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Abstract Synthesis of nanoparticles using plant extract is environment-friendly, cost-effective, and

sustainable. This study reports the synthesis of aqueous and ethanolic extracts mediated gold

nanoparticles of aerial parts of F. tenacissima (FTAAuNPs) using chloroauric acid. The synthesized

nanoparticles obtained from aqueous and ethanolic extracts under sunlight in 1:15 and 1:10 ratios

with localized surface plasmon resonance (LSPR) peaks at 533 nm exhibited sizes of 15.7 nm and

27.6 nm, respectively, as revealed by scanning electron, transmission electron, and atomic force

microscopic (SEM, TEM, AFM) techniques. Sharp intense surface plasmon resonance (SPR) peaks

were obtained at basic pH (8 to 11), however, the same peaks broadened and reduced at elevated

temperatures. FTAAuNPs demonstrated an efficient removal (>80%) of dyes such as methylene

blue (70%), Congo red (80%), methyl orange (82%), Rhodamine B (50%), ortho-nitrophenol

(85%) and para-nitrophenols (85%), and antibiotics (amoxicillin, levofloxacin, doxycycline) up to

90%. Furthermore, FTAAuNPs were successfully used for sensing of Pb++, Cu++, Ni++, and
.
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Zn++ ions in tap and river water samples. Hence, this study offers simple, cost effective, and effi-

cient removal of pollutants/hazards in the water samples, and could solve water and sanitation

problems especially in Pakistan.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nanotechnology deals with nanoscale materials of various shape and

sizes (1–100 nm) and their applications. Among the huge variety of

nanomaterials, metal nanoparticles (MNPs) have gained considerable

attention in analytical, medical, biotechnology, electronics, and envi-

ronmental remediation domains, due to their unique optical, elec-

tronic, and catalytic properties (Azharuddin et al. 2019; Mir et al.

2017; Ovais et al. 2018). Among the NPs, metal nanoparticles (MNPs)

of gold (Au) and silver (Ag) are the most studied and easily synthesized

nanomaterials, due to their remarkable optical, electrical and pho-

tothermal properties, facile synthesis, easily controllable size and

shape, and good biocompatibility. In addition, high reactivity of these

NPs, along with their unique binding affinity for certain molecules

make them suitable for applications in sensing, diagnostics, labeling

and antimicrobial activities (Khatoon et al. 2018).

Various physical, chemical and biological methods are employed

for the synthesis of NPs. The chemical and physical techniques are tox-

ic, expensive and also involve the use of extreme conditions which

require huge energy consumption and hence are environment-

unfriendly. On the other hand, the synthesis of NPs using biological

sources such as plants, fungi, algae, and bacteria, is simple, inexpen-

sive, safe and non-toxic. These biological sources contain biomolecules

(phenolics, flavonoids, terpenoids, glycosides, and steroids), which act

as reducing agents instead of the toxic chemicals used in other methods

(Mondal et al. 2020; Saratale et al. 2018). NPs synthesized using syn-

thetic reducing agents, are generally considered toxic. Therefore, NPs

synthesis using plant parts; leaves, roots, flower, and seeds is the clea-

ner, nontoxic, and environmentally benign choice (Beyene et al. 2017;

Omran et al. 2021). AuNPs as nanorods, nanowires, nanotubes,

squares/rectangles, hexagons, and truncated triangles have been

reported in literature as biosensors in diagnostics and therapy, and

drug delivery. These applications of AuNPs are attributed to their

favourable optical and physical properties, and surface area (Elahi

et al. 2018; Zhang et al. 2020).

Discharge of effluents containing unfixed dyes, pharmaceuticals/

antibiotics, and toxic metals including arsenic (As), lead (Pb), cad-

mium (Cd), and mercury (Hg) into water bodies from textile, paper,

plastic, paint, printing, leather, pharmaceutical, and chemical indus-

tries is a serious threat to the environment (Saravanan et al. 2021).

Synthetic organic unfixed dyes/colourants such as malachite green,

Rhodamine B (RdB), methylene blue (MB), methyl orange (MO),

and Congo red (CR) are released into soil and water, and considered

hazardous to human health, ecosystem, aquatic biota, and microor-

ganisms (Jadhav et al. 2019). Similarly, extensive researches have

reported the release of antibiotics to the environment posing serious

treats to human life (Chaturvedi et al. 2021). Hence, the toxic dyes

and the antibiotics in environment need regular and careful monitor-

ing. Heavy metals are other pollutants distributed widely in aqueous

bed via several anthropogenic activities such as industrialization, min-

ing, weathering, and other human activities. Among these, As, Pb, Cd,

and Hg are reported to cause serious damage (Pan et al. 2018; Renu

et al. 2021). Hence, to protect environment, and ultimately human

health, it is essential to develop efficient and cost effective methods

for the detection and removal of these pollutants/contaminants.

