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A B S T R A C T

In this study, Ordu-Unye bentonite was used as an adsorbent in the removal of zinc from aqueous 
solutions. The aim of the experimental part of the study was to ascertain how zinc removal was 
affected by variables such as pH, adsorbent amount, contact time, and initial zinc concentration. 
In the second part of the experiments, bentonite was modified with two different acids and the 
adsorption performance of modified bentonite was also investigated. Characterization of raw and 
modified bentonites was also carried out using FTIR and XRD. It was observed that acid modi
fication of bentonite negatively affected the zinc removal process from aqueous solutions. In this 
study, higher zinc removal (95 %) was obtained with raw bentonite compared to acid modified 
bentonites (58.4 % in HNO3 activated, 43.8 % for H2SO4 activated). Equilibrium isotherms were 
obtained and modelled to explain the adsorption mechanism. Adsorption isotherm studies 
showed that zinc adsorption fits well with Langmuir (R2: 0.99) and Temkin (R2: 0.97) models. 
Besides from these experimental investigations, various artificial neural network (ANN) training 
techniques were used to optimize the zinc adsorption process. By trial and error, the optimal 
performance was obtained by changing the number of hidden neurons in each layer of the neural 
network architecture. These models under study were analyzed to determine their R2 and mean 
square error (MSE) values, and the optimal outcomes were identified. Among the various training 
models of ANN, it was determined that the Bayesian Regularization method exhibited the opti
mum network architecture with the highest R2 (R2:0.995) and lowest MSE (MSE:0.0008) ratio.

1. Introduction

Since about two-thirds of the Earth’s surface is covered with water, water is clearly one of the basic elements of human life [1]. In its 
purest form, it is odorless, colorless and tasteless. Due to the discharge of industrial waste into water, the level of pollutants in aquatic 
ecosystems has increased, which has led to an increase in the demand for water for domestic and industrial purposes. Water, which 
makes up 70 % of the Earth’s surface, is undoubtedly the most valuable ordinary reserve on Earth. Living things on Earth could not 
exist without this invaluable solvent. Despite this, pollution of water resources occurs frequently. Hydrogen bonding and polarity are 
unique chemical properties that allow water to absorb, adsorb and dissolve a large number of compounds [2].

It is known that many major industries cause the presence of heavy metals in their wastewater. Industries are one of the largest 
users of water resources and producers of wastewater. The main industries responsible for wastewater generation are paint, textile, 
pharmaceutical, dye, pesticides, fertilizer, caustic soda, dairy, brewing, distilling, inorganic chemicals, asbestos, petroleum and other 
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engineering industries [3]. Heavy metals can be encountered at points where wastes from many different industries are discharged into 
water bodies. The Environmental Protection Agency (EPA) has listed zinc as a pollutant of concern, citing increasing cases of zinc 
poisoning. Electrolyte imbalance, abdominal pain and nausea, and muscle incoordination are the main signs and symptoms of zinc 
poisoning. Due to these potentially harmful effects, measures should be taken to reduce the presence of these pollutants to acceptable 
levels. The World Health Organization (WHO) has set the acceptable zinc content in drinking water as 5 mg/L [4,5]. Comprehensive 
assessment of water quality is a fundamental technical measure for the management and treatment of the aquatic environment [6].

A number of physical-chemical techniques can be used to treat wastewater containing heavy metals [7,8]. The most commonly 
used procedures are adsorption, membrane filtration, ion exchange, reverse osmosis and chemical precipitation, electrochemical 
processes, ozonation, hydrothermal treatment and stepwise extraction, biosorption coagulation-flocculation, phytoremediation and 
anaerobic membrane bioreactor [2,9–14]. In comparison, adsorption processes are superior to other techniques for wastewater 
recycling because they are cost effective, easier to design and operate, and are an effective process for removing zinc and other heavy 
metals from aqueous solutions [15]. Worldwide, activated carbon is the most common type of carbon used in wastewater treatment. 
Activated carbons are effective in removing heavy metals (i.e., lead, arsenic, mercury, and chromium) due to their 
non-biodegradability and environmental sustainability [16]. However, their use is limited due to their expensive nature. Therefore, a 
lot of research has been done to identify inexpensive and effective adsorbents. Various adsorbents such as fly ash, chitosan, cocoa and 
wheat hulls are used to remove zinc. Natural clay is considered as a suitable adsorbent because it is cheap and has a high removal 
efficiency [7,8]. Bentonite clays should receive much attention when used as natural adsorbents because they are cheap, effective and 
easy to store [17]. An important first step in the adsorption of certain pollutants by activated clay is the acidic activation of bentonite. 
This is called the “activation process”. The chemical and mineralogical properties of bentonite and its cation exchange capacity (CEC) 
change significantly with this process [17,18]. Temperature, treatment time and acid concentration are the main factors affecting the 
properties of acid-activated bentonite. Other factors are the type of activation agent used and the moisture level of the clay. Hydrogen 
ions replace the exchangeable ions in bentonite when treated with acid [17–19].

There are many studies on zinc removal from wastewater. Mellah and Chegrouche [20] used natural bentonite to adsorb zinc ions. 
In another study, zinc removal by Ca- and Na-bentonite was investigated [21]. Zn(II) was adsorbed on montmorillonite treated with 
sodium dodeacyl sulfate between 298 and 328 K by Lin and Juang [22]. Bayat compared the two to determine which Turkish fly ash 
could remove Zn(II) from an aqueous solution [23]. Rice bran was used for Zn(II) adsorption by Wang et al. [24]. Kanti and Gomez 
used natural bentonite to adsorb zinc from aqueous solution [25].

Artificial neural networks (ANN) are the preferred computational tools to model and predict various engineering problems 
involving many variables and parameters. ANN provides several advantages with its high learning capacity in the face of highly 
uncertain and complex input-output relationships. There are different ANN methods and architectures that can be used to model and 
calculate wastewater treatment process applications [14,26–28].

