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Abstract
In this study, zinc oxide nanoparticles (ZnONp) were synthesized from Ocimum basilicum L. (ObL-ZnONp) plant wastes by 
green synthesis method to remove methylene blue (MB) dye, which has toxic effects on the environment. In batch adsorp-
tion studies, the effects of pH (3–11), ObL-ZnONp amount (0.0312–1.25 g/L), time (0–30 min), initial MB concentration 
(2–64 mg/L) and temperature (25–45 °C) were tested to determine the adsorption mechanism. The obtained results were 
tested with Pseudo first order (PFO), Pseudo second order (PSO), Elovich and Intraparticle diffusion kinetic models and 
evaluated in Freundlich, Langmuir, Temkin and Dubinin-Radushkevich isotherm models. Also 6 different error functions were 
used to interpret the results. Additionally, the morphological properties of the synthesized ObL-ZnONp were characterized 
by Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) 
analysis. In addition, desorption tests were also performed. According to the obtained results, the most suitable kinetic and 
isotherm models were determined as PSO (R2: 0.999) and Freundlich (0.991), respectively. In addition, while more than 90% 
removal efficiency was achieved in 4 min, the maximum adsorption amount was determined as 21.41 mgMB/gObL-ZnONp. 
This study determined that Np synthesized at low cost was quite effective in MB removal.
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Introduction

Today, due to the uncontrolled increase in urbanization, 
excessive amounts of industrial wastewater are produced. 
The produced wastewater contains some toxic pollutants 
such as heavy metals, dyes and medical wastes, and these 
waters are freely released into the aquatic ecosystem without 
any pre-treatment (Shah et al. 2024). The biggest challenges 
to sustainable development, which is one of the most effec-
tive approaches to solving these problems, are the increas-
ing demand for accessible and clean water resources and 
the inappropriate discharge of pollutants into existing water 
resources (Aiman Khan et al. 2022). The most important of 
these difficulties is the uncontrolled discharge of domestic 
and industrial wastewater into the receiving environment. 
One of the sectors with the highest share in industrial pollu-
tion is the textile sector. A wide variety of synthetic materi-
als are widely used in the textile industry, which associates 
the industry with excessive chemical use in addition to water 
and energy (Hole and Hole 2019). Many different types of 
dyes are widely used in various industries, especially in tex-
tiles, food, paper, plastic, and metal industries (Lellis et al. 
2019). MB is a dye used extensively in dyeing cotton, medi-
cine, wood, paper, and silk. It is also a toxic thiazine group 
cationic dye that can form a stable solution with water at 
room temperature. This dye is a chemical compound with 
a heterocyclic aromatic structure and is highly resistant to 
light and water (Russo et al. 2016; Said et al. 2023). In addi-
tion, MB can cause eye burns, which can lead to irreversible 
damage to human and animal eyes. Inhalation can cause res-
piratory problems. And exposure to MB dye through water 
use can cause health problems such as excessive sweating, 
shortness of breath, tissue necrosis, disorientation, dermati-
tis, cyanosis, nausea, difficulty breathing, vomiting, and eye 
burning (Ponnusami et al. 2008). For these reasons, pollut-
ants with toxicological properties such as MB dye must be 
treated before being released into the environment.

Therefore, there is a need to develop treatment methods 
that are environmentally sustainable, innovative and do not 
cause toxicological effects. Water treatment with nano-
technology has recently become an interest in research-
ers. Thanks to the advancement of nanotechnology, new 
opportunities have been created for the treatment of water 
pollutants. Nanotechnology-based treatment options are 
much more effective than classical approaches due to their 
high surface area, smaller dimensions, high volume ratio 
and improved chemical properties (Nandan et al. 2023). 
Especially to adsorb chemical pollutants, nanoparticles 

with high affinity organic or inorganic content are used 
more frequently. These nanoparticles are very effective in 
removing various pollutants. They have optimum absor-
bent properties with their large surface area, strong cata-
lytic ability, small size, and high reactivity (Punia et al. 
2021).

Metal–metal oxide nanoparticles in water treatment 
have many engineering applications including the removal 
of pollutants (Gómez-Pastora et al. 2014). The surface of 
metal nanoparticles contains special functional groups for 
the effective removal of inorganic and organic pollutants 
from industrial wastes. These metallic nanoparticles con-
tain chemicals such as gold, silver, titanium oxide, zinc 
oxide, selenium, copper, and copper oxide. They attract the 
attention of researchers due to their unique characteristics 
(Salem et al. 2020; Zhang et al. 2023; Kaval and Hoşgören 
2024). Numerous processes such as chemical, physical, and 
photochemical reduction, electrochemical modification and 
microwave assisted metal nanoparticles are widely used for 
their preparation and stabilization. However, there are sev-
eral problems associated with these processes due to the 
use of toxic materials as reducing agents in the production 
processes and their application in biological systems (Ocsoy 
et al. 2017; Jamkhande et al. 2019). To overcome the toxi-
cological problems that arise because of these production 
processes, it was necessary to use more environmentally 
friendly methods in the synthesis phase. Thereupon, the 
green production method was started to be used to produce 
nanomaterials. In this method, non-toxic and natural sub-
stances such as fungi, bacteria and plant extracts were used. 
These non-toxic substances used in the production processes 
serve as stabilizers, coverers, and reducers in the production 
phase (Chandra et al. 2020; Chaudhary et al. 2023).

