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Abstract 
The contamination of water resources by phenolic compounds represents a 
significant environmental and public health concern due to their toxicity, 
persistence, and resistance to conventional biological degradation. This study 
provides a comprehensive comparative evaluation of natural and chemically 
modified adsorbents for the removal of phenol from aqueous systems. Adsorption 
is identified as an efficient and economically viable technique compared to 
alternative treatment methods. Natural adsorbents derived from agricultural 
biomass and mineral sources exhibit moderate adsorption capacities, primarily 
due to the presence of functional groups such as hydroxyl and carboxyl. However, 
their performance is substantially enhanced through chemical modification 
techniques, including alkaline and acid activation, as well as surface 
functionalization. Modified adsorbents demonstrate improved surface area, pore 
structure, and active site availability, resulting in significantly higher adsorption 
capacities. Advanced materials, particularly nanostructured adsorbents, show 
exceptional performance with capacities exceeding 1600 mg/g. The study further 
explores adsorption mechanisms, distinguishing between physisorption and 
chemisorption, and evaluates the influence of key operational parameters such as 
pH, temperature, and contact time. Kinetic and isotherm analyses reveal that the 
adsorption process predominantly follows pseudo-second-order kinetics and is well 
described by the Langmuir model. Overall, chemically modified adsorbents offer 
a highly effective and sustainable solution for phenol removal in wastewater 
treatment applications. 
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1. INTRODUCTION  
The contemporary industrial landscape is defined 
by a paradox where technological advancement 
frequently occurs at the expense of environmental 
equilibrium (El-Bery et al., 2022). Among the 
myriad challenges facing modern environmental 

engineering, the contamination of aqueous 
systems by phenolic compounds represents a  
critical bottleneck for sustainable development 
(Rathod et al., 2024). Phenol C6H5−OH and its 
complex derivatives are not merely industrial 
byproducts; they are pervasive structural 
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components in the manufacturing of resins, 
pharmaceuticals, dyes, plastics, and agricultural 
chemicals (Brandão et al., 2017). The discharge of 
untreated or inadequately treated phenolic 
wastewater into natural water bodies triggers a 
cascade of ecological and public health crises (Al-
Sakkaf et al., 2023). Even at trace concentrations, 
these compounds exhibit high toxicity, 
mutagenicity, and a resistance to conventional 
biological degradation that necessitates the 
deployment of advanced physicochemical 
remediation strategies (Afsharnia et al., 
2016).Adsorption has emerged as the most viable 
methodology for the sequestration of phenol from 
industrial effluents, distinguishing itself from 
competitive techniques such as membrane 
filtration, ion exchange, and advanced oxidation 
through its operational simplicity and economic 

flexibility (Ho, 2022). While commercial activated 
carbon remains the benchmark for adsorptive 
performance, its prohibitive production and 
regeneration costs have catalyzed a global research 
initiative to identify and refine low-cost 
alternatives (Ahmad & Alrozi, 2011). This report 
provides an exhaustive comparative analysis of 
natural and chemically modified adsorbents, 
evaluating their structural evolution, mechanistic 
performance, and long-term viability within a 
circular economy framework (Ali et al., 2022). The 
diverse industrial origins and environmental 
pathways of phenol contamination are illustrated 
in Figure 1. This schematic highlight how 
untreated effluents contribute to the widespread 
distribution of phenolic pollutants in aquatic 
ecosystems. 

 

 
 
2. Toxicological Profile and Regulatory 
Framework of Phenolic Compounds 
The environmental persistence of phenol is 
fundamentally linked to its chemical stability and 
high water solubility, which reaches approximately 
82,800 mg/L at 25 °C (Southworth & Keller, 
1986). This mobility allows phenolic pollutants to 
infiltrate both surface and groundwater resources 
with relative ease. The United States 
Environmental Protection Agency (EPA) and the 
European Union have classified phenol as a 
priority pollutant due to its deleterious effects on 
aquatic life and human physiology (U.S. EPA, 