Heterogeneous catalysts, which play a key role in chemical indus-

tries, are getting much focus due to high selectivity and yield. Due to

unique physico-chemical properties such as high specific surface area
and energy, usage in small quantity, nanomaterials are gaining high

attention as catalysts. These nanocatalysts enhance the selectivity of

the reactions as it occurs at lower temperature, reduce the side prod-

ucts/reactions, higher recycling rates and recovery of energy consump-

tion. Hence, these catalysts are of great interest in green chemistry,

environmental remediation, development of renewable energy, and

energy production from biomass (Hodges et al. 2018; Sharma et al.

2015; Zhu et al. 2019). In recent years, in the environmental remedia-

tion, green synthesized NPs have received greater attention due to their

simplicity, efficiency, effectiveness, and eco-friendly nature (David &

Moldovan, 2020; Nguyen et al. 2021; Wang et al. 2020). For example,

triangular and spherical shaped AuNPs synthesized using Pogostemon

benghalensis leaf extract have shown photocatalytic degradation of

methylene blue (Paul et al. 2015). Baruah et al. (2018) reported Alpinia

nigra mediated synthesis of AuNPs, which efficiently catalyzed the

degradation of methyl orange and Rhodamine B up to � 83 and

88 %, following pseudo first order model. In addition, Umamahesh-

wari et al. (2018) reported an effective catalytic property of green syn-

thesized AuNPs in Congo red and methyl orange degradation.

Similarly, Kumari and Meena (2020) reported the degradation of bro-

mophenol blue and methyl red dyes via AuNPs synthesized using Law-

sonia inermis.

Forsskaolea tenacissima (Urticaceae family) distributed in the dry

mountains of Khyber Agency, Pakistan, is a rich source of bioactive

terpenoids, flavonoids, polyphenolics, tannins, volatile oils, and amides

(Assaf et al. 2018, 2019). The present investigation aimed to synthesize

gold nanoparticles (FTAAuNPs) using Forsskaolea tenacissima as a

green source and evaluate its application in water treatment. The cur-

rent research work further reports FTAAuNPs as colorimetric analyt-

ical assay for discolouration/reduction of dyes/nitrophenols, removal

of antibiotics, and metal ions detection in tap and river water samples.

The dyes and nitrophenols were consisted of methylene blue (MB),

Congo red (CR), methyl orange (MO), Rhodamine B (RdB), ortho-

nitrophenol (ONP), para-nitrophenol (PNP) whereas antibiotics and

metal ions included amoxicillin (AMX), doxycycline (DXC), levoflox-

acin (LFX), orelox (ORX), lead (Pb++), copper (Cu++), nickel

(Ni++), iron (Fe+++), potassium (K+), sodium (Na+), magnesium

(Mg++), palladium (Pd++), stannous (Sn++), and zinc (Zn++).

2. Materials and methods

2.1. Sample collection

The herb F. tenacissima (Fig. 1) was collected from the moun-

tains of Tirah (Khyber Agency, Khyber Pakhtunkhwa, Pak-
istan) in the year 2019. The subject herb was taxonomically
identified in the Department of Botany, University of Pesha-

war (Pakistan). Before use, the sample was cleaned, shade
dried at ambient temperature, powdered, and stored until fur-
ther use. Samples of tap water were collected from Shaheed

Benazir Bhutto Women University Campus, and used without
any pretreatment. The river water samples were obtained from
Kabul River (Khyber Pakhtunkhwa, Pakistan). To remove

particulate matter, the river water was pretreated using a
0.22 lm syringe filter, and the supernatant (in triplicate) was
collected and stored at 4 �C.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1 F. tenacissima herb collected from Tirah (Khyber

Agency), Khyber Pakhtunkhwa, Pakistan.
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2.2. Chemicals, reagents and instrumentation

All the chemicals used in this study were purchased from
Sigma-Aldrich and Merck (Germany). Chloroauric acid
hydrated (HAuCl4��4H2O, 99.9% pure) was used for

