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1. Introduction 

Global energy demand has risen sharply due to the rapid industrialization and population 

growth. To mitigate global climate change caused by carbon emission, nuclear energy has been 

considered as a possible low-carbon alternative.[1] According to the World Nuclear 

Performance Report 2021 by the World Nuclear Association,[2] about 10% of the world’s 

electricity is provided from about 440 operating nuclear power plants, making nuclear energy 

the world’s second largest source of low-carbon power. In addition, about 50 more nuclear 

power plants are under construction. According to the International Atomic Energy Agency 

(IAEA), the annual global demand for uranium on January 1, 2019, amounted to 59,200 tons.[3] 

However, safety concerns about contamination from radioactive waste from nuclear power 

plant, related industry, and uranium mining have grown as nuclear energy has flourished. The 

unintentional release of uranium into the aquatic environment poses a serious threat to 

ecosystem and human health due to its radiological and chemical toxicity.[4] In 1998, the World 

Health Organization (WHO) drinking water guideline value for U was introduced as 2 µg/L 

and has increased to 30 µg/L as a current standard since 2011.[5,6] To tackle this challenge, 

numerous adsorbents including organic materials, inorganic materials, nanomaterials, and 

framework materials have been developed to remove uranium from wastewaters owing to their 

simplicity, fast kinetics, extensive applicability, cost-effectiveness, and non-secondary 

contamination.[1,7] 

For several years biosorbents have been hailed as a promising choice among all adsorbents 

because of their apparent efficiency, similarity to conventional ion exchangers, and 

availability.[8] Brewer’s spent grain (BSG) is the main by-product from beer brewery industry, 

with an annular global production of 39 million tons. BSG is a lignocellulose material rich in 

protein, which is a cheap, widely available and a continuously accessible raw material for 

biosorbents,[9] and despite the large produced amount, it has received little attention as a 

valuable commodity, and its disposal is often problematic to the environment.[10] Therefore, it 

is of great interest to develop effective, low-cost adsorbents from BSG for uranium 

decontamination of the aquatic environment, which would fulfill the purpose of ‘dealing 

pollution with waste’. 
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1.1. Uranium contamination in the aquatic environment 

1.1.1. Physicochemical properties of uranium 

Uranium (U) is widely considered the last naturally occurring element with an atomic number 

of 92 and an atomic mass of 238 that is present in comparatively large quantities. Uranium is 

radioactive and belongs to the group of actinides existing in nature as several isotopes, namely 

238U (99.27 wt%), 235U (0.72 wt%), and 234U (0.006 wt%) with a very long half-life of 4.5 × 

109, 7.0 × 108, and 2.4 × 105 years and a specific activity concentration of 1.2 × 104 Bq/g, 8.0 

× 104 Bq/g, and 2.3 × 108 Bq/g, respectively.[4,11] This means that the radioactivity of natural U 

is very low. In addition, uranium is multivalent and can occur in the oxidation states +2, +3, +4, 

+5, or +6, whereas only the +4 and +6 oxidation states are found in nature. The tetravalent 

uranium U(IV) is found in reducing environments, relatively insoluble, and known to 

accumulate in anoxic sediments such as ore deposits and contaminated aquifers.[12] Whereas, 

the hexavalent uranium U(VI) mostly in form of UO2
2+ ion is highly soluble and mobile in 

aquatic environment, which rises more threats to environment and human health. Therefore, the 

current research focuses on the removal of U(VI), predominantly as the uranyl ions, UO2
2+, in 

water. 

The predominate species of U(VI) in aqueous environment is strongly affected by the pH value 

of the solution and shows strong impacts on the electrostatic effect between the adsorbents and 

the metal ions. The species distribution of U(VI) in aqueous solution as a function of pH could 

either obtained from literature[1,13] or calculated using Visual MINTEQ 3.1 software.[14] Fig 1.1 

shows the species distribution of U(VI) as a function of pH in a 0.5 mM UO2(CH3COOH)2 

solution, which represents a model solution commonly used in the adsorption experiments. 

Generally, UO2
2+ is dominant in solution when pH < 3, and hydrolysed species like 

(UO2)2(OH)2
2+ and (UO2)3(OH)5

+ occur with reduced concentration of UO2
2+ as the pH value 

increases. As shown in Fig. 1.1, when the pH value further increases over 5, the saturation index 

of Schoepite ([[(UO2)4|O|(OH)6]6H2O]) becomes positive, indicating that the solution is 

supersaturated, and Schoepite could probably precipitate from the solution.[15] Thus, the pH 

range of possible precipitation should be carefully avoided (e.g. pH = 5–11 when c0(U) = 

0.5 mM) to accurately determine the adsorption capacity. Furthermore, it is important to 

consider the surface charge when select proper adsorbents in order to obtain maximum 

adsorption capacity of U(VI). 
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Fig. 1.1. Species distribution of U(VI) as a function of pH in a 0.5 mM UO2(CH3COOH)2 solution.[14] 

 

1.1.2. Uranium toxicity and its contamination in aquatic environment 

Uranium has no known metabolic function in animals and therefore is regarded as a 

nonessential element. It is known for radiologic and chemical toxicity and has become a 

worldwide threat to the ecosystem and human health.[11] Although uranium may be considered 

carcinogenic due to its radioactivity, the chemical toxicity of uranium is a primary 

environmental health hazard posed by the hexavalent uranyl ions (UO2
2+).[16,17] UO2

2+ is a 

bioavailable species that can be efficiently complexed with bicarbonate, citrate and proteins 

and is stored and incorporated in bones, kidneys, and liver.[4] From experimental animal studies 

and human epidemiology, uranium presents renal, developmental and reproductive toxicity and 

causes diminished bone growth and DNA damage.[16] A review study including 

epidemiological and laboratory studies during 2000–2019 shows that uranium primarily 

poisons kidney (36.22%), bone (19.48%), liver (17.58%), the reproductive system (13.90%), 

lung (7.24%), and the nervous system (5.58%), causing health problems.[4] Among all the health 

effects, the nephrotoxicity may be considered as one of the most sensitive indicators of U 

toxicity.[17] For example, the epidemiological study of 325 people from southern Finland who 

are chronically exposed to uranium through drinking water for at least 1 year shows an 

association between increased uranium exposure and excretion of calcium in urine, which is 

consistent with the alterations of proximal tubular function.[18] Apart from health issues to 

human beings, uranium contamination has many ecological consequences. For example, it can 

affect the growth of plants, inhibit the photosynthesis, and damage the cell respiration of 

microorganisms.[19] Therefore, the widely uranium contamination and the health hazards of 
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uranium highlight the significance of uranium removal from the aquatic environment, 

especially uranyl ions. 

In generally, the majority of uranium exposure in the environment is due to ingesting of water 

or food in uranium-contaminated areas.[20] Uranium naturally occurs at low concentrations in 

nearly all soils, sediments, rocks, natural waters, air, plants and animals. It is found with 

concentrations of 2.3 μg/g in the earth’s crust,[4] 12 ng/L to 4.8 μg/L in stream water worldwide, 

and approximately 3.4 μg/L in seawater.[12] High concentrations of uranium in surface water, 

groundwater, and wastewater that exceed the standard value of WHO (30 µg/L) have been 

reported all around the world. The sources of elevated uranium concentration in the aquatic 

environment can be either natural or anthropogenic. Uranium may occur in natural waters 

because of weathering U-rich sediments and rocks, or the existence of Autunite 

[Ca(UO2)2(PO4)2], which shows high solubility.[21] Human activities also contribute to uranium 

contamination in the aquatic environment, and the effects of uranium mining and processing of 

U-bearing polymetallic ores have been widely reported.[22] In addition, uranium, as the most 

commonly used radioactive element, accounts for 94% of the spent nuclear fuel,[23] and nuclear 

accidents, waste disposal, and military activities are also responsible for uranium contamination. 

Moreover, the use of phosphate fertilizers may also lead to groundwater contamination, as 

natural occurring phosphate deposits can contain U in concentrations as high as 150 mg/kg.[11] 

Table 1.1 shows the uranium concentration detected in aquatic environment worldwide. For 

example, uranium concentrations as high as 11.7 g/L were reported at various United States 

Department of Energy (DOE) sites in 1992.[24] More recently in 2015, an uranium concentration 

of 5.4 mg/L was detected in the groundwater from the Central Valley aquifer in U.S..[25] In 

addition, a 2018 survey found large-scale uranium contamination in groundwater wells, with 

75 of the 226 wells tested in Rajasthan and five of the 98 wells tested in Gujarat, India, having 

uranium concentrations that exceed WHO guideline of 30 µg/L.[26] Higher concentration of 

uranium has also been detected in the mining related waters (5–17 mg/L) in Germany[22] and 

bedrock water in the uraniferous granite areas of southern Finland (up to 12.4 mg/L).[27] 

Additionally, industrial effluent from Brazilian Nuclear Industry (BNI) was reported to contain 

uranium up to 43 mg/L.[28] Recently, researchers have indicated that the possibility of detecting 

U contamination in the coastal waters near the Fukushima Daiichi nuclear power plant will 

increase over time, and long-term contamination monitoring and treatment will be important 

for the environment and human health.[29] Therefore, the elevated level of uranium 

concentration in global aquatic environment and industrial effluent has risen more and more 

concerns, pointing at a great demand for new approaches for uranium removal. 
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Table 1.1. Global uranium contamination in waters.  

Country Water type Area U concentration (μg/L) Reference 

Range Median 

China Groundwater Datong basin, Shanxi <0.02–288 10 [30] 

U.S. The High Plains 

aquifer 

≤2,674  5.1 

[25] 
The Central Valley 

aquifer 

≤5,400 45 

Northwestern 

Connecticut 

<1–1,200  [31] 

Various United States 

Department of Energy 

(DOE) sites 

0.001–

11,700,000 

 [24] 

India Gujarat <0.001–85.8  

[26] Jaipur and Ajmer, 

Rajasthan 

0.3–88.5  

Germany Bamberg, Bavaria 0.006–42.33  [32] 

Spain Ridaura basin  0.258–152  [21] 

Mongolia Ulaanbaatar <0.01–57  [33] 

Burundi Kirundo  0.238–734  [34] 

Germany Mine water Schlema, Saxony  5,000 [22] 

Königstein, Saxony  17,000 

Tailings water Helmsdorf, Saxony  6,000 

Finland Bedrock water Uraniferous granite 

areas of southern 

Finland 

Up to 12,400  [27] 

Brazil Industrial effluent   43,000 [28] 
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1.2. Uranium adsorption from the aquatic environment 

1.2.1. Adsorbents for uranium removal 

To deal with the uranium contamination, various technologies have been applied for its removal 

from the aqueous phase, including solid phase extraction,[35] solvent extraction,[23,36,37] 

electrochemical treatment,[38] biological treatment,[39] ion-floatation, reverse osmosis, ultra-

filtration, chemical precipitation, etc.[40] However, these conventional methods are limited by 

disadvantages such as high cost, non-reusability, lower efficiency at low concentration and 

difficulty of sludge management.[40] Recently, adsorption process has risen more and more 

interests in both academic and industry fields to remove uranyl ions from contaminated waters. 

This is because adsorption demonstrates obvious advantages including (1) fast kinetics, high 

adsorption capacity, remarkable stability and regeneration potential;[41] (2) simplicity, low cost 

and wide-range availability;[23] and (3) avoidance of organic solvent and non-secondary 

contamination.[42] Numerous adsorbents have been developed and tested for uranium removal 

and are summarized in Table 1.2, sorted as five categories: inorganic materials, carbon materials, 

porous framework materials, synthetic polymer materials, and natural polymer/biomass 

materials. From the perspective of adsorption performance, the nanostructured carbon materials, 

porous framework materials and the synthetic polymers present high adsorption capacity, fast 

kinetics and high selectivity, which are promising for uranium removal.[7,43–46]
 Nevertheless, 

the application and commercialization of these adsorbents still face great challenges. For 

example, nanostructured carbon materials are very small in size and difficult to separate from 

the aqueous phase, and the safety of nanomaterials has not yet been proven.[7] In addition, the 

stability of porous framework materials is generally poor under real-world conditions, and the 

lack of reusability of the abovementioned adsorbents is also a common drawback.[43,44] 

Considering the chemical reagents and the steps involved to prepared these adsorbents, they are 

unlikely to be cheap enough for large-scale application. On the base of cost-to-performance 

ratio, biosorbents are most preferable and economically viable among all the adsorbents, as they 

are convenient, readily available and cheap.[47] They also present great potential as an eco-

friendly alternative to synthetic adsorbents.[48] Although the adsorption capacity and selectivity 

may range from very low to excellent for different kinds of biomass, it has abundant functional 

groups that are suitable for functionalization to increase and stabilize the performance.[49,50] 

Thus, biomass is an interesting source with high potential to develop new kinds of biosorbents 

through various modification and functionalization methods. 
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Table 1.2. Comparison of different adsorbents for uranium adsorption. 

 

  

Category  Advantages Disadvantages Reference 

Inorganic 

materials 

Layered 

double 

hydroxides 

High mechanical strength; 

Easy to prepare; 

Good availability 

Slow kinetics; 

Limited selectivity; 

Poor reusability 

[7,45] 

Mesoporous 

silica 

Fast kinetics;  

Excellent selectivity; 

Good reusability 

Instability under very 

acidic/basic medium 

[7] 

 Titanium 

dioxide based 

sorbents 

Good radiochemical 

stability;  

Negligible solubility; 

Photoreduction of uranium 

on titania surface 

Difficulty of separation; 

Toxicity of nanoparticles 

[51] 

 Nanoscale 

zero-valent 

iron 

Fast kinetics;  

Excellent selectivity; 

High loading; 

Good reusability 

Difficulty of separation; 

Toxicity of nanoparticles 

[52] 

Carbon materials Activated 

carbon 

Low cost; 

Good availability  

Low adsorption capacity [43] 

Nanostructured 

carbon 

materials 

High adsorption capacity; 

Fast kinetics;  

Excellent selectivity; 

Good reusability 

Difficulty of separation; 

Toxicity of nanoparticles 

[7] 

Porous 

framework 

materials  

Porous organic 

frameworks 

High adsorption capacity; 

Excellent selectivity 

Low mechanical properties; 

Poor reusability 

[43,44] 

Metal organic 

frameworks 

High adsorption capacity; 

Excellent selectivity 

Poor chemical stability; 

Poor reusability 

[7,46] 

Synthetic 

polymers 

Fibrous 

polymer 

materials 

High adsorption capacity; 

Fast kinetics;  

Excellent selectivity; 

High mechanical strength 

Poor reusability; 

Non-renewable raw 

materials  

[43] 

Resins High adsorption capacity; 

Fast kinetics;  

Excellent selectivity 

Aging and poisoning;  

Low stability and poor 

reusability 

[7,45] 

Natural 

polymer/biomass 

materials  

 Low cost; 

Biocompatibility; 

Easy to functionalize; 

Good availability 

Selectivity and adsorption 

capacity varies from cases 

to cases 

[1,49] 
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1.2.2. Biomass as adsorbents for uranium removal 

Biosorption is generally used to describe the removal of adsorbates by their passive binding to 

active or dead biomass materials in aqueous solutions.[53] The extra benefits of using 

biosorbents with adequate adsorption performance (removal efficiency, selectivity, etc.) 

include minimization of chemical or biological sludge, no additional nutrient requirement, 

possibility of metal recovery,[54] easy to functionalize, non-toxicity, and the possibility of 

further volume decrease by pyrolysis.[7] It should be noted that a biosorbent may be considered 

cost-efficient if it requires little processing, is abundant in nature, or is a by-product or waste 

material from another industry.[8] Therefore, direct use of the biomass without or with simple 

modification would be the first choice to find a suitable and cheap biosorbent. Table 1.3 

summarizes biomass from different origins used for uranium adsorption, the functional groups 

that are involved in adsorption, and modification methods. Algae, bacteria, fungi, plant 

materials, materials of animal origin, and biomolecules have been explored for uranium 

adsorption.[49,50] The abundant functional groups of the biomass, such as carboxyl-, hydroxyl-, 

phenolic-, and phosphonate groups as well as ketone, aldehyde and amide functions provide the 

affinity towards the uranyl ions. For example, the bacteria Brachybacterium sp. G1,[55] the green 

alga C. glomerata,[56] and the fungus Trichoderma harzianum[57] are reported to have U(Ⅵ) 

adsorption capacities of 971 mg/g, 287.7 mg/g, and 612 mg/g, respectively. To improve 

mechanical stability and efficiency, immobilization is often used to modfiy algae, bacteria or 

fungi based adsorbents.[58] A large variety of plant materials, especially agro-industrial waste 

like rice and coffee husks, crops residues, straws, leafs, sugar beet pulp, and pomelo peels have 

also been investigated for uranium adsorption.[40,49,50] The plant materials are mainly composed 

of lignin and cellulose, whose modification methods are well explored and established and will 

be detailed discussed in the following Section 1.2.3. Biosorbents from animal origin generally 

include scales, eggshell membranes, bones and chitosan, among which chitosan/chitin is the 

most widely investigated.[50] For instance, chitin extracted from marine sponge Aplysina 

aerophoba shows an adsorption capacity for U(VI) of 288 mg/g.[59] Further manipulating the 

structure of chitosan/chitin could improve its performance, e.g. crosslinking could enhance its 

microbiological and mechanical resistance, production in the form of nanoparticles and 

nanocrystals could increase specific surface area, and association with other compounds could 

improve its porosity. In addition, chitosan can also be grafted onto artificial polymers to obtain 

superabsorbent polymers whose molecular weight and degree of acetylation can be adjusted as 

desired.[60]  
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Aside from the biomass that is frequently investigated, a few studies have explored the use of 

some biomolecules like dopamine and tannic acid to modify other biomass. Dopamine is an 

important biomolecule secreted by mussels and can easily polymerize to yield polydopamine, 

which shows great attraction in adsorption because of its strong adhesion, good 

biocompatibility, and their functional groups.[49] Immobilizing dopamine on the Aspergillus 

niger microspheres results in an adsorption capacity of the composite of 250.7 mg/g.[61] Tannic 

acid is widely distributed in the bark of many trees and fruits, which is rich in phenolic and 

carboxyl groups.[49] The tannic acid-chitosan hydrothermal carbon is reported to have an 

adsorption capacity of 97 mg/g of U(Ⅵ).[62] Moreover, the coordination and binding of U(Ⅵ) 

by different kinds of proteins such as phosvitin[63] and bovine milk proteins[64] are investigated, 

and engineered proteins designed by a computational screening process have shown a very high 

affinity and selectivity for U(Ⅵ) with a distribution coefficient (Kd) of 7.4 femtomolar and 

>10,000-fold selectivity over other metal ions such as Cu(II), Ni(II), Zn(II), etc.[65] Water-

soluble commercial proteins like bovine serum albumin (BSA), lysozyme and ovalbumin could 

be converted into adsorbents with high adsorption capacities of over 1000 mg/g within 2 h.[66] 

In addition, a hydrogel-like spidroin-based protein fiber shows an adsorption capacity of 

12.3 mg/g and an ultrashort equilibration time of 3.5 days in natural seawater compared with 

other adsorbents (10-70 days) reported in literature.[67] Aside from this, little research has 

employed protein-rich biomass for uranium removal or investigated the function of proteins for 

uranium adsorption.  

Table 1.3. Summary of functional groups and modification methods of certain biomass used for uranium 

adsorption.[49,50] 

Biomass Functional groups Modification 

Algae Carboxyl, hydroxyl, amide, and thiol 

groups  

Pretreatment, entrapment, surface 

modification, composites 

Bacteria Carboxyl, hydroxyl, amide, and 

phosphonate groups 

 

Fungi Amine, imidazole, phosphate, sulphate, 

thiol and hydroxyl groups 

NaOH pretreatment, magnetic modification, 

functionalization, immobilization, acetylation  

Plant materials Ketones, aldehydes, aromatic amines, 

carboxyl group, ethers, and phenolic 

groups 

Acid/base treatment, chemical treatment, 

magnetic, surface functionalization, polymer 

grafting.  

Biomass of 

animal origin 

Amino/acetamido and hydroxyl groups  Cross-linking, magnetic functionalization, 

composites, gelation 

Biomolecules Carboxyl, amide, phenolic, catechol, 

and imine groups 

Immobilization, modification of other 

adsorbents 
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1.2.3. Modification approach for lignocellulosic biomass as adsorbents  

Lignocellulose, which consists of cellulose, hemicellulose, and lignin, is a major component of 

the plant-based biomass that is widely used for biosorbent production.[68] Cellulose makes up 

the majority of total biomass (30–50%) and is considered as the most abundant polymer in 

nature.[7] Therefore, modification approaches of cellulosic material to increase its adsorption 

performance have been widely investigated and applied to various lignocellulose materials. The 

modification approaches are summarized as follows including thermal treatment, direct 

chemical modification, and polymer grafting.  

(1) Thermal treatment: Comparing with the chemical modification or polymer grafting 

methods for the biomass, thermal treatment presents some unique benefits as a greener and 

economical approach. However, it is less investigated in the application of uranium adsorption. 

One thermal treatment method is to produce activated carbon (AC) from the biomass source by 

pyrolysis followed by chemical or physical activation. Activated carbon is one of the most 

extensively used adsorbents for wastewater treatment due to its low cost and ease to 

modification. For example, Zhu et al. have reported a KMnO4-modified hazelnut shell AC with 

an adsorption capacity for U(VI) of 22.27 mg/g.[69] Nevertheless, ACs generally have a 

hydrophobic surface and thus need to be functionalized with appropriate functional groups to 

improve their adsorption capacity and selectivity.[70] It is reported that amidoxime-grafted 

AC[71] and 2-aminobenzoic acid functionalized AC[70] has a high adsorption capacity for U(VI) 

of 191.6 mg/g and 194.2 mg/g, respectively. Hydrothermal treatment is another thermal 

approach to modify the biomass which is highly flexible on the choice of feedstock and there 

is no need of pre-drying of the biomass feeds and no toxic chemicals are required.[72] In this 

context, hydrothermal carbonization (HTC) is the most commonly used hydrothermal process 

for biosorbent production, and is typically performed at temperatures of up to 250 ℃ during 

which the biomass is submerged in water and heated under pressure.[73] The resulting solid 

product, named hydrochar, possesses abundant surface functional groups and has a high affinity 

towards uranyl ions.[74] For example, hydrochar prepared from pine needles[75] and 

carbonaceous spheres from glucose with AlCl3 as catalyst,[76] present adsorption capacity for 

U(VI) of 62.7 mg/g and 163 mg/g, respectively. 

(2) Direct chemical modification: The direct chemical modification of cellulose includes 

esterification, halogenation, oxidation, etherification, alkaline treatment, amidoxime 

modification, and silynation.[37,77] Introduction of a amidoxime group (–C(NH2)NOH) is one of 

the most popular ways in the adsorbent construction due to its high affinity and selectivity 

toward the uranyl ions.[37] For example, amidoximated cellulose fiber membrane[78] and 
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amidoximated hydroxypropyl methylcellulose[79] show promising adsorption capacity for 

U(VI) of 52.9 mg/g and 765 mg/g, respectively. However, the modification of biomass using 

amidoxime groups is generally complex and tedious, including the grafting of acrylonitrile and 

the converting of cyano groups (–CN) into the desired amidoxime groups with hydroxylamine 

under basic conditions.[80] This makes it less attractive when considering the cost-effectiveness 

and the sustainability. Moreover, oxidation of cellulosic materials is also a promising choice 

due to the obtained high content of carboxyl groups that have a high affinity towards metal 

ions.[81] According to the literature,[82] nitrogen oxides, permanganates, peroxides and stable 

and non-persistent nitroxyl radicals (TEMPO and PINO) have been applied for the oxidation 

of cellulose. For example, Ma et al.[83] have obtained ultrafine cellulose nanofibers from wood 

pulp by TEMPO oxidation with a carboxyl group content of 1.4 mmol/g and a U(Ⅵ) adsorption 

capacity of 167 mg/g. Nevertheless, the widely applied nitroxyl radicals present some obvious 

drawbacks like high cost and the use of toxic reagents, and are only effective on cellulose 

components with little impurities.[82] Early work by Kumar and Yang[84] report the combination 

of H3PO4/HNO3-NaNO2 as oxidants to produce carboxycellulose from untreated biomass, 

which is termed as ‘nitro-oxidation’. This provides a simple and selective oxidation without the 

use transition metals as catalysts. Carboxycellulose nanofiber obtained from jute fiber 

employing this method shows a high affinity towards U(Ⅵ) with clear precipitation (pH = 7, 

c0(U) = 2120 mg/L).[85] The reported adsorption capacity is higher than expected considering 

the available carboxyl groups of the nanofibers. This is mainly due to the aggregation of the 

nanofibers and the mineralization of uranyl ions forming uranyl hydroxide crystals rather than 

the interactions with carboxyl groups.[85] This makes it a rare example employing nitro-

oxidation cellulose nanofibers for uranyl ions adsorption. 

(3) Polymer grafting: Polymer grafting creates branches of synthetic polymers that impart 

specific functional groups onto the cellulose substrate for adsorption.[86] This is achieved 

commonly either by the ‘grafting-to’ approach or the ‘grafting-from’ approach. In the ‘grafting-

to’ approach, a pre-formed polymer with a reactive end-group is coupled with the functional 

groups that are located on the cellulose backbone. Whereas in the ‘grafting-from’ approach, the 

growth of polymer chains occurs from the initiated sites on the cellulose backbone.[87] To 

increase the adsorption capacity and improve the mass transfer, the biomass-supported 

adsorbent is commonly fabricated as a superabsorbent polymer (SAP) through graft 

polymerization. This is because that the SAP shows strong affinity, abundant adsorption 

sites,[88] three-dimensional (3D) network, and good hydrophilicity.[89] Previous studies have 

reported several SAP (hydrogel) for the U(Ⅵ) adsorption with high adsorption capacities, such 
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as the poly(acrylic acid-co-acrylamide) hydrogel (713.2 mg/g),[90] the cellulose hydrogel 

(148 mg/g),[91] and the composite hydrogel of glutamic acid, gum tragacanth, and anionic 

polyacrylamide (384.6 mg/g).[92] Moreover, the cellulose and other biomass could be 

considered as a high potential, economically viable choice of the support materials when 

preparing polymer or composite adsorbents. The commonly used support materials, for instance, 

porous carbon, silica materials, and polyolefin fibers, are lack of abundant functionalities to 

bind U(VI) efficiently and are difficult to functionalize.[1] On the contrary, the biomass shows 

abundant functional groups and good hydrophilicity, which becomes a promising alternative. 

In summary, the currently available studies indicate a great potential of developing uranium 

adsorbents from biomass. However, commercially applied biosorption techniques are rare, 

facing the challenges of increasing its adsorption capacity, selectivity and stability.[50] At the 

same time, the modification method should be carefully chosen to lower the cost of the material 

and waste production.[7] Moreover, the performance of biosorbents in real wastewater, the 

regeneration and reuse of the biosorbents, and the fate of biosorbents after uranium removal 

still need further investigation. 
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1.3. Production and composition of brewer’s spent grain  

1.3.1. Production of brewer’s spent grain 

Beer is one of the most popular beverage around the world with a global production over 

2.3 × 1011 L annually.[93] Brewer’s spent grain (BSG) is the most abundant by-product from the 

beer brewery process, accounting for 85% of the total generated solid waste. About 20 kg of 

BSG is generated when producing 100 L of beer, and the annual production of BSG is estimated 

to be 4.6 × 1010 kg by 2020.[9] According to the Barth Haas Report (Hops 2020/2021), the five 

leading beer-producing countries in the world are China, the USA, Brazil, Mexico, and 

Germany.[94] More than half of the beer produced worldwide was brewed in these five countries. 

Table 1.4 lists the beer production in the five countries and the estimated production of BSG. 

BSG is considered as a low commercial value by-product, and is largely produced, easily 

available from not only large factories but also small breweries. 

Table 1.4. Beer and BSG production of the top five beer production countries worldwide. 

Country Beer production in 2020 (L)[94] Estimated BSG production (kg) 

China 3.4 × 1010 6.8 × 109 

the USA 2.1 × 1010 4.2 × 109 

Brazil 1.5 × 1010 3.0 × 109 

Mexico 1.3 × 1010 2.6 × 109 

Germany 8.7 × 109 1.7 × 109 

 

BSG is produced mainly from barley, which is the main raw material for beer production. The 

brewing process is divided into six key stages of malting, milling, mashing, brewing, cooling, 

and fermentation.[95,96] Fig. 1.2 shows the generation of BSG during the beer brewing process. 

After harvest, the barely is cleaned, grounded and sorted. Then it goes through a malting process 

including steeping, germination, and drying or kilning to increase the enzymatic content of the 

grains.[9] Then the malted barley is milled, mixed with water with steady increased temperatures 

to promote the enzymatic hydrolysis of malt component. During this process, starch is 

converted to fermentable sugars (mainly maltose, and maltotriose) and non-fermentable sugars 

(dextrins), and proteins are partially degraded to polypeptides and amino acids. This enzymatic 

conversion stage (mashing) produces a sweet liquid known as wort, which is separated from 

the solid through a filtration (lautering) step. After this, the wort is used for the following beer 

production, and the insoluble, undegraded part of the malted barley grain is known as the 
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BSG.[9,95] The amount of water, the time and temperature during the mashing process influence 

the chemical composition of BSG.  

 

Fig. 1.2. Generation of BSG during the beer brewing process. 

 

1.3.2. Composition of brewer’s spent grain 

BSG basically consists of the husk–pericarp–seed coat layers that cover the original barley 

grain.[9] Depending on the efficiency of mashing, more or less starchy endosperm and walls of 

empty aleurone cells may remain.[97] Fresh BSG has 70–80 wt% of moisture, sweet taste, malt 

smell, and is considered to be a lignocellulose material rich in protein and fiber.[98] BSG is a 

heterogeneous substance, and the chemical composition of BSG may vary from case to case 

depending on the barley variety, harvest time, malting and mashing conditions, and the quality 

and type of adjuncts added in the brewing process.[93,95] Table 1.5 summaries the range of 

reported value of various compositions of BSG. The most abundant ingredients of BSG are 

hemicellulose (19.2–43 wt%), lignin, (5.8–28 wt%), protein (10–35.4 wt%) and cellulose (0.3–

33 wt%). In addition, BSG also contains several mineral and vitamins, of which silicon, 

phosphorus, calcium and magnesium are the most abundant.[97,98] Compared with other agro-

industrial by-products such as rice straw, wheat straw and rice husks, BSG presents elevated 

hemicellulose and protein amount, similar lignin content and a lower cellulose content.[10] 
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Table 1.5. Variability in composition of brewer’s spent grain. All values are expressed in g per 100 g dry matter 

(wt%).[9,93,97–99]  

Component Component in wt% 

Lowest Value Highest Value 

Protein 10 35.4 

Lipids 3 13 

Starch 1 13 

Ash 1.1 6 

Non-starch glucans (incl. cellulose) 0.3 33 

Hemicellulose (arabinoxylan)  19.2 43 

Lignin 5.8 28 

Phenolics 0.7 2 

 

Fig. 1.3 shows the chemical structure of cellulose,[86] BSG arabinoxylan (AX),[100] precursors 

of lignin,[101] and L-lysine. Cellulose is composed of repeating β-ᴅ-anhydro-glucopyranose 

units linked by β-1,4-glycosidic bonds (Fig. 1.3, a), being a linear polymer with free hydroxyl 

groups.[86] Hemicellulose primarily consists of arabinoxylan (AX) and its general structure is 

shown in Fig. 1.3, b. BSG AX are reported to be composed by a backbone of (β1→4)-linked 

xylose residues containing only single units of L-arabinofuranose as side chains, with some of 

them substituted with ferulic acid residues.[100] In addition, Coelho et al. found that additional 

substituted groups such as hexose, uronic acid, methylated uronic acid, and acetyl groups might 

be present in BSG AX, substituting the terminally linked arabinose residues.[102] Therefore, 

BSG AX contains many functional groups such as hydroxyl, carboxyl, phenolic and acetyl 

groups. Lignin is a poly-phenolic macromolecule of complex structure, which is important to 

maintain the structural rigidity and integrity of plant cell walls. It is formed by in situ radical 

polymerization of three kinds of precursors, namely p-coumaryl alcohol, coniferyl alcohol, and 

sinapyl alcohol (see Fig. 1.3, c), generating inter-unit linkages. The lignin structure is 

characterized by various functional groups including methoxyl, phenolic hydroxyl, aliphatic 

hydroxyl, and other carbonyl groups.[101] Moreover, the most abundant proteins in BSG are 

hordeins, glutelines, globulins, and albumins. 30% of the protein content are essential amino 

acids, with L-lysine being the most abundant.[97] The proteins in BSG provide amide and 

carboxyl groups for this biomass. Overall, the major components of BSG (cellulose, 

hemicellulose, lignin, and protein) could contribute to the potential adsorption capacity of BSG 

due to their abundant functional groups. 
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Fig. 1.3. The molecular structure of (a) cellulose (n = DP, degree of polymerisation),[86] (b) BSG arabinoxylan 

(AX),[100] (c) precursors of lignin,[101] and (d) L-lysine. 
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1.4. Use of brewer’s spent grain  

BSG is produced in large quantity all year around, and its disposal and application have become 

a major concern for the brewing industry. The wet BSG is difficult to store with a short shelf 

life of only 7–10 days due to high moisture content (70–80 wt%),[98] and drying is energy 

intensive, and thus, very costly.[93] In addition, transporting of wet BSG is also expensive: 

Mussatto[10] estimated in a paper in 2014 that it costed ~$16 to transport one ton of BSG a 

distance of 8 km away from the brewery. Currently, the BSG is only used for the animal feed 

for the nearby farms, but the production may surpass the demand. Currently, BSG is only used 

as supplement for animal feed in in nearby farms, but the production surpasses the demand. In 

addition, the high content of moisture, proteins and fibers in BSG favors the growth of 

microorganisms, which causes environmental problems when disposed of in a landfill.[97] 

Therefore, finding new applications would create a new market for BSG and utilize the bio-

waste instead of disposing it landfills. 

1.4.1. Current use of brewer’s spent grain 

The current investigated use of BSG can be summarized in several fields, including (1) 

supplement in animal feeding and human diet;[97] (2) reuse in brewing process as antifoaming 

agent or carrier for immobilizing brewers’ yeast;[9] (3) energy application through direct 

combustion or conversion to fuels, biogas and ethanol;[10] (4) as a source of value added 

products such as polysaccharides, phenolic compounds, and proteins;[103] (5) biotechnology 

application, as a substrate for microorganism cultivation or enzyme production, carrier for cell 

mobilization, and raw materials for fertilizer;[95] and (6) material production such as building 

materials, adsorbents, pulp and paper production, and polymer production (Fig. 1.4).[98,104] It 

should be noted that none of these applications are used on an industrial scale, and the supply 

of BSG to farms near the brewery as supplement in animal feeding has been the only applicable 

solution for BSG disposal until the recent past. In addition, some breweries have made attempts 

to use BSG as their own energy source and have successfully recovered over 50% of energy 

costs in this way.[10] A bibliometric analysis regarding the literature from 1900–2020 indicates 

the main research interests of BSG application focus on the production of ethanol and the 

utilization of BSG for food formulation and functionalization.[96] In contrast, BSG has little 

application for material production, especially as a biosorbent, and few studies have been 

conducted in this research area.  
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Fig. 1.4. Summary of the application of BSG.[9,10,95,97,98,103,104] 

 

1.4.2. Use of brewer’s spent grain for adsorption 

BSG has numerous functional groups such as hydroxyl, carboxyl, and amide groups, which 

makes it a promising candidate for adsorption of metal ions, dyes and organic compounds from 

aqueous solution.[105] The use of raw BSG as biosorbents is reported and summarized in 

Table 1.6, and for modified BSG in Table 1.7. The adsorption of several dyes from wastewater 

was tested on the raw BSG,[106–108] and the adsorption of pharmaceuticals like 

acetaminophen[109] and carbamazepine[110] were tested on the activated biochar and hydrochar 

from BSG. Mostly, however, the research focuses on the adsorption of heavy metal ions, 

including Pb(Ⅱ), Cd(Ⅱ), Cr(Ⅵ), Cr(Ⅲ), Zn(Ⅱ), As(Ⅲ), As(V), Mn(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), Hg(Ⅱ), 

Fe(III) and Ag(Ⅰ) that show chemical toxicity and considered as risks to human health. 

Moreover, BSG has also been modified by epichlorohydrin-triethylamine to remove NO3
− from 

wastewater.[111] The latest study by Carrasco et al. has employed BSG originating from 

Hefeweißbier (WB-BSG) and Original Helles (H-BSG) for Fe(III)/Fe(Ⅱ) removal from real 

water samples in German mining region and the national guidelines (≤1.8 mg/L) were satisfied 

after adsorption.[112] Nevertheless, there is no literature that reports the adsorption performance 

of BSG or modified BSG for the adsorption of f-elements (uranium and the rare earth metal 

ions) before the reported studies here. The unmodified BSG and pretreated BSG (alkaline, acid, 

and NaCl pretreatment) generally show low adsorption capacity toward metal ions. For example, 

the HCl pretreated BSG shows adsorption capacity lower than 10 mg/g for Mn(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), 

Zn(Ⅱ), and Cd(Ⅱ), and only 19.1 mg/g for Pb(Ⅱ).[113] Modification methods of BSG to increase 

its adsorption performance including thermal conversion,[114] esterification,[115] thiol-
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functionalization,[116] yeast immobilization,[117] graft polymerization,[118] and chemically 

modified by epichlorohydrin-triethylamine[111] and polyacrylamide.[119] However, the 

exploration of modifying BSG for metal ions adsorption is still insufficient compared to 

biomass treatment methods discussed in Section 1.2.3. In addition, only a few cases show 

significant increases in the adsorption capacity, and little attention has been paid to modify the 

selectivity of the biosorbents. Therefore, investigating the modification of BSG as an adsorbent 

for uranyl ions removal could further fill the research gaps in this field and provide inspirations 

for dealing with uranium contamination and BSG disposal.  

Table 1.6. Summary of studies using raw BSG as adsorbents. 

