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ABSTRACT 
 
 

his report aimed to examine particle technology's 
latest developments and potential applications in 
water treatment through bibliometric analysis. The 
results showed high interest in publications on 
particle technology for water treatment applications. 

Specifically, when it was during the period between 2021 and 
2024. Research interest in particle technology was also shown 
in industries, concentrating on more specific topics such as 
energy and adsorption processes, catalyst surfaces, structures, 
and selectivity, wastewater and pollutant treatment, and zeolite 
materials. Furthermore, developed countries showed the most 
interest in the application of particle technology. Although the 
use of particles for water treatment applications has 
demonstrated great potential, there has not been much research 
on particle technology and there is still significant room for 
development. This study presented a new contribution in 
uncovering the under-explored potential applications of particle 
technology in specific regions or sectors and paves the way for 
further research in the optimization of particle technology for 
water quality improvement on a global scale. 

INTRODUCTION 
 
Water pollution is a critical environmental problem facing the 
modern world, driven by increasing industrialization, population 
growth, and climate change (Sarker et al. 2021; Mishra 2023). 
Pollutants such as microorganisms, organic contaminants, and 
heavy metals, pose severe risks to human health, aquatic 
ecosystems, and biodiversity (Abubakar et al. 2024). As a result, 
water treatment technologies have evolved to meet the growing 
demand for clean and safe water. Among the various approaches 
to water purification, catalytic processes play a pivotal role in 
enhancing the efficiency and sustainability of water treatment 
systems (Parvulescu et al. 2021; Yu et al. 2020). 
 
In many industrial applications, catalysts are crucial because 
they speed up chemical reactions without being wasted after the 
process (Datye and Votsmeier 2021). In water treatment, 
catalysts help break down pollutants, reduce toxic compounds, 
and transform harmful substances into less hazardous forms 
(Abu-Dief and Mohamed 2020; Das and Poater 2021; Lin et al. 
2020). In this context, catalysts based on metals and non-metals 
are commonly utilized. The strong reactivity and capacity to 
stimulate oxidation-reduction reactions of metal catalysts, such 
as those based on transition metals (iron, nickel, cobalt) and 
noble metals (platinum, palladium), are well-known (Kumar and 
Kumar 2024). Non-metal catalysts, including carbon-based 
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materials (e.g. graphene, activated carbon) and organocatalysts, 
offer cost-effective and sustainable alternatives to metal 
catalysts, particularly in environmental applications (Barrio et 
al. 2020). 
 
The structural design of catalysts is crucial to their effectiveness 
in water treatment since it directly affects their stability, 
reusability, and efficiency. Particle technology has emerged as a 
critical tool in the design and development of catalysts (Prieto et 
al. 2016; Luo et al. 2021; Lopez-Tejedor et al. 2018). By 
manipulating particle size, morphology, and surface area, 
researchers can create catalysts with enhanced properties 
tailored to specific applications (An and Somorjai 2012). For 
example, porous materials offer routes for improved mass 
transport of reactants and products, while nanoparticles provide 
a greater surface area-to-volume ratio, increasing the number of 
active sites accessible for catalytic reactions (Jose et al. 2024; 
Hwang et al. 2020). 
 
New catalysts with enhanced performance in water treatment 
processes like adsorption, photocatalysis, and advanced 
oxidation processes (AOPs) have been developed due to recent 
developments in particle technology. These processes rely 
heavily on the interaction between the catalyst and the pollutant 
molecules, making the role of particle technology in catalyst 
design even more crucial (Hodges et al. 2018; Yang et al. 2020; 
Santhosh 206). Moreover, the environmental sustainability of 
these catalysts is of growing concern, prompting researchers to 
explore green chemistry principles and renewable resources in 
catalyst preparation. 
 
The synthesis and uses of metal- and non-metal-based catalysts 
for water treatment have been the subject of several research. A 
thorough analysis incorporating current developments in 
particle technology with the larger framework of catalyst 
development is required. Furthermore, more intensive study is 
needed in this field, and determining existing research trends, 
gaps, and possibilities will help future researchers identify 
possible research directions. A bibliometric analysis was carried 
out to map research trends, important contributors, and new 
topics in this discipline. Some research trends can be 
summarized using bibliometric analysis (Al Husaeni and 
Nandiyanto, 2022). Therefore, this bibliometric analysis study 
aims to provide a comprehensive overview of recent 
developments in particle technology for water treatment. This 
analysis helps identify global trends, specific research foci, and 
the authors and countries that contribute most to this field. 
 
 
METHOD 
 
In this study, bibliometric analysis was used to help and reveal 
the research trends of a particular discipline and provide insights 
into the emerging field. Comprehensive instructions on how to 

apply bibliometric analysis can be found elsewhere (Rochman 
et al. 2024; Al Husaeni and Al Husaeni, 2022; Azizah et al. 
2021; Al Husaeni and Nandiyanto, 2022). Figure 1 is an 
illustration of the stages for conducting a bibliometric analysis 
study, which is explained in detail as follows: 
 
Data collection was done based on the Scopus database, in 
which the process involved compiling keywords relevant to the 
research topic such as “catalyst”, “particle AND technology”, 
and “water AND treatment” to obtain suitable literature. In this 
stage, data was collected by filtering the results based on 
parameters such as publication year which was restricted from 
2019-2024, and document type was left unregulated. After that, 
the data obtained was exported to .RIS format for further 
analysis. The results of the related article documents that were 
successfully collected were 224 documents. 
Descriptive statistics was used to examine the collected data to 
determine items like the number of publications annually, 
distribution by country, distribution by subject area, and 
distribution by document type. The results were presented as 
curves or tables to facilitate interpretation. 
 
Network analysis was involved in mapping the relationships 
between various data components such as the relationships 
between keywords analyzed using VOSviewer software. This 
keyword-based network analysis was studied, especially relating 
to the relationships between keywords used in publications. 
Indeed, this helped identify co-occurring topics, trends, and 
emerging areas within those research topics. 
 

 
Figure 1: Step-by-step on conducting bibliometric analysis 

 
RESULTS AND DISCUSSION 
 
Support Literature with Qualitative Data based on Previous 
Studies Related to Water Pollution and Its Treatment 
Methods 
Table 1 summarizes numerous reports about water pollution and 
associated remediation techniques. These results demonstrate 
the various strategies and tools used to address the persistent 
problems of water contamination and the range of efficacy of 
these techniques and technologies in multiple settings and 
geographical areas. 
 

