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a b s t r a c t
Nickel oxide nanoparticles were synthesized via calcination of organometallic chelate. The adsorp-
tion of acid yellow 99 (AY99) was examined using produced NiO at temperatures of 450°C, 550°C, 
and 650°C. Different spectroscopic studies were used to characterize the synthesized NiO as an 
example (XRD) X-ray diffraction, FTIR, energy-dispersive X-ray spectroscopy (EDX), including the 
Brunauer–Emmett–Teller (BET) variable surface area, which was 156.036 m2/g. Scanning electron 
microscopy (SEM) got accustomed to quantifying the changes on the surface. Initial pH, for exam-
ple, is variable to consider, the dose of adsorbent, time of contact, temperature, and the point of 
zero charging (pHPZC) of NiO was designed and established to be 7.3. To discover the best adsorp-
tion conditions for extracting (AY99) from aqueous media, researchers looked into a variety of fac-
tors. Langmuir isotherm was shown to closely resemble the experimental values. To characterize 
the dye getting, the pseudo-second-order represents growth was adopted. This was also shown 
that adsorption has a high activation energy of 24.8 kJ/mol, this indicates that the adsorption obeys 
the chemisorption process. To determine adsorption equilibrium parameters, the Langmuir iso-
therm was utilized. Several thermodynamic constraints, for example, ΔG°, ΔH°, and ΔS° were 
calculated at various temperatures. The thermodynamics of the adsorption mechanism was dis-
covered to be endothermic, random, and spontaneous. Compare the results of adsorption of AY99 
over the NiO was 766.35 mg/g with other adsorbents and found it is the best one for removal.
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1. Introduction

Manufactured plants like textiles, food, plastics, paper, 
tanneries, and cosmetics have all been colored using dyes 
[1]. The three types of dyes are cationic (basic dyes), anionic 
(acid dyes), and non-ionic (dispersed dyes). It is now crucial 

from an environmental standpoint to treat wastewaters 
to eliminate colour. Because of their sulphonate groups, 
anionic dyes in aqueous solution have a net negative charge, 
whereas cationic dyes have a net positive charge because 
of their protonated amine or sulfur-containing groups. 
Therefore, it is essential to cleanse these discharge pigments 
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before dispersing them in water. Additionally, because of 
their aromatic structure, they are more stable and more 
resistant to degradation.

The preponderance of dyes is organic compounds that 
are complicated that must be immune to a variety of fac-
tors, including detergent action. Synthetic dyes are com-
monly used in a variety of high-tech fields [2]. Textiles, 
papers, leather tanning, food manufacturing, polymers, 
cosmetic, latex, printing, and dye industries are just some of 
the industries involved. Groundwater tracing, determining 
activated sludge surface area [3], wastewater and pollution 
treatments, and other applications use synthetic dyes [4]. 
Because of their recalcitrance, releases from their outputs 
into the hydrosphere are a significant cause of pollution [5]. 
This will give the water a distasteful color, reducing sun-
light penetration and making aquatic life more resistant 
to photochemical and biological attacks [6]. According to 
the most recent reports, over 100,000 industrial colors are 
available, with total yearly manufacturing of over 7,105 tons 
[7,8]. Over 10,000 tons of dye are consumed annually by 
the textile sector, and every year over 100 tons of dye are 
released into rivers [9]. A few of the processes being used 
to eliminate colours from wastewater Adsorption, coagu-
lation, chemical oxidation, and membrane technology are 
some of the methods used [10]. Among the most effective 
modern wastewater management is adsorption, and it is 
used by companies to remove toxic inorganic and organic 
contaminants in effluent. In order to deal with dye pollu-
tion, many textile factories use industrial-activated car-
bon [11,12]. The current study focuses on the need for a 
low-cost, high-potential adsorbent to replace industrial 
activated carbon [13]. Many studies have focused on the 
feasibility of resources, manufacturing solid wastes, and 
agriculture by-products are all used and bio sorbents as 
forerunners for various low-cost adsorbents [14]. The lig-
nin cellulosic biomass works well as an adsorbent [15]. The 
investigators also indicated that raw biomass adsorbents 
were subjected to various physical or chemical treatments 
to enhance their adsorption capacity [16–18].

Various methods, such as ozonation, have been suc-
cessfully employed to remove different antibiotics from 
aqueous solutions [19–21], modern oxidation techniques, 
deterioration caused by photocatalysis [22,23], coagula-
tion [24,25], and adsorption [26]. Nevertheless, it has many 

challenges, such as poor performance, challenging opera tion, 
and harmful byproduct production [27,28]. Adsorption has 
the most promise among these techniques for the purifica-
tion of water due to its ease of manufacture, low cost, great 
efficacy, and lack of harmful intermediates [29]. Water con-
taminants like activated carbon, metal oxides, clays, and 
agricultural wastes have all been removed using a variety 
of adsorbents. Furthermore, because natural adsorbents are 
inexpensive, researchers are concentrating depending on 
how frequently they are utilized in treating wastewater [30].

