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Abstract
This study investigated the use of zinc oxide nanoparticles (ZnO NPs) as an adsorbent for removing total phenols from 
textile wastewater. The ZnO NPs were synthesized by reducing Zn(NO3)2⋅6H2O using an extract from Neem leaves 
(Azadirachta indica). Characterization of the adsorbent was performed using Fourier Transform Infrared (FTIR) spectros-
copy to identify functional group modifications, high-resolution scanning electron microscopy (HRSEM) for structural 
orientation, energy dispersive spectroscopy (EDS) for elemental analysis, and X-Ray diffraction analysis (XRD) for crys-
tallinity, revealing particle crystallinity around 200 nm. Adsorption experiments were conducted over contact times of 
20–60 min, with adsorbent loadings between 0.2 and 1 g/100 mL, and temperatures ranging from 30 to 50 °C. Optimal 
phenol removal, achieving 55.93% (0.67 mg/L), occurred at 43.40 min, 33.70 °C, and an adsorbent dosage of 0.69 g/L 
of textile wastewater. The phenol adsorption process using ZnO NPs was exothermic, spontaneous, and required low 
energy, fitting well with the Langmuir isotherm and following a pseudo-second-order kinetic model.
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1  Introduction

Industrial effluents, particularly from the textile sector, are a major source of water pollution, posing significant environ-
mental challenges [1, 2]. According to the World Bank, textile dyeing accounts for approximately 17 to 20% of global 
wastewater [3]. This wastewater is laden with various chemicals, including hydrogen peroxide, surfactants, metal soaps, 
alkalis, acids, dyes, starch, and aromatic compounds, all of which contribute to its high toxicity and ecological impact 
[4]. Phenol, a common contaminant in textile wastewater, has a permissible limit of 1 mg/L set by the EPA, USA, and 
must be treated to avoid damaging municipal wastewater treatment plants [5]. The release of such effluents introduces 
hazardous substances into the environment, necessitating stringent management practices [2]. Researchers have been 
exploring improved methods for pollutant separation from textile wastewater due to the high operational costs associ-
ated with existing techniques [6]. Traditional phenol removal methods, such as chemical oxidation and activated carbon 
adsorption, face challenges like high costs and the production of secondary pollutants. Adsorption techniques are widely 
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studied for phenol removal because of their efficiency and potential for pollutant recovery [7]. However, the high cost 
of activated carbon has driven the search for alternative, low-cost adsorbents [8].

Over the last two decades, nanotechnology has advanced considerably, finding uses in many scientific and technologi-
cal sectors. Nano-sized adsorbents have been developed for water pollutant removal, effective even at low concentrations 
(µg/L) under varied conditions [9]. Different nanomaterials, like metal nanoparticles, carbon nanotubes, and graphene 
oxide-based composites, have proven highly effective as photocatalysts for organic pollutant degradation [10]. Their large 
surface areas enhance catalytic activity, enabling efficient dye and nitrophenol removal through chemical reduction [11]. 
Additionally, nanotechnology supports simultaneous pollutant removal, including pathogens and inorganic compounds, 
offering a cost-effective, environmentally friendly alternative to traditional water treatment methods [12]. Techniques 
like nanocatalysis, nanofiltration, and nanoadsorption have successfully eliminated persistent organic pollutants (POPs) 
from wastewater, despite some cost challenges [13]. Therefore, developing more efficient, selective, economical, eco-
friendly, and rapid water treatment technologies remains essential.

