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In the current study a green approach was carried out to prepare nickel oxide 
nanoparticles (NiO-NPs) using Citrus limon leaf extract and nickel nitrate 
hexahydrate Ni(NO3)2•6H2O as a precursor. The synthesized NiO-NPs were 
characterized using the Fourier transform infrared spectroscopy (FTIR), x-ray 
diffraction (XRD). The FTIR spectrum showed a strong broad band at 422 cm-1 
corresponding to Ni–O stretching vibration of the NiO nanocrystals. The XRD 
pattern revealed that NiO-NPs possess a cubic crystalline structure with an average 
crystallite size of 14.5 nm. The NiO-NPs were employed as an adsorbent for the 
removal of Indigo Carmine (IC) dye from aqueous solutions under different 
functional parameters, including adsorbent weight, adsorption duration, 
temperature, pH value, and initial IC dye concentration. The adsorption processes 
were monitored using UV-vis. spectrophotometry. The results obtained showed 
that the Langmuir model of adsorption isotherm analysis fits the equilibrium 
experimental data more accurately than the Freundlich model, and the pseudo-
second order (PSO) kinetic model was more appropriate than the pseudo-first 
order (PFO) kinetic model. The thermodynamic estimation of the adsorption of IC 
onto NiO-NPs revealed a spontaneous exothermic process with an increase in 
randomness, with negative Gibbs free energy (∆Go) and enthalpy (∆Ho) values and 
a positive entropy (∆So) value.      
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1. Introduction 
 

The development of cost-effective and ecologically friendly technology for the 
removal of dyes from contaminated effluents is critical to reducing the 
environmental impact of dyes and textile wastewaters. IC dye is widely used in the 
textile industry because of its color intensity. It is categorized as a poisonous dye 
since it causes harm to human health when it comes into contact with the skin and 
eyes (1, 2). 
Many conventional techniques have been modified to remediate effluents 
contaminated with organic dyes. These technologies, however, are inefficient and 
have a number of drawbacks, resulting in significant operational expenses. Thus, 
establishing low-cost technology for effective removal of IC from contaminated 
effluents is challenging (3, 4). Adsorption seems to be an efficient, reliable, and 
very promising technique for dye removal due to its simplicity and effectiveness. 
A wide range of nanomaterials have been created and used as adsorbents for 
wastewater treatment (1, 5-7). Consequently, they are cost-effective and have 
remarkable characteristics such as small size, high surface area, high adsorption 
capacity, availability of numerous reactive sites, and high regeneration capacity. 
Amongst the metal oxides employed, NiO-NPs possess unique features that make 
them ideal for various applications, including photocatalytic degradation of 
organic dyes, and wastewater pollution removal (3, 5, 6). With a polar surface, 
NiO-NPs could offer some benefits in the adsorption of certain pollutants. The 
environmental benefits of NiO-NPs in the adsorption of inorganic pollutants and 
toxic dyes are critical to ensuring a clean environment (6, 7). 
 

Citrus limon, a native species of tropical and subtropical Southeast Asia and North 
India, belongs to the plant family Rutaceae. It is a flowering tree with evergreen 
leaves that can grow up to 6 m tall and has thick spines. The leaves are oval, dark, 
leathery, and green. Citrus limon is a yellow or green edible fruit most commonly 
known as lemon. Previous phytochemical studies (8-10) conducted on this plant 
revealed that the citrus limon leaves are rich in various bioactive compounds such 
as flavonoids, phenols, alkaloids, and saponins. Such functional groups act as a 
capping moiety to NiO NPs, stabilizing them and preventing agglomeration. An 
alternative to the chemical and physical methods, the green synthesis is featured 
as an eco-friendly and cost-effective approach (5, 11). The synthesis of NiO-NPs 
was carried out using Ni(NO₃)₂•6H₂O in aqueous citrus limon leaf extract as a 
reducing agent and capping/stabilizer to control the particle size during NiO-NPs 
synthesis. The biosynthesized nanoparticles were characterized using FTIR, XRD, 
scanning electron microscopy (SEM), and Brunauer-Emmett-Teller (BET). 
Furthermore, for better understanding of the adsorption process, the adsorption 
isotherms and the adsorption kinetics using the most used models were 
estimated. 
This study aims to i) prepare NiO-NPs via a green approach using citrus limon leaf 
extract as a reducing and stabilizing agent. ii) Examine the adsorbent capacity of 
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the biosynthesized nanoparticles in removing indigo carmine dye from aqueous 
solutions under different adsorption parameters: contact time, pH, sorbent 
dosage, dye initial concentration, and temperature. iii) Investigate the isotherm, 
kinetic, and thermodynamic parameters exploited from the batch adsorption 
results using well-known theoretical models.  
 

