made from agricultural waste are
some of the most popular biofuels. Scientists started looking for novel solutions to make it possible to improve
pellets heating value because of the rising interest in them and the need to increase their efficiency. In this study,
the most favourable effect upon the investigated parameters was obtained when waste rapeseed oil was added.
The method of pellet refining suggested in this study may be competitive in comparison to other technologies
available, according to the obtained results.
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Abstract. In this work, the hydrogen storage materials of Ca, Fe, and Ti deposited NaSiy clusters were
investigated utilizing DFT methods (B3LYP and M06-2X) combined with the 6-311++G(d, p) basis set. The
results show that Ca, Fe, and Ti atoms tend to bind with two adjacent Si atoms. The Ca@NaSi», Fe@NaSi, and
Ti@NaSix can adsorb up to three, four, and six hydrogen molecules, respectively. The adsorption energy (Eads)
per hydrogen molecule meets the United States Department of Energy (DOE) target for hydrogen storage materials
for nH»-Ti@NaSiy (n = 2-6) and nHx-Fe@NaSiy (n = 1- 4), implying that NaSiy fullerene could be a potentially
suitable material for hydrogen storage.

Keywords: NaSiy fullerenes; DFT methods; hydrogen storage.

Resumen. Utilizando métodos de la DFT (B3LYP y M06-2X) combinados con las bases 6-311++G(d, p), en
este trabajo se investigaron materiales para el almacenamiento de hidrégeno a base de Ca, Fe, y Ti depositados
en cumulos de NaSiy. Los resultados muestran que los atomos de Ca, Fe, y Ti tienden a unirse a dos atomos
adyacentes de Si. Los camulos Ca@NaSi», Fe@NaSiy, y Ti@NaSiz pueden adsorber hasta tres, cuatro y seis
moléculas de hidrégeno, respectivamente. Las energias de adsorcion por molécula de hidrogeno (E.ds) de nHo-
Ti@NaSix (n = 2-6) y nH>-Fe@NaSiy (n = 1- 4) cumplen con el objetivo del Departamento de Energia de los
Estados Unidos (DOE) lo que implica que el fullereno NaSi, puede ser un material potencialmente adecuado para
el almacenamiento de hidrogeno.

Palabras clave: NaSiy fullerenos; métodos de la DFT; almacenamiento de hidrogeno.

Introduction

With the growth of the world population and rapid economic development, as well as the shortage of
fossil fuels and global environmental problems that threaten the peaceful existence of mankind and stimulate
people's determination to find new energy sources [1,2]. Hydrogen as a renewable and clean energy source has
several ideal characteristics, for example, it contains the maximum energy per unit weight, is abundant in the
natural environment, and its combustion products do not pollute the environment like sulfur oxidation and
aromatic hydrocarbon oxides [3,4]. The U. S. Department of Energy (DOE) system has identified goals for
hydrogen storage materials, the average adsorption energy per H, (average adsorption energy per Ha, Ea/H>) in
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an ideal hydrogen storage material should be between chemisorption and physical adsorption (0.1 - 0.8 eV) to
meet the hydrogen storage reversibility of the material [5].

Currently, there are many types of hydrogen storage materials. Carbon-based and chemically active
hydrogen storage materials include fullerene, graphene, carbon nanotubes, etc [6,7]. Nano-structured
magnesium and magnesium-based hydrides can also be used to store hydrogen through adsorption [8]. In recent
years, the semiconductor cluster has become one of the research objects in cluster science and the silicon cluster
is the most widely used technology in the semiconductor cluster [9-13].

Silicon is not only rich in content but is also one of the most important materials in the modern industry
[11-13]. Ithas a wide range of applications in various areas of life, such as metallurgy, electronic manufacturing,
the military industry, medical, etc [10-12]. But at the same time, the disadvantages of silicon materials are also
very obvious. For example, the hollow structure of silicon and the lack of unsaturated bonds in silicon valence
electrons with sp? hybridization deliver unstable fullerene cages (silicon nanotubes and silicon fullerenes) [10].
However, studies over the years have shown that their structures can be improved by various chemical
modifications, such as encapsulating metal atoms in clusters [11] or using H adsorption to enhance the sp?
bonding between Si atoms to improve stability [12]. Meanwhile, Ryou et al. found that the binding energy of
hydrogen molecules to silicon nanotubes is less than 0.1 eV even in stable structures through DFT calculations,
and then pure silicon nanotubes are not suitable for hydrogen storage [13]. Kumar et al. found that metal doping
enhanced the stability and size selectivity of silicon clusters [14]. Sporea et al. stabilized silicon clusters by
encapsulating alkali metal atoms Na, K, and Li inside Sizy, which can provide regular shapes for Siy clusters
[15]. Moreover, Ammar et al. investigated the hydrogen storage properties of KSiz and Ti@KSiz using the
DFT-based B3YLP and M06-2X methods. The adsorption energy values (Eads) per hydrogen molecule satisfy
the U.S. DOE targets for hydrogen storage materials [16].

According to our knowledge, NaSi»o should have similar hydrogen storage properties to KSi». However,
the hydrogen storage performance of NaSiz has not been reported. And more importantly, as previously reported
by researchers, Ca, Fe, and Ti metal atoms were often considered and performed well in the previous studies of
modified carbon-based and boron-based hydrogen storage materials [17-19]. Meanwhile, Ca is one of the most
active atoms in alkaline earth metals, Fe is the transition metal atom with more outer electrons, and Ti is the
transition metal atom with fewer outer electrons. To the best of our knowledge, NaSi,o deposited with Ca, Fe, and
Ti atoms has not been previously investigated as hydrogen storage materials. In this work, the storage
characteristics of H, on Na-encapsulated Sizy (NaSiy) clusters deposited in Ca, Fe, and Ti were investigated by
performing DFT calculations at the theoretical level of B3LYP and M06-2X combined with the 6-311++G(d, p)
basis set. The effect of electron properties on NaSiy fullerenes deposited in Ti, Ca, and Fe was studied. Then the
adsorption of # hydrogen molecules (z = 1-6) on Ca@NaSiz, Fe@NaSiy, and Ti@NaSiy is discussed.

Computational methods

To investigate the storage properties of H, molecules on Ca@NaSiz, Fe@NaSiy, and Ti@NaSizo
fullerenes, DFT calculations [20] were performed at the B3LYP/6-311++G(d, p) and M06-2X/6-311++G(d, p)
levels of theory for the non-metallic atoms (H, Si) and an effective for the effective pseudopotential basis set
LANL2DZ of Na, Ca, Fe and Ti atoms, respectively [20]. Full geometric optimizations were carried out at two
levels for free H, molecules, Six, NaSiz, Ca@NaSiz, Fe@NaSiz, and Ti@NaSiy, substrates as well as nH»-
Ca@NaSiy (n = 1-3), nH>-Fe@NaSiy (n = 1-4), and nH,-Ti@NaSiz (n = 1-6) complexes. Because silicon is
the most readily available semiconductor in nature, hydrogen can be adsorbed on silicon in both crystalline and
amorphous forms and can be desorbed again. Several experimental and theoretical studies have been conducted
by Mao WL and Mao HK to investigate whether porous silicon is capable of conducting hydrogen storage [21].
All the calculations were calculated using the Gaussian 09 program [22].

The ionization potential (IP), electron affinity (EA), and chemical hardness (1) can be expressed in
equations 1-3, where E(N-1), E(N), and E(N+1) are total energies when the system has N-1, N and N+1
electrons, respectively.

IP = E(N-1) - E(N) (1)
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EA = E(N) - E(N+1) @

0 z%(IP-EA) €)

The average binding energy (E},)of per atom for Sizo, NaSiz, Ca@NaSis, Fe@NaSia, and Ti@NaSiz
is calculated by equation (4),

- E . ) E
Eb __ cluster Z atom (4)

n
where Ecluster is the energy of the optimized cluster, 2 Eqomis the sum of the energies of the free atoms of the

cluster and n is total number of the cluster atoms. The binding energies (Evind) of Ca, Fe, and Ti atoms on NaSixg
substrate clusters are calculated by equation (5). nH> molecule (n = 1-6) adsorption energies (Eass) and the
average adsorption energy of per hydrogen molecule (E 545) on M@NaSis fullerenes (M = Ca, Fe and Ti) are
calculated by equations (6) and (7), respectively.

Eia = EM@NaSiZO -(E NaSi, +Ey) (5)
E.is = o, vanasiy, "By, TEvanasiy, ) 6)
Eus = l[E (nE, +E N

ads L M@NaSiyg H, " ~M@NaSiy, 7)

E .
where =~ M@NaSiy g

E

M@NaSiz g the energy of the corresponding optimized NaSiy substrate clusters, Ev is the atomic energy of

the energy of the optimized Ca@NaSiz, Fe@NaSiy, and Ti@NaSiy complexes,

the free M (M = Ca, Fe, and Ti) atoms, and E”HZ'M@NaSiZO is the total energy of the optimized nH>-M@NaSixg
(M = Ca, Fe, and Ti).

The enthalpy difference (AH®) and free energy difference (AG®) of nH,-M@NaSiz (M = Ca, Fe, and
Ti) complexes are calculated by equations (8) and (9), respectively [23].

) ® ) 0
AH :[H nHZ—M@NaSiZO_<nH H, +H M@NaSi,, ):|/n 3

) ) )
. H . H
where, "M M@NaSiyy "7 M@NaShy on4 12 are the enthalpies for nH,-M@NaSiz, M@NaSiy and H,
molecules, respectively.

AG" = [GG”HZ M@NaSiy - (nG@Hz +G®M@Nasizo )} /n )

G@ . ) G@ ) ®
where nH, -M@NaSiy M@NaSi and Ha are the free energies of nHo-M@NaSizg, M@NaSia, and H,
molecules, respectively.
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For testing the stability of the wave function of our investigated systems, the keywords of UB3LYP,
stable and nosymm are used in the examples for both 4H»/Ti@NaSi20 and 4H,/Fe@NaSi20 complexes and the
results show that the wave functions are stable under the perturbations considered. The corresponding figure is
given in Supplement 1.

Results and discussion
Geometric structure and electronic properties of Ca@NaSiy, Fe@NaSiz, and Ti@NaSiy
clusters

Fig. 1 shows the optimized structures of Siyy and NaSi,o fullerenes, as well as Ca, Fe, and Ti external
doping NaSiy fullerenes, named Ca@NaSiy, Fe@NaSiz, and Ti@NaSiy clusters. The geometrical and
electronic properties of the investigated clusters are listed in Table 1. As can be seen from Fig. 1(a), the Six
fullerene cluster is a distorted cage with the shortest Si-Si bond length (dsi.si) of 2.279 A and dipole moments
of 1.198 Debye at the B3LYP level, and the shortest Si-Si bond length (dsisi) of 2.291 A and dipole moments
of 1.215 Debye at the M06-2X level. This is similar to the value of Si-Si bond length (ds;si) calculated by
Ammar et al., which is 2.335 A for Si-Si bond length (ds;_si) calculated by B3LYP method and 2.381 A for Si-
Si bond length (dsisi) calculated by M06-2X method. After a Na atom is embedded in the Siy cluster, the
structure of the cluster has changed into a regular shape, as shown in Fig. 1(b). Compared with pure silicon
clusters without internally doped metal atoms, the shape of NaSiy clusters is more uniform. Under the B3LYP
method, the Si-Si bond length (ds;.si) is reduced to 2.777 A, which is similar to the results previously reported
by Borshch et al. [24]. The HOMO-LUMO gap (E,) decreased from 2.163 and 3.486 eV to 1.329 and 2.512 eV,
respectively. Chemical hardness () decreased by 38.63 % and 27.94 %, respectively, while the average binding

energy between atoms (Eb) increased by 4.5 % and 5.2 %.

Table 1. Ionization potential (IP, eV), electron affinity (EA, eV), hardness (n, eV), HOMO and LUMO energy
gap (Eg, eV), binding energy per atom (Ep, eV), dipole moment (D, Debye), bond length (d, A), binding energy
(Evind, €V) of Sizg, NaSiz, Ca@NaSiz, Fe@NaSiz and Ti@NaSiy as well as Mulliken charges (Quw, €) of Ca,
Fe, Ti atoms in the clusters.

Si20 NaSizo Ca@NaSizo Fe@NaSizo Ti@NaSizo
B3LYP “ggf' B3LYP N;gf' B3LYP 1\%‘;(6' B3LYP N;())g- B3LYP hgg?-
P 5780 | 6.581 | 5255 | 5922 | 4761 | 5485 | 5372 | 5.656 | 5209 | 5.391
EA 3.616 | 3.095 | 3.926 | 3.410 | 3.776 | 3303 | 3.911 | 3.831 | 3.795 | 3.432
n 1.082 | 1.743 | 0.664 | 1.256 | 0493 | 1.091 | 0.730 | 0913 | 0.707 | 0.979
E, 2,163 | 3486 | 1329 | 2512 | 0986 | 2.182 | 1.460 | 1.825 | 1.414 | 1.959
Ep 4285 | -4.540 | -4.091 | -4.306 | -3.955 | -4.155 | -4.137 | -4.286 | -4.103 | -4.250
D 1.198 | 1.215 | 0.163 | 0.259 | 11.843 | 11.489 | 2.966 | 1.597 | 8.502 | 9.983
dsis/dmsi | 2.279 - 2.777 - 3.013 - 2.367 - 2.502 -
Ebina -1.091 | -0.992 | -5.109 | -3.877 | -4.348 | -3.069
Qum 1266 | 1.042 | -0.184 | -0.123 | 0.398 | 0.466

We studied the external doping of Ca, Fe, and Ti atoms at different positions of NaSiy fullerene. The
structure with the most stable energy after optimization is shown in Fig. 1. The results show that Ca, Fe, and Ti
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are bound to the NaSiyg cluster by bonding with two adjacent silicon atoms, which is the same as the external
doping mode of Ti atoms to the KSiy cluster in the cluster studied by Ammar et al. [14].

According to Baei's theory, the size of the energy gap (Eg)value is closely related to the activity and
stability of chemical reactions [25]. Under the density functional B3LYP method, the energy gap (£,) of the
NaSiy cluster modified by Fe and Ti atoms is larger than that of the NaSiyo cluster modified by Ca atoms, while
the energy gap (E,) of the NaSiy cluster modified by Ca atoms is smaller than that of the NaSix cluster.
Similarly, with the B3LYP method, the chemical hardness (#) of the Fe@NaSiy cluster and Ti@NaSiyo cluster
increases by 9.93 % and 6.48 %, respectively, while the chemical hardness () of the Ca@NaSiy cluster
decreases by 25.75 %. With the M06-2X method, the Ca@NaSiz, Fe@NaSia, and Ti@NaSiy clusters have
smaller energy gaps than the NaSiy clusters. The Ca@NaSiz, Fe@NaSiz, and Ti@NaSiy clusters also have
smaller # values than the NaSiy clusters. Under the M06-2X method, # values of Ca@NaSiz, Fe@NaSi» and
Ti@NaSiy are reduced by 22.05 %, 27.31 % and 13.14%, respectively. Since the density functional M06-2X
method considers the weak interaction, it can well describe the weak interaction between metals and clusters.
At the same time, the M06-2X method is effective in calculating the energy of the reactants, the isomerization
process and the reaction energy barrier. The results showed that the chemical reactivity of Ca@NaSiyy,
Fe@NaSiyo, and Ti@NaSiy clusters was better than that of NaSiy clusters. Compared with NaSiy clusters, the
average binding energy (E},) of NaSiy clusters modified by Ca, Fe, and Ti atoms increases by about 3.51 %,

0.47 %, and 1.31 %, respectively, under M06-2X method. However, the average binding energy (E},) of NaSiag
clusters modified by Fe and Ti atoms calculated by the B3LYP method decreases by 1.12 % and 1.20 %,
respectively, and for Ca@NaSiy, the mean binding energy (E},) increases by about 3.61 %. This is consistent
with the changing trend of the binding energy of Cyy and KSiy clusters modified by Ti atoms reported by
Ammar et al. [12]. It can be seen that the external doping of Ca, Fe and Ti atoms on the NaSiy cluster reduces
the stability of NaSix and increases the activity of the reaction.

i Paus
< ) ,J'/ W )
" 4 :“ »

5o 'y

(a) (b)

© (d) (©
Fig. 1. The optimized structures of (a) Siz, (b) NaSiz, (¢) Ca@NaSiy, (d) Fe@NaSiz and (e) Ti@NaSiz
calculated at B3LYP method.

Interaction of H; on Ca@NaSi,, Fe@NaSiz, and Ti@NaSi,o

In this work, hydrogen molecules are stored on optimized Ca@NaSiz, Fe@NaSiy, and Ti@NaSiz
clusters to characterize the properties of the selected hydrogen storage materials. Fig. 2 shows the geometry of
nH>-Ca@NaSiy, nHo-Fe@NaSiy, and nH,-Ti@NaSiy clusters and in order to explore the place of adsorption
more clearly, the structure diagrams from different viewpoints for 4H,-Fe@NaSi, and 6H,-Ti@NaSiy as well as
different direction of hydrogen attacking for Ti@NaSix and Fe@NaSiy are given in Fig. 3. As can be seen from
Fig. 2, the H-H bonds of all H, molecules are not broken, and they are all adsorbed by metal atoms in the form of
molecules. Parameters such as dipole moment, bond length and Mulliken charge of adsorbed clusters are shown
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in Tables 2-4, respectively. Equations (6) and (7) were used to calculate the adsorption energy of hydrogen storage
materials and the average adsorption energy data of each hydrogen molecule, as shown in Fig. 4(a) and 4(b),
respectively. Density functional methods of B3LYP and M06-2X were used to optimize the structure of the H,
molecule, and the results showed that the H-H bond lengths were 0.744 A and 0.740 A, respectively.
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Fig. 2. The optimized structures for nH>-Ca@NaSizo, nH>-Fe@NaSiz and nH,-Ti@NaSiy calculated at B3LYP

method.
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Fig. 3. (a) The adsorption energy (Eags) and (b) the average adsorption energy per hydrogen molecule (E ) for
nH>-Ca@NaSiy, nHr-Fe@NaSiz and nHz-Ti@NaSiz at BBLYP and M06-2X methods.
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Fig. 4. The energy gap (£,) for nH>-Ca@NaSiy, nHa-Fe@NaSizo and nHx-Ti@NaSiz at M06-2X method.

Adsorption of H2 on Ca@NaSizo

This section focuses on the interaction between H, and Ca@NaSiyg clusters. As can be seen from
Table 2, under the B3LYP and M06-2X methods, the interaction between a single H, molecule and the
Ca@NaSiy cluster results in an increase of 0.023 eV and a decrease of 0.040 eV, respectively. According

to Mulliken charge analysis, it can be found that the H, molecule ( ") gains a negative charge of 0.017e¢,
the positive charge (Qca) on the Ca atom decreases by 0.246¢, and the charge (Qna) on Na atom remains
basically unchanged under the B3LYP method. This indicates that there is a transfer of charge between
the Ca atom and the H, molecule. The average adsorption energy of nH,-Ca@NaSiy cluster is in the range
0f 0.019 - 0.024 eV, and the average adsorption the energy of the third H, molecule is not different from
that of the second H» molecule. Under the density functional method of M06-2X, the adsorption energy
(Eags) increases from -0.040 eV to - 0.014 eV, and the absolute value of the adsorption energy (Eads)
decreases gradually when the H, molecules adsorbed by Ca@NaSiy cluster increase from the first Ha
molecule to the third H, molecule. As can be seen from Table 2, under the B3LYP method, when the
second H, molecule is adsorbed by Ca@NaSiy cluster, the Ca-Si atomic bond length (dca-si) is 3.009 A,
and this Ca-Si atomic bond length (dca-si) is the same as the third H, adsorbed by the Ca@NaSiyo cluster.
Meanwhile, as shown in Table 2, when the third H> molecule is adsorbed by the Ca@NaSiyo cluster, the
distance (dc,.n) between the H, molecule and the Ca@NaSiy cluster increases to 6.259 A, and the H-H
bond length (du.n) of the adsorbed third H, molecule is the same as that of a single H, molecule, both
being 0.744 A, that is, Ca@NaSiy cluster did not complete the adsorption of the third H, molecule. From
the energy range analysis, it can also be seen from Table 2 and Fig. 4 that for the nH,-Ca@NaSiyo cluster,
the absolute value of adsorption energy (F.qs) of the Ca@NaSiy cluster also increases with the increase of
the H, molecule. When the Ca@NaSiyo cluster adsorbs the third H, molecule, the absolute value of the
adsorption energy (Eags) is less than that of the second H, molecule (Eags), which means that the third Ha
molecule is not adsorbed by the Ca@NaSiy cluster, indicating that the Ca@NaSiyo cluster is saturated at
the adsorption of the second H, molecule. Therefore, although Ca doped NaSiyo clusters can effectively
adsorb 2 H, molecules, the hydrogen storage capacity is weak, which is lower than the minimum value of
reversible adsorption 0.1eV, and the system is unstable after adsorption, so it is not a relatively ideal
hydrogen storage material.
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Table 2 The dipole moment (D, Debye), bond length (d, A), adsorption energy (Eads, €V) and Mulliken charges
(Q, ) of Ca@NaSiy.

D das den dun Exs Eus Qu Qa Qu,

B3LYP | B3LYP | B3LYP | B3LYP | B3LYP “g‘;f B3LYP “g‘;f B3LYP | B3LYP | B3LYP

Ca@H;I- aSip | 118 | 3012 | 4054 | 0745 | 0023 | 0040 | 0023 | 0040 | 0311 | 1020 | 0017

2> 11816 | 3000 | 4133 | 0745 | 0048 | 0041 | 0024 | 0021 | 0323 | 1029 | 0005
Ca@NaSin

552 | 0745 0019

St 11857 | 3000 | 4107 | 0745 | 0057 | 0042 | 0019 | 0014 | 0321 | 1030 | 0005
Ca@NaSin

5411 | 0745 0021

6259 | 0744 0001

Adsorption of H, on Fe@NaSi

This section concerns the interaction of the H, molecules with the Fe@NaSiy cluster. As can be
seen from Table 3, the bond length of the H, molecule increases from 0.744 A to 0.802 A for a single H,
molecule after adsorption, increasing by 0.058 A. After the adsorption of one H, molecule, the bond length
of the Si-Fe atom (dresi) in the Fe@NaSiy cluster is 2.320 A under the B3LYP method, which is 0.047 A
shorter than the Fe@NaSiy cluster without adsorption of the H»> molecule. The increasing of hydrogen
molecular bond length (du.n) and the shortening of Si-Fe atom bond length (dc.si) indicate that the H;
molecule is successfully adsorbed by the Fe@NaSiy cluster. In terms of energy range, when the number of
adsorbed H> molecules increases from 1 to 4, the absolute value of adsorption energy (Eags) calculated by the
MO06-2X method gradually increases from 0.291 eV to 0.508 eV, and the absolute value of average adsorption
energy (E zas) gradually decreases from 0.291 eV to 0.127 eV. The average absolute adsorption energy of all
hydrogen molecules adsorbed by clusters is greater than 0.1eV, which is within the reversible adsorption
energy range of 0.1 - 0.8eV. Meanwhile, as can be seen from Fig. 5, the absolute value of the energy gap
(Ej) increases with the increase in the number of H, molecules adsorbed by the Fe@NaSiy cluster. When
the fourth H, molecule is adsorbed, the energy gap (£,) reaches saturation. When the fifth H, molecule is
adsorbed by the Fe@NaSiy cluster, the absolute value of the energy gap (£;) becomes smaller and increases
from -2.689 eV to -1.348 eV. It can be concluded that the maximum number of H> molecules adsorbed by
Fe@NaSiy is 4. From the discussion of the energy gap, adsorption energy and average adsorption energy, it
can be seen that the Fe@NaSiy cluster cannot effectively adsorb the fifth H, molecule. As can be seen from
the Mulliken charge Qf. of the Fe atom in Table 3, the negative charge density of Fe atom increases gradually
during the adsorption of the H, molecule, while the charge density Qna of the metal atom remains basically
unchanged, and the charge density reaches saturation when the fourth H> molecule is adsorbed. Therefore, it
can be seen that the Fe@NaSiy cluster increases the negative charge density in the outermost orbital of the
Fe atom through charge transfer between the Fe atom and H, molecule in the adsorption process of Ha, so
that Fe atom cannot store the fifth H, molecule, and the main hydrogen storage role in the system is
determined by Fe atom. Therefore, Fe modified NaSiy cluster has strong hydrogen storage performance. Fe
atoms in the Fe@NaSiy cluster can store up to 4 H molecules, and the absolute value of average adsorption
energy is within 0.1 - 0.8 eV. Fe@NaSiy cluster can realize a reversible cycle of hydrogen storage
performance. Compared with the calculation results of the Ca@NaSiy cluster, Fe@NaSiy has better
hydrogen storage performance.
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Table 3 The dipole moment (D, Debye), bond length (d, A), adsorption energy (Eads, €V) and Mulliken charges
(Q, e) of Fe@NaSix.

