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ARTICLE INFO ABSTRACT

Keywords: This study is a new attempt to synthesize gold nanoparticles (AuNPs) using the extract of fresh mature fruits of
AUNPS_ the Iraqi Prosopis farcta plant (Fabaceae). The synthesis has been performed under infrared (IR) irradiation
Ea]t]alync treatment and compared with the heating procedure at 90 °C. P. farcta-AuNPs has been investigated as a
abaceae

nanocatalyst to remove Methylene blue (MB) dye from aqueous solutions. TEM, FE-SEM, EDX, XRD, size Dis-
tribution Report by Intensity, Zeta Potential, UV-Vis, GC-Mass and FTIR have been used to characterize the
synthesized AuNPs. The color transformation of colloidal AuNPs under both IR radiation and heat confirmed the
efficient reduction of Au™ to Au® and its stabilization using P. farcta extract. AuNPs synthesized using IR were
mainly spherical with an average diameter hydrodynamic size of 25.43 nm, and Zeta Potential of —26.5 mV.
While AuNPs prepared using the heating treatment showed a quasi-spherical shape with an average size of 53.12
nm and Zeta Potential of —24.4 mV. FTIR analysis indicates that phenolic compounds of P. farcta extract are
protected in the AuNPs synthesized by IR irradiation, but they are lost in another sample. Thus, the AuNPs bio-
synthesized using IR radiation have higher colloidal stability, smaller size, more spherical and more preserved
core-shell structure than Au NPs prepared using the heat treatment. Bionano-reduction of MB using synthesized
AuNPs using IR irradiation best than synthesized using the heating procedure. This work encourages using IR
irradiation as a new method to produce and improve AuNPs for catalytic handling.

Green Chemistry
IR radiation

1. Introduction

Nanotechnology involves modifying the size and morphology of
materials in the nano-scale to advance their properties [1]. This science
has been achieved in past decades through chemical [2] and physical
techniques [3]. Therefore, several materials have been produced on a
nano-scale, such as carbon [4], gold [5,6], silver [7-9], etc. Nonetheless,
nanomaterials will be of more interest when preparing them in green or
eco-friendly methods [10]; thus, alternative or innovative procedures
are being developed in this field [11]. Recently, the biosynthesis of
metallic nanoparticles using plant extracts [12-15], fungi [16-18],
truffles/tubers [19], and bacteria [20] have been enhanced to become
acceptable for medical and pharmaceutical applications as nano-drugs

* Corresponding author.

[21]. However, many biomaterial were used in the green synthesis of
nanoparticles [22], including Euphorbia condylocarpa [23], leaf extract
of Euphorbia falcata [24], Piper longum [25], and leaf extract of Euphorbia
thymifolia [26], arthropods [27], Enterococcus [28] pigments, enzymes,
agro-wastes [29], and animal waste materials [30]. Furthermore, the
biomaterials-assisted mycosynthesis of gold nanoparticles have been
used for the decolorization of organic dye [6,31]. The green nano-
materials were used for many usages like water treatment [32-34],
reducing nitroarenes [35], reducing nitro-aromatics [36] reducing
pharmaceutical residues [37] degradation of organic dyes [35,38-41],
and removing pesticides from wastewater [42]. Besides, another study
showed that radiolytic preparation of gold nanoparticles using charged
particles allows for facile control of the nucleation process in a single
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procedure [43]. Generally, using biomaterials to fabricate new greener
nanoparticles is remarkable due to their low toxicity and finding
bioactive organic materials around gold atoms [44].

Prosopis farcta, Fabaceae family, is a thorny shrub with an approxi-
mate height of 30-80 cm. It is native to North Africa and Southwest Asia
and grows in the North American region [45]. This plant grows naturally
in cultivated lands and adapts to high temperatures, high salinity, and
arid conditions. The extract of P. farcta can be utilized as medication for
injuries/lesions as well as a remedy for diabetes [46,47]. Besides, the
extract from its roots has been used by Arab nations to treat hyperten-
sion and angina pectoris [48]. Harzallah-Skhiri and Jannet [49] re-
ported that P. farcta is rich in flavonoids and phenolic compounds, while
Persia et al. [50] asserted that it does not contain any harmful
compounds.