2. Materials and Methods 

Chemicals and Reagents  
 

All the chemicals purchased were of analytical reagent grade. Ni(NO₃)₂•6H₂O, 
(BDH chemicals, Middle East LLC, UAE 98%), sodium hydroxide (NaOH, Fluka 
Honeywell, Seelze, Germany, 99.9%), HCl (Fluka Honeywell, Seelze, Germany, 
37%), ethanol (Sigma-Aldrich, Milwaukee, United States), and indigo carmine (IC, 
Merk, Damstadt, Germany). All aqueous solutions were prepared using double 
distilled water. HCl, NaOH, and buffers were utilized to adjust the pH of the 
working solutions. 
 

Preparation and Phytochemical analysis of the citrus limon leaf 
extract 

The preparation method of the leaf extract was adapted from Hooda et al. (12). 
Citrus limon leaves were collected from a private house garden in Ar Rass city, 
Qassim, Saudi Arabia. The fresh leaves were washed using running tap water, 
followed by distilled water to remove dust particles, then dried in dark at ambient 
temperature for 24 h. The dry leaves were then powdered using an electric 
grinder. 20 g of the leaf powder was transferred to an Erlenmeyer flask containing 
400 mL of distilled water. The mixture was stirred at 80°C with a magnetic stirrer 
at 900 rpm for 1 h. Subsequently, after cooling to ambient temperature, the 
mixture was filtered using a Buchner funnel through Whatman no. 1 filter paper. 
Finally, the filtrate was kept at 4°C for further use. The phytochemical analysis 
according to previous studies (13, 14) were carried out to test for the presence of 
phytochemical constituents, namely, flavonoids, alkaloids, phenols and saponins.  
 

Test for flavonoids: A volume of 1 ml leaf extract was treated with 1 mL of NaOH.  
 

Test for alkaloids: A volume of 1 ml leaf extract was acidified by adding 1 mL of 
1.5% v/v HCl solution, and then 1 mL of Wagner’s reagent was added. 
 

Test for phenols: A volume of 1 ml leaf extract was treated with a few drops of 5% 
neutral ferric chloride. 
 

Test for Saponins (Frothing Test): About 1 mL of the leaf extract was diluted 
separately with 5 mL of distilled water and was shaken in a test tube for 15 min. 
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Preparation of NiO-NPs 

The biosynthesis of the NiO-NPs was carried out according to Ferenji et al. (11) 
with some modifications. In a 250 mL Erlenmeyer flask, 5 g of Ni(NO₃)₂•6H₂O were 
dissolved in 100 mL of the citrus limon leaf extract. The pH was adjusted to 10.0 
using a 0.1M NaOH solution and then kept under continuous stirring (900rpm) at 
80°C for 4 h. The mixture showed a color alteration from a green precipitate to 
yellowish-brown gel material, indicating the formation of NiO-NPs. The gel mixture 
product was then centrifuged at 5,500 rpm for 10 min, and the pellet was washed 
several times with distilled water and then with ethanol. The pure NiO-NPs were 
then dried in an oven at 100°C for 10 h. Finally, the dry green powder was 
calcinated in an oven furnace at 400°C for 2h to form a grayish black powder of 
NiO-NPs, which was then used for characterization. Figure 1 summarizes the green 
synthesis, characterization and adsorption studies of the NiO-NPs. 

