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Abstract
In the past few decades, the excessive and inadequate use of technological advances has led to groundwater contamination, 
mainly caused by organic and inorganic pollutants, which are highly harmful to human health, agriculture, water bodies, 
and aquaculture. Among all toxic pollutants, As and F− play a significant role in groundwater contamination due to their 
excellent reactivity with other elements. To mitigate the prevalence of arsenic and fluoride within the water system, the 
use of biochar gives an attractive strategy for removing them mainly because of the substantial surface area, pore size, pH, 
aromatic structure, and functional groups inherent in biochar, which are primarily dependent upon its raw material and 
pyrolysis temperature. Researcher develops different methods like physiochemical and electrochemical for treating arsenic 
and fluoride contamination. Among all removal methods, bioadsorption using agricultural waste residues shows effective/
feasible removal of As and F− due to its low cost, ecofriendly nature, readily available, and efficient reuse compared with 
several other harmful synthetic materials that demand costly design specifications. This study discusses current develop-
ments in bioadsorption methods for As and F− that use agricultural-based biomaterials and describes the prevailing state of 
arsenic and fluoride removal strategies that use biomaterials precisely.
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Introduction

Groundwater is a main source of water to fulfil demand for 
fresh water for agricultural, domestic, and industrial pur-
poses. Approximately 33.33% of the population relies on 
fresh groundwater as a primary source of drinking water 
(International Association of Hydrogeologists 2020). 
Acquiring a nontoxic and sustainable resource of potable 
groundwater is necessary to achieving viable develop-
ment for a country. Moreover, increasing water scarcity 
problems are closely related to the climate crisis, land use 
change, population growth, and infrastructure development 

impacting water management, distribution networks, and 
water quality problems. Groundwater contamination is the 
accumulation of foreign entities via anthropogenic activities 
(Government of Canada 2017). The numerous contaminants, 
such as organic–inorganic, heavy metals, toxic pesticides, 
microplastics, and new emerging contaminants, are very 
hazardous to agriculture, human health, and the sustainable 
development of the ecosystem (Li and Wu 2019). The dam-
aging effects of contaminated groundwater on human health 
and agriculture are prolonged and hard to identify. Among 
several contaminants that infiltrate aquatic ecosystems, 
organic–inorganic contaminants such as As and F− are iden-
tified as crucial, which results in severe health and environ-
mental issues (Rupasinghe et al. 2022). The primary sources 
of As and F− contaminants are agricultural waste, industrial 
waste, domestic waste, landfill, mining, sewage waste, medi-
cal waste, etc., as depicted in Fig. 1. Subsequently, remedia-
tion is very stimulating and expensive once groundwater is 
contaminated since groundwater is situated in underground 
geographical profile (Amen et al. 2020).
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F− is vigorous in minerals such as fluorspar, fluorite, 
mica, apatite, rock phosphate, cryolite, and other F− which 
are richer in igneous rocks, sedimentary formations, and 
mineralized tones. Groundwater contamination with F− has 
increased globally in past decades. F− is a flexible element 
essential for dental care at its lower concentration (up to 
0.6 mg/L) and, at the same time, hazardous at its higher con-
centration (> 1.2 mg/L) (Lizneva et al. 2018). Conversely, 
prolonged F− intake can result in fluorosis, harmfulness to 
kidneys, and cancer (Sikdar 2018). As a result, the WHO 
has set acceptable limits of 1.5 mg/L for F− levels in pota-
ble water (Cotruvo 2017; Nath 2018). High F− concentra-
tion in groundwater above the acceptable threshold value of 
1.5 mg/L is a notable public health alarm in India. Approxi-
mately 90% of the rural population in our nation relies on 
groundwater as a prime source of potable and household 
water. The alarming rate of fluorosis among a significant 
rural population is an urgent concern due to the excessive 
amount of F− in groundwater, as depicted in Fig. 2. Over-
all, 19 states and districts are affected by high F− concen-
trations. The severely affected areas are Haryana, Punjab, 
Delhi, Rajasthan, Gujrat, Uttar Pradesh, West Bengal, 
Bihar, Jharkhand, Chhattisgarh, Odisha, Telangana, Andhra 
Pradesh, Tamil Nadu, and Karnataka.

On the other hand, As is a massively poisonous cancer-
causing and geogenic metalloid usually detected in diverse 
parts of the globe (Balali-Mood et al. 2021). In the past dec-
ades, there has been a gradual increase in As contamination 

worldwide due to the unrestricted growth in various indus-
trial accomplishments, coal mining, semiconductor indus-
tries, and excessive use of pesticides and chemicals for crop 
growth (Ahmad et al. 2022). Following the WHO maximum 
allowable bound of As concentration in fresh consumable 
water is 0.01 mg/L (Cuong et al. 2022). In the case of an 
aquatic environment, As primarily occurs in dual oxidation 
states, specifically, arsenate (As(V)) and arsenite (As(III)). 
Mainly, As(III) is a principal species having complex mobil-
ity and solubility and abundant toxicity compared to As(V). 
As a result, groundwater contaminants could contaminate 
the waterbodies and indirectly enter the food chains by cul-
tivating crops and other farming activities (Sakhiya et al. 
2023). The spatial analysis indicates that the parts of India 
showing the highest level of impact are mainly situated on 
the eastern bank of the Bhagirathi River, covering the dis-
tricts of Malda, Murshidabad, and Nadia. Furthermore, the 
western bank of the river, specifically the districts of How-
rah, Hoogly, and Burdwan, also exhibits significant vulner-
ability to the phenomenon mentioned. The presence of As 
in underground water primarily occurs in aquifers which are 
limited to a maximum depth of 100 m. It has been observed 
that the underground aquifers situated at greater depths indi-
cate a noticeable absence of As contamination. In addition 
to West Bengal, the problem of As contamination in ground-
water is prevalent in the states of Bihar, Assam, Haryana, 
Chhattisgarh, Jharkhand, Karnataka, Punjab, Uttar Pradesh, 
and West Bengal. The accumulation of As in the regions 

Fig. 1   Sources of contamination of As and F−



37879Environmental Science and Pollution Research (2024) 31:37877–37906	

of Bihar, West Bengal, and Uttar Pradesh is predominantly 
observed in alluvial deposits depicted in Fig. 3.

An enormous range of practical techniques has been 
introduced and implemented to remove As and F− from con-
taminated groundwater, wastewater, and aqueous solution. It 
includes chemical precipitation/coagulation, ion exchange, 
membrane separation, electrochemical treatments, adsorp-
tion, etc. (Hegde et al. 2020). The merits and demerits of 
the removal method for As and F− are presented in Table 1. 
Among the implemented removal techniques, adsorption is a 
highly effective method for removing contaminants owing to 
its less expensiveness, eco-friendliness, simplicity in opera-
tion, and ready accessibility. A broad range of natural adsor-
bents and their chemical modification are used to address 
As and F− from water solutions. Modified adsorbents com-
prise carbon materials, geomaterials, oxides and hydroxides, 
industrial waste products and by-products, and biomateri-
als (Wang and Wang 2019). The techniques mentioned in 
Table 1 have a moderate to higher removal efficiency for 

As and F−. Still, they also have operational issues, such 
as the need for expensive equipment, setting, maintaining 
ideal conditions, labor costs, and secondary waste produc-
tion. Moreover, it has been noted that among all the methods 
the adsorption method is better adapted for removing toxic 
contaminants because there is a large selection of reasonably 
priced adsorbents. Additionally, utilizing biomass just like 
bioadsorbents could significantly lower the cost of removal. 
The innovation of this technique is receiving an abundance 
of attention from scientists worldwide to simplify and reduce 
the cost of the removal processes (Mohan et al. 2014) (Ven-
katachalam et al. 2023).

There are many studies available that discuss bioad-
sorption process for the removal of As and F− from con-
taminated groundwater. These studies cover a wide range 
of bioadsorbents, including plant biomass, forest biomass, 
algae-based biomass, microbial biomass, and others. How-
ever, there is a lack of extensive research that thoroughly 
explores the probable and practical utilization of agricultural 

Fig. 2   Fluoride contaminated 
region in India (CGWB, 2022)
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biomass adsorbents for removal of As and F− in real time 
applications. This contribution aims to provide a detailed 
analysis of different bioadsorbents available in the environ-
ment specially focused on agriculturally based adsorbents 
that have been developed for remediation. It covers adsor-
bent capacity and the fundamental mechanisms that make 
them effective in removing As and F−. This contribution 
also explores the major sources of groundwater contami-
nation and affected regions in Indian states with harmful 
effects on health, agriculture, environment. The synthesis 
of adsorbents and their modification to increase the bioma-
terial surface area and pore size is reviewed. It elaborates 
on innovations, particularly on applying and discovering 
more biomaterials, which can be prime applicants in water 
treatment technologies. This information particularizes the 
industrial application of biomaterial for removing toxic con-
taminants for large-scale operations and helps to support the 
prospect of ecological development in developing countries 
like India. The main aim of the article is to encourage further 
innovations into agricultural residues that have significant 

advantages in removing As and F−. It also aims to explore 
ways to improve their effectiveness and the possibility of 
increasing commercialization and scalability at a local level. 
Developing an agricultural-based adsorbent that effectively 
removes As and F− could be a significant step in tackling the 
prevalent problem of potable drinking water. The present 
article emphasizes the need to carefully consider the long-
term consequences of such agricultural-based adsorbents 
to avoid the revival of As and F− into the ecosystem. The 
present review inspires researchers to come up with ideas 
for sustainable modifying adsorbents so that they can show 
improved removal efficacies. A brief discussion on a synthe-
sis of adsorbents, modification of adsorbents, novel biomate-
rial for removing contaminants, and parameters effects on 
removal capacity has been discussed.

Biomass‑derived bioadsorbents

Bioadsorbents are a group of materials comprising natu-
ral and chemically modified substances that have catalytic 

Fig. 3   As contaminated region 
in India (CGWB,2022)
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properties in adsorption. Extensive investigation is being 
conducted on bioadsorbents in the removal of pollutants like 
organic and inorganic pollutants (Rupasinghe et al. 2022; De 
et al. 2018). Bioadsorbent-derived from biochar, known as 
fine-grained carbon material, is cost-effective and environ-
mentally friendly for better sustainability to resolve environ-
mental problems. Biomaterials obtained from agricultural 
residues, industrial wastes, and domestic wastes, which are 
low-cost and readily accessible, have been widely used as 
adsorbents for removal due to their inclusive properties in 
the remediation of pollutants (Senewirathna et al. 2022; 
Nehra et al. 2020). Significant elemental configuration, 
physicochemical features, and lattice arrangement of bio-
char mark its better applicability in agriculture, renewable 
energy sources, carbon sequestration, bio-oils, biofuels, and 
removal of toxic pollutants from the environment (Dhawane 
et al. 2018).

Synthesis of bioadsorbents

Biochar preparation involves the conversion of biomass 
into effective products primarily through thermochemical 
and biochemical conversion. Recent literature comprehen-
sively lists thermochemical conversion procedures compris-
ing pyrolysis and gasification; however, fermentation and 
anaerobic incorporation are biochemical translation methods 
prominently used for biochar fabrication (Valdés-Rodríguez 
et al. 2022). Pyrolysis is a thermochemical reaction carried 
out in the absence of an oxygen atmosphere (300 –900 °C) 
that converts raw biomass into valuable products in solid, 
liquid, and gaseous fractions (Hegde et al. 2020; Dhawane 
et al. 2018). Furthermore, it is essential to mention that 
pyrolysis can be classified into three distinct categories: fast, 
slow, and flash, based on the heating rate, residence time, 
and temperature. Temperatures ranging from 450 to 900 °C 

are used in the fast pyrolysis process with 0.5 to 10 s of 
relatively short residence time. In contrast to fast and flash 
pyrolysis techniques, slow pyrolysis involves the utilization 
of lower temperatures ranging from 250 to 550 °C, along 
with a prolonged residence time of 450 to 550 s.

Slow pyrolysis yields more valuable biochar (constituting 
35–50% of the biomass weight) through three phases involv-
ing hemicellulose degradation, moisture evaporation, and 
lignin alteration compared to fast pyrolysis (Panwar et al. 
2019; Tomczyk et al. 2020). The first stage permits light 
volatiles and moistness to evaporate at 200 °C temperature, 
which helps to form various functional groups like carbonyl 
and carboxylic acids (Yaashikaa et al. 2020) The second 
phase of slow pyrolysis at temperatures extending from 200 
and 500 °C involves the deterioration of hemicelluloses and 
cellulose. The third phase helps to terminate the residual 
lignin and other organic components with temperatures 
exceeding 500 °C. A schematic representation of the process 
of biochar preparation and its application is shown in Fig. 4.

Methods for enhancement of surface properties

In order to boost the efficacy of biochar, it is essential to 
apply chemical, physical and physiochemical treatments to 
enhance the basic properties of the carbonaceous materials. 
It will help to expand porosity, surface area and functional 
groups like hydroxyl, thiol, amine, and carboxyl (Wang and 
Wang 2019). There are different ways of modifying biochar 
discussed in the following sections.

Physical activation  The carbonized biochar shows a sig-
nificantly limited surface area and pore volume in its pris-
tine state. Thus, its immediate applicability in chemical 
processes results in poor outcomes. The appearance of 
pores on the outer layer during pyrolysis contributes to the 

Fig. 4   Process of biochar prepa-
ration and its applications
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elimination of volatiles, followed by a blockage of pores 
by the development of tar (Dhawane et al. 2018). The inad-
equate surface features of the biochar contribute to a lower 
adsorption capacity. Thus, to improve the surface features 
of the biochar, it is exposed to an activation process. Physi-
cal activation in biochar modifications applies physical 
methods like high temperatures and inert gases to enhance 
the properties of biochar. Applying steam or CO2 at 700 
to 900 °C as an oxidizing agent for physical activation is 
a highly prevalent method for surface modification in the 
industrial domain. The present technique confers a notable 
advantage over alternative methodologies, as the activated 
carbon generated thereby reveals a highly expanded pore 
structure and remarkable mechanical reliability, exhibiting 
a superior hardness number (Zoroufchi Benis et al. 2020). 
The employed practice is recognized as an eco-friendly tech-
nology because it can escape the production of secondary 
wastewater resulting from a lack of chemical treatment dur-
ing the process.

