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Abstract 

Chromium-polluted water is a prevalent problem that threatens the environment and human health. 

Aqueous chromium is primarily in two oxidation states (i.e., Cr(III) and Cr(VI)), each with unique 

physicochemical properties and health implications. The long-term exposure causes 

gastrointestinal pain, vomiting, and damages to vital organs. Biobased superabsorbent hydrogels 

are hydrophilic crosslinked polymer networks which are promising materials for the adsorption of 

aqueous chromium. The objectives of this thesis were to review the literature on the application of 

biobased hydrogels for the adsorption of heavy metals, and to evaluate the effects of volume and 

pH on the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels. Starch-graft-

itaconic acid hydrogels were synthesized and tested in batch experiments at room temperature for 

24 h with constant mixing. It was found that the hydrogels could selectively remove Cr(III) over 

Cr(VI), which was highly dependent on the pH of the solution, with a maximum adsorption at pH 

8.0. The affinity of starch-graft-itaconic acid hydrogels for Cr(III) could be due to the electrostatic 

attraction between the positively ionic states of Cr(III) ions and the negatively charged surface of 

the hydrogels. This predominantly negative surface charge of the hydrogels might be attributed to 

the ionic state of their surface functional groups. Moreover, due to the carboxyl functional groups 

of the hydrogels, ion exchange and surface complexation may have also contributed to the higher 

adsorption of Cr(III) over Cr(VI). The findings of this work suggest the potential application of 

starch-graft-itaconic acid hydrogels in the selective adsorption of Cr(III) and provide further 

insight into the application of biobased hydrogels in the removal of heavy metals from 

contaminated water.  
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Résumé 

L’eau polluée par le chrome est un problème répandu qui menace l’environnement et la santé 

humaine. Le chrome aqueux se trouve principalement dans deux états d’oxydation (c.-à-d. Cr(III) 

et Cr(VI)), chacun avec des propriétés physico-chimiques uniques et des implications pour la santé. 

L’exposition à long terme provoque des douleurs gastro-intestinales, des vomissements et des 

dommages aux organes vitaux. Les hydrogels super absorbants d’origine biologique sont des 

réseaux de polymères réticulés hydrophiles qui sont des matériaux prometteurs pour l’adsorption 

du chrome aqueux. Les objectifs de cette thèse étaient de passer en revue la littérature sur 

l’application des hydrogels d’origine biologique pour l’adsorption des métaux lourds, et d’évaluer 

les effets du volume et du pH sur l’adsorption de Cr(III) et Cr(VI) par des hydrogels formulés avec 

de l’amidon et de l’acide itaconique. Ces hydrogels ont été synthétisés et testés dans des 

expériences de type batch à température ambiante pendant 24 h. Il a été constaté que les hydrogels 

pouvaient éliminer sélectivement le Cr(III) qui dépendait fortement du pH de la solution, avec une 

adsorption maximale à pH 8,0. L’affinité des hydrogels pour Cr(III) est probablement due à 

l’attraction électrostatique entre l’état ionique positif des ions de Cr(III) et la surface négativement 

chargée des hydrogels. Cette charge de surface principalement négative des hydrogels pourrait être 

attribuée à l’état ionique de leurs groupes fonctionnels de surface. De plus, en raison des groupes 

fonctionnels carboxyle des hydrogels, l’échange d’ions et la complexation de surface peuvent 

également avoir contribué à l’adsorption plus élevée de Cr(III) sur Cr(VI). Les résultats de ces 

travaux suggèrent l’application potentielle d’hydrogels dans l’adsorption sélective du Cr(III) et 

fournissent un aperçu supplémentaire de l’application des hydrogels biosourcés dans l’élimination 

des métaux lourds de l’eau contaminée.  
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1. Introduction 

1.1 General introduction 

Although heavy metals may be found in food, soil, and air, drinking water is probably the most 

prevalent source of heavy metal exposure [1]. A substantial source of heavy metals (e.g., lead, 

arsenic, chromium) that leach into aquifers and risk the safety of drinking water are industrial 

effluents (e.g., steel leaching, tannery industry, chrome plating industry) [2,3]. Polluted drinking 

water with metals affects over half of the world’s population, and long-term exposure causes 

serious health issues such as muscular dystrophy and Parkinson’s disease [4,5]. Metals such as 

chromium (Cr) is odorless and tasteless with average concentrations in Canadian drinking water 

between 0.0002 ppm and 0.002 ppm [6]. Even at such low concentrations, long-term exposure 

could cause cancers, internal bleeding, and damages to vital organs [7,8]. Furthermore, the 

physicochemical properties and noxiousness of Cr may differ significantly among their numerous 

thermodynamically stable oxidation states. Cr is commonly found in water as Cr(III) and Cr(VI), 

with Cr(VI) being substantially more poisonous than Cr(III) [9,10]. However, the excessive 

buildup of Cr(III) may also be detrimental for the environment, and under natural conditions, 

Cr(III) may oxidize to Cr(VI) [3]. 

Traditional methods for the treatment of chromium-polluted water, such as membrane 

filtration [11], ion exchange [12], and electrodialysis [13], require a considerable amount of 

energy, create secondary contaminants (e.g., sediments, chemicals), or are costly [14,15]. In 

contrast, adsorption is suitable for diluted metal solutions, is simple to implement, and requires 

low energy input compared to other approaches [16]. Heavy metal removal by adsorption can be 

up to 20 % more efficient, and $250 US more economical per million liters of treated water than 

electrodialysis, for example [15]. Among common heavy metal adsorbent materials (e.g., 

polymers, zeolites, clay minerals, nanoparticles, activated carbon), activated carbon is one the most 

widely researched adsorbents mainly due to their physical properties such as regular structure, 

large surface area, and porosity [17]. However, commercially available activated carbon is usually 

expensive and not selective for heavy metal adsorption [18]. Therefore, researchers have studied 

more economically appealing adsorbents produced from natural wastes such as agricultural 

[19,20], animal [21], and industrial wastes [22]. These wastes were converted to activated carbons 

[23], powders [24], and polymers [25] to enhance their physicochemical properties and heavy 

metal adsorption capacity. 
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Polymers, for example, have shown outstanding properties such as ion exchange capability, 

strong affinity for heavy metals, and frequently simple production. For example, polyaniline- and 

polypyrrole-based polymers are conducting organic polymers characterized for their 

electrochemical and mechanical properties [26]. Polymer-based nanocomposites (i.e., multiphase 

materials with ceramics, metals, clays, or polymers) are also some new potential heavy metal 

adsorbents due to their stability, adjustable characteristics, and large surface area [27]. Another 

kind of polymers for the adsorption of heavy metals include ion-imprinted polymers, such as 

graphene oxide-mesoporous silica, which have a large surface area, fast kinetics, and high 

selectivity for Cr(VI) [28]. However, some drawbacks of these polymers is their complex synthesis 

process and slow mass transfer [29–31]. 

On the contrary, hydrogels are notable for their surface qualities, such as porous and 

hydrophilic structure formed by three-dimensional polymer networks. They are characterized by 

their exceptional ability to absorb and hold significant amounts of water [32]. Figure 1.1 shows 

the basic structure of hydrogels and their water absorption mechanism, which is due to the 

hydrophilic acid groups bound to the hydrogel main polymer chain [33]. Water enters the hydrogel 

structure through osmosis, causing hydrogen atoms to react and become part of aqueous solution 

as positive ions [33]. This results in a negatively charged surface polymer chain, which repels each 

other and causes the polymer chain to expand, while water molecules are attracted to the structure 

through hydrogen bonding [33]. 

 

Figure 1.1. General illustration of the water absorption by hydrogels. Adapted from Bhatnagar et 

al. (2016) [33]. 
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Moreover, the properties of these polymers are often enhanced by the addition of several 

functional groups (e.g., amine, amide, quaternary ammonium, hydroxyl, carboxyl) that provide 

hydrogels the ability to adsorb and retain many pollutants present in water within their structure 

through electrostatic interactions, ion exchange, and surface complexation, for example (Figure 

1.2) [34–37]. A significant advantage of these materials is that, in contrast to most adsorbents, 

which adsorb pollutants on the surface, hydrogels may adsorb heavy metals over a wider surface 

area due to their three-dimensional networks (i.e., more sites per unit volume), and the crosslinked 

network chains provide their resistance to dissolving in the aqueous solution [33]. 

 

Figure 1.2. Illustration of some adsorption mechanisms of heavy metals by hydrogels. Reprinted 

with permission from Badsha et al. (2021) [37] (Copyright Elsevier 2021). 
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Hydrogels comprised of natural sources such as starch, chitosan, and alginate, known as 

biobased hydrogels, are low-cost materials that have shown outstanding capacity for heavy metal 

removal from polluted water [17,38]. Starch is the most prevalent storage polymers found in many 

plants, whose physical properties such as size and shape vary depending on its provenance (e.g., 

corn, rice, wheat, potato, cassava) [39,40]. It is a biodegradable and renewable carbohydrate 

composed of two primary polysaccharides (amylose and amylopectin) with a high concentration 

of hydroxyl groups, which contributes to the hydrogels water absorption capabilities [39,41,42]. 

These hydrogels have demonstrated exceptional adsorption ability for heavy metals such as Pb(II), 

Cd(II), and Cu(II), owing to their highly configurable structure (e.g., through chemical, physical, 

enzymatical modifications) with the potential to target heavy metals [42–44]. This is mostly 

accomplished by modifications of their surface functional groups, which are easily replaceable, 

allowing them to potentially absorb some metals preferentially over others [44]. As a result, starch-

based hydrogels may be an excellent low-cost adsorbent for heavy metals with multiple oxidation 

states, such as Cr. 

In this work, starch-graft-itaconic acid hydrogels were investigated for the adsorption of 

the most abundant oxidation states of chromium in nature (i.e., trivalent chromium and hexavalent 

chromium). The considerations for this work are the experimental conditions, such as the pH and 

the volume of the solution, the properties of the hydrogels (e.g., surface functional groups), and 

the stable ionic forms of chromium. Batch adsorption experiments were conducted by constantly 

mixing oven-dried starch-graft-itaconic acid hydrogels dispersed in Cr(III) and Cr(VI) solutions 

at room temperature for 24 h. The concentration of chromium in solution was analyzed with 

inductively coupled plasma - optical emission spectroscopy. 

The aim of this thesis is to broaden knowledge of the applications of starch-based 

hydrogels, which would further encourage the implementation of biobased hydrogels capable of 

selectively removing metals from polluted water.  
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1.2 Study objectives 

1.2.1. General objective 

Evaluate starch-graft-itaconic acid hydrogels for the adsorption of trivalent chromium Cr(III) and 

hexavalent chromium Cr(VI). 

1.2.2. Specific objectives 

1. To conduct a literature review on heavy metals that are stable in more than one oxidation 

state and their adsorption by biobased hydrogels. 

2. To determine the water swelling capacity of starch-graft-itaconic acid hydrogels across a 

wide range of pH conditions. 

3. To calculate the adsorption capacity of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels in a wide range of pH conditions. 

4. To assess the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels 

under several volumes of chromium solution. 

5. To estimate the binary adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels. 

1.3 Hypothesis 

Starch-graft-itaconic acid hydrogels are prospective biobased adsorbents able to selectively adsorb 

heavy metals in function of their oxidation state. 

1.4 Thesis outline 

This thesis is submitted in the form of two original papers published or submitted for publication 

in peer-reviewed scientific journals.  
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2. The oxidation states of heavy metals and their adsorption behavior onto biobased 

hydrogels – A review 

Published in the International Journal of Environmental Science and Technology 

doi.org/10.1007/s13762-022-04632-8 

2.1 Abstract 

Heavy metal pollution in drinking water causes several health issues including permanent brain 

damage, cancer, and death. For this reason, extensive work has been dedicated to the removal of 

heavy metals from polluted waters. Nonetheless, little is known about the behavior of biobased 

hydrogels on the adsorption of heavy metals, and particularly heavy metals that are 

thermodynamically stable in more than one oxidation state. Depending on the oxidation state, the 

toxicity level of heavy metals can differ drastically. Therefore, this review aims to evaluate various 

biobased hydrogels for the adsorption of heavy metals by exploring the effect of several 

experimental conditions (such as the hydrogel weight, the initial concentration of the metal, and 

the adsorption time), the properties of the hydrogels and the metals. The determining factor in the 

adsorption efficiency is perhaps the interaction between the hydrogels and the metal, which is 

influenced by the physicochemical properties of the hydrogel (e.g., the surface area, surface 

functional groups, and point of zero charge), and the properties of the metal such as the molecular 

size and electronegativity. 

2.2 Introduction 

Heavy metals include metals and metalloids that are toxic to living organisms, regardless of their 

density [45,46]. Their presence in drinking water affects millions of people every year, namely 

because their ingestion leads to disorders such as paralysis and cancers, or damages to the nervous 

system by forming complexes with the functional groups (such as sulfhydryl and sulfur of cysteine 

and methionine) found inside living organisms’ proteins and enzymes [47,48]. However, 

depending on the metals’ oxidation state, their harmfulness might differ. For example, Cr(VI) 

intake causes damage to the liver, lungs, and stomach, whereas Cr(III) is considerably less toxic 

[45,49]. For this reason, according to the oxidation state of heavy metals, their presence in drinking 

water is of concern. A summary of the heavy metals, their thermodynamically stable oxidation 

states, and their corresponding maximum acceptable concentrations in drinking water are shown 

in Table 2.1 
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Table 2.1. Some heavy metals, their thermodynamically stable oxidation states, and their 

maximum acceptable concentration in drinking water [50], [51]. 

Heavy metal 
Thermodynamically stable 

oxidation state in water 

Maximum acceptable 

concentration/(mg/L) 

As 
As3+ 

As5+ 

Total As must be below 0.01 

Cd Cd2+ 0.007 

Cr 
Cr3+ 

Cr6+ 

No evidence of toxicity 

0.05 

Cu 
Cu1+ 

Cu2+ 

N/A 

2 

Ni Ni2+ 0.02 

Pb Pb2+ 0.005 

Zn Zn2+ 5 

N/A: not available. 

Owing to the potential hazards of heavy metals to living organisms, vast research efforts 

have been deployed on their removal from aqueous solutions using reverse osmosis [52], 

membrane filtration [53,54], ion exchange [55–57], flotation [58], chemical precipitation [59,60], 

and adsorption [61–64] (Table 2.2). While membrane filtration and ion exchange are the two most 

common methods because of their efficiency, these processes are expensive [47]. Adsorption, on 

the other hand, is a low-cost, sustainable, and easy-to-implement process for the removal of heavy 

metals from aqueous solutions [65]. 
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Table 2.2. Efficiency and estimated cost of the most common heavy metal water treatment 

processes. 

Heavy metal water treatment Efficiency 
Cost/(US$/L 

water treated) 
Reference 

Reverse osmosis 30 % to 80 % 0.3 [15,66] 

Membrane filtration (ceramic 

membranes) 
95 % 3.21 [67] 

Ion exchange 98 % 1E-5 to 4.5E-4 [15] 

Flotation 70 % to 90 % 5E-6 to 2.5E-5 [65,68] 

Chemical treatment 92 % to 99 % 0.38 to 1.22 [65,69] 

Adsorption 83 % to 99 % 1E-5 to 2E-4 [15] 

Regarding adsorbents, much focus has shifted to materials that are harmless to the 

environment. Adsorbents such as biobased hydrogels are polymer networks made from natural 

resources, such as lignin [70], cellulose [71], and chitosan [72], with outstanding potential to 

adsorb heavy metals from contaminated waters [73,74]. For example, carboxymethyl cellulose-

starch-gelatin based hydrogels adsorb Cu(II) [75], and grafted guar gum hydrogels are capable of 

adsorbing Cd(II) and Cu(II) [36]. This review seeks to provide a further understanding of the 

biobased hydrogels’ adsorption capacity for heavy metals and heavy metals with more than one 

thermodynamically stable oxidation and the conditions favoring their selective adsorption (e.g., 

the monomers used during synthesis, the hydrogels’ mass, the pH, the physicochemical properties 

of the hydrogels, and the properties of the heavy metals). 

2.3 Biobased hydrogels for the adsorption of heavy metals 

Hydrogels are cross-linked polymer chains forming a three-dimensional network that, upon 

contact with aqueous solutions, can expand hundreds of times their original volume by electrostatic 

repulsion between their surface functional groups and the ions of the aqueous system [76]. Such 

functional groups that comprise the hydrogels, including alcohol (R-OH), carboxyl (R-COOH), 

sulfonyl hydroxide (R-SO3H), amide (R-CONH2), and amine functional groups (R-NH2), are also 

a key component in the adsorption of heavy metals [77,78]. However, hydrogel synthesis usually 
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requires the use of toxic chemicals such as divinyl sulfone and epichlorohydrin [79]. Therefore, 

an alternative to these are biobased hydrogels, which are derived from biological or renewable 

sources such as starch, cellulose, or proteins [80,81]. 

However, biomasses, such as starch and cellulose, often lacks some functional groups that 

are essential for the adsorption of heavy metals [82]. Starch, for example, is an abundant 

biopolymer found in algae, animals, and plants that mainly contains O-H and C-H groups only 

[83,84]. As a consequence, starch is modified with phosphates, xanthates, sulfates, and carbamates 

to add such groups to its surface [85]. In contrast, protein-based hydrogels from collagen, keratin, 

and silk biomasses already contain functional groups such as carboxyl and amines that interact 

with heavy metals [86]. Therefore, according to the starting biomass for the production of 

monomers, the physicochemical properties of biobased hydrogels (e.g., mechanical strength, 

swelling capacity, and adsorption capacity for heavy metals) may vary significantly. 

2.4 Factors influencing the adsorption of heavy metals onto biobased hydrogels 

To further explore the relation between the biobased hydrogels’ properties and the conditions that 

could be favorable in the selective adsorption for heavy metals, this section evaluates several 

relevant research works. To illustrate the effect of the contact time and hydrogel weight, Table 2.3 

summarizes the experimental conditions and removal capacity for Cu(II) using biobased 

hydrogels. The contact time seems highly dependent on the kind of biobased hydrogel; some 

hydrogels can retain a considerable amount of heavy metal ions in a short amount of time 

(approximately 1 hour), while other hydrogels can take up to 24 hours. Regarding the hydrogel 

dry weight, it is evident that the biobased hydrogels’ weight is independent from their adsorption 

capacity for heavy metals; for example, 50 mg of the corn starch-based hydrogels retained almost 

20 mg/g more of Cu(II) than 100 mg of the eggshell-based hydrogels. In other words, the biobased 

hydrogels’ capacity to adsorb heavy metals, such as Cu(II), is likely influenced by the biomass 

itself rather than the hydrogels’ dry mass. This suggests the importance of their physicochemical 

properties, which are closely related to their surface functional groups. Such groups determine the 

hydrogels’ surface charge, the kind of adsorption interaction that they have with the heavy metals, 

and the metals that the hydrogels are more likely to adsorb [87,88]. 
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Table 2.3. Biobased hydrogels for the adsorption of Cu(II). 