The green synthesis method used for the preparation of 
metal oxide nanoparticles is an environmentally friendly, 
safe, and inexpensive process (Shaghaghi et al. 2023). In 
a study, various plant seed extracts were used to produce 
ZnO-NPs by green synthesis method. It was revealed that 
the synthesized ZnO NPs could act as active antimicro-
bial agents (Perveen et al. 2020). In a different study, ZnO 
NPs were produced by green synthesis method using arto-
carpus heterophyllus leaf extract and it was reported that 
90% efficiency was achieved in the removal of Congo red 
(Vidya et al. 2017). In summary, nanoparticles produced 
using green synthesis method are qualified nanomateri-
als used in water and wastewater treatment due to their 
important properties such as strong oxidation property 
and wide-bandwidth near-UV wavelength. ZnO NPs are 
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environmentally friendly as they are compatible with liv-
ing biomass in water and wastewater (Madhumitha et al. 
2016).

In this study, ObL-ZnONp was synthesized from OB 
plant wastes by green synthesis method and SEM–EDX and 
FTIR analyses were performed. MB dye in aqueous solu-
tion was removed with the ObL-ZnONp obtained. In addi-
tion, the effects of pH, initial dye concentration, adsorbent 
amount, time and temperature were carried out by adsorp-
tion tests in the study. The obtained results were examined 
with kinetic models (PFO, PSO, Elovich and Intraparticle 
diffusion) and isotherm models (Freundlich, Langmuir, 
Temkin and Dubinin-Radushkevich) and 6 different error 
functions.

Fig. 1   FTIR diagram of ObL-ZnONp, black line: raw, red line: MB 
loaded

Fig. 2   SEM–EDX diagram of MB dye on ObL-ZnONps before reaction
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Materials and methods

Chemicals

Distilled water was used in the preparation of solutions 
in experimental studies. Also powder zinc oxide (ZnO, 
81.39 g/mol, ≥ 99.0%, Merck), zinc nitrate hexahydrate 
(Zn(NO3)2.6H2O, 327 g/mol, 98%, Sigma-Aldrich), pow-
der methylene blue (C16H18ClN3S.xH2O, 319.85  g/mol 
(anhydrous)), pellet NaOH (40.00 g/mol), and liquit H2SO4 
(98.08 g/mol) was used.

Product of ObL‑ZnONp

ObL-ZnONp synthesis processes are specified in the study 
of Solmaz et al. (2024). In this context, plants collected from 
Mardin (Turkey) province in the summer season were first 
washed with tap water and then with pure water. The waste 

stems of the plant were dried in the shade and turned into 
powder. Then, 30 g of powder was added to 200 mL of dis-
tilled water and mixed at 85 °C for 1 h (Shaban et al. 2024). 
The solution that reached room temperature was filtered 
through filter paper. The volume of the filtrate is 150 mL. 
After than added to 300  mL of 100  mM concentration 
Zn(NO3)2.6H2O solution and treated at 80 °C for 45 min. 
The pH of the solution was brought to 9.4 and the stirring 
was continued for another half hour until the solution color 
turned light brown by magnetic stirrer (Al-darwesh et al. 
2024). At the end of the process, centrifugation was per-
formed. The pellet was washed 7 times with distilled water. 
After then pellet part was first dried at 65 °C and then kept 
at 500 °C for 1 h for calcination. The solid agate that reached 
room temperature was pounded in a mortar. The resulting 
powder was stored in a falcon tube at room temperature 
(Solmaz et al. 2024).

Fig. 3   SEM–EDX diagram of MB dye on ObL-ZnONps after reaction
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Adsorption studies

An orbital shaker (Heidolp, Unimax1010, Germany) was 
used in adsorption experiments. The tests were carried out 
at a speed of approximately 200 rpm. A stock solution of 
1000 mg/L concentration of MB dye was prepared and a 
calibration curve was created at 664 nm wavelength in a 
UV–Vis spectrophotometer (Hach DR6000) by making dilu-
tions at certain rates from this solution. The concentration of 
the measured solution was found according to the calcula-
tion made according to the equation y = 0.2097x + 0.0131 
(R2: 0.9996). The results were interpreted according to 
Eqs. (1) and (2).

In Eq. (1), the R term defines the removal efficiency in 
terms of %, while the C0 and Ce expressions shown in both 
equations define the concentration of MB dye at the begin-
ning of the reaction and at equilibrium in mg/L. In addition, 
the qe term presented in Eq. 2 defines the amount of MB 
dye removed per unit adsorbent in mg/g, while the V term 
represents the volume of the solution in L, and the m term 
represents the amount of ObL-ZnONp in g.

