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A B S T R A C T  

This study utilizes a hydrothermal-solvothermal method to facilitate the fabrication 

of organobentonite (OB) by intercalating the surfactant octadecylamine (ODA) using 

several solvents (water (OB-Aq), ethanol (OB–Et), and mix 50% water/ethanol (OB-

Aq/Et)). The physicochemical features of the materials were investigated using X-ray 

diffraction, Fourier transform infrared, scanning electron microscopy, Brunauer-Emmett-

Teller surface analyzer, and thermogravimetry differential thermal analysis 

characterization. The study of structural properties found that surfactant intercalation 

transformed the basal spacing. This was shown by a lower x-ray diffraction value of 2θ at 

<6◦ and the presence of peeled-off layers in the scanning electron microscope image. 

The thermogravimetry analysis and regeneration adsorption evaluated the structural 

stability of OB, demonstrating its capacity to withstand temperatures up to 300 ◦C and 

undergo three cycles of adsorption. In addition, the adsorption processes on direct yellow 

are mainly characterized by the pseudo-first-order kinetic and Langmuir isotherm models. 

The interaction between alumina-silica bentonite and ODA chains in this investigation 

influ- enced the adsorption mechanism. The adsorption system is influenced by pH, 

temperature, and ion competition, which can induce the disintegration of the direct yellow 

structure from the surfaces of the adsorbent. The mesoporous structures obtained have the 

highest Langmuir chemisorption capacities for OB-Aq, OB-Et, and OB- Aq/Et, with 

values of 270.27 mg/g, 108.696 mg/g, and 2000 mg/g, respectively. This work suggests 

using an efficient method to fabricate OB for anionic dyes removal, specifically direct 

yellow. 
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1. Introduction 

Clean water access has gained global attention due to quality and quantity issues 

(UNESCO World Water Assessment Programme et al., 2023). A number of factors contribute to 

this issue, such as water access blockages caused by human conflict and water pollution from 

improper wastewater treatment in the textile, pharmacy, and agriculture in- dustries. For 

instance, the human conflict in Palestine has caused per capita access to clean water to be 

estimated at only 56 L per day (or even less) due to leaks in water networks and restrictions on 

water access in the region (Yaqoub, 2023). In another case of water pollution, a modeling 

study explains that the pollution will expose more than 5.5 billion people in the world to 

polluted water by 2100 (Tozer, 2023). The post-accumulation of hazardous and undegradable 

pollutants, such as medical reactive compounds, pesticides, heavy metals, and synthetic dyes, 

can trigger mutagenic and carcinogenic phenomena (Vats et al., 2022), (Garg and Chopra, 

2022), (Hemashenpagam and Selvajeyanthi, 2023). Furthermore, direct yellow (DY), a 

common anionic synthetic dye in the textile industry, contains an aromatic amine group (azo 

structure) as a waste by-product, which poses a carcinogenic threat (Alzain et al., 2023), 

(Khezrianjoo, 2019). 

Treatment of dye wastewater pollutants is demanding depending on the methods and 

materials. Economical, high-capacity, and stable ma- terials are unique features for 

nominating the fittest method. The generally known methods are adsorption, catalytic 

degradation, bio- removal, chemical precipitation, and others (Hakim et al., 2023a). 

Adsorption has emerged as a dependable and efficient approach for treating large quantities 

of wastewater. Unfortunately, adsorption has drawbacks such as instability, low capacity, 

and reusability for several adsorbents (Rashid et al., 2021). The appeal of nature-based 

adsorbents stems from their ability to overcome the limitations of conventional adsorbents 

through a variety of modification options. Clay minerals, as a nature-based material, are widely 

known for the adsorption features of swelling and reactive-layered surfaces. Furthermore, clay 

is an abundant mineral in the environment; thus, it has a low hazardous impact and risk of use 

(Barakan and Aghazadeh, 2021). 