Biobased 

hydrogel 

Hydrogels’ 

dry 

weight/mg 

Cu(II) initial 

concentration/

(mg/L) 

pH Contact 

time/h 

Adsorption 

capacity/(mg/g) 

Adsorption 

capacity 

ratea/(mg/g/h) 

Reference 

Corn 

starch 

50 200 5.5 24 49.3 2.05 [84] 

Eggshell 100 200 6 1.5 34.48 22.98 [89] 

Cellulose 20 200 4.7 8 ~ 22 2.75 [90] 

Soy 

protein 

20 250 5.5 20 136.2 6.81 [91] 

Chitosan 20 100 7 N/A ~ 300 N/A [92] 

a Linear approximation of the metal uptake. 

N/A: not available. 

The hydrogels’ surface charge is determined by the ionic state of the functional groups 

since these groups may be positively charged, negatively charged, or neutral. This variation in the 

ionic charge of the functional groups is affected by the pH of the aqueous solution and the 

hydrogels’ point of zero charge (PZC) [93]. For pH conditions below the hydrogels’ PZC, their 

functional groups protonate (e.g., R-COO- and R-NH2 groups protonate to form R-COOH and R-

NH3
+, respectively) due to the predominance of H+ ions [94,95]. Conversely, for pH conditions 

above the hydrogels’ PZC, the functional groups deprotonate and favor the adsorption of positively 

charged metals [96]. This is illustrated in Table 2.4, where the greater adsorption under mild acidic 

conditions for Cr(III) is likely due to the predominantly negative ionic state of the biobased 

hydrogels’ functional groups. 
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Table 2.4. Functional groups of various biobased hydrogels for the adsorption of Cr(III). 

Biobased hydrogel Hydrogels’ surface 

functional groups 

pH Removal 

capacity/(mg/g) 

Reference 

Carboxymethyl cellulose Carboxyl and amide 4.0 ~ 15 [97] 

Chitosan-sodium alginate Carboxyl, hydroxyl, and 

amino 

5.0 48 [98] 

Chitosan-gelatin (C1G1) Amide and amine N/A 0.1 [99] 

Graphene oxide/alginate Carboxyl and hydroxyl 6.0 130 [100] 

N/A: not available. 

In general, these functional groups also determine the interaction mechanism, e.g., ion 

exchange, surface complexation, and electrostatic interactions in the adsorption of heavy metals. 

For instance, protonated imine groups and carboxyl groups are involved in electrostatic 

interactions [101]. This is illustrated in the study by Oh et al. (2021) [93], suggesting that the 

adsorption for Cr(III) is likely due to its electrostatic interaction with the hydrogels’ carboxyl 

groups. For hydrogels with R-SO3-, R-N+(CH3)2, and R-N+(CH3)3 functional groups, the main 

adsorption mechanism is ion exchange [37]. For hydrogels with R-NH2 functional groups, the 

predominant heavy metal adsorption mechanism is surface complexation. Nonetheless, certain 

functional groups, such as R-COOH, can interact with heavy metals through any of these three 

mechanisms [37]. Consequently, functional groups containing O, N, or S atoms underline the 

adsorption interaction mechanism between the biobased hydrogels and the heavy metals (Table 

2.5).  
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Table 2.5. Adsorption capacity and reported adsorption mechanism of Cr(VI) onto various 

biobased hydrogels. 

Biobased hydrogel pH Hydrogels’ 

surface 

functional 

groups 

Adsorption 

interaction 

mechanism 

Adsorption 

capacity/(m

g/g) 

Reference 

Hemicellulose, poly O-

acetyl 

galactoglucomannan-

glycidyl 

methacrylate/(3-

acrylamidopropyl)trime

thylammonium chloride 

3.0 Amine Electrostatic 22.8 [102] 

Gelatin N/A Hydroxyl Electrostatic 12.3 [35] 

Chitosan 4.5 Carboxyl and 

amine 

Electrostatic 47.4 [95] 

Silk Sericin-

Polyethyleneimine 

2.0 Amine, 

carboxyl, and 

hydroxyl 

Electrostatic ~ 170 [93] 

Cellulose-

polyethylenimine- 

quaternized cellulose 

2.0 Amine, amino, 

and hydroxyl 

Electrostatic ~ 185.9 [103] 

Chitosan/orange peel-g-

acrylamide 

4.0 Amine, 

carboxyl, and 

hydroxyl 

Electrostatic 11.59 [104] 

N/A: not available. 

Such an interaction mechanism involving the metals and the surface functional groups of 

the hydrogels is further influenced by the metals’ ionic charge, which may differ for each of the 
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oxidation states. For example, Cr(III) is stable as positively charged ions, while Cr(VI) is stable as 

oxyanions, e.g., chromate (CrO4
−2), dichromate (Cr2O7

−2), hydrogen chromate (HCrO4
−), and 

hydrogen dichromate (HCr2O7
−) [95]. This is depicted in chromium’s Pourbaix diagram [94]. 

Hence, Cr(VI) oxyanions likely interact with the protonated amino groups via electrostatic 

interactions [103]. For this reason, the selective adsorption for heavy metals may be enhanced by 

considering the stable ionic state of the heavy metals and the biobased hydrogels’ functional 

groups. Overall, this shows that the functional groups considerably influence the physicochemical 

properties of the hydrogels, the hydrogels’ surface charge, the adsorption interaction, and the 

metals prone to being adsorbed. 

Regarding the concentration of heavy metals, many works associate a positive relationship 

between their initial concentration and their adsorption uptake by biobased hydrogels. This is 

exemplified in the work by Duquette et al. (2020) [84]. They observed that the adsorption for 

Cu(II), Ni(II), and Zn(II) was higher with an increase in the initial concentration of the metal (i.e., 

the concentration gradient is the driving force for adsorption) and that the removal capacity is 

higher at lower metal concentrations. Accordingly, the uptake of heavy metals by biobased 

hydrogels is proportional to their initial concentration up to the saturation point of the hydrogels. 

Similarly, there is also a direct correlation between the electronegativity of metal ions and 

their affinity for the hydrogels. Table 2.6 shows the electronegativity and the effective ionic radii 

of some metal ions, according to the coordination number. It was demonstrated in a competitive 

adsorption system evaluating Fe(III), Cu(II), Cr(III), and Zn(II) that their adsorption onto biobased 

hydrogels was linked with their electronegativity [105]. Therefore, the higher the electronegativity 

of the metal ions is, the higher their affinity is for positively charged adsorbents, regardless of the 

metals’ oxidation state. For example, in the competitive adsorption for Pb(II), Cd(II), and Zn(II), 

these metals have a close direct relationship between their electronegativity and their affinity for 

tea residue-based hydrogels [106]. For this reason, the electronegativity of metals may provide 

insight into determining their adsorption behavior onto biobased hydrogels in competitive systems.  
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Table 2.6. Electronegativity and effective ionic radii (according to the coordination number) for 

some metals. 

Metal Electronegativity 

Effective ionic radii/picometers 

Reference 
Coordination number 

4 6 8 

Cd(II) 1.7 78 95 110 [107,108] 

Co(II) 1.96 38 65 90 [108,109] 

Cr(III) 1.66 N/A 61.5 N/A [105,110] 

Cr(VI) 3.37 26 44 N/A [108,109] 

Cu(I) N/A 60 77 N/A [108] 

Cu(II) 1.90-1.98 57 73 N/A [105,107–

109] 

Fe(II) 1.64 N/A 61 N/A [108,109] 

Fe(III) 1.83-2.20 N/A 55 N/A [105,109,110] 

Mg(II) 1.55 57 72.0 89 [107,108] 

Mn(II) 1.66 66 67 96 [108,109] 

Ni(II) 1.8-1.92 55 69.0 N/A [106–108] 

Pb(II) 1.92-2.33 98 120 129 [107–110] 

Zn(II) 1.65 60 74.0 90 [106–108] 

N/A: not available. 

Moreover, the affinity of the metals toward biobased hydrogels is inversely correlated to 

the size of their ionic radii. For instance, in the competitive adsorption for Fe(III), Cr(III), and 

Pb(II), which have an ionic radii of 55, 61.5 and 120 picometers, respectively, Fe(III) had the 

highest relative amount adsorbed onto tea residue-derived gels [110]. Thus, the larger the ionic 

radii of the metal, the lower its affinity toward the hydrogels. This could be related to the steric 
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effect among the metals that are adsorbed on the hydrogels’ surface. Another example is the case 

of soybean dreg-based hydrogels in the competitive adsorption of Zn(II), Fe(III), Cu(II), and 

Cr(III), where Fe(III) (55 picometers), which is the ion with the shortest effective radii in that 

multicomponent system, had the highest affinity toward the soybean hydrogel, while Zn(II) was 

adsorbed the least [105]. Furthermore, the ionic radii of metals vary according to their oxidation 

states. Therefore, from the electronegativity and ionic radii of heavy metals, their affinity for 

biobased hydrogels can be anticipated to a certain extent. 

This behavior is further correlated with the Irving Williams series, which is based on the 

stability constant of the metals. It represents the order of stability of the chemical complexes that 

the metals form upon interacting with the adsorbent surface [111]. Based on the series, the stability 

order is as follows: Pd(II) > Cu(II) > Ni(II) > Co(II) > Zn(II) > Cd(II) > Fe(II) > Mn(II) > Mg(II) 

[107,112]. Hence, in theory, the complexes that Cu(II) forms with the hydrogels’ functional groups 

are more stable than the Zn(II) ions. For example, in the competitive adsorption of Pb(II), Cu(II), 

Ni(II), and Zn(II) onto sago starch hydrogels, Cu(II) had the highest removal percentage, forming 

more stable chelate complexes than Ni(II) and Zn(II) [85]. Generally, in systems with multiple 

metals, metals with higher stability constants are adsorbed in higher quantities in comparison to 

metals with the least stable constants, according to the Irving Williams series. 

On the other hand, the adsorption temperature is an independent variable. For example, 

metal adsorption may be favored at low temperatures, such as the adsorption of Cu(II) onto 

hydrogel composites of chitosan-g-poly(acrylic acid) embedded with cellulose [113], or their 

adsorption may be favored at high temperatures (endothermic process). This was shown by [114], 

where the adsorption of Cu(II) onto pectin-based hydrogels increased with temperature. Both 

previously mentioned studies tested the same metal, Cu(II), but the adsorption thermodynamic 

behavior was different, meaning that it was mostly influenced by the biomass. This could be due 

to the thermal stability of the biobased hydrogels. 

Much of the current literature pays particular attention to two thermodynamic models (i.e., 

Langmuir and Freundlich) due to their simple determination [115–118]. The Langmuir model is a 

theoretical model that assumes uniform monolayer adsorption and excludes any interactions 

between the adsorbed metal ions [119]. The Freundlich isotherm, in contrast, is an empirical model 

that supposes multilayered adsorption onto a heterogeneous surface and considers the interaction 
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between the adsorbate ions [120]. Table 2.7 summarizes the adsorption capacity (ratio of the metal 

ions adsorbed per mass of hydrogel), isotherm model, and kinetics of various biobased hydrogels. 

In brief, the adsorption of the heavy metals onto hydrogels is primarily due to chemical 

interactions, confirmed by the better fit of the pseudo-second-order kinetics model. However, the 

isotherm models that best fit the adsorption experiments are particular for each system. The better 

fit of the Freundlich model could be due to the models' approach that considers heterogeneous 

surface coverage by the adsorbate. 

Table 2.7. Adsorption isotherm and kinetics models in the adsorption of heavy metals onto 

biobased hydrogels. 

Biobased 

hydrogel 

Metala Adsorption 

capacity/(mg/g) 

Isotherm 

model 

Kinetic model Reference 

Cellulose Cu(II), Pb(II), & 

Cd(II) 

157, 393 & 289 Langmuir Pseudo-second-

order 

[118] 

Pectin Cr(VI) & Pb(II) 825 & 913 Langmuir Pseudo-second-

order 

[121] 

Tea residue Cr(III), Pb(II), & 

Fe(III) 

206, 253, & 94 Freundlich Pseudo-second-

order 

[110] 

Cellulose Cu(II) 130 Freundlich Pseudo-second-

order 

[122] 

Starch Cu(II) & Pb(II) 2.06 mmol/g & 

1.67 mmol/g 

Freundlich Pseudo-second-

order 

[123] 

Soy protein Cu(II) 90 Langmuir Pseudo-second-

order 

[91] 

Lignin Cu(II) 1.17 mmol/g Freundlich Pseudo-second-

order 

[124] 

Cassava 

starch 

Cu(II) 76.6 Freundlich N/A [125] 
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a In all cases where more than one metal per hydrogel is discussed, it refers to batch adsorption 

experiments, with one metal ion type at a time. N/A: not available. 

With respect to the adsorption kinetics, the adsorption rate of heavy metals varies according 

to their oxidation states. For the two stable oxidation states of Cr in water, Cr(III) and Cr(VI), each 

have a specific adsorption rate onto the hydrogels [126]. Therefore, even though it is essentially 

the same metal, its oxidation state ultimately determines its rate of adsorption. The rate constants 

for Cr(III) and Cr(VI) are 4.02E-3 g/(mg∙min) and 2.14E-4 g/(mg∙min), respectively, according to 

Dudu et al. (2015) [126]. For a period of 4 hours, the hydrogel removed up to 80% of Cr(VI) 

compared to only 15% removal for Cr(III). The higher percent removal for Cr(VI) could be due to 

the selective affinity for the functional groups embedded in the hydrogel structure. Hydrogels 

selectivity toward only one oxidation state of the heavy metals may maximize their adsorption 

capacity. 

In summary, the vast research on biobased hydrogels is mostly focused on the adsorption 

of multiple heavy metals with their most stable oxidation state [127–130]. For example, the 

adsorption of Cu(II), Cd(II), and Ni(II) onto acrylic acid/acrylamide hydrogels [131]. Other 

authors tested the adsorption of Cu(II), Pb(II), and Cd(II) onto silk fibroin and polyethyleneimine 

composite hydrogels, and glucan/chitosan hydrogels [132,133]. Such works evaluate the 

adsorption capacity of hydrogels for several heavy metals in their most common oxidation state. 

For this reason, multicomponent adsorption studies evaluating the various oxidation states of 

heavy metals are promising research areas to explore. 

This review of the literature outlined the trends of several works to gain better insight on 

the factors that can control the selective adsorption of heavy metals, such as the hydrogels’ 

functional groups, the hydrogels’ chemistry, some of the experimental conditions, and the 

interactions (ion exchange, electrostatic interaction, complexation, hydrogen bonding, 

hydrophobic interaction, acid-base interaction, coordination/chelation) that are involved in the 

adsorption of heavy metals onto the hydrogels [134]. Out of all the variables that influence the 

adsorption of the heavy metals, the pH and the functional groups that comprise the hydrogels’ 

surface are the most determinant factors. The pH conditions for the adsorption of heavy metals can 

be optimized based on the hydrogels’ PZC. 
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2.5 Conclusions 

Heavy metal pollution in drinking water is a prevalent problem that claims the lives of thousands 

of people around the world every year. For example, arsenic-contaminated waters cause health 

damages to approximately 150 million people [95]. Promising materials with the potential to 

adsorb heavy metals from polluted waters are biobased hydrogels, which are hydrophilic polymer 

networks from biomasses such as starch, proteins, and cellulose. This work contributes to the 

understanding of the adsorption parameters that can maximize the adsorption of heavy metals 

using biobased by considering the interactions between the hydrogel and the heavy metals. These 

interactions are primarily influenced by the physicochemical properties of the hydrogels (e.g., the 

surface functional groups and the PZC) and the properties of the heavy metals, such as the 

molecular size and electronegativity. Furthermore, some experimental conditions, such as the pH, 

initial concentration of the metal, hydrogel weight, and biomass of the hydrogels are also 

evaluated. Generally, among these experimental conditions, the pH is perhaps the most significant 

on the overall performance of the adsorption for heavy metals onto the biobased hydrogels due to 

its influence over the ionic state of the hydrogels’ surface functional groups. Therefore, by 

considering the functional groups of the biobased hydrogels, the pH has the potential to improve 

the selective adsorption of heavy metals.  
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3. Connecting statement 

The literature review highlighted the relevance of assessing the adsorption of heavy metals stable 

in more than one oxidation state by biobased hydrogels, as well as the factors involved in the 

adsorption process, such as the experimental conditions, hydrogel physicochemical properties, and 

heavy metal properties. Five major facts emerged from this literature review: 

1. Aqueous heavy metal adsorption is frequently studied for different metals with the same 

oxidation state. Most research evaluates the adsorption of several metals with the same 

oxidation state (e.g., Ni(II), Cd(II), Pb(II), Cu(II)). However, the properties and toxicity of 

heavy metals may vary drastically depending on their oxidation state. 

2. The functional groups of hydrogels are strongly correlated with their selectivity for aqueous 

heavy metals. According to the literature, functional groups containing elements such as 

oxygen, sulfur, or nitrogen may interact with metal ions. 

3. The majority of the experimental variables reported for aqueous metal adsorption have fairly 

predictable outcomes. Vast research examines similar experimental variables, but many of 

them, such as the initial concentration of aqueous metals and test time, produce consistent 

results. 

4. Aqueous heavy metals may be thermodynamically stable in more than one ionic form, 

depending on the pH and redox potential (Eh) of the solution, illustrated in the Pourbaix 

diagrams. This diagram is useful to determine the ionic charge of aqueous metals and 

providing a plausible explanation for their adsorption behavior by biobased hydrogels. 

The electronegativity and molecular size of aqueous metals do provide insight into their adsorption 

behavior. The increase in metals molecular size can lead to higher steric effects between them, 

therefore, inhibiting their interactions with the surface of hydrogels. Furthermore, the molecular 

size of the same metal, such as chromium, varies depending on its ionic form (e.g., HCrO4
-, CrO4

2-

, Cr2O7
2-). 