The effect of environmental parameters on the adsorp-
tion of MB dye onto ObL-ZnONs was investigated. In 
this context, in order to determine the effect of pH, 5 mg 
ObL-ZnONp was added to 5 different 10 mL test tubes 
with an initial pH of 3–11 and an initial MB dye concen-
tration of 1 mg/L at room temperature and left to react for 
30 min. Then, it was centrifuged at 4100 rpm for 5 min and 
the MB dye concentration in the upper phase water was 

(1)R(%) =
C0 − Ce

C0

× 100

(2)qe =
(C0 − Ce) × V

m

read, thus determining the optimum pH. Then, in order to 
determine the effect of the amount of ObL-ZnONp on the 
removal of MB dye, ObL-ZnONp was added in amounts 
ranging from 0.3125 to 12.5 g to 8 different 10 mL test 
tubes with an initial MB dye concentration of 1 mg/L at 
neutral pH. and at the end of the experiment at the end of 
30 min, after centrifugation, the MB dye concentration 
in the upper phase water was measured and the optimum 
ObL-ZnONp amount was found. Then, in order to see the 
effect of time and to make kinetic calculations, 37.5 mg 
ObL-ZnONp was added to a 50 mL beaker with an ini-
tial MB dye concentration of 1 mg/L and samples were 
taken with a 0.45-micron syringe filter at certain times 
and the MB dye concentration was read. In addition, in 
order to see the effect of the initial MB dye concentration 
on the adsorption of MB dye onto ObL-ZnONps, 7.5 mg 

Fig. 4   Effect of pH on the adsorption of MB dye onto ObL-ZnONp Fig. 5   Effect of ObL-ZnONp amount on the adsorption of MB dye 
onto ObL-ZnONp

Fig. 6   Effect of contact time on the adsorption of MB dye onto ObL-
ZnONp
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ObL-ZnONp was added to each of the tubes containing 
MB dye at varying concentrations between 2 and 64 mg/L 
in 7 different test tubes, each with a volume of 10 mL, and 
centrifugation was performed after 30 min and the MB 
dye concentrations in the upper phase water were read. 
In addition, to determine the effect of temperature and 
therefore to examine thermodynamically, 0.1 g of ObL-
ZnONp was added to each of 3 different solutions with a 
volume of 50 mL having a concentration of 3.5 mg/L MB 
and experiments were conducted at 298, 308 and 318 K. 
At the end of the period, centrifugation was performed, 
and the MB concentration was read.

For kinetic evaluation of numerical data obtained 
from batch adsorption tests, linear forms of PFO, PSO, 
Elovich and Intra-particle diffusion models were used. 
Also, linear forms of Freundlich, Langmuir, Temkin and 
Dubinin–Redushkevich isotherm models were used for 
isotherm calculations.

Error function test describing

Some error functions were used to identify the numerical 
data derived from laboratory data and adsorption models 
produced from experimental studies on the adsorption of 
MB dye on ObL-ZnONp. The error sum of squares (SSE) 
error function, which is defined as the sum of the squares 
of the difference between the values calculated from the 
models and the values obtained in the laboratory, is pre-
sented in Eq. (3). In addition, the model Sum of Absolute 
Errors (SAE), which expresses the sum of the squares of 
the absolute errors between the results obtained in the 
laboratory and the results obtained from the models, is 
presented in Eq. (4). In addition, the average relative errors 

(ARE) function, which is defined as the sum of the abso-
lute values of the difference between the results obtained 
from the models and the results obtained in the laboratory 
divided by the laboratory results, is presented in Eq. (5) 
(Ncibi 2008; Sreńscek-Nazzal et al. 2015).

In addition to these, Hybrid fractional error function 
(HYBRID) error function is presented in Eq.  (6), Mar-
quardt’s percent standard deviation (MPSD) error function 
is presented in Eq. (7) and Non-linear Chi-Square test (X2) 
is presented in Eq. (8) (Ncibi 2008; Foo and Hameed 2010).

Results and discussion

Characteristic of ObL‑ZnONp

According to the obtained XRD results, hexagonal crys-
tal pattern of ObL-ZnONp was investigated according to 
Bragg’s angler. Also, it was reported that the dimensions of 
the nanoparticles were determined as 30.39 nm according to 
the Debye-Scherre equation. On the other hand, according to 
the BET analysis, the surface area of the NPs was reported 
as 13.826 m2/g and the total pore diameter was reported as 
0.0475 cm3/g. In addition, in the DLS-Zetasizer analysis, the 
average size distribution of the nanoparticles was reported as 
10–40 nm and the zeta potential was reported as −22.1 mV. 
In addition, UV–Vis spectroscopy of ObL-ZnONp was 
examined and it was reported that it gave a peak at 373 nm 
wavelength at 4 different concentrations. On the other hand, 
TGA-DTA analysis of the material was performed and it was 

(3)SSE =
∑

(qe,cal − qe,exp)

(4)SAE =
∑n

i=1
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1

n
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Fig. 7   Effect of initial MB concentration on the adsorption of MB 
dye onto ObL-ZnO Np
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reported that the mass loss was determined as 33% at 75 °C 
(Solmaz et al. 2024).

