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a b s t r a c t
Wastewater treatment has always remained a precarious issue in the context of its environmental 
impacts and tackling of varied nature of contaminants. Plant-mediated NiO nanoparticles (G-NiO 
NPs) offer a way out to resolve these issues by presenting quick, cost-effective, less tedious and 
environmentally friendly approach to remove the potentially harmful multi-contaminants like endo-
crine-disrupting chemicals (for example reactive dyes, pesticides and phthalates) and microbial con-
taminants effectively. The formation of nanoparticles was confirmed by UV-Vis spectrophotometer, 
Fourier-transform infrared spectroscopy, X-ray diffraction, scanning electron scanning electron 
microscopy, energy-dispersive X-ray spectroscopy and AFM. The adsorption data was applied to 
various kinetic models, diffusion models and adsorption isotherms. Fitting of experimental data 
to these models showed best-fit models to be Avrami-fractional kinetic model and Liu adsorp-
tion model in all three cases (reactive red dye, bifenthrin and dioctyl phthalate) with adsorption 
capacities of 374.7, 34.85 and 323.59 mg g–1, respectively. G-NiO NPs also proved potentially viable 
against E. coli with a 93% reduction in the microbial count.

Keywords:  NiO nanoparticles; Reactive red dye; Bifenthrin; Dicotyl phthalate; E. coli; Kinetic models; 
Adsorption isotherms

1. Introduction

Treatment of waste-water has always been a problem 
of concern dealing with the diverse nature of microbial, 
organic, and inorganic contaminants leading to subse-
quent treatments passing through primary, secondary and 

tertiary processes [1]. Treatment and removal of endo-
crine-disrupting chemicals (EDC) from drinking, municipal 
and industrial waste-water have posed severe challenges 
because of their polar nature, the presence of acidic/basic 
functional groups, and occurrence at trace level <1 mg L–1. 
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Treatment of these usually requires energy-intensive proce-
dures like advanced oxidation processes [2], but these can 
result in conversion to other carcinogenic compounds as a 
result of oxidation [3]. Furthermore, process requirements 
for removal of these contaminants are quite stringent [4], 
and these problems grow in by the presence of microbes 
in waste-water making water treatment protocols more 
complicated [5,6]. This scenario hence leads to substantial 
investment as well as the adaptation of tedious measures in 
context with stringent process requirements as well as treat-
ment time. The situation can be handled and improved by 
use of nanomaterials enabling enhanced removal efficacy 
and reactivity which facilitates organic pollutants degra-
dation and microbial decontamination [7]. Hence, in recent 
developments nanoparticles, nano-sorbents and nano-cata-
lysts are extensively used for the removal of toxic chemicals 
and biological substances from waste-water, contaminated 
by heavy metals, nutrients, cyanide, organics compounds, 
algae, viruses, bacteria, parasites and antibiotics [8]. NiO 
NPs are suitable electron acceptor with high chemical sta-
bility and p-type semiconducting nature with band energy 
in the range of 1.5–5 eV, which makes it a good photocata-
lyst that can effectively break the bonds [9]. Hence, owing 
to these properties, NiO NPs have gained the attention of 
many researchers as a potential material to treat water con-
taminated with dyes [10–14], microbes [10,15], and heavy 
metals [16], etc.

Various routes are used to synthesize nanomateri-
als such as sol-gel [17,18], combustion [19], hydrothermal 
[20], co-precipitation [21] and green route method [22]. 
Among these, green route synthesis by plant extracts is the 
cost- effective, non-toxic, and best eco-friendly alternative 
method to synthesize nanoparticles as compared to other 
biological and traditional methods [23]. Henceforth, the 
present research was designed to synthesize NiO nanopar-
ticles by using ethanolic extract of Calotropis gigantea 
leaves and exploring its potential for the treatment of water 
contaminated with multiple contaminants, that is, EDC and 
microbes.

2. Experimental setup

Analytical grade chemicals and solvents were used 
throughout the study. The solutions were prepared in lab 
prepared distilled water. NiCl2·6H2O and ethanol were 
procured from BDH Laboratory Supplies Poole, BH15 
LTD, England, while reactive red 195 dye (96%) and dioc-
tyl phthalate (99%) were obtained from PCSIR Lahore, 
Pakistan and used without further purification. pHs of solu-
tions were adjusted by using 0.1 M solutions prepared from 
hydrochloric acid (PCSIR, Lahore, Pakistan) and sodium 
hydroxide (Sigma-Aldrich, Steinheim, Germany). Technical 
grade bifenthrin (91%) was provided by a local pesticide 
manufacturing company with established traceability to 
bifenthrin (99%) certified reference material provided by 
VWR Chemicals.