D dresi dren dun Eags Euss Qna Qre Qu,

BILYP | BSLYP | BSLYP | BLYP | BSLYP | Vo | BaLve | M0% | BaLyp | B3LvP | BaLyP

He- 3359 | 2320 | 1771 | 0802 | 0475 | oo | 0175 | | 0408 | -0208 | 0.119
Fe@NaSi 0291 0291

. eégzsm 3307 | 2260 | 169 | 0851 | 0156 | 3. | 0078 | 1| 0346 | 0434 | 0296

1635 | 0845 0265

3 3000 | 2275 | 1637 | 0838 | 0076 | .| 0025 | .| -034 | 0614 | 0250
Fe@NaSi 0374 0.125

1635 | 0842 0230

1756 | 079 0.126

A 1 a0s3 | 2280 | 1636 | 0843 | 0067 | .| 0017 | | 0368 | 0630 | 0257
Fe@NaS 0508 0127

1637 | 0839 0255

1760 | 0793 0005

3387 | 0744 0023
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Fig. 5. Frontier molecular orbitals of 4H,-Fe@NaSi (the top row) and 4H,-Ti@NaSiy (the bottom row).
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Adsorption of H; on Ti@NaSiz

This section discusses the interaction of H, molecules with Ti@NaSiy clusters. Table 4 shows the
geometric parameters of the optimized nH,-Ti@NaSix(n = 6) cluster. Under the B3LYP method, the bond
length (dn.u) of the adsorbed H> molecule increases from 0.744 A to 0.846 A, and as can be seen from Fig. 2,
there is no break in the hydrogen bond of all H» molecules adsorbed by nH,-Ti@NaSix(n = 6) system. It
indicates that H, molecules are adsorbed on the cluster in molecular form. The Ti-Si atomic bond length (dri-s;)
increases with the number of H, adsorbed. When the sixth hydrogen molecule is adsorbed, the maximum value
of the Ti-Si atomic bond length (drisi) is 2.656 A. When the seventh molecule is adsorbed by the Ti@NaSiao
cluster, the Ti-Si bond is broken. That is, the Ti-Si atomic bond length (dris;) reaches the maximum value when
the sixth H, molecule is adsorbed. Therefore, the Ti@NaSiz system can adsorb up to 6 H, molecules according
to the bond length analysis. Under the B3LYP method, the dipole moment of the H>-Ti@NaSiy system is 0.250
Debye smaller than that of Ti@NaSiz, and under the M06-2X method the dipole moment of the H>-Ti@NaSixo
system is 1.022 Debye smaller than that of Ti@NaSi»o, with the decrease of dipole moment the stability of the
clusters is decreased and the activity is increased. Meanwhile, Mulliken charge analysis results show that from
the analysis of the charge Qr; on the Ti atom, due to the charge transfer and redistribution around the metal
atoms and H, molecules, compared with the Ti@NaSiyo cluster, the positive charge of the Ti atom in Ho-
Ti@NaSiy system decreases by 0.045 e, and Qr; gradually decreases as the number of H> molecules adsorbs
increases, and reaches the minimum value at the adsorption of the sixth H, molecule. In addition, Ti atoms have
fewer electrons in their outermost shell and can accept more electrons than Fe atoms, which is one reason why
Ti@NaSiy can attach more H, molecules than Fe@NaSiy clusters. The absolute values of the adsorption
energy (Eags) of the first H» molecule adsorbed by the Ti@NaSiy cluster were 0.185 and 0.925 eV, respectively,
calculated by the B3LYP and M06-2X methods. With the number of adsorbed H, molecules gradually
increasing to 6, the absolute value of adsorption energy (Eads) first increases and then decreases, and the absolute

value of average adsorption energy (E 445) first decreases, then increases and subsequently decreases with the
increase of the adsorbed H, molecules, presenting an irregular change, which is related to the types of doped
atoms and the types of atoms covered by silicon clusters [1]. But it's within the normal range. When the
Ti@NaSiy cluster adsorbs the fourth hydrogen molecule, the absolute values of adsorption energy (Eaqs) and
average adsorption energy (E 45) reach the maximum value under the calculation of B3LYP and M06-2X, and
the absolute values of adsorption energy (Eags) are 0.512 eV and 2.091 eV, respectively. The absolute values of

average adsorption energy (Egq5) are 0.128¢V and 0.523¢V, respectively. In this case, the Ti@NaSia cluster
has the best adsorption effect on H> molecules, the system is the most stable and can realize reversible storage
of H, molecules. The energy gap (E;) of the system is observed to change. The energy gap (£;) and mean
adsorption energy (E 445) of the system change in the same trend, reaching the maximum value when the fourth
H> molecule is adsorbed, and the value is basically unchanged when the sixth H, molecule is adsorbed. In
summary, the analysis of charge density, adsorption energy, mean adsorption energy, and energy gap of the
Ti@NaSiy cluster shows that the Ti@NaSiy cluster reaches the maximum value of mean adsorption energy
(E zas) When it adsorbs 4 H, molecules, and the saturation state of H, molecular adsorption when it adsorbs 6

H; molecules. In addition, under the calculation of M06-2X, the mean adsorption energy (Ez45) of Ti@NaSia
clusters for each hydrogen molecule is within the range of 0.1- 0.8 eV, which can realize reversible adsorption
of hydrogen. It is also proved that Ti@NaSiy clusters have a better storage effect on H, molecules than
Ca@NaSiy and Fe@NaSiy clusters.
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Table 4 The dipole moment (D, Debye), bond length (d, A), adsorption energy (Eqds, €V) and Mulliken charges
(Q, e) of Ti@NaSi.

D drisi drin dy.n E.as Eaas Qna Qi Qu,

B3LYP | B3LYP | B3LYP | B3LYP | B3LYP 1\’;(;(6- B3LYP N;g(ﬁ- B3LYP | B3LYP | B3LYP

Ti@l-ll\;;Sizo 8.252 2.465 1.957 0.791 0.185 -0.925 0.185 -0.925 -0.344 0.353 -0.155
Tié;l:l-Sizo 7.850 2452 1.870 0.824 0.261 -0.966 0.130 -0483 -0.347 0.297 -0.131
1.855 0.825 -0.118

Ti@%;:Sizo 6.133 2.470 1.856 0.826 -0.270 0.694 -0.090 0231 -0.353 0.252 -0.026
1.855 0.840 -0.007

1.866 0.826 0.095

Ti(gg;-Sizo 9.268 2.546 2.020 0.776 -0.512 2.091 0.128 0523 -0.366 0.279 -0.036
2.120 0.768 -0.054

2.028 0.775 0.094

1.980 0.798 0.305

Ti@SIl-VI;-Sizo 6.426 2.535 1.912 0.814 -0.413 -1.552 0083 0311 -0.404 0.220 -0.021
1.907 0.816 0.008

2.014 0.793 0.101

1.875 0.818 0.149

1.844 0.836 0.190

Ti(g;l:l-Sizo 7.089 2.656 1.818 0.846 -0.279 -1.580 0047 0263 039 0.240 -0.020

1.916 0.811 0.041

1.970 0.803 0.103

1.917 0.803 0.204

1.995 0.796 0.191

1.921 0.810 0.161

Orbital analysis

The two systems with the best adsorption performance were selected for the wave function analysis.
Fig. 6 shows the distribution of the highest occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO) in the Fe@NaSiy, Ti@NaSiz, 4H>-Fe@NaSiy and nHx-Ti@NaSiz (n=3-6)
clusters, whose analysis can be used to guide the design and characterization of novel functional hydrogen
storage fullerenes. The active points are the regions of high local charge density, in which the red and green
colors represent the positive and negative wave functions, respectively. As can be seen from Fig. 6, in the
Fe@NaSiy cluster the electron cloud contribution of the Fe atoms in HOMO-LUMO is almost zero. But after
the cluster adsorbed 4 H, molecules, the electron cloud around Fe atom in the 4H,-Fe@NaSiy cluster increased
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and HOMO distribution increased, which represents charge transfer between Fe atoms and H» molecules. This

is consistent with the previous charge analysis of Qr. and QHZ . For the Ti@NaSiyo cluster, HOMO and LUMO
are partially distributed on Ti and partially distributed on the NaSiy cluster when there is no H, molecule
adsorbed. With the increase of H, molecules from 3 to 6, the distribution of frontier orbitals on Ti gradually
decreases. When four H, molecules are adsorbed, there are a few unoccupied orbitals around Ti atoms,
indicating that they can still adsorb H, molecules, which is consistent with the previous analysis trend.
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Fig. 6. (a) Enthalpy difference (AH®) and (b) free energy difference (AG®) for nH,/Ca@NaSiz, nHay/Fe@NaSizo
and nH»/Ti@NaSiy calculated at M06-2X method.

Adsorbed H; prediction

Theoretically, the Effective Atomic Number Rule (EAN) can be used to calculate the maximum
adsorption capacity of hydrogen atoms of hydrogen storage material with surface doped metal atoms [26]. The
equation is as follows,

(10)

— _ N _nf _ne
n, =18-n; —n{-n

where n¢ is the number of valence electrons of the metal atom, % is the bonding number of the metal to the
substrate, and ng, is the bonding number between neighboring metal atoms. Considering the 3d orbitals of
transition metal atoms Ti and Fe, the valence electron numbers (nf) of Ca, Fe, and Ti atoms are 2, 8, and 4,

respectively. Since M is adsorbed above the Si-Si bond, " =2, the ny of M@NaSiz (M = Ca, Fe, and Ti) is
calculated to be 14, 8, and 12, respectively, which means that the maximum adsorption numbers of hydrogen
molecules are 7, 4, and 6. Compared with the calculated results, it can be seen that the hydrogen storage
performance of Ca@NaSiy is less than the theoretical results, so the hydrogen storage performance is poor.
The maximum hydrogen storage number of M@NaSiz (M = Fe and Ti) is in accordance with the theoretical
expectation, i.e., the number of H, molecules that can be adsorbed is in accordance with EAN. At the same
time, we tried to adsorb the third, 5th, and 7th H> molecules on Ca@NaSiy, Fe@NaSiz, and Ti@NaSiy,
respectively. None of the results calculated by the density functional method can converge, which further
indicates that Ca@NaSiz, Fe@NaSiz, and Ti@NaSiy, can adsorb at most 2, 4, and 6 H, molecules.

Thermodynamic analysis

The enthalpy difference (AH®) can express the strength of the interaction and the free energy difference
(AG®) is a measure of the spontaneity of the reaction, which are the key thermodynamic parameters for the
interaction between hydrogen and the sorbent materials. AH® and AG® are graphed in Fig. 7 as a function of
the number of hydrogen molecules for nH,-Ca@NaSiz, nH,-Fe@NaSizg, and nH,-Ti@NaSiz complexes. As
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shown in Fig. 7a, AH® values are negative for all the considered structures, indicating exothermic reactions.
For all the complexes of the nH,-Ti@NaSiz system only the free energy difference of 1H>-Ti@NaSiz, 2H»-
Ti@NaSizo, 4H>-Ti@NaSiz, SHo-Ti@NaSiy is negative (AG® < 0), which shows that they are spontaneous
reactions. In the nH>-Ti@NaSiyg system, when n = 1 the absolute value of AH® decreases as the number of H,
molecules increases, and the absolute value of AH® is 20.45 kcal/mol. It can be seen from Fig. 7b, in all the
complexes, 3H,-Ca@NaSiy has the largest value of free energy difference (AG®), which is 10.50 kcal/mol. As
a negative AH® value indicates stronger stability, and a negative AG® value indicates stronger reversal ability
of the reaction, with the increase of the number of hydrogen molecules, the stability decreases, the hydrogen
storage capacity gradually reaches saturation, and the desorption ability of H, molecules increases [27-29].

Conclusions

In this work, the storage characteristics of H, molecules on NaSiy fullerenes deposited by Ca, Fe, and
Ti were investigated at the theoretical level of the DFT-based B3LYP and M06-2X methods. The results show
that the encapsulated Na atom into the Siy cluster delivers the regular shape to the NaSiy. The deposition of
the Ca, Fe and Ti atoms on NaSiy clusters decreases the ionization potential (IP), HOMO-LUMO energy gap
(E,), and hardness (1), and increases the dipole moment (D), which confirms that Ca@NaSiz, Fe@NaSiz, and
Ti@NaSiy clusters are less stable and therefore more reactive than NaSiy clusters.

Additionally, the Ca@NaSi,, Fe@NaSiy, and Ti@NaSiy clusters are saturated by two, four, and six
H, molecules, respectively. The adsorption energy values (Eads) per hydrogen molecule meet the U. S. DOE
target for hydrogen storage materials for nH,-Ti@NaSiy (n = 2 - 6) and nH>-Fe@NaSiy (n = 1-4), which
implies that NaSiy fullerenes may be a potentially suitable material for hydrogen storage. The calculated
enthalpy differences emphasize that some hydrogen molecules are physisorbed on the studied clusters with an
effect greater than one.
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Abstract. In this study, cypress leaves were used for the preparation of a biosorbent to remove brilliant green (BG)
and black lanasyn (LB) from aqueous solutions. The influence of several experimental factors, such as time of contact,
pH, initial concentration, ionic strength, temperature, stirring speed, and particle size, on the adsorption of these dyes
was studied. Contact time s'effect has showed that balance was reached at 30 min with adsorption capacities 9.24 and
4.08 mg/g and elimination rates of 95.97 % and 34 % for BG and LB, respectively. Moreover, the study has shown
that the adsorption of the two dyes can be described by pseudo-second-order kinetics. The adsorption isotherms
demonstrated that the Freundlich model was satisfactory compared with the Langmuir model for describing the
process of adsorption of the two dyes on the cypress. The results showed that the adsorption process is spontaneous,
feasible, and endothermic for BG and non-spontaneous and exothermic for LB. Multi-docking reflecting the
biosorption of brilliant green and Lanasyn black on the adsorbant surface is proposed. On the fundamental plane, the
fractional orthogonal Taguchi plane L (4°) was used to optimize the conditions for brilliant green adsorption on the
cypress. In conclusion, the results showed that cypress leaves could be advantageously used as a low-cost biosorbent
for the removal of brilliant green and lanasyn black in wastewater treatment.

Keywords: Brilliant green; lanasyn black; cypress leaves; adsorption; Taguchi method.

Resumen. En este estudio se usaron hojas de ciprés para preparar un biosorbente que remueve los colorantes verde
brillante (BG) y lanasyn negro (LB) de soluciones acuosas. En la adsorcion de estos colorantes se estudi6 la influencia
de varios factores experimentales como tiempo de contacto, pH, concentracion inicial, fuerza idnica, temperatura,
velocidad de agitacion y tamafio de particula. El efecto del tiempo de contacto mostré que el balance se alcanzo a los
30 min con capacidades de adsorcion de 9.24 y 4.08 mg/g y velocidades de eliminacion de 95.97 % y 34 % para BG
y LB, respectivamente. El estudio mostro que la adsorcion de los dos colorantes se puede describir por una cinética
de pseudo segundo orden. Para describir el proceso de adsorcion de los dos colorantes en las hojas de ciprés, las
isotermas de adsorcién demostraron que el modelo de Freundlich es satisfactorio comparado con el modelo de
Langmuir. Los resultados muestran que el proceso de adsorcion es espontaneo, factible y endotérmico para BG, y no
espontaneo y exotérmico para LB. Se propone un acoplamiento multiple reflejando la biosorcion del verde brillante
y el lanasyn negro sobre la superficie del adsorbente. En el aspecto fundamental, la fraccion ortogonal del plano de
Taguchi Lis (4°) se utilizé para optimizar las condiciones de adsorcion del verde brillante en las hojas de ciprés. En
conclusion, los resultados muestran que las hojas de ciprés pueden utilizarse como biosorbentes de bajo costo para la
remocion de verde brillante y lanasyn negro en el tratamiento de aguas residuales.
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Palabras clave: Verde brillante; lanasyn negro; hojas de ciprés; adsorcion; método de Taguchi.

Introduction

The textile industry’s need for various types of dyes used in clothing die and paper printing is a main
source of water pollution [1]. Although dyes are present in only small amounts, they are highly detectable and
thereby capable of causing various problems.

In addition, dyes are widely used in the textile, paper, plastic, and leather industries. Effluents
discharged from these industries generally contain high concentrations of waste dyes. In addition, synthetic
dyes can cause enormous environmental pollution, and pose a serious threat to human health [2-3]. For example,
they cause severe headaches, profuse sweating, and other similar risks [4]. Therefore, the removal of dyes from
wastewater is widely practiced in the industrial environment.

They are the first pollutants detected visually; however, because of their synthetic origin and mainly
complex aromatic molecules, they are among the most difficult to remove. Most dyes are not directly or
extremely toxic to living organisms [5]. For instance, brilliant green dye is an important dye in the paper printing
and textile industries. Wood and silk materials, in particular, are dyed brilliant green. Its effluents are also
generated by the rubber and plastic industries. This dye is hazardous in the case of skin contact, eye contact,
and ingestion. It is toxic to the lungs by inhalation. Repeated or prolonged exposure to this substance may cause
damage to the target organ. During its decomposition, it can generate carbon dioxide, sulfur oxides, and nitrogen
oxides. Therefore, it is more important to remove the brilliant green dye from the aqueous solution [6].

Lanasyn black is an acidic metal complex azo dye. It is considered to be one of the most widely used
and difficult to remove in wastewater [7].

Various physical, chemical, and biological techniques have been developed and tested to treat wastewater
containing dyes, such as coagulation and agglomeration [8], biodegradation [9-10], membrane filtration [11-13],
chemical oxidation [14], ozone treatment [15], ion exchange [16], electrochemical processes [17-20], and
adsorption [21-23]. However, these processes are expensive and generate large quantities of sludge or derivatives.

Adsorption techniques are the cheapest methods to remove dyes, and they have become the analytical
method of choice due to their high ability to purify contaminated water, high efficiency, and ease of use [24].
Biosorbents are the most commonly used materials because of their low cost. However, literature on the
optimization of Brilliant green and Lanasyn black removal from aqueous solutions by the selected adsorbent
using the Taguchi method design is not available.

Our work is based on the extraction of two dyes ("Brilliant green" cationic dye and "Black lanasyn"
anionic dye) by a natural biosorbent, namely cypress leaves. The extraction technique used is liquid—solid
extraction. Note that the adsorption of brilliant green and lanasyn black on different materials has been
extensively investigated [25-34].

The analysis method used was UV-visible spectroscopy. The following parameters, stirring time,
concentration effect, pH, ionic strength, salts (NaCl, Na,SO4, KBr, KNOs3), temperature, grain size, and stirring
speed, were studied during this experiment to determine their influence on the extraction.

The effect of these experimental parameters on extraction was also studied by statistical treatment
using the orthogonal array of L (4°) of Taguchi modeling.

Experimental

Preparation of the biosorbent

After collecting the cypress leaves from the tree, we washed them well with distilled water and left
them to dry in the sun and then in an oven for 24 h at 60°C. After washing and drying, our biosorbent was
ground and sieved as well as possible to a diameter of less than 0.2 mm, ready for use.
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Dyes

Brilliant green (BG) and lanasyn black (LB) are used as dyes of analytical and practical grade,
respectively. They were supplied to us by a textile factory (SOITEX) located in Tlemcen, Algeria. Their
molecular structures are given in Scheme. 1.

(a) (r° N (b) o
jasVe by

N cr M

QT %M i

O PR a

Scheme. 1. Chemical structure of BG (a) and LB (b).

Preparation of the solutions

In a 1000 mL volumetric flask, 0.1 g of the brilliant green dye was added. 20 mL of distilled water was
added to dissolve the dye, and the mixture was filled up to the mark. In another 500-mL volumetric flask, 0.05
g of black was introduced and adjusted to the gauge mark. For both dyes, solutions were prepared at different
concentrations, namely 10, 15, 20, 25, 30, 35, 40, 45, 50 ppm by dilution.

Solutions of HNO3 and NaOH were prepared by diluting HNO3 (69 %) (AnalaR NORMAPUR) and
dissolving appropriate amounts of NaOH (CARLA ERBA) in distilled water, respectively.

Previously calculated quantities of the salts NaCl (PROLABO), Na,SO4 (Sigma Aldrich), KNO; (Sigma
Aldrich), and KBr (Sigma Aldrich) were dissolved in distilled water. The purity of all these compounds exceeds 99 %.

Equipment used

UV-visible spectrophotometer (Analytik Jena Specord 210 plus), pH meter (Adwa AD1030), centrifuge
(Sigma 2-6), analytical balance (Pioneer TM), oven (Binder), mechanical stirrer with a speed controller (Haier),
heating and stirring plate (Yellow Line), and sieve shaker (Orto Alresa) were used in our study.

Extraction procedure

The adsorption experiments were performed at different initial values of pH, temperature, and initial dye
concentration. The tests were performed by shaking (at 250 rpm) 0.05 g of the cypress leaves in 10 mL of the
synthetic solutions of the brilliant green and black dyes at concentrations varying from 10 to 50 ppm. The coloured
solution was separated from the adsorbent by centrifugation at 4000 rpm for 10 min. The absorbance of the
supernatant was measured using a UV/visible spectrometer at the wavelength that corresponds to the maximum
absorbance of the BG (Amax = 625 nm) and LB (Amax = 575 nm). The residual dye concentration was determined
using the calibration curve performed with a range of concentrations from 10 mg/L to 50 mg/L of BG and LB.

The adsorption capacity (Q) and adsorption yield of the dyes by the cypress leaves were calculated
using Eq. (1) and (2):

Q (mg/g) = L=V 1)

m

Co—C
Biosorption yield (%) = x 100 (2)

Co

where Cy, C, V, and m are the initial concentration (ppm), equilibrium concentration (ppm), batch volume (L),
and biosorbent mass, respectively.
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Results and discussion

Determination of the point of zero charge pH,..

50 mL of NaCl (0.1 M) is put in a series of polypropylene bottles where the pH has been adjusted to
precise values of 1-12 by the addition of 1 M NaOH or HCI. Then, 0.1 g of the adsorbent was added to each
vial. The suspensions were kept under constant stirring at ambient temperature for 24 h to determine the final
pH. The point of zero charge (pzc) corresponds to the intersection of the curve ApH= pH¢—pHi; as a function of
pHi with the abscissa axis.

Study of Adsorption

Effect of Agitation Time

Contact time is necessary to establish adsorption between the dye and the cypress biosorbent. This study was
conducted to determine the fixed quantities of adsorbate dye from its first contact with the biosorbent until
equilibrium is reached. For this, we followed the kinetics of adsorption of brilliant green and black lanasyn at
initial concentrations of 20 and 50 ppm in contact with 0.1 g of cypress. The mixture was stirred at 25° C for
varying durations ranging from 1 to 150 min. The yield curves of the adsorbed dyes as a function of time E
(%)= f (Time) are presented in Figures 1 and 2.
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Fig. 1. Effect of time on BG extraction by cypress leaves, pH = 6.3, Cgg1 = 20 ppm, Cgg2 = 50 ppm, mass of
biosorbent = 0.1g, Voution = 10 mL, and temperature = 18 °C.
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Fig. 2. Effect of time on LB extraction by cypress leaves, pH = 3.3, Crgi = 20 ppm, Crs2 = 50 ppm, mass of
biosorbent = 0.1 g, Voluion = 10 mL, and temperature = 18 °C.
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The study of the extraction yield as a function of the initial concentration, which is presented in Fig.
1, shows that the yield is better for the high concentration (50 ppm). It is observed that the increase in the
initial concentration of BG causes a global increase in the adsorption of the dye. This is probably due to the
saturation of cypress leaves active sites with the dye molecules, and consequently, the adsorption process
decreased and finally reached equilibrium. The same observation was made in another research [24]. The
opposite effect occurred in the case of LB adsorption, except for the high time of contact, Fig. 2.

Moreover, Fig. 1 shows that the adsorption is fast at the beginning of the process and becomes
increasingly slow during the stirring time. The removal efficiency and adsorption capacity reached 95.97 %
and 9.24 mg/g for a contact time of 30 min (equilibrium time), respectively.

From Fig. 2, we can note that the yield of the LB dye increases with stirring time, and the time
required to reach equilibrium is 150 min with a removal efficiency of 34 % and an adsorption capacity q of
4.08 mg/g.

These contact times were fixed for the different dyes in the rest of the experiments. The high speed
of adsorption in the first minutes of the reaction can be explained by the fact that at the start of adsorption,
the number of active sites available on the surface of the absorbent is much greater than the sites remaining
after some time. For high contact times, the molecules need time to diffuse inside the pores of the adsorbent.
The remaining unabsorbed amount may be attributed to the saturation of the adsorbent surface [24].

Effect of pH

The initial pH of the coloured solutions is a crucial factor in controlling the adsorption process of
cationic and anionic organic compounds. To evaluate the effect of the initial pH on the adsorption of the dyes
studied, we chose coloured solutions at a concentration of 20 ppm with pH varying from 1 to 8. Acidification
was achieved by the addition of a few drops of nitric acid HNO3 1M. A solution of 1 M NaOH was used to
make the medium basic.

Variations in the yield (%) of dye elimination as a function of the pH of the medium are presented
in Fig. 3.
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Fig. 3. Effect of pH on BG and LB extraction by cypress leaves, contact time: [30; 150 min], Cgg =Cr=20
ppm, mass of biosorbent = 0.1g, Vowton = 10 mL, and temperature = 18 °C.

The pHy,. value of cypress leaves was 4.9. Consequently, at pH above the pH,.. the adsorbent surface
is negatively charged, favoring cation adsorption, anions adsorption is enhanced at pH below pHpc.

Fig. 3 highlights a slight increase in extraction yield when the pH is acidic. At pH 6, the BG
adsorption yield reaches a maximum value of E equal to 96.52 %. We notice a strong decrease when the pH
is strongly basic and higher than pHy,. because of the repulsion between the negatively charged surface of
the support and the molecules of the dye, which are also negatively charged. The biosorbent surface is slightly
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acidic and positively charged when the pH of the solution is lower than pH,,. and negatively charged when
the pH of the solution is higher than pHy,. [1]. In our case, pHp is 4.9.

Concerning LB and from Fig. 3, we noticed that the extraction depends on the pH change of the
aqueous phase. The extraction yield increases from 39.45 % to 78.45 % when the initial pH increases in
parallel from 1.44 to 2.44. We notice also that the adsorption rate greatly decreased when the initial pH of
the solution increased from 2.44 to 3.33. From the curve represented in Fig. 3, we can state that the best dye
removal efficiency 78.45 % is obtained at pH equal to 2.44.

Finally, we can conclude that the variation in pH values reflects the effect of the chemical structure
of the acid dye moieties on the adsorption process and their affinity for adsorption. The high affinity of the
acid dye for the biosorbent is the result of ionic interactions between the anionic centers on the dye and the
basic sites [35].

Effect of initial concentration

The effect of the initial concentration of the dye on the adsorption capacity of the different dyes on
the "cypress" biosorbent was studied because of the significant influence of this parameter.

The concentration values vary between 10 and 100 ppm at a fixed room temperature for a contact
time of 30 to 150 min. The results obtained from this study are shown in Fig. 4.
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Fig. 4. Effect of initial concentration on BG and LB extraction by cypress leaves, contact time: [30; 150
min], pH= [6.3; 3.3], mass of biosorbent = 0.1 g, Vouion = 10 mL, and temperature = 18 °C.

Fig. 4 shows that the LB adsorption capacity increases at low concentrations and reaches its
maximum percentage at a concentration of 20 ppm, which corresponds to yields of 36.50 %, while the BG
adsorption capacity decreases monotonously as the dye concentration increases. From these results, it can be
concluded that the adsorption of dyes strongly depends on the initial concentration of the solution.

Effect of the ionic strength

The effect of ionic strength was studied using solutions of the following salts: NaCl, KNOs, Na,SOj4, and
KBr at different concentrations. The results are shown in Figs. 5 and 6.
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Fig. 5. Effect of ionic strength on BG extraction by cypress leaves, pH = 6.3, Cgg = 20 ppm, mass of biosorbent
=0.1g, Vsolution = 10 mL, and temperature = 18°C.
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Fig. 6. Effect of ionic strength on LB extraction by cypress leaves, pH = 3.3, C g = 20 ppm, biosorbent mass =
0.1 g, Vsolution = 10 mL, and temperature = 18 °C.

As shown in Fig. 5, the addition of KBr and KNOs3 decreases the adsorbed amount of BG, whereas
the presence of NaCl and Na,SO4 promotes its adsorption.

The increase in the adsorption of the dye on the biosorbents with the addition of NaCl and
Na,SOqcan then be attributed to the shielding of the repellent forces by the ionic force. This result is
consistent with the literature that reports that when electrostatic forces are repulsive, an increase in ionic
strength has a positive effect on adsorption [36]. We can also interpret these results using the Gouy Chapman
theory on the double diffusion layer. This theory predicts that the thickness of this layer would be low with
the ionic force, which facilitates the closeness of adsorbate molecules and particles. Furthermore, when NaCl
is present in water, it dissolves easily. This results in a weakening of the bonds, so its hydrophobicity
increases, which promotes dye adsorption [37].