FTIR spectroscopy

Figure 1 presents the FTIR spectra of the raw and MB-
loaded forms of ObL-ZnONp. Accordingly, various deter-
minations were made according to the possible changes 
in functional groups. Stretching vibrations occurring at 
3367 cm−1, 2949 cm−1, 2917 cm−1, 2837 cm−1, 2286 cm−1, 

2194 cm−1, 1963 cm−1, 1596 cm−1, 1457 cm−1, 1376 cm−1, 
1106 cm−1, 721 cm−1, 615 cm−1 in the data showed that 
ObL-ZnONp’s are the functional groups responsible for 
the removal of MB by adsorption. It shows that alcohol, 
amine, aliphatic, aromatic alcohols, carbonyl groups are 
effective in adsorption. It was determined that the fre-
quency changes due to stretching vibrations occurring in 
the range of 3367 cm−1–2837 cm−1 were between hydroxyl 
(O–H) and aliphatic (C–H) groups (Manojkumar et al. 2023; 
Omran 2023). It was related to the C≡C stretching vibra-
tion observed at 2194 cm−1, and the shifts in the range of 

Table 1   Summary of the 
calculated kinetic parameters 
in the adsorption of MB onto 
ObL-ZnONp

Kinetic models Parameters R2 SSE SAE ARE HYBRID MPSD X2

PFO k1 = 0.052 0.906 0.950 2.36 43.93 61.49 0.995 1.18
PSO k2 = 1.011

qe = 1.374
0.999 0.020 0.332 8.49 6.37 0.972 0.046

Elovich β = 4.176
α = 5.346

0.905 0.140 1.031 18.42 10.38 0.978 0.174

Intra-particle diffusion ki = 0.174
a = 0.61

0.657 0.391 1.69 36.19 21.27 0.985 0.739

Fig. 8   Linear regression curves of the kinetic models studied (a PFO, b PSO, c Elovich, d Intra-particle diffusion)
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2286 cm−1–1963 cm−1 were related to carbonyl (–COOH) 
groups. It was evaluated that the stretching vibration mode 
was due to the C–C and N–H stretching mode as a result of 
the stretching vibrations occurring at 1106 cm−1 with the 
changes between 1596 cm−1 and 1376 cm−1, together with 
the stretching vibration mode of aromatic alcohol (C–O–H) 
and amine groups, and the C–N stretching. It was deter-
mined that the frequency changes observed at 721 cm−1 
and 615 cm−1 belonged to characteristic ZnO nanoparticles 
(Abdelsattar et al. 2023; Villegas-Fuentes et al. 2023).

SEM and EDX

The morphological appearances and elemental compositions 
of ObL-ZnONps before and after adsorption were evaluated 
using SEM microscopy and EDX profiles given in Figs. 2 
and 3. In the SEM microscopy images, it is seen that ObL-
ZnONps mostly have spherical morphology (Amin et al. 
2023; Shochah and Jabir 2024). In the EDX profiles, the 
presence of C, O, K, Ca, S, N and Zn elements is seen. 
Strong peaks belonging to Zn and O elements indicate the 
presence of ObL-ZnONps. In the EDX profiles before and 

after the reaction, it is seen that there are decreases and 
increases especially on the weight % and atom % of C, O, 
S, K, S elements. It is seen that K and Ca elements are not 
reflected in the profile after the reaction, instead, the peaks 
belonging to N element are seen despite not being present 
before the reaction. These changes reflected in the profile are 
thought to be due to the adsorption of MB by ObL-ZnONps 
(Albarakaty et al. 2023; Manojkumar et al. 2023; Elsamra 
et al. 2024).

Adsorption of MB dye onto ObL‑ZnONp

Effect of different environment

Effect of pH  The effect of pH on the adsorption of MB dye 
onto ObL-ZnONp is quite high. An increase or decrease in 
pH causes variability in functional groups. This variability 
may affect the adhesion between the pollutant (MB) and 
the adsorbent (ObL-ZnONp). The results obtained from the 
experimental studies conducted to determine this effect are 
presented in Fig. 4.

As can be seen from the figure, an increase in the removal 
rate of MB dye is detected when the pH of the medium 
increases from acidic to basic. For example, while the qe 
value was 1.78 mg/g at pH 3, when it reached pH 7, the qe 
value reached 1.86 mg/g, and was calculated as 1.92 at pH 
11. When the removal efficiencies were examined, the effi-
ciency was calculated as 89% at pH 3, while this value was 
93% at pH 7 and 96% at pH 11. Since the functional groups 
are protonated in acidic conditions and the hydrogen ions 
and MB dye ions compete, the removal efficiency in acidic 
environments is relatively low compared to other environ-
ments (Zhang et al. 2013). However, it is clear that increas-
ing the pH to basic environments increases the efficiency 
but does not cause a very high increase. In this context, it 
would be appropriate to choose neutral pH as the optimum 
pH since it provides benefits in terms of base consumption. 
When the literature is examined, it has been reported that 
neutral pH rather than acidic pH provides higher efficiency 
in the adsorption of MB dye onto magnesium aluminate 

Fig. 9   qe values of each kinetic model and laboratory results versus 
time.