Figure 1: A schematic diagram of the overall green synthesis, characterization and 

adsorption studies of the biosynthesized NiO-NPs using citrus limon leaf extract. 

 

Characterization of NiO-NPs  

The NiO-NPs  were characterized using an X-ray diffractometer (XRD, Rigaku, 
Tokyo, Japan, with K beta filter, time duration 10.000°/min, scanning range 10.0–
90.0°, and operated at 40 kV, 40 mA), Shimadzu Fourier Transform Infrared 
Spectrophotometer (FTIR, 4000–400 cm⁻¹, fixed path length, Kyoto, Japan), The 
elementary calculation was identified using the energy dispersive X-ray 
spectroscopy (EDS), whereas the surface morphology of the NPs was verified using 
SEM (FESEM, JEOL-SEM, 6700F, Tokyo, Japan). Surface properties were estimated 
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using the (BET) model from nitrogen adsorption isotherms collected at 77K using 
a NOVA 2200e surface area analyzer, Durham, England. Pore size distribution was 
analyzed using a BJH model from the desorption branch. The thermogravimetric 
analysis TGA/DSC were carried out using the Perkin Elmer Pyris 1 TGA. The pH 
measurements were carried out using a pH meter (BOECO, model PT-380, 
Germany). The IC dye concentration in the sample solutions was determined at 

max at 610.5 nm using a double beam UV-vis. spectrophotometer (UV-3600, 
Shimadzu, Hamburg, Germany). 

Dye Adsorption Studies 

The IC dye was chosen to study the dye removal activity and adsorption capacity 
of NiO-NPs under different adsorption parameters: dye concentration, adsorbent 
dose, contact time, pH, and temperature. The stock IC solution (100 ppm) was 
prepared in double-distilled water, and the serial dye concentrations were 
obtained by the dilution method. In a 250 ml graduated beaker, a known amount 
of NiO-NPs was added to 100 ml dye solution, and the mixture was allowed to stir 
at 900 rpm in the dark for 30 min in order to reach equilibrium. The residual 
concentration of the dye was measured using a UV-vis. spectrophotometer in the 

range of 400–800 nm. Prior to adsorption experiments, the max of the absorption 
band of the IC solution was determined in the range of 400–800 nm. The different 
pH of the IC solution was maintained using 0.1 M HCl and 0.1 M NaOH solutions. 
The ranges of the different adsorption parameters used were as follows: dye 
concentrations (15–100 ppm), contact time (0–120 min.), adsorbent dose (20–100 
mg), pH (3–11), and temperature (30–60 °C). Each experiment was carried out in 

triplicates, and the dye concentration was determined at max 610.5 nm. The 
adsorption experiments were carried out to measure the adsorption uptake 
quantity (qe) and the percentage of dye removal (%R) of IC on the NiO-NPs 
adsorbent using the following equations. 

𝑞
𝑒 =     

𝐶0−𝐶𝑒
𝑊

  𝑥  𝑉                        (1) 
 

%R =  
𝐶𝑜 − 𝐶𝑒

𝐶0
𝑥  100                 (2) 

where qe is the equilibrium adsorption capacity (mg/g); C0 and Ce are the initial 
and equilibrium concentrations (mg/L) of the adsorbent solution, respectively; V 
is the volume of the initial solution (L) used for sorption; and W is the weight of 
the adsorbent (g). The analytical response was expressed as the adsorption 
efficiency (%R). 
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3. Results and discussion 

Table 1 and figure 2 summarizes the phytochemical screening results of the main 
bioactive components of the citrus limon leaf extract. Positive results were 
obtained, indicating that citrus limon leaf extract possesses the mentioned 
bioactive compounds. These results are consistent with the findings of J.M. Ehiobu 
et al. (8), which reported high contents of  phenols, flavonoids, saponins, and 
alkaloids, with the highest phenolic acid and flavonoid content in the aqueous 
citrus limon leaf extract.  