The extract of P. farcta leaves was firstly used to produce Ag and Au
nanoparticles in 2015 and 2018, respectively [51,52]. Recently, no
study has researched the use of its fruits to reduce metallic salts to form
gold nanoparticles except the synthesis of silver NPs [53] and platinum
NPs [54]. Therefore, this study highlights that for the first time, the
phyto-synthesis of spherical AuNPs using the extract of fresh mature
fruits of P. farcta by including infrared (IR) irradiation, which has been
compared with the heating method. In addition, the decolorization of
MB in aqueous solutions using the synthesized AuNPs has been
achieved.

2. Material and methods
2.1. Chemicals

Chloroauric acid (purity 99.9%), sodium borate and methylene blue
dye have been purchased from Sigma Aldrich, Germany.

2.2. Samples of Prosopis farcta

Fresh mature fruits of Prosopis farcta (Fabaceae) are available in huge
amounts in Iraq, have been collected from the local cultivated fields in
Hit city, Anbar.

2.3. Preparation of Prosopis farcta extract

Here, the Prosopis farcta fresh mature fruits have been firstly washed
with deionized water and then sliced into tiny pieces. Only 5 g of the cut
fresh fruits have been added to 100 ml of deionized water in a round
flask and boiled at 90 °C for 30 min. The resulted suspension has been
subsequently filtered using Whatman filter paper (No. 40). The aqueous
filtrate has been centrifuged at 5000 rpm for 15 min and stored in a
freezer at —20 °C.

2.4. Gas chromatography-mass spectroscopy of P. Farcta crude extract

Gas chromatography-mass spectroscopy (GC-Mass) (PerkinElmer
Clarus 600 t) has been utilized to distinguish biomolecular compounds
in the extract of P. farcta. The evaporation injection procedure (10:1) has
been applied. High-purity helium gas has been used as a mobile phase.
The temperature of the injection system has been set at 260 °C. GC-Mass
was performed using a fused silica capillary column (30 m x 0.25 mm
ID). Electron ionization mass spectrometry has been achieved in areas
40-500 Da.

2.5. Synthesis of Au NPs

The synthesis of Au NPs involves two strategies. The first one
involved adding 2 ml of the aqueous extract to 48 ml of 10 M tri-
chloride hydrochloride, then boiling at 90 °C in a 250 ml-Erlenmeyer
flask under constant stirring. For the second strategy, the same chemical
and extract were utilized but under the effect of IR radiation (The output
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Fig. 1. UV-Vis spectrums of the phytosynthesized AuNPs.

source of the IR light with a wavelength of 850 nm, Voltage - Forward of
31.9 V, and Current - DC Forward of 65 mA has been used in current
work).

2.6. Characterization of Au NPs

The final products were analyzed at Universiti Sains Malaysia (USM),
Malaysia. UV-visible spectra of the samples were obtained using a
Shimadzu dual beam spectrophotometer (AV-1800) to determine the
bio-reduction of Au* ions to Au® in the aqueous solution. The elemental
composition, morphology and size were analyzed using FESEM attached
with EDX (Oxford-Instrument INCA400). The hydrodynamic particle
size and zeta potential of the samples were determined using Zetasizer
Ver. 7.03 (Malvern Instruments Ltd., Worcestershire, UK). XRD pattern
of the samples was obtained to characterize their crystal structures using
Bruker AXS D-8 powder X-ray diffractometer (operated at 40 kV and 15
mA using CuKa radiation (A = 1.5406 A°)). The functional groups pre-
sent in the samples were determined using FTIR (FTIR-JASCO 4100
Spectrometer at 4000 cm~ ! to 400 cm’l).

2.7. Degradation of methylene blue

The catalytic efficacy of synthesized Au NPs was analyzed by mixing
two volumes of the colloidal AuNPs (150 pL and 200 pL, separately) with
0.5 ml of NaBH4 (50 mM) and 2 ml of 10 ppm MB dye. The absorbance
was checked using UV-vis in the range of 400-900 nm, while the
decolorization efficiency of the dye was checked at 670 nm using the Eq.
(1) [551:

Decolorization percentage = (A0 — At/At)*100 1)

where, AQ: the absorbance of MB at 0 s, At: the absorbance of MB after
the incubation time (60 sec).

