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Abstract 

 Geothermal sludge contains a high concentration of silica (85% - 93%) that is typically waste in geothermal plant, 

offering a promising alternative silica precursor for synthesizing of silicalite-1. In this study, geothermal sludge was acid-

leached to remove impurities and enrich reactive silica, then used for hydrothermal preparation of Fe-doped silicalite-1 

with Fe addition of 0.002 - 0.014 mol. Low Fe loading preserved the MFI framework with only a slight reduction in 

relative crystallinity (Fe@S-2 = 95.81%), whereas excessive Fe loading largely suppressed MFI formation (Fe@S-14 = 

1.77%) and produced a partially amorphous material. The as-prepared Fe@S-5 exhibited a spherical morphology with an 

average particle size of 2.89 µm and the external surface area increased with Fe loading, reaching 174.2 m2 g−1 for Fe@S-

14. In methylene blue adsorption, Fe@S-14 showed the highest uptake of 46 mg g−1 compared with S-1 of 7.9 mg g−1. 

The adsorption kinetics followed the pseudo-second order model and equilibrium data were reasonably described by the 

Langmuir isotherm within the investigated concentration range. Overall, this work demonstrates a sustainable route to 

utilize geothermal sludge into functional adsorbents for dye-containing wastewater treatment with clear potential for 

industrial implementation. 

 

Keywords: Geothermal sludge, Hydrothermal synthesis, Fe-doped silicalite-1, Adsorption, Methylene blue, Sustainable 

silica source  

 

Introduction 

 Zeolites are crystalline microporous framework 

materials widely used in catalysis, adsorption, and 

separation due to their uniform pore size distribution, 

ion exchange capacity, structural tunability can be 

tailored for specific applications [1-4]. Furthermore, 

performance is often enhanced by introducing 

heteroatom or metal species to introduce additional 

active sites and modify surface heterogeneity [5]. 

Among all-silica zeolite, silicalite-1 is particularly 

attractive for treating organic pollutants due to its high 

thermal stability and hydrophobicity, and tunable 

surface properties, which favor the uptake of organic 

molecules from aqueous media [6].  

 Silicalite-1 is commonly synthesized 

hydrothermally using tetraethyl orthosilicate (TEOS) 

and tetra propylammonium (TPA) as the structure-

directing agent [7]. However, the cost and non-

renewable environment of TEOS restrict the 

sustainability and large-scale feasibility of silicalite-1 

production. Consequently, waste product has emerged 

as an alternative feedstock for synthesizing porous 

materials, offering potential cost reduction and 

environmental benefits through waste utilization [8]. In 
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this context, geothermal sludge formed from silica 

scaling and accumulated in geothermal power plants 

that consists of 165 ton per month especially at the 

Dieng power plant in Indonesia while its utilization is 

minimal. The solid residue from geothermal sludge 

contains 90-98% amorphous silica, which serves as a 

suitable source material for the synthesis of zeolite [9]. 

Ilman et al. [10] reported that geothermal sludge 

contains up to 95.70 wt% SiO2, accompanied by 

impurities such as Fe2O3, CaO, K2O, TiO2, Na, Cl, and 

others. These impurities can interfere with zeolite 

crystallization and must be controlled to enable reliable 

synthesis and reproducible properties. Acid leaching is 

a practical pre-treatment to reduce these impurities and 

enrich reactive silica, among different acids, HCl is 

frequently reported as effective for dissolving metal 

contaminants while preserving the silica structure [11]. 

Importantly, converting geothermal sludge into a 

reactive silica precursor therefore represents a 

promising route to produce value added zeolitic 

materials while reducing disposal burdens and 

dependence on commercial silica sources [12].  

 In parallel, Fe doped into zeolite framework has 

attracted attention due to iron is abundant, relatively low 

in toxicity, and can introduce additional adsorption sites 

and surface heterogeneity relevant to environmental 

remediation [13]. Zhai et al. used TEOS as silica 

precursor, successfully synthesized iron containing 

hollow MFI zeolites by hydrothermal method [14]. Guo 

et al. [15] reported a hydrothermal method to 

successfully synthesize encapsulated Fe nano catalyst 

inside silicalite-1 and exhibited significantly improved 

catalytic activity and reusability in the catalytic 

degradation process of methylene blue. Radoor et al. 