Fig. 6 shows that the addition of the salts Na,SO, and NaCl in the aqueous phase leads to an increase
in the percentage of elimination of black lanasyn when the concentration in the aqueous phase of Na,SO4
and NaCl varies from 0 to 2.5 M, the extraction yield increases from 36.50 % to 80.39 % and from 36.50 %
to 75.87 %, respectively. Therefore, the presence of Na® increases the extraction yield according to the
Chatelier principle. Conversely, when adding KBr and KNOj3, there is a decrease in the rate of adsorption.
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This result can be explained by an ionic competition between the cation K™ and the anionic dye LB. This
allows us to conclude that the salt that best promotes adsorption is indeed Na,SOs.

Temperature influence
To study the effect of temperature on the adsorption of BG and LB on the biosorbent, experiments were
conducted at different temperatures from 20°C to 55°C. Fig. 9 represents the results obtained.
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Fig. 7. Temperature effect on BG and LB extraction by cypress leaves, contact time: [30; 150 min], pH=
[6.3; 3.3], Crg = 20 ppm, Cgg = 20 ppm, mass of biosorbent = 0.1 g, Volution = 10 mL.

For the BG, it is noted from Fig. 7 that the increase in temperature causes an increase in the yield, i.e., the
adsorption capacity. In this case, the phenomenon is endothermic (AH > 0). The increase in adsorption with
temperature is due to the increase in the solubility of the dye with the increase in temperature [37].

This figure also shows that an increase in the extraction temperature in the domain [20 °C — 50 °C] decreases
the extraction yield of LB. This result can be attributed to the release of heat because AH <0 in this case.
To determine the different thermodynamic parameters (enthalpy: AH®, entropy: AS°® and free enthalpy: AG®),
we trace In Ky as a function of 1/T:

AS°®  AH°

el 3
and R RT ()

This equation is drawn from the following equations:
AG°=AH°—TAS® 4)
AG°=—RTInKq ()

where R is the constant of perfect gases (R = 8.314 J.mol"'.K™!) and Ky is the distribution coefficient or partition
coefficient of the two dyes BG and LB between the liquid and solid phases.
On the other hand, Ky is given by Eq. (6):

K, = (6)
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where [C] and [C]yq are the concentrations of the dyes BG and LB in both solid and the liquid phases at
equilibrium, respectively.
The tracing of In K4 as a function of 1/T allowed us to determine AH® and AS°.

1

0
0,00305

Ln( Kd)

0,0031 0,00315

0,0032 0,00325

1T

Yy =-2608x +12,21

R*=0,973

0,0033 0,00335

0,0034 0,00345

y = 5640,x - 21,40
R*=0,925

@B

m BG

Fig. 8. Evolution of In Ky as a function of 1/T for BG and LB, contact time: [30; 150 min], pH=[6.3; 3.3], Cgg =
Cis = 20 ppm, biosorbent mass = 0.1 g, Vsoiution = 10 mL, T= 18 °C.

The values of the enthalpie AH® and AS® were determined from the slopes and the ordinate at the origin of the
obtained straight lines according to Eq. (3), respectively.

Table 1. Summarizes the calculated values of AH® and AS°, and AG® at different temperatures.

AG® (kJ/mol)
Dye AHP AS®
(kd/mol) | (J/moLK) | 0. o | 303.15K | 308.15K | 318.15K | 323.15K
Brillant green |  21.68 999.45 8096 | 9010 | 9763 | -10432 | -11.242
Lanasyn black | -46.89 | -177.94 1349 3.083 3945 | 4607 | 6907

The values of AH®, AS°, AG® allow us to perform a thermodynamic analysis.

Indeed, the inspection of table 1 enabled us to notice the following:
For BG, the positive sign of the enthalpy of extraction reflects the endothermic nature
of BG extraction. Moreover, the positive value of AS°® indicates that the molecular disorder has increased, and
the negative value of AG® indicates that the extraction is a spontaneous process.

For LB, the negative sign of the enthalpy of extraction reflects the exothermic nature
of LB extraction. Moreover, the negative value of AS° indicates an increase in order during adsorption.
Randomness decreases at the solid-solution interface during this binding process. This can be explained by the
redistribution of energy between the adsorbent and the adsorbate.
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Influence of stirring speed

To check the material transfer rate on the surface of the biosorbent, we tested different stirring rates,
i.e., w=0, 100, 150, 200, 250, and 300 rpm.

In adsorption processes, the stirring rate plays a crucial role in ensuring a good distribution of the
adsorbent in the total volume of the adsorbate [36]. The results obtained are shown in Fig. 9.
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£ 40 —8—BG
i
3]

20 .\./..\'

0

0 50 100 150 200 250 300 350
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Fig. 9. Effect of stirring rate on BG and LB extraction by cypress leaves, contact time: [30; 150 min], pH=
[6.3; 3.3], Cgg = CLg=20 ppm, mass of biosorbent = 0.1 g, Volution = 10 mL. T=18 °C.

The results obtained from the study of the effect of the stirring rate on the adsorption of the two dyes
on the cypress show that the maximum retention capacity is at a stirring speed of 250 rpm. Indeed, an average
stirring speed of 250 rpm ensures good diffusion of the different dyes to the biosorbent used.

We can note that the homogenization of the mixture and a very high stirring rate reduce the contact
between the dye and the support.

Effect of particle size

This effect has a significant impact on the adsorption capacity. In our study, five types of cypress
particle sizes were used to study their effects on the adsorption of different dyes. Figures. 10 and 11 show
the results obtained.

100
80
60
a0
20 /

0,2 0,2-0,25 0,25-0,4 0,4-0,63 0,631

Extraction yield (%)

Diameter (mm)

Fig. 10. Particle size effect on BG extraction of by cypress leaves, contact time = 30 min, pH = 6.3, Cpg =
20 ppm, biosorbent mass = 0.1 g, Volution = 10 mL, and temperature = 18 °C.
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Fig. 11. Particle size effect on LB extraction by cypress leaves, contact time = 150 min, pH=3.3, C.g =20 ppm,
biosorbent mass = 0.1g, Voiution = 10 mL, and temperature = 18 °C.

These figures demonstrate that adsorption is significant and rapid for small samples, particularly
in the case of BG. This could be explained by the fact that adsorption depends on the outer surface of the
particles; the smaller the particle size, the larger the exchange surface, favoring a high rate of transfer from
the dye to the adsorbent. In our work, the extraction yield was better for particle sizes of the order of 0.2
mm.

Models of kinetics

Several kinetic models were used to interpret the experimental data and provide essential
information for the use of biosorbents in the adsorption domain. The most often used are pseudo-first-
order and pseudo-second-order models [38].

Pseudo-first-order model
The expression is given by Lagergren:

log (9 — q¢) = log (q.) — (k1t/2.303) (7

where k;is the first-order reaction rate constant of the adsorption of BG or LB in (min), q. is the amount
of BG or LB adsorbed at equilibrium in (mg/g), q:is the amount of BG or LB adsorbed at time t in (mg/g),
and t is the contact time in (min).

Pseudo-second-order model
The pseudo-second-order model is given by the following expression [38]:

t 1 1+1 . )
_—= — % — —_— 3k
qa k g% qc

The results obtained for dye concentrations of 20 and 50 ppm are shown in Figs. 14 and 15:
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Fig. 13. (a) Pseudo-first-order, (b) pseudo-second-order kinetic modeling of LB adsorption on cypress leaves.
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All parameters deducted from these figures and from the equation listed above are summarized in
Table 2.

Table 2. Result of adsorption kinetics modeling for the two dyes.

Brilliant green Lanasyn black
First order Second order First order Second order
(e ki R2 (e k2 R2 (e ki R2 (e k2 l{2
pi)(rln 0.485 0.0364 | 09299 | 3.3489 | 1.7833 | 0.9999 | 09931 | 0.0025 | 0.5003 | 0.8255 | 0.2033 | 0.9948
pf)(l)n 0.2043 -0.004 0.0303 | 9.0744 -0.362 09998 | 22656 | 0.0131 09668 | 4.6425 | 0.0157 | 0.9948

The results of the adsorption kinetics modeling for the dye BG mentioned in Table 2 show that the
kinetic adsorption for the dye BG is of order 2, and that the adsorbed amount of the dye is better at a low
concentration of 20 ppm. We also observe in Fig. 14 that for 20 ppm, the first and second orders are parallel to
each other and stable over time, whereas for 50 ppm, the first and second orders differ slightly. Moreover, we
note that the values of K decrease with increasing concentration.

Concerning LB, and according to the correlation values mentioned in Table 2 and Fig. 15, we can
conclude that the 2" order model is the most reliable and best for the concentration of 20 ppm. It is also observed
that the value of K decreases with increasing concentration.

Isotherms of adsorption

Adsorption isotherms are an important aspect of assessing the adsorption capacity of a biosorbent and
demonstrating its efficacy [39].

Several adsorption isotherms have been proposed in the literature to express the equilibria of a solute
on the surface of a solid. Among these models, the Freundlich and Langmuir models were chosen.

Equilibrium (Ce) concentrations of BG and LB were quantified their adsorption mechanisms were
elucidated using established nonlinear adsorption isotherms.

Langmuir Model
Langmuir’s linear equation is:
c 1 c
== +— ©)

qe Qmax * k l Qmax

where C. is the residual concentration of the solute in the equilibrium solution (mg/L). q. is the equilibrium
adsorption capacity (mg/g), qmax is the maximum adsorption capacity (mg/g), and ki is the Langmuir adsorption
coefficient (L/mg) [40].

Freundlich model
The linear form of the equation is:

1
In q, = Ilnk; +£ln Ce (10)

where q.is the equilibrium adsorption capacity (mg/g) .kris the Freundlich adsorption coefficient (L/mg), and
Ce is the residual concentration of the solute in the equilibrium (mg/L) [41].
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Fig. 14. Langmuir isotherm for the adsorption of BG and LB on cypress leaves.
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Fig. 15. Freundlich isotherm for the adsorption of BG and LB on cypress leaves.

The corresponding parameters are grouped in Table 3.

Table 3. Parameters of the Langmuir and Freundlich models for adsorption isotherm modeling of the two dyes

on the biosorbent.

Langmuir Freundlich
Brilliant green Lanasyn black Brilliant green Lanasyn black
Qm kL R.? Qm kL R.? 1/n R? ke 1/n R? Kt
2.38 0.039 0.9387 | 37.593 2.82*1073 0.6412 | 3.1897 0'9566 8'(9)2'1 0.8484 0'9974 0.166

The results mentioned in Table 3 show that the modeling of adsorption isotherms at different
concentrations of BG corroborates that the Freundlich model describes the experimental data of adsorption well.
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For LB, the experimental values were adjusted for different isotherms such as Langmuir and
Freundlich and are shown in Figs. 14 and 15. The different isotherm constants were evaluated, and the values
of R? were close to 1.0. In the case of the Freundlich model, the best fit of the experimental data is given by the
Freundlich isotherm. The n-value of the Freundlich isotherm was found to be greater than unity (n=1.17). LB
confirms the heterogeneity and greater affinity of LB toward the dye [42].

Characterization of the biosorbent
XRD characterization

For the cypress leaves, an intense diffraction peak was observed at 26 = 15.51° and the other peaks
were observed at 20 =21.93 and 24.94° (Fig. 16 (a)). Diffraction peaks for BG were observed at 26=15.45° and
24.91°. For the LB, they were observed at 20 = 15.50°, 24.00°, 32.453°, 31° and 34.50° as shown in Figs. 16 (b)
and 16 (c). In comparing the latter with that of the cypress leaves composite, the peaks of cypress leaves-BG
and cypress leaves-LB are moved toward the lower angles with the disappearance of the peak 26 = 21.94 for
BG and the appearance of two new peaks for LB at 26 = 32.453 and 34.50. This confirms that the adsorption
of the dyes is successful.
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Fig. 16. XRD of cypress leaves (a) before, (b) after brilliant green adsorption, and (c) after lanasyn black
adsorption.

Fourier transform infrared spectroscopy

As can be observed in Fig. 17 (a), the strong and wide band with a maximum at 3400 cm™! can be
assigned to the vibrations of the —OH group linked in cellulose and lignin molecules or by adsorbed water [43].
Stretching vibrations of C-H and C-O bonds were attributed to the bands at 2922 cm™! and 1618 cm™!,
respectively. The band around 1316 cm ™ 'was assigned to C-O stretching. The band at 1035 cm 'was assigned
to C-O stretching of cellulose present in cypress leaves. The band around 780 cm™'was assigned to C-H bending.
Furthermore, Fig.17 (b) and (c) show the spectra of BG-loaded and LB-loaded cypress leaves. A change is
observed in the signal intensity of some bands and the displacement or appearance of other bands. These
differences could be related to the possible involvement of specific functional groups on the cypress leaves
surface during the adsorption process.
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Fig. 17. FTIR spectra of cypress leaves (a) before, (b) after brilliant green adsorption, and (¢) after lanasyn
black adsorption.

Docking analysis of brilliant green and lanasyn black

Molecular docking studies were carried out to validate the experimental findings and locate the
credible binding interfaces of ligands with the active sites of the enzymes of our biosorbent cypress leaves.
Lectins were synthesized in our biosorbent previously [44]. Docking studies were performed using the
AUTODOCK 4.2 program [45-47]. The structure of lectins was retrieved from the Protein Data Bank (PDB:
5Y42): https://www.rcsb.org/structure/5Y42 (Protein Plant). The 3D structures in PDB format of dyes were
designed by Chemdraw data base and converted to PDB format using AutoDock Tools where the water
molecules were removed, the polar hydrogen atoms were added to the amino acid residues. Then the protein
in PDBQT format was used as an input for the AUTOGRID program. Rigid ligand docking was performed
with using a blind docking. The results were shown using Discovery Studio Visualizer [46-48].

A)
\ TYR100

A Brilliant Green
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Fig. 18. 3D images of lectins of cypress leaves with (A) Brilliant green and (B) Lanasyn black.

Molecular docking allowed us to identify the different active sites of our biosorbent. Brilliant green
complexed inside the active sites of lectins of cypress leaves, showing many important interactions, as presented
in Fig. 18. It formed conventional hydrogen bonds with TRY 100 (2.49 and 3.05°A) and LY'S 79 (2.79°A) amino
acid residues of lectins. ASN 64 (3.63, 3.77 and 4.33°A) developed alkyl and pi-alkyl interactions with brilliant
green. The ASN 64 residue stabilized the ligand by forming pi-doner hydrogen bond (3.13 “A) interactions.

Lanasyn black developed two converted hydrogen bonds: ASN 64 (4.59 °A), ALA 81 (3.74 °A), amino
acid residues of the biosorbent. GLU 83 developed two m—anion (3.57 and 4.37°A) interaction with the lanasyn
black. Pi-alkyl interaction was developed (LYS 67: 4.86 °A) and carbon hydrogen bond interaction (LYS 79: 5.71
°A) with our biosorbent. The least binding energies between lectins and brilliant green and lanasyn black were -
5.3 and - 5.6 Kcal/mol, respectively.

Application of the Taguchi methodology

The adsorption process can be influenced by several variables, such as the initial pH of the solution,
adsorbent dose, adsorbate concentration, contact time, temperature, stirring speed, and parameters related to the
state of the adsorbate and the adsorbent. Therefore, to achieve maximum contaminant removal, it is important to
adopt an experimental design and optimize the process conditions. In this part, it is a question of applying the
statistical approach of Taguchi to optimize the parameters of the process of adsorption of brilliant green by the
leaves of cypress. In the Taguchi method,word optimization implies the determination of the best controllable
factor levels. The best levels of controllable factors are those that maximize the signal-to-noise (S/N) ratios [43].
Given that our results showed that cypress leaves adsorb brilliant green better than lanasyn black, we preferred to
apply the Taguchi methodology only for brilliant green.

The orthogonal table Lis (4°) was chosen for the extraction of brilliant green by the cypress leaves. Itis a
matrix of experiments with 5 columns (5 factors at 4 levels each) and 16 rows, i.e., 16 experiments to be carried
out.

Table 4. Parameters examined and their levels for the brilliant green dye.

Level pH [BG] NaCl Granulometry Time
(ppm) M) (mm) (min)
1 33 20 0 <0.02 1
2 4.8 40 0.5 0.25-0.4 15
3 6.3 60 1.5 0.4-0.63 30
4 7.8 80 2.5 1 60
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Analysis of the results of the extraction of Brilliant green dye

In this study, we will follow the evolution of the extraction yields of the brilliant green dye by the
biosorbent "cypress leaves." The latter requires sixteen (16) experiments.

The signal-to-noise ratio (S/N) is a performance indicator used by Taguchi. Determining the
combination of the main effects that are important and evaluating their influence on responses (extraction yield).
This ratio simultaneously takes into account the desired objective (the signal) and the dispersion of this value
(noise). It is determined differently depending on the nature of the criterion studied.

In this study, we seek to maximize the signal/noise (S/N) ratio. This is calculated as follows:

S 1w 1
N 10 log(n E E12> (11)

=1

where n denotes the number of duplicates in each experiment (3 times) and E; denotes the extraction yield in
each experiment. We calculated the S/N ratio to identify the control and noise parameters.

Table 5. Experimental results for the adsorption of brilliant green by cypress leaves.

pH ([:ﬂ) 1‘3‘;‘ Gra‘zl‘:gl‘;‘etry (TI:::S Ri (%) | R2(%) | Rs(%) | Rm (%) | SN
1] 1 I 1| 7992 | 8425 | 8000 | 8139 | 3821
1| 1] 2 2 2 2 | 6100 | 7541 | 7173 | 6938 | 3682
31| 3 3 3 3 | 7630 | 6942 | 7260 | 7278 | 3723
4] 1] 4 4 4 4 | 3206 | 3620 | 3413 | 3413 | 3066
52| 1 2 3 4 | 3801 | 4214 | 4215 | 4077 | 3221
6| 2| 2 i 4 3 | 8648 | 90.06 | 87.68 | 83.08 | 38.90
71 2] 3 4 I 2 | 8663 | 8571 | 7574 | 8270 | 3835
8| 2| 4 3 2 1| 9420 | 9202 | 9273 | 93.00 | 3936
9o 3| 1 3 4 2 | 7100 | 6792 | 6800 | 69.00 | 3677
0| 3| 2 4 3 1| 4009 | 4450 | 3098 | 4284 | 32.64
ul 3| 3 I 2 4 | 6600 | 6774 | 6702 | 6691 | 3651
23] 4 2 I 3 | 9590 | 9833 | 9378 | 96.00 | 39.65
Bl 4] 1 4 2 3 | 9251 | 8921 | 9271 | 9150 | 3923
4l 4] 2 3 I 4 | 9000 | 8990 | 9376 | 91.05 | 39.19
5] 4| 3 2 4 1| 6264 | 6268 | 6466 | 6333 | 36.04
6] 4| 4 I 3 2 | 5600 | 4871 | 5487 | s3.11 | 3450

We notice that the best interaction at experiment 12 was when pH was at level 3, concentration of BG
at level 4, concentration of NaCl at level 2, particle size at level 1, and time at level 3.
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Parameter effect calculations
The effect of a parameter is defined as the absolute value of the difference between the average of the
ratios (S/N) of two levels i and j of the parameter. This translates mathematically into the following relationship:

A(S/N)Ym = [[(S/N)m]j — [(S/N)ml]i] i<j (12)

The parameter with the absolute value of the highest difference has the most significant effect on the
response.

Table 6. Ratios (S/N) m and main effects of parameters for the adsorption of brilliant green on cypress leaves.

Level pH [Brilliant [NaCl] Granulometry Til.ne

green|(ppm) ™M) (mm) (min)

1 35.72 36.60 37.02 38.86 36.54

2 37.22 36.90 36.2 38.00 36.60

3 36.40 37.02 38.15 34.16 38.76

4 37.25 36.03 35.22 35.60 34.65

Delta 1.51 1.00 2.5 4.71 4.12
Rank 4 5 3 | 2

The highest plots of each parameter were chosen, as shown in Fig. 19. The ratio was chosen because
the larger the ratio, the better [40]. The same optimum conditions can be seen in Table 6 by the delta values.
Therefore, particle size (mm) is the most influential parameter on the adsorption yield. The ranking of the
parameters in descending order of their percentage contribution to the adsorption process is as follows:
granulometry, time, concentration of NaCl, pH, and concentration of BG.

Main Effects Plot for SN ratios
Cata Means

pH [Brilliant ) [NaCH]{M) Ty (mm) Time {mim)

Mean of SN ratios

Signal-to-noise: Larger is better

Fig. 19. Graphs of the main effects of signal/noise ratios for the adsorption of BG by cypress leaves.

The segments of the S/N ratios and the average extraction yields of the BG defined by the various
factors studied present an aspect when moving from level 1 to level 4. Particle size and time are the most
significant factors.
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Analysis of variance (ANOVA)

Analysis of variance (ANOVA) is a statistical tool used to interpret the meaning and significance of
experimental data and results.

The analysis of variance provides access to the optimal performance of the process parameters based
on the determination of the significant differences between them. In the L1 Taguchi model, we used ANOVA
to identify the main factors that could impact the adsorption of brilliant green. ANOVA can reveal the
statistically significant change in process performance caused by a change in the level of a factor. The
significant change was estimated by determining the F value (ratio of variance), and the contribution rate of
each factor was calculated by the design parameters and error [48]. ANOVA was used to determine the sum
of the squares of the factor (SSf), the total sum of the squares (SSt), the variance of error (VER), the mean
of the MS squares, the associated F test of significance (5% of the risk), and the percentage of contribution
of each factor (F). These quantities were calculated using equations 15 and 17 to 20. The results of the
calculations are grouped in the table.

L
mn — —
SSp =2 ) (Bf-Er)? (13)
K=1
Er: is the cumulative average of extraction obtained by the Lis Taguchi design, given by Eq. (16).

m n

Er = Z ZEi /mn (14)

j=1 \i=1 j

where L is the number of levels of each factor and m is the experiment number carried from L Taguchi
design.

m n
SS; = Z inz — mn(E;)? (15)
j=1 \i=1 j
D
Vg, =SS Z > (16)
Er — T m(n _ 1)
F=A
SSg
MS = — 17
DE (17)
MS
F —value = — (18)
VEr

Table 7 shows that all parameters affect the color during the dyeing process. When the F-ratio is
greater than the F-table, the hypothesis null is rejected and otherwise [49]. By comparing F-table F (0.05, 3,
3) =9.28 to F ratios with the level of significance a = 5%. We found that all F- ratios above are greater than
9.28. Therefore, all factors affect the responses. Particle size has the biggest contribution to dye extraction,
followed by factor time, NaCl concentration, and pH. Also, the main effect for the granulometry and the time
of the extraction are statistically significant at the significance level of a = 0.05 (the p-value is less than the
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significance level a). We can conclude that a change in these variables is associated with a change in the
response variable.

Table 7. ANOVA Approach.
Source DF SSr MS F-Value P-Value Cont(l;l/b)ll tion
(1]
pH 3 356.56 118.85 11.97 0.036 6.01
[NaCI|(M) 3 764.34 254.78 25.65 0.012 12.87
Granulometry (mm) 3 3070.28 1023.43 103.04 0.002 51.71
Time (min) 3 1716.29 572.10 57.60 0.004 28.91
Error 3 29.80 9.93 - - 0.50
Total 15 5937.28 - - - 100.00

Contribution (%)

B Granulometry (mm) @ Time (min) pH B [NacCl]{(M) ® Error
0,50%

56,01%

\ |

Fig. 20. Contribution of different parameters to the adsorption of brilliant Green on cypress leaves.

According to the results obtained, the particle size represent the largest contribution percentage. These
results clearly indicate that the adsorption on the cypress leaves studied is considerably influenced by the
particle size, contact time, ionic strength, and pH.

Contour plot of extraction yield

This contour plot shows the relationship between the variables for Er, (%) used for the extraction of
BG from cypress leaves.
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Fig. 21. Contour plots between variables for En (%). (a) Interactive effect of granulometry and time on Em (%).
(b) Interactive effect of granulometry and NaCl concentration on Ey, (%). (c) Interactive effect of pH and BG
concentration on Em (%). (d) interactive effect of pH and time.

The contour plot lines signify the relationship and interaction effect of the two variables with varying
Em % on dye extraction. The third variable was appreciated at the middle level. These plots were created to
learn about the changes in surface response. Plots are used to predict the extraction of the tested variables at
different rates [50]. A contour plot indicates the type of interaction between the tested variables and the
response.

Fig. 20 shows extraction up to 90 % in the broad pH range (5.2-8.0) with time (25-60 min), pH (4.7-
6.5) with brilliant green concentration (73-80 ppm), NaCl concentration (0.25-2.5 M) with granulometry (0.2-
0.45 mm), and time (23-50 min) with granulometry (0.2-0.4 mm).

Conclusions

The main conclusions drawn from these study areas follow:
e The pseudo-second order model is the most appropriate to describe the kinetics of the extraction of the
brilliant green dye by the adsorbent cypress.
e An adequate model to describe the kinetics of lanasyn black extraction is the pseudo second order.
e As the dye concentration increases, the yield decreases.
e The extraction depends on the pH change of the aqueous phase.
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o The salts that promote adsorption are NaCl for brilliant green and Na,SOj4 for lanasyn black.
The extraction yield increases with increasing temperature.
The maximum retention rate was achieved at a stirring speed of 250 rpm.
The increase in the particle size of the biosorbent decreases the yield.
Brilliant green is more adsorbed in the range of concentration considered than lanasyn black.
The application of adsorption isotherms shows that the adsorption of the two dyes follows the
Freundlich model.
e The process is multi-docking, reflecting the biosorption of BG and LN on the cypress leaves, which
were examined by determining the active sites of our biosorbent.

® The statistical study revealed that Taguchi’s method with an L (4°) orthogonal array design was
successfully applied to the experimental optimization of brilliant green extraction.
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Abstract. We conducted a comprehensive analysis of Lantadene A and B using FTIR spectroscopy, beginning
with geometry optimization. Subsequently, we calculated their fundamental vibrational frequencies and intensities
using the B3LYP/6-311G (d, p) method. To provide a thorough vibrational assignment, we utilized potential
energy distribution (PED). The results from our calculated spectra closely matched the experimental data,
demonstrating the accuracy of our calculations. Furthermore, we assessed the electronic properties of Lantadene
A and B. We computed the HOMO-LUMO gap and visualized the frontier orbital HOMO-LUMO surfaces, as
well as Molecular Electrostatic Potential (MEP) surfaces. These analyses shed light on the reactive nature of these
compounds, highlighting their potential applications. Moreover, our investigation explored the hyper-
polarizability values, suggesting that Lantadene A and B hold promise for electro-optical applications due to their
unique properties. Additionally, we conducted docking studies of Lantadene A and Lantadene B with BCL2L1
(BCL2 like 1) and IKBKB (inhibitor of nuclear factor kappa B kinase subunit beta) proteins, as provided by
HGNC. These analyses revealed promising interactions, supporting the potential use of Lantadene A and B as
agents with anti-cancer and anti-inflammatory properties. In summary, our research indicates that Lantadene A
and B possess properties that make them strong candidates for use in the development of anticancer and anti-
inflammatory agents, while also showing promise for electro-optical applications.

Keywords: Lantadene A and B; vibrational analysis; DFT; HOMO-LUMO and MESP; molecular docking.

