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ABSTRACT

ZnO nanoparticles (NPs) were synthesized via a plant-mediated green synthesis method using aque-
ous extract from Prosopis glandulosa leaves. The synthesized NPs were characterized using UV-Vis 
spectroscopy, FTIR, XRD, and SEM, confirming their nanoscale morphology, polycrystalline struc-
ture, and an average size of 73.5 ± 6.7 nm. UV-Vis analysis revealed a maximum absorption peak at 340 
nm, indicating a band gap energy of 3.44 eV, which is slightly higher than bulk ZnO due to quantum 
confinement effects. FTIR spectra exhibited key functional groups from the plant extract stabilizing 
the NPs. XRD analysis confirmed the hexagonal crystalline structure with peaks closely matching the 
JCPDS data card 01-079-0205. The ZnO NPs demonstrated remarkable efficiency in methylene blue 
dye removal, achieving a maximum removal rate of 95.24% at 100 mg/g dosage. Adsorption kinetics 
revealed pseudo-second-order behavior with an equilibrium capacity of 19.38 mg/g and a rate constant 
of 0.0289 g/mg/min, suggesting chemisorption as the dominant mechanism. Langmuir isotherm anal-
ysis yielded a maximum monolayer adsorption capacity of 88.5 mg/g, confirming favorable adsorp-
tion characteristics. Additionally, antibacterial activity evaluated through the disk diffusion method 
demonstrated significant inhibition of pathogenic bacteria. These findings highlight the potential of 
Prosopis glandulosa-synthesized ZnO NPs as an eco-friendly, cost-effective solution for water treat-
ment, offering simultaneous antibacterial properties and efficient dye removal for the purification of 
Indus River drinking water.

Cite this article as: Bhutto MA, Khaskheli SA, Kandhro F, Charan TR, Solangi SH. River drink-
ing water treatment using green-synthesized zinc oxide nanoparticles from Prosopis Glandulosa: 
Antibacterial efficiency and MB dye removal study. Environ Res Tec 2025;8(4) 963-976.

INTRODUCTION

The numerous uses of eco-friendly green synthesis of 
nanoparticles (NPs) in food, consumer goods, pharmaceu-
ticals, and cosmetics have emerged in recent years. Such bio-
genic NPs have in the recent past been listed as being import-
ant functional entities involved in the fight against illnesses 

and the prevention of healthcare-associated infections [1]. 
Various metal oxide nanoparticles for instance; TiO2, CuO, 
and ZnO have been green synthesized and used in multiple 
studies [2–4]. Among these metal oxide nanoparticles, ZnO 
NPs is the most interesting because they can be produced 
at low cost to obtain sufficient yield by the green synthesis 
method [5]. Thus, zinc oxide (ZnO), has many uses in elec-
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tronics, optics, as well as in various healthcare applications 
[6]. The US Food and Drug Administration grouped ZnO 
under the safe metal oxide category [7].
Zinc oxide nanoparticles are of significant importance ow-
ing to their unique physical and chemical properties, such as 
a high exciton binding energy, large surface area-to-volume 
ratio, and wide band gap [8]. These characteristics of ZnO 
NPs are adaptable to a wide range of uses. For environmental 
remediation, ZnO NPs have presented significant photocata-
lytic activity, efficiently breaking down organic contaminants 
and sterilizing water from pathogenic microbes, thereby re-
solving water pollution problems [9, 10]. They are useful in 
biomedicine for targeted drug administration, cancer thera-
py, and antimicrobial therapies due to of their biocompati-
bility and potential to generate reactive oxygen species when 
exposed to UV radiation [11, 12]. Furthermore, because of 
ZnO NPs' great sensitivity and selectivity, they are used in 
sensors and biosensors, which allow for the accurate identi-
fication of chemical and biological species in environmental 
monitoring, food safety, and medical diagnostics [13].
The synthesis of nanoparticles by using an extract from me-
dicinal plants is an innovative technique that has numerous 
uses such as in the medicinal field, agriculture, the food in-
dustry, as well as in water treatment [14–17]. The green syn-
thesized nanoparticles are better than the nanoparticles syn-
thesized using conventional chemical and physical methods 
because of the unique physicochemical finalities that plants 
inherited from the nanoparticles. Plants are endowed with 
great bio-chemicals, phytochemicals, and metabolites such 
as proteins, carbohydrates, fats, enzymes, coenzymes, and 
vitamins [18, 19]. Among all the chemical compounds of 
plants, the amount of flavonoids present in the plant extracts 
is very significant for the synthesis of ZnO NPs, as flavonoids 
have very potential for the synthesis of better nanoparticles 
[20]. Flavonoids are known for their strong antioxidant prop-
erties and ability to reduce metal ions, making them ideal for 
synthesizing nanoparticles through environmentally friend-
ly processes. flavonoids contain functional groups necessary 
for nanoparticle synthesis, such as amine (-NH2), carbonyl 
(-CO-), and hydroxyl (-OH). However the -OH group plays 
a very vital role in the synthesis of nanoparticles by reducing 
metal ions [21–23].
Numerous research studies have presented the synthesis of 
ZnO NPs with the help of extracts from different plants. 
However, to the best of our knowledge, there is scanty litera-
ture available in the scientific database on the green synthesis 
of ZnO NPs applying leaf extract of Prosopis glandulosa and 
their uses for the removal of dye colors, treatment of bac-
terial contamination, and removal of antibiotic substances 
from water. P.glandulosa has been reported as a medicinal 
plant in various studies due to its antiplasmodial, anticancer, 
antibacterial, antifungal, cardioprotective, antidiabetic, anti-
malarial, and antioxidant effects. Preliminary phytochemical 
screening of P.glandulosa revealed that the ethanolic extract 
contained alkaloids, sterols, glycosides, tannins, polyphe-
nols, flavonoids, and terpenoids [24].
The various research papers also established that water-con-