[16] reported synthesis of silicalite-1 for adsorption MB 

using TEOS as silica precursor can exhibit 86% removal 

efficiency even after 6 adsorption-desorption cycle. 

Nevertheless, most Fe-doped silicalite-1 reported to date 

still relies on commercial silica precursors, limiting the 

sustainability and economic attractiveness of scale-up. 

Moreover, although waste by product (e.g., fly ash) has 

been used to produce silicalite-1 [17], the direct use of 

geothermal sludge for synthesizing Fe-doped silicalite-

1 remains insufficiently explored, and the influence of 

Fe loading on crystallization behavior, textural 

development, and adsorption performance has not been 

systematically established. We hypothesize that acid 

leaching of geothermal sludge produces a sufficiently 

reactive and low impurity silica source to enable 

reproducible MFI-type silicalite-1 crystallization. We 

further propose that Fe addition during synthesis 

modifies the silica network by increasing surface 

heterogeneity, creating Fe-associated sites that improve 

the accessibility of adsorption sites, thereby enhancing 

methylene blue uptake. 

 Accordingly, this study aims to synthesize 

silicalite-1 and Fe-doped silicalite-1 using acid-leached 

geothermal sludge as the primary silica precursor via 

hydrothermal crystallization, quantify the effects of Fe 

loading on phase composition/ crystallinity, evaluate 

methylene blue adsorption performance using 

experimental uptake, isotherm and kinetic parameters. 

This work is expected to reduce dependence on TEOS, 

lowers precursor cost, and mitigates geothermal waste 

disposal, offering a more sustainable and scalable route 

to adsorbents for dye contaminated wastewater 

treatment.  

 

Materials and methods 

 Materials 

 The materials used in this study included 

geothermal sludge obtained from the Indonesian 

Geothermal Plant, hydrochloric acid (HCl, Smartlab, 

37%), tetrapropylammonium bromide (TPABr, Merck, 

98%), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 

Merck, 98%), methylene blue (C16H18ClN3S, Merck), 

sodium hydroxide (NaOH, Sigma-Aldrich, 97%), and 

deionized water. 

 

 Silica extraction from geothermal sludge 

 The 4 g of geothermal sludge obtained from 

Indonesia geothermal plant was first oven-dried at 105 

°C overnight and then ground using a mortar to obtain a 

fine powder. The dried sludge was carried out to acid 

leaching using 40 mL of 2 M HCl at 90 °C for 5 h under 

continuous stirring at 350 rpm in a fume hood to remove 

metal impurities such as Fe2O3, K2O, and CaO. The 

solid residue was separated by filtration, thoroughly 

washed with deionized water until neutral pH was 

reached, and then dried at 105 °C overnight. The 

purified material was subsequently dissolved in 20 mL 

of 6 M NaOH solution and stirred at 350 rpm for 6 h at 

90 °C to extract silicate species. The resulting sodium 
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silicate solution was subsequently used as the silica 

precursor for zeolite synthesis. 

 

 Preparation for silica sol  

 Silica sol was prepared from the SiO2 extracted 

solution obtained via alkaline extraction of geothermal 

sludge. First, 4.32 mL of sodium silicate solution was 

filtered to remove any residual solid impurities. The pH 

of the filtration was then adjusted to 1 by adding 8 mL 

of 2 M HCl under continuous stirring at 350 rpm to 

induce silica gel formation. The resulting gel was aged 

for 36 h at 75 °C to promote polymerization and particle 

growth. To prepare the silica sol, 2.16 mL of SiO2 

extract was diluted in 25 mL of deionized water, 

followed by the addition of 1.17 g of the as-prepared 

silica gel. The mixture was stirred at 350 rpm at ambient 

temperature for 3 h to ensure homogeneity. The 

suspension was subsequently transferred to a Teflon-

lined autoclave and hydrothermally treated at 65 °C for 

24 h to obtain a stable silica sol. The resulting sol was 

used as the silica precursor for the hydrothermal 

synthesis of Fe-doped silicalite-1. 

