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     ABSTRACT 

The textile industry is a major contributor to wastewater pollution in Indonesia, mainly due to 

synthetic dyes that are toxic, persistent, and harmful to aquatic ecosystems. Indonesian natural 

zeolites, found in areas such as Bayah, Cikalong, Lampung, and Ende, are promising low-cost 

and environmentally friendly adsorbents for dye removal. This review discusses the use of 

Indonesian natural zeolites in textile wastewater treatment, with emphasis on their 

characteristics, activation and modification methods, and adsorption performance. Previous 

studies show that acid activation and surfactant modification can improve surface properties 

and increase dye adsorption capacity. The adsorption process is commonly described by the 

pseudo-second-order kinetic model and the Langmuir isotherm model, indicating 

chemisorption and monolayer adsorption behavior. Overall, Indonesian natural zeolites have 

strong potential for dye removal from textile wastewater. However, further studies using real 

wastewater and pilot-scale systems are needed to support practical application. 
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1. Introduction

The textile industry is one of the industrial sectors that contributes significantly to gross domestic product (GDP) and 

national employment, and is widely distributed across various regions of Indonesia. However, in addition to its positive economic 

impact, the textile industry is also one of the largest and most complex producers of wastewater. Most of the pollutants found in 

textile industry wastewater originate from the dyeing stage, which generates the most significant and difficult-to-treat 

contaminants due to the extensive use of complex synthetic chemicals (Wang, Jiang and Gao, 2022). Textile industry wastewater 

contains various types of dyes that are toxic, carcinogenic, increase chemical oxygen demand (COD), and degrade the aesthetic 

quality of natural water bodies (Yuan et al., 2020). Dyes used in the textile industry can be classified based on their charge when 

dissolved into three groups: anionic dyes, cationic dyes, and non-ionic dyes. They can also be classified based on their chemical 

composition into azo, diazo, anthraquinone, nitro, diphenylmethane, triphenylmethane, indigoid, thioindigoid, anthraquinoid, 

xanthene, phthalein, and metal complex dyes (Gabris, Periyasamy and Tehrani-bagha, 2025). Once present in aquatic 

environments, dyes can hinder light penetration by absorbing and reflecting sunlight, which reduces photosynthesis in algae. 

Since algae form the base of the aquatic food chain, a decline in their population disrupts energy transfer to higher organisms. In 

addition, the toxicity of dyes further exacerbates the problem, contributing to the collapse of aquatic biodiversity (Ardila-leal, 

Poutou-piñales and Pedroza-rodr, 2021; Munene and Hall, 2019). This condition makes the treatment of textile dye wastewater a 

critical environmental issue that urgently needs to be addressed. 

Various methods for treating textile dye wastewater have been developed and applied, including coagulation-flocculation, 

chemical oxidation, ozonation, photocatalysis, and membrane filtration (Islam et al., 2025). Although effective, these methods 

have several limitations that hinder their widespread application, particularly for small-scale textile industries. The coagulation-

flocculation process generates large amounts of sludge that are difficult to dispose of (Ro’in, 2024). Advanced oxidation methods 

such as ozonation and photocatalysis require high energy and operational costs (Gopalakrishnan and Jeyakumar, 2023). 

Membrane technology, while efficient, is prone to fouling and requires installation and maintenance costs that are unaffordable 

for small industries (Khader et al., 2024). This condition has driven the search for alternative dye wastewater treatment 

technologies that are more economical, easy to operate, and environmentally friendly. 

Adsorption is one of the most promising wastewater treatment methods, particularly for dye removal, as it offers a number 

of comparative advantages (Kassa, Engida and Endaye, 2025). The adsorption method is relatively simple in design and operation, 

does not generate hazardous by-products, can be applied across a wide range of pollutant concentrations, and allows for adsorbent 

regeneration and reuse (Satyam and Patra, 2024). The effectiveness of the adsorption process is largely determined by the 

characteristics of the adsorbent used, including specific surface area, pore size and distribution, and active functional groups on 

the adsorbent surface (Akhtar et al., 2025). Zeolite is a hydrated aluminosilicate mineral of alkali and alkaline earth metals within 

a three-dimensional crystal lattice composed of silica and alumina tetrahedra, with four oxygen atoms at each corner and pore 

diameters ranging from 0.25 to 1 nm (Hakim et al., 2024). These compounds have a distinctive structure that enables effective 

adsorption of various environmental contaminants. The wide and deep pore openings of this mineral allow for the removal of 

impurities from various media. The large surface area of zeolite is also an important characteristic that makes it suitable for use 

as an adsorbent. In addition, natural zeolite is characterized by low mining costs and abundant availability, resistance to alteration, 

and a favorable bulk density (Alabbad, 2021). Indonesia possesses abundant natural zeolite reserves distributed across various 

regions of the archipelago. Natural zeolite deposits in Indonesia are found in various areas such as North Sumatra, Lampung, 