taining dyes, pathogens, and remains of antibacterial ma-
terials from any source such as textile, rubber, plastic, pa-
per-making, printing, cosmetics, pharmaceutical industries, 
hospitals, and food industries is carcinogenic and toxic to 
living organisms. These are among the most dangerous pol-
lutants in industrial wastewater, river water, and drinking 
water reservoirs [25, 26]. Also, these compounds tend to 
have an adverse impact on the aesthetic and water quality of 
the water in question. Hyderabad is one of the largest cities 
in Pakistan with a population reaching nearly two million 
people and is situated in the semi-arid area of Sindh prov-
ince. The majority of the households in Hyderabad use treat-
ed water from the local water utility companies, however, the 
water supply is limited due to load shedding or power failure. 
Besides, the water is of poor quality because of poor treat-
ment under such conditions and contamination by infiltra-
tion. Heavy metals, dye colors, and pathogenic microbes in 
the Indus River drinking water are serious issues. Therefore, 
water-containing dyes, microbes, and antibacterial drugs are 
among the most important environmental and public health 
threats. Recent studies have proved green synthesized ZnO 
NPs have antibacterial properties and strong effectiveness 
against various Gram +ve and Gram -ve pathogenic bacteria 
[8, 9, 12, 27, 28]. The ZnO NPs are also recognized as having 
great potential for removing dye compounds from contami-
nated water as an adsorbent [29].
The particular aim of the current study is to synthesize ZnO 
NPs from Prosopis glandulosa leaves extract using a green 
method; evaluate the antibacterial performance of the syn-
thesized ZnO NPs against gram +ve and gram -ve bacteria; 
assess the effectiveness of ZnO NPs derived from Prosopis 
glandulosa in removing methylene blue (MB) dye from 
drinking water of the Indus River, commonly supplied to 
homes; and determine the applicability of linear adsorption 
isotherm and kinetic models.

MATERIALS AND METHODS

Preparation of 10 % Plant Extract
Fresh leaves of Prosopis glandulosa were thoroughly cleaned 
multiple times using deionized water to eliminate any dirt 
particles. Subsequently, the leaves were left open at room 
temperature for 4 hours. The leaves were ground into a fine 
powder through pestle and mortar. A total of 10 g of the fine 
powder was then mixed with 90 ml of double distal water 
and heated at 80 °C for 20 minutes. The powder mixture 
was filtered through Whatman no.1 filter paper to obtain an 
extract. The final volume of 100 ml was developed by add-
ing further double distilled water. The extract solution was 
stored at 4 °C in a refrigerator until its further use in the syn-
thesis of zinc oxide nanoparticles (ZnO NPs).
A 50 ml solution of zinc nitrate Zn(NO3)2.6H2O, having a 
concentration of 0.1 M, and 10 ml of Prosopis glandulosa 
aqueous extract were mixed through a magnetic stirrer at 28 
°C for 3 hours and then centrifuged for 40 minutes at 8000 
rpm [30]. The supernatant was decanted then the powder 
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precipitate was washed thrice with double-distilled wa-
ter to ensure the purity of the nanoparticles. Subsequently, 
the nanoparticles were allowed to undergo natural curing, 
resulting in the formation of a solid material with a yellow 
color [31, 32].
The yellow solid material was dried for 12 hours in an incu-
bator at 60 °C, forming a light brown powder. Further heat-
ing of this powder at 300 °C resulted in a final product that 
was a half-white powder. This obtained powder was stored in 
a dark bottle at 4 °C for subsequent experiments [33, 34]. The 
schematic diagram of the synthesis of zinc oxide nanoparti-
cles is presented in Figure 1.

Figure 1. Schematic diagram for green synthesis of ZnO NPs 
from leaves of Prosopis glandulosa

Characterization of ZnO NPs of Prosopis glandulosa

Optical spectroscopy
The optical analysis of green synthesized ZnO NPs of 
P.glandulosa was performed by a UV-Vis spectrophotome-
ter (wavelength 200 to 800 nm), by dissolving ZnO NPs in 
distilled water [35]. The the optical band gap (Eg) of ZnO 
nanoparticles was determined by Tauc plot by plotting (ahv)2 
versus hv [2].