In the next chapter, starch-graft-itaconic acid hydrogels are tested in batch for the adsorption of 

Cr(III) and Cr(VI), evaluating the effect of chromium solution pH and volume.  
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4. Selective adsorption of Cr(III) over Cr(VI) by starch-graft-itaconic acid hydrogels 

Submitted for publication in the Journal of Hazardous Materials Advances 

4.1 Abstract 

This work investigates the applicability of starch-graft-itaconic acid hydrogels in the adsorption of 

Cr(III) and Cr(VI) in single- and binary-component systems. Batch adsorption studies were 

conducted at room temperature for 24 h using 0.1 g of hydrogels to explore the effect of pH, 

volume, and the binary system of Cr(III) and Cr(VI) solutions with a starting concentration of 100 

mg/L. At pH 8.0, the adsorption of Cr(III) and Cr(VI) was up to 14.13 mg/g ± 0.42 mg/g and 1.11 

mg/g ± 0.36 mg/g, respectively, validating that it is indeed possible to selectively adsorb one 

valence over another. This is mostly owing to the starch-graft-itaconic acid hydrogel functional 

groups (e.g., carbonyl, carboxyl), that depending on the pH, can become positively charged, 

negatively charged, or neutrally charged, contributing to this selectivity. Furthermore, because the 

stable ionic forms of Cr(III) are similarly pH dependent, the major adsorption mechanisms for 

Cr(III) by starch-graft-itaconic acid hydrogels may be through electrostatic interactions, ion 

exchange, and surface complexation. 

Keywords: biobased polymers; wastewater treatment; heavy metals; metal removal 

4.2 Introduction 

Every year, millions of people worldwide are affected by chromium-polluted water, which is both 

an environmental and human health concern [135]. Chromium (Cr) reaches groundwater bodies 

mostly through anthropogenic activities such as ore refining, electroplating, and leather tanning 

[136]. The most frequent forms of aqueous chromium are trivalent chromium Cr(III) and 

hexavalent chromium Cr(VI), which may cause skin rashes or even cancers [7,49,137]. The 

maximum permitted content of total Cr (i.e., all forms of Cr) in drinking water should be less than 

0.1 mg/L, and for the various industrial effluents, it must be less than 1.71 mg/L on average per 

month, according to United States Environmental Protection Agency (USEPA, 2021) [138]. 

However, the total Cr concentrations in some industrial effluents, such as those from the tannery 

sector, can range from 0.7 mg/L to 345 mg/L [10]. 

As a result, several efforts have been made to develop an effective method for removing 

Cr from water, including adsorption, membrane filtration, electrochemical treatments, and 

microbial treatments [139]. Adsorption is frequently recognized as an efficient, cost-effective, and 



 

 21 

straightforward process for this purpose [140]. Common adsorbents for Cr include inorganic 

materials (e.g., carbonaceous, minerals, metal oxides), such as graphene, clays, zeolites, and 

silicious materials; polymer-based materials (e.g., synthetic and natural polymers, ion-imprinted 

polymers [141–143]); composite materials (i.e., mixture of organic and inorganic materials); and 

waste or by-products of animals, agriculture, and industry (chicken feathers, eggshells, nutshells, 

fly ash) [21,22,144]. Carbon-based nanomaterials such as functionalized carbon nanotubes [145] 

and multiwalled carbon nanotube composites [146] have attracted much attention for the 

adsorption of Cr due to their large surface area, porosity, chemical composition, and high stability 

[147,148]. For example, chitosan-coated iron oxide nanoparticles are superparamagnetic materials 

capable of adsorbing Cr(VI) at acidic pH values [149]. Furthermore, materials such as sulfide-

modified nanoscale zerovalent iron, which is reactive and stable, have demonstrated great 

adsorption performance for Cr(VI) [150]. However, environmental sustainability (i.e., their 

hazardousness makes their ultimate disposal difficult), cost, and synthesis time are limiting 

considerations for their widespread implementation [18,148]. The cost of industrial adsorbent 

manufacture is rarely disclosed in research studies, although one work does state the cost of 

activated carbon. According to Mariana et al. (2021) [151], the chemical and physicochemical 

procedures for generating activated carbon need a total fixed capital investment of USD 6,320,000 

and an annual operating cost of USD 2,570,000. (2021). Additionally, the cost of the adsorbent 

depending on its adsorption ability must also be evaluated [152]. 

Some research has indicated that combining multiple materials as one adsorbent can boost 

metal adsorption, which may help mitigate some of the limitations previously mentioned. For 

example, one study showed that combining nanoscale zero-valent iron with Fe3O4 resulted in a 47 

% removal increase for the adsorption of Cr(VI) as compared to either material alone [153]. In 

another study, nanocomposite materials were synthesized by combining graphene oxide, 

manganese dioxide nanowires, iron oxide nanoparticles, and polypyrene for the adsorption-

reduction of Cr(VI) [154]. The addition of metals such as zero-valent copper has also been proven 

to increase the removal of Cr(VI) when compared to nanoscale zero-valent iron alone [155]. 

However, there are several concerns with these processes involving the reduction of Cr(VI) to 

Cr(III) and its subsequent adsorption. For example, the functional groups and active adsorption 

sites on the adsorbents are permanently consumed [144]. Therefore, their adsorption efficacy for 

consecutive adsorption cycles is significantly reduced. Furthermore, the catalytic reduction of 
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Cr(VI) may produce carbon dioxide as a by-product, which is damaging to the environment [155]. 

Lastly, the reduced Cr(VI) (i.e., Cr(III)) is frequently difficult to remove from such adsorbents, 

and Cr(III) buildup may be ecologically hazardous [18,144]. 

In contrast, biobased polymers, such as those derived from cellulose, chitosan, and lignin, 

have several benefits over the majority of materials previously addressed, including their 

biocompatibility, abundance, cost-effectiveness, and renewable nature [144]. These polymers are 

promising materials for the adsorption of Cr due to their surface chemical composition, which may 

include functional groups composed of nitrogen, oxygen, and sulfur (e.g., hydroxyl, carboxyl, 

epoxy, phosphoryl, amine, and sulfonic acid) that function as binding sites for heavy metal 

adsorption [18,37]. For example, under basic pH conditions, carboxyl (R-COOH) and hydroxyl 

groups (R-OH) donate their hydrogen atoms and become negatively charged groups, R-COO- and 

R-O-, respectively, which confer their capacity to interact with positively charged metal ions [37]. 

Other functional groups, such as sulfonic acid groups (R-SO3H) (which generate sulfonate ions, 

R-SO3
-), are unaffected by the pH of the solution and therefore interact with positively charged 

ions over a wide range of pH values [37]. 

Another significant advantage of these martials is that their surface chemistry can be tuned 

to include functional groups capable of selectively removing certain heavy metals through physical 

(e.g., addition of organic and inorganic materials) and chemical modifications (e.g., crosslinking, 

surface grafting) [144,156]. For example, biobased hydrogels are three-dimensional polymer 

networks made of nontoxic, natural, and renewable materials that swell in aqueous solutions due 

to electrostatic repulsions between their numerous hydrophilic functional groups (e.g., R–COOH, 

R–OH) [73,157]. The swelling of the hydrogel structure exposes their surface functional groups, 

which also enhances heavy metal adsorption [158], such as Cu(II) [131], Cd(II) [36], and Pb(II) 

[159]. 

Starch is a low-cost, abundant, and biodegradable biopolymer that, in the form of 

hydrogels, is notable for its hydroxyl functional groups, which may be replaced by other functional 

groups to potentially target the selective adsorption of heavy metals [44]. This is done by adjusting 

their synthesis parameters, such as grafting degree, reagents, and crosslinking [160]. Starch-based 

hydrogels have been studied for the adsorption of several divalent ions (e.g., Cd(II), Cu(II), Ni(II), 

Pb(II), Zn(II)), as commonly done for various adsorbents [76,160,161]. However, the behavior of 
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starch-based hydrogels for the selective adsorption of Cr remains unknown. As a result, in this 

work, starch-graft-itaconic acid hydrogels are investigated for the adsorption of Cr(III) and Cr(VI) 

in single- and binary-component systems, evaluating the effects of Cr solution pH and volume. 

The outcome of this study is expected to further contribute to the removal of Cr from contaminated 

water using innocuous natural resources such as corn starch in the form of biobased hydrogels and 

pave the way toward more selective hydrogel formulations. 

4.3 Materials and methods 

4.3.1. Materials 

All the reactants were used as received. Starch from corn ((C6H10O5)n), potassium persulfate 

(K2S2O8) (99.0 % purity), itaconic acid (HO2CCH2C(=CH2)CO2H) (99 % purity), citric acid 

(HOC(COOH)(CH2COOH)2) (99.5 % purity), chromium chloride hexahydrate (CrCl36H2O) (96 

% purity), potassium dichromate (K2Cr2O7) (99 % purity), and sodium hydroxide (NaOH) (98 % 

purity) were purchased from Sigma‒Aldrich Co. LLC, USA. A 70 % denatured ethanol solution 

and nitric acid trace metal grade solution (HNO3) (86 % purity) were purchased from Thermo 

Fisher Scientific (Fair Lawn, NJ, USA). The hydrogels and all the solutions were prepared using 

distilled water with a specific resistance of 18.2 M  cm at 25 °C. 

4.3.2. Synthesis of starch-graft-itaconic acid hydrogels 

The synthesis of starch-graft-itaconic acid hydrogels was adapted from the procedure reported by 

Duquette et al. (2020) [84]. Figure 4.1 shows a schematic representation of the procedure. In a 250 

mL flat bottom flask, 6.0 g of corn starch (biobased polymer backbone), 6.0 g of citric acid 

(crosslinker), and 60 mL of distilled water (solvent) were added. This solution was heated in an 

oil bath at 90 °C and constantly stirred at 300 rpm for 45 min. Then, the temperature was lowered 

to 70 °C, and 4.5 g of potassium persulfate (free radical initiator) was added. After stirring for 5 

min, 60 mL of a solution containing 12.0 g of itaconic acid (grafting reagent) and 3.66 g of sodium 

hydroxide (neutralizing reagent) (50 % neutralized) was added. The solution was stirred for 15 

min, and thereafter, the flask was maintained at 70 °C for 3 h without stirring. Next, the solution 

was poured onto a petri dish and air-dried inside the fume hood for approximately 72 h. Then, the 

air-dried hydrogels were soaked in distilled water for 24 h. Subsequently, the material was rinsed 

multiple times with a solution of equal parts ethanol and water (removal of leachable components) 

until a clear filtrate solution was obtained. Finally, the hydrogels were dried at 40 °C in an oven 
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until a constant mass was obtained. The hydrogels were then reduced to a powder form using a 

mortar and pestle. The physical and chemical characterization of these starch-graft-itaconic acid 

hydrogels using ATR-FTIR, scanning electron microscopy, and thermogravimetric analysis has 

already been reported in a previous study [84]. 

 

Figure 4.1. Schematic illustration of starch-graft-itaconic acid hydrogel synthesis. 
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4.3.3. Point of zero charge of starch-graft-itaconic acid hydrogels 

The point of zero charge is the pH value at which the surface concentration of negative and positive 

ions is equal, indicating that the charge on the surface is zero. In contrast, the isoelectric point is 

the pH at which a surface's zeta potential equals zero, which is associated with the materials’ acidic 

and basic functional groups [162]. Only the point of zero charge was measured in this study. The 

procedure was adapted from the work by Munim et al. (2020) [163]. The tests were performed in 

triplicate, and average results are presented in this work. The point of zero charge of starch-graft-

itaconic acid hydrogels was determined using 0.1 g of oven-dried hydrogels dispersed in 50 mL 

of distilled water at room temperature at pH 2.0, 4.0, 6.0, 8.0, and 10.0 (considered as the initial 

pH) in 50 mL conical centrifuge tubes. The pH was measured using a pH meter (Thermo Electron 

Orion 710A). The pH of distilled water was adjusted with 0.5 M NaOH and 4 M HNO3. After 

mixing the samples in a 360° vertical rotating mixer for 24 h, they were centrifuged at 3,300 rpm 

for 20 min (Beckman Allegra X-12R refrigerated benchtop centrifuge). Thereafter, the pH of the 

supernatant water was measured, and this was considered the final pH. The point of zero charge 

of starch-graft-itaconic acid hydrogels was calculated by plotting ∆pH (final pH – initial pH) as a 

function of initial pH. 

4.3.4. Effect of the pH on the water retention capacity of starch-graft-itaconic acid hydrogels 

The procedure to determine the hydrogels’ water retention capacity was adapted from Lai et al. 

(2020) [164]. The tests were performed in triplicate, and average results are presented in this work. 

The effect of the pH was studied in distilled water at pH 2.0, pH 6.0, pH 8.0, and pH 10.0, which 

was adjusted with 0.5 M NaOH and 4 M HNO3. Additionally, distilled water without pH 

adjustment was also tested (pH of approximately 5.0). In 50 mL conical centrifuge tubes, 0.1 g of 

oven-dried hydrogels were dispersed in 50 mL of distilled water at room temperature at each pH 

value. The samples were constantly mixed in a 360° vertical rotating mixer for 24 h and thereafter 

centrifuged (3,300 rpm for 20 min). The supernatant was decanted, and the mass of the swollen 

hydrogels was recorded. The mass of distilled water adsorbed per mass of dry hydrogel was 

obtained with Equation 1, where ms is the mass of the swollen hydrogels in g, and md is the mass 

of the oven-dried hydrogels in g. 

 

 Water retention capacity = 
ms− md

md
 1 
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4.3.5. Batch adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels 

The most widely researched variables for metal adsorption by hydrogels are the initial pH of the 

solution, the starting concentration of the metal solution, the test duration, and the temperature 

[165–167]. Nonetheless, for some of these variables, the pattern of the findings is rather 

predictable. For example, the adsorption of metals by hydrogels tends to rise as the initial 

concentration of the metal solution and test duration increase [156,168–170]. In contrast, for the 

temperature and initial pH of the metal solution, the findings vary depending on the system. For 

example, Cr(III) adsorption by carboxymethyl cellulose-based membranes was favored by a drop 

in temperature (i.e., an exothermic process) [97], but Cr(III) adsorption by graphene oxide/alginate 

hydrogel membranes was endothermic [100]. Other examples include the endothermic adsorption 

of Cr(VI) by chitosan-based and carboxymethyl cellulose/polyethylenimine-based hydrogels 

[101,171] but exothermic adsorption by sodium lignosulfonate-based hydrogels [172]. Therefore, 

the thermodynamics appear to be determined by the hydrogels rather than the adsorbate. The scope 

of this work, however, was to conduct the experiments exclusively at room temperature. As a 

result, the influence of the initial pH of the Cr(III) and Cr(VI) solutions, as well as the effect of the 

Cr solution volume (i.e., ratio of hydrogels to volume of chromium solution), were investigated. 

The mass of oven-dried starch-graft-itaconic acid hydrogels and initial concentration of the Cr(III) 

and Cr(VI) solutions were set to 0.1 g and 100 mg/L, respectively. 

The sources of Cr(III) and Cr(VI) were CrCl36H2O and K2Cr2O7, respectively. To prevent 

cross-contamination in the preparation of the solutions, all glassware were rinsed at least 15 times 

with distilled water, thereafter with acetone, and finally dried at 40 °C in an oven. Stock solutions 

(2,000 mg/L) of Cr(III) and Cr(VI) were prepared by dissolving 21.35 g of CrCl36H2O and 11.32 

g of K2Cr2O7, respectively, in 2 L volumetric flasks. Working solutions of Cr(III) and Cr(VI) at 

100 mg/L were obtained by dilution of the stock solution. Batch adsorption tests were carried out 

in triplicate, and average results are presented in this work. 

Considering that K2Cr2O7 is hazardous, the process for safely preparing the Cr(VI) solution 

is described. A certain amount of K2Cr2O7 was poured into a pre-weighed conical centrifuge tube. 

The tube was then wiped clean with disposable wipes. The worn pair of hand gloves were thrown 

away in a solid waste container box lined with a plastic bag. Wearing a new pair of hand gloves, 
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the tube containing K2Cr2O7 was weighed. This process was repeated until the necessary weight 

of K2Cr2O7 was obtained. Next, distilled water was added to the tube, and with a plastic funnel, 

the solution of the tube was poured into a 2 L volumetric flask. The tube was rinsed with distilled 

water at least ten times, and the solution was poured into the volumetric flask. Then, the tube and 

plastic funnel were placed in the solid waste box. Thereafter, distilled water was added up to the 

graduated line of the volumetric flask, and the solution was stored in a white plastic bottle. The 

volumetric flask was rinsed with distilled water multiple times, and the liquid waste was disposed 

of in a yellow plastic tight head waste container. 

4.3.5.1. Effect of the Cr solution pH on the adsorption of Cr(III) and Cr(VI) by starch-graft-

itaconic acid hydrogels 

The initial pH values of the Cr(III) and Cr(VI) solutions were 3.1 ± 0.1 and 4.5 ± 0.2, respectively. 

The pH was adjusted to 2.0, 4.0, 6.0, 8.0, and 10.0 using 0.5 M NaOH and 4 M HNO3. In a 50 mL 

conical centrifuge tube, 0.1 g of oven-dried hydrogels were dispersed in 50 mL of Cr(III) or Cr(VI) 

solutions at each pH value. The tubes were mixed at room temperature in a 360° vertical rotating 

mixer for 24 h and then centrifuged (3,300 rpm, 20 min). A 5 mL aliquot was taken from the 

supernatant to determine the concentration of Cr in the solution. 

This study tests the adsorption of Cr under strong acidic conditions (i.e., at pH 2.0) due to 

the plethora of articles that mention a favorable adsorption of Cr under acidic pH values, such as 

the works by Samrot et al. (2019) [149], Lu et al. (2017) [146], and Farooqi et al. (2021) [155]. 

Liu et al. (2018) [154] discussed that at acidic pH values the adsorbents surface protonates leading 

to a higher uptake of Cr(VI) than at basic pH values. This is demonstrated in another study which 

found that the adsorption of Cr(VI) by nZVI composites was favorable at pH 3.0 [153]. Farooqi et 

al. (2021) [155] mentioned that the forms of Cr(VI) at pH values below 2.0 (i.e., HCrO4) is more 

reactive than for the forms of Cr(VI) at pH values above 2.0, therefore the reduction of Cr(VI) to 

Cr(III), and subsequent adsorption, is more likely under acidic conditions. 

4.3.5.2. Effect of the Cr solution volume on the adsorption of Cr(III) and Cr(VI) by starch-

graft-itaconic acid hydrogels 

In 50 mL conical centrifuge tubes, 0.1 g of oven-dried starch-graft-itaconic acid hydrogels were 

dispersed in 15 mL, 35 mL, or 50 mL of Cr(III) and Cr(VI) solutions without adjusting their pH. 