Chemical activation  Chemical activation method involves 
treating biochar with acids and bases to formulate pores and 
boost the surface area of biochar. The most regularly used 
acids are phosphoric acid, sulfuric acid, nitric acid, hydro-
chloric acid, citric acid, and oxalic acid (Wang and Wang 
2019). This method improved the surface area of activated 
carbon (1000–3000 m2) with limited energy expenditures, 
thus often used in several areas like semiconductor technol-
ogy, water treatment, soil remediation, and chemical process 
engineering labs. The effectiveness of chemical activation is 
influenced by the type of chemical reagents, type of biomass 
used, heating temperature, and heating time. Recently, Nie 
et al. (2023) reported the chemical activation of Aspergillus 
oryzae fungal biochar to enhance adsorption capacity using 
hydrochloric acid as an activating reagent showing a surface 
area of 114.5 m2/g. Similarly, corn straw biomass was used 
to produce biochar with thermal treatment at 700 °C using 
HCL attaining 0.13 cm3/g and 40.24 m2/g, respectively, for 
pore volume and surface area (Wang et al. 2022). Recently, 
synthesized activated carbon using sunflower seed husk bio-
mass activated using H3PO4 helps to enhance a surface area 
of 378.8 m2/g and creates a mesoporous structure (Nguyen 
et al. 2023). Chemical activation is liable for creating a sub-
stantial amplification of pores on the surface, along with 
numerous fractures that play an integral part in enhancing 
the overall surface area. The activation can be carried out 
by two distinct methodologies, particularly dry impregna-
tion and wet impregnation. The surface characteristics are 
acquired through the dry impregnation technique, in which 
the initial activating agent is blended with the raw material 
before thermal treatment and it displays superior features 
to those obtained via the wet impregnation approach. The 
improvement of surface properties can be achieved through 

direct diffusion of the activator without forming damaging 
chemicals, facilitated through mixing of precursor and acti-
vating agent in an inert condition (Dhawane et al. 2018). 
Commonly used alkaline activating agents are sodium 
hydroxide and potassium hydroxide. Recently, corn straw 
(Zea mays L.) modified with NaOH, pyrolyzed at 700 °C 
for 2 h under N2 atmosphere conditions and showed an 
effective surface area of 82.64 m2/g which helps to improve 
the adsorption capacity of adsorbents (Wang et al. 2022). 
Similarly, banana waste-like stems and leaves were used 
to synthesize KOH modified biochar with a feedstock ratio 
of 1:92 g:mL to a banana. The optimum parameter condi-
tions were 1.33 mol/L, 721 ℃, 76 min for modification of 
biochar which resulted in 36.41% biochar yield ratio and 
480.94 mg/g Cd adsorption capacity (Ding et al. 2023). Fur-
ther, oxidizing agent modifications help enhance oxygen-
containing functional groups on the surface of the adsor-
bent. Biochar modification with hydrogen peroxide (H2O2) 
improves the carboxyl and hydroxyl functional group for 
removing aqueous mercury using seaweed-modified biochar 
(Yang et al. 2023).

Physiochemical activation  The physiochemical method is 
a recently developed technique effectively used to prepare 
bioadsorbents. This technique combines both physical and 
chemical activation methods to enhance the properties of 
biomass. Initially, biomass and chemical reagents are mixed 
and then it is carbonized in an inert atmospheric condition 
with a supply of steam, carbon dioxide, nitrogen, etc. The 
adsorbent synthesis from this technique has diversified tex-
tural and chemical properties. This method is beneficial 
when the washing process fails to eliminate the chemicals 
present on the surface, leading to blockage of the pores 
(Venkatachalam et al. 2023). Therefore, carbonized sub-
stances are subjected to activation more in an environment 
that promotes oxidation to facilitate the proper formation of 
pores. The pattern of chemical treatment plays a vital part in 
defining the characteristics of activated carbon in the phys-
icochemical method. Moreover, the various routes employed 
in this method significantly impact the resulting properties.

Comparison between biochar modification methods  The 
adoption of chemical, physical, and physiochemical activa-
tion methods for the enhancement of surface properties as 
discussed above were effective in increasing the surface area 
and porosity of biochar. Carbon materials modification was 
found to boost the surface area through a complementary 
effect between biochar and carbon materials. The elemental 
composition, precisely the proportion of carbon, nitrogen, 
and oxygen, significantly impacts the characteristics of bio-
char. The fundamental characteristics of biochar are deter-
mined by the nitrogen-to-carbon ratio, which governs its 
fundamental nature, and the oxygen-to-carbon ratio, which 
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governs its hydrophilic properties. According to Huang et al. 
(2021), alkaline modification exhibits a more significant pro-
portion of surface aromaticity and nitrogen-to-carbon ratio 
but a lesser proportion of oxygen-to-carbon than acid modi-
fication. It has been observed that the biochar preparation 
procedure becomes more complex due to the requirement for 
additional treatment with alkali or acid solutions. To address 
the handling of acid or alkali solutions, future research may 
explore the sequential modification of both acid and alkali. 
The neutralization process between acidic and alkaline solu-
tions presents a viable treatment option for both solutions. 
Applying oxidizing agents can enhance oxygen-containing 
groups. However, oxidizing agents have been prohibited due 
to cost and treatment factors. A strategy that facilitates the 
continuous use of oxidizing agent solutions could reduce 
manufacturing costs. The primary purpose of treatment with 
an oxidizing agent is to enhance the number of active sites 
available for adsorption and catalytic reactions. Neverthe-
less, there have been reports of metallic ion loss from car-
bon-based materials. Therefore, additional research efforts 
should be directed toward enhancing the stability of metal 
ions in biochar. Compared to the discussed techniques for 
biochar modification, steam and gas refining do not require 
the consideration of solution usage after modification.

In comparison with all three activation methods, physi-
cal activation is a more environmentally friendly choice 
as it does not need multiple chemicals and is widely used 
in industries. But the process usually involves significant 
energy capital and expert apparatus which leads to variations 
in the resulting biochar based on the individual activation 
conditions. On the other hand, chemical activation gives 
better biochar surface properties and adsorption capacity. 
However, this method leads to the existence of hazardous 
leftovers and it requires posttreatment for the disposal of 
leftover chemicals. Similarly, the physiochemical activa-
tion method provides a dual approach which creates bio-
char with improved surface area, porous nature, and active 
chemical reaction, thus enhancing its efficacy in several 
applications. Overall, all activation methods have advan-
tages and disadvantages, offering investigators a variety of 
choices for modifying biochar to meet particular treatment 
requirements. Furthermore, there is a need to enhance the 
preparation circumstances of the pyrolysis process and the 
subsequent steam or gas purging. The choice of modified 
biochar methods is typically contingent upon the specific 
environmental application of biochar. Previous research has 
indicated the need for additional studies to enhance the dura-
bility of metal ions in biochar.

The discussion provided in this work highlights the sig-
nificant potential of modified biochar for remediating the 
environment. However, it is worth noting that some bio-
char modification approaches may not prioritize ecological 

sustainability. Through the modification of biochar with 
metal salts, functional groups that include oxygen can be 
significantly increased, resulting in a notable enhancement 
of its adsorption capacity. Inappropriate application of such 
modified biochar can lead to the leaching of infused metal 
ions, causing secondary pollution.

Functional groups like hydroxyl, amine, carboxyl, and 
thiol can enhance the adsorbent adsorption capacity. The 
enhanced adsorption capacity can be associated with the 
existence of a hydroxyl group, which results in an ampli-
fied active site for the chemisorption process. The hydroxyl 
group facilitates electrostatic interaction, coulombic attrac-
tion, hydrogen bonding, and ligand exchange (Khan et al. 
2022; Naga Babu et al. 2018). Consequently, the most suit-
able bioadsorbents for the remediation investigations are 
those having −OH group functionalization. Additionally, the 
adsorption capacity of biomaterials reliably improved with 
an enlargement in the surface area of a material. The poros-
ity of the adsorbent correlated with the surface area of the 
material. The material porous nature helps to aid more active 
adsorption sites through pore dispersion (Biswal et al. 2022).

Remediation techniques like bioadsorption use naturally 
available biomaterial obtained from different sectors as bio-
adsorbents (Biswal et al. 2022). There are numerous bioma-
terials available naturally, like agricultural biomass waste 
residues, including corn stalks, rice husks, rice straws, wheat 
straws, cotton stems, coffee plant waste, tea plant residue, 
coconut husks, peanut shells, orange peel, banana peel, tree 
bark, weeds, etc. and microbial biomass like fungi, micro-
algae yeasts, etc. for the removal process. These all natural 
materials have considerably low removal efficiency at com-
mercial-scale operations. In addition, chemically modified 
biomaterials show higher removal efficiency than naturally 
available biomaterials. Accordingly, bioadsorption remedia-
tion method is eco-friendly and cheaper to remove As and 
F− as all these materials are naturally easily accessible, and 
biodegradable. Similarly, the inclusive features like high 
surface area, high porosity, and lower density of different 
biomaterials enhance its benefits in As and F− removal.

Bioadsorbents used for the removal of F− 
ions

The utility of artificial materials and chemicals in removing 
F− ions has restricted the investigation of several bioadsor-
bent to a definite range for commercial practices. In this part, 
the brief summarization of different bioadsorbent based on 
agricultural waste residues has been critically discussed for 
applying material for industrial-level removal techniques.

The watermelon rinds (Citrullus lanatus) biochar-based 
adsorbent is utilized for removing F− from groundwater and 
industrial waste. The watermelon rind increases removal 
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efficiency by 66%, with 9.5 mg/g adsorption at pH 1 and a 
reaction contact time of 3 h for collected groundwater sam-
ples. Similarly, the adsorption capacity of watermelon rind 
for industrial effluents rises to 70% when the adsorbent dose 
increases. Thermodynamics studies showed that removing 
the F− adsorption reared a spontaneous exothermic process. 
Subsequently, this material was concluded to be used for 
industrial effluent with low pH (Sadhu et al. 2022). Like-
wise, zirconium dioxide-biochar (ZrO2/BC) obtained from 
Camellia oleifera seed shell shows significant removal of 
F− ions from an aqueous solution (Mei et al. 2020). The 
bioadsorbent shows an adequate F− removal capacity of 
11.04 mg/g at the initial concentration of 10 mg/L, with pH 
ranging from 3 to 9 with 180 min of contact time and 1.6 
gm/L adsorbent dose. Alternatively, adsorption was reduced 
due to a decline in adsorption sites on the surface of the 
adsorbent with increased contact time. At the same time, 
an increase in adsorbent dose of more than 1.6 gm/L drops 
the adsorption capacity because of the low concentration of 
F− left over in the solution after adsorption. The pseudo-
second-order kinetic model and the Langmuir adsorption 
isotherm model showed consistency in the adsorption pro-
cess. The thermodynamic investigations have demonstrated 
that the adsorption phenomenon is an exothermic reaction 
that occurs spontaneously. It was concluded that ZrO2/BC 
effectively removes F− and reduces waste biomass.

The Cucumis pubescens peel of fruit was investigated for 
the removal of F− from contaminated groundwater (Kazi 
et al. 2018). The adsorbent indicated efficient removal of 
F− ions, nearly more than 90%, at a pH range from 3 to 
8 with an initial concentration of 8–16 mg/L and 120 min 
of reaction time with optimum adsorption. A new adsor-
bent derived from Citrus limetta peels was activated with 
FeCl3 at two distinct pyrolysis temperatures, 250 °C (AC-
CLP250) and 500 °C (AC-CLP500), studied for deflourida-
tion (Siddique et al. 2020). The pseudo-second-order kinetic 
model and Langmuir adsorption isotherm model indicated 
consistency in the bioadsorption process. The thermody-
namics studies revealed that the adsorption process was 
a spontaneous endothermic reaction. Langmuir isotherm 
model well fitted for monolayer adsorption of F− with 
4.926 and 9.709 mg/g adsorption for both temperature con-
ditions, respectively. The results indicated that the efficient 
F− removal efficiency was significantly improved with the 
rise in temperature ranges from 25 to 45 °C. All results con-
cluded that AC-CLP could be utilized as a bioadsorbent to 
remove F− ions from the groundwater. Senewirathna et al. 
(2022) removed F− ions from groundwater samples using 
activated carbon derived from Palmyrah (Borassus flabel-
lifer) nut shells (PAC). However, the maximum F− removal 
efficiency was 61% for PAC within 45-min contact time, 
0.2 g adsorbent dose, and 1 mg/L initial F− concentration 
at 30 °C temperature. Further, the adsorption capacity of 

F− ions rises with an increase in adsorbent dose as the 
increased dose of adsorbent renovates the active adsorp-
tion sites. For the present study, the pseudo-second-order is 
well-fitted for the kinetics studies, which specify the chem-
isorption process. PAC could be another source of activated 
carbon, which is low-cost, eco-friendly, and feasible for 
efficiently removing F− ions from groundwater. Further, 
chemically modified domestic tea waste biochar also reduced 
F− contamination (Roy et al. 2018). The deflouridation was 
analyzed with varying adsorbent doses from 2 to 10 g/L, pH 
2, and temperature (60 °C) for optimization of a central com-
posite design (CCD) parameter using response surface meth-
odology (RSM) and artificial neural network (ANN). Over 
raw tea waste biochar, the maximum F− removal observed 
in chemically activated biochar is 98.31%. The nature of 
the adsorption method was indicated as endothermic and 
spontaneous. Outcomes concluded that tea waste biochar is 
low-cost, eco-friendly, and feasible in tea growing areas and 
could be used as an efficient adsorbent for treating F− con-
taminated water. In a study, Abeysinghe and Baek (2022) 
reported on adsorbent made up of milk sludge biochar for 
the remediation of F− contaminated solution. Physiochemi-
cal properties of milk sludge biochar were determined by 
pyrolysis at a temperature of 500—800 °C to attain the max-
imum adsorption of F− 485.9 mg/g, and adsorbent removed 
93.6% of F− ions when the concentration of F− 100.5 mg/L. 
The study findings indicate that milk sludge biochar exhib-
its potential for the remediation of wastewater that contains 
higher amounts of F−, such as those originating from semi-
conductor industries. Then, the treated wastewater could be 
fit for irrigation water applications based on the calcium and 
F− concentrations. Similarly, acid-activated coffee grounds 
adsorbent was used for a batch experiment to treat lead and 
F− from contaminated water collected from industrial waste 
(Naga Babu et al. 2018). The influence of many working 
parameters, covering the pH of a solution, biochar dose, 
temperature, recyclability, and time, was studied regarding 
removal efficiency. The optimal F− adsorption capacity was 
about 9.05 mg/g with 20 mg/L of initial concentration, pH 4, 
dose 0.2 g/100 mL, contact time 105 min, and temperature 
30 °C. The experimental study concluded that the F− adsorp-
tion process trails the Langmuir isotherm model, signifying 
monolayer adsorption on the uniform surface. The estab-
lished method can be effectively applied to domestic and 
industrial waste sources with inclusive adsorption of around 
89% of the initial concentration of F−.