Where ∝ is the absorption coefficient, h is planck’ constant, 
v is frequency of photon, A is constant and Eg is optical band 
gap of ZnO NPs.

FTIR analysis
The functional groups attached on the surface of ZnO NPs 
were analyzed by a Thermo-Scientific FTIR Spectrometer 
(Nicolet iS10. in the region of 4000–400 cm-1 at room tem-
perature) [36]. Prior analysis, the samples were arranged in 
uniform dispersing ZnO NPs in a dry KBr matrix then clear 
pellets or disks were formed by compressing and crushing 
[37, 38].

X-Ray Diffraction (XRD) analysis
An X-ray diffractometer (XRD) was used to obtain diffrac-
tion patterns to evaluate the size of NPs, crystalline morphol-
ogy, and surface structure. To obtain a diffraction pattern the 
radiation of Cu-K with a wavelength of λ=1.541 Å was ap-
plied [35]. The synthesized ZnO NPs samples in a thin film 
were placed in a glass slide for analysis. The X-ray diffraction 
pattern was recorded in 2Ɵ value range of 4° to 80° at 0.002 
minute and 1 second constant time. The X-ray diffractome-
ter was optimized at a current of 30 mA and a voltage of 40 
KV. The average grain size was analyzed by applying Scher-
rer’s Equation No. (2), as given below.

Dp, λ, and Ɵ represent the crystalline size, wavelength 
(1.5406 Å for Cu-K radiations), and angle of diffraction in 
radians respectively. β represents the FWHM (full width 
at half-maximum), and presents the light’s wavelength.

Scanning Electron Microscopy (SEM) analysis
Morphological measurements of synthesized ZnO NPs were 
evaluated using images obtained from a scanning electron 
microscope (SEM), model JSM-6380L, in the range of 10-
100 µm. Thin films for analysis were prepared by placing a 
single drop of ZnO NPs as 1 mg / 20 ml ratio in distilled wa-
ter onto a carbon-coated grid. Then the carbon-coated grid 
was placed under the mercury lamp for 5 minutes to remove 
the solvent.

Methylene Blue Dye Removal Experiment
The efficiency of the MB dye removal of ZnO NPs of Pro-
sopis glandulosa from home-supplied Indus River drinking 
water was evaluated by employing a UV spectrometer at the 
absorbance of 665 nm wavelength [39]. A stock solution of 
methylene blue dye (1000 mg /l) was prepared in double dis-
tilled water. Different concentrations (5 mg / l to 20 mg/l) 
were prepared from the stock solution of methylene blue dye. 
Batch adsorption tests were performed to assess the dye re-
moval efficiency at different dosages of adsorbent (10, 50, 
and 100 mg/l of solution), at various time intervals (30 to 90 
minutes), and the effect of ZnO NPs on different methylene 
blue concentrations. The temperature was kept at 30 °C and 
the pH was kept at 6.8 using hydrochloric acid or 0.1 N sodi-
um hydroxide. The adsorption temperature was regulated by 
utilizing a thermostatic water bath. For each adsorbent dos-
age, different glass tubes (100 ml River water) were prepared 
to contain different MB concentrations of 5 ppm, 10 ppm, 15 
ppm, and 20 ppm of dye, and a 3 ml volume of the solution 
was used to measure the absorbance under a UV spectro-
photometer used river water as a baseline. Using equations 
(3) and (4), the adsorption capacity qe (mg/g) and MB dye 
removal effectiveness R(%) were determined.
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Here, Co is the initial concentration of MB dye (mg/l), Ce 
is the liquid phase final concentration. M is the amount of 
adsorbent (ZnO NPs) and V is the total volume of solution.

Antibacterial Properties Analysis
The antibacterial properties of ZnO NPs of Prosopis glan-
dulosa were determined by observing the zone of inhibition 
around ZnO NPs loaded disks in the disk diffusion method. 
A small portion of precultured microorganisms (gram -ve 
and gram +ve) previously procured from the Diagnostic and 
Research Laboratory, LUMHS Hyderabad, Pakistan, in Luria 
Bertani (LB) agar media, were transferred into 10 ml LB 
broth media [40]. Before the test procedures. The medium 
was incubated at 37 °C for 18 hours. Before inoculation, 0.5 
McFarland standard was used to regulate the turbidity of the 
LB broth media at a concentration of 108 cells/ml. The bacte-
ria were inoculated on agar medium plates using a sterilized 
swab. Also utilized were 6 mm disks. For 24 hours, all of the 
drug-loaded inoculation plates were incubated at 37 °C. The 
antimicrobial results of ZnO NPs were analyzed by observ-
ing and measuring the zones of inhibition (mm) including 
the size of the disk.