Leaves of C. gigantea were collected from botanical gar-
dens of the University of the Punjab, Lahore, and verified by 
the Department of Botany, University of the Punjab, Lahore, 
Pakistan. The extract solutions were prepared in ethanol 
(Fluka) and distilled water.

2.1. Plant-mediated synthesis of NiO Nanoparticles (G-NiO NPs)

The G-NiO NPs synthesis was carried out using the 
ethanolic extract of leaves of C. gigantea by a modified pro-
cess [24], as presented in Fig. 1. The system was modified to 
avoid the heat treatment required for the synthesis of plant 
extract and reduction of salt to Ni(0).

2.1.1. Preparation of ethanolic plant extract

Leaves of C. gigantea plant was consecutively washed 
with tap water and distilled water to remove mud and 
dust particles followed by drying under shade. The extract 
was prepared by dipping 300 g of washed dried crum-
bled leaves in 3 L of ethanol for 48 h with occasional shak-
ing followed by filtration using Whatman® filter paper 
41 (Buckinghamshire, UK). The filtrate was kept in the 
refrigerator at 4°C ± 2°C till further use.

2.1.2. Synthesis of G-NiO NPs

An aliquot of 100 mL of 0.5M NiCl2·6H2O was pre-
pared in 1:1 water: ethanol mixture to synthesize G-NiO 
NPs. This solution was added to ethanolic plant extract 
(900 mL) and contents were stirred at 25°C for 24 h. 5 mL 
of sample was drawn at a defined interval from the reac-
tion flask to perform UV-Vis spectroscopy to confirm the 
formation of nanoparticles. During reaction, change in color 
from light green to dark green was observed. After confir-
mation (by UV-Vis spectroscopy), the reaction mixture was 
rotary evaporated at 78°C until a thick, viscous material was 
obtained which was subsequently sintered at 600°C for 5 h; 
the resulting dark green powdered material was stored in 
screw-capped bottles for further studies.

2.2. Characterization

After synthesis, G-NiO NPs were characterized for their 
morphological, physical and chemical properties by double 
beam UV-Visible Spectroscopy (DB-20S), Fourier-transform 
infrared spectroscopy (FTIR) (Tensor-27), energy-dispersive 
X-ray spectroscopy (EDX), scanning electron microscopy 
(SEM) (S3700N, Hitachi, Japan), and X-ray diffraction (XRD) 
analysis (PANalytical) using standard procedures.

UV-Vis spectra were acquired in the range of 300–800 nm 
by using a quartz cuvette with a path of 10 mm. The samples 
that were drawn from the reaction mixture were diluted in 
ethanol at a concentration of 10–5 M before recording UV-Vis 
spectra.

2.2.1. Adsorption experiments of G-NiO NPs

The adsorption potential of G-NiO NPs towards EDC, 
that is, reactive dyes (reactive red 195, RR), pyrethroid pesti-
cide (bifenthrin, BF) and phthalate (dioctyl phthalate, DOP) 
was assessed by using batch studies. The removal percentage 
and the amounts of adsorbates adsorbed at equilibrium time 
(adsorption capacity, qe,exp) were calculated using Eqs. (1) and 
2 (Table 1). Various other models and isotherms were also 
applied to the adsorption experiments performed, as men-
tioned in Table 1, along with their equations [Eqs. (3)–(11)].
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2.2.2. Reactive red 195 dye

To study the ability of G-NiO NPs for removal of dyes 
from the binary system, RR was chosen as a test contami-
nant along with four parameters, that is, contact time (min), 
temperature (K), initial pH, and RR concentration (mg L–1) 
were selected. For this, RR (100–800 mg L–1) was allowed to 
remain in contact with 0.1 g nano-catalyst for definite time 
and temperature at different pH in order to achieve max-
imum adsorption of RR onto the nano-adsorbent surface. 
After a specific time, the contents were cannula filtered, 
and the filtrate was checked for dye concentration using a 
UV-Vis spectrophotometer at 541 nm [31].

