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ABSTRACT  

Groundwater pollution with fluoride is a global health concern affecting 

over 200 million people. Fluoride enrichment of groundwater is mainly 

accelerated by subsurface leaching causing adverse health effects such as 

skeletal fluorosis when fluoride levels exceed 1.5 mg/L. In an attempt to 

offer a lasting solution on fluoride removal, researchers have developed as 

well as modified diverse adsorbents. Biopolymer adsorbents such as 

chitosan have attracted growing attention due to biodegradability, lower 

cost, biocompatibility, regenerability, high number of activatable functional 

groups and high efficiency depending on activation methods. The emerging 

nanotechnology has enabled synthesis of biopolymer nanocomposites that 

have exhibited enhanced physical, chemical, electrical and thermal 

capabilities leading to higher removal efficiency. Crosslinking modification 

of biopolymer is reported to further enhance mechanical strength and ease 

of recovery thus preventing secondary pollution. Diverse characterization 

technologies have evolved for better understanding of surface morphology, 

chemical composition and crystal structure, thermostability, surface area, 

zeta potential, molar mass distribution and crosslinking success of 

biopolymer nanocomposites. Future research should focus on applying safe 

activation methods, enhancing porosity, safety, efficiency, stability, 

mechanical strength and selectivity in biopolymer nanocomposite 

fabrication. 

Key Words: Defluoridation, Crosslinking, Nanocomposites, Efficiency and 

Safety 

1. Introduction 

Water is a vital component for life and a universal solvent (Robayo-Amortegui et al., 2024). 

However, safe water is scarce for purposes such as drinking, agriculture and industrial production 

among others (Abanyie et al., 2023). Recent research has focused on remediation of toxic water 

contaminants such as fluoride in both surface and groundwater for sustainable healthy living.  
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Fluorine exists in nature as a complex or in its ionized form, fluoride (F-) whose high 

electronegativity influences its occurrence and reactivity in nature (Johnston & Strobel, 2020).  

Fluoride levels below World Health Organization’s limit of 1.5 mg/L are considered a 

micronutrient that prevents dental caries through mineralization while long-term exposure to higher 

levels not only causes dental and skeletal fluorosis but also adverse cardiovascular, neurological, 

reproductive, genetic and endocrine effects (Akafu et al., 2019; Santhi et al., 2024).  

Untreated wastewater from anthropogenic activities such as glass and ceramic industries may 

increase fluoride levels in groundwater (Sarma et al., 2020). However, subsurface leaching from bedrock 

minerals such as fluorspar and fluorapatite has been reported as the prime source of fluoride 

enrichment (Akafu et al., 2019). Fluoride pollution is a worldwide problem affecting approximately 200 

million people in both developed and developing countries such as USA, India, China and Kenya 

among others (Nocella et al., 2022). In Kenya, the problem is widespread in the Rift Valley region where 

research reported noncomplying fluoride levels of 5.87 mg/L in borehole water from Turkana County 

located in Kenyan Northern Rift region (Rusiniak et al., 2021). 

Substantial researches have documented defluoridation as the practical solution to fluoride 

problem in drinking water. The existing defluoridation technologies include ion exchange which is 

selective and efficient but strongly influenced by coexisting anions such as sulphates, carbonates and 

phosphates (Grzegorzek et al., 2020; Sun et al., 2023); membrane processes such electrodialysis, reverse 

osmosis and nanofiltration which are efficient but limited by high energy consumption and cost for the 

ion-exchange membranes (Sun et al., 2023); coagulation which is limited by high coagulant cost, lower 

efficiency caused by precipitates and secondary water pollution (Sun et al., 2023).  

Electrocoagulation enhances efficiency but is limited by scale formation and high energy costs 

(Grzegorzek et al., 2020) and adsorption process which is considered superior to all conventional 

methods due to its efficiency, simplicity, safety, regenerability and low cost among other advantages 

(Garba et al., 2019; Hgde et al., 2020; Tazik et al., 2023). Due to this, adsorption process is accessible by 

rural communities depending on fluoridated groundwater in developing countries. 

The effectiveness of an adsorbent depends on its physical and chemical properties such as pore 

volume, specific surface area (SBET), point of zero charge (pHPZC), surface chemistry, mechanical and 

chemical stability; the features of the adsorbate such as chemical speciation, thermodynamic state and 

factors such as pH, contact time, temperature, initial adsorbate concentration and competitive 

coexisting ions (Othmani et al., 2023). 

In the recent years, researchers have developed diverse adsorbents such as metal 

oxide/hydroxide which are efficient especially when modified but limited by cost of loaded metals 

(Wei et al., 2022) and secondary pollution (Yu et al., 2024); carbon based adsorbents which are efficient 

but limited by high pyrolysis energy (Senewirathna et al., 2022) and secondary pollution by loaded 

metals and aluminosilicate adsorbents limited by secondary pollution (Wei et al., 2022).  

Biopolymer composites such as chitosan composites have attracted growing attention due to 

non-toxicity, low cost, regenerability, low leaching, biodegradability, biocompatibility and 

hydrophilicity (Valdez-Alegria et al., 2020; Žigrayová et al., 2024), and enhanced efficiency when 

successfully modified using non-toxic methods. Crosslinking modification of biopolymers using 

appropriate crosslinkers enhances their pore volume, mechanical, chemical and thermal properties 

besides solving recovery challenges (Valdez-Alegria et al., 2020). Activation of functional groups such 

amino (–NH2) and hydroxyl (-OH) groups enhances affinity for fluoride fostering higher removal 

efficiency (Žigrayová et al., 2024). Fabrication of biopolymer nanocomposites enhances surface area and 

removal efficiency (Sarma et al., 2020), selectivity, physical, chemical and thermal stability.  
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This current review aims at providing insights on gaps in conventional adsorbents and synthesis 

of biopolymer nanocomposites; activation methods, crosslinking and characterization and future 

perspectives. 

2. Conventional Adsorbents 

2.1 Metal Oxide/Hydroxide Adsorbents: Metal oxides/hydroxides based on iron (Mashale et al., 2025), 

aluminum (Gai & Deng, 2021), zirconium (Zhao et al., 2024) and lanthanum (Li et al., 2022) are among 

the effective adsorbents because their surfaces contain metal-hydroxyl (M-OH) groups that can interact 

strongly with various contaminants in water.  Their primary adsorption mechanisms are ligand 

exchange for pollutants such as oxyanions (like phosphate, arsenate, and fluoride) and electrostatic 

interactions for anions and cations with respect to pH of the point of zero charge (PHpzc). For pH value 

< PZC of the adsorbent, the adsorbent is protonated, hence positively charged. In this case, F- 

adsorption is attributed to the electrostatic attraction between F− and the adsorbent (Gai & Deng, 2021).  

AlOOHH+ + F− → AlOOHHF                             (1) 

Addition of a metal oxide or hydroxide adsorbents into an aqueous solution results in formation 

of a layer of hydroxyl groups on the surfaces of the adsorbent through a hydration reaction. If the metal 

has a stronger affinity for fluoride than the hydroxyl group, a ligand exchange reaction between F- and 

the hydroxyl group occurs. 

F− + ≡MOH ↔ ≡MF + OH−                         (2) 

Nano-structured metal oxide/hydroxide adsorbents are currently attractive to researchers due 

to enhanced adsorption capacity promoted by favorable surface area and quantum properties.  