In this study, zinc in aqueous solutions was removed using bentonite as an adsorbent. Bentonite is an abundant, environmentally 
friendly, low-cost material that is quite useful for removing pollutants from water solutions due to its high adsorbent performance. 
These clays have not lost their importance from the past to the present due to the advantages they provide, on the contrary, studies on 
the subject have gained momentum. Bentonite based adsorbents can be used in the removal of organic and inorganic pollutants, 
radionuclides and other inorganic pollutants. It is possible to come across studies in the literature where different bentonite sources are 
used as adsorbents in the adsorption process [29–31].

Since bentonite sources are natural sources, they can be found in different contents and structures depending on the region where 
they are extracted, and their adsorption performance may also vary. For this reason, the bentonite used in this study, which belongs to 
the Ordu-Unye region in Turkey, has not been previously used for a similar purpose in the literature and examined as an adsorbent. 
When literature sources, especially in recent years, are examined, it is seen that the use of various bentonite sources in the adsorption of 
different pollutants still needs to be examined and investigated. This study also used a bentonite source not previously mentioned in 
the literature for zinc removal from wastewater and demonstrated its performance in detail. The effects of variables such as pH, contact 
time, adsorbent dose and initial zinc concentration on zinc removal through batch processes were investigated. Dubinin-Radushkevich 
(D-R), Freundlich, Temkin, BET and Langmuir isotherm models were used to study the equilibrium isotherms of batch systems. In 
addition to detailed parametric adsorption and isotherm studies, kinetic and thermodynamic studies were presented. Acid activation of 
bentonite upon adsorption was also carried out according to theoretical information found in the literature. The effects of activated 
bentonite on the adsorption capacity with two different acids, nitric and sulfuric acid, were compared.

In addition to all these experimental studies, this study also includes studies on computer learning for modeling and predicting the 
process with artificial neural networks using experimental results. Thus, the predictability of the process will increase, and more 
accurate results will be achieved with fewer experiments, less cost and time. There is still a lack of information in the literature on this 
type of studies that present both experimental data and studies conducted with ANN together. For this purpose, the most suitable 
method was determined based on high correlation (R2) value and low minimum mean square error (MSE). In other words, as 
mentioned earlier, this study differs from the existing literature in that it simultaneously presents comprehensive ANN studies along 
with kinetic, isotherm and thermodynamic studies, in addition to a detailed examination of the effects of experimental parameters on 
zinc removal.
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2. Materials and methods

2.1. Materials

Zinc chloride (ZnCl2, 98 %, Merck, Germany) dissolved in deionized water was used as the zinc source in the experiments. Sodium 
hydroxide (NaOH, 0.01 M, Merck, Germany) and nitric acid (HNO3, 0.01 M, %65, Merck, Germany) were utilized to continue adjusting 
pH. The adsorbent was Ordu-Unye bentonite (one of the local mining companies in the region, Unye Madencilik, Turkey). The 
chemical compositions of Ordu-Unye bentonite is shown in Table 1. These data were obtained from the local producer of Ordu-Unye 
bentonite. The bentonite sample was kept at 100 ◦C for 2 h before using.

2.2. Acid modification

On account of evaluate the impact of activation conditions on zinc adsorption, the process was carried out a batch setup. For 
understanding the effect of acid type on activation process, nitric acid (65 wt%, Merck, Germany) and sulfuric acid (98 wt%, Merck, 
Germany) were used [17].

2.3. HNO3 acid modification procedure

Dry bentonite powder which is 4 g and 200 mL HNO3 (0.05 M) acid solution was mixed well into three-neck flask equipped with a 
condenser. Sample was activated at 98 ◦C for 60 min. The suspensions were mixed and heated during the activation using a magnetic 
stirring mixer. After being filtered, the activated sample was washed with distilled water multiple times and dried in an air oven at 
100 ◦C for 24 h [17].

2.4. H2SO4 acid modification procedure

H2SO4 (200 mL, 0.25M) was mixed with 20 g of raw bentonite. The clay was heated to 97 ◦C in a shaking water bath for 6 h, with 
the fumes condensing by reflux, to activate the acid. After that, the sample of activated clay was repeatedly cleaned with distilled water 
to get rid of sulfate ions. Thereafter, the sample was kept on hold at 100 ◦C for 24 h at in the air oven [7].

2.5. Analyzes and characterizations

An instrument called the UV/vis spectrophotometer (Jenway, Model 6305,Japan) was used to analyze zinc. All adsorption tests 
were conducted using the shaker (Buhler, Germany), and the pH-meter (WTW Inolab pH 720, Germany) was utilized to alter pH.

The changes due to acid-activation were examined by BET-surface area characterization method (BET–Surface Area Analyzer Nova 
Model 1200, a single point method, USA), the Fourier transformed infrared (FTIR, PerkinElmer Frontier FTIR, USA) spectra and X-ray 
diffraction (XRD, Bruker 8D Advance diffractometer, Germany) analysis.

2.6. Adsorption experiments

Adsorption of zinc with Ordu-Unye bentonite was carried out with the batch process. 2.08 g of ZnCI2 were dissolved in distilled 
water (1 L) to form 1000 mg/L of zinc solution. These stock solutions were diluted to prepare zinc solutions in certain concentrations. It 
was found that the samples had a 50 mL capacity. NaOH and HNO3 were utilized to alter the pH. In the shaker, a temperature of 23 ◦C 
and a stirring rate of 250 rpm were applied. After the anticipated contact times, samples were taken from the medium, and filtered to 
separate the clay particles.

In the experiments, the initial and post-adsorption zinc ion concentrations were determined using the Zincon method (Standard 
Methods for the Examination of Water and Wastewater, APHA Method 3500-Zn, Zincon method) using a UV-spectrophotometer. In 
this method, zinc forms a blue complex with the Zincon indicator in a solution adjusted to pH 9.0. Zincon is one of the most commonly 

Table 1 
Chemical composition of Ordu-Unye bentonite.