Resumen. Utilizando la espectroscopia de FTIR realizamos un analisis integral de lantadeno A y B, empezando
con la optimizacion de sus geometrias. Después, calculamos las frecuencias e intensidades de vibracion utilizando
el método B3LYP/6-311G (d, p). Para realizar una asignacion vibracional exhaustiva, utilizamos la distribucion
de energia potencial (PED). Los espectros calculados estan en buen acuerdo con los experimentales, lo cual
demuestra la precision de nuestros calculos. Ademas, evaluamos las propiedades electronicas de lantadeno A y B.
Calculamos la brecha (gap) HOMO-LUMO, visualizamos las isosuperficies de los orbitales frontera, y también
las isosuperficies del potencial electrostatico molecular (MEP). Estos analisis ayudan a esclarecer la reactividad
de estas moléculas, destacando sus aplicaciones potenciales. Se exploraron los valores de las hiperpolizabilidades
las cuales sugieren que el lantadeno A y B son compuestos prometedores para aplicaciones electroopticas.
Adicionalmente, se realizaron estudios de acoplamiento molecular de lantadeno A y B con las proteinas BCL2L1
(BCL2 como 1) y IKBKB (inhibidor del factor kappa B de la subunidad beta quinasa), que se obtuvieron del
HGNC. Estos andlisis mostraron interacciones prometedoras, que apoyan el uso potencial de lantadeno A y B
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como agentes anticancerigenos y con propiedades antinflamatorias. En sintesis, nuestra investigacion indica que
las propiedades del lantadeno A y lantadeno B las hacen buenos candidatos para su uso en el desarrollo de agentes
anticancerigenos y antinflamatorios, ademas de también mostrar potencial en aplicaciones electrodpticas.

Palabras clave: Lantadeno A y B; analisis vibracional; DFT; HOMO-LUMO y MESP; acoplamiento molecular.

Introduction

Natural products have long captivated researchers for various reasons, including their potential as
antibiotics and pharmacologically active agents. They offer immense promise for exploring the cellular
processes they can inhibit. Fundamental and conformational studies help formulate hypotheses about their
interactions with target ligands, while synthesis allows us to test these hypotheses by eventually creating
derivatives [1,2]. Among these natural products, Lantana camara, a flowering decorative plant, has been used
in traditional medicinal preparations to treat a range of ailments. It serves as a rich source of diverse classes of
bioactive natural metabolites. Throughout history, its flowers, leaves, and fruits have been applied externally to
treat wounds, cuts, and skin diseases. Additionally, the stems, leaves, and roots of Lantana camara were
employed for gargles and to alleviate toothaches in ancient times [3-5]. Interestingly, toxin research from
Lantana leaves has revealed two molecular forms, of which only one has been found to be hepatotoxic to guinea
pigs [6]. Various pharmaceutical properties of the Lantana plant have been documented in the literature [7,8].
Extracts isolated from Lantana leaves have demonstrated antitumor activity [9], antithrombin activity [10], as
well as anti-inflammatory, anti-nociceptive, and antipyretic effects [11]. In a study at the Central Drug Research
Institute, the stem of Lantana camara exhibited anti-filarial activity [12]. Literature reports also indicate the
presence of significant bioactive compounds in L. camara, such as lantadene A, lantadene B, lantadene C, and
lantadene D, which have been isolated from its aerial parts [13-15]. Lantadenes, derived from this plant, have
shown a wide range of pharmacological activities, including antitumor properties [16-17]. These compounds
differ in the structure of the side chain attached at the C-22 position, suggesting that these structural variations
play a crucial role in their pharmacological activities [18-21]. Notably, Lantadene A and Lantadene B are the
primary triterpene components of the red variety of Lantana Camara.

In the realm of computational chemistry, Density Functional Theory (DFT) has emerged as the
preferred electronic structure theory for both molecular and extended systems. Concurrently, docking
methodology has become a standard computational tool in drug design, aiding in predicting the binding modes
and affinities of small molecules within specific receptor targets. This approach is instrumental in lead
compound optimization and virtual screening studies to discover novel biologically active molecules.

Given the significance of these theories [22-26], we have undertaken a comprehensive investigation
involving Comparative Molecular Docking, Experimental FT-IR Spectra, UV-Vis Spectra, Vibrational Analysis,
Electronic Properties, and Fukui Function Analysis of Lantadene A and B compounds with medicinal potential.

Experimental details and computational methods

The FTIR spectrum of the investigated compound has been recorded in Perkin-Elmer spectrometer in
the range of 4000-500cm . The frequencies of all sharp bands are accurate to =1 cm™!. The molecular structures
of the title compounds A and B are made by molecular modeling. The model molecular structures of the
compounds are given in Figures 1 and 2. Initial geometry was generated from the standard geometrical
parameters and was minimized without any constraint in the potential energy surface. The gradient corrected
Density Functional Theory (DFT) with the three-parameter hybrid functional (B3) [27] for the exchange part
and the Lee-Yang-Parr (LYP) correlation function [28] has been employed for the computation of molecular
structure, vibrational frequencies, HOMO-LUMO, and energies of the optimized structures, using GAUSSIAN
09 [29]. The calculated vibrational frequencies have also been scaled by a factor of 0.963 [30]. By combining
the results of the GAUSSVIEW’S program [31] with symmetry considerations, vibrational frequency
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assignments were made with a high degree of accuracy. The prediction of IR frequencies of title compound has
been found to be very straightforward using this approach. To determine the form of the modes we used the
potential energy distribution (PED) calculations and applied the VEDA program performing both the PED
analysis and its optimization [32]. Density functional theory calculations are reported to provide excellent
vibrational frequencies of organic compound if the calculated frequencies are scaled to compensate for the
approximate treatment of electron correlation, for basis set deficiencies and for anharmonicity. A number of
studies have been carried out regarding calculations of vibrational spectra by using B3LYP methods with 6-311
G (d, p) basis set. The scaling factor (0.963) was applied successfully for B3LYP method and was found to be
easily transferable in a number of molecules. Thus, vibrational frequencies calculated by using the B3LYP
functional with 6-311G (d, p) as basis set, can be utilized to eliminate the uncertainties in the fundamental
assignment in the IR spectra. The docking action of Lant A and Lant B with selected protein has been performed
by Auto Dock 4.2 software. The molecular docking indicates binding action of drug with appropriate protein.

CH3
Rl = -E—é} Lantadene A
Hy
R3= =0
- _g_g=<t"3 Lantadenc B
Hy
R2= =0

A, B,C,D & E are names of rings
Fig. 1. Structures of Different Lantadene compounds.

Fig. 2. Model Molecular Structure of Lantadene A and B.

Results and discussion

The accuracy of Density Functional Theory (DFT) results, particularly when using the B3LYP
functional and the 6-311 G (d, p) basis set, depends on several factors, including the specific system or molecule
under investigation, the level of theory used, and the properties of interest. B3LYP is a widely used hybrid
functional that combines the Becke88 exchange functional with the Lee-Yang-Parr (LYP) correlation
functional. The 6-311G (d, p) basis set is a commonly used basis set that includes polarization functions (d
functions) on non-hydrogen atoms and diffuse functions (p functions) on hydrogen atoms. It is a good general-
purpose basis set. Accurate geometry optimization is crucial for obtaining reliable results. Ensure that the
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optimization converges to a true minimum on the potential energy surface. Use tight convergence criteria and
consider potential energy surface scans to explore different conformations.

Geometry optimization

The geometry optimization of Lant A and B is obtained by B3LYP/6-311 G (d, p) method. The energy
of optimized Lant A and B at ground state is -1740.6908 a.u. and -1741.474 a.u. respectively. The optimized
geometries of Lant A and B in plane drawing and 2 D dimensions are presented in Figures 1 and 2 respectively.
The A/B and B/C rings are in trans conformation while the D/E rings are cis fused. The packing of the molecule
is stabilized by O--H.--O hydrogen bonds. Bond lengths and angles (supplementary Table 1) agree with the
values observed in similar compounds as maytenfolic acid.

Table 1. Calculated electronic transitions: E (eV), oscillatory strength (f), Amax(nm) using TD-DFT/B3LYP/6—
311G(d,p) method.

. o E Osci.Str. Cal. % .
S. No. Electronic Transition V) ® (Mmax) | Contribution Assignment
Lantadene A
HOMO-1— LUMO+1 95 .
1 HOMO—LUMO+1 4.26 0.0003 291 5 np—Ry
HOMO—LUMO 93 «
2 HOMO -4—LUMO 4.71 0.0002 263 5 np—Ry
HOMO -4—-LUMO 80
3 HOMO 3—-LUMO 4.81 0.0005 258 12 np—Ry*
HOMO—LUMO 5
Lantadene B
1 HOMO-1-LUMO+1 4.26 0.0003 291 95 np—Ry*
2 HOMO—LUMO 4.59 0.0002 270 98 np—Ry*
HOMO-4—LUMO 92 .
3 HOMO-3—LUMO 4.79 0.0003 259 4 np—Ry

PES scan of lant A and lant B

We conducted a Potential Energy Surface (PES) scan to explore the dihedral angles C22-C33-03-H92
and C22-C33-03-H87, with values of 177.710 and 177.770, respectively, in both Lantadene A and Lantadene
B. This scan involved a total of 36 steps, with 10 steps for each angle in both compounds. We employed the
HF/6-31G level of theory for these initial scans. The resulting data was used to generate Relative Energy vs.
Scan Coordinate plots for Lantadene A and Lantadene B, as shown in Supplementary Fig. S1 and S2. The
minimum energy configurations were identified at dihedral angles C22-C33-03-H92=177.71 and C22-C33-
03-H87=177.77 for both Lantadene A and Lantadene B, after performing the PES scan.

To refine our understanding of these minima, we subjected the initial geometries corresponding to
these energy minima in Lantadene A and Lantadene B to further optimization. For this optimization, we utilized
a combination of the DFT/B3LYP method and the 6-311G (d,p) basis set, which is known for its accuracy in
describing molecular structures and properties.

In summary, our study involved a thorough investigation of the potential energy surfaces of Lantadene
A and Lantadene B, focusing on specific dihedral angles of interest. The resulting data and optimized geometries
will contribute to a better understanding of the structural properties and behaviors of these compounds.
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Vibrational analysis

Assignments of the FTIR (supplementary Fig. 3) frequencies are achieved by comparing the band positions
and intensities observed in the FTIR spectra with wave numbers and intensities from molecular modeling calculations.
The molecules Lantadene A and B both have 92 atoms with 270 normal modes of vibration. The calculated vibrational
frequencies and the experimental values are listed in supplementary tables 2 and 3. Here we have discussed only FTIR
active modes. The experimental frequencies of Lantadene A and B and frequencies calculated by B3LYP/6-311 G (d,
p) method are nearly the same. Some Important modes of vibration are discussed below.

Table 2. Calculated enomo, ELumo, energy band gap (sLumo — €nomo), chemical potential (i), electronegativity
(x), global hardness (17), global softness (S), and global electrophilicity index (w) for compound A, B at
B3LYP/6-311 G (d, p) level.

Folder &H &L EH- &L X H n S (0] AN max

-0.2253 -0.0148 -0.2105 3.266 -3.266 2.863 0.1754 1.871 1.141

B -0.2312 -0.0470 -0.1842 3.785 -3.785 2.506 0.1999 2.863 1.142

Table 3. Topological parameters for bonds of interacting atoms: LANTADENE-A and B electron density
(pBcr), Laplacian of electron density (V2pgcp), total electron energy density (Hacp), estimated interaction energy
(Eint) at bond critical point (BCP).

LANT A
Bond PBCP Vpece ;—:| Vacr Gacr |%| Hgcr (kcfii/l;;lol) Nature
Hss-O4 0.00347 0.01170 0.11970 | -0.00195 | 0.00243 0.80247 0.00048 0.61210 VW
H73-O4 0.00456 0.01481 0.14080 | -0.00264 | 0.00317 0.83281 0.00053 0.82800 VW
Hss-Hrs 0.01450 0.05280 032110 | -0.00859 | 0.01088 0.78952 0.00229 2.69500 W
O1-Hmw 0.01138 0.03972 0.13120 | -0.00746 | 0.00869 0.85846 0.00123 2.34100 W
H71-Hr4 0.01288 0.04076 0.11940 | -0.00677 | 0.00481 1.40748 | -0.00196 2.12400 W
H77-Hso 0.01374 0.04730 0.13020 | -0.00784 | 0.00984 0.79675 -0.0020 2.46000 AW
LANT B
Bond PBCP Vpece j—:| Vacr Gacr |%| Hgcr (kcfii/l;;lol) Nature
H7-O4 0.00450 0.01470 0.13030 | -0.00259 | 0.00310 0.83548 0.00051 0.8130 \AV
Hse-Os 0.01730 0.06050 0.12950 | -0.01140 | 0.01314 0.86758 0.00174 3.5770
H7s-O1 0.01190 0.04160 0.11820 | -0.00782 | 0.00910 0.85934 0.00128 24530 W
Hsi-Hn 0.01290 0.04410 0.12070 | -0.00718 | 0.00911 0.78815 0.00193 22530 W
Hs4-Hr4 0.01420 0.05280 0.14080 | -0.00859 | 0.00109 7.8807 -0.00750 2.6950 W
H7s-Hso 0.01270 0.03840 0.13210 | -0.00659 | 0.00809 0.81459 0.00150 2.0680 W
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O-H and -CH modes of vibration

The Lantadne A and B both have hydroxyl group (-OH). In general, -OH stretching modes of vibration
are observed in the range 3400-3600 cm™ [33]. The -OH modes of vibration appears at higher frequency region
due to lower reduced mass. A significant polarized IR peak with polarization vector appears along plane appears
at 3466 cm™! in Lantadene A with PED 100% and corresponding sharp peak superimpose in Lantadene B at
3610 cm™ with 100 % PED. At lower frequencies region a very intense polarized peak appears at 1018 cm™ in
Lant A and corresponding peaks appears at 1110 cm™ with several mixing mode of vibrations due to in plane
bending of -OH vibration. At lower frequencies region two back to back intense peaks are calculated at 591
cm™! and 614 cm! for Lant A and 589 cm™!, 605 cm™! for Lant B due to wagging modes of -OH with mixing of
several modes of vibrations too. All these calculated peaks are in good agreement with experimental FTIR.

In general, hetero aromatic geometry C-H stretching modes of vibration appears in between 2800—
3100 cm ™! [34]. In the present study, two sharp polarized peak appears at 2993 and 3002 cm™ with PED 95%
appears due C-H stretching mode of vibration in Lantadene A and corresponding peak appears at 2993 and
3008 cm™! in Lantadene B with PED 99% which are also supported with literature. At lower end of frequencies
in-plane and out of plane -CH bending appears. In present calculation polarized peaks appears due in plane -
CH bending appears at 1298 cm™! in Lantadene A, however corresponding peaks appears at 1123 cm™  for
Lantadene B with significant PED. Below 1100 cm™, out of plane -CH bending mode mixing with wagging of
-CH2/CH3 appears at the appropriate range in the calculated spectrum for Lantadene A and B which are well
matched with experimental FTIR.

-C=0 absorption vibration and C-C vibrations

The absorption bands (sharp stretching modes of vibration) of the carbonyl group (C=0) are observed
in between 1600—-1800 cm™! [35]. The intense-C=0 absorption intense peaks due to stretching of both carbon
and oxygen with equal amplitude. In present communication most, intense polarized peaks with polarization
vector directed along plane of adjacent rings are appeared at 1640 and 1668 cm™! with PED 99 %, and 65 % in
Lantadene A while 1695, 1711 and 1745 cm™! with PED of 95 %, respectively in Lantadene B.

The vibrations relating to C-C stretching in the ring absorb in the region from 1400- 1600 cm™ [36] in
aromatic hydrocarbons. In the present calculation, intense polarized peak appears at 1102 cm™! due to -CC in
plane bending mode of vibration in Lantadene A and stretching mode of vibration with mixed modes at 1104
cm’! in Lantadene B. The bending of -CCC modes appears at middle frequencies in calculated IR spectra of
Lantadene A and B. At lower region of IR spectra, some intense polarized peaks are found due to out of plane
bending -CH along with mixing of other bending mode for Lantadene A as well as Lantadene B. All these
calculated peaks are matched well with experimental FTIR.

Methylene(-CH:) and Methyl (-CH3) group vibrations

The CH»/CH3 groups due to internal coordinate arrangement [37], having six different mode of
vibration namely asymmetric, symmetric stretch, rocking, scissoring, twisting as well as wagging. In general,
symmetric stretching -CH»/CH3 appears middle/lower frequencies region due to weaker bond strength and
characteristic region for symmetric -CH»/CH; observed in between 2800 cm™ to 3000 c¢cm™' however
antisymmetric stretching vibration for -CH»/CHj observed some higher frequencies region 3100 cm™'-3400 cm-
!'due to strong bond strength [38]. In the present study, the scissoring mode of deformation CH» groups shows
some sharp peaks appears at 1455 cm’!, 1481 cm™ in Lantadene A however an intense polarized peak appears
at 1430 cm™ due scissoring mode of deformation CHs groups appears in calculated spectra of Lantadene B.
Some other polarized peaks appear due mixing of in plane deformation rocking due to -CH; appears at 1084
cm! and 1196 cm™! in Lantadene B. At lower region of calculated IR spectra of Lantadene A, sharp polarized
peak of —CH,/-CHj; appears at 1043 cm™'/1211 cm™! while in Lantadene B, 733 cm™'/964 cm™' due to mixing of
wagging with twisting modes frequencies. All these calculated peaks are in good agreement with experimental
FTIR spectra.

TDDFT analysis

The TDDFT method is utilized by using optimized geometry of Lantadene A and Lantadene B
molecule to calculate UV spectrum. The calculated transition state and transition orbital and their %
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contribution, Transition energy, oscillatory strength Amax, are calculated and listed in table 1. The UV spectra of
Lantadene A and Lantadene B are shown in Fig. 3. In Fig. 3, the green vertical lines are showing the peaks of
calculated wave length in graph having greater oscillatory strength. From this figure a prominent peak appears
at 258 nm with f=0.0005 in Lantadene A while 259 and 291 nm with f=0.0003 for both wave length in
Lantadene B respectively. The transition energy of electron is 4.81 eV and 4.79/4.26 eV in Lantadene A and
Lantadene B respectively. The peak emerges due to transition of electron in between HOMO -4—-LUMO with
contribution of 80 % in Lantadene A while HOMO-4—LUMO/ HOMO-1—-LUMO+1 with contribution of
92 %/95 % in Lantadene B. Two other less sharp peak appears at 291nm (=0.0003) and 263nm (0.0002) in
Lantadene A while one at 270 nm (f=0.0002) in Lantadene B. The calculated transition energy corresponds to
these transitions at 4.26/4.71 eV for Lantadene A while 4.59 eV for Lantadene B.
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* Lant A w0 — 0.00029
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Fig. 3. UV spectrum of Lantadene A and B.

Electronic properties (HOMO-LUMO, MESP Plots of Lantadene A and Lantadene B)

The chemical reactivity or chemical stability is determined by frontier molecular orbitals (FMO). In
FMO, the highest occupied molecular orbital is termed as HOMO and lowest unoccupied molecular orbital is
termed as LUMO. The supplied energy to transition of electron from HOMO to LUMO is known forbidden energy
band gap. The energy gap is directly related with chemical stability [39-40]. The calculated energy gap shows that
chemical reactivity of Lantadene A (5.7256 eV) is little bit less than Lantadene B (5.0102 eV). The HOMO and
LUMO plots of Lantadene A and Lantadene B are shown in Fig. 4(a) and 4(b). The HOMO of Lant A is distributed
over Ring C and associated group and LUMO is nearly over ring E. The HOMO of Lant B is distributed over Ring
C and associated group and LUMO is nearly over ring E. The transition from HOMO—LUMO shows that
electron transfer from Ring C and associated group to ring E to gain stability in both molecules.

e A,‘;f‘g 4 T (b) ,ﬂ"

(a) o f9P
Ay ¥

Fig. 4. (a) Pictures of HOMO-LUMO and Molecular Electrostatic Potential of Lantadene A, (b) Pictures of
HOMO-LUMO and Molecular Electrostatic Potential of Lantadene B.
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The ionization potential and electron affinity are any chemical system is determined by HOMO and
LUMO energy. The energy needed to remove one electron from HOMO orbital is known as electronic potential
and energy needed to add additional electron in LUMO is known as electron affinity. The Parr et.al [41], suggest
that negative eigen value of HOMO is called ionization potential (IP) however negative eigen value of LUMO
is called electron affinity (EA).

[P= -HOMO (1)

EA=-LUMO (2)

By using EA and IP chemical hardness and absolute electronegativity are determined by using
following equations [42, 43],

— _(IP+EA)2 3)

n = (IP-EA)/2 4)

The calculated value of energy gap implies that Lantadene B is more chemically reactive that
Lantadene A. The electron affinity of Lantadene B is more than Lantadene A, this implies that Lantadene B
have better tendency to gain additional electron to gain stability which is also reflect calculated value of
chemical potential of both species. The calculated chemical hardness of Lantadene A is higher than Lantadene
B. This means that any regent easily interacts with Lantadene B rather than Lantadene A. The chemical softness
implies that how easily any regent interacts with given species and shows reverse effect with chemical hardness.
The reciprocal of chemical hardness is termed as the global softness,

S=1/21 (5)
[44-45]

The calculated value Nmay is ratio of chemical potential and chemical hardness and show direction of
charge transport to gain stability. All these parameters are listed in table 2.

(ANmay)r= 1! (6)

The direction charge transport is determined by magnitude of chemical potential due to electrophilic
species is accomplished to receive charge from donor atom consequently system get stabilized and attend lower
energy.

The electrophilicity index is a global reactivity descriptor of a molecule that provides a quantitative
classification of the global electrophilic nature of the molecule. The chemical potential of a species in a mixture
can be defined as the slope of the free energy of the system with respect to a change in the number of moles of
that species. It is a form of potential energy that can be absorbed or released during a chemical reaction.
Although electronegativity is defined in many different ways, the most logical and rational definition of it is
the electron holding power of the atoms or molecules.

The molecular electrostatic energy potential plot is very important picture to determine nature of
potential of atomic sites within the molecule. The nature of electron potential surface is determined in term of
color coding. The consequence of MESP lies in the detail that it concurrently displays molecular size, shape,
and positive, negative, and neutral electrostatic potential regions in terms of color grading example yellow color
means neutral potential surface blue color shows electropositive surface and red color as electronegative surface
[46-49]. The MESP plots of Lantadene A and B are also shown on Fig. 4(a) and 4(b). From this figure, red
color encircled over -COO-C,HsCH3 group and over -COOH- and -CO of ring A in Lant A and Lant B
respectively so behaves as most electronegative surface in Lant A and Lant B. In both Lant A and Lant B, blue
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color encircled over -OH in -CH>OH group attached at ring D and E. The white color encircled over whole
molecule in Lant A and Lant B.

QATIM analysis

The quantum atomic theory in molecule QTAIM [50] is significant tool to determine nature and
strength of nonbonding or bonding interactions by using topological parameters. The bond critical point is
known as four critical point (3,-1) is introduced by Bader which provides information to define interactions like
covalent and non-covalent interaction in any chemical system. The nature and strength of non-covalent
interaction are calculated by some topological parameters e.g. electron density p(r), local potential energy
density V(r), Laplacian A? p(r), Total energy density H(r)=V(r)+G(r), etc. The topological parameters at bond
critical point (BCP) for Lant A and Lant B are calculated and listed in table-3 respectively. The graphical AIM
pictures of interactions for Lant A Lant B are shown in Fig. 5. The electron density (pu...a) falls in between
0.002-0.040 a.u. and Laplacian (V?ppcp) falls in between 0.024-0.139 a.u. for nonbonding interactions [51].
Based on these criteria of nonbonding six nonbonding interactions appear in both Lant A and Lant B for
nonbonding. In Lant A molecule six nonbonding interactions are Hgs-O4, H73-O4, Hss-H7s, O1-H79, H71-H74, H77-
Hso however in Lant B corresponding interactions are H72-O4, Hgs-Os, H73-O1, Hsi-H71, Hs4-H74, H75-Hso. The
charge density ppcp at BCP in Lant A varies from 0.00347a.u.-0.01450a.u. and got its maximum for Hss-H75 and
minimum value for Hss-O4 however charge density at BCP for Lant B varries in between 0.00450 a.u.-
0.01420a.u. The maximum value of ppcp for Hs4-H74 and minimum value of pgcp for H72-O4. The charge density
at BCP for O-H interaction varries in between 0.00450- 0.01190 a.u. in Lant B and 0.00347-0.01138 a.u. in
Lant A. From this data, ppcp for O-H interaction for LantB > LantA. The calculated ppcp for H-H interaction
0.01288-0.01450 a.u. in Lant A and corresponding charge density for H-H interaction in Lant B varies in
between 0.01270 to 0.01420. One important thing noticed psce for H-H interaction >O-H interaction. For both
Lant A and Lant B order of magnitude of charge density p (r) are smaller as compared with typical covalent
bond but lesser value of p () between these interactions for O-H in both Lant A Lant are comparable with to
0.007 au in HCI----HF [52].The second derivative of laplacian charge density (V2pgcp) for Lant A varies from
0.01170 to 0.05280 a.u. and attained maximum value V?ppcp =0.05280a.u. for Hss-H7s however Laplacian
second derivatives of electron charge density varries from 0.01470 -0.05280 for Lant B and attained maxium
value for V?ppcp =0.05280 a.u. for Hss-H7s. The exisitance of small delocalization between both interacting
atoms shown by using calculated V?ppcp in both natural products. In both natural product Lant A and Lant B
for all six interactions V?pgcp >0 and ppce >0 means all interaction are electrovalent nature. The singe of
Laplacian electron density V2prce shows that concentration of charge in a exhausted or “closed shell. In Lant A
for all six interaction V2ppc>0 and pgcp lies within range 107 for H73-Os, Hss-O4 for Lant A and  H7,-O4 for
Lant B falls within van der Waals ‘interaction [53]. The rest all interaction in both Lant A and Lant B pgcp lies
within range 1072 and falls within hydrogen bonding interactions [54]. The calculated potential energy density
at BCP are determine nature and strength of interactions. The nonbonding at BCP is weak when Vppcp >0,
HBCP>0 and interaction is called electrovalent for V?pgcp >0, HBCP<0. The all interactions in both Lant A and
Lant B are weak except H77-Hso H71-H7s for Lant A Hss-H74 for Lant B falls in electrovalent category. The
interactions in between atoms are calculated by following equation AE=-1/2V [55]. All interactions are falls
within weak interaction lies within range 1kcal/mol< IE <5 kcal/mol except Hgs-O4, H73-O4 for Lant A H7»-O4
in Lant B lies IE <1 kcal/mol falls very weak type interaction [56]. The strongest interaction appears for Hss-
H7sin Lant A and Hgs-Os Lant B. The chemical natures of any chemical systems are calculated by using
curvature point of second derivative of electron density V?pgcp at BCP A, A2. , A3. One of another parameter’s

ratio |/1—1| is useful to calculate nature and types of chemical bond. [57]. All six interactions indicative of weak
3

CSIs in Lant A and Lant B because for all six interactions |/1_1| « 1. The ratio |%| is important indicator to
3

know about nature of interaction. For all interaction |V(7)|/G(r) <l in both Lant A and Lant B except H7i-H7
for Lant A Hss;-H74 for Lant B where |[V(7)|/G(r) >1so all five interactions in both Lant A, Lant B are
characteristic of hydrogen bonding, ionic, and van der Waals interaction however H7-H74 for Lant A Hss-H7s
for Lant B interaction are covalent.
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Fig. 5. AIM picture of Lantadene A and B representing hydrogen interaction (dotted line) with Green points
and red points represent as BCPs and RCP.