The goal of this work was the synthesis and character-
ized NiO nanoparticles in novel way that gives highly sur-
face area 156.036 m2/g and effective removal of AY99 from 
wastewater 766.35 mg/g. And on other hand the reusabil-
ity of NiO nanoparticles has its used about three times. 
The effectiveness of the removal of AY99 was compared 
with previous studies and the result referred that our 
adsorbent was the best than the other.

2. Material and methods

2.1. Materials and instruments

The materials and instrument used for characterization 
were illustrated in detail in (Supplementary material) [31].

2.2.1. Preparation of NiO nanoparticles

The NiO was obtained by calcination of [Ni(L)Cl(OH2)3] 
chelate at temperatures of 450°C, 550°C, and 650°C for 
4 h. In addition, the dried NiO sample was sieved with 
a 200 µm mesh to obtain small uniform particles. This 
method produces NiO nanoparticles quickly and easily, 
without the use of expensive and harmful solvents or com-
plicated equipment [32].

2.2. Preparation of adsorbate

AY99 with concentration (1 × 10−3 mol/L) was preared 
using bidistilled water during the preparation of the  
stock solutions and the experimental study (Table 1).

2.3. Batch adsorption studies

Experimentation with pH (2–12) and other factors was 
studied by simply adding enough AY99 to distilled water 

Table 1
Characteristics of adsorbate Acid Yellow 99 used in the study

Dye Ball and stick model of dye Molar mass (g/mol) λmax Electrical property

Acid Yellow 99 496.35 445 Anionic
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to completely dissolve it, the effects of sorbent (NiO) dose 
concentration (0.01–0.1 g)/25 mL, The influence of NiO 
dosage on the adsorption of (AY99) in aqueous system and 
temperature (25°C–55°C) was examined [33]. Subsequent 
agitating at 200 rpm for 120 min, NiO was isolated by cen-
trifugation. UV-Vis at 445 nm was used to assess the dye 
concentration. The proportion of decolorization (R) was 
determined from Eq. (1):
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The adsorption potential (qe, mmol/g) was calculated 
using the equilibrium equations (Eq. 2):
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The total amount of dye per unit weight of the sorbent 
at time t was determined using the mass balance equation. 
(It explains why the amount of the solution has decreased) 
(qt, mmol/g) as follows (Eq. 3):
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3. Results and discussion

3.1. Characterization of NiO nanoparticles

3.1.1. X-ray diffraction (XRD) patterns

XRD was accustomed to investigating the purity and 
crystallinity of as-synthesized NiO nanoparticles, as shown 
in Fig. 1. The crystal planes (111), (200), (220), (311), and 
(222) of bulk NiO can be easily indexed at 2θ = 37.20°, 43.20°, 
62.87°, 75.20°, and 79.38°, respectively. Not just when it 
comes to peak position, but also when it comes to relative 

full strength. Each of these diffraction peaks is fully cor-
related with NiO’s face-centered cubic (FCC) crystalline 
phase [33].

The calculated NiO lattice constant is 4.1729 Å based 
on XRD measurements, which is in strong agreement with 
the data. (JCPDS, No. 04-0835). Applying Scherrer’s for-
mula d = K/B cosθ, X-ray diffraction line broadening is used 
to assess the average crystallite size. Wherein d denotes 
grain size; K = 0.89 and λ is the wavelength of the X-ray 
(Cu Ka, 1.54056 A); NiO crystallinity size was determined 
Scherrer equation at (200) peak was 25, 42, and 60 nm at 
the temperatures 450, 550, and 650°C, respectively. It is 
obvious that when the temperature rises, the average par-
ticle size rises while the particular surface area decreases. 
The greater amount of NiO particle deposition can be 
used to explain these findings [34].

3.1.2. Brunauer–Emmett–Teller (BET) surface area

Because the size and number of pores can significantly 
affect a substance’s properties and its capacity for process, in 
a porous material, determining the effective surface area of 
the holes is extremely important. This is commonly accom-
plished by measuring the material’s Brunauer–Emmett–
Teller (BET) area of contact. Surface interactions occur 
whenever a gas interacts with a substance’s outer surface. 
Physisorption-based adsorption isotherms and the like-
lihood that gas will get weakly attached to a substance’s 
surface serve as the foundation for BET tests. Gas can 
quickly adsorb and desorb from the surfaces of a substance 
since physisorption is reversible.

The adsorption isotherm, which measures volume, 
is produced when gas is adsorbed while being subjected 
to a range of pressures and temperatures. The tempera-
ture is roughly 77 K since liquid nitrogen is employed to 
maintain the temperature’s stability. Plotting the quantity 
of gas adsorbed against the results of the relative pressure 
in the complete graph of the adsorption isotherm. The con-
curve shape of the plot shows the type of porosity existing 
in the substance (Fig. 2) as well as the sort of pores in the 
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Fig. 1. NiO nanoparticles were analysed using XRD.

 

Fig. 2. NiO at 450°C isotherms of N2 adsorption/desorption.
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substance (Table 2). The presence of a hysteresis loop is 
shown by type IV adsorption isotherms for NiO restricted 
absorption at high initial P/Po and capillary condensation 
in a mesoporous medium. The first loop is responsible for 
mono-multilayer adsorption, while the second is responsi-
ble for desorption. Adsorption effectiveness of the sample 
calcined at 450°C is higher in our case. Which has a lower 
crystallite1 size and a larger specific surface area than 
the others (156.036 m2/g) [12].