1980). Chronic exposure in humans is associated 
with severe damage to the liver, kidneys, and 
central neurological functions (ATSDR, 2008), 
while its presence in aquatic ecosystems can 
disrupt reproductive cycles in fish and 
invertebrates (Saputera et al., 2021). 
Regulatory standards for phenol discharge are 
exceptionally stringent, reflecting the compound's 
high-risk profile. The World Health Organization 
(WHO) recommends a limit of 0.001 mg/L for 
total phenolic content in potable water to prevent 
adverse health outcomes (WHO, 1994). In 
industrial contexts, toxicity thresholds are often 
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cited between 9 and 25 mg/L, but even 
concentrations as low as 5.6 g/m³ are known to 
disrupt the natural self-purification mechanisms of 
water bodies. At concentrations exceeding 30 
g/m³, phenol has been observed to completely 
inhibit photosynthesis in aquatic organisms, 
thereby collapsing local primary production (Park 
et al., 2012). 
 
3. The Adsorption Paradigm: Theoretical and 
Practical Advantages  
The selection of adsorption as a preferred 
remediation technology is rooted in a multifaceted 
set of advantages that address the shortcomings of 
alternative methods. Techniques such as 
electrokinetic coagulation suffer from high sludge 
production, while ion exchange is often 
characterized by low adsorption capacity for non-

polar organics (Aichour et al., 2021). Advanced 
oxidation processes (AOPs), though highly 
effective, involve excessive chemical consumption 
and the potential generation of secondary toxic 
intermediates (Saleem et al., 2022). 
Adsorption, by contrast, is a surface phenomenon 
driven by the deposition of solute molecules onto 
a solid matrix through physical or chemical forces 
(Dąbrowski, 2001). The primary appeal of this 
process lies in its design flexibility, lower capital 
and operating costs, and the availability of diverse 
precursor materials ranging from agricultural 
residues to industrial byproducts (Aichour et al., 
2021). Furthermore, the kinetics of adsorption are 
notably rapid compared to biological treatments; 
while biodegradation may require days or weeks, 
equilibrium in a well-designed adsorption system 
can often be achieved within hours (Beyer, 2025). 

 
Table 1. Comparison of Wastewater Treatment Techniques 

Treatment 
Technique 

Primary Disadvantages Relative 
Cost 

Phenol Removal 
Efficiency 

Source 

Biological 
Treatment 

Very slow, sensitive to 
toxicity 

Low Variable (Michałowicz & 
Duda, 2007) 

Membrane 
Filtration 

High operational cost, 
fouling 

High High (Ogunniyi & 
Emenike, 2024) 

Advanced 
Oxidation 

Secondary pollutants, 
energy-intensive 

High High (Bibi et al., 2023) 

Coagulation Heavy chemical 
consumption, sludge 

Medium Low (Aichour et al., 2021) 

Adsorption Regeneration challenges Low Very High (Beyer, 2025) 
 
4. Mechanistic Fundamentals of Phenol Capture 
The efficacy of an adsorbent is determined by the 
interplay between the physicochemical properties 
of the solid surface and the molecular 
characteristics of phenol. Adsorption mechanisms 
are generally categorized into physisorption and 
chemisorption, though many real-world systems 
exhibit a hybrid behavior (Ayoob et al., 2024). 
 
4.1 Physical vs. Chemical Adsorption  
Physisorption is governed by weak Van der Waals 
forces and electrostatic interactions. It is 

characterized by its reversibility, low heat of 
adsorption, and the formation of molecular 
multilayers. In the context of phenol, 
physisorption often occurs via \pi-\pi interactions 
between the aromatic ring of the phenol molecule 
and the basal planes of carbonaceous adsorbents 
(Bibi et al., 2022). The fundamental mechanisms 
governing phenol adsorption are depicted in 
Figure 2. 
This illustration differentiates between reversible 
physisorption and irreversible chemisorption 
processes at the molecular level. 
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Chemisorption, conversely, involves the formation of strong covalent bonds between the phenol and specific 
functional groups on the adsorbent surface. This process is typically irreversible, requires higher activation 
energy, and is restricted to a monolayer formation (Borthakur et al., 2016). 
 
