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ABSTRACT 
Heavy metals (HMs) are causing an increasing amount of harm to the environment and living organisms. A variety 

of studies is being conducted to eliminate or diminish such pollutants. In this study, hydrochar was produced from 

hazelnut waste (HW), and Pb and Cr ion removal research was conducted with this adsorbent. In this way, both 

the evaluation of HW was provided and the removal of HMs, which are very harmful for the environment. The 

structural and morphological properties of the produced hydrochars were characterized by thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), field emission scanning electron microscopy (FE-SEM), 

Fourier transform infrared (FT-IR), and EDX analyses. The effects of many parameters, such as initial 

concentration, temperature, adsorbent dosages, contact time, and pH on adsorption were discussed. In the studies 

executed in different parameter environments, it was determined that hydrochar removed 76% and 67% of Pb and 

Cr ions, respectively. Also, Langmuir and Freundlich isotherm models, pseudo-first-order and pseudo-second-

order kinetic models, and thermodynamic parameters like Gibbs free energy were investigated in order to gain a 

better understanding of the adsorption system of the generated hydrochar. Furthermore, the hydrochar's reusability 

as an adsorbent was investigated, and it was demonstrated that the material continued to function effectively even 

after four cycles. 
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Fındık Atıklarından Hidrokömür Üretimi ve Pb (II) ve Cr (III) 

Gideriminde Kullanımı 
 

ÖZ 
Ağır metaller çevreye ve canlı organizmalara her geçen gün daha çok zarar vermektedir. Bu tür kirleticileri ortadan 

kaldırmak veya azaltmak için çok sayıda çalışma yapılmıştır ve yapılmaya da devam etmektedir. Bu çalışmada 

fındık atığından (HW) hidrokömür üretilmiş ve üretilen bu adsorbanla Pb ve Cr iyonlarının giderim çalışmaları 

yapılmıştır. Bu şekilde hem HW'nin değerlendirilmesi sağlanmış hem de çevre için çok zararlı olan ağır metallerin 

giderimi sağlanmıştır. Üretilen hidrokömürlerin yapısal ve morfolojik özellikleri TGA, DSC, FE-SEM, FT-IR ve 

EDX analizleri ile karakterize edilmiştir. Başlangıç konsantrasyonu, sıcaklık, adsorban dozajları, temas süresi ve 

pH gibi birçok parametrenin adsorpsiyon üzerindeki etkileri tartışılmıştır. Farklı parametre ortamlarında yapılan 

çalışmalarda hidrokömürün, Pb ve Cr iyonlarının sırasıyla %76'sını ve %67'sini giderdiği belirlenmiştir. Ayrıca, 

üretilen hidrokömürün adsorpsiyon sistemini daha iyi anlamak için Langmuir ve Freundlich izoterm modelleri, 

pseudo-birinci mertebe ve pseudo-ikinci mertebe kinetik modelleri ve Gibbs serbest enerjisi gibi termodinamik 

parametreler araştırıldı. Ayrıca, hidrokömürün bir adsorban olarak yeniden kullanılabilirliği araştırıldı ve 

malzemenin dört döngüden sonra bile etkili bir şekilde çalışmaya devam ettiği gözlemlendi. 
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I. INTRODUCTION 
 

Unconscious consumer society, along with industrial and agricultural operations, are the primary causes 

of the daily rise in pollution in water resources [1]. The reason for pollution is not only this, but also 

some natural events can cause this situation [2]. For example, water passing through mineral deposits 

can produce high concentrations of HMs through erosion or dissolution [3]. Studies have demonstrated 

that this pollution will worsen daily if preventative measures are not implemented. [4]. To prevent or 

reduce this pollution, methods including chemical precipitation, ion exchange, membrane filtration, 

evaporation, and adsorption are used [2, 5]. One of these techniques is adsorption, which uses adsorbents 

with a high adsorption capacity, a big surface area, and the right pore size [6]. Materials used in the 

adsorption process include fly ashes, coals, zeolites, metal oxides, and silica gels. Hydrochar utilization 

has grown significantly in importance recently as a result of the expensive cost of some adsorbent 

materials [7, 8].  