Table 1: Prior studies concerning water treatment 
No Title Ref 
1 Membrane bioreactor for domestic wastewater treatment: Principles, challenges, and future 

research directions 
(Bilad 2017) 

2 Changes of heavy metal concentrations in Shitalakhya river water of Bangladesh with 
seasons 

(Kabir et al. 2020) 

3 Monitoring heavy metal contamination levels and microbiological pollution in seawater of 
Agadir coastal zones 

(Bazzi et al. 2020) 

4 The comparison of electrodialysis and nanofiltration in nitrate removal from groundwater (Touir et al. 2021) 
5 Performance and energy consumption evaluation of rotating biological contactor for 

domestic wastewater treatment 
(Waqas et al. 2021) 
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No Title Ref 
6 Physico-chemical investigation of wastewater from the Sebdou-Tlemcen textile complex 

North-West Algeria 
(Khelassi-Sefaoui et al. 2021) 

7 Assessment of iron contamination in groundwater of catchment area water (Boutebib et al. 2023) 
8 Step-by-step fabrication of PVDF-TiO2 hollow fiber membrane and its application 

desalination of wetland saline water via pervaporation 
(Mahmud et al. 2023) 

9 Effect of water regime and soil maintenance mode on vegetative growth and peach tree 
production 

(Laita et al. 2024) 

10 Real time water quality monitoring system for smart city in Malaysia (Amin et al. 2022) 
11 Assessment and optimization of coagulation process in water treatment plant: A review (Seng et al. 2023) 
12 Effect of substrate and water on cultivation of Sumba seaworm (nyale) and experimental 

practicum design for improving critical and creative thinking skills of prospective science 
teacher in biology and supporting sustainable development goals (SDGs) 

(Kerans et al. 2024) 

13 Design-construction of a solar cell energy water pump as a clean water source for people in 
Sirnajaya village, Gununghalu district 

(Irawan et al. 2021) 

14 Design of micro-controlled swimming pool water quality monitoring system with SMS 
notification for educational purposes with cost analysis 

(Purazo et al. 2024) 

15 A step-by-step experimental procedure for water quality assessment of blue lagoon: 
Comparison to socio-demographic and economic profile for a teaching model 

(Benito 2023) 

16 Improvement of the technology of industrial wastewater treatment in the mining industry (Qizi and Lolayevich 2023) 
17 Plastic in water and its implications in human and biological systems (Sarkingobir and Tukur 2025) 
18 Education of dietary habit and drinking water quality to increase body immunity for 

elementary school 
(Satria and Nandiyanto 2022) 

Examples of the previous studies on bibliometric analysis are 
presented in Table 2. Bibliometric analysis can also provide data 
on the intellectual landscape surrounding catalyst research in 

water treatment, highlighting influential studies, journals, and 
researchers. 
 

Table 2: Prior reports on bibliometric analysis 
No Title Ref 
1 The latest report on the advantages and disadvantages of pure biodiesel (B100) on engine 

performance: Literature review and bibliometric analysis 
(Setiyo et al. 2021) 

2 A bibliometric analysis of management bioenergy research using vosviewer application (Soegoto et al. 2022) 
3 Oil palm empty fruit bunch waste pretreatment with benzotriazolium-based ionic liquids 

for cellulose conversion to glucose: Experiments with computational bibliometric analysis 
(Mudzakir et al. 2022) 

4 Research mapping in the use of technology for fake news detection: Bibliometric analysis 
from 2011 to 2021 

(Gunawan et al. 2022) 

5 Management information systems: bibliometric analysis and its effect on decision making (Santoso et al. 2022) 
6 Sustainable Production-inventory model with multi-material, quality degradation, and 

probabilistic demand: From bibliometric analysis to a robust model 
(Utama et al. 2023) 

7 Phytochemical profile and biological activities of ethyl acetate extract of peanut (Arachis 
hypogaea L.) stems: In-vitro and in-silico studies with bibliometric analysis 

(Sahidin et al. 2023) 

8 Biomass-based supercapacitors electrodes for electrical energy storage systems activated 
using chemical activation method: A literature review and bibliometric analysis 

(Hamidah et al. 2023) 

9 Antiangiogenesis activity of Indonesian local black garlic (Allium Sativum ‘Solo): 
Experiments and bibliometric analysis 

(Arianingrum et al. 2023) 

10 Dental suction aerosol: Bibliometric analysis (Ramadhan et al. 2022) 
11 Bibliometric analysis of nano metal-organic frameworks synthesis research in medical 

science using VOSviewer 
(Shidiq 2023) 

12 Research trends from the Scopus database using keyword water hyacinth and ecosystem: 
A bibliometric literature review 

(Nandiyanto et al. 2024) 

13 Use of blockchain technology for the exchange and secure transmission of medical images 
in the cloud: Systematic review with bibliometric analysis 

(Lizama et al. 2024) 

14 Chatbot artificial intelligence as educational tools in science and engineering education: A 
literature review and bibliometric mapping analysis with its advantages and disadvantages 

(Al Husaeni et al. 2024) 

15 How technology can change educational research? Definition, factors for improving 
quality of education and computational bibliometric analysis 

(Al Husaeni et al. 2024) 

16 Effects of sustained deficit irrigation on vegetative growth and yield of plum trees under 
the semi-arid conditions: Experiments and review with bibliometric analysis 

(Laita et al. 2024) 

17 Hydroxyapatite as delivery and carrier material: Systematic literature review with 
bibliometric analysis 

(Noviyanti et al. 2024) 

18 Development of intelligent tutoring system model in the learning system of the Indonesian 
national armed forces completed with bibliometric analysis 

(Kurniawan et al. 2024) 

19 Artificial intelligence (AI)-based learning media: Definition, bibliometric, classification, 
and issues for enhancing creative thinking in education 

(Solihat et al. 2024) 

20 Bibliometric analysis of high school keyword using VOSviewer indexed by google scholar (Al Husaeni and Nandiyanto, 
2023) 

21 The use of mobile learning in schools as a learning media: Bibliometric analysis (Zafrullah and Ramadhani 2024) 
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Fundamental concepts of catalyst 
Catalysis refers to the process in which chemical reactions are 
sped up by the presence of small amounts of external substances 
known as catalysts. While an appropriate catalyst can increase 
the speed of a reaction that is thermodynamically possible, it 
cannot alter the equilibrium position of the reaction (Nakaya and 
Furukawa, 2022). Catalysts are typically solid or liquid, though 
they can also exist as gases (Liu et al. 2022; Mondelli et al. 2020). 
To initiate the process of transformation into products, a 
complex between the reactants and the catalyst must first 
develop. Catalytic reactions are cyclic processes. After the 
reaction is complete, the reactants have been converted into 
products, then the next stage is the release of the catalyst, which 
continues to occur in a cycle. However, catalysts do not have an 
unlimited lifetime. Creating reaction byproducts or 
modifications to the catalyst's structure itself may result in 
catalyst deactivation. In real-world applications, used catalysts 
must be replaced or regenerated (Motagamwala and Dumesic, 
2020; Roduner, 2014). 
 