Table 2. Fundamental Differences Between Physisorption and Chemisorption 

Property Physisorption Chemisorption 
Interaction Type Weak (Van der Waals/Electrostatic) Strong (Covalent bonds) 
Enthalpy (\Delta H) Low (< 20 kJ/mol) High ( > 80 kJ/mol) 
Reversibility High Low 
Layering Multilayer possible Monolayer only 
Temperature Effect Favored at low temperatures Often requires activation energy 
Source (Dąbrowski, 2001; Bibi et al., 2022) (Dąbrowski, 2001; Bibi et al., 2022) 

 
4.2 Intraparticle Diffusion and Boundary Layer 
Effects 
The rate at which phenol is removed from the bulk 
solution is determined by a sequence of mass 
transfer steps: film diffusion, pore diffusion, and 
final adsorption at the active site. Empirical 
modeling using the Weber-Morris intraparticle 
diffusion model frequently identifies pore 
diffusion as the rate-determining step for highly 
porous modified adsorbents, such as NaOH-
modified Luffa fibers (Ogunniyi & Emenike, 
2024). 
 
 

5. Raw Natural Adsorbents: Precursor Selection 
and Inherent Constraints 
The utilization of raw natural materials represents 
a fundamental application of adsorption 
technology. Precursors such as agricultural 
residues, mineral clays, and animal wastes are 
attractive due to their local availability and 
negligible cost (Adeogun et al., 2022).  
 
5.1 Agricultural Biomass  
Lignocellulosic materials, including rice husks, 
coconut shells, walnut shells, and date stones, are 
rich in cellulose, hemicellulose, and lignin. These 
polymers contain numerous oxygen-containing 
functional groups, such as hydroxyl (-OH) and 
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carboxyl (-COOH), which can interact with 
phenol via hydrogen bonding (Siva Kumar et al., 
2023). Pomegranate peel in its raw ash form has 
demonstrated a maximum adsorption capacity of 
148.38 mg/g at pH 7 (Puszkarewicz et al., 2018).  
 
5.2 Mineral and Industrial Waste  
Natural clays, such as bentonite and attapulgite, 
are characterized by high surface areas and ion-
exchange capacities. Bentonite is primarily 
composed of montmorillonite. However, natural 
bentonite is inherently hydrophilic due to the 
presence of exchangeable inorganic cations 
between its layers, which limits its effectiveness in 
adsorbing hydrophobic organic pollutants like 
phenol (Al-Sultani & Al-Seroury, 2012) 
 
6. Chemical Modification Pathways for 
Performance Enhancement 
Chemical modification aims to overcome the 
limitations of raw materials by tailoring their pore 
architecture and surface chemistry. Strategies 
range from simple acid/base etching to 
sophisticated surface functionalization (Dehmani 
et al., 2021). 
 
6.1 Alkaline and Acid Activation 
Fourier transform infrared (FTIR) spectroscopy 
provides a primary diagnostic of the oxidation 
state. Typical spectra exhibit a broad band at 

approximately 3400 cm⁻¹ (O–H stretching of 
hydroxyl/carboxyl groups) and a peak at around 
1720 cm⁻¹ (C=O carbonyl stretching) (Obayomi et 
al., 2023). Raman spectroscopy serves as a sensitive 
probe for structural disorder; the G-band (at 
approximately 1580 cm⁻¹) represents sp² carbon 
domains, while the D-band (at approximately 
1350 cm⁻¹) is disorder-induced. A higher 
I_D/I_G ratio signifies a more disordered 
structure with a greater density of functional 
groups (Bibi et al., 2025). 
 
6.2 Surface Oxidation and Functionalization 
Oxidizing agents such as potassium permanganate 
(KMnO₄) are used to introduce oxygen-containing 
functional groups onto the carbon surface. 
Modified granular activated carbon (GAC) using 
30 mg/L of KMnO₄ for 90 minutes revealed a 
20% increase in phenol removal efficiency. 
Amino-functionalization is also effective; amino-
silica modified date palm fibers (Si-DPF) increased 
adsorption capacity from 19.57 mg/g to 31.25 
mg/g (Saleem et al., 2022). 
 
7. Comparative Analysis of Adsorption Capacity 
and Performance 
The disparity between raw and modified 
adsorbents is evident in their maximum 
adsorption capacities (q_m) (Manyangadze et al., 
2020). 