 

One method for using biomass energy is hydrothermal carbonization, which produces hydrochars [9]. 

This technology's high conversion efficiency and very moderate reaction conditions provide it 

significant advantages over other methods like roasting and pyrolysis [10-12]. The hydrochar process is 

used in several research studies in the literature, and the hydrochars that are produced are used in 

numerous ways. Yang et al. produced hydrochars from bamboo using the hydrothermal carbonization 

method. The analyses performed showed that the hydrochar produced from bamboo can improve fuel 

properties and combustion behavior [13]. Nizamuddin et al. converted palm bark into hydrochar by the 

hydrothermal carbonization method and examined the chemical, structural, and dielectric properties of 

the hydrochar [11]. Many hydrochar productions using various wastes, such as corn stalks, fish waste, 

and pine, can also be given in addition to these studies [14-16]. 

 

Türkiye is the country that produces the most hazelnuts in the world and, accordingly, produces the most 

HW annually [17, 18]. These waste materials are typically used to contaminate or fuel the environment, 

and there is little evaluation of them. In addition, these biomasses consist mostly of hemicellulose, 

cellulose, and lignin, which are also cheap. Consequently, it is crucial to turn agricultural wastes like 

HW into hydrochar. Studies on this topic are growing daily, and these hydrochars play a significant part 

in eliminating both organic and inorganic contaminants from water. In this way, both local wastes are 

evaluated, and a method with lower costs compared to other methods is used [19].  

 

In this study, hydrochar production was carried out from agricultural HW, and the obtained hydrochars 

were used as adsorbents. The chemical, thermal, and morphological properties of the obtained 

hydrochars were investigated using different analysis techniques such as FT-IR, TGA and DSC 

analyses, FE-SEM, and elemental analyses. In addition, the effects of contact time, pH, and temperature 

on the adsorption of Pb and Cr metals by hydrochars were investigated. Additionally, kinetic, adsorption 

isotherm and thermodynamic research was done to learn more about the adsorption system. Moreover, 

the reusability of the generated hydrochar was also examined by recycle testing. 
 

 

II. MATERIAL VE METOD 
 

A. MATERIALS 

 
HW were supplied from the northwestern part of Türkiye (Düzce). The chemicals Lead nitrate 

(Pb(NO3)2, purity 99.95%) for Pb ions and Chromium (III) nitrate nonahydrate (Cr(NO3)3.9H2O, purity 

99%) for Cr ion to be used in adsorption studies were supplied by Sigma-Aldrich. 
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B. METHOD 

 
HW were supplied from the northwestern part of Türkiye (Düzce). The chemicals Pb(NO3)2 for Pb ions 

and Cr(NO3)3.9H2O for Cr ion to be utilized in research on adsorption were supplied by Sigma-Aldrich. 

 

B. 1. Preparation of Metal Ion Solutions 

 
The sources of the tested HMs, Cr(NO3)3.9H2O and Pb(NO3)2, were dissolved in 1000 mg/L of deionized 

water to create stock solutions. The appropriate working solution was prepared by diluting this stock 

solution to appropriate volumes. 

 

B. 2. Preparation of Adsorbent Materials 

 
Tap water was used to clean HWs initially, followed by distilled water. They were then dried for 12 h 

at 70°C in an oven. The cleaned and dried HW was crushed into smaller particles. These particles were 

transferred to a hydrothermal reactor with deionized water. Then, the reactor's temperature was adjusted 

to 220°C and maintained there for 180 min. The reactor was let to cool to room temperature once the 

reaction ended.     

 

 
 

Figure 1. Schematic diagram of hydrochar production from hazelnut waste 

 

The obtained hydrochar was filtered with a filter. It was preserved for use in adsorption research after 

being dried for 24 h at 110°C in an oven. The schematic diagram regarding the production of the 

hydrochar used as an adsorbent is given in Figure 1. 

 

B. 3. Adsorption Studies of Heavy Metals Ions 

 
In each adsorption study, adsorption experiments were conducted using only one of Pb2+ and Cr3+. 