2.2.3. Bifenthrin

The adsorption potential of G-NiO NPs towards pes-
ticides was also studied by choosing bifenthrin (BF) as 
a test contaminant. For the purpose working solution of 
BF (10–50 mg L–1) was allowed to remain in contact with 
G-NiO NPs (0.1 g) at room temperature for different timings 
(2–60 min), and the resulting contents were cannula filtered. 
The pH and temperature effects were not studied owing to 
possible chances of degradation of BF.

BF in filtrate was extracted using liquid- liquid extraction. 
The filtrate was transferred to separating funnel, followed by 

the addition of 1 mL of 10% NaCl to enhance the extraction 
efficacy. n-Hexane was used as extracting solvent and 
extraction was performed thrice with 10 ml × 1 and 5 ml × 2. 
n-Hexane layer was transferred to the rotary evaporator flask 
by passing it through a layer of anhydrous sodium sulfate 
(pretreated at 600°C). The volume was reduced to approx-
imately 1 mL and re-constituted to 5 mL using anhydrous 
sodium sulfate treated n-hexane. Working standards  were 
also extracted by the same method (to accommodate method 
recovery) and analyzed using GC-ECD (Varian CP-3800) 
equipped with a DB-5 column with a 0.1 µm internal diam-
eter and 30 m length. The injector and detector temperature 
were set at 250°C. The oven temperature ramping was set as 
follows: Initial temperature 100°C held for 2 min; ramp to 
200 @ 50°C min–1 held for 2 min; ramp to 230°C @ 5°C min–1 
held for 2 min; ramp to 250°C @ 50°C min–1 held for 5 min.

The concentration of the BF in the treated sample was 
calculated from the GC data by using the following equation:

C C
A
A

V
Vs

s

s

= × ×std
std

std  (1)

where Cs and Cstd are the concentrations of BF in the treated 
sample and standard, As and Astd are the peak areas of BF 
in treated and standard samples as obtained from GC 

Fig. 1. Graphical abstract for the plant-mediated synthesis of G-NiO NPs.
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chromatogram, and Vs and Vstd are the injected volumes of 
treated sample and standard solution which in this case is 
kept constant (1 µL).

2.2.4. Dioctyl phthalate

DOP, a carcinogenic chemical, removal was also stud-
ied by using prepared G-NiO NPs. For the purpose work-
ing solution of DOP (50–400 mg L–1) was allowed to remain 
in contact with G-NiO NPs (0.1 g) at room temperature 
for different timings (5–70 min) and the resulting contents 
were cannula filtered. The pH and temperature effects 
were not studied owing to possible chances of degradation 
of DOP.

The DOP in the filtrate (sample) and working stan-
dards were extracted using liquid-liquid extraction using 
the same protocol as was in the case of BF. The extracted 
samples were analyzed using GC-FID (Agilent 7890B) with 
ALS equipped with an HP-5 column with a 0.1 µm internal 
diameter and 30 m length. The injector and detector tem-
perature were set at 300°C. The oven temperature ramp-
ing was set as follows: initial temperature of 150°C held 
for 5 min then ramp to 280°C at 20°C min–1 held for 5 min 
at the final temperature. The adsorbed percentage was 
calculated from the GC data by using Eqs. (12) and (2).

2.2.5. Antimicrobial activity of G-NiO NPs

The antibacterial activity of G-NiO NPs was tested 
against bacterial growth of E. coli that is used as a represen-
tative gram-negative bacterium. Aliquots of 2 mL of E. coli 
bacterial agar was added in 2 L autoclaved distilled water 
and kept in a refrigerator at 4°C ± 2°C for further use. 50 mL 
of this simulated sample was taken in an Erlenmeyer flask 
and allowed to remain in contact with 0.1 g of G-NiO NPs 
for different time intervals (10, 30, 50, 70, 90, and 110 min). 
The contents were cannula filtered, and the filtrate was 
placed in tightly packed rubber septum bottles and kept 
in a refrigerator at 4°C ± 2°C. For cell calculation 0.5 µL of 
treated E. coli, strain solution was injected on a hemocytom-
eter, stained with safranin and crystal violet, and placed on 
the microscope for studying the % removal.

Percentage (%) removal of cells was determined by 
comparing each sample with untreated one.

R
N
N
t

i

%( ) = ×100  (2)

where Nt and Ni are the number of cells after and before 
treatment, respectively.