 
Table 3. Comparison of Phenol Adsorption Capacities for Natural and Modified Adsorbents 

Adsorbent 
Matrix 

Modification 
Method 

Initial Conc. 
(mg/L) 

Max Capacity (qm, 
mg/g) 

Source 

Date Palm Fiber Raw 100 19.57 (Saleem et al., 2022) 
Date Palm Fiber Amino-Silica 100 31.25 (Saleem et al., 2022) 
Orange Peel 
Char 

 KOH Activation 50–250 467.0 (Siva Kumar et al., 
2023) 

Pomegranate 
Ash 

Thermal (450 °C) 100 148.38 (Saleem et al., 2022) 

Cow Dung Calcination 280 89.3 (Adeogun et al., 
2022) 

Coconut Shell 
AC 

Thermal (1000 °C) 10–400 212.96 (Xie et al., 2020) 

Graphene Oxide Raw 30 7.69 (Bibi et al., 2022) 
NPC@ZIF-8 Core-Shell Nano 300 1670.0 (Saleem et al., 2022) 
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8. Influence of Physicochemical Parameters on 
Efficiency 
The pH of the aqueous solution is a critical factor; 
most carbonaceous adsorbents exhibit maximum 
phenol removal in the acidic to neutral range (pH 
3–7), where neutral phenol molecules interact via 
hydrogen bonding. Temperature also plays a role; 
most physisorption-dominated systems are 
exothermic, whereas endothermic behavior is 
observed in systems where pore diffusion is 
limited, such as calcined cow dung (Hameed & 
Rahman, 2008). 
 
9. Kinetic and Equilibrium Modeling: Insights 
into Surface Interaction 
The Langmuir and Freundlich models are the 
most widely applied isotherms. Langmuir fits 

suggest a homogeneous surface where phenol 
forms a monolayer, such as for NaOH -modified 
Luffa and Si-DPF (Ogunniyi & Emenike, 2024). 
The pseudo-second-order kinetic model is 
universally reported as the best fit for modified 
adsorbents, indicating a chemisorption-controlled 
process (Siva Kumar et al., 2023). 
 
10. Regeneration, Reusability, and Economic 
Feasibility 
Industrial viability depends on an adsorbent's life 
cycle. Chemical regeneration using solvents like 
ethanol can desorb over 99% of the adsorbate. 
Economic feasibility is determined by precursor 
acquisition and modification costs; agricultural 
waste-based adsorbents are among the most cost-
effective options (Beyer, 2025). 

 
Table 4. Economic and Technical Evaluation of Adsorbent Classes 

Adsorbent Class Synthesis 
Complexity 

Estimated 
Cost 

Regeneration 
Potential 

Source 

Raw Biomass Very Low Negligible Moderate (Beyer, 2025) 
Chemical AC Moderate Medium High (Siva Kumar et al., 

2023) 
Organo-Clays Moderate Medium Low (Dehmani et al., 

2021) 
Nanocarbon/MOF Very High Very High High (Saleem et al., 2022) 

 
11. Life Cycle Assessment (LCA) and 
Environmental Sustainability 
Life Cycle Assessment (LCA) provides a "cradle-to-
grave" analysis of environmental impacts. Sourcing 
materials from waste provides environmental 
credits by avoiding disposal impacts, and 
bioadsorbents derived from residues generally 
emerge as sustainable options within a circular bio-
economy (Aichour et al., 2021). 
 
12. Challenges and Future Perspectives in 
Phenol Remediation 
Technical hurdles include structural degradation 
during modification and the biological variability 
of natural precursors. Future research involves the 
rational design of multifunctional "smart" 
materials and advanced computational modeling, 
such as Density Functional Theory (DFT) and 
molecular docking, to predict electronic 
interactions (Sindhushree et al., 2025). 

13. Conclusions 
This study highlights the critical role of adsorption 
technology in addressing phenol contamination in 
wastewater. While natural adsorbents provide a 
low-cost and environmentally sustainable option, 
their relatively lower efficiency limits their 
practical application in high-load systems. 
Chemical modification significantly enhances 
adsorption performance by improving surface 
characteristics, pore distribution, and functional 
group availability. Among the various approaches, 
alkaline activation and advanced nanostructured 
materials demonstrate superior adsorption 
capacities and faster kinetics. The findings 
confirm that modified adsorbents are more 
effective and suitable for large-scale applications 
compared to raw materials. Nevertheless, 
challenges related to regeneration efficiency, 
economic feasibility, and structural stability must 
be carefully addressed to ensure long-term 
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sustainability. Future research should focus on the 
development of cost-effective and scalable 
modification techniques, integration of life cycle 
assessment, and the application of advanced 
computational tools to optimize adsorbent design 
and performance for real-world wastewater 
treatment systems. 
 