The activated carbon powder from waste palm shell 
(PSAC) vs. modified carbon with magnesium silicate 
(MgSiO3) was used to remove F− from in situ and ex situ 
groundwater (Choong et al. 2020). The highest possible 
F− adsorption capabilities were observed as 116  mg/g 
and 150 mg/g for PSAC and MPSAC, correspondingly. 
The Langmuir isotherm and Freundlich model fit for both 
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activated carbons. A comparison study concluded that 
MPSAC is highly possible for ex situ wastewater treatment. 
Pillai et al. (2020) used silica nanoadsorbent (SRH) derived 
from rice husk for F− removal. Physical and structural prop-
erties of silica nanoadsorbent characterized through FTIR, 
XRD, SEM, and BET. Operational variable parameters 
affecting on removal efficiency of F−, also isotherm and 
kinetic study, were examined for the study. Results showed 
the maximum adsorption capacity of SRH with 72% at pH 
8, 60-min residence time, a 4 g adsorbent dose, and 10 g/L 
initial F− concentration, respectively. The present study 
concluded that the adsorption capacity of F− and SRH bio-
adsorbent was intensely reliant on optimized factors. The 
banana peel powder purified F− from water (Mondal and 
Roy 2018). Further, desiccated peels of bananas were used 
as a base for water remediation in the column experiment. 
The observed results revealed an effective removal of F−, 
i.e., 86.5% with pH 5 and 10 mg/L initial concentration. At 
the same time, adsorbents also show an active surface area of 
23.98 m2/g and 178.26% porous percentage. Similarly, Wang 
et al. (2018) studied for removing F− using pomelo peel 
biochar (PPBC-La) loaded with lanthanum. Approximately 
82% of adsorption was achieved after 9 h. The findings of 
the experimental investigation indicate adsorption statistics 
were suitably well-defined via pseudo-second-order kinetic 
and Freundlich isotherm models. In comparison with raw 
PPBC, PPBC-La displays excellent anion exchangeability, 
enhancing its adsorption efficacy significantly. The PPBC-
La has shown a remarkable F− adsorption of 19.86 mg/g. 
Manna et al. (2015) have successfully synthesized grafted 
jute as an efficient adsorbent for removing F−. The increase 
in F− content of the grafted jute powder was more significant 
when compared to that of the raw jute powder. The conclu-
sions of the infrared and X-ray photoelectron spectroscopic 
analyses revealed that most F− accumulation on grafted jute 
was attributed to the hydrogen bonds, protons, and carbon-
F− bonds. In another study, emerging adsorbents were 
developed for defluoridation using avocado kernel seeds 
(Salomón-Negrete et al. 2018). The experiment demon-
strates that the pyrolysis process adsorbent showed the most 
superior adsorption characteristics. In contrast, its counter-
part obtained with CO2 activation showed dropped efficacy 
in defluoridation, with the carbonization temperature as the 
principal synthesis parameter. Brahman et al. (2016) synthe-
sized an adsorbent utilizing a stem of Tecomella undulata for 
biochar. The researchers studied the impact of pH, biochar 
dose, initial concentration, contact time, and temperature on 
the removal efficacy of biochar. The optimal reaction con-
ditions were verified with an optimal adsorption capacity 
of 6.16 mg/g. Lv et al. (2006) used activated carbon from 
the Pithacelobium ducle plant. Due to the effective porous 
nature of activated carbon, which causes intraparticle dif-
fusion, the F− adsorption was limited to physisorption. The 

adsorbent removal efficiency increases up to 81% at 5 mg/L 
initial concentration. Still, the process of removal displays 
an increased rate throughout the initial 40 min of the experi-
mental period. The decline in adsorption rate can be due to 
the absence of accessible active spots on the surface of the 
biosorbent. This adsorbent validates the value of plant-based 
activated carbon as an active component in removing F−. 
Conversely, the concentration range examined was lesser, 
demanding further research on removal at greater doses. 
Mupa et al. (2016) conducted an experimental investigation 
using silica obtained from rice husk ash to eliminate F− con-
tent from water, focusing on its impact on algal biomass 
Pedistrum boryanum. The experimental findings indicate 
that the bioadsorbent adsorption capacity was determined 
to be 25.64 mg/g at pH 7. Carbonyl and hydroxyl functional 
groups have been observed to enhance adsorption, exhibiting 
a monitored pseudo-second-order kinetics optimally fitted 
to the Langmuir isotherm model. Getachew et al. (2015) 
involved synthesizing activated carbon through a combina-
tion of powder obtained from banana peel and coffee husk, 
which was subsequently improved with an injection of sul-
phuric acid. The bioadsorbent exhibited remarkable efficacy 
in reducing F− from a concentration of 10 mg/L, achieving 
removal efficiencies of 85% for banana peel and 86% for 
coffee husk. The bioadsorbent showed significant effective-
ness in removing F− from actual water samples, with an 
observed efficiency of 80–84%. Therefore, this bioadsorbent 
may be considered one of the most promising materials for 
advancing a reliable water purification technology. In con-
trast, it is notable that using banana peel powder demanded 
a prolonged duration of approximately 13 h to achieve the 
state of equilibrium and attain the permissible threshold of 
F− concentration. The adsorption of F− experiences a sub-
stantial reduction under alkaline pH conditions, owing to 
the repulsive forces amongst the negatively charged surface 
and F− ions.

Mondal et al. (2015) demonstrated the efficacy of alu-
minum-impregnated coconut fiber in removing F− from an 
aqueous solution. The experimental findings show that the 
biomaterial displays a remarkable removal efficiency of 98% 
with a 0.05 g/L adsorbent dose, a reaction time of 60 min, 
and an alkaline pH of 12. The XRD and BET assessments 
show a 26.3 m2/g surface area, and the alum was evenly 
infused over the surface, which increases the porous nature 
of the biomaterial. As a result, an additional F− ions were 
adsorbed across the active surface. The adsorption process 
exhibited a pseudo-second-order kinetic behavior and con-
formed to the Langmuir isotherm model, particularly under 
heightened intraparticle diffusion. In contrast, the presence 
of SO4

2− and PO4
3− ions elicited a decrease in the removal 

efficacy to 81.3% and 66.2%, correspondingly. Seid (2017) 
reported that F− contaminated water can be treated by seeds 
of cabbage trees. Analyses of defluoridation were carried out 
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at varied pH levels between 2 and 13 and F− concentrations 
between 1 and 40 mg/L at 20 °C. When F− ions and cabbage 
seeds encounter, the concentration F− ions, i.e., 10 mg/L, 
reduced to 3.4 mg/L concentration. Also, spectroscopical 
analysis depicts F− ions chemically adsorbed and creating 
a complete complexation on the surface of the seeds. After 
60 min, a less active sorbent surface was available, which 
triggered the adsorption to decrease. The efficacy of Cono-
carpus erectus plant-derived biochar namely powdered bio-
char and granular biochar used for removing F− reported by 
Papari et al. (2017). The investigation displayed superior 
exclusion efficacy of 98% detected in PBC in comparison to 
80% removal efficiency of GBC at different parameters like 
pH 6 and 20 °C temperature. The observed gaps in adsorp-
tion phenomena can be linked with increased PBC surface 
area. The PBC surface area was determined to be 9.88 m2/g, 
while the superior adsorption capacity of the material can 
be identified to a surface area of 5.16 m2/g for PBC. The 
presence of bicarbonate chloride, and nitrate ions had a vis-
ible impact on the adsorption of F− ions, thereby impeding 
the efficacy of the selective removal procedure. The present 
investigation confirms that adsorption is associated with the 
surface area of the biosorbent, which allows powdered bio-
char to create additional potential for adsorption owing to 
the reduction in particle size, thereby giving greater accessi-
bility to the adsorption sites. Ravulapalli and Ravindhranath 
(2017) prepared activated charcoal using the Ficus racemosa 
plant barks impregnated with HNO3 for defluoridation. The 
addition of HNO3 helps to increase higher surface area for 
the adsorption of F− ions. Experimental findings showed 
88% removal efficiency with a concentration of F− of 
5 mg/L. The existence of additional competitive ions, pre-
cisely PO4

3−, impacts removal efficacy by decreasing from 
88 to 75%. Also, the removal efficiency decreased at primary 
pH conditions due to opposing charges resulting in adsorp-
tion surfaces which electrostatic repulsion F− ions.

Citrus limetta (sweet lime) pulp was used for biochar 
preparation and was pyrolyzed at 250 °C and 500 °C (Ibra-
him et al. 2019). Biochar was modified through an iron(III) 
chloride solution, represented as ACP-250 and ACP-500, for 
further processing. The prepared adsorbents could remove 
82% and 86% of F− with a 12.6 mg/g removal capacity. 
Therefore, it can be concluded that modified biochar shows 
significant removal of F− ions from water. Similarly, Zhang 
and Huang (2019) experimented on a biosorbent made from 
grape pomace modified with Zr(IV). Bioadsorbent removed 
96% of F− contents from water with 19.9 mg/L as an initial 
concentration. The experimental results indicated that the 
adsorbent performed well at pH 3 and showed noticeable 
single-use efficiency. Equally, at a pH of more than 5, the 
efficacy is reduced owing to the opposition amongst the 
F− ions and OH− ions which can bind the bioadsorbent prac-
tice at a developed scale. Further, Populus alba tree (PAAC) 

biomass was used for preparing activated carbon and applied 
to remove F− contents in simulated and real wastewater. 
Under 10 mg/L F− concentration, 4 g/L PAAC dose shows 
optimum removal of F− (93.37%). The ultrasonic-assisted 
PAAC’s monolayer adsorption capability was 77.12 mg/g 
(Bonyadi et al. 2019). An experiment on wheat straw (Triti-
cum aestivum) to reduce F− content in water samples was 
conducted by Romar-Gasalla et al. (2017). Wheat straw 
F− adsorption may be caused by hydrogen bonding without 
releasing the −OH group. Additionally, residues containing 
F− and other elements found in wheat straw lead to com-
plexes like CaF2 or TiF. Another study conducted by Desh-
mukh et al. (2018) used ash from the tea powder to defluori-
date water. In addition, distinct sizes of tea ash material were 
used to analyze F− solutions with concentrations varying 
from 2 to 6 mg/L. Batch tests discovered material with a tiny 
particle size had better F− adsorption than the others because 
of its higher surface area and microporosity. As a result, 
this substance is promoted as being great for defluoridation. 
The bioadsorbent has been prepared using Mentha longi-
folia (mint) leaves to remove F− ions (Sunitha and Reddy 
2018). The removal efficiency was observed at different 
factors like initial F− concentration pH, contact time, and 
adsorbent dose. Because of the larger surface area of the 
adsorbent particle, the adsorption capability of the biosorb-
ent with a particle size of 1.4 mm revealed 95% removal 
of F− with 2–15 mg/L concentration at pH 2 to 10. Tirkey 
et al. (2018) synthesized a novel adsorbent using Jamun leaf 
ash (Syzygium cumini) having calcium oxide/hydroxide, cal-
cium carbonate, and verified it for the F− removal process. 
The adsorbent displayed an admirable F− removal capacity 
of 4.56 mg/g and efficiency up to 77.8% within 60 min of 
residence time, having an initial concentration of 6 mg/L, 
pH 6.5, and 27 °C temperature. Likewise, the XRD shape 
exposed the feasible creation of Ca(OH)2 and F− complex, 
and there can be an opportunity for ion exchangeability with 
F− and OH− ions amongst F− and Ca2

+. Later, the experi-
ments were defensible. The adsorption of F− followed 
pseudo-second-order kinetics and involved intraparticle dif-
fusion. In a batch experiment, Karmakar et al. (2018) used 
the F− Pistia stratiotes (water lettuce) to remove F− ions. At 
F− level of 5 mg/L, the best removal efficacy was detected as 
38.89%. The F− growth ratio demonstrated that the biosorp-
tion process comprised F− bioaccumulation on the biosorb-
ent’s surface, followed by full adsorption. Angelina Thanga 
Ajisha and Rajagopal (2015) used Delonix regia pods for 
preparing activated carbon to treat F− contaminated water. 
The seed pods were pyrolyzed over 1 h at 800 °C to produce 
activated carbon with a huge porous structure and surface 
area. In a 300-min contact time, the adsorbent revealed an 
enhanced removal efficacy observed as 98.4% at acidic pH 
2, active dose of 1.5 g/100 mL, and initial F− content of 
10 mg/L. With outstanding removal capacity, the experiment 
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results followed the Freundlich isotherm and pseudo-second-
order kinetics. Brahman et al. (2016) developed an adsorbent 
applying the stem of Tecomella undulata. The researchers 
investigated the impact of pH, biochar dose, starting concen-
tration, contact time, and temperature on biochar’s removal 
capacity. An optimal reaction condition was discovered, 
resulting in a maximum adsorption capacity of 6.16 mg/g.