Table 2   Results of isotherm 
parameters and error functions 
obtained in the adsorption of 
MB onto ObL-ZnONp

Isotherms Parameters R2 SSE SAE ARE HYBRID MPSD X2

Freundlich kF = 3.64
1/n = 0.446

0.991 2.97 2.99 5.70 0.31 0.944 0.243

Langmuir kL = 0.146
RL = 0.242
qmax = 21.41

0.969 9.14 6.54 22.00 8.59 0.976 1.33

Temkin BT = 0.703
kT = 3.157

0.920 14.03 8.35 34.30 9.28 0.977 3.06

Dubinin-Radushkevich kD = 0.145
qs = 10.26
E = 1.857

0.551 127.77 21.01 49.90 16.45 0.982 11.31
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nanoparticles (Ismail et al. 2013). In addition, in a study, 
MB dye removal was performed using ZnNps synthesized 
from sawdust waste. In that study, it was reported that higher 
results were achieved in the basic part with increasing pH 
value (Oyewo et al. 2020).

Effect of initial adsorbent amount  In order to achieve opti-
mum removal efficiency, the variability in the amount of 
ObL-ZnONp needs to be determined. In this context, the 
results obtained from the experiments conducted with ObL-
ZnONp in amounts ranging from 0.0312 g/L to 1.25 g/L are 
presented in Fig. 5.

According to Fig. 4, when 0.3125 mg ObL-ZnONp was 
added to 10 mL volume MB dye with a concentration of 
1 mg/L, the removal rate was obtained as 32.61%, while 
when the amount of ObL-ZnONp was increased to 2.5 mg, 
the removal efficiency reached 69.57%, and finally when the 
amount of ObL-ZnONp was added as 7.5 mg, the removal 
rate was obtained as 100%. On the other hand, while the qe 
amount was 0.96 mg/g at the lowest ObL-ZnONp amount, 
it was seen that the qe amount decreased when the dos-
age amount was increased. Accordingly, it is quite natural 

that the removal efficiency increased due to the increase in 
active surface areas with the increase in the amount of ObL-
ZnONp. When the literature was examined, it was reported 
that the removal efficiency increased with the increase in the 

Fig. 10   Linear regression curves for a-Freundlich, b-Langmuir, c-Temkin, d-Dubinin–Redushkevich models

Fig. 11   Plot of qe values of each isotherm model and laboratory 
results against Ce value
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amount of adsorbent in the adsorption of MB dye onto gum 
ghatti/TiO2 nanoparticles (Mittal and Ray 2016).

Effect of time  Determination of contact time is very impor-
tant in the adsorption process. In this context, the results 
obtained in the experimental study by adding 0.75 mg ObL-
ZnONp to the solution with 1 mg/L MB concentration in 
50 mL solution volume are presented in Fig. 6.

In Fig. 6, the removal rate was obtained as 22.8% in the 
1st minute, while the rate reached 64.1% in the 1st minute and 
exceeded 90.2% in the 4th minute. It is clear that there is an 
increase in removal efficiency with increasing reaction time, 
but a decrease in removal rate is observed. This situation 
can be explained by the decrease in the active sites on the 
ObL-ZnONp molecules. When the literature is examined, it 
is reported that around 90% MB dye removal was achieved 
in the 10th minute in the adsorption of MB dye with magne-
sium silicate hydrate NPs. (Huang et al. 2018).

Effect of initial concentration  The capacity of the adsorbent 
is determined by determining the effect of the change in 
the initial pollutant concentration. In this context, the data 
obtained from the experiment carried out by adding MB dye 
in increasing concentrations between 2 and 64  mg/L to 6 
different test tubes, each with 1 g/L ObL-ZnONp and a vol-
ume of 10 mL, are shown in Fig. 7.

When the figure is examined, the efficiency is 83.5% 
when the initial dye concentration is 2 mg/L. However, when 
the initial concentration was 8 mg/L, a decrease in efficiency 
was detected and measured as 49.38%. On the other hand, 
when the dye concentration reached 64 mg/L, the efficiency 

decreased significantly and fell to 22.97%. On the other 
hand, at the initial dye concentrations of 2, 8 and 64 mg/L, 
the qe values were calculated as 2.23, 3.71 and 19.60. 
Accordingly, as the concentration of MB dye in the solu-
tion increased, the removal efficiency appeared to decrease 
since the active site on the ObL-ZnONp pores became satu-
rated, but the qe value increased. In the literature, it has been 
reported that a similar decrease in the removal efficiency 
was observed with the increase in the initial dye concentra-
tion in MB dye removal with MgFe2O4 nanoparticles (Al-
Wasidi et al. 2023). It was reported that similar results were 
obtained in a different study in which pine cone powders 
were used as biosorbent and adsorption tests of 2 dyes (MB 
and Eriochrome Black T) were performed (Solmaz 2024).