RESULTS AND DISCUSSIONS

Characterizations of ZnO NPs Green Dynthesized from 
Prosopis glandulosa
The ZnO NPs synthesis using Prosopis glandulosa extract 
showed a noticeable color change in the product. Primarily, 
the color transitioned from yellow to light brown after heat 
treatment at 60 °C in the incubator for 12 hours, and subse-
quently from brown to off-white by heating at 300 °C. After 3 
hours, the final result was an off-white product. The produc-
tion of ZnO NPs and the presence of phenolic and flavonoid 
chemicals in the Prosopis glandulosa extract are attributed to 
this color shift [21–23].
The literature has already documented that the temperature 
strongly influences the size of nanoparticles; the higher the 
temperature, the smaller the size of nanoparticles [41]. For 
moderate-sized nanoparticles, the reactant mixture was in-
cubated at 60 °C. The color variations seen during the syn-
thesis process lend support to the technique and are in line 
with previous findings on the synthesis of plant-mediated 
ZnO NPs, by other scientists  [34, 37, 38].
Numerous techniques pertaining to the size, shape, chemis-
try, and qualitative and quantitative characterization of the 
produced ZnO NPs have been documented in the literature. 
X-ray diffraction, scanning electron microscopy, transmis-
sion electron microscopy, Fourier transform infrared spec-
trometry, ultraviolet-visible spectrometry, and energy-dis-
persive X-ray analysis are a few examples. Among these, UV 
spectroscopy is the method most often used to investigate 
the successful manufacture of zinc oxide nanoparticles. [25, 
34, 35, 38, 42, 43].
The UV spectrum of the synthesized ZnO NPs using the 
extract of Prosopis glandulosa was obtained, and the results 

showed that its maximum absorption peak was around 339 
nm in the present study (Figure 2). This result shows the 
synthesis of standard ZnO NPs because oxide materials or 
nanoscale materials themselves possess small wavelengths 
owing to their big band gap.
The comparison graph presented in Figure 2 clearly demon-
strates the successful green synthesis of ZnO nanoparticles 
using P.Glandulosa. While the peak is not observed in the 
water extract of P.Glandulosa at the optimum wave length of 
ZnO NPs. The significant difference in absorbance between 
the ZnO NPs and the extract highlights the role of the plant 
extract in facilitating the formation of ZnO nanoparticles 
with enhanced optical properties [44, 45].

Figure 2. Uv-spectrometry analysis of ZnO NPs

Figure 3 shows the optical band gap (Eg) of ZnO nanopar-
ticles is 3.44, slightly higher than the bulk ZnO (3.37 eV), 
which is attributed to the quantum confinement effect [46]. 
This increased band gap enhances the photocatalytic proper-
ties of ZnO nanoparticles, making them highly suitable for 
environmental applications such as drinking water purifica-
tion and dye removal [47].
The higher band gap enables ZnO nanoparticles to effective-
ly absorb UV light, generating reactive oxygen species (ROS) 
like hydroxyl radicals (OH) and superoxide anions (O2) [48]. 
These ROS are capable of degrading organic pollutants, in-
cluding harmful dyes and microorganisms, into less toxic or 
harmless byproducts [49]. The photocatalytic efficiency of 
ZnO nanoparticles under UV light ensures the removal of 
both chemical contaminants (e.g., industrial dyes) and bio-
logical impurities (e.g., bacteria) from water [50].
Furthermore, the stability, non-toxicity, and strong photo-
catalytic activity of ZnO nanoparticles make them an en-
vironmentally friendly and cost-effective choice for water 
treatment technologies. Their nanoscale size also enhances 
surface area, further improving their effectiveness in adsorb-
ing and breaking down contaminants. The result highlights 
the potential of ZnO nanoparticles for practical applications 
in providing clean drinking water and addressing wastewater 
challenges in dye-laden industrial effluents.
The chemical nature and active functional groups in the 
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samples of ZnO NPs of Prosopis glandulosa plant extract 
were evaluated by FTIR spectroscopy. The detailed FTIR 
spectrum of ZnO NPs is presented in Figure 4, show-
ing various absorption peaks at different wavelengths 
(cm⁻¹).

Figure 3. The optical band gap (Eg) of ZnO nanoparticles

Figure 4. FTIR spectroscopy of green synthesized ZnO NPs 
from Prosopis glandulosa leaf extract