2.1.1 Aluminium Oxide/Hydroxide: Aluminium hydroxide is first synthesized by electrolysis or 

pyrolysis and then partially converted to aluminum oxide by calcination. High adsorption efficiency in 

aluminum oxide/hydroxide is due to large specific surface area and reactivity. The mechanisms of 

fluoride removal by aluminium hydroxide are electrostatic attraction and ion exchange. Liu et al., 2011 

synthesized amorphous aluminium hydroxide (Al2O3. xH2O) through enhanced hydrolysis with SBET = 

118.24 m2/g, Qmax of 128.0 mg/g and adsorption mechanisms proposed as chemisorption and ion 

exchange. The high adsorption capacity was attributed to low particle size, high surface area and 

favorable zeta potential. Similar studies by Dhawane et al. (2017) using thermally activated alumina 

(Al2O3) reported a maximum fluoride removal of 86.1% attributed to high surface area of 185.6 m2/g 

and pore volume of 0.2351 cm3/g.  

The adsorption mechanism was both physical and chemical. The study found activated alumina 

to be a prominent adsorbent for fluoride removal. However, aluminium ions may leach into treated 

water degrading its quality. 

2.1.2 Magnesium Oxide (MgO)/MgO Composites: MgO has been confirmed as an attractive adsorbent 

due to its high adsorption capacity, non-toxic nature and limited solubility in water. Devi et al. (2014) 

studied nano-magnesium oxide adsorbent and reported maximum fluoride removal of 90% attributed 

to high surface area, SBET of 92.46 m2/g and pore volume of 0.4313 mL/g, isomorphic substitution of –

OH by F- and multilayer adsorption. The setback of secondary contamination as a result of leaching 

also applies to magnesium oxide adsorbents. In an attempt to address the secondary pollution, losses 

and recovery challenges with MgO adsorbent, Yu et al. (2024) reported MgO/Rice husk biochar and 

MgO/spent coffee biochar composite adsorbents with enhanced removal of 80% and 86%, respectively. 

2.1.3 Layered Double Hydroxides (LDH): Coupled adsorbents combine the quantum coupling and 

synergistic effects of individual metal cations resulting even in tripling of adsorption capacity (Wei et 

al., 2022).  



 

Int.J.Chem.&Aqua.Sci.                             Vol.12.Issue.1.2026 (Jan-March) ISSN: 2355-033X 

4  
 

Paul M. Munene & Nthiga E. W. 

LDH have the formula [𝑀𝑥
2+𝑀1−𝑥

3+ (𝑂𝐻2 )]𝑥+(𝐴𝑛−)𝑥

𝑛
 . 𝑚𝐻2𝑂]  where, M2+ is the positive divalent metal ion 

such as Mg2+, M3+ is the positive trivalent metal ion such as Al3+ and A is the negative interlayer anion 

such as Cl−. The LDH lamella has replaceable metal hosts and exchangeable anions, increasing affinity 

for fluoride (Cai et al., 2018; Wei et al., 2022). Current research shows that doping the LDH with a rare 

earth element such as La3+ further increases the adsorption capacity. In that context, Cai et al. (2018) 

reported a La doped Li/Al LDH with Qmax of 35.4 mg/g. 

2.1.4 Rare Earth Metal Oxides: Rare earth metals such as lanthanum, cerium and titanium have high 

affinity for fluoride due to the ability to stabilize in the +3 or +4 valence state with a few numbers of 

outermost electrons; therefore, empty orbitals are available for fluoride removal (Wei et al., 2022). The 

oxides of the rare earth metals have been studied for synthesis of highly efficient fluoride adsorbents.  

For instance, CeO2 has attracted attention due to oxygen vacancy formation hence high oxygen 

storage, release capacity and adsorption capacity (Kang et al., 2017). Kang et al. (2017) found adsorption 

performance to be dependent on three different morphologies of CeO2 with CeO2-nanorods recording 

the highest Qmax at 71.5 mg/g while CeO2-octahedrons and CeO2-nanocubes having 28.3 and 7.0 mg/g, 

respectively. The three materials exposed different active sites as indicated by their different specific 

surface areas and pore volumes with CeO2-Octahedrons showing the largest specific surface area and 

pore volume (160.2 m2 /g, 0.387 cm3 /g), followed by the CeO2-nanorods (111.4 m2 /g, 0.241 cm3 /g) 

and CeO2-nanocubes (55.8 m2 /g, 0.211 cm3 /g). The fluoride removal mechanisms proposed for the 

three materials were Ce3+-O defects, ion exchange, surface adsorption and pore filling. In depth 

research also shows that lanthanum-based adsorbents are highly effective due to strong affinity, high 

selectivity and environmental safety (Yang et al., 2022). Such an adsorbent was lanthanum methanoate 

adsorbent synthesized by amide-hydrolysis which recorded Qmax of 268.99 mg/g (Yang et al., 2022). To 

date, the scaling up of rare earth metals adsorbents is limited by high cost, agglomeration, coexisting 

ions and leaching (Wei et al., 2022).  

2.2 Carbon Based Adsorbents 

2.2.1 Activated Carbon/Base and Acid Modified Activated Carbon/Activated Carbon 

Composite/Metal doped Activated Carbon: Activated carbon is obtained from coal, wood and coconut 

shells among other raw materials (Wei et al., 2022). The high adsorption capacity in activated carbon 

can be attributed to large surface area and porosity. To synthesize activated carbon, the crushed and 

dehydrated material is carbonized by heating in anaerobic conditions at high pyrolysis temperature 

(500-900˚C). The adsorbent is further activated using acids, bases or salts (Senewirathna et al., 2022). 

The functional groups such as hydroxyl, carboxyl and amine on the surface of the biomass adsorbent 

are involved in fluoride removal. KOH activated carbon by Araga et al. (2017) yielded a high surface 

area, SBET of 747.45 m2 g-1, pore volume of 0.41 cm3 g-1 and Qmax= 3.65 mg g-1.  

Similarly, phosphoric acid activated carbon by Senewirathna et al. (2022) recorded 61.0% 

adsorption efficiency. Activated carbon composites have been reported to have synergistically higher 

fluoride removal capacity. Tolkou et al. (2024) reported chitosan/orange peels/activated carbon@MgO 

composite with 97% fluoride removal efficiency. Iwar et al. (2022) reported an activated 

carbon/aluminium oxide composite with removal efficiency of 99.1%. Similarly, metal doping of 

activated carbon with rare earth metals showed enhanced efficiency as reported by Kim et al. (2020). 

2.2.2 Bone char/Metal-doped Bone char: Bone char is the charring product of animal bones and 

generally contains about 70–76% hydroxyapatite (HAP), 7–9% calcium carbonate and 9–11% 

amorphous carbon (Alkurdi et al., 2019; Wei et al., 2022), with the percentage of each varying with the 

degree of charring temperature. Previous research indicated 500-700˚C as the optimal charring 

temperature beyond which surface area and pore volume are reduced lowering fluoride removal 

efficiency (Alkurdi et al., 2019).  
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Raising temperature above the optimum causes dihydroxylation of HAP adversely altering its structure 

(Patel et al., 2015). Similarly, lowering the temperature below 500 °C will result in contamination of 

water with organic matter due to the incomplete removal of organic matter in the bone structure. Patel 

et al. (2015) examined the effect of charring temperature and residence time reporting the highest 

surface area of 114.149 m2/g, pore volume of 0.294 cm3/g and mesoporous structure at 400˚C and time 

2 hours.  

Hydroxyapatite has been reported to be responsible for fluoride removal when –OH groups are 

replaced by F- as expressed by equation (3): 

Ca10(PO4)6OH + 2F-→Ca10(PO4)6F2 +2OH-                                   (3) 

The mechanisms involved in fluoride removal are ion exchange, precipitation and electrostatic 

interaction. Introduction of trivalent metal cations such as Fe3+ and Al3+ to the bone char enhances 

affinity to the highly electronegative fluoride. Aluminium impregnation of bone char by Rojas-Mayorga 

et al., 2015 enhanced fluoride removal up to 600%.  