Bombuwala Dewage et al. (2018) investigated the effects 
of alpha-Fe2O3 and Fe3O4 on high surface area Douglas fir 
biochar in treating nitrate and F− ions in an aqueous solu-
tion. The Freundlich and Langmuir isotherm models were 
applied for modelling the process of adsorption within the 
temperature range of 25 to 45 °C. F− Langmuir adsorption 
capability was determined to be 9 mg/g. Yu et al. (2015) also 
looked at the potential of a novel lanthanum-modified car-
bon (LMC) adsorbent derived from Sargassum species. Dur-
ing the initial hour, F− adsorption reached up to about 90%. 
The findings from the kinetic investigation revealed that both 
the pseudo-second-order model and the Langmuir isotherm 
model effectively defined the experimental data. LMC has 
a substantially greater adsorption capacity comparing sev-
eral commercial adsorbents, which is 94.34 mg/g at neutral 
pH. The F− removal efficacy of Musa paradisica carbon 
modified with Ti(IV) was compared to the original mate-
rial (Vilakati et al. 2019). The modified material is capable 
of removing 99% F− ions, whereas the original material 
observed a removal efficiency of 90% at an initial concentra-
tion of 2.05 mg/L at 40 °C. The material adsorption capacity 
for F− ions was found to decrease under basic pH conditions, 
primarily due to the presence of repulsive forces in between 
the detrimental surface spots and F− ions. The adsorption 
capacity was found to be significant at a pH of 2.04, which 
can be attributed to the protonation of hydroxyl groups. This 
protonation leads to electrostatic interactions with fluoride 
ions (F−). In contrast, when the temperature was set at 50 
ºC, the efficiency of F− removal decreased to 52%. Addi-
tionally, it was observed that the presence of Cl ions had 
a detrimental effect on the removal process. The potential 
for broader application of biosorbents may be constrained 
by this limitation. Shen et al. (2021) experimented on four 
magnetic biochar (mBC) derived from rice husk through 
pyrolysis with pristine magnetic biochar and three other alu-
minum (Al) and magnesium (Mg) oxides-bonded with mag-
netic biochar (i.e., Al-mBC, MgmBC, and MgAl-mBC) for 
dual removal of F− and AsV ion from wastewater. Observed 
results reveal that F− and AsV adsorption on four mBC 
depended on pH condition. Both ions competed for adsorp-
tion, resulting in lower adsorption capacity than single ion 
adsorption. According to the findings of an experimental 
study, MgAl-mBC demonstrated the highest adsorption 
capacity for AsV and F− ions. Specifically, at a pH of 5 and 
a temperature of 10 °C, the maximum adsorption capacity 
was observed to be 34.45 mg/g for AsV ions. Similarly, at a 

pH of 5 and a temperature of 30 °C, the optimum adsorption 
capacity for F− ions was observed as 22.11 mg/g. However, 
the MgAl-based mBC indicates superior AsV adsorption 
capabilities compared to other mBCs, showing an optimum 
adsorption capability of 24.30 mg/g. Under the dual condi-
tion of adsorption process, it was observed that Al-mBC 
showed the highest adsorption capacity for F− ions, specifi-
cally 19.41 mg/g at a pH of 5 and a temperature of 30 °C. On 
the other hand, MgAl-mBC revealed even greater enhance-
ment in AsV adsorption compared to other mBCs, display-
ing a higher adsorption capacity of 24.30 mg/g at a pH of 
5 and a temperature of 30 °C. The adsorption isotherm was 
effectively described by the Langmuir and Freundlich mod-
els. The study findings indicate that four modified biochars 
(mBCs) examined in the research have significantly higher 
adsorption capacities for AsV and F− compared to other 
types of biochars commonly used for the remediation of con-
taminated water. De et al. (2018), attempted a study on the 
applicability of engineered biochar (EBC) derived from de-
oiled Pongamia pinnata waste lignocellulosic biomass seed 
cake for adsorption of F− from contaminated groundwater. 
The batch adsorption experiment and EBC characterization 
studied several parameters like pH of the solution (3–10), 
initial F− concentrations (5–20 mg/L), and biosorbent dose 
(0.2–0.7 g) to get optimum equilibrium conditions. The 
maximum removal efficiency was obtained during 90 min 
of contact time, pH 7, and bioadsorbent dose of 10 mg/L, 
respectively. The Langmuir isotherm and pseudo-second-
order kinetic models were well-fitted for the study, showing 
an optimum adsorption capacity of 0.985 ± 0.025 mg/g. The 
fixed bed column mode caused due to breakthrough curves 
which were fitted for various mathematical models, and in 
that mode, the modified dose–response model showed the 
peak fit with an adsorption of 1.12 ± 0.025 mg/g. Halder 
et al. (2015) investigated a batch adsorption study on pow-
dered form activated carbon (PAC) derived from the stem 
of Eichhornia crassipes through steam activation to remove 
F− ions from synthetically fluoridated water and wastewater. 
Adsorption process and experimental matrix were optimized 
by RSM and central composite rotatable design (CCRD). 
The impact of several factors like adsorbent dosage (2–12 
gm/L), pH (2–12), contact time (20–180 min), revolutions 
per minute (100–300 RPM), and temperature (20–60 °C) 
were investigated for efficient removal of F− ions. The physi-
cal properties showed that surface area as well as total pore 
volume were approximately equivalent to 97.68 m2/gm and 
0.5185 cm3/gm, respectively. The optimum adsorption of 
F− ions was found at biochar AC dose 7 gm/L, pH 2, tem-
perature 40 °C, RPM 200, and contact time 100 min, respec-
tively. The analysis of variance (ANOVA) presented that the 
chosen model is well-fitted for the experimental data. Results 
concluded that removing F− ions using activated carbon 
derived from E. crassipes stem could be used as a low-cost, 
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eco-friendly, and prominent biomaterial for treating fluori-
dated wastewater. Similarly, Saikia et al. (2017) used peren-
nial grass (Saccharum ravannae L.) for fabricating activated 
biochar for removing As and F− by RSM, which is based on 
CCD. The effect of parameters such as initial concentration, 
biochar dosage, and contact time on As and F− adsorption 
removal effectiveness was examined. Among all parameters, 
biochar adsorbent dose was the maximum effective parame-
ter for removing As and F− from water. Experimental results 
of CCD showed that activated biochar might have higher 
removal efficiency for As (72.1%) and moderate (24.80%) 
for F− from an aqueous solution. Chemisorption types of the 
adsorption process were predicted for isothermal and kinetic 
models. Pseudo-second-order model well fitted for both As 
and F−. Results showed that the activated biochar might be 
a favorable, cost-effective, and eco-friendly adsorbent for 
As and F− removal from contaminated water solution. The 
recent biomaterials used for removing F− ions are presented 
in Table 2.

Parameters affecting F− removal

The optimum F− removal efficiency of any adsorbents is 
very much needed for its commercial usage, and its effi-
ciency depends on various parameters such as initial F− con-
centration, pH, adsorbent dose, contact time, and tempera-
ture. Thus, the estimation of the optimal level of individual 
parameters is important to develop an effective F− removal 
technology.

Initial F− concentration

Initial F− concentration is one of the important parameter 
that affects F− removal efficiency in adsorption studies. 
Adsorption study helps to define the adsorption capacity of 
the material, as higher initial concentrations may saturate the 
available sites present on adsorbent surface within a short 
period. Moreover, it permits investigation of the connection 
between initial F− concentration and the rate of adsorption 
which results in identifying optimal conditions for effec-
tive removal. Furthermore, studying initial concentrations 
leads to evaluating the efficiency and effectiveness of the 
adsorbent material in real-world scenarios where F− concen-
trations may vary. Therefore, understanding the initial con-
centration effect is essential for designing water treatment 
systems and implementing appropriate strategies for safe 
drinking water supply in F− affected regions. Eventually, 
an increase in F− ion concentration increases removal effi-
ciency by providing a higher mass transfer driving force in 
an adsorption phenomenon. Recent studies by Senewirathna 
et al. (2022) reported using Palmyrah nut shells derived 
activated carbon activated with H3PO4 and NaOH for 

F− removal with a varying F− initial concentration 0.5 to 
2.0 mg/L with 61% of removal efficiency value observed 
at 1 mg/L concentration. Similarly (Sadhu et al. 2022), 
watermelon rinds biochar used as adsorbent for F− removal 
reveals maximum adsorption at 50 mg/L with an adsorption 
capacity of 9.5 mg/g with a variable initial concentration 
within a range 5–100 mg/L. Adsorption of F− decreases with 
increase in the initial concentration of F− ions due to less 
availability of active sites for adsorption for constant adsor-
bent amount. In another study, Citrus limetta peel used as 
carbon, observed significant F− adsorption on adsorbent sur-
face when initial F− concentration was low (5 mg/L) com-
pared to the higher concentration (50 mg/L) due to available 
active sites on the adsorbent surface not sufficient to accu-
mulate the ions under higher concentration of F− (Siddique 
et al. 2020). Yitbarek et al. (2019) investigated the effect of 
variable initial F− concentration between 5 and 50 mg/L, 
by keeping other parameters constant. It was observed that 
higher adsorption of F− ions took place at lower concen-
trations and vice versa, which validates that the adsorption 
capacity of biomass becomes shattered gradually with a rise 
in initial F− concentration. The adsorption capacity has been 
progressively improved concerning cumulative initial F− ion 
concentration until equilibrium adsorption capacity was 
attained. Recently, Khan et al. (2022) developed a modified 
pinecone biochar with AlCl3 showing an optimal adsorption 
capacity of 14.0 mg/g at 40 mg/L with an increase in the 
concentration of F− ions due to more cooperative adsorp-
tion of biochar in which initially the F− ions form cover-
age on the active sites of the biochar surface, followed by 
interaction between F− molecules with cumulative initial 
concentration. The influence of adsorbent was deliberated 
with a variable initial concentration of F− ion (8–24 mg/L), 
keeping other parameters constant. Similarly, the peel of 
fruit biochar used for defluoridation depicts an increasing 
trend of adsorption capacity from 1.53 to 2.95 mg/g with 
increasing initial F− ion concentration (8–16 mg/L). Also, 
observed results show that at higher F− concentrations, a 
negligible effect was seen on adsorption capacity values 
because of restricted available active sites on the adsorbent 
surface (Kazi et al. 2018). Overall, studying the effect of 
initial F− concentration on the removal efficiency in adsorp-
tion processes provides valuable insights for process opti-
mization, performance evaluation, compliance with regula-
tory standards, understanding kinetics and equilibrium, and 
assessing cost-effectiveness and scalability.

pH solution

Fundamentally, the pH of an aqueous solution is influenced 
by the atmosphere and environmental features of the soil 
(Hegde et al. 2020). The study on effect of pH in F− adsorp-
tion is essential since it directly affects the removal efficacy 
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Table 2   Biomaterials and their F− removal efficacy

Material/feed-
stock

Initial ion 
concentration 
(mg/L)

pH Adsorbent 
dose (g/L)

Contact time 
(Min)

Adsorption 
capacity 
(mg/g)

Removal 
efficiency 
(%)

Isotherm 
and kinet-
ics

References

1 Palmyrah nut 
shells

0.5–10 7 0.2 45 - 61 PSO (Senewirathna et al. 
2022)

2 Watermelon 
rind (Citrullus 
lanatus)

50 1 25–50 180 9.5 66 F PSO (Sadhu et al. 2022)

3 Protonated saw-
dust biochar

10 7 0.5–5 60 4.413 90 L PSO (Rupasinghe et al. 
2022)

4 Pinecone-derived 
biochar

10 7 1.0 1440 14.07 87.13 C (Khan et al. 2022)

5 Milk sludge 100.5 - 1.0 - 485.9 93.60 L F (Abeysinghe and 
Baek 2022)

6 Coffee grounds 20 4 200 105 9.05 89 L (Naga Babu et al. 
2018)

7 Food waste 3–11 7.1 6.7 1440 123.4 91.40 (Meilani et al. 
2021)

8 Rice husk 1–50 5 2.0 - 22.11 55 L F (Shen et al. 2021)
9 Palm shell waste 5–125 7 0.2 1440 150 70 L F (Choong et al. 

2020)
10 Citrus limetta 

peels
5 6.6 1.0 240 4.926–200

9.709–500
94.7–200
90–500

L PSO (Siddique et al. 
2020)

11 Rice husk 10–100 8 60 12 72 L (Pillai et al. 2020)
12 Camellia oleifera 

seed shell
5–70 3–10 1.6 180 11.04 - L PSO (Mei et al. 2020)

13 Musa paradisica 2.05 2 - 60 17.2 99 L PSO (Vilakati et al. 
2019)

14 Oyster shell 30–100 8–12 - - 5.8 80 L (Chang et al. 2019)
15 Grape pomace 20 3 0.12 1440 7.54 96 L (Zhang and Huang 

2019)
16 Citrus limetta 

(sweet lime) 
residue

- 4 60 12.6 80–86 L (Ibrahim et al. 
2019)

17 Populus alba tree 10 6 4 100 77.12 93.37 F (Bonyadi et al. 
2019)

18 Musa paradisiaca 2.1–15.8 2.04 0.6–1.0 60 17.20 99.7 L PSO (Vilakati et al. 
2019)

19 Fruit’s peel of C. 
pubescens

16 7 2.95 120 5.0 - L (Kazi et al. 2018)

