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Abstract

The unique properties of nanomaterials, coupled with significant progress in
nanotechnology, have driven a growing need for their manufacture. Additionally,
because manufacturing processes generally result in increased pollution and
environmental damage, there is a growing trend toward natural sources. In this study,
a safe, environmentally friendly, and inexpensive natural surfactant was used as a soft
template to synthesize mesoporous y-alumina nanoparticles (y-MNP). The template
was the extracted solution of leaves of Zyziphus spina Christi, a widely available
local plant, and aluminum nitrate as a precursor. The prepared y-MNP was
characterizing by using different analysis methods: FTIR, XRD, SAXRD, SEM,
EDX, and AFM. Surface areca was measured by the BET method, and porosity was
measured by BJH. The prepared nanomaterials had a surface area (279.31 m2g™),
pore volume (0.572 cm3g™") and pore diameter of 8.199 nm. The obtained BJH pore
size distribution and average pore diameter and the hysteresis loops of the isotherms
confirmed the mesoporous nature of the prepared sample. The XRD analysis shows
that the sample is in a crystalline form with y- phase and the SEM investigation shows
that the sample appears to have nano-sized, smooth spherical, and high and regular
agglomeration. The AFM histogram of granularity accumulation distribution shows
that the particles range from 10 to 100 nm in composition (72%). The effectiveness
of the manufactured y-MNP as an adsorbent and carrier for moxifloxacin was tested.

Keywords: Mesoporous materials, y-alumina nanoparticles, Green Surfactant, sol-
gel, Moxifloxacin Drug.
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1. Introduction

Mesoporous alumina (MA) is a chemical compound with the formula Al>O3, and its pore

diameter can be in 2-50 nm range according to the [IUPAC classification. Mesoporous alumina
has been used in different applications because of its high specific area, large pore volume,
controlled porosity, chemical inertness, and exceptional stability [1]. Mesoporous alumina is
used in many applications as catalysts, catalyst supports, adsorbents, membranes, ceramics,
and heat-insulating materials due to its unique physicochemical properties [2]. In field of
biomedicine, y-mesoporous Al>Os3 is a great host for broad drug loading and regulated release
(drug delivery) due to its chemical inertness and adjustable surface chemistry [3,4].
The synthesis of mesoporous alumina (MA) has been described using a number of methods,
including ball milling [5], laser ablation [6], sol-gel [7], pyrolysis [8], hydrothermal methods
[9], microemulsion [10], hard template [11], and soft template [12]. In the template synthesis
method, the template is the primary setup for managing, influencing, and changing the
morphology and dimensions of the material. The template method is easy to use, very
predictable, and reproducible, and it successfully regulates the pore size, shape, and structure
of the material [13]. The template, such as polymers [14], biological macromolecules [15], and
surfactants [16], is formed during the reaction. Micelles of the template produce the desired
product, and the internal polymerization of the molecules creates a certain spatial structure. In
comparison to a hard template, a soft template is easier to remove, the experimental condition
is mild and simple, the construction is simple, and it can synthesize different materials with
various morphologies. Therefore, the template method is a current trend in the preparation of
materials [17].

In recent years, surfactants have been found to significantly improve the properties of
alumina when added to the preparation process. The selection of cationic, anionic, nonionic,
and amphoteric surfactants is a key factor. Furthermore, the structure and nature of surfactants
greatly affect the final mesostructures, pore sizes, and surface areas of mesoporous materials
[18-21]. Conversely, chemical surfactants involve the use of poisonous compounds, energy,
heat, and extremely high pressure. Furthermore, the byproducts are toxic, further damaging the
ecosystem. Interest in the environmentally friendly synthesis of A1,O3 NPs using plant extracts
has increased recently due to the non-toxic, reasonably priced, and environmentally beneficial
nature of plant sources [22, 23].
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Zizyphus spina Christi (ZSC), a tree found in southern and central Iraq as well as various
Middle Eastern countries, is one of the many native plant species that have not yet been used.
The concentration of natural surfactants and saponins in ZSC is high and is present in more
than 500 plant species. The saponin molecule includes hydrophobic and hydrophilic parts. The
hydrophobic part is composed of a triterpenoid or steroid backbone, and the hydrophilic part
consists of several saccharide residues [24]. Ahmadi and S. R. Shadizadeh [25] extracted four
saponin glycosides from ZSC leaves. For more information on using ZSC as a natural
surfactant, as reported in [26].