This was superior to iron doped bone char in the same experiment. Metal modification enhances 

adsorption capacity of bone char. In connection to this, Zuniga-Muro et al. (2017) doped bone char with 

Ce4+ achieving Qmax of 13.6 mg/g and antibacterial properties. 

2.2.3 Biochar/Acid Modified Biochar/Metal Doped Biochar: Biochar is made from waste biomass 

materials such as bagasse, tea and rice husk (Girkar et al., 2024). Biochar is carbon-rich, fine-grained, 

porous, and highly aromatized material for application as adsorbent. Facile synthesized biochar by 

pyrolysis is effective but not as activated biochar. Goswami & Kumar (2018) achieved removal 

efficiency of 90% and Qmax of 21.7 mg/g using pyrolysed biochar.  

In examining acid and hydroxide modified biochars, Aboulsoud (2024) discovered higher 

surface area of 85.61±0.02 m2/g, pore volume of 0.086±0.001 cm3/g and Qmax of 109.18 mg/g in acid 

modified biochar. The acid modified biochar showed more active functional groups such as –OH, -

COOH and –C=O favorable for adsorption. Aluminium hydroxide has high pHPZC hence Al(OH)3 

loaded biochar has demonstrated the ability to adsorb fluoride in alkaline pH range. Doping with rare 

earth metals such as La further synergistically improves fluoride removal capacity. Metal modified 

La/Fe/Al-rice straw by Zhou et al. (2021) indicated hydroxyl and positive sites formation greatly 

enhancing adsorption capacity, resistance to pH changes and coexisting ions. 

2.3 Natural Mineral Clays such as Zeolite/Zeolite Composites: Zeolite, a microporous aluminosilicate 

has high potential to adsorb fluoride due to large surface area (Wei et al., 2022). Zeolite has been 

incorporated as support in other adsorbents with poor mechanical properties providing synergistic 

adsorption effects in the process. Chitosan/Zeolite composite was reported by Arcibar-Orozco et al. 

(2020) with removal of 70%, best at lower chitosan concentration. Metal modified zeolite was reported 

to have higher synergistic removal of 80% by Yang et al. (2021). 

2.4 Biopolymer Adsorbents: Biopolymers are natural macromolecular materials with properties such 

as biodegradability, nontoxicity, low waste generation, low leaching, biocompatibility and 

hydrophilicity (Valdez-Alegria et al., 2020). Extensive research has gone to chitosan, sodium alginate, 

pectin and carboxymethylcellulose (Wei et al., 2022). Hydrogels produced by physical and chemical 

crosslinking have improved pore size, chemical, mechanical and thermal resistance making them 

superior adsorbents (Valdez-Alegria et al., 2020). The composites of biopolymers with materials like 

bentonite and montmorillonite among others have attracted attention of researchers due to enhanced 

adsorption capacity. 
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2.4.1 Sodium Alginate/Metal-doped Alginate: Sodium alginate is a natural 

anionic polysaccharide with large number of –OH and –COOH extracted from brown algae or bacteria. 

It is a promising material for fluoride ion removal through ion exchange interaction due to its abundant 

resources, high bio-compatibility, low cost, and the presence of abundant hydroxyl groups (Chang et 

al., 2024). During ionic crosslinking of sodium alginate, high-valent metal cations (Ca2+, Ce3+, Fe3+, Al3+, 

La3+ etc.) rapidly replaces Na+ in forming ligand chelate crosslinks with the oxygen atoms in the 

carboxyl and hydroxyl groups of the G-units, which form irreversible hydrogel-like microbeads (Wei 

et al., 2022) improving fluoride removal. Chang et al., 2024 fabricated aluminium alginate foam with 

enhanced surface area of 22.24 m2/g and Qmax of 7.56 mg/g. 

2.4.2 Chitosan/Chitosan Composites/Metal-doped Chitosan: Chitosan is a polycationic (Nagaraj & 

Kumar, 2018), non-toxic, biodegradable, biocompatible biopolymer extracted from exoskeletons of 

crustaceans, mollusks, insects and cell walls of fungi through deacetylation process (Pathak et al., 2021). 

The biopolymer has drawn attention due to large number of modifiable amino and hydroxyl functional 

groups for fluoride removal. Nagaraj & Kumar (2018) found that powder chitosan had higher removal 

efficiency of 71.17% compared to solution chitosan having 66-70%. Substantial research has shown 

chitosan nanocomposites to have higher surface area and pore volume for fluoride removal. Li et al., 

2022 reported increment in the surface area and pore volume of chitosan modified activated sludge 

lysis ash from 26.91 to 57.46 m2/g and 0.081 to 0.113 cm3/g, respectively.  

Metal impregnated chitosan has shown enhanced adsorption capacity and resistance to pH 

changes. Sarma et al., 2020 synthesized an efficient Zn-Fe-Ch nanocomposite whose surface area and 

pore volume increased significantly from 5.523 to 73.235 m2/g and 0.014 to 0.143 cm3/g, respectively. 

2.4.3 Gelatin/Gelatin Composites/Metal-doped Gelatin: Gelatin is a naturally occurring high 

molecular weight polypeptide extracted through partial hydrolysis from various animal waste bone 

and skin such as pigs, cattle and fish (Rather et al., 2022). It is non-toxic, amphoteric, biodegradable, 

biocompatible, unsolvable in organic solvents but solvable in glycerol, hot water and acetic acid. 

Gelatin is a very effective adsorbent due to the polymorphism structure of its functional amino acid 

group and carboxyl acid groups (Sultana et al., 2023). Literature review showed scanty research 

involving stand-alone gelatin adsorbents for fluoride removal. However, gelatin composites yielded 

impressive synergistic performance. Metal doping of gelatin enhances fluoride affinity and removal 

performance. The impregnation of cross-linked gelatin with La3+ in a study by Zhou et al. (2004) yielded 

98.8% removal. Zirconium-based metal-organic frameworks (MOFs) integrated with gelatin aerogels 

have shown enhanced capacities for removing fluoride ions across a wide pH range (Kim et al., 2025). 

Table 1 presents a summary of previous research on biopolymer composites. 

Table 1: Summary of modification method, characteristics, adsorption capacity and adsorption 

mechanisms of gelatin and chitosan biopolymer composites. 

Adsorbent Modification 
method 

SBET 

(m2/g) 
Pore 
Volume 
(cm3/g) 

PHPZC Qmax 

(mg/g) 
Adsorption 
mechanism 

Isotherm Reference 

Zeolite/chitosan 
composite 

Mixing 
chitosan 
solution in 
acetic acid 
with zeolite 
solution in 
deionized 
water 
 
 
  

7.0 0.03 8.7 5.44 Electrostatic 
attraction, ion 
exchange 

Langmuir Arcibar-
Orozco et 
al., 2018 
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Activated 
sludge lysis 
ash/chitosan 
(ASLA/C) 
composite 

Co-
precipitation 

57.46 0.113 - 7.714 Electrostatic 
adsorption, 
ion exchange, 
surface 
complexation 
and 
hydrogen 
bonding 

Langmuir Li et al., 
2022 

Chitosan/Orang
e 
Peels/Activated 
Carbon@MgO 

Mixing and 
crosslinking 

- - 8.95 26.92 Chemisorptio
n, 
electrostatic 
attraction and 
hydrogen 
bonding 

Langmuir Tolkou et 
al., 2024 

Chitosan 
modified 
Zn/ZnFe2O4 
nanocomposite  

Co-
precipitation 
coupled with 
hydrotherma
l aging 

73.23
5 

0.143 - - Electrostatic 
attraction 

Freundlich Sarma et 
al., 2020 

Hydroxyapatite
/gelatin 
nanocomposite 

Co-
precipitation 

80.0 0.3 - - Ion exchange Langmuir Fernando 
et al., 2021 

 

3. Emerging Nano scale Technology 

For a long time, conventional adsorbents have been applied in defluoridation of drinking water 

but are limited by setbacks including low efficiency, limited adsorption capacity, recovery challenges, 

high energy consumption, expensive raw materials and poor mechanical and chemical properties. In 

recent years, researchers have innovated considerably efficient adsorbents through modifications such 

as metallic doping and nanocomposites (Sarma et al., 2020).  