FTAAuNPs synthesis. Dyes and nitrophenols (ortho- and
para-) used in catalytic activity evaluation of FTAAuNPs
were CR (98% pure), MB (95% pure), RdB (99% pure),

MO (97% pure), ONP (98% pure), and PNP (98% pure).
Antibiotic standards selected for this study were AMX
(98% pure), DXC (97% pure), LFX (98% pure), ORX

(98% pure). Salts used in metals sensing were lead acetate
(97% pure), copper chloride (99% pure), nickel chloride
(98% pure), iron chloride (99% pure), zinc acetate (99%
pure), potassium nitrate (99% pure), sodium sulphate

(98% pure), magnesium sulphate (97% pure), stannous chlo-
ride (97% pure), and palladium chloride (99% pure). Aqu-
eous extract and reagent solutions were prepared with

ultrapure deionized water (resistivity 18.2 MX.cm) obtained
from a Milli-Q apparatus (Millipore, Bedford, MA, USA).
Freshly prepared aqua regia and deionized water was used

for glassware cleaning. To obtain absorption spectra of the
reaction mixture, a UV–1800 spectrophotometer (Shimadzu,
Japan) was used. Functional groups involvement, and the

size and surface topography of the FTAAuNPs was con-
ducted via FT-IR spectrometer (Bruker) and field
emission-scanning electron microscope (FE-SEM, S-4800,
Hitachi, Japan). The operating procedures were accelerating

voltage; 15 kV, magnification; x2.0 k, working distance;
7.7 mm, and high lens mode. The morphology of
FTAAuNPs was observed under a transmission electron

microscope, TEM (Phillips CM12, Eindhoven, Netherlands),
operating at 120 kV. The samples were stained using uranyl
acetate and placed on copper grid to be examined using

TEM.
2.3. Synthesis of FTAAuNPs

Green synthesis of FTAAuNPs was performed using ultrapure
water as well as natural ethanol as extracting solvents. For
extracts preparation, a finely powdered material of F. tenacis-

sima (5 g) in deionized water (50 mL) and natural ethanol
(50 mL) as extracting solvents were separately extracted at
40–50 �C and 500 rpm for 2 h. The obtained extracts were fil-
tered, and the final volume of the filtrate was adjusted to

100 mL by washing the vegetal residue with the respective sol-
vents (deionized water and ethanol). Briefly, the obtained
extracts were mixed with HAuCl4�4H2O salt solution in differ-

ent ratios (extract: salt; 1:5, 1:7, 1:9, 1:10, and 1:15) and reacted
under the conditions of stirring, heating, incubation (25–30 �C
in dark), and sunlight at different intervals of time (0 min to

180 min/3h). The visual colour change from yellow to dark
red/purple indicated production of AuNPs, which was later
on confirmed by appearance of AuNPs specific SPR (surface

plasmon resonance) band in UV–vis analysis. The reaction
mixture of the synthesized AuNPs was centrifuged followed
by washing with deionized water. The obtained product was
stored in airtight vial until further use. In addition, effect of

several factors such as pH (1 to 14, varied with buffer solu-
tions) and temperature (30–80 �C) on FTAAuNPs (original
pH 5.5–6.0) was investigated.

2.4. Discolouration/reduction of dyes/nitrophenols via

FTAAuNPs

The catalytic activity of FTAAuNPs was measured for the dis-
coloration of dyes including CR, MB, RdB and MO, and
nitrophenols such as ONP and PNP in the presence of NaBH4

(reducing agent) in an aqueous medium. The experiment was

conducted following established published methods (Jamila
et al. 2020; Khan et al. 2021). In this time-dependent experi-
ment, briefly, 2.5 mL of 0.1 mM dyes/nitrophenols and

0.5 mL of 0.1 mM NaBH4 were mixed in a UV–vis cuvette
(1 cm path length). The UV–vis spectra were recorded from
200 to 800 nm regular time intervals for a period of 100 min.

A similar experiment was conducted, in which a 5 mg of
FTAAuNPs was added to the mixture of dyes/nitrophenols
(2.5 mL) and NaBH4 (0.5 mL) in a UV–vis cuvette, and the

absorbance was recorded by UV–Vis spectrophotometer. The
reduction of dyes was indicated by discoloration/decrease in
the absorbance of dyes/nitrophenols’ respective SPR bands,
and calculated via equation (1) given below.