3.1.3. SEM analysis

The surface properties of NiO nanoparticles were exam-
ined using SEM (Fig. 3) depicts the uniform development of 
metal oxide. The cultivated nanostructures are in the form 
of nanoparticles that were interlinked and created pores 

and fissures, resulting in vast surface areas for rapid dye 
dispersion on metal oxide surfaces, SEM photos at greater 
microscopy demonstrate this. NiO nanoparticles hav-
ing a diameter ranging from 27 to 47 nm were approved 
by SEM examination [35,36].

3.1.4. Energy-dispersive X-ray spectroscopy (EDX)

Owing to its atoms, each material will have its X-ray 
spectrum with its unique set of peaks, according to energy 
dispersive X-ray analysis. To evaluate the chemical contents 
of nanoparticles, EDX studies were employed. Peaks for Ni 
and O were discovered, but no peaks for impurities, sug-
gesting that NiO had been clean for a long period (Fig. 4) [35].

3.2. Batch experiments

3.2.1. Determining the point of zero charge (pHPZC)

pHPZC was one of the most important variables in the 
destruction of AY99. The charge on the surface of NiO was 
measured. as well as ionic species contained in the adsor-
bate solution (Fig. S2). The pH (pHPZC) where the positive 
and negative charges at surfaces are equivalent is known 
as the PZC. The surface charge of NiO was determined 
using this method. The pHPZC of NiO was found to be 7.3. 
This demonstrates that NiO obtains a positive charge under 
this one pH as a result of functional group protonation, 
because of protonation of functional groups, NiO gets a 
negative charge above this pH [37,38].

3.2.2. Effect of pH

Absorption of AY99 as a function of pH in the starting 
solution onto NiO may be seen in Fig. 5 (1.2 × 10−3 mol/L, 
25°C and dosage 0.02 g/25 mL, contact time 60 min). For 
dye adsorption, a low pH appears to be most efficient. The 
dye’s absorption was found to be inhibited at higher pH 
levels. Because the adsorbent has a structural alteration 
that corresponds to the dye charge, electrostatic repul-
sions are assumed to be what causes the dye absorption 
to drop [39]. When the pH is lower, to combat the dye, 
there are usually more protons (H+) in the solution. The 
positive charge of the NiO surface was demonstrated to 
decrease as the pH of the solution raised, which harms dye 
absorption Fig. S2. As a result of this dye’s removal, NiO 
nanoparticles are an efficient adsorbent, with a pH of 4 

 

Fig. 3. NiO at 450°C is shown in an SEM picture.

Fig. 4. NiO’s EDX spectrum at 450°C.

Table 2
NiO nanostructures’ average pore size, surface area, and 
volume of pores

Average pore 
size (nm)

Pore volume 
(cm3/g)

Specific surface 
area (m2/g)

Temperature 
(°C)

3.485 0.1890 156.036 450
5.058 0.4582 87.121 550
9.681 0.7054 33.800 650
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being the best. A negatively charged adsorbent surface is 
produced as the pH rises due to a decrease in the positive 
charge on the oxide or solution contact. Higher OH ion 
concentrations and ionic repulsion between anionic dye 
molecules and the negatively charged surface could be the 
cause of lower adsorption at high pH values. Adsorption 
is decreased at higher pH values because the outer 
layer of the adsorbent doesn’t contain any substitutable 
anions. Adsorption of anionic dyes is best at pH < pHPZC, 
where the NiO has a positive charge [40,41].

3.2.3. Effects of calcination

Researchers looked examined the impact of NiO cal-
cination temperatures of 450°C, 550°C, and 650°C on AY99 
adsorption studies. NiO dose was 0.02 g; the volume of dye 
solution was 25 mL; and concentration was 1.2 × 10−3 mol/L, 
the pH level was 4, and the shake velocity was 200 rev-
olutions per minute. The effectiveness of NiO adsorp-
tion increased when the calcination temp was lowered 
1.239 > 1.38 > 1.4516 mmol/g for NiO at calcination tempera-
ture 450°C, 550°C and 650°C, respectively (Fig. 6) [42,43].

3.2.4. Influence of NiO dosage

By varying the adsorbent ranges, the AY99 adsorption of 
NiO nanoparticles substance was investigated (0.01–0.1 g) 
per 25 mL, AY99 concentration of 1.51 × 10−3 mol/L at 25°C 
and pH 4. The graph below displays the adsorption capac-
ity of AY99 as a percentage of the amount of adsorbent 
(Fig. 7a). The capacity of AY99 adsorption reduces as the 
dosage of NiO is raised from 1.06 to 0.28 mmol/g and rises 
from 0.01 to 0.1 g per 25 mL. The nickel oxide dose effect on 
optimum concentration (C/C0) of AY99 is seen in Fig. 7b. As 
the dosage increases, with increasing adsorbent surface area, 
the equilibrium concentration of (AY99) declines [44].