3. Results and discussion

Ultraviolet-visible spectrometry has been used in a range from 400 —
700 nm and the color alteration of the medium from colorless to purple
have been used to confirm the nucleation of Au" ions in the aqueous
solution (containing HAuCly-4H;0 and Prosopis farcta extract as a
reducing agent) (Fig. 1). The extract of the fresh mature fruits of P. farcta
has been used to reduce Au ions (HAuCl4-4H50) to Au atoms. IR irra-
diation and heat have been separately used in the synthesis of AuNPs to
catalyze the nucleating process. The two modification processes also
changed the optical characteristics of the colloid medium. The color of
the mixture transformed from colorless to light purple after 10 min, and
became permanently pink after 30 min in the case of IR, while changed
to light purple after 20 min, and became fixed at pink after 60 min in the
case of the heat approach. Surface Plasmon Resonance (SPR) principle
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Fig. 2. TEM and FESEM images of the synthesized AuNPs by IR and heat.

describes the modulations in electronic structures of Au NPs surfaces
[56]. When using heat to synthesize Au NPs, the distinct absorption
band (Lambda max) at 530 nm (wide) appeared, which related to the
inciting of SPR because of the reaction in the colloidal solution (Au NPs)
[57]. While IR treatment exhibited Lambda max reached 525 (sharp)
nm, it took more time for formation due to the low energy of IR radiation
which led to the reduction of Au ions [58]. The increasing collision
among organic components of the extract and ions of HAuCl4-4H20
releases more electrons. At the same time, the heating process lowers the
activation energy (E) of the reduction reaction of the medium, thereby
generating Au® (Eq. (2)).

(Heat)HAuCl,.4H,0 + P farcta extract < 0°C Collsion—Au S Aud (2)

The photoacceptor molecules (i.e. chromophores) and phenolic
components in chemical precursors and the organic extract absorb IR
energy which is utilized to initiate the nucleation process of AuNPs. The
interaction of IR radiation with the organic molecules produces photo-
thermal effects, which are absorbed in a photon form and converted to
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signals that can stimulate different processes [59,60]. Thus, the impact
of IR radiation is based on the conversion of photon energy into electron
emissions (photoelectric effect). Therefore, organic compounds of Pro-
sopis farcta extract such as cytochrome complex can be considered as
electron inducers that may change photon energy into electron libera-
tion “caged electron” which performs the reduction process of gold ions
(Eq. (3)). The polyphenol compound in the extract of Prosopis farcta is
also served as an electron donor. The vibrational energy of IR affects the
molecules by increasing their electron donation to generate slow but
good orientation of controlled nanosized gold nanoparticles. Fig. 1 il-
lustrates the IR and heat-assisted reaction between the Au ions and the
organic extract.

IR)HAuCl,.4H,0 + Prosopis farcta extract—Au* S AL 3)

Fig. 2 exhibited the transmission electron microscopy (TEM) and
FESEM images of AuNPs generated under two treatments used in this
work. In the AuNPs synthesis process, the average diameter of AuNPs
decreased from 30 nm in the case of heat procedure to 15 nm by IR
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Fig. 3. Size Distribution of synthesized AuNPs by IR and heat approaches.
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Fig. 4. EDX image of the synthesized AuNPs by IR and heat.
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Fig. 5. Zeta Potential of the synthesized AuNPs by IR and heat.

approach, as seen in Fig. 3, which showed the distribution of the syn-
thesized Au NPs. The quasi-spherical shape of the Au NPs synthesized
under IR irradiation with an average real diameter, as in FESEM (Fig. 2-
IR), between 13 nm and 24 nm that confirmed the reduction of Au™ to
Au® in the aqueous phase. Besides, Fig. 3-IR showed the Z-Average (d.
nm) hydrodynamic size of Au NPs reached 25.43 nm; lesser size particles
were also observed with some particles sized approx. 15 nm. Conversely,
shapes of Au NPs synthesized under the heating procedure were

spherical with Z-Average (d.nm) of 53.12 nm, with larger sized particles
also observed (Fig. 3-Heat); FESEM (Fig. 2-Heat) exhibited real diameter
averaged between 26 nm and 33 nm.