The tubes were constantly mixed in a 360° vertical rotating mixer at room temperature for 24 h. 
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Thereafter, the tubes were centrifuged at 3,300 rpm for 20 min. A 5 mL aliquot was then taken 

from the supernatant to determine the concentration of chromium. 

4.3.5.3. Binary component adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels 

In 50 mL conical centrifuge tubes, 0.1 g of oven-dried starch-graft-itaconic acid hydrogels were 

dispersed with a mixture containing either 15 mL of Cr(III) and 35 mL of Cr(VI), 25 mL of Cr(III) 

and 25 mL of Cr(VI), or 35 mL of Cr(III) and 15 mL of Cr(VI) solutions, without adjusting the 

pH. The tubes were mixed in a 360° vertical rotating mixer at room temperature for 24 h. Then, 

the hydrogels were separated from the solution by centrifugation at 3,300 rpm for 20 min. A 5 mL 

aliquot was taken from the supernatant to determine the concentration of chromium in the solution. 

4.3.6. Analysis of the concentrations of Cr(III) and Cr(VI) in aqueous solution 

In 15 mL autosampler tubes, a 1 mL supernatant aliquot was diluted with 1 mL trace metal grade 

HNO3. The tubes were heated to 95 °C for 1 h in a DigiPREP digestion block system (SCP Science 

DigiPREP Jr). Once the tubes cooled, their volume was brought to 10 mL with distilled water (1 

to 10 dilution factor). Then, the samples were analyzed using ICP‒OES (Thermo 6500 Dual View, 

Thermo Fisher Scientific, US). The calibration curve was made from 0.1 ppm to 100 ppm (i.e., 

blank, 0.1 ppm, 1 ppm, 10 ppm, and 100 ppm) using NIST traceable standards. The total 

concentration of Cr in the solution determined by ICP‒OES was adjusted by the dilution factor 

(1:10) to obtain the actual concentration. It is worth mentioning that ICP-OES detects the total 

amount of Cr only – it is not selective to a particular oxidation state. The results presented in this 

work are the average of both Cr emission peaks at 267 nm and 283 nm. 

The hydrogels’ adsorption capacity of Cr(III) and Cr(VI), qe in mg/g, was calculated using 

Equation 2 [95], where C0 and Ce are the initial and equilibrium concentrations of Cr in mg/L, 

respectively, V is the volume of solution in L, and m is the mass of the oven-dried hydrogels in g. 

The removal efficiency percentage (R, %) of Cr from the solution by the hydrogels was calculated 

with Equation 3 [95]. The analysis of the data, t-test, and one-way ANOVA (analysis of variance) 

were performed using Microsoft Excel (version 16.66.1). For 𝑝-values less than 0.05, the 

difference was considered significant. 
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 𝑞𝑒 =  (
C0− Ce

𝑚
) ∙ 𝑉 2 

 

 R, % = (
C0− Ce

C0
)  ∙  100 3 

 

4.4 Results and discussion 

4.4.1. Point of zero charge of starch-graft-itaconic acid hydrogels 

The pH at which ∆pH crosses the zero y-axis is the hydrogels’ point of zero charge (pHPZC) (shown 

in Figure 4.2) [173]. The pHPZC of starch-graft-itaconic acid hydrogels is at pH 4.0. For pH values 

lower than the pHPZC, the surface charge of starch-graft-itaconic acid hydrogels is primarily 

positively charged. In contrast, for pH levels exceeding the pHPZC, the surface charge is 

predominantly negatively charged. Therefore, at pH 2.0 and pH 4.0 the hydrogels may have a 

slightly positively charged surface. However, considering that the ∆pH at these two initial pH 

values is 0.15 and 0.17, respectively, the surface charge at these two pH values may fluctuate 

between positively charged and neutrally charged. 

 

Figure 4.2. Point of zero charge of starch-graft-itaconic acid hydrogels. Error bars with 95 % 

confidence level from three replicates. 

This fluctuation in the surface charge of starch-graft-itaconic acid hydrogels with the pH 

of the solution is linked to their surface functional groups [174]. The functional groups may switch 
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their ionic state to positively charged, negatively charged, or neutrally charged groups. At pH 

values lower than the hydrogels’ pHPZC, functional groups tend to protonate and are more akin to 

negatively charged metal ions. Conversely, deprotonation of functional groups occurs at pH levels 

above the hydrogels’ pHPZC, which favors the adsorption of positively charged metal ions. For 

example, hydroxyl groups (R-OH) and carboxyl groups (R-COOH), the primary functional groups 

of starch-graft-itaconic acid hydrogels (Figure 4.3), may deprotonate to form (R-O-) and (R-COO-

). This process is highly dependent on the pH of the solution and the pHPZC of starch-graft-itaconic 

acid hydrogels. 

 

Figure 4.3. Chemical structure of starch-graft-itaconic acid hydrogels. Adapted from Duquette et 

al. (2020) [84]. 

4.4.2. Effect of pH on the water retention capacity of starch-graft-itaconic acid hydrogels 

The hydrogels had a similar water retention capacity from pH 5.0 to pH 10.0, as illustrated in 

Figure 4.4. At pH 10.0, the hydrogels had the highest water retention (58.16 mg/g ± 1.19 mg/g), 

which may be attributable to, among other factors, the hydrophilic functional groups of the 

hydrogels, for example, R-OH [76]. In contrast, under acidic conditions (pH 2), the water retention 

capacity of starch-graft-itaconic acid hydrogels was greatly decreased (7.64 mg/g ± 0.22 mg/g). 

This may be due to a greater fraction of hydrogen ions (H+) at acidic pH levels that interact with 

the functional groups of the hydrogels, reducing their swelling ability. The primary mechanism by 

which hydrogels expand or swell is the electrostatic repulsion between their functional groups and 

the ions in aqueous solution. Under acidic conditions, carboxylate functional groups (R-COO-), 

for example, protonate to R-COOH groups, which are neutrally charged, limiting the expansion of 

Dextrin
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the hydrogel polymer network. The hydrogel structure also swells due to capillarity through its 

porous structure [35]. 

 

Figure 4.4. Effect of pH of distilled water on the water retention capacity by starch-graft-itaconic 

acid hydrogels. Error bars with 95 % confidence level from three replicates. 

4.4.3. Single-component adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels 

The results are presented in Table 4.1 and Table 4.2, and it is graphically shown in Figure 4.5. 

From these results it can be inferred that there was a negligible uptake of Cr(VI) at pH 4.0 (-1.15 

mg/g ± 0.49 mg/g) and at pH 6.0 (-0.05 mg/g ± 0.5 mg/g). In fact, there was no significant 

difference in the adsorption of Cr(VI) (p-value = 0.1895) between the means of all pH values. The 

negative adsorption results reported in Figure 4.5 may partly be due to the hydrogels absorbing a 

certain volume of water while the amount of Cr(VI) in the system remained almost constant. 

Therefore, the final concentration of Cr(VI) per volume of solution increased, resulting in a 

negative value. At pH 2.0, 8.0 and 10.0, the adsorption of Cr(VI) were 0.61 mg/g ± 0.73 mg/g, 

1.11 mg/g ± 0.36 mg/g, and 0.45 mg/g ± 0.88 mg/g, respectively. Several reasons, including the 

ionic state of the functional groups on the surface of the starch-graft-itaconic acid hydrogels and 

the stable ionic form of Cr, are partially responsible for such low uptake of Cr(VI). For example, 

cationic functional groups, such as amine and imine groups, which are lacking in the network of 

starch-graft-itaconic acid hydrogels, are reported to be involved in the adsorption of Cr(VI) 

[16,95,101,175]. 
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Table 4.1. Effect of pH on the adsorption of Cr(III) by starch-graft-itaconic acid hydrogels. 

DF: dilution factor 

SD: standard deviation 

Table 4.2. Effect of pH on the adsorption of Cr(VI) by starch-graft-itaconic acid hydrogels. 

 

DF: dilution factor 

SD: standard deviation 

Sample
Cr267/

ppm

Cr283/

ppm

Average 

(Cr267, 

Cr283)/ppm

Average (Cr267, 

Cr283 * DF 

1:10)/ppm

Average of 

replicates/ppm
qe/(mg/g) SD

95 % 

Confidence

Standard 

error

Average 

qe/(mg/g)

Removal 

efficiency

Unadjusted pH-1 9.75 10.05 9.90 99.0 2.2

Unadjusted pH-2 9.47 9.77 9.62 96.2 3.6

Unadjusted pH-3 9.63 9.92 9.78 97.8 2.9

pH 2.0-1 9.79 10.11 9.95 99.5 2.0

pH 2.0-2 9.75 10.11 9.93 99.3 2.1

pH 2.0-3 9.90 10.26 10.08 100.8 1.3

pH 4.0-1 9.64 9.98 9.81 98.1 1.7

pH 4.0-2 9.10 9.44 9.27 92.7 4.4

pH 4.0-3 9.37 9.73 9.55 95.5 3.0

pH 6.0-1 8.66 9.06 8.86 88.6 2.3

pH 6.0-2 8.52 8.88 8.70 87.0 3.1

pH 6.0-3 8.71 9.10 8.91 89.1 2.1

pH 8.0-1 6.10 6.39 6.25 62.5 13.3

pH 8.0-2 5.83 6.09 5.96 59.6 14.8

pH 8.0-3 5.92 6.18 6.05 60.5 14.3

pH 10.0-1 8.52 8.90 8.71 87.1 2.3

pH 10.0-2 8.45 8.84 8.65 86.5 2.7

pH 10.0-3 8.34 8.76 8.55 85.5 3.1

6.05%

99.9 3.45%

5.64%97.7

86.4 5.90%

60.9 31.72%

5.43%88.2

95.4

0.70

0.41

1.35

0.54

0.73

0.40

0.79

0.46

1.53

0.61

0.82

0.46

0.31

0.42

0.23

0.40

0.24

0.78

2.91 ± 0.4

1.78 ± 0.23

3.07 ± 0.77

2.53 ± 0.31

14.13 ± 0.42

2.7 ± 0.23

Sample
Cr267/

ppm

Cr283/

ppm

Average 

(Cr267, 

Cr283)/ppm

Average (Cr267, 

Cr283 * DF 

1:10)/ppm

Average of 

replicates/ppm
qe/(mg/g) SD

95 % 

Confidence

Standard 

error

Average 

qe/(mg/g)

Removal 

efficiency

Unadjusted pH-1 8.84 9.31 9.08 90.8 2.6

Unadjusted pH-2 9.02 9.50 9.26 92.6 1.7

Unadjusted pH-3 9.32 9.86 9.59 95.9 0.0

pH 2.0-1 8.87 9.36 9.12 91.2 0.9

pH 2.0-2 8.70 9.17 8.94 89.4 1.8

pH 2.0-3 9.19 9.69 9.44 94.4 -0.8

pH 4.0-1 9.19 9.70 9.45 94.5 -2.1

pH 4.0-2 8.99 9.46 9.23 92.3 -1.0

pH 4.0-3 8.86 9.35 9.11 91.1 -0.4

pH 6.0-1 8.63 9.12 8.88 88.8 0.6

pH 6.0-2 8.95 9.47 9.21 92.1 -1.0

pH 6.0-3 8.74 9.18 8.96 89.6 0.2

pH 8.0-1 8.30 8.71 8.71 87.1 1.8

pH 8.0-2 8.50 8.89 8.89 88.9 0.9

pH 8.0-3 8.56 8.95 8.95 89.5 0.6

pH 10.0-1 8.61 9.00 8.81 88.1 1.0

pH 10.0-2 9.06 9.45 9.26 92.6 -1.3

pH 10.0-3 8.47 8.86 8.67 86.7 1.7

3.03%93.1

1.02%

88.5 2.46%

-0.13%90.2

92.6 -2.55%

91.6 1.33%

89.1

1.30

1.28

0.86

0.87

0.62

1.54

1.48

1.45

0.98

0.99

0.71

1.74

0.50

0.36

0.89

0.75

0.74

0.50

1.45 ± 0.75

0.61 ± 0.73

-1.15 ± 0.49

-0.05 ± 0.5

1.11 ± 0.36

0.45 ± 0.88



 

 33 

 

Figure 4.5. Effect of pH on the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels. Error bars with 95 % confidence level from three replicates. *At pH 10, some 

precipitation of Cr(III) occurred; therefore, the results are partly due to adsorption. 

In contrast, the adsorption of Cr(III) was up to 14.13 mg/g ± 0.42 mg/g at pH 8.0, 

significantly higher than that observed for all other pH conditions, but it should be noted that at 

pH 6.0 and pH 8.0, the Cr(III) solution was turbulent. Starch-graft-itaconic acid hydrogels 

adsorbed Cr(III) throughout a wide pH range, from acidic (pH 2.0) to fairly basic (pH 10.0) 

conditions. These findings indicate that starch-graft-itaconic acid hydrogels have promising use in 

the selective adsorption of Cr(III) from wastewaters of various industries. For example, effluents 

from the tannery industry (which is known to contain significant levels of Cr(III)) usually have pH 

values of around 4.0 [176], but another study found that the pH of effluents from a local tannery 

industry in China could reach up to 10.7 [177], which is within the working conditions range of 

the hydrogels investigated in this study. The adsorption capacity of starch-graft-itaconic acid 

hydrogels for Cr(III) may be ascribed to their functional groups, such as R-CO-R’ and R-COOH, 

and their electrostatic attraction with the aqueous forms of Cr(III). This assertion is corroborated 

by Bandara et al. (2020) [178] and Olawale et al. (2022) [179], who state that electrostatic 

interactions involving functional groups that contain oxygen are crucial for the adsorption of 

Cr(III). Carbonyl groups of this type have also been shown to form complexes with metals through 

oxygen-donating electron pairs [94]. This is because aqueous forms of Cr(III) and Cr(VI) exist as 

complex ions rather than isolated ions. 
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The redox potential (Eh), the Cr concentration, and the presence of oxidizing and reducing 

agents all influence the aqueous forms of chromium [16]. The equilibrium between the aqueous 

forms of Cr is illustrated in the Pourbaix diagram of Cr-H2O (Figure 4.6). This diagram shows that 

Cr(VI) exists predominantly as chromic acid (H2CrO4) at pH values below 1.0. Then, for pH values 

between 2.0 and 6.0, hydrogen chromate ions (HCrO4
-) and dichromate ions (Cr2O7

2-) are in 

equilibrium. At pH values over 6.0, chromate ions (CrO4
2-) are the main form of Cr(VI) in solution. 

As a result, Cr(VI) (oxyanions with a strong oxidizing capacity under acidic conditions) is 

generally in solution as negative ions and is thereby favorably adsorbed under acidic conditions to 

positively charged surfaces [180]. 

 

Figure 4.6. Pourbaix diagram of Cr-H2O at 25 °C. Concentration of total Cr = 10-6 M. 

The area limited by the dotted lines represents the stability of water. Adapted from Markiewicz 

et al. (2015); Liu et al. (2016); Zhang and Tian (2020) [94,180,181]. 

Normally, as the pH is more acidic, the protonation of the adsorbent’s functional groups 

increases; therefore, the uptake of Cr(VI) is more likely to occur. Under basic pH conditions, the 

predominance of OH- groups creates electrostatic repulsion forces among negatively charged 

Cr(VI) ions, which hampers their adsorption by the hydrogels [76]. Additionally, the size of the 

ions also has an effect on their adsorption by the hydrogels. For example, dichromate ions are 

larger than chromate ions, which generate a greater steric effect on the surface of hydrogels than 

smaller ions [182]. Regarding Cr(III), at pH levels below 4.0, Cr(H2O)3
3+ is the main form of 

Cr(III) [94,180]. At pH values between 4.0 and 6.0, Cr(OH)2+ and Cr(OH)2
+ are the two primary 
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forms of Cr(III) in solution [180]. At pH values above 6.0, the most common aqueous forms of 

Cr(III) may include Cr(OH)2+, Cr(OH)4
-, and Cr(OH)3

0 [180,181]. Therefore, Cr(III) is generally 

in solution as positively charged ions; as a result, it is typically adsorbed to negatively charged 

surfaces, such as those of starch-graft-itaconic acid hydrogels due to their functional groups. 

Furthermore, ion exchange between the Na+ ions, as well as surface complexation with the 

hydrogels carboxyl groups may also be involved in the adsorption mechanism of Cr(III) [37,97]. 

Table 4.3 presents the comparison of the adsorption capacity of starch-graft-itaconic acid 

hydrogels for Cr(III) with other hydrogels reported in the literature. Despite the lower adsorption 

capacity of starch-graft-itaconic acid hydrogels, their synthesis is environmentally friendly. 

However, to improve the hydrogels' adsorption capacity for Cr(III) and the adsorption equilibrium 

time, one possible solution may be to increase the hydrogels surface area with an uniform pore 

size by using a spray drying procedure to make hydrogel microspheres [74]. 

Table 4.3. Adsorption capacity of starch-graft-itaconic acid hydrogels in comparison to other 

adsorbents in the literature for Cr(III) adsorption. 