3.2.5. Influence on initial dye concentration (C0)

On NiO nanoparticles, the effect of the concentration of 
AY99 initially was looked into using an AY99 concentration 

of 6.7 × 10−4 to 1.4 × 10−3 mol/L and a NiO dose of 0.02 g. 
The removal percentage was reduced as the initial AY99 
concentration was raised. At greater AY99 concentrations, 
the active functional groups of NiO as a result of satura-
tion, adsorption decreases. At higher AY99 concentra-
tions, the removal efficiency was lower (decreasing from 
99.8% to 88.7% with an increase in AY99) [45]. The most 
common cause is an increase in the surface charge on 
NiO. As a result of this saturation, the active sites became 
saturated, lowering the dye removal quality. The higher 
AY99 starting concentration might be explained by the 
improved NiO that was present with the enhanced adsor-
bent-dye interaction (Fig. 8) [46,47].

3.2.6. Adsorption isotherms

AY99 absorption on NiO was computed utilizing iso-
therm models such as Langmuir [48], Freundlich [49], 
Temkin [50], Dubinin, and Radushkevich [51]. The best fit 
was picked based on the R2 about one. The results of the 
isotherm modeling are summarized in (Table 3). Langmuir 
isotherm model the best fit (Fig. 9). This indicates the pres-
ence of a monolayer adsorption process 1.527 mmol/g 
was the monolayer adsorption potential (qm) and 24.8 kJ/
mol is the average sorption energy value. In respect to the 
chemisorption process that has been suggested, this is accu-
rate. Indeed, the limit energy for separation is generally 
agreed to be 8 kJ/mol. Chemical sorption (up to 8 kJ/mol) 
and physical sorption (below 8 kJ/mol).

3.2.7. Adsorption kinetics and mechanism studies

Uptake AY99 onto NiO was modeled using the pseu-
do-first-order (PFO) [53], pseudo-second-order (PSO) [54], 
intraparticle diffusion, and Elovich kinetic models in this 
study. The coefficient of determination (R2) value was 
used to find the best fit. The PFO and PSO models were 
unable to specify governing diffusion mechanisms, hence 
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an intraparticle mass transfer diffusion model was utilized 
instead [55].

Table 4 summarizes the findings of the kinetics mod-
eling and displays the intraparticle diffusion equilibrium 
constant (K), PFO constants (K1), and PSO constants (K2). 
Due to its properties, For the adsorption mechanism, 
the PSO is the ideal fit R2 equals 0.999 is comparatively 
a greater correlation coefficient (R2). Designates in the 
kinetics of absorption, the accessibility of binding sites as 
well as the quantity of dye in liquid are important con-
siderations. The intraparticle diffusion kinetic modeling 
(R2 = 0.1999) for AY99 was calculated using the slope of 
the second-linear region that corresponds (Fig. 10). The 
external barrier to mass transfer around the particles is 
most important during the early stages of adsorption 
(initial sharp rise). The second equation portion intra-
particle diffusion technique for continuous adsorption. If 
the plots not intersect at the beginning, this demonstrates 
that porosity dispersion is not only a rate-limiting stage; 
Extra simulations can control the adsorption rate as well, 

which are both capable of working in tandem [56,57]. As 
the adsorption sites of NiO are heterogeneous, the Elovich 
equation suggests a wide variety of activation energies for 
chemisorption. Parameter α (associated to the proportion 
of chemisorption) as the amount of dye in the solution 
increases, the parameter (which was proportional to the 
coverage surface) is reduced (Table 4), this is because the 
useful adsorption surface of the adsorbate has decreased 
[57]. As a result, by raising the concentration within the 
range under study, chemisorption can occur more quickly. 
The excellent accuracy of the pseudo-second-order kinetic 
model makes it useful for simulating adsorption kinetics. 
Its foundation is the idea that the frequency stage involves 
electrostatic chemisorption as a result of the adsor-
bent and adsorbate sharing or exchanging electrons [58,59].
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Table 3
Adsorption of AY99 onto NiO isotherms parameters and 
their correlation coefficients [8,52]

Isotherm Value of  
parameters

Langmuir

qm,exp (mmol/g) 1.527
qm (mmol/g) 1.536
KL (L/mmol) 6.2E+05
R2 0.99952

Freundlich
n 9.362
KF (mmol/g) 
(L/mmol)1/n 4.013

Dubinin–Radushkevich

R2 0.877
qDR 0.834
KDR (J2/mol2) –8.14E-10
Ea (kJ/mol) 24.8

Temkin

R2 0.9068
bT (L/mol) 19,081.73
AT (kJ/mol) 20.72
R2 0.91



G.H. Al-Hazmi et al. / Desalination and Water Treatment 273 (2022) 246–260252

3.2.8. Experimental isotherms are adjusted us-
ing theoretical models

To find the best statistical physics model that correlates 
well with empirical adsorption isotherms. To verify the 
empirical isotherms, we use mathematical software. The 
Levenberg Marquardt algorithm of iteration that used mul-
tivariate non-linear regression Software is a widely used 

mathematical tool for altering the results of the experiment 
using a predetermined model [42]. The best-fitting models 
are evaluated using three error factors. The first is the R2 
evaluation coefficient, which indicates how well the fit is; 
The RMSE (residual root mean square error) is the second 
criterion, and the third is the Akaike information criterion 
(AIC). The following are examples of situations that imply 
that a proposed model matches the results of the experiment 
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effectively: Because R2 approaches toward agreement, 
restriction values are inside ±2 RMSE of their true results. 
Furthermore, The AIC coefficient should be kept to a bare 
minimum. Table 5 shows the R2, RMSE, and AIC coeffi-
cients obtained utilizing adsorption methods to change the 
observed isotherms. We conclude depending on the coeffi-
cient value obtained by each model following the conclusion.