20 De-oiled Pon-
gamia pinnata 
seed cake

10 7 10 90 0.98 98.5 L (De et al. 2018)

21 Pistia stratiotes - 6.5 - - 1.94 38.8 F (Karmakar et al. 
2018)

22 Banana peel 10 5 - - 8365 86.5 - (Mondal and Roy 
2018)

23 Tea ash powder 6 7 1.5 1440 -  > 90 - (Deshmukh et al. 
2018)

24 Mentha longifolia 
leaves

2–15 2–10 - 90 9 95 - (Sunitha and Reddy 
2018)

25
26 Jamun leaf ash 6.0 6.5 6.5 60 4.56 77.8 F (Tirkey et al. 2018)
27 Pomello peel 10–300 5.2 1 540 19.86 82 F (Wang et al. 2018)
28 Pea nut husk 3 3 0.5 80 22.6 82.3 L F (Meshesha Tulu 

et al. 2018)
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Table 2   (continued)

Material/feed-
stock

Initial ion 
concentration 
(mg/L)

pH Adsorbent 
dose (g/L)

Contact time 
(Min)

Adsorption 
capacity 
(mg/g)

Removal 
efficiency 
(%)

Isotherm 
and kinet-
ics

References

29 Rice husk 5 7 1 60 12.6 90 L F PSO (Goswami and 
Kumar 2018)

30 Palm shell 100 - 7 - 120 285.7 77 - (Choong et al. 
2020)

31 Exhausted coffee 
grounds

20 4 200 105 9.05 95.1 L (Naga Babu et al. 
2018)

32 Avocado waste 50–100 4–7 - 1440 1.25–3.59 84 L F (Salomón-Negrete 
et al. 2018)

33 Moringa sten-
opetala

10 7 2 60 1.32 95 L F PSO (Seid 2017)

34 Wheat straw - 7 - - 0.465 93 - (Romar-Gasalla 
et al. 2017)

35 Conocarpus 
erectus plant

5 6 10 60 205.70 70 L PSO (Papari et al. 2017)

36 Perennial grass 
(Saccharum 
ravannae L.)

25 - 0.2 60 - 24.3 PSO (Saikia et al. 2017)

37 Barks of Ficus 
racemosa

5 7 4 60 1.65 88 PSO (Ravulapalli and 
Ravindhranath 
2017)

38 Bamboo charcoal 10 7 0.4–2.5 210 21.1 90 L PSO (Wendimu et al. 
2017)

39 Granular peanut 
shell

4.6–87.8 8 - 360 17.15 - L (Li et al. 2016)

40 Ultrafine tea pow-
der loaded with 
zirconium

5–200 3–10 120 12.43 - PSO (Cai et al. 2016)

41 Stem of Teco-
mella undulata

5–35 6–8 - 40 6.16 - PSO (Brahman et al. 
2016)

42 Sargassum sp. 20 3–9 0.4 60 94.34 90 PSO (Yu et al. 2015)
43 Jute fibers 5–20 2–7 - 120 4.8 50 PSO (Manna et al. 2015)
44 Pine bark - 2 - - 9.77 - PFO (Mohan et al. 2014)
45 Pine wood - 2 - - 7.66 - PFO (Mohan et al. 2014)
46 Corn stover 

biochar
10 2 10 6.42 PFO (Mohan et al. 2014)

47 Magnetic corn 
stover biochar

10 2 10 - 4.11 - PFO (Mohan et al. 2014)

48 Alianthus exelsa 
stems

2.31 5 0.5 30–80 - 77 - (Yadav et al. 2014)

49 Azadirachta 
indica leaves

2.66 5–7 1–5 60 - 80 F L (Bharali and Bhat-
tacharyya 2015)

50 Ocimum sp. 
leaves and ragi 
husk

10 3–12 1–10 10–150 0.00957 95 - (Upendra et al. 
2015)

51 Delonix regia 
pods

10 2 1.5 300 0.00980 98 F (Angelina Thanga 
Ajisha and Raja-
gopal 2015)

52 Eicchornia cras-
sipes plant

7 5 9 133 - 70% - (Halder et al. 2015)

53 Triethylamine 
modified maize 
tassel

10–100 4 0.03 20 0.19 86% - (Kamathi Mwangi 
et al. 2016)

54 Modified lemon 
leaf

1.4 2 1–10 5–141 - 70% F (Tomar et al. 2014)
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and adsorption capacity. The surface charge of an adsorbent 
material is pretended by the pH of a solution, which influ-
ences its ability to attract and bind F− ions. Understanding 
the pH dependency helps to optimize the conditions for max-
imum F− removal. Moreover, pH affects F− ion speciation 
in solution, with various forms showing different adsorp-
tion behaviors. Numerous literature reports are available 
where the removal process of F− ions was noticed within 
an extensive pH range. At the same time, more or fewer 
adsorbents might effort purely with a definite range. Usu-
ally, the defluoridation rate lowers with a rise in alkalinity of 
the pH range of the solution (Naga Babu et al. 2018). Thus, 
it is essential to study the significance of pH throughout 
the defluoridation process. The modified biochar powder 
observed 93.85% removal efficiency with 4.69 mg/g adsorp-
tion capacity nearly up to neutral pH 6 with an increasing 
trend of pH variations from acidic to alkaline state (4–10) 
due to special effects on the surface charge of the biochar. 
Also, H+ ions can create obstruction with adsorbate ions 
regarding the binding of active sites of the adsorbent surface 
(Bhaumik et al. 2017). Halder et al. (2016) synthesized a 
modified steam-activated bioadsorbent from Cocos nucifera 
shell and observed 79.30% maximum removal efficiency at 
neutral pH 6.27, and it started declining the F− removal. 
The reduced F− removal was observed due to competition 
between hydroxyl ions and active adsorption sites.

Adsorbent dosage

Studying the effect of adsorbent dose in the F− removal is 
essential for numerous reasons. It helps to determine the 
optimal amount of adsorbent dose required to attain effi-
cient F− removal. By varying the adsorbent dose, researchers 
can evaluate its influence on the adsorption capacity and 
efficiency of the process. However, understanding the rela-
tionship between adsorbent dose and F− removal can aid in 
cost optimization by identifying the minimum required dose 
for effective treatment. Moreover, it also provides insights 
into the kinetics and mechanisms of the adsorption process, 

enabling the development of improved F− removal technolo-
gies. Finally, it allows for the assessment of any potential 
adverse effects or limitations associated with high adsorbent 
doses, such as increased pressure drop or interference with 
other water treatment processes.

The effects of adsorbent dose varying from 2 to 10 g/L 
showed maximum removal efficiency at 10 g/L dosage 
with 98.31% removal within 120 min of reaction time. The 
removal of F− ions started reducing beyond 10 g/L of dose 
due to the saturation of active sites on the adsorbent surface 
(Roy et al. 2018). In another study, the Eichhornia cras-
sipes stem used for the development of activated carbon 
shows an increasing trend of F− removal with increased 
adsorbent dose up to equilibrium condition; after that, it 
started reducing due to conglomeration of particles. The 
maximum removal efficiency, i.e., 65.06% at the adsorbent 
dose of 7 g/L, was obtained while keeping all other factors 
constant. The reduced removal efficiency of adsorbent may 
be due to overlying active sites at advanced doses (Halder 
et al. 2015). Similarly, Palmyrah nutshells used as adsorbent 
for removal of F− displays maximum removal at 0.20 g of 
adsorbent dose with 61% removal efficiency (Senewirathna 
et al. 2022). The F− adsorption increases as the adsorbent 
dose increases and once increased in adsorbent dose reno-
vates active available sites for F− adsorption. Pillai et al. 
(2020) conducted a batch experiment study for defluorida-
tion with an adsorbent dose varying from 1 to 4 g/L. The 
removal efficiency was observed, i.e., 72% up to 4 g/L, and 
then declining towards constant value due to the absence of 
active spots on the adsorbent surface.

Contact time

Contact time is an important parameter in F− removal pro-
cess. It refers to the reaction time for which the adsorbate 
is in contact with the adsorbent material. Adequate contact 
time permits the adsorbent to interact effectively with the 
F− ions, leading to their effective removal from the water. 
Inadequate contact time can result in partial adsorption and 

Table 2   (continued)

Material/feed-
stock

Initial ion 
concentration 
(mg/L)

pH Adsorbent 
dose (g/L)

Contact time 
(Min)

Adsorption 
capacity 
(mg/g)

Removal 
efficiency 
(%)

Isotherm 
and kinet-
ics

References

55 Aspergillus niger 
fungal biomass

1.78 4 0.5–1.5 30–90 - 89% PSO (Annadurai et al. 
2019)

56 Prosopis juliflora 
wood based 
biomaterials

10–100 1–7 4 60 - 97.8 PSO (Ragul et al. 2022)

57 Senna auriculata 
L. flower petal 
biomass

5 6 0.25 90 1.29 80 L (Srinivasulu 2023)

58 Rice husk biochar 10 7 0.1–0.5 0–120 - 98.13% F PSO (Kumar et al. 2023)
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ineffective removal efficiency. Equally, extremely long dura-
tion may not significantly boost the removal efficiency and 
can lead to unnecessary delays in water treatment processes. 
Also, inspecting the effect of contact time is necessary, 
which is vital to attain equilibrium conditions for designing 
batch-type experiments and continuous column experiments. 
Therefore, optimizing the contact time is essential to ensure 
efficient and economically feasible F− removal. Bhaumik 
et al. (2017) reported 98.90% removal efficiency within a 
contact time of 60 min and adsorption of F− ions started 
decreasing beyond 60 min due to the unavailability of active 
sites on the adsorbent surface after the equilibrium condi-
tion. Similarly, activated biochar produced from perennial 
grass to remove F− with a contact time of 60 min, keeping 
the initial concentration and adsorbent dosage constant. The 
findings indicate a positive correlation between the adsorp-
tion rate and contact time, with the highest removal effi-
ciency of 24.80% being attained after 40 min of reaction 
time. This can be attributed to the saturation of active sites 
on the surface of the adsorbent (Saikia et al. 2017).

Temperature

Usually, the temperature is not considered an effective 
parameter in defluoridation process due to its exothermic 
nature; thus, it operates in a range between 20 and 35 °C. 
Moreover, when the temperature range exceeds 50 °C, it 
starts affecting adsorption in different environmental con-
ditions (Hegde et al. 2020). Mostly, F− adsorption stud-
ies focus on equilibrium adsorption capacities rather than 
temperature-dependent adsorption behavior. Temperature 
is often expected to have a nominal effect on the adsorp-
tion process, predominantly for solid adsorbents. However, 
adjusting and measuring temperature precisely throughout 
the experiments can be challenging. Overall, considering 
temperature would need extra resources and experimental 
circumstances, making it less practical for many researchers 
in this field.

There are multiple parameters which affect the removal 
efficiency and adsorption capacity of bioadsorbents as dis-
cussed in the above section. Most of the existing research 
and studies only focused on batch experiments rather than its 
scalability for large-scale adsorption systems. However, the 
adsorption capacity of any bioadsorbents directly depends 
on the pH level of water. This mainly happens due to impacts 
on the surface charge of the adsorbent and the ions present 
in the adsorbate. Furthermore, the pH of water significantly 
affects the adaptability of the bioadsorption process and its 
operating cost. Hence, adjustment of pH level of water from 
neutral to acidic or neutral to basic for a large adsorption 
processing unit to get an optimum pH condition is quite 
time consuming and increases operational costs for multiple 
chemicals and monitoring apparatus. Thus, recognizing the 

impact of adsorption processes on the pH level is important 
for effective removal of contaminants and for managing the 
scalability/commercialization of the adsorption operating 
system.

A study conducted by Meshesha Tulu et al. (2018) used 
a peanut husk biochar to remove F− and obtained 82.3% 
at an acidic pH level of 3 for the batch experiments. How-
ever, it is not possible in practical conditions and large-scale 
operations to maintain acidic conditions of water, because it 
requires more time, multiple chemicals, skilled technicians, 
etc. and further it requires double purification to maintain 
its neutral pH range for domestic or other uses. Similarly, 
the impact of temperature on removal studies depends on 
the type of adsorbent and adsorbate. It also affects the large-
scale operation system of adsorption processes due to high 
energy consumption. Most of the studies confirmed fluo-
ride’s maximum removal at temperatures ranging from 25 
to 40 °C. In a recent study, moringa pods biochar achieved 
the maximum removal efficacy of 97.5% at 27 °C (Vani et al. 
2024). Later, Bharali and Bhattacharyya (2015) developed a 
biochar which removed almost 80% of F− ions from water at 
30 °C, and it was observed that removal efficiency decreases 
as the temperature rises due to the weakening of adsorptive 
forces between adsorbent and adsorbate. Likewise, contact 
time is also a dominant parameter which affects the removal 
efficacy and adsorption capacity of bioadsorbents. In gen-
eral, extending a contact time increases the adsorption and 
removal of adsorbate up to a certain limit, but it then gradu-
ally decreases due to unavailability of active sites on the 
adsorbents. Thus, identifying an equilibrium contact time for 
the adsorption process is important for the efficient utiliza-
tion of resources and minimize the operational costs of the 
system in practical application and scalability.