Briefly, a characteristic peak appeared at 2940 cm⁻¹, repre-
senting C-H stretching vibrations. The peak at 1730 cm⁻¹ 
indicates C=O stretching, attributable to carbonyl groups 
from organic compounds in the plant extract. The short 
and sharp peaks around 1500-1600 cm⁻¹ predominantly 
indicate N-H bending vibrations of amino acids or protein 
metabolites from the plant extract. Peaks at 1431 and 1374 
cm⁻¹ are due to C-H bonding, arising from various organic 
compounds or active metabolites of the plant. Peaks in the 
range of 1031-1165 cm⁻¹ correspond to C-O stretching vi-
brations, which may be due to alcohol, ether, or carboxylic 
acid groups. The characteristic absorption band of ZnO is 
observed at 545 cm⁻¹, consistent with previous reports [51]. 
The presence of carbonyl and NH₂ groups from amino ac-
ids and protein residues contributes to the stabilization of 
nanoparticles. These compounds can bind to the metal and 
prevent agglomeration by generating a protective layer for 
the nanoparticles [52, 53].
The surface morphology of ZnO NPs was analyzed to de-
termine the crystalline shape and size using an X-ray dif-

fractometer (XRD). The XRD patterns of ZnO NPs synthe-
sized from Prosopis glandulosa are presented in Figure 5, 
exhibiting peaks at 2θ values of 31.92°, 34.85°, 36.4°, 47.68°, 
56.62°, 62.88°, 67.94°, and 69.09°. The present peaks indi-
cate the crystalline ZnO NPs and are indexed to the (100), 
(002), (101), (102), (110), (103), (112), and (201) planes, re-
spectively. The observed peaks match significantly with the 
JCPDS data card 01-079-0205, confirming the crystalline 
morphology and hexagonal structure of the ZnO NPs syn-
thesized from Prosopis glandulosa. The average nanoparti-
cle size of the synthesized ZnO, calculated using Scherrer's 
equation (Equation 2), was 14.98 ± 4.2 nm.

Figure 5. XRD spectra of ZnO NPs

The scanning electron microscopy (SEM) images of green 
synthesized ZnO NPs from the leaf extract of P.glandulosa 
are presented in Figure 6. The micrographs show that syn-
thesized nanoparticles are predominantly spherical with a 
homogenous size distribution. The nanoparticles are clus-
tered together and the surface of these aggregates appears 
rough. This agglomeration and clustering are attributed to 
the high surface energy of nanoparticles. The obtained SEM 
images also confirm that NPs are entirely pure, indicating 
that the Prosopis glandulosa plant has a strong capability to 
synthesize ZnO NPs. The nanoparticle diameter obtained 
from SEM is larger than the crystalline size calculated us-
ing the Scherrer equation from XRD data. This observation 
reveals the polycrystalline nature of nanoparticles which is 
an average size of 73.5 ± 6.7 nm. The overall morphology 
of the nanoparticles has a crucial role against pathogens, 
particularly spherical NPs that have a better ability to easily 
penetrate the cell walls of pathogens [54, 55]. Consequent-
ly, the green synthesized ZnO NPs from P.glandulosa show 
significant potential for treating clinical pathogenic bacte-
ria.
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Figure 6. Scanning electron microscope images  
Dye Removal Study
At a fixed pH of 6.8, the effect of contact duration on the 
adsorption capacity of various MB dye concentrations in 
river water incorporating ZnO NPs doses of 10 mg/g, 50 
mg/g, and 100 mg/g was examined. The time intervals for 
the study were applied as 20, 40, 60, and 80 minutes. The 
details are presented in Table 1.

Sr. No. Parameters Value

1. Contact time 20, 30, 40, 60, and 80 min.

2. Initial Colour 
Concentration 5, 10,15 and 20 mg/L

3. Adsorbent Dos-
age (ZnO Nps) 0.01, 0.05 and 0.1 g/g

Table 1. Applied parameters for dye removal study

Figures 7 (a), (b), and (c) show the removal rate (%) dra-
matically increased in all sample solutions with increased 
contact time and dosages. The maximum removal rate (R 
%) of dye at equilibrium was recorded in 5 ppm solutions: 
93.936, 93.99, and 95.24 by applying adsorbent dosages of 
10, 50, and 100 mg/g respectively. Initial fast adsorption was 
recorded in the early 20 minutes of dye contact with ZnO 
NPs, resulting in more than 80% removal in all samples of 
the study. This behavior could be noted since the surface 
of the nano adsorbent got saturated with MB dye ions, the 
adsorption and desorption processes. After 20 minutes, the 
further rate of removal becomes slow and decreases up to 
a concentration that is nearly equal to equilibrium; as the 
solution reaches the state of equilibrium, there is no alter-
ation on the quantitative level. This is because, at the be-
ginning of the reaction, all the active sites of the adsorbent 
may be available however the number will be saturated at 
some time.
The methylene blue dye removal is highly dependent on the 
potential of synthesized nanoparticles of ZnO and the effect 