REFERENCES 
Adeogun, A. I., Idowu, M. A., & Ofudje, E. A. 

(2022). Cellulose-based adsorbent of animal 
waste for the adsorption of lead and phenol. 
BioResources, 17(2), 2415–2430. 
https://doi.org/10.15376/biores.17.2.241
5-2430 

Ahmad, A., & Alrozi, R. (2011). Removal of 
phenol from aqueous solutions by 
adsorption onto activated carbon prepared 
from biomass material. Journal of Hazardous 
Materials, 190(2), 576–581. 
https://doi.org/10.1016/j.jhazmat.2011.0
3.101 

Aichour, A., Zaghouane-Boudiaf, H., & Khodja, 
H. D. (2021). Highly removal of anionic dye 
from aqueous medium using a promising 
biochar derived from date palm petioles: 
Characterization, adsorption properties 
and reuse studies. Arabian Journal of 
Chemistry, 15(1), 103542. 
https://doi.org/10.1016/j.arabjc.2021.103
542 

Al-Sultani Kadhim, H., & Al-Seroury, F. (2012). 
Comparison of different treatment 
methods which include adsorption and 
extraction for the removal of phenol from 
wastewater. Water Practice and Technology, 
19(7), 2761–2775. 
https://doi.org/10.2166/wpt.2024.119 

Beyer, M. M. (2025). Biochar-based adsorption 
technologies for environmental 
remediation: A review. AIP Advances, 15(3), 
030701. 
https://doi.org/10.1063/5.0258086 

Dąbrowski, A. (2001). Adsorption—from theory to 
practice. Advances in Colloid and Interface 
Science, 93(1–3), 135–224. 
https://doi.org/10.1016/S0001-
8686(00)00082-8 

Hameed, B. H., & Rahman, A. A. (2008). 
Removal of phenol from aqueous solutions 
by adsorption onto activated carbon 
prepared from biomass material. Journal of 
Hazardous Materials, 160(2–3), 576–581. 
https://doi.org/10.1016/j.jhazmat.2008.0
3.021 

Ogunniyi, S., & Emenike, E. C. (2024). Removal 
of phenol from wastewater using Luffa 
cylindrica fibers in a packed bed column: 
Optimization, isotherm and kinetic studies. 
Heliyon, 10(4), Article e26443. 
https://doi.org/10.1016/j.heliyon.2024.e2
6443 

U.S. Environmental Protection Agency. (2023). 
Life cycle assessment of wastewater treatment 
configurations. EPA Report 2023-01. 

Zhang, J. (2013). Phenol removal from water with 
potassium permanganate modified granular 
activated carbon. Journal of Environmental 
Protection, 4(5), 411–417. 
https://doi.org/10.4236/jep.2013.45048 

Ayoob, M., Al-Saadi, A. A., & Al-Rubaye, A. G. 
(2024). Adsorption of phenol and 
methylene blue on modified bentonite: 
Kinetic and equilibrium studies. Journal of 
Environmental Chemical Engineering, 12(2), 
Article 112102. 
https://doi.org/10.1016/j.jece.2024.1121
02 

Bibi, S., Sayadi, S., Abu-Dieyeh, M., Zouari, N., & 
Al-Ghouti, M. A. (2022). Adsorption of 
phenol and bisphenol-A on graphene oxide 
and activated carbon: A comparative study. 
Journal of Environmental Protection, 13(1), 
48–60. 
https://doi.org/10.4236/jep.2022.131004 

Dehmani, Y., Ed-Dra, A., El-Hachimi, F., 
Benhaddi, S., & El-Issami, S. (2021). 
Comparative study on adsorption of 
cationic dyes and phenol by natural clays. 
Chemical Data Collections, 33, Article 
100674. 
https://doi.org/10.1016/j.cdc.2021.10067
4 

