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This review examines the roles of different natural polymers, composites, 
and nanoengineered materials that have been studied in the last 10 years 
for their use in water treatment. As water quality is a global concern, the 
use of natural and sustainable materials is fundamental to obtain high 
value products that can remediate water systems without generating other 
pollution sources or require extra energy inputs or high side costs. 
Filtration systems often can provide an ideal alternative to conventional 
water treatment. Herein the attention is focused on polysaccharides, as 
these can be easily obtained from green processes and can be sourced 
from what nowadays are considered as agricultural waste. The inherent 
variety of functional groups that they have provides a better interaction 
with certain types of pollutants. Thus, biomaterials have been harnessed 
to generate filtration systems and other water treatment options. 
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INTRODUCTION 
 

 Access to drinking water is essential to human health and has been considered as 

an inherent human right since 2008 (World Health Organization 2014). Healthful drinking 

water constitutes a vital component of an effective policy for health protection, for national 

and regional development, and a matter of international concern, permeating all stages of 

wellbeing in a country. The lack of investment in water supply and sanitation has led to 

poor availability of high-quality sources of water; thus, about 2.2 billion people of the 7.6 

billion worldwide are without access to safely managed drinking water services (Ware and 

Whitacre 2006; World Health Organization 2017). In addition, global warming has led to 

an increase in temperature of water, which has affected the normal lifecycles of bacteria 

and algae, mainly by increasing the duration of bloom seasons. As a result of these changes, 

concentrations of toxins generated as by-products from these organisms have increased, 

and this has had a high impact on human health (Paul 2008; Wilson 2017). Furthermore, 

the rise in industrial activities, especially those that use secondary compounds and high 

amounts of water in their processes, has increased the concentration in water sources of 

pollutants, such as metals, radioactive materials, halogenated compounds, persistent 

organic pollutants, and bioaccumulative and toxic chemicals, such as pesticides. 

These discharged substances from industries contaminate waters, and the increase 

of normal concentrations of microorganism had raised concerns, leading to the generation 

of regulations that would enhance public health and improve water quality. The World 

Health Organization (WHO) has provided recommendations for the levels of each 
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contaminant, and these can be found in the Guidelines for Drinking-water Quality, 2011 

(World Health Organization 2014). In this document 41 microorganisms and 85 

components are identified as pollutants that need to be monitored and controlled, as they 

represent an important health risk. 

Also, some local authorities have generated their own standards, such as the 

European Union’s Directives on the Quality of Water intended for Human Consumption 

(The European Commission 2015), where they considered the WHO recommendations and 

some other ISO standards to set the parameters values that should be followed by all of 

their members for 5 microorganisms and 35 principal components. Similarly, the U.S. 

Environment Protection Agency has specified 88 contaminants that should be monitored 

and reported in their National Primary Drinking Water Regulation (U.S. Environmental 

Protection Agency 2017) plus 30 unregulated elements that present a health risk that were 

set for national monitoring at the Fourth Unregulated Contaminant Monitoring Rule (U.S. 

Environmental Protection Agency 2006). The main share points between these different 

regulations are the counting of microorganisms such as Escherichia coli and other coliform 

bacteria and Pseudomonas aeruginosa, as they represent the more harmful gram-negative 

bacteria. These regulations also include heavy metal ions used in industry such as copper 

(Cu(II)), chromium (Cr(VI)), mercury (Hg(II)), and lead (Pb(II)); soft ions, e.g. ammonium 

(NH4
+), chloride (Cl-), aluminum (Al(III)), manganese (Mg(II)), nitrate (NO3

-), and sodium 

(Na+); and organic molecules including benzene, 1,2-dichloroethane, acrylamide, 

epichlorohydrin, trihalomethanes, polycyclic aromatic hydrocarbons, and pesticides. 

The main challenge that comes from the identification and monitoring of these risk 

factors is the need to treat water sources that exceed the safety values. The most common 

remediation treatments are precipitation, filtration, chlorination, and ozonation (Hitzfeld et 

al. 2000; Mahfoudhi and Boufi 2017). Ozone treatment was developed in 1886 and is 

based on the formation of ozone from molecular oxygen present in the air by an induced 

electric field. Ozone is a reactive form of oxygen that is able to oxidize minerals, eliminate 

color and turbidity from water, degrade organics, and inactivate microorganisms (Camel 

and Bermond 1998; Glaze et al. 1987; Langlais et al. 1991). This process was relegated 

after World War I, as chlorine was easier to obtain. In an analogous way, chlorination is 

able to disrupt cellular processes and structures due to the interactions with cell-membrane 

proteins, inactivating microorganisms, and generating a long-term resistance, as ions stay 

in the water for a longer period of time inhibiting the microorganisms’ growth (Du et al. 

2017; Rosenblum et al. 2017). The downside of these processes is that chlorination 

generates halogenated compounds and ozone can generate other organic compounds. Often 

these by-products present a higher risk than the original compounds (Mao et al. 2018). 

The precipitation and filtration methods are linked processes, as a lot of the 

precipitated components should then be removed from the water source by filtration, 

especially when they remain suspended instead of sedimenting as sludge. Aside from being 

retained by size, some compounds can be adsorbed directly into the material base of the 

filters, making adsorption the most convenient water treatment method, as components can 

be directly removed and treated (Luo et al. 2013; Faisal et al. 2017; Mahfoudhi and Boufi 

2017).  

The principle of the precipitation method is the use of pH changes or increase in 

ionic strength, which turns the excess nutrients (i.e. nitrates or phosphates) or other heavy 

ions into salts or gelatinous precipitates that can easily be removed from water lines and 

treatment plants. Depending on the substance that needs to be removed, a combination of 

buffer salts can be added to improve the salting out of the pollutants; some examples are 
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the use of calcium salts for phosphate anions removal or sodium carbonate with iron 

trichloride for radioactive strontium removal (Tomson and Vignona 1984; Nyberg et al. 

1994; Kim et al. 2009; Lemlikchi et al. 2012; Luo et al. 2013). With the precipitates formed 

and the newly added ions free in the water, the filtration and adsorption to the filter are key 

points for the improvement of the water quality. This last step involves the isolation of 

precipitate products and the removal of any by-product generated during the previous steps 

of the treatment. The process’s capability of removal is influenced by the surface area, 

which shows the dominance of interfacial phenomena, the specificity of the surface of the 

materials, and the mechanical and structural integrity of the selected material (Ali and 

Gupta 2007; Zhou et al. 2011b; Mahfoudhi and Boufi 2017). 

The materials used for treatment by filtration of the water flow can be roughly 

categorized into: inorganic, carbon-based, polymeric, and bio-based. Depending on the 

pollutant to be removed and the media conditions, the selection of the ideal material should 

be completed and then adjusted to make it as selective as needed. Apart from these common 

materials, new filtration systems have been developed with enhanced activity via the 

addition of nanoparticles and by composite generation (Shrivastava 2010; Trujillo-Reyes 

et al. 2014). The use of nanoparticles immobilized on the surface of a solid support seems 

to be a good alternative, as the system usually shows good mechanical stability and 

prevents the leaching of the nanoparticles into the water that is being purified, preventing 

contamination with metals or molecules that formed the nanoparticle (Tyagi et al. 2012). 

It is vital to understand that the nature of the scaffolds selected for the nanoparticles are 

going to have an impact on the reactivity of the particles, which can either enhance or 

eliminate the activity (Haruta 1997).  

Even with all the regulations and newly developed technologies, the investment 

into environmental remediation generally has not been a priority for companies or 

industries, as it is a low profit activity with high operating costs. For this reason, the 

systems generated must have a minimum energy consumption, economic feasibility, and 

be environmental friendly to avoid further contamination (Haruta 1997; Shrivastava 2010; 

Tyagi et al. 2012). To accomplish this, bio-based materials are of primary interest, as they 

are renewable and low priced. They can be highly versatile, especially when biopolymers 

are used, as they have a wide range of systems that can be developed from them, such as 

nanoparticles, nanofibers, scaffolds, hydrogels, and more (Renard et al. 1997; Klemm et 

al. 2005; Nevárez et al. 2011). 

The focus of this review is to provide an overview of how natural polymers have 

been employed in water remediation, with an emphasis on polysaccharides, and the 

different filtration systems that have been generated from them. 

 

Natural Polymers 
Biological systems bio-synthetize three main polymer types: nucleic acids, 

proteins, and polysaccharides; these are the major macromolecules that constitute any 

organism or biosystem, as they sustain metabolic and structural functions, as well as energy 

storage, carrying and effecting genetic information, and synthesis of analogous molecules 

by the enzymes and complex that are formed from the interaction between them (Smith 

and Wood 1997). Other polymers present in biosystems include polyesters (i.e. PHAs), 

polyisoprene (rubber), polyethers (lignin), and other complex polyaromatics (melanin and 

suberin) (Meyers et al. 2008). 

The use of natural polymers eliminates steps in industrial processing, as the need 

for industrial synthesis is avoided, and the purification can be completed using more 



 

PEER-REVIEWED REVIEW ARTICLE                  bioresources.com 

 

 

Gomez-Maldonado et al. (2019). “Bio-remediation,” BioResources 14(4), 10093-10160.  10096 

environmentally friendly solvents. As many of these polymers are already residues from 

other industrialized processes, they represent a major advantage relative to the generation 

of new materials, which may be needed to address day-to-day problems, lowering costs 

and emissions. From this wide variety of available polymers, polysaccharides are generally 

more abundant, cheap, and easy to extract, as they have less variation within than nucleic 

acids and proteins; therefore, polysaccharides are ideal materials with which to develop 

remediation target systems. 

 

Polysaccharides 
 As the name suggests, polysaccharides are polymers formed from sugar monomers 

(saccharides) linked by a glycoside bond with a general formula of [Cn(H2O)n]m, where m 

is between 40 to 3,000 units (Chen et al. 2012; IUPAC 2014). Smaller chains are called 

oligosaccharides, which have their own diversity and helpfulness in environmental 

remediation, as they have higher reactivity and more conformational states. Between these, 

one can highlight cyclodextrins and derived surfactants, such as N-alkylmaltonamides          

(Zhang and Marchant 1996; del Valle 2004; Saeki et al. 2009). 

Among polysaccharides, cellulose and chitin are the most abundant, being 

structural building blocks in plants and animals, respectively (Chen et al. 2012; Luo et al. 

2016). Furthermore, chitin can be deacetylated to become chitosan, which maintains the 

characteristics that can be favorable for environmental and biomedical uses (e.g. 

biocompatibility, biodegradability, non-toxicity, among others); at the same time, it 

increases the reactivity of the molecule, as amino functional groups are now present in the 

structure and have been found to have antibacterial properties in acidic conditions, which 

is convenient for environmental applications (Rinaudo 2006; Pavinatto et al. 2010). 

Another highly used linear polysaccharide is alginate, which has a high water absorption 

capability due to the abundance of carboxyl groups; it also can be easily crosslinked to 

generate hydrogels and embed other active compounds in a matrix or as beads (Lee and 

Mooney 2012). 

Branched polysaccharides provide different characteristics, as they contain a higher 

density of surface groups such as acetyls, hydroxyls, and carboxyls, which can be used for 

immobilization or for modification. However, the branches also give these polysaccharides 

a more challenging morphology. Of these, hemicelluloses and amyloses are the main 

alternatives, as they are highly abundant and have good water uptake and have a low 

extraction cost (Hult et al. 2002; Wittaya 2012). 

 

Cellulose 

 As previously mentioned, cellulose is the most abundant polymer worldwide, 

accounting for about 45% of dry weight of wood, around 33% of all plants, between 20 

and 30% in green algae, and a byproduct of some bacteria and a few animals (Klemm et 

al. 2005; Xiang et al. 2016; Zhao et al. 2015b). Because of this abundancy and the easiness 

to obtain, cellulose is a referent in the generation of systems for environmental remediation, 

especially because of the numerous modification options that the hydroxyl groups present, 

involving both chemical and physical phenomena. These groups can be exploited to 

generate selective and self-standing approaches (Mahfoudhi and Boufi 2017). 

Cellulose is rarely found as a single molecule, as it tends to form networks or fibers 

that have intermolecular hydrogen bonding between the hydroxyl groups. The cellulose 

chains acquire a supra-structure that will further interact with the other cell components; 

because of this, different methods have been developed to extract and purify the fibers from 
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natural resources. When brought to the nanoscale, cellulose has shown desirable properties 

for water remediation, such as a low solubility in water, a tunable surface-volume ratio, 

and surface charge depending on the raw material and extraction method utilized. As 

surface area is maximized and interfacial phenomena can occur, the more reactive and 

energetic points are exposed (Zhou et al. 2011b). Thus, the use of nanocellulose is an 

attractive alternative that promises more efficient adsorbents with better binding affinit ies 

(Ali 2012; Carpenter et al. 2015). 

Cellulose, without any further modification, is composed of anhydro-glucose units 

linked by a β-1-4 glycosidic bonds (Fig. 1). These result in a linear polymer that has 3 

hydroxyl groups in the C2, C3, and C6 positions of each anhydroglucose unit. This polymer 

presents an isoelectric point between 2.5 and 3.7, depending on the literature source 

(Sookne and Harris 1941; Lee et al. 2011), and a its hydroxyl groups present dissociation 

constant (pKa) values between 10 and 12 for the secondary hydroxyl groups and 

approximately 14 for the primary group (Feng et al. 2013). The described properties make 

cellulose negatively charged in most media and prone to interact with molecules and ions 

that are suspended or diluted at the same media (Stana-Kleinschek et al. 1999). 

 

 
 

Fig. 1. Structure of cellulose monomer 

The interaction mechanisms with cellulose-derived materials depend on the solute 

that is to be removed from the contaminated water. In the case of ions and cationic 

molecules, it has been characterized that adsorption affects the pores and surfaces; the 

mechanisms of ion exchange, chelation and complexation, and chemisorption by 

coordination bonding are understood as being the most likely (Hokkanen et al. 2013; 

Lawrance 2013; Olivera et al. 2016). Meanwhile, for anions or larger molecules, hydrogen 

bonding and electrostatic interactions with the hydroxyl groups seem to be the more likely 

processes (Jin et al. 2015; Olivera et al. 2016). Interestingly, it has also been studied that 

crystallinity has an effect on the adsorption capability of the fibers; organic molecules, such 

as benzophenone, tend to adsorb into amorphous regions on the fibers, but at low 

concentrations, these molecules are more prone to be adsorbed onto the crystalline region 

(Ilharco et al. 1997). 

The negative nature of the cellulose has been exploited mainly for the removal of 

cations, as cellulose and especially nanocellulose fibers have been shown to be able to 

adsorb metals such as Cd(II), Pb(II), and Ni(II) in concentrations of 9.7, 9.42, and 

8.55 mg/g, respectively; this was tested in metal solutions with initial concentrations of 
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25 mg/L. Regeneration was obtained with 0.5 M hydrochloric acid and nitric acid, this can 

be done for up to 3 cycles with similar adsorption outcomes (Kardam et al. 2014). Usually, 

this negative charge characteristics can be further enhanced by the addition of negative 

moieties, such as carboxylate, phosphates, and phosphoryl groups (Hokkanen et al. 2013; 

Liu et al. 2015; Olivera et al. 2016; Suopajärvi et al. 2015). 

Carboxylation has proven to be one of the easiest and most used methods to raise 

the negative charge character of cellulosic surfaces, and by it, the adsorption of cations. 

Fibers that have been oxidized with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) have 

demonstrated the capability to adsorb up to 67.2 mg/g of Cu(II) (ca. 43.6 mg/L), where the 

degree of substitution (DO) was 1.5 and the concentration was 200 mg/L (Liu et al. 2016). 

In fibers with a degree of oxidation (DO) of 0.34 at pH 6.2, the removal of Cu(II) was 

135.5 mg/g, and the solution had the same initial ion concentration as the previous case 

(Sehaqui et al. 2014). The same type of fibers, but with a DO of 0.26, also presented 

adsorptions of 58 mg/g of Cr(III), 49 mg/g of Ni(II), and 66 mg/g of Zn(II) (Sehaqui et al. 

2014). Similarly, fibers with a DO of 0.075 (1.4 mmol of carboxylic groups per gram) 

presented an adsorption capability of 167 mg/g of UO2(II), with the side effect that this ion 

gelled the fibers (Ma et al. 2012). 

TEMPO oxidation is not the only path to obtaining carboxylated cellulose, as 

nanocellulose with low crystallinity (~ 35%) and DO of 0.062 (1.15 mmol of carboxyl /g) 

was obtained using nitric acid and sodium nitrite for 12 h at 50 °C (Sharma et al. 2017b). 

These fibers proved to be also effective to the removal of 1470 mg/g of UO2(II) (Sharma 

et al. 2017a), 2270 mg/g of Pb(II) (Sharma et al. 2018b), and 2550 mg/g of Cd(II) (Sharma 

et al. 2018a). 

Other modifications with the same aim of increasing the negative charge density 

with carboxylic and carbonyl groups have also proved to be effective in the immobilization 

and removal of metallic ions. For example, a modification to mercerized nanocellulose 

fibers with succinic anhydride was able to successfully remove 231.8 mg/g of Cd(II), 120.7 

mg/g of Cu(II), 105.3 mg/g of Zn(II), 78.8 mg/g of Co(II), and 43.7 mg/g of Ni(II) 

(Hokkanen et al. 2013). This was not as high as when only cellulose microfibers were used, 

which had the removal values of 153.8 mg/g for Cu(II), 249.8 mg/g for Cd(II), and 

500.0 mg/g for Pb(II) (Gurgel et al. 2008). Even when the microfibrillar cellulose appears 

to have higher removal values, nanocellulose proved to be regenerated with high efficiency 

using nitric acid and sonication. 

As previously mentioned, carboxylation is not the only modification available. 

Enzymatic phosphorylated nanocellulose adsorbed 120 mg/g of Ag(I), 114 mg/g of Cu(II), 

and 73 mg/g of Fe(III), this with an initial concentration of 62.5 mg/L using 0.2 g of the 

nanocellulose; this work also found that when used in a mixture, CNF adsorbed more Fe 

than Cu, with final concentrations of 109 and 59 mg/g, respectively, while Ag adsorption 

was kept constant (Liu et al. 2015). Sulfonated nanocellulose was used to eliminate Pb(II); 

these fibers had a DO of 0.024 (0.45 mmol sulfonic acid /g) and were able to remove 

efficiently 248.6 mg/g of Pb(II), which was 15x greater than CNF without the modification 

(Suopajärvi et al. 2015). Fibers modified with taurine also present a sulfonate group 

exposed at the surface; these fibers were found to be efficient for the recovery of suspended 

Au(III) with a capacity calculated with Langmuir isotherms of 34.5 mg/g, which can still 

be adsorbed even when other ions such as Ni(II), Cr(VI), Cd(II), Co(II), and As(V) are 

present (Dwivedi et al. 2014). Even though the main objective of the study was not for 

environmental purposes, the modification approach can be oriented to it, especially as 

metal desorption was achieved using acidic thiourea. 
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Aside from adding functional groups, whole molecules can be used as the modifier 

moieties. Exploiting the inherent reactivity of silanes to react with hydroxyl groups, 

cellulose microfibers were modified with aminopropyltriethoxysilane (APS), which gave 

the surface of the fibers a surface positive charge, as amino groups were exposed; herein 

the maximum adsorption was of 160.5 mg/g for Ni(II), 200.2 mg/g for Cu(II), and 471.6 

mg/g of Cd(II). These adsorption values were between 1 and 2 orders higher with the 

modification than with the raw microfiber, as the metals are able to coordinate with the 

exposed nitrogen of the amino group (Hokkanen et al. 2014). Other modifications explored 

for Cr(III) and Cr(VI) are with paraben and (2,3-epoxypropyl) trimethylammonium 

chloride, respectively. This work obtained a maximum sorption capacity of 23.9 mg of 

Cr(III) and 24.0 mg of Cr(VI) per g of sorbent (Jain et al. 2016). Both final modifications 

used an epoxy group to modify the surface hydroxyl groups, taking advantage of the non-

directed reactivity of this group that can easily react with polysaccharides.  