Bioadsorbents used for As removal

The cotton stalk is used as biochar for removing As(III) from 
contaminated groundwater (Ahmad et al. 2022). Factors like 
reaction time, cotton stalk biochar (CSB) dose, and initial 
As(III) concentrations were considered for adsorption inves-
tigations. According to the experimental findings, the high-
est possible As(III) ability to adsorb was 0.0899 mg/g from 
0.2 mg/g concentration with a contact time of 120 min, pH 
6. As(III) removal effectiveness lowers as As(III) concentra-
tions’ rise in contaminated groundwater. With an excessive 
amount of As 200 g/L, the capacity to absorb CSB declined 
concurrently with a rise in adsorbent dose, i.e., 89.70 g/g 
and 41.30 g/g at 1 and 3 g/L, respectively. The results of 
the FTIR analysis showed that the CSB surface contained 
a variety of functional groups, including amide, carboxyl, 
hydroxyl, and ketone groups, and AsO3

−3 was removed from 
the water via ion exchange or related processes. The current 
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study shows that adequate adoption capability increases 
As(III) removal efficiency by about 88%. Mukherjee et al. 
(2021) produced biochar from rice straw (RSBC) using a 
gradual pyrolysis technique at 600 °C. The batch adsorption 
investigation was carried out for variables that could impact, 
such as adsorption dose, initial concentration, pH, and reac-
tion contact time. The findings of batch adsorption show 
that 120 min was the time at which maximum adsorption 
occurred. At a pH of 7, As(V) removal efficiency peaked 
at more than 3.43%. The initial As(V) concentrations were 
increased from 10 to 100 g/L, and as a result, the adsorption 
capacity increased as well from 4.53 to 13.1 g/g. Further, the 
removal efficiency was reduced from 64.5 to 9.23%, which 
was made possible by lengthening the particle dispersion 
path and ensuring more collisions between the individual 
char particles. The findings of this study demonstrate the 
viability of utilizing this pyrolysis waste as a powerful new 
electron-exchanging adsorbent for removing metalloid pol-
lutants from water. Another study conducted by Nguyen 
et al. (2022) synthesized iron-coated biochar from pomelo 
peel (PPCI) via slow pyrolysis for the application of removal 
of As(III) and As(V) from contaminated solution. The char-
acterization of PPCI adsorbent for textural, morphological, 
surface charge, and surface function with the PPCI adsorbent 
before and after adsorption was accompanied. According to 
the experimental findings, As(III) and As(V) reached their 
maximum adsorption capacities in pH 7, estimated with the 
help of the Langmuir model depicted As 11.77 mg/g and 
15.28 mg/g for both anions. Due to the inner-sphere com-
plexation of As species by Fe in PPCI, PPCI’s adsorption 
capacity for As(III) and As(V) was found to be substantially 
more significant in comparison to raw pomelo peel (PP) at 
0.033 mg/g and 0.034 mg/g, respectively.

Wen et al. (2021) synthesized porous biochar activated 
with MnFe2O4 magnetic nanocomposite (BC-MF) to 
instantly remove both organic and inorganic As species from 
contaminated water. The experimental outcomes showed 
outstanding effectiveness for removing p-ASA and As(V), 
and the p-ASA and As(V) capacity for adsorption were 
estimated to be approximately 105 and 90 mg/g at an ideal 
concentration of 10 g/L. With pH ranges from 3 to 7, p-ASA 
and As(V) were successfully adsorbed, and their adsorp-
tion mechanism was accelerated by di- and mono-anionic 
species of these compounds. According to the characteriza-
tion findings of the FTIR and XPS examination, removing 
p-ASA and As(V) was demonstrated to be accomplished 
via electrostatic attraction and surface complexity. Still, the 
reduction of p-ASA might also be achieved by hydrogen 
bonding and π-π interactions. Niazi et al. (2018a) used oak 
tree wood biochar (OW-BC) in a batch experiment inves-
tigation for removing both arsenites As(III)) and arsenate 
As(V). An adsorbent made from oak wood char was used to 
extract As(III) and As(V) from the simulated solution and 

contaminated groundwater. The experimental results show 
that OW-BC can effectively eliminate As in both situations. 
The Langmuir model was successfully fitted for both forms 
of As adsorption at 3.06 and 3.89 mg/g, correspondingly. 
Similarly, Ahmed et al. (2021) investigated innovative phos-
phorus (P) biochar modification (PLBC) synthesized via 
pyrolysis of the dietic herb Taraxacum mongolicum Hand-
Mazz (TMHM) and treated with monopotassium phosphate 
(KH2PO4). As(III) was remediated from contaminated water 
with modified biochar As an adsorbent. SEM–EDX, TEM, 
FTIR, and XRD were used to examine biochar before and 
after P loading. Compared to raw biochar and P-loaded bio-
char (PLBC), PLBC demonstrated superior As(III) adsorp-
tion outcomes. The experimental data best fitted for Lang-
muir and pseudo-second-order models. Lin et al. (2019) 
used an impregnating approach to develop a new Fe–Mn-La-
impregnated biochar composite (FMLBC) used for treating 
arsenite contaminated water. According to the findings, the 
capacity for adsorption of FMLBC (14.9 mg/g) was sig-
nificantly higher than that of raw biochar (3.73 mg/g) and 
impregnated biochar (9.48 mg/g). NO3 and SO4

2 ions did 
not affect As adsorption, but PO4

3 favored As elimination. 
The kinetic adsorption of As on FMLBC was well defined 
by a second-order model. Luo et al. (2019) produced ultra-
sonic biochar from waste corncob and then loaded with TD 
nanoparticles. The experimental batch study examined the 
influence of initial concentration, pH, adsorbent dosage, and 
co-existing ions. Results show that the maximum adsorp-
tion capacities of observed As (118.06 mg/g) were consid-
erably higher compared to other carbon materials. Experi-
ment results revealed that the As(V) adsorption capacity was 
above 70% within pH 5.

In a laboratory experiment, Verma et al. (2019) utilized 
dry waste leaf litter from Tectona and Lagerstroemia spe-
ciosa to make biochar, which was subsequently used to 
remove As(III) and As(V) from water. The data from experi-
ments linked satisfactorily to the Freundlich model and Tem-
kin model for As(III) by LB 800 and TB 800, respectively. 
Similarly, the Langmuir model was successfully linked for 
As(V) exclusion using TB 800 and LB 800. The kinetics 
study indicated that removing As(III) and As(V) adsorption 
involved endothermic and exothermic processes. The 
adsorption capacities for As(III) and As(V) were determined 
as 666.7 and 454.54 g/g for TB 800 and LB 800, and 1250 
and 714.28 g/g for TB 800 and LB 800. Further, the use of 
raw biochar derived from aspen wood (WB) and rice husk 
(RB) was pyrolyzed at two different temperatures of 400 °C 
and 700 °C to remove calcium-As compounds (Zama et al. 
2022). The findings demonstrate the biochar formation at pH 
6.5, where As(III) removal and Ca/As precipitation dropped 
to 58.1% of As(III) on wood biochar versus 25.4% in solu-
tions without controlled biochar. Observations showed that 
rice husk biochar (RB4 and RB7) had removal rates of 3.2% 
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and 2.9% at pH 6.5, whereas wood biochar (WB4 and WB7) 
were better at holding precipitates with removal rates of 
0.1% and 0.3%, respectively. The outcomes show that bio-
char can effectively enhance Ca/As precipitation by elimi-
nating As(III) from water without modification. Similarly, 
in order to remove As from an aqueous solution, Wang et al. 
(2015) developed magnetic biochar pinewood biomass and 
naturally generated hematite mineral. Hematite-modified 
biochar performed significantly better at removing As in a 
study than unmodified biochar, probably because the 
c-Fe2O3 particles on the carbon surface acted As sites of 
sorption via electrostatic attraction.  Zhang et  al. 
(2017) assessed As(V) adsorption using water hyacinth bio-
char (MWBC), made by impregnating iron on MWBC. The 
pyrolysis temperature varying 250 °C and 450 °C were con-
sidered for the experiment. The MWBC2501 demonstrated 
the maximum As(V) adsorption capacity of 7.41 mg/g. As 
removal declined as pH increased more than 10, the removal 
amount of MWBC2501 stretched up to 100% with a pH 
range between 3 and 10. This is due to significant interaction 
among HASO4

2− and OH ions in an alkaline pH spectrum. 
The adsorptive capability of As(III) 2.0 mg/g and As(V) 
3.1 mg/g were improved. In an experiment, biomass obtained 
from cottonwood was used to remove As (Zhang et al. 2013). 
While preparing magnetic biochar, cottonwood was pre-
treated using FeCl3H2O and pyrolyzed at 600 °C heating 
temperature. Magnetic biochar was found to have an ade-
quate adsorption capacity of 3.15 mg/g. According to the 
findings, As adsorption occurred primarily through the sur-
face binding of metal oxide to As saturated at the outermost 
layer of biomaterial, which was potentially identified by the 
generation of mono and bidentate complexes. The study by 
He et al. (2018) involved synthesizing and characterizing 
ferrous-impregnated biochar intending to remove As from 
water. The present investigation attempts to assess the ability 
to absorb iron modified maize straw biochar compared to 
original straw biochar. Investigations indicate that iron modi-
fied maize straw exhibits a remarkable capacity for absorp-
tion (6.80 mg/g) for As(V) due to its large surface area, ther-
mal resistance, and reactivity of functional groups, above 
that of pristine biochar (0.017 mg/g). Similarly, Lin et al. 
(2017) investigated on uptake of As through virgin maize 
stem, iron magnesium modified maize stem (FMBC), and 
Fe/Mn dual oxide biochar (FMO). The utilization of iron-
magnesium oxides resulted in a significant enlargement of 
the surface area of biochar, thereby improving its capacity 
to absorb for As(III) (8.25 mg/g) in FMBC, in comparison 
to the unmodified biochar together with other sorbents. The 
iron oxides present on the biochar surface exhibited a strong 
affinity towards As(V). Alkurdi et al. (2019) conducted a 
comparative study to check the efficacy of biochar as well as 
bone char for eliminating As. In the current investigation, 
the pinewood biomass was subjected to pre- and 

post-pyrolysis therapies through dual metal ions of iron and 
magnesium to facilitate the elimination of As(V) from the 
water-based medium. The experimental results indicate the 
As(V) sorption capacity of the post-pyrolysis pinewood bio-
char was significantly higher (3.44 mg/g) than the original 
pinewood biochar (0.50 mg/g). Co-precipitation process 
appears as an important part of the genesis of bimetallic 
oxides As opposed to the formation of binary metal oxides 
on the biochar substrate. This phenomenon may have 
resulted in an augmentation of the As(V) sorption capacity. 
The principal mode of As(V) retention is governed by elec-
tromagnetic attraction and surface complexity. Similarly, 
Wang et al. (2016) studied on pinewood biochar mixtures by 
implementing pre- and post-pyrolysis remedies with 
MnCl2·4H2O and Ni(NO3)2·6H2O. The experimental find-
ings indicate that the pre-treated Ni/Mn biochar’s surface 
area was 125 m2/g. In contrast, the post-treated Ni/Mn bio-
char exhibited a surface area of 282 m2/g. The pristine bio-
char exhibited a substantially reduced adsorption capacity 
for As. Therefore, the impregnation of biochar with Ni and 
Mn oxides significantly enhanced As(V) retention. The 
observed phenomenon of As(V) adsorption can be attributed 
to assembling inner-sphere complexes, wherein mono- and 
bidentate complexes with –OH groups play a crucial role. 
The dominant accumulation mechanism observed in this 
study is due to electrostatic attraction for Ni/Mn pristine 
biochar. At the same time, surface complexation and anion 
exchange were found to be the primary mechanisms for Ni/
Mn pristine biochar. The study’s findings indicate that the 
maximum adsorption capacity of As was observed as 
0.513 mg/g and 6.52 mg/g for As(V) by Ni/Mn pristine and 
Ni/Mn modified biochar correspondingly. Further, Frišták 
et al. (2018) pertained to the chemical activation of grape-
fruit seed biochar through nitric acid to remove As from a 
replicated sample. The results indicate that the nitric acid 
modified biochar exhibits a significantly improved adsorp-
tion capacity of 34.9 mg/g, which is 6.8 times greater com-
pared to that of the pristine grape seed biochar (GSBC) with 
an adsorption capacity of 5.1 mg/g. However, the adsorption 
capacity of modified biochar is 0.9 times less than air-acti-
vated biochar, which has an adsorption capacity of 
39.4 mg/g. Further, corn stalk biochar modified by phos-
phoric acid and potassium hydroxide is used for treating 
As-contaminated water (Hussain et al. 2020). The functional 
groups identified in acid-modified cornstalk were alkynes, 
alcoholic, alkyl halide, and amide. The Fourier transform 
infrared (FTIR) spectra obtained from the cornstalk biochar 
(BCSB) treated with potassium hydroxide (KOH) revealed 
the presence of various functional groups such as phenolic, 
alcoholic carboxylic, amide, ester, and others. The results 
indicate that the BCSB exhibited a moderate increase in As 
removal efficiency (ranging from 90 to 99%) compared to 
the ACSB (ranging from 87 to 98%) under the experimental 
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conditions of pH 5. In another study, hematite-modified 
pinewood biochar (HMB) used for removing As from water 
(Wang et al. 2015). The biochar was synthesized using pine 
wood and hematite (Fe2O3) suspension by pyrolysis at a tem-
perature of 600 °C. The surface areas of HPB and PB were 
observed to be 209 and 1193 m2/g, respectively. The adsorp-
tion capacity of HPB for As was approximately twice As 
high As that of PB, with a value of 429 mg/g compared to 
265 mg/g, respectively. The thermal processing of natural 
hematite resulted in the conversion of the crystal structure 
to ɣ-Fe2O3, which showed exceptional binding affinity 
towards As and, consequently, enhanced the As removal 
efficiency of HPB. Mohan et al. (2007) studied biomass 
modified with AlCl3 solution and subsequent pyrolysis at 
600 °C. The resulting product was a biochar/AlOOH nano-
composite employed to remove As(V) from water-based 
media. The Langmuir model has successfully predicted the 
optimum adsorption capacity of As(V) on biochar/AlOOH 
nanocomposite, which has been determined to be 17.4 mg/g. 
This value is comparatively higher than the sorption capacity 
of Al2O3, which ranges from 0.17 to 8.9 mg/g and is similar 
to that of activated Al2O3, which ranges from 9.2 to 
15.9 mg/g. It is imperative to acknowledge that AlOOH 
exhibits sustainable properties, and its nanoparticles tend to 
aggregate in aqueous solutions, thereby decreasing its 
adsorption efficiency and surface area. After impregnation 
onto the biochar substrate, the AlOOH flakes are evenly dis-
tributed across the surface, thereby producing heightened As 
adsorption. Van Vinh et al. (2015) developed raw biochar 
from pine cones at a temperature of 500 °C. The biochar was 
eventually modified via Zn(NO3)2 loading to assess its 
adsorption potential for As(III) in aqueous solutions. The 
experimental results indicate that the pine cone biochar, 
loaded with Zn, exhibited a significant increase in both pore 
size (0.028 cm3/g) and surface area (11.5 m2/g) in compari-
son to the unmodified biochar having pore size 0.016 cm3/g 
and surface area of 6.6 m2/g, respectively. The present inves-
tigation evaluated the adsorption options of modified pine 
cone biochar with Zn and raw pine cone biochar, which were 
observed as 0.007 mg/g and 0.0057 mg/g, respectively. Bis-
muth (Bi)-impregnated biochar was synthesized by impreg-
nating rice husk material with Bi oxide solution and subse-
quently pyrolyzing it at varying temperatures (400  °C, 
500 °C, and 600 °C) (Zhu et al. 2016). The Bi-BC500 com-
posite material, comprising bismuth nanoparticles covered 
on biochar, showed a substantially high superficial area of 
190 m2/g and porous size of 0.019 cm3/g at 500 °C. The 
present study clarified that the maximum adsorption of 
As(III) onto Bi-BC500 was observed at pH 9.3, with an 
adsorption capacity of 16 mg/g. This value was significantly 
higher than the unmodified BC500 and several other adsor-
bents extensively documented in the scientific literature. The 
ligand exchange mechanism played a crucial part in the 