Chemical Grups % Amounts

SiO2 62.94 %
Al2O3 19.17 %
CaO 2.04 %
Fe2O3 2.71 %
MgO 3.88 %
TiO2 0.18 %
Na2O 0.80 %
K2O 2.36 %
LECO Carbon 0.020 %
LECO Sulfur 0.008 %
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used chelating agents in the determination of zinc ions. A spectroscopically analyzable complex is formed by the addition of cyanide, 
Zincon, and cyclohexanone to the medium, respectively. The absorbance values of the samples were measured for a wavelength of 620 
nm [32,33]. In this study, the effect of initial concentration, amount of adsorbent, pH and contact time were investigated on zinc 
removal.

2.7. Adsorption models

Batch adsorption investigations were used to determine zinc equilibrium isotherms. Using Equation (1), the amount of adsorbed 
heavy metal (qe) per unit mass of adsorbent was calculated: 

qe =
(C0 − Ce) × V

m
(1) 

where m is the bentonite mass (g), V is the solution volume (L), Ce is the concentration of pollutants at equilibrium (mg/L), and C0 is the 
initial concentration of heavy metal [7]. The percentage of adsorbed metal relative to the initial concentration was used to express the 
adsorption efficiency (n) as (Equation (2)): 

η=
(

C0 − Ce

C0

)

× 100 (2) 

These data were used in calculations, and adsorption curves were produced [5,34].

2.8. Modeling with artificial neural networks

Within the scope of this study, Matlab R2017b (The MathWorks) software was used to examine artificial neural networks models. In 
this context, feed-forward backpropagation network was chosen as the network type and "LEARNGDM" was chosen as the learning 
function. In order to select the most appropriate transfer functions for the hidden layer and output layer, the “LOGSIG”, “PURELIN” and 
“TANSIG” functions were changed and examined one by one. The function pair that gave the lowest MSE and the highest R2 values 
were selected as the most appropriate, and the ongoing studies were continued with this function pair. The R2 and MSE values 
mentioned here were calculated according to Equation (3) and Equation 4.The neural architecture included input, hidden and output 
layers. To decide the optimum number of neurons, the number of hidden neurons in the hidden layer was changed from 2 to 10. In ANN 
models, Levenberg–Marquardt (LM), Scaled Conjugated Gradient (SCG) and Bayesian Regularization (BR) training methods were used. 
In all these studies, random division of data was preferred. Before the data was used in calculations in the ANN, it was normalized to a 
value between 0 and 1 to reduce the impact of outliers and facilitate learning. 

R2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(Yi − Yi)2
−
∑n

i=1(Yi − Ŷi)2

∑n
i=1(Yi − Yi)2

√
√
√
√ (3) 

MSE=
1
n
∑n

i=1

(

(Yi − Ŷi)2 (4) 

In Equations (3) and (4), n is the observation numbers, Yi is the percentage of adsorbed zinc to the initial amount, Yi is the average zinc 
removal percentage, and Ŷi is the percentage of zinc to the initial amount predicted by the model [26–28].

3. Results and discussion

3.1. Effect of pH

Ambient pH is a parameter known to have an effect on the ionization degree, the chemistry of metal ions and the surface properties 
of the mineral. Ordu-Unye bentonite was used to adsorb zinc, and metal solutions with a volume of 50 mL and a concentration of 50 

Table 2 
Effects of different pH values.

pH values Ce (mg/L) qe (mg/g) Efficiency (%) Absolute error for LM Absolute error for SCG Absolute error for BR

3 1.25 12.19 97.50 0.17 1.44 0.09
4 1.25 12.19 97.50 0.49 1.33 0.96
5 1.61 12.10 96.78 0.74 0.54 0.83
6 1.61 12.10 96.78 1.24 0.50 0.90
7 1.61 12.10 96.78 0.16 0.44 0.58
8 1.81 12.05 96.40 0.19 0.11 0.09
9 1.91 12.01 96.08 0.02 0.90 0.06
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mg/L were employed, with pH values ranging from 3 to 9. The trials maintained a consistent clay content of 0.2 g and determined that 
the agitation period should be 2 h at 250 rpm. Table 2 presents the results of this study.

When zinc was adsorbed onto natural clay, the greatest removal efficiency was achieved at pH 3 and pH 4, respectively. The 
adsorption efficiency was decreased a little bit with increasing pH values but nearly constant until 7. However after pH 8, it started to 
decrease a little.

Silicon-oxide and aluminum-oxide in the structure of bentonite turn into silanol (Si-OH) or aluminol (Al-OH) form when bentonite 
is thrown into water. It is known that in a highly acidic environment (pH < 3), silanol (Si-OH) or aluminol (Al-OH) transforms into Si- 
OH2+ and Al-OH2+ forms, causing the mineral surface to become positively charged. In this case, electrostatic repulsion occurs be
tween the heavy metal and the adsorbent surface and adsorption becomes difficult. According to a study conducted by Mekhamer [35], 
the point of zero charge (PZC) value of raw bentonite was reported to be pH 3. It is known that the surface charge of bentonite is 
positive below this value. At pH values above this value, the negative charge of the surface increases with increasing pH [35]. For this 
reason, pH experiments started from pH 3. As the pH increases, silanol (Si-OH) or aluminol (Al-OH) begins to transform into Si-(OH)2−

and Al-(OH)2− forms. Thus, the positive charge of the surface decreases and it begins to become negatively charged. Accordingly, the 
zinc ion and bentonite mineral interaction increases. As can be seen from the results, a plateau was reached between pH 3 and 7 and no 
significant change in adsorption behavior was observed in this range. This situation has also been reported in different studies [35–39]. 
On the other hand, it is known that after a certain pH value (pH > 7), the solubility of heavy metals decreases and hydroxyl compounds 
form and precipitate occurs. This inhibition of the adsorption mechanism explains the decrease in zinc sorption efficiency after pH 7 
seen in the results [25,36].