Hydrogel 
Dry weight 

hydrogels/g 

Initial 

concentration 

Cr(III)/(ppm) 

Solution 

volume/

L 

Contact 

time/h 

Initial 

pH 

qe/(mg

/g) 

Refere

nce 

Soybean dregs-

poly(acrylic acid) 

hydrogels 

0.03 100 0.035 0.5 6.0 ~ 40 [105] 

Graphene 

oxide/alginate 

hydrogel 

membrane 

N/A 40 0.3 24 6.0 ~ 50 [100] 

Chitosan-sodium 

alginate hydrogels 

0.15 700 0.05 1.5 5.0 ~ 48 [98] 

Carboxymethyl 

cellulose-g-

poly(acrylic acid-

co-acrylamide) 

0.015 10 N/A 6 7.0 47.7 [97] 

Starch-craft-

itaconic acid 

hydrogels 

0.1 100 0.05 24 8.0 14.13 This 

work 

N/A: not available 
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4.4.4. Effect of Cr solution volume on the single-component adsorption of Cr(III) and Cr(VI) 

by starch-graft-itaconic acid hydrogels 

Several volumes of Cr(III) and Cr(VI) solutions were tested to determine their effect on the 

adsorption by starch-graft-itaconic acid hydrogels (Figure 4.7). This may also be interpreted as a 

ratio of hydrogel mass per volume, such as 7 g/L (0.1 g/0.015 L), 3 g/L (0.1 g/0.035 L), and 2 g/L 

(0.1 g/0.05 L). The uptake of Cr(III) was 1.59 mg/g ± 0.15 mg/g (10.29 %wt removal) with 15 

mL, 3.54 mg/g ± 0.36 mg/g (9.78 %wt removal) with 35 mL, and 2.91 mg/g ± 0.40 mg/g (5.64 

%wt removal) with 50 mL. In contrast, Cr(VI) adsorption with 15 mL, 35 mL, and 50 mL was 

0.81 mg/g ± 0.24 mg/g (5.66 %wt removal), 1.97 mg/g ± 0.21 mg/g (5.89 %wt removal), and 1.45 

mg/g ± 0.75 mg/g (3.03 %wt removal), respectively. The adsorption of Cr(III) and Cr(VI) with 35 

mL of aqueous Cr was the highest compared to the rest of the volumes. Regarding the adsorption 

of Cr(III), the statistical difference between the means of 15 mL, 35 mL, and 50 mL is significant 

(p-value = 0.015), but between 35 mL and 50 mL, the difference is insignificant (two-tail p test = 

0.316), assuming equal variances. Similarly, the statistical difference between the means of 15 mL, 

35 mL, and 50 mL in the uptake of Cr(VI) was insignificant (p-value = 0.295), and the difference 

was also insignificant between 35 mL and 50 mL (two-tail p test = 0.573), assuming unequal 

variances. Perhaps the higher ratio of hydrogels to volume of chromium solution hampers the 

adsorption of Cr(III) and Cr(VI) due to steric and electrostatic interactions between the Cr ions. 

 

Figure 4.7. Effect of volume on the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid 

hydrogels. Error bars with 95 % confidence level from three replicates. The pH of the chromium 

solutions was not adjusted; the pH of Cr(III) was 3.1 and the pH of Cr(VI) was 4.5. 
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4.4.5. Binary adsorption of Cr(III) and Cr(VI) 

The adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels was evaluated in 

binary-component systems with three different volume fractions: 30 % v/v Cr(III) (15 mL of 

Cr(III) with 35 mL of Cr(VI)), 50 % v/v Cr(III) (25 mL of Cr(III) with 25 mL of Cr(VI)), and 70 

% v/v Cr(III) (35 mL of Cr(III) with 15 mL of Cr(VI)), as shown in Table 4.4 and in Figure 4.8. 

The overall Cr uptake of Cr(III) and Cr(VI) with 30 % v/v Cr(III), 50 % v/v Cr(III), and 70 % v/v 

Cr(III) was 0.33 mg/g ± 0.46 mg/g (0.72 % removal), -0.47 mg/g ± 0.93 mg/g (-1.04 %), and 0.85 

mg/g ± 0.73 mg/g (1.83 %), respectively. There was an insignificant difference between the three 

volume fractions of the binary systems with Cr(III) and Cr(VI) (p-value = 0.479). However, 

compared to the single adsorption system with 35 mL of Cr(III), the binary system with 70 % v/v 

adsorbed almost 2.0 mg/g less Cr(III). Therefore, Cr(VI) had an antagonistic effect on the 

adsorption of Cr(III) by the hydrogels. Some attempts aimed at resolving this issue may include 

developing biobased hydrogels with the ability to remove specific metals synergistically, even in 

binary metal systems, with the inclusion of organisms such as immobilized enzymes, for example 

[152]. 

Table 4.4. Effect of chromium solution volume on the binary adsorption of Cr(III) and Cr(VI) by 

starch-graft-itaconic acid hydrogels. 

 

DF: dilution factor 

SD: standard deviation 

Sample
Cr267/

ppm

Cr283/

ppm

Average 

(Cr267, 

Cr283)/ppm

Average (Cr267, 

Cr283 * DF 

1:10)/ppm

Average of 

replicates/ppm
qe/(mg/g) SD

95 % 

Confidence

Standard 

error

Average 

qe/(mg/g)

Removal 

efficiency

25 mL Cr(III) + 25 mL Cr(VI)-1 8.67 9.17 8.92 89.2 92.6 1.2 1.62 1.83 0.93 -0.47 ± 0.93 -1.04%

25 mL Cr(III) + 25 mL Cr(VI)-2 9.05 9.51 9.28 92.8 -0.6

25 mL Cr(III) + 25 mL Cr(VI)-3 9.30 9.83 9.57 95.7 -2.0

15 mL Cr(III) + 35 mL Cr(VI)-1 9.11 9.61 9.36 93.6 92.2 -0.4 0.80 0.90 0.46 0.33 ± 0.46 0.72%

15 mL Cr(III) + 35 mL Cr(VI)-2 9.00 9.49 9.25 92.5 0.2

15 mL Cr(III) + 35 mL Cr(VI)-3 8.78 9.31 9.05 90.5 1.2

35 mL Cr(III) + 15 mL Cr(VI)-1 8.97 9.47 9.22 92.2 92.2 0.9 1.28 1.44 0.74 0.85 ± 0.73 1.83%

35 mL Cr(III) + 15 mL Cr(VI)-2 8.71 9.22 8.97 89.7 2.1

35 mL Cr(III) + 15 mL Cr(VI)-3 9.22 9.73 9.48 94.8 -0.4
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Figure 4.8. Effect of chromium solution volume on the binary adsorption of Cr(III) and Cr(VI) 

by starch-graft-itaconic acid hydrogels. The remaining volume fraction corresponds to Cr(VI). 

The pH of the solution was not adjusted, and the pH of the binary mix was approximately 3.5. 

Error bars with 95 % confidence level from three replicates. 

4.5 Conclusions 

The adsorption of Cr(III) and Cr(VI) by biobased starch-graft-itaconic acid hydrogels in single and 

binary component aqueous solutions was evaluated using batch adsorption experiments at room 

temperature with continuous mixing for 24 hours. Considering that the stable forms of Cr(III) and 

Cr(VI) are pH dependent (hence their electronegativity properties) and that the ionic state of the 

functional groups on the hydrogels is also pH dependent, the pH of the solution could be used to 

leverage the selective adsorption of Cr(III) and Cr(VI). This study found that the starch-graft-

itaconic acid hydrogels were highly selective for Cr(III) over Cr(VI) with optimal adsorption 

capacity at pH 8.0. Heavy metal pollution poses a major risk to all living organisms due to its toxic 

effects and this research showed that starch-graft-itaconic acid hydrogels may be a suitable 

biobased material for removing Cr(III) from contaminated water. These hydrogels would ideally 

be used on a wide scale to treat some industries’ effluents (e.g., the tannery industry), but additional 

research employing continuous flow adsorption would be needed.  
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5. General discussion and general conclusions 

The general objective of this thesis was to evaluate starch-graft-itaconic acid hydrogels for the 

adsorption of Cr(III) and Cr(VI). According to the hypothesis, starch-graft-itaconic acid hydrogels 

may selectively adsorb heavy metals in function of their oxidation state. This chapter reflects on 

the research findings, their interpretation, implications, practical applications, and limitations, and 

ends with some future research suggestions. 

Biobased hydrogels are often investigated in adsorption systems containing multiple heavy 

metals with the same oxidation state, such as Pb(II), Ni(II), Cu(II), and Zn(II). Therefore, the focus 

of this work was to study the adsorption behavior of heavy metals with more than one stable 

oxidation state, for example, Cr(III) and Cr(VI). In this work, it was found that the adsorption of 

Cr(III) and Cr(VI) by starch-graft itaconic acid hydrogels is significantly dependent on the pH of 

the solution. For example, at pH 8.0, the adsorption of Cr(III) reached 14.13 mg/g ± 0.42 mg/g. 

On the contrary, the adsorption of Cr(VI) was less than 1.5 mg/g from pH 2.0 to pH 10.0. The 

functional groups of starch-graft itaconic acid hydrogels, the ionic form of Cr, and the adsorption 

mechanism may have contributed to this behaviour. Oxygen-containing functional groups (e.g., 

hydroxyl, carboxyl) of starch-graft-itaconic acid hydrogels may have deprotonated and become 

negatively charged groups. Cr(III), on the contrary, was mainly stable as positively charged ions 

(e.g., Cr(H2O)3
3+, Cr(OH)2+, Cr(OH)2

+, Cr(OH)2+, Cr(OH)4
-, and Cr(OH)3). Accordingly, this 

difference in the ionic charges between Cr(III) ions and the hydrogel surface charge may have led 

to a higher uptake of Cr(III) over Cr(VI) by the hydrogels due to electrostatic interactions, but 

because of the carboxyl functional groups of the hydrogels, ion exchange and surface 

complexation may have also been involved in the adsorption mechanism. These findings support 

the notion that the functional groups of hydrogels, containing oxygen, nitrogen, sulfur, and 

phosphate, have a significant impact on the adsorption process, and may influence their selectivity 

for certain oxidation states of aqueous heavy metals, which in this case were selective for Cr(III) 

over Cr(VI). 

Furthermore, these findings added to the understanding of the adsorption behavior of Cr 

by biobased hydrogels in that biobased hydrogels may selectively remove aqueous heavy metals 

based on their oxidation states, and that their adsorption behavior may be broadly predicted by 

considering the physicochemical properties of the metals, biobased hydrogels, and aqueous 
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system. The adsorption results of this work verified the notion that the ionic form of heavy metals 

may be unique for each of their oxidation states, as is the case with Cr. The heavy metal 

physicochemical properties such as the molecular size and electronegativity may also determine 

their adsorption behavior by biobased hydrogels. Metals with large ionic radii of metals causes 

stronger steric effects than metals of smaller size, limiting their absorption by hydrogels. Finally, 

the aqueous system conditions such as the presence of other ions (e.g., H+, and OH-), organic and 

inorganic matter may negatively impact the metal adsorption capacity of biobased hydrogels. 

Therefore, biobased hydrogels may have the potential to be used in water treatment facilities and 

industrial effluents for the selective removal of heavy metals. 

In this study, the concentrations of Cr(III) and Cr(VI) were determined using ICP-OES, 

which only reports the total chromium content. Therefore, to improve the accuracy of the data for 

binary adsorption systems, it may be recommended that future research determines the precise 

quantity of Cr(III) and Cr(VI) using ion chromatography, for example. Additionally, functional 

groups containing nitrogen (e.g., amines, quaternary ammonium groups) could be grafted onto 

starch-graft-itaconic acid hydrogels to selectively target the adsorption of negatively charged metal 

ions, such as Cr(VI). Nonetheless, further research is necessary to understand the adsorption 

mechanism, which might be determined using X-ray photoelectron spectroscopy (XPS). 

Furthermore, the number of metal adsorption cycles that starch-graft-itaconic acid hydrogels can 

withstand may be useful to assess their life cycle. Finally, determining the kinetics and 

thermodynamics of Cr(III) adsorption by starch-graft-itaconic acid hydrogels may also be of 

interest. 

Lastly, some considerations regarding the experimental section of this study are provided. 

A few remarks should be made about the synthesis of starch-graft-itaconic acid hydrogels. Because 

the synthesis process is temperature sensitive, an oil bath with a thermocouple connected to the 

hot plate is highly suggested. Furthermore, certain hydrogels may adhere to the petri dish during 

the oven drying process; in this instance, a porcelain crucible may be used instead to oven-dry the 

hydrogels. In terms of the adsorption experiments, it should be emphasized that, in addition to 

measuring the volumes, the mas was also measured in order to assure the smallest margin of error. 

Moreover, because the adjustment of pH increases the volume of the Cr solutions, the 

concentration of Cr in solution may decrease. As a result, it is advised that the metal solution be 

prepared at a concentration 5 % to 10 % higher than the intended concentration. 
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Furthermore, there is a lack of studies that illustrate the relationship between the hydrogel 

retention of the metal solution (swelling) and their respective adsorption capacity for heavy metals, 

depending on the pH of the solution. The water swelling capacity of the hydrogels at various pH 

values is commonly reported, followed by their metal adsorption capacity as a separate section. 

As a result, this study aimed to establish a relationship between the swelling capacity of hydrogels 

and their heavy metal adsorption ability. However, the evidence was inconclusive or there was no 

clear association. The hydrogels might have swelled greatly when in contact with the metal 

solution while only retaining negligible quantities of Cr, and vice versa. Given this, it is worth 

considering how important it is for hydrogels to have the highest swelling capacity at the pH where 

the highest metal adsorption also occurs. According to the literature, there are two major elements 

to consider: the system setting, and the three-dimensional structure of the hydrogel. 

In the event of a batch system, a similar pH value for the maximum water-swelling ratio 

and metal adsorption would be desirable. In contrast, for a continuous flow system, it is preferable 

to have low swelling kinetics while assuring maximum metal adsorption. This is because, in a 

continuous adsorption column, the adsorbent should persist as long as feasible without needing to 

be replaced. This would be made possible by a decreased in their swelling dynamics. The last 

factor is the degree of crosslinking, which is the most important element influencing the swelling 

ratio of the hydrogel. For example, a larger swelling ratio is associated with a decreased cross-

linking of the hydrogel. However, poor cross-linking has a negative influence on the structure of 

the hydrogel. Therefore, it would be ideal to establish a balance between these two.  



 

 42 

6. References 

[1] Health Canada, Guidelines for Canadian drinking water quality: guideline technical 

document - chromium, Health Canada = Santé Canada, Ottawa, Ontario, 2016. 

[2] Md. Nur-E-Alam, Md.A.S. Mia, F. Ahmad, Md.M. Rahman, An overview of chromium 

removal techniques from tannery effluent, Applied Water Science. 10 (2020) 205. 

https://doi.org/10.1007/s13201-020-01286-0. 

[3] K. Staszak, I. Kruszelnicka, D. Ginter-Kramarczyk, W. Góra, M. Baraniak, G. Lota, M. 

Regel-Rosocka, Advances in the Removal of Cr(III) from Spent Industrial Effluents—A 

Review, Materials. 16 (2023) 378. https://doi.org/10.3390/ma16010378. 

[4] M. Amjad, S. Hussain, K. Javed, A. Rehman Khan, M. Shahjahan, The Sources, Toxicity, 

Determination of Heavy Metals and Their Removal Techniques from Drinking Water, World 

Journal of Applied Chemistry. 5 (2020) 34. https://doi.org/10.11648/j.wjac.20200502.14. 

[5] S. Swaroop S, J. Swapnali, S.S. Mahipal, K. Rajeev, Water Contamination by Heavy Metals 

and their Toxic Effect on Aquaculture and Human Health through Food Chain, Letters in 

Applied NanoBioScience. 10 (2020) 2148–2166. 

https://doi.org/10.33263/LIANBS102.21482166. 

[6] I. Moffat, N. Martinova, C. Seidel, C.M. Thompson, Hexavalent Chromium in Drinking 

Water, American Water Works Association. 110 (2018) E22–E35. 

https://doi.org/10.1002/awwa.1044. 

[7] S.A.L. Bachmann, I.V.J. Dávila, T. Calvete, L.A. Féris, Adsorption of Cr (VI) on 

lignocellulosic wastes adsorbents: an overview and further perspective, International Journal 

of Environmental Science and Technology. (2022). https://doi.org/10.1007/s13762-022-

03928-z. 

[8] Z. Rahman, V.P. Singh, The relative impact of toxic heavy metals (THMs) (arsenic (As), 

cadmium (Cd), chromium (Cr)(VI), mercury (Hg), and lead (Pb)) on the total environment: 

an overview, Environmental Monitoring and Assessment. 191 (2019) 419. 

https://doi.org/10.1007/s10661-019-7528-7. 

[9] E. Byeon, H.-M. Kang, C. Yoon, J.-S. Lee, Toxicity mechanisms of arsenic compounds in 

aquatic organisms, Aquatic Toxicology. 237 (2021) 105901. 

https://doi.org/10.1016/j.aquatox.2021.105901. 

[10] S. Prasad, K.K. Yadav, S. Kumar, N. Gupta, M.M.S. Cabral-Pinto, S. Rezania, N. Radwan, 

J. Alam, Chromium contamination and effect on environmental health and its remediation: 

A sustainable approaches, Journal of Environmental Management. 285 (2021) 112174. 

https://doi.org/10.1016/j.jenvman.2021.112174. 

[11] I.G. Sandoval-Olvera, P. González-Muñoz, L. Palacio, A. Hernández, M. Ávila-Rodríguez, 

P. Prádanos, Ultrafiltration membranes modified by PSS deposition and plasma treatment for 

Cr(VI) removal, Separation and Purification Technology. 210 (2019) 371–381. 

https://doi.org/10.1016/j.seppur.2018.08.023. 

[12] Y. Ren, Y. Han, X. Lei, C. Lu, J. Liu, G. Zhang, B. Zhang, Q. Zhang, A magnetic ion 

exchange resin with high efficiency of removing Cr (VI), Colloids and Surfaces A: 

Physicochemical and Engineering Aspects. 604 (2020) 125279. 

https://doi.org/10.1016/j.colsurfa.2020.125279. 

[13] C.S.L. dos Santos, M.H. Miranda Reis, V.L. Cardoso, M.M. de Resende, Electrodialysis for 

removal of chromium (VI) from effluent: Analysis of concentrated solution saturation, 



 

 43 

Journal of Environmental Chemical Engineering. 7 (2019) 103380. 

https://doi.org/10.1016/j.jece.2019.103380. 

[14] F.P. Camargo, P. Sérgio Tonello, A.C.A. dos Santos, I.C.S. Duarte, Removal of Toxic Metals 

from Sewage Sludge Through Chemical, Physical, and Biological Treatments—a Review, 

Water, Air, & Soil Pollution. 227 (2016) 433. https://doi.org/10.1007/s11270-016-3141-3. 

[15] M. Nazaripour, M.A.M. Reshadi, S.A. Mirbagheri, M. Nazaripour, A. Bazargan, Research 

trends of heavy metal removal from aqueous environments, Journal of Environmental 

Management. 287 (2021) 112322. https://doi.org/10.1016/j.jenvman.2021.112322. 

[16] S.-Y. Pi, Y. Wang, C. Pu, X. Mao, G.-L. Liu, H.-M. Wu, H. Liu, Cr(VI) reduction coupled 

with Cr(III) adsorption/ precipitation for Cr(VI) removal at near neutral pHs by polyaniline 

nanowires-coated polypropylene filters, Journal of the Taiwan Institute of Chemical 

Engineers. 123 (2021) 166–174. https://doi.org/10.1016/j.jtice.2021.05.019. 