Bentonite is a type of clay mineral that is composed of negatively charged tetrahedra-

silica layers that surround an octahedra-alumina layer. The basal spacing is characterized by the 

presence of exchange- able inorganic cations, which contribute to the material’s ability to 
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expand and adsorb substances (Hakim et al., 2023b). There are various ways to improve this 

material’s properties, such as acid and thermal activation, intercalation, polymerization, and 

compositing schemes (Priatna et al., 2023).  

Intercalation becomes the finest method for refining bentonite structures since it triggers 

wide-range basal spacing lifting. Nevertheless, bentonite possesses inherent hydrophilic proper- 

ties and must undergo modification in order to become hydrophobic for effective utilization in 

the elimination of organic wastes (Qi et al., 2023). Salihi et al. (Çalıs¸kan Salihi et al., 2023) 

discovered that the intercala- tion of dodecyl-trimethylammonium bromide (DTAB) with 

bentonite enhanced paracetamol’s adsorptive capacity, resulting in a Qmax value of 32.4 mg/g. 

According to De Morais Pinos et al. (de Morais Pinos et al., 2022), cetyltrimethylammonium 

bromide (CTAB) intercalation at bentonite only provides the Qmax for rhodamine B at 0.98 

mg/g. Ac- cording to Taibi et al. (2023), the bentonite’s Qmax was 31.49 mg/g after intercalating 

with cetyltrimethylammonium bromide (CTAB) as an orange G dye adsorbent. 

As previous research has shown that the natural bentonite Qmax is limited, we now present a 

method to fabricate an organobentonite (OB) adsorbent using octadecylamine (ODA) surfactant 

as a high-density intercalant and analyze how the Qmax improves the adsorption of an anionic 

dye. In this study, we introduce the hydrothermal/solvothermal (HT/ST) method as a work 

method on the intercalation of surfactant ODA in different solvents including water, ethanol, 

and a 50% water/ ethanol mixture to improve the OB properties such as adsorption ca- pacity 

and stability. The HT/ST process is widely recognized as a gentle chemical method that ensures 

the resulting product has a high level of crystallinity and purity (Feng and Li, 2017). 

 The authors’ review of the literature reveals a dearth of reports on the impact of HT/ST 

intercala- tion in preparing suitable bentonite-based adsorbents for dye waste- water. X-ray 

diffraction (XRD), Fourier transform infrared (FTIR), scanning electron microscopy (SEM), 

Brunauer-Emmett-Teller (BET) surface analyzer, and thermogravimetry differential thermal 

analysis (TG-DTA) are used to investigate the physicochemical properties. The work evaluates 

the adsorption of direct yellow dye using kinetic, isotherm, and thermodynamic parameters. 

This work also proposes the adsorption mechanism for OB. 
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2. Materials and methods 

2.1. Chemicals 

All chemicals are in pure grade and directly used, including sodium chloride (NaCl, 58.44 

g/mol), ammonium chloride (NH4Cl, 53.49 g/ mol), octadecylamine (ODA, C18H39N, 269.51 

g/mol), sodium hydrox- ide (NaOH, 40 g/mol), and ethanol 97% (Et, C2H5OH, 46.07 g/mol), 

which were purchased from Sigma Aldrich. The 37% chloride acid (HCl, 36.46 g/mol) was 

purchased from Mallinckrodt AR. The distilled water (Aq) was purchased from Bratachem 

Corp. The direct yellow (DY, C26H18N4Na2O8S2) was imported from the local textile business in 

Palembang, Indonesia. 

The primary material, clay bentonite (CB, imported from Pacitan, Indonesia), was 

previously activated by preparing CB (100 g) dispersion in a saturated NaCl solution (333 

mL) at 600 rpm for 120 min, then filtered and re-dispersed in a similar condition. Finally, 

the secondary dispersion was HT at 105 ◦C for 12 h and washed with boiled Aq. The 

final residue was oven-dried at 105 ◦C for 12 h, grounded to 200 mesh, and denoted as 

Na–B. 