Besides epoxy groups, anhydrides can be used as reactive groups too; for instance, 

ethylenediaminetetraacetic acid (EDTA, PubChem CID: 6049) was used as a grafting 

molecule when transformed to its anhydride form in pyridine and then reacted in a cellulose 

paper filter to improve the capacity to remove metal ions from water solutions. In the study 

Ag(I), Pb(II), Cd(II), Ni(II), Zn(II), Sn(II), and Cu(II) were tested with removal efficiency 

between 90 and 95%. Among all of the tested cations, adsorption of Pb and Cd ions were 

modeled by Langmuir isotherms showing a maximum adsorption capacity of 227.3 mg/g 

and 102 mg/g respectively, and 5 cycles of recyclability for Pb(II) in 0.5 M HCl, with non-

apparent loss of adsorption efficiency (D’Halluin et al. 2017). 

The structure of the sorbent also has proved to be an important variable in the 

adsorption capability of the cellulose nanofibers, as surface area will be affected by the 

conformations that the systems can acquire. Thus, cellulose hydrogels with TEMPO-

oxidized cellulose were also found to adsorb Cu(II) with a maximum of 268.2 mg/g, which 

after regeneration was also used with other ions combined such as Zn(II), Fe(III), Cd(II), 

and Cs(I) (Isobe et al. 2013). Likewise, a nanofiber network embedded with TEMPO-

oxidized cellulose nanocrystals (CNC) was used to adsorb Ag(I), Cu(II), and Fe(III), 

presenting capabilities of 0.023, 33, and 55 mg/g, respectively (Karim et al. 2016); the 

results in these two studies indicate that further modification by incrementing the structural 

complexity has an impact in the area exposed to retain these metal ions and other organic 

molecules.  

Moreover, the structural modification can also be achieved when nanocomposites 

are generated; the grafting of other polymers, the entrapping of nanoparticles, or the 

boosting of an interaction due to different layers are some of the main strategies used for 

the formation of these materials. Grafting from polymers to cellulose fibers can be done 

using two approaches, “grafting from” and “grafting to” (Hatton et al. 2015). The “grafting 

from” approach is when a surface group is used as an anchoring point from where the 

monomers will generate the branches as they polymerize and elongate the chains. On the 

other hand, the “grafting to” approach is when the polymer is already generated and is only 

going to be attached to the cellulose fibers.  

A “grafted from” polyaniline on cellulose was used to adsorb two model dye 

molecules, methyl orange (C14H14N3NaO3S, PubChem CID:23673835) and eosin yellow 

(C20H6Br4Na2O5, PubChem CID: 11048); this system removed 20.9 and 58.1 mg/g, 

respectively, with maximum concentrations of 10 and 30 mg/L (Bhowmik et al. 2018). A 

similar method was used with poly (glycidyl methacrylate) (GMA) and copolymerized 

with acrylic acid, acrylamide, or acrylonitrile; these different modified celluloses were 
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characterized and used to remove Fe(II), Cu(II), and Cr(VI). To further understand the 

effects of the functional groups added to the cellulose, the polymers were partially 

hydrolyzed with 0.5 N NaOH for 48 h at room temperature. All systems were tested in a 

solution containing 0.1 g of polymer in 20 mL of solution containing 20 mg of metal salt 

per liter; the best performance for Cr(VI) before hydrolysis was of 24.6% removal from 

the cellulose grafted with glycidyl methacrylate and acrylamide and co-grafted with 

acrylonitrile, which after hydrolysis removed 16.4%. For Cu(II), the best uptake was by 

the co-grafted with acrylic acid, removing 22.8 and 68.9% before and after hydrolysis, 

respectively. Finally, for Fe(II) before hydrolysis the best one was the cellulose-g-

poly (glycidyl methacrylate), which removed 51.9% of the metal content in the solution, 

but after hydrolysis, this underperformed, removing only 74.6%, while the co-grafted 

polymers with acrylamide and acrylic acid removed 100% (Chauhan et al. 2005). 

Polymers also were synthetized on okra cellulose fibers; the system was an 

aminoxide version of poly(acrylonitrile-co-methacrylic acid) and was evaluated under 

different pH ranges, which influenced the adsorption capacity. The best performance for 

Cu(II) was at pH 5.5 with a maximum of 76.8 mg/g; at the same pH, this system removed 

268.3 mg/g of Pb(II). For Cd(II) at pH 6, the adsorption was of 141.7 mg/g, and for Zn(II) 

the maximum was of 62.9 mg/g at pH 6.5 (Singha and Guleria 2014). Poly(methacrylic 

acid-co-maleic acid) fibers were grafted from a CNF aerogel using Fenton’s reagent; these 

branches decreased the specific surface area from 85 to 65 m2/g but increased the carboxyl 

content from 0.54 to 7.5 mmol/g. All experiments were done at a constant pH of 5, which 

allowed for the study of only the effects of the COO- concentration. Therefore, this high 

negative surface charge was used to efficiently remove up to 95% of Pb(II), Cd(II), Zn(II), 

and Ni(II) when the solution had concentrations lower than 10 ppm (mg/L) and ranging 

from 90 to 60 % with higher concentrations, obtaining a maximum of 165.8, 134.9, 136.0, 

and 115.6 mg/g for Pb(II), Cd(II), Zn(II), and Ni(II), respectively. Regeneration of the 

material was possible with 1 mM EDTA solution pH 5 (Maatar and Boufi 2015). This last 

work also demonstrated that the initial ionic strength (KCl) of the media has an effect on 

the adsorption capability of the different metals; the higher the salt concentration, the lower 

the adsorption capacity of the aerogel to adsorb the metals through coordination with 

exposed oxygen atoms of the side chains. 

As for the “grafted to,” TEMPO-oxidized cotton nanofibers (TOCNF) were used 

to generate an aerogel with branched polyethyleneimine (bPEI) in a ratio 1:2; the resulting 

sponge was used to serve as an adsorbent for some organic pollutants (p-nitrophenol, 2,4,5-

trichlorophenol, and amoxicillin) and some metals (Cu, Co, Ni, and Cd). When a Langmuir 

isotherm was evaluated, the adsorption capability observed for the organic pollutants in a 

solution with initial concentrations of ranging from 0.1 and 50 mM was determined to be 

1630, 205 and 556 mg/g, for p-nitrophenol, 2,4,5-trichlorophenol, and amoxicillin, 

respectively. Meanwhile for metals, the maximum absorption with an initial concentration 

of 0.1M was of 89.0, 57.2, 155.1, and 64.6 mg/g for Cu(II), Co(II), Cd(II), and Ni(II). 

When the four metals were mixed together, the Cu(II) was the most compatible with the 

gel, as it removed around 69.9 mg/g and only 8.8, 36.0, and 8.8 mg/g of Co(II), Cd(II) and 

Ni(II), respectively (Melone et al. 2015). A similar system was also tested for Cu(II) and 

Pb(II), but herein the nanofibers were from bleached softwood, and a ratio of 1:1 was 

selected. With the Langmuir model of an initial concentration of 3 mM, it was found that 

the maximum adsorption was of 175.4 and 357.1 mg/g (Li et al. 2018). When compared, 

the 2:1 ratio adsorbed 89.0 mg/g of Cu(II), while the 1:1 captured 175.4 mg/g; this could 

be due to the difference of the origin of the CNF or from the concentrations of the initial 
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solution, even though, these systems showed a non-specific selection, which provides 

versatility in the application possibilities. 

The versatility and efficiency of these grafting processes can provide highly 

engineered material, with exciting designs and high selectivity in its performance; for 

example, an electrospun polyacrylonitrile scaffold was infused with ultrafine cellulose 

fibers, which were TEMPO oxidized and crosslinked to the scaffold through a 

carbodiimide reaction. This membrane was able to retain bacteria including E. coli and 

even viruses (MS2), improving the applications in the water treatment field (Sato et al. 

2011). Another engineered grafted system for water treatment was generated with 

polyhedral oligomeric silsesquioxanes bearing multi-N-methylol groups (R-POSS) grafted 

to cellulose using citric acid and MgCl2 as linker and catalyst, respectively (Xie et al. 2010). 

This system proved to be effective in the removal of the reactive dyes Yellow B-4RFN and 

Blue B-RN. The removal was dependent upon the temperature; the higher it was, the less 

dye was adsorbed. Maximum capture for both was at 293 K with 16.6 and 14.4 mg/g, 

respectively (Xie et al. 2011). 

As cellulose in the nanoscale enhances the surface area and availably of negative 

moieties, other nanoparticles have catalytic activities or a strong affinity to molecules that 

can be used in parallel for water treatment (Shrivastava 2010; Tyagi et al. 2012; Adeleye 

et al. 2016); when these nanoparticles are used as a composite with cellulose, the specific 

properties of both materials can be used in an additive way to obtain a better performance 

than when used alone. For example, hydroxyapatite is known to have an affinity for 

fluoride, which is a WHO regulated compound; because of it, a cellulose nanocomposite 

was developed with cotton fibers where hydroxyapatite was grown at the surface. When 

the material was immersed in a solution with 10 mg of F- /L, the removal capacity reached 

a Langmuir maximum capacity of 4.2 mg/g, which is higher than the nano-hydroxyapatite 

per se (1.457 and 0.489 mg/g) and did not show any decrease in adsorption when other 

anions (NO3
_, SO4

2-, and PO4
3-) were present (Yu et al. 2013). A similar study was 

performed, but herein the fibers were from bleached birch, and the aim was the removal of 

Cr(VI); the adsorption at 25 °C was of 2.21 mg/g. Interestingly, this system appeared to 

have a buffering effect in the solutions, so there was no impact from the pH to the removal 

capacity, but temperature seemed to have a positive relationship; this means that at a higher 

temperature a higher adsorption was obtained (Hokkanen et al. 2016). 

Metallic nanoparticles, such as titanium dioxide, also have been used to develop 

photocatalytic nanocomposites with cellulose nanofibers. In one study that explains this, 

Eucalyptus TEMPO oxidized nanofibers were decorated with titanium dioxide particles to 

degrade a model organic molecule solution (0.01 g/L of methylene blue, C16H18ClN3S, 

PubChem CID: 6099); simultaneously, two films were also decorated with Au and Ag 

nanoparticles above the preexisting titanium ones. The base film was able to degrade 60% 

of the methylene blue in the solution, while both Au and Ag charged specimens degraded 

75%. As reusability is desired, mechanical tests were performed after each cycle, where 

the Ag-TiO2-CNF composite outperformed the others (Snyder et al. 2013). Another study 

was done on carboxymethyl cellulose (CMC) coated with zero-valent iron particles for the 

removal of trichloroethylene; herein, from a 10 mg/L solution, this system was able to 

extract only 9.7%, which is not the best performance but demonstrated the concept that this 

modified cellulose could be used for composites with metallic particles (Han et al. 2016). 

CMC was also used with hydroxyethyl cellulose as a citrate cross-linked hydrogel carrying 

potassium copper hexacyanoferrate; this system was generated to selectively capture 

cesium in seawater. From a solution with 19.9 mg/L of Cs+, 12.4 g/L of Na+, 2.3 g/L of 
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Mg2+, 469.1 mg/L of K+, and 148.3 mg/L of Ca2+, the hydrogel was able to remove 90.1% 

of Cs (ca. 265.8 mg/g) in only 1 h (Kim et al. 2017). 

The use of ceramic and metallic particles is non-exclusive, as demonstrated by the 

use of a cellulose composite with magnetite that entrapped acid activated bentonite for the 

removal of Pb(II). This composite was evaluated at a range of 60 to 160 mg/L and at 298, 

303, and 313 K; the Langmuir maximum capacity of the material was 2.86 mg/g at 298 K 

(Luo et al. 2016). Herein, the purpose of each component was different, as bentonite was 

the one targeting Pb(II), cellulose was the matrix, and the function of magnetite was to 

allow the separation and recovery of the material. The use of these specific properties 

creates the possibility of solving different limitations that water remediation systems 

present nowadays. 

As previously mentioned, non-reactive interactions between cellulose and other 

materials can also provide composites with valuable properties. For example, a 

diaminobutane base poly(propyleneimine) dendrimer carrying 16 thiol groups was 

embedded in cellulose and used to reduce the permeability of metals from a 1 mmol 

solution of Cd(II), Hg(II), and Pb(II) at about 20% for the Cd(II) and 45% for the two latter 

mentioned (Algarra et al. 2014). Furthermore, an already modified cellulose can be used 

to generate the composites; hence, complex systems are obtained. For instance, a cystine 

grafted nanocellulose was embedded in an electrospun polyacrylonitrile, where the large 

resulting area and high surface thiol groups of the cysteine (109 mg/g) were used to adsorb 

Cr(VI) and Pb(II) with a removal capacity of 87.5 and 137.7 mg/g, respectively (Yang et 

al. 2014). 

The use of these complex structures when the conforming materials are from 

different chemical natures can generate composites that are not selective adsorbents, but 

which have a hierarchical structure that gives them the potential to perform phase 

separations, extraction of oils, or the adsorbance of organic molecules with low solubility 

and hydrophobic domains. For example, a designed layered double hydroxide (LDH) 

composite based on alumina modified cotton cellulose fibers (Zhang et al. 2014b) was used 

as a template for an auto-assembled superhydrophobic-superoleophilic membrane with 

steric acid being deposited to the surface; this system proved to have a separation efficiency 

above 95% with various oil/water mixtures regardless of the mass ratio and was reused for 

up to 10 cycles (Yue et al. 2017). The same aim was accomplished by drop-casting steric 

acid and graphite flakes onto a cellulose 3-D scaffold (stabilized with polyethylene and 

polypropylene); the drop-casted materials provided a non-selective cellulose with a 

hydrophobic nature that allowed the adsorption of oils and organic solvents without an 

intake of water. The adsorption capacity of these sponges was reduced to 60% at the third 

cycle; but this level of uptake was fairly constant for 11 more cycles, in all tested oils 

(Calcagnile et al. 2017). 

The numerous systems mentioned above demonstrate the use of cellulose for 

generation systems with environmental targeted applications, such as organic molecule 

removal, or more general, such as oil/water separation. The main advantage of cellulose is 

its high availability and the wide range of specific properties to select from, such as degree 

of crystallinity, aspect ratio, surface charge, among others, which makes the design of the 

systems as broad as the imagination can get. 
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Table 1. Cellulose-derived Materials and Pollutants Adsorbed 
 

Material DS Pollutant Capacity 
[mg/g] 

Regeneration Reference 

Nanocellulose 
fibrils 

 
Cd (II) 9.7 0.5 M HCl/ 0.5 M 

HNO3 
Kardam et al. 

2014 
 

Pb (II) 9.42 
 

Ni (II) 8.55 

TEMPO-oxidized 
fibers 

1.5 Cu(II) 67.2 
 

Liu et al. 2016 

0.34 Cu(II) 135.5 
 

Sehaqui et al. 
2014 0.26 Cr(III) 58 

 

 
Ni (II) 49 

 

 
Zn(II) 66 

 

0.07
5 

UO2 (II) 167 
 

Ma et al. 
2012 

Carboxylated fibrils 0.06
2 

UO2 (II) 1470 
 

Sharma et al. 
2017a  

Pb (II) 2270 
 

Sharma et al. 
2018b  

Cd (II) 2550 
 

Sharma et al. 
2018a 

Nanocellulose with 
succinic anhydride 

 
Cd (II) 231.79 

 
Hokkanen et 

al. 2013 
 

Cu (II) 120.73 
 

 
Zn (II) 105.26 

 

 
Co (II) 78.85 

 

 
Ni (II) 43.67 

 

Cellulose 
microfibers with 

succinic anhydride 
 

 
Cu (II) 153.84 

 
Gurgel et al. 

2008 
 

Cd (II) 249.77 
 

 
Pb (II) 499.97 

 

Phosphorylated 
nanocellulose 

 
Ag (I) 120 

 
Liu et al. 2015 

 
Fe (III) 73 

 

 
Cu (II) 114 

 

 
Fe (III)/Cu (II) 109/59 

 

Sulfonated 
nanocellulose 

0.02
4 

Pb (II) 248.64 
 

Suopajärvi et 
al. 2015  

Au (III) 34.5 Acidic thiourea Dwivedi et al. 
2014 

APTS modified 
microfibers 

 
Ni (II) 160.47 

 
Hokkanen et 

al. 2014 
 

Cu (II) 200.17 
 

 
Cd (II) 471.56 

 

(2,3-epoxypropyl) 
trimethylammonium 

modified fibers 
 

 
Cr(III) 23.92 

 
Jain et al. 

2016 
 

Cr (VI) 23.99 
 

EDTA modified 
microfibers 

 

 
Pb (II) 227.3 0.5 M HCl D'Halluin et 

al. 2017 
 

Cd (II) 102 

TEMPO-oxidized 
nanocellulose 

hydrogel 
 

 
Cu (II) 268.2 

 
Isobe et al. 

2013 
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Nanocellulose 
hydrogel with 

TEMPO-oxidized 
CNC 

 

 
Ag (I) 0.023 

 
Karim et al. 

2016 
 

Cu (II) 33 
 

 
Fe (III) 55 

 

Cellulose-g-
polyaniline 

 

 
Methyl orange 20.87 

 
Bhowmik et 

al. 2018 
 

Eosin yellow 58.14 
 

Cellulose-g-
poly(acrylonitrile-
co-methacrylic 

acid) 

 
Cu(II) 76.82 

 
Singha et al. 

2014 
 

Pb (II) 268.32 
 

 
Cd (II) 141.73 

 

 
Zn (II) 62.89 

 

Cellulose 
nanofibrils-g-

poly(methacrylic 
acid-co-maleic 

acid) 
 

 
Pb (II) 165.76 1 mM EDTA 

solution pH 5 
Maatar et al. 

2015 
 

Cd (II) 134.89 
 

Zn (II) 135.99 
 

Ni (II) 115.62 

TEMPO oxidized 
cotton nanofibers 

with 
polyethyleneimine 

(1:2) 
 

 
p-nitrophenol 1630 

 
Melone et al. 

2015 
 

2,4,5-
trichloropheno

l 

205 
 

 
amoxicillin 556 

 

 
Cu (II) 88.96 

 

 
Co (II) 57.16 

 

 
Cd (II) 155.13 

 

 
Ni (II) 64.56 

 

 
Cu(II)/Co(II)/ 
Cd(II)/Ni(II) 

69.90/8.84/35.
97/8.8 

 

TEMPO oxidized 
bleach softwood 
nanofibers with 

polyethyleneimine 
(1:1) 

 

 
Cu (II) 175.44 

 
Li et al. 2018 

 
Pb (II) 357.14 

 

R-POSS grafted to 
nanocellulose 

 
Yellow B-

4RFN 
16.61 

 
Xie et al. 

2011  
Blue B-RN 14.4 

 

Cotton fiber with 
hydroxyapatite 

 
F- 4.2 

 
Yu et al. 2013 

Cotton fiber with 
nanohydroxyapatite 

 

 
F- 1.45 

 

Bleached birch 
fibers with 

hydroxyapatite 
 

 
Cr (VI) 2.208 

 
Hokkanen et 

al. 2016 

CMC/hydroxyethyl 
cellulose with 

potassium copper 
hexacyanoferrate 

 

 
Ce (I) 265.8 

 
Kim et al. 

2017 
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Cellulose with 
magnetite and 

bentonite 
 

 
Pb (II) 2.86 

 
Luo et al. 

2016 

Cysteine-g-
nanocellulose 
embedded in 
electrospun 

polyacrylonitrile 
 

 
Cr (VI) 87.5 

 
Yang et al. 

2014 
 

Pb (II) 137.7 
 

 

Chitin 

 Chitin, as cellulose, is a linear polymer that is a widely available structural polymer 

and is considered the second most abundant natural polysaccharide on earth. Chitin is 

composed of β(1  4) 2-acetamido-2-deoxy-β-D-glucose (Fig. 2); therefore, the structure 

is akin to that of cellulose, except that it has acetamide functional groups at the carbon 2 

position (Kumar Dutta et al. 2004). Even though the backbone is structurally alike, 

properties of both differ importantly; chitin is highly hydrophobic and insoluble in water 

and most organic solvents, therefore stable at natural environment. Also chitin is prone to 

interact with calcium and proteins, which can also be easily removed when necessary for 

reuse (Syahmani et al. 2018). 

 
 

Fig. 2. Structure of chitin monomer 

 

The acetyl amine groups allow the formation of hydrogen bonds and allows the 

chitin to serve as an excellent base material to design and develop water treatment systems. 