Adsorption kinetics

The values obtained in the adsorption experiments con-
ducted in the laboratory studies were tried to be interpreted 
from a kinetic perspective. It is tried to provide informa-
tion about the adsorption performance of MB dye on 

Fig. 12   Plot of 1/T versus lnKL 
in the adsorption of MB dye 
onto ObL-ZnONp

Table 3   Results of calculated thermodynamic parameters on the 
adsorption of MB dye onto ObL-ZnONp

Temp. (K) KL ΔG°
(KJ/mol)

ΔH°
(KJ/mol)

ΔS°
(J/Kmol)

R2

298 0.500 1.717 −7.69 −31.60 0.996
308 0.446 2.068
318 0.411 2.348
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ObL-ZnONp and the removal mechanism. In this process, 
which is generally known to occur in 3 stages, in the first 
stage, the ‘External diffusion’ stage, the pollutant passes 
through the liquid film layer covering the outer part of the 
adsorbent. Here, the difference between the concentration 
of the solution and the surface concentration of the adsor-
bent is expressed as the driving force of External diffusion. 
After this stage, the second stage, the “internal diffusion” 
stage, comes, where the pollutant diffuses into the pores of 
the adsorbent. The last stage is defined as “adsorbate in the 
active sites”, where the pollutant adsorbs into the active sites 
of the adsorbent in the third stage(Qiu et al. 2009; Wang and 
Guo 2020; Revellame et al. 2020). Four different kinetic 
models were tried in this study. The models are listed below;

PFO kinetic model;
The modeling nonlinear form is presented in Eq.  (9) 

(Lagergren 1898).

Here the q term represents the amount of pollutant (mg/L) 
adsorbed by the unit solid (m). The qe term represents the 

(9)
dqt

dt
= K1(qe−qt)

removal rate at the equilibrium time, and the qt term repre-
sents the removal rate at any time t. In addition, the K1 term 
is the constant of the PFO kinetic model (1/min).

PSO kinetic model;
The formula of the model is presented in Eq. (10) (Ho 

et al. 1996).

Here, the K2 term is the constant of the PSO kinetic 
model (1/min).

Elovich kinetic model;
The formula of the model is presented in Eq. (11) (Kumar 

et al. 2011).

Here, α is the expression of the initial adsorption rate 
(mg/g), and β is the constant value of the desorption that 
took place (g/mg).

Intra-particle diffusion model;

(10)
dqt

dt
= K2(qe−qt)

2

(11)qt =
1

�
ln(��) +

1

�
lnt

Fig. 13   ObL-ZnONp synthesis 
and MB dye removal mecha-
nism
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The equation of the model is presented in equation num-
ber 12 (Boyd et al. 1947).

Here the Kid is model constant. Kid is obtained by plotting 
the value of t1∕2 against the value of qt in the equation.

The summary of the results obtained from the kinetic 
models is illustrated in Table 1. In addition, graphs show-
ing linear regression curves of each model are presented in 
Fig. 8. In addition, the qe value for time is given in Fig. 9.

When the obtained values are examined, the correla-
tion coefficients (R2) values of the Intra-Particle Diffusion, 
Elovich and PFO models were found as 0.654, 0.905 and 
0.906, respectively, while the R2 value of the PSO model 
was found as 0.999. Also, when the error functions between 
the data obtained from the laboratory values and the values 
obtained from the models are examined, the SSE, SAE and 
ARE values were calculated as 0.02, 0.332 and 8.49, respec-
tively, while the HYBRID, MPSD and X2 values were cal-
culated as 6.37, 0.972 and 0.046. When evaluated in terms 

(12)qt = Kidt
1∕2 + C

of error functions according to the table, it is seen that the 
most suitable model is PSO. When looking at the literature, 
it has been reported that the PSO model is suitable for the 
adsorption of Malachite green (R2 ≥ 0.996) and Congo red 
(R2 ≥ 0.967) dyes with Fe–Zn nanoparticles (Gautam et al. 
2015). Similarly, it has been reported that the PSO model is 
suitable for the removal of Victoria Blue B dye with ZnNPs 
obtained from flowers with a value of R2: 0.997 (Kataria 
et al. 2016).

Adsorption isotherms

It is used to define the possible relationship between the 
remaining pollutant (MB) concentration in the solution 
at the equilibrium state of the experiment and the adsor-
bent substance (ObL-ZnONp) we use by interpreting the 
results obtained from the adsorption isotherms. Thus, the 
pollutant adsorption capacity of the ObL-ZnONp surface 
is determined thanks to its specific properties and affin-
ity. Many isotherms are used to determine whether this 

Table 4   Comparison of the results obtained in experimental studies with the literature

a Acid blue 92, Direct Black 22, Direct Red 31, Direct Red 80

This study Kaur et al. 
(2021)

Cheng et al. 
(2020)

El-Ghobashy 
et al. (2023)

Aaddouz et al. 
(2023)

Kataria et al. 
(2016)

Mahmoodi et al. 
(2014)

NP chemical ZnO ZnO Cellulose 
asetate

Mn + Fe + Mn Hydroxyapatite Zn and Ag Amino silica

NP origin Ocimum Basili-
cum

– – – – Cotton fibers –

Experiment 
volume (mL)

10 20 20 50 10 100 250 mL

Mixing speed 
(rpm)

200 350 – 140 – 50–250 200

Experiment 
time (min)

0–30 10–40 30 h – 5–120 15–120 60

Working pH’s 3–11 2–12 2–10 4–12 6–12 2–10 2, 5, 8, and 10
Optimum pH 7.00 3 6.5 6.13 – 6.0 2
Working temp. 