 

 Hydrothermal synthesis of Fe-doped silicalite-1 

 Fe-doped silicalite-1 was synthesized via a 

hydrothermal method reported by Yang et al. [7], with 

modifications. The synthesis gel composition was 

1.0SiO2: 0.04TPABr: 0.2Na2O: 50H2O: xFe (x = 0.002, 

0.005 and 0.014 mol). First, 0.326 g of tetra 

propylammonium bromide (TPABr) was dissolved in 16 

mL of deionized water. Separately, the required amount 

of Fe(NO3)3·9H2O was dissolved in 10 mL of deionized 

water until a clear and homogeneous solution was 

obtained. The silica sol was added to the TPABr 

solution, followed by the dropwise addition of the 

Fe(NO3)3·9H2O solution under continuous stirring at 

350 rpm. The pH of the resulting mixture was monitored 

and adjusted to 10 by adding 1 M HCl. The gel was 

stirred for 3 h at ambient temperature to ensure 

homogeneity, then transferred to a Teflon-lined 

stainless-steel autoclave and aged for 13 h. The 

hydrothermal crystallization was carried out at 150 °C 

for 24 h. After crystallization, the solid product was 

collected by filtration, thoroughly washed with 

deionized water until pH neutral, and dried at 75 °C for 

24 h. The dried samples were calcined at 550 °C for 6 h 

under N2 atmosphere to remove the organic template 

and obtain the final Fe@Sx materials. The Fe content 

was varied at molar ratios of 0.002, 0.005, 0.014 and the 

resulting samples were labelled as Fe@S-2 (0.002), 

Fe@S-5 (0.005), and Fe@S-14 (0.014), respectively. 

Silicalite-1 synthesized under the same conditions 

without Fe addition was denoted as S-1. A schematic 

illustration of the Fe-doped silicalite-1 synthesis was 

shown in Figure 1. 

 

 

Figure 1 Schematic illustrations of synthesis of Fe-doped silicalite-1 from geothermal sludge. 
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 Characterization 

 The structural, chemical, and morphological 

properties of the synthesized materials were analyzed 

using several characterization techniques. The elemental 

composition of the raw geothermal sludge was 

determined using X-ray fluorescence (XRF, 

PANalytical type Prodigi), with accelerating voltage 30 

kV. Crystal phase and crystallinity structure of the 

synthesized samples was characterized by X-ray 

diffraction (XRD) [18]. The XRD analysis was 

performed using XRD PANalytical under Cu 

Kα irradiation (λ = 1.5406 Å) with the diffraction angle 

of 2θ = 10° - 65° and accelerating voltage and current of 

40 kV and 15 mA, respectively. Fourier-transform 

infrared spectroscopy using Shimadzu IRAFFINITY-s 

at 400 - 4,000 cm–1 using conventional KBr pellets to 

identify functional groups [19,20]. The surface 

morphology and elemental distribution were examined 

by field-emission scanning electron microscopy coupled 

with energy-dispersive X-ray spectroscopy (FESEM-

EDX) Hitachi Regulus 8220 at 1.5 kV [21].  The surface 

area of the materials was measured using MB adsorption 

method as follows Eqs. (1) [22,23].  

 

Equation of surface area by MB adsorption: 

 

𝑆 =
(

𝑥

𝑚
).  𝑁.  𝛼

𝑀𝑤
)         (1) 

 

where S is the surface area m2 g⁻¹, x/m is the amount of 

MB adsorbed per gram of adsorbent g g−1, N is 

Avogadro’s number (6.02×1023 particle/mol), 𝛼 is the 

size of a single MB molecule (1.97×10−18), and Mw is 

molecular weight MB (320.5 g mol−1). 

 

 Adsorption experiment 

 The adsorption performance of the samples was 

evaluated using methylene blue (MB) as an organic dye. 

Typically, 0.03 g of adsorbent was added to 50 mL of an 

MB solution with varying concentration of MB 10, 20, 

30 and 40 mg L⁻¹ then stirred for 60 min at 350 rpm. 

During the adsorption process, 4 mL of the solution was 

taken every 15 min up to 60 min. The MB concentration 

was determined using a UV-Vis spectrophotometer at a 

wavelength of 655 nm. The adsorption capacity (qₜ) and 

removal efficiency (R%) were calculated using standard 

mass-balance equations. The kinetic data were fitted 

using pseudo-first order and pseudo-second-order 

models, while adsorption isotherms were analyzed using 

Langmuir and Freundlich models to explain the 

adsorption mechanism and surface behaviour. The 

pseudo-first order and pseudo-second order models as 

follows: Eqs. (2) and (3), respectively. 