Adsorbent Adsorbate qe (mg/g) Reference 

BSG Methylene blue 285  [120] 

Tartrazine yellow 26 

BSG Methylene blue 12.8 [106] 

Congo red 13.2 

BSG Acid orange 7  29 [107] 

BSG Congo red 36.5 [108] 

Malachite green 2.5 

NTSG Cr(Ⅲ) 18 [121] 

BSG Cr(Ⅲ) 16.7 [122] 

BSG Zn(Ⅱ) 126 [116] 

BSG Cu(Ⅱ) 10.5 [123] 

H-BSG Fe(III)/Fe(Ⅱ) 7.1 [112] 

Mn(Ⅱ) 3.7 

Ni(Ⅱ) 2.8 

Cd(Ⅱ) 6.7 

WB-BSG Fe(III)/Fe(Ⅱ) 11.7 

Mn(Ⅱ) 5.7 

Ni(Ⅱ) 6.1 

Cd(Ⅱ) 11.4 

BSG Fe(III) 8 [124] 

BSG Ag(Ⅰ) 30 [125] 
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Table 1.7. Summary of studies using modified BSG as adsorbents. 

Adsorbent Modification method Adsorbate qe (mg/g) Reference 

Activated hydrochar 

from BSG 

Hydrothermal treatment; chemical 

activation 

Acetaminophen 318 [109] 

Activated carbon Carbonization, chemical activation Carbamazepine 190 [110] 

BAC-K  Activated carbon from BSG Pb(Ⅱ) 77%a [114] 

Esterified BSG Esterification Cd(Ⅱ) 474 [115] 

Esterified BSG Esterification Pb(Ⅱ) 293 [126] 

Modified BSG Epichlorohydrin-triethylamine  NO3
− 23 [111] 

BSG-g-Ac-co-Am Graft polymerization Cr(Ⅵ) 16 [118] 

TSG NaOH treatment Cr(Ⅲ) 14 [121] 

BSG+yeast Yeast immobilization  Pb(Ⅱ) 15.5 [117] 

BSG NaOH treatment Cd(Ⅱ) 17 [127] 

 Pb(Ⅱ) 35.5 

PSGs Modified with polyacrylamide  As(Ⅲ) 0.03 [119] 

TFSG Thiol-functionalization Zn(Ⅱ) 227 [116] 

MSG NaCl treatment Pb(Ⅱ) 31 [128] 

BSG HCl treatment Cr(Ⅵ) 19 [129] 

Conditioned BSG HCl treatment Mn(Ⅱ) 2.4 [113] 

Ni(Ⅱ) 2.9 

Cu(Ⅱ) 5.1 

Zn(Ⅱ) 3.3 

Cd(Ⅱ) 7.3 

Pb(Ⅱ) 19.1 

BSG Treated with Ca(OH)2 saturated 

solution  

As(V) 13.4 [130] 

As(III) 5 

MSG NaCl treatment Ag(Ⅰ) 158 [125] 

TFSG Thiol-functionalization Hg(Ⅱ) 222 [131] 

a). Removal ratio,% . 
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2. Objectives 

The objective of this work is to develop low-cost and efficient adsorbents from brewer’s spent 

grain (BSG) for uranium removal with high adsorption capacity, fast kinetics, selectivity and 

reusability. Functionalization methods including thermal treatment, chemical modification 

(oxidation) and polymer grafting are explored, and surface ion-imprinting technology is 

employed to tune the selectivity. The adsorption properties of the BSG-derived adsorbents are 

tested under various conditions for real-world application, and structure-affinity principles are 

derived based on the characterization, data modeling and experimental results (Scheme 2.1). 

 

Scheme 2.1. Preparation of adsorbents for uranium adsorption from BSG by thermal treatment, oxidation, graft 

polymerization and ion-imprinting technology; testing of adsorption performance and developing structure affinity 

principles. 

 

The uranium contamination in the aquatic environment has become a public health threat 

worldwide due to increased human activities regarding to mining and nuclear power plants. 

Biosorbents derived from waste biomass are the most economically viable choice to tackle this 

challenge. Current research of biosorbents focus mainly on lignocellulose materials, whereas 

few studies have employed biomass rich in both protein and fibers such as BSG. BSG is 

produced in large amount annually, and its disposal is often problematic to the environment due 

to its high moisture content and easy perishability. Therefore, novel approaches for the use of 

BSG are of great interests. Currently, the research regarding biosorbents derived from BSG is 

insufficient, and the adsorption of f-elements (uranium and rare earth metal ions) by BSG has 

not been explored yet. In addition, the modification of BSG for enhanced adsorption capacity 
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and selectivity is hardly investigated. Thus, the first part of this work explores the adsorption 

of uranyl and rare earth metal ions onto the unmodified BSG. Meanwhile, a mild hydrothermal 

treatment is expected to improve the adsorption capacity of BSG with the aid of the Maillard 

reaction between carbohydrates and proteins forming melanoidins. The employed treatment 

aim to minimize energy consumption at a low temperature and make it possible to dispense 

additional activation processes, so that current disadvantages of the hydrothermal carbonization 

(HTC) process are overcome. This part of work focuses on studying the effects of reaction 

temperature and time on the adsorption capacity, the properties of products and the Maillard 

reaction to shed light on the involved reaction mechanisms.  

BSG is speculated to be an ideal raw material for the nitro-oxidation method to oxidize its 

hydroxyl groups to carboxyl groups and thus increasing its adsorption capacity. This is because 

that BSG is rich in proteins and could produce and maintain foams during the oxidation process, 

which is crucial for a successful nitro-oxidation. Therefore, the second part of this work 

explores the feasibility of oxidizing BSG to improve its adsorption capacity and provides an 

efficient and simple approach for surface modification of BSG. The oxidized BSG (OBSG) is 

tested for adsorption capacity under various conditions, as well as its reusability. 

Although thermal conversion and oxidation could increase the adsorption capacity of BSG, the 

increase is limited by the transformation of surface functional groups (e.g. from hydroxyl 

groups to carboxyl groups) without significantly increase of their total amount. The third part 

of this work would synthesize BSG-supported superabsorbent polymers (SAP) with different 

cross-linking densities for the first time via one-pot swelling and graft polymerization. The 

BSG-SAP is expected to graft with abundant carboxyl and amide groups and have a strongly 

hydrophilic polymer network, which improves the adsorption capacity and mass transfer. The 

obtained BSG-SAP will be tested for high salinity and alkaline conditions, selectivity in the 

presence of competing ions, suitability and reusability in continuous flow systems, and 

degradability in natural soil, which would provide more information regarding practical 

application. 

The fourth part of this study aims to adjust the selectivity of BSG-derived adsorbents by ion-

imprinting technology to solve the adsorbent poisoning and increase the removal efficiency in 

real wastewater. Herein, a surface ion-imprinted brewer’s spent grain (IIP-BSG) is going to be 

prepared for the first time using 2-hydroxyethyl methacrylate (HEMA) and diethyl 

vinylphosphonate (DEVP) as monomers with an extremely high M:T ratio of 500:1. The 

selective adsorption sites of IIP-BSG are expected to be formed through the multi-point 

interactions between the uranyl ions and the monomers. The adsorption capacity, selectivity 
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and reusability of IIP-BSG toward U(VI) in the presence of model competing ions (Eu(Ⅲ)) will 

be studied in various conditions. Moreover, this part of work investigates the mass transfer 

mechanisms and the heterogeneity of the adsorption sites of IIP-BSG by models and theoretical 

calculation, respectively.  

Based on the batch and fixed bed column experiments, the application of BSG and its derived 

adsorbents are tested in real-world conditions, including adsorbent aging test and adsorption in 

simulated wastewaters. 
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3. Thermal conversion of brewer’s spent grain for uranyl and 

rare earth metal ions adsorption 

In a first approach, a simple thermal conversion is explored to improve the adsorption capacity 

of brewer’s spent grain (BSG). As BSG shows high content of moisture, hydrothermal 

treatment that is feasible to use the wet biomass feeds and requires no toxic chemicals would 

be a greener and economical choice for modification.[72] However, conventional hydrothermal 

carbonization (HTC) processes usually employ high temperatures of up to 250 ℃[73] in 

combined with a physical or chemical activation to achieve satisfactory adsorption capacity of 

hydrochar,[132] which inevitably undermines its ecological advantages.  

There are several types of lignocellulosic biomass available for HTC processes worldwide, of 

which BSG is of great importance due to its availability and particular composition containing 

both lignocellulose and protein.[9] Therefore, it can be assumed that the Maillard reaction 

proceeds under the mild hydrothermal conditions studied in this work (temperature of 150 ℃) 

and generates products that could increase the adsorption capacity of BSG.[133] The results show 

the important role of Maillard reaction between carbohydrates and proteins with the formation 

of melanoidins in the enrichment of functional groups suitable for metal coordination, thus 

resulting in high adsorption capacity of the altered biosorbent (ABSG) towards U(Ⅵ) without 

further treatment. This has overcome the current disadvantages of the HTC process by 

minimizing energy consumption and making it possible to dispense additional activation 

processes, making it a simpler and eco-friendly alternative for biosorbent production. The 

reaction mechanisms involved were elucidated by studying the effects of reaction temperature 

and time on adsorption capacity, the product properties, and the Maillard reaction process. 

Furthermore, the biosorbents were fully characterized by spectroscopic and thermogravimetric 

methods. The adsorption properties and mechanisms of U(Ⅵ) and lanthanides onto BSG-based 

biosorbents were examined, using La(Ⅲ), Eu(Ⅲ) and Yb(Ⅲ) as representatives of the early, 

middle and late lanthanides.  
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3.1. Hydrothermal treatment of brewer’s spent grain 

3.1.1. Effects of reaction temperature and time on adsorption capacity and chemical 

composition 

The hydrothermal process and the properties of the reaction product ABSG are strongly 

influenced by the reaction temperature and time. The effects of temperature and time on the 

adsorption capacity of La(Ⅲ) are recorded (Fig. 3.1, a and b), and the obtained chemical 

composition of ABSG are given in Table 3.1. For a detailed description of the employed 

treatment, the respective reaction temperature and time are added to the samples name, e.g. 

ABSG-150 ℃, 16 h for a hydrothermal treatment at 150 °C for 16 h. Fig. 3.1 shows that the 

adsorption capacity for La(Ⅲ) increases as the reaction temperature and time increase, from 

16 mg/g for BSG to a maximum of 34.1 mg/g for a treatment at 150 °C for 16 h. Further 

increasing the reaction temperature and time of the hydrothermal treatment beyond the optimum 

conditions results in an obvious decrease in adsorption capacity to 6.5 mg/g (175 °C for 16 h). 

Therefore, the sample produced at 150 ℃ for 16 h with the highest adsorption capacity 

(designated as ABSG) was chosen for the adsorption study and the general characterization (13C 

solid state NMR, oxygen functional groups and STA-MS-CS analysis). 

Table 3.1 shows the different elemental compositions of ABSG obtained from different reaction 

temperature and time. With increasing reaction temperature and prolonging reaction time, the 

carbon content of ABSG increases, while the hydrogen and oxygen content decreases. One 

possible reason is that the BSG undergoes condensation polymerization, which causes a loss of 

O-containing functional groups and low polarity of ABSG.[134] This results in the decreased 

adsorption capacity when the temperature and time exceed the optimum values (Fig. 3.1). The 

change in nitrogen content of ABSG remains small, indicating a higher persistence of N-

containing groups than O-containing functional groups. In this case, the N-containing groups 

may be incorporated into ABSG via Maillard reaction as discussed in Section 3.1.3.[135]  



27 

 

 

Fig. 3.1. Effects of (a) reaction temperature (for 16 h) and (b) time (at 150 ℃) on the adsorption capacity of ABSG. 

For adsorption experiments: 2 mg ABSG/ 2 mL solution, pH = 5.7, c0(La) = 100 mg/L, t = 2 h, room temperature. 

Table 3.1. Effects of reaction temperature (for 16 h) and time (at 150 ℃) on the elemental composition of ABSG. 

 
N (wt%) C (wt%) H (wt%) S (wt%) Mineral (wt%) O (wt%)a 

BSG 5.1 ± 0.1 49.1 ± 0.1 6.1 ± 0.2 0.3 ± 0.1 1.4 ± 0.1 38.0 ± 0.6 

ABSG-1 h, 

150 ℃ 

4.9 ± 0.1 47.4 ± 1.5 6.5 ± 0.2 0.4 ± 0.1 1.3 ± 0.02 39.4 ±1.9 

ABSG-4 h, 

150 ℃ 

4.5 ± 0.1 48.5 ± 0.1 7.6 ± 1.0 0.2 ± 0.1 1.3 ± 0.01 38.0 ± 1.3 

ABSG-8 h, 

150 ℃ 

4.2 ± 0.5 49.4 ± 0.7 7.8 ± 0.2 0.03 ± 0.02 1.3 ± 0.03  37.3 ± 1.4 

ABSG-16 h, 

150 ℃ 

5.0 ± 0.1 53.4 ± 0.1 6.8 ± 0.2 0.3 ± 0.01 1.6 ± 0.01 32.8 ± 0.4 

ABSG-24 h, 

150 ℃ 

4.6 ± 0.1 60.8 ± 0.2 6.8 ± 0.15 0.4 ± 0.02 0.4 ± 0.01  27.0 ± 0.5 

ABSG-16 h, 

100 ℃ 

4.4 ± 0.2 48.2 ± 0.7 7.3 ± 0.2 0.2 ± 0.1 1.2 ± 0.01 38.7 ± 1.2 

ABSG-16 h, 

125 ℃ 

4.2 ± 0.1 48.2 ± 0.2 7.1 ± 0.1 0.3 ± 0.01 1.3 ± 0.02 38.9 ± 0.4 

ABSG-16 h, 

175 ℃ 

4.1 ± 0.05 63.0 ± 0.01 6.2 ± 0.05 0.3 ± 0.01 0.3 ± 0.01 26.0 ± 0.1 

a). Calculated by mass balance considering the content of carbon, nitrogen, hydrogen, sulfur and the mineral elements. 

 

Fig. 3.2 shows a Van Krevelen diagram[136] plotting the H/C atomic ratios against the O/C 

atomic ratios of various samples and reference materials to further investigate the reaction type 

during hydrothermal treatment. Here, BSG found to be a type of lignocellulosic material with 

elemental composition more similar to that of cellulose than that of pure lignin. The direct 

vector points at a dehydration pathway when increasing the temperature, while both the 

dehydration and decarboxylation reaction occur when prolonging the reaction time. Both 
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reaction pathways could lead to the lower H/C and O/C ratios of ABSG.[136] In addition, the 

decrease in the H/C ratio also indicates potential aromatization during the hydrothermal 

conversion.[137] It is suggested that all the reaction mechanisms leading to the properties of 

ABSG, including dehydration, decarboxylation, aromatization, and Maillard reaction, may 

occur in parallel network of different pathways rather than in consecutive steps. 

 

Fig. 3.2. Van Krevelen diagram of BSG-based biosorbents, typical biomass and coal.[136] 

 

3.1.2. Effects of reaction temperature and time on the surface functional groups 

To gain information of the surface functional groups on ABSG during the treatment, FT-IR 

spectra during the variation of temperature (Fig. 3.3, a) and the spectra upon variation time 

(Fig. 3.3, b) were recorded. For detailed comparison, the FT-IR spectra of BSG and ABSG 

treated a 150 °C for 16 hours (ABSG-150 ℃, 16 h) are displayed in Fig. 3.4. Basically, the 

chemical structure and functional groups of BSG remain unaffected during hydrothermal 

treatment, and the ABSG samples still retain a large number of functional groups. This is 

confirmed by the absorption bands assigned to hydroxyl and amine groups vibration 

(3285 cm−1), −CH2− antisymmetric and symmetric stretching vibration (2924 cm−1, 

2853 cm−1), amide Ⅰ (1650 cm−1) and amide Ⅱ (1518 cm−1) vibration, −COO− symmetric 

stretching vibration (1453 cm−1), C−N stretching vibration (1245 cm−1) and C−O stretching 

vibration (1159 cm−1) in ester groups,[126,138] which are observed for both BSG and the ABSG 

samples (see Fig. 3.4). However, the intensity of −COOH groups stretching vibration 

(1742 cm−1) gradually decreases as the temperature increases and time prolongs, which is 

probably because of the dehydration and condensation polymerization as discussed in the 
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Section 3.1.1. In addition, the intensity of the C=O stretching vibration (1650 cm−1) increases 

when the temperature increases over 150 ℃ and the reaction time is longer than 8 h. In addition, 

the intensity of C−O stretching vibration (1021 cm−1) decreases continuously with increasing 

temperature and time. These changes show that the C−O bonds in the glucose units of cellulose 

and hemicellulose are transformed to C=O bonds during the hydrothermal reaction,[137] which 

results in the increased adsorption capacity when the temperature and time increase. All above 

mentioned absorption bands decrease in intensity when the temperature increases over 175 ℃, 

indicating the loss of functional groups and thus decreasing adsorption capacity (Fig. 3.1). 

 

Fig. 3.3. FT-IR spectra of BSG and ABSG samples with different (a) reaction temperature (for 16 h) and (b) time 

(at 150 ℃).  

 

Fig. 3.4. Raw FT-IR spectra of BSG and ABSG-150 ℃, 16 h with bands position. 
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3.1.3. Effects of reaction temperature and time on Maillard reaction 

Maillard reaction is well-known process that would occur when amino acids are mixed with 

reducing sugars at elevated temperature.[133] Because BSG is characterized as the biomass rich 

in both protein and lignocellulose, investigating the Maillard reaction is important for further 

understanding the hydrothermal treatment. As the major starting materials involved in the 

Maillard reaction,[139] the contents of two amino acids (lysine and arginine) depending on the 

treatment temperature are recorded (Fig. 3.5, a). And the effect of reaction temperature on the 

total content of Maillard reaction products (total MRPs) and the content of five typical MRPs, 

namely N-ε-(carboxymethyl)lysine (CML), N-ε-(carboxyethyl)lysine (CEL), pyrraline, 

methylglyoxal-derived hydroimidazolone-1 (MG-H1) and maltosine, is studied (Fig. 3.5, b). 

The chemical structures of investigated MRPs are shown in Fig. 3.6. MG-H1 shows the highest 

content of all studied MRPs with 22 mg/100 g dry sample in the ABSG treated at 125 ℃ for 

16 h (Fig. 3.5, b), dominating their overall amount and dependency on the reaction temperature. 

The formation of MG-H1 is probably through the reaction between 1,2-dicarbonyl compounds 

from the reducing sugar of BSG and the guanidino group of arginine.[140] The remaining MRPs 

are present in lower concentration (<5 mg/ 100 g dry sample) and follow in general the observed 

trend of MG-H1 (Fig. 3.5, b). Nevertheless, the total MRPs content is considered in the 

following discussion and analysis because all MRPs may be involved in the metal adsorption. 

The content of total MRPs increases when the reaction temperature increases from 100 ℃ to 

125 ℃. Meanwhile, the content of lysine and arginine decreases, indicating a promotion of the 

Maillard reaction by elevating the temperature. When the temperature increases to 150 ℃, the 

content of MRPs begins to decrease, while lysine and arginine are continuously consumed, 

indicating the MRPs and amino acids react further to form large, brown-black color polymeric 

compounds, such as melanoidins.[141] The formation of melanoidins is also the reason for the 

dark-brown color of ABSG (Fig. 3.7) because carbonization of the BSG at the employed 

temperature is less possible. Owing to their abundant functional groups and anionic charge, the 

detected MRPs and melanoidins show high affinity for metal ion complexation.[141] The 

reaction time shows a similar effect on the Maillard reaction (Fig. 3.5, c and d). Prolonging the 

reaction time promotes the Maillard reaction as amino acids are consumed and MRPs are 

generated. Consequently, the adsorption capacity of ABSG increases. However, the content of 

lysine and arginine decreases to a constant value after 16 h of hydrothermal treatment, and 

further extension of the reaction time leads to a lower adsorption capacity due to the loss of 

functional groups. 
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Fig. 3.5. Effects of reaction temperature (for 16 h) on (a) the content of amino acids and (b) the content of MRPs, 

and effects of reaction time (at 150 °C) on (c) the content of amino acids and (d) the content of MRPs.  

 

Fig. 3.6. Chemical structure of investigated MRPs. 
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Fig. 3.7. Pictures of BSG (left) and ABSG-150 ℃, 16 h (right). 
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3.2. Characterization of the adsorbents  

3.2.1. 13C CP/MAS solid state NMR spectra 

To gain information about structure changes of BSG after hydrothermal treatment, 13C CP/MAS 

solid state NMR spectra (Fig. 3.8, a) were recorded using a 3.2 mm MAS NMR probe and 

operating at a resonance frequency of 201.2 MHz with the MAS frequency of 15 kHz. The main 

chemical structure of BSG is conserved after hydrothermal treatment as shown in the spectra. 

The resonances in both spectra can be divided into four groups: aliphatic carbons (10‒40 ppm), 

typical cellulose carbons C1 (105 ppm), C4 (80‒90 ppm), C2,3,5 (72‒75 ppm), C6 (62‒

65 ppm), lignin aromatic carbons (130 ppm) and carboxyl carbons (174 ppm).[142,143] Emerging 

resonance between 110−160 ppm after hydrothermal treatment suggests an increased 

unsaturated or aromatic carbon content in ABSG. This is consistent with the increased intensity 

of the stretching vibration of the C=O bond (1650 cm−1) in the FT-IR spectra (Fig. 3.4) and the 

increase in the H/C ratio obtained in the elemental analysis (Table 3.1). Compared to BSG, the 

13C NMR spectrum of ABSG shows a more intense signal at δ = 56 ppm, which corresponds to 

the methoxyl carbons that presumably bound to an aromatic ring due to the aromatization during 

hydrothermal treatment.[143] Nevertheless, it must be noted that the quantitative analysis of CP 

spectra is limited by the different polarization transfer efficiencies of the various signals and 

depends on the water content of the sample. Probably, the extremely restricted mobility of the 

protons in BSG and/or their chemical inhomogeneity result in broad and hence practically 

invisible signals. In contrast, the slightly higher water content of ABSG may lead to better-

resolved signals in the spectrum. Note that a higher mobility of the protons can also cause a 

weakening or even suppression of the CP signals. 

3.2.2. Oxygen functional groups (OFG) 

To quantify the content of the oxygen functional groups (OFG) of BSG and ABSG, the Boehm 

titration was carries out (Fig. 3.8, b). The results show a decrease in the content of the hydroxyl 

groups for ABSG (0.48 mmol/g) compared to BSG (0.8 mmol/g). At the same time, the content 

of the lactonic groups increases from 0.15 mmol/g for BSG to 0.47 mmol/g for ABSG. The 

content of the carboxyl groups rises even more from 0.15 mmol/g for BSG to 1.46 mmol/g for 

ABSG, which is comparable to the promoted oxidization of cellulosic materials 

(1.4 mmol/g).[83] However, because the decarboxylation and dehydration during the 

hydrothermal treatment of BSG would cause a loss of O-containing functional groups, this 
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increase is rather unexpected. Three reasons can be given as possible causes for this behavior: 

First, the carboxyl groups could be originated from small fraction acids that are formed during 

the degradation of cellulose and hemicellulose, which are incorporated within the matrix as 

terminal groups.[144] Second, the Maillard reaction produces various products with abundant 

functional groups, especially carboxyl groups (Fig. 3.6). And third, it is possible that wet 

oxidation occurs producing carboxyl groups at the employed temperature (150 ℃).[145] The 

latter is supported by experiments employing an argon atmosphere during the hydrothermal 

treatment (150 °C, 16 h) yielding in an adsorbent (ABSG-Ar) with a reduced adsorption 

capacity for uranyl ion as well as La(III), Eu(III) and Yb(III) (Fig. 3.8, c). 

 

Fig. 3.8. (a) 13C CP/MAS solid-state NMR spectra of BSG and ABSG, (b) oxygen functional groups (OFGs) of 

BSG and ABSG, (c) adsorption capacity of La(Ⅲ), Eu(Ⅲ), Yb(Ⅲ) and U(Ⅵ) onto ABSG obtained employing air 

(ABSG-Air) and argon (ABSG-Ar) atmosphere. For hydrothermal treatment: 150 ℃, 16 h. For adsorption: 2 mg 

adsorbent/ 2 mL solution, c0(La, Eu, Yb) = 100 mg/L, c0(U) = 300 mg/L, pH(La, Eu, Yb) = 5.7, pH0(U) = 4.7, 1 h, 

room temperature. 

 

3.2.3. STA-GC-MS analysis 

To obtain information on the thermal stability and structural changes during the hydrothermal 

treatment and adsorption, the thermal decomposition of BSG, ABSG and Yb(Ⅲ)-loaded ABSG 



35 

 

(Yb-ABSG) was explored by STA-GC-MS analysis. Both BSG and ABSG show three derived 

thermogravimetric (DTG) peaks (maximum decomposition temperature) while Yb-ABSG 

shows only two peaks (Fig. 3.9, a). The first DTG peak at around 100 ℃ could be attributed to 

the evaporation of water with a mass loss of 3.0 wt% (BSG), 4.3 wt% (ABSG) and 4.6 wt% 

(Yb-ABSG) in thermogravimetric curves (TG, Fig. 3.9, b). The extrapolated onset temperatures 

in the TG of BSG, ABSG and Yb-ABSG are 276 ℃, 226 ℃ and 361 ℃, respectively. The 

earlier start of mass loss (lower onset temperature) after hydrothermal treatment suggests a 

lower thermal stability of ABSG due to the increased content of negatively charged carboxyl 

groups.[146] Whereas, the onset temperature for Yb-ABSG increases to 361 °C after adsorption, 

because the coordination of the functional groups towards the metal ions results in an increase 

in the thermal stability.[147] The DTG-2 and DTG-3 peaks could be assigned to the 

decomposition of hemicellulose and cellulose, and the continuous decomposition of cellulose 

materials and lignin, respectively.[114] The larger DTG-3 peak area of ABSG than that of BSG 

is a result of the degradation of intermediate hydrothermal products, e.g. advanced Maillard 

reaction products and polymerized melanoidins.[148] For Yb-ABSG, DTG-2 and DTG-3 peaks 

overlap and form one large decomposition peak at higher temperature (405 °C). All samples 

undergo a moderate decomposition and carbonization stage at even higher temperature with a 

small change of sample mass. In this stage, some molecules in the hydrothermal samples 

(ABSG and Yb-ABSG) crosslink within the matrix,[149] resulting in increased thermal stability 

and residue mass from 21.7 wt% (BSG) to 29.0 wt% (ABSG) and 27.8 wt% (Yb-ABSG).  

 

Fig. 3.9. (a) TG and (b) DTG of BSG, ABSG and Yb-ABSG (20 ℃/min, He atmosphere). 

 

The volatile products at 375−385 ℃ (BSG, ABSG) and at 340−360 ℃ (Yb-ABSG) are 

analyzed by GC-MS (Table 3.2). The most abundant products are CO2 and water, of which CO2 

counting for 67.7% (BSG), 48.6% (ABSG) and 42.1% (Yb-ABSG) and water for 25.4% (BSG), 
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43.8% (ABSG) and 39.7% (Yb-ABSG) of the total analyzed products. The decomposition of 

O-functional groups results in the release of CO2, while the dehydration and fragmentation of 

the hydroxyl substituents in lignin, hemicellulose and cellulose are the sources of water.[150] A 

group of furan-derivatives e.g. 3-methylfuran and 2,5-dimethylfuran are detected with over 

0.9% among the products, and small molecules such as acetic anhydride and 1-hydroxypropan-

2-one are also noticed. These products are evolved from cellulose degradation under helium 

atmosphere.[138] Acetic acid is not detected during the decomposition of BSG, but 

approximately 1–3% among the decomposition products of ABSG (1.3%) and Yb-ABSG 

(2.7%) are detected as acetic acid. This increase indicates an enhanced presence of carboxyl 

groups on the surface of ABSG, which is consistent with the previous discussion in 

Section 3.2.2. 

Table 3.2. STA-GC-MS results of BSG (375−385 ℃), ABSG (375−385 ℃) and Yb-ABSG (340−360 ℃). For 

STA, 20 ℃/min, helium atmosphere. For GC, 35 °C for 3 min, increased with 5 ℃/min until 220 ℃, and hold at 

220 ℃ for 3 min. 

Name Retention time 

(GC, min) 

Formula BSG, 

Area % 

ABSG, 

Area % 

Yb-ABSG, 

Area % 

Carbondioxide 9.51 CO2 67.7 48.6 41.2 

Water 9.78 H2O 25.4 43.8 39.7 

Acetaldehyde 10.14 C2H4O 0.2 0.2 0.3 

Acetic anhydride 11.25 C4H6O5 0.7 0.5 2.7 

Hydroxyacetaldehyde 12.43 C2H4O2 0.3 0.1 4.9 

Acetic acid 13.04 C2H4O2 0 1.3 2.7 

2-Butanone 13.49 C4H8O 0.4 0.3 0.8 

3-Methylfuran 13.93 C5H6O 1.5 1.8 1.3 

2-methylfuran 14.01 C5H6O 0.3 0.4 0.3 

1-Hydroxypropan-2-one 15.14 C3H6O2 1.2 0.2 1.9 

3-Penten-2-one 15.92 C5H8O 0.5 0.6 0.6 

2,5-Dimethylfuran  17.38 C6H8O 0.9 1.0 0.9 

Pyridin 18.62 C5H5N 0 0.6 1.1 

Furfural 21.79 C5H4O2 0.2 0.2 0.6 

1,2-Cyclopentanedione 25.48 C5H6O2 0.7 0.5 0.9 
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3.3. Batch adsorption experiments 

The ABSG treated at 150 °C and 16 h shows the highest adsorption of 34.1 mg/g for La(Ⅲ) in 

the preliminary adsorption experiments for optimizing the reaction conditions (Fig. 3.1) and 

thus used for the batch adsorption experiments using U(Ⅵ), La(Ⅲ), Eu(Ⅲ) and Yb(Ⅲ). The 

adsorption capacity was determined by measuring the concentration of the metal ions before 

and after the adsorption by inductively coupled plasma-optical emission spectrometry (ICP-

OES). In addition, the radiotracer technique employing the radiation from 169Yb was also 

employed. Comparable results are depicted in Fig. 3.10 regarding adsorption capacities for BSG 

(21 mg/g for ICP method and 22 mg/g for radiotracer method) and ABSG (42 mg/g for ICP 

method and 49 mg/g for radiotracer method), indicating that both methods can be used.  

 

Fig. 3.10. Comparison of Yb(Ⅲ) adsorption capacity onto BSG and ABSG determined by ICP method and 

radiotracer method (1mg adsorbent/ 1 mL solution, c0(Yb) = 100 mg/L, pH= 5.5, 2 h, room temperature). 

 

3.3.1. Effect of pH value 

Both, the surface properties of adsorbents and the species of adsorbates, are influenced by the 

initial pH of the target aqueous phase, which is crucial for the adsorption process. Fig 3.11 

shows the effects of initial pH on the adsorption capacity of BSG and ABSG. The determined 

point of zero charge (pHpzc) of ABSG (4.1) is lower than that of BSG (pHpzc = 5.7, Fig. 3.12). 

This is due to the increased number of carboxyl groups, which cause a more negative charged 

surface of ABSG. The surface charge of adsorbent would be positive when the initial pH of 

adsorption is lower than the pHpzc of the adsorbent. In this case the functional groups are 

protonated, and the electrostatic repulsive effect is unfavorable for the metal ion adsorption.[151] 
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Furthermore, large amount of H+ in low pH solution would compete with the metal ions for the 

adsorption sites, which hinders the adsorption process.[113] Therefore, a low adsorption capacity 

is obtained for all studied metal ions for a pH ranging from 1 to 3 (Fig. 3.11). The only exception 

is the U(VI) adsorption onto BSG with adsorption capacity higher than 20 mg/g, which may be 

due to the coordination effect of amide groups in the low pH region.[35,152] When the initial pH 

> pHpzc, the functional groups are deprotonated, thus the adsorbent surface becomes negative, 

and electrostatic attraction towards the adsorbates increases. As a consequence, the adsorption 

of La(Ⅲ), Eu(Ⅲ) and Yb(Ⅲ) increases as the pH increases, and gradually reaches saturated 

adsorption capacity at the pH between 5 and 6. However, the adsorption capacity of U(Ⅵ) 

increases without plateau owing to the change of uranyl species from UO2
2+ to the co-

occurrence of (UO2)2(OH)2
2+, UO2OH+ and (UO2)3(OH)5

+,[153] which are more easily adsorbed 

due to their high affinity to solid surfaces.[154] 

 

Fig. 3.11. Effect of initial pH on the adsorption capacity of (a) BSG and (b) ABSG. For adsorption: 2 mg adsorbent/ 

2 mL solution, c0(La, Eu, Yb) = 100 mg/L, c0(U) = 300 mg/L, 2 h, room temperature. 

 

Fig. 3.12. Determination the point of zero charge (pHPZC) of BSG and ABSG. 



39 

 

3.3.2. Adsorption kinetics 

Fig. 3.13 shows the amount of adsorbed metal ions as a function of the contact time for BSG 

and ABSG. The obtained results are fitted using linear form of pseudo-first order kinetic (PFO) 

model (equation (23), see Section 10.5.1) and pseudo-second order kinetic (PSO) model 

(equation (25), see Section 10.5.1) as shown in Table 3.3.[155] The adsorption process on BSG 

is generally slow, especially in the case of U(Ⅵ), and 2 h are required to complete the 

adsorption process. In contrast, rapid kinetics of ABSG is observed for all four ions in the first 

30 minutes, and equilibrium is reached after 1 h. The fast adsorption at the initial stage indicates 

that adsorption mainly takes place on the outer surface of ABSG where large amounts of 

adsorption sites are available.[155] For both adsorbents, the PSO model shows a higher 

coefficient of determination (R2) and a better prediction of the experimental equilibrium 

adsorption capacity (qe,exp, mg/g) by the calculated equilibrium adsorption capacity (qe,cal, mg/g) 

than the PFO model. Taking the U(Ⅵ)-ABSG adsorption data as an example, the R2 of PSO 

model (0.9996) is higher than the R2 of the PFO model (0.9955), and the qe,cal of the PSO model 

(175.1 mg/g) is in good agreement with the experimental qe,exp = 177.0 mg/g compared to a qe,cal 

= 75.2 mg/g for the PFO model (see Table 3.3). Thus, the PSO model could better describe and 

predict the adsorption behavior of ABSG, indicating the rate control step of the adsorption 

process is the adsorption onto active sites.[123] 

 

Fig. 3.13. Effect of contact time on the adsorption capacity of (a) BSG and (b) ABSG. For adsorption, 2 mg 

adsorbent/ 2 mL solution, c0(La, Eu, Yb) = 100 mg/L, c0(U) = 300 mg/L, pH0(La, Eu, Yb) = 5.7, pH0(U) = 4.7, 

room temperature. 
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Table 3.3. Kinetic fitting results and parameters of BSG and ABSG. For adsorption, 2 mg adsorbent/ 2 mL 

solution, c0(La, Eu, Yb) = 100 mg/L, c0(U) = 300 mg/L, pH0(La, Eu, Yb) = 5.7, pH0(U) = 4.7, room temperature. 

 

3.3.3. Adsorption isotherm 

To understand the adsorption process and quantitatively compare the adsorption capacity in 

different adsorption systems, the equilibrium relationships of the adsorption process, namely 

the isotherms, are essential for the adsorption studies.[156] The adsorption isotherms of La(Ⅲ), 

Eu(Ⅲ), Yb(Ⅲ) and U(Ⅵ) onto BSG and ABSG are given in Fig. 3.14, and the fitting results of 

linear Langmuir (equation (32), see Section 10.5.3) and Freundlich (equation (35), see 

Section 10.5.3) models are summarized in Table 3.4. Typical graphical features of the 

Langmuir type adsorption are observed in the adsorption isotherms, which the adsorption 

capacity increases along with the increase of equilibrium concentration and then followed by a 

plateau.[157] In addition, higher coefficients of determination of the Langmuir model (R2 > 0.98) 

for all studied adsorption processes are obtained compared with the Freundlich model, giving 

better prediction of the adsorption. The Langmuir isotherm model assumes a monolayer 

adsorption with identical and equivalent adsorption sites on the surface of adsorbents,[156] and 

has been widely applied to evaluate the performance of different biosorbents.[50] Furthermore, 

Model Adsorbent Adsorbate R2 k1 (min−1)  qe, cal (mg/g) qe,exp (mg/g) 

Pseudo-first 

order kinetic 

model 

BSG La(Ⅲ) 0.3078 0.0011 4.1 16.9 

Eu(Ⅲ) 0.9835 0.0203 9.8 35.1 

Yb(Ⅲ) 0.5726 0.0206 11.6 20.6 

U(Ⅵ) 0.9439 0.0230 59.2 59.0 

ABSG La(Ⅲ) 0.9510 0.0267 9.0 30.0 

Eu(Ⅲ) 0.8576 0.0158 4.1 40.2 

Yb(Ⅲ) 0.6214 0.0074 2.8 39.2 

U(Ⅵ) 0.9955 0.1126 75.2 177.0 

Model Adsorbent Adsorbate R2 k2 (g·mg−1·min−1) qe, cal (mg/g) qe,exp (mg/g) 

Pseudo-second 

order kinetic 

model 

BSG La(Ⅲ) 0.9982 0.0055 16.5 16.9 

Eu(Ⅲ) 0.9987 0.0032 35.4 35.1 

Yb(Ⅲ) 0.9988 0.0140 20.9 20.6 

U(Ⅵ) 0.9604 0.0140 67.0 59.0 

ABSG La(Ⅲ) 0.9968 0.7062 26.0 30.0 

Eu(Ⅲ) 0.9986 0.0213 36.9 40.2 

Yb(Ⅲ) 0.9983 0.0181 39.2 39.2 

U(Ⅵ) 0.9996 0.0077 175.1 177.0 
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the separation factor (RL, equation (33), see Section 10.5.3) defined by Webber and 

Chakkravorti[158] was calculated, which reflects the adsorption nature of the studied ions. In all 

cases, the RL is in the range of 0 to 1 (Table 3.4), which indicates a favorable adsorption process. 

