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Catalytic green synthesis of Tin(IV)
oxide nanoparticles for phenolic

compounds removal and molecular
docking with EGFR tyrosine kinase

S.F. Alshahateet®*, R. M. Altarawneh®?, W. M. Al-Tawarh®?, S. A. Al-Trawneh®?,
S. Al-Taweel ®?, K. Azzaoui%3, M. Merzouki“, R. Sabbahi®°, B. Hammouti3, G. Hanbali® &
S. Jodeh®*

In this study, tin dioxide nanoparticles (SnO, NPs) were successfully synthesized through an eco-
friendly method using basil leaves extract. The fabricated SnO, NPs demonstrated significant
adsorption capabilities for phenol (PHE), p-nitrophenol (P-NP), and p-methoxyphenol (P-MP) from
water matrices. Optimal conditions for maximum removal efficiency was determined for each
phenolic compound, with PHE showing a remarkable 95% removal at a 3 ppm, 0.20 g of SnO, NPs,
pH 8, and 30 min of agitation at 35 °C. Molecular docking studies unveiled a potential anticancer
mechanism, indicating the ability of SnO, NPs to interact with the epidermal growth factor receptor
tyrosine kinase domain and inhibit its activity. The adsorption processes followed pseudo-second
order kinetics and Temkin isotherm model, revealing spontaneous, exothermic, and chemisorption-
controlled mechanisms. This eco-friendly approach utilizing plant extracts was considered as a
valuable tool for nano-sorbent production. The SnO, NPs not only exhibit promise in water treatment
and also demonstrate potential applications in cancer therapy. Characterization techniques including
scanning electron microscopy, UV-visible spectroscopy, Fourier transform infrared spectroscopy,
X-ray diffraction spectroscopy (XRD), and energy-dispersive X-ray spectroscopy (EDAX) provided
comprehensive insights into the results.

Keywords Green synthesis, SnO, NPs, Ocimum basilicum, Adsorption, Phenol, p-Nitrophenol,
p-Methoxyphenol, Nanoparticles, Kinetic, Isotherm, Thermodynamic, Molecular docking

Advancements in human, industrial, and agricultural pursuits bring numerous benefits, yet concurrently con-
tribute to heightened pollution, particularly in aquatic ecosystems. These contaminants cause damage to the
health of organisms and the environmental level in general. In this regard, many countries limited themselves
to determining the lowest concentration of these pollutant with legal obligations. However, protecting water
resources and improving new technologies for water treatment have become critical environmental concerns
and severe challenges of the twenty-first century'.

Chemical pollutants are typically of organic origin®. Among them, phenolic compounds are a class of the most
common pollutants in wastewater. In general, these compounds are a common class of aromatic hydrocarbons.
They mainly comprise a benzene ring bonded with the hydroxyl group (OH). Such compounds are a priority, very
soluble in water, less volatile, and low bio-degradability. They can be found in the environment as raw materials,
intermediate compounds, or final products®.

Moreover, phenolic compounds are also toxic to humans, plants, animals, and aquatic life*. Unfortunately,
these compounds are abundantly found in high concentrations in different water systems, such as pesticides,
plastics, textiles, pigments, and chemical residues*®. The concentration of phenolic compounds in aqueous wastes
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can reach hundreds of milligrams per liter®. Therefore, phenolic compounds are among the most prominent
organic pollutants.

Removal of phenolic hydrocarbons from water is a considerably tricky process. So, many treatment techniques
were performed for water purification’. Among these techniques, adsorption technology is widely used to remove
several organic pollutants from water due to its exceptional features such as simplicity, economics, flexibility, and
effectiveness. For this purpose, various adsorbents were used to isolate phenol and substituted phenolic pollut-
ants, such as activated carbon, supermolecular compounds, biological waste, metal oxides, and nanoparticles®'!.

Nanotechnology is making a great influence on several novel applications'>!*. Nanoparticles are one of the
most significant examples of nanotechnology applications. That is attributed to their unique characteristics, such
as extremely small size and large surface area'*!®. Some common types of nanoparticles include metal oxide
nanoparticles, quantum dots, carbon nanotubes, and liposomes. Nanoparticles typically show unique chemi-
cal, physical, and biological properties that differ from their bulk (normal-scaled) counterparts!'®. However, it
is important to observe that while several nanoparticles offer many promising benefits, their effect on living
organisms health and the environment is also a topic that needs advanced research, so regulation and risk evalu-
ation are essential to ensure their safe use. Herein, Tin(IV) Oxide nanoparticles (SnO, NPs) are among the first
inorganic (especially metal oxide) nanoparticles to be examined as a potential adsorbent surface.