This capacity was shown when black water carrying Fe and Mn flowed through a column 

filled with newly extracted chitin from shrimp shell waste. The original water sample 

contained 10.34 and 0.20 mg/L, Fe and Mn, respectively, 210 mg/L of organic matter, and 

was dark brown colored with a pH of 3.88. After flowing through 25 cm of the column, 

86.7% and 91.8% of the two metals, and 98.7% of the organic matter were removed from 

the solution, leaving a final stream with a pH 6.5 and a colorless flow (Syahmani et al. 

2018). This simple experiment confirms the capacity of the chitin for entrapping metals 

and organic molecules, which also proved to be reversible in the case of metals when using 

a nitrite acid 0.5 M, providing the chance for reuse of the system. Moreover, chitin has 

proven to be even a better adsorbent than cellulose (cellulose Iα, Iβ, and cellulose triacetate) 

to eliminate insensitive munitions compounds such as 2,4-dinitroanosole (DNAN), 3-nitro-
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1,2.4-triazol-5-one (NTO), nitroguanidine (NQ), and 1,1-diamono-2,2-dinitroethene 

(FOX7), due to the stronger interaction and lower energies required for the compounds to 

interact with the resulting composite surface (Todde et al. 2018). 

Compared to the other polysaccharides, chitin presents facility to obtain derivatives 

with surface group modifications; the most common reaction for chitin is deacetylation to 

obtain chitosan, but this will be addressed in its own following section. Meanwhile, other 

modifications, such as the addition of new groups or oxidation of the acetylamine (like 

carboxylic groups via TEMPO oxidation) can also be utilized to obtain functional 

materials. TEMPO oxidation demonstrated that, when performed before fibrillation, the 

surface area can be increased by about 25% compared with untreated chitosan nanofibrils 

(ChNF) and reduce the mean diameter of the fibers (Saito and Isogai 2004). When these 

two fibers were tested against CNF and TOCNF in Cu(II) adsorption at pH 6.2, TOCNF 

had the best performance with a removal of 135 mg/g; TOChNF removed 55 mg/g, ChNF 

27 mg/g, and CNF 13 mg/g (Sehaqui et al. 2014). This last experiment showed how 

TEMPO-oxidation of the fibers enhances the adsorption capacity of both systems. The 

main difference is that the degree of oxidation of the TOChNF was not reported, while for 

TOCNF it was 0.34; this has an impact on the surface charge content (SCC) and, therefore, 

in the adsorption capacity. For example, CNF has a SCC of 0.1 mmol/g, and ChNF has 

0.88 mmol/g, so a higher adsorption is expected of the ChNF. Another modification that 

was demonstrated was to thiol-functionalize (ca. 1.1 mmol/g) ChNF with cysteine via 

NHS/EDS coupling. From a range of 4 to 11 in pH and concentrations of 10 to 100 ppm of 

As(III), this system had the best capturing performance at a pH 7, having a calculated 

maximum adsorption of 149 mg/g (Yang et al. 2015). 

As surface area is fundamental for adsorption capacity, methodologies to increase 

it have been developed; the most commonly reported are the mechanical treatments such 

as fibrillation by grinding (Liu et al. 2013; Oh et al. 2015), crystal generation (Fan et al. 

2009; Jiang et al. 2018a), micro-structuration of particles (Gotoh et al. 2004; Wang et al. 

2015a), and ultrasonication (Dotto et al. 2015). 

The latter approach was shown to adsorb methylene blue when supported on a sand 

bed (5 g of ultrasonicated chitin and 180 g of sand); herein a MB solution with 50 mg/L 

flowed at a rate of 10 mL/min for 370 min through a column with 2.5 cm of internal 

diameter and 25 cm height. This system presented a maximum adsorption capacity of 

51.8 mg/g, which represents 51.5% of removal and maintained this performance for up to 

5 cycles after washings with 300 mM HCl solutions (Dotto et al. 2015). 

When comparing chitin microparticles (ChMP) with nanofibers (ChNF) regarding 

their capacity to eliminate different metals such as Cd(II), Ni(II), Cu(II), Zn(II), Pb(II), and 

Cr(III), it was found that the nanomaterial was able to adsorb between 5 to 6 times more 

ions per gram of adsorbent and with less time to reach the saturation capacity 

(approximately 10 min for 80% of saturation). ChMP removed 59.4, 42.6, 23.4, 38.4, 

198.2, and 6.4 mg/g respectively; while with ChNF, the maximum adsorption capacity was 

of 330.2, 134.7, 141.1, 134.0, 303.5, and 16.3 mg/g of Cd(II), Ni(II), Cu(II), Zn(II), Pb(II), 

and Cr(III), respectively (Liu et al. 2013). 

Chitin microspheres were used as templates for immobilization of α-amylose to 

generate catalytic composites with Au and magnetic composites modified with Reactive 

Black 5 (C26H21N5Na4O19S6, PubChem CID: 5360531) to adsorb methylene blue (Wang et 

al. 2015a). Herein, it was demonstrated that 2 g of the microspheres were able to eliminate 

all color in a 10 mg/L solution, and when the initial concentration was of 80 mg/L, the 

system presented a maximum adsorption capability of 46 mg/g. Similarly, a chitin 
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microsphere-clay composite was used to capture methylene blue, with a maximum capacity 

of 156.7 mg/g estimated with a Langmuir isotherm, when using an aqueous solution of 

10 mg/mL in 20 min, with a small decrease in removal efficiency of 1% after 5 cycles with 

desorption through 1 M NaOH aqueous solutions (Xu et al. 2018). 

A composite with bentonite was studied for Cr(VI) adsorption at varying pH to find 

the optimal conditions. The results showed that the maximum adsorption occurred at pH 4 

and declined while pH increased, except that beyond pH 9 the Cr(VI) became insoluble, 

precluding the adsorption; herein it was also found that when concentrations of sorbent 

exceeded 1 g/ 100 mL of ion solution, the adsorption capacity decreased. After the 

Langmuir isotherm (from 5 to 1000 mg/L) was generated, the maximum adsorption 

capacity was found to be of 443.7 mg/g (Saravanan et al. 2013). 

Chitin-derived structures can also be used for photocatalytic systems, to not only 

capture but also to degrade the organic pollutants in water sources. For example, Cu2O 

nanoparticles were synthetized on the surface of a regenerated chitin/graphene oxide film; 

this was tested for 3 h to degrade methyl orange. The best performance was when 4.5 g of 

chitin had 80 mg of graphene oxide and nanoparticles were obtained from a solution of 

0.2 mol/L; this system was tested with concentrations of 10, 25, and 50 mg/L, reaching a 

removal of 92.1%, 72.3%, and 48.3%, respectively and degradation rates of 7.6, 15.6, and 

20.1 mg/g h (Wang et al. 2015b). Another catalytic system was inspired by the tunicate 

tunichrome that selectively captures metals from water. To mimic it, ChNF that were 

homogenized by a high-performance grinder was used, and as a side effect of this 

treatment, fiber loss was approximately 11.2% of its surface acetyl groups. Then, the 

hydroxyl groups on the surface of these fibers were subjected to chemical reactions with 

maleic acid; the aim was to capture Au(III), and while doing so, to generate gold 

nanostructures on the surface of the fibers that were used as catalyst to degrade 4-

nitrophenol. The maximum adsorption capacity of gold on the system was of 532.5 mg/g 

and with it, 0.5 mg/g*h of the organic compound was degraded (Dwivedi et al. 2017). 

Elsewhere, a polyurethane matrix was imbedded with chitin (ca. 99% and ca. 79% 

of acetylation), a polymeric amine as an additive, and two different catalysts, one being a 

hydroxyl substituted amine, while the second being a tertiary amine. All the combinations 

were used as an optimization platform for fluoride removal from a 15 mg/L solution for 

72 h. The results showed that the best composition was 60% chitin (ca. 79%), 40% 

polymer, 2% of the catalyst with the tertiary amine, and no additive; this system was able 

to adsorb 0.29 mg/g at a pH of 5 (Davila-Rodriguez et al. 2009). A similar system, 53% 

chitin, 47% polymer, and 2% catalyst, was packed in columns and tested with natural 

waters containing carbonites, chloride, fluoride, sulfates, and organics for the same fluoride 

concentration of 5.1 mg/L. These tests resulted in an efficiency of about 85%, with 50 bed 

volumes treated in 20 min, and the system was regenerated with only 4 bed volumes of 

0.1 M sodium hydroxide (Davila-Rodriguez et al. 2012). 

Not only have chitin fibers been used by themselves, but also with nanocrystals 

(ChNC), which are usually referred to as nanowhiskers. ChNC have been used to develop 

composite fibers by electrospinning. One example is an electrospun membrane with 

polyvinylidene fluoride (PVDF) as a matrix carrying the ChNC, which was used to adsorb 

indigo carmine (C16H8N2Na2O8S2, PubChem CID: 5284351). This system had a maximum 

adsorption capability of 72.6 mg/g and a removal efficiency of 88.9% within 4 h of contact 

(Gopi et al. 2017). A less specific system was developed to separate oil-in-water emulsion 

by generating a super-hydrophilic membrane using ChNC in a matrix of N, N-

isopropylacrylamide (NIPAAm) copolymerized with methylolacrylamide (NMA). The test 
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sample was made by adding 30 mL of toluene to 970 mL of deionized water with 10 mg 

of polysorbate 80 (Tween-80, C32H60O10, PubChem CID: 5281955) and flowed through 

the membrane with a driving pressure of 0.3 bar. Here, the fibers containing 10% of ChNC 

proved to be structurally stable under different pH conditions and salinity (2 M NaCl) with 

a removal of about 99% for up to 15 cycles in all of these treatments (Wu et al. 2018). 

Therefore, the use of chitin in water treatment systems seems to be an easy approach 

for pollutant removal, as it also has low cost, is easy to obtain, and has the advantage of 

the characteristic moiety that allows for an easier modification approach. The system can 

be exploited to both main approaches, adsorption or to generate composites with higher 

specificity.  

 

Table 2. Chitin-derived Materials and Pollutants Adsorbed 
 

Material Pollutant Capacity 
[mg/g] 

Regeneration Reference  

Chitin nanofibrils Cu(II) 27 
 

Sehaqui et al. 
2014 TEMPO chitin nanofibils 55 

 

Chitin nanofibrils with 
cystein 

As(III) 149 
 

Yang et al. 
2015 

Ultrasonicated chitin Methylene 
Blue 

51.8 300 mM HCl Dotto et al. 
2015 

Chitin microparticles Cd(II) 59.42 
 

Liu et al. 2013 

Ni(II) 42.62 
 

Cu(II) 23.45 
 

Zn(II) 38.36 
 

Pb(II) 198.19 
 

Cr(III) 6.4 
 

Chitosan nanofibrils Cd(II) 330.15 
 

Ni(II) 134.72 
 

Cu(II) 141.08 
 

Zn(II) 134.03 
 

Pb(II) 303.49 
 

Cr(III) 16.28 
 

Chitin microspheres with 
Au, magnetic particles 
and Reactive Black 5 

Methylene 
Blue 

46 
 

Wang et al. 
2015a 

Chitin/clay microsphere Methylene 
Blue 

156.7 1 M NaOH Xu et al. 2018 

Chitin-bentonite 
composite 

Cr(VI) 443.71 
 

Saravanan et 
al. 2013 

Chitin nanofibrils with 
maleic acid 

Au(III) 532.5 
 

Dwivedi et al. 
2017 

Polyurethane/chitin and 
terciary amine 

F- 0.29 
 

Davila-
Rodriguez et 

al. 2009 

polyvinylidene 
electrospun with chitin 

nanocrystals 

Indigo 
carmine 

72.6 
 

Gopi et al. 
2017 
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Chitosan 

 Chitosan is the main derivative of chitin; it is obtained through the hydration of the 

amide moiety by concentrated NaOH and heat (40% at 120 °C for 1-3 h) or through 

enzymatic hydrolysis with chitin deacetylase (Shukla et al. 2013). This derivative is more 

often used in bio-applications than chitin due to its better solubility in water and in organic 

acids; this property is caused by the basic nature of this polysaccharide, which contrasts 

with the natural acidic nature of most other polysaccharides (Kumar Dutta et al. 2004). 

Because of the deacetylation, chitosan is defined as a copolymer of β-(14) linked 

D-glucosamine and N-acetyl-D-glucosamine (Fig. 3). The main difference between chitin 

and chitosan lies in the number of glucosamine groups, or the degree of deacetylation (DD). 

The latter, as well as the molecular weight, purity and polymorphous structure are usually 

reported as important parameters that will define the properties of the consequent materials, 

such as viscosity, polyelectrolyte behavior, metal chelation, polyoxysalt formation, optical 

properties, and film formation (Struszczyk 2002; Kumar Dutta et al. 2004). Depending on 

the DD, the pKa also varies, but it is usually close to 7. When the DD is in a range of 70 to 

80% the reported pKa  value is approximately 6.5, which leads to a majority of deprotonated 

groups when the pH is above this value, challenging the interactions with other systems 

above this value (Orelma et al. 2012). Additionally, chitosan, as well as other 

polysaccharides with (1  4)-β-D linked glucans, have been found to adhere irreversibly 

to cellulose and between them, being an useful property to generate composites with low 

energy consumption (Mishima et al. 1998; Orelma et al. 2011). 

 

 
 

Fig. 3. Structure of chitosan monomers 

 

The importance for water treatment of the molecular weight DD, and viscosity is 

clearly shown by the work from the group of Lopez Maldonado and coworkers (Meraz et 

al. 2016), where two different chitosan products were compared to flocculate organic 

compounds suspended in waste water from the maize industry (nejayote). The first chitosan 

had high molecular weight, 85% of DD and dynamic viscosity of 2.35 Pa/s, while the 

second one had low molecular weight, 95% of DD and a viscosity of 0.39 Pa/s. The sample 

wastewater was pretreated by centrifugation (3500 rpm for 5 min) in order to remove the 

non-colloidal particles. The final total organic carbon was 9836 mg/L, and the initial ζ was 
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-6.62 mV. It was later mixed with 10, 15, 20, 25, 30, and 50 mg of the chitosan solutions 

(from a stock of 1% w/w using acetic acid 1% v/v), stirred for 1 min at 800 rpm, followed 

by 5 min at 200 rpm, and characterized by ζ-potential measurements. Results showed a 

high dependency of pH, having the best performance at 5.5, with 80% of turbidity removal 

with only 2.35 g of chitosan of low molecular weight (MW) and 2.9 g of chitosan with high 

MW (Meraz et al. 2016). The paper shows how even the same material, without further 

modification can have an impact on the removal of contaminants and final applications and 

how easily chitosan can be used to adjust wastewater to meet regulations with simple 

measurement techniques. 

Even though chitosan has been shown to be a good adsorbent material because of 

the surface charge provided by the acetyl amine and amine functional groups in the 

backbone, its interactions are not specific; for this, further modification can be done to add 

moieties or structures that add as selective attractors to the pollutants. For example, 

carboxymethyl groups were grafted to the surface of chitosan beads to make them selective 

to Cu(II) when a blend of Pb(II) and Mg(II) was also present; herein, the effects of pH, 

temperature, and adsorption equilibrium were studied. For the first part, the pH ranged 

from 1 to 5 with a constant concentration of 6 mmol/L; the best adsorption was found at a 

pH of 5. The temperature and equilibrium were therefore studied at this condition. The 

concentration for the equilibrium was variated from 40 to 450 mg/L, and the temperatures 

studied were 10, 21, 30, and 40 °C. The carboxylic groups had a higher preference for the 

Cu(II) ions over the other two metals and proved to be independent from the temperature. 

In all cases the maximum Langmuir adsorption calculated was of 130 mg/g for the 

modified chitosan, which was almost 2.5x greater than in pristine chitosan beads. When 

cycles of regeneration were performed using 0.1 M HCl, the system showed the same 

removal for 6 cycles without significant recovery lost; additionally, it was found that once 

the Cu(II) was adsorbed, the system was able to uptake 58 mg/g of phosphates, which 

would not happen without the metal (Yan et al. 2011). 

A similar study was performed, but with a chitosan crosslinked covalently by 

epichlorohydrin and ionicly by triphosphate (CTS-ECH-TPP) and adsorbing Cu(II), Cd(II) 

and Pb(II); it was also studied how many protons were titratable. The optimal adsorption 

pH was found to be of 5 for Pb(II), 6 for Cu(II), and 7 for Cd(II) with a maximum 

adsorption capability of 166.9, 130.7, and 83.8 mg/g, respectively, as calculated by 

Langmuir isotherms. In parallel fashion, 0.1 M nitric and hydrochloric acids proved to be 

the best eluents for the system for recycling the system with around 90% desorption (Laus 

et al. 2010). 

This ionic crosslinking was also used to provide structure to chitosan microspheres 

that were later dried (80% of final porosity) and used for the separation of an oil/water 

solution in a packing column (7.8 mm * 200 mm). This material was able to reduce by 90% 

(180 ppm) the average oil concentration with a flow of 3 mL/min and 7 mL/min, keeping 

its shape and with minimum porosity lost (final of 78%) after treating up to 50 L and 28 L 

for each flow, respectively (Grem et al. 2013). 

As iron is the fourth most abundant material in the earth’s crust and is non-toxic, 

cheap, easy to reduce and process, and has a redox potential of -0.44 V by which it’s 

reactivity with other metals is enhanced, it is widely proposed for composites that will be 

facilitating the removal of metals and other pollutants from water sources (Fu et al. 2014). 

When used in oxide form, the resulting nanoparticles also have a low toxicity, are easy to 

manipulate and modify, and especially, present super-paramagnetism, which can be used 

to recover and extract materials and sorbents from water solutions (Xu et al. 2012). 
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Because of this and its easy interaction with chitosan by the simple dipping process, iron 

in different forms has been widely used in composites with this material. 

One example of the use of iron for water treatment is the comparison of chitosan 

iron coated flakes and iron-doped-glutaraldehyde-crosslinked chitosan granules for the 

removal of As(II) and As(V) from groundwater; experiments were performed using 0.1 g 

in 20 mL of solution pH 7 at 25 °C for 4 h, with As concentrations from 1 to 10 mg/L. 

Langmuir isotherms presented a maximum adsorption capacity of 2.32 and 2.24 mg/g of 

As(III) and As(V), respectively, for the granules, and 16.15 and 22.47 mg/g for the flakes. 

Both systems showed little interference from common anions (sulfate, phosphate, and 

silicates) present in the solutions, and they were able to be reused after regeneration with 

0.1 M NaOH, for at least two cycles in a column reactor approach (Gupta et al. 2009). 

Another type of iron used for As removal is a Fe-Mn binary oxide that was 

impregnated to chitosan beads; sorption isotherms were made using 1 g/L of the system at 

pH 7 and varying As concentrations from 5 to 60 mg/L with a contact time of 36 h on an 

orbital shaker at 180 rpm and 25°C. The pH influence was evaluated in the range of 5.5 to 

11.5 with 50 mg of sorbent in a solution with 10 mg/L of As, while competitivity of other 

ions (SO4
2_, HCO3

_, SiO3
2_, HPO4

2_, Ca2+, Mg2+) was tested in a 10 mg/L As concentration 

using 1 g/L of sorbent and a fixed pH of 7, all with the same contact time. The Langmuir 

maximum adsorption capacity was 39.1 mg/g for As(V) and 54.2 mg/g for As(III); 

adsorption efficiency decreased as the pH increased, but pH showed no significant impact 

from a range of 6 to 8 for As(V) and from 6 to 9 for As(III). For the ions competition, SO4
2_ 

did not present a significant effect, a slight inhibition was present with HCO3
_ and SiO3

2_, 

and a significant decrease was consequent with the presence of HPO4
2-. On the contrary, 

cations seemed to have a small enhancing effect on the adsorption. This system was also 

evaluated for reusability with 0.5 M NaOH; herein, efficiency dropped to 85 and 83% for 

As(III) and As(V), respectively, after the forth regeneration; however, the system showed 

good mechanical stability with no apparent crushing or mass loss (Qi et al. 2015). 