West Java, Central Java, Yogyakarta, and East Nusa Tenggara (Ende) (Selvina et al., 2024., Bani, 2024). The dominant zeolite 

minerals found in Indonesia include clinoptilolite and mordenite, both of which are known to have good adsorption capacity for 

various types of pollutants (Wahono et al., 2020). Despite this great potential, the utilization of Indonesian natural zeolite as an 

adsorbent for industrial wastewater treatment, particularly textile dye wastewater, has not been comprehensively and 

systematically reviewed in a single integrated literature review (Bahmanzadegan and Ghaemi, 2025). 

Based on the foregoing, this literature review aims to comprehensively examine the potential of Indonesian natural zeolite 

as an environmentally friendly adsorbent for dye removal from textile industry wastewater. Specifically, this review covers: the 

characteristics and distribution of natural zeolite deposits in Indonesia, the effect of activation and modification methods on the 

adsorption performance of Indonesian natural zeolite, the factors affecting dye adsorption efficiency, the mechanisms, kinetics, 

and equilibrium of adsorption, as well as the challenges and prospects of utilizing Indonesian natural zeolite at an industrial scale. 

Thus, this review is expected to serve as a comprehensive scientific reference for researchers and practitioners in developing textile 

wastewater treatment technologies based on local Indonesian raw materials. 

 

2. Dyes in Textile Industry Wastewater 
 

2.1 Classification of Textile Dyes 

A dye is a substance that, when applied to a substrate, imparts color to the substrate through a process that temporarily 

disrupts the crystal structure of the colored substance. The color of a dye depends on its ability to absorb light within the visible 
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electromagnetic radiation range (400–700 nm) (Mishra et al., 2024). Dyes consist of two main components: chromophores and 

auxochromes. Chromophores consist of atomic groups containing various functional groups, including O==(C6H4)==O, –C==O, –

N==N–, and –NO2. These groups are responsible for coloring the fabric. Meanwhile, auxochromes include functional groups such 

as –SO3H, –NH3, –OH, and –COOH, which can not only enhance the chromophoric effect but also increase fiber affinity for color 

while reducing water solubility by donating or accepting electrons (Bouhaik and Meliani, 2023; Raman and Kanmani, 2016). Based 

on their charge when dissolved in solution, dyes are classified into three types: cationic, anionic, and neutral dyes. Literally, 

cationic and anionic dyes carry positive and negative charges, respectively, while neutral dyes exist as neutral molecules (Shi et 

al., 2022). Examples of cationic dyes include crystal violet (CV) and methylene blue (MB), while Eriochrome Black T (EBT) and 

methyl orange (MO) are examples of anionic dyes (Attallah, Al-ghobashy and Salem, 2016). 

2.2 Impact of Dyes on the Environment and Health 

The presence of dyes reduces light penetration in aquatic ecosystems, suppresses photosynthesis in algae, and causes oxygen 

depletion. The consequences extend beyond the ecosystem to human health (Kishor et al., 2021). Gut microbiota can metabolize 

azo dyes into carcinogenic aromatic amines, while occupational exposure in textile facilities increases the risk of dermatitis, 

respiratory diseases, and mutagenicity (Kavitha, Govindhan and Premkumar, 2025). In Indonesia, river pollution caused by textile 

waste has become a real environmental problem. The textile industry is a leading sector in Pekalongan; however, the resulting 

wastewater is often discharged directly into rivers without adequate treatment. This has led to high concentrations of hazardous 

chemicals and textile dyes in river water, turning the water turbid and malodorous (Baihaqi, Fatah and Adi, 2024)(Hannan, Witrie 

and Adi, 2024). Similar conditions have also been reported in a number of rivers in textile industrial areas in Central Java 

(Sukoharjo and Tengah, 2021), and several other regions in Indonesia experience similar problems (Putra, 2016)(Kusuma, 

2021)(Komarawidjaja, 2016). High dye concentrations in water bodies not only impact the ecosystem but also threaten the 

availability of clean water for communities surrounding industrial areas. 