The basil, Ocimum basilicum, a common herb of the Lamiaceae family known for its ornamental and thera-
peutic importance, was used in this work for the eco-friendly synthesis of SnO, NPs. O. basilicum leaves have
strong antioxidants and antimicrobial activity, in addition to therapeutic importance for respiratory and diges-
tive issues'’"*°. By using this herb as a natural raw material in eco-friendly synthesis processes, fewer chemical
substances can be employed that are harmful to the human. Meanwhile, these nanoparticals contribute significant
improvements to global environmental sustainability through the use of renewable resources and the reduction
of waste generation>®. Nanoparticles fabricated from O. basilicum exhibit the potential to enhance the quality of
water through the removal of heavy metals and organic contaminants'>?**!,

This study aims to synthesize the SnO, NPs using O. basilicum leaves extract. The SnO, NPs were also
screened for the removal of phenol, p-nitrophenol, and p-methoxyphenol molecules from water systems in
various experimental parameters. Furthermore, the study presents a detailed examination of the adsorption
capacities, equilibrium, kinetics, isotherm, and thermodynamics interpretation. Moreover, molecular docking
studies have also been carried out to reveal the potential of SnO, NPs to interact with the epidermal growth fac-
tor receptor (EGFR) tyrosine kinase domain and inhibit its activity, suggesting a novel anticancer mechanism of
action. The eco-friendly approach applied here will serve as a valuable tool for the production of nano-sorbents
based on plant extracts, and SnO, NPs have promising applications in water treatment and anticancer therapy.

Methodology

Materials

All chemicals were used as-received, and deionized water (D.H,0, 18.2 uQ) cm™) was used to prepare all solu-
tions / suspension. All phenol (99.0%), p-Nitrophenol (99%), and p-Methoxyphenol (99.0%), were purchased
from Sigma Aldrich. Tin(IV) Chloride (SnCl,.5H,0, 99%) was purchased from Gainland Chemical Company.
Ethanol (C,H,O, 99.5%) was obtained from Merck. The fresh leaves of O. basilicum were collected from the Al-
Karak area, Jordan, and taxonomically identified by the Department of Biological Sciences, Faculty of Science,
Mu’tah University, Al-Karak, Jordan.

Instrumentation and characterization.

A pH meter (HANNA instruments, HI5521-02, UK) was employed to estimate the pH solutions. The orbital
shaker (LAUDA, Germany) was used to shake solution contents. A hot plate (Bibby Scientific HB502, UK) was
utilized to raise the temperature of the adsorption system. A UV-vis spectrophotometer (Perkin-Elmer Model
lambda 25, USA) was utilized to analyze the residual phenolic compound content employing a 1 cm path length
quartz cuvette (Hellma, Germany). The tin oxide (SnO, NPs) was monitored by UV-visible spectroscopy (Schi-
madzu UV-visible spectrophotometer, model UV-1800). More characterization was done using powder XRD-
analysis (Advance Powder X-ray diffractometer, Bruker, Germany, model D8), The characterization of peaks for
the Fourier transform-infrared spectroscopy (FT-IR) was done using (Alpha TBruker), for the morphological
studies for the surface was done by SEM (Hitachi H-7100 using an accelerating voltage of 120 kV). The elemental
analysis was studied using EDAX (Bruker, Germany).

Formation of O. Basilicum Leaves Extract

The O. basilicum leaves were washed with tap water to remove any dust particles, then they were rinsed with
D.H,0 and were thoroughly dried in the shade at ambient temperature. To prepare the extract, 20 g of the clean
and dry leaves were added into an air-tight container with 200 ml of boiled D.H,O for 90 min. After letting the
mixture come to ambient temperature and filtering it, centrifugation was performed for 20 min at 4000 rpm.
The final greenish-yellow extract was kept at 4 °C for further experiment.

Fabrication of SnO, NPs

The target SnO, NPs were prepared by mixing 6.25 ml of SnCl,.5H,0 (0.05 M) with 6.25 ml of O. basilicum
leaves extract while heating (80 °C) and stirring (250 rpm) continuously for 20 min. The aged gel was thoroughly
washed three times using hot D.H,O, stirring for 2 min, and letting it settle for sufficient time. The product was
centrifuged (20 min at 3000 rpm) and washed again with ethanol. After that, it was calcined at 400 °C for 3 h.
The resulting brown crystals were finely crushed into a powder and stored in a polyethylene bottle for subsequent
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use in batch adsorption experiments. Figure 1 depicts a schematic illustration of the green synthesis route for
producing SnO, NPs using O. basilicum leaves extract.