The Adsorption Kinetic and isotherm models were 
selected as suitable models for the adsorption of AY99 on 
NiO as error factors obeyed the standards (The R2 value 
is the highest, while the RMSE and AIC values are the 
lowest). Therefore, it is suggested that the AY99 adsorp-
tion on NiO is regulated by the negatively charged dye 
ion’s electrostatic interaction with the positively charged 
NiO surface. Anionic dye is represented by AY99. The dye 
decomposes into two components in an aqueous solution 
to (SO3

−) and (Na+) (Table 6).

3.2.9. Thermodynamic modelling studies

The change in free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°) were computed using thermodynamics 
modeling to investigate several characteristics of NiO’s 
adsorptive elimination of AY99. In Table 6, the results of 
thermodynamic modeling at various temperatures are enu-
merated. As (ΔG°) is negative, the process is both possible 
and randomized. (ΔG°) values fell from –8.27 to –11.23 kJ/
mol at elevated temperatures. As a result, the removal of 
AY99 from NiO becomes more appealing. ΔG° may be seen 
to be linear when plotted against temperature T (Fig. 11) 
(ΔH°), and (ΔS°) 26.35 and 0.118 kJ/mol, respectively, were 
determined. The presence of positive ΔH° values indicates 
that the adsorption mechanism is endothermic. A positive 
value of (ΔS°) identifies the existence of structural reforms 
on the NiO throughout the absorption of AY99. The quan-
tity of randomization at the solid–liquid contact grows. 
Additionally, the positive number suggests that the NiO 
adsorbent has a strong affinity for AY99 [52].

The adsorption cycle’s slope and intercept were cal-
culated using the lnKc vs. 1/T plot’s standard (ΔH°) and 

(ΔS°) was determined. Arrhenius plot intercept was used 
to compute Ea (Fig. 12). The amount of ΔH° in adsorption 
processes is positive, indicating an endothermic reaction. 
While (ΔG°) negatively, it designates spontaneous reac-
tion (Table 6) [57]. In this scenario, the zero standard free 
energy temperature (T0) is calculated to be 223 K for AY99. 
The adsorbents examined are functional and can absorb 
colorants at very low temperatures, as seen by the low  
T0 values [60].

According to the Van’t Hoff plot (Fig. 12), the values 
of ΔG°, ΔS°, and ΔH° for the AY99 adsorption on NiO are 
calculated with coefficients of detection equal to 0.997. The 
fact that there were always negative ΔG° quantities (Table 6) 
as the temperature rose from 298 to 318 K showed that the 
adsorption approach is spontaneous and more effective at 
higher temperatures. The adsorption mechanism is said 
to be spontaneous based on the negative numbers of ΔG°. 
The mechanism becomes more advantageous at higher tem-
peratures in the examined temperature range, as seen by 
the rise in the negative values of ΔG° with rising tempera-
ture. The AY99 dye molecule interacts with the NiO adsor-
bent in an endothermic manner, as shown by the positive 
value of ΔH° for AY99 adsorption (26.35 kJ/mol). A growth 
in disorder or randomization at the solid–liquid interface 
is suggested by the affirmative statement that even during 
the adsorption process. The data in Table 6 similarly show 
that the values of TΔS° rose as the temperature rose and 
|ΔH°| < |TΔS°|. This demonstrates that the adsorption 
reaction exhibits more entropy change than enthalpy change.

3.2.10. Effect of ionic strength (addition of NaCl)

In addition to NaCl (C0: 1.51 × 10−3 mol/L; NiO dos-
age: 0.02 g/25 mL), The influence of Cl− on the extraction 
of AY99 was studied. As the amount of NaCl in the solu-
tion is increased, the effectiveness of adsorption is slightly 
reduced. When the quantity of sodium chloride in the 
water is 20 g/L, a 20% reduction in absorption capabil-
ity is required [61]. This might be a result of competition 
between the AY99 anions and the chloride anions for the 
sorption sites. The adsorption process declines by 1.5% even 
at a NaCl concentration of 40 g/L, indicating possibility is 
maintained in the face of difficulty (Fig. 13) [52].