The maximum adsorption capacities of La(Ⅲ) (37.5 mg/g), Eu(Ⅲ) (68.3 mg/g), Yb(Ⅲ) 

(46.0 mg/g) and U(Ⅵ) (220.6 mg/g) on ABSG have increased by 27%, 172%, 65% and 130% 

compared with those on BSG (La(Ⅲ) 29.4 mg/g, Eu(Ⅲ) 25.1 mg/g, Yb(Ⅲ) 27.8 mg/g, and 

U(Ⅵ) 96.0 mg/g). The higher adsorption capacity of Eu(Ⅲ) over Yb(Ⅲ) and La(Ⅲ) may 

indicate differences in the binding mode of metal ions in the adsorption process (see Section 

3.4), and was observed previously in studies using immobilized Pseudomonas aeruginosa as 

biosorbent.[159] The adsorption capacity of ABSG is higher for U(VI) than the ultrafine cellulose 

nanofibers (167 mg/g)[83] and is comparable to typical biosorbents for the rare earth metal ions, 

such as pectin (41.2 mg/g for La(Ⅲ))[160] and yeast embedded cellulose (25.9 mg/g for 

Eu(Ⅲ)).[161] The performance of ABSG for the selected rare earth metal ions is also better than 

some graphene oxide (GO) composites reported in the literature, for example, GO-melamine 

composites (25.04 mg/g for La(Ⅲ), 26.68 mg/g for Eu(Ⅲ) and 20.88mg/g for Yb(Ⅲ))[162] and 

GO-tris(4-aminophenyl) amine composites (10.52 mg/g for La(Ⅲ), 30.88 mg/g for Yb(Ⅲ)).[163] 

Higher adsorption capacities for synthetic adsorbents, for example, elastic diglycolamic-acid 

modified chitosan sponges (CSs-DGAA)[164] for Eu(Ⅲ) of 79 mg/g and GO-activated carbon 

felt composite for U(Ⅵ) of 298 mg/g[165] are also reported in literature. However, the 

production of synthetic adsorbents is often costly, complicated and environmentally 

unsustainable. On the contrary, the preparation of ABSG is simple and environmentally 

friendly, which does not require harmful chemicals and complicated processes and minimizes 

the energy consumption by applying a temperature that is 70 ℃ lower than HTC. Neither BSG 

nor ABSG exhibited significant selectivity among rare earth metal ions, except for the 

adsorption preference towards uranyl ions with a high adsorption capacity. However, it does 

not underline the benefit of ABSG for environment remediation, because ABSG could 

simultaneously remove the hazardous uranyl and rare earth metal ions from the wastewater, 

thereby simplifying treatment procedures and reducing costs. 
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Fig. 3.14. Effect of equilibrium concentration on the adsorption capacity of (a) BSG and (b) ABSG. For adsorption, 

2 mg adsorbent/ 2 mL solution, t(BSG) =2 h, t(ABSG) = 1 h, pH0(La, Eu, Yb) = 5.7, pH0(U) = 4.7, room temperature. 

Table 3.4. Isotherms fitting results and parameters of BSG and ABSG. For adsorption, 2 mg adsorbent/ 2 mL 

solution, t(BSG) = 2 h, t(ABSG) = 1 h, pH0(La, Eu, Yb) = 5.7, pH0(U) = 4.7, room temperature. 

Adsorbate Adsorbent Langmuir model Freundlich model 

  R2 qm (mg/g) RL R2 n 

La(Ⅲ) BSG 0.9823 29.4 0.2073‒0.6108 0.9775 2.60 

ABSG 0.9981 37.4 0.0837‒0.4773 0.8975 9.74 

Eu(Ⅲ) BSG 0.9981 25.1 0.0630‒0.4022 0.9738 6.03 

ABSG 0.9926 68.3 0.0596‒0.3880 0.9809 6.12 

Yb(Ⅲ) BSG 0.9972 27.8 0.0286‒0.5706 0.9631 8.00 

ABSG 0.9930 46.0 0.0258‒0.3164 0.8654 8.03 

U(Ⅵ) BSG 0.9997 96.0 0.0092‒0.0915 0.9907 9.42 

ABSG 0.9914 220.6 0.0541‒0.5411 0.9872 4.97 

 

3.3.4. Effect of temperature 

The thermodynamic analysis was performed by recording adsorption isotherms of uranyl and 

rare earth metal ions for BSG and ABSG (Fig. 3.15). A linear fitting of the isotherms using 

Langmuir model (Fig. 3.16) was used to obtain the isotherm equilibrium constants (KL, L/mg) 

to calculate the dimensionless thermodynamic equilibrium constant (Ke
0) (equation (13), see 

Section 10.3.3). Then a linearized plot of lnKe
0 versus 1/T was used for thermodynamic 

parameter calculations (Fig. 3.17, equation (11) and equation (12), see Section 10.3.3), and the 

thermodynamic parameters of different adsorption process are given in Table 3.5. A 

spontaneous adsorption process is indicated by the negative values of ΔG0 in all cases studied. 

Moreover, an increase in randomness at the solid-liquid interface during the adsorption is shown 

by the positive values of ΔS0 in all cases.[166] Comparing the ΔH0 values with −TΔS0 values 

shows that the thermodynamic driving force of the uranyl and rare earth metal ions onto the 
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biosorbents is the change of entropy.[167] The positive ΔH0 values in the adsorption of the 

studied rare earth metal ions on ABSG and BSG indicate an endothermic process, as it is also 

described in most publications.[168] The adsorption of U(Ⅵ) onto BSG is also endothermic (ΔH0 

= 55.8 kJ/mol), which is generally observed when the uranyl ions are complexed by anionic 

organic ligands, leading to endothermic enthalpies and large positive entropies of 

complexation.[165] On the contrary, the adsorption of U(Ⅵ) on ABSG is exothermic (ΔH0 = 

−12.6 kJ/mol). The various thermodynamic mechanisms of uranyl adsorption resulting from 

the different surface properties of biochar have been described in the literature.[167] Therefore, 

variations of the surface characters of BSG and ABSG such as the content of carboxyl groups 

(0.15 mmol/g for BSG and 1.46 mmol/g for ABSG) and pHPZC (5.7 for BSG and 4.1 for ABSG) 

may result in the observed difference in ΔH0.  

Table 3.5. Thermodynamic parameters of uranyl and rare earth metal ions adsorption onto BSG and ABSG. For 

adsorption, 2 mg adsorbent/ 2 mL metal solution, c0 = 100−600 mg/L, tBSG = 2 h, tABSG = 1 h, pH0(U) = 4.7, pH0(La, 

Eu, Yb) = 5.7, T = 25 ℃, 45 ℃, 65 ℃, stirrer speed = 180 rpm. 

Adsorbent Adsorbate ΔH0 (kJ/mol) 
ΔS0 

(J/(mol·K)) 

ΔG0 (kJ/mol) −TΔS0 (kJ/mol) 

298 K 318 K 338 K 298 K 318 K 338 K 

ABSG U(Ⅵ) −12.6 39.6 −24.4 −25.2 −25.9 −11.8 −12.6 −13.4 
 

Yb(Ⅲ) 14.4 113.1 −19.3 −21.5 −23.8 −33.7 −36.0 −38.2 
 

Eu(Ⅲ) 18.0 124.3 −19.1 −21.6 −24.0 −37.0 −39.5 −42.0 
 

La(Ⅲ) 12.2 109.5 −20.4 −22.6 −24.8 −32.6 −34.8 −37.0 

BSG U(Ⅵ) 55.8 261.1 −22.0 −27.2 −32.5 −77.8 −83.0 −88.3 
 

Yb(Ⅲ) 27.0 146.3 −16.6 −19.5 −22.4 −43.6 −46.5 −49.4 
 

Eu(Ⅲ) 12.6 108.1 −19.6 −21.8 −24.0 −32.2 −34.4 −36.5 
 

La(Ⅲ) 7.5 89.8 −19.3 −21.1 −22.9 −26.8 −28.6 −30.4 
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Fig. 3.15. Adsorption isotherms of (a) La(Ⅲ) onto BSG, (b) La(Ⅲ) onto ABSG, (c) Eu(Ⅲ) onto BSG, (d) Eu(Ⅲ) 

onto ABSG, (e) Yb(Ⅲ) onto BSG, (f) Yb(Ⅲ) onto ABSG, (g) U(Ⅵ) onto BSG and (h) (Ⅵ) onto ABSG. For 

adsorption, 2 mg adsorbent/ 2 mL metal solution, c0 = 100−600 mg/L, tBSG = 2 h, tABSG = 1 h, pH0(U) = 4.7, pH0(La, 

Eu, Yb) = 5.7, T = 25 ℃, 45 ℃, 65 ℃, stirrer speed = 180 rpm. 
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Fig. 3.16. Langmuir model fitting of isotherms (a) La(Ⅲ) onto BSG, (b) La(Ⅲ) onto ABSG, (c) Eu(Ⅲ) onto BSG, 

(d) Eu(Ⅲ) onto ABSG, (e) Yb(Ⅲ) onto BSG, (f) Yb(Ⅲ) onto ABSG, (g) U(Ⅵ) onto BSG and (h) U(Ⅵ) onto 

ABSG. 

 

Fig. 3.17. lnKe
0 versus 1/T plots for thermodynamic parameter calculations for (a) BSG and (b) ABSG. 

 

 

  



46 

3.4. Investigation of adsorption mechanism 

The BET surface area of BSG and ABSG is determined to be < 2 m2/g, which is consistent with 

the reported BET surface area of 0.48 m2/g for BSG.[169] Thus, no obvious pore structure of the 

studied biosorbents could contribute significantly to the adsorption process. 

SEM/EDX analysis demonstrates the adsorption of metal ions to the ABSG surface, as shown 

in the SEM image, EDX elemental mapping, and uranium distribution of uranyl ion-loaded 

ABSG from Fig. 3.18. Similar results are obtained for the examined rare earth metal ions 

(Fig. 3.19), whereas the following discussion focuses on the uranyl ion-loaded ABSG as a 

representative. An irregular and rough surface of ABSG with no apparent pore structure is 

shown in the SEM image (Fig. 3.18, a) as indicated by the low BET surface area. Therefore, 

the adsorption of the metal ions by ABSG is predominantly driven by interactions of the 

functional groups on the surface, supported by the EDX element mapping (Fig. 3.18, b) and the 

distribution of uranium (Fig. 3.18, c). The irregular shape of the particles results in distinct 

shadows, so no uniform recording of the X-ray signal can be expected. However, the uranyl 

ions appear to be more or less uniformly distributed on the surface of the ABSG, except for 

some small areas with uranium aggregation. 

 

Fig. 3.18. (a) SEM image (magnification of 1000 times) of uranyl ions loaded-ABSG, (b) EDX element mapping 

of uranyl ions loaded-ABSG (20 kV/10 µA, magnification of 1000 times, 25 frames) and (c) distribution of 

uranium on uranyl ions loaded-ABSG. For ion-loading: 50 mg ABSG/ 50 mL solution, pH0= 4.7, c0(U) = 

300 mg/L, t = 1 h, room temperature. 
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Fig. 3.19. (a-c) SEM image (1000x), EDX element mapping (20 kV/10 µA, 5000x, 25 frames) and distribution of 

La on La loaded-ABSG, (d-f) SEM image (1000x), EDX mapping (20 kV/10 µA, 1000x, 25 frames) and 

distribution of Eu on Eu loaded-ABSG and (g-i) SEM image (1000x), EDX mapping (20 kV/10 µA, 5000x, 25 

frames) and distribution of Yb on Yb loaded-ABSG. For ion-loading: 50 mg ABSG/ 50 mL solution, pH= 5.7, c0= 

100 mg/L, t = 1 h, room temperature. 

 

FT-IR spectra of ABSG before and after adsorption are displayed in Fig. 3.20. The intensity of 

the antisymmetric stretching vibration of −COO‒ groups (at 1654 cm−1) reduces for all ion-

loaded samples, indicating the involvement of carboxyl groups in the adsorption process. The 

differences between the antisymmetric and symmetric stretching bands of the −COO‒ groups 

(Δνas-νs) are used to calculate the chelate model. As shown in Table 3.6, Δνas-νs values of 197 cm−1 

and 201 cm−1 are obtained for La(Ⅲ) and Yb(Ⅲ) loaded samples, respectively. Considering the 

resolution of the recorded spectra (4 cm−1), this small difference is negligible. The obtained 

value of Δνas-νs ≈ 200 cm−1 indicates a monodentate binding of La(Ⅲ) and Yb(Ⅲ) with the 

carboxyl groups, which involves electrostatic effect and ion exchange.[170] In contrast, Δνas-νs of 

179 cm−1 and 187 cm−1 are obtained for the Eu(Ⅲ) and U(Ⅵ) loaded samples, pointing at a 

different binding mode. In the case of U(Ⅵ), the presence of hydrated uranyl species may result 

in a more complex coordination, which is indicated by a new absorption band occurring at 
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922 cm−1 assigned to the antisymmetric stretching vibration of U=O in (UO2)3(OH)5
+.[171] In 

addition, all studied metal ions after adsorption result in new absorption bands at 530 to 

540 cm−1 and 440 to 450 cm−1, which could be ascribed to metal−N vibration and metal−O 

vibration, respectively.[172] This is cited in the literature as evidence for the involvement of O- 

and N-containing functional groups in the adsorption of uranyl[173] and rare earth metal ions.[163] 

Therefore, the major adsorption mechanism of La(Ⅲ), Eu(Ⅲ), Yb(Ⅲ) and U(Ⅵ) onto ABSG 

is concluded as the electrostatic effect between negatively charged functional groups and 

cations. However, in the case of Eu(Ⅲ) and U(Ⅵ), the coordination of cations with O- and N-

containing functional groups is also of great importance, resulting in higher adsorption capacity 

than La(Ⅲ) and Yb(Ⅲ), as observed in the isothermal study (Section 3.3.3). 

 

Fig. 3.20. FT-IR spectra of ABSG and ion-loaded ABSG. For ion-loading: 50 mg ABSG/ 50 mL solution, pH(La, 

Eu, Yb) = 5.7, pH0(U) = 4.7, c0(La, Eu, Yb) = 100 mg/L, c0(U) = 300 mg/L, t = 1  h, room temperature. 

Table 3.6. Calculation results of the FT-IR data. 

 

  

 
ABSG La-ABSG Eu-ABSG Yb-ABSG U(VI)-ABSG 

Antisymmetric stretching of 
−COO‒ (νas), cm−1 

1654 1650 1631 1655  1639 

Symmetric stretching of 
−COO‒ (νs), cm−1 

1452  1453  1453 1454 1452 

Δνas-νs, cm−1 202 197 179 201 187 



49 

 

4. Oxidation of brewer’s spent grain for uranyl ion adsorption 

This part of work aims to convert brewer’s spent grain (BSG) to an effective and reusable 

biosorbent by direct chemical modification, namely nitro-oxidation, which is a simple and 

selective oxidation method without transition metals as catalysts.[84] Contrary to the fact that 

most studies on biomass oxidation have only focused on pure cellulose or commercial fibers, 

large quantities of cheap and readily available biomass from agricultural or industrial waste 

streams, such as BSG, are still waiting for exploration. Furthermore, only a few studies have 

discussed desorption and reusability of oxidized cellulose materials. This raises the problem 

that non-renewable biosorbents would increase the operation cost and waste production of the 

adsorption process, thereby undermining the economic and ecologic benefits of the 

biosorbents.[174]  

As reported in the literature,[175] the success of nitro-oxidation is highly depended on the 

occurrence and maintenance of a long-time stable foam which generated by liberated nitrogen 

oxides in highly viscous H3PO4. Therefore, BSG is proposed as an ideal raw material for the 

nitro-oxidation of cellulose, which is rich in proteins and could produce and maintain foams 

during the oxidation process. To the best of our knowledge, no attempt has been made in the 

literature to oxidize BSG and use it as a biosorbent. A preliminary experiment employing nitro-

oxidation,[84] H2O2 and KMnO4 as oxidants shows that only nitro-oxidation could successfully 

oxidize BSG, which thereby has been intensively studied. The effect of BSG particle size on 

the nitro-oxidation was studied, and the chemical structure, functional groups and thermal 

stability of oxidized BSG (OBSG) were characterized. Adsorption properties, adsorption 

mechanisms and the reusability of OBSG were also investigated to gain a comprehensive 

understanding of its potential as a biosorbent for U(VI) removal.  
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4.1. Oxidation of brewer’s spent grain 

To explore an appropriate oxidation method for BSG, H2O2
[176,177] and KMnO4

[178] were tested 

as oxidizing agents in the present study aside from nitro-oxidation. The FT-IR spectra of the 

oxidation products are provided in Fig. 4.1, a, and their adsorption capacity for U(Ⅵ) (c0(U) = 

300 mg/L) is shown in Fig. 4.1, b. Only the product obtained from the nitro-oxidation method 

(H3PO4/NaNO2 as oxidants) shows a significant increased adsorption capacity for U(Ⅵ) from 

79.6 mg/g for BSG to 201.6 mg/g for OBSG, indicating the successful modification of BSG 

and a significant enhancement of the U(Ⅵ) adsorption. Compared to BSG, the oxidation 

products from other studied oxidants show lower adsorption capacity owing to the loss of 

surface functional groups during the non-selective oxidation. The analysis of the FT-IR spectra 

(Fig. 4.1, a) further confirms this. Only OBSG derived from nitro-oxidation shows an increased 

intensity of the C=O stretching vibration band from –COOH groups (1732 cm−1), while 

applying other oxidation methods results in a decrease in band intensity. The results prove that 

nitro-oxidation is an effective oxidation method for BSG. The nitroxonium ions (NO+) are 

released when H3PO4 and NaNO2 are in excess acid and selectively oxidize the primary 

hydroxyl group (–CH2OH) of cellulose at the C6 position to carboxyl groups.[84,85] The H3PO4 

is a good swelling agent for cellulose, which helps to remove impurities (lignin, protein and 

hemicellulose) from untreated BSG, and thus, benefits the selective oxidation of cellulose.  

The adsorption capacity of BSG with different particle sizes and the adsorption capacity of 

OBSG prepared from BSG with different size are shown in Fig. 4.2 (c0(U) = 300 mg/L). The 

adsorption capacity of BSG increases with decreasing particle size, from 21.3 mg/g (>710 µm) 

to 79.6 mg/g (<315 µm), since smaller particle fraction of BSG contains more protein and 

starch-rich components with larger amounts of functional groups such as hydroxyl groups and 

carboxyl groups,[179] leading to the observed increased adsorption capacity. The specific surface 

area of raw materials (BSG) also increases with decreasing particle size, making BSG easier to 

swell and increasing the availability of active sites for effective oxidation.[108] Therefore, the 

adsorption capacity after oxidation (OBSG) increases as the particle sizes of the raw material 

(BSG) decreases, from > 710 µm (89.1 mg/g) to 315–710 µm (138.8 mg/g) and <315 µm 

(201.6 mg/g). Since the OBSG obtained from the smallest fraction (<315 µm) shows the highest 

adsorption capacity of 201.6 mg/g, this fraction (<315 µm) of BSG and OBSG was used for the 

detailed adsorption studies and further characterizations. 
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Fig. 4.1. (a) FT-IR spectra of oxidized products by different oxidation methods. H2O2 method: 2 g BSG, 10 mL 

35 wt % H2O2, 0.4 mL 1 M HCl, reflux at 100 ℃ for 2 h. KMnO4 method: 1 g BSG, 0.18 g KMnO4, 20 mL 0.15 M 

H2SO4 at 60 ℃ for 2 h. H3PO4/NaNO2 method: 1 g BSG, 16 mL 85 wt % H3PO4, 0.8 g NaNO2 at room temperature 

for 16 h and (b) adsorption capacity of the U(Ⅵ) onto oxidized products using different oxidation methods (BSG 

< 315 µm). For adsorption: 2 mg adsorbent/ 2 mL solution, c0(U) = 300 mg/L, pH = 4.7, 2 h, room temperature. 

 

Fig. 4.2. Effect of particle size on the adsorption capacity before and after nitro-oxidation. For adsorption: 2 mg 

adsorbent/ 2 mL solution, c0(U) = 300 mg/L, pH = 4.7, 2 h, room temperature. 
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4.2. Characterization of the adsorbents  

4.2.1. FT-IR and solid-state NMR spectra 

The FT-IR spectra of BSG and OBSG provides important information about the structure and 

major functional groups (Fig. 4.3, a). The spectra show that the carbon chain of cellulose is not 

affected by oxidation and abundant hydroxyl groups are present on the surface of OBSG. The 

observed broad absorption bands at 3200–3400 cm−1 for both BSG and OBSG correspond to 

the overlap of O–H and N–H stretching vibrations common in lignocellulose and proteins. The 

bands around 2900 and 2800 cm−1 are assigned to the antisymmetric and symmetric stretching 

vibrations of –CH2– groups of cellulose and hemicellulose, and the bands at 1240 cm−1 and 

1021 cm−1 are attributed to the C–N and C–O–C stretching vibrations, respectively.[126] The 

attribution of bands at 1742 cm–1 (BSG) and 1732 cm–1 (OBSG) to the C=O vibration of –

COOH groups is confirmed through shifting the absorption bands down by 3 cm−1 upon D+ 

labelling (see Fig. 4.3, b and Table 4.1). The D+ labelling was performed by suspending 30 mg 

of adsorbents with 2 mL D2O for 64 h using a magnetic stirrer (stirrer speed = 180 rpm). The 

obtained solids were dried at 60 ℃ for 12 h before FT-IR spectra were measured in the region 

of interest (2000–1200 cm–1) with a resolution of 1 cm–1 and averaged over 64 scans. A shift of 

the C=O vibration of the –COOH groups from 1742 cm–1 to 1732 cm–1 after oxidation with a 

significant increase in intensity shows that the number of carboxyl groups increases due to 

oxidation.[177] Furthermore, the absorption bands related to the overlapping of –COO− 

antisymmetric stretching vibration with the protein-related bonds (amide I groups) and the 

amide II groups in proteins occur in BSG spectrum at 1635 cm−1 and 1524 cm−1, respectively. 

The intensity of the band at 1635 cm−1 decreases in OBSG spectrum, indicating the loss of 

protein during the oxidation process. However, the symmetric stretching vibration of –COO− 

groups is still observed at 1451 cm−1 (1453 cm−1
 for BSG).[180] 

Table 4.1. Shifts of ν(COOH) vibration in BSG and OBSG FT-IR spectra upon D+ labelling. 

 ν(origin) ν(D2O) Δν 

BSG 1742 cm–1 1739 cm–1 3 cm–1 

OBSG 1732 cm–1 1729 cm–1 3 cm–1 

 



53 

 

 

Fig. 4.3. (a) FT-IR spectra of BSG and OBSG, resolution = 4 cm–1, averaged over 32 scans, and (b) detailed FT-

IR spectra of BSG and OBSG with or without D+ labelling. For D+ labelling: 30 mg adsorbents/ 2 mL D2O for 

64 h; for IR measurement: resolution = 1 cm–1, averaged over 64 scans. 

 

13C CP/MAS solid-state NMR spectra of BSG and OBSG provide further structural information 

about the biosorbents in addition to the FT-IR spectra (Fig. 4.4). The structure of OBSG is 

similar to oxidized cellulose described in literature.[181] Generally, resonances associated to the 

carbon backbone of cellulose are observed at 105 ppm (C1), 84 ppm (C4), 73 ppm (C2, C3, C5) 

and 64 ppm (C6), and the resonance at 173 ppm is attributed to carboxyl groups.[182] Moreover, 

the resonances in the OBSG spectrum assigned to the lignin aromatic C (120‒160 ppm) and 

aliphatic C (30 ppm) from sugar chains[142] are less pronounced than those in the BSG spectrum, 

which is probably due to the removal of impurities during oxidation. 

 

Fig. 4.4. 13C CP/MAS solid-state NMR spectra of BSG and OBSG. 
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4.2.2. Chemical composition and functional groups 

Table 4.2 shows the contents of C, H, N and O of BSG and OBSG in weight percent. After 

oxidation, the content of N decreases from 5.1 wt% to 1.1 wt%, thus the protein content is 

estimated to drop from 29.5 wt% to 6.4 wt%. This shows that most of the protein is removed 

during the oxidation, which is supported by the decrease of the absorption band intensity of the 

amide I groups (1635 cm−1) in the FT-IR spectra (see Fig. 4.3). However, the presence of 

protein during oxidation is important. When H3PO4 reacts with NaNO2 to release N2O3, it acts 

as a surfactant to form a large amount of foam. In the literature it is stated that,[175] the high 

specific surface area of the foam and positive pressure inside are crucial for a successful 

oxidation. The content of C decreases from 49.1 wt% (BSG) to 42.6 wt% (OBSG), and the 

content of H decreases from 6.1 wt% (BSG) to 5.4 wt% (OBSG). In addition, the O content 

calculated by difference increases from 38.0 wt% (BSG) to 49.8 wt% (OBSG). Furthermore, 

the phosphorous content of OBSG (760 ± 30 mg/kg) is significantly lower than that of BSG 

(5284 ± 3 mg/kg) (see Table 4.3) despite the usage of phosphoric acid during the oxidation. 

This suggests that the increased adsorption capacity of OBSG is not due to the presence of 

residual phosphoric acid in the OBSG sample that would have favored the precipitation of 

uranyl phosphate, but is due to the increase in the available carboxyl groups. 

Table 4.2. Elemental analysis of BSG and OBSG. 

 
N (%) C (%) H (%) S (%) Mineral (%) O (%) 

BSG 5.1 ± 0.1 49.1 ± 0.1 6.1 ± 0.2 0.3 ± 0.1 1.4 ± 0.1 38.0 ± 0.6 

OBSG 1.1 ± 0.1 42.6 ± 0.8 5.4 ± 0.1 0.1 ± 0.1 1.0 ± 0.1 49.8 ± 1.2 

Table 4.3. Mineral elements content (mg/kg) of BSG and OBSG. 

 
K Na P Ca Fe Mg Mn Zn Si Mineral (%) 

BSG 808 ± 0.2 9 ± 1 5284 ± 3 1096 ± 2 0 1487 ± 0.2 0 0 5184 ± 0.4 1.4 ± 0.1 

OBSG 0 0 760 ± 30 1.1 ± 0.1 0 0 0 0 9400 ± 270 1.0 ± 0.1 

Errors are those obtained from the ICP measurements. 

 

Fig. 4.5 shows the determined content of the functional groups involved in adsorption in both 

BSG and OBSG. Apparently, the successful oxidation of BSG is confirmed by a significant 

increase in carboxyl groups from 0.15 mmol/g to 1.3 mmol/g, which is comparable to the 

carboxyl group content of oxidized cellulose (0.4–1.4 mmol/g) as described in literature.[83,183] 

Meanwhile, the content of free amine groups drops from 0.4 mmol/g to not detectable, which 

is also consistent with the removal of protein under the applied oxidation condition. 

Furthermore, despite the conversion of primary hydroxyl groups to carboxyl groups, the content 
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of hydroxyl groups (0.8 mmol/g BSG, 1.2 mmol/g OBSG) and lactone groups (0.2 mmol/g 

BSG, 0.7 mmol/g OBSG) increase after oxidation. It is speculated that the overall changes in 

material composition, such as the removal of proteins, lead to an increase in oxygen-containing 

functional groups. In particular, the increase in the number of carboxyl groups has a great 

benefit on the adsorption of uranium. 

 

Fig. 4.5. Content of functional groups of BSG and OBSG. 

 

4.2.3. Thermogravimetric analysis 

To explore the thermal degradation properties of the adsorbents, thermogravimetric (TG) 

analysis was employed for BSG and OBSG (Fig. 4.6), and a four-step decomposition of both 

BSG and OBSG is observed. Both samples display a maximum decomposition temperature 

(DTG peak) at 106°C, and the mass loss between 40 and 162 °C of 3.0 wt% (BSG) and 3.6 wt% 

(OBSG) stems from the evaporation of water. The onset temperature is 276 °C for BSG 

following a second step from 162 to 358 °C with a DTG peak at 320 °C. A mass loss of 

40.4 wt% of BSG is due to the decomposition of protein, degradation of hemicellulose (from 

220 °C) and cellulose (from 310 °C).[184] In addition, lignin is also gradually decomposed over 

a wide temperature range from 180 to 550 °C.[185] Further decomposition of hemicellulose, 

cellulose and lignin results in a DTG peak at 383 °C for the third step. The fourth step occurs 

when the temperature exceeds 439 °C associated with the decomposition of lignin and the 

carbonation process,[186] yielding a residue of 21.7 wt%. In contrast, OBSG has a somewhat 

lower onset temperature of 223 °C, which probably results from the increase in 
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anhydroglucuronic acid units on its surface with lower thermal stability.[187] The earlier 

degradation of oxidized cellulose also shifts the second step of OBSG to a lower temperature 

range (162–321 °C) with a DTG peak at 278 °C. In addition, the third step is shifted to a slightly 

lower temperature (DTG peak at 336 °C) because of the acid hydrolysis and mass loss of lignin 

and hemicellulose.[135] Although the thermal stability of OBSG at the early heating stage is 

lower than that of BSG, its residual mass after decomposition is higher (30.1 wt%) owing to 

the formation of carbonaceous layers on the surface of OBSG that delays its thermal 

decomposition.[188]  

 

Fig. 4.6. TG and DTG of BSG and OBSG (20°C/min, He atmosphere). 
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4.3. Batch adsorption experiments 

4.3.1. Effect of pH value 

The pH of the metal solution is a crucial factor for adsorption, as it determines the surface 

properties of the adsorbent and the speciation of the metal ions. The effect of initial pH on the 

U(Ⅵ) adsorption capacity of OBSG is depicted in Fig. 4.7, a, and the determination of the point 

of zero charge (pHPZC) is shown in Fig. 4.7, b. Visual MINTEQ 3.1 software[14] was used to 

calculate the species distribution of uranyl acetate solution that contains 300 mg/L U(Ⅵ) 

(=1.26 mM) as a function of pH. As shown in Fig. 4.8, when the pH value rises above 5, the 

saturation index of UO2(OH)2 is > 0, indicating a supersaturated solution and possible 

precipitation of UO2(OH)2. Therefore, the pH range of 1–5 was employed for pH dependency 

experiments to prevent the precipitation. In addition, the equilibrium pH is not equal to the 

initial pH of the uranium solution when there is no pH-buffer in the current adsorption system. 

This is because of the H+ release from the carboxyl groups of OBSG upon the coordination of 

U(Ⅵ).[189] Both initial and equilibrium pH are given in Table 4.4. The adsorption capacity of 

OBSG for U(VI) increases from 3 mg/g to 163 mg/g as the pH values of the metal solution 

increase from 1 to 5 (Fig. 4.7, a). The electrostatic repulsion between the positively charged 

adsorbent surfaces and UO2
2+ species leads to a low adsorption capacity when the pH of metal 

solution < pHPZC of OBSG (pH < 2.1).[190] When the equilibrium pH rises over the pHPZC, the 

surface charge of OBSG becomes negative due to the deprotonation of carboxyl groups, causing 

strong electrostatic attraction towards UO2
2+. In addition, the strongly negative-charged surface 

of OBSG prevents the aggregation of OBSG particles, providing more opportunities for the 

interaction between UO2
2+ and the surface functional groups. Meanwhile, the species of uranyl 

ions in solution have changed from predominant UO2
2+ (pH < 3) to hydrolyzed species such as 

(UO2)2(OH)2
2+, UO2OH+ and (UO2)3(OH)5

+ coexisting with UO2
2+ (pH = 3–5) as shown in 

Fig. 4.8.[153] In general, the solid surface has a higher affinity towards the hydrolyzed species 

(UO2)2(OH)2
2+ than UO2

2+ despite the same charge.[190,191] Although the monocationic species 

UO2OH+ and (UO2)3(OH)5
+ have a reduced electrostatic effect due to their low charge, the ion-

exchange ratio between the carboxyl groups and the uranyl species decreases from 2:1 to 1:1. 

Thus, more functional groups are available for interactions towards uranyl ions in the adsorption 

process. As a result, a considerable adsorption capacity (>30 mg/g) of U(Ⅵ) is achieved for an 

initial pH higher than 2. 
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Fig. 4.7. (a) Effect of initial pH on the adsorption capacity. For adsorption, 2 mg adsorbent/ 2 mL solution, c0(U) 

= 300 mg/L, 1 h, room temperature, (b) determination of pHpzc of BSG and OBSG. 

 

Fig. 4.8. Distribution diagram of uranyl acetate solution. For input data, c0(U) = 300 mg/L = 1.26 mM, c(CH3COO–

) = 2.52 mM, alkalinity: no specification, pH = 0–7.0, increment = 0.1, calculated by Visual MINTEQ 3.1.[14] 

Table 4.4. Comparison of pH value of uranyl ions solution before and after adsorption. 

Experiment Number pH (before) pH (after) 

1 4.7 4.2 

2 3.9 3.2 

3 2.8 2.7 

4 2.3 2.3 

5 1.2 1.3 
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4.3.2. Adsorption kinetics 

Adsorption dynamics generally consists of three steps, namely external diffusion, internal 

diffusion and adsorption of adsorbates on the active sites of the adsorbent.[192] Herein, the effect 

of contact time on the adsorption of U(Ⅵ) onto OBSG is recorded to study the adsorption 

kinetics (Fig. 4.9, a). At the early stage (0−30 min), the amount of U(Ⅵ) adsorbed onto OBSG 

increases rapidly due to the large concentration gradient between liquid and solid phase and the 

large number of vacant adsorption sites on the adsorbent surface.[193] After 30 minutes, the 

concentration gradient decreases as the adsorption sites are occupied, and the adsorption rate 

slows down and reaches equilibrium at 60 min with an adsorption amount of 159.5 mg/g. In 

addition, non-linear fits of pseudo-first order (equation (22), see Section 10.5.1) and pseudo-

second order (equation (24), see Section 10.5.1) kinetic models were used to describe the 

diffusion step and the adsorption at active sites, respectively.[194] Several statistical parameters 

(R2 (coefficient of determination), RSS (Residual Sum of Squares) and χ2 (Reduce Chi-

square))[194] and well-known statistical methods (F test, Akaike’s Information Criterion (AIC) 

and Bayesian Information Criteria (BIC) test)[195] were applied to evaluate the performance of 

the kinetic models. The fitting results and kinetic parameters are summarized in Table 4.5, and 

the detailed statistical evaluations are given in Table 4.6. Better results in terms of statistical 

parameters (smaller R2, RSS, χ2) and the estimation of equilibrium adsorption capacity (qe,cal1 

of 160.0 mg/g compared with qe,cal2 of 184.6 mg/g) are obtained for the pseudo-first order 

kinetic than pseudo-second order kinetic model. All three statistical methods (AIC, BIC and F 

test) favor the pseudo-first order kinetic model as the best result (Table 4.6). All the results 

indicate that the adsorption dynamics is controlled by the diffusion step.[196] To figure out 

exactly which diffusion step controls the adsorption process, intraparticle diffusion model 

(equation (26), see Section 10.5.1) was also applied using piecewise linear regression 

(Fig. 4.9, b).[195] If the adsorption process is governed by the intraparticle diffusion, the plot of 

qt versus t0.5 would be linear and pass through the origin.[195] However, the plot is not linear and 

does not pass through the origin, but could be divided into two linear regions with a breakpoint 

of t0.5 = 4.8 min0.5 (Fig. 4.9, b). This shows that adsorption rate is probably controlled by the 

film diffusion in the early stage and then gradually governed by the intraparticle diffusion.[197] 

However, because OBSG is a non-porous material, intraparticle diffusion is expected to have 

little effect on the adsorption rate. The smaller ki2 value (2.6586) compared to the first linear 

region (ki1 = 33.6488) and the slow increase in adsorption after the breakpoint confirm this 

finding.  
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Table 4.5. Parameters of kinetic models. For adsorption, 2 mg OBSG/ 2 mL solution, c0(U) = 300 mg/L, pH = 

4.7, rotation speed = 60 rpm, room temperature. 

Pseudo-first order kinetic model k1 (min−1) qe,exp (mg/g) qe,cal1 (mg/g) R2 RSS χ2 

 0.0962 159.5 160.0 0.9994 3.07 0.51 

Pseudo-second order kinetic 

model 

k2 

(g·mg−1·min−1) 

qe,exp (mg/g) qe,cal2 (mg/g) R2 RSS χ2 

 0.0006 159.5 184.6 0.9941 29.92 4.99 

 

Fig. 4.9. (a) Adsorption kinetics of U(Ⅵ) onto OBSG and non-linear fitting of pseudo-first order (PFO) and 

pseudo-second order (PSO) kinetic model. For adsorption, 2 mg OBSG/ 2 mL solution, c0(U) = 300 mg/L, pH = 

4.7, rotation speed = 60 rpm, room temperature, (b) piecewise linear regression of the intraparticle diffusion model. 

Table 4.6. Results of statistical methods using for comparing pseudo-first order and pseudo-second order kinetic 

model (rotation speed = 60 rpm). 

Preferred model Model Name 

AIC Pseudo-first order kinetic model 

BIC Pseudo-first order kinetic model 

F-Test Pseudo-first order kinetic model 

Akaike Information Criterion (AIC) RSS Na pb AIC Akaike’s weights 

Pseudo-first order kinetic model 3.0747 8 2 4.3501 0.9999 

Pseudo-second order kinetic model 29.9194 8 2 22.5525 0.0001 

Bayesian Information Criteria (BIC) test RSS N p BIC ∆BIC 

Pseudo-first order kinetic model 3.0747 8 2 −1.4116 0 

Pseudo-second order kinetic model 29.9194 8 2 16.7909 18.2025 

F-Test RSS DFc F Prob > F 

Pseudo-first order kinetic model 3.0747 6 0.1028 0.9930 

Pseudo-second order kinetic model 29.9194 6   

a). Number of data points, b) number of parameters, and c) degree of freedom. 