Batch adsorption experiments

The adsorption experiments of phenolic compounds on fabricated SnO, NPs were carried out using batch
adsorption techniques. All experiments used Aluminum foil to wrap 150 mL Erlenmeyer flasks to prevent light
effects on phenolic solutions. Several operational parameters; adsorbent dosage (0.10, 0.15, 0.20 and 0.30 g),
agitation time (5, 15, 30, and 60 min), starting adsorbate concentration (1, 3, 7 and 10 ppm), pH (4, 6, 8 and 10)
and temperature (25, 35, 45 and 55 °C) were all examined and adjusted as factors affecting by the PHE, P-NP,
and P-MP adsorption process.

The batch experiments were performed by mixing fabricated SnO, NPs powder and phenolic solutions in
different ratios (% w/w) in a 50 mL aqueous media and equilibrated at an orbital shaker for different agitation
times at constant shaking speed (240 rpm). After that, all samples were centrifuged, and the absorbent went
through a 0.22 pum filter membrane. The phenolic content residue in supernatants was analyzed using a UV-Vis
spectrophotometer before and after adsorption. To understand the impact of adsorbent and adsorbate dosage,
the adsorbent and phenolic solutions were mixed in different ratios by varying the formed SnO, NPs dosage from
0.10 to 0.30 g and phenolic solutions starting concentration from 1 to 10 ppm under optimal conditions. The
initial pH of each phenolic solution was rigorously adjusted from 4 to 10 using hydrochloric acid (HCI, 1 M) and
sodium Hydroxide (NaOH, 1 M) solutions. Different agitation times from 5 to 60 min were prepared to determine
the optimum agitation time between SnO, NPs and phenolic solutions. The removal efficiency and adsorption
capacity are calculated from Egs. (1) and (2), respectively. Where the starting (C;) and final (C,) amounts of
phenolic compounds as well as the mass of SnO, NPs (M), and the volume of the aqueous media used (V)*.
All batch adsorption experiments were conducted in triplicate (n=3), and the average results were provided.

GG 100
o M

1

Removal efficiency (%) =

(G —Cp
— X

Adsorption capacity (mg/g) = M

Y (2)

Kinetics, isotherm, thermodynamic analysis

To further understand the mechanism of PHE, P-NP, and P-MP adsorption process progressed, several adsorp-
tive characteristics of fabricated SnO, NPs were diagnosed in this study. The kinetic was studied by estimating
the adsorption rate upon arrival for equilibrium. The adsorption isotherm mechanism was analyzed using the
Langmuir, Freundlich, and Temkin isotherm models to explore the relationship between the SnO, NPs capacity
and the phenolic concentration in the surrounding solution upon equilibrium. In the thermodynamic context, the
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Figure 1. Schematic representation of the fabrication of SnO, NPs using the Ocimum basilicum extract.
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significant parameter of the Gibbs free energy changes (AG®), the standard enthalpy changes (AH?), the standard
entropy changes (AS°), and the distribution coefficient (K;) were calculated and interpreted.

Molecular docking and protein preparation

The Molecular Operating Environment (MOE) software was employed for the assessment of the binding capa-
bilities of specific SnO, NPs obtained from the PubChem database (http://pubchem.ncbi.nlm.nih.gov). The 3D
structure of these NPs was prepared in an SDF (structure-data file) format and selected for subsequent molecular
docking studies. Two distinct methods were utilized for the screening of compounds: (a) pharmacophore-based
screening and (b) molecular docking. In the pharmacophore-based virtual screening, the Compute option within
MOE was used to identify the pharmacophoric features of the co-crystalized ligand. Following the selection of
these ligand features, the software was executed to filter compounds based on the identified features within the
co-crystal ligand. The resulting output file containing the selected compounds was then employed for subsequent
molecular docking studies'>*.

In employing a molecular docking strategy, the ligands, pre-screened based on pharmacophore considera-
tions, were subjected to docking with the 3D structure of the target protein. The investigation focused on deter-
mining the most favorable outcome in terms of biological activity, utilizing the crystal structure of the inactive
EGFR tyrosine kinase domain in complex with erlotinib (PDB: 4HJO), with a resolution of 2.75 A*, This crystal
structure was retrieved from the Protein Data Bank (PDB) and meticulously prepared in the MOE for subse-
quent docking analyses. To anticipate the active site residues within the binding pocket, several steps were taken,
including 3D protonation, energy minimization of the protein, and utilization of a site finder. The preparation of
the protein structure involved tasks such as adding missing hydrogen atoms, correcting bond order assignments,
adjusting charge states and orientations of various groups, and performing restrained minimizations that allowed
hydrogen atoms to be freely optimized*>*.

Resources
The study was in accordance with relevant institutional, national, and international guidelines and legislation.

Results and discussion

X-ray diffraction (XRD) analysis of SnO, NP

To investigate the phase formation and purity of the sample, Xray diffraction technique is used. The X-ray diffrac-
tion pattern of synthesized SnO2 nanoparticles was recorded at a scanning rate of 1°/min and within scanning
angle range of 20-70.