3.2.11. Mechanism of interaction

The maximum AY99 adsorption was discovered to 
take place at pHpzc of NiO adsorbent values that are less 
than 7.3. AY99 absorption, As an approach, a pseudo- 
second-order kinetic model based on intraparticle dif-
fusion is used. It might be explained by the effects of the 
initial pH of the sorption solution on the surface chemistry 
of NiO and the properties of the ionized adsorbate mole-
cules. The main active principle might be the energy of the 
interaction between the charged AY99 molecule and the 
NiO surface. Through experimental analysis, the pHPZC of 
the NiO adsorbent was determined to be 7.3. The number 
of positive charge places increases while the number of neg-
ative charge positions decreases as the pH of the system 
decreases. Electrostatic interaction improves adsorption 
on the NiO nanoarchitecture’s negative charge surface. At 

Table 4
The kinetics of AY99 adsorption onto NiO nanoparticles 
and the correlation coefficients for that process [8,52]

Model Value of parameters

Pseudo-first-order kinetic
K1 (min−1) 0.016
qe (mmol/g) 0.28
R2 0.822

Pseudo-second-order kinetic
K2 (g/mg·min) 7.49
qe (mmol/g) 1.49
R2 0.9999

Intraparticle diffusion
Ki (mg/g·min1/2) –0.069
X (mg/g) 0.552
R2 0.1999

Elovich
β (g/mg) –4.065
α (mg/g·min) 2.715
R2 0.3587

Experimental data qe (exp) (mmol/g) 1.4898



G.H. Al-Hazmi et al. / Desalination and Water Treatment 273 (2022) 246–260254

acidic pH, excess Ni+ ions also exist and the chosen anionic 
dye is more readily adsorbed. The (–SO–3) on AY 99 and the 
positive sites on the adsorbent are attracted to each other 
by electrostatic forces. Ni+ and dye molecules’ positive 
cations may exchange ions, and dye adsorption onto NiO 
may also result from pore filling in [8].

� � � �� �SO Na HOH SO Na3  3  (4)

� � �� �NiO HOH O Ni  (5)

� � �� �SO Ni SO Ni33   (6)

3.2.11.1. Active sites

The method of analyzing the adsorption groups the 
electrophilic/nucleophilic attacking region and the electro-
static potential zero zones in the investigated AY99/NiO 
systems is referred to as molecular electrostatic potential 
(MEP). In this study, utilizing molecular electrostatic poten-
tials, the entire electron density surface of AY99 was charted 
(MEP) (Fig. 14). Different shades were used to indicate the 
MEP’s various values in these maps (red, yellow, green, light 
blue, and blue). Indeed, Negative MEP results were shown 
by red and yellow colours, which are connected with elec-
trophilic; positive MEP levels were shown by blue colours, 
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Fig. 10. Modeling of AY99’s uptake kinetics (T: 25°C; time: 100 min; pH: 4; C0: 1.51 × 10−3 mol/L).

Table 5
Comparison between R2, RMSE and AIC coefficient

Adsorption models R2 RMSE AIC

Langmuir 0.999 0.822 10.04
Freundlich 0.877 1.89 8.42
Dubinin–Radushkevich 0.906 1.05 9.59
Temkin 0.91 3.56 7.15
Pseudo-first-order 0.822 2.4 7.9
Pseudo-second-order 0.9999 0.923 9.85
Weber 0.199 0.6 10.68
Elovich 0.358 0.95 9.7
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Fig. 11. The graph displays how Gibbs free energy (ΔG°) 
varies with temperature (T: 25°C; pH: 4; time: 30 min; C0: 
1.51 × 10−3 mol/L).
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Fig. 12. (a) The NiO adsorbent is the subject of a Van’t Hoff plot for AY99 adsorption. (b) AY99 adsorption onto the NiO 
adsorbent is shown on an Arrhenius plot. At (T: 25°C; pH: 4; time: 30 min; C0: 1.51 × 10−3 mol/L).

Table 6
ΔG°, ΔH°, and ΔS° for the adsorption of AY99 on NiO

Dye T (K) ΔH° (kJ/mol) ΔS° (J/mol·K) Ea (kJ/mol) T° (K) –ΔG° (kJ/mol)

AY99

298

26.35 118 1.15 223

8.27
303 8.69
308 9.46
313 10.05
318 11.23

Fig. 13. NaCl’s impact and the adsorption of AY99 on NiO 
nanoparticles (T: 25°C; pH: 4; time: 30 min; dose: 0.02 g; 
C0: 1.51 × 10−3 mol/L).
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which are linked with nucleophilic attack; and the MEP 
zero area is symbolized by green. As seen in the AY99 map, 
the MEP of AY99 indicates that is most susceptible to nuc-
leophilic attack (Fig. 14). In addition, the MEP map exposes 
that the AY99 approves that the adsorbate is typically 
favorable to nucleophilic attack [62].

On the other hand, have known active binding sites. 
As a result, if these groups are present, they will boost 
dye adsorption, yet the adsorption findings revealed the 
following: NiO adsorbent capacity in regards to AY99 
adsorption capacities is owing to that contact in between 
Delocalized–electrons in NiO planes and free electrons in 
AY99 molecules positioned in aromatic rings or numerous 
bonds [63].