 

 Equation of pseudo-first order 

 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝐾1𝑡)                                                 (2) 

 

 Equation of pseudo-second order 

 

𝑞𝑡 =
𝐾2𝑞𝑒

2𝑡

1+𝐾2𝑞𝑒𝑡
                                                  (3) 

 

where 𝑞𝑡is the adsorption capacity at time 𝑡(min) in mg 

g⁻¹, and 𝑞𝑒is the adsorption capacity at equilibrium (mg 

g⁻¹). The rate constants 𝐾1and 𝐾2represent the reaction 

rate constants for the pseudo-first order (PFO) and 

pseudo-second order (PSO) kinetic models, 

respectively. The non-linear forms of the Langmuir and 

Freundlich isotherm models can be expressed in Eqs. (4) 

and (5), respectively. 

 Equation of Langmuir isotherm model 

 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
                   (4) 

 

 Equation of Freundlich isotherm model 

 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1 𝑛⁄

                                                  (5) 

 

where 𝑞𝑒is the adsorption capacity at equilibrium (mg 

g⁻¹), and 𝑞𝑚represents the maximum adsorption 

capacity. 𝐾𝐿is the Langmuir isotherm constant related to 

adsorption affinity, while 𝐾𝐹is the Freundlich isotherm 

constant indicating adsorption capacity. The non-linear 

Langmuir and Freundlich isotherm plots are obtained by 

plotting the equilibrium concentration (𝐶𝑒) on the x-axis 

and the adsorption capacity (𝑞𝑒) on the y-axis. 
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Results and discussion 

 Identification of chemical composition of the 

geothermal sludge 

 The X-ray fluorescence analysis confirmed that 

SiO2 was considered the primary component at around 

85 wt%, while other metal oxides such as Al2O3, P2O5, 

CaO, Fe2O3, and K2O were present in smaller quantities 

at 1 - 5 wt%. To improve silica purity and remove metal 

impurities, the geothermal sludge was subjected to acid 

leaching using 2 M HCl. Hydrochloric acid was selected 

due to it more efficiently dissolves metal contaminants 

than acids such as HNO3, H2SO4, and H3PO4 [24].  The 

resulting filtrate had a yellowish-brown color, indicating 

effective leaching of metal impurities. The leached 

powder contained 93.9 wt% SiO2 and was subsequently 

used as a high-purity silica precursor for zeolite 

synthesis as detailed in Table 1. 

 

 

Table 1 Chemical composition of the geothermal sludge and acid treated sample. 

Sample (%) SiO2 Al2O3 CaO Fe2O3 P2O5 K2O Others 

Geothermal sludge 85.0 4.6 3.5 3.3 1.3 0.8 0.4 

Acid treated sample 93.9 1.3 1.3 1.6 0.8 0.3 0.1 

 

 

 Structural, morphological, and chemical 

properties 

 The XRD pattern of S-1 exhibits the characteristic 

peaks of the silicalite-1 at 2θ = 7.54°, 8.58°, 22.94°, 

23.54°, and 24.04°, corresponding to the (101), (202), 

(501), (303), and (133) facets, proving the well-

crystallized MFI framework [25,26]. The peaks 

observed at (101) and (202) facets indicate 

representative of pentasil units oriented parallel to the 

ac-plane, which underpin the linear and zig-zag 

channels system of the MFI structure. The diffraction 

pattern indicates a long-range ordering of the 

interconnected SiO4 tetrahedral. Meanwhile, the 

diffraction peaks at 22.94°, 23.65°, and 24.04° indexed 

to the (501), (303), and (133) facets are commonly 

attributed to the local arrangement of SiO4 tetrahedra 

forming 10-membered ring and channel intersections 

within the 3-dimensional zeolitic structure [27]. The 

XRD pattern of the Fe@S-2 and Fe@S-5 showed a 

similar diffraction to S-1, indicating that the MFI 

framework is largely preserved after Fe loading. The 

addition of Fe3+ into the silica framework is attributed to 

isomorphous substitution of Si4+, which can occur 

without disrupting the MFI framework. The diffraction 

peaks in Fe@S-2 and Fe@S-5 shifted, indicating a 

uniform distribution of the Fe species within the MFI 

structure. In the Fe@S-14, significant structural and 

phase changes were observed through a broadening of 

the diffraction peak at 2θ = 23°. This result indicates the 

formation of an amorphous phase along with the 

destruction of the MFI structure in the material. The 

excessive Fe species can inhibit the nucleation and 

crystal growth of the MFI structure during the 

hydrothermal process. The XRD pattern indicates that 

the crystallinity and stability of the Fe@Sx are 

considerably affected by the Fe loading and its 

distribution within the MFI structure.  
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Figure 2 XRD patterns of silicalite-1 synthesized from geothermal sludge with different Fe molar ratio. 