Table 1: Phytochemical analysis of the citrus limon leaf extract. 

Results Chemical test Phytochemicals s.n. 

+ alkaline test flavonoids 1 

+ Wagner's test alkaloids 2 

+ Ferric Chloride Phenolic compounds 3 

+ frothing test saponins 4 

 
 
 
 
 
 
 
 
 
 
Figure 2:  A photographic image of the results of the phytochemical test citrus 

limon leaf extract. 

 
 

FTIR analysis 
Figure 3 shows the FTIR spectra of the citrus limon leaf extract and that of the NiO 
NPs were measured in the range of (4000–400 cm⁻¹). The FTIR spectrum of leaf 
extract showed two broad bands at 3387 cm⁻¹ and 627 cm⁻¹, which could be 
attributed to the stretching and bending vibrations of the OH group in phenolic 
compounds, alcohols, and carboxylic acids, respectively. The absorption band at 
1624 cm⁻¹ indicated the presence of the C=O group, and the peaks in the range 
1535–1410 cm⁻¹ were attributed to the aromatic C=C bond. The absorption band 
appeared at 1078 cm⁻¹ and was assigned to the C-O stretching frequency. These 

2 
4 

3 
1 
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results are consistent with the FTIR spectra of phenolic compounds and 
flavonoids(13). Moreover, this suggests that bioactive compounds present in 
lemon leaf extract are involved in the bio-reduction and stabilization of nickel ions 
to nickel oxide nanoparticles (13, 14). 
The FTIR spectrum of NiO-NPs (figure 3) showed a strong broad band at 422 cm⁻¹ 
attributed to Ni–O stretching frequency, which confirmed the formation of the 
NiO-NPs. The absorption band at 1438 cm⁻¹ may be ascribed to H–O–H bending 
vibration of the traces of water molecules adsorbed on the surface of the or to the 
C=O stretching vibrations (6, 7). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3: FTIR spectra of citrus limon leaf extract and the NiO-NPs. 

 

XRD analysis 
The crystal structure of the synthesized NiO-NPs was characterized using the XRD 
technique. The results showed the presence of five strong diffraction peaks at (2Ɵ 
= 37, 43, 63, 75.5, 79.5°) corresponding to Miller Indices (111, 200, 202, 311, 222), 
respectively. These reflections indicated that the formed nanoparticles have a 
cubic crystalline structure with the space group Fm-3m (COD 1010095). The XRD 
examination of the NiO-NPs shown in figure 4 matches the XRD spectrum 
according to the COD data of NiO (1010095). There were no additional peaks in 
the XRD spectrum, confirming the purity of the obtained nanoparticles. The 
particle size of the nanoparticles was estimated using the Debye-Scherrer 
equation, and the average crystalline size was found to be 14.5 nm (13). 

D = Kλ / β cos θ 

where D is the average crystal size of the nanomaterial, k is the Scherer coefficient 
(0.94), λ is the wavelength of X-rays (λ = 0.154 nm), θ is the Bragg angle 2θ, and β 
is the full width at half maximum (FWHM) in radians. 
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Figure 4: XRD diffraction pattern of the NiO-NPs 

 

SEM/EDS analysis 
The morphological features of NiO NPs were examined using SEM analysis (figure 
5a). The image showed that the nanoparticles had cubic shape morphology with 
high agglomeration with an average particle size of 374 nm. The agglomeration of 
nanoparticles may be due to the exposure of the particles to high calcination 
temperature (5), or maybe due to aggregation or overlapping of smaller particles, 
which is in good agreement with results reported in the literature (14, 15). EDS 
spectrum (figure 5b) reveals the presence and formation of Ni (72.5%) and O 
(27.5%) in total weight percentage of NiO-NPs. No extra elemental peaks were 
found, which gives evidence of successful formation of NiO NPs with high purity. 
The results of the EDS analysis of the NiO-NPs were compatible with the XRD 
results (11). 