[17] Md.A. Islam, M.J. Angove, D.W. Morton, Recent innovative research on chromium (VI) 

adsorption mechanism, Environmental Nanotechnology, Monitoring & Management. 12 

(2019) 100267. https://doi.org/10.1016/j.enmm.2019.100267. 

[18] V.E. Pakade, N.T. Tavengwa, L.M. Madikizela, Recent advances in hexavalent chromium 

removal from aqueous solutions by adsorptive methods, RSC Advances. 9 (2019) 26142–

26164. https://doi.org/10.1039/C9RA05188K. 

[19] Ş. Parlayici, E. Pehlivan, Comparative study of Cr(VI) removal by bio-waste adsorbents: 

equilibrium, kinetics, and thermodynamic, Journal of Analytical Science and Technology. 10 

(2019) 15. https://doi.org/10.1186/s40543-019-0175-3. 

[20] A. Shakya, T. Agarwal, Removal of Cr(VI) from water using pineapple peel derived biochars: 

Adsorption potential and re-usability assessment, Journal of Molecular Liquids. 293 (2019) 

111497. https://doi.org/10.1016/j.molliq.2019.111497. 

[21] B. Wattie, M.-J. Dumont, M. Lefsrud, Synthesis and Properties of Feather Keratin-Based 

Superabsorbent Hydrogels, Waste Biomass Valor. 9 (2018) 391–400. 

https://doi.org/10.1007/s12649-016-9773-0. 

[22] R. Chakraborty, A. Asthana, A.K. Singh, B. Jain, A.B.H. Susan, Adsorption of heavy metal 

ions by various low-cost adsorbents: a review, International Journal of Environmental 

Analytical Chemistry. 102 (2022) 342–379. 

https://doi.org/10.1080/03067319.2020.1722811. 

[23] G. Özsin, M. Kılıç, E. Apaydın-Varol, A.E. Pütün, Chemically activated carbon production 

from agricultural waste of chickpea and its application for heavy metal adsorption: 

equilibrium, kinetic, and thermodynamic studies, Applied Water Science. 9 (2019) 56. 

https://doi.org/10.1007/s13201-019-0942-8. 

[24] G. Vilardi, L.D. Palma, N. Verdone, Heavy metals adsorption by banana peels micro-powder: 

Equilibrium modeling by non-linear models, Chinese Journal of Chemical Engineering. 

(2018) 10. 

[25] G. Kadry, E.I. Aboelmagd, M.M. Ibrahim, Cellulosic-based hydrogel from biomass material 

for removal of metals from waste water, Journal of Macromolecular Science, Part A. 56 

(2019) 968–981. https://doi.org/10.1080/10601325.2019.1640063. 

[26] M.L. Sall, A.K.D. Diaw, D. Gningue-Sall, S. Efremova Aaron, J.-J. Aaron, Toxic heavy 

metals: impact on the environment and human health, and treatment with conducting organic 

polymers, a review, Environmental Science and Pollution Research. 27 (2020) 29927–29942. 

https://doi.org/10.1007/s11356-020-09354-3. 



 

 44 

[27] N. Pandey, S.K. Shukla, N.B. Singh, Water purification by polymer nanocomposites: an 

overview, Nanocomposites. 3 (2017) 47–66. 

https://doi.org/10.1080/20550324.2017.1329983. 

[28] R. Huang, X. Ma, X. Li, L. Guo, X. Xie, M. Zhang, J. Li, A novel ion-imprinted polymer 

based on graphene oxide-mesoporous silica nanosheet for fast and efficient removal of 

chromium (VI) from aqueous solution, Journal of Colloid and Interface Science. 514 (2018) 

544–553. https://doi.org/10.1016/j.jcis.2017.12.065. 

[29] A. Aravind, B. Mathew, Nano layered ion imprinted polymer based electrochemical sensor 

and sorbent for Mn (II) ions from real samples, Journal of Macromolecular Science, Part A. 

57 (2020) 256–265. https://doi.org/10.1080/10601325.2019.1691451. 

[30] S. Jakavula, N.R. Biata, K.M. Dimpe, V.E. Pakade, P.N. Nomngongo, A Critical Review on 

the Synthesis and Application of Ion-Imprinted Polymers for Selective Preconcentration, 

Speciation, Removal and Determination of Trace and Essential Metals from Different 

Matrices, Critical Reviews in Analytical Chemistry. 52 (2022) 314–326. 

https://doi.org/10.1080/10408347.2020.1798210. 

[31] F. Shakerian, K.-H. Kim, E. Kwon, J.E. Szulejko, P. Kumar, S. Dadfarnia, A.M. Haji 

Shabani, Advanced polymeric materials: Synthesis and analytical application of ion 

imprinted polymers as selective sorbents for solid phase extraction of metal ions, TrAC 

Trends in Analytical Chemistry. 83 (2016) 55–69. https://doi.org/10.1016/j.trac.2016.08.001. 

[32] C.B. Godiya, L.A. Martins Ruotolo, W. Cai, Functional biobased hydrogels for the removal 

of aqueous hazardous pollutants: current status, challenges, and future perspectives, Journal 

of Materials Chemistry A. 8 (2020) 21585–21612. https://doi.org/10.1039/D0TA07028A. 

[33] A. Bhatnagar, R. Kumar, V.P. Singh, D.S. Pandey, Hydrogels:A Boon for Increasing 

Agricultural Productivity in Water-Stressed Environment, Current Science. 111 (2016) 1773. 

https://doi.org/10.18520/cs/v111/i11/1773-1779. 

[34] Z. Darban, S. Shahabuddin, R. Gaur, I. Ahmad, N. Sridewi, Hydrogel-Based Adsorbent 

Material for the Effective Removal of Heavy Metals from Wastewater: A Comprehensive 

Review, Gels. 8 (2022) 263. https://doi.org/10.3390/gels8050263. 

[35] J.S. Marciano, R.R. Ferreira, A.G. de Souza, R.F.S. Barbosa, A.J. de Moura Junior, D.S. 

Rosa, Biodegradable gelatin composite hydrogels filled with cellulose for chromium (VI) 

adsorption from contaminated water, International Journal of Biological Macromolecules. 

181 (2021) 112–124. https://doi.org/10.1016/j.ijbiomac.2021.03.117. 

[36] A.E. Mubark, H.A. Hakem, E.G. Zaki, S.M. Elsaeed, A.A.-H. Abdel-Rahman, Sequestration 

of Cd(II) and Cu(II) ions using bio-based hydrogel: a study on the adsorption isotherms and 

kinetics, International Journal of Environmental Science and Technology. (2022). 

https://doi.org/10.1007/s13762-021-03857-3. 

[37] M.A.H. Badsha, M. Khan, B. Wu, A. Kumar, I.M.C. Lo, Role of surface functional groups 

of hydrogels in metal adsorption: From performance to mechanism, Journal of Hazardous 

Materials. 408 (2021) 124463. https://doi.org/10.1016/j.jhazmat.2020.124463. 

[38] T.A. Adjuik, S.E. Nokes, M.D. Montross, O. Wendroth, The Impacts of Bio-Based and 

Synthetic Hydrogels on Soil Hydraulic Properties: A Review, Polymers. 14 (2022) 4721. 

https://doi.org/10.3390/polym14214721. 

[39] T. Jiang, Q. Duan, J. Zhu, H. Liu, L. Yu, Starch-based biodegradable materials: Challenges 

and opportunities, Advanced Industrial and Engineering Polymer Research. 3 (2020) 8–18. 

https://doi.org/10.1016/j.aiepr.2019.11.003. 



 

 45 

[40] N. Masina, Y.E. Choonara, P. Kumar, L.C. du Toit, M. Govender, S. Indermun, V. Pillay, A 

review of the chemical modification techniques of starch, Carbohydrate Polymers. 157 

(2017) 1226–1236. https://doi.org/10.1016/j.carbpol.2016.09.094. 

[41] E. Bertoft, Understanding Starch Structure: Recent Progress, Agronomy. 7 (2017) 56. 

https://doi.org/10.3390/agronomy7030056. 

[42] Md. Qamruzzaman, F. Ahmed, Md.I.H. Mondal, An Overview on Starch-Based Sustainable 

Hydrogels: Potential Applications and Aspects, Journal of Polymers and the Environment. 

30 (2022) 19–50. https://doi.org/10.1007/s10924-021-02180-9. 

[43] C.O. Aniagor, M.A. Afifi, A. Hashem, Heavy metal adsorptive application of hydrolyzed 

corn starch, Journal of Polymer Research. 28 (2021) 405. https://doi.org/10.1007/s10965-

021-02772-y. 

[44] F. Haq, S. Mehmood, M. Haroon, M. Kiran, K. Waseem, T. Aziz, A. Farid, Role of Starch 

Based Materials as a Bio-sorbents for the Removal of Dyes and Heavy Metals from 

Wastewater, J Polym Environ. 30 (2022) 1730–1748. https://doi.org/10.1007/s10924-021-

02337-6. 

[45] J. Briffa, E. Sinagra, R. Blundell, Heavy metal pollution in the environment and their 

toxicological effects on humans, Heliyon. 6 (2020) e04691. 

https://doi.org/10.1016/j.heliyon.2020.e04691. 

[46] D.S. S, V. Vishwakarma, Recovery and recycle of wastewater contaminated with heavy 

metals using adsorbents incorporated from waste resources and nanomaterials-A review, 

Chemosphere. 273 (2021) 129677. https://doi.org/10.1016/j.chemosphere.2021.129677. 

[47] M.A. Hashim, S. Mukhopadhyay, J.N. Sahu, B. Sengupta, Remediation technologies for 

heavy metal contaminated groundwater, Journal of Environmental Management. 92 (2011) 

2355–2388. https://doi.org/10.1016/j.jenvman.2011.06.009. 

[48] M.K. Uddin, A review on the adsorption of heavy metals by clay minerals, with special focus 

on the past decade, Chemical Engineering Journal. 308 (2017) 438–462. 

https://doi.org/10.1016/j.cej.2016.09.029. 

[49] S. Sel, F.A. Erulaş, F. Turak, S. Bakırdere, Simultaneous Determination of Chromium 

Species in Water and Plant Samples at Trace Levels by Ion Chromatography–Inductively 

Coupled Plasma-Mass Spectrometry, Analytical Letters. 52 (2019) 761–771. 

https://doi.org/10.1080/00032719.2018.1494738. 

[50] Health Canada, Guidelines for Canadian Drinking Water Quality—Summary Table, (2020). 

[51] EFSA Panel on Contaminants in the Food Chain (CONTAM), D. Schrenk, M. Bignami, L. 

Bodin, J.K. Chipman, J. del Mazo, B. Grasl‐Kraupp, C. Hogstrand, L. (Ron) Hoogenboom, 

J. Leblanc, C.S. Nebbia, E. Ntzani, A. Petersen, S. Sand, T. Schwerdtle, C. Vleminckx, H. 

Wallace, T. Guérin, P. Massanyi, H. Van Loveren, K. Baert, P. Gergelova, E. Nielsen, Update 

of the risk assessment of nickel in food and drinking water, EFS2. 18 (2020) 6268. 

https://doi.org/10.2903/j.efsa.2020.6268. 

[52] R.H. Harharah, G.M.T. Abdalla, A. Elkhaleefa, I. Shigidi, H.N. Harharah, A Study of Copper 

(II) Ions Removal by Reverse Osmosis under Various Operating Conditions, Separations. 9 

(2022) 155. https://doi.org/10.3390/separations9060155. 

[53] H. Xiang, X. Min, C.-J. Tang, M. Sillanpää, F. Zhao, Recent advances in membrane filtration 

for heavy metal removal from wastewater: A mini review, Journal of Water Process 

Engineering. 49 (2022) 103023. https://doi.org/10.1016/j.jwpe.2022.103023. 



 

 46 

[54] N. Ates, N. Uzal, Removal of heavy metals from aluminum anodic oxidation wastewaters by 

membrane filtration, Environmental Science and Pollution Research. 25 (2018) 22259–

22272. https://doi.org/10.1007/s11356-018-2345-z. 

[55] Y. Zhao, M. Chen, Q. Zhang, W. Yuan, Y. Wu, Ion exchange to immobilize Cd(II) at neutral 

pH into silicate matrix prepared by co-grinding kaolinite with calcium compounds, 

Chemosphere. 301 (2022) 134677. https://doi.org/10.1016/j.chemosphere.2022.134677. 

[56] A. Bashir, L.A. Malik, S. Ahad, T. Manzoor, M.A. Bhat, G.N. Dar, A.H. Pandith, Removal 

of heavy metal ions from aqueous system by ion-exchange and biosorption methods, 

Environmental Chemistry Letters. 17 (2019) 729–754. https://doi.org/10.1007/s10311-018-

00828-y. 

[57] Z. Wang, Y. Feng, X. Hao, W. Huang, X. Feng, A novel potential-responsive ion exchange 

film system for heavy metal removal, Journal of Materials Chemistry A. 2 (2014) 10263–

10272. https://doi.org/10.1039/C4TA00782D. 

[58] K. Jia, Y. Yi, W. Ma, Y. Cao, G. Li, S. Liu, T. Wang, N. An, Ion flotation of heavy metal 

ions by using biodegradable biosurfactant as collector: Application and removal mechanism, 

Minerals Engineering. 176 (2022) 107338. https://doi.org/10.1016/j.mineng.2021.107338. 

[59] Y. Zhang, X. Duan, Chemical precipitation of heavy metals from wastewater by using the 

synthetical magnesium hydroxy carbonate, Water Science and Technology. 81 (2020) 1130–

1136. https://doi.org/10.2166/wst.2020.208. 

[60] T. Babatunde Ibigbami, Removal of Heavy Metals from Pharmaceutical Industrial 

Wastewater Effluent by Combination of Adsorption and Chemical Precipitation Methods, 

American Journal of Applied Chemistry. 4 (2016) 24. 

https://doi.org/10.11648/j.ajac.20160401.15. 

[61] Q. Wang, Y. Wang, Z. Yang, W. Han, L. Yuan, L. Zhang, X. Huang, Efficient removal of 

Pb(II) and Cd(II) from aqueous solutions by mango seed biosorbent, Chemical Engineering 

Journal Advances. 11 (2022) 100295. https://doi.org/10.1016/j.ceja.2022.100295. 

[62] D.S. Malik, C.K. Jain, A.K. Yadav, Removal of heavy metals from emerging cellulosic low-

cost adsorbents: a review, Applied Water Science. 7 (2017) 2113–2136. 

https://doi.org/10.1007/s13201-016-0401-8. 

[63] C.-G. Lee, M.-K. Song, J.-C. Ryu, C. Park, J.-W. Choi, S.-H. Lee, Application of carbon 

foam for heavy metal removal from industrial plating wastewater and toxicity evaluation of 

the adsorbent, Chemosphere. 153 (2016) 1–9. 

https://doi.org/10.1016/j.chemosphere.2016.03.034. 

[64] Ihsanullah, A. Abbas, A.M. Al-Amer, T. Laoui, M.J. Al-Marri, M.S. Nasser, M. Khraisheh, 

M.A. Atieh, Heavy metal removal from aqueous solution by advanced carbon nanotubes: 

Critical review of adsorption applications, Separation and Purification Technology. 157 

(2016) 141–161. https://doi.org/10.1016/j.seppur.2015.11.039. 

[65] F. Fu, Q. Wang, Removal of heavy metal ions from wastewaters: A review, Journal of 

Environmental Management. 92 (2011) 407–418. 

https://doi.org/10.1016/j.jenvman.2010.11.011. 

[66] I.G. Wenten, Khoiruddin, Reverse osmosis applications: Prospect and challenges, 

Desalination. 391 (2016) 112–125. https://doi.org/10.1016/j.desal.2015.12.011. 

[67] Z. Yang, Y. Zhou, Z. Feng, X. Rui, T. Zhang, Z. Zhang, A Review on Reverse Osmosis and 

Nanofiltration Membranes for Water Purification, Polymers. 11 (2019) 1252. 

https://doi.org/10.3390/polym11081252. 



 

 47 

[68] V.K. Gupta, I. Ali, T.A. Saleh, A. Nayak, S. Agarwal, Chemical treatment technologies for 

waste-water recycling—an overview, The Royal Society of Chemistry Advances. 2 (2012) 

6380–6388. https://doi.org/10.1039/c2ra20340e. 

[69] N. Buyukkamaci, E. Koken, Economic evaluation of alternative wastewater treatment plant 

options for pulp and paper industry, Science of The Total Environment. 408 (2010) 6070–

6078. https://doi.org/10.1016/j.scitotenv.2010.08.045. 

[70] Y. Meng, J. Lu, Y. Cheng, Q. Li, H. Wang, Lignin-based hydrogels: A review of preparation, 

properties, and application, International Journal of Biological Macromolecules. 135 (2019) 

1006–1019. https://doi.org/10.1016/j.ijbiomac.2019.05.198. 

[71] R. Kumar, R.Kr. Sharma, A.P. Singh, Grafted cellulose: a bio-based polymer for durable 

applications, Polymer Bulletin. 75 (2018) 2213–2242. https://doi.org/10.1007/s00289-017-

2136-6. 

[72] S. Pathan, S. Bose, Arsenic Removal Using “Green” Renewable Feedstock-Based Hydrogels: 

Current and Future Perspectives, American Chemical Society Omega. 3 (2018) 5910–5917. 

https://doi.org/10.1021/acsomega.8b00236. 

[73] S. Thakur, A. Verma, V. Kumar, X. Jin Yang, S. Krishnamurthy, F. Coulon, V.K. Thakur, 

Cellulosic biomass-based sustainable hydrogels for wastewater remediation: Chemistry and 

prospective, Fuel. 309 (2022) 122114. https://doi.org/10.1016/j.fuel.2021.122114. 

[74] E.N. Zare, A. Mudhoo, M.A. Khan, M. Otero, Z.M.A. Bundhoo, C. Navarathna, M. Patel, A. 

Srivastava, C.U. Pittman, T. Mlsna, D. Mohan, P. Makvandi, M. Sillanpää, Water 

decontamination using bio-based, chemically functionalized, doped, and ionic liquid-

enhanced adsorbents: review, Environmental Chemistry Letters. 19 (2021) 3075–3114. 

https://doi.org/10.1007/s10311-021-01207-w. 

[75] L. Devasia, D.N. John, S.H. College, Carboxymethyl Cellulose-Starch-Gelatin Based 

Hydrogel Membranes for Heavy Metal Removal, International Journal of Innovative Science 

and Research Technology. 6 (2021) 66–72. 