XRD analysis for the prepared SnO, NPs is shown in Fig. 2. The X-ray diffraction peaks of synthesized SnO,
NPs was made and plotted at a scanning rate of 2°/min with scanning angle range of 20°-80°. The diffraction
peaks are observed at 20 =26.7°, 34.2°, 38.0°, 52.0°, 54.9°, 57.8°, 61.1°, 65.2° and 66.1° which they belong to
SnO, NPs.

The observation of intense peaks represents the high crystalline nature of the prepared sample with very
high purity. Those peaks of the XRD analysis confirmed the type of crystalline SnO, which was confirmed in
the literature and by other researchers”. All the observed peaks are matched with standard JCPDS card No.
41-1445 having tetragonal unit cell.

Fourier transform-infrared spectroscopy
The Fourier Transform Infrared Spectroscopy (FI-IR) of the prepared SnO, is shown in Fig. 3. The FTIR shows
stannous material with strong vibration in the range of 2600 to 3600 cm™ that proves the existence of O-H bond
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Figure 2. XRD spectrum of SnO2 nanoparticles.
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Figure 3. The Fourier Transform Infrared Spectroscopy (FT-IR) of the prepared SnO, NPs.

resulting from adsorbed water and Sn-OH functional groups of SnO, NPs?**. The other peak at around 650 cm™
is an indication of the anti-symmetric Sn—-O-Sn stretching condensation of adjacent surface hydroxy groups.

Scanning electron microscope and EDAX

The study of morphological characteristics of SnO, NPs was studied using scanning electron microscopy (SEM)
and the energy dispersive X ray analysis (EDAX). The SEM indicated the presence of very fine flakes that have
very tiny agglomerates'®?”? as shown in Fig. 4. The EDAX spectra showed that Sn and O are the most constitu-
ents of the SnO, NPs as shown in Fig. 5.

Optimization of operational parameters

Influence of nano-sorbent dosage

The impact of SnO, NPs dosage on each PHE, P-NP, and P-MP adsorption onto SnO, NPs surface was investi-
gated with 50 mL of 10 ppm PHE, P-NP, and P-MP solutions for 30 min at 25 °C by using different nano-sorbent
dosages of 0.10, 0.15, 0.20, and 0.30 g are shown in Fig. 6. Adsorption efficiency and capacity were calculated
by using Egs. (1) and (2). As depicted in Fig. 6a, the higher adsorption efficiency of PHE was 16, 46, 75, and
71% with 0.10, 0.15, 0.20, and 0.30 g of SnO, NPs, respectively. This trend may be attributed to the active sites
on the surface of phenol were initially unsaturated, but after reaching the best adsorption, the accumulation of
adsorbents and competing substances causes adsorption impairment®. In contrast, with 0.10 g of SnO, NPs, the
higher adsorption efficiency of P-MP and P-MP were 82 and 71%, respectively. The adsorption efficiency almost
remained constant as the nano-sorbent dosage increased, as shown in Fig. 6b, c. This may be due to the fact that
the nano-sorbent has high surface areas relative to their very small size, this provides more space for adsorption

SEM HV: 25.0 kV WOD: 5.10 mm
SEM MAG: 20.0 kx Det: SE

Figure 4. Scanning electron microscopy of SnO, NPs.
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Figure 5. EDAX morphological analysis of SnO, NPs.

even with the use of few dosages. However, increasing the nano-sorbent dosage may cause SnO, NPs aggrega-
tion, thus impeding adsorption efficiency. In addition, it was observed that the adsorption capacity (amount) for
PHE, P-NP, and P-MP were 9.72, 9.63, and 8.28 mg/g, respectively. The adsorption capacity remained constant
as the nano-sorbent dosage decreased; this suggests a preference for using NPs as absorbent surfaces of target
phenolic compounds'®. Therefore, the nano-sorbent dosage was taken as 0.20 g of PHE, whereas 0.10 g of P-NP
and P-MP in further experiments.

Influence of agitation time

In order to evaluate the effect of agitation time on the adsorption uptake of PHE, P-NP, and P-MP molecules,
experiments were carried out under agitation times from 0 to 60 min. Figure 7 illustrates the removal efficiency of
PHE, P-NP, and P-MP onto SnO, NPs as a function of agitation time. The removal process occurred in two stages:
a rapid removal within the first 5 min and a relatively slow adsorption within 5-60 min. The PHE, P-NP, and
P-MP adsorption rates reached equilibrium at 30 min with 88, 83, and 91% removal effectiveness, respectively.
These results could be attributed to the presence high number of vacant active sites and the appropriate pore
size of the nano-sobent surface, which can promote the internal mass transfer and adsorption process progress.
However, the adsorption rate decreased progressively within 30-60 min due to accumulated adsorbate on the
adsorbent surface and a rise of internal diffusion resistance®®>!. The results indicate SnO, NPs prefer to remove
PHE, P-NP, and P-MP molecules.