Table 7 shows the EHOMO and ELUMO principles, and the 
energy disparity between all compounds, ELUMO–HOMO. The 
difference in energy can be used to find out how hard mol-
ecules are and how soft they are (Fig. 15) [64]. Because the 
molecule has a reduced volume of energy. It is more polar-
izable and less powerful (more reactive). AY99 Quantum 
chemical descriptions were identified as chemical poten-
tial (µ), electronegativity (χ), global softness (б), global 
hardness (η) and electronegativity (χ), global hardness (б), 
Global index of electrophilicity (ω).

Indeed, theoretically, the Egap is defined as a major reac-
tivity of chemicals component of AY99, a tiny gap denotes 
a high level of chemical reactivity (poor stable), a huge 
gap, on the other hand, suggests low chemical reactivity 
(highly stable) (Table 7).

3.2.12. Comparison with other adsorbents

Table 8 compared the maximal AY99 adsorption capac-
ities of NiO to those previously reported for those other 
adsorbent materials. It demonstrates that the NiO pro-
duced has a significant capacity for AY 99 adsorptions.

3.2.14. Desorption studies

Adsorbent’s capacity to regenerate with its con-
stancy is two important issues that influence its practi-
cal application. We’ve now compared NiO’s adsorption 
potential over three adsorption–desorption cycles in a 
row [43]. The examined sorbent NiO was washed sev-
eral times with ethanol until colorless, after that, dis-
tilled water was used to rinse it. At 60°C, the colorless 
NiO compound was dried overnight to achieve a con-
stant weight. After renewal AY99 NiO is now ready for 
the second-stage of absorption. The efficacy of renewal 
was discovered to be 97.6, 94.5, and 92.6% during each 

 
Fig. 14. AY99’s molecular electrostatic potential (MEP).

Table 7
Quantum chemical characteristics of the AY99 under examination were established

ΔNmaxΩ
eV

S
eV–1
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Fig. 15. The molecular orbital density distribution at the 
boundary of structures was optimized using AY99.

Table 8
The ability of various adsorbents to absorb the AY99 dye

Adsorbent qm (mg/g) Reference

C-MM 121.8 [65]
MLP 708.15 [66]
MGMA–DETA 123.36 [67]
Cotton cellulose based cationic 
adsorbent

473.248 [68]

Coir pith 7.716 [69]
Stipa Tenacessima L cationized fibers 675.9 [70]
Cationoized nylon 100.31 [71]
Cationized saw dust 279.32 [72]
Polyacrylonitrile/activated carbo 
composite

154.32 [73]

NiO 766.35 This work
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cycle of adsorption/desorption this could be because 
NiO absorptions are restricted. We characterized the 
NiO material following three cycles of tests using XRD 
and discovered that the crystallinity and structure of the 

substance were retained Fig. 16. Finding demonstrates 
that NiO nanoparticles have a high reusability rate. Eq. (7) 
was utilized to assess the effectiveness of the regeneration  
process:
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Fig. 16. XRD spectra of NiO at 450°C and NiO regenerated.

Regeneration efficiency
Total adsorption capacity in the seco

%( ) =
nnd run

Total adsorption capacity in the first run
× 100  (7)

4. Conclusions

The ecology has been severely impacted by the indirect 
discharge of significant quantities of toxic dyes into water. 
Consequently, in this work, a technique to remove colours 
from industrial water was examined using to remove the 
dye AY99, NiO was created by calcining an organometal-
lic chelate, which has a greater ability for adsorption in 
wastewater samples. NiO has extremely accessible surface 
areas, with typical pore sizes of 3.485 nm and 156.036 m2/g. 
The high-efficiency mesopores NiO catch AY99 dye from 
wastewater. The NiO adsorbent was significantly affected 
by the adsorption conditions, including the solution pH, 
which resulted in mesoporous surfaces with a potent abil-
ity to interact with and absorb AY99 dye. Adsorption tests 
demonstrated that NiO had a high capacity for the removal 
of AY99 (766 mg/g) and that this capacity was maintained 
even after numerous reuse cycles. Once adsorption equi-
librium is taken into account, the Langmuir isotherm 
for AY99 more closely approximates the empirical data. 
The chemisorption approach is suggested by the mean 
adsorption energy (Ea), which is 24.8 kJ/mol. A pseudo- 
second-order kinetic model was shown to obey the adsorp-
tion kinetics as a result of the correlation coefficient (R2). 
According to the thermodynamic calculations made (ΔH°, 
ΔS°, and ΔG°), AY99 adsorbs spontaneously and endo-
thermically on NiO in the testing conditions. The meso-
porous adsorbent proved a straightforward and efficient 
method for managing industrial effluent and water filtra-
tion. We believe that this work is the first to describe the 
use of NiO adsorbents for the elimination of AY99 dye from  
wastewater samples.
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Symbols

qe —  Adsorbed amount of dye at equilibrium con-
centration, mmol/g

qmL —  Maximum sorption capacity (corresponding to 
the saturation of the monolayer, mmol/g

KL —  Langmuir binding constant which is related to 
the energy of sorption, L/mmol