3. Results and discussion

The ethanolic extract of plant leaves of C. gigantea is 
a good source of active organic compounds such as pro-
teins, amino acids, glycosides, flavonoids, etc. that can act 
as good reducing agents and result in metal nanoparticles 
synthesis [32–34].

The extract was employed in essence to exploit its 
perspective as a potential bio-factory for the synthesis of 
G-NiO NPs. C. gigantea leaves extract has a rich source of 

active organic compounds such as proteins, amino acids, 
glycosides, flavonoids, etc. Therefore, naturally occurring 
plant metabolites have a favorable effect on NPs synthesis 
by acting as good reducing as well as capping/chelating 
agents [24,35,36]. During reaction, conversion of Ni(II) to 
Ni(0) takes place, which is evidenced by UV-Vis spectra. 
The UV-Vis spectra (Fig. 2) shows minimization in NiCl2 
peak recorded at 661 cm–1. Earlier studies have shown that 
in green synthesis, the reduction and conversion of metallic 
ions to zerovalent nanoparticles is assisted by the formation 
of metal chelated complexes with the plant phytochemicals, 
which can be easily decomposed at temperatures ≥ 400°C 
leading to the formation of metal oxide nanoparticles [24,35].

3.1. Characterization

3.1.1. Fourier-transform infrared spectroscopy

The FTIR spectra of C. gigantea and G-NiO NPs are pre-
sented in Fig. 3a. In C. gigantea spectra peaks appeared at 
3,317; 2,981 and 2,359 cm–1 due to the presence of –OH, –CH2, 
and –CH3. The peak at 1,645 cm–1 was attributed to stretch-
ing vibrations of C=O containing compounds while the 
ones appearing at 1,454 and 1,386 cm–1 are ascribed to –CH 
bending vibrations. The bands at 1,085; 1,044–1,016; 878 and 
694–609 cm–1 are indicative of C–O–C, C–O stretching, bend-
ing vibrations of C–H aromatic compounds and bending 
vibration of C–O–O aromatic compounds, respectively [37].

The majority of the peaks available in C. gigantea spec-
tra are not evidenced in G-NiO NPs spectra (Fig. 3a) 
because of the decomposition of organic moieties owing 
to the sintering process. Few peaks appear at 3,324; 2,034 
and 681 cm–1, which correspond to a hydroxyl group (–OH) 
stretching probably due to moisture in the sample while 
the peak at 1,606 cm–1 refers to stretching vibration of the 
C=O group [38]. The C–O–C stretching peak is evidenced at 
1,156.63 cm–1. The peak of Ni–O stretching observed below 
1,000 cm–1. The FTIR spectrum shows the characteristic peak 
at 681 and 642 cm–1 corresponding to the metal-oxygen 
(NiO) stretching vibration [24,39].

3.1.2. Powder XRD

The powder XRD analysis was also performed to eluci-
date the crystalline structure of G-NiO as well as its phase 
analysis. The XRD spectra presented in Fig. 3b displayed 
five-strong diffraction peaks corresponding to hkl values of 
[2 2 2], [4 0 0], [4 4 0], [6 2 2] and [4 4 4] which confirms 
the formation of nickel oxide nanoparticles. The diffraction 
peaks showed good agreement with the cubic structure 
(JCPDS: 01–089–5881), as shown in the inset of Fig. 3b inset.

3.1.3. SEM/EDX and AFM

SEM micrograph and EDX analysis (presented in Fig. 4) 
were carried out to determine the shape, morphology, elemen-
tal composition and purity of synthesized G-NiO NPs. Fig. 
4a points to the formation of spongy material with a porous 
structure. The agglomeration of the particles is indicated 
from the SEM image which is in line with earlier studies [24].  
Such agglomeration, which results in bigger particles, is 
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usual for nanoparticles because of their small size and high 
surface energy [10]. Ni and O peaks are majorly conspic-
uous in the EDX spectrum (Fig. 4b), with a weight % ratio 
of 56.05% and 21.66%, respectively. The quantitative data 
confirms the presence of corresponding elements with the 
presence of some impurities like Cl, which is contributed 
from the use of nickel chloride as a reactant. Other elements 
Na, Mg, Al, and K, may-be due to the presence in leaves of 
C. gigantea plant.