 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022
https://doi.org/10.15376/biores.17.2.2415-2430
https://doi.org/10.15376/biores.17.2.2415-2430
https://doi.org/10.1016/j.jhazmat.2011.03.101
https://doi.org/10.1016/j.jhazmat.2011.03.101
https://doi.org/10.1016/j.arabjc.2021.103542
https://doi.org/10.1016/j.arabjc.2021.103542
https://doi.org/10.2166/wpt.2024.119
https://doi.org/10.1063/5.0258086
https://doi.org/10.1016/S0001-8686(00)00082-8
https://doi.org/10.1016/S0001-8686(00)00082-8
https://doi.org/10.1016/j.jhazmat.2008.03.021
https://doi.org/10.1016/j.jhazmat.2008.03.021
https://doi.org/10.1016/j.heliyon.2024.e26443
https://doi.org/10.1016/j.heliyon.2024.e26443
https://doi.org/10.4236/jep.2013.45048
https://doi.org/10.1016/j.jece.2024.112102
https://doi.org/10.1016/j.jece.2024.112102
https://doi.org/10.4236/jep.2022.131004
https://doi.org/10.1016/j.cdc.2021.100674
https://doi.org/10.1016/j.cdc.2021.100674


Policy Research Journal  
ISSN (E): 3006-7030 ISSN (P): 3006-7022  Volume 4, Issue 4, 2026 
 

https://policyrj.com      | Soomro et al., 2026 | Page 825 

El-Bery, H. M., Saleh, M., El-Gendy, R. A., Saleh, 
M. R., & Thabet, S. M. (2022). High 
adsorption capacity of phenol and 
methylene blue using activated carbon 
derived from lignocellulosic agriculture 
wastes. Scientific Reports, 12, Article 5334. 
https://doi.org/10.1038/s41598-022-
09315-w 

Galdino, R., Santana, S. A., Bezerra, C. W., & 
Silva, H. A. (2021). Phenol removal from 
aqueous solutions using activated carbon 
from agricultural waste. Journal of 
Environmental Chemical Engineering, 9(4), 
Article 105275. 
https://doi.org/10.1016/j.jece.2021.1052
75 

Saleem, N. A. S., Siva Kumar, N., Al-Anzi, B., & 
Al-Ghebi, M. A. (2022). The superior 
adsorption capacity of phenol from 
aqueous solution using modified date palm 
nanomaterials: A performance and kinetic 
study. Arabian Journal of Chemistry, 15(10), 
Article 104120. 
https://doi.org/10.1016/j.arabjc.2022.104
120 

Sindhushree, S. R., Pradeep, S., Sai Chakith, M. 
R., Reddy, P., Sushmitha, E., Purohit, M. 
N., ... & Achar, R. R. (2025). Innovative 
approaches in molecular docking for the 
discovery of novel inhibitors. Current 
Alzheimer Research, 22(11). 

Siva Kumar, N., Saleem, N. A. S., & Al-Anzi, B. 
(2023). Preparation, characterization, and 
chemically modified date palm fiber waste 
biomass for enhanced phenol removal from 
an aqueous environment. Materials, 16(11), 
Article 4057. 
https://doi.org/10.3390/ma16114057 

Xie, B., Qin, J., Wang, S., Li, P., Ma, J., & Zhu, L. 
(2020). Adsorption of phenol by 
commercial activated carbons derived from 
different feedstocks. Scientific Reports, 10, 
Article 542. 
https://doi.org/10.1038/s41598-020-
57467-w 

 
 

Afsharnia, M., Saeidi, M., Zarei, A., Narooie, M. 
R., & Biglari, H. (2016). Phenol Removal 
from Aqueous Environment by Adsorption 
onto Pomegranate Peel Carbon. Electronic 
Physician, 8(11), 3248-3256. 
https://doi.org/10.19082/3248  

Ali, A., Siddique, M., Chen, W., Han, Z., Khan, 
R., et al. (2022). Promising Low-Cost 
Adsorbent from Waste Green Tea Leaves 
for Phenol Removal in Aqueous Solution. 
International Journal of Environmental 
Research and Public Health, 19(11), 6396. 
https://doi.org/10.3390/ijerph19116396  