In recent years, nanoparticle synthesis for environmental remediation has gained considerable interest. Zinc oxide 
(ZnO) nanoparticles are particularly notable for their superior adsorptive properties and environmental compatibility. Tra-
ditional methods of ZnO nanoparticle synthesis, however, involve hazardous chemicals and energy-intensive processes, 
diminishing their environmental benefits. An eco-friendly alternative is the green synthesis of ZnO nanoparticles using 
plant-based materials. Extracts from pineapple peels [14], Ruta chalepensis leaves [15], and date pulp waste [16] have 
been effective as reducing and capping agents. These green-synthesized ZnO nanoparticles display uniform particle size 
distribution, hexagonal wurtzite structure, and enhanced photocatalytic activity compared to chemically synthesized 
nanoparticles. They efficiently degrade dyes such as Malachite Green, Methylene Blue, and Eosin Yellow in wastewater 
treatment and possess antibacterial properties against pathogenic bacteria [16]. The green synthesis process is sim-
ple, cost-effective, and environmentally friendly, avoiding the use of hazardous solvents and high-pressure conditions 
required in traditional methods [17]. Neem (Azadirachta indica) leaves, known for their rich phytochemical content, have 
been explored for the biosynthesis of ZnO nanoparticles [18]. These biogenic nanoparticles not only reduce the reliance 
on toxic chemicals but also enhance the adsorption efficiency due to their unique surface properties. Despite the growing 
interest in green-synthesized ZnO nanoparticles, comprehensive studies on their application for phenol removal from 
textile wastewater remain limited. There is a need for detailed research that integrates the synthesis, characterization, 
and practical application of these nanoparticles in real wastewater treatment scenarios.

This study aims to address the gap by synthesizing ZnO nanoparticles using Neem leaf extract and evaluating their 
effectiveness in removing phenol from textile wastewater. The research will focus on the synthesis and characterization 
of the nanoparticles, and analyzing their adsorption performance under various conditions. This integrated approach will 
provide valuable insights into the potential of green-synthesized ZnO nanoparticles for wastewater treatment applica-
tions, thereby contributing to the development of sustainable and efficient remediation technologies.

2 � Materials and methods

2.1 � Materials and collection of samples

The textile wastewater analyzed in this study was collected from the Kaykab Textile Industry treatment plant in Ilorin, 
Nigeria. The solution was stored in prewashed 5-L kegs and then refrigerated. Zinc nitrate (Zn(NO3)2⋅6H2O) was procured 
from Lab Trade in Ilorin, while fresh Neem (Azadirachta indica) leaves were obtained from Neem trees at the University 
of Ilorin, Ilorin, Kwara State, Nigeria.

2.2 � Preparation of Azadirachta indica leaf extract

The neem leaves were carefully washed under running water and then thoroughly rinsed with distilled water to ensure 
they were completely clean. The cleaned leaves were air-dried at room temperature before being ground into a fine 
powder using an electric grinder. Approximately 20 g of the powdered leaves were added to 100 mL of distilled water 
and boiled for 20 min [19]. After boiling, the mixture was allowed to cool to room temperature and then filtered using 
Whatman filter paper. The resulting leaf extract was stored in a refrigerator at 4 °C until needed for use.
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2.3 � Determination of the total phenolic content

The phenol content of the textile wastewater was estimated using the Folin-Ciocalteu method [19]. Approximately 
0.5 mL of the textile wastewater sample was measured into a clean test tube using a micropipette. Additionally, 
2.5 mL of Folin C reagent was poured into the sample, followed by the addition of 2.0 mL of Na2CO3. The mixture 
was allowed to settle for 30 min. After this settling period, absorbance readings were taken using a UV spectropho-
tometer at a wavelength of 760 nm. These absorbance values were then plotted against the corresponding phenol 
concentrations to create a calibration curve. Using this calibration curve, the phenol levels were determined. The 
total phenol concentration in the raw textile wastewater was calculated to be 1.193 mg/L.

2.4 � Synthesis of zinc oxide nanoparticles (ZnO NPs)

Approximately 414 mL of Azadirachta indica aqueous extract from the stock solution was transferred into a 1500 mL 
glass beaker. Then, 41.4 g of anhydrous zinc nitrate (Zn (NO3)2.6H2O) was added and thoroughly mixed using a mag-
netic stirrer until the zinc salt was completely dissolved. Once dissolved, the solution was heated and continuously 
stirred at 70 °C using a magnetic stirrer until a brown-like paste formed. To sequester all the nitrates and moisture, 
the paste was then transferred into a crucible and calcined at 400 °C for 2 h [20].