%decolourization=reduction ¼ ð1�At=A0Þ x 100 ð1Þ
Where A0 is the initial absorbance (absorbance of dyes at

time ‘‘000) and At is the absorbance of dyes at time ‘‘t”.
Linear relationship and rate constant (k) was deduced from

pseudo 1st order kinetics as shown in equation (2), where [C0]
is the initial concentration of the dyes and [Ct] is the concentra-
tion at time ‘‘t”.

k ¼ 1=t ln ½C0�=½Ct� ð2Þ
2.5. Removal of antibiotics from aqueous media by FTAAuNPs

For this assay, slightly modified published procedures of Wang

et al. (2017) and Makropoulou et al. (2020) were followed.
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Working solutions (0.001 to 0.1 mM) were prepared by dis-
solving the corresponding antibiotics in either water or abso-
lute ethanol depending on the solubility. A series of

experiments were conducted. First, only the UV spectra of
antibiotics working solutions of 0.001 to 0.1 mM were
recorded. Then, a quantity of FTAAuNPs (5 mg) with antibi-

otic solutions (2.5 mL) were mixed. The UV–vis spectra of
these mixtures were measured at intervals of 0–180 min. To
determine the removal percent (R%) of antibiotics, the follow-

ing equation (3) was used in which C0 and C represent the ini-
tial and final concentrations of the studied antibiotics,
respectively.

R% ¼ ðC0 � CÞ=C0 � 100 ð3Þ
In the final series of experiments, the practical application

of FTAAuNPs in antibiotics removal was determined with
two types of aqueous media (tap and river water samples). A
5 mg FTAAuNPs with antibiotic solutions (1.5 mL) and real

water samples (1.5 mL) were mixed and the UV–vis spectra
were measured at intervals of 0–180 min.

2.6. Metal ions detection in aqueous media via FTAAuNPs

Practical application of the synthesized FTAAuNPs was ana-
lyzed for Pb++, Cu++, Ni++, Fe+++, K+, Na+, Mg++,

Sn++, Zn++, and Pd++ ions recognition following published
procedure (Anwar et al. 2018; Jamila et al. 2021). Briefly, the
spiking of samples was carried out with the corresponding

ion solutions (0.001–0.1 mM). The spiked samples (500 mL)
were then added to a mixture of FTAAuNPs (500 mL) and
water samples (500 mL). The resulting solutions were equili-
brated at room temperature for 15 min and then the UV–vis

spectra were recorded.

3. Results and discussion

3.1. Synthesis, spectral properties, and characterization of
FTAAuNPs

For FTAAuNPs synthesis, an eco-friendly, rapid, and cost
effective green method was adopted. In this synthesis, colouri-

metric/visible change of the reaction mixture in which a col-
loidal dispersion of AuNPs nanofluids lead to a color change
from yellow to ruby red or bluish, was the preliminary evi-

dence for AuNPs synthesis (Fig. S1, supplementary material).
In the experimental procedure, FTAAuNPs synthesized in var-
ious ratios (1:5, 1:7, 1:9, 1:10; and 1:15) have shown that aque-
ous extract afforded significant AuNPs in 1:15 ratio whereas

ethanolic extract significantly yielded AuNPs in 1:10 when
reacted in sunlight. These NPs exhibited SPR absorption
bands at 533 nm assigned to p ? p* and n ? p* transitions

in the visible region (500–600 nm) (Fig. 2). From the results,
it was found that with increasing reaction time (0 min to
180 min/3h), the SPR band gets intense, indicating reasonable

FTAAuNPs production. The kmax of SPR band depends on
the size, shape, and concentration of AuNPs, solvent type,
and the temperature of reaction mixture (Jang et al. 2022).
The UV–vis spectra of AuNPs produced via aqueous extract

contained one SPR peak whereas that of ethanolic extract
included two peaks. According to Dzimitrowicz et al. (2019),
the SPR peak at kmax 520–550 nm is due the spherical nanos-
tructures whereas the second SPR peak at kmax 300–350 nm is
attributed to aggregation or production of different shaped
nanostructures. Other mixtures (1:5, 1:7, 1:9, 1:10, aqueous

and ethanolic extracts) did not yield any reasonable
FTAAuNPs (Figs. S2 and S3, supplementary material).