of dosage. The adsorption capacity qe of ZnO NPs was as-
sessed at dosages of 10, 50, and 100 mg/g in a 20 ppm MB 
dye solution at pH 6.8 after 1 hour, as presented in Figure 
7(d). The observed data shows the adsorption capacities qe 
for ZnO NP dosages of 10, 50, and 100 mg/g are 183.84 
± 3.15, 35.93 ± 2.58, and 18.72 ± 3.35 mg/g, respectively. 
The corresponding MB dye removal was 92.14%, 39.4%, 
and 93.3%. These results present that as the dosage of ZnO 
nanoparticles increases, the adsorption capacity qe decreas-
es significantly, while the removal efficiency (%) remains 
high and even improves slightly. This suggests that lower 
dosages yield higher adsorption capacity per unit weight, 
whereas higher dosages ensure more complete dye removal 
from the solution.
The effectiveness of various ZnO NP dosages on the remov-
al of Methylene Blue (MB) dye was studied across different 
MB dye concentrations, as presented in Figure 8 (a) and 
(b). The removal efficiency increased with higher dosag-
es of ZnO NPs. The maximum removal efficiencies were 
observed at an adsorbent dosage of 100 mg/g, achieving 
95.2%, 94.96%, 94.6%, and 94.3% removal for 5 ppm, 10 
ppm, 15 ppm, and 20 ppm MB dye concentrations, respec-
tively. These results indicate that increasing the dosage of 
ZnO NPs increases the number of active sites available for 
adsorption. This enhancement allows more molecules of 
MB dye to interact with the surface of the adsorbent, there-
by improving the dye removal percentage.



969Environ Res Tec, Vol. 8, Issue. 4, pp. 963-976, December 2025

Figure 7. (a) MB dye removal at 10 mg/g of ZnO NPs (a) MB dye removal at 50 mg/g of ZnO NPs (c) MB dye removal at 100 
mg/g of ZnO NPs. (d) the adsorption capacity of different ZnO NPs vs dye removal efficiency

Figure 8. The effect of various ZnO NP dosages on the removal of Methylene Blue (MB) dye (a) presents a comparative graph 
and (b) samples of the study
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Adsorption Kinetics and Isotherm Study
The dynamics of adsorption at a constant rate, the adsorp-
tion capacity, and the characteristics of the adsorbent and 
adsorbate are all determined by means of adsorption ki-
netics and isotherm research. The adsorption rate of any 
adsorbent is the critical factor for optimizing adsorbent 
dosage for the adsorption of the adsorbate. Consequently, 
a high adsorption ratio and excellent adsorption qualities 
are required of the adsorbent. Pseudo first order, pseudo 
second order, and intra-particle diffusion models are as-
sessed to ascertain the kinetics of the adsorbent. A solution 
containing 20 ppm MB dye was adsorbed onto 100 mg/g 
of adsorbent and readings were noted at 10, 20, 40, 60, and 
80 minutes. The pseudo first order kinetics was applied to 
evaluate the adsorption capacity of ZnO NPs for MB dye 
removal, as shown in Fig 8 (a), using the linearized form of 
the pseudo first order equation (5)

The calculated data from the applied pseudo first order 
demonstrates that the adsorption process follows pseudo 
first order kinetics, characterized by a rate constant k1 of 
0.112 1/min and an equilibrium adsorption capacity qe of 
8.89 mg/g. This indicates a relatively rapid adsorption pro-
cess with substantial adsorption capacity. The linear regres-
sion model employed in establishing these parameters was 
satisfactory to the experimental data proving the suitability 
of the pseudo first order kinetic model in the current ad-
sorption analysis.
The pseudo second order kinetic model is useful to ob-
tain a much closer approximation to the adsorption pro-
cess, for systems where the chemisorption is the dominant 
mechanism. It enhances acknowledgement of the kinetics, 
identification of the equilibrium capacity and facilitates the 
formulation of efficient adsorption systems. The pseudo 
second order kinetics was used, as shown in Figure 9 (b), 
using the linearized form of the pseudo second order equa-
tion (6).

The obtained data from the pseudo second order provides 
an equilibrium adsorption capacity qe of approximate-
ly 19.38 mg/g and a rate constant k2 of 0.0289 g/mg/min. 
This suggests that the adsorption process is probably reg-
ulated by chemisorption including valence forces through 
the sharing or exchange of electrons between the adsorbent 
and adsorbate. It also shows a good fit to the pseudo second 
order model.
The adsorption kinetics of ZnO NPs analysis by intra-par-
ticle diffusion model presented in Figure 9 (c) by applying 
equation (7)

The adsorption kinetics of ZnO NPs analysis by intra-par-
ticle diffusion model, presenting a relatively high slope Kdif 
2.02586 mg/g.min-0.5 and intercept 4.32742 mg/g reveals 