 

2.3 Challenges in Dye Treatment 
 

Synthetic dyes, particularly the azo group, have highly stable chemical structures due to conjugated double bonds and 

aromatic rings that are resistant to both biological and conventional chemical degradation. Various treatment methods have been 

investigated to remove hazardous contaminants from textile wastewater, including adsorption, coagulation, flocculation, 

membrane filtration, ozonation, and electrochemical techniques. Conventional treatment methods such as coagulation-

flocculation, chemical oxidation, and biological treatment are often ineffective in completely degrading dyes, or require high 

operational costs and generate hazardous by-products (Kumar et al., 2025). Therefore, adsorption using low-cost adsorbents such 

as natural zeolite has become an increasingly studied alternative as an effective and economical solution for treating textile dye 

wastewater (Alsuhybani et al., 2026). 

 

3. Indonesian Natural Zeolite 
 

3.1 Deposit Distribution and Dominant Mineral Types 

Indonesia is one of the countries with abundant natural zeolite reserves. This is because Indonesia is composed 

of a series of volcanoes whose eruption products are widely distributed, with an estimated zeolite deposit resource 

potential of 447,490 tons. The most extensive distribution is found in West Java, Banten, Lampung, South Sulawesi, 

East Nusa Tenggara, and North Tapanuli (Setiawan et al., 2020). This deposit distribution makes natural zeolite a 

highly potential local mineral resource for use as an adsorbent in wastewater treatment, including textile dye 

wastewater. Table 1 summarizes the major natural zeolite deposit locations in Indonesia along with the dominant 

mineral types found at each location. 
 

Table 1. Distribution of Natural Zeolite Deposits in Indonesia and Dominant Mineral Types 

Location Province Dominant Mineral Reference 

Bayah Banten Mordenite and Clinoptilolite (Setiawan et al., 2020) 

Cikembar West Java Mordenite and Clinoptilolite (Setiawan et al., 2020) 

Tanggamus Lampung Clinoptilolite 
(Qadri et al., 2024), (Azizah and Rachman, 

2023) 

Ende East Nusa Tenggara Mordenite (Bani, 2024) 
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Sarulla North Sumatra Mordenite and Clinoptilolite (Dur, 2017) 

3.2 Physicochemical Characteristics of Indonesian Natural Zeolite 
 

The performance of zeolite as an adsorbent is largely determined by its physicochemical characteristics. Zeolite 

is a material with a basic hydrated aluminosilicate structure containing a tetrahedral arrangement of silicon cations 

(Si4+) and aluminum cations (Al3+) surrounded by four oxygen anions. These components form a macromolecule with 

a three-dimensional tetrahedral framework of SiO2 and AlO2. In addition, zeolite is a porous material with pore 

diameters ranging from 2 Å to 13 Å. The variation in shape and interconnection of this pore structure facilitates the 

diffusion and movement of ions or molecules into and out of the zeolite pore structure without altering the basic 

crystal structure. Natural zeolite also has a larger particle size compared to synthetic zeolite (Serati-nouri et al., 2020), 

with a large specific surface area reaching up to 400 m2g-1. 

Based on structure and chemical composition, natural zeolite generally exhibits several properties: basicity, ion 

exchange capacity, physical adsorption, and external surface activity, which directly or indirectly relate to relevant 

biochemical processes/reactions. The physical and chemical properties of zeolite vary depending on the SiO2/Al2O3 

ratio. A low ratio causes the zeolite surface to be hydrophilic, whereas a high ratio causes the surface to be 

hydrophobic. Zeolite with a low SiO2/Al2O3 ratio and high hydrophilicity exhibits relatively stronger interactions 

with polar molecules such as water, while zeolite with a high SiO2/Al2O3 ratio and high hydrophobicity exhibits 

relatively stronger interactions with nonpolar molecules (Wang et al., 2019). 

 

4. Dye Adsorption by Indonesian Natural Zeolite 
 

4.1 Effect of Zeolite Activation and Modification 

Natural zeolite modification is carried out to increase its specific surface area, reduce or eliminate impurities in 

the zeolite, and determine its selectivity toward certain substances or groups of substances. Commonly used 

techniques for activating natural zeolite include single or combined thermal modification, chemical modification 

(acid, base, or inorganic salt), surfactant modification, and metal oxide modification (Senila and Cadar, 2024). 