NBO analysis

The NBO analysis is important method to calculate charge transfer from donor to acceptor to determine
interaction in any molecular systems [58]. The strength of interaction in term of charge transfer from donor to
acceptor is determine by second order perturbation energy E®.The strength of interaction among electron
donors and electron acceptors are directly related by second order perturbation energy of E® means the strength
of interaction increases with second order perturbation energy of E® . The strength of interaction is calculated
by (or stabilization energy) [59-60]

E® — _g, (Fy)”
& — &i

(7

In this equation population of donor orbital is q; however orbital energies (diagonal elements) of donor
are &, . The fock matrix donor acceptor orbitals and their occupancies as well as second—order perturbation
energy of Lant A and Lant B is calculated and listed in table 4 by using same level theory. They stabilizes the
system due to charge transfer in between donor and acceptor orbital overlap Lp— n*/c *. In first type of
interaction Lp— o * appears due to charge transfer in between Lp(2)Os — c*(Css-C37) orbitals stabilized
system by16.54kcal/mol and 16.40 kcal/mol for Lant A and Lant B respectively which further enhance charge
transfer from Lp(2)Os— 6*(C36-01) is stabilized by32.11kcal/mol and 32.57kcal/mol in Lant A and Lant
B respectively. Another significant interaction appears due to charge transfer Lp(2)Os — 6*(Cx-C33) which
stabilized by 18.84kcal/mol and 19.10kcal/mol for Lant A and Lant B respectively. This strength of interaction
Lp(2)0O4 — 0*(03-C33) further enhance by 31.07kcal/mol and 33.49kcal/mol in Lant A and Lant B respectively.
The significant interaction appears in between Lp(2)O, —oc*(Cg-Co) stabilize by 9.81kcal/mol and
20.43kcal/mol for Lant A and Lant B respectively which further enhance in interactions Lp(2)O, — o*(C7-Cs)
by 19.82kcal/mol and 20.21kcal/mol for Lant A and Lant B respectively. In second type interaction one
important interactions happens in among Lp(2)O; —n*(04-Cs3) which stabilize by 43.40kcal/mol and
43.57kcal/mol for Lant A and Lant B respectively. Another important interaction appears in between Lp(2)O;
—n*(05-Cs6) which stabilize Lant A and Lant B by 42.81kcal/mol and 42.61kcal/mol respectively.

Table-4. NBO analysis of donor acceptor obritals and their occupancies second order perturbation interaction
energy for Lant A and Lant B

LANT-A
Donor occupancy(i) Acceptor occupancy(j E®Kcal/mol | (Ej-Ei)au | F(i,j) a.u
NBO() NBO()
Lp(2)Os 1.84332 6*(Ca6-C7) 0.0669 16.54 0.69 0.097
Lp(2)Os 1.84332 6*(C36-01) 0.1121 32.11 0.62 0.127
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Lp(2)O4 1.85624 6*(C22-C33) 0.0724 18.84 0.63 0.099
Lp(2)O4 1.85624 6*(03-C33) 0.0941 31.07 0.61 0.125
Lp(2)0s3 1.82363 1*(0s-Cs3) 0.0210 43.40 0.34 0.109
Lp(2)02 1.89039 0*(Cs-Co) 0.0778 19.81 0.65 0.102
Lp(2)02 1.89039 o*(C7-Cs) 0.0618 19.82 0.66 0.103
Lp(2)01 1.79238 1*(05-C3e) 0.2002 42.81 0.34 0.108
LANT-B
Donor Acceptor . ® . .
NBO() occupancy(f) NBO() occupancy(j) E®(keal/mol | (Ej-Ei)a.u F(i,j) a.u
Lp(2)0s 1.84493 6*(C36-C37) 0.1025 16.40 0.70 0.098
Lp(2)0s 1.84493 6*(C36-01) 0.1025 32.57 0.62 0.129
Lp(2)04 1.84347 6*(C22-C33) 0.0769 19.10 0.63 0.100
Lp(2)O4 1.84347 6*(03-C33) 0.1017 33.49 0.61 0.129
Lp(2)0s 1.82589 1%(04-C33) 0.0224 43.57 0.35 0.111
Lp(2)02 1.88771 6*(Cs-Co) 0.0788 20.43 0.65 0.104
Lp(2)02 1.88771 6*(C7-Cs) 0.0613 20.21 0.67 0.105
Lp(2)0: 1.79787 1*(0s-Cag) 0.0223 42.61 0.34 0.109
NLO properties

The nonlinear optical properties NLO of Lant A and Lant B are calculated by using several parameters
like dipole moment, mean polarizability, anisotropic polarizibilty, molar refractivity (MR) hyperpolarizibity
etc. In three dimensional Cartesian coordinate system dipole moment, mean polarizability, hyperpolarizability
are calculated by using following equation [61]

= (e + py et (8)
<> = 1/3 [oxx T Oyt 0zz] )
Broa = (B*x+f%y+ f72)"? = [(Bxxx+ Bxyy+ Bxzz)’s (Byyy+ (10)

Byxx+Byzz)*+(Bzzz+Lzxx+Bzyy)*]"?

The hyperpolarizability (), a nonlinear-optical property of a molecule, is the second-order electric
susceptibility per unit volume. The electric susceptibility is a dimensionless proportionality constant that
indicates the degree of polarization of a dielectric material in response to an applied electric field. The greater
the electric susceptibility, the greater the ability of a material to polarize in response to the field, and thereby
reduce the total electric field inside the material(and store energy). It is in this way that the electric susceptibility
influences the electric permittivity of the material.

_ 2 _ 2 _ 2
Ao, = [ (axx—ayy)“+(ayy 2o(zz) +( azz—axx) ]1/2 (1 1)

The Lorenz-Lorentz are used by using molar refractive index [62-64]
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n?-1, MR,
n2+2](7) =1.330nN

MR= [ (12)

In this equation, a is the mean polarizability and N is the Avogadro number. The polarizibilty (a,)
along x axis and polarizibilty along y axis is (&,). By using these polarizibility ordered parameter is computed
by following equation [65-66]

__ Te—Qy

(13)

aeta,
(For a: 1 a.u. = 0.1482x1072* esu; for Po: 1 a.u. = 8.639x107 esu)

The dipole moment of any system is signature of magnitude charge distribution on any that system
without application electric field. The calculated dipole moment of lant A and Lan B are nearly 1.5 times of
dipole moment of water (1.85D). This large dipole moment reported due to unsymmetrical distribution of title
molecules with unequal electronegative atoms like oxygen hydrogen and carbon however calculated dipole
moment of Lant B >Lant A molecule. The polarizibity as well as well hyperpolarizibity of any system are
described by applied electric field. The mean polarizibility, hyperpolarizibity, molar refractivity (MR), order
parameters. Anisotropic polarizibility, of Lant A and Lant B are calculated and listed in table 5. The greater
calculated mean polarizibity anisotropic polarizibity based on direction molar refractivity(MR) for Lant B
established superiority over NLO properties for Lant A molecule. The calculated order parameters for both Lant
A and Lant B are still lower as compared with stablished NLO materials but order parameter for Lant A is
greater than Lant B. The calculated hyperpolarizibity of Lant B Lant A are nearly six times greater than
corresponding value of refrence molecule urea(0.1947*10-30 e.s.u.) however calculated hyperpolarizibity of
Lant B is greater than Lant A. The NLO activity appears on Lant A and Lant B due moment of & electron from
donor to acceptor in both Lant A and Lan B.

Table 5. Polarizability and Hyper Polarizability of Lant A and Lant B.

Species <o>(a.u.) Aa (a.u.) MR (e.s.u.) S Coso Protar(a.u.) p(D)

Lant A 394.4213 162.8472 147.1586 0.19350 0.46233 120.7553 3.123

Lant B 397.3975 163.678 148.269 0.193138 0.46209 124.4178 3.427
Molecular docking

The molecular docking indicates binding action of drug with appropriate protein. The docking action
of Lant A and Lant B with selected protein has been performed by Auto Dock 4.2 software [67]. In docking
process grid of 60 A x 60 A x 60 A size was selected for docking. In preparation process of protein, we removed
co-crystallized ligands and water molecules from selected PDB file. By using UCSF Chimera program [68]
Gasteiger charges as well as hydrogen atoms were allocated to protein residues. The Lant A and Lant B were
docked with prepared protein by using Auto Dock 4.2 program package which consider Lamarckian Genetic
Algorithm (LGA) [69]. The Discovery Studio software [70] utilized for visualization of interactions between
Lant A and Lant B with suitable protein.

The appropriate targets are calculated by using Swiss dock is online server [71]. The swiss dock online
server predicts three proteins for docking with Lant A and Lant B molecule. The Swiss dock is online server
which based on newton mechanics utilized to predict target protein for docking. In target prediction by swiss
dock online server we have uploaded optimized geometry of LantA and Lant B uploaded smile code of
optimized geometry on swissdock server. The docking of the proteins of all structures of BCL2L1 and IKBKB
with participating atoms of Lant A and Lant B and corresponding bond lengths are listed in tables 6 and 7 and
all possible interaction during docking were presented by LIGPLOT. The binding affinity is closely related with
number of atoms in ligand so ligand efficiency index of title molecule with respect to particular targets. The
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ligand efficiency is designed separating the score found in the docking simulation by the total number of
non-hydrogen atoms of the ligand.

Table 6. Different parameters for molecular docking of Lant A and B with different protein structures.

Inhibiti -
Selie;]t:d Hydrogen Bonding Ligand :mis tlar(l)tn ]zilli::‘gyg
residues efficienc
Target structures y (M) (kcal/mol)
Proteins with their
resolutions Lant A Lant B LGt LaBnt Lant A Lant B LGt L;nt
6WGZ TRPA:140 )
BCLLL 290 & GLUA326 | ASNA:I40 | 0.1475 | 0.1675 | 743354 | 75.09123 | -59 | 6.7
BCL2 6WHO
like TYRA:29 | LYSA:355 | 0.1525 | 0.1625 | 23.5650 | 27.2025 | -6.1 | -6.5
) 1.99 A
1provided
by HGNC 202M ASNA:140 ) 0.1275
595 & GLYAl4y | ASNA:140 0.1450 | 124.9156 | 124.8355 | -5.1 | -5.8
IKBKB Akik LIUB:21
inhibitor "\ LYSB:147 | CYSB:99 | 0.1475 | 0.1350 | 107.8772 | 109.2227 | -59 | -54
of nuclear 2.83 TRYB:98
factor
kappa B ASPA:103
kinase 3zt ASNALA0 1o v a 100 | 0.1575 | 0.1800 | 80.8633 | 810748 | -63 | -72
subunit 40 A GLYA:142 | [V 06
beta ’

Table 7. Hydrogen bonding residues, Binding atoms and Bond length for molecular docking of Lant A and B
with different protein structures.

Selected PDB Hydrogen Bonding Binding atoms Bond length
Target structures residues
Proteins with their
resolutions Lant A Lant B Lant A | Lant B Lant A Lant B
6WGZ TRPA:140 03 2.319
BCLALI 220 A° GLUA:326 ASNA:140 02 05 2.132 2.103
?[)Cr%iig::s 16‘9‘;}1:0 TYRA:29 LYSA:355 02 05 1.419 1.813
by HGNC
202M ASNA:140 _ 03 2.464
2.25A° GLYA142 ASNA:140 05 02 2.032 2.723
,IIEE)EB dik LIUB:21 03 1.976
‘;‘ ! 11 or 583 AY LYSB:147 CYSB:99 02 03 1.945 2221
0 f‘:":tco‘;ar : TRYB:98 05 1.932
kappa B ASPA:103 05 03 2255 2421
k‘l')‘asf’t 43811"0 égif}jg GLYA:102 03 o1 2.469 2.221
s“be‘::‘ : : LYSA:106 05 2.404
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Docking of lant A and lant B with BCL2L1 protein

In western world colorectal cancer (CRC) is the second important reason of cancer. The BCL2L1
protein determined by this gene fits to the BCL-2 protein family. BCL-2 family member’s systems hetero- or
homodimers and item as anti- or pro-apoptotic regulators that is complicated in an extensive variability of
cellular activities. The BCL2L1 protein interacts with the tumor suppressor P53 after experience to cell strain.
The BCL2L1 has a practical character in colorectal cancer [72]. To discover the inhibition action of Lant A and
Lant B against BCL2L1, we have selected three pdb geometry of protein 202M [73], 6wh0 [74], 6wgz [75]
with resolution 2.25A°, 1.99A and 2.20A° respectively.

In these geometries of BCL2L1 dock with Lant A and Lant B highest binding energy 6WHO (-
6.1kcal/mol) and (-6.5kcal/mol) respectively. The docking of these selected geometries with Lant A and Lant
B are shown in Figures 6(a) and 6(b) and 7(a) and 7(b). The inhibition constant for 6 WHO pdb structures having
lowest compared with other two pdb structures. The highest ligand efficiency for Lant A (0.1525) and Lant B
(0.1625) and lower inhibition constant proposed that Lant A and Lant B probably good candidate for anticancer
drugs.
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Fig. 6. (a) Docking Of various PDB structure of BCL2L1 protein with Lant A, (b) Docking Of various PDB
structure of IKBKB protein with Lant A.
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Fig. 7. (a) Docking Of various PDB structure of BCL2L1 protein with Lant B, (b) Docking Of various PDB
structure of IKBKB protein with Lant B.

Docking of IKBKB with lant A and lant B

The IKK-B having an important character in brain cells resulting as a stroke [76]. The Inhibition of
IKK and IKK-related kinases has been examined as a healing choice for the dealing of inflammatory diseases
and cancer [77] In this communication to explore the binding affinity and inhibition capability of Lant A and
Lant B with IKBKB we have selected two pdb file of protein IKBKB are 4kik [78], 3rzf [79] having resolution
2.83 A and 4.0 A respectively and were preferred and originate to have potential inhibition activity in
contradiction of IKBLB protein. The binding energy of LantA and Lant B highest for 4kik (6.5kcal/mol) and
3rzf (-7.2kcal/mol) respectively. The docking figure shows that binding energy is highest in Lant A. The
hydrogen bonding appears in between O5, O3 atoms in Lant A bind with residue ASNA: 140, GLYA:142 of
3rzf protein structure of IKBKB with bond length 2.225 A and 2.469 A respectively. In Lant B, in binding three
hydrogen bond appears in between 03,01,05 in Lant B with ASPA:103, GLYA:102, LYSA:106 residue with
bond length 2.421 A, 2.221 A, 2.404 A respectively. The highest ligand efficiency is high for 3rzf structure of
IKBKB protein for LantA (0.1575) and Lant B (0.1800) respectively. The calculated inhibition constant is
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80.8633 uM and 81.0784 puM respectively for Lant A and Lant B which lies corresponding lower value for 4kik
structure. The other pdb geometry 4kik of IKBKB loosely binds with residues. The docking of these selected
geometries with Lant A and Lant B are shown in Figures 6(a) and 6(b) and 7(a) and 7(b).

Conclusions

Our study delves into the characterization of Lantadene A and B through FTIR spectroscopy,
employing the B3LYP/6-311G (d, p) method to calculate their fundamental vibrational frequencies. A
comprehensive assignment of vibrational wavenumbers has been achieved through potential energy distribution
(PED) analysis, demonstrating an impressive concordance between our calculated spectra and experimental
observations. Additionally, to substantiate our findings, we conducted TDDFT calculations. In our quest to
illustrate the reactivity of Lantadene A and B, we computed several chemical parameters, including the HOMO-
LUMO gap. We further visualized their frontier orbitals, HOMO-LUMO surfaces, and Molecular Electrostatic
Potential (MEP) surfaces, shedding light on their inherent reactivity. Furthermore, our investigation into hyper-
polarizability values suggests the potential utility of these compounds in electro-optical applications. We also
explored the molecular docking interactions of Lantadene A and B with suitable protein targets, offering a
detailed analysis of the results. Our findings suggest that these compounds hold promise as candidates for
anticancer and anti-inflammatory applications. In summary, our study underscores the potential of Lantadene
A and B in the realms of both molecular reactivity and therapeutic applications, particularly in the context of
anticancer and anti-inflammatory agents, while also highlighting their suitability for electro-optical endeavors.
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Abstract. For useful photovoltaic technology applications, organic materials with interesting electrical and
optoelectronic properties are in great demand. Research on synthetic small organic molecules has gained great
attraction for their potential applications in low-cost, ultra-thin and flexible commodities. They are also
expected to play a transformative role in life today. 4-((2-hydroxy benzylidene) amino)-N-(thiazol-2-yl)
benzenesulfonamide produced by using many important identification tools such as '*C NMR, 'H NMR, FTIR
and UV-visible spectrum. In this study, there are some parameters such as band gap energy, refractive index,
reflectivity, dielectric constant, electrical and optical conductivity to find suitable applications such as solar
cells and photovoltaics. Based on quantum computational chemistry, HOMO, LUMO, band gap energy,
ionization energy, softness, hardness, electronegativity, electrophilicity, nucleophilicity, electron transfer and
back donation energy were calculated by using DFT at the (B3LYP/6-311++G(d, p)) level.

Keywords: '3*C NMR; 'H NMR; FTIR; UV-visible spectrum; C;sH;3N303S,.

Resumen. Para la aplicacion 1til en tecnologias fotovoltaicas se requiere de materiales organicos con
propiedades eléctricas y optoelectronicas especificas. La investigacion de moléculas organicas pequeilas ha
ganado interés por sus aplicaciones potenciales como materias primas ultradelgadas y flexibles. También se
espera que jueguen un papel transformador en la vida cotidiana. Se estudi6 el 4-((2-hidroxibencilidén) amino)-
N-(thiazol-2-il) bencénesulfonamida con varias espectroscopias tales como *C NMR, 'H NMR, FTIR y UV-
visible. Para la aplicacion de estos compuestos en celdas solares y dispositivos fotovoltaicos es necesario
conocer parametros como la brecha o gap de energia, el indice de refraccion, la constante dieléctrica, y las
conductividades eléctricas y Opticas. Utilizando la DFT con la metodologia B3LYP/6-311++G(d, p), se
calcularon las siguientes propiedades: energias del HOMO y LUMO, brecha (gap) HOMO-LUMO, primer
potencial de ionizacion, blandura, dureza, electronegatividad, electrofilicidad, nucleofilicidad, transferencia
electronica y retrodonacion.

Palabras clave: *C NMR; '"H NMR; FTIR; espectro UV-visible; C1sH13N303S,.
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Introduction

Organic semiconductors (OS) bear different properties from conventional inorganic semiconductors
due to their low cost and simplicity of fabrication [1]. Operating system applications include thin-film
transistors (TF), light-emitting diodes (LEDs), solar cells (SCs) and photo-refractive devices [2-4]. Small-
molecular-weight in solution-processed materials of particular technological relevance can be incorporated into
a high-performance conductor where TF [5,6]. Organic photovoltaic (OPV) materials are appealing alternatives
to their inorganic counterparts due to their cheap costs, ease of manufacturing, and compatibility with large-
area and flexible substrates [5]. An organic solar cell (also known as a plastic solar cell) is a form of solar cell
that produces electricity from sunlight by using conductive organic polymers or tiny molecules for light
absorption and charge transfer [7,8]. Optical and electrical characteristics of the molecules employed in OPV's
at an interface remain unknown in comparison to the bulk [9,10]. The charge carriers in an organic device must
flow through the organic/ electrode interfaces. As a result, the electronic structures of molecules are crucial
elements influencing the overall efficiency of OPVs. Wide-band gap semiconductors enable devices to function
at significantly higher voltages, frequencies and temperatures than typical semiconductor materials such as
silicon and gallium arsenide [11-13]. They are an essential component in the production of short-wavelength
(green-UV) or lasers and they are also utilized in some radio frequency applications, most notably military
radars [14]. Their inherent properties make them suitable for a wide range of different applications, and they
are among the best candidates for next-generation semiconductor usage. The bigger band gap is especially
essential since it allows devices to function at considerably higher temperatures of 300 °C [15]. This makes
them very appealing for military purposes where they have seen some use [16]. Because of the great temperature
tolerance, these devices can function at substantially higher power levels under typical settings. Furthermore,
most wide-band gap semiconductors have a critical electrical field density that is 10 times higher than that of
typical semiconductors [17]. These qualities, when integrated, allow them to function at significantly greater
voltages and currents, making them extremely important in military, radio, and power conversion applications.
Wide band gap semiconductor materials has lagged behind that of conventional semiconductors which have
received considerable development since the 1970s [18,19]. However, their obvious key advantages in many
implementations, in conjunction with some special characteristics not found in conventional semiconductors,
have renewed interest in their use in everyday electronic devices rather than silicon. Analytical chemistry and
thermosetting polymers both make extensive use of sulfathiazole derivatives. Sulfonamide-based compounds
exhibit antibacterial, carbonic anhydrase inhibitor, antitubercular, proper semiconductor material, antiviral,
insulin release inducer and anti-inflammatory properties [20-22]. In this study, a new material with specified
properties has been produced. By using UV spectrum, many optical properties have been found. The properties
of this new material have been studied by using Gaussian09 program. Then, experimental of ethanol was
compared with experimental of acetone.

Materials and methods

Synthesis

Fig. 1 shows synthetic reaction of 4-((2-hydroxy benzylidene) amino)-N-(thiazol-2-yl)
benzenesulfonamide. In a 250 mL flask, boiling ethanol was used to dissolve 2-hydroxy benzaldehyde (10
mmol) which was then followed by the addition of 4-amino-N-(thiazol-2-yl) benzenesulfonamide (10
mmol) and catalytic amounts of glacial acetic acid (0.3 mL). The reaction mixture was refluxed until
completion. Furthermore, the reaction progress was monitored by using TLC (Ethyl acetate: diethyl ether
(1:1) ratio), and the solvent was removed from the resultant mixture using rotary evaporation and then
purified using flash chromatography with an eluent ratio of DCM/MeOH 30:2 [1]
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Fig. 1. Synthetic reaction of 4-((2-hydroxy benzylidene) amino)-N-(thiazol-2-yl) benzenesulfonamide

Table 1. °C NMR, 'H NMR and FTIR
benzenesulfonamide.

peaks of 4-((2-hydroxy benzylidene) amino)-N-(thiazol-2-yl)

Yield: 83.67 %
Melting point: 201 °C

Molecular formula: C;¢H;3N305S,
Molecular weight: 359.039g/mol

%C  %H %N %S
Calculated: 5347 3.65 11.69 17.84
Found: 5341 371 11.72 17.81

Element analysis:

IR:
3163.22 (NH),
3060.22 (aromatic CH),
1628.86 (C=N).

'H NMR (DMSO-d6,  ppm):
6.582-6.604 (1H, d, thiazole, J= 8.8 Hz),
7.172-7.192 (1H, d, thiazole, J= 8.0 Hz),

7.277-7.308 (2H, d, arH, J= 14.4Hz),
7.678-7.686 (1H, d, arH, J= 3.2 Hz),
8.065-8.085 (1H,d, arH, J= 8.0 Hz),
8.170-8.192 (2H, d, arH, J= 8.8 Hz),
8.248-8.270 (1H,d, arH, J= 9.6 Hz),
8.793-8.826 (1H, d, arH, J=13.2 Hz),
8.947 (1H,s, HC=N), 12.746 (1H, s, NH).
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13C NMR (DMSO-d6,  ppm):
112.23 (CH, 2-thiazole), 119.44 (2CH, arC),
123.56 (CH, arC), 124.92(CH, arC),
127.53 (2CH, arC), 128.43 (CH, arC),
135.11 (CH, arC), 137.10 (CH, thiazole),
137.46 (CH, arC), 138.22 (C, arC-S),
142.10 (C,arC-NO2), 155.25 (CH, arC-N),
165.66 (CH, HC=N), 169.22 (CH, 2-thiazole, N=C-N)

Optical and electronic studies of the solutions of the zinc phthalocyanine

UV-visible spectroscopy is a very significant and most beneficial optical method for studying optical
and electronic characteristics of nanomaterials such as polymers, organic semiconductors and organic light-
emitting material [23]. The UV-visible spectra indicates the basic electronic features of the sample. The UV-
visible spectrum of the Ci6H13N303S; compound was achieved in ethanol and acetone as shown in Fig. 2. By
considering the UV-visible application, two absorption bands associated with ethanol solvent at 297 and 362.1
nm. The maximum absorption for acetone solvent is 306 nm. The wavelength of UV-visible result located at
the visible region which can determine optical band gap energy from the following equation.

E=hv (1)

Equation 1 refers to energy between HOMO and LUMO which is the energy required to evolve a
valence electron to become a conduction electron. The band gap energy in any structure is the main factor in
determining electrical conductivity. Materials with a small band gap indicate conductivity due to HOMO and
LUMO overlap, but a large band gap leads to insulation [24].

o —'— Ethanol solvent o —a— Acetone
2.8+ [ 2 A ]
olas % 'Y
° Cy K
: U R
=149
w
=
<0.7
(a)
0.0 | ;
225 300 375 450 200 300 [ 400 500
Wavelength (nm) Wavelength (nm)

Fig. 2. UV-visible spectrum of C;sH13N303S, molecule.

Semiconductors are materials with a nonzero band gap that are intermediate in size and behave as an
insulator at 0 K, but permit thermal excitation of electrons into their conduction band below their melting point.
The properties of this new material were calculated at low temperatures 295 °K where the band gap is relatively
large, but all semiconductors become good conductors with increasing temperature. Furthermore, at room
temperature, most semiconductors behave as non-conductors. Band gap was found for each of the highest
absorptions which are 4.17 and 3.42 eV in the solvent of ethanol at 297 and 362 nm. On the other hand, acetone
solvent is equal to 4.05 and 3.44 eV at 303 and 360 nm.
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The transmittance is a useful parameter and has a relation with the refractive index of the materials,
the significance of transmittance estimation techniques gives comprehensive information on the refractive index
of the sample [25]. Several molecule characteristics have a strong relationship with the transmittance of light
through the compounds such as concentration, refractive index of the host medium, color of particle, shape,
impurities, the thickness of the sample and wavelength of light while striking on the molecule [26].

100 120
I —a— Ethanol —»— Acetone

s @ L )

& “ 80

= 601 =

z z o

‘= 404 = 8

g g 4]

= =

£ 20 £ 0l

= = 20
04 0 e
200 300 400 500 600 700 200 300 400 500 600 700

Wavelength (nm) Wavelength (nm)

Fig. 3. Transmittance parentage and wavelength of CicH13N303S,.

The shift comparative with 200 nm indicates the presence of impurity. For CicH13N303S, compound,
the vertical shift depends on the concentration in the highest wavelength constant near 800 nm. The
transmittance and the concentration have a strong opposite relation, the value of the light transmittance through
the compound decreases with an increase in the concentration of the compound, because of the scattering of
light of the CisH13N303S,. The highest value of transmittance was achieved at 700 nm which is associated with
the refractive index of 0.1162 as shown in Fig. 3(a) and (b).