 

Since the film diffusion is considered the main rate-controlling step of the adsorption process, 

additional kinetic studies were performed to reduce this effect and increase the adsorption rate 

by increasing the rotational speed. When the rotation speed increases from 60 rpm to 80 rpm, 
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the adsorption of U(Ⅵ) on OBSG slightly increases in the first 10 min (Fig. 4.10, a). 

Furthermore, the kinetics data at 80 rpm are fitted with the kinetic models (Fig. 4.10, b), and 

the fitting results and statistical parameters are provided in Table 4.7 and Table 4.8, 

respectively. The analysis shows that the pseudo-second-order kinetic model can better 

represent the data at 80 rpm. This may suggest that as the rotational speed increases, the rate-

controlling step of adsorption may change from film diffusion to adsorption on active sites.[196] 

However, for both rotation speeds, the adsorption process requires 60 min to reach the 

adsorption equilibrium, and the obtained difference in the adsorption capacity (159.5 mg/g for 

60 rpm and 167 mg/g for 80 rpm) is within 5%. Since the overall adsorption kinetics did not 

improve significantly after increasing the rotational speed, 60 rpm was chosen for the following 

experiments. 

 

Fig. 4.10. (a) Effect of rotation speed on the adsorption kinetics. For adsorption, 2 mg OBSG/ 2 mL solution, c0(U) 

= 300 mg/L, pH = 4.7, room temperature, and (b) non-linear fitting of pseudo-first order (PFO) and pseudo-second 

order (PSO) kinetic model of the kinetic data for rotation speed = 80 rpm. 

Table 4.7. Parameters of kinetic models at higher rotation speed. For adsorption, 2 mg OBSG/ 2 mL solution, 

c0(U) = 300 mg/L, pH = 4.7, rotation speed = 80 rpm, room temperature. 

Pseudo-first order kinetic 

model 

k1 (min−1) qe,exp 

(mg/g) 

qe,cal1 

(mg/g) 

R2 RSS χ2 

 0.0888 167.0 166.2 0.9107 60.0 8.6 

Pseudo-second order 

kinetic model 

k2 (g·mg−1·min−1) qe,exp 

(mg/g) 

qe,cal2 

(mg/g) 

R2 RSS χ2 

 0.0012 167.0 179.0 0.9692 20.7 3.0 
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Table 4.8. Results of statistical methods using for comparing pseudo-first order and pseudo-second order kinetic 

model (rotation speed = 80 rpm). 

Preferred model Model Name 

AIC Pseudo-second order kinetic model 

BIC Pseudo-second order kinetic model 

F-Test Pseudo-second order kinetic model 

Akaike Information Criterion (AIC) RSS Na pb AIC Akaike’s weight 

Pseudo-first order kinetic model 60.0214 9 2 27.8759 0.0082 

Pseudo-second order kinetic model 20.6690 9 2 18.2827 0.9918 

Bayesian Information Criteria (BIC) test RSS N p BIC ∆BIC 

Pseudo-first order kinetic model 60.0214 9 2 23.6676 9.5932 

Pseudo-second order kinetic model 20.6690 9 2 14.0744 0 

F-Test RSS DFc F Prob > F 

Pseudo-first order kinetic model 60.0214 7 2.9039 0.0915 

Pseudo-second order kinetic model 20.6690 7   

a). Number of data points, b) number of parameters, and c) degree of freedom. 

 

4.3.3. Adsorption isotherm 

The effect of initial metal concentration on the adsorption capacity of OBSG is depicted in 

Fig. 4.11, a. The Langmuir model (equation (31), see Section 10.5.3), Freundlich model 

(equation (34), see Section 10.5.3) and Redlich-Peterson (R-P) model (equation (36), see 

Section 10.5.3) are used to fit the data considering standard deviations.[156] The fit results and 

isotherm parameters in Table 4.9 show that the Langmuir model with the lowest R2 (0.9739) 

and the highest error functions (RSS = 249 and χ2 = 27.7) provides the worst fit. In contrast, 

both Freundlich model and the R-P model show good fitting results (R2 > 0.99) with very similar 

the statistical parameters (Table 4.9) and overlapping simulated curves (see Fig. 4.11, a). This 

is explained by the fact that the R-P model can be approximated as Freundlich model when 

aRce
β >> 1 (aRce

β = 8‒54 in current case) as described in the literature.[198] Thus, F test, AIC and 

BIC test were performed to compare the complex (R-P model) and the simple model 

(Freundlich model) to avoid over parameterization. The results presented in Table 4.10 suggest 

that the R-P model is not inherently better than the Freundlich model, and therefore the simpler 

Freundlich model should be used to describe the adsorption isotherm, which indicates that the 

adsorption of U(Ⅵ) onto OBSG is a multi-layer adsorption on a heterogeneous surface.[199]  
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Table 4.9. Parameters and nonlinear fitting results of isotherm models. For adsorption: 2 mg OBSG/ 2 mL 

solution, c0(U) = 50–900 mg/L t = 1 h, pH = 4.6‒4.7, room temperature. 

Langmuir model qmax (mg/g) kL (L/mg)  R2 RSS χ2 

 
308.7 0.0154  0.9739 249 27.7 

Freundlich model kF ((mg/g) (L/mg)1/n) n 
 

R2 RSS χ2 

 
25.0 2.6 

 
0.9955 42 4.73 

R-P model kR (L/g) aR (Lβ/mgβ)  R2 RSS χ2 

 
21.9 0.6 0.67 0.9960 38 4.74 

 
Fig. 4.11. (a) Adsorption isotherm of U(Ⅵ) onto OBSG and nonlinear fitting curves of Langmuir model, 

Freundlich model and R-P model. For adsorption: 2 mg OBSG/ 2 mL solution, t = 1 h, pH = 4.6‒4.7, room 

temperature, and (b) a calculation of the equilibrium concentration (ce, µg/L) and removal ratio (%) using a given 

initial U(Ⅵ) concentration of 50 µg/L according to the Freundlich model determined in Fig. 4.11, a. 

Table 4.10. Results of statistical methods using for comparing R-P model and Freundlich model. 

Preferred model Model Name 

AIC Freundlich model 

BIC Inconclusive 

F-Test Freundlich model 

Akaike Information Criterion (AIC) RSS Na pb AIC Akaike’s weight 

Freundlich model 42.5480 11 2 24.3087 0.8790 

R-P model 37.9033 11 3 28.2752 0.1210 

Bayesian Information Criteria (BIC) test RSS N p BIC ∆BIC 

Freundlich model 42.5480 11 2 22.0738 0 

R-P model 37.9033 11 3 23.2001 1.1264 

F-Test F df1-df2
c df2 Prob > F  

 0.9803 1 8 0.3511  

a). Number of data points, b) number of parameters, and c) degree of freedom. 

 

The OBSG shows a highest adsorption capacity for U(Ⅵ) of 297.3 mg/g (c0(U) = 900 mg/L) 

from the current isotherm, which is 210% higher compared to the unmodified BSG 
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(96 mg/g).[200] This is also higher compared to the biosorbents and synthetic adsorbents reported 

in literature (see Table 4.11), e.g. hydrochar (67 mg/g),[75] ion-imprinted resin based on 

carboxymethyl cellulose (U-CMC-SAL, 180 mg/g),[201] and cellulose nanofibers 

(167 mg/g).[83] Although some adsorbents like chitosan derived adsorbent (CTPP)[202] and 

graphene oxide derived adsorbent (CoFe2O4-rGO)[166] show a close adsorption capacity (> 

220 mg/g) compared to OBSG, they usually take longer time to reach adsorption equilibrium 

(72 h for CTPP and 3 h CoFe2O4-rGO). In contrast, OBSG shows fast adsorption kinetics of 

only 1 h. In practical application, the U(VI)-trace concentration is usually in the µg/L range 

rather than the mg/L range when decontaminating uranium from wastewater and natural 

waters.[11] Therefore, a calculation of the equilibrium concentration (ce, µg/L) and removal ratio 

(%) was performed according to the Freundlich isotherm (determined in Fig. 4.11, a), where 

the initial U(Ⅵ) concentration is 50 µg/L and the adsorbent dosage ranges from 0.25 g/L to 

5 g/L. An equilibrium U(Ⅵ) concentration of lower than 1 µg/L with a removal ratio of 98% is 

obtained by an adsorbent dosage of 2 g/L (Fig. 4.11, b). Further increasing the adsorbent dosage 

to more than 2 g/L would result in removal rates above 99%, indicating the great potential of 

OBSG as a cost-effective and sustainable alternative to synthetic adsorbents for uranium 

removal in the real aqueous environment. 

Table 4.11. Summary of the adsorption capacity of U(Ⅵ) onto different adsorbents. 

Adsorbent qmax (mg/g) Conditions Reference 

BSG 96 m = 2 mg, V = 2 mL, t = 2 h, pH = 4.7, c0(U) = 

100–1000 mg/L, room temperature 

[200] 

ABSG 220 m = 2 mg, V = 2 mL, t = 1 h, pH = 4.7, c0(U) = 

100–1000 mg/L, room temperature 

[200] 

OBSG 297.3 m = 2 mg, V = 2 mL, t = 1 h, pH = 4.6–4.7, 

c0(U) = 50–900 mg/L, room temperature 

This study 

Cellulose 

nanofibers 

167 0.05 wt%, t = 2 h, pH = 6.5 ± 0.5, c0(U) = 80–

1530 ppm 

[83] 

U-CMC-SAL 180 m = 0.03 g, V = 30 mL, t = 3 h, pH = 5.0, 

c0(U) = 10–400 mg/L, T = 30 °C 

[201] 

CoFe2O4-rGO  227 m = 0.02 g, V = 50 mL, t = 3 h, pH = 6.0, T = 

25 °C 

[166] 

CTPP  237 m = 50 mg, V = 50 mL, t = 72 h, pH = 5.0, 

c0(U) = 100–2000 mg/L, T = 25 ± 0.5 °C 

[202] 

hydrochar 67 m = 0.01 g, V = 50 mL, t = 50 min, pH = 6.0, 

c0(U) = 10–120 mg/L, T = 25 °C 

[75] 
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4.3.4. Effect of temperature 

Adsorption isotherms at 25, 35, 45 and 65 °C were recorded (Fig. 4.12, a) in order to study the 

effect of the temperature on U(VI) adsorption. The results show that the elevated temperature 

favors the adsorption of U(VI) on OBSG. For example, at an initial concentration of 500 mg/L, 

increasing the temperature from 25 °C to 65 °C results in an increase in adsorption capacity 

from 195.3 mg/g to 280.9 mg/g, which is due to an increase in available active sites on the 

swollen OBSG as the temperature increases.[203] However, the adsorption isotherms show 

obvious decrease in the amount of U(Ⅵ) adsorbed on OBSG in the presence of 0.1 M NaClO4 

as the supporting electrolyte (Fig. 4.12, b). This is probably because the supporting electrolyte 

would reduce the swelling of OBSG, which has already reported for lignocellulose materials 

(kraft-liner pulps).[204] Therefore, elevated temperature no longer promotes the increase in 

available active sites originated from the enhanced OBSG swelling, and temperature 

dependence of the adsorption capacity is no longer observed. 

 

Fig. 4.12. Adsorption isotherms of U(Ⅵ) onto OBSG at different temperature (a) without supporting electrolyte 

and (b) with 0.1 M NaClO4. For adsorption: 2 mg OBSG/ 2 mL solution, c0(U) = 100−500 mg/L, t = 1 h, pH = 

4.7, temperature = 25‒65 °C, stirrer speed = 180 rpm. 
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4.4. Investigation of adsorption mechanism 

Oxidation does not affect the specific surface area of the biosorbents, as the determined BET 

surface area of BSG and OBSG are less than 2 m2/g, which is consistent with the BET surface 

area of BSG reported in the literature (0.48 m2/g).[169] Fig. 4.13 shows the surface morphology 

of OBSG and the distribution of uranium on OBSG obtained from the SEM-EDX analysis. The 

rough surface and irregular shape of OBSG with no obvious pore structure are observed 

(Fig. 4.13, a). Thus, the adsorption of U(Ⅵ) should mainly occur on the surface of OBSG since 

it is non-porous. In addition, the even distribution of uranium on the OBSG surface (Fig. 4.13, 

b and c) points at numerous carboxyl groups that are equally distributed on the surface of OBSG 

and strongly interact with the uranyl ions. 

FI-TR spectra of OBSG before and after U(Ⅵ) adsorption were recorded (Fig. 4.14) to get 

further information about the interactions between functional groups and the adsorbates and to 

explore the structure of metal-adsorbent complex. The involvement of carboxyl groups in the 

adsorption is confirmed by shifts of the antisymmetric and symmetric stretching vibration of –

COO− from 1631 and 1451 cm−1 (OBSG) to 1568 and 1410 cm−1 (U(Ⅵ)-loaded OBSG). 

According to reports in the literature,[205] the complexation model between carboxyl groups and 

metal ions, namely whether one or both oxygen atoms of the carboxyl groups interact with the 

metal ions, could be defined by the differences between the antisymmetric and symmetric 

stretching bands (Δυas-vs). Typically, a value of Δυas-vs > 200 cm−1 suggests a monodentate 

structure, whereas Δυas-vs < 150 cm−1 indicates a bidentate binding of metal ions by the carboxyl 

groups. Thus, the calculated Δυas-vs of 158 cm−1 upon the adsorption of U(Ⅵ) suggests a 

bidentate binding mode. In addition, a new absorption band at 925 cm−1 associated with the 

presence of U=O vibration appears in the spectrum of U(Ⅵ)-loaded OBSG. One possible 

assignment for this band is the antisymmetric stretching vibration of (UO2)3(OH)5
+, because 

this hydrolyzed species occurs in the current pH = 4.7 and could be adsorbed onto OBSG.[171] 

Whereas, as reported by Müller et al., this band could also be attributed to UO2(CH3COO)3
−.[206] 

In the present study, interactions with several carboxyl groups to UO2
2+ or other hydrolyzed 

species are more likely the reason of the observed absorption band at 925 cm−1. On the basis of 

above studies, the ion-exchange between UO2
2+ and H+ released from carboxyl groups of OBSG 

via electrostatic effect and bidentate binding of UO2
2+ with two oxygen atoms of the carboxyl 

groups are proposed to be the adsorption mechanisms of UO2
2+ on OBSG.  
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Fig. 4.13. (a) SEM image (magnification of 1000 times) of uranyl ions loaded-OBSG, (b) EDX element mapping 

of uranyl ions loaded-OBSG (20 kV/10 µA, magnification of 1000 times, 25 frames) and (c) distribution of 

uranium on uranyl ions loaded-OBSG. For ion-loading: 50 mg OBSG/ 50 mL solution, pH = 4.7, c0(U) = 

500 mg/L, 1 h, room temperature. 

 

Fig. 4.14. FT-IR spectra of OBSG and U(VI) loaded OBSG. For metal loaded: 50 mg OBSG/ 50 mL solution, 

c0(U) = 500 mg/L, pH = 4.7, 1 h, room temperature. 
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4.5. Desorption and reusability  

To minimize waste generation and achieve economic benefits for the adsorption process, the 

adsorbents must have excellent desorption properties and can be reused. In the present study, 

0.5 M HCl is used as desorption and regeneration agent for U(Ⅵ)-loaded OBSG, and the 

adsorption capacity (qe, mg/g) and desorption ratio (De, %) for 5 cycles are shown in Fig. 4.15. 

During the reuse cycles, the adsorption capacity of OBSG towards U(Ⅵ) decreases gradually 

from 167.4 mg/g of new-prepared OBSG to 100.3 mg/g after 5 times of regeneration. Possible 

reasons for this include the hydrolysis of the biomass under strong acidic conditions and the 

loss of some surface functional groups.[207] Meanwhile, a good recovery of U(Ⅵ) could be 

realized, indicated by that the desorption ratio that increases after the first cycle and reaches 

nearly 90% after the third cycle. OBSG preserves a good adsorption capacity (60% of the 

original adsorption capacity) with a desorption ratio of 89% after 5 cycles despite the decreased 

adsorption capacity. Therefore, OBSG can be used for multiple cycles, further reducing cost 

and waste generation of the decontamination process. 

 

Fig. 4.15. Adsorption capacity and desorption ratio of U(Ⅵ) onto OBSG during adsorption-desorption cycles. For 

adsorption, 1 mg OBSG/ mL solution, c0(U) = 300 mg/L, pH = 4.7, 1 h, room temperature. For desorption, 5 mg 

U(VI)-OBSG/ mL 0.5 M HCl, 2 h, room temperature. 
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4.6. Performance at high salinity and under alkaline condition  

In order to explore the practical application of OBSG, we have chosen to use pH adjusted 

simulated seawater as a test-matrix due to its high ionic strength and alkaline condition. The 

high ionic strength of seawater also allows it to be used as a simulant for some biological fluids, 

such as extracellular fluid and blood plasma.[208,209] As shown in Table 4.12, OBSG presents an 

adsorption capacity of 10.8 ± 0.1 mg/g (c0(U) = 10 mg/L, pH0 = 7.7) and 23.8 ± 0.7 mg/g (c0(U) 

= 30 mg/L, pH0 = 7.0) in the simulated seawater, which performs better than some synthetic 

adsorbents such as pA@Poly(VBC-co-DVB) (14.8 mg/g)[210] and IIP polymer (15.3 mg/g)[211] 

at a higher concentration (30 mg/L). Nevertheless, the results are somewhat lower than those 

of some modified biosorbents reported in literature at a low concentration of 10 mg/L, e.g., 

functionalized natural cellulose fibers (16 mg/g)[212] and SSUP fiber (15.1 mg/g).[67] These 

results show an interesting potential of using OBSG for uranium adsorption at high salinity and 

under alkaline condition. 

Table 4.12. Comparison of the U(Ⅵ) adsorption capacity in the high salinity and alkaline condition. 

Adsorbent qe (mg/g) Conditions Reference 

OBSG 10.8 ± 0.1 m/V = 0.2 g/L, c0(U) = 10 mg/L, 

193 mg/L NaHCO3, 25.6 g/L NaCl, 

pH0 = 7.7, t = 16 h 

This study 

OBSG 23.8 ± 0.7 m/V = 0.2 g/L, c0(U) = 30 mg/L, 

193 mg/L NaHCO3, 25.6 g/L NaCl, 

pH0 = 7.0, t = 16 h 

This study 

Functionalized natural cellulose 

fibers 

16 m/V = 0.2 g/20 mL, c0(U)  =10 mg/L, 

pH0 = 8.2, t = 48 h 

[212] 

SSUP fiber 15.1 c0(U) = 8 mg/L, simulated seawater  [67] 

pA@Poly(VBC-co-DVB) 

(beads) 

14.8 c0(U) = 50 mg/L, pH0 = 8, in artificial 

seawater 

[210] 

IIP polymer 15.3 c0(U) = 200 mg/L , pH0 = 9, with 

Na2CO3 

[211] 
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5. Brewer’s spent grain-supported superabsorbent polymer for 

uranyl ion adsorption 

Synthetic polymer adsorbent as a promising solution for uranium removal from wastewater has 

been widely investigated and is the closest to practical application.[213] However, the adsorption 

capacity and mass transfer of the synthetic polymer adsorbents are limited by the grafting 

difficulty of functional groups onto its polyolefin-based support and the poor 

hydrophilicity.[214,215] In addition, the synthetic polymer adsorbents are expensive and 

unsustainable for wastewater decontamination because they require a complex synthetic 

process and chemicals. Therefore, natural biomass, such as brewer’s spent grain (BSG), is 

considered as a promising alternative to replace the polyolefin-based fibers as the support for 

polymer adsorbents. However, the accessibility of the reagents to the functional groups on 

biomass is low because of the complex physical structure, the heterogeneous nature of the 

cellulose fibers, and the impurities of biomass.[86] An extraction process of cellulose to improve 

its accessibility is almost imperative for graft polymerization employing natural biomass such 

as wheat straw,[216] rice husk,[217] and bamboo powder.[218] This process is cumbersome, time-

consuming, and inefficient due to impurities[219] and it produces additional wastewater. As a 

result, the economic and environmental benefits of using natural biomass are compromised. 

Therefore, omitting the cellulose extraction process and using untreated biomass directly in the 

graft polymerization may be a better option to exploit its advantages. 

The present study aims to design a BSG-supported superabsorbent polymer (BSG-SAP) to meet 

the criteria of treating uranium-contaminated water, namely high adsorption capacity, fast 

kinetics, selectivity, reusability, and suitability to deploy in continuous adsorption systems. The 

accessibility of BSG is enhanced by swelling the raw material in 7 wt% NaOH solution rather 

than pre-extracting the cellulose fraction using strong acidic and alkaline condition, providing 

a scale-up feasible and mild synthetic approach.[86] The adsorption capacity and mass transfer 

are largely promoted by the grafted carboxyl and amide groups and the hydrophilic polymer 

network of BSG-SAP. Compared with the reference polymers (RP), incorporating BSG leads 

to the higher adsorption capacity and better reusability of BSG-SAP. Furthermore, adsorption 

capacity in various conditions and the selectivity of BSG-SAP were investigated in batch 

experiments, and the reusability was tested in a fixed bed column. In addition, various 

characterization technologies were used to study the adsorption mechanisms.  
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5.1. Synthesis of brewer’s spent grain supported superabsorbent polymer 

(BSG-SAP)  

As illustrated by Scheme 5.1, BSG-SAP is prepared by a one-pot free radical graft 

polymerization of acrylic acid (AA) and acrylamide (AM) onto the BSG backbone in the 

presence of cross-linker N’N-methylenebisacrylamide (MBA). Sulfate anion-radicals are 

generated by the redox initiator system K2S2O8-Na2SO3 upon heating at 40 ℃, forming radicals 

on the BSG backbone.[220] Then, the active radical sites on BSG would initiate the vinyl groups 

of AA and AM to develop chains propagation. After adding different amount of MBA, the 

polymeric chains react synchronously with both end vinyl groups of the cross-linkers (MBA) 

to develop three-dimensional (3D) polymeric networks with different cross-linking 

densities.[221] Finally, when the chain termination occurs due to the combination of two growing 

chains, disproportionation and transfer of the propagating radicals, the polymerization stops.[86] 

Traditional graft polymerization process often uses NaOH to neutralize the AA to a desired 

degree to control the reaction rate and generate polymer chains with a sufficient number of 

carboxyl groups.[222] In the present study, a 7 wt% NaOH solution could swell the BSG to 

increase its accessibility at first and then neutralize the AA to 75 mol%. Because the cellulose 

extraction step is omitted, no additional chemicals are required, and the alkaline wastewater is 

avoided, the synthetic procedure is much simpler. The swelling agent (NaOH solution) 

improves the accessibility of BSG by removing impurities, penetrating the highly ordered 

regions of cellulose, and splitting the bonds between chains and fibrils, thereby increasing the 

degree of disorder in natural fibers.[86] The swelling of BSG is expected to also improve the 

utilization of raw materials and the grafting density of functional groups. Thus, a hydrophilic 

and cross-linked 3D network with carboxyl and amide groups is obtained, which is beneficial 

to the adsorption capacity and rate of BSG-SAP. 
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Scheme 5.1. Proposed mechanism for the synthesis of BSG-SAP. 
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5.2. Characterization of the adsorbents  

To investigate the structure changes during the graft polymerization, FT-IR spectra of BSG, 

monomers (AA and AM), the cross-linker (MBA), BSG-SAP, and the reference polymer (RP) 

were recorded. Different amounts of cross-linker show no obvious differences in the obtained 

spectra for both RP (Fig. 5.1, b) and BSG-SAP (Fig. 5.1, c), but the presence of BSG in the 

polymer results in significant changes (Fig. 5.1, d). Due to the graft polymerization, three 

absorption bands related to the C=O vibration (1664 cm−1), asymmetric (1552 cm−1) and 

symmetric (1404 cm−1) vibrations of the –COO– groups occur in the BSG-SAP-L spectrum 

(Fig. 5.1, d).[221] Corresponding absorption bands are observed in the FT-IR spectrum of AA at 

1699 cm−1, 1635 cm−1, and 1411 cm−1 (Fig. 5.1, a), showing good consistency. In the BSG-

SAP-L spectrum, the stretching vibration of C−O−C moiety from the sugar rings of BSG caused 

by -1,4-glycosidic bond disappears at 1021 cm−1.[216] One possible reason is the low 

BSG/monomer mass ratio (1/16) in the BSG-SAP-L. Another possibility is the oxidative 

cleavage of C2−C3 bond of the cellulose due to the radical initiated graft polymerization.[223] 

Furthermore, the cleavage of sugar rings may generate a new absorption band at 1134 cm−1 

(BSG-SAP-L), which is ascribed to the alkyl ether bonds (C–O–C stretching vibration) of the 

linear BSG backbone.[224] The C−N vibration caused by grafting the amide groups and the 

presence of cross-linker (1120 cm−1 for RP-L) may also occur at this position, causing overlap 

of the two bands.[225] In the RP-L spectrum, a new absorption band attributed to the C–OH and 

O–H coupling interactions of the –COOH groups occurs at 1454 cm−1,[226] which is observed at 

1450 cm−1 for BSG-SAP-L and probably overlaps with the aromatic methyl vibration of lignin 

from BSG.[227] All the above results indicate the successful grafting of AA and AM onto the 

BSG backbone. 
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Fig. 5.1. FT-IR spectra of (a) acrylic acid (AA), acrylamide (AM) and N’N-methylenebisacrylamide (MBA), (b) 

reference polymer (RP) with different amount of cross-linker, (c) BSG-SAP with different amount of crosslinker, 

and (d) BSG, RH-L, and BSG-SAP-L. 

 

To provide further structural information, 13C solid-state NMR spectra of BSG and BSG-SAP-

L are depicted in Fig. 5.2. In the BSG-SAP-L spectrum, no typical resonance of cellulose is 

observed, namely those at 105 ppm (C1), 84 ppm (C4), 73 ppm (C2, C3, and C5), and 64 ppm 

(C6) in as compared to a typical BSG spectrum.[228] The disruption of the sugar rings during the 

graft polymerization and the low BSG/monomer mass ratio of the polymer are probably 

responsible for this change. The aliphatic C at 30 ppm in BSG spectrum also shifts to 45 ppm 

in BSG-SAP-L spectrum due to graft polymerization. In addition, the resonance associated with 

carboxyl and carbonyl C shifts from 173 ppm of BSG to 185 ppm with increased intensity,[228] 

which confirms the successful grafting of carboxyl groups. Presumably, the grafting of 

functional groups and the cross-linked 3D structure of the BSG-SAP contributes to its excellent 

adsorption capacity and rapid mass transfer. 
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Fig. 5.2. 13C solid-state NMR spectra of BSG and BSG-SAP-L (the spinning sideband is marked with an asterisk). 

 

To investigate the thermal stability of BSG-SAP and reveal the influence of cross-linker 

amount, thermogravimetric (TG)-differential scanning calorimetry (DSC) analysis of BSG-

SAP was performed using a heating rate of 20 ℃/min under Helium atmosphere. Fig. 5.3 shows 

three derivative thermogravimetric peaks (DTG peaks, maximum decomposition temperature) 

for both samples, which is consistence with the SAP reported in the literature.[216,229] The 

extrapolated onset temperature is determined for BSG-SAP-L to be 287.4 ℃ and for BSG-SAP-

H to be 324.0 ℃ according to the standard ISO 11358-1,[230] indicating that the highly cross-

linked BSG-SAP-H has a better thermal stability at the starting period. Both BSG-SAP show a 

slow decrease in sample weight before the extrapolated onset temperature, which is attributed 

to the loss of remaining moisture and volatiles.[231] The following DTG peak corresponding to 

the decomposition of carbohydrates from the BSG backbone occurs at 365.5 ℃ for BSG-SAP-

L and 389.5 ℃ for BSG-SAP-H.[232] The second DTG peak at 447.9 ℃ (BSG-SAP-L) and 

454.0 ℃ (BSG-SAP-H) is assigned to the decomposition of amide[233] and carboxyl groups.[231] 

Furthermore, the decomposition and carbonation of the polymer chains contribute to the third 

DTG peak at 486.0 ℃ (BSG-SAP-L) and 488.7 ℃ (BSG-SAP-H).[232] Finally, the residue mass 

of BSG-SAP-H (44.2 wt%) is comparable to that of the BSG-SAP-L (44.0 wt%) with a similar 

thermal stability at high temperature. In addition, the glass transition temperature (Tg) was 

calculated using the data of TG and DSC curves between 90–160 °C according to the ASTM 

standard (ASTM E 1356-08).[234] As shown in Fig. 5.4, a Tg value of 114 °C for both BSG-

SAP-L and BSG-SAP-H is observed, which is comparable to the values of similar polymers 

reported in the literature (106–131 °C).[235,236] The value is also higher than the Tg (108 °C) 
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reported in the literature for the AA and AM copolymers, indicating an effective cross-

linking.[237] Previous studies have shown that slightly cross-linked polymers (cross-linker ratio 

< 1 mol%) can give widely varying Tg values in parallel samples, so no significant correlation 

between Tg and cross-linker ratio can be obtained.[236] This might explain that BSG-SAP 

samples with different cross-linker ratios (0.5 and 2 mol%) result in the same Tg value during 

the measurement. 

 

Fig. 5.3. TG-DTG curves of BSG-SAP-L and BSG-SAP-H (20 ℃/min, He). 

 

Fig. 5.4. DSC and TG curves of (a) BSG-SAP-L and (b) BSG-SAP-H to determine the glass transition temperature 

(Tg). The Te is the extrapolated end temperature, Tf is the extrapolated onset temperature, and the midpoint 

temperature is reported as the Tg according to ASTM E1356-08(2014).[234] 
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5.3. Comparing properties of BSG-SAP with the reference polymer 

Preliminary tests of the graft polymer (BSG-SAP) and the reference polymer without BSG (RP) 

regarding the adsorption capacity (c0(U) = 1000 mg/L) and reswelling ratio after regeneration 

are performed to demonstrate the benefits of BSG in the adsorbents as shown in Fig. 5.5. 

Table 5.1 lists the swelling ratio and the average molecular weight between cross-links (�̅�𝐶) 

of the polymers, whose value is inversely proportional to the cross-linking density.[238] BSG-

SAP presents a cross-linked polymer network that could hold the water within its structure, 

which is indicated by high swelling ratios of 104 (BSG-SAP-L) and 64 (BSG-SAP-H) in the 

ultrapure water (Table 5.1). The high swelling ratio also suggests that the polymer network is 

strongly hydrophilic due to the presence of functional groups such as hydroxyl, carboxyl, and 

amide groups,[239] which would facilitate mass transfer inside the adsorbent. Compared with the 

reference polymer, the graft polymer is characterized by the grafting of one or more 

homopolymer blocks to the backbone as branches, which could form 3D polymer networks 

with the cross-linkers.[240] Therefore, the value of �̅�𝐶 × 105 for BSG-SAP-L (11 ± 0.5) is lower 

than the RP-L (54 ± 0.1), indicating a higher cross-linking density under the same amount of 

cross-linker. A comparable value of �̅�𝐶 × 105 (3.2 ± 0.3) for BSG-SAP-H to RP-H (3.8 ± 0.1) 

is obtained due to the high cross-linker amount that weakens the influence of BSG. This higher 

cross-linking density of BSG-SAP-L allows for better reusability of the adsorbent. The 

reswelling ratios of BSG-SAP-L (53.4 wt%) and BSG-SAP-H (94.4 wt%) are higher than their 

corresponding reference polymers (31.6 wt% for RP-L and 81.9 wt% for RP-H) after one cycle 

of adsorption, acid desorption, base regeneration, and reswelling in ultrapure water (Fig. 5.5), 

which is critical for the reuse of adsorbents in practical application. Furthermore, the adsorption 

capacity of U(Ⅵ) increases from 907 mg/g for RP-L to 960 mg/g for BSG-SAP-L and from 

863 mg/g for RP-H to 970 mg/g for BSG-SAP-H (Fig. 5.5). These results provide great 

motivations to use BSG as a sustainable raw material and to investigate the uranium adsorption 

behavior of BSG-SAP in detail.  
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Fig. 5.5. Adsorption capacity and reswelling ratio of BSG-SAP and RP. For adsorption, 50 mg adsorbent/50 mL 

solution, c0(U) = 1000 mg/L, 45 min, pH0 =4.6, room temperature, for desorption, 50 mL of 0.5 M HCl, 30 min; 

and for regeneration, 20 mL of 0.1 M NaOH, 10 min. 

Table 5.1. The average molecular weight between cross-links (�̅�𝑪), swelling ratio (S) and the polymer density (ρ) 

of BSG-SAP and reference polymer. 

  �̅�𝐶 × 105 Swelling ratio, in 

ultrapure water (S)  

Swelling ratio, in 

simulated seawater(S)a 

Polymer density 

(ρ, g/cm3) 

BSG-SAP-L 11 ± 0.5 104 ± 2.3 19.3 ± 0.3 1.3 

RP-L 54 ± 0.1 334 ± 0.3  1.1 

BSG-SAP-H 3.2 ± 0.3 64 ± 3.1 15.2 ± 0.1 1.3 

RP-H 3.8 ± 0.1 55 ± 0.9  1.1 

a). Simulated seawater: 25.6 g/L NaCl, 193 mg/L NaHCO3, pH0 = 7.0, no U(VI). 
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5.4. Batch adsorption experiments 

5.4.1. Adsorption kinetics 

It is essential to study adsorption kinetics before designing the adsorption system, because it 

provides information on the adsorption rate and the mass transfer mechanism. For the U(Ⅵ) 

adsorption kinetics study of BSG-SAP, pseudo-first order kinetic (equation (22), see 

Section 10.5.1) and pseudo-second order kinetic (equation (24), see Section 10.5.1) models are 

employed to describe the diffusion step and the step of adsorption on active sites, 

respectively.[192] Various statistical parameters, R2(coefficient of determination), RSS (residual 

sum of squares), and χ2 (reduced Chi-square) were used to evaluate the performance of the 

kinetic models.[194] A preliminary kinetic test shows that the adsorption equilibrium could be 

achieved at 45 min at a low initial concentration of 200 mg/L (Fig. 5.6). However, the 

equilibrium adsorption capacity of BSG-SAP-L (26.3 mg/g) is significantly smaller than that 

of BSG-SAP-H (148 mg/g), which is unusual compared with previous results obtained at c0(U) 

= 1000 mg/L (Fig. 5.5). In addition, the fitting results of the pseudo-first order and pseudo-

second order kinetic models are poor (R2 < 0.9, Table 5.2). A possible explanation is that at the 

current sorbent dosage (1 g/L), the low initial concentration of uranium ions cannot provide a 

sufficient driving force of concentration gradient to overcome the mass transfer resistance of 

uranium from the aqueous to the inside of the swollen SAP under the current adsorbent dosage 

(1 g/L).[75,241] Furthermore, the maximum adsorption capacity of BSG-SAP is expected to be 

very high due to the abundant functional groups and cross-linked polymer network (> 900 mg/g, 

as shown in Fig. 5.5). Whereas, at a low initial concentration, the adsorption sites may not be 

fully saturated, resulting in results that do not reflect the actual properties of the adsorbents. 

Therefore, the kinetic study of BSG-SAP was performed using the data collected at a high initial 

concentration (c0(U) = 1000 mg/L) with sufficient driving force of concentration gradient as 

shown in Fig. 5.7. The results shows that in the first 15 min, BSG-SAP-L and BSG-SAP-H 

reaches 85% (786 mg/g) and 81% (778 mg/g) of its equilibrium adsorption capacity, 

respectively, indicating a fast adsorption kinetics. The adsorption reaches equilibrium at 45 min 

with an adsorption capacity of 929 mg/g (BSG-SAP-L) and 964 mg/g (BSG-SAP-H), which 

could be considered as a potential advantage to shorten the operation time and save the costs in 

practical usage. Compared with the pseudo-first order kinetic model, the pseudo-second order 

kinetic model shows better fitting results for both BSG-SAP-L and BSG-SAP-H with higher R2 

and lower function errors (Table 5.3), indicating that the adsorption process is controlled by the 

U(Ⅵ) adsorption on the active sites of adsorbents.[194] However, the pseudo-first order and 
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pseudo-second order kinetic models are empirical models and have recently been criticized for 

their lack of concrete physical meaning.[194] Therefore, Ritchie’s equation (equation (27), see 

Section 10.5.1)[242] was also employed to confirm this conclusion. The physical meaning of the 

Ritchie’s equation is that the adsorption is dominated by the adsorption on the active sites, and 

one adsorbate ion/molecule could occupy n active sites.[194] Statistical analysis (Table 5.4) 

shows that the pseudo-second order kinetic model gives the best results for BSG-SAP-L and 

that the Ritchie equation could best represent the data for BSG-SAP-H. Thus, the rate-

controlling step is the adsorption on the active sites, and the diffusion step is very fast due to 

the strong hydrophilicity of the adsorbent.[243] 

 

Fig. 5.6. Adsorption kinetics of U(Ⅵ) onto BSG-SAP and the nonlinear fitting of kinetic models. For adsorption, 

2 mg adsorbent/ 2 mL solution, c0(U) = 200 mg/L, pH0 = 4.7, room temperature. 

Table 5.2. Kinetic and statistical parameters of different models. For adsorption, 2 mg adsorbent/ 2 mL solution, 

c0(U) = 200 mg/L, pH0 = 4.7, room temperature. 

PFO modela k1 (min−1) qe,cal1 (mg/g) qe,exp (mg/g) R2 RSS χ2 

BSG-SAP-L 0.2095 29.9  26.3 0.4520 1469 184 

BSG-SAP-H 1.2576  144 148 0.7420 76 11 

PSO modelb k2 (g·mg−1·min−1) qe,cal2 (mg/g) qe,exp (mg/g) R2 RSS χ2 

BSG-SAP-L 0.0076 31.0 26.3 0.6263 1002 125 

BSG-SAP-H 0.0157 146 148 0.8231 52 7 

a) PFO model: pseudo-first order kinetic model, b) PSO model: pseudo-second order kinetic model. 
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Fig. 5.7. Adsorption kinetics of U(Ⅵ) onto (a) BSG-SAP-L and (b) BSG-SAP-H and the nonlinear fitting of 

kinetic models. For adsorption, 2 mg adsorbent/ 2 mL solution, c0(U) = 1000 mg/L, pH0 = 4.6, room temperature. 