Nanotechnology involves manipulating the size of materials to size of 1-100 nm yielding 

enhanced physical, chemical, electrical, and thermal capabilities (Panhwar et al., 2023).  

Nanotechnology has been widely applied in medicine and electronics compared to water 

treatment but recently has attracted growing attention due to enormous potential in water treatment 

and environmental protection (Panhwar et al., 2023). Nano adsorbents have exhibited high surface area 

and removal efficiency (Sarma et al., 2020), selectivity, physical, chemical and thermal stability. 

Magnetic nanoparticles have been reported to have ease of separation at the recovery stage, lowering 

risk of secondary pollution (Panhwar et al., 2023). Magnetic nanoparticles have been fabricated through 

co-precipitation (Sarma et al., 2020), hydrothermal, solvochemical and ultrasonic activation among 

others (Jaldurgam et al., 2021). These methods are also used to prepare the 1D and 2D nanostructures 

such as nanoflakes, nanotubes and nanorods (Jaldurgam et al., 2021). 

4. Biopolymer Activation Methods 

Due to the setbacks with conventional adsorbents such as limited adsorption capacity, high cost 

and risk of secondary pollution, researchers have explored new cost effective and safe adsorbents. 

Biopolymers such as chitosan and gelatin have attracted much attention due to non-toxicity, 

biodegradability, biocompatibility and presence of activatable functional groups such as –NH2 and -

OH (Miretzky & Cirelli 2011). For instance, the –NH2 groups are protonated in acidic media becoming 

active sites for adsorption of fluoride through electrostatic attraction (Miretzky & Cirelli 2011). Due to 

chitosan having low mechanical strength and difficult separation from solution after adsorption 

(Huang et al., 2012), crosslinking is done using a suitable crosslinker that doesn’t have antagonistic 

effects on fluoride removal.  
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Current research has also reported chitosan supports such as Fe2O3 resulting in composites with 

higher removal capacity. Flake and powder forms of chitosan are not suitable for use as adsorbents due 

to their low surface area and no porosity hence are modified into beads to enhance adsorption 

performance (Miretzky & Cirelli 2011). Chemical modification of chitosan is of interest since it doesn’t 

change the skeleton structure but leads to new derivatives with improved properties for specific 

application. The new functional groups are incorporated to increase the density of sorption sites, 

change the pH range for fluoride adsorption and change the sorption sites in order to increase sorption 

selectivity for the target adsorbate (Miretzky & Cirelli 2011). 

4.1 Protonation of –NH2 group to N+H3: The NH2 is protonated in acidic media to N+H3 and removal 

of fluoride is due to electrostatic attraction between negatively charged fluorides and positively 

charged N+H3. Huang et al., 2012 reported protonated cross-linked chitosan particles with results 

presented in table 2. 

Table 2: Summary of protonation method of biopolymer adsorbents 

Adsorbent 
Material 

Qmax 
(mg/g) 

Optimal  
pH 

Isotherm 
Model 

Kinetic  
Model 

Thermody-
namics 

Mechanism 
Proposed 

Adsorbent 
Characterization 

Reference 

Protonated 
cross-
linked 
chitosan 
particles 

8.10 7 Langmuir 
and 
Freundlich 

- - Electrostatic 
attraction 

FTIR, XRD and 
SEM 

Huang et 
al., 2012 

 

4.2 Carboxylation of –OH group to –OCH2COOH: Chitosan beads are treated with aqueous 0.5 M 

chloroacetic acid maintained at pH 8.0 using 0.1 M NaOH for 10 h at room temperature to convert the 

hydroxyl groups to carboxyl groups. The acidic hydrogen (–COOH) is bonded to the F- electrostatically 

and via hydrogen bonding which suggests fluoride removal is by means of electrostatic adsorption and 

Lewis acid–base interaction (Viswanathan et al., 2009). Viswanathan et al. (2009) reported carboxylated 

chitosan for fluoride removal as presented in table 3. 

Table 3: Summary of carboxylation method of biopolymer adsorbents 

Adsorbe

nt 

Material 

Qmax 

(mg/

g) 

Optim

al  

pH 

Isother

m 

Model 

Kineti

c  

Mode

l 

Thermody-

namics 

Mechanis

m 

Proposed 

Adsorbent 

Characterizati

on 

Reference 

Carboxyl

at-ed 

crosslinke

d 

chitosan 

beads 

1385 7 Langmu

ir and 

freundli

ch 

Pseud

o 

secon

d- 

order 

Spontaneousa

nd 

endothermic 

Electrosta

tic 

adsorptio

n and 

Lewis 

acid–base 

interactio

n 

FTIR and SEM 

with EDAX 

Viswanath

an et al., 

2009 

 

4.3 Incorporation of Electropositive Multivalent Metals to Chitosan Beads: Due to high 

electronegativity and small radius, F- has strong affinity for electropositive multivalent metal cations 

such as La3+, Fe3+, Ce3+ and Al3+. These metal cations complete their coordination shells with -OH 

groups that can bind or release H+ depending on the solution pH. Under acidic conditions, the -OH 

groups are protonated and can adsorb F- through exchange mechanism. At acidic pH, the fluoride 

adsorption capacity is diminished probably due to formation of HF and at alkaline pH value, fluoride 
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adsorption is also lower due to competition with -OH ions. Patnaik et al. (2016) reported chitosan-Fe3+ 

complex, Sundaram et al. (2009) studied magnesia/chitosan composite, Swain et al. (2009) investigated 

aluminium impregnated chitosan biopolymer and Jagtap et al. (2011) reported lanthanum impregnated 

chitosan flakes for fluoride removal as presented in table 4. 

Table 4: Summary of electropositive multivalent metal incorporation method of biopolymer 

adsorbents 

Adsorben
t 
Material 

Qmax 
(mg/
g) 

Optim
al  
pH 

Isother
m 
Model 

Kinetic  
Model 

Thermod
y-namics 

Mechanism 
Proposed 

Adsorbent 
Characteriza
tion 

Referen
ce 

Chitosan-
Fe3+ 
complex 

2.34 3.0-
10.0 

Langmu
ir-
Freundli
ch and 
D-R 
isother
m 

Pseudo-
second-
order 

Spontane
ous and 
exothermi
c 

Ion exchange FTIR and 
SEM 

Patnaik 
et al., 
2016 

Magnesia
/ 
Chitosan 
Composit
e 

11.24 10.6 Langmu
ir and 
Freundli
ch 

Pseudo-
second-
order, 
particle 
and 
intraparti
cle 
diffusion 

Spontane
ous and 
Endother
mic 

Electrostatic 
attraction, 
hydrogen 
bonding 

FTIR and 
SEM with 
EDAX 

Sundar
am et 
al., 2009 

Aluminiu
m 
impregna
ted 
chitosan 
biopolym
er 

- 6.5 Freundli
ch 

Pseudo 
first-
order 

spontane
ous and 
endother
mic 

chemical 
surface 
precipitation/li
gand exchange 

FTIR and 
SEM-EDS 

Swain 
et al., 
2009 

Lanthanu
m 
impregna
ted 
chitosan 
flakes 

1.27 6.7 Freundli
ch 

Pseudo 
second 
order 
and 
intraparti
cle 
diffusion 

- Electrostatic 
attraction 

FTIR, SEM 
and XRD 

Jagtap 
et al., 
2011 

 

4.4 Quaternization of –NH2 to –N+(CH3)3 : The quaternization of chitosan (CS), involving the addition 

of methyl or larger alkyl groups with or without spacers, or modifying CS before quaternization, 

introduces a permanent positive charge (Žigrayová et al., 2024). This modification enhances the 

solubility across a wide pH range and often improves the antimicrobial properties, biocompatibility 

and biodegradability.  