In summary, the adsorption properties of bentonites can be explained by dissolution, ion exchange/adsorption and precipitation 
mechanisms. In fact, pH determines which of these mechanisms dominates the adsorption process. Due to the involvement of different 
mechanisms, it has been stated that the adsorption efficiency does not exhibit much change, similar to many studies in the literature 
[36,39,40]. Another reason for this is thought to be the adsorption time. In a study conducted by K. Bellir et al. [39], where the 
adsorption of zinc onto bentonite was examined, it was shown that the pH effect decreased with time. They reported that the pH effect 
disappeared especially after the 90th minute. In this study, similar to K. Bellir’s study, since the pH effect was examined at the end of 
120 min, no significant change was observed at different pH values.

3.2. Effect of adsorbent dosage

In order to find out the efficient dosage of adsorbent, different bentonite dosages varied between 0.01 and 1 were tried. Initial metal 
concentration was adjusted to 50 mg/L and pH value was kept 5. After addition of different amounts of adsorbent to solutions, 
experiment was carried out for 2 h. The results are listed in Table 3.

In Tables 3 and it is understood that the performance increases with increasing adsorbent amounts up 0.2 then there was no in
crease in adsorption. Because, in the same solution volume, there are more active sites due to the increase in the adsorbent amount. 
However, it can be seen that the amount of zinc adsorbed per unit adsorbent (mg/g mineral) decreased in this study as reported in the 
literature studies [25,37,41].

At high dosages, when the available metal concentration is not sufficient to completely cover the active sites on the adsorbent, low 
metal adsorption usually occurs. Furthermore, a poor specific removal may be the outcome of binding site interference brought on by 
an increased adsorbent dose. When the adsorbent amount increases, the interactions between the adsorbent particles become more 
significant and may result in physical obstruction of some adsorption sites, lowering the removal effectiveness. The electrically charged 
surface may produce electrostatic interferences as a result of these interactions, which reduces the attraction between the surfaces of 
individual particles and adsorbed solutes. At the same time, if the adsorption of metal ions is reversible, desorption is expected. Metal 
ions in the medium can be adsorbed at low adsorbent concentrations not only on the sorbent’s surface but also within its interior, 
facilitating the metal ion concentration gradient. Consequently, when the amount of adsorbent is increased while maintaining a certain 
volume, the effective surface area decreases and less space is available per unit adsorbent mass [29,42].

A similar pattern of different adsorbent effects on metal ion removal has also been documented by a number of other researchers 
[36]. In the literatüre, it has been stated that lower adsorbent amount results in higher adsorption performance due to the increase in 
the solid/liquid interface area. It is said that the equilibrium adsorption capacity decreases for a given initial metal concentration as the 
concentration of the mineral in the solution increases and approaches a critical value at where all ions are adsorbed to the mineral [29,
36,42,43].

Briefly, the results in Table 3 show that as the adsorbent amount increases, the adsorbed amount per unit adsorbent decreases and 

Table 3 
Effects of clay dosage on efficiency.

Adsorbent dosage (g) Ce(mg/L) qe (mg/g) Efficiency (%) Absolute error for LM Absolute error for SCG Absolute error for BR

0.01 33.87 80.66 32.26 1.09 3.19 1.30
0.03 26.20 39.67 47.60 5.76 5.20 3.88
0.05 26.03 23.97 47.94 4.37 6.37 5.74
0.10 10.38 19.81 79.23 4.26 3.07 4.14
0.20 2.77 11.81 94.46 1.31 1.05 0.83
0.30 2.77 7.87 94.46 0.40 2.42 0.58
1.00 2.77 2.36 94.46 0.05 2.70 0.04
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conversely, the removal performance percentage increases. This situation is similar to the results observed in previous adsorption 
studies. In studies conducted on the removal of zinc or similarly different cations [36,40,44,45], it has been reported that the adsorbed 
amount per unit adsorbent decreases with the increase in the adsorbent amount, which is consistent with the present study. In addition, 
in a study conducted on zinc removal [25], it was observed that the increase in the adsorbent amount improved the zinc removal 
percentage until a certain adsorbent amount was reached, similar to the present study.

Since there is no increase in adsorption efficiency when the quantity of adsorbent is increased beyond 0.2 g, this value was 
determined as the optimum amount of adsorbent for zinc removal.

3.3. Effect of contact time

The contact time was also one of the most important factor on the efficiency. In order to analyze the effect of contact time on zinc 
removal, samples were taken at different time periods varying between 15 and 120 min. Experiment was studied at pH 5 by using 0.2 g 
bentonite which was determinated previous work, and initial concentration was kept 50 mg/L. Table 4 displays the results.

As can be clearly seen from the results in Table 4, the adsorption process of zinc on the bentonite used in this study was very fast, 
and the adsorption efficiency reached 95 % even after 15 min. After this rapid increase, adsorption slowed down and at the end of 60 
min, the adsorption process reached equilibrium with an efficiency of 95.80 %. As a result of this study, 60 min was selected as the 
optimum contact time. There are studies in the literature where adsorption equilibrium was reached quickly, as in this study [38,
45–47].

In a study involving the adsorption of zinc removal using Ca-Bentonite, it was determined that zinc was initially adsorbed very 
quickly on bentonite and then reached an equilibrium over time [46]. According to a different study showing the adsorption of zinc on 
illite, the process started quite fast and slowed down for 60 min until equilibrium was reached [47]. Similar to other studies, a study 
examining the adsorption of zinc on natural clay concluded that zinc reached its maximum adsorption efficiency after 5 min [38,45].

3.4. Effect of initial concentration

To determine metal concentration which varied from 10 to 200 mg/L effects on adsorption efficiency, experiment was carried out 
using 0.2 g bentonite for 60 min at pH 5. Results are given in Table 5.

It is known that adsorption is independent of initial concentration due to the low ratio of metal cations to adsorbent mass at low 
initial metal concentrations. More metal ions become accessible when the initial concentration is increased, and more metal ions are 
adsorbed for a given amount adsorbent. The motivation to overcome the mass transfer resistance and allow the metals to migrate from 
the massive solution to the mineral surface increases with higher initial concentrations of metal ions. However, as more metal cations 
are added per unit mass of adsorbent, the sites are gradually filled until saturation is reached. Several studies have also documented 
that increasing the initial concentration leads to an improvement in the adsorption capacity on the one hand and a decrease in the 
adsorption efficiency on the other hand [17,36,45]. In this study, an increase in adsorption capacity was observed, consistent with the 
studies mentioned in the literature. This increase increased rapidly up to 100 mg/L, but a slowdown was noted after this value.