 

 

 Table 2 summarizes the quantitative XRD 

parameters of samples. At low Fe loading, the 

characteristic MFI peaks are preserved, while the 

relative crystallinity decreases slightly to 95.18%, 

indicating a modest loss of long-range structural order. 

The (101) and (303) peaks shift toward higher 2θ value, 

which is typically associated with lattice distortion. 

Notably, the FWHM of Fe@S-2 values remain small, 

suggesting that loading Fe does not cause significant 

peak broadening and that the MFI crystalline domains 

remain relatively coherent. At a higher Fe loading 

(Fe@S-5), the relative crystallinity decreases to 

78.510% (e.g., FWHM of the (101) reflection increases 

to 0.163°), indicating increased structural disorder. 

 

 

Table 2 Relative crystallinity and XRD peak parameters (2θ, Δ2θ, and FWHM) for the (101) and (303) facets of samples. 

 

 

 The FTIR spectra of the samples are shown in 

Figure 3. The vibration band at 450 cm–1 is assigned to 

the Si–O–Si bending vibration. The peak observed at 

550 cm–1 is attributed to the double-5 ring vibration 

which is a characteristic band of the MFI framework, 

and it is not observed for Fe@S-14 [28]. Furthermore, 

the vibration peak at 800 cm–1 is assigned to the 

symmetric stretching of Si–O–Si in the outer SiO4 

tetrahedron [29]. The peak at 1,108 cm–1 is associated 

with the asymmetric stretching vibration of Si–O–Si in 

the inner SiO4 tetrahedron [30,31], while the nearby 

band at ~1,100 cm–1 indicates the presence of Fe–O–Si 

Samples 
Relative 

crystallinity (%) 
2θ (101) Δ2θ (101) 

FWHM 

(°2θ) (101) 
2θ (303) Δ2θ (303) 

FWHM 

(303) 

S-1 100.00 7.54 0.00 0.146 23.54 0.00 0.147 

Fe@S-2 95.18 7.64 + 0.10 0.138 23.62 + 0.08 0.131 

Fe@S-5 78.51 7.64 + 0.10 0.163 23.62 + 0.08 0.140 

Fe@S-14 1.77 - - - - - - 
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bond formed by the Fe species into the silica framework 

[32]. The vibration band at 1,224 cm–1 is assigned to Si–

O–Si asymmetric stretching in the outer SiO4 

tetrahedron with the condensed silica network [33]. 

Moreover, aboard vibration band at 3,400 - 3,500 cm–1 

is attributed to the stretching vibration of hydroxyl 

group (–OH), originating from adsorbed water 

molecules or surface silanol (Si–OH) group. According 

to IR analysis there are no absorption bands 

corresponding to iron oxide phases which may be due to 

low iron content in Fe@S-2 and Fe@S-5 samples. 

 

 

 

Figure 3 FTIR spectra of S-1 and Fe@Sx synthesized with different Fe molar ratios. 

 

 

 Figure 4 shows the surface morphology and 

elemental distribution of the Fe@S-5. The Fe@S-5 

sample exhibited a typical spherical-like crystal shape, 

with morphology similar to the structure of MFI-1 type 

zeolites. This morphology indicates uniform crystal 

growth and a high structural order, consistent with the 

XRD results. The addition of Fe led to the formation of 

spherical morphology with slight surface irregularities 

due to localized lattice strain induced by the substitution 

of Fe within the MFI framework. The Fe@S-5 shows a 

uniform monocrystalline structure with an average 

particle diameter of 2.8 µm in Figure 5. The distribution 

mapping of elements confirmed the presence of Si, O, 

and Fe as shown in Figures 4(b) - 4(f). The further 

elemental mapping exhibits a uniform distribution of Si 

and O. Additionally, the elemental distribution of the Fe 

element in Fe@S-5 appears as a dispersed red color, 

indicating a highly dispersed state and a uniform 

distribution of iron species in the sample [34].  
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Figure 4 (a) FESEM image of the Fe@S-5; (b) elemental mapping of Fe@silicalite-1 0.005 mol (c) all elements; (d) 

silicon (Si); (e) oxygen (O); (f) iron (Fe). 