Therefore, various activation and modification methods have been developed to improve the adsorption 

performance of Indonesian natural zeolite. Physical activation, namely calcination of natural zeolite, is expected to 

improve the physical and chemical properties of natural zeolite, thereby enhancing its adsorption capacity (Afidah 

and Khamidinal, 2019). The increase in the adsorption capacity of calcined natural zeolite occurs because the 

calcination process clears the zeolite's pore cavities of water molecules and metal oxides considered impurities. The 

empty cavities formed on the zeolite surface can enlarge the active surface area, thereby increasing adsorption 

capacity (Ngapa, 2017). Chemical activation can be carried out using hydrochloric acid (HCl) or sulfuric acid (H2SO4) 

solutions, as well as sodium hydroxide (NaOH) solution, aimed at cleaning the pore surface and removing impurity 

compounds. The addition of hydrochloric acid (HCl) solution to natural zeolite aims to dissolve and remove metal 

oxides covering the zeolite surface and trapped within it, resulting in a larger and more porous contact surface. 

Meanwhile, the addition of sodium hydroxide (NaOH) base solution results in the formation of silicate compounds 

and causes the zeolite surface to become more negatively charged (Muttaqii et al., 2019). 

Zeolite is a highly porous aluminosilicate with a distinctive cavity structure. Its structure consists of a three-

dimensional framework with a negatively charged lattice. The presence of a permanent negative charge in its crystal 

structure makes zeolite suitable for surface modification using cationic surfactants such as CTAB and HDTMA, 

where each molecule consists of a hydrophilic and positively charged head group. The negative charge is balanced 

by exchangeable cations that can be exchanged with certain cations in solution. The high ion exchange capacity, 

relatively high specific surface area, and, more importantly, relatively low cost make zeolite an attractive adsorbent 

for development (Krishna, Soontarapa and Kalel, 2019; Rahmawati and Sulistyaningsih, 2018).  

 

4.2 Factors Affecting Adsorption Efficiency 

The efficiency of dye contaminant removal by zeolite adsorption can be influenced by several factors, including 

liquid flow rate, initial concentration, and zeolite particle size (Saputri, Wulandari and Munawaroh, 2024). Particle 



JOSEEM 2026, 2(1) REVIEW ARTICLE 5  
 

 

 
JOSEEM 2026, Vol 2 No 1: 1-9           https://joseem.com/journal/index.php/JOSEEM 

 

size in natural zeolite is directly related to the number of pores, where the smaller the particle size, the larger the 

surface area of the zeolite, which results in a faster adsorption process (Atikah, 2017). 

pH is one of the factors that influences the dye adsorption process. Under conditions that are not too acidic, 

protons (H+) can cause partial protonation of the Remazol Yellow FG dye (D-SO2CH2CH2OSO3- Na+) into its vinyl 

sulfone form (D-SO2-CH=CH2). This vinyl sulfone form then readily interacts with the active sites on activated natural 

zeolite. Under excessively acidic pH conditions, protons can protonate all of the D-SO2CH2CH2OSO3- Na+ into its 

vinyl sulfone form (D-SO2-CH=CH2), resulting in decreased interaction between the dye and the activated natural 

zeolite. Meanwhile, under excessively alkaline pH conditions, D-SO2CH2CH2OSO3- Na+ is also completely converted 

into its vinyl sulfone form (D-SO2-CH=CH2) due to the high concentration of OH-. The conversion of the sulfonate 

group into a sulfone group causes a decrease in adsorption capacity. This is because the sulfonate group is a reactive 

group that readily dissociates and converts into its ionic form, allowing it to easily interact with the active sites of 

activated natural zeolite (Damajanti, Ma’ruf and Nugraha, 2021). Adsorption capacity is also affected by contact time. 

If the contact time is too short, the zeolite has not yet worked optimally to adsorb the dye, whereas if the contact time 

exceeds the optimum contact time, a decrease in adsorption capacity will occur due to the saturated condition of the 

zeolite adsorbent, preventing optimal adsorption. The saturated condition will cause the zeolite to release some of 

the dye back into the solution system, resulting in a decrease in adsorption capacity (Damajanti, Ma’ruf and Nugraha, 

2021). 