AFM analysis also confirmed the agglomeration of 
the nanoparticles in the prepared sample. Images 3D and 
2D (Figs. 5a and b) also points to the agglomeration of 
nanoparticles as was evidenced by SEM image (Fig. 4a). 
Some needles like structure and oblong-shaped particles 
are also visible in the 2D image (Fig. 5b) with smaller sizes. 

Table 1
Equations used for the adsorption and various models applied

Eq. No. Description Equation Reference

1. Removal percentage (%) R
C C
C
i t

i

%( ) = −
×100

[25]

2. Adsorption capacity (mg g–1) q
C

W
Ve

f
,exp =

( )
( ) × ( )

−mg L

g
L

1

3. Pseudo-first-order q q k tt e= − − ⋅( ) 1 1exp NL

[26]
4. Pseudo-second-order q

k q t
q k tt

e

e

=
⋅ ⋅

+ ⋅ ⋅
2

2

21
NL

5. Avrami kinetic model q q k tt e

n
= − −( ) { }1 exp AV [27]

6. Chi-square χ2
2

2

=
−( )

∑
q q

q
e e

e

,exp ,

,

cal

cal

[28]

7. Particle diffusion ln 1−








 = −

C
C

k tt

e
p [29]

8. Inter-particle diffusion q k t Ct i= +id
0 5. [27]

9. Langmuir adsorption isotherm q
q K C
K Ce

m L e

L e

=
× ×
+ ×1

[30]10. Freundlich adsorption isotherm q K Ce F e
nF= × 1/

11. Liu adsorption isotherm q
q K C

K C
e

m g e

n

g e

n

L

L
=

× ×( )
+ ×( )1

R (%) = percentage removal (%); qe,exp (mg g–1) = contaminant adsorbed per gram of adsorbate; Ci (mg L–1) = initial concentration of adsorbate; 
Ct (mg L–1) = concentration of adsorbate remaining in the solution after time, t (min); Cf (mg L–1) = final concentration of adsorbate taken 
up by adsorbent calculated by (Ci – Ct); V (L) = volume of solution; W (g) = weight of the adsorbent; qe (mg g–1) = amount of adsorbent at 
equilibrium; qt (mg g–1) = amount of adsorbent at time t (min); k1 (min–1) and k2 (g mg–1 min–1) are the rate constants for pseudo-first-order 
and pseudo- second-order, respectively; kid (mg g–1 min–0.5) = rate parameter of stage i; Ci = thickness of boundary layer; kp = rate parameter 
for the particle diffusion; qm (mg g–1) = maximum adsorption capacity, KL (L mg–1) and KF (mg g–1 (mg L–1)–1/nF) are Langmuir and Freundlich 
constants for determining the rate of adsorption; nF = Freundlich dimensionless exponent. Kg (L mg–1) and nL are Liu constant and exponent, 
respectively.
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The particle size range, as depicted from the histogram 
(Fig. 5c), is 31 nm to 310 nm with an average particle size 
of 232 nm.

3.2. Adsorption potential

The G-NiO NPs produced from C. gigantea plant extract 
were used for the removal of reactive red 195 dye, bifenthrin 
and dioctyl phthalate in an aqueous medium.

3.2.1. Effect of contact time, kinetic and diffusion models

The time for which adsorbent remains in contact with 
the adsorbent had a high impact on the adsorption efficacy. 
With an increase in contact time, there is an increase in 
adsorption of the adsorbates until it achieves equilibrium 
(Fig. 6). The kinetic models were applied to the data at a 
fixed temperature (i.e., RT) to predict the sorption kinetics 
for the G-NiO NPs. Pseudo-first-order, pseudo-second-order 

Fig. 3. (a) FTIR spectrum of C. gigantea extract and G-NiO NPs and (b) powder XRD spectra of G-NiO NPs showing matching with 
JCPDS: 01-089-5881 (inset).

Fig. 4. G-NiO NPs (a) SEM micrograph and (b) EDX spectrum along with elemental composition in the inset.

Fig. 5. AFM images of G-NiO NPs (a) 3D, (b) 2D, and (c) particle size distribution histogram.
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and Avrami-fractional-order kinetic models were applied 
in non-linear form, and best fit models in both cases were 
predicted from high R2, reduced χ2, smaller standard devi-
ation (SD) and the difference between experimental and 
calculated qe. The parameters derived for these models are 
given in Table 2. Also, by interpolation in the fitted kinetic 
curve, it was calculated t0.5 and t0.95 is the time to attain 50% 
and 95% of the saturation. These values are also reported in 
Table 2. Considering the values of SD, the model that pre-
sented the lower values of SD for the three adsorbates was 
the Avrami-fractional kinetic model. Therefore, statistically, 
this kinetic adsorption model is the most suitable model to 
describe the kinetics of adsorption.