detoxification of As from contaminated water by Bi-BC500.
The pyrolysis of municipal solid waste (MSW) biomass at 
500 °C followed by activation of the resultant biochar using 
a 2 M KOH solution was conducted by Jin et al. (2014) to 
eliminate As(V) from contaminated aqueous solution. The 
application of potassium hydroxide treatment resulted in a 
visible enhancement of phenolic-hydroxyl groups, as evi-
denced by the developed spectral peak at a point of 3352/
cm, along with carboxylic groups at 1015/cm. The experi-
mental findings show 49 m2/g surface area for KOH acti-
vated biochar which is three times more compared to the raw 
biochar of 14 m2/g area. The KOH-activated MSW-500 bio-
char exhibited a superior adsorption capacity for As(V) with 
a maximum value of 30.9 mg/g 1.3 times greater than the 
pristine MSW-500 biochar capacity of 24.5 mg/g. Wu et al. 
(2018) conducted a study for applying Fe(II) and CaCO3 in 
different proportions, along with rice husk biomass that 
undergone pyrolysis at 400 °C. The objective was a modifi-
cation in rice husk biochar with Fe(II) and CaCO3 to remove 
As(III) from the solution. The proportion of 0.1 M of Fe(II) 
and 1% of CaCO3 exhibited a maximum adsorption capacity 
of 6.34 mg/g for As(III). The calcium-modified red hectorite 
clay (Ca-MRHBC) exhibited As(III) sorption through elec-
trostatic attraction, complexation, and physical adsorption 
mechanisms. In a separate investigation, the adsorption of 
As by unmodified maize stem biochar, as well as modified 
maize stem biochar that has been modified with iron/man-
ganese (Fe/Mn) (FMBC), and iron/manganese binary oxides 
(FMO), was assessed. The improvement in surface area of 
biochar by Fe/Mn oxides resulted in a 8.25 mg/g adsorption 
for As(III) related to unmodified biochar and other sorbents. 
The surface-bound iron oxides exhibited a pronounced affin-
ity towards As(V). In contrast, the presence of Mn oxides 
facilitated the removal of As(V) by encouraging the oxida-
tion of both As species. Thus, the Fe–Mn oxides played a 
pivotal part in improving the As adsorption capacity of bio-
char. The utilization of bamboo biomass as a raw material 
for the fabrication of chitosan and zero-valent Fe-supported 
biochar (CZVI-biochar) was investigated by Zhou et al. 
(2014). Similarly, eight distinct ZVI-biochar composites 
(BBCF) were synthesized by evaluating diverse permuta-
tions of the chitosan: Fe mass ratio of biochar. When a ratio 
of 1:1:2 combined to prepared biochar, the BBCF exhibited 
a remarkable 96% depletion of the As(V) which is signifi-
cantly greater than that of the pristine and chitosan-modified 
biochars. The notable As(V) removal efficiency achieved by 
the biochar-based composite material at a 1:1:2 ratio can be 
associated with the electrostatic attraction of As(V) and ZVI 
nanoparticles on the surface of the composite biochar. Zhou 
et al. (2017) report the development of a novel, sustainable, 
and economically viable biochar-based sorbent. The adsor-
bent was synthesized by combining chestnut biochar and 
pyrolyzed at 450 °C, with gelatin and iron oxide solutions. 
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The synthesized biomaterial was subjected to experimental 
investigation to evaluate its efficacy in eliminating As(V) 
from water. The scanning electron microscopy (SEM) 
images of MG-CSB revealed the presence of tiny balloon-
shaped structures on its surface, prominently missing on the 
outer surface of the raw biochar. They demonstrate the exist-
ence of gelatin moieties and Fe(III) on the surface of bioma-
terial. The maximum sorption capacity was observed for 
As(V), i.e., 42.7 mg/g by MG-CSB which was significantly 
higher than raw CSB and other sorbents. A synthesis of 
nano-scale zero-valent iron and biochar was conducted by 
infusing nZVI particles onto pinewood at a 600 °C pyrolysis 
temperature (Wang et al. 2017). The total area of nZVI/BC 
composite material, which has a specific surface area of 
211.7 m2/g, was comparatively poorer than unmodified pine-
wood biochar, which has a specific surface area of 334.8 
m2/g. This phenomenon can be attributed to the presence of 
impregnated nZVI, which may have partially blocked the 
pore spaces on the biochar surface, leading to a reduction in 
the surface area by 13.6 m2/g. The nZVI/BC composite dem-
onstrated remarkable adsorption effectiveness towards 
As(V) (124 mg/g) due to the nZVI infused on biochar. The 
removal of As using novel encapsulated biochar via zirco-
nium hydroxide (ZBC) was studied (Peng et al. 2022). The 
present research reports observing ZBC’s adsorption capac-
ity towards As(III) and As(V) at pH 6.5 and 8.5, respec-
tively, found to be 107.6 and 40.8 mg/g. The adsorption 
occurrence of As(III) and As(V) onto ZBC was found to be 
principally governed by electrostatic attraction. Advanced 
imaging techniques such As SEM and elemental plotting 
enabled the characterization of biochar fixed with nZVI/BC 
post-adsorption of As. The results of Feng et al. (2021) indi-
cate that Fe-modified biochar (FeBC) exhibits enhanced 
removing efficiencies for As(III) and As(V), with an appar-
ent rise from 86.4% and 99.2% to > 99.9% in an environment 
of oxygen. The present investigation looked into the pivotal 
function of O2 in effectively eliminating As from aqueous 
solutions via FeBC. The exclusive drop of As(V) was 
observed, whereas the rise of As(III) oxidation was wit-
nessed upon exposure to O2. The analysis involved the com-
plexation of both forms of arsenic species with iron oxides/
hydroxides on iron modified biochar. In another study, MnO2 
modified composite biochar (MBC) was invented to As con-
taminants from groundwater (Zama et al. 2017). The find-
ings of the study suggest that the adsorption process of 
As(III) onto biochar is primarily governed by electrostatic 
attraction and precipitation. The biochar activated by KOH 
has demonstrated notable adsorption of 30.98 mg/g for both 
As(V) and As(V). Furthermore, the As elimination methods 
facilitated by KOH-activated biochar were attributed to com-
plex reactions involving complexation and π-π interactions. 
The disordered small flake graphite structure of KOH-acti-
vated biochar exhibited a π-acceptor behavior, while As(V) 

functioned As an electron donor. The chitosan-magnetic-
graphene oxide (CMGO) nanocomposite was synthesized 
by Sherlala et al. (2019) for its use in adsorbing As. The 
outcomes obtained regarding the characterizations indicate 
that the synthesis of CMGO nanocomposites has yielded a 
remarkable outcome, featuring a large specific surface area 
of 152.38 m2/g The empirical findings have demonstrated 
that the effectiveness of As elimination was enhanced with 
the increase in the cumulative dose of adsorbent and contact 
duration. The optimal pH of 7.3 yielded the maximum 
adsorption capacity of 45 mg/g and removal efficiency of 
61%. Examining the adsorption isotherm reveals that the 
adsorption data conforms precisely to the Langmuir iso-
therm model, signifying a homogeneous process. Priya-
darshni et al. (2020) developed innovative biochar@Fe and 
biochar@Cu nanoparticles equilibrated with rice husk bio-
char to eliminate total As (As III + V) and microbial pollut-
ants from water. The mixtures comprising biochar@Fe and 
biochar@Cu exhibited a remarkable As removal effective-
ness of over 95%, subject to the contact time, pH, and co-
existing anions. The adsorption method was observed as 
fitting to the pseudo-second-order kinetic model and the 
Freundlich adsorption isotherm, with an optimal adsorption 
capacity of 20.32 mg/g. The recent biomaterials used for 
removing As are presented in Table 3.

Critical analysis and future scope

The safety of potable drinking water and its resources has 
gained significant importance in developing countries like 
India to fulfil the demand for fresh water. Thus, the need 
for sustainable water purification technology continues 
to improve dynamically. The adverse effect of toxic con-
taminants like As and F− on water systems demands tech-
nological advancements to manage water resources effec-
tively. Despite the limitations of conventional technologies 
in various applications, there is an increasing demand for 
significant advancement in innovative remediation methods, 
including bioadsorption to address the issue of contaminated 
groundwater with As and F−. The researcher provides novel 
approaches for remediating contaminated groundwater and 
encourages advancements in the specific areas of expertise 
identified in the literature. To determine the ideal method 
for achieving the desired outcome, it is essential to consider 
different parameters such as simple operative techniques and 
applicability, the ions concentration, adsorbent dose, pH of 
a solution, the groundwater features, affordability, and the 
future effects on environmental impacts.

A recent study conducted by Hussain et  al. (2024) 
used a low-cost waste coconut fiber for removing F− from 
groundwater in real-time conditions in the Greater Noida 
region of India. The outcomes of the results show a 
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Table 3   Biomaterials and their As removal efficacy

Sr. no Material As species Initial concentra-
tion
(mg/L)

pH Adsorbent 
dose (g/L)

Maximum 
adsorption 
(mg/g)

Removal 
efficiency 
(%)

Isotherm 
and kinet-
ics

Reference

1 Taraxacum mon-
golicum herb

As (III) 50 5–7 1 30.76 - L PSO (Ahmed et al. 
2021)

2 Guadua 
chacoensis 
bamboo bio-
char

As(V) 10 5–9 13.9 100 PSO (Alchouron et al. 
2020)

3 Modified peanut 
shell

As(V)
As (III)

1 6 0.5 1.92
1.76

91.26
86

F PSO (Kushwaha et al. 
2023)

4 Rice husk As (V) 0.90 90 6.7–7 8 0.002  < 44 F PSO (Agrafioti et al. 
2014)

5 Perilla leaf 
biochar

As (III) As (V) 0.05–7.0 9.7 1 3.85–11.01 88–90 L (Niazi et al. 
2018b)

6 Japanese oak 
wood biochar

As (III)
As(V)

0.027–0.144 7–6 - 3.89 92–100 L (Niazi et al. 
2018a)

7 Pine wood As (V) 10 77 2.5 0.91 - L (Wang et al. 2015)
8 Rice husk bio-

char
As (V) 0–200 9.5 2 0.35 - - (Sari et al. 2014)

Empty fruit 
bunch biochar

As (V) 0–200 10.2 2 0.42 - - (Sari et al. 2014)

9 Corn straw 
biochar

As (V) 10 - - 6.80 70 PSO (He et al. 2018)

10 Corn stem 
biochar

As (III) 80 10 - 3.73 - L PSO (Lin et al. 2019)

11 Almond shell 
biochar

As (III) - - - 4.86 - L PSO (Ali et al. 2020)

12 Almond shell 
biochar

As (V) - 7.2 3.60 L PSO (Ali et al. 2020)

13 Tectona speciosa 
biochar

As (III) 0.5–2.5 8 4 0.67 76.42 L PSO (Verma et al. 
2019)

14 Tectona speciosa 
biochar

As (V) 0.5–2.5 7 4 0.67 94.6 L PSO (Verma et al. 
2019)

15 Ni/Mn-loaded 
pine wood 
biochar

As (V) 20 7 2.5 6.52 - - (Wang et al. 2015)

16 Magnetic bacte-
ria/biochar

As (III) - - - 4.58 - - (Wang et al. 2015)

17 Crayfish shell 
biochar

As (III)
As (V)

- - - 7.74
8.40

- - (Sun et al. 2022)

18 Waste corncob As (V) 5 118.06 - L PSO (Luo et al. 2019)
19 Iron impregnated 

banana pith
As (V) - 7.5 - 0.1209 - L PSO (Verma et al. 