For magnetic iron nanoparticles, more work is allowed, as the magnetic properties 

provide an extra push, and a more convenient recovery can be performed. For example, a 

spun hollow chitosan fiber was used as a scaffold to generate magnetic iron oxide (Fe3O4) 

nanoparticles (FeONP), which were then tested to adsorb Se(IV). In this work, to determine 

which variables were the more influential on the adsorption kinetics, a second order 

polynomial model was generated, and an Analysis of Variance (ANOVA) test was 

performed; the obtained results showed that only pH and sorbent concentration had a large 

effect on the experimental adsorption capacity of the Se(IV), which in optimum conditions 

(291.36 µg/L of Se(IV) diluted, 92.97 mg/L of fibers, 3.67 pH, and 109.22 min of contact) 

was of 1.34 mg/g. When a Langmuir equilibrium model was generated, the maximum 

adsorption capacity was 15.6 mg/g. Finally, the presence of other recurring ions was tested 

at optimum conditions to see whether they have a negative effect on adsorption when 

concentrations of 1 to 10 mM were added to the solution; chloride and nitrates had no 

significant effect on the adsorption, but phosphate and bicarbonate did significantly reduce 

the capacity of the material for removal (Seyed Dorraji et al. 2017). 

A more complex structure was obtained when using the chelating agents: 

ethylenediaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid (DTPA, 

C14H19N3O8 PubChem CID: 100825), to crosslink and functionalize magnetic chitosan, and 

to then remove Cd(II), Pb(II), Co(II), and Ni(II) from wastewater with an adjusted pH of 

3.5, using 2 g/L of the sorbents and a contact time of 16 h. Herein, the maximum adsorption 

capacity for the systems linked with EDTA was 168.5, 213.4, 72.8, and 81.0 mg/g, 
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respectively, and 175.5, 181.9, 66.0, and 69.7 mg/g for the beads crosslinked with DTPA. 

These systems were reused for 10 cycles using a 2 M HNO3 solution for regeneration; the 

EDTA maintained an efficiency above 90% until the eight cycle, while the DTPA 

derivatives lost this threshold at the sixth cycle. The main advantage of both systems is the 

green chemistry employed for the synthesis and the easiness to recuperate them after use 

by the magnetic properties (Zhao et al. 2015a). 

Composite systems have also been developed with this magnetic chitosan, and they 

have been found to benefit from the functional groups of other materials and the 

electrostatic and entropic interactions that come with them. For example, a covalently 

bonded composite of carboxymethyl chitosan was generated with the highly amine dense 

branched polyethyleneimine for Pb(II) removal. Here the Langmuir isotherm was not the 

best fit, as the R2 was 0.9531, with a maximum adsorption capacity of 114.7 mg/g; the 

Langmuir-Freundlich isotherm had an R2 fit of 0.9952 and a maximum of 124.0 mg/g. In 

this study, the optimal conditions were obtained using a contour plot with a fixed time of 

3 h and a solution initial concentration of 50 mg/L; the optimum pH was 4.5 with a dosage 

of sorbent of 0.4 mg/L. Thermodynamic parameters were calculated, finding a negative 

ΔG (~-9.5 kJ/mol) at the studied temperatures (303, 313, and 323 K) and an entropic gain 

of 21.80 J/mol K. Finally, recycling was tested using three different eluents with 0.1M 

concentration for all (EDTA, HCl, and NaOH). EDTA had the best performance, with 90% 

desorption efficiency; after 5 cycles this system still maintained about 85% removal 

efficiency, but some mass losses were observed (Wang et al. 2017). 

This magnetic chitosan system has also been further composited with graphene 

oxide (GO) to adsorb different pollutants; for example, the adsorption of methylene blue 

was demonstrated in this system with a Langmuir isotherm calculation of the maximum 

adsorption capacity of 180.8 mg/g. The effect of pH was also studied in this experiment, 

and it was found that the optimal adsorption was obtained when the solution’s pH was 10, 

and the system was recuperated without complication using a magnet, which made it an 

efficient adsorbent for dyes in water suspension (Fan et al. 2012). Another pollutant that 

was removed with this system was the drug ciprofloxacin, which presented a maximum 

adsorption capacity of 282.9 mg/g when a Langmuir isotherm was generated using 10 mg 

of sorbent in 30 mL of ciprofloxacin solution at pH 5. Subsequently, effects of ionic 

strength and pH were studied with a fixed concentration of 20 mg/L for ionic strength NaCl 

(20 and 200 mM) and CaCl2 (1 and 10 mM). For the pH effect, it was shown that when the 

pH was below range for the species to be in its zwitterionic form (between 6.1 and 8.7), 

the adsorption was enhanced, which indicates that the electrostatic interaction is favored 

when is at the cationic state and was optimal at a pH of 5. With respect of the effects of the 

ions, both species decreased the interaction with the sorbent on 40.9 and 37.5%, 

respectively, probably due to the preferred interaction with these ions than to the drug and 

the interference with the π-π interactions of the drug with the GO. Finally, regeneration 

was suitable for 3 cycles; the regenerated material presented a remaining 72% adsorption 

capacity when methanol (100%) was selected as eluent (Wang et al. 2016). For metal 

adsorption, the system was impregnated with an ionic liquid, specifically 

tetraoctylammonium bromide (C32H68BrN, PubChem CID: 2734117) in methanol (6.6%). 

This system was tested with Cr(VI) and described by a Langmuir isotherm to present a 

maximum adsorption capacity of 145.4 mg/g; the optimal pH was found to be in the range 

of 3 to 4 due to the protonated state of the hydroxyl and amino surface groups. Above this 

range the adsorption decreased around 20%. The system was evaluated for multiple cycles 
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using HCl for desorption, but after the third cycle, adsorption capacity started to drop 

drastically, retaining a capacity of 20 mg/g at the 10th cycle (Li et al. 2014). 

Another composite generated with the ferromagnetic nanoparticles used them as 

seeds to grow a shell with ZrO2 for a photocatalytic system with chitosan that can recover 

Cr(VI) and degrade 4-chlorophenol. Here, the nanoparticles with and without the chitosan 

matrix were tested using 50 mg of the sample in 100 mL of a solution with 70 mg/L of 

K2Cr2O7 with pH of 2 at 30 ± 0.5 °C. For the chlorophenol, 0.01 g were added to 100 mg 

with 20 mg/L under natural sunlight for 3 h, and for the reuse, 6 continuous cycles were 

performed with a duration of 2 h for Cr(VI) and 3 h for the 4-chlorophenol. The NP by 

themselves presented a reduction of Cr of 71.2%, but when anchored to chitosan, this 

reduction increased to 84.7%; these results were improved by the addition of 0.2 mL of 

ethanol or isopropanol, to 92.4% and 98.5%, which was explained by a side reaction. The 

process also showed the influence of pH, as the performance decreased when pH become 

higher. Reductions of 84.7%, 61.2%, 40.5%, and 28.7 % were obtained with the pH of 2, 

4, 6, and 8, respectively. For the 4-chlorophenol, degradation was of 66% with the 

nanoparticles alone, and of 88.6% when they were in with chitosan; the normal mechanism 

is the generation of –OH, which will attack and lead to dechlorination to produce 1,4-

benzenediol or other alcohols with further nucleophilic reactions. Adsorption of the phenol 

was also measured in dark conditions to avoid the degradation; herein, it was 7.3% for the 

nanoparticles alone, while the chitosan adsorbed 22%, which facilitates the degradation 

and explains the better performance that this system has in the degradation. Finally, 

regarding reusability, for the Cr(VI), the photoreduction capability of the system with 

chitosan decreased after the 6 cycles from 87.1% to 85.1%, while for the 4-chlorophenol it 

changed from 71.2% to 67.3%. These results show that the systems with chitosan and 

magnetic nanoparticles are not only effective and easy to recuperate, but also are versatile 

in the systems that can degrade and adsorb, eliminating them from water sources and waste 

streams (Kumar et al. 2016). 

Hydrous zirconium oxide (HZO) was also used in chitosan beads crosslinked with 

triphosphate for the removal of F- and Pb(II). Here, studies to find the best ratio of HZO 

and chitosan were performed; the conditions for the study were 2.5 g/L of the adsorbents, 

a pH of 5 for 160 h, and initial concentrations of 10.2 and 46.1 mg/L of F- and Pb(II), 

respectively. The best ratio was found to be 2:2.5 chitosan:HZO. However, such 

combinations were observed to have bad stability, so the ratio 2:2 was selected for the 

adsorption experimentation. The Langmuir isotherm presented a maximum adsorption 

capacity of 22.1 mg/g for fluoride and 222.2 mg/g for Pb(II); interestingly, the pH 

influence was inverse for the elements, as fluoride adsorption peaked at pH 3 and Pb(II) at 

pH 7, demonstrating that it is possible to select the element needs to be preferentially 

removed with the same system (Cho et al. 2016). 

Zirconium (IV)-chitosan coordinated composites have also been of interest lately, 

as they prove to have a good ion exchange mechanism, which was used to remove Cr(VI) 

and V(V) from water (Zhang et al. 2013a, 2014a). For Cr(VI), the Langmuir modeling 

showed a maximum adsorption capacity of 175 mg/g in a solution with pH 5 and 30 °C; 

this pH makes the interactions occur via electrostatic forces and ligand-exchange 

mechanism,  because when pH decreases or increases, the efficiency plummets. Also, when 

ions (Cl_, NO_3, and SO4
2_) are present in the solution, the adsorption capability is 

decreased by more than 60% as a result of the competition of the ions for the active spaces 

(Zhang et al. 2013a). For V(V), the Langmuir isotherm model maximum adsorption 

capacity is 208 mg/g at 30 °C, but in this case the optimum pH was found to be 4; this is a 
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consequence of the other vanadium oxidation states that are formed a higher pH, which 

affects the composite’s adsorption capacity. Regarding the ions’ competitivity, chloride 

and nitrite had little effect, but the sulfite ion reduced the effectiveness when tested in a 

solution with 500 mg/L of SO4
2- and 30 mg/L of V(V) (Zhang et al. 2014a). Both systems 

were evaluated for regeneration by 0.01 M NaOH solutions, which maintained 89% of the 

initial capacity after 5 cycles, and with a 0.05 M NaOH, for which the effectiveness was of 

90% after 3 cycles for the Cr(VI) tests.  

Zinc oxide (ZnO), as with the other oxide and metallic nanoparticles considered, 

has shown good efficiency for the removal of metals from water (Trujillo-Reyes et al. 

2014); the generation of composites with natural polymers can then enhance these existing 

properties to maximize the removal performance. For example, ZnO nanoparticles coated 

with chitosan were tested to eliminate Pb(II), Cd(II), and Cu(II) and to study the viability 

of the reuse of this system. Langmuir isotherm modeling presented a maximum adsorption 

capacity of 476.1, 135.1, and 117.6 mg/g, respectively, with optimum pH at 6, 6.5, and 4. 

These values are close to the pKa of chitosan, which helps the adsorption add less 

competition between protons and the ions is present. As previously mentioned, the system 

was tested for reusability; for this, 0.01 M of EDTA was used as a regeneration solution. 

Herein, after 4 cycles, the system preserved > 90% of the removal capacity for all ions. 

Finally, three wastewater samples were used to analyze the viability in an uncontrolled 

environment; the results were satisfactory, as all metals were removed with efficiencies of 

more than 90%, with the decrease in uptake being linked to the concentrations of calcium, 

sodium, and potassium ions in the sample (Saad et al. 2018). 

Metal-chitosan composites can be employed in many versatile ways to purify water; 

for example, an aluminum oxyhydroxide-chitosan was shown to be a good base system to 

modify with iron-zero valent, MnO2 nanoparticles, or silver nanoparticles, all to use as a 

filter for different proposes. The first was established for As(V) and Fe(II) removal, the 

second modification for Pb(II) removal, and the silver composite was used for the 

controlled release of Ag ions, exploiting the bactericidal properties of the ion. The system 

was tested first in a batch mode for the antimicrobial activity, using 2 g of the silver 

carrying system; it was shown that after 500 batches, only 29% of the silver nanoparticles 

were released, maintaining always below the safety threshold concentrations, and E. coli 

growth was eliminated completely. After this, all the systems were tested with a flow of 

50 mL/min in a filter, where 1500 L of solution was passed with concentrations of 1.5*105 

CFU, 5 mg/g of Fe(II), and 150 mg/g of Pb(II). 400 mL of a 1 mg/L solution of As(V) was 

also tested. All solutions were purified with final concentrations below the permitted 

regulations, presenting evidence of the feasibility of the systems to be cheap and useful in 

low income houses (Sankar et al. 2013). 

A non-metal oxide that has also been used for water treatment is SiO2. Herein, like 

the last case, the oxide-chitosan (silicagel/chitosan) composite was used to adsorb another 

compound; in this case, La(III) was used, as it generates a better interaction with the 

fluoride ion that needs to be removed. When tested for adsorption in a solution with 

10 mg/L and an initial dosage of 0.1 g of the materials at 303 K and pH 7, the system with 

La(III) removed 4.9 mg/g, while the system with only oxide-chitosan had an adsorption 

capacity of only 1.56 mg/g; it was also found that these adsorption values were relatively 

constant from pH 3 to 9 for the metal-containing version, and from 3 to 7 for the oxide-

chitosan version. After the high extreme, the adsorption capacity decreased significantly 

and had little impact on the adsorption when Cl−, SO4
2−and NO3− ions were present, but 

HCO3− reduced the adsorption capability. When the Langmuir isotherm was modeled, the 
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maximum adsorption capability was of 3.33 mg/g at 303 K, and ΔG was negative in all 

temperatures modeled (303, 313, and 323 K) with a small ΔS = 0.05, indicating a 

spontaneous process (Viswanathan et al. 2014). A closed system was also used for the 

fluoride removal, but herein, instead of SiO2, bentonite was used in the generation of the 

base sorbent. This system presented an adsorption capacity at pH 5 and 30 °C of 2.87 mg/g, 

and when modeled with a Langmuir isotherm, the maximum adsorption capacity was of 

8.6 mg/g at 30 °C, decreasing as temperature increased. Contrary to the previous system, 

this presented a decrease of capacity moving in both extremes of pH, as the performance 

at 3 was as low as at 9, a similar behavior with co-existing ions, with the carbonate ions 

affecting the adsorption more. Finally, the system was tested for 10 cycles of reuse using 

0.5 M NaOH as a regeneration solution. A stable adsorption was maintained for 8 cycles, 

where only the 17% capacity was lost gradually, which indicates the good performance of 

the system through time (Zhang et al. 2014d). 

A more ambitious system was prepared in chitosan beads containing a combination 

of activated carbon and montmorillonite ((Ca0.13Na0.34K0.03) [Al3.04Fe(III)0.41Mg0.49Ti0.01] 

[Si7.98Al0.02]O20(OH)4, PubChem CID: 71586775). The objective of this combination was 

to remove metals, but also some cationic and anionic organic pollutants in a one-step 

system. For this Zn, metoprolol (MTP, C15H25NO3, PubChem CID: 4171) and clofibric 

acid (CBA, C10H11ClO3, PubChem CID: 2797) were selected to act as a metal mode, a 

cationic beta blocker, and an anionic anti-cholesterol. The adsorption capacity was tested 

in a solution of the model substances with an initial concentration of 1.5 mmol/L with 

pH 6.5 at 25 °C using 200 mg of the system and controls. The results showed that the 

composites had indeed a better adsorption of the samples, but the most effective adsorbent 

was the chitosan with 1.5% of activated carbon, with an adsorption maximum of 10, 26, 

and 21 mg/g for Zn(II), MTP, and CBA, respectively; while the three components system 

had an adsorption of 10, 19, and 16 mg/g, respectively. Interestingly, for the anionic model, 

the montmorillonite-chitosan system presented the best performance with 30 mg/g for 

MTP, which was not the behavior when the base materials were tested alone, and activated 

carbon performed better (Bouyahmed et al. 2018). Overall, this system was able to capture 

all type of pollutants in good proportions, which has to be the ultimate goal of remediation 

systems. 

As it has been shown, chitosan is easily molded into beads that can be packed into 

columns, while keeping a high surface area; another structure that can be considered for 

similar system design are foams that can be obtained when different polymers are mixed, 

entangled, and/or crosslinked. An example of this design is a foam composite generated 

with polyurethane and chitosan, which was tested for adsorption of an acid dye, acid violet 

48 (C37H38N2Na2O9S2, PubChem CID: 11969493). Performance of the foam was studied 

variating pH, initial concentrations, and chitosan composition variance from 5 to 

20% (w/w). The Langmuir isotherm model showed that the maximum adsorption 

capability was of 29.6 mg/g when the chitosan concentration was 20%, and decreasing as 

the concentration decreased; meanwhile, the best adsorption was at pH 3, decreasing 

gradually up to pH 8, and plummeting in a higher pH range (Lee et al. 2009). 

Cellulose-chitosan composites are also interesting, as they are cheap and abundant 

raw materials, and, as seen in the previously and in this section, they have a large variety 

of sorbates, which can also be further improved with structure, group addition, or 

composite generations. An example of fiber combinations for a homogeneous membrane 

generation was completed using butyl methylimmidazilium chloride [BMIm+Cl-] ionic 

liquid in a recovery variation of the process. This system was used to adsorb a cyanotoxin 
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called microcystin-LR (MC, C49H74N10O12, PubChem CID: 445434), which is one of the 

80 reported variants of microcystins, but is linked with liver cancer and is closely 

monitored by the U.S. EPA (U.S. Environmental Protection Agency 2012). For the 

composite formation, a 10% solution was generated in the ionic liquid in the range 100 to 

110 °C and using a 75% deacetylated chitosan to reach a final concentration of the dry 

composite between 20 and 67%, wherein the solutions were stirred for about 6 to 8 h. When 

a pure cellulose membrane was tested with no adsorption of MC, when the 20% was 

evaluated the adsorption capacity obtained by a pseudo-second order model was of 

42 mg/g, while the 67% presented an adsorption capacity of 96 mg/g. An interesting point 

in this work is that the increase in chitosan also came with a swelling increase of 29.2% 

when 20 and 67% were compared. Lastly, reusability of the membrane was determined by 

putting the charged membrane in ultrapure water, resulting in the release of all the adsorbed 

MC and allowing the system to re-adsorb at the similar concentration on a second use (Tran 

et al. 2013). 

 

Table 3. Chitosan-derived Materials and Pollutants Adsorbed 
 

Material Pollutant 
Capacity 

[mg/g] 
Regeneration Reference  

Chitosan Beads with 
carboxymethyl groups 

Cu(II) 130 0.1 M HCl Yan et al. 2011 

Chitosan with 
epichlorohydrin and 

triphosphate  

Cu(II) 130.72 
0.1 HCl and 

HNO3 
Laus et al. 2010 Cd(II) 83.75 

Pb(II) 166.94 

Chitosan iron coated flakes 
As(III) 16.15 

0.1 M NaOH Gupta et al. 2009 

As(V) 22.47 

Iron draped glutaraldehyde 
crosslinked chitosan 

granules 
 

As(III) 2.32 

As(V) 2.24 

Chitosan beads 
impregnated with Fe-Mn 

oxide 
 

As(III) 54.2 

0.5 M NaOH Qi et al. 2015 
As(V) 39.1 

Chitosan spun hollow fiber 
with iron oxide 
nanoparticles 

 

Se(IV) 15.62  Seyed Dorraji et al. 
2017 

Magnetic chitosan with 
EDTA 

 

Cd(II) 168.5 

2 M HNO3 Zhao et al. 2015a 

Pb(II) 213.41 

Co(II) 72.84 

Ni(II) 81.05 

Magnetic chitosan with 
DTPA 

 

Cd(II) 175.47 

Pb(II) 181.92 

Co(II) 66 

Ni(II) 69.66 

Magnetic carboxymethyl 
chitosan/branched PEI 

 
Pb(II) 114.7 0.1 M EDTA Wang et al. 2017 

Magnetic chitosan/ 
graphene oxide 

Methylene 
blue 

180.83  Fan et al. 2012 
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 Ciprofloxacin 282.9 Methanol Wang et al. 2016 

Magnetic chitosan/ 
graphene 

oxide/tetractylammonium 
bromide 

 

Cr(VI) 145.35 HCl Li et al. 2014 

Chitosan beads with 
triphosphate and hydrous 

zirconium oxide 
 

F- 22.1  

Cho et al. 2016 
Pb(II) 46.1  

Zirconium (IV)-chitosan 
Cr(VI) 175 

0.01 M NaOH 
Zhang et al. 2013a 

V(V) 208 Zhang et al. 2014a 

ZnO nanoparticles coated 
with chitosan 

 

Pb(II) 476.1 

0.01 EDTA Saad et al. 2018 Cd(II) 135.1 

Cu(II) 117.6 

Silica gel-chitosan 
 

F- 1.55  

Viswanathan et al. 
2014 

Silica gel-chitosan with 
La(III) 

 
F- 4.9  

Bentonite-chitosan with 
La(III) 

 
F- 8.54 0.5 M NaOH Zhang et al. 2014d 

Chitosan beads/ activated 
carbon 

Zn(II) 10  

Bouyahmed et al. 
2018 

Metoprolol 26  

Clofibric acid 21  

Chitosan 
beads/montmorillonite 

 

Zn(II) 6  

Metoprolol 30  

Clofibric acid 8  

Chitosan beads/activated 
carbon/montmorillonite 

 

Zn(II) 10  

Metoprolol 19  

Clofibric acid 16  

Chitosan/polyurethane 
foam 

 
Acid violet 29.6  Lee et al. 2009 

Cellulose/chitosan (20%) 
 Microcystin-

LR 

42 
H20 Tran et al. 2013 

Cellulose/chitosan (67%) 
 

96 

 

As the use of ionic liquids is still a work in progress, another approach to combining 

these two natural polymers was by imbedding cellulose nanocrystals (CNC) in a chitosan 

matrix and then freeze-drying and compacting the material, which was crosslinked with 

glutaraldehyde for further stability. This system was tested for the removal of three dyes: 

Victoria Blue 2B (VB, C29H32ClN3, PubChem CID: 16599), Methyl Violet 2B (MV, 

C25H30ClN3, PubChem CID: 11057), and Rhodamine 6G (R6G, C28H31ClN2O3, PubChem 

CID: 13806). The maximum removal was found when pH was at 5 but was stable up to 9 

for the VB and R6G, but it decreased for MV. Initial concentration also had an impact on 

the removal percentage, as it saturates faster; for an initial concentration of 1 mg/L, the 

removal efficiency was of 91, 70, and 98% for MV, R6G, and VB, respectively, but when 

the concentration was 10 mg/L, the percentage decreased to 48, 13, and 88%. Part of the 
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comparison was the impact of the crosslinking of the chitosan, assuming that it had an 

impact on MV and R6G adsorption but not on VB, which can be explained by the greater 

contribution of the hydrogen bonding mechanism employed by the latter, instead of 

electrostatic interactions where the sulfate, amino, and acetyl groups are the driving force 

(Karim et al. 2014). 