Experiments with varying parameters were performed to investigate the effects of various environmental 

conditions on adsorption. In pH effect studies, initial HM concentration was determined as 50 mg/L, 

hydrochar amount as 50 mg, and shaking time as 240 min. To examine the impact of pH, adsorption 

tests were realized at pH = 2, 4, 6, 8, and 10. Here, pH adjustments were made using HCl or NaOH 

solutions. In addition to temperature effect tests conducted at 25°C, 35°C, 45°C, and 55°C, contact time 

studies were conducted in the range of 0-240 min. In each experiment, 50 mg of hydrochar was put into 

100 mL of HM solution (50 mg/L). After each contact time, the concentration was controlled with a 

UV-visible spectrophotometer (VWR 3100-PC). 

 

C. CHARACTERIZATION 
 

The chemical structures of the hydrochars produced by the hydrothermal system were looked into using 

FT-IR (Vertex-70 Bruker) spectroscopy. The thermal behavior of the HW and the resulting hydrochar 

was examined using TGA and DSC studies. The analysis was executed under N2 atmosphere (25–800 
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°C temperature range, 20 °C/min heating rate) with a Mettler Toledo brand device. The microstructures 

and morphologies of the hydrochars used for adsorption prior to and following adsorption studies were 

examined using a Zeiss Gemini 500 brand FE-SEM. A UV-visible spectrophotometer of the VWR 3100-

PC brand was used to control the solution concentration in order to determine the adsorbents' adsorption 

capability. 

 

D. DATA ANALYSIS 
 

The adsorption capacity of the generated hydrochar and the percentages of HM removal were calculated 

with the use of Equations 1 and 2. 
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C0 (mg/L) and Ce (mg/L), respectively, represent the starting and equilibrium concentrations of HM ions 

in the solution. The weight of the adsorbent is represented by M (g), the volume of the solution used in 

the tests by V (L), and the quantity of HM ions adsorbed by qe (mg/g). 

In the study, adsorption isotherm studies were executed to design an optimum adsorption system. 

Equilibrium isotherm data were assessed through utilization of the most preferred Langmuir and 

Freundlich adsorption isotherms. Equation 3 represents the Langmuir adsorption isotherm. 
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In this equation, qmax (mg/g) defines the maximum adsorption capacity, while KL (l/mg) defines the 

Langmuir constant. The equation of another isotherm, the Freundlich adsorption isotherm, is given in 

Equation 4. 
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KF (mg/g) and n in the equation represent the Freundlich constant and heterogeneity factor. 

We investigated the adsorption kinetics of hydrochar using pseudo-first- and second-order kinetic 

models. Equations 5 and 6 provide the equations for these two models, respectively. 

 

 (q                                                                                                       (5)e t e 1ln q ) lnq K t    

 

The pseudo-first-order rate constant in this equation is denoted as K1. qe and qt represent the amounts of 

HMs adsorbed on the adsorbent at equilibrium and at any given period. 

 

+                                                                                                                   (6)
2

t 2 e e

t 1 t

q K q q
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K2 is the pseudo-second-order rate constant in this equation. The amounts of HMs adsorbed on the 

adsorbent at any given time are indicated by qe and qt, as previously mentioned.  

The thermodynamic parameters related to adsorption were determined by the equations given below 

(Equations 7 and 8). Following the calculation of ΔS0 and ΔH0 values from the graph's slope and 

intercept using the provided data, Eq. 10 was employed to ascertain the Gibbs free energy value. 
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where KL (mL/g), R and T (K) represent the distribution coefficient, gas constant, and temperature of 

the solution, respectively. 

 

 

III. RESULTS AND DISSCUSSION 
 

A. FT-IR ANALYSIS 

 
FT-IR tests were executed to learn more about the chemical makeup of the generated hydrochars and to 

have an idea about the changes that occurred in the hydrochar after HM adsorption studies. FTIR spectra 

of HW and hydrochar before hydrochar production are given in Figure 2a. When the spectrum of HW 

was examined, a peak was observed at 3415 cm-1, and it was determined that this peak belonged to the 

OH stretching vibration, which is commonly found in the cellulose, lignin, and hemicellulose found in 

HW [20, 21]. The C-H vibration band describes the peak at 2914 cm-1. The peaks belonging to the C=O 

vibration and C-O stretching of the carboxyl group are located at 1546 and 1454 cm-1, respectively [22]. 