2.2. Organobentonite fabrication and characterization 

Organobentonite fabrication was prepared by dispersing Na–B (100 g) in a saturated NH4Cl 

solution (333 mL) at 600 rpm for 120 min, then filtering it to be re-dispersed in the same 

condition. The secondary dispersion was HT at 105 ◦C for 12 h and washed with boiled Aq. 

The final residue was oven-dried at 105 ◦C for 12 h, grounded to 200 mesh, and denoted as 

NH–B. 

The surfactant intercalation was carried out by preparing Na–B (1 g) dispersion in ODA 

solution (solution composition is 1:1 w/w% of ODA to Na–B in 200 mL solvents (solvent: Aq, 

Et, and Aq/Et 50%)) for 10 min at 300 rpm stirred and sonicated, followed by rapid stirring at 

600 rpm for 30 min. The dispersion was HT/ST at 105 ◦C for 12 h, washed using Et and Aq, 

and then oven-dried at 80 ◦C for 12 h. The material was grounded to 200 mesh and named 

according to the solvents: OB-Aq, OB-Et, and OB-Aq/Et. Fabricated materials were 

characterized using XRD Rigaku Mini-flex 600 in 2θ range 5–80◦, FTIR Shimadzu Prestige-21 

in scan range 400–4000 cm—1, surface analyzer Quantachrome TouchWin v1.22 at 77.35K by 

BET model, SEM JSM-7800F JEOL at 5 kV under 8000 magnification, and TG-DTA Rigaku 
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Thermo Plus EVO2 8122 under air condition between 25 and 500 ◦C for 10–15 mg samples. 

The filtrate (DY solution) concentration was analyzed with λ = 400.2 nm using the 

Spectrophotometer BK-UV 1800-PC. 

2.3. Adsorption works 

We initiated the point zero charge (pHpzc) analysis and conducted the adsorption process on 

series works in the following steps: NaCl 0.1 M (20 mL) series were prepared in a pH range 

of 2–11 (pH adjusted by HCl and NaOH 0.1 M) and used in 12 h of adsorption by 20 mg of 

fabricated adsorbents. The initial and final pHs were measured. The DY adsorption in an 

aqueous solution was conducted using parameters of pH optimum, kinetics, isotherm, and 

thermodynamics. The adsorption step was car- ried out in a system of 20 mg adsorbent in 50 

mg/L of DY solution (20 mL) under variables of pH-adjusted (2–11), contact time (10–180 

min) temperature (30–70 ◦C), and initial concentration (100–200 mg/L). The regeneration 

process was carried out in the presence of 50 mg/L of DY solution for 120 min of adsorption, 

then desorbed by ultrasonication treatment for 15 min. The adsorption capacity (Qt, mg/g) was 

calculated by the equation: 

Q = (C0 — Ct) V 

W 

Where C0 and Ct are DY’s concentration at initial and specific time (t), respectively (mg/L), 

then V and W are adsorbate volume (L) and adsorbent dose (g). 

 

3. Results and discussion 

3.1. Characterization 

X-Ray diffraction (XRD) is a common tool in mineral characteriza- tion because it 

specifies material crystallinity (Cuevas et al., 2022). XRD patterns for OB show a clear 

transformation after HT/ST treatment of the surfactant ODA intercalation. The basal spacing 

lifting induced a structural rearrangement, leading to a decrease in the 2θ value from 5.54◦ 

(CB) to 5.24◦ (OB-Aq), 5.8◦ (OB–Et), and 4.88◦ (OB-Aq/Et) (see 

Fig. 1b) (Iwasaki, 2020). The values of 6◦, 20◦, and 36◦ at 2θ are attributed to the (002) and 

(110) phases of montmorillonite crystal (JCPDS file no. 79–1910). The basal spacing on clay 
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minerals is gener- ally identified from 2θ of XRD at 5–15◦ (Segad et al., 2010). During the 

process of intercalation, the contact between the montmorillonite mineral structure and ODA 

chains is maintained by HT/ST processes. This interaction affects the structure of the bentonite 

layers, causing them to peel, and ultimately leads to a higher peak in montmorillonite crystal- 

linity (Zhong et al., 2022). 