2.5 � Characterization of the adsorbent

X-ray diffraction (XRD) was utilized to assess the crystallinity of the developed zinc oxide nanoparticles (ZnO NPs). 
Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were employed to investigate the 
structural and compositional characteristics of the ZnO NPs. Fourier-transform infrared spectroscopy (FTIR) was used 
to identify the functional groups present in the adsorbent [19]. These analyses were conducted on the ZnO NPs both 
before and after their application in the degradation of phenol in waste water.

2.6 � Batch adsorption process

Adsorption studies were conducted by mixing 100 mL of textile wastewater with the adsorbent in closed 250 mL coni-
cal flasks, followed by constant shaking in a thermostatic water bath shaker at 150 rpm. The experimental parameters 
for the adsorption investigation included contact time (20–60 min), adsorbent dosage (0.2–1.0 g), and temperature 
(30–50 °C). The percentage removal of the targeted pollutant were then estimated using Eq. 1.

where; Co and Cf  (mg/L) are the concentrations of phenol in the aqueous solution at the initial stage and final respectively.
The equilibrium amount ( Qe ) of phenol removed per mass of adsorbent was evaluated using Eq. (2):

where; Qe(mg g−1) represents the quantity of phenol adsorbed per unit mass of adsorbent at equilibrium. V (L) represents 
the volume of the solution, Ce (mg/L) is the concentration at equilibrium and W (g) denotes the mass of the ZnO NPs 
used. Each of the experiments was conducted three times, and the average values were taken into account for analysis.

2.7 � Determination of the effect of contact time

Approximately 0.6 g of ZnO nanoparticles and 100 mL of textile wastewater were placed in a 250 mL conical flask, 
which was then placed in a shaker at 40 °C for intervals ranging from 30 to 60 min at 10-min increments. At the end 
of each specified contact time, the suspension was filtered, and the filtrate was analyzed for phenol concentration. 

(1)%Phenol Removal =
Co − Cf

Co
× 100

(2)Qe=

Co − Ce

W
V
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This process was repeated three times, and the average phenol concentration was calculated. These values were used 
to compute the percentage removal of phenol.

2.8 � Determination of the effect of adsorbent dosage

To determine the optimal dosage of adsorbent, the amount of ZnO NPs was varied from 0.2 g to 1.0 g in 100 mL of tex-
tile wastewater, maintaining a contact time of 40 min at 40 °C. The resulting mixtures were filtered, and the filtrate was 
analyzed for phenol concentration. This procedure was repeated three times, and the average phenol concentration was 
used to calculate the percentage removal of adsorbed phenol.

2.9 � Determination of the effect of temperature

Using the optimal time and dosage obtained, the temperature was varied from 30 to 50 °C under these conditions. 
The resulting mixture was filtered, and the filtrate was analyzed for phenol concentration. This process was repeated 
three times to ensure accuracy, and the average phenol concentration was used to calculate the percentage removal 
of adsorbed phenol.

2.10 � Optimization studies

Initial experiments indicated that contact time (min), adsorbent loading (g), and temperature (°C) are key experimental 
factors influencing the synthesis of ZnO NPs. The interactive effects of these variables were analyzed using the central 
composite design (CCD) method [21]. This approach helped capture the impact of contact time, adsorbent dosage, and 
temperature on the adsorption process, as detailed in Table 1.

2.11 � Adsorption isotherms, thermodynamics, and kinetics of the study

2.11.1 � Adsorption isotherms of the process

The equilibrium relationship between the concentration of the adsorbate in the mixture and its presence on the adsor-
bent surface under specific conditions was elucidated using adsorption isotherm models. This analysis is particularly 
relevant for understanding the adsorption behavior of phenol onto ZnO NPs, determined at an initial phenol concen-
tration of 1.193 mg/L in raw textile wastewater. The equilibrium characteristics of this study were described using the 
Langmuir and Freundlich isotherm models.