On the other hand, as can be seen from Table 5, the adsorption efficiency remained high as the metal ion concentration increased, 
but started to decrease after 100 mg/L. It was concluded that the adsorbent reached saturation in the concentration range of 50 mg/L 
and 100 mg/L. Since the adsorbent, which is saturated after 100 mg/L, does not have enough area to adsorb the zinc ion, increasing 
zinc concentration decreased the adsorption efficiency. Different studies with a similar trend to the effect of initial concentration in this 

Table 4 
Contact time effect on adsorption efficiency.

Contact time (min) Ce (mg/L) qe (mg/g) Adsorption efficiency (%) Absolute error for LM Absolute error for SCG Absolute error for BR

15 2.5 11.88 95.00 0.09 0.42 0.27
30 2.5 11.88 95.00 3.13 0.56 0.39
45 2.5 11.88 95.00 0.33 1.09 0.77
60 2.1 11.98 95.80 0.24 0.44 0.15
90 2.1 11.98 95.80 0.01 0.21 0.10
120 2.1 11.98 95.80 0.03 2.39 0.51

Table 5 
The results of different metal concentration.

C0 (mg/L) Ce (mg/L) qe (mg/g) Efficiency (%) Absolute error for LM Absolute error for SCG Absolute error for BR

10 0.28 2.43 97.20 1.19 0.02 0.77
25 1.00 6.00 96.00 0.54 0.97 0.90
50 2.50 11.88 95.00 1.04 1.24 0.95
100 10.00 22.50 90.00 3.27 0.22 3.38
125 25.00 25.00 80.00 0.06 0.54 1.05
150 45.60 26.10 69.60 3.64 0.92 1.09
200 84.40 28.90 57.80 0.03 0.02 0.27
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study can also be found in the literature [36,45]. In the study conducted by Kaya et al. [36], an investigation was made between 1 and 
200 mg/L metal concentrations. While an increase in adsorption capacity was observed with increasing initial concentration at the 
beginning, it was reported that it did not show much change after 60 mg/L. In addition, in the studies conducted by Veli et al. [45] at 
20–160 mg/L metal concentrations, the optimum metal concentration was found to be 100 mg/L.

Table 6 
Adsorption isotherm models and fitting parameters for the adsorption of Zn ions on raw bentonite.

Models Linearized Form of Equations Values of the model parameters

Langmuir [24–26] qe = Q0 (b x Ce)/(1 + b x Ce) Q0 : 25.51
R2 : 0.99
b: 0.37

Freundlich [24,25] Log qe = log Kf + (1/n)*log Ce Kf: 5.97
R2 : 0.90
n: 2.33

D-R [26,27] Ln qe = Ln qm – Be2 B: 0.0016
R2 : 0.81
qm: 20.07

Temkin [28] qe = B ln Kt + B Ln Ce B: 4.97
R2 : 0.97
Kt: 5,01

BET [5] Ce/[qe x (C0 – Ce)] = 1/(qmk) + (Ce/C0) x [(k – 1)/(qmk)] qm: 21.05
R2 : 0.77
k: 10.80

Fig. 1. Adsorption isotherm models.

Table 7 
A comparison of maximum adsorption capacity for Langmuir model of previous studies in literature.

Material Adsorption capacity (mg/g) Reference

Natural zeolite 3,45 [21]
Natural bentonite 15,46 [5]
β-cyclodextrin-modified pectin 9213 [48]
Natural bentonite 24 [36]
Chitosan/cellulose 19,81 [49]
Durian tree sawdust ( 22,78 [50]
Coconut coir 24,39 [50]
Fruit bunch 21,19 [50]
Bentonite 21,09 [51]
Paddy husk biochar 26,53 [52]
Chicken manure 11,12 [53]
Ca-alginate-biochar 120 [54]
commercial activated carbon 14 [55]
Ordu-Unye bentonite 25,51 In this work
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3.5. Comparison of adsorption isotherms

Adsorption behaviours of bentonites for zinc ion were described with the Langmuir, Freundlich, D-R, Temkin and BET models. The 
model parameters values were determined by equations which are in Table 6 [7].

According to correlation coefficient, it can be said that Langmuir and Temkin isotherm models are very well to explain study 
results. In addition, isotherm coefficients and experimental Ce values were used for calculating theoretical qe values. Fig. 1 was ob
tained using by theoretical qe and experimental Ce values. It is clearly seen in Fig. 1, Temkin and experiment values correspond to each 
other. Based on this, it can be interpreted that the adsorption of zinc on bentonite occurs on heterogeneous surfaces, the bond between 
the metal ion and the adsorbent is strong, and it interacts with the functional groups where adsorption occurs in a very short time.

When the maximum adsorption capacity of the adsorbent used in this study obtained from the Langmuir isotherm model is 
compared with the maximum adsorption capacity of other adsorbent materials previously reported in the literature (Table 7), it is seen 
that the bentonite from Ordu-Unye region used in the present study has higher and comparable capacity in many cases. The bentonite 
adsorbent used in the present study is a natural product, abundant in nature, effective high surface area and good performance in zinc 
removal have led to this bentonite source being considered as a sustainable and economical adsorbent source.

3.6. Adsorption kinetics

Pseudo first order, pseudo second order and intraparticle diffusion models were tested to determine the zinc adsorption kinetics of 
bentonite. These experiments were carried out by measuring samples taken from the medium at pH 5 at an initial concentration of 50 
mg/L at time intervals ranging from 15 to 120 min. The equations of the models and the results of the parameters of the models are 
summarized in Table 8 k1, k2 and k3 in the table represent the pseudo first order, pseudo second order and intraparticle diffusion 
coefficients, respectively [56,57]. qe and qt represent the amount of zinc adsorbed in the equilibrium and at any time, and t represents 
the time.