A pH and reaction temperature are the factors affecting

synthesis, size, surface morphology, and stabilizing potential
of the NPs. To optimize the conditions, FTAAuNPs were syn-
thesized at different pH and temperatures. From the results

(Fig. S4a, supplementary material), it has been deduced that
pH affected the SPR intensity and kmax. For example, at acidic
pH, FTAAuNPs are destabilized and agglomerated as
reported previously in several studies (Liu et al. 2010; Luo

et al. 2019; Umamaheswari et al. 2018). In our study, as the
solution becomes basic (pH 8 to 11), the sharp intense SPR
peaks were obtained, which indicated the dispersed and stabi-

lized FTAAuNPs. Examining the effect of temperature (30 �C,
40 �C, 50 �C, 60 �C, 70 �C, and 80 �C), from the results
(Fig. S4b, supplementary material), it was observed that there

is a small effect of increasing temperature on the broadening of
SPR accompanied by reduced intensity and a slight bathochro-
mic shift of kmax. According to Link & El-Sayed (1999), to

determine the significant effect on broadening, a temperature
needs to be raised by several hundred degrees in order to
record a significant line broadening. Overall, the optimum con-
ditions where stable F. tenacissima mediated AuNPs can be

produced might be a pH ranging from 8 to 12, and a temper-
ature of 30 �C-50 �C.

The class of the phytoconstituents present in F. tenacissima

extracts and functional groups involvement in NPs synthesis
were determined via FT-IR spectroscopic method. In the
FT-IR spectra of extracts (Fig. S5, supplementary material),

the absorption bands at 3330 cm�1, 2900 cm�1, 1700–
1600 cm�1 were attributed to the stretching vibration of –
COOH, –NO, –NH, and –CH groups. Regarding the absorp-

tion frequencies of FTAAuNPs, absorption bands of –COOH,
–NH, and CAH groups either were of reduced intensities or
disappeared, which concludes the involvement of the subject
groups in FTAAuNPs synthesis (Jamila et al. 2020; Liu et al.

2010; Luo et al. 2019; Umamaheswari et al. 2018).
In order to determine the size and shape of the produced

FTAAuNPs, SEM, TEM, and AFM analyses were performed.

Fig. 3 showing SEM, TEM, and AFM images, and particle
size distribution graphs, depicts that aqueous and ethanolic
extracts mediated FTAAuNPs possess an average size of

15.7 nm and 27.6 nm, respectively.

3.2. Discolouration/reduction of dyes/nitrophenols via
FTAAuNPs

Based on high surface reactivity, large surface area, strong
adsorption capacity, high catalytic efficiency, and simple anal-
ysis protocol, several colorimetric AuNPs sensors have been

developed to detect pollutants such as dyes, antibiotics, and
heavy metals (Saravanan et al. 2021). Organic dyes are syn-
thetic chemical compounds released by several industries.

The unfixed dyes are absorbed by soil and water, which may
severely affect the environment/ecosystem, human health,
and agricultural productivity (Jadhav et al. 2019). Hence, to

control and manage the environmental remediation, recently,
several researchers carried out investigation on the use of



Fig. 2 Successive absorption spectra of FTAAuNPs using (a) aqueous extract (1:15) and (b) ethanol extract (1:10) reacted in sunlight.

Fig. 3 Size and morphology by SEM (a, b), TEM (c, d), AFM (e, f) images, and particle size distribution graphs (g, h) of the aqueous

and ethanol extracts synthesized FTAAuNPs, respectively.
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NPs as efficient catalysts in the discolouration/reduction of
dyes (David & Moldovan, 2020; Khan et al. 2021; Nguyen

et al. 2021). The present study investigated and monitored
the reduction/discolouration of dyes and nitrophenols includ-
ing MB, CR, MO, RdB, ONP, and PNP in a time dependent
manner. MB, which is a cationic dye exists as an oxidized

(sharp blue colour) as well as reduced leucomethylene blue
(colourless) form. The MB exhibits kmax at 653 nm, 591 nm,
and 290 nm due to p ? p* and n ? p* transitions, while its

reduced form appears at 255 nm. By the addition of NaBH4,
dyes are reduced inefficiently, which is attributed to the large
differences in the redox potential of the acceptor (dye) and

donor (BH4
� ions) (Cavuslar et al. 2020; Nadaf & Kanase,

2019). Hence, the reduction reaction by NaBH4 is thermally
allowed but kinetically forbidden, and it does not bring any
significant change in dyes absorbance even in excess as indi-

cated in previous reports (David & Moldovan, 2020; Jadhav
et al. 2019; Jamila et al. 2020; Khan et al. 2021; Nguyen
et al. 2021; Umamaheswari et al. 2018). However, when
FTAAuNPs was added to the reaction mixture of MB, the

absorbance at 653 and 290 nm declined with a simultaneous
growth at 255 nm (Fig. 4a). This simultaneous decrease and
increase in the absorbance indicated MB discolouration. Sim-

ilarly, in case of CR, which shows kmax at 487 and 349 nm due
to p ? p* and n ? p* transitions (David & Moldovan, 2020;
Jadhav et al. 2019; Khan et al. 2021; Nguyen et al. 2021;