It is possible to infer that the kinetics of DOP is the fast-
est one, followed by BF and them by RR, by comparing the 
values of t0.5 and t0.95 of the three adsorbates. This is probably 
associated with the dimension of the chemical molecules.

Particle diffusion [Eq. (8)] and Inter-particle diffusion 
[Eq. (9)] models were also applied to get insight into the 
diffusion process; the fitting parameters obtained are tab-
ulated in Table 2. The plot of the particle diffusion model 
based on Chanda plots, that is, ln (1 – Ct/Ce) vs. t [Eq. (8); 
Fig. 7] [40,41] gives a straight line which refers to the 
adsorption phenomenon being controlled by particle dif-
fusion [42]. Further, investigation using inter-particle 
diffusion model (Fig. 7, Table 2) suggests, in all the three 
cases (RR, BF, DOP), that different sorption phenomena are 
occurring as the plot fitted to two straight lines pointing to 
the multi-step adsorption [43].

The maximum adsorption for the RR, BF and DOP onto 
G-NiO NPs was achieved 10, 20, and 30 min.

3.2.2. Effect of temperature and initial pH

Temperature and initial pH of the solution has a con-
siderable effect on the adsorption process, as also reported 
in previous studies [13, 14,44]. Fig. 8 presents the effects of 
varying initial pH and temperature on the adsorption of RR 
onto G-NiO NPs.

Adsorption of dye (100 mg L–1) was studied in an ampli-
tude temperature of 30°C–60°C in the presence of G-NiO 
NPs (2 g L–1). The adsorption efficiency of dye was observed 
to decrease slightly with escalating temperature, that is, 67% 
to 63% (Fig. 8). Therefore, further studies were performed at 
room temperature, that is, 303 K. In contrast to temperature, 
pH had a considerable effect on the removal percentage of 
RR (Fig. 8), resulting in almost complete removal of the dye 
at pH 11, that is, 98%.

For BF and DOP, the effect of temperature and pH was 
not studied owing to their possible degradation and forma-
tion of other degradation products as a result of changes in 
pH and temperature.

The decrease in adsorption with an increase in tempera-
ture is indicative of the exothermic process of adsorption. 
A similar response was also observed in dye adsorption 
studies on NiO. The phenomenon was attributed to enhance-
ment in dye mobility and solubility, as well as an increase 
in the diffusion of dye molecules into the adsorbent porous 
structure [14].

In the case of pH, dye molecules (RR) behaves as cat-
ionic when the solution pH is acidic and anionic when 
pH is basic. This behavior results in its high adsorption in 
case of low solution pH and high basic pH. Furthermore, 
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the sites of adsorbent also behave differently at acidic and 
basic pH. Both these factors combine to determine the 
behavior of dye adsorption when the pH of the solution is  
changed [14].

3.2.3. Effect of the initial concentration of adsorbates and 
adsorption isotherms

Effect of initial concentration of RR (100–800 mg L–1), 
BF (10–50 mg L–1) and DOP (50–400 mg L–1) on adsorption 
efficiency of G-NiO NPs was assessed by varying concen-
trations (Fig. 9). The increase in adsorption capacity with an 
increase in concentration is typical behavior for adsorption, 
as was observed in previous studies [13,14]. At low adsor-
bate concentrations, there are few numbers of adsorbate 
molecules available for adsorption on the specific number 
of adsorbent sites resulting in low adsorption capacity, 
that is, the amount of adsorbate per gram of adsorbent. 
As the concentration of adsorbate increases, the adsorbant 

specific sites become saturated and the exchange sites are 
filled resulting in the high adsorption capacity as the over-
all amount of adsorbate adsorbed per gram of adsorbent 
increases [45].

The best-fitting model is decided based on high R2 value, 
smaller SD, and reduced-χ2 values (Table 3). On this basis, 
Liu adsorption model in all three cases (Fig. 9) comes out to 
be the best-fit model, which indicates that adsorbents’ active 
sites are not of the same energy [46]. This is highly plausi-
ble because of agglomeration, as indicated by SEM (Fig. 4) 
and AFM (Fig. 5). The maximum adsorption capacities as 
determined from the best fit model were 374.7, 34.85, and 
323.59 mg g–1 for RR, BF and DOP, respectively.