The amino (-NH2) in chitosan reacts more rapidly and effectively, providing better protection for 

other functional groups. This is because the C2-NH2 group has a strong nucleophilic lone pair of 

electrons (Zigrayova et al., 2024). Depending on the reaction conditions such as pH, C3–OH- and C6-

OH- protection groups may be recommended (Benediktsdόttir et al., 2014). Quaternization of chitosan 

with methyl iodide yields N.N.N-trimethyl chitosan with a quaternary ammonium group (+NR4) 

bearing a permanent positive charge and an iodide (I-) as the counter ion as presented in figure 1.   
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Figure 1: Quaternary ammonium chitosan (Zigrayova et al., 2024) 

The simplest method for the synthesis of N,N,N-trimethyl chitosan (TMC) is a one-step reaction 

where CS is treated with methyl iodide (CH3I) under strongly alkaline conditions, using N-methyl-2-

pyrrolidone (NMP) as the solvent and sodium iodide (NaI) as the catalyst. This process typically results 

in a quaternization degree ranging from 10-45%.Quaternization may also be achieved using dimethyl 

sulphite (DeBritto and Assis, 2007). According to Benediktsdȏttir et al. (2011), O-methylation of the –

OH- groups can yield a homopolymer TMC. Tert-butyldimethylsilyl (TBDMS) protected polymer has 

good solubility in a wide variety of organic solvents, such as NMP enabling modification of amino 

groups on the polymer backbone (Benediktsdȏttir et al., (2011). 

The F- is mainly removed from the bulk solution by displacing I- from the quaternary ammonium 

(Mawira et al., 2023). The ion exchange is favored due to F- having smaller size, higher charge density, 

higher polarizing power and hydration energy compared to I- with larger size, lower charge density, 

more polarizable and lower hydration energy. The F- is electrostatically attracted to the permanent 

change on +NR4 (Mwangi et al., 2019) increasing local concentration near the adsorbent hence 

facilitating the ion exchange mechanism. Table 5 summarizes the activation methods involving 

chitosan biopolymer adsorbents. 

Table 5: Summary of quaternization method of biopolymer adsorbents 

Adsorbent 

Material 

Qmax 

(mg/g

) 

Optima

l  

pH 

Isother

m 

Model 

Kineti

c  

Model 

Thermod

y-namics 

Mechanis

m 

Proposed 

Adsorbent 

Characterizatio

n 

Referenc

e 

Quaternize

d aminated 

cellulose 

3.631

1 

4 Langmui

r 

- - Adsorptio

n and ion 

exchange 

FTIR and TGA Mawira 

et al., 

2023 

 

5. Crosslinking Methodologies 

Cross-linking with a suitable cross-linking agent produces chemical bonds between biopolymer 

chains and generates a strong three-dimensional network. Depending on the existing active groups and 

compatibility, the cross-linking agent may cause covalent, ionic or physical cross-linking (Yammine et 

al., 2025). The nature of bonding determines the properties and applications of the cross-linked material.  

Chitosan with molecular weight lower than 1×104 g/mol can be cross-linked to enhance 

mechanical, structural and thermal properties (Mandera-Santana et al., 2018; Valdez-Alegria et al., 2020). 

Cross-linking also inhibits swelling and prevents them from dissolving in surrounding aqueous media 

(Shaumbwa et al., 2021). According to Tillet et al. (2011), cross-linking of chitosan can be performed at 

room temperature or above room temperature. The cross linking agents used at room temperature are 

those capable of reacting with the amine group of chitosan in aqueous solution. Typically, enzymatic 

reactions and the physical cross-linking of chitosan are performed at room temperature. The main uses 
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of this type of cross-linking agents are in coatings, hydrogels, blend films of protein-polysaccharide 

among others.  

The use of a specific temperature (between 40 and 150°C) is required because the chemical 

reaction involving different functional groups occurs easily, some cross-linking agents exhibiting 

double reactivity and self-cross-linking among other characteristics.  

5.1 Types of Crosslinking 

5.1.1 Chemical (Covalent) Crosslinking: This involves formation of new covalent bonds between 

polymer chains (or within a chain) to form stable biopolymer networks.  

This is used to enhance stiffness and strength (Žigrayová et al., 2024) in hydrogels and adsorbents where 

strong bonds are required to resist significant stress (Yammine et al., 2025). The method is very versatile: 

crosslinkers can target different functional groups (–OH, –NH₂, –COOH). Examples: epoxide-based 

crosslinkers (e.g., epichlorohydrin, diglycidyl ethers e.t.c), aldehydes (glutaraldehyde, formaldehyde 

e.t.c), carboxylic acids (citric acid) and natural crosslinkers like genipin. 

5.1.2 Physical Crosslinking: This polymer network occurs through combination of ionic, hydrophobic, 

and hydrogen-bonding interactions, influenced by factors such as temperature, pH and ionic strength. 

Their mechanical strength is lower compared to covalent networks. However, it is advantageous due 

to reduced toxicity and the ability to control properties like swelling and degradation. 

5.1.2.1 Ionic Crosslinking: This is based on electrostatic interactions between oppositely charged 

groups on polymer chains. These bonds are often reversible, dynamic and less rigid compared to 

covalent networks, making these materials more flexible and responsive to environmental changes such 

as pH (Yammine et al., 2025). Examples: alginate by calcium ions to form a hydrogel (Yammine et al., 

2025). In acidic media, polycationic chitosan interacts electrostatically with negatively charged 

triphosphate (TPP) to form intermolecular and intramolecular network as shown in figure 2. 

 

Figure 2: Scheme of chitosan-TPP crosslinking (Žigrayová et al., 2024) 

5.1.2.2 Hydrogen Crosslinking: This is observed due to interactions between hydrogen atoms and 

electronegative atoms such as oxygen or nitrogen (Yammine et al., 2025). These types of bonds are 

weaker than covalent and ionic bonds. It enhances elasticity and self-healing properties particularly in 

biopolymers. In poly vinyl alcohol (PVA), hydrogen crosslinking involves hydrogen bond formation 

between hydroxyl groups on the polymer chains or other chemical species (Yammine et al., 2025). Other 

hydrogen-bonding crosslinkers include polyethylene glycol (PEG), carboxymethyl cellulose (CMC), 

dextrin and chitosan. The type of crosslinking chosen depends on the desired properties such as 

flexibility, strength, responsiveness and versatility.  
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Likewise diverse crosslinkers exist such as glutaraldehyde, epichlorohydrin and poly (ethylene 

glycol) diglycidyl ether (PEGDE) and their choice depends on a number of factors such as the desired 

properties, application and crosslinking mechanism and chemistry. Crosslinking success is confirmed 

using different characterization techniques such as FTIR (Vijaya et al., 2011; Barbosa et al., 2025), SEM 

(Valdez-Alegria et al., 2020), solid state 13C NMR, swelling tests (Chang et al., 2009; Barbosa et al., 2025), 

change in mechanical strength (Chang et al., 2009) and thermal stability (Bashandeh & Khalaji, 2021). 