2.11.2 � The Langmuir isotherm model

This model suggests that adsorption occurs in monolayers on uniform surfaces with a finite number of adsorption sites. 
The linearized version of this model, as proposed by Langmuir [22], is expressed as follows.

where; qmax (mg/g): maximum monolayer adsorbent capacity and kL (L/mg) is the Langmuir constant related to the 
energy of adsorption.

(3)
ce

qe
=

1

qmaxkL
+

ce

qmax

Table 1   Experimental design 
data

Variable Contact time (min) Adsorbent dosage (g) Tem-
perature 
(°C)

Maximum 60 1.0 50
Minimum 20 0.2 30
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2.11.3 � The Freundlich isotherm model

This model postulates heterogeneous adsorption on the surface. The linearized version of the Freundlich model, as 
represented by ref. [23] is expressed as follows:

where; n and kf  (mg/g) represent the model parameters reflecting the intensity and capacity of the adsorption, respec-
tively. The adsorption process can be categorized as physical, chemical, or linear whenever n > 1, n < 1 or n = 1. Neverthe-
less, findings show that n > 1 is favorable for adsorption [24].

2.11.4 � The Temkin isotherm model

This model assumes that the heat of adsorption of all the molecules in the layer decreases linearly with coverage of the 
adsorbent surface [25] and is given as

where; � =
RT

b
 , R (8.314 J/mol K−1) refers to the universal gas constant, T (K) is the temperature, α (L/mol) is the Temkin 

constant or equilibrium binding energy connected with the maximum binding energy, and � refers to the Temkin con-
stant connected to the adsorption heat.

2.11.5 � Process thermodynamics

The thermodynamics of the process were studied and are given as follows:

Where; ∆G is Gibb’s Free energy, KT is the apparent equilibrium constant, and ΔH is the enthalpy andΔS is the entropy.

2.11.6 � Adsorption kinetics

The rate and mechanism of adsorption of phenol onto ZnO NPs were analyzed using the pseudo-first-order and pseudo-
second-order kinetic models.

2.11.7 � The pseudo‑first‑order kinetic model

The pseudo-first-order model, as proposed by Lagergren [26] is linearly expressed as follows:

where; K1 (min−1) is the pseudo-first order rate constant, and qe (mg/g) and qt (mg/g) are the quantities of phenol adsorbed 
per unit mass of the ZnO NP adsorbent at equilibrium and at time t (min), respectively.

2.11.8 � The pseudo‑second‑order kinetic model

The pseudo-second-order model, in its linearized form, is represented by the following expression, as postulated by Ho 
et al. [27]:

where; K2 (g/mg min) refers to the model rate constant.

(4)Log qe = Log kf +
1

n
Log ce

(5)qe = �In� + �Ince

(6)ΔG = −RT lnKT = ΔH − TΔS

(7)Log
(

qe − qt
)

= Log qe −
K1

2.303
t

(8)
t

qt
=

1

K2q
2
e

+
t

qe
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3 � Results and discussion

3.1 � Determination of the properties of neem leaf extract (NE)

FTIR measurements of the neem extract (NE), depicted in Fig. 1, indicated the presence of various functional groups. 
The peaks observed at 775, 1020, 1264, 1727, and 2927 cm−1 correspond to –NH, –C≡N, C–OH, –C=O, and –CH groups, 
respectively. Additionally, the sharp peaks at 1500 and 3688 cm−1 are attributed to –C=C and –OH groups, respectively 
[28]. These findings are consistent with previous analyses of neem leaves [29]. Furthermore, the presence of the C=O 
carboxylic group suggests the occurrence of alkaloids [30].

3.2 � Characterization of textile wastewater (TWW)

The textile wastewater (TWW) was analyzed to determine the concentration of phenol, as shown in Table 2. The total 
phenol concentration was assessed using the Folin-Ciocalteu (F–C) method, which yielded an estimated concentra-
tion of 1.193 mg/L. This level is notably higher than the Standard Organization of Nigeria’s (SON) limit of 0.25 mg/L 
and slightly exceeds the World Health Organization’s (WHO) standard of ≤ 1.0 mg/L. High phenol concentrations pose 
significant health risks to aquatic life if discharged untreated. Although the developed ZnO NPs did not reduce the 
phenol concentration to meet the Nigerian standard, they were effective enough to align with the WHO guidelines.