(°C)
25, 35, 45 25 25, 35, 45 25–50 25–60 10–70 25

Optimum temp. 
(°C)

25 – 25 30 25 27.1 –

Initial conc. 
(mg/L)

2–64 6–30 50 12.71 5–90 10–100 25, 50, 75, and 
100

Adsorbent 
amount (g/L)

0.0312–1.25 0.5–7.5 0.02 0.10–0.30 1.0 0.2–1.0 0.01–0.07 g

Pollutant type MB Eriochrome 
black T

MB MB MB Victoria Blue B 4 dyea

qmax (mg/g) 21.41 49.30–73.95 96.9 89.63 38.39 163.93 37.45–113.64
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short-term is mono-component or different (Ali et  al. 
2018). In this context, 4 different isotherms were tested 
and compared with each other.

Freundlich isotherm model;
The equation of the model is presented in Eq. (13) (Fre-

undlich 1906; Jeppu and Clement 2012).

Here, qe value represents the amount of MB adsorbed 
by ObL-ZnONp at equilibrium (mg/g). Also, KF and n 
terms are defined as model constants. On the other hand, 
and Ce value is the concentration of MB dye remaining in 
the solution at equilibrium (mg/L).

Langmuir isotherm model;
The equation of the model is presented in Eq. (14), and 

the equation of the dispersion constant is presented in Eq. 
(15) (Gerente et al. 2007).

Here, RL is the dispersion constant, KL and aL are model 
constants.

Temkin isotherm model;
The model equation is displayed in Eq. (16) (Allen et al. 

2004).

Here, B, R, T and bT are expressed as cautious constant 
(J/mol), universal gas constant (8.314 j/mol.K), temperature 
(K) and heat of isotherm constant (kJ/mol), respectively.

Dubinin–Redushkevich isotherm model;
Model equation is given in Eq. (17) (Hu and Zhang 2019).

Here e term presented here, unlike other models, is the 
Polanyi potential.

The summary of the results obtained from the isotherm 
models is presented in Table 2. In addition, the graphs 
obtained from the linear regression curves of the models 
are given in Fig. 10. In addition, the graph drawn for the 

(13)qe = KFCe
1∕n

(14)qe =
qmaxKLCe

1 + KLCe

(15)RL =
1

1 + aLCe

(16)qe = Bln(ATCe) and B =
RT

bT

(17)qe = qmexp(−Be
2) and e = RTln

(

1 +
1

Ce

)

qe value obtained from experiments and models against the 
concentration of the MB dye remaining in the solution (Ce) 
is given in Fig. 11.

According to the table, the R2 values of Dubinin-Radu-
shkevich, Temkin and Langmuir isotherm models were 
obtained as 0.551, 0.920 and 0.969, respectively, while the 
R2 value of the Freundlich isotherm model was obtained as 
0.991. When the error functions are compared in the iso-
therm models as in the kinetic models, it is seen that the 
lowest values are in the Freundlich isotherm model. Accord-
ingly, the adsorption of MB dye onto ObL-ZnONp is suit-
able for the Freundlich model. The Freundlich isotherm 
model was used from the graph of lnCe versus lnqe. In addi-
tion, the 1/n and kF values obtained from this graph define 
the efficiency of adsorption and the degree of heterogene-
ity. Since the kF value is less than 1 here, it can be said that 
the adsorption occurs chemically. It can also be interpreted 
that a multilayer adsorption mechanism dominates and the 
active sites on the adsorbent surface have a heterogeneous 
distribution (Foo and Hameed 2010). Similarly, it has been 
reported in the literature that Brilliant Blue R dye obeys the 
Freundlich isotherm with R2 0.970 in the adsorption of com-
posite ZnO NP (Reghioua et al. 2021), and with R2 0.922 in 
the adsorption of Pb ions (Ali et al. 2018).

Adsorption thermodynamic and mechanism

By evaluating the adsorption mechanism from a thermody-
namic perspective, information is obtained about the pro-
gress of the reaction and whether it has a heat-receiving or 
heat-releasing mechanism. To determine this, experiments 
were conducted at temperatures of 298, 308 and 318. From 
the numerical data obtained as a result of the experiment, 
Eq. (18) was used to calculate the Gibbs free energy changes 
(∆G°). Also, Eqs. (19) and (20) were used to determine the 
enthalpy (∆H°) and entropy (∆S°) parameters.

In addition, the graph obtained from the KL value against 
the 1/T value is presented in Fig. 12, and the general sum-
mary of the thermodynamic results is presented in Table 3.