5.2 Mechanism of Crosslinking by Different Crosslinkers 

5.2.1Epichlorohydrin (ECH): ECH is a small epoxy molecule (1-chloro-2,3-epoxypropane) that contains 

an epoxide ring and a chloromethyl group. Crosslinking with ECH often happens under alkaline 

conditions (e.g., NaOH) to promote ring opening of the epoxide. In basic media, nucleophiles (e.g., –

OH or –NH₂ on the biopolymer) attack the epoxide ring of ECH (Yammine et al., 2025). For chitosan, 

the hydroxyl (–OH) groups are primary nucleophiles. The epoxide ring opens, forming an ether linkage 

(–C–O–C) between ECH and the biopolymer chain. The chloromethyl side of ECH can also react (or be 

displaced), potentially leading to further crosslinking or branching. Chitosan has amino (–NH₂) and 

hydroxyl (–OH) functional groups. ECH can react with both, but under typical conditions (alkaline) it 

preferentially crosslinks through the hydroxyl groups of chitosan, rather than the amines as shown in 

figure 3. 

 

Figure 3: Scheme of chitosan-epichlorohydrin crosslinking (Bashandeh & Khalaji, 2021) 

The reaction temperature is maintained at 45˚C to accelerate the reaction (Jawad et al., 2019). 

Some studies indicate ECH can also link via amine, but the dominant reaction under typical base 

catalysis is with –OH. According to Dong et al. (2017), protection of the reactive –NH2 groups and 

subsequent deprotection may still be required to homogenously form linkages at the C6–OH- groups 

and preserve a higher number of –NH2 active sites.  

Yan & Yuan (2001) reported successful benzaldehyde protection and HCl solution deprotection 

of C2-NH2 in chitosan following characterization. Cross-linking with ECH improves mechanical 

stability, chemical resistance, reusability, and often adsorption performance (for adsorbent uses) by 

stabilizing the chitosan matrix. For example, crosslinked chitosan beads show higher adsorption 

capacity and reusability. 

5.2.2 Glutaraldehyde: A classical crosslinker for chitosan, reacting primarily via Schiff base (imine 

bond) formation between the aldehyde groups of glutaraldehyde and the amino (–NH₂) groups of 

chitosan (Barbosa et al., 2025: Yammine et al., 2025). It is highly reactive and gives strong covalent 

networks, but disadvantages include reduction in the number of free amino groups which may be 

critical for adsorption (Barbosa et al., 2025). Crosslinking in chitosan begins with nucleophilic attack by 

the amino group’s free electrons on the electrophilic carbonyl carbon of the glutaraldehyde’s aldehyde 

group forming a hemiketal intermediate, which is unstable (Yammine et al., 2025).The hemiketal 
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intermediate undergoes dehydration (loss of water) followed by deprotonation to form a stable imine 

(Schiff base) linkage (Barbosa et al., 2025). This reaction involves the formation of a double bond 

between the nitrogen of the amino group and the carbon of the carbonyl group, resulting in the loss of 

water.  

The imine group formed in the previous step can further react with another aldehyde group 

from a second glutaraldehyde molecule or from another lysine residue, leading to the formation of a 

covalent crosslink between two molecules. This creates a three-dimensional network of crosslinked 

molecules as shown is figure 4. 

 

Figure 4: Scheme of chitosan-glutaraldehyde crosslinking (Isam et al., 2019) 

5.2.3 Diglycidyl Ethers / Multi-epoxy Agents: Examples include ethylene glycol diglycidyl ether 

(EGDE) and multi-epoxy crosslinkers. These crosslink via epoxide opening similar to ECH. They allow 

tuning of crosslink density, network architecture (e.g., branching) depending on the number of epoxide 

groups. The resulting network is presented in figure 5. 

 

Figure 5: Scheme of chitosan-ethylene glycol diglycidyl ether crosslinking (Zeng & Ruckenstein, 

1998) 

5.2.4 Genipin: A natural crosslinker, lower toxicity, often used in biomedical hydrogels. It reacts with 

primary amines as shown in figure 6. 
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Figure 6: Scheme of chitosan-genipin Crosslinking (Pomari et al., 2019) 

5.2.5 Carboxylic Acids (e.g., Citric Acid): Citric acid can crosslink via esterification (–COOH with –

OH), under appropriate conditions. Citric acid, a natural metabolite, is a non-toxic, renewable and bio-

based reagent which could react with the chitosan amines to form an amide structure as shown in figure 

7. 

 

Figure 7: Scheme of chitosan-citric acid crosslinking (Silvestre et al., 2021) 

Table 6 summarizes different cross-linking agents used for biopolymers, characterization, application, 

adsorption capacity, isotherm and kinetic models. 

Table 6: Summary of biopolymer material, crosslinker, characterization, application, adsorption 

capacity, isotherm and kinetic models. 

Material Crosslinker Characterization Application Adsorption 

capacity 

Isotherm Kinetics Reference 

Chitosan Glutaraldehyde FTIR, SEM, 

Swelling test 

and sorption 

assays 

Removal of 

heavy 

metals 

(copper and 

chromium) 

Cu-0.422 

mmolg-1 

Cr-1.143 

mmolg-1 

Langmuir Pseudo 

second 

order 

Barbosa et 

al., 2025 

Chitosan-

Polyvinyl 

alcohol 

hydrogel 

Sodium 

tripolyphosphate 

pentabasic (TPP) 

FTIR, SEM, 

%Moisture, PZC 

and BET 

Fluoride 

Removal 

12.64 mgg-1 Freundlich Pseudo 

second 

order 

Valdez-

Alegria et 

al., 2020 

Pectin-

alginate 

based 

biomaterial 

scaffolds 

Glutaraldehyde 

and trimetallic 

oxide Fe-Al-Ce 
 

XPS Fluoride 

Removal 

400 mgg-1 Langmuir Pseudo 

second 

order 

Raghav et 

al., 2019 
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La3+ 

impregnated 

crosslinked 

gelatin 

Glutaraldehyde - Fluoride 

Removal 

98.8% - Pseudo 

first 

order 

Zhou et al., 

2004 

Cross-linked 

chitosan 

Epichlorohydrin FTIR, XRD, 

TGA-DTA and 

DSC 

Methyl 

Green 

Removal 
 

92.7% - - Bashandeh 

and 

Khalaji , 

2021 

Chitosan 

and gelatin 

Glutaraldehyde FTIR, FE-SEM, 

XPS and 

swelling tests 

Heavy 

metals: Pb 

(II), Cd (II), 

Hg (II) and 

Cr (III) 

98% for Hg 

(II) 

- - Perumal et 

al., 2019 

Chitosan 

and Fe   

Ethylene glycol 

diglycidyl ether 

FTIR, XPS, BET, 

PZC 

Fluoride 

removal 

295 mgg-1 Langmuir-

Freundlich 

Pseudo 

first 

order 

Arcos-

Arévalo et 

al., 2016 

 

6. Characterization of Biopolymer Nanocomposites 

Biopolymer nanoparticles have different structural and physical properties such as 

composition, concentration, size, shape, surface properties, crystallinity and crosslinking mechanisms 

(Bergstrom, 2015). In recent years, characterization techniques have emerged to help researchers 

understand structural characteristics of nanomaterials better. 

6.1 Surface Morphology: The properties and performance of the nanoparticles depends on the size, 

shape, surface structure and interparticle interaction which are investigated using one or combination 

of the following techniques: 

6.1.1 Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS): SEM with 

EDS is used to determine the surface morphology and elemental composition of the sample (Mutalib, 

et al., 2017). SEM can give information about the sample including texture, chemical composition, 

crystalline arrangement (Perumal et al., 2019), and orientation of constituents making up the sample. In 

addition to these, SEM can identify and analyze surface fractures, inspect surface contaminations, 

reveal spatial variations in chemical compositions, and identify crystalline structures (Mayeen et al., 

2018).  

In SEM, a focused beam of electrons react with the sample to produce secondary electrons 

(SEs), backscattered electrons, and characteristic X-ray, which is then detected with respective detectors 

and finally displayed on the monitor.  