Another significant parameter for optoelectronic applications is extinction coefficient. The extinction
coefficient and band gap energy of CisH13N303S; dissolved in ethanol and acetone are shown in Fig. 4(a) and
(b). The extinction coefficient of the new compound varies with photon energy. Semiconductor materials have
crucial properties for the absorption of light and light absorption can be shown in the duration of the absorption
coefficient (a) on photon energy (hv). The forbidden bandwidth of optical transitions or optical band gap for
semiconductors was determined using the following relationship [27].

(ahv)™ =A"(hv — Ej)™ 2)

The value of m is not constant and it varies parameters related to the measuring variety of band gaps,
the value of m is equal to 2 for allowing indirect transitions, m is equal to 3 for forbidden indirect transitions,
the value of m is equal to 1/2 for allowing direct translations, and m is 3/2 for forbidden direct transitions [28].
For zinc phthalocyanine semiconductor, the proper value of m determined to be 2, that is, for electrical dipole-
allowed indirect band gap transitions [29].

(ahv) =A% (hv — E,) ' 3)
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Fig. 4. Extinction coefficient, absorption coefficient and Tauc plot variation of CisH13N303S; in (a, ¢) ethanol
and (b, d) acetone solvents

The allowed indirect band gap of CisH13N303S, molecule in ethanol and acetone solvents achieved
associated with the Tau-plot method as shown in Fig. 4(c) and d, E; value is equal to 3.2 eV. Achieved outcomes
in our production imply that the optical band gap of the CisHi3N303S: is to be a good semiconductor due to
suitable E; which can be used in optoelectronic devices.

An important parameter for optoelectronic applications and technologies is refractive index. The
relation between the refractive index and the band gap energy is opposite. The refractive index of the materials

increases with band gap energy. The following relationship can achieve the n value of zinc phthalocyanine
[30,31].

1
2

_ [ 4R —kz] _R+1 4
"I R =12 R—1 @

The optical and electronic characteristic of semiconductor material principles is based on two
important parameters which are band gap energy and refractive index, decided by these two fundamental
properties. Semiconductors' transparency to incident photons can be measured using refractive index, whereas
a semiconductor's threshold of photon absorption determines its band gap energy. Fig. 5 shows refractive
variations with band gap energy at 22 K.
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Fig. 5. Refractive variations with band gap energy of CisH13N303S;1n 22 K.

There are many relationships between E, value of semiconductor material and refractive index,
including Moss, Ravindra, Herve-Vandamme, Reddy and Kumar and Singh [32]. The refractive index values
of the Ci6H13N303S, semiconductor in the proper optical band gap for ethanol and acetone solution were
determined from equation 4 and the received n values are presented in Table 2.

Herve-Vandamme relation gives the highest refractive index values for Ci1sHi3N303S,, while Ravindra
relation gives the lowest refractive index values as shown in Table 2. A higher correlation is achieved through
the Herve-Vandamme relation than any other.

Table 2. The refractive indices of the C;¢Hi3N305S; for various relations

Energy- Moss Ravindra | Herve-Vandamme | Reddy Kun}ar and Average
gap Singh
1.85 2.458 2.277 3.242 2.892 2.478 3.820
1.94 2.458 2.277 3.242 2.892 2.478 3.741
Reflectivity

The following relationships can be used to calculate the fractional amplitude of the reflected
electromagnetic field by examining the relationship between reflectance (R) and reflection coefficient ()

[33,34].

_ (-1

r=+vR (6)

Reflectance is an important parameter for materials because a material with high reflectivity is a sign
of a good conductor, but a low refractive index and reflectivity suggest that the material has low conductivity.
We can achieve the same purpose by relying on other laws, for example Hagen—Rubens law [35].
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Fig. 6. Reflectivity and reflection coefficient variation with an angular frequency of Ci1sHi3N303S,. (a) ethanol
solvent, (b) acetone solvent

Optical characteristics of these novel compounds display metal-like behavior at lower frequencies, but
at higher frequencies, there is insulation-like activity. Plasma frequency is the frequency at which the real
portion of the dielectric function disappears, as well as at which the material transitions from metallic to
dielectric behavior. Plasma frequency changed due to the effect of solvents as shown in Fig. 6(a) and (b) which
is higher in ethanol than acetone.

Electrical and optical conductivity
Optical conductivity and electrical conductivity are important properties of materials which are
calculated by the following equations [36,37].

anc
Oopt = = (7
240
Ocle = Topt ®)

In general, optical conduction as electronic conduction is a matter of placing electrons in the
conduction band. Another way to achieve this purpose is to provide an electron bound to the atoms with enough
energy to break the bond and freed it to move. This can be achieved simply by illuminating the material with
light, as the photons have energy that allows bonds to be broken. According to the solid-state field, photons can
boost electrons from the valence to the conduction band, leaving a gap in the valence band. The free hole and
the electron can then contribute to the electrical conductivity of the material. An important purpose of
manufacturing electronic gadgets on the molecular level is the ability to measure and control the electric current
through a single molecule. Additional applications concentrate on the insight given by these practices in the
field of charge transport which is a recurrent phenomenon in various biological and chemical processes [38].
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Fig. 7. Optical and electrical variation with energy of CisH3N303S; at 22 K in (a) ethanol and (b) acetone
solvents.

Fig. 7(a) and (b) show electrical and optical conductivity for each solvent but they do not affect optical
properties. When the band gap is zero, the electrical and optical conductivity are both zero, but after 3.2 eV
they both increase to their highest levels. This material has good conductivity compared to other materials.
Electrical conductivity may be readily described using the Drude model [39]. Using solid band theory, the
valence and conduction bands overlap, resulting in more free electrons in the conduction band. Conduction
electrons are responsible for conduction, although the material has resistance due to scattering process. Optical
conductivity measures the electrical conductivity in an oscillating field. As a result, the dielectric constant
comes into play which governs the propagation of light into matter. The terms plasma frequency and relaxation
time are used in this context. These two main physical parameters govern optical propagation. If radiation
strikes matter, it pushes the electron, and if there is no scattering, light is totally reflected, which is why metals
are bright. Above plasma frequency, reflection decreases, and transmission takes over which can easily
distinguish between electrical and optical conductivity. This component also influences the color of the metals.

Dielectric properties

The dielectric properties of the material are related to the electro-optical properties which are
significant for optical materials. Dielectric constants are the key to explaining the polarization and permittivity
of the material which is related to the forbidden energy gap and state density of materials. The real part of the
dielectric constant provides information about the speed of light that can be slow into the material. Another part
of the dielectric constant is the imaginary part which shows the absorption of energy by an electric field due to
dipole motion [40].
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Fig. 8. Dielectric constants of C1sH13N303S;, (a) ethanol, (b) acetone solvents.

521



Article J. Mex. Chem. Soc. 2024, 68(3)
Regular Issue

©2024, Sociedad Quimica de México

ISSN-¢ 2594-0317

The difference in the imaginary and real part of the dielectric constant have an opposite trend. The
minimum value of the real part is 300 nm which shows the lowest absorption. The maximum value of the real
part of CisH13N30;3S; in ethanol solvent is 540 nm and in acetone solvent is 380 nm which shows the highest
absorption as shown in Fig. 8(a) and (b).

According to Koop’s theory which is based on the Maxwell-Wagner model during the lower frequency
range can be explained as the highest value of the dielectric constant [41]. The highest dielectric constant can
be determined at low frequency, the main contribution to the dielectric constant comes from the grain
boundaries, but the smallest dielectric constant depends on the high frequency and the grains with a small
dielectric constant dominate. The relaxation processes are related to the dielectric property because the real
dielectric constant of the compound decreases with increasing frequency which may be associated with
electrostatic relaxation processes. In the low-frequency region, the imaginary dielectric part and frequency have
arelationship. The dielectric loss also decreases with frequency. The permittivity of the imaginary part becomes
less sensitive at high frequency, the high resistivity indicates the low frequency due to the dominant effect of
the grain boundaries, to jumping between the energy levels more energy required. In the high region of the
frequency, the energy required to transfer electrons between the levels is low, hence the energy loss is small.

Electronic structure of CisH3N303S2

The molecular structures of the CisHi13N303S, compound were optimized utilizing the quantum
mechanical approach in the ethanol and acetone solvents at the B3LYP/6-311++G(d, p). The global chemical
reactivity characteristics ( Table 3) such as ionization potential (I), electron affinity (A), the lowest unoccupied
molecular orbital (ELumo), the highest occupied molecular orbital (Enomo) and energy gap are all included (E).
electronegativity (x), chemical potential (1), molecular hardness (77), molecular softness (s), nucleophilicity
and electrophilicity index (w) are all terms used to describe the properties of molecules.

Table 3. Quantum chemical parameters based on DFT calculations at 6-311++G(d, p) basis set in different solvents.

Quantum chemical parameters | Acetone solvent | Ethanol solvent
HOMO -6.342 -6.341
LUMO -2.904 -2.886
HOMO-1 -6.689 -6.691
LUMO+1 -2.084 -2.085
Total energy -1803.285 -1803.286

Dipole moment (Debye) 14.675 14.5429
Ionization energy (eV) 6.342 6.341
Electron affinity (eV) 2.904 2.886
Band-gap energy (eV) 3.438 3.454
Hardness (eV) 1.719 1.727
Softness (eV) 0.581 0.578
Electronegativity (eV) 4.623 4.613
Chemical potential (eV) -4.623 -4.613
Electrophilicity (eV) 6.218 6.162
Nucleophilicity (eV)! 0.160 0.162
AE Back-donation (eV) -0.429 -0.431
Transfer electrons 0.691 0.690
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Density functional theory using the basis set (B3LYP/6-31++G(d, p)) is used to calculate the frontier
energy gap, Enomo and Erumo energy of this molecule in the ethanol and acetone solvents. Optical and electrical
characteristics of this new molecule are highly related to the HOMO-LUMO gap [42,43]. The ability to supply
electrons is represented by the energy of the HOMO, while the ability to accept electrons is represented by the
energy of the LUMO [44]. The energy difference between HOMO and LUMO orbitals defines molecule
chemical stability, optical polarizability and chemical reactivity [45]. It is easier to move an electron from the
HOMO orbital to an excited state (LUMO) when the energy gap between HOMO and LUMO is narrower (soft)
[46]. Fig. 9 shows HOMO and LUMO based on DFT calculation.

1 4»:-:4

Bogs m‘

Fig. 9. HOMO and LUMO of C;sH3N303S; based on DFT calculation.

In quantum chemical processes, electronegativity and electronic chemical potential are key properties.
A high electronegativity indicates that the atoms or molecules have a greater ability to attract electrons, while
a high chemical potential indicates a greater reactivity and less stability. Table 3 can be shown that this molecule
has a higher electronegativity in acetone than other solvents. Ci1sHi3N303S, has the highest chemical potential
in the ethanol solvent.

The magnitude of the electrophilicity index is utilized as a chemical structural descriptor for examining
the chemical reactivity of compounds. A more reactive nucleophile has a lower value of (w) than a strong
electrophile with a high value of (w). CisH13N303S; in ethanol solvent is a more reactive nucleophile. As shown
in Table 3, this molecule is an excellent electrophile when compared to ethanol solvent.

Fig. 10. Electrostatlc potentlal map of C16H13N30382
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The electrostatic potential map reveals information about the atomic charges which may indicate the
advantages of the electrostatic potential map (EPM) [25]. The former is used to define polarity and non-polarity
in the structures of the molecule. The second advantage is that it can be used to compare the charge of one
molecule to another for determining the result of a chemical process. The third component examines the electron
cloud form of the atom and determines an irregularity that may be used to determine which regions have the
highest electron density and which locations have the lowest electron density or depletion. Red as negative
extreme and blue as positive extreme. The red colour with negative indicates the minimum electrostatic
potential (that means it is bound loosely or excess electrons) and act as electrophilic attack. The interaction of
molecules is similar to why molecules aggregate and how polymer complexes are formed. These reactions are
similar to chemical reactions. The electric potential map holds a three- dimensional molecular outline and is
useful for describing the charge distribution on the molecule surface and examining the molecular properties.
They allow the researcher to visualize the shape and size of the molecule. The electric potential is very effective
in predicting the behavior of complex molecules. The default color scale progresses from red to deeper blue
electron density is higher in the region, indicating that electrostatic potential has dropped to its lowest point in
the region. The oxygen atoms have a higher electron density in both solvents as shown in Fig. 10.

Conclusions

The main objective of this study was to synthesize an organic material. The structure of the material is
established using a variety of identification technologies such as *C NMR, '"H NMR, and FTIR. Several basic
properties were studied to establish optoelectronic properties. Band gap energy is the most important attribute
important for researchers. This material has a large vacuum which is around 4 eV in ethanol and acetone
solvents. The optical band gap was determined by Tauck plot method which is 3.2 eV. Although these traits
were found at 22 K which can be controlled by increasing the temperature. This new semiconductor material
has a good ability to conduct electricity based on its ability to reflect a lot of light. While, electrical and optical
conductivity of this material were calculated, the highest dielectric constant was found in the 540- 380 nm
range, indicating its polarization ability.
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Abstract. The optimized geometry of methyl 2-oxo-1,2-dihydrofuro[3,4-d] pyrimidine-3(4H) carboxylate
(FP) was determined by density functional theory calculations. Geometric properties of FP such as bond
length, bond angle, dihedral bond angle, and HOMO-LUMO energies in the gas phase were calculated by
using the Gaussian program. Delocalization of the molecule’s charge was analyzed using Mulliken
Population Analysis (MPA) and Natural Population Analysis (NPA) approaches. Electrophilic and
nucleophilic regions of FP were identified by drawing a molecular electrostatic potential map. NMR and
FTIR spectra were calculated with the B3LYP and 6-311++G (2d, p) basis set and a detailed FTIR analysis
was performed by using the VEDA program. To determine the consistency of the calculated NMR and FTIR
spectra, they were compared with their corresponding experimental NMR and FTIR spectra. Molecular
insertion studies of FP with six different cancer proteins were analyzed and their interactions were evaluated.
Data on the pharmacokinetics and drug affinity of FP were obtained through the Swiss ADME and ADMET
programs.

Keywords: Dihydrofuro [3,4-d] pyrimidine; DFT/B3LYP; molecular docking; swiss ADME; ADMET.

Resumen. Se optimizd la geometria del metil 2-oxo-1,2-dihidrofuro[3,4-d] pirimidina-3(4H) carboxilato
(FP) por medio de la teoria de funcionales de la densidad. Utilizando el programa Gaussian, se calcularon en
fase gas las propiedades geométricas del FP como longitudes de enlace, angulos de enlace, angulos diedros,
y la diferencia de energias entre HOMO y LUMO. Se analiz6 la deslocalizacion de la carga en la molécula
utilizando los analisis de poblacion de Mulliken (MPA) y de poblacion natural (NPA). Se identificaron las
regiones electrofilicas y nucleofilicas mediante mapas del potencial electrostatico molecular. Utilizando el
funcional B3LYP y la base 6-311++G (2d, p) se calcularon los espectros de NMR y FTIR; se realizé un
analisis detallado de los espectros de FTIR utilizando el programa VEDA. Para determinar la confiabilidad
de los espectros calculados de NMR y FTIR, se compararon con los resultados experimentales. Se analizaron
estudios de insercion molecular del FP a seis diferentes proteinas involucradas en cancer para determinar sus
interacciones. Utilizando los programas Swiss ADME y ADMET se determinaron la farmacocinética y la
afinidad del FP.

Palabras clave: Dihidrofuro [3,4-d] pirimidina; DFT/B3LYP; acoplamiento molecular; Swiss ADME;
ADMET.
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Introduction

Pyrimidine, an aromatic heterocyclic compound containing nitrogen, is found in the structure of
DNA and RNA, which are important for life. Synthesized pyrimidine-derived compounds can be used in
many areas due to their features such as antifungal, anti-tumor, anti-inflammatory, anti-viral, anti-bacterial,
anti-proliferative, anti-Alzheimer's, anti-tuberculosis, anti-f-glucuronidase, anti-HIV and diuretic [1-10].
Also, some cancer drugs like Xeloda [11], cytarabine [12] and gemcitabine [13], 5-fluorouracil [14] contain
pyrimidine as the main component. Furopyrimidine compounds are synthesized by forming a pyrimidine ring
next to the furan ring by various reactions. These compounds have biological properties similar to
pyrimidines, which have been the subject of many studies in recent years [15-17]. It can be said that there is
not much literature on quantum chemical calculations, molecular docking, ADME, and ADMET for
furopyrimidine derivative compounds. For this purpose, methyl 2-oxo-1,2-dihydrofuro[3,4-d] pyrimidine-
3(4H) carboxylate (FP) was first optimized using density functional theory (DFT). Bond angles, dihedral
angles, bond lengths, dipole moments, molecular electrostatic potential map (MEP), highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) of FP were obtained with the
Gaussian G09w package program [18]. Then, the calculated spectrum values of FTIR and NMR were
compared with the experimental spectrum values reported by Yilmaz et al. [19]. Finally, the biopotential of
FP was evaluated by molecular docking with six different cancer proteins. Data on the pharmacokinetics and
drug affinity of FP were obtained through the Swiss ADME [20] and ADMET programs [21].

Theorical method

Geometric calculations and molecular configuration of the FP were performed in the Gaussian G0O9w
package program with the 6-311++G (2d, p) basis set using B3LYP [22-24]. MAP and FMO were also
calculated by the same method. The gauge invariant atomic orbitals (GIAO) method was used for 'H and '3C
NMR. Since the experimental data were obtained in dimethylsulphoxide (DMSO), theoretical calculations
were made in DMSO for comparison, and the solvent effect on the chemical shift value was also investigated
by calculating NMR in the gas phase. The calculated IR vibration frequencies are multiplied by the correction
factor 0.9613 which provides the best agreement between the theoretical data and the experimental FTIR
frequencies for B3LYP/6-31G(d) method [24]. A detailed potential energy distribution (PED) analysis was
also performed using the VEDA program. The visualization of all data was carried out in GaussView 5.0
[25-27].

Molecular docking

Since many in vivo and in vitro experiments are required, it is very difficult to determine whether
the synthesized compounds have biological effects. Molecular docking calculation of ligand-receptor
interactions provides easier information about the bioactivity of the compound [28-31]. The best ligand-
receptor interaction can be examined by choosing the lowest energy interaction among the molecular docking
results. Molecular docking studies were performed with Auto Dock Tools 1. 5. 6.[32,33]. Molecular docking
FP with various cancer proteins, namely brain cancer, breast cancer, gastric cancer, liver cancer, lung cancer,
and skin cancer [34-39]. The 3D crystal structure of cancer proteins was taken from Protein Data Bank (Brain
Cancer Protein PDB ID: 1QHT, [40] Breast Cancer Protein PDB ID:1JNX [41], Gastric Cancer Protein PDB
ID:1BJ7 [42], Liver Cancer Protein PDB ID:3WZE [43], Lung Cancer Protein PDB ID:2ITO [44], Skin
Cancer Protein PDB ID:2VCJ [45]. Water molecules were removed, and polar hydrogens and Kollman
United charges were added as the biomolecules were prepared for docking. The FP molecule was prepared
for docking by minimizing its energy at the Gaussian 09w program [18]. Partial Charles of FP was calculated
by Geistenger Method. The spacing between grid points was 0.375 A. Autodock docking studies were
examined by using the Lamarckian Genetic Algorithm (LGA). As a result of the calculations, the lowest
energy interaction was selected, and the results were interpreted. All FP-biomolecule interactions were
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illustrated using Pymol and Chimera software [46-48]. LigPlot+ v.1.4.5 software was used to show the H
bonds in detail [49].

Swiss ADME and ADMET Lab

It is important to evaluate the bioavailability of compounds using computer-based programs for the
discovery of new drugs. Compounds can be classified as drug-like and non-drug-like according to the
Lipinski rule [50]. Physicochemical and pharmacokinetic properties of FP were obtained using the Swiss
ADME free website http://www.swissadme.ch/index.php (Swiss Institute of Bioinformatics, Switzerland)
[20]. ADMET (absorption, distribution, metabolism, elimination, toxicity) is an important part of drug
discovery and provides information about the drug's behaviour in metabolism. ADMET properties of FP
were obtained using the online ADMET database, https://admetmesh.scbdd.com/service/screening/molecule
[51].

Results and discussion

Molecular geometry

Molecular geometry is defined as a three-dimensional arrangement of atoms in a molecule.
According to the differences in the positions and orientations of the atoms, a lot of conformations can be
determined for a compound. Each different conformation affects the energy of the molecule, its physical and
chemical properties, its reactivity, and its interaction with other molecules [52]. The most stable optimized
geometry of the FP at its minimum energy level obtained by DFT calculations is shown in Fig. 1.

9

The selected parameters for structural analysis, namely bond lengths, bond angles, and dihedral bond
angles for the gas phase and in the DMSO solution of FP are given in Table 1. The Cartesian coordinates of the
atoms in the minimized structure in the gas phase are given in supplementary S1. There are slight differences
between the calculation in the gas phase and DMSO, except for dihedral angle H19-N9-C8-0O10 as it turns to a
positive value for the “in DMSO” case from its negative value for the gas phase. The dihedral angles (C6-C2-
C3-N9) is are.1(1)° on average of the values obtained from both cases, while (C2-C6-N7-C8) is ~44.58(35)°
exhibiting a bent pyrimidine ring. The flat dihedral angle (C1-C2-C3-N9) is ~180° showing that the (C6-C2-
C3-N9) side of pyrimidine and furan rings are almost in the same plane while the angle ~162.89 (1,18)° of (N9-
C8-N7-C11) indicates the separation of the FP tail from (C2-C6-N7-C8) plane of the pyrimidine ring.

Fig. 1. Molecular configuration of FP.
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Table 1. Theoretical bond lengths (A), bond angles (°), and dihedral bond angles (°) of FP. Atom labels refer

to Fig. 1.
Bond Length (A) Bond Angles (°) Dihedral Bond Angles (°)
Gas DMSO Gas DMSO Gas DMSO
Cl-C2 1.354 1.354 C1-C2-C3 105.97 106.06 H16-C4-05-C1 -179.31 | -179.55
C2-C3 1.423 1.423 C3-C4-05 108.75 108.53 C1-C2-C3-C4 -0.16 -0.18
C1-H15 | 1.076 1.076 C3-C4-H16 134.58 134.48 C2-C3-C4-05 -0.31 -0.27
C6-H18 | 1.086 1.085 H16-C4-05 116.65 116.99 C4-C3-C2-C6 178.21 178.03
C14-H20 | 1.089 1.088 C4-05-C1 107.53 107.68 C6-C2-C3-N9 -1.98 -2.19
C4-05 1.371 1.373 05-C1-C2 116.17 109.99 H19-N9-C8-010 -1.34 0.23
C1-05 1.364 1.364 N7-C11-012 122.17 122.19 N9-C8-N7-Cl11 -164.08 | -161.71
C8-010 | 1.209 1.218 C11-013-C14 | 115.19 115.61 N9-C8-N7-C6 28.54 29.15
C11-012 | 1.210 1.215 C2-C6-N7 108.62 108.49 010-C8-N7-C11 16.69 19.05
C14-013 | 1.438 1.444 C6-N7-C8 120.75 120.65 C8-N7-C11-012 -158.54 | -158.83
C6-N7 1.484 1.488 N7-C8-N9 114.16 114.78 N7-C11-013-C14 -178.25 | -179.53
C8-N7 1.420 1.419 H19-N9-C3 121.91 121.24 | C11-0O13-C14-H21 177.59 178.19
C8-N9 1.382 1.370 N9-C8-010 121.14 121.29 | 012-C11-013-C14 5.13 3.76
C3-N9 1.389 1.391 010-C8-N7 124.69 123.92 C1-C2-C3-N9 179.63 179.60
CI1-N7 | 1.399 1.395 C8-N7-Cl11 122.81 122.89 C2-C6-N7-C8 -44.95 -44.22
N9-H19 | 1.009 1.009 012-C11-013 | 124.75 124.35 C6-C2-C3-N9 -1.99 -2.19

The charge distribution in the atoms in the molecule is important for determining the electrostatic
interaction and molecular force fields [53,54]. The atomic charge distributions of the FP are obtained by
Mulliken Population Analysis (MPA), and Natural Population Analysis (NPA) methods within the
framework Gaussian 09, which are listed in Table 2. There are differences when comparing the calculated
atomic charges in the two methods. The charges such as C1, C2, and C3 are given discrepant by the two
methods. MPA(C1) is -0.116 and NPA(C1) is 0.154 with a change in the sign. C2 has the same issue. Other
atoms, even though they show the same sign, they differ in magnitude; for example, MPA(C3) is 0.312, and
NPA(C3) is 0.078. However, the two methods provide good agreement on the charges of some atoms, such
as 05, C4, Cl11, and H16. Overall, the oxygen and nitrogen atoms in the molecule are negatively charged,
while the hydrogen atoms are positively charged, as usual. Amongst the carbon atoms, the highest negative
charge is located on C14, while the highest positive charge is located on C11. The carbon atoms have negative
or positive charges with respect to the electronegative atoms around them.
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Table 2. Atomic charges of FP compound by Mulliken Population Analysis (MPA), and Natural Population
Analysis (NPA) methods. Labels refer to Fig. 1.

Atom MPA NPA Atom MPA NPA
Cl -0.116 0.154 013 -0.318 | -0.533
C2 0.549 -0.147 N7 -0.343 | -0.564
C3 0.312 0.078 N9 -0.509 | -0.616
C4 0.055 0.082 H15 0.181 0.200
C6 -0.963 | -0.176 H16 0.180 0.200
C8 0.559 0.843 H17 0.161 0.205
Cl1 0.713 0.968 H18 0.212 0.244
Cl4 -0.121 | -0.200 H19 0.275 0.412
05 -0.366 | -0.455 H20 0.164 0.186
010 -0.458 | -0.608 H21 0.145 0.187
012 -0.468 | -0.644 H22 0.157 0.184

The MPA and NPA methods obtain the results sensitively depending on their basis sets which induce
change in the calculated net charges [54]. However, the results given by NPA are supposed to be more reliable

as their calculations are based on the natural charges [55].

Molecular orbital energy analysis and electronic properties

Quantum chemical parameters were calculated with FMO analysis, and the highest occupied molecular
orbital energy (Exomo ), the lowest unoccupied molecular orbital energy (Epymo) together with the energy gap
(AE = Ev ymo — Enomo) given in Fig.2. AE determines the molecular properties, namely softness and chemical
reactivity [54,56-58]. In this respect, the AE energy difference of the FP calculated using the B3LYP and the 6-
311++G (2d, p) basis set was 5.81 eV as a single molecule ( 5.64 eV in DMSO) related to the dipole moments
of FP molecule which were found ug,s = 1,92 Debye and upmso = 2,99 Debye in the gas phase and iMSO,
respectively. The dipole moments were obtained by the conformal minimization of the molecule. These values
make FP a high enough polarized pyrimidine molecule as compared to that of 4.86 eV for 5-Fluorouracil, a

commercial anticancer reagent [59].