There are multiple types of catalysis reactions, such as: (i) 
homogeneous catalysis, which occurs when the catalyst and 
reactant have the same physical phase, as in the oxidation of 

toluene to benzoic acid in the presence of Co and Mn; (ii) 
heterogeneous catalysis, which occurs when the catalyst and 
reactant form distinct physical phases, as in the hydrogenation 
of vegetable oils on a Ni-kieselguhr catalyst (an organic catalyst) 
in the liquid phase and the synthesis of ammonia from elements 
using an iron catalyst (an inorganic catalyst) promoted in the gas 
phase; (iii) biocatalysis, namely when a reaction is catalyzed by 
enzymes or microorganisms that usually occur in biochemical 
reactions such as the isomerization of glucose to fructose, which 
is important in the production of soft drinks, using enzymes such 
as glucoamylase immobilized on SiO2, and the conversion of 
acrylonitrile to acrylamide by corynebacteria cells trapped in 
polyacrylamide gels (Fukuzumi and Hong, 2014; Climent et al. 
2012; Zaera, 2022). 
 
The fundamental idea behind catalysis is that coordination bonds 
allow the catalyst's central atom, whose ligands are molecular 
species (homogeneous or biocatalysts), to form a complex with 
reactant molecules or nearby atoms on the surface of a solid 
medium (heterogeneous). Table 3 presents various catalyst 
materials commonly used in various industries and scientific 
applications. 
 

Table 3: Common catalyst materials and their application functions 
Catalyst Type Function Reference 

Noble Metal 
Platinum (Pt) Often used in hydrogenation reactions and automotive converter catalysts. (Cova et al. 2019) 
Palladium (Pd)  Used in dehydrogenation and hydrogenation reactions and as a catalyst in 

cross-coupling reactions (e.g., Suzuki coupling). 
(Navlani-García et al. 2017) 

Ruthenium (Ru) Used in olefin metathesis reactions (Kajetanowicz and Grela 
2021) 

Rhodium (Rh) Used in catalysts in the chemical and automotive industries. (Shelef and Graham 1994) 
Aurum (Au) Used as a nanocatalyst in carbon monoxide oxidation reactions and other 

organic reactions. 
(Dey and Mehta 2020) 

Transition Metals 
Nickel (Ni) Utilized in the hydrogenation process (Galhardo et al. 2021) 
Cobalt (Co) Utilized in Fischer-Tropsch catalysts, which convert gasses into fuels. (Adeleke et al. 2020) 
Copper (Cu) Extensively employed in oxidation and reduction reaction catalysis. (Popović et al. 2020) 
Zinc (Zn) Utilized to create methanol from carbon dioxide and hydrogen. (Portha et al. 2017) 
Tungsten (W) Utilized in numerous heterogeneous and photocatalytic applications. (Kumar and Rao 2015) 

Metal Oxide 
Titanium Dioxide 
(TiO2) 

Photocatalysts are used in water and air treatment. (Cha et al. 2019) 

Zirconium Dioxide 
(ZrO2) 

Used in various heterogeneous catalytic reactions. (Ibrahim et al. 2019) 

Silica (SiO2) Generally used as a support material or matrix in heterogeneous catalysts. (Liang et al. 2017) 
Alumina (Al2O3) Used as a support or as a catalyst in various reactions. (Xu et al. 2016) 
Ceria (CeO2) Used in oxidation and reduction reactions, especially in catalytic 

converters. 
(Sendilvelan et al. 2017) 

Zeolite  
Zeolit ZSM-5 Often used in petroleum refining and catalysis of the reaction of methanol 

to gasoline. 
(Ghashghaee et al. 2019) 

Zeolit Y Used in the cracking process in petroleum processing. (García et al. 2015) 
Zeolit Beta Widely used in organic reactions involving alkylation and isomerization. (Fu et al. 2018) 

Perovskite 
LaMnO3 
(Lantanum 
Manganite) 

Utilized in oxygen batteries and fuel cells (Miao et al. 2020) 

SrTiO3 (Strontium 
Titanate) 

Used in photocatalysis applications and hydrogen production (Phoon et al. 2019) 

Carbon-based Catalyst 
Activated Carbon Used as a support material or catalyst in water and air treatment. (Reza et al. 2020) 
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Catalyst Type Function Reference 
Graphene Used in electrocatalysis and photocatalysis, especially in renewable 

energy applications. 
(Khan et al. 2019) 

Wastewater treatment is an important aspect of maintaining 
environmental sustainability and public health, considering the 
negative impacts that waste can have on the ecosystem. 
Adsorption, or the process of attaching contaminants from the 
liquid phase to the surface of a solid, is one technique that is 
frequently employed for wastewater treatment. Catalysts are 
essential to this technique because they speed up the adsorption 
rate and improve process efficiency. Substances known as 
catalysts can speed up reactions without permanently altering 
their chemical composition. Its use in wastewater adsorption 
aims to accelerate the process of binding pollutants by 
adsorbents, which are solid materials that absorb pollutants 
called adsorbates (Ragadhita and Nandiyanto, 2021; Nandasiri 
et al. 2016). 
 
There are two primary types of adsorption processes: chemical 
(chemisorption) and physical (physical) adsorption. Whereas 
chemisorption entails the creation of strong chemical 
connections between the adsorbent and adsorbate, physical 
adsorption is accomplished by weak intermolecular forces such 
as van der Waals forces. Chemical adsorption is frequently 
preferred in wastewater treatment due to its more stable and 
effective nature. However, in both physical and chemical 
adsorption, the presence of a catalyst can increase the 
effectiveness of the treatment by increasing the surface capacity 
of the adsorbent, accelerating the reaction, and helping the 
adsorbent become more selective in absorbing certain pollutants 
(Ragadhita and Nandiyanto, 2021; Ragadhita et al. 2023; 
Nandiyanto et al. 2023). 
 