[76] D. Sarmah, N. Karak, Starch based mechanically tough hydrogel for effective removal of 

toxic metal ions from wastewater, Journal of Cleaner Production. 344 (2022) 131074. 

https://doi.org/10.1016/j.jclepro.2022.131074. 

[77] A.I. Wiechert, W.-P. Liao, E. Hong, C.E. Halbert, S. Yiacoumi, T. Saito, C. Tsouris, 

Influence of hydrophilic groups and metal-ion adsorption on polymer-chain conformation of 

amidoxime-based uranium adsorbents, Journal of Colloid and Interface Science. 524 (2018) 

399–408. https://doi.org/10.1016/j.jcis.2018.04.021. 

[78] E. Baigorria, J.A. Galhardi, L.F. Fraceto, Trends in polymers networks applied to the removal 

of aqueous pollutants: A review, Journal of Cleaner Production. 295 (2021) 126451. 

https://doi.org/10.1016/j.jclepro.2021.126451. 

[79] C. Chang, L. Zhang, Cellulose-based hydrogels: Present status and application prospects, 

Carbohydrate Polymers. 84 (2011) 40–53. https://doi.org/10.1016/j.carbpol.2010.12.023. 

[80] N.S.K. Gowthaman, H.N. Lim, T.R. Sreeraj, A. Amalraj, S. Gopi, Advantages of 

biopolymers over synthetic polymers, in: Biopolymers and Their Industrial Applications, 

Elsevier, 2021: pp. 351–372. https://doi.org/10.1016/B978-0-12-819240-5.00015-8. 

[81] L. Jiang, J. Zhang, Biodegradable and Biobased Polymers, in: Applied Plastics Engineering 

Handbook, Elsevier, 2017: pp. 127–143. https://doi.org/10.1016/B978-0-323-39040-

8.00007-9. 



 

 48 

[82] L. Anah, N. Astrini, Influence of pH on Cr(VI) ions removal from aqueous solutions using 

carboxymethyl cellulose-based hydrogel as adsorbent, IOP Conference Series: Earth and 

Environmental Science. 60 (2017) 012010. https://doi.org/10.1088/1755-1315/60/1/012010. 

[83] S. Farrukh, K. Mustafa, A. Hussain, M. Ayoub, Synthesis and Applications of Carbohydrate-

Based Hydrogels, in: Md.I.H. Mondal (Ed.), Cellulose-Based Superabsorbent Hydrogels, 

Springer International Publishing, Cham, 2018: pp. 1–24. https://doi.org/10.1007/978-3-319-

76573-0_49-1. 

[84] D. Duquette, C. Nzediegwu, G. Portillo‐Perez, M. Dumont, S. Prasher, Eco‐Friendly 

Synthesis of Hydrogels from Starch, Citric Acid, and Itaconic Acid: Swelling Capacity and 

Metal Chelation Properties, Starch ‐ Stärke. 72 (2020) 1900008. 

https://doi.org/10.1002/star.201900008. 

[85] A.A. Keirudin, N. Zainuddin, N.A. Yusof, Crosslinked Carboxymethyl Sago Starch/Citric 

Acid Hydrogel for Sorption of Pb2+, Cu2+, Ni2+ and Zn2+ from Aqueous Solution, 

Polymers. 12 (2020) 2465. https://doi.org/10.3390/polym12112465. 

[86] S. Kalia, ed., Polymeric Hydrogels as Smart Biomaterials, Springer International Publishing, 

Switzerland, 2016. http://link.springer.com/10.1007/978-3-319-25322-0 (accessed June 21, 

2021). 

[87] A. Mishra, A. Nath, P.P. Pande, R. Shankar, Treatment of gray wastewater and heavy metal 

removal from aqueous medium using hydrogels based on novel crosslinkers, Journal of 

Applied Polymer Science. 138 (2021) 50242. https://doi.org/10.1002/app.50242. 

[88] K.Y. Koh, Z. Chen, S. Zhang, J.P. Chen, Cost-effective phosphorus removal from aqueous 

solution by a chitosan/lanthanum hydrogel bead: Material development, characterization of 

uptake process and investigation of mechanisms, Chemosphere. 286 (2022) 131458. 

https://doi.org/10.1016/j.chemosphere.2021.131458. 

[89] W. Pranata Putra, A. Kamari, S. Najiah Mohd Yusoff, C. Fauziah Ishak, A. Mohamed, N. 

Hashim, I. Md Isa, Biosorption of Cu(II), Pb(II) and Zn(II) Ions from Aqueous Solutions 

Using Selected Waste Materials: Adsorption and Characterisation Studies, Journal of 

Encapsulation and Adsorption Sciences. 4 (2014) 25–35. 

https://doi.org/10.4236/jeas.2014.41004. 

[90] Y.H. Teow, L.M. Kam, A.W. Mohammad, Synthesis of cellulose hydrogel for copper (II) 

ions adsorption, Journal of Environmental Chemical Engineering. 6 (2018) 4588–4597. 

https://doi.org/10.1016/j.jece.2018.07.010. 

[91] J. Liu, D. Su, J. Yao, Y. Huang, Z. Shao, X. Chen, Soy protein-based polyethylenimine 

hydrogel and its high selectivity for copper ion removal in wastewater treatment, Journal of 

Materials Chemistry A. 5 (2017) 4163–4171. https://doi.org/10.1039/C6TA10814H. 

[92] W. Zhang, L. Hu, S. Hu, Y. Liu, Optimized synthesis of novel hydrogel for the adsorption of 

copper and cobalt ions in wastewater, The Royal Society of Chemistry Advances. 9 (2019) 

16058–16068. https://doi.org/10.1039/C9RA00227H. 

[93] S. Oh, J. Kim, Y. Kim, S. Park, H.-J. Jin, H.W. Kwak, Silk Sericin-Polyethyleneimine Hybrid 

Hydrogel with Excellent Structural Stability for Cr(VI) Removal, Macromolecular Research. 

29 (2021) 895–904. https://doi.org/10.1007/s13233-021-9098-0. 

[94] R. Zhang, Y. Tian, Characteristics of natural biopolymers and their derivative as sorbents for 

chromium adsorption: a review, Journal of Leather Science and Engineering. 2 (2020) 24. 

https://doi.org/10.1186/s42825-020-00038-9. 

[95] P.B. Vilela, A. Dalalibera, E.C. Duminelli, V.A. Becegato, A.T. Paulino, Adsorption and 

removal of chromium (VI) contained in aqueous solutions using a chitosan-based hydrogel, 



 

 49 

Environmental Science and Pollution Research. 26 (2019) 28481–28489. 

https://doi.org/10.1007/s11356-018-3208-3. 

[96] P. Miretzky, A.F. Cirelli, Cr(VI) and Cr(III) removal from aqueous solution by raw and 

modified lignocellulosic materials: A review, Journal of Hazardous Materials. 180 (2010) 1–

19. https://doi.org/10.1016/j.jhazmat.2010.04.060. 

[97] Y. Fei, H. Deng, G. Wu, M. Luo, Y. Chen, X. Wang, H. Ye, T. Liu, Insight into adsorption 

process and mechanisms of Cr(III) using carboxymethyl cellulose-gpoly(acrylic acid-co-

acrylamide)/attapulgite composite hydrogel, Environmental Technology. (2022) 1–51. 

https://doi.org/10.1080/09593330.2022.2082325. 

[98] X. Guan, Remediation and resource utilization of chromium(III)-containing tannery effluent 

based on chitosan-sodium alginate hydrogel, Carbohydrate Polymers. 284 (2022) 119179. 

[99] S. Perumal, R. Atchudan, D.H. Yoon, J. Joo, I.W. Cheong, Spherical Chitosan/Gelatin 

Hydrogel Particles for Removal of Multiple Heavy Metal Ions from Wastewater, Industrial 

& Engineering Chemistry Research. 58 (2019) 9900–9907. 

https://doi.org/10.1021/acs.iecr.9b01298. 

[100] C. Bai, L. Wang, Z. Zhu, Adsorption of Cr(III) and Pb(II) by graphene oxide/alginate 

hydrogel membrane: Characterization, adsorption kinetics, isotherm and thermodynamics 

studies, International Journal of Biological Macromolecules. 147 (2020) 898–910. 

https://doi.org/10.1016/j.ijbiomac.2019.09.249. 

[101] L. Song, F. Liu, C. Zhu, A. Li, Facile one-step fabrication of carboxymethyl cellulose based 

hydrogel for highly efficient removal of Cr(VI) under mild acidic condition, Chemical 

Engineering Journal. 369 (2019) 641–651. https://doi.org/10.1016/j.cej.2019.03.126. 

[102] J. Sánchez, D. Dax, Y. Tapiero, C. Xu, S. Willför, Bio-Based Hydrogels With Ion 

Exchange Properties Applied to Remove Cu(II), Cr(VI), and As(V) Ions From Water, 

Frontiers in Bioengineering and Biotechnology. 9 (2021) 656472. 

https://doi.org/10.3389/fbioe.2021.656472. 

[103] X. Liang, B. Liang, J. Wei, S. Zhong, R. Zhang, Y. Yin, Y. Zhang, H. Hu, Z. Huang, A 

cellulose-based adsorbent with pendant groups of quaternary ammonium and amino for 

enhanced capture of aqueous Cr(VI), International Journal of Biological Macromolecules. 

148 (2020) 802–810. https://doi.org/10.1016/j.ijbiomac.2020.01.184. 

[104] S. Pavithra, G. Thandapani, S. S, S. P.N., H.H. Alkhamis, A.F. Alrefaei, M.H. Almutairi, 

Batch adsorption studies on surface tailored chitosan/orange peel hydrogel composite for the 

removal of Cr(VI) and Cu(II) ions from synthetic wastewater, Chemosphere. 271 (2021) 

129415. https://doi.org/10.1016/j.chemosphere.2020.129415. 

[105] M. Zhang, L. Song, H. Jiang, S. Li, Y. Shao, J. Yang, J. Li, Biomass based hydrogel as an 

adsorbent for the fast removal of heavy metal ions from aqueous solutions, Journal of 

Materials Chemistry A. 5 (2017) 3434–3446. https://doi.org/10.1039/C6TA10513K. 

[106] P. Yang, L. Yang, Y. Wang, L. Song, J. Yang, G. Chang, An indole-based aerogel for 

enhanced removal of heavy metals from water via the synergistic effects of complexation and 

cation–Pi interactions, Journal of Materials Chemistry A. 7 (2019) 531–539. 

https://doi.org/10.1039/C8TA07326K. 

[107] J. Ma, J. Luo, Y. Liu, Y. Wei, T. Cai, X. Yu, H. Liu, C. Liu, J.C. Crittenden, Pb(II), Cu(II) 

and Cd(II) removal using a humic substance-based double network hydrogel in individual 

and multicomponent systems, Journal of Materials Chemistry A. 6 (2018) 20110–20120. 

https://doi.org/10.1039/C8TA07250G. 

[108] N.A. Lange, Lange’s handbook of chemistry, 15. ed, McGraw-Hill, New York, NY, 1999. 



 

 50 

[109] R.T. Sanderson, Principles of electronegativity Part I. General nature, Journal of Chemical 

Education. 65 (1988) 112. https://doi.org/10.1021/ed065p112. 

[110] S. Zhang, C. Liu, Y. Yuan, M. Fan, D. Zhang, D. Wang, Y. Xu, Selective, highly efficient 

extraction of Cr(III), Pb(II) and Fe(III) from complex water environment with a tea residue 

derived porous gel adsorbent, Bioresource Technology. 311 (2020) 123520. 

https://doi.org/10.1016/j.biortech.2020.123520. 

[111] D.P. Mellor, L. Maley, Inner-Complex Salts of Trivalent Thallium, Nature. 161 (1948) 

436–436. https://doi.org/10.1038/161436a0. 

[112] H. Irving, R.J.P. Williams, Order of stability of metal complexes, Nature. 162 (1948) 746–

747. 

[113] F.H.A. Rodrigues, C.E. de C. Magalhães, A.L. Medina, A.R. Fajardo, Hydrogel 

composites containing nanocellulose as adsorbents for aqueous removal of heavy metals: 

design, optimization, and application, Cellulose. 26 (2019) 9119–9133. 

https://doi.org/10.1007/s10570-019-02736-y. 

[114] W. Zhang, J. Song, Q. He, H. Wang, W. Lyu, H. Feng, W. Xiong, W. Guo, J. Wu, L. Chen, 

Novel pectin based composite hydrogel derived from grapefruit peel for enhanced Cu(II) 

removal, Journal of Hazardous Materials. 384 (2020) 121445. 

https://doi.org/10.1016/j.jhazmat.2019.121445. 

[115] A. Terdputtakun, O. Arqueropanyo, P. Sooksamiti, S. Janhom, W. Naksata, Adsorption 

isotherm models and error analysis for single and binary adsorption of Cd(II) and Zn(II) using 

leonardite as adsorbent, Environmental Earth Sciences. 76 (2017) 777. 

https://doi.org/10.1007/s12665-017-7110-y. 

[116] T. Hou, H. Zhang, D. He, Q. Liu, Z. Zhang, L. Xiao, W. Li, M. Barnes, Enhanced 

adsorption behaviors of Co2+ on robust chitosan hydrogel microspheres derived from an 

alkali solution system: kinetics and isotherm analysis., The Royal Society of Chemistry 

Advances. 8 (2018) 36858–36868. https://doi.org/10.1039/C8RA06110F. 

[117] S. Maity, N. Naskar, S. Lahiri, J. Ganguly, Polysaccharide-derived hydrogel water filter 

for the rapid and selective removal of arsenic, Environmental Science: Water Research & 

Technology. 5 (2019) 1318–1327. https://doi.org/10.1039/C9EW00247B. 

[118] B. Zhao, H. Jiang, Z. Lin, S. Xu, J. Xie, A. Zhang, Preparation of acrylamide/acrylic acid 

cellulose hydrogels for the adsorption of heavy metal ions, Carbohydrate Polymers. 224 

(2019) 115022. https://doi.org/10.1016/j.carbpol.2019.115022. 

[119] R. Saadi, Z. Saadi, R. Fazaeli, N.E. Fard, Monolayer and multilayer adsorption isotherm 

models for sorption from aqueous media, Korean Journal of Chemical Engineering. 32 (2015) 

787–799. https://doi.org/10.1007/s11814-015-0053-7. 

[120] K.Y. Foo, B.H. Hameed, Insights into the modeling of adsorption isotherm systems, 

Chemical Engineering Journal. 156 (2010) 2–10. https://doi.org/10.1016/j.cej.2009.09.013. 

[121] M.E. Mahmoud, A.K. Mohamed, Novel derived pectin hydrogel from mandarin peel based 

metal-organic frameworks composite for enhanced Cr(VI) and Pb(II) ions removal, 

International Journal of Biological Macromolecules. 164 (2020) 920–931. 

https://doi.org/10.1016/j.ijbiomac.2020.07.090. 

[122] W. Kong, Q. Li, X. Li, Y. Su, Q. Yue, W. Zhou, B. Gao, Removal of copper ions from 

aqueous solutions by adsorption onto wheat straw cellulose-based polymeric composites, 

Journal of Applied Polymer Science. 135 (2018) 46680. https://doi.org/10.1002/app.46680. 

[123] G. Güçlü, E. Al, S. Emik, T.B. İyim, S. Özgümüş, M. Özyürek, Removal of Cu2+ and 

Pb2+ ions from aqueous solutions by starch-graft-acrylic acid/montmorillonite 



 

 51 

superabsorbent nanocomposite hydrogels, Polymer Bulletin. 65 (2010) 333–346. 

https://doi.org/10.1007/s00289-009-0217-x. 

[124] X.-F. Sun, Y. Hao, Y. Cao, Q. Zeng, Superadsorbent hydrogel based on lignin and 

montmorillonite for Cu(II) ions removal from aqueous solution, International Journal of 

Biological Macromolecules. 127 (2019) 511–519. 

https://doi.org/10.1016/j.ijbiomac.2019.01.058. 

[125] L.O. Ekebafe, D.E. Ogbeifun, F.E. Okieimen, Removal of heavy metals from aqueous 

media using native cassava starch hydrogel, African Journal of Environmental Science and 

Technology. 6 (2012) 275–282. https://doi.org/10.5897/AJEST12.011. 

[126] T.E. Dudu, M. Sahiner, D. Alpaslan, S. Demirci, N. Aktas, Removal of As(V), Cr(III) and 

Cr(VI) from aqueous environments by poly(acrylonitril-co-acrylamidopropyl-trimethyl 

ammonium chloride)-based hydrogels, Journal of Environmental Management. 161 (2015) 

243–251. https://doi.org/10.1016/j.jenvman.2015.07.015. 

[127] A.H. Basta, H. El-Saied, O. El-Hadi, C. El-Dewiny, Evaluation of Rice Straw-Based 

Hydrogels for Purification of Wastewater, Polymer-Plastics Technology and Engineering. 52 

(2013) 1074–1080. https://doi.org/10.1080/03602559.2013.806548. 

[128] X.-W. Peng, L.-X. Zhong, J.-L. Ren, R.-C. Sun, Highly Effective Adsorption of Heavy 

Metal Ions from Aqueous Solutions by Macroporous Xylan-Rich Hemicelluloses-Based 

Hydrogel, Journal of Agricultural and Food Chemistry. 60 (2012) 3909–3916. 

https://doi.org/10.1021/jf300387q. 

[129] M.T. ALSamman, J. Sánchez, Recent advances on hydrogels based on chitosan and 

alginate for the adsorption of dyes and metal ions from water, Arabian Journal of Chemistry. 

14 (2021) 103455. https://doi.org/10.1016/j.arabjc.2021.103455. 

[130] M. Caldera-Villalobos, D.A. Cabrera-Munguía, T.E. Flores-Guía, G. Viramontes-Gamboa, 

J.A. Vargas-Correa, L.F. Cano-Salazar, J.A. Claudio-Rizo, Removal of water pollutants 

using composite hydrogels comprised of collagen, guar gum, and metal-organic frameworks, 

Journal of Polymer Research. 28 (2021) 395. https://doi.org/10.1007/s10965-021-02767-9. 

[131] A. Pille, M.-J. Dumont, J.R. Tavares, R. Roy, The effect of foaming additives on acrylic 

acid/acrylamide hydrogels, Journal of Environmental Chemical Engineering. 10 (2022) 

107310. https://doi.org/10.1016/j.jece.2022.107310. 

[132] C.B. Godiya, X. Cheng, G. Deng, D. Li, X. Lu, Silk fibroin/polyethylenimine functional 

hydrogel for metal ion adsorption and upcycling utilization, Journal of Environmental 

Chemical Engineering. 7 (2019) 102806. https://doi.org/10.1016/j.jece.2018.11.050. 