Table 5.3. Kinetic and statistical parameters of different models. For adsorption, 2 mg adsorbent/ 2 mL solution, 

c0(U) = 1000 mg/L, pH0 = 4.6, room temperature. 

PFO modela k1 (min−1) qe,cal1 (mg/g) qe,exp (mg/g) R2 RSS χ2 

BSG-SAP-L 0.2631  910  929 0.9975 8 0.9 

BSG-SAP-H 0.1918  960  964 0.8600 1747 218 

PSO modelb k2 (g·mg−1·min−1) qe,cal2 (mg/g) qe,exp (mg/g) R2 RSS χ2 

BSG-SAP-L 3.8 × 10–6 954  929 0.9992 3 0.3 

BSG-SAP-H 3.5 × 10–6 970  964 0.9206 991 124 

Ritchie’s equation α (min–1) n q∞ (mg/g) R2 RSS χ2 

BSG-SAP-L 0.45  3.4  1113 0.9935 26 3 

BSG-SAP-H 0.48  2.6  988 0.9384 767 96 

a)PFO model: pseudo first-order kinetic model; b)PSO model: pseudo-second order kinetic model. 

Table 5.4. Comparison of kinetic models (c0(U) = 1000 mg/L). 

Sample Model RSS AIC Akaike 

Weight 

Preferred 

model 

BIC BIC 

difference 

Preferred 

model 

BSG-SAP-L PFO modela 8.4 6.4 0.004 No 4.2 11.14 No 
 

PSO modelb 3.0 –4.7 0.996 Yes –6.9 0 Yes 

BSG-SAP-L Ritchie's equation 26.0 18.9 7.6 × 10–6 No 16.7 23.6 No 
 

PSO model 3.0 –4.7 0.996 Yes –6.9 0 Yes 

BSG-SAP-H Ritchie's equation 1747.0 53.4 0.984 Yes 50.3 0 Yes 
 

PFO model 990.9 61.6 0.016 No 58.5 8.2 No 

BSG-SAP-H Ritchie's equation 768.9 53.4 0.780 Yes 50.3 0 Yes 
 

PSO model 990.9 56.0 0.220 No 52.9 2.5 No 

a) PFO model: pseudo-first order kinetic model, b) PSO model: pseudo-second order kinetic model. 
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5.4.2. Effect of pH value 

The pH of the metal solution shows significant influence on surface properties of adsorbents, 

the speciation of the uranyl ions, and the swelling ability of BSG-SAP, which determines 

adsorption properties. A distribution diagram of uranyl ions (c0(U) = 1000 mg/L, Fig. 5.9, b) 

calculated using Visual MINTEQ 3.1 software[14] suggests a range from 1 to 4.6 of the initial 

pH (pH0) to avoid the presence of UO2(OH)2 in the solution. Fig. 5.8 shows that the adsorption 

capacity of U(Ⅵ) onto BSG-SAP increases as the pH0 rises, yielding adsorption capacities for 

BSG-SAP-L and BSG-SAP-H of 919 mg/g and 930 mg/g, respectively, when pH0 = 4.6. The 

carboxyl groups of BSG-SAP are gradually deprotonated when the pH0 increases, which favors 

the electrostatic interaction between uranyl ions and the functional groups.[92] However, as the 

point of zero charge (pHPZC) of the BSG-SAP-L and BSG-SAP-H is 6.1 and 6.2 (Fig. 5.9, a), 

respectively, the surface of the adsorbents is positively charged throughout the process (pH < 

pHPZC). This suggests that despite the electrostatic repulsion effect on the BSG-SAP surface, 

other mechanisms also contribute to the increased adsorption capacity.[244] One of the reason is 

the deprotonation of carboxyl groups reduces the hydrogen bond interactions between the –

COOH groups in BSG-SAP and increases the electrostatic repulsion effect between the 

negatively charged –COO– groups. Consequently, the swelling ratio of the polymer increases, 

thereby increasing the availability of the active adsorption sites toward uranyl ions.[225] 

Furthermore, UO2
2+ dominates the solution when pH < 2.5 (Fig. 5.9, b). Hydrolyzed species 

like (UO2)2(OH)2
2+, (UO2)3(OH)5

+, and (UO2)4(OH)7
+ appears with UO2

2+ when the pH 

increases from 2.5 to 4.6. The hydrolyzed (UO2)2(OH)2
2+ cation is easier adsorbed on the 

polymer due to its higher affinity toward solid surface compared with the unhydrolyzed 

UO2
2+.[190] Moreover, the pH value of the solution increases after U(VI) adsorption (Table 5.5). 

One possible reason is that the hydrolyzed U(VI) species release OH− groups when interacting 

with carboxyl groups.[245] When pH0 < pHPZC, the pH value of the aqueous solution without 

uranyl ions also increases after adding the polymers (Fig. 5.9, a). This indicates that the 

increased pH value after adsorption may be also due to the protonation of carboxyl groups and 

the release of Na+ from the BSG-SAP. Further evidence of Na+ release during the adsorption is 

discussed in the Section 5.4.6. 
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Fig. 5.8. Adsorption capacity of U(Ⅵ) in dependence of the initial pH. For adsorption: 2 mg adsorbent/ 2 mL 

solution, c0(U) = 1000 mg/L, t = 45 min, room temperature. 

 

Fig. 5.9. (a) Determination of point of zero charge (pHPZC) of BSG-SAP-L and BSG-SAP-H, and (b) distribution 

diagram of uranium acetate solution calculated by Visual MINTEQ 3.1software (c0(U) = 1000 mg/L = 4.2 mM).[14] 

Table 5.5. The change of pH during adsorption experiments. For adsorption: 2 mg adsorbent/ 2 mL solution, c0(U) 

= 1000 mg/L, t = 45 min, room temperature. 

BSG-SAP-L BSG-SAP-H 

pH0 pHe ΔpH pH0 pHe ΔpH 

1.1 1.1 0 1.1 1.1 0 

2.0 2.1 0.1 2.7 2.9 0.2 

2.7 2.9 0.2 3.7 3.8 0.1 

4.2 4.5 0.3 4.2 4.6 0.4 

4.6 5.1 0.5 4.6 5.1 0.5 
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5.4.3. Effect of anions species and ionic strength 

The presence of anions such as Cl−, SO4
2−, and NO3

− in the aquatic environment can 

significantly affect the adsorption capacity of U(Ⅵ), since they can form complexes with uranyl 

ions.[246] Herein, the effect of different anions on the adsorption capacity of the BSG-SAP at 

the same ionic strength (I = 0.1 mol/L) is studied. The adsorption capacity of U(Ⅵ) decreases 

in the presence of anions (Fig. 5.10, a). Both adsorbents present the least decrease in the 

adsorption capacity with ClO4
− (836 mg/g of BSG-SAP-L and 818 mg/g of BSG-SAP-H), while 

the adsorption cpacity in the presence of SO4
2− decreases the most (744 mg/g of BSG-SAP-L 

and 720 mg/g of BSG-SAP-H). This is in good agreement with the speciation results calculated 

by Visual MINTEQ 3.1 software (Table 5.6),[14] which shows that under the studied condition, 

NO3
−, Cl−, and SO4

2− form stable complexes (UO2Cl+, UO2NO3
+, UO2SO4(aq), and 

UO2(SO4)2
2−) with UO2

2+, whereas ClO4
− seem not to form stable complexes. Furthermore, 

using NaClO4 as the supporting electrolyte, the effect of ionic strength on the adsorption 

capacity is investigated. The adsorption capacity of U(Ⅵ) decreases from very low ionic 

strength without NaClO4 (919 mg/g for BSG-SAP-L and 930 mg/g for BSG-SAP-H) to the high 

ionic strength with 1 M NaClO4 (739 mg/g for BSG-SAP-L and 593 mg/g for BSG-SAP-H, see 

Fig. 5.10, b). This is may be due to the high concentration of Na+ that shields the electrostatic 

attraction between UO2
2+ and the carboxyl groups, competes with UO2

2+ for the adsorption sites, 

and affects the activity coefficient of UO2
2+.[75] Furthermore, the anion-anion electrostatic 

repulsion within the polymer is inhibited when additional cations are added in the solution, and 

the osmotic pressure between the polymer network and the external solution decreases. This 

leads to a decrease in the swelling ratio of adsorbents as shown in Fig. 5.11.[220] Because the 

swelling and shrinking control the transport of the adsorbate into or out of a polymeric 

adsorbent,[239] the decrease in swelling ratio could also result in the decrease in adsorption 

capacity. Despite being affected by high ionic strength and complexing anions, BSG-SAP 

shows high adsorption capacities (>500 mg/g) and a great potential to remove U(Ⅵ) from real 

wastewater.  
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Fig. 5.10. Adsorption capacity of U(Ⅵ) in dependence of (a) the anion at constant ionic strength and (b) the ionic 

strength. For adsorption: 2 mg adsorbent/ 2 mL solution, c0(U) = 1000 mg/L, t = 45 min, room temperature, pH0 

= 4.6, for (a): I = 0.1 mol/L, and for (b): c(NaClO4) = 0–1.0 mol/L. 

 

Fig. 5.11. Effect of ionic strength on the swelling ratio of BSG-SAP-L and BSG-SAP-H (pH0 =4.6). 

Table 5.6. Species calculation in the presence of anions using Visual MINTEQ 3.1[14] (c0(U) = 1000 mg/L, pH = 

4.6, I = 1.0 mol/L). 

Anions Species name % of total concentration 

Cl− UO2Cl+ 0.7 

NO3
− UO2NO3

+ 0.9 

SO4
2− UO2SO4(aq) 27.6 

UO2(SO4)2
2− 7.7 

ClO4
− None 0 

 

5.4.4. Adsorption isotherm 

To obtain information about the adsorption mechanism, maximum adsorption capacity, and 

properties of the adsorbents, adsorption isotherms of U(Ⅵ) onto BSG-SAP are depicted in 
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Fig. 5.12. The isotherm data are fitted by Langmuir (equation (31), see Section 10.5.3), 

Freundlich (equation (34), see Section 10.5.3),[156] and Toth (equation (37), see Section 10.5.3) 

models,[247] and the fitting results and statistical parameters are summarized in Table 5.7. The 

results show that Langmuir and Freundlich isotherm models produce poor results of the BSG-

SAP-L data with low correlation coefficients (R2 < 0.9) and high function errors. Therefore, it 

is difficult and inaccurate to estimate the maximum adsorption capacity of BSG-SAP-L using 

the Langmuir model. On the other hand, the Toth model fits both BSG-SAP samples best, as 

confirmed by the statistical parameters depicted Table 5.7 and the F-test[248] results at the 0.05 

significant level (Table 5.8). In both cases, large deviations of the z values from one (z = 7.7 for 

BSG-SAP-L and z = 0.5 for BSG-SAP-H) indicate the heterogeneous property of the BSG-SAP 

adsorbents.[199] Therefore, the adsorption mechanism could be described as a monolayer 

adsorption of U(VI) onto a heterogeneous surface of BSG-SAP. Compared with the U(Ⅵ) 

adsorbents reported in the literature (Table 5.9), BSG-SAP-L and BSG-SAP-H present a 

significantly higher maximum adsorption capacity of U(Ⅵ) estimated by the Toth model 

(qmax,T) of 1149 mg/g and 1465 mg/g, respectively. In particular, BSG-SAP presents a much 

higher adsorption capacity and a faster adsorption kinetics compared with the cellulose-based 

adsorbent (HPMC-g-AO, 765 mg/g and 12 days)[79] and the surface modified polypropylene 

fiber (SII-PNF, 133 mg/g and 15 h).[215] This is attributed to the improved grafting density and 

biomass utilization after swelling BSG, indicating a great potential of BSG-SAP in uranium 

removal from wastewater. 

 

Fig. 5.12. Adsorption isotherm of U(Ⅵ) onto BSG-SAP and the nonlinear fitting of Langmuir, Freundlich, and 

Toth models. For adsorption, 2 mg adsorbent/ 2 mL solution, pH0 = 4.6, t = 45 min, room temperature. 
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Table 5.7. Isotherm parameters of Langmuir, Freundlich, and Toth models. For adsorption, 2 mg adsorbent/ 2 mL 

solution, pH0 = 4.6, t = 45 min, room temperature. 

Isotherm model Adsorbent Parameters 

Langmuir  

 R2 kL (L/mg) qmax,L (mg/g) RSS χ2 

BSG-SAP-L 0.8671 0.014 1315  1611 268 

BSG-SAP-H 0.9833 0.054 1060  74 12 

Freundlich 

 R2 n 
 

RSS χ2 

BSG-SAP-L 0.7843 3.2  
 

2616 436 

BSG-SAP-H 0.9720 3.3   125 21 

Toth 

 R2 z qmax,T (mg/g) RSS χ2 

BSG-SAP-L 0.9578 7.7  1149  512 102 

BSG-SAP-H 0.9952 0.5 1465  21 4 

Table 5.8. Results of the F-test to compare the Toth model with the Langmuir model. 

  
RSS Na pb F Prob>F 

BSG-SAP-L Toth model 512 8 3 10.7 0.022 < 0.05 

 
Langmuir model 1611 8 2 

  
BSG-SAP-H Toth model 21 8 3 12.5 0.017 < 0.05 

 
Langmuir model 74 8 2 

  
a). Number of data points and b) number of parameters. 

Table 5.9. Comparison of the U(Ⅵ) adsorption capacity in U(Ⅵ) spiked water. 

Adsorbent Equilibrium time  qmax (mg/g) Reference 

BSG-SAP-L 45 min 1149 This study 

BSG-SAP-H 45 min 1465 This study 

PAO-CFs membrane 60 min 53 [78] 

PAAM hydrogel 5 h 713 [90] 

HPMC-g-AO  12 days 765 [79] 

LDO-C 2 h 354 [249] 

FeOOH-APAN 4 h 980 [196] 

SII-PNF 15 h 133 [215] 

 

5.4.5. Performance at high salinity and under alkaline condition 

To test the adsorbent performance at high salinity and under alkaline conditions, the adsorption 

experiments are carried out in U(VI) spiked simulated seawater (193  mg/L NaHCO3 and 

25.6 g/L NaCl) at various U(VI) concentration and initial pH of 7–8.[250,251] As shown in 

Fig. 5.13, the adsorption capacity of BSG-SAP-L decreases as the adsorbent dosage increases 

due to the inefficiency of excess amount of adsorbents.[160] In case of BSG-SAP-H, increasing 
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the dosage from 0.04 g/L to 0.07 g/L slightly increases the adsorption capacity at higher initial 

concentrations (c0(U) = 10 and 30 mg/L) due to the increase in available adsorption sites,[207] 

which is not observed at c0(U) = 8 mg/L. In order to be comparable to other studies, the results 

at a lower initial concentration (c0(U) = 8 mg/L) and a pH0 value more close to natural seawater 

(8.0) are further discussed. Maximum adsorption capacities of BSG-SAP-L and BSG-SAP-H 

at c0(U) = 8 mg/L are 13.8 mg/g at 0.07 g/L and 17.6 mg/g at 0.04 g/L, respectively. 

Furthermore, removal efficiency increases sharply as the adsorbent dosage increases, and BSG-

SAP-H reaches 46% of uranium removal at the dosage of 1g/L (Fig. 5.13, d). As shown in 

Table 5.10, the synthesized BSG-SAP displaces higher adsorption capacity under similar 

conditions comparing with the current reported natural polymer-derived adsorbents, e.g. 

functionalized natural cellulose fibers (16 mg/g),[212] SSUP fiber (15.1 mg/g),[67] and modified 

collagen fibrils (NCFs-HTO-BT, 14.9 mg/g).[252] The adsorption capacity is also higher than 

the synthetic polymer derived from chemically-initiated polymerization (pA@Poly(VBC-co-

DVB), 14.8 mg/g).[210] Synthetic polymers obtained from radiation-induced graft 

polymerization (RIGP) (160 mg/g, PE-graft-poly(AO-co-MA))[253] and atom-transfer radical 

polymerization (ATRP) (179 mg/g, PE-graft-poly(VBC)-graft-poly(AO-co-tBA)[250] show 

better performance of up to 4 times higher than BSG-SAP but with longer equilibrium time of 

24 h. Moreover, synthetic polymers are unlikely to be cheap enough for practical application 

considering the cost of precursors and the number of synthetic steps.[212] In contrast, the 

production of BSG-SAP is likely to be cost-effective because it is a one-pot synthetic approach 

using very cheap raw materials, and BSG-SAP-H has high adsorption capacity and fast kinetics 

at high salinity and under alkaline conditions, which is promising for practical application. 
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Fig. 5.13. Adsorption capacity and removal efficiency of U(Ⅵ) on BSG-SAP-L and BSG-SAP-H in U(VI) spiked 

simulated seawater with various U(VI) condition and pH0. For adsorption, c(NaCl) = 25.6 g/L, c(NaHCO3) = 

193 mg/L, t = 2 h, room temperature, for (a) pH0 = 7, for (b) pH0 = 7.7, and for (c) and (d) pH0 = 8. 

Table 5.10. Comparison of the U(Ⅵ) adsorption capacity at high salinity and under alkaline conditions. 

Adsorbent qe (mg/g) Conditions Time Reference 

BSG-SAP-H 17.6 c0(U) = 8 mg/L, 193  mg/L NaHCO3, 

25.6 g/L NaCl, pH = 8 

2 h This study 

Functionalized natural 

cellulose fibers 

16 c0(U) =10 mg/L, pH = 8.2 1 h [212] 

SSUP fiber 15.1 c0(U) = 8 mg/L, simulated seawater  30 min [67] 

NCFs-HTO-BT 14.9 c0(U) = 8 mg/L, pH = 8 24 h [252] 

pA@Poly(VBC-co-

DVB) (beads) 

14.8 c0(U) = 50 mg/L, pH = 8, in artificial 

seawater 

72 h [210] 

PE-graft-poly(AO-co-

MA)  

160 c0(U) = 7.9 mg/L, 193 mg/L Na2CO3, 

25.6 g/L NaCl, pH = 8.3 

24 h [253] 

(PE-graft-poly(VBC)-

graft-poly(AO-co-tBA) 

179 c0(U) = 6 mg/L with NaCl and NaHCO3, 

pH = 8 

24 h [250] 
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5.4.6. Adsorption selectivity 

To improve the removal efficiency of uranium from the aquatic environment, high adsorption 

selectivity of BSG-SAP for U(VI) is an important characteristic. In alkaline conditions, the 

selectivity of U(VI) in the presence of V(V) was tested as a representative.[254,255] Moreover, a 

series of competing metal ions that occur in many cases in the uranium contaminated water 

(K(Ⅰ), Na(Ⅰ), Mg(Ⅱ), Zn(Ⅱ), Co(Ⅱ), Ni(Ⅱ), Cu(Ⅱ), Pb(Ⅱ), and Fe(Ⅲ)) are selected to investigate 

the adsorption selectivity.[214,256] The selectivity coefficient (SU, %) was calculated according to 

equation (15) (see Section 10.3.5) to describe the selectivity toward U(VI). As shown in 

Fig. 5.14, the adsorption capacity of BSG-SAP for U(VI) is always the highest among all the 

competing ions, presenting an excellent selectivity in the presence of V(V), Na(Ⅰ), Mg(Ⅱ), 

Zn(Ⅱ), Co(Ⅱ) and Ni(Ⅱ) and a good selectivity in the presence of K(Ⅰ) and Cu(Ⅱ) (SU > 60%). 

As a hard Lewis acid, uranyl ion could form more stable complex with the hard Lewis bases 

such as carboxyl and amide groups in the BSG-SAP compared with the metal ions that are 

classified as borderline Lewis acids (Zn(Ⅱ), Co(Ⅱ), Ni(Ⅱ), Cu(Ⅱ) etc.), resulting in a higher 

adsorption capacity of uranium.[257] Moreover, the higher affinity of U(VI) to the functional 

groups may be related to its higher charge (+2) compared with K(Ⅰ) and Na(Ⅰ) and its higher 

electronegativity (1.38).[190,258,259] The poor selectivity toward U(VI) in the presence of Fe(Ⅲ) 

(Fig. 5.14, c) is probably because of the lower first hydrolysis constant of Fe3+ (pKh1 = 3.1)[260] 

than UO2
2+ (pKh1 = 5.6),[261] leading to a higher affinity to the functional groups.[190,258] It is 

also found that the Na+ concentration increases from 50 mg/L to 53.6 mg/L (BSG-SAP-L) and 

59.3 mg/L (BSG-SAP-H) after adsorption, indicating a cation exchange between Na+ and the 

uranyl ions.[262]  
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Fig. 5.14. Selectivity of BSG-SAP toward U(Ⅵ) in the presence of (a) V(V), (b) Mg(Ⅱ), Zn(Ⅱ), Co(Ⅱ), Ni(Ⅱ) and 

Cu(Ⅱ), (c) Pb(Ⅱ), and Fe(Ⅲ), and (d) K(Ⅰ), Na(Ⅰ). For (a): 2 mg adsorbent/50 mL solution, c0 = 5 mg/L, pH0 =8.0, 

2 h; for (b) and (c): 2 mg adsorbent/16 mL solution, c0 = 30 mg/L, pH0 =3.2, 2 h; and for (d): 2 mg adsorbent/16 mL 

solution, c0 = 50 mg/L, pH0 =4.7, 2 h. 
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5.5. Fixed bed column experiments 

5.5.1 Breakthrough curves and dynamic modeling study  

When large scale adsorption techniques are applied, continuous systems are often used to treat 

the large-volume influent in a short operation time and fully utilize the adsorption capacity of 

the adsorbents at low concentrations.[263] However, little research has reported the adsorption 

behavior of superabsorbent polymer in continuous flow systems. A fixed bed column packed 

with adsorbents in laboratory can be easily scaled up for industrial use and provides important 

information on the practical application parameters.[264] Moreover, previous batch adsorption 

experiments in Section 5.4.1 (adsorption kinetics) and 5.4.5 (performance at high salinity and 

under alkaline condition) show a significant decrease in adsorption capacity of BSG-SAP when 

the initial concentration of U(VI) is low. On the contrary, it is reported in literature that the 

adsorption efficiency of fixed bed column is much higher than that of the batch adsorption for 

low concentrations that are in the steep part of the adsorption isotherm.[265] Therefore, BSG-

SAP was tested in the fixed bed column units to evaluate its full potential for uranium removal. 

In this section, BSG-SAP-L was tested on the fixed bed column using La(Ⅲ) and U(Ⅵ) model 

solution to get some basic information about the adsorption properties.  

The breakthrough curves of BSG-SAP-L toward La(Ⅲ) with different bed depths show a 

typical S shape (Fig. 5.15, a). The breakthrough point (tB) is designated at the time when ct/c0 

reaches to 0.05, and the exhaustion point (tE) is designated at the time when ct/c0 reaches to 0.9. 

BSG-SAP-L shows early tB1 = 4 min and tE1 = 40 min when the bed depth is 7 cm, which 

dramatically increase to tB2 = 40 min and tE2 = 96 min as the bed depth increases to 13.5 cm. In 

addition, the adsorption capacity of La(Ⅲ) increases from 127 mg/g to 175 mg/g (Table 5.11). 

This is because as the bed depth increases, more adsorption sites are available (larger adsorbent 

mass) and the bed efficiency is improved because the metal ions have sufficient time to diffuse 

into the entire mass of the SAP.[266] Similar trend has been observed using U(Ⅵ) model solution 

as the bed depth increases (Fig. 5.15, b), and the breakthrough point changes from tB1 = 40 min 

to tB2 = 100 min. The exhaustion point for U(Ⅵ) has not reached within working period in the 

preliminary trials, indicating a much higher adsorption capacity for U(Ⅵ). The adsorption 

capacity of U(Ⅵ) decreases slightly from 565 mg/g to 552 mg/g when the bed depth increases 

from 7 cm to 13 cm (Table 5.11), which is probably due to the inefficiency of excess amount 

of adsorbents.[160] Compared with the batch adsorption experiments at the same initial 

concentration (91 mg/g, c0 = 100 mg/L), the adsorption capacity of BSG-SAP-L for U(Ⅵ) is 4 
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times higher, indicating a high efficiency of the fixed bed column. The competitive adsorption 

of U(Ⅵ) and La(Ⅲ) on BSG-SAP-L is depicted in Fig. 5.15, c. Both U(Ⅵ) and La(Ⅲ) show 

the breakthrough at 30 min, while the exhaustion time of La(Ⅲ) (tE(La) = 80 min) is much 

earlier than that of U(Ⅵ) (tE(U) = 220 min), indicating a higher adsorption affinity of U(Ⅵ) 

(224 mg/g) than La(Ⅲ) (130 mg/g) with a SU = 63.3% (Table 5.11). 

To predict the breakthrough curves of the biosorbent and provide information about the 

dynamic adsorption mechanisms, Thomas[267] and Bohart-Adams[268] models are commonly 

used in the fixed bed column studies. The Bohart-Adams model assumes that the rate of 

adsorption depends on the concentration of adsorbates and the remaining adsorption 

capacity,[269] while the Thomas model assumes a Langmuir isotherm with a pseudo-second 

order rate expression.[270] According to the isotherm studies in batch experiments, the isotherms 

of BSG-SAP for U(Ⅵ) adsorption follow the description of the Toth model rather than the 

Langmuir model. In addition, the accurate form of the Thomas model is computationally 

cumbersome and difficult to use in practice. Furthermore, the simplified equation of the Thomas 

model is mathematically equivalent to the Bohart-Adams model, making the Langmuir 

isotherm assumption irrelevant.[271] Therefore, the Bohart-Adams model (equation (45), see 

Section 10.5.5) is more suitable for predicting the behavior of the breakthrough curves and the 

maximum adsorption capacity in the current study. As shown in Table 5.11, the Bohart-Adams 

model shows good fitting results of the breakthrough curves with high coefficient of 

determination (R2 > 0.98) and low function errors except for the U(Ⅵ) breakthrough curve in 

the U(Ⅵ)/La(Ⅲ) binary solution (R2 = 0.9392). It should be noticed that the swollen adsorbents 

would shrink during the adsorption, resulting in a decrease in bed depth as the working duration 

prolongs (Fig. 5.15, a and b). This the shrinkage of hydrogel beads upon adsorption has also 

been reported in literature.[263] In the present study, the shrinkage of BSG-SAP does not make 

the shape of the breakthrough curves significantly different from the typical S shape. However, 

it could explain the deviation between the breakthrough curves and the model prediction, 

because the Bohart-Adams model assumes the bed depth to be a constant value. The shrinkage 

of the BSG-SAP-L at the early stage leaving voids between the hydrogel particles, leading to a 

higher U(Ⅵ) concentration in the effluent than the model prediction. As the shrinkage continues, 

the bed are more efficiently packed with the help of water pressure, reducing channeling along 

the walls of the column and resulting in better contact with the bulk solution. This would result 

in a lower U(Ⅵ) concentration than the model prediction.[263] However, The maximum 

adsorption capacity (qM) of the column test derived from Bohart-Adams model is close to the 

experimental results when the exhaustion points of the breakthrough curves have been reached 
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(Table 5.11, except for U(Ⅵ) with a bed depth 13.5 cm, which the adsorbent is far from 

exhaustion), indicating a reliable prediction. 

 

Fig. 5.15. Effect of bed depth on the breakthrough curves of BSG-SAP-L for (a) La(Ⅲ) and (b) U(Ⅵ) model 

solution and the change of normalized bed depth during the adsorption process (initial bed depth = 13. 5 cm), and 

(c) break through curves of BSG-SAP-L using U(Ⅵ)/La(Ⅲ) binary solution. For (a) c0(La) = 100 mg/L, Q = 

3 mL/min, pH0 = 5.7; For (b) c0(U) = 100 mg/L, Q = 3 mL/min, pH0 = 4.7; and for (C) c0(La) = c0(U) =100 mg/L, 

Q = 3 mL/min, pH0 = 4.6, bed depth = 11.5 cm. 

Table 5.11. Adsorption capacity and fitting results of Bohart-Adams model using BSG-SAP-L. 

Breakthrough curve qe 

(mg/g) 

kBA 

(L/(mg·min)) 

N0 

(mg/L) 

qM 

(mg/g) 

R2 RSS χ2 

La(Ⅲ)-bed depth 7 cm 127 0.0014 912 123 0.9902 0.02 0.001 

La(Ⅲ)-bed depth 13.5 cm 175 0.0009 1582 176 0.9989 0.003 0.0001 

U(Ⅵ)-bed depth 7 cm 529 0.0004 5014 565 0.9922 0.01 0.0006 

U(Ⅵ)-bed depth 13.5 cm 401 0.0003 4409 552 0.9879 0.001 0.00005 

La(Ⅲ) in the binary 

solution 

137 0.0011 1173 130 0.9958 0.014 0.0006 

U(Ⅵ) in the binary 

solution 

246 0.0003 2026 224 0.9392 0.155 0.0067 
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5.5.2 Performance at low concentration, high salinity and under alkaline conditions 

Since uranium is always present in wastewater at even lower concentrations, further studies of 

BSG-SAP-L and BSG-SAP-H will be conducted using fixed bed column with an U(VI) initial 

concentration of 30 mg/L). BSG-SAP-L and BSG-SAP-H exhibit similar breakthrough curves 

and reach ct/c0 ≈ 0.4 after running for 7 h (Fig. 5.16, a). Compared with the breakthrough curves 

at the higher initial concentrations (Fig. 5.15), the exhaustion time has been largely increased 

due to poor driving force caused by lower concentration gradient, resulting in slow mass 

transfer between the adsorbate and adsorbent.[268] The column is not fully saturated to reduce 

the uranium wastewater generate during the experiments, and it is expected that the adsorption 

capacity will be higher if the working time is extended. BSG-SAP-L shows a higher adsorption 

capacity (349.5 mg/g) than BSG-SAP-H (254.4 mg/g) (Table 5.12) because it has lower cross-

linking density and higher swelling ratio (see Table 5.1). This results in a lower dry adsorbent 

dosage (0.067 g/ 840 mL for BSG-SAP-L and 0.105 g/ 840 mL for BSG-SAP-H) at the same 

bed depth and packing density, favoring the diffusion of UO2
2+ inside the polymer network.[272] 

However, BSG-SAP-L suffers from a significant mass loss and poor stability during the 

regeneration process, with only 11.4 wt% remaining after reswelling in the ultrapure water. 

This makes the BSG-SAP-L sample almost impossible to reuse. In contrast, the mass loss of 

BSG-SAP-H is minor thanks to its high cross-linking density with a reswelling ratio of 

89.2 wt%.[273] Considering the practical application and operation cost, the highly cross-linked 

BSG-SAP-H would be a better choice for further testing of its performance and reusability at 

high salinity and under alkaline condition. After running in the simulated seawater (c0(U) = 

30 mg/L) for 7 h, the obtained adsorption capacity (34.1 mg/g) of BSG-SAP-H is much lower 

than that for U(Ⅵ) spiked water, which is probably because of the low swelling ratio (15.2, see 

Table 5.1) and the high ionic strength under this condition. In addition, Table 5.12 shows good 

fit results using the Bohart-Adams model for all the breakthrough curves at low concentration 

and in simulated seawater with R2 > 0.94 and low error functions. Therefore, reasonable 

estimations of the qM at c0(U) = 30 mg/L are obtained as 770 mg/g for BSG-SAP-L and 

334 mg/g for BSG-SAP-H in the U(Ⅵ) spiked water, and the qM for BSG-SAP-H in the 

simulated seawater is 77 mg/g. The results show that BSG-SAP-H is possible to be integrated 

in continuous flow systems for uranium removal. 
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Fig. 5.16. Breakthrough curves and non-linear fitting of Bohart-Adams model of (a) BSG-SAP-H, BSG-SAP-L in 

U(Ⅵ) spiked water (c0(U) = 30 mg/L, pH0 = 4.9), and (b) BSG-SAP-H in simulated seawater (c0(U) = 30 mg/L, 

c(NaCl) = 25.6 g/L, c(NaHCO3) = 193 mg/L, pH0 = 7.0). For column experiment, bed depth = 6.5 cm, Q = 

2 mL/min. 

Table 5.12. Adsorption experiments and fitting results of the Bohart-Adams model for column experiments. 

Adsorbent Condition qe 

(mg/g) 

kBA 

(L/(mg·min)) 

N0 

(mg/L) 

qM 

(mg/g) 

R2 RSS χ2 

BSG-SAP-L U(Ⅵ) spiked water 

(c0(U) = 30 mg/L) 

349.5 0.00015 4800  770  0.9457 0.01 0.0003 

BSG-SAP-H  U(Ⅵ) spiked water 

(c0(U) = 30 mg/L) 

254.4 0.0002 3500  334  0.9670 0.01 0.0005 

BSG-SAP-H  simulated seawater 

(c0(U) = 30 mg/L) 

34.1 0.0001 3700  77  0.9505 0.001 0.00035 

 

5.5.3 Desorption and reusability 

In order to reduce costs and waste generation in practical application, the desorption and 

regeneration properties of the adsorbents are of great importance and need to be investigated 

comprehensively. Thus, the desorption and reusability of BSG-SAP-H are explored in the fixed 

bed column in both U(VI) spiked water and simulated seawater, and the breakthrough curves 

are given in Fig. 5.17. The adsorption capacity of BSG-SAP-H for U(VI) spiked water 

decreases from 254.4 mg/g to 201.9 mg/g during the four cycles because of increased mass loss 

(Fig. 5.18, a). Nevertheless, 80% of the adsorption capacity is retained, imposing good stability 

without massive loss of functional groups. In simulated seawater (Fig. 5.18, b), the adsorption 

capacity increases from 27.6 mg/g to 37.4 mg/g after the first regeneration process, probably 

because of the use of NaOH as regeneration agent deprotonating all the carboxyl groups. 

Afterwards, the adsorption capacity decreases slightly, reaching 33.4 mg/g (90%) in the fourth 

cycle with good stability and no obvious loss of adsorption capacity. In addition, the high 
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desorption ratio (> 90%) guarantees the utilization of adsorption sites and a high adsorption 

capacity in the next adsorption cycle. After desorption, the uranyl ions in the water spiked with 

U(VI) could be concentrated to 14.6 folders in the first cycle and to 8.3 folders in the fourth 

cycle (Table 5.13). In simulated seawater, the enrichment factor is 9.2 for the first cycle and 

well above 12 for following three cycles (Table 5.13). The concentrated uranium in the acidic 

elution could be precipitated in the form of uranyl peroxide by H2O2 treatment, as has been 

reported for the recovery of uranium from eluted solution or the treatment of uranium-

contaminated effluents.[274,275] Based on batch and fixed bed column studies, BSG-SAP-H is 

able to meet the requirements for a sustainable adsorbent for uranium removal, including low 

cost, high adsorption capacity, fast kinetics, and excellent reusability.  

 

Fig. 5.17. Breakthrough curves of BSG-SAP-H in (a) U(VI) spiked water (c0 = 30 mg/L, pH0 = 4.9), and (b) in 

simulated seawater (c0 = 30 mg/L, c(NaCl) = 25.6 g/L, c(NaHCO3) = 193 mg/L, pH0 = 7.0). For column 

experiment, bed depth = 6.5 cm, Q = 2 mL/min. For desorption, 50 mL 0.5 M HCl, Q = 2 mL/min. For 

regeneration, 25 mL 0.1 M NaOH, 500 mL ultrapure water, Q = 2 mL/min. 

 

Fig. 5.18. Adsorption capacity (qe,FB) and desorption ratio (De,FB) of BSG-SAP-H in (a) U(Ⅵ) spiked water (c0(U) 

= 30 mg/L, pH0 = 4.9), and (b) simulated seawater (c0(U) = 30 mg/L, c(NaCl) = 25.6 g/L, c(NaHCO3) = 193 mg/L, 

pH0 = 7.0). For column experiment, bed depth = 6.5 cm, Q = 2 mL/min. For desorption, 50 mL 0.5 M HCl, Q = 

2 mL/min. For regeneration, 25 mL 0.1 M NaOH, 500 mL ultrapure water, Q = 2 mL/min. 

  



99 

 

Table 5.13. Elution concentration and enrichment factor of uranium during the four cycles of fixed bed column 

experiments. 

Cycle number U(Ⅵ) spiked water Simulated seawater 

Elution concentration 

(mg/L) 

Enrichment factor Elution concentration 

(mg/L) 

Enrichment 

factor 

1 438.4 14.6 276.7 9.2 

2 462.2 15.4 387.3 12.9 

3 338.4 11.3 381.2 12.7 

4 248.7 8.3 348.8 11.6 
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5.6. Investigation of adsorption mechanism 

SEM images of BSG-SAP-L and U(VI)-loaded BSG-SAP-L (pH0 = 4.6) were recorded 

(Fig. 5.19, a and b) to investigate the accumulation of uranium on the adsorbent surface. It can 

be noticed that the surface precipitation probably occurs at pHe = 5.1 when pH0 = 4.6 (Table 5.5), 

as indicated by the species calculation (Fig. 5.9, b). Thus, an additional U(VI)-loaded BSG-

SAP-L sample was also prepared without the possibility of surface precipitation (pH0 = 4.0 with 

a pHe = 4.2), and the SEM image was recorded (Fig. 5.19, c) for comparison. No evidence of 

UO2(OH)2 precipitation on BSG-SAP after adsorption is observed in Fig. 5.19. The EDX 

mappings (Fig. 5.20) of the U(VI)-loaded BSG-SAP-L (pH0 = 4.6 and pH0 = 4.0) present 

uniform distributions of elemental uranium together with the carbon and oxygen from the 

adsorbents, indicating a strong interaction between the uranyl ions and the functional groups. 