The vibration of C-N bonds can be related to the peak at 1247 cm-1. The peaks observed at 1071 and 

924 cm-1 refer to the C-O bond of alcohols and carboxylic acids, respectively [4].  

When the spectrum related to hydrochar is examined, a significant change and peak formation are 

observed compared to the pre-hydrothermal treatment due to hydrolysis. It is seen that the peak 

belonging to the O-H band is not in the spectrum belonging to hydrochar due to dehydration. Because 

dehydration is a reaction that usually occurs after macromolecules are hydrolyzed. As a result of 

hydrothermal removal of hydrophilic hydroxyl groups, hydrophobicity increases, and the peak that is 

rarely seen in HW at 1600 cm-1 is observed more in the hydrochar spectrum. In addition, dehydration 

and decarboxylation following hydrolysis fragmentation make the carboxylic acid O-H band at 1305 

cm-1 more apparent [23]. Additionally, the peaks corresponding to the C=C and C–H bonds forming the 

hydrochar are present at 1463 cm−1 and 832 cm−1, respectively [24].  

 

Figure 2b shows the FT-IR curve with the spectra before and after the Pb and Cr ions were adsorbed. 

The hydrochar's spectrum is presented once again to highlight the differences between its pre- and post-

adsorption Pb and Cr ion spectra. The interaction of the Pb and Cr ions with the hydrochar caused a shift 

in the peaks' positions. The presence of peaks with very low wave numbers is evidenced by the existence 

of Pb and Cr-hydrochar bonds [25-27].  
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Figure 2. (a) FT-IR spectra of hazelnut waste and hydrochar (b) before and after adsorption of Pb and Cr ions 

 

B. TGA AND DSC ANALYSES 

 
The thermal behavior of HW and hydrochar samples resulting from HW was examined using TGA-DSC 

analyses; the findings are displayed in Figures 3a and b. With a heating rate of 20 oC/min, analyses were 

fulfilled in the temperature range of 25 to 800 oC. As demonstrated in the HW spectrum in the TGA 

graph, no appreciable mass decrease was noted in the material up to 200 oC. This shows that the HW 

has very low internal moisture. The breakdown of cellulose and lignin in the HW's structure explains 

the 64% mass drop that was observed between 200 and 560 oC [21, 28]. Examining the hydrochar sample 

reveals that, up to nearly 700 oC, the volume of sample does not diminish. The fact that the weight loss 

starts around 700 oC indicates that the hydrochar has high thermal stability [29].  

 

When temperatures exceed 700 oC, only a 21% decrease in mass was detected. While the mass loss in 

the HW sample started at 200 oC, this loss was observed in hydrochars at temperatures above 700 oC. 

This shows that the thermal stability of the hydrochar is quite high compared to the HW. The other graph 

supporting this result is the DSC graph, and the HW spectrum in the DSC curve shows that the cellulose 

and lignin in the HW structure are resistant to degradation and that the material has good thermal stability 

[30]. 

 

 
 

Figure 3. (a) TGA and, (b) DSC graphs of hazelnut waste and hydrochar 
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C. FE-SEM AND EDX ANALYSES BEFORE AND AFTER ADSORPTION 

 
The microstructures and surface morphologies of hydrochars before and after HM adsorption studies 

were investigated using the FE-SEM imaging technique. The FE-SEM images of hydrochars before 

adsorption, hydrochars following Pb adsorption, and hydrochars following Cr adsorption are shown in 

Figures a, c, and e, respectively. The images given in Figures b, d, and f are the EDX and elemental 

mapping analysis results of hydrochars before adsorption and hydrochars after Pb and Cr adsorption, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. FE-SEM images of (a) before adsorption, (c) after Pb and (e) Cr adsorption and EDX and elemental 

mapping analyses of (b) before adsorption, (d) after Pb and, (f) Cr adsorption 
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In order to better understand this situation, both before and after adsorption, EDX and elemental analysis 

measurements were performed. These analyses show that HM were successfully adsorbed by the 

hydrochar. While only C and O elements are observed in the elemental analysis graph given in Figure 

4b, in addition to these, Pb is clearly observed in Figure 4d and Cr is clearly observed in Figure 4f. In 

addition to these results, elemental mapping measurements also support this result. When the other 

mapping images are examined compared to the mapping belonging to the hydrochar, the presence of Pb 

in Figure 4d and Cr in Figure 4f is clearly seen. 