When all three models are examined, it is seen that the most suitable kinetic model for the adsorption process is the pseudo second 
order. The qe values calculated using this model (12.0048 mg/g) and the experimental (12 mg/g) are very close to each other. In 
addition, the R2 of the model is > 0.99, and k2 is 0.303 mg/gmin. It is seen that the R2 value for the pseudo first order is quite low. This 
means that the model will be insufficient to explain the kinetic data related to this process. Finally, it can be concluded that the 
Intraparticle diffusion model is also not suitable to explain the kinetic data related to this adsorption process with the R2 value of 
0.7271.

3.7. Acid activated bentonite effect on adsorption capacity

Since there are few sources in the literature on the zinc adsorption of acid modification, the effect of different acids on the 
adsorption of zinc on bentonite was examined in this study.

Bentonite was activated with HNO3 and H2SO4 to examine the effect of the acid modification of the bentonite on adsoption ca
pacity. Results are shown in Table 9. In the experiments, adsorbent amount, initial concentration and contact time were taken as 0.2 g, 

Table 8 
Kinetic model equations and parameters.

Models Equations Parameters

Pseudo first order ​ qe(cal.) 0.1735 mg/g

log(qe − qt) = log(qe) −
k1 × t
2.303

k1 0.02 1/min

​ R2 0.7059
Pseudo second order ​ qe(cal.) 12.0048 mg/g

t
qt

=

(
1
qe

)

× t+
1

k2 × q2
e

k2 0.303 mg/gmin

​ R2 >0.99
Intraparticle diffusion ​ k3 0.018 mg/gmin1/2

qt = k3
̅̅
t

√
+ I I 11.797 mg/g

​ R2 0.7271
Experimental Data ​ qe(exp.) 12 mg/g

Table 9 
Results of acid activated and raw bentonite comparatively.

Adsorbent Ce (mg/L) qe (mg/g) Adsorption efficiency (%) pH value 
after experiment

Raw bentonite 2.50 11.88 95.00 8.10
HNO3 activated bentonite 20.80 7.30 58.40 3.24
H2SO4 activated bentonite 28.10 5.47 43.80 3.35
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50 mg/L and 60 min, respectively.
Bentonite can be divided into 3 classes according to pore sizes: microporous, mesoporous and macroporous. Adsorption consid

erably are related to presence of micropres and mesopores [17].
Impurities on bentonite dissolves in acidic media and also the exchangeable cations replaces with hydrogen ions. Therefore the 

surface area of clay generally increases. Rising of the surface area and changing in pore structure of clay are related with chemical 
composition of clay, types of exchangeable cations, presence of the other mineral types in clay, type of acid and acid concentration, 
treating temperature and time of acidification of the clay [17].

The surface area of raw and acid activated bentonites were determinated and results are in Table 10. As seen from the results, the 
surface area of bentonite activated with sulfuric acid was found to be higher than other bentonite types.

Fig. 2 displays the FTIR spectra of both acid-modified and raw bentonite. The O-H stretching vibration of bound water and the O-H 
stretching vibration of Al-OH groups are responsible for the peak at 3620 cm− 1 observed in the FTIR spectra of raw bentonite and acid 
modified bentonites. The peak located approximately at 1630 cm− 1 is attributed to the water molecules’ O–H bonds bending within the 
silicate matrix. Stretching vibrations of Al-O, Al-Al-OH, and Si-O functional groups produce the peak values at 793 cm− 1, 918 cm− 1, 
and 990 cm− 1, respectively. Furthermore, the peaks at 793 cm− 1 point to the quartz’s presence in bentonite. The bands at 617 cm− 1 

indicate the Al-O-Si-O bond (presence of feldspar). The presence of similar peaks in all three spectra is interpreted as no change in the 
mineralogical structure of bentonite [58–60].

The compositions of the bentonites were investigated by XRD and the results were given in Fig. 3. It is said that impurities like 
calcite and quartz dissolved by acid activation. However montmorillonite minerals are nearly similar in raw and acid activated 
bentonites.

It is possible to come across studies in the literature examining the effect of acid treatment on adsorption [61,62]. In these studies, it 
is seen that the effect of acid activation can vary depending on the ionic form of the material to be adsorbed. The common opinion in 
the studies is that acid treatment causes the adsorbent surface to become neutral or even positively charged. Depending on the sit
uation of the adsorbent surface, adsorption can be affected positively or negatively depending on the ionic form of the substance to be 
adsorbed in that environmental conditions. The adsorption of zinc and cadmium from aqueous solutions on both natural and activated 
bentonite was investigated by Pradas et al. They showed that modification of bentonite by acid treatment reduced the adsorption 
capacity. Moreover, further decrease in the adsorption capacity was reported when the molarity of the treated acid is stronger [61].

Similar to the studies in the literature mentioned above, in this study, as clearly seen in Fig. 4, raw bentonite has the highest 
adsorption capacity compared to acid modified bentonites. This can be explained by the neutralization and even positive charging of 
most functional groups on the bentonite surface due to acid activation. Therefore, the interaction between bentonite and zinc ions 
decreased significantly. Based on the knowledge that clay minerals affect the pH of the environment [43,63], the pH values measured 
after the experiment also prove this fact.

Table 10 
Specific surface area of raw and acid activated bentonites.

Adsorbents Specific Surface Area (m2/g)

Raw bentonite 64.56
HNO3 activated bentonite 69.16
H2SO4 activated bentonite 83.91

Fig. 2. FTIR analysis of raw and acid activated bentonites.
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3.8. Thermodynamic studies

Thermodynamic parameters are key factors for understanding the entropy and energy changes through processes. The changes in 
enthalpy (ΔH◦) and entropy (ΔS◦) were determined from linear plots of log (qe/Ce) vs 1/T (Fig. 5) using the following equations: 

Kc = qe/Ce                                                                                                                                                                               (5)

Log (qe/Ce) = - ΔH◦ / 2.303 RT + ΔS◦ / 2.303 R                                                                                                                      (6)

Fig. 3. XRD analysis of, a) raw bentonite, b) H2SO4 modified bentonite, c) HNO3 modified bentonite.
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The free energy change (ΔG◦) was cakculated using the following equation: 

ΔG◦ = ΔH◦ - T ΔS◦ (7)

The values of ΔG◦ obtained at 27, 32, 37, 42, 47, and 52 ◦C are − 8.02,-8.47, − 8.92, − 9.27, − 9.95, and − 10.43 kj/mol, respectively. 
Obtaining negative ΔG◦ values is a sign of spontaneous adsorption process [64]. For this reason, the increase in -ΔG◦ values with 

Fig. 4. Effects of acid activation on adsorption capacity.