This section has overviewed some approaches taken by researchers to improve 

water by adsorption with a low-cost biopolymer that possesses charged surface groups. 

These groups are the main driving force in adsorption for a lot of the cases considered. The 

groups also are a crucial factor when structure is desired, as these interactions with the 

media present the opportunity of precipitate in the generation of beads when pH is changed 

drastically and are anchoring points for the chemical and ionic crosslinks between the 

materials. 

 

Alginate 

 Alginates are also linear polymers consisting of (14) β-D-mannuronic acid (M) 

and α-L-guluronic acid (G), which are part of the structural components of algae and are 

an exopolymer of bacteria matrixes (Fig. 4). The blocks that are formed with the monomers 

depend highly on the origin and provide the resulting alginate with different properties, as 

the ease of hydrolysis and crosslinking depends on those. The blocks can be obtained by 

hydrolysis and fractionation, as consecutive G or M residues (GGGGGG or MMMMMM). 

These have low solubility and are more resistant to the attack of extreme pH or enzymes; 

meanwhile alternated blocks (GMGMGM) are degraded more quickly (Lee and Mooney 

2012). 

 

 
Fig. 4. Structure of alginates monomers 
 

The attractiveness in the use of alginate, apart from the low toxicity, relatively low 

cost, and biocompatibility, is the mild gelation that occurs when divalent cations are present 

in the media (that presented in decreasing affinity order are Pb > Cu > Cd > Ba > Sr > Ca 

>Co, Ni, Zn > Mn) or when pH is below the pKa value of the uronic acids (3 to 3.5). It is 

important to highlight that only G-blocks are believed to be responsible for crosslinking 

while interacting with divalent cations; as the natural source dictates this G/M ratio, it is 

always important to characterize this to understand the physical and chemical 

characteristics of the generated hydrogels (Lee and Mooney 2012; Pawar and Edgar 2012). 
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Another interesting behavior of these resulting hydrogels is that they present a huge 

water uptake, which frequently has been used to maintain stable conditions for 

encapsulation and improvement of the persistency of sensitive molecules or systems such 

as cells. Similarly, the molecular weight of the raw material will have an impact on the 

properties, as when low molecular weight is used, the polymer solution or hydrogels 

generated can be plasticly modified and have been widely used to inject into the muscles 

or ingested orally for drug delivery and personal medicine; but when high molecular weight 

is preferred, higher mechanical properties and viscosity are provided, which lead to better 

water resistance and durability (Yang et al. 2011; Pawar and Edgar 2012). 

A simple, direct, and effective way to use this polymer to improve the purity of 

water was tested by the addition of alginate and calcium to a sample water as a coagulant 

system and therefore reduce turbidity. In this study, 3 samples were tested with initial 

turbidities of 10, 80, and 150 NTU obtained by adding smectite clay; for treatment, 

concentrations of calcium ranged from 30 to 200 mg/L and alginate from 0.001 to 10 mg/L 

with low viscosity. For most of the samples, concentrations as small as 80 mg/L of calcium 

were used, and alginate concentrations varied from sample to sample; for 150 NTU, the 

lowest concentration to obtain an NTU of 1 or lower was 2 mg/L, while for 80 NTU the 

lowest alginate concentration was of 0.4 mg/L. For 10 NTU, two alginates were tested with 

low and high viscosities; herein, the low molecular weight was unable to reduce the 

turbidity below 4 NTU, but the high molecular weight accomplished it with a concentration 

of 2 mg/L and 120 mg/L of calcium. The most significant contribution of this system is 

that it works at neutral pH conditions, while aluminum, which is the most common 

coagulant, has to change pH to alkali conditions to work and produce a higher volume of 

slurry compared to the alginate treatment; therefore, alginate can act as a more feasible 

alternative that would also simplify downstream processes (Devrimci et al. 2012). 

A more standard process to eliminate pollutants is the Polymer Assisted Filtration 

(PAF), where a polymer is pre-dissolved to enhance the precipitation of ions in a solution 

and then be removed by filtration. For this application, the polymer should have some 

inherent interaction with the ions, but nowadays, synthetic polymers are mainly used, even 

when these could have a certain toxicity or low solubility. Looking for alternatives, an 

alginate with M/G ratio of 1:1.5 and MW between 12 to 80 kDa was studied to eliminate 

divalent ions such as Pb(II), Cu(II), Zn(II), and Ni(II). Herein, it was observed that alginate 

was able to eliminate the Pb(II), Cu(II), and Zn(II) in concentrations as low as 4 x 10-2 M, 

but Ni(II) was adsorbed between 3 to 5 orders of magnitude less than the other metals, 

which was explained because of the soft ion nature of the Ni(II), which prefers to bind with 

ligands with softer interactions. The regeneration of the alginate was also demonstrated in 

acid conditions with times between 2 to 20 min depending on the pH (Fatin-Rouge et al. 

2006). 

For a less specific treatment, alginate proved to be able to separate oil and water 

efficiently for emulsification when a surface modification with dodecanol was performed 

to obtain a hydrophobic system. The emulsion was obtained using sunflower oil at 10 wt% 

and with the synthetized alginate having a substitution ratio of 8.47%. It was found that 

with only 0.8%, the emulsion was stable for up to one month, presenting no creaming or 

face visible phase separation and with less viscosity than the sodium alginate by itself 

(Yang et al. 2012), presenting it as a good system to separate oil when it could be 

incorporated to a complex composite.  

As mentioned before, alginate has the inherent ability to generate beads when 

divalent cations are in the media. Exploiting this property, beads were generated with silver 
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particles (AgNP) using three different approaches: 1) entrapping premade AgNP, 2) 

reduction of Ag+ in premade beads, and 3) a simultaneous gelation and reduction. The 

systems were then tested for bactericidal performance in a column though which 105 to 

106 CFU E. coli/mL flowed. The results showed that the systems with the reduction in situ 

the CFU was decreased to non-measurable quantities in only 1 min of retention in the 

column, but the reduction in premade beads liberated high quantities of ions, up to 22 ppm, 

which was not the case in the simultaneous gelation and reduction-derived beads. This last 

observation implies that the latter might have a longer life-time, which is highly desirable 

for feasible water purification systems (Lin et al. 2013). 

Even when beads are the most common structure generated by alginate coagulation, 

hollow fibers can also be prepared successfully; an example is the hollow fibers generated 

with TiO2 for a photocatalytic reactor that was tested with the degradation of methyl 

orange. These fibers were tested wet and dried by supercritical CO2 exchange. The fibers 

contained 41.7% of TiO2, and the dry fibers had better permeability than the theoretical 

calculation predicted, with a BET of 94 m2/g instead of 46, a pore volume of 0.46 mL/g 

instead of 0.36, and a mean pore radius was of 9.7 nm, while the prediction was of 16 nm. 

From an initial concentration of 6.4 mg/L, the efficiency of removal in flow without UV 

irradiation was of 0.08 mg/L, but with the UV was of 0.64 mg/L, which is much higher 

than what was obtained with the oxide nanoparticles alone. This was related to the high 

surface area, the adsorption to the alginate matrix, and the better dispersion of the 

nanoparticles due to the moieties form the alginate (Papageorgiou et al. 2012). 

Iron oxides have also been used with alginate on account of their magnetic 

properties and adsorption capability. One example of the first property is a system 

developed in which alginate nanogel carrying tetra- sodium thiacalix[4]arene tetrasolfonate 

and synthetized nanoparticles for easier recuperation in metal water treatment. When 

solutions with 50 ppm of Co(II), Cd(II), Pb(II), Cu(II), Ni(II), and Cr(III) were tested with 

a  pH of 7, the adsorptions ranged between 87 and 96.5%, with an apparent increase in 

adsorption when the magnetic particles were present compared to the system without them; 

the order of interaction was Pb(II) > Cd(II) > Cu(II) > Cr(III) > Co(II) > Ni(II) (Lakouraj 

et al. 2014). Meanwhile, the capture by adsorption was tested with As(III) and As(V) in 

alginate beads impregnated with iron oxide; herein, two loads were studied, 10, 20, and 

30% of hydrous iron oxide using a constant concentration of 1 g/L in solutions that 

contained only one of the two arsenic species. Results showed that the total removal for 

As(II) was higher when the load was 30% but the rate of adsorption was lower, with 10% 

being the fastest. As for As(V), 20% was the best adsorption performance, but only around 

60% was adsorbed. Also, phosphate salts appeared to have an effect on the adsorption, as 

the removal efficiency was lower when these ions were present. For the Langmuir model 

isotherms, the maximum adsorption capacity was 393.7 mg/g for As(III) and 200.4 mg/g 

for As(V). Finally, regeneration was possible with agitation in a 0.05 M NaOH solution for 

24 h and continued to work for 8 cycles; no significant loss in efficiency was observed for 

both arsenic species, but bead mass decreased between 15 to 20% after the cycles for 

As(III) and As(V), respectively (Sigdel et al. 2016). 

Another tested alginate composite for arsenic removal consisted of beads imbedded 

with zirconium oxide. This system was also tested with Cu(II), and the effects of the mixing 

of both arsenic and cooper were tested, as well; separately, maximum adsorption 

capabilities were 32.3, 28.5, and 69.9 mg/g for As(III), As(V), and Cu(II), respectively, 

and when mixed, the As(V) was enhanced and more than doubling adsorption, while 

As(III) adsorption decreased, and no significant effect in Cu(II) adsorption was observed. 
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Initial concentration and pH had a larger effect on copper adsorption than in the arsenic 

species, with optimum conditions at 300 mg/L and a pH of 9. The main contribution of this 

system is the simultaneous adsorption of cations and anions from wastewaters (Kwon et 

al. 2016). 

In the above studies, a specific oxide was used for the arsenic removal, but solid 

waste material that contains oxides can be used, also. To demonstrate this, a residue from 

an electroplating industry containing Fe, Ni, Cu, and Cr oxides was prepared in alginate 

beads and tested in sample waters. The optimum pH for this system was found to be 8, with 

48 h to reach the plateau in a solution with an initial concentration of 15 mg/L. The 

Langmuir model maximum adsorption capacities were 126.5 mg/g for As(III) and 

41.6 mg/g for As(V), which are about 60% higher than that of the raw material, leading to 

an improvement in the uses of waste products in other industries for water treatment 

(Escudero et al. 2009). 

Ceramics have also been impregnated in alginate beads for organics and metals 

adsorption. For example, attapulgite (Al2H29Mg2O15Si4
-, PubChem CID: 56842194) was 

encapsulated via freeze-drying, cross-linked with a calcium solution, and later tested for 

Cu(II) and Cd(II) adsorption. When the ratio load was 1:4 between the clay and alginate, 

the Langmuir modeling showed that the maximum adsorption capacity of this material was 

119 and 160 mg/g, respectively. The pH seemed to have no impact when it was higher than 

4, but at lower pH, the adsorption decreased. The optimal concentration for Cu(II) was 

200 mg/L, while for Cd(II), it was 400 mg/L. Finally, the recyclability was tested with mild 

acid washing (0.2 M HCl) for 1 h; the copper adsorption efficiency was decreased by 32% 

after the second cycle and remained constant for the following 4 cycles; meanwhile, 

cadmium adsorption increased 26%, which was explained by the exchange of calcium from 

the material with more active sites for adsorption and possibly by the release of Ca ions, 

which transform the active sites to alginic acid. This is also consistent with a 23% weight 

loss in the first acid washing (Wang et al. 2018). 

While for organics, imbedded nano-goethite in a fixed ratio of 3:1 alginate: clay 

was used for the adsorption of Congo red (C32H22N6Na2O6S2, PubChem CID: 11313). For 

this system, the optimum pH was 3 with a maximum adsorption capability of 181.1 mg/g. 

For reusability, 0.1 M NaOH was tested for 5 cycles with a desorption efficiency of 94%, 

but a loss of efficiency was observed after 4 cycles, decreasing from 85% to 76%, which 

is still acceptable for multiple uses (Munagapati and Kim 2017). Another commonly used 

clay is bentonite; when beads carrying it were tested for methylene blue adsorption, it was 

found that the optimal pH was between 7 to 10 with a maximum adsorption capability 

estimated by Langmuir isotherm of 799.4 mg/g. Herein, the efficiency loss after 6 cycles 

with acid washings in water pH 3, was only 7%; since the initial efficiency was a high 

value of 94%, the system was judged to be promising for the removal of the cationic dye 

MB (Djebri et al. 2016). 

As activated carbon is one of the main adsorbents available, the use of other forms 

of carbon serve as an attractive alternative to replace this market; they have some of the 

same effects, but when nanomaterials are used, some can leak to water streams, resulting 

in micro-pollution. To prevent this, carbon nanotubes were immersed in alginate (1:1.5) 

and then wet spun and freeze-dried; performance was evaluated for Cu(II) adsorption in a 

solution with 20 mg/L, an ionic strength of 0.1 M using NaNO3, and a pH between 2 and 

7. It was found that good adsorption was present for the composite in all pH ranges, but it 

reached an optimal performance at pH 5 of 83.3%; higher pH presented precipitation of the 

copper species. Lastly, the maximum adsorption capability was modeled by Langmuir 
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isotherms and was determined to be 84.9 mg/g, which was higher than previous studies 

using the separate components and other natural derivates as waste yeast, lignin, or 

activated sludge (Li et al. 2010). Another carbon-containing system, alginate-bentonite-

activated carbon beads, were tested for methylene blue adsorption; herein, it was observed 

that after pH 6, maximum adsorption was reached and was stable to higher potentials. 

Interestingly, Langmuir isotherm models were made at three different temperatures 30, 40, 

and 50 °C having a maximum adsorption capability of 757.0, 982.5, and 994.1 mg/g, 

respectively. The first one was lower than a simple bentonite-alginate composite (Djebri et 

al. 2016), but there was a clear relationship between the increase in temperature and the 

adsorption capacity of the system. Also, the Gibbs free energy was increased from -5.92 to 

-5.72 kJ/mol, presenting a higher tendency to adsorb at lower temperatures; this indicates 

that there were other phenomena involved in the adsorption than physisorption, which is 

always a spontaneous process. Finally, regeneration was tested with methanol washes for 

6 cycles, and adsorbance efficiency decreased from 94.4 to 75.4%, which are good values 

for the rehabilitation of contaminated water (Benhouria et al. 2015). 

Like the previous cases, combinations with other polysaccharides or synthetic 

polymers can help gain better properties, generating composites with improved interactions 

with the pollutants. For example, three freeze-dried alginate-CNF (7:1) aerogels were 

generated for oil/water separation with a difference of how freezing was done to the 

mixture: direct refrigeration, unidirectional freezing, or bidirectional. Herein, cellulose was 

used only as a mechanical reinforcer, but also it helped to improve the hydrophobicity as 

hydroxyl groups were added and silanized, too. In this work, the structure of the aerogel 

was the main difference, with the bidirectionally frozen aerogel performing better when 

compression cycles were applied with almost non-stress reduction or plastic deformation 

compared with the others after 10 cycles. The contact angle for oil in this aerogel was 0° 

and of 148.7° for water, assessing the superhydrophobic nature of it, and when this aerogel 

was tested for the selectively pump oils from a water mixture, it showed adsorption 

capacities between 15 and 35 g/g for hexane, hexadecane, silicon oil, pump oil, toluene, 

colza oil, and chloroform in this order, with the same results for up to 10 cycles when 

regeneration was obtained by mechanical squeezing with 80% strain (Yang et al. 2018). 

Meanwhile, alginate-chitosan beads were generated for divalent ion adsorption. 

These beads were generated by spraying an alginate-chitosan solution into a 0.15 M CuCl2 

solution and then exchanging the Cu(II) ions for H+ in a 0.1 M HCl solution; these beads 

were tested for Cu(II), Co(II), and Cd(II), having a maximum adsorption capacity of 8.39, 

3.18, and 6.63 mg/g, respectively and reaching saturation around 10 min in solutions with 

5 mM of the chloride from of the metal (Gotoh et al. 2004). Similarly, nano-chitosan-

alginate-cellulose (2:8:1) nano-beads were generated and tested for Pb(II) ions adsorption. 

Optimal adsorption conditions were found to be pH 6, initial concentration of 62.5 mg/L, 

dosage of 4 g and temperature of 50 °C; regeneration of the beads was also obtained using 

0.1 M HCl solutions. The nano-chitosan comes from the addition of tripolyphosphate as an 

ionic pre-crosslinker to the chitosan solution before mixing with alginate and cellulose, 

which generates nanoparticles with a sharp distribution peak at 100 nm when observed in 

DLS. Langmuir isotherms were calculated, but no correlation was found, suggesting a 

different adsorption mechanism, which fit in a Freundlich model with an n value of 1.4916 

(Vijayalakshmi et al. 2017). It is important to remember that this model is used when the 

energy term (b) in the Langmuir model is a function of surface storage, suggesting a 

heterogeneous phenomenon and using n as a constant that describes the shift from linearity, 

with 1 being the value that indicates linearity (Novotny 2003). 
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Also, polymers synthetized in the alginate matrix have been studied for metal 

removal. For example, alginate-polyaniline nanofibers were tested for Cr(VI); here calcium 

was not used as a crosslinker, as H-binding was done with the N groups of the aniline 

structure. This system was able to eliminate 78.6% from a solution with an initial 

concentration of 100 mg/L of Cr(VI) in 60 min. The system efficiency also showed to be 

highly dependent on pH, decreasing efficiency as the pH increased from 2 to 10. 

Furthermore, the optimal dosage of material was found to be 150 mg. When other ions 

were tested in the solution, a decrease in the adsorption of the metal was observed when 

bicarbonate ions were present, but no significant loss was observed with chloride, 

sulphates, or nitrate ions. The maximum adsorption capability was modeled with Langmuir 

isotherms with values of 73.3, 74.5, and 75.8 mg/g at 303, 313, and 323 K, respectively 

and ΔG of -10.48, -10.43, and -10.0 kJ/mol for each. Regeneration was also obtained with 

a 0.5 M NaOH solution with non-significant loss after 3 cycles, indicating that the system 

can be used as an alternative for the removal of this ion (Karthik and Meenakshi 2015). 