a high diffusion rate within the particles and a notable 
boundary layer effect. The R2 value of 0.7621 shows that the 
model reasonably fits the experimental data, although other 
factors might also contribute to the adsorption process.
The adsorption mechanism can generally be divided into 
three stages: Surface Adsorption: This initial stage involves 
the rapid attachment of adsorbate molecules (MB dye) onto 
the external surface of ZnO nanoparticles. The rate of ad-
sorption during this stage is governed primarily by exter-
nal mass transfer processes and depends on the adsorbent's 
surface area and surface activity. Intra-Pore Diffusion: As 
the process continues, the adsorbate molecules diffuse into 
the interior pores of the adsorbent. This step is slower com-
pared to surface adsorption and is influenced by the size 
and shape of the adsorbate, pore structure of the adsor-
bent, and diffusion properties of the system. In this study, 
the high slope Kdif highlights the significant contribution 
of intra-pore diffusion to the overall adsorption process. 
Equilibrium Stage: Finally, the adsorbate reaches equilibri-
um within the adsorbent's pores and on its surface, where 
the adsorption rate slows down, and no further significant 
adsorption occurs.
The intercept (C=4.32742 mg/g) indicates a substantial 
boundary layer effect, suggesting that surface adsorption 
plays a critical role in the early stages of the process. A 
higher C value typically corresponds to greater boundary 
layer resistance, reflecting the influence of surface interac-
tions on the overall adsorption mechanism. Although the 
intra-particle diffusion model provides valuable insights, 
the R2 value (0.7621) indicates that the adsorption process 
is not solely controlled by intra-particle diffusion. This sug-
gests the simultaneous contribution of surface adsorption 
and intra-pore diffusion to the adsorption mechanism, 
emphasizing the complex nature of the process. The results 
underscore the importance of considering both surface ad-
sorption and intra-pore diffusion when analyzing the ad-
sorption behavior of ZnO nanoparticles.
The kinetic adsorption parameters of ZnO NPs are present-
ed in Table 2, which further supports the observed trends 
and highlights the suitability of ZnO nanoparticles for 
methylene blue dye removal.
In conclusion, the pseudo-second-order kinetic model, 
which accurately describes the adsorption mechanism, rate, 
and equilibrium capacity of ZnO nanoparticles for MB dye 
removal, is the most suitable kinetic model for the adsorp-
tion system for this study. The complementary contribu-
tions of surface adsorption and intra-pore diffusion further 
highlight the complex nature of the adsorption process.
The adsorption isotherms of adsorbent ZnO NPs and MB 
dye were evaluated hereby the linear formulation of the 
Langmuir model presented in equation (8).

Fig 9 (a), and obtained data describe the adsorbent's high 
maximum adsorbent capacity (qm = 88.5 ml/g). Langmuir 
constant (kL=0.237) suggests a moderate affinity between 
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Figure 9. (a) Pseudo first order kinetics, (b) Pseudo second order kinetics, and (c) Intra particles diffusion

the adsorbent and adsorbate. The dimensionless separation 
factor (RL) ranges from 0.792 to 0.947 for the given concen-
trations, indicating favorable adsorption (since 0<RL<1). 
The adsorption study shows that the adsorbent has a high 
capacity and favorable adsorption characteristics for the 
adsorbate. These findings align well with the Langmuir ad-
sorption isotherm model, which is indicative of a mono-
layer adsorption process with no significant migration or 
contact between the adsorbate molecules once adsorbed. 
The results suggest that the adsorbent is effective and can 
be utilized in practical applications where high adsorption 
capacity and favorable adsorption conditions are required.
The data of Freundlich isotherm is given in Table 3 and 
Figure 10 (b). Thus, the current change with respect to the 
adsorption process is directly proportional to pressure as 
explained by the model. The particularity of this model in-
cludes multilayer adsorption from heterogeneous systems, 
meeting the fact that the adsorption energies of several ad-
sorption sites are different. The linear form of the isotherm 
is expressed logarithmically as follows equation (9):

where 1/n is the heterogeneous adsorption intensity con-
stant and KF (1 g⁻¹) is the adsorption capacity constant. 
These values are derived from the intercept and slope of the 

𝑙𝑜𝑔Ce vs. 𝑙𝑜𝑔𝑞𝑒 plot.
In this study, the R2 value was 0.999, indicating a good fit 
of the data to the Freundlich model. The obtained 𝑛 value 
of approximately 1.130 indicates favorable adsorption con-
ditions, as 𝑛 is greater than 1 and falls within the range of 
1–10. This suggests that the adsorption process is indeed 
favorable. The high 𝐾𝐹 value of approximately 17.045 fur-
ther indicates a significant capacity of the adsorbent to ad-
sorb the adsorbate. Overall, the data demonstrates that the 
adsorption process is both favorable and effective, aligning 
well with the Freundlich isotherm model.

Antibacterial Properties Analysis of ZnO NPs
Using the disk diffusion method, the antibacterial quali-
ties of ZnO NPs green synthesis from Prosopis glandulosa 
extract were examined. The findings are shown in Table 4 
and Figure 11. By applying 25 and 50 µg/ml of ZnO NPs, 
the zone of inhibition surrounding the disks is measured to 
provide the antibacterial results. The antibacterial activity 
of ZnO NPs doses against S. aureus is 7.84 mm and 8.01 
mm at 25 and 50 µg/ml, respectively. ZnO NPs exhibit an-
tibacterial activity against E. coli of 8.83 mm and 9.1 mm at 
25 and 50 µg/ml, respectively.
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Figure 10. (a) Langmuir model (b) Freundlich model plots of Prosopis glandulosa ZnO NPs for adsorption of MB dye