 

 

 

Figure 5 Particle size distribution histogram of Fe@S-5. 
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 The surface area of samples was evaluated using 

the methylene blue (MB) adsorption method. The 

calculated specific surface area values are summarized 

in Table 3.  

 

 

Table 3 Surface area of Fe@S-14, Fe@S-5, Fe@S-2 and S-1 samples. 

Samples Surface area (m2 g-1) 

Fe@S-14 174.2 

Fe@S-5 150.6 

Fe@S-2 154.5 

S-1 149.7 

 

 

 Based on the data presented in Table 3, the 

addition of Fe into the S-1 structure significantly affects 

the surface area of the material. The S-1 exhibits 

external surface area of 149.7 m2 g−1, which is consistent 

with the external surface area reported for silicalite-1 

(150 m2 g−1) by Liu et al. [35]. In comparison, Fe@S-2 

and Fe@S-5 show slightly higher external surface area 

of 154 and 150 m2 g−1, respectively. This trend indicates 

that Fe associated with the silicate structure may 

increase surface heterogeneity and provide additional 

sites for dye adsorption [36]. Meanwhile, the Fe@S-14 

exhibits a higher surface area of 174 m2 g−1 and it is 

supported by XRD data that shows an amorphous phase. 

The amorphous phase typically has more open and 

irregular pore structure, which facilitates the diffusion 

of methylene blue molecules into the porous network 

[37,38].  

 

 Adsorption experiment 

 Effect of initial concentration of methylene blue 

 In order to evaluate the effect of the initial dye 

concentration, methylene blue solutions of 10 - 40 mg 

L−1 were contacted with the adsorbents for 60 min as 

presented in Figure 6. The pure S-1 sample shown in 

Figure 6(a), exhibits the lowest adsorption capacity of 

7.9 mg g−1 at 40 mg L−1 after 60 min, which is reasonable 

for all silica relatively hydrophobic MFI surface with 

limited negatively charged sites available for binding a 

cationic dye [39]. For silica-based adsorbents, MB 

adsorption is strongly promoted by deprotonated silanol 

groups (SiO–), which provide electrostatic attraction and 

hydrogen-bonding interactions; therefore, a low 

accessibility of such sites can limit uptake [40]. 

Meanwhile, Fe@S-2 and Fe@S-5 exhibit slightly higher 

adsorption capacities of 9.8 and 8.7 mg g−1 at 40 mg L−1 

respectively shown in Figure 6 (b,c), suggesting that the 

formation of defect increase the surface heterogeneity 

[16]. In contrast, the Fe@S-14 shows the highest 

adsorption capacity of 46 mg g−1 at 40 mg L−1 shown in 

Figure 6(d). This enhancement is consistent with the 

pronounced crystallinity loss/partial amorphization 

indicated by XRD, which can generate a more open and 

irregular pore channel and reduce mass-transfer 

limitations, thereby facilitating molecular diffusion and 

improving access to available adsorption sites [41,42].  
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Figure 6 Adsorption capacity of a) S-1, b) Fe@S-2, c) Fe@S-5 and d) Fe@S-14. 

 

 

 Adsorption kinetics 

 To investigate the adsorption kinetics of 

methylene blue, the experimental data were fitted using 

nonlinear pseudo-first order (PFO) and pseudo-second 

order (PSO) models [43]. Kinetic experiments were 

conducted over contact time of 0 - 60 min at an initial 

MB concentration of 30 mg L−1, as shown in Figure 7. 

The nonlinear fitting results and kinetic parameters are 

summarized in Table 4. Based on the analysis of the 

adsorption kinetic models, the adsorption process of 

methylene blue on S-1, Fe@S-2, Fe@S-5, and Fe@S-

14 are more appropriately described by PSO because it 

has a higher correlation value R2 than the PFO model. 