Umamaheswari et al. 2018), in the presence of FTAAuNPs,
the absorbance decreased and the colour become faint due to



Fig. 4 Successive UV–Vis absorption spectra for the catalytic potential of FTAAuNPs at time interval of 0 (absorption maxima), 10, 20,

30, 40, 50, 60, 70, and 80 (absorption minima) min for (a) MB, (b) CR, (c) RdB, (d) MO, (e) ONP, (f) PNP, and (g) linear plots of ln(C/C0)

versus ‘‘t” in dyes/nitrophenols degradation/reduction process.

6 W. Khan et al.
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reduction process (Fig. 4b). Furthermore, for RdB, a cationic
dye, which appears at 550 nm, the decrease in absorbance was
recorded in a time-dependent absorbance spectrum on treating

with FTAAuNPs (Fig. 4c). However, this decrease was
insignificant and slow, which may be due to the weak adsorp-
tion of this dye on the surface of NPs. In case of MO, a

decrease in intensity of kmax at 462 nm and increase in absorp-
tion peak at 239 nm was observed (Fig. 4d). This increase of
239 nm is confined to amine group resulting from the MO

degradation (Umamaheswari et al. 2018). From the results, it
is clear that NaBH4 alone does not efficiently discolourize
dyes. However, in FTAAuNPs presence, the discolouration
process significantly augmented. In addition, FTAAuNPs

was also investigated for the reduction of ortho- and para-
nitrophenols (Fig. 4e and f), which have shown high reduction
rate for ONP followed by PNP. The rate of reaction of dyes

and nitrophenols discoloration with FTAAuNPs was also cal-
culated. From the results (Fig. 4g), it is revealed that the rate of
reaction increases with increasing time, thus, the optimum dis-

colouration of dyes (up to 90%) is achieved at 80 min, above
which the reaction rate as well as the catalytic efficiency almost
stopped. The dyes discolouration reactions followed pseudo

first-order kinetics, where there is a linear correlation between
‘‘ln(C/C0)” and the corresponding reaction time, ‘‘t” (Fig. 4g).
The values of pseudo first order rate constant (k) and the cor-
relation coefficient (R2) calculated using equation, k = 1/t ln

[C0]/[Ct] where [C0] and [Ct] are the initial and the concentra-
tions at a time ‘‘t”, are listed in Table S1. The results obtained
in the current study were consistent to several previous studies

(Al-Ghamdi et al. 2022; Jadhav et al. 2019; Khan et al. 2021).
The R2 values obtained were from 0.9428 (RdB) to 0.9957
(ONP) showing that the dyes and nitrophenols discoloration/

reduction fitted in the pseudo first order kinetics. The rate con-
stant values indicated that ONP and CR degradation is faster
than rest of the dyes followed by PNP, MO, and MB dyes,

respectively, under similar experimental conditions.
Based on previous literature, the possible mechanism for

the discolouration/reduction of dyes may be linked to redox
reaction where FTAAuNPs act as electron donating species

and dyes as electron accepting species. In the catalytic reduc-
tion, the BH4

- molecules act as a nucleophile (electron donor)
and generate the metal hydride by reacting with AuNPs sur-

face, which further reacts with adsorbed (on AuNPs surface)
azo groups due to electron relay between the NaBH4 and
azo groups of dyes. Thus, the degradation of azo dyes prelim-

inary proceeded via hydrogenation of azo group (–N‚N–)
and then formation of the amine product (–NH2) (Fu et al.,
2019; Xiong et al. 2021). Furthermore, Khan et al. (2021)
explained that the H+ and OH– generated in redox reaction

reduces the chromophore of the dye, hence, decolorized the
dyes molecule. In addition, according to Langmuir-
Hinshelwood mechanism, the substrate (dyes/nitrophenols)

and reductant (NaBH4) both adsorbed on the surface of
FTAAuNPs, which provided electrons to the substrate for
their discoloration.