Ce — Equilibrium concentration of dyes in solution
KF —  Freundlich constants related to the sorption 

capacity, (mmol/g)(L/mmol)1/n

n — Intensity
KDR — Constant related to the sorption energy, J2/mol2

qDR — Theoretical saturation capacity, mmol/g
ε — Polanyi potential, J2/mol2

R — Gas constant, 8.314 J/mol·K
T — Temperature where the adsorption occurs
AT — Temkin isotherm constant
bT —  Temkin constant in relation to heat of adsorp-

tion, J/mol
qt — Amount of dye adsorbed, mmol/g
K1 —  Rate constant for pseudo-first-order constant 

for the adsorption processes, min–1

q2 —  Maximum adsorption capacity for 
pseudo-second-order

K2 —  Rate constant for pseudo-first-order constant 
for the adsorption processes, g/mg min

α — Chemical adsorption rate, mg/g·min
β —  Coefficient in relation with extension of cov-

ered surface 
ΔG° — Free Gibb’s energy
ΔH° — Enthalpy
ΔS° — Entropy
Kc — Distribution coefficient
Ceq — Concentration at equilibrium, mg/L
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Supporting information

S1. Chemicals

Chemicals have been used exactly as they were gathered, 
without any more processing. They 2,4-dihydroxy benzal-
dehyde (99%, Chemical Reagent of Tianjin Kemiou, China), 
cyanoacetate and piperdine Sinopharm Reagent Chemical 
Co., Ltd., in China), Merck KGaA, 64271, Darmstadt, 
Germany, purchased ammonium hydroxide solution (NH3, 
25%–28%, Nanjing Chemical Reagent Co., Ltd., China), 
anhydrous ethanol (99.7%, Sinopharm chemical reagent Co., 
Ltd., China) and Acid Yellow 99 (AY99).

S1.1. Synthesis of NiO

S1.1.1. Synthesis of Cyano-6-(p-tolyl)azo-7-hydroxy 
coumarin (HL)

Two stages were used to make the ligand (HL): Step 1: 
Condensation of 2,4-dihydroxy benzaldehyde using ethyl 
cyanoacetate in the influence of piperdine yielded 3-cyano- 
7-hydroxy coumarin (0.01 mol). The media temperature was 
kept at 5°C by employing a salt bath with ice throughout 
adding, after that, the mixture was held at room tempera-
ture overnight before being put into a mixture of broken ice 
with stirring. The solid 3-cyano-7-hydroxy coumarin before 
recrystallization in ethanol, it was properly rinsed with 
cold water several times. Step 2: solutions that have been 
well-mixed of p-toluidine (0.02 mol) in 10 mL ethanol and 
5 mL 2 M HCl was chilled in a bath in ice before diazotiza-
tion with water sodium nitrite solution (5 mL, 0.01 mol). For 
45 min, drop by drop additions of the diazonium solution 
that has been cooled (0–5°C) to a very well vigorous stir-
ring of (0.01 mol) 3-cyano-7-hydroxy coumarin in (100 mL) 
ethanol containing sodium hydroxide (0.01 mol) were 
made. For another 30 min, the mixture was stirred before 
being refrigerated for 2 h. The solid was recovered, rinsed 
with water, and ethanol purified by recrystallization. The 
produced coumarin azo dye was subjected to elemental 
analysis and different spectroscopic techniques [22].

S1.1.2. Synthesis of [Ni(L)Cl(OH2)3] complex

1 mmol of the ligand under investigation was reflux 
with 1 mmol of the metal salt (NiCl2·6H2O) in an ethanolic 
solution on a water bath for 3 h yielded the Ni complex. 
With the adding of weak ammonia solution, the pH of 
the solution was kept at 5–6 (10 wt.%) Fig. S1. The result-
ing solid complexes were filtered off, rinsed several times 
in absolute ethanol, and then dried in desiccators over 
anhydrous calcium chloride [22].

S1.2. Characterization

FT-IR spectra (KBr discs, 4,000–400 cm−1) by Jasco-4100 
spectrophotometer. The structural differences of the as- 
prepared NiO were investigated using the X-ray diffrac-
tion (XRD) method. The powder XRD patterns were cap-
tured using a Siemens D-500 X-ray diffractometer equipped 
with a Cu Ka source of radiation. UV-visible spectra from a 
Perkin-Elmer AA800 spectrophotometer Model AAS with 
a 1.0 cm model system. The pH meter utilized was a WTW 
720 model digital pH meter. On ASAP 2020, the surface area 
was calculated to use the Brunauer–Emmett–Teller (BET) 
method, and the pore volume of the BET surfaces and the 
Barrett–Joyner–Halenda (BJH) surface were calculated 
(Micrometrics, USA). Scanning electron microscopy (JEOL, 
JSM7600F, Japan) was used to examine the microstructure of 
NiO. The specimen was then deposited onto a copper sub-
strate after being sputter-coated with a homogenous gold 
layer. Energy-dispersive X-ray spectroscopy (EDX) was used 
to analyze the elemental distribution of NiO on a Leo1430VP 
microscope with a 5 kV operating voltage. XPS was 
measured using K-ALPHA (Themo Fisher Scientific, USA).
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Fig. S1. Structure of Ni (II) complex. Fig. S2. Relation between initial pH and ΔpH of NiO.
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