One of the main advantages of the synthesis in situ of the polymer for the composite 

is that physical entanglement and van der Waals interactions will be the main forces 

holding the composite together, leaving available the inherent functional groups of the 

polymers; i.e. the carboxylic and hydroxyl groups of the alginate, which could then be 

leveraged for adsorbing the pollutants. Examples of this are beads of sodium alginate and 

poly[2-acrylamido-2-methylpropa-1-propanesulfonic acid] (PAMPS) which were 

evaluated for the adsorption of methylene blue (MB), Congo red (CR), methylene violet 

(MV, C14H12N2OS, PubChem CID: 73024), amaranth red (AR, C20H11N2Na3O10S3, 

PubChem CID: 5359521), and metal ions such as Cu(II), Pb(II), Cd(II), and Ni(II). The 

tested system had a Young’s modulus of 191 kPa, a compression strength of 48 kPa, and a 

water uptake of approximately 30%. For MB adsorption, pH did not seem to have a major 

impact on the adsorption efficiency; on the contrary, the initial concentration of MB had 

an effect, increasing removal capacity as the concentration increased. When the Langmuir 

model isotherm was used, the maximum adsorption capacity was 2273 mg/g, which was 

close to the experimental values. When tested with the other dyes, AR and CR, which are 

anionic, it did not present a measurable adsorption, mainly due to the electrostatic 

repulsion; while cationic dye MV presented an adsorption of 2105 mg/g, which valued 

closely to the 2977 mg/g of MB. For the metal ions, adsorption capacity was 2042 mg/g 

for Pb(II), whith lower values of 254, 50, and 843 mg/g for Cu(II), Ni(II), and Cd(II), 

respectively. Finally, recyclability of MB adsorption was tested for 5 cycles using NaCl as 

a desorbing agent, reaching a removal ratio of 90%, which leads to a possible industrial 

application as a broad quantity of cationic species adsorbed in high amounts (Shao et al. 

2018). 

As previously mentioned, alginate presents the advantage of being highly 

hygroscopic, enabling the use of encapsulated microorganisms for bioremediation. Some 

examples of this are the use of Zoogloea ramigera for Cu(II) removal in filters with 

different flow rates; the best removal obtained was of 94.3% of a solution with 50 mg/L 

and using 20 g of the sorbent with a flow of 3.6 mL/min and maintaining this efficiency 

after flowing 2700 mL. The only downside of this system was that mass transfer was 

slower than with the alginate beads, taking between 100 and 200 min to reach the maximum 

capacity. Recovery of the Cu(II) was obtained by washing with 0.005 M H2SO4 and a pH 

of 2, which allowed for a reutilization of the system (Sag et al. 1995). Similar systems can 

be generated with multiple organisms; for example, microalgae Chlorella vulgaris was co-
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immobilized with the bacteria Azospirillum brasilense and was used for the removal of 

ammonium and phosphorus ions.  

 

Table 4. Alginate-derived Materials and Pollutants Adsorbed 
 

Material Pollutant 
Capacity 

[mg/g] 
Regeneration Reference  

Alginate beads with iron 
oxide 

As(III) 393.7 
0.05 M NaOH Sidgel et al. 2016 

As(V) 200.4 

Alginate beads with 
zirconium oxide 

 

As(III) 32.3  

Kwon et al. 2016 As(V) 28.5  

Cu(II) 69.9  

Alginate beads with Fe, 
Ni, Cu, and Cr oxides 

 

As(III) 126.5  
Escudero et al. 

2009 As(V) 41.6  

Alginate beads with 
attapulgite 

 

Cu(II) 119 
0.2 M HCl Wang et al. 2018 

Cd(II) 160 

Alginate beads with 
nano-goethite 

 
Congo red 181.1 0.1 M NaOH 

Munagapati et al. 
2017 

Alginate beads with 
bentonite 

 

Methylene 
blue 

799.4 H2O pH 3 Djebri et al. 2016 

Alginate with carbon 
nanotubes 

 
Cu(II) 84.88  Li et al. 2010 

Alginate beads with 
bentonite and activated 

carbon 
 

Methylene 
blue 

756.97 Methanol 
Benhouria et al. 

2015 

Alginate-chitosan beads 
 

Cu(II) 8.39  

Gotoh et al. 2004 Co(II) 3.18  

Cd(II) 6.63  

Alginate-polyaniline 
nanofibers 

 
Cr(VI) 73.34 0.5 M NaOH Karthik et al. 2015 

Alginate beads with 
PAMPS 

Methylene 
blue 

2272.73 

NaCl Shao et al. 2018 

Methylene 
violet 

2105 

Pb(II) 2042 

Cu(II) 254 

Ni(II) 50 

Cd(II) 843 

 

 

When an initial concentration of ammonium was of 3 mg/L, 93% was eliminated 

in the first 2 days and 99% after the 6th day. Meanwhile, phosphorous at concentrations 

above 20 mg/L presented no change in concentration, but in a solution of 15 mg/L, 75% 

was eliminated in 2 days with no further change. When both ions were present, 91% of 

ammonium was eliminated after 2 days, but no change in phosphorous concentrations was 
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observed; this suggests a higher affinity to the ammonium than to phosphorous. It is 

important to say that the use of alginates allowed for the use of these organisms in 

continuous and semi-continuous systems, so when the sample water was recirculated, drops 

in phosphorous concentrations were observed after the 3rd cycle, indicating some mass 

transfer phenomena occurring (De-Bashan et al. 2002). 

An advantage of bioremediation is the use of intrinsic biochemical routes and 

defense mechanisms of the bacteria to accumulate the pollutants and easily recuperate 

them. For instance, mercury was stored by Enterobacter sp. that was entrapped in alginate 

beads. For this experiment, 30 g of the wet sorbent were used in a solution with 5 mg/L of 

HgCl2 at 30 °C and in a more complex water sample obtained from an industrial discharge 

in India and enriched with 7.3 mg/L of Hg(II). The reusability of the beads was assessed 

by 3 washes in ultrapure water. Complete removal was obtained in both samples after 72 h 

with the bacteria immobilized in the beads, while free bacteria only removed 69%, and the 

beads alone 19%. No more than two cycles were permitted, as for the fourth efficiency 

decreased to a 49%. The loss of efficiency was attributed to the loss of cells from the 

washes with ultrapure water. The mercury here was found stored as nanoparticles (3.75 ± 

0.03 nm) at the cytoplasm of the bacteria with a change of Hg(II) to Hg(0), due to the 

presence of reductase found in this organism, thus showing the advantage of using more 

complicated biosystems for water remediation when treating toxic pollutants (Sinha and 

Khare 2012). 

This section showed advantages of using inherent properties of the polysaccharides, 

such as alginate, that can be exploited to provide structure, for direct adsorption, or as 

carriers of other components including nanoparticles, polymers, or microorganisms, 

presenting more options of hygroscopic materials for water treatment.  
 

Hemicelluloses 

 Hemicelluloses are another class of widely abundant heteropolymers, as they 

constitute about 25 to 35% of wood mass (Smook 2016). The major monomeric units in 

the polymers are hexoses (D-glucose, D-mannose, and D-galactose), pentoses (L-

arabinose, D-xylose), and uronic acids (D-glucuronic acid, 4-O-methyl-D-glucuronic acid, 

and D-galacturonic acid) (Gírio et al. 2010; Salam et al. 2011a). These monomers form 

branched chains with both α and β linkages with lower molecular weights than the other 

polysaccharides. These formed polymers can be divided into four groups: xylans, mannans, 

xyloglucans, and mixed-linkage β-glucans. 

 

 
 

Fig. 5. Structures of xylan (left) and glucomannan (right) 
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Among these groups, xylans the most abundant (Fig. 5, left), as they represent the 

major components of hemicelluloses in hardwoods and about half of the tissue in cereal 

grains (Wang et al. 2013; Sixta 2006); while mannan-type, such as glucomannans (Fig. 5, 

right) and galactoglucomannans, are mainly found in the secondary cell wall of softwoods 

(Gírio et al. 2010). 

The main disadvantage that these polysaccharides present is their high solubility in 

water; therefore, a great portion of them are lost in the downstream processes of pulping, 

turning them into residue that is usually burned to obtain energy. Nevertheless, some work 

has been done to obtain added-value products targeting water remediation systems. For 

example, the modification of xylan with organic acids, such as citrate, succinic anhydride, 

and sodium monochloroacetate, was performed to increase the carboxyl content 2x in the 

three cases and to increase the water absorption from 200% in natural xylan to 500% when 

modification with citrate was done (Salam et al. 2011a). This modification with citric acid, 

with and without catalyst (sodium hypophosphite, SHP), was then used to study the 

adsorption capability of this material for Cu(II) and methyl orange. The adsorption 

experiments were done using a slurry of the material with the following standard solutions: 

500 mg/L of Cu(NO3)2 at room temperature, pH 4.5, and 400 rpm for 24 h; methyl orange 

was done with 20 mg/L pH 2.5 for the same time at room temperature. Herein, the study 

showed that the catalyst increased the crosslink reaction instead of enhancing the carboxyl 

group content, and consequently the carboxylated xylan without the catalyst had the better 

adsorption capacity with 83.8 mg/g of Cu(II) and 1.69 mg/g methyl orange when the 

weight ratio of citric acid/xylan was 3.6. In contrast, the unmodified xylans had a binding 

capacity of 11.4 and << 0.1, respectively, for Cu(II) and MO, demonstrating the potential 

to use these hemicelluloses that were modified with green chemistry and that can provide 

hydrogels with high water intake and can be easily degraded after usage (Wang et al. 2013). 

Another work with hemicelluloses used pressurized hot water extracted 

polysaccharides from Pinus wallichiana and modified all the hydroxyls to improve the 

adsorption of malachite green (MG, C23H25ClN2, PubChem CID: 11294). Herein, C6 was 

first acetylated, while C3 and C2 were carboxylated via aldehyde formation. Adsorption 

capability was tested with 5 g of the sorbent in a solution with 100 mg/L of MG at 50 °C. 

After confirmation of the adsorbance capacity, ranges of pH (3 to 9), temperature (20 to 

90 °C), and concentration (10 to 120 mg/L) were also studied. The optimal concentration 

was found to be 98.2 mg/g at 70 °C and pH 6.5. Reusability was also tested for 16 cycles, 

where 67% of the capacity was possible, removing a total amount of 1294 g/g in the 16 

cycles. Finally, kinetics and thermodynamics were studied. The Langmuir isotherm model 

showed a maximum adsorption capacity of 456.2 mg/g with the following thermodynamic 

parameters at 343 K: ΔG of -16.62 kJ/mol, ΔH of 49.9 kJ/mol, and ΔS of 172.02 J/mol K. 

This demonstrates the great capacity of hemicellulose for use as an adsorbent for this dye 

or similar cationic organic molecules (Gautam et al. 2018). 

Similar to the polysaccharides mentioned above, composites can play an important 

role in enhancing the adsorption capacity of hemicelluloses. For example, konjac 

glucomannan was crosslinked via calcium ions with graphene oxide and tested for the 

adsorption of methyl orange and methyl blue. In this work adsorption capacity was 

modeled with Langmuir and Freundlich isotherms, finding that the latter gave a better 

estimate with maximum capacities of 51.6 and 92.3 mg/g for MO and MB, respectively, 

and n value higher than 1. Interestingly, the composite swelled approximately one third 

less than the one without the graphene, but adsorption of the dyes was almost doubled, 

which was attributed to π-π stacking and ionic interactions with the oxide and the available 
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hydroxyl groups (Gan et al. 2015). In the same way, MB was adsorbed to corn stover 

hemicelluloses hydrogels containing a variety of swellable clay (Laponite XLG, 

Mg5.34Li0.66Si8O20(OH)4Na0.66) to improve the adsorption capability. In this case, the cross-

linkage was done with polyethylene glycol diglycidyl ether (PEGDE). Concentrations of 

each component were varied to understand the mechanical and rheological behavior, but 

adsorption was performed only in the hydrogels that had 1.5 M PEGE/ 1 M hemicelluloses 

and with 2 M of clay. Adsorption experiments were carried out with 100 mg of a freeze-

dried sample in a solution at 25 °C and pH ranging from 2 to 9 to find the optimal 

conditions. The pH study results show that efficiency was low in acidic conditions, but 

when pH 6 was reached, adsorption stabilized at the maximum efficiency. For the 

modeling, Freundlich and Langmuir equations were tested in the isotherms; results varied, 

as the hydrogels without clay fit the a Freundlich model, while the one with incorporated 

clay fit the Langmuir monolayer model with a maximum adsorption capacity calculated of 

148.8 mg/g (Cheng et al. 2016). This last result makes evident how nanocomposites can 

improve the adsorption capacity by changing the mechanism in which the pollutant 

interacts with the hydrogels; in both cases, water adsorption was reduced, but mechanical 

stability was achieved by simple crosslinking of the hemicelluloses. 

As previously mentioned, one of the main drawbacks of the use of hemicelluloses 

is their low molecular weight compared to other polysaccharides, such as cellulose. 

Therefore, the mechanical properties of materials prepared with these polysaccharides are 

somehow inferior compared to others such as cellulose; to remediate this, the incorporation 

of other polymers, such as chitosan, can improve the final mechanical properties. A 

crosslinked aerogel with tri-carboxylated hemicellulose-chitosan (1:1) has been developed 

and tested for swelling stability in water and saline solutions. This system presents only 

8% mass loss in water and a gain of 9.3% in the saline solution, also having a tensile 

strength of 1.61 N/mm2. An interesting point is that the volume expansion was 110% in 

water and 240% in saline solutions, but the mass adsorbed was only 80 g of water and 

100 g of salts, meaning that the salts improved the swelling by rearranging the hydrogel 

without degrading the material, as no mass loss was observed, demonstrating that the 

composite can be used for water treatment in different conditions (Salam et al. 2011b). A 

similar system was generated by grafting pentetic acid (DTPA, C14H23N3O10 PubChem 

CID: 3053) to hemicelluloses and then crosslinking with chitosan; this hydrogel was tested 

for the adsorption of Pb(II), Cu(II), and Ni(II) ions and swelling in saline conditions. The 

results showed that this system was stiffer that the one obtained with carboxylated 

hemicellulose, as salt uptake was 0.30 g/g, but there were similar losses and gains in water 

and saline solutions. Meanwhile for the metallic ions, the best conditions were at pH 5 and 

initial concentration of 5 mg/L, having a maximum adsorption of 2.9, 0.95, and 1.37 mg/g 

for Pb(II), Cu(II), and Ni(II), respectively (Ayoub et al. 2013). A more complex 

hemicellulose-chitosan was generated by adding TiO2 to the hydrogel to further improve 

the adsorption of metals. In this case the crosslinking was made by Schiff base linkages 

between the aldehyde groups of the hemicellulose (xylan) and the amines from chitosan. 

This hydrogel had a great water intake of 1507% g/g in water and 821% g/g in the saline 

solution, which is greater than the two previous studies; Langmuir isotherms modeled the 

adsorption of the metallic ions, giving maximum adsorption capacities for Cu(II), Cr(VI), 

Ni(II), Cd(II), and Hg(II) of 158.7, 97.1, 96.2, 78.1, and 76.3 mg/g, respectively. Analysis 

of thermodynamic and kinetic data revealed that the adsorption was spontaneous and 

endothermic, with ΔG between -7 and -1.55 kJ/mol and positive ΔH (Wu et al. 2014). 

These three studies made it clear that the combination of hemicelluloses and chitosan can 
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help to improve water uptake and stability, allowing the use of hemicelluloses in more 

complex systems for water treatment.  

While chitosan is great for the adsorption of metals due to the amine functional 

groups, other synthetic polymers can also help in the stability of hemicelluloses, and the 

generation of materials is applicable to pollutant capture. For instance, butyl acrylate and 

acrylamide were used jointly to generate hemicellulose-containing latex (HCL), which was 

studied for the adsorption of MB. An interesting finding with this system was that 

adsorption was constant between pH 3 to 7 (30.4 mg/g), and in more alkali conditions 

adsorption increased, reaching a maximum at pH 13 of 97.3 mg/g; this was explained as 

the more negative surface charge that the composite acquired at lower proton concentration 

was found.  

 

Table 5. Hemicelluloses-derived Materials and Pollutants Adsorbed 
 

Material Pollutant 
Capacity 

[mg/g] 
Regeneration Reference  

Carboxylated xylan 
with sodium 

hypophosphite 
 

Cu(II) 83.8  

Wang et al. 2013 Methyl 
orange 

1.69  

C6-acetylated, C2, 
C3-carboxylated 
hemicelluloses 

 

Malachite 
green 

456.23  Gautam et al. 2018 

Glucomannan with 
graphene oxide 

 

Methyl 
orange 

51.6  
Gan et al. 2015 

Methyl blue 92.3  

Hemicelluloses with 
PEGDE carrying 

laponite 
 

Methylene 
blue 

148.8  Cheng et al. 2016 

Hemicelluloses -g-
pentetic acid with 

chitosan 
 

Pb(II) 2.9  

Ayoub et al. 2013 Cu(II) 0.95  

Ni(II) 1.37  

Hemicellulose-
chitosan with TiO2 

 

Cu(II) 158.7  

Wu et al. 2014 

Cr(VI) 97.1  

Ni(II) 96.2  

Cd(II) 78.1  

Hg(II) 76.3  

Hemicellulose-
containing latex 

 

Methylene 
blue 

42.73  Zhang et al. 2015b 

O-acetyl 
galactoclucomannan -

g- methacylate 
 

As(V) 48.17  

Dax et al. 2014 
Cr(VI) 40  

 

The adsorption followed tightly the Langmuir isotherm models, showing a 

maximum adsorption capability at 25 °C of 42.7 mg/g (Zhang et al. 2015b). Furthermore, 

methacrylate was grafted to O-acetyl galactoglucomannan, which was used to generate 

hydrogels for arsenic and chromium removal. The hydrogel generated with these materials 
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was able to uptake 15 times its initial weight in water after 120 min; the maximum 

adsorption of the pollutants was observed at pH 9, which ensures that As and Cr must be 

in their anionic forms. The maximum adsorption obtained with the system was 48.2 mg/g 

for As(V) with similar results for the Cr(VI), which was constant for Cr(VI) for two more 

batches but was reduced in one third for As(V) in the subsequent tests (Dax et al. 2014). 

Even though the low molecular weight of the hemicelluloses could present a 

problem for application in more complex materials generation, the addition of functional 

groups or using crosslinking agents provides an increase in the network generation within 

the hydrogels. This network generation provides a feasible approach to obtaining materials 

that can improve water quality using an abundant and underused resource such as the 

hemicelluloses.  

 

Starch: Amylose and amylopectin 

 Another important polysaccharide blend is starch, which is produced in plants, 

tuber crops, and roots for storage of energy (between 16 and 24% mass content) and 

constitutes an important element in the human diet (Hoover 2001; Sajilata et al. 2006). 

Starch is composed of two main glucose-based polysaccharides: amylose and amylopectin; 

the first is a linear structure of glucose residues linked by α-D-(1  4) glycosidic bonds 

(Fig. 6), which ordinarily constitute between 15 to 20 % of total starch. Amylopectin is a 

branched structure with both α-D-(1  4) and α-D-(1  6) glycosidic bonds and in which 

side chains are typically 20 to 25 glucose units (Hoover 2001; Singh et al. 2010). 

 

 
Fig. 6. Two glucose molecules joined by α 1, 4 linkage, which originates backbone of amylose and 
amylopectin  

 

Their composition is the same as cellulose, but the difference in the bond 

orientation (α vs. β) causes an important difference in how both polymers pack in the 

natural environment. Starch polymers forms helices instead of fibers, and these aggregate 

into granules with 70% of amorphous structure, while the other 30% form a crystalline 

region in the granules which consists primarily of amylopectin. This difference in cluster 

formation and in the amorphous proportion makes the starch more susceptible to enzyme 

degradation than cellulose chains (Sajilata et al. 2006). 

Just as in cellulose, the hydroxyl groups in the polymeric backbone of starch permit 

the formation of highly hygroscopic materials while also allowing the use of hydroxyl 

groups as reactive points to add moieties to improve the uptake of pollutants or specific 

molecules. For example, starch was poly-carboxylated at C6 by nitrogen oxides and used 
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to generate a hydrogel that was tested to adsorb Cu(II). The maximum adsorption capacity 

was 128.3 mg/g, which was obtained with 2 h contact at 40 °C, pH 7, and 50 mg/L initial 

concentration, following a Langmuir isotherm. A chelation binding mechanism where 

coordination between the copper, and the carboxyl, hydroxyl, and keto groups of the 

hydrogel was suggested to be the predominant phenomenon (Chauhan et al. 2010). 