3.3. Removal of antibiotics from aqueous media by FTAAuNPs

The way of entering antibiotics into the environment is the

effluents/wastewater released from pharmaceutical industries,
hospitals, sewage treatment, and other aquatic media. The
residual antibiotics released to the aqueous media can be
harmful and toxic to ecosystem and human health. Therefore,
their assessment and removal from the environment is very

important. Depending on dispersibility, pH, temperature,
and type, nature and volume of antibiotics, various types of
antibiotics have different potential to adsorb on NPs, and

hence, optimal removal may differ for different antibiotics
(Chaturvedi et al. 2021; Makropoulou et al. 2020). In this
study, removal of several antibiotics such as AMX, DXC,

LFX, and ORX from water samples using FTAAuNPs were
investigated. A series of experiments given in Fig. 5a-d deter-
mined the absorbance of different concentrations (0.001 to
0.1 mM) antibiotics solutions, and that of antibiotics solutions

treated with FTAAuNPs. The results showed the decrease in
the concentration/ absorbance of the mixtures of antibiotics
solutions and FTAAuNPs. For AMX (Fig. 5a), which exhibits

absorption peaks at the wavelengths 228 nm and 277 nm,
FTAAuNPs needed 120–180 min to adsorb the subject antibi-
otics optimally with 80–95% efficiency. Similarly, kmax

(272 nm) for DXC (Fig. 5b) and LFX (288 nm) shown in
Fig. 5c were decreased with increasing contact time (0 to
180 min). For ORX, the results are unclear and insignificant.

The decrease in absorbance indicates the decrease in the con-
centration due to adsorption of antibiotics on the NPs surface,
and ultimately removal of antibiotics from water samples as
suggested by previous studies (Malakootian et al. 2019;

Weng et al. 2018).
A parameter of pH could affect the electrostatic interaction

between adsorbent and adsorbate. Hence, to optimize the

antibiotics adsorption capacity on NPs, a pH is often taken
into consideration. Most of the NPs contain carboxyl (COOH)
and hydroxyl (OH) surface functional groups. Hence, upon

interaction with antibiotics, an increase in pH results in the
functional groups’ protonation-deprotonation transition. At
low pH, the protonation of functional groups of NPs cause

them positively charged, whereas with the increase of pH,
the gradual deprotonation of the functional groups takes
place, making the surfaces negatively charged (Chaturvedi
et al. 2021; Makropoulou et al. 2020; ul Ain et al. 2018;).

Hence, with high pH ranges, the cationic antibiotic ions can
be easily captured by NPs. Furthermore, the adsorption capac-
ity of NPs is also associated with the characteristics of antibi-

otics. In our study, we found that increasing pH, the AMX and
LFX capture was significantly affected whereas, for DXC and
ORX, there was no clear effect on the adsorption (Fig. S6, sup-

plementary material). Overall, except for ORX, an optimum
removal (95 %) for the rest of the studied antibiotics was
achieved. This competitive elimination of the antibiotic from
water might be due to the nature of the antibiotic and the

aqueous matrix (Makropoulou et al. 2020). From the kinetic
modeling of the adsorption process, the removal of antibiotics
by FTAAuNPs followed the pseudo-first order with the linear

equations, R2 and the rate constant values given in Table S1
(supplementary material). Experiments in aqueous media
including tap water and river water were employed to test

the practical performance of the removal of antibiotics in
aqueous media. A series of known concentrations of antibi-
otics were added to the aqueous samples under the optimal

experimental conditions, and the spectra were recorded. It
was found that the antibiotics could be efficiently removed
by FTAAuNPs (Fig. 5f-i).



Fig. 5 Successive UV–Vis absorption spectra for antibiotics (a) AMX, (b) DXC, (c) LFX, (d) ORX, (e) linear plots of ln(C/C0) versus

‘‘t”, and (f) AMX (g) DXC, and (h) LFX, and (i) ORX removal from tap and river water samples by FTAAuNPs.
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3.4. Metal ions detection in aqueous media via FTAAuNPs

The rapid and efficient technique for detecting heavy metal
ions is the use of NPs, where the mechanism is based on
observing color changes, and position and intensity of the