 In this case, the direction of the intercalant arrangement depends on the 

surfactant solubility in a solvent (Laipan et al., 2020). Water-based solvents render the 

surfactant ODA insoluble, thereby creating a well-ordered or symmetric arrangement. As a 

result of a well-organized arrangement, Ogawa et al. (Ogawa and Iwata, 2010) found that 

the basal spacing got bigger after the sodium exchange in Na-tectosilicate with alkyl-quaternary 

ammonium in water. This can be simplified as the ODA-soluble solvent (e.g., ethanol) is 

responsible for the disordered, asymmetric, and unstable conditions of intercalant. In this work, 

the mixed solvent (Aq/Et 50%) has increased basal spacing due to the abnormal reactivity of the 

ODA-head tail and the hydroxide functional group of the alumina-silica structure (see Fig. 

1b) (Iwasaki, 2020). 

 

 

 

Fig. 1. X-Ray diffraction (XRD) patterns (a) and expected structure arrangement of 

intercalated ODA (b). 
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Fourier transform infrared (FTIR) is used for functional group analysis and energy bond 

detection. For composite materials, FTIR is generally used to confirm the bonding in a plotted 

graph (Rytwo et al., 2015). In OB, unique adsorption spectra appear at 1404 cm—1 and 1465 

cm—1 as amino group vibrations to the hydroxyl group in the silicate structure (Hakim et al., 

2023c). The HT/ST intercalation positively proved that this process is not affected by alumina-

silica structure transformation but only by inorganic ion exchange. Additionally, the adsorption 

peaks at 2846 cm—1 and 2916 cm—1 indicate the asymmetric and symmetric order for ODA-

chain intercalant, respectively (see Fig. 2) (Pedrosa et al., 2020). 

 

Fig. 2. Fourier transform infrared (FTIR) spectra for fabricated bentonite. 

 

Scanning electron microscopy (SEM) analysis is used to show the morphological 

structure and other physical properties. The HT/ST intercalation of this OB resulted in 

expanded and peeled layer phe- nomena because of the homogenized spread of the 

intercalant (Ren et al., 2012). Fig. 3 depicts the size of the particle, which is more than 1μm 

and has an irregular peeled layer structure. Additionally, the use of a 

polarization solvent helped to modify the roughness of the particles. Thermogravimetry 

differential thermal analysis (TG-DTA) has a role in thermal stability assessment as a function 

of structural decomposition (Kok, 2002). Noticeable alterations were detected in the 

breakdown of the organic phase, which transition to elevated temperatures over 300 ◦C in 

OB, referred to as the hydroxylation phase (see Fig. 4). HT/ST intercalation results in a 
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beneficial stability impact for both the indi- vidual bentonite components and ODA structures 

(Kataoka et al., 2019). Furthermore, it was noted that the process of dehydration took place at 

a temperature of 80 ◦C. 

The regeneration process in DY adsorption also verifies the structural stability when the 

adsorbent is directly applied. Regeneration refers to the process of reusing an adsorbent after it 

has undergone an adsorption- desorption cycle. It is a crucial factor in determining the 

suitability of an adsorbent for practical applications. From an economic standpoint, 

regeneration greatly decreases the expenses associated with waste treatment, and has the 

potential to be used in numerous cycles (Liu et al., 2021). The regeneration percentage (%) is 

referred to in this equation: 

R (%) = C0 — Ct x 100 

C0 

Where, C0 and Ct are initial and specific t-time concentrations in DY adsorption. 

 

 

Fig. 3. Morphological photograph of organobentonite. 
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Fig. 4. Thermogravimetry differential thermal analysis (TG-DTA) graph for fabricated 

organobentonite. 