Heterogeneous and homogeneous catalysts are the two 
categories of catalysts utilized in the wastewater adsorption 
process. Solid materials like metal oxides, activated carbon, or 
nanomaterials are typically the basis of heterogeneous catalysts, 
whereas homogeneous catalysts are typically in solution form 
and dissolve with the waste. Due to their huge surface areas and 
high adsorption capacities, nanomaterials like activated carbon 
and iron oxide nanoparticles are frequently selected. For 
instance, because of its high porosity, which enables the 
absorption of a variety of organic and inorganic contaminants, 
activated carbon is one of the most widely utilized adsorbents. 
When combined with metal or nanomaterial-based catalysts, the 
adsorption capacity of activated carbon can be significantly 
increased, making it more effective in capturing hazardous 
pollutants such as heavy metals, organic compounds, and other 
toxic substances (Jain et al. 2018; Gutierrez et al. 2018). 
 
The role of catalysts in the adsorption process is not only limited 
to increasing the capacity of the adsorbent but also helps in the 
regeneration process of the adsorbent. Adsorbent regeneration is 
the process of releasing pollutants that have been absorbed so 
that the adsorbent can be reused. In some cases, the catalyst 
functions to help release pollutants from the surface of the 
adsorbent after saturation, so that the adsorbent can be 
reactivated for the next wastewater treatment cycle. This helps 
lower operating costs, reduce the use of new materials, and 

minimize the solid waste generated. 
 
The use of catalysts in wastewater treatment through adsorption 
has many advantages, including increasing the speed of the 
treatment process, reducing energy consumption, and improving 
the overall efficiency of the treatment system. By accelerating 
the reaction rate, catalysts allow the treatment process to take 
place faster even under milder operating conditions, such as low 
temperature and pressure, which in turn reduces energy costs. 
On the other hand, catalysts also allow the adsorbent to be used 
in longer cycles through the regeneration process, which reduces 
material costs (Rashid et al. 2021; Burakov et al. 2018). 
 
However, the challenges in the use of catalysts cannot be ignored. 
The high price of catalyst materials, particularly those based on 
noble metals or nanomaterials, is one of the primary obstacles. 
Nanotechnology-based catalysts, although efficient, often 
require high production costs, so further development is still 
needed to create more economical yet effective catalysts. In 
addition, catalyst stability is also an important concern, 
especially when used in the treatment of waste containing 
aggressive pollutants. Some catalysts can degrade during the 
process, which can reduce the treatment efficiency in the long 
term. 
 
Catalyst applications in wastewater treatment have been applied 
in various industrial sectors, including textile, pharmaceutical, 
and metal processing industries, where organic pollutants such 
as dyes, pesticides, and heavy metals are often major problems. 
In domestic wastewater treatment, activated carbon combined 
with catalysts is also used to remove organic compounds and 
microorganisms, thus ensuring the safety of water discharged 
into the environment (Ismail et al. 2019). Overall, catalysts play 
a crucial role in improving the effectiveness of adsorption 
methods for wastewater treatment. By facilitating the binding 
process of pollutants, accelerating reaction rates, and enabling 
the regeneration of adsorbents, catalysts help make wastewater 
treatment processes more efficient, environmentally friendly, 
and sustainable. In the future, the development of cheaper, more 
stable, and environmentally friendly catalysts will be an 
important focus to expand the application of this method on a 
larger scale. 
 
Types of catalysts for adsorption uses 
In the adsorption process for wastewater treatment, numerous 
categories of catalysts are used to improve the adsorption 
performance by accelerating the reaction rate and increasing the 
capacity of the adsorbent. These catalysts are generally 
classified based on their material composition and working 
mechanism, which can be heterogeneous or homogeneous 
catalysts. Each type of catalyst has its advantages and 
disadvantages depending on the type of pollutant and the 
operational conditions faced. Table 4 summarizes the types of 
catalysts used in the adsorption process. 
 

Table 4: Adsorbent characteristics for water treatment purposes 
Material Characteristics Application Advantages Disadvantages 

Activated Carbon Activated carbon can 
have a specific surface 
area of 500–1500 m²/g 
and has a high porosity. 
Through chemical or 

In addition to 
eliminating tastes and 
odors from water, 
activated carbon is 
efficient at adsorbing 

After regeneration, 
activated carbon can be 
used again through 
chemical or thermal 
procedures, in addition 

One of the drawbacks 
is its relatively high 
cost, especially for 
high-quality activated 
carbon. In addition, 
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Material Characteristics Application Advantages Disadvantages 
physical activation 
methods, it can be made 
from a variety of 
materials, including 
biomass, wood, coal, 
and coconut shells. 

organic pollutants such 
as dyes, pesticides, and 
phenolic chemicals. In 
certain instances, heavy 
metals including 
cadmium, arsenic, and 
mercury are also 
adsorbed using 
activated carbon. 

to its high adsorption 
capability. 
 

repeated regeneration 
can reduce the 
adsorption capacity. 

Zeolite Zeolites have a three-
dimensional framework 
made of SiO₄ and AlO₄ 
tetrahedrons, with 
cavities that can 
accommodate water 
molecules or metal 
ions. Zeolites are also 
known for their ability 
to exchange cations, 
such as Na⁺, K⁺, 
and Ca²⁺, with toxic 
metal ions such as Pb²⁺, 
Cd²⁺, and Zn²⁺. 

Zeolites are excellent in 
treating organic 
pollutants like amines 
and ammonia, as well 
as industrial waste that 
contains heavy metals. 
Additionally, zeolites 
are employed to 
remove phosphate and 
nitrogen from 
wastewater. 

Zeolite has good 
thermal and chemical 
stability and high ion 
exchange capacity, 
making it suitable for 
adsorption processes in 
harsh environments. 

Zeolite's primary 
drawback is that it is 
more expensive than 
other materials, 
including activated 
carbon. Furthermore, 
with multiple 
regenerations, its ion 
exchange 
characteristics may 
deteriorate. 

Metal Oxide One of the special 
chemical 
characteristics of metal 
oxides like FeO₃, ZnO, 
and TiO₂ is their 
capacity to interact with 
contaminants through 
ion exchange or redox 
processes. Metal 
oxides' increased 
surface area also 
improves their capacity 
to absorb both organic 
and inorganic 
contaminants. 
 

Heavy metals including 
arsenic, lead, and 
mercury are frequently 
removed from 
wastewater using metal 
oxide catalysts. For 
instance, under UV 
light, titanium oxide 
(TiO₂) is a highly 
efficient photocatalyst 
in the breakdown of 
organic contaminants. 

Metal oxide catalysts 
have strong adsorption 
capabilities and, in 
some cases, can break 
down pollutants into 
less harmful 
compounds through 
photocatalytic 
reactions. 