The disparity in morphology and particle size indicates that the low
energy of IR radiation affects the spatial distribution of compounds in
the medium, thereby influencing the nucleation process and trans-
formation of the particles into lesser-sized nanoparticles compared to
the heat procedure. The absorption of IR radiation by the aqueous
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Fig. 6. XRD of the synthesized Au NPs by IR and heat.
Table 1
Particle sizes of the synthesized Au nanoparticles.
D (nm) B FWHM d Cos 0 20 Procedure
16.86 0.0087 0.4994 2.82 0.9451 38.14 Heat
8.78 0.0167 0.9600 2.35 0.9447 38.26 IR

solution may be significantly affected the reduction process by causing
the transfer of an electron to the Au atom [58].

The EDX analysis (Fig. 4) showed peaks of Au element, in addition to
carbon, oxygen, and sodium arrived from the extract, which indicates
organic molecules enclose the synthesized Au NPs [31]. The denoting of
the Cl peak can be attributed to HAuCl4-4H,0 salt. It can be observed
that the IR procedure yields a high atomic percentage of carbon
(33.83%) compared to the heat strategy (31.82%), but a reverse trend is
noted for Au. These states may be related to the influence of heat on
organic compounds due to the high energy compared with the low en-
ergy by IR irradiation.

The Zeta Potential results confirmed that the extract of fresh mature
fruits of P. farcta is an effective capping and stabilization agent for Au
NPs in the colloidal solution. Fig. 5-Heat showed the Zeta Potential value
subjected to heat treatment was —25.2 + 6.23 mV, which was attrib-
utable to the good coordination between the extract and nanoparticles.
On the other hand, the Zeta Potential value of the Au colloidal solution
prepared with the IR strategy was —28.9 + 9.75 mV (Fig. 5-IR). This
slightly higher value of Zeta Potential is due to the high surface area of

Inorganic Chemistry Communications 133 (2021) 108931

AuNPs (Figs. 2 and 3) [6] produced via IR, which leads to a more sig-
nificant impact on the charges spreading around the Au®, thus pre-
venting the aggregation of NPs.

According to the XRD pattern (Fig. 6), a highly intense Bragg’s
reflection for the (111) lattice was observed; suggesting the Au nano-
particles are oriented flat on a planar surface. The main diffraction peak
of Au NPs synthesized by heat has been observed at 26 value of 38.14°,
while that Au NPs prepared using IR have been noted at 20 value of
38.26°. These 20 values correspond to the planes (11 1) of face-centered
cubic (FCC) Au metal crystal lattice [18]. The average particle size of the
synthesized NPs has been calculated using Debye-Scherrer formula (Eq.
(4)):

.z
= Peost

4

where D, K, A, 6 and p denote particle diameter size, constant (approx-
imately 0.90), the wavelength of the X-ray utilized (0.15406 nm), Bragg
angle and Full Width at Half Maximum (FWHM) values (converted from

degree to the radial angle after multiplying it by (ﬁ) ), respectively. The

particle sizes of the synthesized Au nanoparticles are presented in
Table 1.

As observed in Table 1, all particle sizes obtained are in the nano-
scale, which confirms the monocrystallinity of Au NPs. The particle size
of NPs prepared with IR radiation is smaller than of NPs synthesized by
heat. The nanoscale particle size indicates the presence of negative
charges on Au NPs, which create a repulsion force that prevents the
aggregation of AuNPs. Besides, the IR increases the oscillations and
Brownian motion of NPs, which lead to prevent the agglomeration of
NPs [61]. It is remarkable to note that the XRD peak position for AuNPs
prepared with IR shifted towards higher 26 values, which was evident in
the exchange of the atomic position within Au NPs. However, the
broadening of the peak could be attributable to the closely spaced or
overlapping peaks due to the presence of impurities in the colloidal
solution.

The GC-Mass analysis has been used to diagnose active organic
compounds in the P. farcta extract, as in Fig. 7. Table 2 indicates the
essential molecules (library search report) in the aqueous extract of
P. farcta, there are 21 compounds that appeared in this extract.