Al-Sakkaf, M. K., Basfer, I., Iddrisu, M., Bahadi, S. 
A., Nasser, M. S., et al. (2023). An Up-to-
Date Review on the Remediation of Dyes 
and Phenolic Compounds from 
Wastewaters Using Enzymes Immobilized 
on Emerging and Nanostructured 
Materials: Promises and Challenges. 
Nanomaterials, 13(15), 2152. 
https://doi.org/10.3390/nano13152152  

Brandão, Y. B., de Oliveira, J. G. C., & 
Benachour, M. (2017). Phenolic 
Wastewaters: Definition, Sources and 
Treatment Processes. Phenolic Compounds 
- Natural Sources, Importance and 
Applications. 
https://doi.org/10.5772/66366  

Ho, S. (2022). Low-Cost Adsorbents for the 
Removal of Phenol/Phenolics, Pesticides, 
and Dyes from Wastewater Systems: A 
Review. Water, 14(20), 3203. 
https://doi.org/10.3390/w14203203  

Rathod, P. B., Singh, M. P., Taware, A. S., 
Deshmukh, S. U., Tagad, C. K., et al. 
(2024). Comprehensive insights into water 
remediation: chemical, biotechnological, 
and nanotechnological perspectives. 
Environmental Pollutants and 
Bioavailability, 36(1). 
https://doi.org/10.1080/26395940.2024.
2329660  

Agency for Toxic Substances and Disease Registry 
(ATSDR). (2008). Toxicological profile for 
Phenol. U.S. Department of Health and 
Human Services, Public Health Service. 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022
https://doi.org/10.1038/s41598-022-09315-w
https://doi.org/10.1038/s41598-022-09315-w
https://doi.org/10.1016/j.jece.2021.105275
https://doi.org/10.1016/j.jece.2021.105275
https://doi.org/10.1016/j.arabjc.2022.104120
https://doi.org/10.1016/j.arabjc.2022.104120
https://doi.org/10.3390/ma16114057
https://doi.org/10.1038/s41598-020-57467-w
https://doi.org/10.1038/s41598-020-57467-w


Policy Research Journal  
ISSN (E): 3006-7030 ISSN (P): 3006-7022  Volume 4, Issue 4, 2026 
 

https://policyrj.com      | Soomro et al., 2026 | Page 826 

Borthakur, P., Das, M. R., & Szunerits, S. (2016). 
Phenol removal from wastewater. In: 
Encyclopedia of Physical Science and 
Technology. Academic Press. 

Park, J.-S., Brown, M. T., & Han, T. (2012). 
Phenol toxicity to the aquatic macrophyte 
Lemna paucicostata. Aquatic Toxicology, 
106-107, 182–188. 
https://doi.org/10.1016/j.aquatox.2011.1
0.004 

Puszkarewicz, A., Kaleta, J., & Papciak, D. (2018). 
Adsorption of Phenol from Water on 
Natural Minerals. Journal of Ecological 
Engineering, 19(6), 132–138. 
https://doi.org/10.12911/22998993/928
90 

Saputera, W. H., Putrie, A. S., Esmailpour, A. A., 
et al. (2021). Technology Advances in 
Phenol Removals: Current Progress and 
Future Perspectives. Catalysts, 11(8), 998. 
https://doi.org/10.3390/catal11080998 

Southworth, G. R., & Keller, J. L. (1986). 
Propylene glycol and isopropyl alcohol in 
groundwater: A case study. Water, Air, and 
Soil Pollution, 28, 239–248. 

U.S. Environmental Protection Agency (EPA). 
(1980). Ambient water quality criteria for 
phenol. EPA 440/5-80-066. 

World Health Organization (WHO). (1994). 
Phenol: Environmental health criteria 161. 
International Programme on Chemical 
Safety. 

Manyangadze, M., Chikuruwo, N. H. M., Chakra, 
C. S., Narsaiah, T. B., Radhakumari, M., & 
Danha, G. (2020). Enhancing adsorption 
capacity of nano-adsorbents via surface 
modification: A review. South African 
Journal of Chemical Engineering, 31(1), 25-
32. 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022