The use of metal oxides 
sometimes requires UV 
light or more special 
reaction conditions 
(e.g., acidic 
environments), which 
increases operational 
costs. In addition, metal 
oxide nanoparticles can 
undergo agglomeration, 
which reduces their 
effective surface area. 

Nanomaterial Pollutant molecules can 
interact directly with 
nanoparticles like FeO₄, 
ZnO, or Ag via 
hydrogen bonds, 
covalent bonds, or 
electrostatic forces. 
Surface modification, 
such as coating with 
specific functional 
groups, can also 
improve the catalytic 
capabilities of 
nanomaterials. 

With the use of an 
external magnetic field, 
magnetic 
nanoparticles—like 
FeO₄—that are 
employed to adsorb 
organic contaminants 
and heavy metals can 
be readily extracted 
from wastewater. 
Organic contaminants, 
including dyes and 
insecticides, with small 
to large molecules, are 
adsorbed onto graphene 
and carbon nanotubes 
(CNTs). 

Nanomaterials' huge 
surface area and small 
particle size give them a 
very high adsorption 
capacity. Further 
benefits in terms of ease 
of separation from 
wastewater are 
provided by some 
nanomaterials, such as 
magnetic nanoparticles. 
 

The primary obstacles 
to using nanomaterials 
are their comparatively 
high cost and the 
possibility of 
agglomeration of 
nanoparticles, which 
lowers the surface area 
available for 
adsorption. 
Furthermore, improper 
handling of 
nanoparticles can result 
in environmental 
issues. 

Polymer-based Polymer resins can be 
functionalized with 
groups such as -COOH, 
-SO₃H, or -NH₂ to 
attract pollutants 
through ion exchange 
or chemical bonding. 
These polymers can be 
in solid or gel form with 
adjustable porosity to 

Heavy metal ions like 
copper, zinc, and 
nickel, as well as some 
organic contaminants, 
are frequently removed 
using polymer 
catalysts. Additionally, 
dyes and other 
hazardous organic 

Polymers are ideal for a 
variety of applications 
due to their 
considerable chemical 
modification flexibility. 
They also fare well in 
challenging operational 
environments. 

Although polymers can 
be produced in various 
forms, some polymer 
resins may have lower 
adsorption capacity 
compared to porous 
materials such as 
activated carbon or 
zeolites. In addition, 
polymer regeneration is 
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Material Characteristics Application Advantages Disadvantages 
control the rate of 
diffusion of pollutant 
molecules into the 
polymer matrix. 

compounds can be 
adsorbed by polymers. 

not always easy and 
may require complex 
chemical processes. 

Bioadsorbent The natural functional 
groups found in 
bioadsorbents, such as 
carboxyl, hydroxyl, and 
amino, enable 
interaction with a 
variety of contaminants 
through complexation 
or ion exchange 
processes. 

Heavy metals including 
lead, cadmium, and 
arsenic are removed 
from industrial effluent 
along with organic 
contaminants using 
bioadsorbents. 
Derivable from crab 
shells called chitin, 
chitosan is highly 
efficient in adsorbing 
metal ions. 

Bioadsorbent is a 
cheap, environmentally 
friendly material that is 
easily obtained from 
abundant sources. This 
material can also be 
naturally degraded 
without leaving 
harmful residues. 

Bioadsorbents have 
limitations in terms of 
adsorption capacity, 
especially compared to 
synthetic materials. In 
addition, regeneration 
of adsorbents can be 
challenging due to their 
resistance to harsh 
chemical or physical 
processes. 

Properties of the catalyst's physical and chemical nature for 
adsorption applications 
In the adsorption process, the physical and chemical properties 
of the catalyst are crucial in determining how well and 
efficiently wastewater is treated. The catalyst needs specific 
physical and chemical characteristics that maximize the 
interaction between the adsorbent and adsorbate to maximize 
adsorption efficacy. The following is a detailed explanation of 
the physical characteristics of the catalyst that support the 
optimization of adsorption performance: 
 

(i) High specific surface area. In adsorption, surface area 
is one of the most crucial physical parameters. High 
surface area catalysts have more active sites available 
for binding pollutants. The adsorption capacity of 
materials having micro or nanopores, like zeolites or 
activated carbon, is increased since they often have 
large surface areas (Jawad et al. 2021). 
 

(ii) Pore size. Pollutant molecules that can be adsorbed 
vary in size and type depending on the catalyst's pore 
size. Catalysts with the right pore size distribution 
(micropores, mesopores, or macropores) will be more 
effective in adsorbing pollutant molecules of different 
sizes. Micropores (<2 nm) are ideal for small 
molecules, while mesopores (2-50 nm) and 
macropores (>50 nm) are more suitable for larger 
molecules. Proper pores also increase the diffusion of 
pollutant molecules into the catalyst structure, 
accelerating the adsorption process (Jawad et al. 2021; 
He et al. 2021). 

 
(iii) Crystal structure. Catalysts with a regular crystal 

structure (such as zeolites) often have more distinct 
and defined active sites. This structure helps to tailor 
the interactions between pollutants and the catalyst 
surface. Metal oxide-based catalysts, for example, 
often have a specific crystalline structure that favors 
adsorption through specific interactions with pollutant 
molecules (Jin et al. 2020). 

 
(iv) Particle size. There are more active sites on the surface 

of smaller catalyst particles that can be utilized to 
adsorb contaminants because of their larger surface 
area to volume ratio. However, too small a particle 
size can cause problems in the management and 
separation of the catalyst from the wastewater after the 
process is complete (Roy et al. 2021) 

 
 
 

Chemical characteristics include: 
 

(i) Chemical active site. Pollutants can interact with the 
catalyst in chemically active sites, which are reactive 
centers on the catalyst surface. Catalysts with a highly 
chemically active site, such as oxygen-containing 
functional groups (carboxyl, hydroxyl) or transition 
metal atoms, are more effective in binding pollutant 
molecules. In metal-based catalysts, metal atoms often 
serve as active sites that interact with pollutant 
molecules through chemisorption or complex 
formation (Nacalon et al. 2017). 
 

(ii) Surface acidity and basicity. The acidity or basicity of 
the catalyst surface greatly influences its ability to 
adsorb pollutants. Acid catalysts, for example, are 
more effective in attracting and binding basic pollutant 
molecules or certain metal ions. Conversely, basic 
catalysts are more suitable for adsorbing acidic 
pollutants or anions. The acid-base properties of the 
surface can be adjusted by adding certain functional 
groups or by changing the structure of the catalyst 
material (Le Leuch and Bandosz, 2007). 