[133] C. Jiang, X. Wang, G. Wang, C. Hao, X. Li, T. Li, Adsorption performance of a 

polysaccharide composite hydrogel based on crosslinked glucan/chitosan for heavy metal 

ions, Composites Part B: Engineering. 169 (2019) 45–54. 

https://doi.org/10.1016/j.compositesb.2019.03.082. 

[134] V. Sinha, S. Chakma, Advances in the preparation of hydrogel for wastewater treatment: 

A concise review, Journal of Environmental Chemical Engineering. 7 (2019) 103295. 

https://doi.org/10.1016/j.jece.2019.103295. 

[135] V.S. Kanwar, A. Sharma, A.L. Srivastav, L. Rani, Phytoremediation of toxic metals present 

in soil and water environment: a critical review, Environmental Science and Pollution 

Research. 27 (2020) 44835–44860. https://doi.org/10.1007/s11356-020-10713-3. 

[136] D. Pradhan, L.B. Sukla, M. Sawyer, P.K.S.M. Rahman, Recent bioreduction of hexavalent 

chromium in wastewater treatment: A review, Journal of Industrial and Engineering 

Chemistry. 55 (2017) 1–20. https://doi.org/10.1016/j.jiec.2017.06.040. 



 

 52 

[137] N.A. Siddiqui, S.M. Tauseef, R. Dobhal, eds., Advances in Water Pollution Monitoring 

and Control: Select Proceedings from HSFEA 2018, Springer Singapore, Singapore, 2020. 

https://doi.org/10.1007/978-981-32-9956-6. 

[138] USEPA, United States Environmental Protection Agency, Effluent Limitations Guidelines 

and Standards (ELG) Database, (2021). https://owapps.epa.gov/elg/ (accessed April 22, 

2022). 

[139] H. Karimi-Maleh, A. Ayati, S. Ghanbari, Y. Orooji, B. Tanhaei, F. Karimi, M. Alizadeh, 

J. Rouhi, L. Fu, M. Sillanpää, Recent advances in removal techniques of Cr(VI) toxic ion 

from aqueous solution: A comprehensive review, Journal of Molecular Liquids. 329 (2021) 

115062. https://doi.org/10.1016/j.molliq.2020.115062. 

[140] H.I. Syeda, P.-S. Yap, A review on three-dimensional cellulose-based aerogels for the 

removal of heavy metals from water, Science of The Total Environment. 807 (2022) 150606. 

https://doi.org/10.1016/j.scitotenv.2021.150606. 

[141] X. Cai, J. Li, Z. Zhang, F. Yang, R. Dong, L. Chen, Novel Pb2+ Ion Imprinted Polymers 

Based on Ionic Interaction via Synergy of Dual Functional Monomers for Selective Solid-

Phase Extraction of Pb2+ in Water Samples, ACS Applied Materials & Interfaces. 6 (2014) 

305–313. https://doi.org/10.1021/am4042405. 

[142] L. Wang, J. Li, J. Wang, X. Guo, X. Wang, J. Choo, L. Chen, Green multi-functional 

monomer based ion imprinted polymers for selective removal of copper ions from aqueous 

solution, Journal of Colloid and Interface Science. 541 (2019) 376–386. 

https://doi.org/10.1016/j.jcis.2019.01.081. 

[143] C. Branger, W. Meouche, A. Margaillan, Recent advances on ion-imprinted polymers, 

Reactive and Functional Polymers. 73 (2013) 859–875. 

https://doi.org/10.1016/j.reactfunctpolym.2013.03.021. 

[144] X. Gao, C. Guo, J. Hao, Z. Zhao, H. Long, M. Li, Adsorption of heavy metal ions by 

sodium alginate based adsorbent-a review and new perspectives, International Journal of 

Biological Macromolecules. 164 (2020) 4423–4434. 

https://doi.org/10.1016/j.ijbiomac.2020.09.046. 

[145] J. Xu, Z. Cao, Y. Zhang, Z. Yuan, Z. Lou, X. Xu, X. Wang, A review of functionalized 

carbon nanotubes and graphene for heavy metal adsorption from water: Preparation, 

application, and mechanism, Chemosphere. 195 (2018) 351–364. 

https://doi.org/10.1016/j.chemosphere.2017.12.061. 

[146] W. Lu, J. Li, Y. Sheng, X. Zhang, J. You, L. Chen, One-pot synthesis of magnetic iron 

oxide nanoparticle-multiwalled carbon nanotube composites for enhanced removal of Cr(VI) 

from aqueous solution, Journal of Colloid and Interface Science. 505 (2017) 1134–1146. 

https://doi.org/10.1016/j.jcis.2017.07.013. 

[147] S. Mitra, A. Sarkar, S. Sen, Removal of chromium from industrial effluents using 

nanotechnology: a review, Nanotechnology for Environmental Engineering. 2 (2017) 11. 

https://doi.org/10.1007/s41204-017-0022-y. 

[148] S. Lal, A. Singhal, P. Kumari, Exploring carbonaceous nanomaterials for arsenic and 

chromium removal from wastewater, Journal of Water Process Engineering. 36 (2020) 

101276. https://doi.org/10.1016/j.jwpe.2020.101276. 

[149] A.V. Samrot, C.S. Sahithya, J. Selvarani A, S. Pachiyappan, S. Kumar S, Surface-

Engineered Super-Paramagnetic Iron Oxide Nanoparticles For Chromium Removal, 

International Journal of Nanomedicine. Volume 14 (2019) 8105–8119. 

https://doi.org/10.2147/IJN.S214236. 



 

 53 

[150] D. Lv, J. Zhou, Z. Cao, J. Xu, Y. Liu, Y. Li, K. Yang, Z. Lou, L. Lou, X. Xu, Mechanism 

and influence factors of chromium(VI) removal by sulfide-modified nanoscale zerovalent 

iron, Chemosphere. 224 (2019) 306–315. 

https://doi.org/10.1016/j.chemosphere.2019.02.109. 

[151] M. Mariana, A.K. H.P.S., E.M. Mistar, E.B. Yahya, T. Alfatah, M. Danish, M. Amayreh, 

Recent advances in activated carbon modification techniques for enhanced heavy metal 

adsorption, Journal of Water Process Engineering. 43 (2021) 102221. 

https://doi.org/10.1016/j.jwpe.2021.102221. 

[152] W. Zhang, P. Zhang, H. Wang, J. Li, S.Y. Dai, Design of biomass-based renewable 

materials for environmental remediation, Trends in Biotechnology. 40 (2022) 1519–1534. 

https://doi.org/10.1016/j.tibtech.2022.09.011. 

[153] X. Lv, J. Xu, G. Jiang, J. Tang, X. Xu, Highly active nanoscale zero-valent iron (nZVI)–

Fe3O4 nanocomposites for the removal of chromium(VI) from aqueous solutions, Journal of 

Colloid and Interface Science. 369 (2012) 460–469. 

https://doi.org/10.1016/j.jcis.2011.11.049. 

[154] W. Liu, L. Yang, S. Xu, Y. Chen, B. Liu, Z. Li, C. Jiang, Efficient removal of hexavalent 

chromium from water by an adsorption–reduction mechanism with sandwiched 

nanocomposites, RSC Advances. 8 (2018) 15087–15093. 

https://doi.org/10.1039/C8RA01805G. 

[155] Z.H. Farooqi, M.W. Akram, R. Begum, W. Wu, A. Irfan, Inorganic nanoparticles for 

reduction of hexavalent chromium: Physicochemical aspects, Journal of Hazardous 

Materials. 402 (2021) 123535. https://doi.org/10.1016/j.jhazmat.2020.123535. 

[156] M. Mone, D.A. Lambropoulou, D.N. Bikiaris, G. Kyzas, Chitosan Grafted with Biobased 

5-Hydroxymethyl-Furfural as Adsorbent for Copper and Cadmium Ions Removal, Polymers. 

12 (2020) 1173. https://doi.org/10.3390/polym12051173. 

[157] R. Kundu, P. Mahada, B. Chhirang, B. Das, Cellulose hydrogels: Green and sustainable 

soft biomaterials, Current Research in Green and Sustainable Chemistry. 5 (2022) 100252. 

https://doi.org/10.1016/j.crgsc.2021.100252. 

[158] H. Huang, Q. Yang, C. Huang, L. Zhang, Facile and low-cost fabrication of composite 

hydrogels to improve adsorption of copper ions, Environmental Technology & Innovation. 

27 (2022) 102427. https://doi.org/10.1016/j.eti.2022.102427. 

[159] D. Hao, Y. Liang, Adsorption of Cu2+, Cd2+ and Pb2+ in wastewater by modified chitosan 

hydrogel, Environmental Technology. 43 (2022) 876–884. 

https://doi.org/10.1080/09593330.2020.1807612. 

[160] A.D. Gupta, K.P. Rawat, V. Bhadauria, H. Singh, Recent Trends in the Application of 

Modified Starch in the Adsorption of Heavy Metals from Water: A Review, Carbohydrate 

Polymers. 269 (2021) 117763. https://doi.org/10.1016/j.carbpol.2021.117763. 

[161] D. Duquette, M.-J. Dumont, Influence of Chain Structures of Starch on Water Absorption 

and Copper Binding of Starch-Graft-Itaconic Acid Hydrogels, Starch - Stärke. 70 (2018) 

1700271. https://doi.org/10.1002/star.201700271. 

[162] J.J. Gulicovski, L.S. Čerović, S.K. Milonjić, Point of Zero Charge and Isoelectric Point of 

Alumina, Materials and Manufacturing Processes. 23 (2008) 615–619. 

https://doi.org/10.1080/10426910802160668. 

[163] S.A. Munim, M.T. Saddique, Z.A. Raza, M.I. Majeed, Fabrication of cellulose-mediated 

chitosan adsorbent beads and their surface chemical characterization, Polymer Bulletin. 77 

(2020) 183–196. https://doi.org/10.1007/s00289-019-02711-4. 



 

 54 

[164] H. Lai, S. Liu, J. Yan, F. Xing, P. Xiao, Facile Fabrication of Biobased Hydrogel from 

Natural Resources: L‑Cysteine, Itaconic Anhydride, and Chitosan, ACS Sustainable 

Chemistry & Engineering. 8 (2020) 4941–4947. 

https://doi.org/10.1021/acssuschemeng.0c00774. 

[165] V. Van Tran, D. Park, Y.-C. Lee, Hydrogel applications for adsorption of contaminants in 

water and wastewater treatment, Environmental Science and Pollution Research. 25 (2018) 

24569–24599. https://doi.org/10.1007/s11356-018-2605-y. 

[166] R. Tian, Q. Liu, W. Zhang, Y. Zhang, Preparation of Lignin-Based Hydrogel and Its 

Adsorption on Cu2+ Ions and Co2+ Ions in Wastewaters, Journal of Inorganic and 

Organometallic Polymers and Materials. 28 (2018) 2545–2553. 

https://doi.org/10.1007/s10904-018-0943-3. 

[167] X. Qi, L. Lin, L. Shen, Z. Li, T. Qin, Y. Qian, X. Wu, X. Wei, Q. Gong, J. Shen, Efficient 

Decontamination of Lead Ions from Wastewater by Salecan Polysaccharide-Based 

Hydrogels, ACS Sustainable Chemistry & Engineering. 7 (2019) 11014–11023. 

https://doi.org/10.1021/acssuschemeng.9b02139. 

[168] Q. Lv, X. Hu, X. Zhang, L. Huang, Z. Liu, G. Sun, Highly efficient removal of trace metal 

ions by using poly(acrylic acid) hydrogel adsorbent, Materials & Design. 181 (2019) 107934. 

https://doi.org/10.1016/j.matdes.2019.107934. 

[169] F.O. Gokmen, E. Yaman, S. Temel, Eco-friendly polyacrylic acid based porous hydrogel 

for heavy metal ions adsorption: characterization, adsorption behavior, thermodynamic and 

reusability studies, Microchemical Journal. 168 (2021) 106357. 

https://doi.org/10.1016/j.microc.2021.106357. 

[170] W. Zhang, J. Ou, B. Wang, H. Wang, Q. He, J. Song, H. Zhang, M. Tang, L. Zhou, Y. Gao, 

S. Sun, Efficient heavy metal removal from water by alginate-based porous nanocomposite 

hydrogels: The enhanced removal mechanism and influencing factor insight, Journal of 

Hazardous Materials. 418 (2021) 126358. https://doi.org/10.1016/j.jhazmat.2021.126358. 

[171] S. Sethi, S. Thakur, D. Sharma, G. Singh, N. Sharma, B.S. Kaith, S. Khullar, Malic acid 

cross-linked chitosan based hydrogel for highly effective removal of chromium (VI) ions 

from aqueous environment, Reactive and Functional Polymers. 177 (2022) 105318. 

https://doi.org/10.1016/j.reactfunctpolym.2022.105318. 

[172] S. Wei, W. Chen, Z. Li, Z. Liu, A. Xu, Synthesis of cationic biomass lignosulfonate 

hydrogel for the efficient adsorption of Cr(VI) in wastewater with low pH, Environmental 

Technology. (2022) 1–14. https://doi.org/10.1080/09593330.2021.2024274. 

[173] X. Li, H. Liang, Y. Mo, Y. Wei, Preparation and Phosphorus Removal Performance of Zr–

La–Fe Ternary Composite Adsorbent Embedded with Sodium Alginate, Processes. 10 (2022) 

1761. https://doi.org/10.3390/pr10091761. 

[174] G. Issabayeva, S.H. Wong, C.Y. Pang, M.C. Wong, M.K. Aroua, Fluoride removal by low-

cost palm shell activated carbon modified with prawn shell chitosan adsorbents, International 

Journal of Environmental Science and Technology. 19 (2022) 3731–3740. 

https://doi.org/10.1007/s13762-021-03448-2. 

[175] H. Liu, F. Zhang, Z. Peng, Adsorption mechanism of Cr(VI) onto GO/PAMAMs 

composites, Scientific Reports. 9 (2019) 3663. https://doi.org/10.1038/s41598-019-40344-9. 

[176] A. Ramírez-Estrada, V.Y. Mena-Cervantes, J. Fuentes-García, J. Vazquez-Arenas, R. 

Palma-Goyes, A.I. Flores-Vela, R. Vazquez-Medina, R.H. Altamirano, Cr(III) removal from 

synthetic and real tanning effluents using an electro-precipitation method, Journal of 



 

 55 

Environmental Chemical Engineering. 6 (2018) 1219–1225. 

https://doi.org/10.1016/j.jece.2018.01.038. 

[177] X. Guan, J. Chang, Z. Xu, Y. Chen, H. Fan, Remediation of chromium(III)-contaminated 

tannery effluents by using gallic acid-conjugated magnetite nanoparticles, RSC Advances. 6 

(2016) 29054–29063. https://doi.org/10.1039/C6RA02122K. 

[178] P.C. Bandara, J. Peña-Bahamonde, D.F. Rodrigues, Redox mechanisms of conversion of 

Cr(VI) to Cr(III) by graphene oxide-polymer composite, Scientific Reports. 10 (2020) 9237. 

https://doi.org/10.1038/s41598-020-65534-8. 

[179] S.A. Olawale, A. Bonilla-Petriciolet, D.I. Mendoza-Castillo, C.C. Okafor, L. Sellaoui, M. 

Badawi, Thermodynamics and Mechanism of the Adsorption of Heavy Metal Ions on Keratin 

Biomasses for Wastewater Detoxification, Adsorption Science & Technology. 2022 (2022) 

1–13. https://doi.org/10.1155/2022/7384924. 

[180] B. Markiewicz, I. Komorowicz, A. Sajnóg, M. Belter, D. Barałkiewicz, Chromium and its 

speciation in water samples by HPLC/ICP-MS – technique establishing metrological 

traceability: A review since 2000, Talanta. 132 (2015) 814–828. 

https://doi.org/10.1016/j.talanta.2014.10.002. 

[181] B. Liu, J. Li, Y. Zeng, Z. Wang, Toxicity assessment and geochemical model of chromium 

leaching from AOD slag, Chemosphere. 144 (2016) 2052–2057. 

https://doi.org/10.1016/j.chemosphere.2015.10.103. 

[182] C. Rosales-Landeros, C.E. Barrera-Díaz, B. Bilyeu, V.V. Guerrero, F.U. Núñez, A Review 

on Cr(VI) Adsorption Using Inorganic Materials, American Journal of Analytical Chemistry. 

04 (2013) 8–16. https://doi.org/10.4236/ajac.2013.47A002. 

 


	List of tables
	List of figures
	Abstract
	Résumé
	Acknowledgments
	Contribution of authors
	1. Introduction
	1.1 General introduction
	1.2 Study objectives
	1.2.1. General objective
	1.2.2. Specific objectives

	1.3 Hypothesis
	1.4 Thesis outline

	2. The oxidation states of heavy metals and their adsorption behavior onto biobased hydrogels – A review
	2.1 Abstract
	2.2 Introduction
	2.3 Biobased hydrogels for the adsorption of heavy metals
	2.4 Factors influencing the adsorption of heavy metals onto biobased hydrogels
	2.5 Conclusions

	3. Connecting statement
	4. Selective adsorption of Cr(III) over Cr(VI) by starch-graft-itaconic acid hydrogels
	4.1 Abstract
	4.2 Introduction
	4.3 Materials and methods
	4.3.1. Materials
	4.3.2. Synthesis of starch-graft-itaconic acid hydrogels
	4.3.3. Point of zero charge of starch-graft-itaconic acid hydrogels
	4.3.4. Effect of the pH on the water retention capacity of starch-graft-itaconic acid hydrogels
	4.3.5. Batch adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels
	4.3.5.1. Effect of the Cr solution pH on the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels
	4.3.5.2. Effect of the Cr solution volume on the adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels
	4.3.5.3. Binary component adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels

	4.3.6. Analysis of the concentrations of Cr(III) and Cr(VI) in aqueous solution

	4.4 Results and discussion
	4.4.1. Point of zero charge of starch-graft-itaconic acid hydrogels
	4.4.2. Effect of pH on the water retention capacity of starch-graft-itaconic acid hydrogels
	4.4.3. Single-component adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels
	4.4.4. Effect of Cr solution volume on the single-component adsorption of Cr(III) and Cr(VI) by starch-graft-itaconic acid hydrogels
	4.4.5. Binary adsorption of Cr(III) and Cr(VI)

	4.5 Conclusions

	5. General discussion and general conclusions
	6. References