Similarly, N-(3-chloro-2-hydroxypropyl) trimethyl ammonium chloride (CHPTAC) was 

incorporated into starch as a cationic moiety. This material was tested as a flocculant in 

0.25% w/w silica suspensions and compared with other commercial options, showing a 

decrease from 13 NTU to approximately 4 NTU at neutral conditions and performing better 

than most of the commercially available options, proving to be a low-cost material with 

good performance as an option for wastewater treatment systems (Pal et al. 2005). 

In the previous cases, cationic groups were added to the surface of hydrogels, and 

layered double hydroxide (LDH), also called hydrotalcite clay, was used to obtain negative 

surface charges (Zubair et al. 2017). An example of this is the use of starch-NiFe-LDH 

composites in two proportions (1:1 and 1:2) for the removal of methyl orange. The 

optimum conditions for adsorption were found to be pH 3, initial dosage of 10 mg/L, 180 

min, and low concentrations of initial MO dissolved; meanwhile, for the modeling of the 

isotherms, the Freundlich model was found to fit better than the Langmuir, indicating a 

heterogeneous adsorption that was favorable, as 1/n was lower than 1, with a maximum 

adsorption capacity of 388 and 358 mg/g, respectively, which was reproducible for 4 cycles 

using a 0.1 M NaOH solution for regeneration (Zubair et al. 2018). 

A less specific adsorption mechanism has been shown by carbon nanotubes. To 

improve the biocompatibility of these materials, starch is a good alternative that has many 

advantages. In the following case, carbon nanotubes were covalently linked to starch 

(14.3 %) and iron oxide nanoparticles for facilitating the removal from solutions. This 

system was then tested for the removal of methylene blue and methyl orange in solutions 

containing 500 mg/L of the material with 373.9 and 327.3 mg/L of the MB and MO, 

respectively. An adsorption of 135 mg/g for MO and 94 mg/g for MB was obtained for the 

samples with starch in 10 min of contact, whereas, in the absence of starch, the removal 

capacity was approximately half of the uptake with starch, and it took approximately 

30 min. As planned with the magnetic nanoparticles, these sorbents were quickly separated 

from the solution, with a visible diminution of the color concentration, which presents a 

good alternative for the elimination of organic pollutants by either adsorption to the 

nanotubes and starch or by using different catalytic nanoparticles that can be grown onto 

the carbon nanotubes such as ZnO, Ag, or TiO2 (Chang et al. 2011). 

Composites with polysaccharides also serve as an alternative to use either as a 

continuous phase or as a dispersed phase with special properties or moieties. Like the 

hemicelluloses, chitosan is a predilect material due to the difference in surface groups and 

the high abundance of it. Examples of composites of starch/chitosan are reported in the 

literature. For instance, a cationic starch was composited with chitosan and tested as a 

flocculant. The starch was prepared by microwave irradiation with sodium hydroxide  and 

2,3-epoxypropyltrimethylammonium chloride, resulting in a DS of 0.31. The material was 

then crosslinked with chitosan in the presence of a crosslinker. The optimal conditions for 

the synthesis were a temperature of crosslinking at 70 °C, a ratio of 5:1 

cationic starch: chitosan, and a ratio of 0.75 mL/g of catalyzer for 1.5 h. This system 

performed better in clarifying water at 5 °C and pH 5 with efficiencies around 88%; this 

provides a new alternative for flocculation in atypical systems (You et al. 2009). A similar 

composite was generated with starch and chitosan, but instead of the cationic starch, citrate-
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modified starch was used to further crosslink the chitosan to the starch molecules and 

generate a hydrogel with high water and saline adsorption. An important finding in this 

study was that the temperature used for the cross linkage had an effect on the properties of 

the swelling and tensile strength, increasing from 1.44 to 1.81 N/mm2 for the latter and 

from 1940 to 2780% w/w from water adsorption when temperature changed from 100 to 

120 °C. This behavior was similar in the saline solution, but larger mass loss was found in 

the foam generated at 120 °C, showing how the properties can be adjusted as desired by 

changing temperature conditions and maintaining pH, ratio, and solid-liquid proportions. 

One of the main advantages of this strategy is that the incorporation of the citrate as a 

crosslinker increased the thermal stability, water adsorption, and strength while decreasing 

weight loss compared to normal starch-chitosan composites (Salam et al. 2010). 

As noted, starch is usually grafted to allow interactions with the other materials; for 

this, latexes are great materials to consider, as they can be used as an interface or as a point 

to graph from the polymer to form the composites. An example of the first strategy is a 

composite that was generated with starch grafted with poly-acrylic acid and CNC. This 

system aimed to be a fast removal agent of methylene blue (MB), for which the pH was 

studied as the isoelectric point of the material changed as the concentration of CNC 

increased. The optimal CNC concentration for maximum adsorption was found to be 5% 

at a pH 5; this adsorption was modeled by Langmuir isotherms as 2240 mg/g with around 

90% of total removal in 1 h. Reusability was also tested, finding that when it was immersed 

in a solution with pH 1, 60% of the adsorbed material was released and available for 

reusability; similar results were observed for the only grafted hydrogel that did not contain 

the CNC, but maximum adsorption was only of 2040 mg/g (Gomes et al. 2015). When 

sodium humate was used for the composite instead of CNC, the obtained system was able 

to form complexes with Cu(II). Herein different added percentages were tested (0, 5, 10, 

15, and 20); from these, the best performance was found in the hydrogel containing 5% in 

a pH range of 2.7 to 5 and a maximum adsorption capacity modeled by Langmuir isotherm 

of 2.83 mg/g, which decreased as the content of sodium humate increased, which also gave 

some support to the hypothesis that the adsorption mechanisms were ion-exchange and 

chelation with the carboxylic groups. Lastly, regeneration was evaluated with 0.1 M 

NaOH, which, similar to the adsorption, was better in hydrogels containing sodium humate. 

Adsorption even improved after the first cycle, but after 4 cycles the efficiency had 

decreased by almost 40% (Zheng et al. 2010). Another system that used the grafted 

polymers as an interface was one with polyacrylamide grafted starch that contained clay 

(bentonite, kaolinite, or sercite). These were only tested for water absorption capacity, 

which reached 4000 g H2O/g in 120 min, which apparently was mostly influenced by the 

presence of kaolinite, as the composite with only this clay absorbed almost 2500 g/g on its 

own but needed the three to enhance swelling (Wu et al. 2000). 

Meanwhile, the “grafted from” approach can use different monomers to obtain 

sidechains with different properties and surface interactions. For example, aniline was used 

to form a hydrogel for the removal of reactive dyes, Reactive Black 5 (RB, 

C26H21N5Na4O19S6, PubChem CID: 44134920) and Reactive Violet 4 (RV, 

C20H16CuN3Na3O15S4, PubChem CID: 129818966). The composite was able to remove 

99% of RB and 98% of RV at pH 3 from solutions with 0.5 mM of the dyes; higher pH 

resulted in lower adsorption efficiency, with only 65% at pH 9. This was explained by the 

dissociation of the sodium from the sulfur groups at low pH, increasing the adsorption. 

When isotherms were performed, the Toth model fit the data better than the Langmuir or 

Freundlich, giving maximum adsorption capacities of 808 mg/g of RB and 667 mg/g of 
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RV. A benefit of this study is an adsorption study done with a dye bath effluent containing 

RB (0.5 mM), RV (0.5 mM), sodium chloride (355 mM), sodium carbonate (61 mM), 

sodium hydroxide (6.5 mM), and acetic acid (6.5 mM) with pH 5, which is closer to a 

mixture that could represent a real scenario. With this solution, the removal efficiency was 

87% and the isotherm fit into a modified Freundlich model, which changed the 

concentration term for an absorbance term; this gave an adsorption capacity of 1.97 mg/g. 

Finally, desorption was tested for reusability with a 0.1 M NaOH solution, which was 93% 

for RV, 94.2% for RB, and only 89.4% for the dye solution; when tested again for sorption, 

a reduction of 4% was observed, which is considered negligible, showing the good 

performance of the composite which is inexpensive and eco-friendly (Janaki et al. 2012). 

Similarly for dye adsorption, N,N-Diethylamino ethyl methacrylate was grafted from 

starch to remove Direct Red 81 (DR, C29H19N5Na2O8S2, PubChem CID: 9570117). 

Different grafting yields were tested, and the best one had a 50% yield, with an adsorbent 

concentration of 2.5 g/L and pH 1, obtaining a 95.6% efficiency after 50 min; the isotherm 

was modeled by Langmuir, giving a maximum adsorption capacity of 112 mg/g (Abdel-

Halim 2013). 

 

Table 6. Starch-derived Materials and Pollutants Adsorbed 
 

Material Pollutant Capacity (mg/g) Regeneration Reference  

C6-carboxylated 
starch hydrogel 

 
Cu(II) 128.26  Chauhan et al. 2010 

Starch NiFe-LDH 
composite 

 

Methyl 
orange 

358.42 0.1 M NaOH Zubair et al. 2018 

Carbon nanotubes-
starch/iron oxide 

 

Methylene 
blue 

94  

Chang et al. 2011 
Methyl 
orange 

327.33  

Starch-g-polyacrylic 
acid 

 Methylene 
blue 

2043 

H2O pH 1 Gomes et al. 2015 
Starch-g-polyacrylic 

acid/CNC 
 

2236 

Starch-g-polyacrylic 
acid/sodium humate 

 
Cu(II) 2.83 0.1 M NaOH Zheng et al. 2010 

Aniline/starch 

Reactive 
black 5 

808.11 
0.1 M NaOH Janaki et al. 2012 

Reactive 
violet 4 

667.09 

Starch-g-N,N-
Diethylamino ethyl 

methacrylate 
 

Direct red 81 112  Abdel-Halim et al. 2013 

Starch/Polyvinyl 
alcohol 

Fe(II) 37.07 2 M HCl 
Chowdhury et al. 2015 

As(III) 22.11 2 M NaOH 

 

“Grafting from” can also be used for metal removal; for example, polyvinyl alcohol 

was used in different starches, wheat-flour, rice-powder corn-starch, and maize-starch. The 
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corn-starch composite performed best in the adsorption of Fe(II) and As(III) with 37.1 and 

22.1 mg/g, respectively, and was reused for up to 3 cycles with efficiencies between 95 

and 88%; herein, a 2 M HCl solution was used for Fe(II) desorption and a 2 M NaOH 

solution for As(III). Also, this composite presented 600% swelling when placed in water, 

which helped when tests of metals adsorption were performed using neutral pH and 

concentrations of 100 mg/L were given using 0.5 g of the sorbent; herein, adsorptions were 

of ~20, 22, 37, 7.5, 18, 4, and 22 mg/g for Cr(VI), Mn(II), Fe(II), Ni(II), Cu(II), Pb(II), and 

As(III), respectively (Chowdhury et al. 2015). 

As presented, starch is a low-cost option for the development of hydrogels, with 

high water adsorption and pollutant removal capacity. Simple chemistry can be used to 

adjust the surfaces generated and improve composite interactions for chelation and 

adsorption of metals and dyes, respectively.  

 

Cyclodextrins 
 Cyclodextrins are cyclic oligosaccharides formed by α-1,4-glucopyranose units 

(Fig. 7), that have inherent properties of biocompatibility and non-toxicity. These cyclic 

molecules are obtained by the enzymatic degradation of starch by cyclodextrin 

glucanotransferase (CGTase) enzyme, which can result in structures containing six (α), 

seven (β), or eight (γ) units (Villiers 1891; del Valle 2004; Kurkov and Loftsson 2013). 

 

 
 

Fig. 7. Structure of β-cyclodextrin 

 

The glucose units here are spatially immobilized in a 4C1-chair conformation, which 

gives the structure the shape of a truncate cone with an internal cavity with diameters 

between 6 to 10 Å. Because of this conformation, the primary hydroxyl groups end up 
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oriented to the exterior of the cone, making the exterior part highly hydrophilic and the 

interior hydrophobic. Meanwhile, the secondary hydroxyls are on the edges of the cavity 

forming H-bonds between them, leading the non-bonding electron pairs to be oriented 

towards the cavity interior, conferring a Lewis-like base character (Szejtli et al. 1982; 

Szejtli 1998; Cova et al. 2018). 

Due to the structure of cyclodextrin (CD), it has between three to five times more 

resistance to hydrolysis than linear polymers, and as the hydroxyl groups are used to form 

the H-bond, they also have a lower solubility. The number of units has an impact on these 

properties, as well; for example, β-CD is known to be more rigid and less soluble than the 

other two possible CDs, as they use all the secondary oxygens to stabilize the ring 

compared to the α-CD, which only forms 4 of 6 possible bonds and is more rigid because 

of the seven units, which make it less flexible and more planar than γ-CD. Similarly, the 

half-life of the structure of β-CD is approximately 15 h in an aqueous solution at 70 °C and 

pH 1.1; this is 1.5 times greater than γ-CD and 1.5 times less than α-CD (Kurkov and 

Loftsson 2013). 

As previously mentioned, the structure of the CD provides a hydrophobic cavity 

that can form highly stable host-guest complexes with alkyl chains or aromatic compounds. 

These complexes are stabilized by different electrostatic Van der Waals, charge-transfer 

interactions, and other H-bonds that could be formed between the guest molecules and the 

oxygens in the ring or the primary hydroxylic groups. All of these interactions can then be 

used for the improvement of solubility, capture, or control of organics, volatiles, and 

antioxidant molecules (Saenger and Steiner 1998; Liu and Guo 2004; Guo et al. 2005; 

Kurkov and Loftsson 2013; Cova et al. 2018). The high structural and thermal stability of 

β-CD has made it the predominant cyclodextrin on the market, causing the production cost 

to go down and increasing the availability of derivatives with almost 86% of the market in 

medicine (Kurkov and Loftsson 2013). 

For environmental applications, the low molecular weight of β-CD (1135 Da) 

makes it important to generate composites for its use in aqueous media. One of the most 

widespread approaches is the generation of a polymer with epichlorohydrin or other agents 

capable of esterification (Gidwani and Vyas 2014; Morin-Crini and Crini 2013; Morin-

Crini et al. 2018). The main objective when crosslinking is to increase size and efficiency 

without loss by steric effects. An example of a study using this analysis is one that a 

Canadian group performed where 5 types of crosslinker agents were used to examine the 

effectiveness in decolorizing a solution with phenolphthalein (3.6*10-5 M in 0.1 M sodium 

hydrogen carbonate buffer pH 10.5); the crosslinkers used were epichlorohydrin (EP), 

sebacoyl chloride (SCL), terephthaloyl chloride (TCL), glutaraldehyde (GLU), and poly-

(acrylic acid) (PAA). From these, the TCL with proportions 1:1, the GLU 1:3, and 1:15 

molar ratio was the one with a better performance, with 72.4, 68.7, and 64.6 % of accessible 

β-CD in the polymer, respectively. Even when accessibility varied between the systems, 

ΔG from all copolymers ranged between -27.6 and -30.9 kJ/mol, demonstrating the 

favorable complex formation between the aromatic compound and the β-CD (Mohamed et 

al. 2012). Another group tried tetrafluoroterephthalonitrile as a linker and compared it with 

polymers with epichlorohydrin and activated carbon; this system was tested for the 

adsorption of 0.1 mM bisphenol-A solutions. The system generated with high surface 

porosity had an efficiency of 80%, sustaining it for 5 cycles, while the same polymer 

without a porous formation had an efficiency around 30%, like the epichlorohydrin-linked 

system. The activated carbon systems ranged between 60 to 10% efficiency. For a better 

understanding of the binding, the porous system was tested to adsorb other compounds, 
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bisphenol S, 2-naphthol, 1-naphthyl amine, 2,4-dichlorophenol, metolachlor, ethinyl 

oestradiol, and propranolol hydrochloride. In all of these, removal efficiencies ranged from 

70 to 90%, outperforming activated carbon and EP-CD (Alsbaiee et al. 2016). 

Differences in the CD can also modify the adsorption behavior of molecules in the 

polymer with the same crosslinker. For instance, the use of 2-hydroxypropyl β-CD 

(HPCDP), random methyl-β-CD (RMCDP), or a blend with β-CD polymer for the removal 

of pollutants show different removal efficiencies depending on the selected pesticide when 

spheres with EP were prepared. The 4 systems (RMCDP, HPCDP, βCD, and the Multiplex) 

were studied for adsorbance of 10 aromatic pesticide (fomesafen, bromacil, simazine, 

atrazine, fenamiphos, fipronil, benalaxyl, butene-fipronil, pretilachlor, and butachlor) and 

all fit Langmuir isotherms. The mixture of the different CD proved to be the most effective, 

with maximum adsorption capacities greater in almost all cases but the benalaxyl, where 

HPCDP had a maximum of 28.0 mg/g, while the multiplex had 22.7 mg/g (Liu et al. 2011). 

When compared to the pristine polymers, the addition of moieties did not always help to 

improve, as βCD had a better adsorption of fomesafen, simazine, and pretilachlor, but 

HPCDP was better for bromacil, fenamiphos, fipronil, and benalaxyl, leaving the rest 

working better with the random methylated material. This means that interactions are 

guided by different mechanisms, and the inclusion of aliphatic moieties can improve 

adsorption and to form better complexes when the surface is chemically uneven.  

The main focus of the use of these hydrophobic materials for water treatment in 

studies is when dyes and other aromatic structures are to be removed. For example, in a 

study in 2008, CDP with EP was used to eliminate Basic Blue 3 (BB3, C33H32ClN3, 

PubChem CID: 17407), basic violet 3 (BV3, C25H30ClN3, PubChem CID: 11057), and 

basic violet 10 (BV10, C28H31ClN2O3, PubChem CID: 6694) from standard solutions with 

concentration 40 mg/L. These polymers had a maximum adsorption capacity of 42.4, 35.8, 

and 53.2 mg/g, respectively, when modeled by Langmuir isotherms. A clear relationship 

between the adsorbent mass (that allows and estimation of the number of hydrophobic 

cavities available) with the removal of pollutants was found. This suggests a chemisorption 

of the dyes from the hydrophobic cavities in the polymer (Crini 2008). Similarly, azo dyes 

with more elaborate structures were studied, but with polymers were crosslinked with 4,4-

methylene-bisphenyldiisocyanate (MDI) or hexamethylenediisocyanate (HMDI). 

Generally, the one with the phenolic groups had a better adsorption capacity than the linear 

one, probably due to the increase of immobilization by π-π interactions; the tested dyes 

were Evans Blue (EB, C34H24N6Na4O14S4, PubChem CID: 9566057) and Chicago Sky 

Blue (CSB, C34H24N6Na4O16S4, PubChem CID: 5359775). The ideal pH for these systems 

was 3, and the maximum adsorption capacities were 9.6 and 7.6 mg/g for the HMDI 

derivate and 10.59 and 12.09 mg/g respectively for the MDI polymer (Yilmaz et al. 2010). 

As observed, the linkers can provide advantages in the interactions with the 

pollutants, but those linkers can also serve as points to further design the polymer. For 

example, four polymers were generated using toluene diisocyanate (TDI), isophorone 

diisocyanate (IPDI), hexamethylene diisocyanate (HMDI), and carbonyl diimidazole 

(CDI) as a cross-linker and then the material was doped with TiO2 for the photocatalytic 

reaction of the adsorbed pollutants. From this, the polymer that used TDI had the best 

retention of total organic carbon (TOC), with a maximum of 93% (Khaoulani et al. 2015). 

Another commonly used approach to increase molecular weight and facilitate the 

recovery of the CD from solutions is the generation of a composite with magnetic particles, 

especially Fe3O4 nanoparticles, as they are easily synthetized and can be adsorbed to the β-

CD without changing their potential to eliminate pollutants. An example of the use of this 
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system was to degrade bisphenol-A (BPA) and malachite green (MG); for these 

experiments, 100 mg of the composite were immersed in solutions with 20 mg/L of BPA 

or 9.27 mg/L of MG. The system was able to photodegrade 70% of BPA, and when reused 

6 times, degradation decreased to 64.2%; meanwhile for GM, almost a complete removal 

was obtained, decreasing to 90.1% after 6 cycles (Kumar et al. 2015). Other experiments 

were also performed to test the adsorptions of different organics and metal ions. For 

example, 1-naphthylamine (60 mg/L) was tested at different pH, ionic strength, 

concentrations, and β-CD content; the ideal conditions were between 5.5 and 7.5, with 

ionic strength < 0.05, initial sorbent concentration of 1 g/L, and β-CD content > 6.84. 