 

 

D. HEAVY METAL ADSORPTION STUDIES 

 
The initial pH of the medium is very important for the adsorption process. Considering this situation, 

the effect of pH on Pb and Cr removal was examined and given in Figure 5a. As the pH rose from 2 to 

10, it was found in the trials that the elimination of Pb and Cr both reduced. The impact of pH on the 

interaction between HM ions and hydrochar surface charges describes this circumstance. According to 

the research, HW biocarbon's zeta potential was 3.81 [32]. According to a different study, the forms of 

Cr (VI) ions vary depending on the pH of the solution; at pH values below 6.1, HCrO4 is the predominant 

form of Cr (VI) [33]. The removal of HMs is further promoted at low pH levels by the electrostatic 

interaction between the positively charged hydrochar and the negatively charged Cr (VI) ions. 

Furthermore, in an alkaline environment, OH competition might also stop Pb and Cr ions from migrating 

to the hydrochar surface, which might diminish the effectiveness of HM removal at higher pH levels 

[34].  

 

 
 

Figure 5. Effect of (a) initial pH and, (b) adsorption time on heavy metal removal 

 

Since another important parameter in adsorption is the contact time, studies on the contact time were 

conducted, and the results are presented in Figure 5b. Although HM ion removal was fast at first, it 

partially decreased as time progressed. While an increase in removal efficiency was observed up to 360 

min, it was determined that the system reached equilibrium at the 360th min. After equilibrium, the 

adsorption process was continued for another 120 min, but no change was observed in HM removal. 

This circumstance can be ascribed to the reality that first there were a lot of active sites needed for 

adsorption on the adsorbent surface, but over time, the number of binding sites on the surface decreased, 

and after equilibrium, the adsorbent surface's active sites were saturated [35].  

 

Adsorbent dosage and HM initial concentration are the other two parameters affecting the adsorption 

capacity. Adsorbents of various weights were first added, the medium's pH was brought down to 2, and 

240 min of HM removal experiments were conducted. The results are shown in Figure 6a. The graph 

demonstrates that as the amount of adsorbent grows, so does the effectiveness of HM removal. In the 
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studies conducted using 20 mg hydrochar, 44% Pb and 40% Cr ions were removed, respectively, while 

this value reached 64% and 54% in the use of 50 mg hydrochar. 

 

 
 

Figure 6. Effect of (a) adsorbent dosage and, (b) heavy metal initial concentration on heavy metal removal 

 
The impact of the starting concentration on HM removal was examined using Pb and Cr ions at varying 

concentrations. These studies were carried out using 50 mg of adsorbent. The graph showing the change 

in HM removal percentage with HM concentration is given in Figure 6b. According to what the graph 

indicates, increasing both Pb and Cr concentrations causes a decrease in the removal values of these 

metals. When Pb and Cr with 50 mg/L concentration are used, the %removal value is 64% and 54%, 

respectively, while when Pb and Cr with 200 mg/L concentration are used, this value decreases to 30% 

and 26%. This circumstance results from metal ions' increased ability to engage with the adsorbent's 

binding sites at low concentrations. However, as the concentration of these HM ions increases, the 

necessary active sites for adsorption begin to saturate, and the adsorbent cannot remove more HMs [21].  
 