 
 
 
 
 
 
 
 
 
 
 
Figure 5: (a) SEM image with insert of particle size distribution curve b) EDS 
pattern of the NiO-NPs. 

 

(a) (b) 
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BET analysis  
The N2 adsorption/desorption experiment was conducted at 77 K in order to 
determine the adsorption capacity of the adsorbent material. The BET values 
calculated from the N2 adsorption/desorption isotherms for surface area, pore 
volume, and pore size of NiO-NPs were found to be 13.459 m²/g, 4.98 nm, and 
0.036 cm³/g, respectively. Figures 6 (a) and (b) show the N2 desorption isotherms 
and the pore size distribution curves of the biosynthesized nanomaterial. The 
resulting hysteresis ring HI obtained from the N2 adsorption isotherms of the pure 
NiO-NPs exhibited a type-IV isotherm indicating that the charge surface of the 
adsorbent is neutral. The pore size (4.9 nm) and the mesoporous structure of the 
nanomaterial were in good agreement with the IUPAC pore size, confirming the 
mesoporous classification and properties. The NiO-NPs showed a homogeneous 
size distribution, a mesoporous structure, and a large specific surface area, 
indicating a good adsorption capacity towards the desired adsorbates. 
Consequently, higher percentages of IC dye removal are expected to occur at a 
shorter contact time (16). 

 

 

 

 

 

 

Figure 6: a) N2 adsorption-desorption isotherm and b) BJH pore-size distribution 
curve for NiO-NPs sample at 77 K. 

TGA analysis 
The samples' thermal stability and breakdown properties were examined using 
TGA. The TG curves are shown in figure 7. A notable rise is seen in the TG data at 
299.29°C, which is explained by an exothermic effect connected to the breakdown 
of epoxy and carboxyl functional groups as well as the evaporation of physically 
adsorbed water (17). The temperature at which significant weight loss results from 
the disintegration of these components is indicated by this peak. The weight 
change observed ranges from 40.80% to 99.99%, reflecting the progressive 
dehydration and dehydroxylation of present in the samples. This analysis 
underscores the thermal behavior of the adsorbents, providing insights into their 
stability and potential applications in adsorption processes under varying thermal 
conditions. TGA was performed to determine the thermal properties of the NiO-

(a) (b) 
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NPs. The temperature was changed from 37.5°C (room temp.) to 1200°C for a 
sample of 14.8 mg placed in an aluminum pan at a heating rate of 20°C/min under 
an air atmosphere. The initial mass loss begins with the peak at 100°C, which is 
related to the moisture content of the sample, which was calculated and found to 
be 10%. The two small peaks at 600°C and 800°C correspond to mass loss of 45% 
and 49%, respectively, and may be related to self-gasification of possibly formed 
char (18). 

 

 

 

 

 

 

Figure 7: TGA for NiO-NPs surface. 

 

Adsorption Studies 
 
 

Effect of dye concentration 
The effects of the dye's starting concentration (298 K, NiO-NPs dose of 50 mg, 30-
min adsorption period, and 150 rpm shaking speed) on the adsorption process 
were examined using various concentrations the IC dye (15, 30, 45, 60, and mg/L). 
As the initial concentration of IC dye rises. Figure 8 a,b illustrates that the amount 
of adsorbed dye (qe) rises from 29.45 to 145.64 mg/g, but the removal percentage 
(%R) falls from 98.18% to 97.19%. Once the initial IC dye concentration fills the 
adsorbent surface sites, saturation is achieved at a lower dye concentration. 
Therefore, adding more IC dye to a solution does not result in further adsorption; 
rather, at greater concentrations, it actually reduces dye removal (Figure 8a). 
Figure 8b illustrates that the amount of adsorbed dye, qe, increases in tandem with 
the initial IC dye concentration. This may be because sorption becomes 
independent of starting concentration at low initial IC values due to the limited 
number of accessible sites per unit dye concentration. On the other hand, more IC 
molecules become available per unit mass as dye concentration increases, which 
causes the binding sites to gradually fill and qe values to climb (19). 
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Figure 8: Effect IC dye concentration (a) Removal percentage (%R), (b) Amount 

of adsorbed dye (qe) 