2019)
20 Bacillus cereus 

biomass
As (III) - 1 7.5 6 85.24 (Giri et al. 2013)

21 Natural orange 
peel

As (V) 200 6.5 4 68 - (Abid et al. 2016)

22 Charred orange 
peel

As (V) 200 6.5 4 98 - (Abid et al. 2016)

23 Acacia nilotica As (V) 0.2 7.5 4 95 - (Baig et al. 2010)
24 Thioglycolated 

sugarcane 
carbon

As (V) 0.1 6 2.5 91.7 - (Roy et al. 2013)

25 Wheat crop 
waste

As (III) 0.5–14 3–12 - 1.8 - L PSO (Kumar et al. 
2023)
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nominal removal efficiency of about 70% at a pH level of 
2 for 50 mg/L F− initial concentration. Remarkably, this 
study demonstrates that coconut fiber is not just highly 
effective but also a cost-effective and bearable prime 
to synthesize these bioadsorbents for sustainable water 
purification. But at the same time, it could not help to 
remove F− completely. Thus, we need to precisely focus on 
developing low-cost adsorbents for complete removal of 
contaminants with sustainable treatment methods. Moreo-
ver, Vani et al. (2024) studied the removal of F− and As 
removal from groundwater by combining two sustainable 
methods bioadsorption and ultrafiltration using waste Mor-
inga oleifera seed powder (MP) and sorghum husk (SH). 
The findings indicated that a combination of 10 g/L MP 
with SH returned the most significant F− (97.20%) and As 
(78.63%) removal rates. Based on initial cost evaluation, 
it has been determined that the combined method is cost-
effective and well-suited for removing potentially harm-
ful elements from water. The investigation highlights the 
promising applications of affordable absorption methods 
for ensuring access to safe and clean water consumption, 
especially in commercial, agricultural, and urban regions.

Exploring novel strategies to address the issue of con-
taminated groundwater, researchers are investigating feasi-
ble bioadsorption/bioremediation/membrane and integrat-
ing multiple techniques to remove contaminants like As and 
F− completely. These approaches utilize the inherent adsorp-
tion properties of biological materials to effectively remove 
contaminants from drinking water and in situ groundwater. 
These methods frequently employ biomaterials like agro-
waste, microbial biomass, and plant-based materials, which 
are readily available, sustainable, and affordable. Through 
the use of fixed-bed reactors or permeable barriers, the bio-
materials can be immobilized to efficiently adsorb contami-
nants from water, leading to a significant decrease in pollut-
ant concentrations. In addition, bioadsorption processes can 
be improved by the formation of biofilms, where microor-
ganisms hold to the surface of adsorbents. This enhances the 
adsorption capacity and aids in the biodegradation of con-
taminants. In addition, the study also looks into methods for 
modifying the surface and genetic engineering of microbial 
strains to improve the efficiency and specificity of adsorp-
tion for specific contaminants. In conclusion, the sustainable 
bioadsorption methods present a hopeful prospect for the 

Table 3   (continued)

Sr. no Material As species Initial concentra-
tion
(mg/L)

pH Adsorbent 
dose (g/L)

Maximum 
adsorption 
(mg/g)

Removal 
efficiency 
(%)

Isotherm 
and kinet-
ics

Reference

26 Leaf litter (sal) As (III) 0.5–14 3–12 - 2.7 - L PSO (Kumar et al. 
2023)

27 Invasive plant 
(lantana)

As (III) 0.5–14 3–12 - 3.9 - L PSO (Kumar et al. 
2023)

28 Orange fruit peel As (III) 0.5–14 3–12 - 6.5 - L PSO (Kumar et al. 
2023)

29 Walnut dried 
fruit waste

As (III) 0.5–14 3–12 - 2.8 - L PSO (Kumar et al. 
2023)

30 Watermelon peel 
activated with 
citric acid

As (III)
As (V)

0.065 4–7.5 - 0.0024 99.99 PSO (Letechipia et al. 
2023)

31 Corn cob As 4 7 1 - 67 L PSO (Shakoor et al. 
2019)

32 Water chestnut 
shell

As 0.01–7 7 1 - 75 L PSO (Shakoor et al. 
2019)

33 Java plum seed As 0.01–7 7 1 3.31 78 L, PSO (Shakoor et al. 
2019)

34 Tea waste As 0.01–7 7 1 - 74 L PSO (Shakoor et al. 
2019)

35 Pomogranate 
peel

As 0.01–7 7 1 - 65 L PSO (Shakoor et al. 
2019)

36 Modified rice 
straw

As(III)
As(V)

5–60 6 0.1 4.51 85 L PSO (Sakhiya et al. 
2023)

37 Pine wood char As 0.01–0.1 3–4 10 2.6 - L (Mohan et al. 
2007)

38 Oak bark char As 0.01–0.1 3–4 10 3.0 70 L (Mohan et al. 
2007)
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purification of groundwater with lesser cost and effective 
removal of contaminants by integrating multiple methods. 
These approaches not only provide environmental advan-
tages but also effectively eliminate pollutants.

Furthermore, the chosen method must be relevant to the 
specific environmental surroundings, effective in address-
ing the toxic specific contaminants, and appropriate for the 
prevailing operational circumstances. Biomass-based carbon 
materials play a significant role in the remediation of con-
taminated groundwater, but their full potential has not yet 
been exploited. In recent years, biochar has attracted a lot of 
attention. The numerous carbonaceous materials, classified 
according to pore size, have demonstrated their potential in 
various chemical processes. A strong alternative for practi-
cal applications is biochar manufactured from various bio-
materials. Among all the activation techniques for biochar, 
chemical activation before pyrolysis produces biochar with 
the highest surface area and pore volume. Still, the process is 
highly energy-intensive and produces secondary hazardous 
wastewater that needs additional treatment. Recently, many 
researchers developed emerging new and novel adsorbents to 
remove toxic groundwater contaminants effectively. Chemi-
cally modified biomass based adsorbents have significant 
removal efficiency.

The efficacy of the adsorption process is reliant on the 
judicious use of the optimal adsorbent, thus demonstrating 
the significance of this essential stage. The primary crite-
ria for selecting an adsorbent are its affordability, ability to 
remove a significant amount of pollutants, efficacy against 
a wide range of contaminants, and minimal environmen-
tal impact. Extensive research has been conducted on con-
ventional and unconventional adsorption techniques and 
capacities. The adsorbent exhibits decreased effectiveness 
in removing contaminants Associated with inadequate raw 
materials and modification techniques utilized during bio-
char preparation. This has decreased the adsorbent’s poros-
ity, pore volume, and surface area, limiting its adsorption 
capacity. The existing adsorption methods exhibit several 
limitations, such as the substantial initial cost of the adsor-
bent, challenges associated with segregating pollutants from 
the adsorbent, reuse of adsorbent, and secondary waste gen-
eration. Most adsorbents used to remove contaminants are 
not readily accessible and, therefore, cannot be effectively 
employed on an industrial scale.

According to recent advance searches, there appears to 
be a lack of clarity regarding properly utilizing biomass-
based adsorbents, which may require further research guid-
ance. It is necessary to use additional advanced adsorbents, 
such as carbon nanotubes, graphene, and nanosheets, to 
address the issue of As and F− contamination in groundwa-
ter and wastewater. It is necessary to develop novel innova-
tions in the adsorption process, like applying integrated 
approach adsorption and bioremediation using agricultural 

waste biomass to complete the removal of As and F− from 
groundwater, minimize secondary waste generation, and 
maintain environmental sustainability.

The combined use of experimental data and high num-
bers computation is viable for developing machine learn-
ing (ML) and artificial intelligence (AI) models that can 
predict the characteristics of porous materials. These mod-
els can facilitate designing, discovering, and optimizing 
adsorbents. The use of data-driven ML techniques, such 
as artificial neural networks (ANNs), random forest, and 
support vector machines (SVM) can facilitate the iden-
tification of complicated correlations between the struc-
tural, physicochemical, and process properties of porous 
materials and their consequential properties, such as the 
adsorption and selectivity. The mentioned models can gen-
erate numerical forecasts regarding those characteristics 
for porous materials that have not yet been synthesized.

Traditional process optimization modeling techniques 
have multiple constraints like more time and high compu-
tational load. On the other hand, the ML approach offers a 
more accurate, precise, practical and cost-effective alter-
native to traditional modeling techniques like statistical 
computation and RSM, which require multiple experimen-
tations (Agrawal et al. 2024). Machine learning has the 
potential to make accurate predictions without extensive 
experimentation; thus, it helps to save valuable time and 
resources. It also demonstrates proficiency in handling 
intricate, comprehensive, and multidimensional informa-
tion. Machine learning techniques are becoming increas-
ingly prevalent in materials discovery due to the exponen-
tial expansion of research data.

Applying ML algorithms enables precise predictions 
by utilizing biochar properties, parametric conditions, and 
types of contaminants. This offers helpful information for 
enhancing biochar attributes and optimizing its adsorption 
capabilities. This provides valuable insights into adjusting 
the features of biochar and enhancing its absorbent effec-
tiveness. The ability of biochar to adsorb contaminants 
from contaminated water has also been studied using ML 
techniques such as ANN, DT, SVM, KNN, XGB, and RF 
(Nie et al. 2023). In a previous study, Zhu et al. (2019) 
conducted a comparison of the efficacy of ANNs and ran-
dom forests (RFs) in predicting the adsorption of multiple 
elements like arsenic, cadmium, copper, zinc, nickel, and 
lead on biochar. The study used a dataset of 353 adsorp-
tion tests and found that RF (R2 ≈ 0.973) demonstrated 
better predictions in comparison with ANN (R2 ≈ 0.948). 
However, Da et al. (2022) found that the multilayer per-
ceptron ANN achieved impressive results (R2 ≈ 0.99, 
RMSE = 3.75) in predicting the capacity of biochar to 
absorb uranium over time. These results exceeded com-
pared to the other methods such as RF, LR, and SVM.
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A preliminary analysis has been conducted regarding the 
remediation use of biomass-based adsorbents using sev-
eral adsorbents at small-scale operations for several con-
taminants. Still, there is a need to study novel agricultural-
based adsorbents that can be used for large-scale operations, 
and enhancement of the reuse cycles of adsorbents is also 
required. Future studies may consider the economic dis-
course and expenses of treating groundwater containing 
As and F− through agricultural adsorbents, which help to 
increase the economy of farmers and society.

In India, farmers often burn biomass from agricultural 
waste residues in their fields without knowing their nega-
tive impact on the environment. It has a significant adverse 
effect on soil quality, fertility, and air quality, and it also 
contributes to global warming, which is very harmful to 
the environment and aquatic ecosystems. However, these 
agricultural crop residues can be converted into valuable 
commodities like biochar, fertilizer, manure, etc. Farm 
agro-waste in large-scale operations holds great potential 
for increasing the rural economy. Adsorption materials that 
are made from crop waste can be affordable alternatives to 
traditional adsorbents for application in water treatment 
technology and soil remediation. Generally, in a country 
like India, every state has its problems with potable drink-
ing water and contaminated groundwater and they have dif-
ferent agricultural residues. The development of adsorbents 
for local problems with local solutions ultimately helps 
local farmers. So addressing the problem of local region 
by developing adsorbents from local agricultural residues. 
Thus, it also helps farmers with the cost value of their agri-
cultural waste and again if we develop an adsorption operat-
ing system there itself, it reduces the cost of adsorption. If 
we find this kind of local solution for local farmers will help 
to produce waste to energy, mitigating climate crises, etc. 
and significantly increase the cost economy of local farm-
ers. Furthermore, they can experience the positive effects 
of environmentally friendly agriculture waste management, 
which includes cost reduction and social responsibility. 
Likewise, agro-based adsorbents can support the growth 
of dispersed, community-driven economies. This approach 
also allows for the simultaneous tackling of environmental 
issues and the enhancement of the existence of farmers in 
rural India. It is therefore suggested that further research be 
conducted in this area.

Conclusion

In the present review, we have discussed the various 
techniques used to remove As and F−. Similarly, we also 
examined the significance of bioadsorption, bioadsor-
bents, and the positive and negative aspects of several 
methods used in published research to remove As and 

F− from contaminated water. Factors like ion concentra-
tion, adsorbent dose, and pH influence the removal process 
were reviewed. Using biomass-based materials to remove 
both toxic pollutants has received considerable attention. 
We also addressed these materials physical and chemi-
cal nature and efficiency over traditional materials. The 
biomaterials were helpful since they offered a sustain-
able method of removal. The biomaterials were modified 
in various ways to boost the effectiveness of the pristine 
state. Thus, the above brief investigation revealed many 
novel techniques for eliminating toxic pollutants. Future 
studies will focus on developing innovative biomaterials 
with certain functional groups, like hydroxyl, thiol, amine, 
and carboxylic acid. Biomaterials can be found easily, and 
using them to remove pollutants is safe.

Conventional bioadsorbents which were developed till 
now are not able to effectively remove A and F− from water. 
Efficiency is one of the key factors and the parameters at 
which it gives a maximum removal are other factors that sig-
nificantly affect the removal efficiency of any bioadsorbents. 
Availability of raw materials is also another prominent factor 
for developing bioadsorbents. Agricultural biomass is avail-
able abundantly according to FAO. However, other biowaste 
like tamarind seeds and leaves of any plants are lesser avail-
able and there is not a regulated amount of biowaste genera-
tion. Moreover, the availability of crop residues can be done 
based on cropping patterns, crop yield, and harvesting waste 
in a given area, and thus, we can analyze how much amount 
of crop waste is generated for a particular crop. Therefore, 
we need to come up with more practical adsorbents in oper-
ating conditions that will give maximum adsorption capac-
ity and removal. So that we can commercialize and scale 
up those processes to solve actual drinking water problems. 
Hence, extra attention needs to be paid to studying such 
biosorbents. The investigation gap was found in enhancing 
the execution of adsorbents due to their enormous scale for 
increased removal efficiencies. Multiple properties needed 
for the fabrication of effective adsorbents, such as alter-
ing the adsorbent surface by chemical treatment or creat-
ing composites with metal oxides, have been described to 
resolve issues, and it provides an opportunity for the future 
development of novel materials.
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