EDX analysis focuses on the characteristic X-ray generated by SEM. The X-rays emitted from 

the specimen give information as to the elemental composition of the area. Thus, the EDS technique can 

detect elements from carbon to uranium in extremely low quantities ranging to 1.0 wt % (Mayeen et al., 

2018). 

6.1.2 Transmission Electron Microscopy (TEM): TEM enables high magnification imaging to examine 

specimen microstructure, crystallinity, lattice distortion, chemical composition and morphology as 

reported previously Kotrbova et al. (2019). In TEM analysis, an incident electron beam penetrates the 

sample and separates into transmitted and diffracted components both carrying structural information. 

These beams are refracted by the objective lens and brought to distinct focal positions where ordered 

spot patterns corresponding to the crystal diffraction are formed.  
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As the beams propagate beyond the objective focal plane, they gradually converge and overlap at the 

image plane producing a real space image that is recorded by a CCD detector through subsequent 

electromagnetic lenses. Owing to its extremely high spatial resolution, this technique allows detailed 

observation of defects from both planar and cross sectional views enabling atomic scale defect 

identification (Cui et al., 2023). 

6.1.3 Atomic Force Microscopy (AFM): AFM generates surface images by monitoring the interaction 

forces between a sharp probe and the sample which serve as the feedback signal. During measurement, 

a nanoscale tip attached to a flexible cantilever is raster scanned across the sample surface. A control 

system continuously regulates the tip–sample interaction by adjusting the vertical position of the 

scanner to maintain a constant force. The recorded height adjustments as a function of lateral position 

are then converted into a topographical map of the surface as described in earlier studies (Mayeen et 

al., 2018). 

6.1.4 Scanning Tunneling Microscopy (STM): The STM technique is based on quantum tunneling 

current to create electron density images for conductive or semiconductive surfaces and biomolecules 

attached on conductive substrates at the atomic scale.  

A probe is brought in close vicinity to the surface of an object measured to monitor the reactions of the 

probe. As per the tip-sample, separation is maintained in the range of 4–7 A˚, a small voltage given 

amid the scanning tip and the surface reasons tunneling of electrons by which variation of the resulting 

current can be recorded while the tip moves across the sample in the x–y plane to generate a map of 

charge density (Mayeen et al., 2018; Yang & Freund, 2024). Recent articles highlight advancements in 

HS-STM systems that can capture images at video rates (up to 100 frames per second or more), enabling 

the study of dynamic surface processes in real-time, such as atom diffusion, on-surface synthesis, and 

chemical reactions (Yang & Freund, 2024) Furthermore, researchers have introduced a machine 

learning approach to automatically identify the atomic structure and chemical species directly from 

experimental bond-resolved STM images (Kurki et al., 2024). 

6.2 Chemical Composition and Crystal Structure: Chemical composition refers to atomic elements 

within the nanoparticles and the formed functional groups while crystal structure is the organization 

of elemental atoms in a nanoparticle into a crystal structure or it may be amorphous (Zielinska et al., 

2020). 

6.2.1 Fourier Transform Infrared Spectroscopy (FTIR): The FTIR technique is used to determine the 

functional groups in the adsorbent using infrared radiation (Mwangi et al., 2019; Ndiritu et al., 2020; 

Tazik et al., 2023). When infrared radiation illuminates a sample, the bonds in IR active molecules 

absorb light creating vibration modes such as twisting, wagging, scissoring and rocking (Khan et al., 

2018). 

6.2.2 Atomic Absorption Spectroscopy (AAS): Atoms in unexcited state are generated at the atomizing 

component and jump to excited state upon absorption of appropriate radiation at specific wavelength. 

The sample absorbance is proportional to concentration of metallic pollutant computed from the 

standard calibration curves (Siraj & Kitte, 2023). 

6.2.3 X-Ray Diffraction (XRD): XRD is widely applied to investigate material microstructural 

characteristics such as lattice spacing, crystalline order, preferred orientation and the presence of 

structural defects (Bashandeh & Khalaji, 2021). In a typical analysis, the polymer specimen is irradiated 

with monochromatic X rays of short wavelength approximately 0.1 nm. As the beam penetrates the 

sample, its intensity decreases exponentially according to I equals I0 exp(-μx), where I0 is the initial 

intensity and μ represents the linear absorption coefficient, indicating that penetration depth is 

governed by both material properties and X ray energy. 



 

Int.J.Chem.&Aqua.Sci.                             Vol.12.Issue.1.2026 (Jan-March) ISSN: 2355-033X 

17  
 

Paul M. Munene & Nthiga E. W. 

During interaction with the specimen, a fraction of the incident radiation is absorbed while another 

portion is scattered or transmitted without change. Scattering arises from interactions between X rays 

and the electron clouds of atoms within the material. Constructive interference among the scattered 

waves produces diffraction peaks whose positions and intensities are determined by the incident angle 

and crystallographic arrangement of the sample (Bergstrom 2015). 

6.2.4 X-Ray Photoelectron Spectroscopy (XPS): XPS the sample surface is irradiated with X rays 

causing electrons to be emitted from core and valence energy levels of surface atoms. These emitted 

photoelectrons are collected and analyzed using a hemispherical energy analyzer that determines their 

kinetic energy. From the measured kinetic energy, the corresponding binding energy relative to the 

Fermi level is calculated. Shifts in binding energy commonly referred to as chemical shifts arise when 

the oxidation state or local electronic environment of an element changes as a result of different 

chemical bonding or coordination conditions (Krishna & Philip, 2022). 

6.3 Thermostability 

Thermogravimetric analysis is used to determine polymer degradation temperatures 

(Bashandeh & Khalaji, 2021), residual solvent levels, absorbed moisture content and the amount of 

inorganic (noncombustible) filler in polymer or composite material compositions (Bergstrom 2015). 

6.3.1 Thermogravimetric Analysis (TGA): The technique is used to study weight change of a sample 

as a function of time or temperature (Loganathan et al., 2017; Mwangi et al., 2019). It is useful in studying 

thermal events such as absorption, adsorption and desorption among others. TGA can also be utilized 

for evaluation of volatile or gaseous products lost during such chemical reactions for samples such as 

nanomaterials and polymers among others (Mwangi et al., 2019). 

6.4 Surface Area and Chemistry 

For nanoparticles, a higher proportion of atoms are on their surfaces, (due to higher 

area/volume ratio) and these atoms are in direct contact with solvents and influence their interactions 

with other molecules (Bergstrom 2015). 

6.4.1 N2 Adsorption-Desorption Study: The surface area of nanoporous gold materials is typically 

expressed as the BET specific surface area SBET derived from nitrogen adsorption–desorption 

measurements conducted at 77 K using the Brunauer Emmett and Teller approach. Gas physisorption 

techniques employing inert probe molecules such as nitrogen argon or krypton are widely used to 

evaluate the surface characteristics and pore structure of porous solids. Owing to the availability of 

automated commercial analyzers with integrated data processing, nitrogen adsorption experiments at 

cryogenic temperature have become a routine method for characterizing newly developed materials. 

These systems quantify the amount of adsorbed nitrogen through gravimetric volumetric or continuous 

flow measurement modes. Surface area values are obtained by fitting the experimental adsorption 

isotherm with an appropriate theoretical model most commonly the BET equation which assumes 

distinct adsorption energies for the first molecular layer and for subsequent multilayer formation 

corresponding respectively to the heat of adsorption and the heat of liquefaction (Tan et al., 2012). 

6.5 Zeta Potential 

It is a measure of the difference between a nanoparticle's electrostatic potential and that of the bulk 

solution. To obtain the zeta potential, a laser is passed through a nanoparticle solution under the 

influence of a varied electric field (Bergstrom, 2015). 