Influence of starting phenolic solutions concentration

The adsorption of PHE, P-NP, and P-MP onto the SnO, NPs surface is highly dependent on the starting concen-
tration of these phenolic solutions. This is related to the abundance of active sites on the nano-sorbent surface.
Therefore, the impact of starting concentrations on adsorption quality was studied by varying PHE, P-NP, and
P-MP concentrations from 1 to 10 ppm. The experiment was performed under the optimal parameters previously
mentioned. The maximum removal efficiencies of each PHE, P-NP, and P-MP were obtained at 3 ppm of PHE,
P-NP, and P-MP as a starting concentration, with 91, 88, and 77% removal, respectively. Afterward, adsorption
efficiency decreased significantly as the starting concentration of the solution was increased, as depicted in
Fig. 8. This phenomenon may attributed to the increased amount of PHE, P-NP, and P-MP ions with limited
active sites on the SnO, NPs surfaces, thus decreased the removal quality®>. Moreover, this is a logical trend, as
high concentrations of solutions are expected to be accompanied by increased agitation time required to achieve
adsorption equilibrium. Our result agrees with previous literature®.

Influence of the initial pH

The pH of solutions constitutes a significant effect on the adsorption efficiency of phenols from aqueous systems
as shown in Fig. 9. Particularly when the phenolic compounds may exist in various forms such as phenolic or
phenolate relative to the pH of the solution. Therefore, the initial pH was studied to investigate its effect on the
phenolic compounds adsorption at different initial pH values of 4, 6, 8, and 10, and starting phenolic solutions
concentration of 3 ppm for 30 min at 25 °C. As illustrated in Fig. 9a, the maximum removal efficiency for PHE,
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Figure 6. Impact of the nano-sorbent dosage on both adsorption capacity and removal efficiency for (a) PHE
at pH=38, (b) P-NP at pH=38, and (c) P-MP at pH =6 (Conditions: agitation time, 30 min; starting phenolic
solution concentration, 10 ppm; at room temperature).
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Figure 7. Impact of the agitation time on removal efficiency for PHE, P-NP, and P-MP (Conditions: nano-

sorbent dosage, PHE (0.20 g), P-NP, and P-MP (0.10 g); starting phenolic solution concentration, 3 ppm; at
25°C).

P-NP, and P-MP were obtained at pH values of 8, 8, and 6 with 94, 94, and 83% removal, respectively. This phe-
nomenon may be related to the pHyp¢ of SnO, NPs, implying that the nano-sorbent surface has a zero charge
at a specific pH value®. The adsorption efficiencies increased dramatically as the pH values increased. At a pH
of lower than pHPzc, the nano-sorbent surface is positively charged. PHE, P-NP, and P-MP act as weak acids
in the solutions, and all become phenolate anions, as depicted in Fig. 9b. Thus, the removal happens due to the
dipole-dipole interaction at higher pH values. At much lower pH, additional positive protons compete for active
binding sites on the nano-sorbent surface; this reduces adsorption efficiency. Conversely, at a pH of higher than
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Figure 8. Impact of the starting phenolic solutions concentration on removal efficiency for PHE, P-NP, and
P-MP (Conditions: nano-sorbent dosage, PHE (0.20 g), P-NP, and P-MP (0.10 g); agitation time, 30 min; at
25°C).
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Figure 9. (a) Impact of the pH on removal efficiency for PHE, P-NP, and P-MP (Conditions: nano-
sorbent dosage, PHE (0.20 g), P-NP, and P-MP (0.10 g), agitation time, 30 min; starting phenolic solutions
concentration, 3 ppm; at 25 °C), and (b) Phenolate anions formation in aqueous media.

PH e, the nano-sorbent surface is negatively charged. Adsorption decreases slightly, and this may be due to the
electrostatic repulsion interaction between the nano-sorbent and the adsorbate (negative charge holders). The

achieved results agree with the previous literature’s data'’.