SPR band of the mixture. These changes are due to the aggre-
gation/agglomeration of NPs with the analyte (metal) through
capping functional groups attached to the surface of AuNPs
(Kim et al. 2017; Luo et al. 2019; Sang et al. 2018). In our

study, the sensing ability of FTAAuNPs was evaluated with
various metal ions such as Pb++, Cu++, Ni++, Fe+++,
K+, Na+, Mg++, Sn++, Zn++, and Pd++. Adding metal

ions to FTAAuNPs, there was no remarkable change in the
position and intensity of SPR band, and the color of
FTAAuNPs solution with Fe+++, K+, Na+, Mg++,

Sn++, and Pd++. However, by the addition of Pb2+,
Cu++, Ni++, and Zn++ ion solutions to FTAAuNPs, the
colour of the solutions changed from red to blue grey, which

could be easily observed with naked eyes. Furthermore, a
decrease and disappearance of SPR band (539 nm), and
appearance of broad absorption peak above 700 nm of
FTAAuNPs in the UV–vis spectra (Fig. 6) was observed,
Fig. 6 Successive UV–Vis absorption spectra for sensing of metal io

river water samples by FTAAuNPs.
which corresponds to aggregation of FTAAuNPs as investi-
gated by Deng et al. (2020) and Keskin et al. (2022). This indi-
cates the subject metal ions detection, which might be due to

induced destabilization and aggregation of FTAAuNPs by
the ions. From the results, it was observed that the aggregation
by Pb++ ions is stronger than Cu++, Ni++, and Zn++ ions.

This aggregation might be due to the stronger chelating ability
of Pb++ ions with hydroxyl and carboxyl groups on AuNPs
surface, which induced destabilization of net negative charge

on FTAAuNPs surface, consequently causing agglomeration
of FTAAuNPs as reported earlier (Kim et al. 2017; Luo
et al. 2019; Sang et al. 2018; Sheikh et al. 2021). Determining
the effect of concentrations of metals ions, it was found that

the intensity of the SPR band gradually reduced with increas-
ing concentration of Pb++, Cu++, Ni++, and Zn++ ion
solutions. To evaluate the applicability of the proposed detec-

tion method, the developed probe was applied to determine the
subject metal ions in the real water (tap and river water) sam-
ples. The results of UV–vis spectra demonstrated the broad

and reduced intensity of SPR bands (Fig. 6), which confirmed
the utility of the developed nanosensor for the accurate detec-
tion of Pb++, Cu++, Ni++, and Zn++ ions in water sam-
n solutions (a) Pb2+, (b) Cu2+, (c) Ni2+, and (d) Zn2+ in tap and
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ples. The other metals; Fe+++, K+, Na+, Mg++, Sn++, and
Pd++ did not exhibit any prominent change in color, as well
as the position and intensity of SPR bands (Fig. S7, supple-

mentary material).
Overall, from the current study, it was observed that the

synthesized FTAAuNPs are helpful in significant degradation

of ONP, CR, MO, and PNP to an 85%, whereas for MB and
RdB, its catalytic efficiency is not reasonable. Furthermore,
antibiotics removal up to 90% from water samples was

obtained only for AMX, DXC, and LFX. In sensing several
metal ions in water samples, the subject AuNPs were found
effective and efficient only for Pb++, Cu++, Ni++, and
Zn++ ions.

4. Conclusions

This is the first study on eco-friendly green synthesis of AuNPs using

F. tenacissima aqueous and ethanolic extracts with no additional chem-

ical agents. The synthesized FTAAuNPs were applied in the dis-

colouration of dyes/nitrophenols, removal of antibiotics, and

probing metal ions in real water samples. FTAAuNPs successfully

degraded/reduced MO (90%), CR (85%), ONP (85%), and PNP

(85%) at intervals of 80 min. The subject FTAAuNPs were found help-

ful in removal of antibiotics including amoxicillin, doxycycline, and

levofloxacin with 95% removal efficiency from aqueous media. Fur-

thermore, in sensing metals in water samples, the subject AuNPs were

found effective for some metals including Pb++, Cu++, Ni++, and

Zn2++ ions. The subject study reveals that FTAAuNPs is a new

adsorbent for degradation/reduction of dyes/nitrophenols (CR, MO,

ONP, and PNP), removal of antibiotics (AMX, DXC, LFX) from

aqueous solution, and probing Pb++, Cu++, Ni++, and Zn2++ ions

in real water samples. Hence, to provide cleaner water, the subject

FTAAuNPs could be used as a probe for water treatment and sanita-

tion problems.
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