Different concentrations were tested and fit the Langmuir isotherm, with a maximum 

adsorption concentration of 144.7 mg/g and thermodynamic parameters of -4.7 kJ/mol for 

ΔG, 50.6 j/mol K for ΔS, and ΔH of 10.7 kJ/mol at 303 K. In this same article, adsorption 

of Cu(II) was tested in solutions with an initial concentration of 10 mg/L; when the pH was 

varied, ideal conditions were found to be at pH ≥ 8, and recycling was completed 5 times 

after washing with HNO3 (pH~2), decreasing from an initial adsorption of 9.04 mg/g to 

8.6 mg/g. When these data were fit to the Langmuir model, the maximum adsorption 

capacity was 9.04 mg/g, the same as achieved in the experimental data (Li et al. 2013). 

Similarly, 1-naphthol and Co(II) were tested separately and in a mixed solution. In this set 

of experiments, the grafted amount of β-CD was 115 mg/g, and concentrations of 1-

naphthol and Co(II) were 50 mg/L and 10 mg/L, respectively. For Co(II), optimal 

conditions were: pH above 8.3, 2 h of contact, and a maximum adsorption capacity 

38.0 mg/g at 293 K; for 1-naphthol, optimal contact time was of 4 hours, at a pH of 9, with 

an effect on adsorption diet to ionic strength after this pH, presenting a better adsorption at 

0.7 mol/L NaCl, the fitting into the Langmuir model by the isotherms with a maximum 

adsorption capacity of 235.1 mg/g at 293 K. Probably the most interesting analysis of this 

paper is the effect of each of these on the adsorption of the CD-nanoparticle. It was 

observed that the concentration of the organic had an effect on the adsorption of Co(II), 

peaking when 80 mg/L of 1-naphthol was present; this is attributed to the adsorption of the 

hydrophobic part of the alcohol into the cavities, while the hydroxyl groups were available 

to form active sites with the ion. In lower concentrations, the tri-complex formation was 

not saturated in the surface, while at higher concentrations of naphthol, the complex 

naphthol-Co(II) were formed in solution, decreasing the capacity to adsorb into the 

material. On the other hand, changes in the concentration of Co(II) did not affect the 

capacity of the 1-naphthol to get captured by the CD, sustaining the idea of the capture of 

the alcohol by hydrophobic interactions (Zhang et al. 2014c). 

Another element that has been shown to adsorb into the magnetic CD composite is 

the rare earth Eu(III); this was tested at pH 3.5 and 5, where the ionic species were present 

for adsorption and using an initial concentration of 2.3*10-4 mg/L. Also, different ionic 

strengths were tested observing no significant effect due to the change of salt 

concentrations. When the adsorption isotherms were fit to a Langmuir model, the 

maximum adsorption capacities were calculated as 3.31*10-4 and 5.49*10-4 mg/g for pH 

3.5 and 5, respectively; these values were highly efficient considering their price and eco-

friendly production compared to clay and other commercial sorbents (Guo et al. 2015). 

Like the other polymers, the addition of CD moieties helps to extract heavy metals 

from wastewaters. For example, a carboxymethyl-β-CD was polymerized with EP, used to 

coprecipitate with Fe3O4 nanoparticles, and used to extract Pd(II), Cd(II), and Ni(II). The 

system was shown to be dependent on pH, ionic strength, and temperature; optimal pH 

seemed to be > 5.5 for all cases with higher temperatures, and ionic strength decreased the 
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adsorption capacity. The Langmuir model fit the isotherms through maximum adsorption 

capacities of 64.5, 27.7, and 13.2 mg/g for Pd(II), Cd(II), and Ni(II), respectively. When 

reversibility was studied, three eluent solutions were tested: 0.01 M nitric acid, 0.1 M 

Na2EDTA, and 0.02 M phosphoric acid; nitric acid and EDTA were better eluents for 

Pb(II), and the phosphoric acid for Ni(II). Overall, Pb(II) was easier to remove from the 

sorbent, followed by Cd(II), and lastly Ni(II). Pb(II) was able to be reused for adsorption 

for up to 4 cycles without significant loss, proving to be an easy, convenient, and efficient 

nanocomposite for the removal of ions (Badruddoza et al. 2013). 

Although Fe3O4-CD is a nanomaterial with high surface area, it can be improved 

when the composite is built-up with other high surface colloidal particles, such as silica or 

graphene. When this was studied and tested for microcystin-LR adsorption, a cyanotoxin 

related to liver cancer consisting of a 7 amino acid cycle, it was observed that any 

composite with α, β, or γ-CD adsorbed into the materials between 16 to 19% w/w, but only 

the one on the graphene surface had a good capture performance, with removal capacities 

of 80, 140, and 160 mg/g for α, β, and γ-CD, respectively (Sinha and Jana 2015). The main 

contribution of this paper is the use of cyclodextrin to remove complex molecules, such as 

microcystin-LR in a high surface nanomaterial, combining specific properties of each 

material: complex formation with CD and microcystin, high surface area by the graphene 

and the magnetic properties for the removal of the Fe3O4 nanoparticles. 

Just like graphene, multiwalled carbon nanotubes (MWCNT) can be used to 

support β-CD and increase the contact area; this grafting is achieved in reactors where only 

N2 atmosphere is permitted while heating, avoiding its degradation or the formation of 

oxides. This high surface material was used to remove polychlorinated biphenyls (PBCs) 

from a solution with an initial concentration of 4.1 mg/L, pH 3.5, ionic strength 

0.01 M NaClO4, and T of 20 °C; the PBCs tested were 4,4’-dichlorobiphenyls (4,40-DCB) 

and 2,3,3’-trichlorobiphenyl (2,3,30-TCB) that when fitted to the Langmuir isotherm 

models had a maximum adsorption capacity of 261 and 235 mg/g, respectively. The effects 

of pH and ionic force were also tested but were found to have little to no influence on the 

adsorption between pH 3 to 10 and concentrations ranging from 0.001 to 0.05 M (Shao et 

al. 2010). Similar to the previous case, the MWCNT can be further composited with other 

nanoparticles, such as iron oxides, to enhance adsorption and add properties to the sorbent 

like magnetic properties for its separation. In one study, this was used to eliminate 1-

naphthylamine; when fitted to a Langmuir model, the maximum adsorption capacity of the 

system was 200 mg/g. It was also found that pH had an effect on the adsorption, as it was 

only when the pH was higher than the pKa that there was significant adsorption was 

observed, especially after pH 5.5. Interestingly, when a higher initial concentration was 

used (60 mg/L instead of 32 mg/L), a decrease in adsorption was observed after pH 8.5, 

which was explained due to an electron-donor-acceptor interaction and Lewis acid-base 

interaction between the CNT and the 1-naphthylamine after this pH value (Hu et al. 2011). 

Another alternative to increase both contact area and recovery after the adsorption, 

is the use of polymer fibers as substrates to immobilize the CD. Following the scope of the 

review, natural fibers have been used for their abundancy, mechanical properties, and high 

surface area (Prabaharan and Gong 2008; Lin and Dufresne 2013; Zhang et al. 2013b; 

Medronho et al. 2013; Dong et al. 2014; Ruiz-Palomero et al. 2015; Ghorpade et al. 2017). 

Cellulose is the most abundant polysaccharide and can be used to enhance the water 

adsorption of materials as well as for an easy recovery of hydrogels or films. An example 

of this composite using nanofibrils was used for the adsorption of phenol; herein, 

adsorption was done using different structures (fibers, membranes, and aerogels) with 
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different initial weight concentrations (1 to 3%). From these, the best performance was 

obtained with the 3% aerogel, as the porosity of the obtained material increased 

significantly the surface area, favoring the adsorption kinetics. This result was more 

apparent when isotherms were made with the 3% materials, where the maximum 

adsorption was of 13.9 mg/g for the aerogel, 3.67 mg/g for the membrane, and 5.93 mg/g 

for the fibers. Adsorption also decreased as the temperature increased from 20 to 40 °C, 

and when the pH was above 9, dependency of the adsorption to these parameters was shown 

(Zhang et al. 2015a).  

Another method to obtain high surface materials is by electrospinning, which 

generate mats that can also be modified with CD to adsorb pollutants; an example of this 

was done by electrospinning regenerated cellulose acetate fibers which were modified with 

CDs (α, β, and γ) by citric acid and sodium hypophosphite hydrate (SHPI) and were used 

to adsorb toluene. This regenerated material had an average diameter distribution between 

226.5 and 364.5 nm, with the best adsorption rate given by the  γ-CD modified fibers with 

86% in 180 min at 60 °C (Yuan et al. 2017). 

As previously mentioned, cellulose is easily modifiable to adsorb metals; therefore, 

if these modifications are partnered with cyclodextrin, a material with wider adsorption 

capability can be obtained. To verify this, cellulose powder was grafted with glycidyl 

methacrylate monomers, with β-CD, and quaternary ammonium groups and used to 

remove Cr(VI) form aqueous solutions. When the Langmuir isotherm was modeled, a 

maximum adsorption capacity of 61.0 mg/g was found, with an optimum pH range between 

3.5 to 6 and a slight decrease in adsorption when other ions were present between 1 to 7% 

depending on the ion diversity. Reusability was possible using sodium hydroxide 

(0.5 mg/L) as a desorption agent for up to 5 cycles with minimal loss of efficiency (Zhou 

et al. 2011a). 

One way to improve the adsorption is to promote the exposure of the cavity from 

β-CD; for this, different alternatives have been tested, but the use of “click” chemistry 

stands out as it is uses aqueous and green chemistry. For example, a membrane from acetate 

nanocellulose – azide-β-CD was electrospun and used to remove phenanthrene; in this set 

of experiments, it was observed that the grafting of the CD modified the spinnablility of 

the nanofibers, as more roughness was seen in the microscopies, but the final membrane 

was still obtained with continuous fibers. When tested for the adsorption of the aromatic 

compound, it was observed that the final concentration after 480 h was 5% for the modified 

membrane and 15% for the unmodified membrane, demonstrating the enhanced activity 

due to the hydrophobic cavities attached with the β-CD (Celebioglu et al. 2014). 

A reduction of the modification steps can be done when chitosan is used, due to its 

advantage of keeping the desired properties of polysaccharides while a nitrogen is already 

placed in the structure for use as an anchoring point for a modified cyclodextrin. This 

application has been used to test the adsorption of methyl orange; for the design of the 

material, maleoyl chains were used as linkers between the chitosan and CD, followed with 

glutaraldehyde to generate a stable structure. The adsorption was made using 10 mg of the 

adsorbent with 50 mL of solution with different concentrations, pH, and temperature from 

which it was found that the optimal conditions were at pH 5, room temperature (25 °C), 

and dosage of 200 mg/L; when this was fitted into a Langmuir isotherm, the maximum 

adsorption capacity was of 392 mg/g, one of the highest reported (Jiang et al. 2018b). Even 

though this system showed good performance, higher surface area can be obtained when 

the modified chitosan is attached to another material; examples of this are the use of a 

similarly prepared chitosan/β-CD attached to magnetic nanoparticles and graphene for it 
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removal and stabilization. This was tested to remove methylene blue, which had a better 

performance at higher pH values, reaching a maximum adsorption capacity calculated at 

84.3 mg/g (Fan et al. 2013). Another example was the adsorption of β-CD/chitosan to 

cellulose yarns generated by spinning; however, in this case, the β-CD was previously 

TEMPO-oxidized and immobilized to chitosan that was available in the surface of the yarn 

by EDC/NHS. This system was used to adsorb 17 α-ethinyl estradiol (EE2) and followed 

by surface plasmon resonance (SPR) and by UV-Vis measurements with solutions at 

pH 7.4 in a 50 mM phosphate buffer with concentrations of 0, 0.1875, 0.375, 0.75, and 

1.25 µg/mL; the system presented an immobilization of EE2 in SPR of 0.15 degrees, which 

correspond to an adsorption of 2.5 mg/g (Orelma et al. 2018). 

Synthetic polymers can also provide some properties that can be explored for other 

applications; similar to the regenerated cellulose (Yuan et al. 2017), electrospun 

polyethylene terephthalate (PET) mats were modified with different cyclodextrins and 

were tested for the adsorption of phenanthrene, with no significant difference between CD 

efficiency. However, the addition of them was found to enhance the removal of the 

compound from aqueous solutions (Kayaci et al. 2013). Poly(methyl methacrylate) was 

also electrospun with β-CD in different concentrations (10, 25, 50% w/w) without any 

chemical modification; these mats were then tested for the adsorption of organic vapors 

(styrene, toluene, and aniline) which was later quantified by direct pyrolysis mass 

spectrometry. In all cases, changes in the degradation were only observable when CD was 

present, and the intensity increased as the percent grafted increase, assuring the interaction 

between the oligosaccharide and the solvents. Interestingly, the ways they interact differ in 

some degree, as aniline interacted in only one degradation peak, which sustains the theory 

of inclusion complex formation. Styrene had a broader interaction with β-CD, possibly due 

to inclusion complex formation, but also due to adsorption mechanism. Finally, toluene 

had two temperature peaks, which indicates also the formation of complex and some other 

kind of interactions (Uyar et al. 2010). 

As a last example, poly(urethane) was also copolymerized with β-CD and used to 

test the sorption of chlorinated aromatic compounds, which are a main source of concern; 

the tested compounds were pentachlorophenol (PCP, C6Cl5OH, PubChem CID: 992), 2,4-

dichlorophenol (C6H4Cl2O, PubChem CID: 8449), and 2,4-dichlorophenoxy acetic acid 

(C8H6Cl2O3, PubChem CID: 1486). Here, the cross-linkage was done using two 

components: methylenediphenyl diisocyanate (MDI) and dicyclohexylmethane-4,4’-

disiisocyante (CDI), which apparently have some differences when the isotherms were 

generated at 295 K and pH 9. For this case, the Sips isotherm model, which is a corrected 

version of the Langmuir isotherm, was used. For pentachlorophenol, the maximum 

adsorption capacities were 14.9 and 22.9 mg/g for the CDI and MDI crosslinked material; 

the low capacity was probably due to the size of the pollutant compared with the cavity of 

β-CD. The capacities for the other aromatics were: for 2,4-dichlorophenol, 98.9 and 

6.4 mg/g for MDI and CDI, respectively, and for 2,4-dichlorophenoxy acetic acid, 119.3 

and 250.8 mg/g for the same polymers (Wilson et al. 2011). All the above examples show 

how cyclodextrins can be widely used for the removal of pollutants, especially because 

they possess the capacity to capture aromatic molecules in hydrophobic cavities. 
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Table 7. Cyclodextrin-derived Materials and Pollutants Adsorbed 
 

Material Pollutant 
Capacity 

[mg/g] 
Regeneration Reference  

2-hydroxypropyl 
β-cyclodextrin 

with EP 
 

Benalaxyl 

27.99  

Liu et al. 2011 2-hydroxypropyl/ 
methyl/ pristine 
β-cyclodextrins 

with EP 
 

22.74  

Cyclodextrin 
polymer with EP 

 

Basic blue 3 42.4  

Crini et al. 2008 Basic violet 3 35.8  

Basic violet 10 53.2  

Cyclodextrin 
polymer with 

MDI 
 

Evans blue 10.59  

Yilmaz et al. 2010 
Chicago sky blue 12.09  

Cyclodextrin 
polymer with 

HMDI 

Evans blue 9.58  

Chicago sky blue 7.63  

β-cyclodextrin 
with Fe3O4 

nanoparticles 

Naphthylamine 144.74  
Li et al. 2013 

Cu(II) 9.04  

1-naphthol 235.06  
Zhang et al. 2014c 

Co(II) 38.03  

Eu(III) 
5.49 * 
10^-4 

 Guo et al. 2015 

Carboxymethyl 
β-cyclodextrin 

polymer with EP 
 

Pb(II) 64.5 0.01 M HNO3/ 
0.1 M Na2EDTA 
/0.02 M H3PO4 

Badruddoza et al. 2013 Cd(II) 27.7 

Ni(II) 13.2 

α-cyclodextrin/ 
graphene/ Fe3O4 

 

Microcystin-LR 

80  

Sinha and Jana, 2015 
β-cyclodextrin/ 

graphene/ Fe3O4 

 
140  

γ-cyclodextrin/ 
graphene/ Fe3O4 

 
160  

Multiwalled 
carbon 

nanotubes/ β-
cyclodextrin 

 

4,4'-
dichlorobiphenyl 

261  

Shao et al. 2010 
2,3,3'-

trichlorobiphenyl 
235  

Multiwalled 
carbon 

nanotubes/ β-
cyclodextrin/ iron 

oxide 
 

1-naphthylamine 200  Hu et al. 2011 
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β-cyclodextrin/ 
cellulose 

nanofibers 
 

Phenol 

5.93  

Zhang et al. 2015a 

β-cyclodextrin/ 
cellulose 
aerogels 

 

13.93  

β-cyclodextrin/ 
cellulose 

membranes 
 

3.67  

Cellulose 
powder-g-

glycidyl 
methacrylate/ 
ammonium/ β-
cyclodextrin 

 

Cr(VI) 61.05 NaOH Zhou et al. 2011a 

Chitosan/ 
cyclodextrin/ 

glutaraldehyde 
 

Methyl orange 392  Jiang et al. 2018 

Chitosan/ 
cyclodextrin/ 
graphene/ 
magnetic 

nanoparticles 

Methylene blue 84.32  Fan et al. 2013 

Polyurethane/ 
cyclodextrin with 

MDI 

Pentachlorophenol 22.9  

Wilson et al. 2011 

2,4-
dichlorophenoxy 

acetic acid 
119.26  

2,4-dichlorophenol 98.94  

Polyurethane/ 
cyclodextrin with 

CDI 

Pentachlorophenol 14.38  

2,4-
dichlorophenoxy 

acetic acid 
250.84  

2,4-dichlorophenol 6.42  

 

 

Final Remarks 
 In conclusion, the recent development of adsorbents from polysaccharides seems 

to be a feasible approach for generating materials of low cost and high performance with a 

wide variety of possible functionalization that can further improve the interactions between 

pollutants and fibers. Among the different polysaccharides, cellulose and chitosan have 

been the most studied, which derives from their wide availability and the deep knowledge 

on processing technologies held by the scientific community. Furthermore, surface 

modification of these polysaccharides for adding new functional groups with little 

environmental impact, such as TEMPO oxidation, has been the method of choice for 

modification of the polysaccharide surfaces and improvement of the targeting of water 

contaminants. When surface modification using greener chemistry is not an option, the 

generation of composite materials by combining polysaccharides with other polymers 

containing the functional groups is a low-cost approach that can provide great impact in 
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removing the wide variety of pollutants, such as metallic and organic ions, pesticides, dyes, 

dissolved organic pollutants such as toxins, and oils. 

The formation of composites with other polysaccharides (i.e. cyclodextrins), 

nanoparticles, clays, or even other complex polymers can further increase the substrate 

surface area, while adding additional functionalities that will increase their selectivity, such 

as catalytic properties. 

The low-cost, reusability and extended life cycle of polysaccharide materials are 

key points that all research must consider when developing composites, in particular for 

their utilization in water remediation. Even though some synthetic polymers have shown 

improved potential to be utilized for the uptake of water pollutants, the complexity and 

toxicity, as well as the high cost of the involved chemistry has made them less attractive. 

Additionally, most of them involve organic solvents as media for polymer 

functionalization, which offers more reasons to opt for the natural polysaccharides as the 

option of choice. 

The main challenge that polysaccharide-derived materials must address is the 

recycling of the adsorbent, as well as the manufacturing cost. This could be addressed by 

either slowing down degradation or increasing the pollutant uptake per cycle. On the one 

hand there is potential to increase the manufacturer’s profitability by adding value to the 

capacity of the manufacturer. On the other hand it is possible to increase the material’s life 

for the end users.  

Regarding cost analysis of composite materials based in natural polymers, it can be 

argued that production costs will be higher in the case of composite materials and/or 

modified polysaccharides. However, efforts are being made to lower these prices on a daily 

basis based on optimization of current production methods. Furthermore, the superior 

performance of the (nano) composites materials open a clear pathway in which the captured 

pollutant can be purified or re-integrated to upstream production, providing some return in 

the process besides the obvious environmental benefits of the water quality improvement. 

For these reasons, natural fibers are exiting materials to develop and improve so that the 

commercial application of versatile systems with low cost that improve water quality and 

increase life expectancy can be possible in the near future. 
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