Furthermore, it can be seen that the effectiveness of the adsorption of both PHE and P-NP was greater than
that of the adsorption of P-MP. This assessment is supported by the fact that the hydrogen binding capabilities of
phenolic compounds are directly proportional to their acidities. The protons transfer to nano-sorbent surface is
easier in the case of PHE and P-NP; this allows them to form H-bonds and achieve higher adsorption effective-
ness. In the case of P-MP, weak H-bonding interactions are formed; this may be attributed to the steric effect
of methoxy groups. Overall, a change in the solution pH predominantly impacts the strength of H-bonding,

adsorbent-adsorbate interactions and adsorption efficiency®*.
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Influence of temperature

The impact of temperatures on each PHE, P-NP, and P-MP adsorption was assessed in this study. For this pur-
pose, The adsorption studies were conducted at 25, 35, 45, and 55 °C, and optimized parameters were maintained
during the experiment. The results demonstrated that the maximum adsorption effectiveness of P-MP was 94%
at 25 °C, and then the adsorption significantly decreased as the temperatures rose to 68% at 55 °C, as shown in
Fig. 10. This may refer to the destruction and damage of active binding sites on the SnO, NPs surface due to high
temperatures. It should be noted that the effectiveness of both PHE and P-NP removal increased significantly by
increasing the temperature from 25 to 35 °C, then progressively decreasing as the temperature increased from
35 °C to 55 °C. Accordingly, it was determined that 35 °C is favorable for the PHE and P-NP adsorption onto
SnO, NPs with 95 and 85% removal, respectively. This result can be justified as it is with the increasing system
temperature over 35 °C, the boundary’s thickness will gradually drop. This can increase the tendency of PHE
and P-NP to escape to the solution phase, decreasing adsorption®”.

Modelling of adsorption kinetics

The adsorption process of each PHE, P-NP, and P-MP was further characterized using the pseudo-1st order
(Eq. 3) and pseudo-2nd order (Eq. 4) kinetic models and is shown in Fig. 11. The linearized forms of the pseudo-
Ist order (Fig. 11a,c, e) and pseudo-2nd order kinetic models are depicted in (Fig. 11b,d,f). The removal rate
constants of the adsorption process were indicated by k, and k,, respectively. Also, the adsorption quantity in
mg of each PHE, P-NP, and P-MP per g of SnO, NPs at both equilibrium (q.) and different agitation times (q)
was calculated from the adsorption experimental data.

ln(qe — qt) =Inq, — kit (3)
t 1 n t
- 4 4
% kg q @)

The coefficient of determination (R?) value indicated that the adsorption of all PHE, P-NP, and P-MP more
closely obeyed a pseudo-2nd order model. This model presumes the dominance of chemisorption over the
adsorption mechanism of PHE, P-NP, and P-MP onto SnO, NPs. This case involves exchanging or sharing elec-
trons between the phenolates and SnO, NPs!%%,

The experimental and calculated adsorption quantity (qe, mg/g) of PHE, P-NP, and P-MP at equilibrium
and all kinetic parameters of pseudo-1st order and pseudo-2nd order models were calculated and presented in
Table 1.

Adsorption isotherms

The removal isotherm mechanism was studied to provide information about the attitude of mono-layer adsorp-
tion and multi-layer adsorption, in addition to suggesting the nature of the adsorption surface and interactions
between the nano-sorbent and the adsorbate®” and are shown in Fig. 12. Therefore, the Langmuir (Fig. 12a,d,g),
Freundlich (Fig. 12b,e,h), and Temkin isotherm models (Fig. 12¢,f,i) were identified by examining the adsorp-
tive capacity of SnO, NPs, and they are expressed by (Eq. 5), (Eq. 6) and (Eq. 7) and are shown in Fig. 12a-i,
respectively.

1 1 1 1 )
[ _ 5
9e AmaxKr Ce 9max
1
logq. = logKr + ;logCe (6)
Qe = BrlnKt 4 BrlnCe (7)
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Figure 10. Impact of the temperature of adsorption system on removal efficiency for (a) PHE at pH=38, (b)
P-NP at pH=38, and (c) P-MP at pH = 6; nano-sorbent dosage, PHE (0.20 g), P-NP, and P-MP (0.10 g), agitation
time, 30 min; starting phenolic solution concentration, 3 ppm.
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Figure 11. The kinetic plots of (a) pseudo-1st order for PHE removal, (b) pseudo-2nd order for PHE removal,
(c) pseudo-1st order for P-NP removal, (d) pseudo-2nd order for P-NP removal, (e) pseudo-1st order for P-MP
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Pseudo-1st order model Pseudo-2nd order model
Adsorbate | q,, . (mg/g) | R? K, (min™) | g, (mg/g) |R? K, (gmin~' mg™) | q,,ca. (mg/g)
PHE 2.752 0.025 | 1.67x10° | 0.248 1 -9.893 2.746
P-NP 2.718 0.106 |-1.83x107° |0.321 1 7.187 2.699
P-MP 2.653 0.074 | -1.83x107° | 0.390 0.999 |3.715 2.617
Table 1. Calculated kinetic parameters for PHE, P-NP, and P-MP adsorption.
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Figure 12. Isotherm plots of (a) Langmuir isotherm for PHE adsorption, (b) Freundlich isotherm for PHE
adsorption, (c) Temkin isotherm for PHE adsorption, (d) Langmuir isotherm for P-NP adsorption, (e)
Freundlich isotherm for P-NP adsorption, (f) Temkin isotherm for P-NP adsorption, (g) Langmuir isotherm for
P-MP adsorption, (h) Freundlich isotherm for P-MP adsorption, and (i) Temkin isotherm for P-MP adsorption.