Fig. 5. Thermodynamic plot for adsorption of zinc ions onto bentonite.

Table 11 
Thermodynamic parameters.

T(◦C) ΔG◦(kJ/mol) ΔH◦(kJ/mol) ΔS◦(kJ/molK)

27 − 8.02 33.07 0.326
32 − 8.47
37 − 8.92
42 − 9.27
47 − 9.95
52 − 10.43

Table 12 
The R2 and MSE results for different models.

Models Activation Functions LM BR SCG

R2 MSE R2 MSE R2 MSE

1 logsig-logsig 0.9 0.0025 0.6952 0.0708 0.51568 0.0178
2 logsig-purelin 0.76 0.0045 0.98552 0.0008 0.63311 0.0078
3 logsig-tansig 0.99 0.001 0.6867 0.0682 0.95785 0.0026
4 purelin-logsig 0.95 0.0178 0.64232 0.0872 0.84793 0.0961
5 purelin-purelin 0.48 0.0013 0.74309 0.0364 0.7438 0.0169
6 purelin-tansig 0.91 0.0006 0.9609 0.0198 0.274 0.135
7 tansig-logsig 0.94 0.0008 0.668 0.0723 0.94047 0.0825
8 tansig-purelin 0.99 0.0019 0.99182 0.0005 0.97476 0.0001
9 tansig-tansig 0.96 0.0063 0.96826 0.0009 0.96503 0.0093
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increasing temperature can be interpreted as adsorption being more suitable at a higher temperature. A positive ΔH◦ value (33.07 
kj/mol) could be interpreted as an endothermic adsorption process [64,65]. A ΔH◦ value below 40 kj/mol indicated zinc physisorption 
onto bentonite structure [66,67]. Additionally, positive value of ΔS◦ (0.326 kj/molK) qualifies as an indicator of randomness. The 
reason for this may be that displaced water molecules gain more translational entropy than metal ions lose during the adsorption [68]. 
A summary of the thermodynamic parameters is presented in Table 11.

3.9. Artificial neural network (ANN)

Studies were carried out on three different models: Levenberg–Marquardt (LM), Scaled Conjugate Gradient (SCG) and Bayesian 
Regularization (BR) training methods [28]. Determining the optimum ANN architecture started by deciding what the most appropriate 
transfer functions were for the hidden and output layers. Table 12 shows the R2 and MSE values obtained by changing the "LOGSIG", 
"PURELIN" and "TANSIG" functions for both layers one by one for all 3 training methods. The number of hidden neurons for each model 
here is kept constant at 6. As can be clearly seen from the results, Model 8 in the table (TANSIG-PURELIN model) has the highest R2 and 
lowest MSE value for all 3 training methods. For this reason, it was decided to continue with this dual function group in determining 
the best training method. Fig. 6 shows the proposed network structure.

To determine the best training method, ANN architecture for all 3 training methods was created. In all 3 methods, the number of 
neurons in the hidden layer was changed between 2 and 10 and MSE and R2 values were determined for all of them. Table 13 shows R2 

and MSE values for different numbers of hidden nodes for each training method. It is known that the model should have high R2 and 
low MSE values when deciding on its predictive accuracy [14,28,69,70]. Accordingly, the best result (MSE: 0.0008, R2: 0.9948) in the 
network optimized with the LM method was achieved when 10 hidden nodes were used. At the same time, the best result (MSE: 0.0002, 
R2: 0.99322) of the network using the SCG training method was seen when 5 hidden neurons were used. In addition, in studies 
conducted with BR training method, the best result (MSE: 0.0008, R2: 0.99529) was found when 4 hidden neurons were used.

The graphs of ANN data for training, validation, testing and all cases where the best results are obtained for all 3 training methods 
are shown in Fig. 7. In Fig. 7a, the R2 values of the network optimized according to the LM training method for training, validation, 
testing and the entire data set in the best condition are 0.99364, 0.99793, 0.97606 and 0.99485, respectively, and the MSE value of the 
best performance was seen 0.00079571.

The R2 values and MSE value in the best condition of the network trained according to the SCG method are shown in Fig. 7b. Here, 
the R2 values calculated for training, validation, testing and the all data set were 0.99112, 0.99998, 0.98108 and 0.99322, respectively, 
and the MSE value of the best performance was found to be 0.00023854.

Finally, in Fig. 7c, the R2 value of the network trained according to the BR method is 0,99323 for training, R2 value for testing is 
0.99983 and R2 value for all data is 0.99529. In addition, the MSE value of this network under best conditions is 0.00077387. In the 
network trained with the BR method, the R2 value is not calculated for validation due to its own algorithm [28].

In summary; the architecture of the optimized network was determined as 4:10:1, 4:5:1 and 4:4:1 for the three training methods 
LM, SCG and BR, respectively. The results of the ANN analysis performed are important in terms of making the process predictable with 

Fig. 6. ANN architecture.

Table 13 
The R2 and MSE results for different neuron numbers of different training methods.