 
 
Effect of NiO-NPs doses 
The impact of NiO-NPs weight on the removal percentage of IC dye was examined 
using adsorbents containing 20, 40, 60, 80 and 100 mg. Additional conditions for 
the experiment included a 30-min adsorption duration and an initial IC dye 
concentration of 30 mg/L. Figure 9 illustrates how the weight of NiO-NPs affects 
the percentage of IC dye elimination. This graph demonstrates that when the 
weight of NiO-NPs increased, the R% value rose from 96.65% to 97.63%. This rise 
is correlated with both the adsorbent's surface area and the number of accessible 
adsorption sites. Based on the obtained results, 100 mg was determined to be the 
ideal weight for further research (20).  

 

 

 

 

 

 

Figure 9: The effect of NiO-NPs weight on the % removal of IC dye. 
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Effect of adsorption time 
By varying the adsorption duration from 15 to 120 min at 298 K and using a 50 mg 
dosage of NiO-NPs, the effect of adsorption time on the elimination percentage 
for 50 mg/L IC dye was investigated. The impact of adsorption time on the IC dye 
elimination percentage is depicted in figure 10. It is evident that the %R number 
abruptly rises at 15 min and then nearly stabilizes at 45 min. This may be explained 
by the presence of vacant adsorption sites on the surfaces of NiO-NPs, which were 
then slightly increased until the equilibrium was attained. Thus, 60 min was the 
ideal duration (21). 

 

 

 

 

 

 

 

Figure 10: The effect of adsorption time on the % removal of IC dye.  

 
Effect of temperature  
Under ideal operating conditions, which included an initial IC dye concentration of 
30 mg/L, a NiO-NPs dose of 50 mg, an adsorption period of 30 min, and a 
temperature variation from 303 to 333 K, the impact of temperature on the 
percentage removal of IC dye was examined. Figure 11, which displays the results, 
shows that the percentage removal (R%) grows with temperature. This implies 
that the sorption process may be responsible for the exothermic IC dye adsorption 
onto NiO-NPs (22). 
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Figure 11: The effect of temperature on % removal of IC dye 

 

Effect of initial pH  
By varying the pH between 3 and 11 at 298 K, with an IC dye concentration of 30 
mg/L, an adsorbent dosage of 50 mg, and an adsorption period of 30 min, the 
impact of pH on the % R was examined. Figure 12 illustrates how pH affects the 
proportion of IC dye removed using NiO-NPs. The figure shows that when the pH 
values increased, the %R values dropped from 98.18% to 84.5%. Since the 
adsorbent surface has a high positive charge density at lower pH values, the 
adsorption of the anionic dye can be enhanced in acidic environments. Higher 
values for removal will therefore be established as a result of the electrostatic 
attraction between the positively charged surface and the negatively charged IC 
dye, whereas at higher pH values, there is an increase in the negatively charged 
sites associated with the presence of OH ions, which results in electrostatic 
repulsion, as observed (23). 

 

 

 

 

 

 

 

 

Figure 12: The effect of pH solution on the % removal IC dye. 
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Adsorption isotherm models  
 

Langmuir isotherm  

This model states that there is no interaction between molecules adsorbing on 
different locations and that the adsorption surface layer is uniform with identical 
spots for all adsorbate molecules. A signal adsorbate molecule is also thought to 
be able to occupy an active site, resulting in a single molecule as the thickness of 
the adsorption layer. The following equation represents this model's linear 
equation: 
 

Ce

qe
  =  

1

qmax. b
   +  

1

qmax
   . Ce                                     (3) 

Where Ce is the dye concentration at equilibrium (mg/L), qe refers to the 
equilibrium amount of the substance adsorbed per gram of the adsorbent (mg/g), 
qmax is the maximum monolayer coverage (mg/g), and b is the Langmuir isotherm 
constant (L/mg). The values of b and qmax are estimated from the linear plot 
between Ce/qe against Ce (figure 13a). The effectiveness of adsorption was 
calculated using the dimensionless constant or separation factor RL which was 
estimated using the following equation. 