The results revealed that under optimal conditions of pH 
7 and room temperature, G-NiO NPs dosage of 2 g L–1 and 
contact time of 10, 20 and 30 min at concentration of 600, 30 
and 300 mg L–1, the maximum adsorption capacity (qm) of RR, 
BF and DOP adsorption on G-NiO NPs was 374.7, 34.8 and 
323.6 mg g–1.

Table 2
Adsorption kinetics and diffusion models fitting parameters for RR, BF and DOP adsorption on G-NiO NPs along with the goodness 
of fit parameters

Model Parameter Value (RR) Value (BF) Value (DOP)

Avrami-fractional  
order

qe,cal (mg g–1) 40.772 10.013 47.147
k1NL (min–1) 0.131 0.164 0.562
N 0.761 1.129 0.610
R2

adj 0.9836 0.9975 0.9998
SD 1.674 0.169 0.208
Reduced χ2 2.802 0.0284 0.043
t0.5 (min) 4.721 4.417 0.9763
t0.95 (min) 32.35 16.15 10.74

Pseudo-first-order  
(non-linear)

qe,cal (mg g–1) 39.759 10.093 46.862
k1NL (min–1) 0.143 0.164 0.371
R2

adj 0.9778 0.9959 0.9988
SD 1.952 0.213 0.542
Reduced χ2 3.809 0.045 0.293
t0.5 (min) 4.859 4.238 1.866
t0.95 (min) 21.00 18.32 8.064

Pseudo-second- order  
(non-linear)

qe,cal (mg g–1) 44.290 11.418 48.233
k2NL (min–1) 0.00421 0.019 0.0213
R2

adj 0.9842 0.9743 0.9993
SD 1.644 0.537 0.398
Reduced-χ2 2.705 0.289 0.159
t0.5 (min) 5.365 4.579 0.975
t0.95 (min) – – 18.528

Particle diffusion kp (mg g–1min–1) –1.442 –1.284 –1.077
R2

adj 0.9580 0.6367 0.8549
Intra-particle diffusion kid1 (mg g–1 min–0.5) 10.446 2.406 2.049

Ci1 (mg g–1) –2.710 –0.045 36.600
Rj

2
1ad 0.8981 0.8998 0.7491

kid2 (mg g–1 min–0.5) 1.456 3.808 0.167
Ci2 (mg g–1) 29.04 9.997 45.945
R2

2adj 0.9493 0.2017 0.5441
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3.3. Antimicrobial activity

The antimicrobial activity of G-NiO NPs was tested 
against gram-negative bacteria, that is, E. coli for a period of 

10–110 min, as shown in Fig. 10. The reduction reached 93% 
within 2 h with just 0.1 g of the G-NiO NPs. Earlier stud-
ies have also shown the antibacterial potential of the NiO 
nanoparticles and attributed the high antimicrobial activity 
to a smaller size of the particles that help in easy diffusibil-
ity of particles into the cell wall along with enhancing the 
electrostatic interaction between the metal ions and the cell 
wall. It was also proposed that these particles produced reac-
tive species (OH–, H2O2, O2

2–) that can damage the cell mem-
brane resulting in the increased antibacterial potential of the 
nanoparticles [47–49].

4. Conclusion

Calotropis gigentea leaves based route was adopted for 
the synthesis of cubic phase NiO nanoparticles. The sim-
ple route ensures the formation of nanoparticles that were 
found useful in the effective removal of three potential 
organic pollutants, that is, dyes (reactive red 195 dye), 
pesticide (bifenthrin), and phthalate (dioctyl phthalate) in 
maximum 30 min and at room temperature. The adsorption 
data were fitted to various adsorption and kinetic models, 
and the fitting results showed that the adsorption is best 
described by the Avrami-fractional kinetic model and Liu 
adsorption model. The results suggested that the G-NiO 
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NPs can remove multiple contaminants in less time and 
appreciable adsorption capacities (374.7 (RR), 34.85 (BF) 
and 323.59 (DOP) mg g–1). G-NiO NPs had also shown sig-
nificant antimicrobial potential and ensured almost com-
plete removal of E. coli.
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