When it comes to adsorption capacity, the effect of both adsorbent dosage and HM initial concentration 

on metal removal efficiency can generally be related to the active surface area. When the adsorbent 

dosage is high, there will be more active areas, but since there will not be enough HM, there may not be 

enough interaction. This causes a decrease in adsorption capacity. The temperature parameter is very 

important for the removal of HMs. Thereby, the effect of temperature on adsorption was looked into in 

this phase of the study. Figure 7a presents the study's findings. According to the outcomes, an increase 

in the removal of both Pb and Cr was detected as the temperature increased. While 64% and 54% of Pb 

and Cr were removed in the adsorption experiments executed at room temperature, these values were 

determined to be 75% and 66% in the experiments executed at 55 oC. The increase in HM removal as 

the temperature increased means that the process was chemical. The increase in temperature decreased 

the activation energy that had to be overcome for adsorption to occur and increased the exchange 

between HM ions and the hydrochar adsorbent [36]. Furthermore, an endothermic adsorption process is 

indicated by the rise in adsorption capacity with temperature. The studies and results related to the effect 

of temperature will be utilized in the section on the investigation of thermodynamic properties. 

 

It is critical that materials employed as adsorbents be reusable. For this reason, reusability tests are 

generally performed, and information can be obtained about how suitable the material used is for use as 

an adsorbent. Figure 7b displays the findings from the test of the adsorbent's reusability in this study 

part. Within the parameters of this experiment, four cycles were conducted. After the second, third, and 

fourth cycles, a decrease of 6.2, 7.0, and 5.3% was observed in HM removal, respectively. According 

to these findings, the adsorbent continues to play a significant role in the removal of HMs even after 

four cycles. 
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Figure 7. (a) Effect of temperature on heavy metal removal and (b) hydrochar reusability studies 

 

E. ADSORPTION ISOTHERM, KINETIC AND THERMODYNAMIC STUDIES 

 
In this section of the research, the isotherm, kinetics and thermodynamics of adsorption are discussed 

respectively. 

 

E. 1. Adsorption Isotherms 

 
First, the adsorption isotherm is focused on to determine adsorption efficiency. For this purpose, 

Langmuir and Freundlich isotherms, which come to mind first when the adsorption isotherm is 

mentioned, were used. To briefly mention both isotherms, the Langmuir isotherm mentions that 

molecules attached to the surface are attached in a single layer, while the Freundlich isotherm mentions 

multilayer heterogeneous surfaces [37]. 

 
Table 1. Langmuir and Freundlich isotherm constants. 

 

 Langmuir Freundlich 

  

qmax (mg/g) 
 

K1  

 

R2 

 

Kf (mg/g) 
 

n 

 

R2 

Pb 39.308 0.038 0.997 6.121 2.833 0.962 

Cr 35.198 0.027 0.999 4.152 2.487 0.976 

 

In this section, measurements were first executed using different concentrations of each metal ion for 

both Pb and Cr (Figure 6b). 100 mL of medium solution, 50 mg of adsorbent, and pH = 2 are the other 

parameters in the experiments. The title of data analysis gives a thorough explanation of the equations 

utilized in the computations. Table 1 displays the findings of the computations performed on the 

experimental data. In the study executed in the presence of Pb ions, the R2 (correlation coefficients) 

values of Langmuir and Freundlich isotherms were established as 0.997 and 0.962, respectively. In the 

presence of Cr ions, these values for the Langmuir and Freundlich isotherms were 0.999 and 0.976, 

respectively. It is clear that the Langmuir isotherm model has a higher correlation coefficient compared 

to the Freundlich isotherm model for both HMs. This result shows that the active sites of the hydrochar 

with equal affinity share the metal ions and that single-layer adsorption is active. In addition, when the 

calculated n values in the adsorption of both metals are examined, the results being between 1 and 10 

indicate that these metals have undergone a suitable adsorption process [38].  
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E. 2. Kinetic Studies 

 
Adsorption kinetic studies were executed to get an idea about the adsorption mechanism. The kinetic 

experiments were conducted using pseudo-first- and pseudo-second-order kinetic models. The equations 

related to both models are given in detail in the data analysis section. Table 2 presents the outcomes 

derived from the equations utilizing the experimental data. The table shows that when Pb metal is 

present, the pseudo-second order kinetic model's correlation value (0.997) is higher than the pseudo-

first order kinetic model's correlation value (0.915) and approaches 1. The same remains true for Cr (the 

pseudo-first order kinetic model's correlation value is 0.909, and the pseudo-second order kinetic 

model's correlation value is 0.998). These findings indicate that the pseudo-second-order kinetic model 

may account for the adsorption of both metal ions with hydrochars [39].  