 
(iii) Chemical affinity for adsorbate. The catalyst must 

have a high chemical affinity for the pollutant to be 
adsorbed. This affinity can come from electrostatic 
forces, hydrogen bonds, van der Waals interactions, or 
even covalent bond formation. For example, carbon-
based catalysts often have a high affinity for organic 
pollutants through hydrophobic interactions and van 
der Waals dispersion forces. Meanwhile, transition 
metal-based catalysts can interact strongly with heavy 
metal ions through complex formation (Knappe, 2006; 
Wang et al. 2020). 

 
(iv) Surface modification. Catalysts can be chemically 

modified to add certain functional groups to their 
surfaces, such as -OH, -COOH, or -NH2, which can 
increase the adsorption affinity for certain types of 
pollutants. This modification can also increase the 
hydrophilic or hydrophobic properties of the catalyst, 
allowing the catalyst to be more selective in adsorbing 
organic or inorganic compounds (Rodrigues et al. 
2011). 

 
(v) Chemically stable. Catalysts used in wastewater 

treatment must be resistant to chemical reactions that 
can damage them, such as oxidation, dissolution, or 
degradation by aggressive pollutants. Catalysts that 
are not chemically stable will lose their effectiveness 
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over time, so it is important to choose a catalyst with 
high chemical stability (Yang et al. 2020). 

 
To optimize the adsorption performance, the right combination 
of physical and chemical characteristics of the catalyst is 
essential. High surface area, appropriate pore size, and optimal 
chemical active sites should be combined with high chemical 
affinity and good stability. For example, activated carbon-based 
catalysts modified with oxygen groups on their surfaces can 
improve the adsorption performance of organic pollutants 
through specific chemical interactions, while their large surface 
areas provide many active sites for pollutant adsorption. 
 
The use of nanomaterials, such as metal oxide nanoparticles, is 
also gaining popularity due to their unique physical and 
chemical properties, such as small particle size, very large 
surface area, and electronic properties that allow strong 
chemical interactions with pollutant molecules. These 
nanoparticles can also often be surface-modified to improve 
adsorption selectivity and efficiency. By understanding and 
managing the physical and chemical characteristics of catalysts, 
wastewater treatment through adsorption can be optimized to 
produce faster, more efficient, and more environmentally 
friendly processes. 
 
Controlled hierarchical catalyst particles with enhanced 
performances 
The control of catalyst particle morphology seems to be possible 
by manipulating several structural and synthetic parameters 
related to three main aspects, namely unique morphology, 
porous structure, and hierarchical structure. A schematic 
illustration of catalysts with different particle designs is shown 
in Figure 2. A detailed explanation of how to control the 
morphology of catalyst particles based on the various types of 
structures shown is explained as follows. 
 

(i) Unique morphology. Examples of morphology 
included in this category are nanoparticles, nanowires, 
nanotriangles, and nanocubes can be controlled 
through modification of temperature, precursor 
concentration, reaction time, and the use of surfactants 
or capping agents. Detailed explanations related to 
particle control in this type are explained as follows. 

• Nanoparticle: By varying the precursor 
content, temperature, and reaction time as 
well as by adding surfactants or capping 
agents, nanoparticle morphology can be 
controlled. Surfactants prevent 
agglomeration, regulate particle 
development, and provide consistent 
particle sizes (Nguyen, 2013). 

• Nanowire: Nanowire formation is usually 
controlled by solvothermal or hydrothermal 
methods by controlling temperature, 
solution type, and additives that can affect 
unidimensional growth. Chemical vapor 
deposition (CVD) processes are also often 
used to direct nanowire formation by 
controlling pressure and temperature 
(Singh, 2010). 

• Nanotriangle: The use of surfactants or 
anisotropic stabilizers can help form 
particles with triangular (nanotriangle) 
geometry. Chemical environmental 
conditions, such as pH and additional ions, 
play a role in controlling the growth 
direction (Sajanlal et al. 2011). 

• Nanocube: By varying the proportion of 
metal precursors and capping agents that 
restrict crystal development, nanocubes can 
be created. Low-temperature conditions are 
often used to maintain the cubic shape 
during synthesis (Yang et al. 2020). 
 

(ii) Porous structure. Examples of morphologies included 
in this category are nanoporous, mesoporous, hollow, 
and nanotubes achieved by using pore-forming agents 
or through leaching techniques. The pores in the 
mesoporous structure can be adjusted by controlling 
the template size and reaction conditions such as 
temperature and aging time. To produce hollow 
structures, the core-shell method is used, where the 
core is removed to form a cavity, while nanotubes can 
be made through tubular template-based techniques. A 
detailed explanation of particle control in this type is 
explained as follows. 

• Nanoporous: Nanoporous structures are 
usually formed through leaching techniques 
or template-assisted synthesis processes, 
where porogen's (pore-producing) materials 
such as polymers are used to form cavities 
in the material. Variations in pore size can 
be achieved by adjusting the size and shape 
of the template and the heating conditions 
(calorimetry) (Pavlenko et al. 2022; Kaplin 
et al. 2020). 

• Mesoporous: Mesoporous structures with 
medium-sized pores (2-50 nm) are often 
created using templating agents such as 
surfactants or polymers. Pore size control is 
achieved by changing the surfactant 
concentration, temperature, and aging and 
drying time (Pavlenko et al. 2022; Kaplin et 
al. 2020). 

• Hollow: Hollow structures can be obtained 
by a "core-shell" strategy in which the 
particle core is removed after synthesis, 
leaving a hollow structure. Solvothermal 
processes and the use of templates are two 
common methods for forming hollow 
particles (Wang et al. 2016; Zhang et al. 
2009). 

• Nanotube: The formation of nanotubes 
involves a method similar to nanowires but 
with the addition of a precursor agent or 
tubular mold. Temperature, pressure, and 
precursor material selection parameters are 
important for forming a uniform nanotube 
structure. 
 

(iii) Hierarchical structure. Examples of morphologies 
included in this category are nanochain, onion-like, 
core-shell, and encapsulated produced by aggregation, 
layered deposition, or core-shell growth approaches. 
Nanochains are formed by controlled aggregation of 
nanoparticles with a binding agent, while core-shell 
structures are produced by deposition of a thin layer 
on the particle core through seed-mediated growth or 
electrostatic techniques. Onion-like structures are 
formed by layered layering through repeated 
deposition, and encapsulated structures are made by 
sol-gel techniques involving coating the core with a 
protective material. A detailed explanation of particle 
control in these types is explained as follows. 
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• Nanochain: Nanochain formation involves 
controlled aggregation of nanoparticles. The 
addition of binding agents and adjustment of 
the settling or dissolution rate are essential 
to control the aggregation process (Shiers et 
al. 2012). 