In addition, research on uranium sorption has reported that no precipitation of UO2(OH)2 is 

observed in supersaturated uranium solution even at pH above 4.7 for several hours, which is 

consistent with the current observation.[276]  

 

Fig. 5.19. SEM images of (a) BSG-SAP-L, (b) U(VI)-BSG-SAP-L (pH0 = 4.6) and (c) U(VI)-BSG-SAP-L (pH0 = 4.0) at 

2.0 kV, magnification = 5000 times. For adsorption, 50 mg adsorbent/ 50 mL solution, c0(U) = 1000 mg/L, t = 45 min, room 

temperature. 
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Fig. 5.20. SEM images and the distributions of elemental U, C, and O of U(VI)-BSG-SAP-L at pH0 = 4.0 (a-d) 

and U(VI)-BSG-SAP-L at pH0 = 4.6 (e-h). SEM images were taken at 20 kV, magnification = 5000 times, and 

EDX mappings were taken at 20 kV/10 μA, magnification = 5000 times, 25 frames. For adsorption, 50 mg 

adsorbent/ 50 mL solution, c0(U) = 1000 mg/L, t = 45 min, room temperature. 

 

To provide complementary information about the adsorption mechanisms, FT-IR (Fig. 5.21, a) 

and 13C solid-state NMR (Fig. 5.21, d) spectra of BSG-SAP-L before and after U(VI) adsorption 

as a representative of the BSG-supported adsorbents are compared. In the FT-IR spectra, the 

absorption bands attributed to the asymmetric (1552 cm–1) and symmetric vibration (1404 cm–

1) of the –COO– groups shift to 1509 cm–1 and 1418 cm–1, respectively, after U(VI) loading. 

This observation clearly indicates that carboxyl groups are involved in the coordination of the 

uranyl ions. Subsequently, the differences between the antisymmetric and symmetric stretching 

bands of the −COO‒ groups (Δνas-νs) decreases from 148 cm–1 to 91 cm–1, which is characteristic 

for the formation of a bidentate binding structure involving UO2
2+ cations.[277] Furthermore, 

new absorption bands appear at 531 cm–1 and 436 cm–1 after UO2
2+ loading, which are assigned 

to the vibration of ν(U−N) and ν(U−O), respectively, suggesting the coordination of UO2
2+ by 

the nitrogen atoms of amide groups and the oxygen atoms of carboxyl groups of BSG-SAP-

L.[278] In addition, a strong absorption band corresponding to the asymmetric stretching mode 

of U(VI) (3(UO2)
[171] occurs at 916 cm–1. An absorption band at 848 cm–1 in the Raman spectra 

(Fig. 5.21, c) assigned to the symmetric stretching mode of U(VI) (1(UO2)) further confirms 

this. This band is assigned to either the (UO2)2(OH)2
2+ species or a complex between UO2

2+ and 

carboxylate anions.[279] The later assignment of UO2
2+-carboxylate anion complex is consistent 

with the release of OH− anions from the hydrolyzed U(VI) species during the adsorption process, 

resulting in the observed increase in the pH value of the solution (Table 5.5). No differences 
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are observed in the FT-IR and Raman spectra for the two U(VI)-loaded samples prepared at 

different pH0 (Fig. 5.21, b and c). Furthermore, no detected absorption band in the Raman 

spectra could be assigned to the possible precipitation of uranyl ions (UO2(OH)2 at 837 cm–

1),[279] which provides additional evidence that no surface precipitation occurs during the 

adsorption process. 

The 13C CP/MAS solid-state NMR spectra also confirm the interactions between UO2
2+ and 

carboxyl groups (Fig. 5.21, d). The resonance of carboxyl C at 185 ppm in BSG-SAP-L splits 

into two resonances at 194 ppm and 182 ppm after UO2
2+ adsorption, which has also been 

reported in the uranium adsorption onto glutamate glucan.[280] The downfield shift of carboxyl 

C to 194 ppm indicates an increase in the polarization of the C=O bond due to the electronic 

effect of UO2
2+.[281] In conclusion, the electrostatic interaction between UO2

2+ and the carboxyl 

groups is the dominant adsorption mechanism for U(VI) adsorption on BSG-SAP, forming 

bidentate binding structures. In addition, the nitrogen atoms of amide groups of BSG-SAP also 

participate in the coordination of UO2
2+. The adsorption process is also companied by the cation 

exchange between Na+ and UO2
2+ and a possible release of OH− from the hydrolyzed U(VI) 

species, which no evidence of surface precipitation is observed. 
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Fig. 5.21. (a) FT-IR spectra of BSG-SAP-L before and after U(VI) adsorption, (b) FT-IR spectra of U(VI)-loaded 

BSG-SAP-L prepared at different initial pH, (c) Raman spectra of U(VI)-loaded BSG-SAP-L prepared at different 

initial pH and (d)13C CP/MAS solid-state NMR spectra of BSG-SAP-L before and after U(VI) adsorption (the 

spinning sidebands are marked with asterisks). For adsorption, 50 mg adsorbent/ 50 mL solution, c0(U) = 

1000 mg/L, pH0 = 4.6 or 4.0, t = 45 min, room temperature. 
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5.7. Degradability test 

The degradability test of BSG-SAP and the reference polymer (RP) is designed to evaluate the 

extent to which the biodegradability of BSG backbone could contribute to the degradation of 

BSG-SAP in the soil. Subsequently, it could provide information about how to treat the retired 

adsorbents. The degradation behavior of BSG-SAP in terms of percentage weight remaining is 

studied by the soil burial method (Fig. 5.22, a). The residue mass of all four samples decreases 

continuously with an increased number of days. After 49 days, 50.1 wt% of BSG-SAP-L and 

46 wt% of BSG-SAP-H remain in the soil, contrasting to 64.8 wt% of RP-L and 74.5 wt% of 

RP-H. Previous research has reported a mass loss of gum rosin alcohol/psyllium cross-linked 

poly(acrylic acid) hydrogel of 84.6 wt% after 63 days using soil buried method.[282] The lower 

residue mass of BSG-SAP compared with the reference polymers after 49 days is probably due 

to the biodegradable BSG. The polysaccharide units in BSG are first consumed by 

microorganisms, increasing the surface area of the synthetic polymer and weakening the 

polymeric matrix.[283] FT-IR spectrum of BSG-SAP-H after 49 days (Fig 5.22, b) also indicates 

a possible breakdown of the cross-links and BSG backbone since the absorption band at 

1112 cm–1 assigned to the overlap of C–N and C–O–C vibrations disappears. However, the 

mass loss discussed here is not equal to the mass of polymer that is biodegraded and mineralized. 

It is commonly reported that the superabsorbent polymer would degrade in soil at a rate of 0.12‒

0.24 wt% per six months.[284] The large mass loss of BSG-SAP and the reference polymers in 

the current study is probably because the water-soluble polymer segments detached from the 

BSG backbone are washed away during the cleaning process. Thus, it is proposed that the BSG-

SAP would degrade into two fractions in the natural soil, i.e. the BSG segments and the polymer 

segments. The BSG segments could completely degrade in the natural environment with no 

hazardous impact, and the polymer segments are possible to be biodegraded by the synergetic 

effect of white-rot fungi and soil microbes, which shows little impact on the soil 

properties.[285,286] Moreover, the toxicity of acrylic monomers is derived from their active 

unsaturated double bonds.[287] The double bonds of the monomers are converted into saturated 

single bonds during the graft polymerization, leading to a decrease in toxicity of the polymer 

segments. Therefore, BSG could probably promote the degradation of retired BSG-SAP in the 

environment into low-hazard components.  
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Fig. 5.22. (a) Residue mass of BSG-SAP and RP-P polymers buried in the soil for 49 days, and (b) FT-IR spectra 

of BSG-SAP-H before and after 49 days of degradability test. 
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6. Surface ion-imprinted brewer’s spent grain for selective uranyl 

ion adsorption 

In the actual wastewater, a large number of competing ions, often associated with the uranyl 

ions, would strongly compete for the limited number of adsorption sites, resulting in poisoning 

of adsorbent.[288] Therefore, it is technically imperative to develop new adsorbents with high 

selectivity to improve the efficiency of uranyl ion removal from wastewater. 

Ion imprinting technique (IIT) is a promising option to improve adsorption selectivity, which 

has been widely explored in the removal of radionuclides.[289] Recently, the shortcomings of 

conventional IIT, including small adsorption capacity, high diffusion resistance, low mass 

transfer rate, and poor site accessibility, which are due to a lot of adsorption sites are embedded 

deeply inside the polymers, are overcome by surface IIT.[290] A surface ion-imprinted polymer 

(surface IIP) is prepared by grafting the pre-assembled monomers and templates onto the 

support surface and forming a thin polymer layer.[291] After the template removal, the tailor-

made adsorption sites with complementary size and shape to target ions are established for 

selective adsorption.[292] The surface IIT not only ensures the complete removal of template 

ions and increases the accessibility of adsorption sites, but also facilitates the reuse of 

adsorbents.[292] So far, only a few studies have explored the adsorption of uranyl ions using 

adsorbents derived from surface IIT.[293,294] 

The functional monomers of surface IIP provide electrostatic interactions and coordination of 

the metal ions, and the molar ratio between monomer and template (M:T ratio) decides the 

affinity of adsorbents and the template removal, which are two crucial synthetic parameters for 

the performance of surface IIP.[295] The multi-point interactions from two or multiple functional 

monomers complementary to each other can improve the affinity and selectivity between the 

target ions and the adsorbent.[296] For example, IIP prepared from the ternary UO2
2+ complex 

of salicylaldoxime (SALO) and 4-vinylpyridine (4-VP) presents a better enrichment of uranyl 

ions compared with the IIP prepared from individual binary complex with SALO or 4-VP.[297] 

In addition, organophosphorus groups have also received increasing attention in recent years 

because of their strong coordination to uranyl ions with high selectivity.[298] Using vinyl 

phosphoric acid and N-isopropylacrylamide as functional monomers, imprinted microspheres 

have been prepared for uranium recovery from highly saline radioactive effluent with an 

adsorption capacity of 122.7 mg/g.[299] Nevertheless, related studies are rare, and it is tempting 



108 

to combine the P-containing monomer with traditional monomers such as 2-hydroxyethyl 

methacrylate (HEMA) in the surface IIP to improve its selectivity.[300] Furthermore, a successful 

ion-imprinting process generally requires to add an excess amount of monomers to the synthetic 

mixture.[295] Based on the stoichiometry studies, a M:T ratio of 4:1 is the most common choice 

for uranyl ion-imprinted polymers.[293,300] This means a relatively high amount of uranyl ions 

are consumed in the synthetic procedure, leading to various disadvantages, such as incomplete 

template removal, template bleeding during adsorption process, high cost, and the secondary 

pollution from toxic template leaching.[295,301] One possible solution is to aim for extremely 

high M:T ratios (e.g. 500:1), which can produce significant ion-imprinting effects when fewer 

template ions are used. This strategy has been tested in some studies using the molecular-

imprinting technology[301] but has not been explored and used for surface IIP. 

Natural polymers are considered ideal support materials for surface IIP and, due to their 

structural properties, could simultaneously provide functional groups for the modification and 

adsorption of metal ions.[302] Compared to the most commonly used natural polymers, chitosan 

and β-cyclodextrin,[302] brewer’s spent grain (BSG) is a more affordable choice because it is a 

widely produced by-product from the beer brewery industry. In the current study, the surface 

ion-imprinted BSG (IIP-BSG) has been prepared for the first time using HEMA and diethyl 

vinylphosphonate (DEVP) as monomers using an extremely high M:T ratio of 500:1. The 

selective adsorption sites of IIP-BSG are formed through the multi-point interactions between 

the uranyl ions and the two monomers. Using Eu(Ⅲ) as a model competing ion, the adsorption 

capacity, selectivity, and reusability of IIP-BSG toward U(VI) were investigated in various 

conditions. Moreover, the mass transfer mechanism of the U(VI) adsorption was studied using 

theoretical models, and the heterogeneity of the binding sites of IIP-BSG was described by the 

site energy distribution theory. The adsorption mechanism was proposed based on various 

characterization technologies and the experimental results.  
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6.1. Synthesis of surface ion-imprinted brewer’s spent grain (IIP-BSG) 

Using BSG as support, uranyl ions as the template, diethyl vinylphosphonate (DEVP) and 2-

hydoxyethyl methacrylate (HEMA) as the functional monomers and ethylene glycol 

dimethacrylate (EGDMA) as the cross-linker, IIP-BSG was prepared by free radical 

polymerization as shown in Scheme 6.1. The DEVP and HEMA assembles around uranyl ions 

via multi-point coordination and electrostatic interactions and be grafted on the BSG surface in 

the presence of EGDMA to form a thin layer of cross-linked polymers. Then, the template is 

removed by 0.5 M HCl to obtain selective adsorption cavities (size, shape, and 

functionality).[303] The non-ion-imprinted BSG (NIP-BSG) and the ion-imprinted polymer 

without BSG (IIP-Polymer) were also prepared for reference study. As shown in Table 6.1, the 

template loading during the synthetic procedure is confirmed by the U contents of unleached 

IIP-BSG (4.1 mg/g) and IIP-Polymer (5.7 mg/g). After acid elution, almost all uranyl ions 

(98%) are eluted from the IIP-BSG, whereas only 87% of the template is removed for the NIP-

Polymer. Thus, the surface imprinted sites of IIP-BSG are available for almost quantitative 

template removal, thus preventing the typical drawback of conventional IIPs of template 

leaking.[304] According to the microwave digestion results, the M:T ratio calculated from the 

mass balance of P element is 498:1 (Table 6.2), which is in a good agreement with the synthetic 

formula (500:1). 

 

Scheme 6.1. Preparation of IIP-BSG with selective adsorption sites. 
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Table 6.1. Contents of P, U and the elution efficiency of studied adsorbents. 

 
P (unleached, mg/g) P (leached, mg/g) U (unleached, mg/g) Elution efficiency (%) 

IIP-BSG 9.1 ± 1.1 1.6 ± 0.5 4.1 ± 0.2 98 ± 1.4 

NIP-BSG 8.2 ± 5.4    

IIP-Polymer 10.0 ± 4.1 4.1 ± 2.0 5.7 ± 0.2 87 ± 2.8 

IIP-BSG-ra  2.2 ± 0.1   

Errors are those obtained from ICP-OES. a) IIP-BSG-r: IIP-BSG after the five adsorption-desorption cycles 

Table 6.2. M:T ratios from the synthetic formula of IIP-BSG and the digestion results of IIP-BSG. 

 
HEMA (mmol) DEVP (mmol) U (mmol) M:T 

Synthetic formula of IIP-BSG 4.1 5.2 0.0186 500 

Digestion results of IIP-BSG 4.1a 0.8b 0.01 498 

a) Graft efficiency of HEMA is not considered, and b) calculated by mass balance of the element P. 

 

The adsorption capacity and selectivity of IIP-BSG, NIP-BSG and IIP-Polymer were 

determined to demonstrate the ion-imprinting effect and the advantages of surface IIT 

(Fig. 6.1). Since Eu(Ⅲ) is a strong Lewis acid, which has high affinity to strong Lewis basic 

sites such as hydroxyl, carboxyl and phosphoryl groups present in the adsorbents, Eu(Ⅲ) and 

U(VI) were used as competing ions in this study.[305,306] In addition, when studying the 

U(VI)/Ln(III) separation for the treatment of nuclear wastewater and disposal of spent nuclear 

fuel, Eu(Ⅲ) is commonly used to represent the group of lanthanides.[23,307] Although the IIP-

Polymer presents a high selectivity coefficient (SU) of 89% in a U(VI)/Eu(Ⅲ) binary solution 

(c0(U, Eu) = 0.5 mM), its adsorption capacity is low (9 mg/g) due to the poor accessibility of 

the imprinted sites,[308] which has little chance for practical application. The SU of IIP-BSG in 

the binary solution has increased from 77% to 91% compared with the NIP-BSG. A ion-

imprinting factor β > 1 (1.2) indicates that IIP-BSG has imprinted adsorption sites with higher 

affinity toward U(VI) than NIP-BSG.[309] Furthermore, Cu(II) and V(V) are also known for 

their significant effects on U(VI) adsorption.[255,310] Thus, IIP-BSG and NIP-BSG are tested in 

U(VI)/Cu(II) (c0 = 0.5 mM, pH0 = 4.7) and U(VI)/V(V) (c0 = 0.1 mM, pH0 = 3) binary solution. 

The lower initial concentration and pH value of the U(VI)/V(V) binary solution were employed 

to avoid co-precipitation of U(VI) and V(V). According to the calculation performed with the 

Visual MINTEQ 3.1 software, the dominate species are UO2
2+ and VO2

+ in the model solution 

(Table 6.3).[14] As shown in the Fig. 6.2, IIP-BSG shows higher selectivity of SU = 97% in the 

U(VI)/Cu(II) binary solution and SU = 91% in the U(VI)/V(V) binary solution compared with 

the NIP-BSG (SU = 88% for U(VI)/Cu(II) and SU = 86% for U(VI)/V(V)). This confirms the 

excellent selectivity of IIP-BSG against various competing ions. The adsorption capacity of 

IIP-BSG in U(VI) single solution (80 mg/g) is significantly higher than that of the IIP-Polymer 
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(9 mg/g) with comparable selectivity, indicating greater potential for practical application. 

However, the adsorption capacity of IIP-BSG is lower than the NIP-BSG (196 mg/g). One 

possible explanation is the loss of physically attached monomers during the leaching process, 

as shown by the decrease in P content from 9.1 mg/g to 1.6 mg/g after acid elution compared 

to the NIP-BSG (8.2 mg/g, Table 6.1). Additionally, it has been reported that the adsorption 

capacity of IIP is generally lower than that of NIP when the monomer/cross-linker ratio is 

higher than 1/6 (2/1 for IIP-BSG).[311] 

 

Fig. 6.1. Adsorption capacity and calculated selectivity coefficient (SU) of IIP-BSG, NIP-BSG, and IIP-Polymer 

in U(VI) single solution and U(VI)/Eu(Ⅲ) binary solution. For adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 

4.7, t = 2 h, for single solution c0(U) = 1.2 mM, and for binary solution c0(U, Eu) = 0.5 mM. 

 

Fig. 6.2. Adsorption capacity and calculated selectivity coefficient (SU) of IIP-BSG and NIP-BSG in (a) 

U(VI)/Cu(II) (c0 = 0.5 mM, pH0 = 4.7) and (b) U(VI)/V(V) (c0 = 0.1 mM, pH0 = 3) binary solution. For adsorption: 

2 mg adsorbent/ 2 mL solution, t = 2 h. 
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Table 6.3. Species calculation of the U(VI)/V(V) binary solution with concentration of 0.1 mM each at pH = 

3.0.[14] 

Species name % of total concentration 

UO2
2+ 99.4 

UO2OH+ 0.5 

(UO2)2(OH)2
2+ 0.04 

(UO2)2OH3+ 0.04 

VO2
+ 93.2 

H2VO4
− 6.8 

H2V2O7
2− 0.02 

 

Moreover, a reference adsorbent with a M:T ratio of 4:1 (IIP-BSG(4:1)) was synthesized, which 

is the most common choice for uranyl ion-imprinted polymers based on the stoichiometry 

studies.[293,300] The high template loading of unleached IIP-BSG(4:1) is confirmed by a strong 

absorption band of U=O stretching vibration at 923 cm−1 in the FT-IR spectrum (Fig. 6.3, a). In 

contrast, this absorption band is not observed in the spectrum of unleached IIP-BSG, 

presumable due to a low template loading (M:T = 500:1). Adsorption experiments show that 

IIP-BSG with an adsorption capacity of 80 mg/g and a selectivity SU = 91% actually performs 

better than IIP-BSG(4:1) (adsorption capacity 74 mg/g and SU = 84%, Fig. 6.3, b). This shows 

that the M:T ratio can be increased to an extremely high value to reduce the amount of template 

required, but still maintain the imprinting effect and selectivity.[289] Therefore, the as-prepared 

IIP-BSG overcomes the poor accessibility of adsorption sites and the difficulty of template 

removal of conventional IIPs to a certain extent, and its adsorption performance for uranyl ions 

are studied in detail.  

 

Fig. 6.3. (a) FT-IR spectra of unleached IIP-BSG with different M:T molar ratio, and (b) Effect of M:T molar ratio 

on the adsorption capacity and selectivity of IIP-BSG, for adsorption: 2 mg adsorbent/ 2 mL solution, pH0 = 4.7, t 

= 2 h, for single solution c0(U) = 1.2 mM, for binary solution c0(U, Eu) = 0.5 mM.  
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6.2. Characterization of the adsorbents  

To demonstrate the changes in chemical structure and functional groups after the surface ion 

imprinting, the FT-IR spectra of BSG, IIP-BSG and IIP-Polymer are shown in Fig. 6.4, a. The 

spectra of HEMA, DEVP and EGDMA are given in Fig. 6.4, b. The adsorption band with 

significantly increased intensity obtained at 1722 cm−1 for IIP-BSG (1720 cm−1 of IIP-Polymer) 

is attributed to the C=O groups from the monomer HEMA (1707 cm−1) and the cross-linker 

EGDMA (1706 cm−1).[226] In the IIP-BSG spectrum, the asymmetric and symmetric stretching 

vibration of –COO− groups are observed at 1634 and 1454 cm−1, respectively.[221] The 

occurrence of –COO− groups is probably due to the partial hydrolysis of HEMA monomer in 

the alkaline solution used for BSG swelling.[312] The strong band at 1144 cm−1 for IIP-BSG is 

ascribed to the C−O stretching vibration from HEMA (1168 cm−1) and EGDMA 

(1145 cm−1).[226] These results confirm the successful grafting of HEMA and the cross-linking 

through EGDMA. In addition, three characteristic bands of DEVP indicating the grafting of 

DEVP appear in the spectrum of IIP-BSG at 1247, 1032, and 960 cm−1, which are assigned to 

the P=O stretching vibration, the asymmetric vibration (as) of P−O−C coupled with the 

stretching vibration of C−O−C, and the second as(P−O−C), respectively.[313,314] Moreover, 

compared to the IIP-Polymer spectrum, a new absorption band at 1541 cm−1 assigned to the 

vibration of aromatic rings present in lignin of BSG is observed in the IIP-BSG spectrum.[224] 

It is speculated that the grafted HEMA and DEVP would provide multi-point interactions with 

the uranyl ion-template to form the selective adsorption sites with increased affinity. 

 

Fig. 6.4. FI-IR spectra of BSG, IIP-BSG, and IIP-Polymer. 

 

In general, radioactive wastewater can have relatively high temperature under certain 

circumstances due to the fission of radionuclides, so thermal stability is one of the most 
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important physicochemical properties for evaluating adsorption performance.[315] Thus, the TG 

and DTG curves of BSG, IIP-BSG and IIP-Polymer were recorded in Fig. 6.5, and the DSC 

thermograms are given in Fig. 6.6. The extrapolated onset temperature (260 ℃) of IIP-BSG is 

significantly higher than that of the IIP-Polymer (205 ℃) and close to that of BSG (254 ℃), 

which indicates that using BSG as the carrier has improved the thermal stability of imprinted 

polymer (Fig. 6.5, a). This is beneficial for its application to purify the uranium containing 

wastewater under certain circumstances.[315] The IIP-Polymer shows one sharp peak at 236 ℃ 

due to the ethylene cleavage of poly(DEVP) by elimination.[316] Another sharp peak at 345℃ 

is attributed to the depolymerisation of poly(HEMA) to HEMA monomer[317] and the 

breakdown of ester bonds in HEMA and EGDMA.[318] They are followed by a third DTG peak 

at 571 ℃, which is attributed to the decomposition of polymer backbone.[316,318] Two sharp 

DTG peaks of the IIP-BSG curve occur after the onset temperature compared to the IIP-

Polymer. The ethylene cleavage of poly(DEVP) (275 ℃) and structural breakdown of HEMA 

and EGDMA (314 ℃) indicate that grafting of HEMA and DEVP is successful. The new DTG 

peak at 370 ℃ is due to the cleavage of glycosidic linkages (C–O–C), causing depolymerisation 

of the BSG backbone.[217] Moreover, the fourth DTG peak at 589 ℃ results from the 

decomposition of support (BSG) and the polymer backbone. In addition, the DSC thermograms 

(Fig. 6.6) show that the decomposition of IIP-Polymer is exothermic over the whole 

temperature range. In contrast, the exothermic events between 40–300 ℃ for BSG and IIP-BSG 

are associated with several processes releasing decomposition products like CO2 and CO as 

discussed for the first DTG peak.[319] The endothermic event at higher temperature (300–

600 ℃) is attributed to decomposition of the carbon backbone. 

 

Fig. 6.5. (a) TG curves, and (b) DTG curves of BSG, IIP-BSG, and IIP-Polymer (10 ℃/min, helium atmosphere). 
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Fig. 6.6. DSC thermograms of BSG, IIP-BSG, and IIP-Polymer. For TG-DSC analysis: 10 ℃/min, helium atmosphere. 
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6.3. Batch adsorption experiments  

6.3.1 Adsorption kinetics and mass transfer mechanisms 

For the removal uranium from wastewater, adsorption rates and mass transfer mechanisms are 

important for possible scaling up and implementation of future adsorption systems.[320] The 

influence of the contact time on the adsorption capacity of IIP-BSG at low (c0(U) = 0.5 mM) 

and high (c0(U) = 1.2 mM) initial concentrations of U(VI) is shown in Fig 6.7, a. For both initial 

concentrations, the amount of U(Ⅵ) adsorbed onto IIP-BSG increases as the contact time 

increases, and the adsorption equilibrium is reached at 90 min. Using the pseudo-first order 

(equation (22), see Section 10.5.1) and pseudo-second order (equation (24), see Section 10.5.1) 

kinetic models[194] to fit the kinetic data at c0(U) = 0.5 mM yields very close results regarding 

the statistical parameters (R2 = 0.9980 for both models, Table 6.4). In addition, the comparison 

of the kinetic models (Table 6.5) does not provide clear results regarding which kinetic model 

fits the experimental data better. Compared with the pseudo-second order kinetic model (qe,cal2 

= 73.6 mg/g), the equilibrium adsorption capacity calculated by the pseudo-first order kinetic 

model (qe,cal1 = 63.0 mg/g) is closer to the experimental value (qe,exp = 63.9 mg/g), indicating a 

better performance of the pseudo-first order kinetic model. When c0(U) = 1.2 mM, the pseudo-

first order kinetic model shows better fitting results than the pseudo-second order kinetic model, 

as indicated by the statistical parameters (R2 (coefficient of determination), RSS (Residual Sum 

of Squares) and χ2 (Reduce Chi-square), Table 6.4) and the comparison results (Table 6.5). 

Studies investigating cellulose adsorbents have reported and discussed the dependency of fitting 

results on the initial concentration and the close fitting results of both pseudo kinetic models.[320] 

Therefore, there is a further need for mechanistic models that provide accurate information on 

the mechanisms of mass transfer. 
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Fig. 6.7. Adsorption kinetics of U(VI) onto IIP-BSG and the fitting of (a) kinetic models and (b) mass transfer 

resistance models. For adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 4.7, c0(U) = 0.5 and 1.2 mM. 

Table 6.4. Fitting results of kinetic models for IIP-BSG. For adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 4.7, 

c0(U) = 0.5 and 1.2 mM. 

PFO modela k1 (min−1) qe,cal1 (mg/g) qe,exp (mg/g) R2 RSS χ2 

c0(U) = 0.5 mM 0.0478 63.0 63.9 0.9980 48 6.9 

c0(U) = 1.2 mM 0.4805  86.2  87.2 0.9972 53 7.6 

PSO modelb k2 (g·mg−1·min−1) qe,cal2 (mg/g) qe,exp (mg/g) R2 RSS χ2 

c0(U) = 0.5 mM 4.6 × 10–4 73.6 63.9 0.9980 47 6.8 

c0(U) = 1.2 mM 4.6 × 10–4 103.6 87.2 0.9806 367 52 

a) PFO model: pseudo-first order kinetic model; b) PSO model: pseudo-second order kinetic model. 

Table 6.5. Comparison of the kinetic models for IIP-BSG. 

 
Model RSS AIC Akaike’s 

Weight 

Preferred 

model 

BIC BIC 

difference 

Preferred 

model 

c0(U) = 0.5 mM PFO model 48 26.0 0.4732 No 21.8 0.2149 
Inconclusive  

PSO model 53 25.8 0.5268 Yes 21.5 0 

c0(U) = 1.2 mM PFO model 47 26.7 0.9998 No 22.5 0 No 
 

PSO model 367 44.2 1.6  10−4 Yes 40.0 17.4516 Yes 

a) PFO model: pseudo-first order kinetic model, b) PSO model: pseudo-second order kinetic model. 

 

The above results indicate that the pseudo-first order kinetic model gives better results for IIP-

BSG, suggesting that the diffusion process could be a rate-controlling step.[194] To further 

clarify the mechanisms of mass transfer, the external (EMT model, equation (28), see 

Section 10.5.2) and internal (IMT model, equation (29), see Section 10.5.2) mass transfer 

resistance models were employed.[321] Here, the Sips model was used to develop the mass 

transfer resistance models because it best describes the isotherm data (details discussed in 

Section 6.3.2). The internal mass transfer model shows a better fit (R2 = 0.9261 at c0(U) = 

0.5 mM and R2 = 0.8579 at c0(U) = 1.2 mM), indicating that the internal mass transfer may be 
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the slowest step in the adsorption process (Fig. 6.7, b and Table 6.6). In addition, the SEM 

image of IIP-BSG (Fig. 6.8) shows a rough and irregular surface with some open pores, which 

is a possible cause of the internal mass transfer resistance when IIP-BSG swells in the metal 

solution as a cellulose-based material.[320]  

Table 6.6. Fitting results of external (EMT) and internal (IMT) mass transfer resistance models for IIP-BSG. For 

adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 4.7, c0(U) = 0.5 and 1.2 mM. 

 
EMT model IMT model 

kemt (L·g−1·min−1) RSS R2 kimt (min−1) RSS R2 

c0(U) = 0.5 mM 0.0080 2784 0.1602 0.0487 245 0.9261 

c0(U) = 1.2 mM 0.0036 8713 −0.9376 0.0727 639 0.8579 

 

Fig. 6.8. SEM image of the IIP-BSG at 2.0 kV, magnification = 20,000 times. 

 

In addition, the adsorption kinetic data of NIP-BSG were also collected at c0(U) = 1.2 mM as 

reference study. Fig. 6.9 shows that the adsorption equilibrium at c0(U) = 1.2 mM is reached at 

2 h for NIP-BSG. The slower kinetics of NIP-BSG may be due to the higher equilibrium 

adsorption capacity of NIP-BSG (149 mg/g) than IIP-BSG (87.2 mg/g) and the high affinity of 

imprinted sites on IIP-BSG which facilitate fast adsorption.[291] The statistical parameters 

(Table 6.7) and the comparison results (Table 6.8) show that the pseudo-second order kinetic 

model has better fitting performance for NIP-BSG. However, the equilibrium adsorption 

capacity predicted by pseudo-first order kinetic model (qe,cal1 = 151 mg/g) is closer to the 

experimental value (qe,exp = 149 mg/g) compared with the pseudo-second order kinetic model 

(qe,cal2 = 169  mg/g). Thus, it is still possible that the diffusion step controls the adsorption on 

NIP-BSG, and the deceleration of adsorption indicated by the pseudo-second order kinetic 
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model may be due to depletion of the bulk concentration and the increased time to reach more 

remote binding sites.[320] 

 

Fig. 6.9. Adsorption kinetics of U(VI) onto NIP-BSG and the fitting of kinetic models. For adsorption: 2 mg 

adsorbent/ 2mL solution, pH0 = 4.7, c0(U) = 1.2 mM. 

Table 6.7. Fitting results of kinetic models for NIP-BSG. For adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 

4.7, c0(U) = 1.2 mM. 

 k (min−1) qe,cal (mg/g) qe,exp (mg/g) R2 RSS χ2 

PFO modela 0.03 151 149 0.8992 465 77 

PSO modelb 2.7 × 10−4  169  149 0.9685 145 24 

a) PFO model: pseudo-first order kinetic model; b) PSO model: pseudo-second order kinetic model. 

Table 6.8. Comparison of the kinetic models for NIP-BSG. 

Model RSS AIC Akaike’s Weight Preferred 

model 

BIC BIC 

difference 

Preferred 

model 

PFO modela 465 45 0.0094 No 39 9.3 No 

PSO modelb 145 35 0.9906 Yes 29 0 Yes 

a) PFO model: pseudo-first order kinetic model; b) PSO model: pseudo-second order kinetic model. 
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6.3.2 Adsorption isotherm 

Fig. 6.10 displays the effect of equilibrium concentration on the adsorption capacity and 

selectivity of IIP-BSG in both U(VI) single and U(VI)/Eu(Ⅲ) binary solution. An excellent 

selectivity of IIP-BSG is observed for U(VI) in the U(VI)/Eu(Ⅲ) binary solution with equal 

molar concentrations ranging from 0.1 mM to 4.0 mM (Fig. 6.10, a). The recorded adsorption 

capacity of Eu(Ⅲ) is less than 5 mg/g, which results in high selectivity coefficients of U(VI) 

(SU) of over 90%. The only exception is obtained at c0 = 0.1 mM (SU = 84%) because of the 

low adsorption capacity of U(VI). In general, the adsorption capacity of IIP-BSG for U(VI) in 

the binary solution is lower than that in the single solution (Fig. 6.10, b). This is because Eu(Ⅲ) 

ions in solution can act as additional cations, shielding the electrostatic attraction between 

U(VI) and the negatively charged IIP-BSG surface.[75] To investigate the adsorption 

mechanisms and the maximum adsorption capacities, three isotherm models, namely the 

Langmuir (equation (31)), Freundlich (equation (34)),[156] and Sips (equation (38))[322] models 

(see Section 10.5.3), were employed to fit the isotherm data (Fig. 6.10, b). The statistical 

parameters (R2, RSS, χ2, Table 6.9) and the F-test results (Table 6.10) show that the Sips model 

is best at predicting the isotherm data, suggesting a monolayer adsorption of U(VI) on the 

heterogeneous adsorbent IIP-BSG.[199]  

 

Fig. 6.10. (a) Effect of equilibrium concentration (ce) on the adsorption capacity (qe) and selectivity (SU) of IIP-

BSG in the U(VI)/Eu(Ⅲ) binary solution and (b) U(VI) adsorption isotherms and model fitting in U(VI) single 

and U(VI)/Eu(Ⅲ) binary solutions. For adsorption, 2 mg adsorbent/ 2mL solution, pH0 = 4.7, t = 90 min, for binary 

solution U/Eu molar ratio = 1. 
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Table 6.9. Fitting results of isotherm models for IIP-BSG. For adsorption, 2 mg adsorbent/ 2mL solution, pH0 = 

4.7, t = 90 min, for U(VI)/Eu(Ⅲ) binary solution U/Eu molar ratio = 1. 

Model Solution  Parameters 

Langmuir  

 R2 kL (L/mg) qmax,L (mg/g) RSS χ2 

U(VI)  0.7935 0.061 89.3 2925 266 

U(VI)/Eu(Ⅲ) 0.9485 0.020 61.7 373 34 

Freundlich 

 R2 kF ((mg/g) (L/mg)1/n) n RSS χ2 

U(VI)  0.9827 25.4  4.8 245 22 

U(VI)/Eu(Ⅲ) 0.8843 19.0  5.7 837 76 

Sips 

 R2 ks (Lms·mg‒ms) ms qmax,s (mg/g) RSS χ2 

U(VI)  0.9958 0.151 0.33  165.7 60 6 

U(VI)/Eu(Ⅲ) 0.9724 0.074 0.68 67.3 200 20 

Table 6.10. Results of the F-test to compare the Sips model and Langmuir model for IIP-BSG. 

  
RSS Na pb F Prob>F 

U(VI) single 

solution 

Sips model 60 13 3 447.4 9.02 × 10−10 < 0.05a 

Langmuir model 2925 13 2 
  

U(VI)/Eu(III) binary 

solution 

Sips model 200 13 3 8.6 0.015 < 0.05a 

Langmuir model 373 13 2 
  

a). Number of data points, b) number of parameters, and c) at the 0.05 significance level, the Sips model is more likely to be correct. 

 

Additionally, the adsorption isotherm of NIP-BSG in U(VI) single solution was also recorded 

as a reference study. Fig. 6.11 shows that the adsorption capacity of NIP-BSG for U(VI) 

increases with increasing equilibrium concentration and then reaches a plateau. The Langmuir 

and Freundlich models present poor results for the adsorption isotherm data of NIP-BSG with 

low R2 (<0.92) and large error functions, and the fitting of Sips model is reduced to the same as 

the Freundlich model (Table 6.11). On the contrary, the piecewise linear isotherm model 

(equation (39), see Section 10.5.3) could fit the data well,[323] showing a high R2 (0.9977) for 

the linear increase step (ce ≤ cm = 267 mg/L). Thus, the maximum adsorption capacity of NIP-

BSG for U(VI) is estimated to be 202 mg/g. This indicates that the adsorption of U(VI) onto 

NIP-BSG is caused by electrostatic and Van-der-Waals interactions.[199] 
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Fig. 6.11. Effect of equilibrium concentration (ce) on the adsorption capacity (qe) of NIP-BSG in U(VI) single 

solution and model fitting. For adsorption, 2 mg adsorbent/ 2mL solution, pH0 = 4.7, t = 2 h. 

Table 6.11. Fitting results of isotherm models for NIP-BSG. For adsorption, 2 mg adsorbent/ 2mL solution, pH0 

= 4.7, t = 2 h. 

Model Parameters 

Langmuir  R2 kL (L/mg) qmax,L (mg/g) RSS χ2 

 0.9167 0.002 404.5 2152 215 

Freundlich R2 kF ((mg/g) (L/mg)1/n) n RSS χ2 

 0.8282 1.3  1.2 4439 444 

Piecewise linear 

isotherm 

R2 (ce ≤ cm) kD (L/g) cm (mg/L) qmax (mg/g) RSS χ2 

0.9977 0.7554 267 202 44 -a 

a). Not calculated.  