 
Table 2. Adsorption rate constants of pseudo- first-order and second-order kinetic model. 

 

 Pseudo-first-order Pseudo-second-order 

  

K1 (1/min) 
 

qe (mg/g) 
 

R2 

 

K2 (g/mg min) 
 

qe (mg/g) 
 

R2 

Pb -0.00027 78.671 0.915 0.00113 69.444 0.997 

Cr -0.00031 65.578 0.909 0.00158 58.139 0.998 

 

E. 3. Thermodynamic Study 

 
Thermodynamic parameters also provide ideas about the adsorption process. The equations required to 

determine the changes in enthalpy, Gibbs free energy, and entropy, which are among these parameters, 

are provided under the heading "Data Analysis". The graph in Figure 7a was used to determine the 

thermodynamic parameters. The results obtained through the experimental results and equations are 

listed in Table 3. Because of the investigation into the adsorption of both metal ions, it was determined 

that ΔG was negative. This shows that adsorption occurred spontaneously. In addition, the decrease in 

ΔG values as the temperature increased shows that adsorption continued as the temperature increased. 

It was observed that ΔH was positive in the adsorption of both Pb and Cr ions. This means that the 

process is endothermic in both metal adsorption [31, 39]. 

 
Table 3. Thermodynamic parameters for heavy metal ions adsorption. 

  

 Pb Cr 

 

T (K) 
 

ΔHo  
(kJ/mol) 

 

ΔGo  

(kJ/mol) 

 

ΔSo 

(kJ/mol) 

 

ΔHo  

(kJ/mol) 

 

ΔGo  

(kJ/mol) 

 

ΔSo  

(kJ/mol) 

298 1.884482 -0.01834 52.27178 1.686733 -0.01532 42.96343 

308  -0.03851   -0.03045  

318  -0.66444   -0.51664  

328  -1.25314   -1.16897  

 
 

IV. CONCLUSION 
 

Since the material used in the production of adsorbent in this study is obtained from waste, it will both 

keep the cost of adsorbent production quite low and increase environmental cleaning as it will be used 

in the removal of heavy metals. Adsorbents were used to remove Pb and Cr metal ions produced using 

the hydrocarbon production method. First of all, the characterization of the produced hydrocarbons was 

carried out and as a result of the characterizations, it was seen that hydrochar was successfully produced. 

The appropriate conditions for adsorption were determined by considering many different parameters, 

from adsorbent dosage to pH, contact time to HMs concentration. It was determined that the adsorption 
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efficiency was higher in low pH conditions, and the highest adsorption occurred at pH=2. In the contact 

time study, it was observed that the adsorption efficiency increased as time passed at the beginning, and 

the adsorption efficiency was optimum at 360 min. In addition, as the adsorbent dosage increased, there 

was an increase in the adsorption of heavy metal ions, while the increase in the heavy metal ion 

concentration used negatively affected the adsorption. Consequently, to the experiments, the adsorption 

capacity for Pb and Cr ions was determined to be 39.308 and 35.198 mg/g, respectively. To learn more 

about the adsorption system, the adsorbent's kinetic, isotherm, and thermodynamic features were 

investigated. First of all, the adsorption isotherm was focused on to determine the adsorption efficiency, 

and it was determined that Langmuir was the most suitable isotherm model. Adsorption kinetic studies 

were performed to get an idea about the adsorption mechanism, and it was pointed out that the second-

order kinetic model was noted to be more suitable for adsorption. In addition, thermodynamic properties 

were investigated to gain more information about the process of adsorption and discovered that the 

Gibbs free energy values of the adsorption studies for both HM ions were negative, meaning that the 

adsorption tended to occur spontaneously. Furthermore, experiments were conducted on the reusability 

of the hydrochar adsorbent in the presence of both Pb and Cr ions, and it was noticed that the adsorbent 

still played an active role even after four cycles. These results showed that the adsorption capacity of 

the material selected as adsorbent was sufficient compared to similar materials. In addition, as a result 

of the recycle studies, it was observed that the produced adsorbent material was quite durable and usable. 
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