• Onion-like: Onion-like structures are 
formed from layered layers of metal 
material, usually through repeated 
deposition techniques or layer-by-layer 
growth using sputtering methods or CVD 
techniques (Hovsepian and Ehiasarian, 
2019). 

• Core-shell: The core-shell structure consists 
of a core and a distinct outer layer. Control 
of core-shell growth can be achieved by 
the deposition of a thin layer on the core of 
the particle, through electrostatic techniques 
or highly controlled chemical processes, 
such as seed-mediated growth methods 
(Gawande et al. 2015; Mélinon et al. 2014). 

• Encapsulated: Encapsulation involves a 
core particle surrounded by a protective 
layer. Sol-gel or polymerization techniques 
can be used to grow the protective layer, 
with control of the capsule thickness by 
adjusting the ratio of the constituents and 
process conditions (Sadabadi et al. 2022). 

 

 
Figure 2: Catalyst schematic illustration with particle design (Wang et 
al. 2019) 

Research trend 
Figure 3 shows the research trends related to catalysts, particle 
technology, and water treatment from 2019-2024. Based on 
Figure 3, there are three important periods, including: 
 

(i) Periode 2019-2021. In 2019, the publication of 
documents related to this research topic consisted of 
30 documents. However, a decline in the number of 
publications occurred in 2020 and 2021, reaching a 
low of around 26 documents in 2021. This decline 
could be due to various factors, including a possible 
shift in research focus or restrictions in the research 
process due to the global pandemic that occurred 
during this period. 
 

(ii) Periode 2021-2022. During this period, a spike in the 

number of publications occurred in 2022 with an 
almost two-fold increase from 26 documents in 2021 
to more than 45 documents. This increase is indicated 
due to a sharp increase in interest in research in this 
field, for example, due to increased global attention to 
environmental issues, the need for more efficient 
technologies in water treatment, and the development 
of new methods in the use of catalysts and particle 
technology. 

 
(iii) Periode 2022-2024. During this period, the number of 

published documents continued to increase until 2024. 
Indeed, the increase in the number of documents is 
more moderate than in 2020. However, this still shows 
that interest in the topics of catalysts, particle 
technology, and water treatment remains stable and 
continues to grow. New technological developments, 
improvements in the efficiency of water treatment 
processes, as well as the industry's need for more 
environmentally friendly solutions are likely driving 
this increase. 

 

 
Figure 3: Number of publications related to catalyst, particle 
technology, and water treatment based on the Scopus database 

Leading contribution country 
Figure 4 shows the contributions of leading countries in catalyst, 
particle technology, and water treatment research throughout 
2019-2024. The top four countries contributing the most to 
research on these topics are China, India, Saudi Arabia, and the 
United States. China dominated the research in this area with the 
highest number of publications (more than 120 documents), 
indicating that China has a high interest in innovations in particle 
technology and catalyst applications for water treatment, which 
may also be in line with their efforts to address environmental 
pollution and clean water needs in their vast territory. The 
second position is occupied by India with about 30 documents 
published. India is active in research in this area as it aligns with 
its efforts to address the significant clean water issues occurring 
in the country. Saudi Arabia and the United States occupy the 
third and fourth positions with an almost equal number of 
published documents, around 15 to 20 documents. Saudi 
Arabia's active participation may be driven by the need for water 
treatment technologies in the arid region, while the United States 
has long been a global scientific research center that continues 
to innovate in water treatment technologies. Other countries 
such as Iran, Malaysia, South Korea, Australia, Japan, and the 
Czech Republic also made significant contributions to this 
research, although the number of documents was less than the 
top countries. This shows that catalysts, particle technology, and 
water treatment are issues that receive global attention in both 
developed and developing countries. 
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Figure 4: The most contributing countries 

Document by type and subject area 
Figure 5 shows the number of related research publications by 
document type. Scientific articles dominate the publications in 
this area with a percentage of 78.1%, indicating that the majority 
of research related to this topic is published in the form of 
journal articles that focus on experimental research results and 
innovations. Reviews came in second with 15.2%. This type of 
document serves to summarize the latest developments and 
provide a comprehensive view of the research trends and 
innovations that have been made in the field of particle 
technology for water treatment. This is important for researchers 
who want to understand the existing research landscape and seek 
new directions for further study. Conference papers account for 
3.6% of the total, indicating a significant contribution from 
papers presented at academic or professional conferences, where 
discussion and sharing of new ideas takes place. Book chapters 
account for about 1.8%, followed by Conference Reviews 
(0.9%) and Notes (0.4%), which make up the smallest share of 
publications. Despite their small number, these contributions are 
still relevant as they present more specific or detailed topics in a 
broader context. 
 

 
Figure 5: Publication types in the field of adsorption research 

 
Regarding research fields as shown in Figure 6, there are three 
dominant research fields for this topic, namely Environmental 
Science, Chemistry, and Chemical Engineering. These five 
research areas dominate because the proportion of documents 
related to this research topic is more than 10% due to the 
following reasons: 
 

(i) Environmental science (25.9%). This subject area 
dominates other subject areas because the topic of 
water treatment is directly related to efforts to mitigate 
environmental pollution, waste treatment, and 
conservation of water resources. Therefore, research 
in this area is growing rapidly due to the increasing 
global awareness of environmental issues and the need 
for solutions to the water crisis. 

 
(ii) Chemistry (16.5%). Chemistry is the underlying field 

of science related to understanding catalyst reactions 
and particle interactions on a molecular scale. This 
chemistry-based approach is needed to develop new 
catalysts and improve the efficiency of chemical 
reactions in water treatment. Therefore, publications 
in this field are significant as advances in chemistry 
support technological developments for more 
effective water treatment. 

 
(iii) Chemical engineering (14.6%). Chemical engineering 

focuses on the optimization of industrial processes 
including the use of catalysts and particle technology 
in water treatment processes, larger-scale production, 
and industrial waste treatment on an industrial scale. 
Therefore, publications from chemical engineering 
reflect the industrialization efforts of catalyst and 
particle-based solutions. 