 

Estimated by the Sips model, the maximum U(VI) adsorption capacity of IIP-BSG in the single 

and binary solution is 165.7 mg/g and 67.3 mg/g, respectively. Table 6.12 shows that the 

maximum adsorption capacity of IIP-BSG is higher than or within the range of most of the 

adsorbents reported in the literature, including the uranyl ion-imprinted adsorbents (e.g. IIP-

SALO-VP, 98.5 mg/g),[324] the surface ion-imprinted cellulose (U(VI)-IIP, 134 mg/g),[293] 

super-microporous phosphazene-based covalent organic framework (MPCOF, 124 mg/g),[325] 

and amidoximated cellulose fiber membrane (PAO-CFs membrane, 53 mg/g).[78] Two reasons 

account for this performance. One is the formation of a polymeric film over the BSG carrier 

increasing the availability of active sites. Another is the development of specific cavities 

matching with uranyl ions, which facilitates the adsorption of the U(VI) ions.[326] Currently, the 

market value of BSG is $0.1–$0.2/kg for dry mass,[97] which is well below the commonly used 

biosorbent material, chitosan ($10/kg).[244] More importantly, the synthesis of IIP-BSG involves 
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only a small number of U(VI) templates (M:T ratio = 500:1) compared with the predominantly 

reported M:T ratios of 2:1 to 15:1.[294,297,299,324] Inexpensive starting materials, a simple 

synthetic procedure, and minimal use of toxic templates significantly reduce costs and minimize 

pollution, making the selective removal of uranyl ions by IIP-BSG even more attractive. 

Table 6.12. Comparison of IIP-BSG with other adsorbents reported in literature. 

Adsorbent M:T ratio qmax (mg/g) Reference 

IIP-BSG 500:1 166 Present study 

U(VI)-IIP 4:1 134 [293] 

IIP-SALO-VP 4:1 98.5 [324] 

UIMM3 15:1 122.7 [299] 

IIP3 4:1 133 [297] 

U-CMC-SAL Not reported 180 [201] 

Surface IIP 2:1 35.9 [294] 

PAO-CFs membrane -a 53 [78] 

MPCOF -a 124 [325] 

V2CTx nanosheets -a 174 [327] 

a)The adsorbents are not ion-imprinted. 

 

6.3.3 Site energy distribution of IIP-BSG in single and binary solution 

The heterogeneity of binding sites on IIP-BSG as indicated by the study of the Sips model is 

common in non-covalently prepared imprinted polymers.[328] There are several reasons for the 

heterogeneity of adsorption sites, such as the grafting of functional groups,[329] dissociation of 

the template-functional monomer aggregates during synthesis, collapse of the binding sites 

during elution, heterogeneity of supports,[330] low number of imprinted sites, and clusters 

formation during the adsorption.[331] The site energy distribution function for the Sips isotherm 

by the condensation approximation method (equation (40), see Section 10.5.4) is employed to 

characterize the heterogeneity of the binding sites and compare their binding affinity for U(VI) 

in the presence or absence of competing ions.[332] The site energy (E*) is the minimum binding 

energy when adsorption occurs at equilibrium concentration ce (equation (41), see 

Section 10.5.4). In both U(VI) single and U(VI)/Eu(Ⅲ) binary solutions, the E* values decrease 

with the increase in adsorption capacity of U(VI) (Fig. 6.12, a). This indicates that the U(VI) 

ions are more inclined to be adsorbed on the high-energy sites, followed by the low-energy 

sites.[329] According to the literature, the high-energy sites generally correspond to the high 

affinity and specific adsorption sites in imprinted polymers, whereas the low-energy sites are 

associated to the non-specific sites.[331] The approximate site energy distributions (f(E*), 
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(mg/g)(J/mol)) versus E* in the U(VI) single and U(VI)/Eu(Ⅲ) binary solutions is depicted in 

Fig. 6.12, b, in which the solid lines represent the site energy distributions within the 

experimental data range (Table 10.9). First, within the isotherm range, the site energy 

distribution in the binary solution is lower than that in the single solution, and the peak value 

of the distribution (F(E0*)) is reduced by 16% in the binary solution (Table 6.13). More 

specifically, the average site energy (Em, calculated according to equation (42), see Section 

10.5.4) describing the interaction forces between U(VI) and IIP-BSG decreases slightly from 

17.1 kJ/mol to 16.1 kJ/mol in the presence of Eu(Ⅲ) (Table 6.13).[333] These observations are 

consistent with the decreased U(VI) adsorption capacity of IIP-BSG in the presence of Eu(Ⅲ) 

(see Fig. 6.10, b).[334] Secondly, the energy distribution heterogeneity (σe*, calculated according 

to equation (43) and (44), see Section 10.5.4)[333] decreases from 4.6 kJ/mol to 2.9 kJ/mol. This 

indicates that the Eu(Ⅲ) ions would make the U(VI) ions more likely to be adsorbed on the 

adsorption sites with similar energies. Furthermore, the peak position (E0*) of the site energy 

distribution shifts from 12.1 kJ/mol for the single solution to 17.3 kJ/mol for the binary solution. 

This shows that due to the effect of Eu(Ⅲ), the uranyl ions tend to be adsorbed onto the high-

energy (specific) sites in the binary solution. Similar reports have been made on the competitive 

adsorption of Cd and Zn for natural sediments.[334] This results indicate that in the single 

solution, both the specific and non-specific sites contribute to the adsorption capacity, whereas 

in the binary solution, most of the adsorption capacity is attributed to the specific sites from the 

IIT. 

 

Fig. 6.12. (a) Site energy (E*) in dependent with the adsorption capacity (qe) of IIP-BSG in U(VI) single and 

U(VI)/Eu(Ⅲ) binary solutions. For adsorption, 2 mg adsorbent/ 2mL solution, pH0 = 4.7, t = 90 min, for binary 

solution U/Eu molar ratio = 1; and (b) the site energy distribution of IIP-BSG in the U(VI) single and U(VI)/Eu(Ⅲ) 

binary solutions. The curves depicted in solid lines represent the site energy distributions in experimental data 

ranges: for single solution 9.8-26.4 kJ/mol and for binary solution 9.7-21.6 kJ/mol. 
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Table 6.13. Calculation results of the site energy distribution function. 

  F(E0*) ((mg/g) (J/mol)) Em (kJ/mol) σe* (kJ/mol) E0* (kJ/mol) 

Single solution 0.0055 17.1 4.6 12.1 

Binary solution 0.0046 16.1 2.9 17.3 

 

6.3.4 Effect of pH on adsorption capacity and selectivity 

The initial pH (pH0) of the metal solution determines both the species of metal ions and the 

surface charge of IIP-BSG, which shows great influence on the adsorption capacity 

(Fig. 6.13, a) and selectivity (Fig. 6.13, b) of the IIP-BSG. To avoid precipitation of the metal 

ions, the pH range in the present study is carefully chosen according to the calculation of Visual 

MINTEQ 3.1 software (Fig. 6.14, a).[14] Furthermore, the equilibrium pH values (pHe) of the 

metal solution are given in Table 6.14, and the point of zero charge (pHPZC) of IIP-BSG is 

determined in Fig. 6.14, b. The adsorption capacity of IIP-BSG for U(VI) rises with the 

increased pH0, reaching 57.8 mg/g in U(VI) single solution and 47.7 mg/g in U(VI)/Eu(Ⅲ) 

binary solution at pH0 = 4.7. The negatively charged surface of IIP-BSG when pH0 > pHPZC 

(3.9) and the deprotonation of carboxyl groups, which increase the electrostatic interaction 

between the uranyl ions and IIP-BSG, may result in the enhanced adsorption capacity.[92] In 

addition, when pH rises to pH > 3.5, hydrolyzed species of U(VI) like (UO2)2(OH)2
2+ and 

(UO2)3(OH)5
+ appear together with UO2

2+ (Fig. 6.14, a). As reported in the literature, the 

(UO2)2(OH)2
2+ cation shows higher affinity toward the adsorbent surface compared with the 

unhydrolyzed UO2
2+, which also increases the adsorption capacity.[190] In the binary solution, 

the adsorption capacity of Eu(Ⅲ) slightly increases from 0 to 4.6 mg/g, but the selectivity 

coefficient of U(VI) (SU%) remains above 90%. Therefore, IIP-BSG exhibits high selectivity 

under weakly acidic conditions, and considering the adsorption capacity, it is suitable for 

selective uranyl ion adsorption at pH0 > 3.  
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Fig. 6.13. Effect of pH0 on (a) the adsorption capacity of IIP-BSG in U(VI) single solution and (b) the selectivity 

of IIP-BSG in U(VI)/Eu(Ⅲ) binary solution. For adsorption: 2 mg adsorbent/ 2mL solution, t = 90 min, for single 

solution c0(U) = 0.5 mM, for binary solution c0(U, Eu) = 0.5 mM. 

 

Fig. 6.14. (a) Species calculation of U(VI) and Eu(III) at 0.5 mM using Visual MINTEQ 3.1,[14] and (b) 

determination of point of zero charge (pHPZC) of IIP-BSG. 

Table 6.14. The initial (pH0) and equilibrium pH (pHe) values of the metal solution in the pH dependency studies. 

U(VI) single solution U(VI)/Eu(III) binary solution 

pH0 pHe pH0 pHe 

1.0 0.9 1.0 0.9 

1.8 1.7 2.1 2.0 

2.9 2.7 3.1 2.9 

4.2 3.5 4.1 3.7 

4.9 4.3 4.8 4.2 

 

6.3.5 Effect of ionic strength and Eu(III)/U(VI) molar ratio 

Because the uranium wastewater often contains high salinity, it is important to investigate the 

effect of ionic strength on the adsorption capacity of IIP-BSG for U(VI).[335] When the ionic 

strength increases from zero to 1.0 mol/L, the adsorption capacity decreases from 57.8 mg/g to 

47.4 mg/g, keeping 82% of the adsorption capacity (Fig. 6.15, a). A high ionic strength may 
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shield the electrostatic effect between U(VI) and the IIP-BSG[173] and decreases the activity 

coefficient of the U(VI) ions, thereby limiting their transfer toward the adsorbent surface.[75] 

The correlation analysis shows that the adsorption capacity and the ionic strength are negatively 

correlated (Pearson’s r = −0.9604, p < 0.001), indicating an outer-sphere complexation of U(VI) 

ions with the functional groups through electrostatic interaction.[336] Furthermore, the 

selectivity of IIP-BSG toward U(VI) was investigated with an excess amount of competing ions 

(Fig. 6.15, b). When the Eu/U molar ratio increases from 1 to 5, the adsorption capacity of 

U(VI) decreases from 47.7 mg/g to 34.2 mg/g. When the Eu/U molar ratio further increases up 

to 25, it only decreases slightly to 31 mg/g. Whereas, the adsorption capacity of Eu(Ⅲ) is well 

below 6 mg/g within the experimental range, except at Eu/U molar ratio = 25 (12.1 mg/g). The 

results show that IIP-BSG exhibits a high selectivity for U(VI) (SU > 80%) even when the molar 

concentration of Eu(Ⅲ) is 20 times as high as U(VI). The good salinity tolerance and the high 

selectivity against an excess amount of competing ions of IIP-BSG may be due to the strong 

affinity of the imprinted adsorption sites from the multi-point interactions of HEMA and 

DEVP.[309] Therefore, it is proposed that the IIP-BSG could retain high adsorption capacity and 

selectivity in complex matrix, such as wastewater with high salinity and competing ions. 

 

Fig. 6.15. (a) Effect of ionic strength on the adsorption capacity of IIP-BSG toward U(VI) and (b) effect of Eu/U 

molar ratio on the selectivity of IIP-BSG toward U(VI). For adsorption: 2 mg adsorbent/ 2mL solution, pH0 = 4.7, 

t = 2 h. For (a) c0(U) = 0.5 mM, I = 0–1 mol/L; for (b) c0(U) = 0.5 mM, Eu/U molar ratio = 1–25. 
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6.3.6 Desorption and reusability 

The cost of practical uranium removal mainly depends on the reusability of adsorbents, 

including the adsorption capacity, selectivity and the desorption ratio of IIP-BSG during the 

adsorption-desorption cycles.[337] In the U(VI) single solution, no significant reduction in the 

adsorption capacity of IIP-BSG is observed after five cycles (Fig. 6.16, a). In the U(VI)/Eu(Ⅲ) 

binary solution (Fig. 6.16, b), the adsorption capacity of U(VI) only decreases slightly at the 

fifth cycle (36.9 mg/g), keeping 90% of its capacity. Meanwhile, a high selectivity of SU > 92% 

is kept with the adsorption capacity of Eu(Ⅲ) < 4 mg/g throughout the experiments. Thus, no 

poising of the adsorbent is observed because few adsorption sites of IIP-BSG are occupied by 

the competing ions. The uranyl ions can be desorbed from the adsorbent surfaces using 0.5 M 

HCl via intense competition of H+ for the binding sites, indicating a surface complexation 

mechanism of U(VI).[338] In the single and binary solution, the desorption ratios are well above 

80% during the five cycles (Fig. 6.16, b). Moreover, compared to the fresh prepared adsorbent 

(1.6 ± 0.5 mg/g), the P content in the IIP-BSG after five cycles (IIP-BSG-r, 2.2 ± 0.1 mg/g) 

shows no significant change (Table 6.1), suggesting that IIP-BSG can be used for multi-cycles 

without losing functional groups. The excellent reusability of IIP-BSG may be attributed to the 

distribution of the adsorption sites within the thin polymer layer on the surface of BSG, which 

facilitates the regeneration and reuse of the adsorbent.[339] Since nearly 48% of the total cost for 

uranium removal and recovery is the cost of adsorbent,[80] an adsorbent such as IIP-BSG, which 

is stable enough to be used for five times and has no selectivity degradation and a degradation 

rate of no more than 2% adsorption capacity per cycle, would greatly improve cost-efficiency. 

 

Fig. 6.16. (a) Adsorption capacity of IIP-BSG in U(VI) single solution and adsorption capacity and selectivity of 

IIP-BSG in U(VI)/Eu(Ⅲ) binary solution, and (b) U(VI) desorption ratio of IIP-BSG in U(VI) single and 

U(VI)/Eu(Ⅲ) binary solution for five cycles. For adsorption: 50 mg adsorbent/ 50 mL solution, pH0 = 4.7, t = 

90 min, for single solution c0(U) = 0.5 mM, for binary solution c0(U, Eu) = 0.5 mM. For desorption: 5 mg 

adsorbent/ mL HCl, 0.5M HCl, t = 2 h.  
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6.4. Investigation of adsorption mechanisms  

Adsorption of uranium on IIP-BSG surface is demonstrated by SEM/EDX analysis (Fig. 6.17). 

Even distributions of uranium (Fig. 6.17, b) together with oxygen (Fig. 6.17, c) and carbon 

(Fig. 6.17, d) originated from the adsorbents indicate strong interactions between the uranyl 

ions and functional groups. To further investigate the adsorption mechanisms, the FT-IR spectra 

of IIP-BSG and U(VI)-loaded IIP-BSG were recorded, and the detailed spectra between 

2000 cm−1 and 400 cm−1 with a resolution of 1 cm−1 are depicted in Fig. 6.18. Due to the 

interaction with U(VI) ions, the band intensity of as(COO−) increases and the band assigned to 

s(COO−) shifts from 1454 to 1448 cm−1. Due to the reduced symmetry of the functional groups, 

the difference between asymmetric and symmetric vibration of the carboxyl groups (∆as-s) 

increases from 180 cm−1 to 188 cm−1 upon binding of U(VI),[170] indicating an electrostatic 

interaction with the metal center.[63] Furthermore, the band of (P=O) shifts slightly from 

1247 cm−1 to 1245 cm−1, and the intensity of the second band of as(P–O–C) at 960 cm−1 

decreases significantly upon U(VI) loading. Both spectral changes indicate interactions 

between the phosphoryl groups and the uranyl ions. Moreover, the U=O stretching vibration 

(3(U=O)) is observed in the spectrum of U(VI)-IIP-BSG at 916 cm−1. When uranyl ions are 

bound by monocarboxylic ligands, the associated bands are typically observed at wavenumbers 

above 920 cm−1. Thus, the shift to 916 cm−1 suggests a possible contribution from phosphoryl 

groups.[63] In conclusion, the electrostatic effect of carboxyl groups and the coordination by the 

phosphoryl groups provide multi-point interactions with uranyl ions, forming an outer-sphere 

coordination during the adsorption, as indicated by the ionic strength study (Section 6.3.5). 

Through the ion-imprinting technology, the selectivity is ensured by the tailor-made adsorption 

sites with size, shape, and geometry complementary to the uranyl ions. 
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Fig. 6.17. (a) SEM image and the distributions of elemental (b) U, (c) O, and (d) C of U(VI)-IIP-BSG. SEM image 

was taken at 20 kV, magnification = 8,000 times, and EDX mappings were taken at 20 kV/15 μA, magnification 

= 8,000 times, and 25 frames. For U(VI)-loading: 40 mg adsorbent/ 40 mL solution, c0(U) = 500 mg/L, pH0 = 4.6, 

t = 90 min. 

 

Fig. 6.18. FT-IR spectra of IIP-BSG and U(VI)-IIP-BSG. For U(VI)-loading:40 mg adsorbent/ 40 mL solution, 

c0(U) = 500 mg/L, pH0 = 4.6, t = 90 min. 
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7. Application of the BSG-derived adsorbents under real-world 

conditions 

7.1. Adsorbent aging test 

The aging of adsorbent in aqueous solution can affect its removal efficiency in practical 

application and is therefore significant to estimate the potential for multiple use. Herein, the 

effect of adsorbent aging on the adsorption capacity of BSG and its derived adsorbents in 

ultrapure water for 6 days was investigated, including hydrothermally treated BSG (ABSG), 

oxidized BSG (OBSG), highly cross-linked superabsorbent polymer supported BSG (BSG-

SAP-H) and the imprinted BSG (IIP-BSG). The adsorption capacity of U(VI) was measured in 

duplicate and the data were subjected to an independent T-Test to determine whether there was 

a significant difference in the adsorption capacity before and after aging. As depicted in 

Fig. 7.1, after aging, BSG shows a decrease of 10% (p < 0.05) in U(Ⅵ) adsorption capacity, 

which is probably due to loss of soluble components such as starch and amino acids.[98] ABSG 

has a higher affinity for U(VI), but aging results in a 60% decrease in adsorption capacity (p < 

0.05), indicating an unfavorable reusability. Presumable this is because of the solubilization of 

polysaccharides and associated phenolics after hydrothermal treatment, resulting in a loss of 

functional groups.[98] Nevertheless, due to their low-cost and availability, BSG and ABSG could 

be used as a one-time biosorbent for the removal of U(VI), which after adsorption could be 

either incinerated or disposed of in a landfill with low uranium loading[340] or used for uranium 

recovery with high loading.[341] In contrast, the adsorption capacity of OBSG shows no effect 

of the aging. The determined adsorption capacity increase slightly to 157 ± 3 mg/g but is still 

within experimental error of 153 ± 8 mg/g (before), indicating a great potential for multiple use. 

This is confirmed by the OBSG desorption and reusability study in the Section 4.5, where 60% 

of the original adsorption capacity is retained after five cycles. Despite a 6% decrease in 

adsorption capacity at a lower significant level (p < 0.1), BSG-SAP-H was found to be reusable 

in the fixed bed column experiments in ultrapure water and simulated seawater, retaining 80–

90% of its adsorption capacity (see Section 5.5.3) for four cycles. Moreover, aging has no 

influence on the adsorption capacity of IIP-BSG, which shows high adsorption capacity and 

selectivity after five cycles (see Section 6.3.6). Therefore, BSG and most of its derived 

adsorbents are expected to retain at least 90% of their adsorption capacity when subjected to an 

aquatic environment for 6 days. Hydrothermal treated BSG (ABSG) is the only exception that 

can be used only one time for a short period. 
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Fig. 7.1. Effect of adsorbent aging on the adsorption capacity of BSG and ABSG toward U(Ⅵ). For adsorption: 

2 mg adsorbent/ 2 mL metal solution, c0(U) = 300 mg/L for BSG, ABSG, OBSG and IIP-BSG; c0(U) = 1000 mg/L 

for BSG-SAP-H; tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-SAP-H = 45 min, tIIP-BSG = 90 min, pH0 = 4.6. 
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7.2. Adsorption test in simulated nuclear wastewater 

Uranium containing wastewater is a complicated matrix with a number of competing ions 

whose concentrations are much higher than those of uranium and vary from case to case, which 

can negatively affect the efficiency of uranium removal and cause poisoning of the 

adsorbent.[299,309] To evaluate the performance and potential of the BSG and its derived 

adsorbents (ABSG, OBSG, BSG-SAP-H, IIP-BSG) in real-world conditions, the selectivity 

toward U(VI) in various simulated wastewater was tested in Section 7.2 and Section 7.3. In 

addition, the non-imprinted BSG (NIP-BSG) was tested as a reference to investigate the ion-

imprinting effect. It should be noticed that the selectivity coefficient (SU (%), equation (15), see 

Section 10.3.5) is less effective for describing the adsorption selectivity under these complex 

conditions because it cannot give a clear threshold value.[342] Therefore, the selective factor (k, 

equation (17), see Section 10.3.5) calculated from the distribution coefficient (Kd (mL/g), 

equation (16), see Section 10.3.5) was used in this section to describe the selectivity. It evaluates 

the adsorption affinity toward both the target and competing ions, and k > 1 indicates that the 

adsorbent is selective.[342] The selectivity coefficients of U(VI) were also calculated in order to 

be consistent with results in the other sections of this study and to give additional information 

on the U(VI) selectivity. 

With rapid development of the nuclear industry, toxic and low-level radioactive uranium-

containing wastes from nuclear power plants have been released into the environment, 

accounting for most of the chemical toxicity in nuclear wastewater.[71,343] To mimic such a 

situation, a simulated nuclear wastewater containing 10 cations that found in nuclear power 

plant wastewater under weakly acidic conditions (pH0 = 3.5, Table 10.5) is used for the 

selectivity test.[324] The adsorption capacity of OBSG for U(VI) (35 mg/g) is lower than that for 

Na(I) (40 mg/g), indicating poor selectivity (Fig. 7.2, a). Although BSG (18 mg/g), ABSG 

(76 mg/g), and BSG-SAP-H (227 mg/g) show a preference for U(VI) adsorption with the 

highest adsorption capacity among all the metal ions, their selectivity is hampered by co-

adsorbing of competing ions, especially the rare earth and transitional metals show high 

distribution coefficients (Kd). For example, the Kd value of BSG-SAP-H for Gd(III) is 

2999 mL/g, while for U(VI) it is 3664 mL/g. The Kd value of ABSG for Ni(II) is 299 mL/g, 

while for U(VI) it is 500 mL/g (Fig. 7.2, b). Table 7.1 shows that BSG has poor U(VI)/Ni(Ⅱ) 

selectivity and OBSG has a poor U(VI)/Na(Ⅰ) selectivity. In contrast, ABSG has the best 

performance among the adsorbents without intentionally tailing the structure for improved 

selectivity during the synthesis. A determined adsorption capacity of ABSG for U(VI) of 
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76 mg/g, selective factors (k) over 1 for all the competing ions, and a high selectivity coefficient 

(SU = 61.7%) shows certain potential for uranium removal from nuclear wastewater. The 

adsorption capacity of IIP-BSG in simulated nuclear wastewater is 31 mg/g for U(VI) and lower 

than 2 mg/g for all the competing ions (Fig. 7.2, a). The Kd value of IIP-BSG for all other 

competing ions are lower than 35 mL/g, while for U(VI) is 200 mL/g. Moreover, IIP-BSG 

shows the best performance among all adsorbents with U(VI) selective factors higher than 6 for 

all elements and up to 53 against Co(II) and 32 against Sm(Ⅲ), indicating a potential 

U(VI)/Ln(Ⅲ) (e.g. La(III), and Nd(III), Sm(III)) separation from weak acidic nuclear 

wastewater (Table 7.1). Moreover, the calculated ion-imprinting factors (k’, equation (19), see 

Section 10.3.5) for most of the competing ions are greater than one, which indicates an efficient 

improvement in adsorption selectivity through the surface ion-imprinting technology (IIT) 

(Table 7.1). The only exception is Na, where no adsorption capacities were detected for both 

IIP-BSG and NIP-BSG in simulated nuclear wastewater. Hence, the values of k and k’ cannot 

be calculated.  

 

Fig. 7.2. (a) Adsorption capacity and (b) distribution coefficient of the BSG and BSG-derived adsorbents in 

simulated nuclear wastewater. For adsorption: 2 mg adsorbent/ 2 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 

1 h, tBSG-SAP-H = 45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 3.5. 
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Table 7.1. Selective factor (k) and selectivity coefficient (SU) of the BSG and BSG-derived adsorbents in simulated 

nuclear wastewater. For adsorption: 2 mg adsorbent/ 2 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-SAP-

H = 45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 3.5. 

 
k(BSG) k(ABSG) k(OBSG) k(BSG-SAP) k(IIP-BSG) k(NIP-BSG) k'IIP/NIP 

La(Ⅲ) -a 181.3 3.3 1.4 11.2 4.9 2.3 

Nd(Ⅲ) 2.8 4.6 1.7 1.3 17.7 6.3 2.8 

Gd(Ⅲ) 2.6 3.9 1.7 1.2 6.2 3.7 1.7 

Y(Ⅲ) 1.9 3.5 2.2 1.9 9.9 4.6 2.1 

Sm(Ⅲ) 4.7 4.3 1.5 1.3 31.7 5.6 5.6 

Eu(Ⅲ) - 11.3 1.3 1.3 8.5 4.0 2.1 

Na(Ⅰ) 1.6 7.9 1.0 - - - - 

Ni(Ⅱ) 0.9 2.2 - 78.1 7.9 2.6 3.1 

Co(Ⅱ) - 6.5 - 7.2 53.4 24.8 2.2 

SU (%) 45.3 61.7 32.0 50.4 87.9 72.4 1.2 

a). The values of Kd become 0 and k become infinite as the adsorption capacity is zero. 
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7.3. Adsorption test in simulated mine and tailings water 

The mining and processing of uranium ore is one of the main sources of uranium pollution of 

water bodies. Between 1945 and 1990, uranium mining in eastern Germany, especially in 

Saxony, created numerous mineshafts and mill tailings, from which the uranium is released and 

then transported with the water into the environment.[22] Bernhard et al. have reported on the 

detailed composition of mine and tailings water in Saxony, Germany, which was chosen as the 

reference for preparing simulated wastewater in the current study.[22] According to literature 

(Table 7.2),[22] Ca2UO2(CO3)3(aq.) is the dominant species in carbonate- and calcium-containing 

mine water from Schlema at pH 7.1, UO2(CO3)3
4− is the dominant species in carbonate-

containing and calcium-poor tailings water from Helmsdorf at pH 9.8, and UO2SO4(aq.) is the 

dominant species in sulfate-rich mine water from Konigstein at pH 2.6. The detailed 

composition of the mine water from Schlema and Königstein, and the tailings water from 

Helmsdorf are summarized in Tables 10.6-10.8. Presumably, the pH, the predominant U(VI) 

species and the major competing cations and anions have a major influence on the selective 

adsorption of BSG and its derived adsorbents. 

Table 7.2. Typical physiochemical properties and the dominant species of U(VI) of the mine and tailings water in 

Saxony, Germany.[22] 

  Mine water  Mine water Tailings water 

Place Schlema Königstein Helmsdorf 

U(VI) (mmol/L) 0.021  0.073  0.025  

pH 7.1 2.6 9.8 

Characters High content of Na+, SO4
2−, 

with CO3
2− and total organic 

carbon (TOC) 

High content of SO4
2− High content of Na+, SO4

2−, Cl−, 

CO3
2− and TOC, contains 

AsO4
3- and PO4

3- 

Dominate species  Ca2UO2(CO3)(aq.) UO2(SO4)(aq.) UO2(CO3)3
4− 

 

In the experiments with the simulated mine water from Schlema, an adsorption of Na(Ⅰ), Ca(Ⅱ) 

and Mg(Ⅱ) is observed due to the high initial concentrations (200–600 mg/L) compared with 

U(VI) of 4.5 mg/L (see Fig. 7.3, a). Nevertheless, selectivity toward U(VI) is achieved for BSG 

and all derived adsorbents when the distribution coefficient of U(VI) is compared with the 

competing ions (Fig. 7.3, b), and the selective factors toward all competing ions are greater than 

1 (Table 7.3). IIP-BSG shows the highest selectivity for U(VI) among all adsorbents with 

selective factors above 35 towards K(I), Na(I), Ca(II), and Mg(II). In addition, the calculated 

ion-imprinting factors (k’) for all the competing ions are greater than 3, which indicates a 
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significant improvement in adsorption selectivity through the surface IIT in the Schlema mine 

water (Table 7.3). The U(VI) adsorption capacity of IIP-BSG (6.1 mg/g, Fig. 7.3, a) is limited 

due to the low initial concentration and the presence of the calcium uranyl carbonate complex 

Ca2UO2(CO3)(aq.) as the dominant species.[22] However, the high selectivity of IIP-BSG allows 

to concentrate U(VI) and reduce the concentrations of competing ions for further treatment. As 

shown in Table 7.4, a simple calculation employing the desorption condition and results of 

Section 6.3.6 (5 mg adsorbent/ mL HCl, desorption ratio = 80%) reveals that U(VI) could be 

enriched from 4.5 to 24.6 mg/L, while the concentrations of the competing ions are reduced to 

only 1/5 to 1/3 of their original concentrations. These results demonstrate a great potential of IIP-

BSG for selective U(VI) removal from the wastewater. 

 

Fig. 7.3. (a) Adsorption capacity and (b) distribution coefficient of the BSG and BSG-derived adsorbents in 

Schlema mine water. For adsorption: 2 mg adsorbent/ 5 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-SAP-

H = 45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 7.1. 

Table 7.3. Selective factor (k) and selectivity coefficient (SU) of the BSG and BSG-derived adsorbents in Schlema 

mine water. For adsorption: 2 mg adsorbent/ 5 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-SAP-H = 

45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 7.1. 

 
k(BSG) k(ABSG) k(OBSG) k(BSG-SAP) k(IIP-BSG) k(NIP-BSG) k'IIP/NIP 

Ca(Ⅱ) 2.2 3.0 3.0 2.3 47.5 6.5 7.4 

Mg(Ⅱ) 25.8 16.4 - 8.0 35.4 6.6 5.4 

Na(Ⅰ) 4.4 8.7 4.3 - 46.1 14.0 3.3 

K(Ⅰ) -a - - - 62.3 12.8 4.8 

SU (%) 3.2 4.6 3.6 4.8 7.8 1.6 4.7 

a). The values of Kd become 0 and k become infinite as the adsorption capacity is zero. 
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Table 7.4. Concentration effect of U(VI) and the reduction of competing ion concentrations by IIP-BSG in 

simulated Schlema mine water, and cd (mg/L) is the metal ion concentration in the desorption solution, calculating 

using the conditions of 5 mg adsorbent/ mL HCl and desorption ratio = 80%. 

Component c0 (mg/L) cd (mg/L) 

Ca(Ⅱ) 289 72 

Mg(Ⅱ) 195 61 

Na(Ⅰ) 615 150 

K(Ⅰ) 51 9 

U(Ⅵ)  4.5 24.6 

 

The experiments with the simulated mine water from Königstein show that all BSG adsorbents 

exhibit selectivity for U(VI) over K(I), Na(I), Ca(II), and Mg(II) although there is significant 

adsorption of Na(I), Ca(II), and Mg(II) (Fig. 7.4). Surprisingly, due to its high selective factors 

(k > 5, Table 7.5) and adsorption capacity (28 mg/g), BSG could be used as a low-cost and 

readily available adsorbent to remove uranyl ions from the Königstein mine water without any 

modification. This is likely due to the ability to adsorb a sufficient amount of U(VI) at a low 

pH (2.6) using amide groups, as indicated by the study in Section 3.3.1 (Fig. 3.11). Moreover, 

although IIP-BSG presents good selectivity of U(VI) in the presence of competing ions, the 

ion-imprinting effect is not observed under the current condition except for K(I) (k’ = 1.4 > 1) 

due to a better performance of the non-imprinted BSG (NIP-BSG) (Table 7.5). The stronger 

electrostatic effect of the NIP-BSG compared to IIP-BSG originates from the physically bonded 

(non-specific) functional groups of NIP-BSG, which results in a higher adsorption capacity of 

U(VI) and accounts for the better selectivity of NIP-BSG. In addition, the competing ions in 

Königstein mine water have lower charge and smaller ionic radius compared with the rare earth 

metals in the acidic (pH0 = 3.5) simulated nuclear wastewater, which reduces their competing 

effect toward the non-specific sites on NIP-BSG.[190,258] This could probably explain the better 

selectivity of NIP-BSG in the Königstein mine water despite the lower pH. 
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Fig. 7.4. (a) Adsorption capacity and (b) distribution coefficient of the BSG and BSG-derived adsorbents in 

Königstein mine water. For adsorption: 2 mg adsorbent/ 5 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-

SAP-H = 45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 2.6. 

Table 7.5. Selective factor (k) and selectivity coefficient (SU) of the BSG and BSG-derived adsorbents in 

Königstein mine water. For adsorption: 2 mg adsorbent/ 5 mL metal solution, tBSG = 2 h, tABSG = tOBSG = 1 h, tBSG-

SAP-H = 45 min, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 2.6. 

 
k(BSG) k(ABSG) k(OBSG) k(BSG-SAP) k(IIP-BSG) k(NIP-BSG) k'IIP/NIP 

Ca 29.4 6.8 2.1 19.1 3.2 21.9 0.1 

Mg 4.8 -a - - 5.5 100.7 0.05 

Na 18.9 2.2 1.6 9.7 5.9 55.7 0.1 

K 10.6 - - - 18.4 13.2 1.4 

SU (%) 33.6 19.5 12.5 39.3 17.8 46.6 0.4 

a). The values of Kd become 0 and k become infinite as the adsorption capacity is zero. 

 

In addition, studies were carried out with simulated tailings water from Helmsdorf. The results 

depicted in Fig. 7.5 show that only IIP-BSG and NIP-BSG exhibit adsorption capacity for 

U(VI), which is probably due to the strong alkaline condition (pH = 9.8), high salinity 

(2950 mg/L of Na(I)), and the highly negatively charged UO2(CO3)3
4− species. Since all 

adsorbents have a point of zero charge (pHPZC) of less than 9.8, their surface is negatively 

charged and electrostatic repulsion hinders the adsorption of U(VI). Whereas, the adsorption 

capacity of IIP-BSG and NIP-BSG may originate from the coordination effect of the phosphoryl 

groups. As shown in Table 7.6, IIP-BSG shows excellent selectivity of U(VI) with the highest 

selective factor of 18.7 compared to Na(I) and a significant ion-imprinting effect is observed 

with k’ up to 83 toward K(I). Both results indicate that the ion-imprinting technology could 

dramatically improve the selectivity of the adsorbents in Helmsdorf tailings water. Although 
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the adsorption capacity of IIP-BSG toward U(VI) is low (2.3 mg/g), it exceeds the sludge 

concentration (50 mg/kg) suggested by the U.S. EPA for uranium recovery.[340] The high 

selectivity of IIP-BSG allows to concentrate U(VI) and reduce the concentrations of competing 

ions for further recovery. As shown in Table 7.7, a simple calculation employing the desorption 

condition and results of Section 6.3.6 (5 mg adsorbent/ mL HCl, desorption ratio = 80%) reveals 

that U(VI) could be enriched from 4.5 to 9.2 mg/L, while the concentration of the Na(I) is 

reduced to only 1/7 of its original concentration.  

 

Fig. 7.5. Adsorption capacity and distribution coefficient of the IIP-BSG in Helmsdorf tailings water. For 

adsorption: 2 mg adsorbent/ 5 mL metal solution, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 9.8. 

Table 7.6. Selective factor (k) and selectivity coefficient (SU) of the IIP-BSG and NIP-BSG in Helmsdorf tailings 

water. For adsorption: 2 mg adsorbent/ 5 mL metal solution, tIIP-BSG = 90 min, tNIP-BSG = 2 h, pH0 = 9.8. 

 

 

 

  

 
k(IIP-BSG) k(NIP-BSG) k'IIP/NIP 

Ca 7.9 0.4 20 

Mg 2.4 0.6 4 

Na 18.7 3.0 6 

K 13.3 0.16 83 

SU (%) 2.1 0.35 6 
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Table 7.7. Concentration effect of U(VI) and the reduction of competing ion concentrations by IIP-BSG in 

simulated Helmsdorf tailings water, and cd (mg/L) is the metal ion concentration in the desorption solution, 

calculating using the conditions of 5 mg adsorbent/ mL HCl and desorption ratio = 80%. 

 

  

Component c0 (mg/L) cd (mg/L) 

Ca(Ⅱ) 9  2.8 

Mg(Ⅱ) 23  21.1 

Na(Ⅰ) 2950  402.7 

K(Ⅰ) 37.6  9.0 

U(Ⅵ)  4.5  9.2 
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8. Summary 

In the present work, BSG was successfully converted into effective uranium adsorbents using 

various approaches, including hydrothermal treatment (ABSG), nitro-oxidation (OBSG), graft 

polymerization (BSG-SAP-H) and surface ion-imprinting technology (IIP-BSG). In this 

chapter, the results are summarized and important conclusions are drawn out from four 

perspectives, namely the modification methods, the adsorbent properties, the adsorption 

mechanisms, and the performance under real-world conditions. 

(1). Modification methods: In the first part of the study, BSG is successfully converted into 

an effective biosorbent ABSG by mild hydrothermal treatment (150 ℃, 16 h). This is done at 

a significantly lower temperature than conventional hydrothermal treatment without an 

additional activation process, minimizing energy consumption and environmental impact 

during treatment. Maillard reaction with the formation of melanoidins plays an important role 

in increasing the adsorption capacity, along with other pathways such as dehydration, 

decarboxylation, aromatization and oxidation. Thus, ABSG has an increase in carboxyl groups 

content from 0.15 mmol/g (BSG) to 1.46 mmol/g with increasing adsorption capacity. The 

second part of the study shows for the first time the successful oxidization of BSG with 85 wt% 

H3PO4 and NaNO2, resulting in an increase in carboxyl groups content from 0.15 mmol/g in 

BSG to 1.3 mmol/g in OBSG and an increase in adsorption capacity. In the third part of this 

study, a biomass-supported superabsorbent polymer (BSG-SAP) is prepared by a one-pot 

swelling and grafting polymerization. A 7 wt% NaOH solution was used as the swelling agent 

for BSG and the neutralization agent for AA without producing alkaline wastewater. Biomass 

utilization and grafting polymerization allow a large increase in available hydroxyl, carboxyl 

and amide groups, leading to a highly cross-linked and strongly hydrophilic 3D polymer 

network of BSG-SAP. This enables BSG-SAP with higher adsorption capacity and better 

reusability compared to the pure polymer reference, especially the BSG-SAP prepared with 

high cross-linking density (BSG-SAP-H). The fourth part of the work describes a new strategy 

to prepare a surface ion-imprinted natural polymeric material (IIP-BSG) for the removal of 

uranyl ions from wastewater with higher selectivity compared with the non-imprinted BSG. 