Fig. 2. Eyomo and Epyme energy levels for FP.

E, yio=-0.6078¢V

AE=35.8145eV

I‘l« MO ~6.4223eV
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The calculations of Eyomo and Epymo energy levels lead to automatic determination of ionization
energy (/) and electron affinity (A) which are expressed as

I = —Eyomo (1)
and
A =—ELymo ()

As Eyomo indicates the electron-donating ability while Ejyyo refers to the electron-accepting
ability. Once reaching the concerning parameters above, some characterizing parameters such as
electronegativity (y), chemical hardness (17), and softness (o) from the following relations:

I+ A

- - 3
X > (3)

I—A

= 4
n > 4)
and

! (5
o=-

n

The molecular electronic properties of FP obtained are given in Table 3. The high electronegativity
values xgas = 3.51 eV and ypmso = 3.53 eV indicates the strong attraction to covalent bonds [34]. Also, the
large chemical hardness 1g,5 = 2.91 eV and pysp = 2.82 eV indicates chemical stability, and the molecule
can be considered as nontoxic because of the low softness values 0g,5 = 0.34 eVl and opyso = 0.35eVL.

Table 3. Electronic structure values of FP.

Phase Ewomo(eV) | Erymo(eV) | AE (eV) | I(eV) | A(eV) | x(eV) | n(eV) | o (evV™))

gas -6.42 -0.61 5.81 6.42 0.61 3.51 291 0.34
DMSO -6.36 -0.71 5.64 6.36 0.71 3.53 2.82 0.35

Molecular electrostatic potential
The molecular electrostatic potential of FP was calculated and shown in Fig. 3. It shows the

positively charged parts of the molecule in blue colour and the negatively charged parts in red colour [60-
62].
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Fig. 3. Molecular electrostatic potential for FP.

As MEP allows us to have insight into the chemical reactivity of a molecule, the highest negative
charge -0.059 region by red shade in Fig.3 is the electrophilic region. The negative electrostatic potential
indicates the concentrated electron density in the molecule interacting with the receptors and forming hydrogen
bonds with the positive sites of amino acids. They correspond to the tops of two carbonyls. The highest positive
charge +0.059 region by blue shade is the nucleophilic region which corresponds to the hydrogen in the N-H
bond. The green area can be considered almost a neutral region.

Experimental and theoretical *C NMR and '"H NMR chemical shift values

Experimental and theoretical '"H NMR and '*C NMR chemical shift values of FP are listed in Table 4
according to TMS &/ppm. The experimental NMR values were taken in DMSO [19], and theoretical NMR data
were calculated in the gas phase and DMSO phase. In the FP structure, there are five different hydrogens
attached to aliphatic and aromatic carbons and amine-bound, and all H peaks were observed as a singlet. In
addition, eight different carbon peaks were found in the aliphatic, aromatic, and carbonyl structures.

When discussing the 'H NMR spectra of the FP, the experimental chemical shift values of the protons-
bounded aliphatic carbons were observed as a singlet in a value, while the theoretical chemical shift values were
seen as two different peaks. The experimental value of the ring protons, CH, was at 4.71 ppm as a singlet, while
the theoretical values of H17 and H18 were 4.50 and 5.19 ppm, respectively. Ester protons, CH3 experimental
value was in the 3.78 ppm as a singlet, while the theoretical values of H21 and H20, H22 were in 3.72 and 3.87
ppm, respectively. The experimental value of amine proton was 9.96 ppm as a broad singlet, whereas the
theoretical value of H19 was 6.42 ppm. The experimental values of aromatic ring protons were at 7.27 and 7.46
ppm, whereas the theoretical values of H15 and H16 were at 7.31 and 7.37 ppm, respectively.

Table 4. The experimental and theoretical 'H NMR and '*C NMR chemical shift values of FP according to TMS
O/ppm. (s.: singlet, br.: broad Assign.: assignments) The hydrogen and carbon labels can be followed in Fig. 1.

'H NMR
Experimental Theoretical
Assign. o(ppm) Assign. Gas phase DMSO
CHs 3,73 (s) H21 3.56 3.72
H20, H22 3.83 3.87
CH: 4.71 (s) H17 4.34 4.50
H18 5.14 5.19
NH 9.96 (br. s) H19 5.75 6.42
CH (arom.) 7.27 (s) H15 7.05 7.31
CH (arom.) 7.46 (s) H16 7.12 7.37
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13C NMR
Experimental Theoretical

Assign. o(ppm) Assign. Gas phase DMSO
CH> 29.74 C6 43.24 44.06
CH3 54.28 Cl4 54.87 55.95
C(arom.) 111.13 C2 117.37 117.28
CH(arom.) 124.88 C4 126.54 129.19
C(arom.) 126.17 C3 132.70 131.85
CH(arom.) 136.96 Cl1 140.50 141.87
C=0 150.05 C8 153.01 156.06
C=0 155.32 Cl1 162.07 163.40

Considering the 3C NMR spectra of the FP, the experimental values of the aliphatic ring (CHz) and
ester methyl carbon peaks (CHs) were at 29.74 and 54.28 ppm, whereas the theoretical values of C6 and C14
were at 44.06 and 55.95 ppm, respectively. The aromatic carbons’ experimental values were 111.13, 124.88,
126.17, and 136.96 ppm, whereas theoretical values of C2, C4, C3, and C1 were 117.28, 129.18, 131.85, and
141.87, respectively. The experimental values of ring carbonyl carbon and aliphatic carbonyl carbon were at
150.05 and 155.32 ppm, while theoretical values of C8 and C11 were at 156.06 and 163.40 ppm, respectively.
According to the NMR results, the experimental and theoretical chemical shift values are compatible. The
theoretical and experimental NMR spectra were given in the supplementary (S2-S5).

Experimental and theoretical vibration frequencies

The molecular structure of FP contains twenty-two atoms, which gives forty-four normal modes of
vibrations. While experimental vibration values were taken from the literature [19], theoretical vibration values
were calculated using the DFT/B3LYP method and 6-311++G (2d, p) basis set. The FTIR spectrum was analyzed
based on characteristic peaks such as amine, aromatic, carbonyl, and CH, vibrations. The experimental and
theoretical values of the vibrational wavenumber of FP are shown in Fig. 4. For analysis, all the calculated FTIR,
compared to experimental values, and details of the percentage of potential energy distribution (PED) assignment
are listed in Table 5. When performing PED assignments, it was found that there were thirty-four stretching
vibrations, thirty-six in-plane bending vibrations, four out of plane bending vibrations, and eighteen torsional
vibrations. When the experimental and theoretical values were compared, they were found to be well-matched.

T ﬂr)’ Th ) T T T

Exp.

Transmittance

{A

200 '30‘33 .'-Zﬂ“;.’) 'EIDJ TOIJO EI;:J
Wavenumber (cm)

Fig. 4. Experimental and theoretical FTIR spectrum of FP (cm™).
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Table 5. Experimental and theoretical FTIR values of FP (cm™).

Experimental Theoretical Vibration assignment (PED)
No Unscaled | Scaled
1 3321 3633 3492 vN9-H19 (100)
2 3071 3282 3155 vC4-H16 (95)
3 3048 3271 3144 vC1-H15 (95)
4 3158 3036 vC14-H21 (80), vC14-H20 (19), vC14-H22 (19)
5 3137 3016 vC6-H18 (98)
6 2980 3127 3006 vC14-H20, vC14-H22 (100)
7 3054 2936 vC14-H20, vC14-H21 (80)
8 2925 3010 2894 vC6-H17 (98)
9 1694 1777 1708 vC8-010 (77)
10 1686 1752 1684 vC11-012 (81)
11 1571 1686 1621 vC1-C2,vC3-C4 (76)
vC1-C2 (52), vC3-N9 (52) 8H15-C1-05 (12), 6H16-C4-05
12 1528 1599 1537 (12),
8C1-05-C4 (11), 6C3-C4-05 (11)
13 1465 1513 1454 S0H18-C6-H17 (74), tH18-C6-C2-C1 (12)
14 1458 1497 1439 S6H20-C14-H22 (70), rgfg)glliggcn (21), tH22-C14-
S6H21-C14-H20 (38), 6H22-C14-H21 (35), tH21-C14-013-
15 1440 1485 1428 C11 (15),
tH20-C14-013-C11 (10), tH22-C14-013-C11 (10)
16 1406 1469 1412 S8H19-N9-C3, 8C2-C1-05 (44)
17 1326 1411 1356 8C6-N7-C8 (14)
18 1301 1402 1348 vC3-C4, vC3-N9 (24)
19 1293 1337 1285 vC11-N7 (44), vC11-0O13 (44), H17-C6-C2 (10)
20 1270 1289 1239 vC8-N9 (10)
21 1234 1244 1196 SdH16-C4-05, 6H15-C1-05 (67)
29 1205 1204 177 8C8-N7-Cl11, 6N9—C§(—:(3)_1((:)::5(()353—(11159)—C8, 5012-C11-013,
23 1159 1172 1127 vC1-05, vC6-N7 (54)
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24 1128 1147 1103 vC1-05, vC4-05, vC6-N7 (61)
25 1100 1112 1069 vC11-N7 (22), vC11-013 (22), vC14-0O13 (11)
26 1040 1049 1008 vC1-05, vC4-05 (64)
27 985 1005 966 TH17-C6-C2-C1 (26)
28 951 916 881 6C1-05-C4, 5N7-C8-N9 (44)
29 902 858 825 6C3-C4-05, 0N9-C8-010, SN7-C8-N9 (76)
30 859 822 790 5012-C11-013, 6C11-013-C14, 6C3-N9-C8 (41)
31 781 790 759 tH15-C1-05-C4 (57), 1C1-05-C4-C3 (11), yO12-N7-013-
C11 (66)
32 766 749 720 vO10-N9-N7-C8 (85)
33 724 743 714 vC8-N7 (12), t1C6-N7-C8-N9 (10)
34 660 715 687 tH16-C4-05-C1 (495), IC2—818—)05—C4 (18), 1C1-05-C4-C3
35 608 606 583 6C3-N9-C8, 6012-C11-013, 8N9-C8-010 (35)
36 580 502 483 TH19-N9-C3-C2 (30)
37 489 435 418 ON7-C11-013, 6N9-C8-010,-6012-C11-013, 6C8-N7-C11
(49)
38 334 321 yN9-C2-C4-C3 (23)
39 324 311 6C11-013-C14, 8C8-N7-C11 (60)
40 296 285 TwN7-C8-N9-C3 (10)
41 257 247 0C8-N7-C11, 6C11-013-C14, 6N7-C11-013, 6N7-C8-N9
(10)
42 222 213 TC8-N9-C3-C2 (34), 1C14-013-C11-N7 (11)
43 169 162 vyC11-C6-C8-N7 (17)
44 62 60 t013-C11-N7-C6 (71)
NH vibrations

The stretching vibrations of the amide NH bond were observed around 3300-3600 cm™ [62,63]. In

FP, N9-H19 stretching vibration was theoretically observed at 3492 cm™! with PED contribution is 100 % and

experimentally at 3321 cm’

1

as a strong peak. Furthermore, H19-N9-C3 in-plane bending vibration was

observed theoretically at 1412 cm™! and experimentally at 1406 cm™'. The H19-N9-C3-C2 torsional vibration
was observed theoretically at 483 cm™! and experimentally at 580 cm™.

Aromatic CH vibrations

Aromatic CH bond stretching vibrations are usually just over 3000 cm™ [63,64]. There are two

different aromatic CH in the FP structure, and their vibrational values were very close. C4-H16 and C1-H15
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stretching vibrations were theoretically observed at 3144 cm™ and 3157 cm’!, and experimentally at 3193 cm’!
and 3139 cm™!, respectively. H16-C4-O5 and H15-C1-O5 in-plane bending vibrations had the same value and
two vibrations; theoretically observed at 1537 cm™ and 1196 cm™!, experimentally at 1528 cm™ and 1234 cm™.
Moreover, H15-C1-05-C4 and H16-C4-05-C1 torsional vibrations were observed theoretically at 759 cm™ and
687 cm! experimentally at 781 cm™! and 660 cm’!, respectively.

Carbonyl vibrations

Depending on the electronegative atoms attached to the carbonyl group, the carbonyl group gives a
stretching vibration in the range of 1650-1800 cm™ [62,63]. There are two different carbonyl groups located
between nitrogen-nitrogen and oxygen-nitrogen in the FP structure. The carbonyl group (C8-O10) located
between nitrogen and nitrogen in the ring structure gave a higher frequency peak than the other (C11-012).
While C8-0O10 and C11-O12 stretching frequency were observed theoretically at 1708 and 1684 cm’!,
experimentally at 1694 and 1686 cm™!, respectively. In addition, N9-C8-010 in-plane bending vibrations were
theoretically observed at 1177, 825, 583, 418 cm™, and experimentally at 1205, 902, 608, 489 cm™'.

CH; vibrations

The characteristic vibration of the CH, is the stretching vibration in the range of 2900-3000 cm™! and
the in-plane bending vibration around 1450 cm™ [65]. The C6-H18 and C6-H17 stretching vibrations were
observed theoretically at 3016 and 2894 cm’!, respectively, and experimentally at 2925 cm™'. H18-C6-H17 in-
plane bending vibration was observed theoretically at 1454 cm™ and experimentally at 1465 cm™.

Molecular docking

Molecular docking calculations are used to gain information about ligand-receptor interactions and
play an important role in drug discovery. As a result of these calculations, it can be found out which region of
the protein the ligand binds to, what kind of interactions it makes, and their binding energies [54,60,66,67]. In
this study, molecular docking calculations with the brain (PDB ID: 1QHT), breast (PDB ID: 1JNX), gastric
(PDB ID: 1BJ7), liver (PDB ID: 3WZE), lung (PDB ID: 2ITO), and skin (PDB ID: 2VCJ) cancer proteins to
see the biological potential of FP were examined. Many docking studies were carried out and the lowest energies
interaction was selected. The calculated lowest binding energies of the target biomolecules and FP are given in
Table 6. In addition, FP makes more stable interactions with brain and liver cancer cells than others. The binding
sites of FP with target biomolecules are shown in Figure 5. Looking at the structure of the FP compound, it is
seen that it is an active compound-containing pyrimidine ring, furan ring, and ester. When calculated results are
examined, FP makes hydrophobic interactions with ARG130, ARG132, TRP228, ARG236, ILE238, MET240,
ARG292 amino acids in brain cancer protein, SER1755, ARG1758, LYS1759, ILE1760, ARG1762, TYR1845,
GLN1846, CYS1847 amino acids in breast cancer protein, ARG40, ILE149, ASP152, ASN153, CYS154,
PRO156 amino acids in gastric cancer protein, HIS816, LYS868, ALA881, SER884, GLUS8SS, ILE&SS,
ARG1027, ASP1046, GLY 1048, LEU1049, BAX1201 amino acids in liver cancer protein, SER 719, ALA722,
PHE723, VAL726, LYS745, ARG841, LEU844, ASP855, IRE2020 amino acids in lung cancer protein,
ARG46, GLU47, SER50, ASN51, GLY 132, GLN133, GLY 135, GLY 137 amino acids in skin cancer protein.

Table 6. The binding energies of FP and target biomolecules.

Protein (PDB ID) Types of cancer Binding energy (kcal/mol)
1QH4 Brain cancer -6.1
1INX Breast cancer -4.9
1BJ7 Gastric cancer -4.4
3WZE Liver cancer -6.1
2ITO Lung cancer -5.9
2v(CJ Skin cancer -4.8
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Fig. 5. The binding site of FP on target proteins, (A) Brain cancer protein, (B) Breast cancer protein, (C) Gastric
cancer protein, (D) Liver cancer protein, (E) Lung cancer protein, (F) Skin cancer protein.

H bonds are strong interactions that hold molecules together and the number of the H bonds gives
information about the strength of the interaction. The H bond interactions between FP and targeted biomolecules
are given in Fig. 6. Also, the number of H bonds made by FP with each biomolecule and the atoms forming the
H bond are listed in Table 7.
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Fig. 6. The H bond interactions between FP and target proteins, (A) Brain cancer protein, (B) Breast cancer
protein, (C) Gastric cancer protein, (D) Liver cancer protein, (E) Lung cancer protein, (F) Skin cancer protein.
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Table 7. Summary of hydrogen bonding of furopyrimidine molecule with different types of biomolecule targets.

Protein Number of Bonded residues Bond distance
(PDB ID) H bond (A)
1QH4 2 Protein ARG292:HN Ligand: O12 2.89
Protein ARG132:HN Ligand:O13 2.95
Protein SER1755:0H Ligand: O5 3.18
Protein ARG1758:0 Ligand: N9H19 3.18
1INX 4 Protein ARG1762:HN Ligand: O12 2.82
Protein ARG1762:HN Ligand: O12 3.22
1BI7 2 Protein ASP152:0 Ligand: NOH19 291
Protein CYS154:0 Ligand: N9H19 2.80
3WZE 1 Protein ALA881:0 Ligand: N9H19 2.85
2ITO 1 Protein LYS745:NH Ligand: O12 3.21

2VCl - - - -

When it is examined in this study, FP makes two H bonds with ARG 132, ARG 292 amino acids in
brain cancer protein, it makes four H bonds with SER1755, ARG1758, ARG1752 amino acids in breast cancer
protein, it makes two H bonds with ASP152, CYS 154 amino acids in gastric cancer protein, it makes one H
bond with ALA881 amino acid liver cancer protein, it makes one H bond with GLY863 amino acid in liver
cancer protein, it doesn’t make H bond with an amino acid in skin cancer protein, and it makes two H bond
with DAS.

When the H bonds were examined, it was seen that N9 in the FP structure is the H bond donor, and
05, 012, and O13 are H bond acceptors. It can be said that N9 and O12 atoms in the FP structure are the most
active ones in forming H bonds.

Evaluation of pharmacokinetics and drug-likeness properties of FP

By evaluating the pharmacokinetic properties, toxicity, and bioavailability of the compounds, their
usage or development as a drug can be achieved [68-70]. As shown in Table 8, FP follows the Lipinski Rule,
Pfizer Rule, and GlaxoSmithKline Rule as a drug candidate. According to the ADME result, FP has a high GI
(gastrointestinal) absorption value, which means that the drug is rapidly absorbed.

The molecular weight of FP being 196.16 g/mol and having 2 rotatable bonds indicate the conformity
of the molecule. The number of hydrogen bond acceptors and donors is within the expected range, which
indicates that they can interact strongly enough. Log P is a measure of the hydrophilicity and hydrophobicity
of a molecule. The log P value of FP is compatible with the Lipinski rule. The topological polar surface area
(TPSA) value of FP 71.78A2 indicates that they have good permeability during the cellular plasma membrane
and blood-brain barrier.

Table 8. Data of Lipinski rule, Pharmacokinetics, and Drug likeness.

TPSA/A2 | Consensus | Bioavailability
Mw | NBR | HBA | HBD (<140) Log Po/w Score GI abs.
196,16 2 4 1 71.78 0.21 0.55 high

Mw: Molecular weight, NBR: Number of rotatable bonds, HBA: Number of Hydrogen bond
acceptors, HBD: Number of Hydrogen bond donors, TPSA: Topological polar surface area,
Consensus Log Posw: Log Poctanewater, GI: Gastrointestinal.
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The ADMET data of the FP which is computationally forecasted from its given molecular structure
are shown in Table 9. It is exhibited that the FP has oral bioavailability, and is rapidly absorbed in the human
intestine. Also, FP does not show skin sensitivities, AMES toxicity, and respiratory toxicity. The FP is not a P-
glycoprotein inhibitor or substrate. Since P-glycoprotein pumps drugs back into the lumen, reducing drug
absorption, it can be said that the bioavailability and bioactivity of the FP are high. A summary of the ADMET
properties of FP is shown in Fig. 7.

Upper Limit Lower Limit Compound Properties
MW

LogP nRig

Logs fChar

LogD nHet

nHA MaxRing

nHD nRing

TPSA nRot

Fig. 7. Radar chart involved in ADMET properties of FP.

Table 9. Pharmacokinetics and ADMET Data.