In this study, the FTIR spectrum of P. farcta aqueous extract has been
analyzed based on the result of GC-Mass, who reported that P. farcta is
rich in saccharides compounds. As shown in Fig. 8-Extract, there are six
distinctive bands (3400 cm ™!, 2919 cm ™, 1618 cm ™}, 1508 cm ™}, 1454
em ™! and 1050 cm™?) in the FTIR spectrum of the prepared extract. The
band at 3400 cm ™! assigns to overlap the hydroxyl (O—H) stretch and

prant exiract brown Scan El+
Ll
1004 3078
e
B e L e L L Lt T Mty Lt MRt ) Lo i) M Maa et st ad aeadanas s s LU
200 400 6.00 80 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800

Fig. 7. GC-MS spectra of the P. farcta extract.
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Table 2 Table 2 (continued)
The library search report of expected compounds in the P. farcta extract. No. Name Structure
No. Name Structure O
HO N
1 Oxirane. 2,3- o) O o ~~
dimethyl-, trans-
(2R,3R)-2,3- ,
dimethyloxirane 1y o
2 Oxirane, 2.3- O OH
dimethyl-. cis- A
(%S’BR)Q’B: 13 myo-inositol, 2-c-
dimethyloxirane
: methyl-
3 methylsilane
~7
Si
/ "H
H
4 acetic acid O
HO o
5 Diisooctyl phthalate (0) 14 Adipamide
Ho)k
15 Pentanamide, 5-
hydroxy-
O
16 Trans-4,5-
(@) Epoxynonane
O\/\/\)\

6 Phthalic acid, di(2- 17 1_,l 1,2-Tr]1)mfthyl-1- /
propylpentyl) ester silacyclobutane J /
O
(@] 18 d-Glycero-d-galacto- OH OH
(@) heptose ?
O
o

7 4H-Pyran-4-one,2,3-
dih; -3,5-
i ydro-3,5 19 2,5-Monomethylene- HQ
dihydroxy-6-methyl- R E
l-rhamnitol £ OH
HO OH ;
///,,,,'
OH "o ’
8 2-Propyl- HO
tetrahydropyran-3-ol
20 L-Glucose
O
9 1,3-Dioxolane, 2,4,5- o)
trimethyl- :
o

10 2-Tetrazene, 1,1- 21 Galacto-heptulose
diethyl-4,4-dimethyl-

T OH

tlile)
I
iill[{e]
T

é

o
I
o
I

oH oH o

" 30-Methyl-d-glucose ™~ free amide (N-H) stretch. In comparison, the band at 2919 cm ! denotes
the presence of —C—H and —CHj, which indicate aliphatic C—H
stretching. The band at 1618 cm™! is related to the stretching vibration
of a carbonyl group (C=0), whereas bands at 1508 cm ™! and 1454 cm™*
signify the amide I and aromatic ring in the extract compounds.
12 a-d-Mannofuranoside, The FTIR spectrum (Fig. 8-Heat) of Au NPs prepared using the heat
methyl strategy shows absent aliphatic C—H stretching bond at 2900 cm™! and
weak intensity of —OH group at 3400 cm ™}, which can be attributed to
the evaporation or complete disintegration of organic compounds in
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Fig. 8. FTIR spectra of the P. farcta extract and the synthesized AuNPs by IR
and heat.

fruits like light compounds from the organic extract by the high tem-
perature [62]. Thus, the FTIR results indicate that IR radiation protects
the denaturation of proteins on the surfaces of AuNPs, which is

N'(CH;),
S Cr IR/Prosopis farcta-Au NPs
) + NaBH,
QN H e
(H;C)N
Blue color

confirmed by the substantial presence of Prosopis farcta residues, as
indicated by the functional groups of the organic extract at the following
bands: 3400 cm ™}, 2919 em™, 1618 cm™?, 1508 cm ™! and 1454 cm™*
(Fig. 8-IR). This protection of Au NPs surface coatings has led to higher
stability and smaller size by IR compared with the heat treatment.
Finally, the expected gold nanoparticles synthesized from P. farcta
compounds seem as in Fig. 9.