 

The investigations of the regeneration of the fabricated OB has demonstrated its 

structural stability, as it exhibited a regeneration per- centage of over 40% after three usage 

cycles. The regeneration method revealed that the intercalant arrangement structure in OB-

Aq/Et is in superior condition. Nevertheless, its efficacy decreased from 93.87% to 71.12% 

following three rounds of regeneration (see Fig. 5). The stability of the ODA-based OB is 

attributed to the proportionate connection be- tween the ODA structure within the bentonite 

layer. This interaction acts as a growth matrix for intercalation. The HT/ST intercalation 
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pathway also induces a strength-anchored effect in ODA intercalation (Yang et al., 2015). 
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Fig. 5. Regeneration ability of fabricated organobentonite. 

 

Fig. 6 illustrates the adsorption-desorption isotherm of N2 on ODA- based OB. 

According to the gas adsorption isotherm categorization by IUPAC, the results of this study are 

categorized as type IV of adsorption isotherm, indicating the presence of mesoporous structures 

(Brunauer et al., 1940). This is consistent with the findings shown in Table 1, which displays a 

distinct mesoporous pore diameter ranging from 2 to 50 nm. Nevertheless, OB-Aq and OB-

Aq/Et demonstrate a reduction in pore volume and surface area, accompanied by an increase in 

pore width caused by the occurrence of peeled layers. This observation is supported by the SEM 

image shown in Fig. 3. The hysteresis loops obtained from type H3 also yield insights into the 

distribution of pores under non-uniform conditions caused by the composition of granular 

materials (as confirmed by the SEM photograph) (Yang et al., 2018). 
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Fig. 6. Adsorption-desorption of N2 (BET method). 

 

Fig. 7. (A) pH optimum plot and (b) pHpzc analysis. 
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3.2. Effect of pH 

The pH level plays a significant role in the adsorption process as it greatly influences the 

surface charge, the degradation of the adsorbate, and the ionization level of the dye (Hakim et 

al., 2023b). According to Fig. 7b, pHpzc in OB-Aq, OB-Et, and OB-Aq/Et were 7, 7.8, and 7.25, 

respectively. The pH values at which the highest adsorption of DY occurred on the adsorbents 

were 6, 7, and 6, respectively (see Fig. 7a). The optimal pH for adsorbing anionic dyes of DY 

was suitable for the pH at the point of zero charge (pHpzc), and adjusting the pH eliminated any 

interference from ions in aqueous solutions. This reasoning adheres to the stipulation that a 

surface charge will be positive and change direc- tion if the pH optimum is lower than the pHpzc 

(Priatna et al., 2023), (Nasiruddin Khan et al., 2007). Fig. 8 illustrates the expectation 

response mechanism, which is associated with the correlation between pH optimal and pHpzc 

(Kosmulski, 2021). 

Fig. 8. Reaction mechanism for the direct yellow adsorption. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the Web version of this 

article.) 
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3.3. Kinetics analysis 

Kinetic analysis has been conducted based on time-variation adsorption. In order for 

an adsorbent to be suitable, it must have a high adsorption capacity and be able to achieve 

this in a short amount of time. Therefore, the kinetic parameters are evaluated using several 

models such as the pseudo-first-order (PFO), pseudo-second-order (PSO), intraparticle 

diffusion, and Elovich models (Hakim et al., 2023b), (Dada et al., 2021). The PFO kinetic 

model is used to analyze the OB-Aq, OB-Et, and OB-Aq/Et. This model explains the 

adsorption pro- cess by considering the proportional composition between the number of 

active sites on the adsorbent and the demand rate of the removal site (see Fig. 9 and Table 2) 

(Hakim et al., 2023a). However, when the quantity of active site adsorbents surpasses the 

quantity of molecules in the adsorbate, PSO models will be created according to the 

chemisorp- tion scheme (Lalji et al., 2022). The PFO models elucidate that adsorp- tion takes 

place uniformly over the surfaces of the adsorbent under a constant temperature condition. 