𝑅𝐿 =  
1

𝑏𝐶𝑖
                                             (4) 

 

Where Ci is the starting IC dye concentration (mg L-1). The values of Rs specifies the 
adsorption was irreversible R = 0, favorable (0 < RL < 1), linear RL = 1 or unfavorable 
RL >1. The values of b, qmax and RL are listed in Table 2. From the values of RL it can 
be noticed that these values between 0 and 1 (0 < RL < 1) which indicates that the 
adsorption of IC dye onto NiO-NPs favorable. 

 

Freundlich isotherm  
The Freundlich linear equation can be written as following equation (24): 

log 𝑞𝑒 = log 𝐾𝑓 + 
1

𝑛
 log 𝐶𝑒                           (5) 

Where kf is Freundlich constant related to the adsorption capacity (mg/g) and nf is 

the adsorption intensity, these values were estimated from the intercept and slope 

of linear relation between ln qe and ln Ce (figure 13b). Table 2 displays the values 

that were obtained. The sorption of IC dye onto NiO-NPs is advantageous, as can 

be observed from the values of 1/nf < 1. It may be inferred from the correlation 

coefficient R2 values for both models that Langmuir models well represent the 

experimental data. Our findings concur with N. H. Al-Shammari et al (25). 

Adsorption is thought to benefit from n values between 1 and 10, with n > 1 being 
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the most prevalent and explaining the distribution of active centers on the surface 

or any other factor that causes the adsorbent-adsorbate interaction to diminish as 

surface density increases. A physical adsorption of IC ions onto the NiO-NPs is 

indicated if n is between 1 and 10 (1/n is smaller than 1). Table 3 compares the 

results of this study to those of the previous findings. 

Table 2: Adsorption isotherm models' constants. 

Isotherm model RL Evaluated parameters of the 

isotherm 

Langmuir 

 

0.06 qmax (mg/g)                    b (L/mg)      R2 

 218 0.54 0.95 

Freundlich 

 

- n Kf   R2 

- 2.5 4.51  0.98 

 

 

 

 

 

 

 

 

Figure 13: Adsorption isotherm plots for (a) Langmuir isotherm (b) Freundlich 
isotherm. 

Table 3: A Comparison of the maximum monolayer adsorption of some dyes on 

various adsorbents. 

Dye Adsorbent 

Maximum monolayer      

adsorption capacity 

(mg g−1) 

 

References 

Methylene Blue 

(MB) 

       Orange peels  98.9 (26 ) 

Methylene Blue 

(MB) 

Nano activated 

carbon 

28.09 (27) 

Methyl orange 

(MO) 

        (NiO-NPs) 97.56 (6) 

Indigo Carmine 

(IC) 

        (NiO-NPs) 218.4 our study 
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Adsorption Kinetics model  

The pseudo-first order PFO (Lagergren equation) written as following:  

ln( qe − qt ) =  lnqe  − k1  . t                          (6)   

Where qt, qe are the amount adsorbed at time t and at equilibrium (mg. g-1), 
respectively, For the adsorption process, t is the time (min), and k₁ is the PFO rate 
constant (min⁻¹). PFO rate constants k1 and qe were estimated using the slopes 
and intercepts of the plots between ln (qe-qt) against t in figure 14a. Table 4 
provided a summary of these values. The lack of fitting agreement between the 
values of qe cal and qe exp is evident from the data, indicating that this model is 
less appropriate for explaining the adsorption process. The following is the 
expression for the pseudo-second order (PSO) kinetics equation: 

𝑡

𝑞𝑡 
=  

1

𝑘2𝑞𝑒
2

+ 
1

𝑞𝑒
  . 𝑡                                                               (7) 

Where k2 is the equilibrium rate constant for the PSO equation (g/mg. min). The 
values of k2 and qe can be estimated from the intercept and the slope of plots 
between t/qt versus t as shown in figure 14b, these values are shown in Table 4. 
According to the obtained results, it is clear that the values of correlation 
coefficients R2 for the PSO model was higher than PFO model, also there is a good 
agreement between the values of qe exp and qe cal, so we can suggest that the PSO 
sorption mechanism is predominant. 