(18)ΔG = −RTLnK

(19)ΔG◦ = ΔH◦ − TΔS◦

(20)LnK =
ΔS

R
−

ΔH

RT
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In addition, the diagram created for the production and 
removal mechanism is displayed in Fig. 13. When the data 
obtained from the graphs and tables are examined, a posi-
tive ΔG° value means that the reaction occurs physically. 
According to the results, if the ΔG° value is negative, it 
means that the reaction is spontaneous, and if it is posi-
tive, it means that the reaction is not spontaneous (Al-Aoh 
et al. 2020). In addition, as can be seen, the ΔH° values are 
negative, and the negative value of this value means that the 
adsorption of MB dye onto ObL-ZnONp is an exothermic 
process. Physical adsorption (Van der Waals interactions) is 
lower than 20 kJ/mol (Peres et al. 2018).

Desorption and reusability test

Desorption and reusability studies were conducted at room 
temperature (23 ± °C) and pH 7. Initial MB concentration 
was 10 mg/L and 10 mL volume tubes were used. ObL-
ZnONp was added to the tubes to be 1 g/L. At the end of the 
experiment, centrifugation was performed and the MB dye 
concentration in the upper phase water was measured. 10 mL 
of 0.1 M HCl was added to the pellet remaining at the bottom 
of the tube and left to shake, aiming to remove the MB dye 
from ObL-ZnONp. At the end of the process, centrifugation 
was performed and the upper phase liquid was discarded. 
The remaining pellet was washed with distilled water and 
centrifuged again and the upper phase liquid was discarded. 
Again, MB with a concentration of 10 mg/L was added to 
the remaining pellet and left to shake, centrifugation was 
performed at the end of the period and the MB concentration 
in the upper phase liquid was measured. The cycles followed 
each other in this way. While the removal efficiency was 
96% in the 1st cycle, the efficiency decreased to 71% in the 
2nd cycle and finally, the efficiency was calculated as 65% 
in the 3rd cycle. There may be 2 possible reasons for the 
decrease in the removal efficiency. The first is the degrad-
ing effect of the washing solution on the nanoparticles. The 
second may be due to the mass loss in ObL-ZnONp at the 
end of each process cycle. When the literature is examined, 
it was reported that a desorption efficiency of 96–90% was 
achieved in a study conducted with Acid Blue 2, Direct Red 
23 and Direct Red dyes with ZnONp (Mahmoodi and Najafi 
2012). In a different study, MB and Brilliant green dyes were 
removed in dye removal studies conducted with F3O4 loaded 
activated carbon nanoparticles, and it was reported that an 
efficiency of over 70% was achieved in the 2nd cycle, while 

a desorption efficiency of around 60% was achieved in the 
3rd cycle (Joshi et al. 2019).

Comparison of the results obtained in experimental 
studies with the literature

The results obtained in experimental studies and the results 
in the literature are presented in Table 4. Accordingly, in a 
study where MB dye was removed with nanoparticles pro-
duced using Cellulose acetate, screenings were performed in 
the pH range of 2–10 and the optimum pH was determined 
to be 6.5 and the qmax value was reported to be 96.9 mg/g 
(Cheng et al. 2020). Also, at the different study where MB 
dye was treated with Hydroxyapatite-based Np, it was 
reported that 38.39 mg/g adsorbent capacity was reached at 
the end of the 120-min experiment (Aaddouz et al. 2023). 
On the other hand, at the different work where Zn/Ag-Np 
based on cotton fibers were produced, Victoria Blue B dye 
was removed and it was reported that 163.93 mg/g removal 
rate was achieved in the removal studies using Np at a con-
centration of 0.2–1 g/L (Kataria et al. 2016). Also, in dye 
removal works with Np synthesized with amio silica, experi-
ments were carried out at different pH and initial concen-
trations. Also, it was reported that the produced adsorbent 
was effective in dye removal (Mahmoodi et al. 2014). In 
this study, MB dye removal studies with Np obtained from 
Ocimum Basilicum wastes contributed to the literature.

Conclusion

The results obtained in the adsorption of toxic MB dye with 
ObL-ZnONp obtained by the green synthesis method are 
listed as follows;

–	 The effects of varying pH, amount of ObL-ZnONp, 
reaction time, initial dye concentration and temperature 
change were studied.

–	 Four different kinetic (PFO, PSO, Elovich and Intraparti-
cle diffusion) and 4 isotherm models (Freundlich, Lang-
muir, Temkin and Dubinin-Radushkevich) were tested.

–	 SSE, SAE, ARE, HYBRID, MPSD and X2 error func-
tions were used to determine the optimum kinetic and 
isotherm model.

–	 The most suitable kinetic model was determined as PSO 
with an R2 value of 0.999. In addition, the most suitable 
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isotherm model was determined as Freundlich with an R2 
value of 0.991.

–	 The characteristic structures of both raw and MB-loaded 
ObL-ZnONps were determined by FTIR and SEM–EDX 
analyses.

–	 It was determined that the adsorption mechanism was an 
exothermic process.

–	 While the removal efficiency was determined as 22.8%, 
64.1% and 90.2% at 30, 60 and 240 s, the adsorption 
process was completed after 15 min.

–	 In desorption tests, 65% efficiency was obtained in the 
3rd cycle.

–	 The amount of MB removed by unit ObL-ZnONp was 
calculated as 21.41 mg/g.

This study proved that ObL-ZnONp synthesized from 
wastes removes MB cheaply and rapidly.
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