3.1. Decolonization efficiency of MB

Azo dyes, like methylene blue (MB), are greatly utilized in the textile
industry, making one of the most important water pollutants with other
dyes [63-65]. Here, the catalytic efficiency of P. farcta-AuNPs synthe-
sized by heat and/or IR irradiation has been investigated for the removal
of MB (10 ppm) in the presence of NaBH,4 (50 pM). The catalytic
degradation of the MB has been monitored at an absorption peak of 670
nm (Fig. 10). Similar concentrations of NaBH,4 and P. farcta-AuNPs have
been used to conduct a comparative decolorization study in the presence
of AuNPs synthesized using IR and heat treatments as nanocatalysts.
Initially, the control treatment of the MB has been applied in the absence
of gold nanoparticles to monitor the degradation reactions. The oxida-
tion-reduction reaction between MB dye and NaBH4 has been carried
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OH
HO,
o)
HO OH
/ OH
(0]
0] =
///// 2 = \
NH 2 1y I o= o)
OH
o) HO \
NH HO OH
HO
Fig. 9. The excpected gold nanoparticles synthesized from

P. farcta compounds.
out through the electron relay effect. Electron transfer from NaBH4 to

MB involves powerful activation energy, which causes it kinetically
difficult to transfer the electron without catalytic effectiveness (Eq. (5)).

N(CHs),

(H;C),N

Colorless

Bring the AuNPs in the medium serves as the transition stage (an
electron acceptor and an electron donor simultaneously) [66]. P. farcta-
AuNPs have been used in order to relay electrons from BH4 to MB.
Fig. 10 refers to the decolorization efficacy of MB with changing vol-
umes of the AuNPs. The photocatalytic degradation of the blue dye ex-
hibits a rapid decrease in intensity over time. This specifically showed
the extraordinary effect of P. farcta-AuNPs on the decolorization of MB
in the presence of a reducing agent. The complete removal of MB has
been achieved within 60 sec by a completely eco-friendly method. This
can be explained that the small size of P. farcta-Au NPs synthesized by IR
treatment creates a wide surface area for catalysis process, which agrees
with a previous study on photocatalytic activity of AuNPs has shown the
relationship between its catalytic performance and the crystallographic
size and structure [67]. Also, other studies had been demonstrated
prolonged reaction times between Au NPs and dye without a catalyst
[68,69]. Although there are no documents on the investigation of IR
treatment for fabricated P. farcta-Au NPs for the removal of the dye,
thus, the results reported in this work are highly important.

Also, Fig. 10 shows the efficacy of the MB photodegradation using
P. farcta-AuNPs synthesized by IR and heat. These P. farcta-AuNPs are
gradually leading to degrading MB. The percent removal of MB is
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Fig. 10. Decolorization efficacy of MB dye using AuNPs synthesized using IR
and Heat after 1 min.

96.48% and 25.30% by using 150 pL AuNPs synthesized by IR and heat,
respectively, after 60 sec, while this removal increased to 100% after 60
sec with increasing the volume of AuNPs to 200 pL. Finally, it can be
argued that P. farcta-AuNPs produced using heat treatment may be
considered less efficient in removing MB from aqueous solution
compared to P. farcta-AuNPs produced by IR light. Furthermore, the
biomaterials-assisted mycosynthesis of gold nanoparticles have been
used for the decolorization of organic dye [6,31]. Generally, using bio-
materials to fabricate new greener nanoparticles is remarkable due to
their low toxicity and finding bioactive organic materials around gold
atoms [44]. These nanoparticles can be used for many usages which
agree with many studies such as using nanomaterials to water treatment
[32-34], degradation of organic dyes [35,38-41], reducing pharma-
ceutical residues [37] and pesticides from wastewater [42].

4. Conclusion

This paper is a new attempt to compare the structural differences
between gold nanoparticles (Au NPs) bio-synthesized from the extract of
Prosopis farcta using infrared (IR) irradiation and heating treatment.
Results of the current study indicated that the Au NPs phyto-synthesized
using IR radiation characterized by higher colloidal stability, controlled
smaller particle size, more spherical morphology and more preserved
core-shell structure compared with Au NPs prepared using the heating
treatment. This confirms the potential of utilizing IR irradiation suc-
cessfully to synthesize nanomaterials in the presence of eco-friendly
reducing agents like P. farcta. Also, Au NPs synthesized by IR radia-
tion exhibited the best decolorization of MB dye compared with Au NPs
synthesized by the heat strategy.
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