 

 

 

 

 

 

 

 

 

Figure 14: Adsorption kinetic plots for (a) PFO model (b) PSO model. 
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Table 4: Kinetic parameters and correlation coefficients for IC adsorption on 

NiO-NPs. 
 

 

 

Adsorption Thermodynamics 

Thermodynamic parameters values are calculated using the following equations: 

𝑙𝑛𝐾𝑎𝑑𝑠 =  
∆𝑆

𝑅 
 − 

∆𝐻

𝑅𝑇
                                    (8) 

∆𝐺 =  −𝑅𝑇𝑙𝑛𝐾                                               (9) 

where ∆S° represents the change in entropy with unit J/mol K and ∆H° shows the 
variation in enthalpy with unit kJ/mol. The slope and intercept of the plot between 
the values of ln Kqe against 1/T (figure 15) yield the values of ΔHo and ΔSo. Table 5 
reports on the values. Negative values for the change in the Gibbs free energy ΔGo 
at the specified temperature were used to assume that the adsorption process was 
spontaneous; however, negative values for ΔH° indicated that the process was 
exothermic. This could be explained by the sorption process, which combines 
absorption and adsorption. Furthermore, when IC dye is adsorbed onto NiO-NPs, 
the positive ΔSo values show that the degrees of randomness are almost increased 
at the solid-liquid interface (28). 

Table 5: Thermodynamic parameters for IC adsorption on NiO-NPs. 
 

T (K) ∆G° (J/mol) ∆H° (J/mol) ∆S° (J/mol.k) 

30 -105.8  

-11.51 

 

72.98 40 -112.1 

50 -121.6 

60 -128.46 

 

 

 

Pseudo-first order Pseudo-second order      Experimental qe 

qe,cal 

(mg/g) 

177.08   qe,cal         

(mg/g) 

    208 (mg/g) 218 (mg/g) 

K1 (min-1) -3.52          K2 (min-1) 0.005  

 R2 0.99 R2 0.95 
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Figure 15: Thermodynamics adsorption of IC dye onto NiO-NPs. 

 

4 Conclusions 

A simple, clean, green approach has been established for the synthesis of NiO-NPs 
using citrus limon leaf extract as a reducing and stabilizing agent. The FTIR, XRD 
and EDS analyses confirmed the formation of pure, crystalline nature and the 
elemental composition of the biosynthesized NiO-NPs. The XRD pattern indicated 
a cubic crystalline phase with crystallite size of 14.5 nm which could be attributed 
the action of different phytochemicals present in the leaf extract. The NiO-NPs 
synthesis and its characterization of chemically stable spheres highlight their 
advantages toward the environment. The outcomes indicate that NiO-NPs give 
rapid adsorption, to reach equilibrium within approximately 30 min and the 
removal efficiencies for IC dye were notably high with values of 96 %, 97 %, 98.25 
%, and 99.82 % at equilibrium. The adsorption of IC onto the NiO-NPs sample was 
well-fitted by the Langmuir isotherm model. It was discovered that the adsorption 
process is exothermic and happens spontaneously based on the thermodynamic 
parameters ∆Ho, ∆So, and ∆Go. The best model for describing the adsorption 
kinetics, according to the kinetics study's findings, was pseudo second order 
prospective. Herein, the findings were found to be compatible with the resent 
researches reported in literature (22, 29, 30). This work sets the stage for further 
investigation into how to best utilize and scale up the application of NiO-NPs for 
the efficient removal of IC dye under varied environmental circumstances, thereby 
fostering more robust ecosystems and protecting human health.  
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