The aim of this research is to use the ZSC leaf extract as a natural surfactant soft template
to prepare mesoporous y-alumina nanoparticles (y-MNP) powder using the sol-gel method. The
prepared y-MNP was characterized using FTIR, XRD, SAXRD, SEM, EDX, AFM, and N>
adsorption — desorption techniques, offering a new foundation for creating adsorbent materials
with superior adsorption capabilities as well as a moxifloxacin drug carrier.

2. Materials and methods used
2.1. Materials

Aluminum nitrate nonahydrate AI(NO3)3-9H>O (Molar mass 375.134 g.mol!)and NaOH
were obtained from BDH Chemicals Ltd., Poole, England. Moxifloxacine drug with empirical
formula C»1H24FN304 with molar mass 401.4 g. mol!, Purity>98% obtained from Vintek
Pharmaceuticals.

2.2. Preparation of the samples

From local farms in Baghdad, Iraq, 100g of fresh Zyziphus Spina Christi leaves were cut,
cleaned with tap water and deionized water, and left at room temperature until dried. The dried
leaves were ground into a powder and then heated in a beaker to 70 °C for 24 h in 1000 mL of
distilled water. The solution was cooled to room temperature and then filtered using Whatman
paper. The supernatant was used as a template. y-MNP was prepared using the procedure
described in [27] with minor modifications as follows: 100 mL solution of plant extract
(solution A) and 18.75 g AI(NO3)3.9H>O was dissolved in 100 mL of distilled water (solution
B). Subsequently, solution B was added dropwise to solution A while stirring for 30 min at 70
°C. The pH of the solution was then adjusted to 9 by adding sodium hydroxide (1M)
incrementally and agitated to create white suspensions for approximately 120 min at 70 °C.
The solution was then aged at room temperature for 20 h to complete conversion into a gel.
The products were filtered, rinsed repeatedly with distilled water, dried in an oven set at 80 °C
for 8 h, and then calcined in a 600°C muffle furnace for 4 h.

2.3. Adsorption procedure

Adsorption experiments were carried out by the batch method using 0.3 g of y-MNP and
100 mL of drug solution (6 mg/L) in a 250 mL conical flask immersed in a thermostatic shaker
bath and shaken at 298 K. At the end of the adsorption interval, the supernatant was centrifuged,
and the concentration of the drug solution before and after the adsorption was determined using
a UV-Vis Spectrophotometer (SHIMADZU) at a maximum wavelength (Amax) of 293 nm. The
removal efficiency (R%) of the system was calculated according to Equation 1

R%=[ (Co—Ct)/Co]x100 .. (1)
Where C, is the initial concentration (mg/L), C; is the concentration (mg/L) at any time.
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2.4. Characterization

2.4.1. FTIR

FTIR, Prestige-21Fourier Transform, (Shimadzu Corporation, Japan), was used to characterize
the prepared materials. The characteristic absorption bands were recorded in the range 4000 to
400 cm™ were recorded.

2.4.2. XRD

XRD and SAXRD, Siemens, Cu Ka (A =1 .541A), were employed to confirm the microporosity
and identify the phase type and crystallinity of the produced alumina, respectively, and the
evaluation of the diffractograms took place between 20 = 10—80° for XRD and between 20 =
0-10° for SAXRD.

2.4.3. Porosity
The BET surface area and BJH porosity were calculated using Autosorb-1 software

(Quantachrome Instruments). Prior to the test, 0.0849 g of the sample was degassed under
vacuum at 120°C for 2 h.

2.4.4. Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray (EDX)
SEM and EDX (Thermo Fisher Scientific Inc) were used to characterize the structure and
morphology of the adsorbents at an accelerating scan voltage of 5.00 kV.

2.4.5 Atomic force microscopy (AFM)
AFM (Nanosurf, Shanghai, China) was used to obtain the topography and particle size
distribution.

3. Results and Discussion

3.1. Fourier-transform infrared spectroscopy (FTIR):

FT-IR spectrum of the prepared y-MNP was illustrated in figure 1. The peak at 1630 cm™ is
attributed to the bending vibration of the hydrogen-bonded surface hydroxyl groups of the
physically adsorbed water molecules, whereas bands around 1385.04 cm™ are associated with
Al-O-H symmetric bending. The broad band in the region of 3452 cm™! is caused by the Al-
OH stretching vibration [28]. The peak at 1105 cm’! relates to asymmetric bending of Al-O—
H of the chemically adsorbed water on the alumina surface. The stretching vibrations of the
distinctive bands of the AI-O and Al-O-Al bonds of y alumina are shown by a broad and
strong peak that appears in the 785 cm™ to 624 cm! range [29, 30]. The small peak at 2951 cm™
I corresponds to the stretching (Al) O-H vibrations of AIOOH in boehmite [31]. These
functional groups confirm the potential of this surface as an excellent adsorbent.
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Figure 1: FTIR spectrum of y-MNP after calcination