3.3 � Fourier Transform Infrared (FTIR) Spectroscopy Analysis

Figure 2 show the FTIR of adsorbent before adsorption (ABA) and adsorbent after adsorption (AAA) respectively. They 
exhibited similar peaks at 1050 (–N=O), 1552 (–C–N), 2354(C≡C), and 2821 cm−1 (–C–H) except that the peaks were 
sharper for ABA [31]. The band at 3160 cm−1 is possibly attributed to the aliphatic hydroxyl (OH) [32] while the bands 
at 3651 and 3400 cm−1 may also conform to the OH vibrations of the hydroxyl layers. In addition, the characteristic 
set of stretching vibrations attributed to nitrate anions became visible at 1050 cm−1 [33].

Fig. 1   FTIR spectrum of neem 
leaf extract

Table 2   Characterization 
of TWW showing the total 
phenol concentration against 
the standard concentration

Pollutant Concentration (mg/L) Standard (mg/L)

SON WHO

Phenol 1.193 0.25 ≤ 1
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3.4 � X‑ray diffraction (XRD) analysis

Figure 3 presents the XRD patterns of the adsorbent, revealing highly crystalline material, indicated by the presence 
of sharp peaks. A review conducted by Agarwal et al. [34] affirmed that Azadirachta indica, a member of the Meliaceae 
family, is frequently utilized for the synthesis of ZnO nanoparticles (ZnO NPs).

3.5 � Scanning electron microscopy and energy dispersive X‑ray spectroscopy analysis (SEM–EDS)

Scanning electron microscope (SEM) analysis was conducted to examine the surface morphology of the ZnO nano-
particles (ZnO NPs). Figure 4 (a)-(d) displays the SEM images of the ZnO NPs before (ABA) and after (AAA) adsorption 

Fig. 2   FTIR spectrum of adsor-
bent before adsorption (ABA) 
and after adsorption (AAA)

Fig. 3   XRD patterns of the adsorbent
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Fig. 4   SEM images of the adsorbent before (ABA) at magnifications of a 200 µm b 100 µm and after (AAA) treatment at magnifications at 
magnifications of c 200 µm and d 100 µm respectively

Fig. 5   EDS data for adsorbent 
before adsorption (ABA) and 
after adsorption (AAA)
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at various magnifications. These images confirmed the structure and approximate spherical shape of the nano-
particles. The energy-dispersive spectroscopy (EDS) results before (ABA) and after (AAA) adsorption are shown in 
Fig. 5, revealing the presence of elements such as zinc (Zn), sodium (Na), calcium (Ca), potassium (K), chlorine (Cl), 
aluminum (Al), magnesium (Mg), phosphorus (P), oxygen (O2), silicon (Si), titanium (Ti), iron (Fe), nitrogen (N2), sulfur 
(S), and carbon (C). The composition of these elements varied, with 77.77% Zn detected before adsorbent usage, 
decreasing to 58.45% after usage.

Table 3   Responses from 
Optimization Studies

Run Contact time (min) Dosage (g) T (°C) % Phenol 
removal

1 30 0.6 40 48.5
2 20 0.2 50 30.39
3 60 1 50 29.77
4 20 1 30 47.5
5 60 0.2 50 27.96
6 40 0.6 40 54.35
7 40 0.4 40 41.94
8 40 0.6 35 48.36
9 40 0.6 40 54.35
10 60 0.2 30 35.66
11 40 0.6 40 54.35
12 40 0.6 40 54.35
13 40 0.6 40 54.35
14 60 1 30 36.36
15 40 0.8 40 42.08
16 20 0.2 30 29.24
17 50 0.6 40 45.08
18 40 0.6 40 54.35
19 20 1 50 46.36
20 40 0.6 45 49.21