6.5.1 Laser Doppler Electrophoresis: An electric potential is applied across electrodes at opposite ends 

of a cell containing a particle suspension, causing charged particles to migrate toward the electrode of 

opposite polarity. The velocity of these particles under the applied field is used to calculate their 
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electrophoretic mobility. In laser Doppler electrophoresis, the motion of the particles induces small 

shifts in the frequency of scattered light. The frequency shift Δf is given by, 

𝛥𝑓 =
2𝑣𝑠𝑖𝑛(

𝜃

2
)

𝜆
                                                                                               (4)   

where 𝑣 is the particle velocity, 𝜆 is the laser wavelength and 𝜃 is the scattering angle. The measured 

electrophoretic mobility UE is converted into zeta potential (𝜉) using Henry’s equation (5).          

𝑈𝐸 =
2𝜀𝜉𝐹(𝐾𝑎)  

3𝜂
                                                                                                          (5) 

where 𝜀 is the dielectric constant of the medium,  𝜂 is the viscosity and F(ka) is the Henry function 

(Kaszuba et al., 2010). This method allows precise determination of the surface charge characteristics of 

dispersed particles. 

6.6 Molar Mass Distribution 

This can provide information regarding the influence of formulation components on the 

polymerization process and degradation of the polymer (Zielinska et al., 2020). 

6.6.1 Size Exclusion Chromatography (SEC): In SEC, a solvent is forced through the column at rates 

typically 1 ml/min and pressures of 50-200 bar. The column diameter is 10 mm and length of 500-1000 

mm, packed with a porous material (typically silica or crosslinked polystyrene).  

A sample is dissolved in the same solvent that is running through the column and is then 

introduced into the solvent stream going through the column. A detector monitors the concentration 

of sample exiting the end of the column. Inside the column, molecules are separated based on their 

hydrodynamic volume. For polymers this can vary greatly with the particular solvent and the 

temperature. By studying the properties of polymers in particular solvents and by calibrating each 

column setup with samples of known molecular weight, it is possible to get a relative distribution of 

molecular weights for a given polymer sample. Using this data, it is possible to calculate number-

average molecular weight, weight-average molecular weight, polydispersity, as well as higher order 

molecular weights within a high level of accuracy (Bergstrom 2015). 

6.7 Crosslinking Success 

6.7.1 Fourier-Transform Infrared Spectroscopy (FTIR / ATR-FTIR): The spectra of native vs 

crosslinked chitosan are compared to investigate reduction in -OH band intensity (broad –OH stretch), 

shifts in band of C-N (Barbosa et al., 2025), changes in N–H or C–N modes, appearance of new ether 

link (C–O–C) signals, or other bonds (Vijaya et al., 2011). For example, in ECH-crosslinked chitosan 

beads, FTIR has been used to confirm the reaction between ECH and the primary hydroxyl group. 

Vijaya et al. (2011) confirmed fluoride adsorption using glutaraldehyde crosslinked calcium alginate 

due to appearance of a new band at 745 cm-1. Barbosa et al. (2025) observed the change in the 1636 cm−1 

region with the presence of a single peak, which could be associated with the imine group (C=N), 

indicating the success of cross-linking of the hydrogel. The shift for the band of C-N to 1406 cm−1 

signified interaction in the region while appearance of bands at 1554 and 1383 cm−1 was associated with 

C-H stretching, related to the glutaraldehyde chain. 

6.7.2 Swelling Tests / Gel Fraction: The degree of swelling in a solvent (e.g., water, buffer) is measured. 

A strongly crosslinked network will swell less (Chang et al., 2009).  

According to Barbosa et al. (2025) extreme crosslinking promotes a reduction of available groups able 

to absorb water and may also impact the potential removal of contaminants. 
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6.7.3 Mechanical / Rheological Testing: The biopolymer sample is subjected to mechanical analysis to 

evaluate changes in mechanical strength (Chang et al., 2009). Rheometry (dynamic mechanical 

analysis): measure storage (G′) and loss (G″) moduli; crosslinked networks often show gel-like behavior 

(G′ > G″) and characteristic gel points. 

6.7.4 Thermal Analysis 

❖ Differential Scanning Calorimetry (DSC): crosslinked materials may show changes in glass 

transition temperature (Tg), melting transitions, or thermal events due to a more rigid 

network (Tandon et al., 2017; Bashandeh & Khalaji, 2021). 

❖ Thermogravimetric Analysis (TGA): crosslinked biopolymers often show enhanced thermal 

stability (shift in degradation onset) because the network restricts chain mobility (Zhang et al., 

2017). 

6.7.5 Morphological / Structural Imaging: Scanning Electron Microscopy (SEM): examine surface 

morphology, porosity, microstructure; crosslinking often changes surface roughness, porosity 

(Perumal et al., 2019). Example: crosslinked chitosan adsorbents showed increased roughness. Barbosa 

et al. (2025) observed a highly porous chitosan-glutaraldehyde hydrogel structure with a pore size of 

23.6 ± 6.8 μm. X-ray Diffraction (XRD): Used to see changes in crystallinity (crosslinking may reduce 

or rearrange crystalline domains) (Bashandeh & Khalaji, 2021). 

6.7.6 Site-Specific / Molecular-Level Probing 

Nuclear Magnetic Resonance (NMR): Solid-state 13C NMR has been reported as a useful 

characterization technique for insoluble crosslinked networks since it can reveal new carbon–oxygen 

linkages (ether carbons) and changes in chemical shifts of carbons near crosslinked sites 

(Benediktsdόttir et al., 2014). Solution NMR (if possible): if fragments or soluble parts exist, one can 

examine the chemical environment of –OH / –NH₂ carbons. 

6.7.7 Point of Zero Charge (PZC): Crosslinking often modifies functional groups (e.g., consumes –NH₂, 

–OH, –COOH) on the biopolymer chains, or changes their accessibility and the functional groups that 

contribute to surface charge (via protonation/deprotonation) may become less available leading to 

shifts in PZC value (Arcos-Arévalo et al., 2016; Valdez-Alegria et al., 2020).This test is used to 

complement other crosslinking characterization techniques such as FTIR. 

6.7.8 Percentage Moisture Analysis: Crosslinking restrict how much the polymer chains can move. 

More crosslinking means a denser polymer network and less free volume for water to penetrate or 

occupy. As crosslink density increases, the mesh size (distance between crosslinks) typically shrinks. 

That means less space for water, so equilibrium water content goes down (Valdez-Alegria et al., 2020). 

This test complements other crosslinking characterization techniques such as FTIR. 

7. Conclusions and Future Perspectives 

A substantial number of articles on emerging aspects on biopolymer adsorbents and important 

insights were consolidated. The analysis found that current research is focused on development and 

modification of efficient, selective, low cost and safe adsorbents for fluoride removal from drinking 

water. Most of the fabricated adsorbents especially metal doped adsorbents concentrated on enhancing 

adsorption capacity but failed to address setbacks associated with the conventional adsorbents such as 

safety to human and environment, cost of raw materials, recovery challenges and competitive 

adsorption in actual water.  

Crosslinking modification with the appropriate crosslinker was widely reported to increase 

porosity and adsorption capacity of biopolymer composites. The emerging nanoscale technology is a 
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game changer in biopolymer modification with biopolymer nanocomposites exhibiting enhanced 

adsorption performance. 

This thorough review found crosslinked biopolymers nanocomposites such as chitosan 

nanocomposites and chitosan blended nanocomposites as promising adsorbents that if well 

synthesized could solve the limitation with most conventional adsorbents.  

Future research should focus on applying safe activation methods and enhancing porosity, 

safety, efficiency, stability, mechanical strength and selectivity in biopolymer nanocomposite 

fabrication. 
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