Lipinski Rule yes Respiratory toxicity no

Pfizer Rule yes P-glycoprotein inhibitior no

GlaxoSmithKline Rule yes P-glycoprotein substrate no

Human Intestinal Absorption high Solubility yes

ANES iy o | e vt | o
Skin sensitization no

Conclusions

In this study, the FP geometry was optimized using the B3LYP/6-311G++ (2d, p) method within
density functional theory. The bond lengths, bond angles, dihedral angles, MEP, dipole moments, HOMO, and
LUMO of FP were obtained with the Gaussian GO9w program. Theoretical FTIR and NMR spectrum values
were found to be compatible with the experimental spectrum values. Due to the wide biological activities of
pyrimidine compounds, molecular docking studies of FP were carried out with various biomolecules. As a result
of molecular docking studies, it was determined that N9 and O12 atoms of FP were the most active ones, and
they make hydrogen bonds and hydrophobic interactions with biomolecules. Data on the pharmacokinetic and
drug-likeness of FP was observed. For future studies, the synthesis of new dihydrofuro [3,4-d] pyrimidine
derivatives may be desirable and could be a source of similar studies to determine their mechanisms as potential
anticancer agents.
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	Steel and its alloys are widely used in the construction of tanks, pipes and oil refining equipment [1,2]. These installations are highly vulnerable to corrosion and have a low resistance to aggressiveness in the presence of acid solutions, which are ...
	Inhibitors are being used to control steel dissolution and reduce acid consumption [6,7]. Currently, research on inhibitors includes a variety of activities ranging from protective mechanisms to the monitoring of industrial systems in which inhibitor...
	A substantial number of reports, reviews, and books have been devoted to the use of green plant-based corrosion inhibitors for metals in acidic mediums. It has been stated that plant extracts have excellent inhibiting abilities, with low or no negativ...
	In general, for any material, there is a suitable family of inhibitors to provide satisfactory protection against corrosion. Extracts of certain plants such as Portulaca grandiflora [17], Ficus tikoua leaves [18], Neolamarckia cadamba barks [19], Ephe...
	Analytical chemistry is increasingly using response surface methodology (RSM) as a tool for optimization. It comprises a group of statistical and mathematical methods based on fitting empirical models to experimental data gathered following the experi...
	The present work is part of the experimental investigations on the inhibition of corrosion of metal surfaces by the use of green inhibitors. It is in this regard that we examined the corrosion inhibition of a X2C30 carbon steel by the butanolic extrac...
	Materials and methods
	Samples preparation
	Conclusions
	In this work, a Response Surface Methodology (RSM) based on the Composite Centered Design (CCD) was used to study and statistically analyze the effect of the extract (EBFL) on the corrosion inhibition of carbon steel (X2C30), in a 1M HCl acid medium. ...
	The different results obtained from this investigation are:
	 Quadratic logarithmic models modeled the inhibitory efficiency and corrosion rate as responses. From the statistical analysis ANOVA we confirmed that both obtained models are significant (P=0.0001< 0.05) with a satisfactory correlation between the m...
	 The study of the influence of concentration and temperature on the inhibitory efficiency and the corrosion rate was carried out to confirm the adsorption model on the metal surface. Several factors highlighted the physisorption nature of the EBFL ad...
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	Lipids are large and diverse groups of naturally occurring organic compounds which also perform different functions in the system of living organisms [1]. They have been found to be involved in some biological activities that can help the body to run ...
	Fatty acids are important constituents of the membrane cell. They are part of lipids which are widely spread in nature and are of important biological, structural and functional roles [2]. Furthermore, fatty acid produces a huge quantity of adenosine ...
	Bioactive lipids are the group of lipids that can exhibit biological activity and provide health benefits. Some examples of these bioactive lipids are fat soluble vitamins, phytosterols, carotenoids, phenolic lipids, Sphingomyelins [5]. Fat soluble vi...
	These fat-soluble vitamins are vitamins A, D, E and K, and they are important for a wide range of biological processes in the body. Vitamins A and E are considered essential vitamins because, the body cannot synthesize them and so, they are obtained f...
	Phytosterols and phospholipids have been found to have numerous health benefits. This include helping in the development and proper cognition of the brain.  They also help to prevent development of certain diseases thus helping the body to be in a con...
	In view of the envisaged vast health benefits and importance of the availability of these lipids to the body system, there is a continuous search for naturally occurring sources of these lipids in some underutilized plants and their plant oils.
	Hura crepitans plant is commonly known as Sandbox tree. It belongs to the family of Euphorbiaceae and has a height of about 9 meters on the average [11]. It houses the masculine and feminine flowers on the same tree and the back of the tree is covered...
	Fig. 1. Hura crepitans tree housing both ripe and unripe fruits.
	Materials and methods
	Conclusions
	The samples are rich in phytosterols, phospholipids, vitamin A, polyunsaturated and monounsaturated fatty acids. All these bioactive lipids have been found to have numerous health benefits.  They also help the body system to carry out some biological ...
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	Solid Electrolytes (SE) are materials involved in many technological devices that are directly or indirectly related to renewable energy. Electrolyzers for water splitting [1], [2], electrochemical membranes for gas separation [3], and solid oxide fue...
	High-Temperature Solid Electrolytes (HTSE) display better performance in ionic transport than room-temperature ones. Additionally, when HTSE are used in electrochemical devices, these show fast catalytic response at electrodes which allows to use of m...
	YAlO3 exhibits a perovskite-like structure with octahedra tilting. The unit cell is orthorhombic with lattices parameters a = 5.33 Å, b = 7.375 Å and c = 5.18 Å.  This structure presents two crystal positions for oxygen ion, one at 4c (0.475, 1/4, 0.5...
	Atomistic simulations had been employed to study ion diffusion pathways in several systems showing results very close to experimental values [13–16], thus we used this methodology in this work. Atomistic simulations were carried out using GULP code (v...
	Conclusions
	We successfully simulated the YAlO3 crystal structure from electrostatic long-range interactions together with short-range Buckingham potentials. The lattice energy calculated was -14373.3 kJ/mol. Additionally, formation energy for Schottky and Frenke...
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	Artocarpus lakoocha Roxb. is a deciduous tree belonging to the family Moraceae. It is also known as Monkey fruit in English and Lakuch in Ayurveda. In India it is known as “lakuchi,” “dahu,” and “barhal,” in Thailand as “lokhat,” and in Malaysia is ca...
	So far, scientists have discovered a way to modify the native starch’s structure and properties to increase its economic efficiency and ease to use. Studies have been conducted on various starch modification processes, specifically physical modificati...
	Materials and methods
	Conclusions
	In this study, we thoroughly examined the physicochemical and functional properties of non-conventional native and modified starches derived from Artocarpus lakoocha seeds. We found that these seeds yielded a starch content of 50 % (w/w). Through our ...
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	Metallic nanoparticles in a nano size scale show unique characteristics with extensive applications in diverse fields such as agriculture, cosmetics, pharmaceutics, medicine, textiles, and food industry [1]. Silver is the metal of first choice to prod...
	Most of the aromatic oregano plants belong to the genus Origanum (Lamiaceae) and Lippia (Verbenaceae). Among the aromatic plants used to produce AgNPs, Origanum vulgare better known as European oregano, has been reported to generate spherical AgNPs si...
	Methodology
	Materials
	Conclusions
	Silver nanoparticles have been successfully synthetized using L. graveolens extract, the AgNPs are spherical and exhibit a high energy SPR band around 400 nm. According to the FTIR analysis, the compounds present in L. graveolens extract play an impor...
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	The rise of antimicrobial resistance has generated a huge concern in the health system in recent decades [1]. This is a phenomenon in which microorganisms, such as bacteria, viruses, fungi, and parasites, evolve to become resistant to antimicrobial dr...
	Croton L. is a genus of plants in the Euphorbiaceae family, with about 1300 species distributed in tropical and subtropical regions [5]. The plants are known for their bright and diversely coloured leaves and their use in traditional medicine to treat...
	Croton kongensis Gagnep. (Synonym: Croton tonkinensis Gagnep.) is a species of plant in the genus Croton, native to China [12,13]. It is known for its medicinal properties and has been traditionally used for various purposes, including the treatment o...
	Materials and methods
	Plant material
	Conclusions
	In conclusion, both essential oil samples from the leaves of C. kongensis examined in the current study had different chemical compositions. The main compounds in the essential oil sample of Nhu Xuan were sabinene (52.17 %), (E)-caryophyllene (7.23 %)...
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	Chemical fixation of CO2 into value-added products was one of the promising strategies for CO2 capture and storage, which play important roles towards the clean environment [1-4]. As a promising way for CO2 chemical utilization, the cycloaddition reac...
	Ionic liquids (ILs) have found numerous applications in various areas of reaction solvents and catalysis due to their negligible vapour pressure, thermal and chemical stability, non-flammable, nonvolatile, low toxicity and strong structural design pro...
	Scheme 1. Catalytic synthesis of cyclic carbonates with magnetic supported ionic liquids.
	Experimental
	Conclusions
	In conclusion, a type of magnetic zinc ferrites modified SBA-15 supported ionic liquids were designed and synthesized and used as effective and heterogeneous catalysts for the synthesis of cyclic carbonates from epoxides and CO2. The results showed th...
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	A solid fuel based on plant biomass could be a substitute to coal, which in comparison to this fossil fuel, is generated in nature. The expression “biomass” suggests here a diversity of plant constituents, as well as their residues and wastes [1].
	In order to produce energy, biomass can be good enough for being considered an option as sustainable and carbon-neutral raw material. In the energy sector, all over the world, there is a need for a fundamental transformation, due to the changing clima...
	In Romania, a high potential is considered to have the production of biofuels and biogas. According to the Romanian National Institute of Statistics the unused technical energy production potential from renewables is of around 8000 Ktonnes, which incl...
	Romania is the second country after France regarding the agriculture sector, for both the cultivated area and production of corn [3].
	The pellet market is developing constantly, the EU being directly a leader in this area. In Europe, an essential role will have the pelleted solid biofuels in achieving renewable energy objectives, as stated by European Commission. All this reveal fur...
	In this study grape pomace and corn cob were chosen as raw materials for obtaining alternative biofuel pellets. The demand to develop the quality of the pellets has become progressively significant. The quality of pellets is established by the end-use...
	According to Grover et al [6] the first and most relevant step in the analysis into the employment of fuels obtained from waste for energy targets is the achieving of calorific values. Compressed biofuels are performed for improving the fuel propertie...
	Grape pomace is a powerful source of biomass, being the most abundant waste from wine production [8]. The most outspread crops are grapevine, representing 50 million tonnes of grapes per year of which more than 20 million tonnes are assumed by Europea...
	Corn cobs are a ratio of the corn residues (corn stover), besides stalks, leaves (including tassels) and husks [12]. The capacity of corn stover for energy production are expressive since corn is one of the most expanded grown field crops worldwide [13].
	Correlating to further crop residues, corn cobs have more favourable combustion properties. Hence, this fuel is a challenge to woody fuels, intending to diminish undesirable consequences after combustion. Corncob has a heating value of about 19.14 MJ/...
	In the literature, there was implemented a wide range of calorimetrical measurements of combustion heat and caloric power of grape marc in its original state, grape marc after seed separation (assumption of oil pressing usage), and in seeds themselves...
	Gageanu et al. performed a series of experimental research conducted on pellets obtained from agricultural biomass, namely, wheat straws, rapeseed stalks, corn stalks as received and with additives (paraffin 5 %, paraffin 1.5 % + corn starch 5 % and d...
	Starch is already used on some markets to achieve reduced operating costs and better durability. Obernberger and Thek found that 7 of 23 producers of pellets (mostly in Austria) used starch as a biological binding agent to reduce the operating cost an...
	Corn starch was the most effective of the starch binders; the tensile strength of the pellets improved with up to 10 wt %. Further additions of the three starches, up to 20 wt%, made the pellets deteriorate in terms of tensile strength, even though de...
	According to Demir et al., starch may function as an adhesive agent. Additives of 2.5 %, 5 %, 7.5 %, 10 % (wt/wt) starch to pellet materials were examined. Their results showed an improvement on pellet processing, calorific values and physical propert...
	Falemara et al. studied the physical and combustion properties of briquettes produced from agricultural wastes (groundnut shells and corn cobs), wood residues (Anogeissus leiocarpus), and mixture of the particles at 15 %, 20 %, and 25 % starch levels ...
	Rice husk and coconut shell have been proposed as alternative energy sources by Yuliah et al. The basic ingredients were briquettes prepared from rice husk and coconut shell charcoal with varying composition and addition of tapioca starch gradually as...
	In the literature, studies regarding the effects of additives on the pelletization of raw and torrefied food waste were performed using three binders; starch, lignin, and vegetable oil, at various compositions of 10 %, 15 %, and 20 % in order to obtai...
	Potato starch is another common binder that can reduce the energy needed for pellet formation, increasing the moisture content, and decreasing the lower heating value [25,26]. Concentrations of 10 %, 20 %, and 30% provided ash content of 1.45 %, 1.50 ...
	The effects of paraffin, corn starch, and dolomite on the quality of wheat straw pellets were investigated by Gageanu et al. [17,27] founding beneficial effects of these binders on the pellet length, surface, shape, bulk density, and ash content.
	Vegetable oils are referred in literature as additives which decrease die wall friction and reduce energy consuming for pelleting procedure as a result of lubrication effect, however there is no systemic research about the impact of oil on pelletabili...
	Waste cooking oils (WCO) are classified among used vegetable oils (UVO), which, according to the Waste Catalogue Regulation of the Minister of Environment dated 27 September 2001, constitute waste hazardous for the environment [28].
	Waste vegetable oil is disposed by restaurants, food manufactures, households since it cannot be furthermore utilized in human or animal dietary. Improper removal of waste vegetable oil can be ecologically harmful; hence its furthermore usage is prefe...
	Misljenovic et al. added waste vegetable oil in two different amounts in spruce sawdust, which has been pelletized in a single pellet press under four compacting pressures. Their results led to the conclusion that oil addition significantly increases ...
	In literature, experiments concerning fast pyrolysis of corn cob (CC) and waste cooking oil (WCO) were conducted in a fixed-bed reactor, using CC/WCO ratios (1:0.1; 1:0.5; 1:0.87; 1:1 in mass). CC/WCO ratio of 1:1 was found to be the optimum consideri...
	The benefit of oil palm and para-rubber residues, and the potential of these residues as biomass were examined by Wattana et al [35]. The biomass pellets were prepared from oil palm leaves (PL) and frond (PF), para-rubber leaves litter (PAL) and branc...
	Waste engine oil is a type of artificial organic additive. The waste engine oil was recycled as an additive in wheat straw pelletizing process. Wang et al. focused on the reuse of wheat straw and waste engine oil by producing pellets with mixtures of ...
	In our study, we have demonstrated that 10 % content of starch, sawdust and waste vegetable oil applied to grape pomace and corn cob biomass, are suitable for obtaining pellets with good characteristics in term of combustion. Proximate analysis, namel...
	The obtained results will complete the existing databases concerning the properties of solid biofuels from biomass containing the mentioned additives. Our investigations clearly indicate that the type of biomass used in the process has an important ef...
	The achieved data are helpful for both improving the value of characterized biomass pellets and for the recycling of used rapeseed oil.
	Experimental
	Material
	Samples description
	Conclusions
	To improve the quality of the pellets made from grape pomace and corncob and to lower the concentration of harmful emissions, three additives, namely, sawdust, starch and used rapeseed oil in addition of 10 % in dry solids, were used. In comparison to...
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	With the growth of the world population and rapid economic development, as well as the shortage of fossil fuels and global environmental problems that threaten the peaceful existence of mankind and stimulate people's determination to find new energy s...
	Currently, there are many types of hydrogen storage materials. Carbon-based and chemically active hydrogen storage materials include fullerene, graphene, carbon nanotubes, etc [6,7]. Nano-structured magnesium and magnesium-based hydrides can also be u...
	Silicon is not only rich in content but is also one of the most important materials in the modern industry [11-13]. It has a wide range of applications in various areas of life, such as metallurgy, electronic manufacturing, the military industry, medi...
	According to our knowledge, NaSi20 should have similar hydrogen storage properties to KSi20. However, the hydrogen storage performance of NaSi20 has not been reported. And more importantly, as previously reported by researchers, Ca, Fe, and Ti metal a...
	Computational methods
	Conclusions
	In this work, the storage characteristics of H2 molecules on NaSi20 fullerenes deposited by Ca, Fe, and Ti were investigated at the theoretical level of the DFT-based B3LYP and M06-2X methods. The results show that the encapsulated Na atom into the Si...
	Additionally, the Ca@NaSi20, Fe@NaSi20, and Ti@NaSi20 clusters are saturated by two, four, and six H2 molecules, respectively. The adsorption energy values (Eads) per hydrogen molecule meet the U. S. DOE target for hydrogen storage materials for nH2-T...
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	The textile industry’s need for various types of dyes used in clothing die and paper printing is a main source of water pollution [1]. Although dyes are present in only small amounts, they are highly detectable and thereby capable of causing various p...
	In addition, dyes are widely used in the textile, paper, plastic, and leather industries. Effluents discharged from these industries generally contain high concentrations of waste dyes. In addition, synthetic dyes can cause enormous environmental poll...
	They are the first pollutants detected visually; however, because of their synthetic origin and mainly complex aromatic molecules, they are among the most difficult to remove. Most dyes are not directly or extremely toxic to living organisms [5]. For ...
	Lanasyn black is an acidic metal complex azo dye. It is considered to be one of the most widely used and difficult to remove in wastewater [7].
	Various physical, chemical, and biological techniques have been developed and tested to treat wastewater containing dyes, such as coagulation and agglomeration [8], biodegradation [9-10], membrane filtration [11-13], chemical oxidation [14], ozone tre...
	Adsorption techniques are the cheapest methods to remove dyes, and they have become the analytical method of choice due to their high ability to purify contaminated water, high efficiency, and ease of use [24]. Biosorbents are the most commonly used m...
	Our work is based on the extraction of two dyes ("Brilliant green" cationic dye and "Black lanasyn" anionic dye) by a natural biosorbent, namely cypress leaves. The extraction technique used is liquid–solid extraction. Note that the adsorption of bril...
	The analysis method used was UV-visible spectroscopy. The following parameters, stirring time, concentration effect, pH, ionic strength, salts (NaCl, Na2SO4, KBr, KNO3), temperature, grain size, and stirring speed, were studied during this experiment ...
	The effect of these experimental parameters on extraction was also studied by statistical treatment using the orthogonal array of L16 (45) of Taguchi modeling.
	Experimental
	Preparation of the biosorbent
	Conclusions
	The main conclusions drawn from these study areas follow:
	 The pseudo-second order model is the most appropriate to describe the kinetics of the extraction of the brilliant green dye by the adsorbent cypress.
	 An adequate model to describe the kinetics of lanasyn black extraction is the pseudo second order.
	 As the dye concentration increases, the yield decreases.
	 The extraction depends on the pH change of the aqueous phase.
	 The salts that promote adsorption are NaCl for brilliant green and Na2SO4 for lanasyn black.
	 The extraction yield increases with increasing temperature.
	 The maximum retention rate was achieved at a stirring speed of 250 rpm.
	 The increase in the particle size of the biosorbent decreases the yield.
	 Brilliant green is more adsorbed in the range of concentration considered than lanasyn black.
	 The application of adsorption isotherms shows that the adsorption of the two dyes follows the Freundlich model.
	 The process is multi-docking, reflecting the biosorption of BG and LN on the cypress leaves, which were examined by determining the active sites of our biosorbent.
	 The statistical study revealed that Taguchi’s method with an L16 (45) orthogonal array design was successfully applied to the experimental optimization of brilliant green extraction.
	Acknowledgements
	This article is fondly and respectfully dedicated to Dear Professor Mohamed Amine DIDI, who has just left us on January 17, 2023. We will never forget you, Dear Professor.

	11 JMCS2060.pdf
	Natural products have long captivated researchers for various reasons, including their potential as antibiotics and pharmacologically active agents. They offer immense promise for exploring the cellular processes they can inhibit. Fundamental and conf...
	In the realm of computational chemistry, Density Functional Theory (DFT) has emerged as the preferred electronic structure theory for both molecular and extended systems. Concurrently, docking methodology has become a standard computational tool in dr...
	Given the significance of these theories [22-26], we have undertaken a comprehensive investigation involving Comparative Molecular Docking, Experimental FT-IR Spectra, UV-Vis Spectra, Vibrational Analysis, Electronic Properties, and Fukui Function Ana...
	Experimental details and computational methods
	Conclusions
	Our study delves into the characterization of Lantadene A and B through FTIR spectroscopy, employing the B3LYP/6-311G (d, p) method to calculate their fundamental vibrational frequencies. A comprehensive assignment of vibrational wavenumbers has been ...
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	Pyrimidine, an aromatic heterocyclic compound containing nitrogen, is found in the structure of DNA and RNA, which are important for life. Synthesized pyrimidine-derived compounds can be used in many areas due to their features such as antifungal, ant...
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	In conclusion, both essential oil samples from the leaves of C. kongensis examined in the current study had different chemical compositions. The main compounds in the essential oil sample of Nhu Xuan were sabinene (52.17 %), (E)-caryophyllene (7.23 %)...
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	Chemical fixation of CO2 into value-added products was one of the promising strategies for CO2 capture and storage, which play important roles towards the clean environment [1-4]. As a promising way for CO2 chemical utilization, the cycloaddition reac...
	Ionic liquids (ILs) have found numerous applications in various areas of reaction solvents and catalysis due to their negligible vapour pressure, thermal and chemical stability, non-flammable, nonvolatile, low toxicity and strong structural design pro...
	Scheme 1. Catalytic synthesis of cyclic carbonates with magnetic supported ionic liquids.
	Experimental
	Conclusions
	In conclusion, a type of magnetic zinc ferrites modified SBA-15 supported ionic liquids were designed and synthesized and used as effective and heterogeneous catalysts for the synthesis of cyclic carbonates from epoxides and CO2. The results showed th...
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	A solid fuel based on plant biomass could be a substitute to coal, which in comparison to this fossil fuel, is generated in nature. The expression “biomass” suggests here a diversity of plant constituents, as well as their residues and wastes [1].
	In order to produce energy, biomass can be good enough for being considered an option as sustainable and carbon-neutral raw material. In the energy sector, all over the world, there is a need for a fundamental transformation, due to the changing clima...
	In Romania, a high potential is considered to have the production of biofuels and biogas. According to the Romanian National Institute of Statistics the unused technical energy production potential from renewables is of around 8000 Ktonnes, which incl...
	Romania is the second country after France regarding the agriculture sector, for both the cultivated area and production of corn [3].
	The pellet market is developing constantly, the EU being directly a leader in this area. In Europe, an essential role will have the pelleted solid biofuels in achieving renewable energy objectives, as stated by European Commission. All this reveal fur...
	In this study grape pomace and corn cob were chosen as raw materials for obtaining alternative biofuel pellets. The demand to develop the quality of the pellets has become progressively significant. The quality of pellets is established by the end-use...
	According to Grover et al [6] the first and most relevant step in the analysis into the employment of fuels obtained from waste for energy targets is the achieving of calorific values. Compressed biofuels are performed for improving the fuel propertie...
	Grape pomace is a powerful source of biomass, being the most abundant waste from wine production [8]. The most outspread crops are grapevine, representing 50 million tonnes of grapes per year of which more than 20 million tonnes are assumed by Europea...
	Corn cobs are a ratio of the corn residues (corn stover), besides stalks, leaves (including tassels) and husks [12]. The capacity of corn stover for energy production are expressive since corn is one of the most expanded grown field crops worldwide [13].
	Correlating to further crop residues, corn cobs have more favourable combustion properties. Hence, this fuel is a challenge to woody fuels, intending to diminish undesirable consequences after combustion. Corncob has a heating value of about 19.14 MJ/...
	In the literature, there was implemented a wide range of calorimetrical measurements of combustion heat and caloric power of grape marc in its original state, grape marc after seed separation (assumption of oil pressing usage), and in seeds themselves...
	Gageanu et al. performed a series of experimental research conducted on pellets obtained from agricultural biomass, namely, wheat straws, rapeseed stalks, corn stalks as received and with additives (paraffin 5 %, paraffin 1.5 % + corn starch 5 % and d...
	Starch is already used on some markets to achieve reduced operating costs and better durability. Obernberger and Thek found that 7 of 23 producers of pellets (mostly in Austria) used starch as a biological binding agent to reduce the operating cost an...
	Corn starch was the most effective of the starch binders; the tensile strength of the pellets improved with up to 10 wt %. Further additions of the three starches, up to 20 wt%, made the pellets deteriorate in terms of tensile strength, even though de...
	According to Demir et al., starch may function as an adhesive agent. Additives of 2.5 %, 5 %, 7.5 %, 10 % (wt/wt) starch to pellet materials were examined. Their results showed an improvement on pellet processing, calorific values and physical propert...
	Falemara et al. studied the physical and combustion properties of briquettes produced from agricultural wastes (groundnut shells and corn cobs), wood residues (Anogeissus leiocarpus), and mixture of the particles at 15 %, 20 %, and 25 % starch levels ...
	Rice husk and coconut shell have been proposed as alternative energy sources by Yuliah et al. The basic ingredients were briquettes prepared from rice husk and coconut shell charcoal with varying composition and addition of tapioca starch gradually as...
	In the literature, studies regarding the effects of additives on the pelletization of raw and torrefied food waste were performed using three binders; starch, lignin, and vegetable oil, at various compositions of 10 %, 15 %, and 20 % in order to obtai...
	Potato starch is another common binder that can reduce the energy needed for pellet formation, increasing the moisture content, and decreasing the lower heating value [25,26]. Concentrations of 10 %, 20 %, and 30% provided ash content of 1.45 %, 1.50 ...
	The effects of paraffin, corn starch, and dolomite on the quality of wheat straw pellets were investigated by Gageanu et al. [17,27] founding beneficial effects of these binders on the pellet length, surface, shape, bulk density, and ash content.
	Vegetable oils are referred in literature as additives which decrease die wall friction and reduce energy consuming for pelleting procedure as a result of lubrication effect, however there is no systemic research about the impact of oil on pelletabili...
	Waste cooking oils (WCO) are classified among used vegetable oils (UVO), which, according to the Waste Catalogue Regulation of the Minister of Environment dated 27 September 2001, constitute waste hazardous for the environment [28].
	Waste vegetable oil is disposed by restaurants, food manufactures, households since it cannot be furthermore utilized in human or animal dietary. Improper removal of waste vegetable oil can be ecologically harmful; hence its furthermore usage is prefe...
	Misljenovic et al. added waste vegetable oil in two different amounts in spruce sawdust, which has been pelletized in a single pellet press under four compacting pressures. Their results led to the conclusion that oil addition significantly increases ...
	In literature, experiments concerning fast pyrolysis of corn cob (CC) and waste cooking oil (WCO) were conducted in a fixed-bed reactor, using CC/WCO ratios (1:0.1; 1:0.5; 1:0.87; 1:1 in mass). CC/WCO ratio of 1:1 was found to be the optimum consideri...
	The benefit of oil palm and para-rubber residues, and the potential of these residues as biomass were examined by Wattana et al [35]. The biomass pellets were prepared from oil palm leaves (PL) and frond (PF), para-rubber leaves litter (PAL) and branc...
	Waste engine oil is a type of artificial organic additive. The waste engine oil was recycled as an additive in wheat straw pelletizing process. Wang et al. focused on the reuse of wheat straw and waste engine oil by producing pellets with mixtures of ...
	In our study, we have demonstrated that 10 % content of starch, sawdust and waste vegetable oil applied to grape pomace and corn cob biomass, are suitable for obtaining pellets with good characteristics in term of combustion. Proximate analysis, namel...
	The obtained results will complete the existing databases concerning the properties of solid biofuels from biomass containing the mentioned additives. Our investigations clearly indicate that the type of biomass used in the process has an important ef...
	The achieved data are helpful for both improving the value of characterized biomass pellets and for the recycling of used rapeseed oil.
	Experimental
	Material
	Samples description
	Conclusions
	To improve the quality of the pellets made from grape pomace and corncob and to lower the concentration of harmful emissions, three additives, namely, sawdust, starch and used rapeseed oil in addition of 10 % in dry solids, were used. In comparison to...
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	With the growth of the world population and rapid economic development, as well as the shortage of fossil fuels and global environmental problems that threaten the peaceful existence of mankind and stimulate people's determination to find new energy s...
	Currently, there are many types of hydrogen storage materials. Carbon-based and chemically active hydrogen storage materials include fullerene, graphene, carbon nanotubes, etc [6,7]. Nano-structured magnesium and magnesium-based hydrides can also be u...
	Silicon is not only rich in content but is also one of the most important materials in the modern industry [11-13]. It has a wide range of applications in various areas of life, such as metallurgy, electronic manufacturing, the military industry, medi...
	According to our knowledge, NaSi20 should have similar hydrogen storage properties to KSi20. However, the hydrogen storage performance of NaSi20 has not been reported. And more importantly, as previously reported by researchers, Ca, Fe, and Ti metal a...
	Computational methods
	Conclusions
	In this work, the storage characteristics of H2 molecules on NaSi20 fullerenes deposited by Ca, Fe, and Ti were investigated at the theoretical level of the DFT-based B3LYP and M06-2X methods. The results show that the encapsulated Na atom into the Si...
	Additionally, the Ca@NaSi20, Fe@NaSi20, and Ti@NaSi20 clusters are saturated by two, four, and six H2 molecules, respectively. The adsorption energy values (Eads) per hydrogen molecule meet the U. S. DOE target for hydrogen storage materials for nH2-T...
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	The textile industry’s need for various types of dyes used in clothing die and paper printing is a main source of water pollution [1]. Although dyes are present in only small amounts, they are highly detectable and thereby capable of causing various p...
	In addition, dyes are widely used in the textile, paper, plastic, and leather industries. Effluents discharged from these industries generally contain high concentrations of waste dyes. In addition, synthetic dyes can cause enormous environmental poll...
	They are the first pollutants detected visually; however, because of their synthetic origin and mainly complex aromatic molecules, they are among the most difficult to remove. Most dyes are not directly or extremely toxic to living organisms [5]. For ...
	Lanasyn black is an acidic metal complex azo dye. It is considered to be one of the most widely used and difficult to remove in wastewater [7].
	Various physical, chemical, and biological techniques have been developed and tested to treat wastewater containing dyes, such as coagulation and agglomeration [8], biodegradation [9-10], membrane filtration [11-13], chemical oxidation [14], ozone tre...
	Adsorption techniques are the cheapest methods to remove dyes, and they have become the analytical method of choice due to their high ability to purify contaminated water, high efficiency, and ease of use [24]. Biosorbents are the most commonly used m...
	Our work is based on the extraction of two dyes ("Brilliant green" cationic dye and "Black lanasyn" anionic dye) by a natural biosorbent, namely cypress leaves. The extraction technique used is liquid–solid extraction. Note that the adsorption of bril...
	The analysis method used was UV-visible spectroscopy. The following parameters, stirring time, concentration effect, pH, ionic strength, salts (NaCl, Na2SO4, KBr, KNO3), temperature, grain size, and stirring speed, were studied during this experiment ...
	The effect of these experimental parameters on extraction was also studied by statistical treatment using the orthogonal array of L16 (45) of Taguchi modeling.
	Experimental
	Preparation of the biosorbent
	Conclusions
	The main conclusions drawn from these study areas follow:
	 The pseudo-second order model is the most appropriate to describe the kinetics of the extraction of the brilliant green dye by the adsorbent cypress.
	 An adequate model to describe the kinetics of lanasyn black extraction is the pseudo second order.
	 As the dye concentration increases, the yield decreases.
	 The extraction depends on the pH change of the aqueous phase.
	 The salts that promote adsorption are NaCl for brilliant green and Na2SO4 for lanasyn black.
	 The extraction yield increases with increasing temperature.
	 The maximum retention rate was achieved at a stirring speed of 250 rpm.
	 The increase in the particle size of the biosorbent decreases the yield.
	 Brilliant green is more adsorbed in the range of concentration considered than lanasyn black.
	 The application of adsorption isotherms shows that the adsorption of the two dyes follows the Freundlich model.
	 The process is multi-docking, reflecting the biosorption of BG and LN on the cypress leaves, which were examined by determining the active sites of our biosorbent.
	 The statistical study revealed that Taguchi’s method with an L16 (45) orthogonal array design was successfully applied to the experimental optimization of brilliant green extraction.
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	Natural products have long captivated researchers for various reasons, including their potential as antibiotics and pharmacologically active agents. They offer immense promise for exploring the cellular processes they can inhibit. Fundamental and conf...
	In the realm of computational chemistry, Density Functional Theory (DFT) has emerged as the preferred electronic structure theory for both molecular and extended systems. Concurrently, docking methodology has become a standard computational tool in dr...
	Given the significance of these theories [22-26], we have undertaken a comprehensive investigation involving Comparative Molecular Docking, Experimental FT-IR Spectra, UV-Vis Spectra, Vibrational Analysis, Electronic Properties, and Fukui Function Ana...
	Experimental details and computational methods
	Conclusions
	Our study delves into the characterization of Lantadene A and B through FTIR spectroscopy, employing the B3LYP/6-311G (d, p) method to calculate their fundamental vibrational frequencies. A comprehensive assignment of vibrational wavenumbers has been ...
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	Organic semiconductors (OS) bear different properties from conventional inorganic semiconductors due to their low cost and simplicity of fabrication [1]. Operating system applications include thin-film transistors (TF), light-emitting diodes (LEDs), s...
	Materials and methods
	Synthesis
	Conclusions
	The main objective of this study was to synthesize an organic material. The structure of the material is established using a variety of identification technologies such as 13C NMR, 1H NMR, and FTIR. Several basic properties were studied to establish o...
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	Pyrimidine, an aromatic heterocyclic compound containing nitrogen, is found in the structure of DNA and RNA, which are important for life. Synthesized pyrimidine-derived compounds can be used in many areas due to their features such as antifungal, ant...
	Theorical method
	Conclusions
	In this study, the FP geometry was optimized using the B3LYP/6-311G++ (2d, p) method within density functional theory. The bond lengths, bond angles, dihedral angles, MEP, dipole moments, HOMO, and LUMO of FP were obtained with the Gaussian G09w progr...