Table 4   ANOVA for the 
polynomial model for phenol 
removal

Source Sum of squares Df Mean square F-value p-value

Model 1556.47 9 172.94 10.21 0.0006 Significant
P-contact time 76.20 1 76.20 4.50 0.0399 Significant
Q-dosage 159.41 1 159.41 9.41 0.0119 Significant
R-temperature 22.58 1 22.58 1.33 0.2750 Insignificant
PQ 125.77 1 125.77 7.43 0.0214 Significaant
PR 25.56 1 25.66 1.51 0.2474 Insignificaant
QR 0.1741 1 0.1741 0.0103 0.9213 Insignificant
P2 0.4401 1 0.4401 0.0260 0.8751 Insignifiiicant
Q2 79.62 1 79.62 4.70 0.0353 Significaant
R2 7.75 1 7.75 0.4576 0.5141 Insignifiiicant
Residual 169.36 10 16.94
Lack of fit 169.36 5 33.87
Pure error 0.0000 5 0.0000
Cor total 1725.83 19
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3.6 � Optimization studies

The central composite design (CCD) was utilized to optimize three variables related to textile wastewater treatment. 
Table 3 presents the percentage of phenol removal for each experimental run, with the highest removal efficiency 
recorded at 54.35%. Statistical analysis was peroformed for phenol adsorption process, and the results are summa-
rized in the analysis of variance (ANOVA) in Table 4. The phenol uptake by the ZnO NP model is described using a 
second-order polynomial, as shown in Eq. (9).

In the model, P, Q, and R represent the contact time (min), adsorbent loading (g), and temperature (°C), respectively. 
The model’s R2 value of 0.90 indicates a good fit. The predicted R2 value of 0.7034 is reasonably close to the adjusted R2 
value of 0.8136, with a difference of less than 0.2. The analysis of variance (ANOVA) for the model is shown in Table 4.

The Model F-value of 10.21 suggests that the model is significant [35]. Additionally, P, Q, PQ, and Q2 are signifi-
cant model terms. Thus, individual factors such as contact time, and adsorbent dosage, as well as their interactions 
(contact time and adsorbent dosage, and adsorbent dosage with itself ), play a significant role in phenol adsorption 
using ZnO NPs.

(9)
Y (%phenol removal) =50.92−2.99P + 4.33Q−1.63R−3.97PQ−01.79PR

− 0.1475QR − 1.54P2−20.66Q2 + 6.44R2

Fig. 6   Actual and predicted 
values for phenol removal (%)

Fig. 7   Effect of contact time 
on phenol adsorption using 
ZnO NPs
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Figure 6 displays the plot between the predicted and actual values of the percentage phenol removal. The numerical 
optimization yielded an optimum adsorption capacity of 55.93% (0.67 mg/L) for phenol removal at a contact time of 
43.397 min, adsorbent loading of 0.689 g, and a temperature of 33.701 °C, with a desirability of 1.000.

3.7 � Batch adsorption studies

3.7.1 � Effect of contact time

The removal of phenol using ZnO as an adsorbent is influenced by the contact time, as illustrated in Fig. 7. The data 
reveals that over 50% of phenol is removed within the first 40 min of the adsorption process. This suggests that phenol 
adsorption on ZnO occurs rapidly during the initial stages, likely due to the high diffusion rate of phenol molecules from 
the aqueous solution to the active sites on the adsorbent [20]. However, after the 40-min mark, the percentage of phenol 
removed begins to decrease. This reduction could be attributed to the decreasing availability of active sites or pores on 
the ZnO adsorbent over time. These results are consistent with those found in previous studies [32].

3.7.2 � Adsorbent dosage effect

The phenol removal efficiency from the solution increased with the adsorbent dose, rising from 0.2 to 0.6 g/100 mL 
(Fig. 8). This trend is due to the increased number of available phenol adsorption sites on the adsorbent surfaces as the 
dosage increases [19]. However, further increases in the adsorbent dosage resulted in a decrease in phenol removal, sug-
gesting that the adsorbent sites were fully occupied and could no longer adsorb additional phenol. The optimal phenol 
removal was observed at a dosage of 0.6 g/100 mL. These findings align with those reported by Jabar, Owokotomo, 
Ayinde, Alafabusuyi, Olagunju and Mobolaji [28].