 

4.3 Adsorption Kinetics and Isotherms 

Adsorption kinetics studies aim to understand the rate and mechanism of the dye adsorption process on the 

zeolite surface. The pseudo-first-order and pseudo-second-order kinetic models (Ho & McKay) indicate that the rate-

determining step of adsorption is the chemical interaction between dye molecules and the active sites on the zeolite 

surface (Taher et al., 2025), (Krishna, Soontarapa and Kalel, 2019), (Fitri et al., 2025). 

Adsorption equilibrium studies using isotherm models aim to describe the distribution of dye molecules 

between the solution phase and the adsorbent surface at equilibrium conditions. The Langmuir isotherm model, 

which assumes monolayer adsorption on a homogeneous surface with a limited number of active sites, is most 

commonly reported to fit the dye adsorption data of Indonesian natural zeolite. The maximum adsorption capacity 

(qmax) value from the Langmuir model serves as the primary parameter for comparing the performance of various 

types of Indonesian natural zeolite against different dyes. A summary of research on dye adsorption using natural 

zeolite and modified zeolite in Indonesia is presented in Table 2 below. 

 
Table 2. Summary of Research on Dye Adsorption Using Natural Zeolite and Modified Zeolite in Indonesia 

Author, Year Zeolite Origin Zeolite Treatment Dye Isotherm/Kinetic Model 

(Ngapa, 2017) Ende, NTT HCl activation Methylene Blue Langmuir and Freundlich 

(Ngapa, 2017) Ende, NTT NaOH activation Methylene Blue Langmuir and Freundlich 

(Taher et al., 2025) Tanggamus, 

Lampung 

Zeolite-MgAl LDH Methylene Blue PFO and PSO 

(Taher et al., 2025) Tanggamus, 

Lampung 

Zeolite-MgAl LDH Congo Red PFO and PSO 

(Krishna, Soontarapa 

and Kalel, 2019) 

Indonesia Zeolite-CTAB Acid Blue 25 Langmuir & Freundlich / 

PFO & PSO 

(Fitri et al., 2025) PT. Paragon 

Perdana Mining, 

Lampung 

3D-printed 

Zeolite/Glycerol (3D-

Ze/Gly) 

Methylene Blue Langmuir & Freundlich / 

PFO & PSO 

(Ngapa and Ika, 

2020) 

Ende, NTT HCl 3 M activation Methylene Blue Langmuir and Freundlich 
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Author, Year Zeolite Origin Zeolite Treatment Dye Isotherm/Kinetic Model 

(Ngapa and Ika, 

2020) 

Ende, NTT HCl 3 M activation Methyl Orange Langmuir and Freundlich 

(Sugiarti, Charlena 

and Aflakhah, 2017) 

Bangka Belitung Zeolite-

Mercaptopropyl 

trimethoxysilane 

Methylene Blue Langmuir 

(Damajanti, Ma'ruf 

and Nugraha, 2021) 

Wonosari HCl 6 N activation Remazol Yellow 

FG 

Langmuir and Freundlich 

(Afifah, Adicita and 

Suryawan, 2021) 

Indonesia KMnO4 activation Methylene Blue Langmuir and Freundlich 

 

 

5. Conclusion

Based on the literature review presented, several conclusions can be drawn. First, Indonesian natural zeolite, distributed 

across various regions such as Bayah, Cikembar, Lampung, Ende, and North Sumatra, has been shown to possess physicochemical 

characteristics suitable for use as a dye adsorbent, with clinoptilolite and mordenite as the dominant mineral types. Second, 

activation and modification of natural zeolite, whether through physical, chemical, or surfactant modification, has been shown to 

significantly increase adsorption capacity, particularly by expanding the selectivity of zeolite, which is naturally effective only 

against cationic dyes, to also enable the adsorption of anionic dyes. Third, the efficiency of dye adsorption by Indonesian natural 

zeolite is influenced by several operational factors, particularly solution pH, adsorbent dosage, and contact time, with the pseudo-

second-order kinetic model and the Langmuir isotherm model being most commonly fitted. Fourth, although the potential of 

Indonesian natural zeolite as a textile dye adsorbent is quite promising, most of the studies reviewed were still conducted at the 

laboratory scale using single synthetic dye solutions, so validation on real textile wastewater and larger-scale studies are still 

needed to support practical industrial applications. Indonesian natural zeolite has the potential to serve as an economical and 

environmentally friendly alternative adsorbent to support the treatment of textile industry wastewater in Indonesia, by utilizing 

the abundantly available local raw materials.
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