Notably, Fe@S-14 showed an excellent fit to the PSO 

model (R2 = 0.999), indicating that the overall 

adsorption rate is strongly governed by the availability 

of adsorption sites and their interactions with MB. 

Following common interpretation of the PSO model, 

this behavior is often associated with chemisorption-

controlled kinetics [44].  

 

 

Figure 7 Kinetic models a) pseudo-first order and b) pseudo-second order. 
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 A higher PSO rate constant (K2) generally 

indicates that the adsorption process occurs more 

rapidly, aligning with the corresponding reaction model. 

The Fe@S-14 exhibits the highest K2 value of 0.072 g 

mg−1 min−1, indicating a rapid adsorption kinetics. In 

comparison, S-1, Fe@S-2 and Fe@S-5 show lower K2 

value of 0.014, 0.010 and 0.007 g mg−1 min−1, 

respectively. Consistent with this trend, Fe@S-14 also 

delivers the highest equilibrium adsorption capacity (qe) 

at 41.988 mg g−1, followed by Fe@S-2, Fe@S-5, S-1 

with values of 9.602, 9.430 and 6.261 mg g−1, 

respectively. Methylene blue adsorption typically 

proceeds via an initial rapid uptake on the external 

surface, followed by a slower stage controlled by intra 

particle diffusion into accessible pore. Since MB is 

cationic dye, its adsorption can be promoted by 

electrostatic interactions with negatively charged 

surface sites, such as deprotonated silanol groups (SiO2
–

). It shows that the adsorption process depends not only 

on the concentration of the adsorbate but also on the 

chemical interactions between the active groups on the 

adsorbent and methylene blue, which is typical of the 

PSO kinetic model [45].  

 

Table 4 Kinetic pseudo first order and pseudo second order model parameter values. 

Adsorbent 
Pseudo-first order Pseudo-second order 

qe exp (mg/g) K1 (min−1) R2 qe exp (mg/g) K2 (g mg−1 min−1) R2 

Fe@S-2 9.153 0.044 0.932 9.602 0.010 0.990 

Fe@S-5 8.496 0.042 0.962 9.430 0.007 0.995 

Fe@S-14 41.783 0.152 0.987 41.988 0.072 0.999 

S-1 5.434 0.077 0.974 6.261 0.014 0.997 

 
 

 Adsorption isotherms 

 The Langmuir and Freundlich isotherm models 

were used to investigate MB adsorption behavior on the 

prepared adsorbents, as shown in Figure 8 and the 

corresponding fitting parameters are summarized in 

Table 5. According to the Langmuir model, Fe@S-14 

demonstrates an adsorption capacity at 196.248 mg g−1, 

which is substantially higher than that S-1. However, 

Fe@S-14 shows a relatively low Langmuir constant at 

0.009 L mg−1, suggesting weaker adsorption affinity 

within the concentration range investigated and 

indicating that qmax may represent an extrapolated value 

rather than a directly achieved saturation capacity. In 

contrast, Fe@S-2 and Fe@S-5 exhibit lower qmax values 

of 12.124 and 12.696 mg g−1, respectively, accompanied 

by higher KL values of 0.083 and 0.054 L mg−1. The 

Langmuir model provides the better fit for all samples 

based on the higher R² values, suggesting that adsorption 

is reasonably described by a predominantly monolayer-

type uptake on an energetically similar set of sites within 

the measured concentration range [46]. 

 

 

Figure 8 Plot of (a) Langmuir and (b) Freundlich isotherm models. 
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 For Freundlich isotherm model, Fe@S-14 exhibits 

a Kf value of 1.124 and an n value of 0.849. An n value 

close to 1 generally indicates weak to moderate 

adsorption intensity and a less favorable adsorption 

process compared with systems showing higher n value. 

This behavior may be associated with surface 

heterogeneity and non-ideal site distribution arising 

from particle agglomeration and the presence of 

amorphous domains in the material [47]. In contrast, the 

Fe@S-2 shows a more balance adsorption behaviour, 

with n = 1.503 and Kf = 0.421, suggesting a relatively 

more favourable adsorption intensity than Fe@S-14 

within the investigated concentration range. Meanwhile, 

the S-1 displays a n value of 1.561, however its 

adsorption capacity was relatively low, suggesting a 

limited number of adsorption-accessible sites on the 

silica surface. 