Fig. 8   Effect of adsorbent 
dosage on phenol adsorption 
using ZnO NPs
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Fig. 9   Effect of temperature 
on phenol adsorption using 
ZnO NPs
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3.7.3 � Effect of the adsorption temperature

Temperature was also found to affect the adsorption process as shown in Fig. 9. The maximum phenol removal was 
obtained at 40 °C, and a further increase in temperature caused a decrease in the efficiency of phenol removal. This 
inverse connection may reveal that the process is exothermic [19].

3.7.4 � Adsorption isotherm studies

The removal of phenol by ZnO NPs was effectively described using Langmuir, Freundlich, and Temkin isotherms. Table 5 
summarizes the data obtained from these isotherms. Among them, the Langmuir model provided the best fit for the 
adsorption process, as indicated by the R2 value of 0.9944, which is closest to unity.

3.7.5 � Adsorption thermodynamic studies

From the graph shown in Fig. 10 and Table 6, the negative value for the change in enthalpy (ΔH) of this process suggests 
that the adsorption of phenol onto ZnO NPs is an exothermic process. Additionally, the negative entropy change (ΔS) 
indicates that this adsorption process is less random. Finally, the negative Gibb’s free energy (ΔG) value confirms that 
the reaction is spontaneous and feasible.

3.7.6 � Adsorption kinetic studies

The adsorption process of phenol was analyzed using kinetic models, and the results are presented in Table 7, which 
lists the parameters for both the pseudo-first-order and pseudo-second-order models. The pseudo-second-order model 

Table 5   Adsorption isotherm 
parameters for phenol 
adsorption on ZnO NPs

Kinetic models Adsorption Parameters

Langmuir isotherm KL (L/mg) Qmax (mg/g) R2

− 3.0573 0.2614 0.9944
Freundlich isotherm Kf (mg/g) 1/n R2

1.1708 2.5151 0.0058
Temkin isotherm α (L/g) bT (J/mol) R2

0.2000 1838.42 0.0511

Fig. 10   Thermodynamics 
study of phenol adsorption on 
ZnO NPs y = 553.54x - 1.7955

R² = 0.1188
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Table 6   Thermodynamic 
parameters for phenol 
adsorption

Temp. (°C) Temp. (K) ΔH (kJ/mol) ΔS (J/mol. K) ΔG (kJ/mol) KT

30 303 − 4.6021 − 0.0149 − 0.0874 1.0000
35 308 − 4.6021 − 0.0149 − 0.0129 1.0000
40 313 − 4.6021 − 0.0149 − 0.0616 0.9999
45 318 − 4.6021 − 0.0149 − 0.1361 0.9999
50 323 − 4.6021 − 0.0149 − 0.2106 0.9999
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demonstrated a better fit, as the calculated Qe values closely matched the experimental Qe values. Moreover, the cor-
relation coefficient (R2) for the pseudo-second-order model was significantly closer to 1.000 compared to that of the 
pseudo-first-order model. These findings confirm that the adsorption of phenol on ZnO NPs is best described by the 
pseudo-second-order kinetic model.

4 � Conclusions

The Neem leaf extract demonstrated effective reducing activity, converting zinc nitrate salts to zinc oxide nanoparticles 
(ZnO NPs). These ZnO NPs proved to be effective in adsorbing phenols from textile industry wastewater. Specifically, the 
initial phenol concentration of 1.193 mg/L in the untreated wastewater was reduced by 55.93% after 43.40 min when 
using an adsorbent dosage of 0.69 g/L at 33.70 °C. The kinetic study was best described by the pseudo-second-order 
model, while the Langmuir isotherm provided the best fit for the adsorption process. Thermodynamic analysis indicated 
that the adsorption process was spontaneous and exothermic.
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