where the q,,,, represents maximum mono-layer adsorption capacity (mg of phenolic compounds per g of SnO,
NPs). Ry is 4, separation factor, and 7 is the surface heterogeneity index, whereas K; K, and By are the Langmuir
constant (L/mg), the Freundlich constant (mg'/" g! L), and the Temkin constant (J/mol).

As illustrated in Fig. 12, the R? values were lower in the Langmer and Ferndlich models plots than in the
Temkin model. Therefore, all PHE, P-NP, and P-MP adsorption processes were fitted well to Temkin isoherm
model. The adsorption isotherm results of PHE, P-NP, and P-MP indicate that multi-layer adsorption occurred.
Furthermore, with an increase in nano-sorbent surface coverage, the heat of the adsorption system (all molecules)
in the layer decreases linearly rather than logarithmically?®.

According to Temkin isoherm, higher By values refer to stronger adsorption binding between the adsorbent
and adsorbate; thus, the phenolates are more strongly attracted to the SnO, NPs surface. Meanwhile, higher K;.
values refer to a higher concentration of phenolic molecules on the SnO, NPs surface, confirming a favorability
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Figure 12. (continued)

extent of adsorption. Overall, these results indicate that the uniform distribution of phenolate groups on the
adsorbate and SnO, NPs surfaces may cause a uniform distribution of binding energies

Ln Ce

39,40

All isotherm parameters of the Langmuir, Freundlich and Temkin models were provided in Table 2.

Adsorption thermodynamics

Thermodynamic adsorption was studied to calculate the amount of energy and heat changing during the PHE,
P-NP, and P-MP adsorption processes and to determine these processes’ spontaneity as shown in Fig. 13. So,
the dissociation coefficient (K,) and standard Gibbs free energy (AG®) were calculated at a specific temperature
employing Egs. (8), (9), and plots of In K; vs. 1/T were produced as depicted in Fig. 13. In addition, the standard
enthalpy changes (AH’), and standard entropy changes (AS°) were calculated from van’t Hoff plot and Eq. (10).

Adsorbate
Isotherm model | Parameters PHE P-NP P-MP
Gmax (/) 0.674 0.891 0.595
Langmuir K; (L/mg) 3.737 1.247 1.820
R, (dimensionless) 0.098 0.211 0.224
R? 0.479 0.752 0.267
Kp(mg'-Vn gt L7V | 7.156x 10710 | 1.247x 10 | 1.808 x 1073
Freundlich 1/n (dimensionless) | 0.240 0.653 0.173
R? 0.685 0.818 0.595
BT (J mol™!) 57.16 26.894 139.030
Temkin KT (Lmg™) 4.425 3.834 4.306
R? 0.884 0.986 0.990

Table 2. Calculated isotherm parameters for PHE, P-NP, and P-MP adsorption.
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Figure 13. Thermodynamics plots of (a) PHE, (b) P-NP, and (c) P-MP removal.

AG®

= AH® — AS'T

ASY  AH°

InKg = — — =—

R RT

Where the R is ideal gas constant, and T represents temperature in the Kelvin scale.

Regarding the data in Table 3, the AG® negative values suggest the PHE (Fig. 13a), P-NP (Fig. 13b) and
P-MP(Fig. 13¢) adsorption processes were spontaneous and favorable. This corresponds to the fact that adsorp-
tion decreases with high temperatures. A negative AHC value indicates an exothermic nature for all PHE, P-NP
and P-MP adsorption processes. Moreover, the negative AS® (randomness index in adsorption system) value in
PHE adsorption indicates that the system is becoming more ordered. In contrast, in P-NP and P-MP adsorption
thermodynamics, the positive value of AS” indicates the processes favored to be less ordered. This may be justified
by the fact that the degree of the freedom of solvent molecules decreases as the number or size of surrounding

AG® (kJ-mol™)
T (Kelvin)
Adsorbate | 298 308 318 328 AH® (kJ-mol™) | AS® (J-mol'-K™)
PHE -9.760 | -8.305 | -6.709 | -6.677 | —42.361 -110.22
P-NP -8.429 | -8.581 | -8.666 |—8.782 -5.021 11.479
P-MP -8.237 | -8.299 | -8.514 |-8.658 —-0.437 1.666

Table 3. Thermodynamic parameters for the PHE, P-NP, and P-MP adsorption.