Number of Neurons BR SCG LM

R2 MSE R2 MSE R2 MSE

2 0.9791 0.0008 0.51573 0.0041 0.9439 0.0053
3 0.9857 0.0008 0.9313 0.0013 0.6528 0.082
4 0.99529 0.0008 0.1639 0.0384 0.9904 0.0125
5 0.99433 0.0008 0.99322 0.0002 0.9275 0.0037
6 0.995 0.0008 0.8011 0.0187 0.9898 0.0005
7 0.9947 0.0008 0.8321 0.0383 0.7302 0.0235
8 0.9115 0.0004 0.457 0.0206 0.9424 0.0006
9 0.98919 0.0009 0.8974 0.0059 0.6382 0.0082
10 0.99382 0.0007 0.8752 0.04137 0.9948 0.0008
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Fig. 7. R2 value for training, testing, validation and all data sets and MSE value for the best architecture of optimized ANN model with a) Lev
enberg–Marquardt training method, b) Scaled Conjugate Gradient training method and, c) Bayesian Regularization training methods.
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the help of the models obtained in this way and, accordingly, making decisions about the process without the need for a large number 
of experiments. In order to evaluate the usability of the obtained models, the some experimental results and the predicted results 
according to the three training methods are given in Table 14 for comparison. As can be clearly seen from the results in the table, it was 
seen that the mentioned models predicted the experimental results with high accuracy. In other words, it was determined that the 
models represented the adsorption process well. Thus, it is possible to make preliminary predictions for different conditions and 
evaluate the process without conducting too many experiments.

Fig. 8 shows the comparison between the experimental data of zinc removal efficiency (%) with bentonite for the best conditions of 
all three tested models and the values estimated by the models. Here, it is seen that the R2 values of each selected model are quite high 
and close to each other. This is thought to indicate that these three models with different optimum architectures exhibit high 
compliance with the experimental data [71,72].

4. Conclusions

In this study, the zinc adsorption performance of Ordu-Unye bentonite was examined in detail for different adsorption conditions. 
Here, the best result, 97.5 % efficiency, was achieved under the conditions of pH 3, 0.2 g adsorbent amount, 50 mg/L initial con
centration, and 120 min. As a result of the investigations, it was revealed that the adsorption efficiency was significantly affected by the 
changes in the initial concentration of zinc and the amount of adsorbent (compared to pH and contact time parameters). Studies were 

Table 14 
Some experimental results and estimated results from the three models.

Efficiency (%)

Experimental LM SCG BR

97.50 97.67 96.06 97.59
96.40 96.59 96.51 96.49
32.26 31.17 29.07 33.56
47.94 52.31 54.31 53.68
79.23 74.97 76.16 75.09
94.46 94.51 97.16 94.42
95.00 91.87 95.56 95.39
96.00 96.54 96.97 96.90
90.00 86.73 89.78 86.62
80.00 80.06 80.54 78.95
69.60 73.24 68.68 70.69
57.80 57.77 57.82 57.53

Fig. 8. Comparison between the experimental data and predicted values of zinc removal efficiency (%) using a.) LM model, b.) SCG model, c.) 
BR model.
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carried out on adsorption isotherms and it was found that the most suitable isotherm models for the process were Langmuir and 
Temkin. It was also determined that the adsorption process was a physical sorption. Thermodynamic parameters of the process showed 
that the adsorption process was spontaneous and endothermic. Structural changes of raw and acid-treated samples were characterized 
by FTIR, XRD and BET analyses, and then their performances for zinc removal were compared. The results showed that acid activation 
of bentonite reduced the maximum elimination of zinc ions by approximately 50–60 %. In this study, Artificial Neural Networks (ANN) 
were tested to observe the effect of different parameters on the adsorption of zinc from aqueous media with bentonite. It was observed 
that the number of neurons in the hidden layer and the selected functions were effective in the excellent performance of ANN. The 
tested networks were exhibited superior fitting in predicting the adsorption process at different numbers of neurons.
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[33] A. Kocyła, A. Pomorski, A. Krężel, Molar absorption coefficients and stability constants of Zincon metal complexes for determination of metal ions and 
bioinorganic applications, J. Inorg. Biochem. 176 (2017) 53–65, https://doi.org/10.1016/j.jinorgbio.2017.08.006.

[34] H. He, W. Zhang, S. Ye, S. Li, Z. Nie, Y. Zhang, M. Xiong, W.-T. Chen, G. Hu, Magnetical multi-walled carbon nanotubes with Lewis acid-base imprinted sites for 
efficient Ni(II) recovery with high selectivity, Surface. Interfac. 48 (2024) 104383, https://doi.org/10.1016/j.surfin.2024.104383.

[35] W.K. Mekhamer, Stability changes of Saudi bentonite suspension due to mechanical grinding, J. Saudi Chem. Soc. 15 (2011) 361–366, https://doi.org/10.1016/ 
j.jscs.2011.03.014.

[36] A. Kaya, A.H. Oren, Adsorption of zinc from aqueous solutions to bentonite, J. Hazard Mater. 125 (2005) 183–189, https://doi.org/10.1016/j. 
jhazmat.2005.05.027.

[37] L.A.S.J. Carvalho, R.A. Konzen, A.C.M. Cunha, P.R. Batista, F.J. Bassetti, L.A. Coral, Efficiency of activated carbons and natural bentonite to remove direct 
orange 39 from water, J. Environ. Chem. Eng. 7 (2019) 103496, https://doi.org/10.1016/j.jece.2019.103496.

[38] F.W. Mahatmanti, J. Jumaeri, E. Kusumastuti, The adsorption behavior of individual Cu(II), Zn(II), and Cd(II) ions over a CuO-modified ceramic membrane 
synthesized from fly ash, J. King Saud Univ. Sci. 35 (2023) 102866, https://doi.org/10.1016/j.jksus.2023.102866.

[39] K. Bellir, M.B. Lehocine, A.-H. Meniai, Zinc removal from aqueous solutions by adsorption onto bentonite, Desalination Water Treat. 51 (2013) 5035–5048, 
https://doi.org/10.1080/19443994.2013.808786.

[40] A.H. Alabi, V.A. Adekunle, A.A. Azeez, B.W. Akinwale, C.A. Olanrewaju, P.O. Oladoye, K.S. Obayomi, Sequestration of divalent heavy metal ions from aqueous 
environment by adsorption using biomass-bentonite composites as potential adsorbent: equilibrium and kinetic studies, Nano-Structures & Nano-Objects 38 
(2024) 101183, https://doi.org/10.1016/j.nanoso.2024.101183.
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