3.2. X-ray diffraction (XRD) and small-angle XRD (SAXRD):

Through X-ray diffraction analysis, the produced y-MNP's crystallinity was ascertained; the
findings are shown in Figure 2a and the data of the two highest peaks are listed in Table 1. The
diffraction patterns of y-MNP as determined by the intense peaks observed at 20= 19.431°,
37.707°, 45.875°, 60.832°, and 66.893°, correspond to the lattice planes (1 1 1), (13 1), (0 4
0), (33 3),and (04 4) and corresponding spacing values of 4.56453,2.38375, 1.97650, 1.52151
and 1.39760 A respectively. The observed relative intensities and lattice parameters of the
diffraction peaks closely match the database of the Joint Committee on Powder Diffraction
Standards (JCPDS) card file 96-154-1583. Thus, explaining the crystalline and exhibit cubic
crystal structure represented by empirical formula of A110.66016.00 with space group Fd-3m.
Similar diffraction pattern has been observed for y- alumina by Krokidis et al [32], and reported
of Al203-nanoparticles prepared using green methods [33].

The low-angle XRD patterns [Fig. 2(b)] showed no peak, indicating that the samples had
mesopores with not only low regularity in size but also a broad size distribution.
Using Debye- Schere's equation, the crystal size was determined using equation 1 [34]:

D = K\/BcosO 1)

Where D= size of the crystal (nm) K= Scherer constant (0.9), i x-ray source wavelength
(0.15406 nm), B = FWHM (radians), and 0 = peak position (radians). The crystallite size
obtained using the peak of the lattice plane (044) was 3.27 nm, and that obtained using the peak
lattice plane (040) was 4.06; thus, the average crystallite size was 3.67.

AW = (8)
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Figure 2: A: XRD patterns and B: SAXRD patterns of y-MNP
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Table 1: Lattice parameters of the prepared y-MNP for the two highest peaks

Pos.(2 6°) h k 1 d[A] FWHM (2 6°) Ii]
45.875 0 4 0 1.97650 2.2191 65.7
66.893 0 4 4 1.39760 2.7368 100.0

3.3. Porosity:

The prepared y-MNP was also examined using Nitrogen adsorption-desorption isotherm at
77 K to determine its surface area using the Brunauer—Emmet-Teller (BET) method and its
porous texture using the Barret—Joyner—Halenda (BJH) method. The pore volume was
calculated using the nitrogen adsorption volume at a relative pressure (P/Po) of 0.99. All results
were illustrated for isotherm and the corresponding pore size distribution in Figure 3 and
tabulated in Table (1) below.
Figure 3a shows that according to the IUPAC classification, the synthesized sample has pores
in the mesoporous region (diameter 2-50 nm) with type IV isotherm [35]. The BET specific
surface area and pore volume obtained were (279.31 m2.g-1) and (0.5725 cm3.g-1)
respectively, while the BJH estimations for the pore size distribution based on adsorption
information showed a wide distribution for the sample with an average pore diameter of 8.1991
nm. The isotherms also showed a H2(a) hysteresis loop, indicating that the prepared sample
has an ink bottle type [1, 36]. For comparison, an eco-friendly approach for synthesizing
mesoporous alumina produced 340.15 m2.g-1[19], and sol-gel synthesizing produced porous
y-A1203 with specific surface area, 261.22 m*.g"'[4].

45dAdsorption / desorption isotherm 0.24 BJH-Plot
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Figure 3: (a) N adsorption/desorption isotherms and (b) -MNP pore-size distributions of y-
MNP
Table 1: Summary report of porosity Analysis and Surface Area for y-MNP
parameter S/ m-ALO3
Surface area, BET 279.31 [m?g!]
Total pore volume (p/p°=0.990) 0.5725 [cm? g™
Average pore diameter 8.1991 [nm]

3.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX):

The morphology of the powder was examined by SEM, as shown in Figure 4. The
micrograph reveals that the prepared y-MNP particles appear to have nano-sized, smooth
spherical, and high and regular agglomeration. However, no information was provided
regarding the possession of permeable buildings. The particle sizes range from 43.78 to 50.53
nm and are approximately uniform and essentially homogeneous.
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Figure 5: EDX spectrum of the prepared y-MNP
The chemical composition of the generated powder was identified using EDX analysis, as
shown in Figure 5 and Table 2. The percentage of aluminum oxide was very high, equal to 93
% by weight, and the EDX spectroscopy measurements confirmed the presence of carbon-free
alumina.