(10)

Scientific Reports|  (2024) 14:6519 |

https://doi.org/10.1038/s41598-024-55460-4

nature portfolio



www.nature.com/scientificreports/

Removal

Adsorbent dosage | Adsorbate dosage
Adsorbate Adsorbent (8) (ppm) Time (min) | Efficiency (%) | References
Phenol AL O; NPs 0.50 400 120 92 10
2-Chlorophenol Fungus Bio-Sorbent | 0.10 100 360 23 2
p-nitrophenol C[4]BS 0.10 7 60 58 3
Phenol AC-Fe,0; NPs 0.20 2 120 90.5 32
Phenol AC-TiO, NPs 0.20 2 120 89.5
Phenol DPDQ 0.10 3 15 76.1 3
p-nitrophenol P-NP | SnO, NPs 0.10 3 30 85
Phenol PHE SnO, NPs 0.20 3 30 95 This work
gjﬁ?h"xypheml SnO, NPs 0.10 3 30 94

Table 4. Comparison of the phenolic compounds removal by SnO, NPs with other sorbents.

molecules increases, imposing less ordered adsorption*!. In general, further understanding of thermodynamic
parameters can help to promote the adsorption process for several applications.

Comparison with other sorbent to removal of phenolic pollutants

The performance of various adsorbents for phenolic pollutants removal was compared and summarized in
Table 4. As can be seen, the removal efficiency of phenolic compounds on SnO, NPs was higher than other
adsorbents previously reported in the literature. The SnO, NPs in this study were superior to other adsorbents
in terms of large adsorption surface area, adsorption rate, and chemical saving, thereby promoting adsorption
capacity in SnO, NPs.

Molecular docking studies

Molecular docking studies of synthesized nanomaterials revealed their possible interactions with active site
residues of given protein targets*’. The SnO, NPs demonstrated moderate binding energies against the crystal
structure of the inactive EGFR tyrosine kinase domain in complex with erlotinib (PDB: 4HJO) showing their
critical interaction with key amino acids. Docked complexes obtained for SnO, showed two conventional hydro-
gen bonds with ARG817 (2.3 A) and LYS721(2.0 A) with a binding score of —6.619 kcal/mol. The negative and
low docking score value indicate that the compounds underwent strong and favorable binding interactions. Our
findings are compatible with those found in the literature*’, and RMSD refine 1.1985 Aislessthan 2 A, ie., a
good result, as depicted in Fig. 14. While in silico investigations have exhibited encouraging outcomes concern-
ing the capability of SnO, NPs to impede the EGFR tyrosine kinase pathway, additional inquiries are imperative
to ascertain their therapeutic effectiveness in clinical applications. This research holds the potential to advance
the development of efficacious cancer therapies, underscoring the necessity for comprehensive investigations to
validate the therapeutic utility of these NPs as anticancer agents targeting the EGFR tyrosine kinase pathway**.

Conclusion
In summary, we report here the green synthesis of the SnO, NPs using O. basilicum leaves extracts. Fabricated
SnO, NPs showed superior PHE, P-NP, and P-MP removal from the aqueous system. The influence of five key
variables on all PHE, P-NP, and P-MP adsorption by fabricated SnO, NPs, including pH, starting PHE, P-NP, and
P-MP concentrations, nano-sorbent dose, agitation time, and temperature was also investigated and enhanced.
According to the data, the maximum removal effectiveness of PHE, P-NP, and P-MP were 95%, 85%, and 94%,
respectively. Based on the Kinetic experiments, the PHE, P-NP, and P-MP adsorption data demonstrated the best
fit by the pseudo-2nd order kinetic model, and all mechanisms are controlled by chemisorption. In equilibrium
studies, adsorption processes are described by Temkin isotherm model. The Thermodynamic results show that the
PHE, P-NP, and P-MP adsorption processes onto fabricated SnO, NPs have a spontaneous and exothermic nature.
Based on the overall analysis, it can be indicated that the eco-friendly approach serves as an invaluable tool for
the production of nano-sorbents mediated by plant extracts. Moreover, our nano-sorbent’s ultra-effective adsorp-
tion of phenolic pollutants may be attributed mainly to the availability of active adsorption sites regardless of
their extremely small size. Our molecular docking studies revealed the potential of SnO, NPs to interact with the
EGEFR tyrosine kinase domain and inhibit its activity, suggesting a novel anticancer mechanism of action. How-
ever, we need more research and progress into nanoscale adsorbents and their development for real applications.
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Figure 14. 2D and 3D view of the binding interaction of SnO, NPs within active sites of the EGFR receptor
(PDB: 4HJO).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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