 

 
Figure 6: Distribution of research documents by subject area 

Visualization bibliometric analysis on catalyst development 
This study presents the qualitative analysis results of 
bibliometric analysis that provide a clearer understanding of the 
knowledge structure in the field of particle and catalyst 
technology in water treatment applications. By mapping the 
relationships between keywords, the main focus of research, 
recent innovations, and themes that require further exploration 
can be identified. Figure 7 is the result of network visualization 
where the visualization shows a total of 80 items (keywords) 
divided into 5 main clusters. Each cluster is marked with a 
different color, indicating groups of keywords that statistically 
frequently appear together in related research documents. There 
are a total of 564 links (keyword relationships) with an overall 
relationship strength of 733, which illustrates the strong 
interaction between keywords in each cluster. The green cluster 
focuses on the theme of water treatment, with keywords such as 
"wastewater", "pollutant", "adsorption technology", and "dye". 
This shows the importance of catalyst technology in wastewater 
and pollution treatment, as well as the adsorption process in 
removing pollutants. The red cluster focuses on the theme of 
chemical reactions and catalyst surfaces, with keywords such as 
"reaction", "catalytic activity", "adsorption energy", and "active 
site". This shows the important role of effective catalyst design 
in enhancing chemical reactions for water treatment. The blue 
cluster relates to the catalyst surface, including keywords such 
as “catalyst surface”, “oxygen species”, and “oxygen vacancy”. 
The catalyst surface is a critical aspect in improving the 
efficiency of chemical reactions used in water treatment. The 
purple cluster highlights recent advances in catalyst technology, 
including topics such as “conversion”, “catalytic conversion”, 
and “critical review”. This reflects the current trends in catalyst 
development to address challenges faced in water treatment. The 
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lines connecting the clusters show the interactions between 
different themes. For example, the relationship between 
“adsorption process” and “water” shows the importance of 
adsorption technology in the context of water treatment. The 
visualization results reveal that: (i) the main themes in research 
on particle technology and catalyst design for water treatment, 
including pollutant adsorption, adsorption energy, and catalyst 
structure; (ii) recent innovations focusing on catalytic 
conversion and the development of new materials such as 
zeolites to improve water treatment efficiency; and (iii) close 
relationships between topics such as chemical reactions, 
adsorption kinetics, and catalyst surface design, all of which 
play a role in improving the effectiveness of catalyst technology 
for water treatment applications. From the bibliometric network 
visualization, underexplored areas can be identified based on 

several factors, such as smaller node (circle) size, thinner line 
thickness, and keyword positions that are more separated from 
the main cluster centers. This indicates that the keywords or 
topics have lower relatedness or appear less frequently in the 
analyzed literature. Based on the figure, here are some areas that 
appear to be underexplored, including: 
 

(i) Adsorption kinetic; 
(ii) Catalyst surface and oxygen vacancy; 
(iii) Specific reactions related to flue gas and volatile 

organic compounds (VOC) 
(iv) Special technologies and materials (zeolite); 
(v) Ion interaction and water treatment process (ion 

adsorption) 
 

 
Figure 7: Network visualization related to particle technology, catalyst, and water treatment

The bibliometric overlay visualization as shown in Figure 8 
provides additional information on research developments over 
time. The color of the nodes (circles) indicates the average year 
of publication of research related to certain topics. More yellow 
colors indicate that research on the topic is more recent (around 
2020-2021), while dark blue or purple indicate older research 
(before 2020). Here is a comprehensive analysis based on this 
visualization: 
 

(i) Newer and emerging topics (2020-2021) 
• "Adsorption kinetics": This is an emerging 

area in recent research. Although the node 
size is relatively small, the yellow color 
indicates that this topic is starting to receive 

attention in more recent research. 
Adsorption kinetics is important for 
understanding the rate and efficiency of 
water treatment using catalysts. 

• “Adsorption technology” and “adsorption 
process”: These two topics have a relatively 
yellow color, indicating that adsorption 
technology is still an active research focus 
until 2020-2021. The development of more 
effective and efficient adsorption methods 
continues to be a trend. 

• “Zeolite”: This keyword is also shown in 
yellow, indicating that zeolite materials are 
being studied more intensively in the 
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development of catalyst technologies for 
water treatment. Zeolite is a material known 
for its good adsorption properties, and 
recent research may focus on modifying this 
material or improving its performance. 

• “Ions” and “ion adsorption”: This topic has 
also gained attention in recent years, 
indicating an increasing interest in dealing 
with ion-based pollutants, such as heavy 
metals, in wastewater. This could be an 
indicator that specific challenges in dealing 
with ions in wastewater are being addressed 
by researchers 
 

(ii) Older and mature topics (before 2020) 
• “Catalyst surface” and “reaction”: these 

nodes are colored purple to dark blue, 
indicating that the catalyst surface and the 
reactions occurring on the catalyst surface 
are topics that understanding catalytic 

interactions and develop more efficient 
materials. 

• “CO2 hydrogenation” and “CO2 
methanation”: These topics also seem to 
have been in the research focus for a long 
time and perhaps are now receiving less 
attention. CO2 hydrogenation and 
methanation reactions are important in the 
context of catalysis, but they seem to have 
become mature fields and are no longer the 
latest trend. 
 

(iii) “Oxygen vacancies”: Oxygen vacancies on the 
catalyst surface are also a more mature area of research, 
although they are very important in understanding the 
mechanism of action of oxidation or reduction 
catalysts. Previous research may have focused heavily 
on this topic. 

 

 
Figure 8: Overlay visualization related to particle technology, catalyst, and water treatment

CONCLUSION 
 

This study highlights the importance of catalysts in accelerating 
chemical reactions without undergoing permanent changes, 
especially in water treatment applications. The basic concept of 
catalysts involves providing an active surface that supports the 
interaction of reactant molecules, lowering the activation energy, 
and accelerating the reaction process. Some common types of 
catalysts used for adsorption include heterogeneous catalysts, 

such as zeolites, activated carbons, and metal-organic 
frameworks (MOFs), which are known for their high adsorption 
capacities, as well as homogeneous and hybrid catalysts that 
offer efficiency in some specific applications. The physical and 
chemical characteristics of the catalyst, such as surface area, 
pore size, particle distribution, and chemical properties such as 
adsorption energy, greatly influence the performance of the 
catalyst in adsorbing pollutants from water. Controlling the 
hierarchy of catalyst particles, through engineering techniques 
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for more ordered and porous structures, has been shown to 
improve the adsorption efficiency and reactivity of catalysts in 
wastewater treatment processes. From the bibliometric analysis, 
recent research trends highlight the increasing interest in the 
topics of adsorption kinetics, ion adsorption technologies, and 
the development of materials such as zeolites that are 
increasingly being studied for more innovative applications in 
water treatment. 
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