Table 2: EDX results for y-MNP Powder

Element Atomic % A;;’rr?; tzr;gr Weight % Weight % error
0 54.4 0.6 45.1 0.5
Al 41.0 0.1 479 0.2
Na 2.1 0.1 3.1 0.1
Mg 0.8 0.1 1.0 0.1
Ca 0.9 0.0 1.8 0.0
Si 0.8 0.1 1.1 0.1

3.5. Atomic force microscopy (AFM)

The topography of the synthesized y-MNP was determined using AFM. Figure 5 shows the
AFM images of the sample in two and three —dimensional in addition to the histogram of their
particle size distributions.
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Figure S: Histogram and distribution of granules and two- and three-dimensional view image
for y-MNP

Figure 5 demonstrates that the prepared y-MNP sample has small spherical particles
aggregating in spherical agglomerates. The results of the figure also showed that the particle
size distribution was in the range (10-500 nm), and the particles ranged from 10 to 100 nm, as
shown in the histogram of granularity accumulation distribution, comprising 72% of the total
particles, while the other range from 100 -500 nm of the particle size composed 28% of the
total particles. In addition, the images show a high degree of arrangement in the surface objects
of the sample.

The prepared y-MNP used as an adsorbent to remove the moxifloxacin (MOX) drug from
the aqueous solution. From the results illustrated in Figure 6, approximately 47.64% of MOX
was removed when the initial concentration was 6 mi L. This removal efficiency was
consistent with the results of previous studies [36, 37]. Nevertheless, it is not possible to
eliminate the entire drug. This could be the result of many variables that affected the adsorption
process, such as temperature, solution pH, and adsorbent dosage. [38].
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Figure 6: Percentage removal of moxifloxacin vs. time at 298 K and 0.3 g adsorbent

The y-MNP was also used as a carrier for the MOX drug, which was loaded on the y-MNP
via impregnation method by stirring 15 mL of 30 mg. L™! solutions of the drug with 0.3 g y-
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MNP carrier for 24 h to achieve equilibrium. Subsequently, the drug-loaded mesoporous
composite was obtained after being filtered and oven-dried for 12 h at 50°C [39]. The
determinate quantity of MOX medicine loaded in the carrier was 1.75 mg of the drug per gram
of carrier. A small quantity of drug-loaded carriers may be introduced into a substantial volume
of release medium (PBS solution) using a dialysis bag to obtain the in vitro release profiles of
pharmaceuticals [36, 40]. The drug-release behavior was investigated at 37 °C, pH = 7.4 and
5.4 (physiological condition), and the cumulative MOX release is shown in Figure 7.

Drug Release%
&

—e—pHS 4 —e—pH7 4

n] S00 1000 1500 2000 2500 3000 3500

time{min)

Figure 7: Release profile of MOX drug loaded y-MNP at A) pH 7.4 and B) pH 5.4

Figure 7 shows that the MOX drug was approximately 66.05% released after 1440 min when
the release occurred at pH 7.4, whereas at pH 5.4 the release decreased to 24.69% after 1920
min. The lower amount of MOX released at lower pH values has been attributed to the low
solubility of the medicine in this condition [40]. The releasing profile of MOX with other
carriers and our carrier with other drugs can be defined in references 39 and 40.

Conclusion

This study proposes a procedure that provides a very cost-efficient method for the successful
production of mesoporous alumina nanoparticles using the extract of Zyziphus Spina Christi
leaves as a natural surfactant and soft template in the sol-gel method. The mesoporous results
were confirmed by SAXRD and N; adsorption—desorption analysis. Based on the particle size
analysis, x-ray diffraction, SAXRD, AFM, SEM, and EDX analysis, the prepared alumina is
in a crystalline form with y- phase and has excellent texture properties for utilization as an
adsorbent and carrier for MOX drug. The prepared y-MNP utilized as an adsorbent to remove
moxifloxacin (MOX) drug from the aqueous solution with approximately 47.64% of MOX was
removed and as a carrier with approximately 66.05% released after 1440 min at pH 7.4, while
at pH 5.4 the release decreased to 24.69% after 1920 min. Thus, this methodology can be used
to effectively synthesize mesoporous alumina nanoparticles and can be used as a good
adsorbent and carrier for MOX drugs.
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