This explanation aligns with the SEM photograph of porous structure materials, which serves 

as the sites for the reaction. 
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Fig. 9. Plot for kinetic parameters of direct yellow adsorption. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the Web version of this 

article. 

 

 

 

 

 

 

 

 

 

 

 

3.4. Isotherm and thermodynamics analyses 

The Langmuir, Freundlich, Temkin, and Dubinin-Raduskevich isotherm models 

determine the expected mechanism and intensity of the interaction between the adsorbate 

and adsorbent by utilizing isotherm parameters (Wang and Guo, 2020). Table 3 presents the 

comparative outcomes for the adsorption of DY in several isotherm models. Additionally, OB 

adsorbents of OB-Aq, OB-Et, and OB-Aq/Et were fitted to the Langmuir model based on the 

consistency of the R2 value. This model explains the adsorption process, which takes place in 

a monolayer area (identical and equivalent number of adsorbate mole- cules to the definite 

localized sites of the adsorbent) or chemisorption (Langmuir, 1918), (Langmuir, 1916). 

Temperature has a crucial role in determining the adsorption capabilities by influencing 

molecular interactions (Hakim et al., 2023a). The maximum capacities (Qmax) of Na–B, NH–

B, OB-Aq, OB-Et, and OB-Aq/Et were 625 mg/g, 158.73 mg/g, 270.27 mg/g, 108.696 

mg/g, and 2000 mg/g, respectively. Table 4 presents a comparison of the efficacy of this 

study’s elimination of DY for OB in relation to prior findings. These lists are created based on 

several adsorbent uses, using a representative pollutant (DY), in order to compare the 

efficiency of the adsorption process. The study clearly demonstrates that OB products 

exhibit superior removal of DY dyes as a result of a higher Qmax. 



19 

 

 

Thermodynamic parameters are utilized to determine the sponta- neity and 

thermodynamic impacts of heat change. Enthalpy (ΔH) and entropy (ΔS) were both utilized 

as crucial variables in the calculation of 

the Gibbs free energy (ΔG). The adsorption process generally follows endothermic conditions 

according to the positive value of ΔH (see Table 5) (Hakim et al., 2023a). The positive 

value of ΔS indicates an increase in unpredictability resulting from the affinity between the 

adsorbate and adsorbent at higher temperatures (Al-Ghouti and Da’ana, 2020). Furthermore, 

the variations in ΔG for Na–B, NH–B, OB-Aq, and OB-Aq/Et are negative, indicating 

spontaneous adsorption reactions. 

Consequently, these conditions greatly enhance the ability of the adsorbent to attract 

and hold molecules by increasing the temperature and reducing repulsive forces on its 

surface.  

 

4. Conclusion 

This work proposed the organobentonite (OB) fabrication assisted by intercalation of 

surfactant octadecylamine under hydrothermal/sol- vothermal conditions (solvents: distilled 

water (OB-Aq), ethanol (OB–Et), and 50% mix:ethanol (OB-Aq/Et)). Hydrothermal/sol- 

vothermal intercalation caused an increase in the distance between the layers of bentonite, 

resulting in the separation of these layers and the formation of mesopores, which facilitated 

the adsorption of direct yel- low. The structural stability of the material was verified using 

thermal treatment, which demonstrated resistance at temperatures over 300 ◦C. Additionally, 

the material’s ability to be regenerated was assessed and shown to be efficient for up to three 

cycles. The chemisorption mechanism resulted in the maximum adsorption capacity of OB-

Aq, OB-Et, and OB-Aq/Et at 270.27 mg/g, 108.696 mg/g, and 2000 mg/g, respectively. This 

work provides a method for assessing organobentonite adsorbents in wastewater treatment, 

including optimal removal conditions. The results of this work are also significant for the 

hydrothermal/sol- vothermal production of high-capacity, environmentally acceptable 

bentonite-based adsorbents for anionic dyes. 
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