Langmuir isotherm model Freundlich isotherm model
kL 0.237135 KF 17.04512
q

m 88.57396 N 1.129944
R2 0.9979 R2 0.9992

Genus 25 µg/ml ZnO NPs 50 µg/ml ZnO NPs
S.aureus 7.84±1.83 8.01±2.33

E.coli 8.83±0.88 9.1±2.42
S.aureus 7.84±1.83 8.01±2.33

Table 3. Isothermal study parameters of ZnO NPs

Table 4. Antibacterial activity of ZnO NPs

According to the disk diffusion method, the current anti-
bacterial investigation shows that zinc oxide nanoparticles 
(ZnO NPs), which were produced using a green synthesis 
approach using Prosopis glanddisulosa extract, have strong 
antibacterial activity against both Gram-ve and +ve bacte-
ria. The results show that the antibacterial activity rises with 
increasing ZnO NPs concentrations. The greater suscepti-
bility of E. Coli to ZnO NPs in contrast to S. aureus implies 
different levels of bacterial response. These results suggest 
that green-synthesized ZnO NPs may be useful in antibac-
terial therapies, while more investigation is needed.

CONCLUSIONS

This study perfectly explained the synthesis of zinc oxide 
nanoparticles (ZnO NPs) using a plant-mediated method 
through green synthesis using the aqueous extract of the 
leaves of the Prosopis glandulosa plant. The synthesized 

ZnO NPs were confirmed by UV-Vis spectroscopy, FTIR, 
XRD, and SEM which confirm the particle size, shape, and 
chemical composition of the synthesized ZnO NPs. The 
nanoparticles that were synthesized aspirin were crystalline 
in shape, spherical, and highly pure. The average size of the 
prepared nanoparticles was 14.98 ± 4.2 nm, which was cal-
culated by using Scherrer’s equation from the result of XRD 
analysis.
Furthermore, the capability of ZnO NPs in degrading/
removing MB dye from Indus River drinking water solu-
tions was evaluated. The actual observed adsorption studies 
found that the ZnO NPs have a high dye removal efficiency, 
with a maximum of 95.24% at a dosage of 100 mg/g. The 
adsorption kinetics followed by pseudo first order, pseudo 
second order model, and intra-particle diffusion model, 
indicate rapid adsorption, with chemisorption as the pri-
mary mechanism and the intra-particles model reasonably 
fits the experimental data. Adsorption isotherms models 
like Langmuir and Freundlich, present that the adsorbent 

Pseudo First Order Pseudo Second Order Intra-particles diffusion
qe 8.830799 qe 19.37984 qe 18.88
K1 0.112386 K2 0.029675 Kdif 2.02586
R2 0.9165 R2 0.9966 R2 0.7621

Table 2. Kinetic adsorption of ZnO NPs
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is effective for the removal of dye and the adsorption pro-
cess is both favorable and effective, aligning well with both 
models.
Unlike earlier studies focusing on chemical synthesis meth-
ods, our plant-mediated synthesis using Prosopis glandu-
losa extract not only ensures an environmentally benign 
process but also yields ZnO nanoparticles with enhanced 
photocatalytic properties and stability, making them par-
ticularly suitable for water purification applications. The 
synthesized ZnO nanoparticles hold significant promise 
for future applications in sustainable water treatment tech-
nologies, particularly in countries where affordable and ef-
ficient solutions are critical. Their demonstrated ability to 
simultaneously remove dye pollutants and inhibit bacterial 
growth positions them as a dual-functional material for in-
tegrated water purification systems.
Our study provides novel insights into the adsorption and 
photocatalytic mechanisms of ZnO nanoparticles syn-
thesized through green methods. These findings pave the 
way for future research on doping or functionalizing these 
nanoparticles to further enhance their efficacy for environ-
mental applications. One of the key novelties of our research 
is the utilization of P.glandulosa for the synthesis of ZnO 
nanoparticles. To the best of our knowledge, no previous 
research has been conducted using ZnO NPs synthesized 
from P.glandulosa. This plant is wild, common, and easily 
available, especially in the end regions of the Indus River, 
making it a highly advantageous and sustainable resource 
for nanoparticle synthesis.
The above advantages open new windows of research in a 
particular direction which, in the future, will benefit the 
inhabitants of the specific area. The use of locally abun-
dant P.glandulosa for nanoparticle synthesis could provide 
a cost-effective and eco-friendly solution, addressing both 
environmental and public health challenges associated with 
water pollution.
Overall, the green synthesis of ZnO NPs from Proso-
pis glandulosa plant leaf extract not only provides an 
eco-friendly and cost-effective approach but also results in 
nanoparticles with significant antibacterial properties and 
dye removal capabilities. These overall findings suggest 
that ZnO NPs synthesized from Prosopis glandulosa have 
promising applications in water treatment, particularly for 
the removal of dyes and bacterial contaminants from drink-
ing water sources such as the Indus River. Further research 
and development could lead to the practical implementa-
tion of these nanoparticles in large-scale water purification 
systems, contributing to improved public health and envi-
ronmental sustainability.
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