 

Table 5 Parameter values of the Langmuir and Freundlich isotherm model. 

Adsorbent 
Langmuir Freundlich 

Q max (mg/g) KL (L/mg) χ2 R2 Kf n R2 

Fe@S-2 12.124 0.083 0.236 0.983 0.421 1.503 0.674 

Fe@S-5 12.696 0.054 0.007 0.999 0.396 1.567 0.778 

Fe@S-14 196.248 0.009 2.509 0.994 1.124 0.849 0.979 

S-1 9.233 0.077 0.903 0.919 0.328 1.561 0.671 

 

 

Tabel 6 Comparative adsorption performance of silica-based materials. 

Adsorbent Silica/precursor 
Surface area 

(m2 g−1) 
MB adsorption performance Ref. 

Silicalite-1 TEOS - 16.45 mg g−1 at 50 mg L−1 [16] 

NaX modified SDS Rice husk 8.3 m2 g−1 13.48 mg g−1 at 250 mg L−1 [48] 

Fe3O4/ natural zeolite composite Natural zeolite - 32.258 mg g−1 at 30 mg L−1 [49] 

Silicalite-1 Geothermal sludge 149.7 m2 g−1 7.9 mg g−1 at 40 mg L−1 This work 

Fe@S-14 Geothermal sludge 174.2 m2 g−1 46 mg g−1 at 40 mg L−1 This work 

 

 

 Table 6 compares the methylene blue (MB) 

adsorption performance of the present materials with 

representative zeolite/silica-based adsorbents reported 

in the literature. As shown, conventional silicalite-1 

synthesized from TEOS exhibits an MB uptake of 16.45 

mg g⁻¹ at an initial concentration of 50 mg L⁻¹ [16]. In 

contrast, the silicalite-1 prepared using geothermal 

sludge in this work shows lower uptake (7.9 mg g⁻¹ at 

40 mg L⁻¹), which is reasonable because all-silica MFI 

materials are relatively hydrophobic and typically 

provide fewer strong adsorption interactions for cationic 

dyes without additional surface heterogeneity. Notably, 

Fe@S-14 demonstrates substantially higher adsorption 

(46 mg g⁻¹ at 40 mg L⁻¹), indicating that Fe modification 

and the associated structural disorder/partial 

amorphization can markedly enhance accessible 

adsorption sites and improve MB surface interactions 

compared with silicalite-1. Compared with other 

modified zeolitic adsorbents, NaX modified with SDS 

shows 13.48 mg g⁻¹ even at a much higher MB 

concentration (250 mg L⁻¹), while an Fe3O4/natural 

zeolite composite achieves 32.258 mg g⁻¹ at 30 mg L⁻¹ 

[48]. Beyond adsorption performance, the main 

advantage of this approach is sustainability due to silica-

rich geothermal sludge is employed as a silica source, 

which reduces dependence on commercial TEOS and 

enables the upcycling of industrial waste into functional 

adsorbents. 

 

Conclusions 

 Geothermal sludge was successfully converted 

into Fe doped silicalite-1 via hydrothermal synthesis, 

assisted by an acid leaching pretreatment to obtain a 

reactive silica precursor. Fe loading markedly 
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influenced the crystallization behavior, low Fe loading 

preserved the MFI framework with only a slight 

reduction in relative crystallinity (Fe@S-2 = 95.81%), 

whereas excessive Fe loading decreased crystallinity 

(Fe@S-14 = 1.77%). Despite this structural trade-off, 

Fe@S-14 exhibited the highest surface area (174 m2 g−1) 

and delivered the best methylene blue adsorption 

performance with a value of 46 mg g−1. Kinetic analysis 

showed that the adsorption data were best described by 

the pseudo-second order model and equilibrium 

behavior was reasonably captured by the Langmuir 

isotherm. Future work should focus on regeneration and 

multi-cycle stability testing and validating the adsorbent 

in real textile wastewater containing mixed dyes and 

competing ions. Overall, these findings highlight 

geothermal sludge as a sustainable silica feedstock and 

support the potential use of the resulting Fe-doped 

silicalite-1 as low-cost adsorbents for dye-contaminated 

wastewater, particularly relevant to textile effluent and 

circular-economy adoption at geothermal facilities 
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