The difficulties of template removal, template bleeding, and poor accessibility of the imprinted 

sites of the conventional ion-imprinted polymers are overcome by the IIP-BSG, which is 

prepared with a much higher monomer-to-template ratio (M:T ratio, 500:1) compared to the 

literature (common M:T ratio = 4:1). The prepared IIP-BSG shows excellent selectivity towards 

U(VI). 
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(2). Adsorbent properties: The basic properties of the prepared adsorbents derived from BSG 

such as adsorption kinetics, adsorption capacity, selectivity, salinity tolerance, aging of 

adsorbent, and reusability, etc. are listed in Table 8.1. All adsorbents prepared from BSG show 

higher adsorption capacity and faster mass transfer than the unmodified BSG, indicating 

efficient improvement of adsorbents properties. In terms of adsorption capacity, the graft 

polymerization method leads to a significant improvement in adsorption capacity from 96 mg/g 

of BSG up to 1465 mg/g for BSG-SAP-H, which is due to a large amount of carboxyl groups 

and a 3D polymer network. The surface ion-imprinting technology with a high monomer: 

template ratio of 500:1 generates the IIP-BSG with the best selectivity under various conditions. 

OBSG (10.8 mg/g for c0(U) = 10 mg/L, pH0 = 7.7) and BSG-SAP-H (17.6 mg/g for c0(U) = 

8 mg/L, pH0 = 8) both show good salinity tolerance in the simulated seawater (193 mg/L 

NaHCO3 and 25.6 g/L NaCl). IIP-BSG was able to retain 82% of its initial adsorption capacity 

for U(VI) (57.8 mg/g) up to an ionic strength of 1 mol/L. Moreover, at least 90% of the 

adsorption capacity for BSG (77 mg/g), OBSG (157 mg/g), BSG-SAP-H (970 mg/g) and IIP-

BSG (80 mg/g) was retained when exposed to the water bodies for 6 days. ABSG, on the other 

hand, loses 60% of its adsorption capacity (155 mg/g) after aging, indicating a low potential for 

reuse. Moreover, 0.1M HCl was chosen as the desorption condition. OBSG retained 60% of its 

adsorption capacity (167 mg/g) after five reuse cycles, and the IIP-BSG retained over 90% of 

its adsorption capacity (41 mg/g) with high selectivity (SU > 92%). The BSG-SAP-H could be 

used in both water spiked with U(VI) and simulated seawater for four cycles with high stability. 

The uranyl ions could be concentrated by the BSG-SAP-H up to 14.6 folds in the water spiked 

with U(VI) and 13 folds in simulated seawater in the fixed bed column experiments, which is 

favorable for further recovery of uranium.  
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Table 8.1. Summary of the basic information of the BSG-derived adsorbents in the current study. 

Adsorbents BSG ABSG OBSG BSG-SAP-H IIP-BSG 

Modification 

method 

None Hydrothermal 

treatment 

Nitro-oxidation Graft 

polymerization 

Surface ion-

imprinting  

Equilibrium 

time (min) 

120 60 60 45 90 

qmax(U) (mg/g) 96a 220.6a 297.3b 1465c 165.7 in single 

solution and 67.3 in 

U(VI)/Eu(Ⅲ) 

binary solutiond 

Point of zero 

charge (pHPZC) 

5.7 4.1 2.1 6.2 3.9 

Salinity 

tolerance  

Not studied Not studied 10.8 mg/g in 

simulated 

seawater (c0(U) 

= 10 mg/L) 

17.6 mg/g in 

simulated 

seawater (c0(U) = 

8 mg/L) 

82% up to 1 mol/L 

Adsorbent 

aging 

10%, p < 

0.05e 

60%, p < 

0.05e 

No decrease 6%, p < 0.18 No decrease 

Reusability Not studied Not studied Five cyclesf Four cyclesg Five cyclesf 

a). Estimated from the Langmuir model; b). Obtained from the isotherm study; c). Estimated from the Toth model; d). Estimated from the Sips 

model; e) T-test, f). In bath experiments, and g). In fixed bed column experiments. 

 

(3). Adsorption mechanism: Mechanistically, the adsorption of U(VI) on BSG and ABSG is 

a monolayer adsorption whose adsorption rate is controlled by the adsorption on active sites. 

Although no spectral information was obtained for BSG, the results of ABSG indicate the 

involvement of O-containing and N-containing functional groups (e.g. carboxyl, hydroxyl and 

amide groups). The adsorption of U(VI) on OBSG is a multilayer adsorption on the 

heterogeneous surface of OBSG via the proton exchange effect and a bidentate coordination of 

UO2
2+ by the carboxyl groups, whose adsorption rate is controlled by the diffusion step. 

Moreover, a monolayer adsorption occurs on the heterogeneous surface of BSG-SAP, which is 

dominated by the electrostatic interactions between UO2
2+ and the carboxyl groups, the 

coordination of amide groups, and the cation exchange between Na+ and UO2
2+, the adsorption 

rate of which is controlled by the adsorption on active sites. In addition, studies of the 

mechanism of IIP-BSG have revealed the electrostatic interaction and a coordination of uranyl 

ions by carboxyl and phosphoryl groups, the predominant contribution of high-energy (specific) 

sites during selective adsorption, and internal mass transfer as the rate-controlling step of U(VI) 

adsorption (Table 8.2). 
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Table 8.2. Summary of the results that related to the adsorption mechanisms. 

 BSG ABSG OBSG BSG-SAP-H IIP-BSG 

Kinetic model PSOa PSO PFOb Ritchie’s equation PFO and IMTc 

Rate controlling 

step 

Adsorption 

on active 

sites 

Adsorption 

on active 

sites 

Diffusion  Adsorption on 

active sites 

Internal mass 

transfer 

Isotherm model Langmuir  Langmuir  Freundlich  Toth  Sips 

Type of adsorption  Monolayer  Monolayer  Multilayer; 

Heterogeneous  

Monolayer; 

Heterogeneous 

Monolayer; 

Heterogeneous 

Complexation type    Outer sphere Outer sphere 

Functional groups  O- and N-

containing  

Carboxyl-  Carboxyl-, amide 

groups 

Carboxyl-, 

phosphoryl-  

Type of interaction   H+ exchange, 

Bidentate binding 

of -COOH 

Electrostatic; 

Coordination; 

Cation exchange  

Electrostatic; 

Coordination 

a). Pseudo-second order kinetic model; b). Pseudo-first order kinetic model; c). Internal mass transfer resistance model. 

 

(4). Real-world application. In the last part of this study, BSG and its derived adsorbents are 

tested in simulated wastewater to evaluate their potential for better practical application. The 

IIP-BSG shows efficient U(VI)/Ln(Ⅲ) separation in weak acidic nuclear wastewater and U(VI) 

concentration in carbonate rich-mine and tailings water, demonstrating high potential for 

practical use. There is also selectivity for acid mine water. In addition, unmodified BSG and 

BSG-SAP-H could effectively remove uranyl ions from the acidic mine water with high 

selectivity. In particular, the cost-effectiveness and availability of the unmodified BSG make it 

very interesting for the remediation of uranium containing acidic mine water (Table 8.3).  
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Table 8.3. Summary of the adsorbent performance in simulated wastewaters. 

 BSG ABSG OBSG BSG-SAP-H IIP-BSG 

Nuclear 

wastewater 

(pH0 = 3.5) 

U(VI)/Ni(Ⅱ) not 

selective  

Applicable 

selectivity 

 (k > 2) 

U(VI)/Na(Ⅰ) 

not selective 

Low selectivity 

(k(U/ REEs) < 2) 

High selectivity 

(k > 6) 

Schlema 

mine water 

(pH0 = 7.1) 

Applicable 

selectivity 

 (k > 2) 

Applicable 

selectivity 

 (k > 2) 

Applicable 

selectivity 

 (k > 2) 

Applicable 

selectivity (k > 2) 

High selectivity 

(k > 35) 

Königstein 

mine water 

(pH0 = 2.6) 

High selectivity 

(k > 4) 

Applicable 

selectivity 

 (k > 2) 

Low 

selectivity 

(k(U/Na) < 2) 

High selectivity 

 (k > 9) 

Applicable 

selectivity (k > 2) 

Helmsdorf 

tailings 

water 

(pH0 = 9.8) 

No U(VI) 

adsorption  

No U(VI) 

adsorption 

No U(VI) 

adsorption 

No U(VI) 

adsorption 

Applicable 

selectivity (k > 2) 
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9. Perspectives 

The interactions between the uranyl ions and the various functional groups of the adsorbents 

prepared from BSG deserve further investigations to clarify the adsorption mechanisms. 

Advanced characterization technologies such as X-ray photoelectron spectroscopy (XPS), time-

resolved laser fluorescence spectroscopy (TRLFS), and isothermal titration calorimetry (ITC) 

should be used to gain a deeper understanding of adsorption mechanisms. XPS can 

quantitatively measure the elemental composition, bonding relationships, and chemical or 

electronic state of the elements present on the surface of adsorbents (except H, He),[7] and is 

reported in the literature to be widely used to study the mechanism of uranium adsorption.[344–

346] By comparing the binding energy of the functional groups before and after adsorption, the 

contribution of different functional groups could be evaluated.[344,345] In addition, finding the 

uranium 4f peak obviously supports the adsorption of U(VI) and provides information about 

the nature of binding sites.[346] TRLFS is a highly sensitive and selective method that 

candetermine the speciation and local atomic structures of radionuclides on the water/solid 

interface, which is important to understand the coordination chemistry of U(VI).[347] However, 

it is currently applied only for the study of uranium adsorption on soil, minerals and metal 

oxides, and, to best of my knowledge, there are no reports in the literature of its application to 

U(VI) adsorption on biomass.[7,347] Therefore, using the TRLFS to study the speciation of 

surface adsorbed U(VI) on biomass adsorbents would be a promising method to improve our 

understanding of adsorption mechanisms. In addition, detailed thermodynamic information on 

molecular binding events, the stoichiometry and equilibrium constants could be obtained from 

ITC analysis[348] instead of traditional thermodynamic calculation from the isotherm data at 

different temperatures. Although the latter is much simpler and more popular, the estimation of 

thermodynamic parameters largely depends on the choice of standard state and equilibrium 

conditions, which may lead to inaccurate and misleading results.[349] Therefore, ITC is useful 

to study the behavioral enthalpy of U(VI) adsorption and to understanding the adsorption 

mechanisms.[167] 

The successful application of surface ion-imprinting technology onto BSG opens a new way 

for producing selective adsorbents for other f-elements such as rare earth elements (REEs) and 

thorium (Th) with low cost and high availability. REEs are widely used as catalysts (Ce, La), 

magnets (Sm, Nd, Dy), alloys, powder production and phosphors.[350] However, they can be 

bioaccumulated in a tissue-specific manner, causing damage to lungs, liver, and brain.[351] 

Thorium (Th) is considered a next-generation nuclear fuel and is much more abundant than 
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uranium,[352] and poses the greatest radiation risk in rare earth production.[305] Both the toxicity 

and the importance of Th and REEs for application necessitate selective adsorption for pollution 

remediation and resources recovery. It is expected that the established synthesis strategy of 

surface uranyl-ion imprinted BSG can be easily converted into selective adsorbents for Th and 

REEs using the corresponding template in small amount. Moreover, more economic and 

effective functional monomers could be explored and synthesized, and the synthetic formula 

could be further optimized for a higher grafting ratio of the functional monomers. In addition 

to the selective adsorption of Th and REEs, two more applications of the ion-imprinted 

adsorbents are of particular interests. The first one is to prepare ion-imprinted adsorbents for 

selective extraction of heavy and transactinides using their chemical homologues as the 

imprinting ions, e.g. using Ce(Ⅳ) as the chemical homologue of Bk(Ⅳ).[353] This would be 

important for the separation of heavy and transactinides from fission products and the study of 

their nuclear and chemical properties. However, the radiation stability of the adsorbents 

prepared from BSG needs to be tested in advance. The second option is to use the metal ion-

loaded adsorbents as environmentally friendly and cheap catalysts.[354] As reported in the 

literature, Ce3+ could be firstly adsorbed by the amidoximated polyacrylonitrile nanofibrous 

membranes, and then the complex is used as a heterogeneous Fenton photocatalyst in dye 

degradation under visible irradiation.[355] Therefore, the surface-imprinted BSG is expected to 

selectively recovery Ce3+ from wastewaters and then be converted into useful catalysts in situ. 

Further functionalization of BSG by using the terminal amino groups of proteins with 

salicylaldehyde or its derivatives to form Schiff bases would be of great interest. Schiff bases 

are particularly promising for the separation of actinides and lanthanides due to their chemical 

structure, which could provide metal-binding pockets with a controllable number of binding 

sites and electronic properties suitable for selective adsorption.[356] In addition, metal Schiff-

base complexes derived from amino acids are already known and have been studied.[357] As 

shown in the present study, the content of amino acids in BSG is slightly increased by a short 

thermal treatment (150 ℃, 1 h, Fig. 3.5). Therefore, the pretreated BSG is expected to form 

Schiff bases with component such as salicylaldehyde and carboxybenzaldehyde to introduce 

more functionality into the adsorbents, which is favorable for the selective adsorption of uranyl 

ions.  

Since nuclear fuel reprocessing uses a large amount of HNO3 for uranium leaching and spent 

fuel dissolution,[358] the adsorption efficiency of uranium in strongly acidic media should be 

considered in the application of the adsorbents prepared from BSG. Although the adsorbents 

prepared from BSG show good performance under weak acidic conditions, it is important to 
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further increase their efficiency in high HNO3 concentrations. To date, there are a few studies 

in which biosorbents have been used to remove uranyl ions at high HNO3 concentrations. One 

possible solution to this is to use the solvothermal polymerization method to graft P-containing 

monomers (e.g. DEVP and ethylene glycol methacrylate phosphate (EGMP))[359] onto the BSG 

backbone with improved grafting efficiency (Fig. 9.1).[358] The introduction of phosphoryl 

groups is expected to improve the adsorption capacity under acidic conditions. In addition, 

solvothermal polymerization may achieve a controllable porous structure and high specific 

surface area of the adsorbents,[315] which will benefit the adsorption capacity and kinetics.  

 

Fig. 9.1. Grafting of DEVP onto BSG using sovothermal polymerization.[358] 
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10. Experimental section 

10.1. General information 

10.1.1 Materials 

Acrylic acid (AA, 99 wt%, stabilized with ca. 200 ppm 4-Methoxyphenol, ABCR GmbH), 

acrylamide (AM, 98 wt%, Fluka Analytical), N’N-methylenebisacrylamide (MBA, 97 wt%, 

ABCR GmbH), diethyl vinylphosphonate (DEVP, 97 wt%, Acros Organics), 2,2’-azobis(2-

methylpropionitrile) (AIBN, 98 wt%, Acros Organics), 2-hydoxyethyl methacrylate (HEMA, 

98 wt%,Evonik GmbH), ethylene glycol dimethacrylate (EGDMA, Evonik GmbH), sorbitan 

monostearate (Span 60,Serva Feinbiochemica), and toluene (technical grade) were used as 

purchased. 

Eu(NO3)3·5H2O (99.9 wt%), Yb(NO3)3·5H2O (99.9 wt%), Cu(NO3)2·3H2O (97 wt%), 

Ni(NO3)2·6H2O (98 wt%), Sm(NO3)3·6H2O (99 wt%), Gd(NO3)3·6H2O (99 wt%), and 

Y(NO3)3·6H2O (99 wt%) are purchased from Sigma-Aldrich. UO2(CH3COO)2·2H2O 

(analytical pure), HF (40 wt%), K2S2O8 (99 wt%), NaCl (99.5 wt%), Mg(NO3)2·6H2O 

(99 wt%), KNO3 (99 wt%), Zn(NO3)2·4H2O (98.5 wt%), Co(NO3)2·6H2O (99 wt%), and 

Fe(NO3)3·9H2O (99 wt%) are obtained from Merck KGaA. Na2CO3 (99.5 wt%), NaHCO3 

(99 wt%), NaNO3 (99.5 wt%), CaCl2·2H2O (99.5 wt%), MgSO4 (99 wt%), and K2SO4 

(99 wt%) are purchased from Grüssing GmbH. HNO3 (supra pure, 69 wt%), H2O2 (35 wt%), 

and ᴅ(+)-Glucose (C6H12O6, ACS regent) are obtained from Carl Roth GmbH, and H3PO4 

(85 wt%), NaNO2 (>99 wt%), and KMnO4 (>99 wt%) are obtained from Fisher Scientific. 

NaClO4·H2O (≥98 wt%, Fluka Analytical), CaSO4 (analytical pur,e Fluka AG), Na2SO4 

(≥99 wt%, Fisher Chemical), Pb(NO3)2 (≥99 wt%, Fisher Chemical), Na3VO4 (99.9 wt%, Alfa 

Aesar), H3BO3 (99.9 wt%, Alfa Aesar), NaOH (97 wt%, VWR chemicals), HCl (37 wt%, VWR 

chemicals), La(NO3)3·6H2O (99.9 wt%, Thermo Fisher GmbH), Nd(NO3)3·5H2O (99 wt%, 

Honeywell), Na2SO3 (95 wt%, Roanal), and potassium hydrogen phthalate (analytical pure, 

Laborchemie Apolda GmbH) were used as purchased. 

Ultrapure water (18.2 MΩ·cm, arium pro, Sartorius) was used in all experiments. 
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10.1.2 Preparation of standardized BSG 

Brewer’s spent grain (BSG, water content 78 wt%) was obtained from our laboratory-scale 

brewery plant (Technical University Dresden, Germany) during the production of a Pilsner beer 

directly after the mashing process. Pilsner malt (14.6 kg, Weyermann) was used in this brewing. 

During the mashing process, 53 L of water was poured initially, with a replenishment volume 

of 58 L. The temperature and time of different mashing procedures are summarized in 

Table 10.1. The fresh BSG was then stored at –16 °C until further processing. For the 

preparation of standardized BSG, the material was defrosted at room temperature and dried at 

60 °C under reduced pressure (<70 mbar) for 72 h to reduce the water content to less than 

5 wt%. Afterward, BSG was milled using a coffee grinder (MayOcean) for 30 s, left to rest for 

10 s and milled again for 20 s. The milled BSG was sieved into three different fractions 

(>710 µm, 315–710 µm, <315 µm). For general synthesis, adsorption studies and 

characterization, the fraction smaller than 315 µm (designated as BSG) with water content of 

3.0 wt%, N content of 5.1 wt% and an estimated protein content of ~ 29.5 wt% was used. 

Table 10.1. Parameters of the mashing process to produce BSG. 

Procedure Initial temperature (℃) End temperature (℃) Time (min) 

Mash-in 55 54.8 10 

Protein rest 62 61.8 30 

Maltose rest 68 67.8 10 

Sugar rest 72 71.8 25 

Mash-out 78 77.8 10 

 

10.1.3 Chemical composition of BSG 

The water content and ash content (20 °C/min, Air, 40‒850 °C) of BSG was obtained from TG 

analysis. The protein content was estimated according to the N content by multiplying by a 

factor of 5.83.  

The cellulose content was measured using the method proposed by Updegraff[360,361] according 

to literature with minor modification. Generally, four replicates of 20 to 40 mg BSG were 

weighed in 6 mL glass tubes with screw caps. After adding 3 mL of a mixture of acetic 

acid/water/nitric acid (8/2/1, v/v/v), the suspension was heated in a boiling water bath for 

30 min with occasional mixing. After cooling in an ice bath, the tubes were centrifuged for 

10 min at 1000 g and the supernatant was discarded. The pellet was thoroughly resuspended in 

5 mL bidestilled water and centrifuged again. The washing process was repeated once more, 
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and the supernatant was discarded. The remaining pellet was then incubated with 2.5 mL of 

72 wt% sulphuric acid for 1 h with vortex every 5–10 min. The clear solution was transferred 

into a 10 mL volumetric flask and filled to the marking with water (after sufficient cooling 

time). For the photometric determination of cellulose, 20 μL aliquots were diluted to 400 μL 

with water and 1 mL of ice-cold 100 mg anthrone in 50 mL sulphuric acid (95 wt%) was added. 

The mixture was heated for 15 min in a boiling water bath, cooled in an ice bath for 2 min and 

let stand at room temperature for 10 min prior to photometric measurement at 620 nm against 

reagent blank. A cellulose stock solution for calibration was prepared by dissolving 57.4 mg of 

microcrystalline cellulose in 10 mL of 72 wt% sulphuric acid and diluting to 500 mL with 

water. Dilutions in the range of 2.87 µg to 28.7 µg in 400 µL water were prepared in duplicate 

and processed by anthrone assay as mentioned above.  

The content of lignin was determined according to ASTM E1758−01 and method reported by 

Balogun et.al.[138] More specifically, 300 ± 10 mg BSG was incubated in 3 mL 72 wt% H2SO4 

for 1 h at 30 °C, then diluted into 4 wt % H2SO4, and subjected to a secondary hydrolysis in an 

autoclave reactor (DAB-3, Berghof Products+Instruments GmbH) at 121 °C for 1 h. The 

hydrolyzed mixture was filtrated, and the obtained solid was weighted. The content of acid-

insoluble lignin was obtained by subtracting the ash content from the solid content. Meanwhile, 

the filtrate was collected for the measurement using a UV-vis spectrometer (Lambda 25, 

PerkinElmer) with a quartz cuvette (10 mm) in the range of 200–250 nm with a resolution of 

0.1 nm. The acid-soluble lignin content was calculated according to the absorbance at 205 nm 

using an absorption coefficient of 110 L g−1 cm−1. The chemical composition of BSG is shown 

in Table 10.2. 

Table 10.2. Chemical composition of the standardized BSG. 

Water 

(wt%) 

Ash 

(wt%) 

Acid insoluble 

lignin (wt%) 

Acid soluble 

lignin (wt%) 

Lignin  

(wt%) 

Protein 

(wt%) 

Cellulose 

(wt%) 

Other 

(wt%) 

3.0 3.6 32.5 ± 3.8 0.34 ± 0.01 32.8 ± 3.8 29 ± 0.6 8.75 ± 0.8 22.8 ± 5.2 

 

10.1.4 General characterization methods 

Infrared (FT-IR) and Raman spectra. Fourier transform infrared (FT-IR) and Raman spectra 

were obtained with a single-beam Fourier transform infrared VERTEX 70 spectrometer 

(Bruker) equipped with a RAM II module (Nd-YAG laser, 1064 nm). An ATR (attenuated total 

reflectance) unit (diamond) with a single reflection optics at an interaction angle of 45° was 

used. The spectra were recorded over the range of 4500 to 400 cm−1 with a resolution of 4 cm−1, 
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and averaged over 32 scans. In special cases, a higher resolution of 1 cm−1 was used and the 

number of scan increases to 64. In order to investigate the detailed changes of chemical 

structures, the obtained spectra were processed using the OPUS software package as provided 

by Bruker to compare the intensity of certain bands. Baseline corrections were applied at 

selected wave numbers and the spectra were normalized respecting to –CH2– antisymmetric 

stretching vibration bands. For normalization, the absorbance value of this band was set to 1.0 

and the complete spectrum was multiplied by a ratio factor. The Raman spectra were recorded 

using a laser power of 100 mW between 800 to 1000 cm−1 with a resolution of 4 cm−1 and 

averaged over 100 scans.  

13C solid-state NMR spectra. 13C solid-state NMR spectra were recorded on a Bruker Ascend 

800 MHz spectrometer using a commercial 3.2 mm MAS NMR probe and operating at a 

resonance frequency of 201.2 MHz. The MAS frequency was 15 kHz. Adamantane was used 

as external standard. Ramped 1H-13C cross-polarization (CP, contact time: 4 ms) and SPINAL 

1H-decoupling during the signal acquisition was applied. The recycle delay was 3 s and 26,000 

scans were accumulated for signal-to-noise improvement. Especially, 28,000 scans was used 

for ABSG. 

Specific surface area. The specific surface area of BSG and ABSG was determined by the 

Brunauer-Emmett-Teller (BET) method (SA 9600, Horiba Scientific). The sample was 

subjected to a pre-treatment at 110 ℃ for 90 min. The analysis was performed using 8% N2 in 

He. The adsorption took place at −196 ℃ and the desorption was at room temperature. 

SEM-EDX. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDX) analysis were performed on a scanning electron microscope (SU8020, HITACHI) 

equipped with an energy-dispersive X-ray spectrometer X-MaxN (OXFORD Instrument) at an 

electron beam voltage of 20 kV. The samples were dried at 60 ℃ under reduced pressure 

(<70 mbar) for 48 h and coated with an Au layer by a rotary pumped coater (Q150R ES, 

Quorum) at 5 mA. The surface morphology images were taken at an electron beam voltage of 

2.0 kV and the EDX elemental mappings were taken at 20 kV/10 mA for 25 frames. 

10.1.5 General analytical methods 

Mineral element contents. The content of Ca, Fe, Mn, Mg, Zn, K, Na, and P were determined 

by inductively coupled plasma–optical emission spectrometry (ICP-OES, OPTIMA 2000DV, 

PerkinElmer) after microwave-assisted digestion. In general, 10 mL HNO3 (supra pure, 

69 wt%) were added to 0.1 g adsorbent and reacted for 15 min at room temperature before 

heating for 15 min at 210 °C (MARS 6, CEM GmbH). 
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Mineral element contents including Si. The mineral element contents including Si were 

determined by ICP-OES after microwave-assisted digestion. Generally, 3 mL HNO3 (supra 

pure, 69 wt%) and 2 mL HCl (37 wt%) were added into ca. 0.05 g biosorbents. After 1 h at 

room temperature, 1 mL HF (40 wt%) was added, and the mixture was vortexed. After standing 

for another 1 h, 10 mL saturated H3BO3 was added into the mixture to complex the HF before 

heating for 10 min at 170°C (MARS 6, CEM GmbH).  

Elemental analysis. Elemental analysis were performed on a Vario MICRO cube (Elementar 

Analysatorsysteme GmbH) in CHNS mode to determine the content of carbon, nitrogen, 

hydrogen and sulfur. The oxygen content was calculated by mass balance considering the 

content of carbon, nitrogen, hydrogen, sulfur and the mineral elements determined by ICP-OES.  

Content of oxygen functional groups (OFGs). The content of oxygen functional groups 

(OFGs) were quantified using Boehm titration.[362] In general, a mixture of 0.9 g adsorbents and 

50.00 mL of one of the three reaction bases, NaHCO3, Na2CO3 and NaOH, in a concentration 

of 0.05 M was shaken for 24 h. The mixtures were filtered and three 10.00 mL aliquots were 

taken for titration. The NaHCO3 and NaOH samples were acidified with 20.00 mL 0.05 M HCl, 

whereas for Na2CO3 samples 30.00 mL of 0.05 M HCl was added. The acidified solutions were 

then put into ultrasonic bath (Sonorex RK 52H, Bandelin electronic GmbH & Co. KG) for 

20 min to expel dissolved CO2 and titrated with 0.05 M NaOH using phenolphalein indicator. 

Content of amine groups. The amount of amine groups (−NH2) was determined using a 

volumetric method according to literature.[363] 0.1 g adsorbent was suspended in 50 mL 0.05 M 

HCl for 16 h, and the remaining amount of HCl was titrated with 0.05 M NaOH using 

phenolphthalein indicator. 

Point of zero charge. The point of zero charge (pHpzc) of adsorbents was determined by solid 

addition method,[364] using 0.2 g adsorbent suspended in 10 mL 0.1 M NaNO3 solution. The 

initial pH value (pH0) of the solution was adjusted to 1–10 using 0.1 M HNO3 or 0.1 M NaOH. 

The equilibrium pH (pHe) was recorded after mixing for 16 h and the change of pH (ΔpH) was 

calculated. The pHpzc was determined by plotting ΔpH versus pH0, and the pHpzc is equal to the 

pH0 value when ΔpH = 0. 

10.1.6 Thermal stability and differential scanning calorimetry analysis 

STA-GC-MS analysis of BSG and ABSG. The thermal stability of adsorbents and volatile 

products produced during decomposition were analyzed by simultaneous thermal analyzer 

(STA 8000, PerkinElmer) coupled with a GC-MS (GC Clarus 680, MS Clarus SQ 8S, 

PerkinElmer). The samples were heated from 40 ℃ to 600 ℃ with a heating rate of 20 ℃/min 
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under helium atmosphere. The volatile products generated at 375−385 ℃ (BSG, ABSG) and at 

340−360 ℃ (Yb-ABSG) were detected using GC-MS. The GC temperature was initially set to 

35 °C with a hold time of 3 min, and then increased with a heat rate of 5 ℃/min until 220 ℃, 

and hold at 220 ℃ for 3 min. The obtained MS spectra were interpreted using NIST mass 

spectral search program provided by PerkinElmer.  

Thermal stability test of OBSG. The thermogravimetric (TG) analysis of the biosorbents was 

performed by a simultaneous thermal analyzer (STA 8000, PerkinElmer). The samples were 

heated from 40 to 600°C with a heating rate of 20°C /min under a helium atmosphere. 

TG-DSC analysis of BSG-SAP and IIP-BSG. The thermogravimetric (TG) and differential 

scanning calorimetry (DSC) analysis of BSG-SAP was performed by a simultaneous thermal 

analyzer (STA 8000, PerkinElmer). The samples were dried at 60 °C under reduced pressure 

(<70 mbar) for 48 h to remove the adsorbed water before measurement and heated from 40 °C 

to 700 °C with a heating rate of 20 °C/min under a helium atmosphere. For IIP-BSG, a slower 

heating rate of 10 °C/min was used to obtain more detailed information about the thermal 

decomposition. 

10.1.7 Adsorbent aging test in ultrapure water 

The adsorbent aging in ultrapure water was tested by immersing ca. 20 mg of the adsorbents 

into 20 mL ultrapure water at room temperature for 6 days. After 6 days, the adsorbents were 

dried at 60 °C under reduced pressure (<70 mbar) for 12 h before used for adsorption 

experiments. The adsorption capacity of U(Ⅵ) was measured before and after aging in water. 

10.1.8 Analysis of Maillard reaction products of BSG and ABSG 

Maillard reaction products (MRPs) were analyzed according to literature with slight 

modifications.[365] Typically, the samples were enzymatically hydrolyzed, cleaned up through 

a solid phase extraction cartridge, and analyzed via HPLC-MS/MS (Agilent Technologies). For 

separation, a HPLC-column (Kinetex-C-18 column, 1.7 µm, 100 Å, 50 x 2.1 mm) was used. 

Amino acid analysis (ion-exchange chromatography with ninhydrin detection) was performed 

by the method proposed by Hellwig et al.[366] 

10.1.9 Cross-linking and swelling test for BSG-SAP 

Swelling ratio. The swelling ratio (S) of the adsorbents was measured by swelling ca. 0.1 g of 

315–800 µm BSG-SAP into 100 mL of the ultrapure water or simulated water with high salinity 
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and alkaline condition (25.6 g/L NaCl, 193 mg/L NaHCO3, pH = 7.0) for 24 h. The swollen 

polymer was weighed after removing surface water of the polymer by filter paper. The swelling 

ratio (S) was calculated as equation (1): 

𝑆 = 𝑚0 𝑚𝑠⁄  (1) 

where m0 (g) is the mass of the dry polymer, and ms (g) is the mass of swollen BSG-SAP.  

Reswelling ratio. A primary reswelling test was performed to investigate the chemical stability 

of the synthesized polymer during the regeneration process. Briefly, 50 mg of the adsorbent was 

mixed with 50 mL of 1000 mg/L U(Ⅵ) solution for 45 min using an overhead shaker at room 

temperature. Afterward, the adsorbed U(Ⅵ) was desorbed from the adsorbent using 50 mL 

0.5 M HCl for 30 min and the adsorbent was regenerated by 20 mL 0.1 M NaOH for 10 min. 

The regenerated polymer was washed three times and reswollen in 100 mL of ultrapure water 

for 2 h. The reswollen polymer was weighed after removing surface water using filter paper, 

and the reswelling ratio (%) was calculated as equation (2): 

𝑟𝑒𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑚𝑑×𝑆

𝑚𝑟𝑠
× 100%  (2) 

where md (g) is the dry mass of the polymer, S is the swelling ratio, and mrs (g) is the reswelling 

mass of the polymer. 

Average molecular weight   between cross-links. The average molecular weight   between 

cross-links (�̅�𝐶) of BSG-SAP, which is inversely proportional with the cross-linking density, 

was calculated according to Flory-Rehner theory as described in equation (3):[238] 

�̅�𝐶 = −𝑉1𝜌
𝜐𝑠

1/3
−

𝜐𝑠
2⁄

ln(1 − 𝜐𝑠) + 𝜐𝑠 + 𝜒𝜐𝑠
2
 (3) 

where V1 is the molar volume of the solvent (water, 18 cm3/mol), ρ (g/cm3) is the density of the 

BSG-SAP (g/cm3), υs (cm3) is the volume fraction of the polymer in the swollen polymer, and 

χ is the Flory-Huggins interaction parameter between the solvent and the polymer. Particularly, 

υs is calculated by equation (4): 

𝜐𝑠 =
𝑚0/𝜌

(𝑚𝑠 − 𝑚0)/𝜌𝑠
 (4) 

where m0 (g) is the mass of the dry BSG-SAP, ms (g) is the mass of swollen BSG-SAP, ρs (g/cm3) 

is the density of solvent (water, 1 g/cm3), and the value of χ is taken from literature as 

equation (5):[367] 

χ = 0.431 – 0.311υS – 0.036 υS
2 (5) 

The density of synthesized polymer was obtained employing Archimedes principle with slight 

modification using n-octane (95%, VWR Chemicals) as a non-swelling solvent.[368] Generally, 

ca. 0.1 g of the sample was weighted into a volumetric flask of 5.00 mL, and a certain amount 
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of n-octane was added afterwards until the total volume of the liquid and solid inside the flask 

reached to 5.00 mL. The polymer density ρ (g/cm3) is calculated by equation (6): 

𝜌 = 𝑚𝑝 (5 −
𝑚𝑜𝑐𝑡𝑎𝑛𝑒

𝜌𝑜𝑐𝑡𝑎𝑛𝑒
)⁄  (6) 

where mp (g) is the mass of the polymer, moctane (g) is the mass of n-octane added into the 

volumetric flask, and ρoctane (0.73 g/cm3) is the density of n-octane.  
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10.2. Synthetic methods 

10.2.1 Hydrothermal treatment of brewer’s spent grain 

Hydrothermal treatment of BSG was conducted in an autoclave reactor (DAB-3, Berghof 

Products+Instruments GmbH) with 250 mL volume. Typically, 15 g fresh, defrosted BSG was 

mixed manually inside the reactor with 10 mL ultrapure water and the pH was adjusted to 10 

using 0.01 M NaOH. The reactor was heated in an oven (Dry-line 115, VWR International) at 

different temperatures (100 ℃, 125 ℃, 150 ℃, 175 ℃) for various time periods (1 h, 4 h, 8 h, 

16 h, 24 h). After reaction, the solid product was collected and dried at 60 ℃ under reduced 

pressure (<70 mbar) overnight to reduce the water content to less than 5 wt%, crushed and 

passed through 315 µm sieve to obtain a homogeneous fraction. The hydrothermal treated BSG 

was designated with ABSG-θ, t, where θ is the reaction temperature and t is the reaction time, 

in order to investigate the influence of the hydrothermal treatment parameters. For general 

characterization (13C solid state NMR, oxygen functional groups and STA-GC-MS analysis) 

and adsorption study, ABSG (ABSG-150 ℃, 16 h) was used with a water content of 4.3 wt%, 

N content of 5.0 wt% and an estimate protein content of 29.2 wt%.  

10.2.2 Oxidation of brewer’s spent grain 

The oxidation of BSG was performed at room temperature by stirring 1 g standardized BSG 

with 16 mL of 85 wt% H3PO4 and 0.8 g NaNO2 in a 100 mL Erlenmeyer flask using magnetic 

stirrer (IKA, RCT basic) at a stirrer speed of 140 rpm for 10 min, followed by reacting for 

another 16 h without stirring. After that, 50 mL of cold ultrapure water was added to quench 

the reaction. The oxidized BSG was washed with ultrapure water and filtrated repeatedly until 

the pH of the filtrate reached 5. Effects of NaNO2 amount, the concentration and volume of 

H3PO4, and the reaction time on the adsorption capacity of oxidized BSG toward La(Ⅲ) were 

investigated to determine the optimal conditions and is shown in Fig. 10.1. 

In order to explore other possible oxidation methods for BSG, H2O2 and KMnO4 have also been 

tested as oxidants according to literature with modification. For H2O2 method,[176,177] 2 g BSG 

was mixed with 20 mL ultrapure water and 0.4 mL 1 M HCl at 100°C. Afterwards 10 mL 

35 wt% H2O2 was added into the mixture dropwise and the mixture was reflux at 100°C for 2 h. 

For oxidation using KMnO4,
[178] 1 g BSG was stirred with 0.18 g KMnO4 and 20 mL 0.15 M 

H2SO4 at 60°C for 2 h. Then the oxidation products were filtrated and washed with ultrapure 

water repeatedly. All the materials obtained from three different oxidation methods were dried 
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at 60°C under reduced pressure (<70 mbar) to reduce the water content to less than 5 wt%. For 

general adsorption studies and characterization, nitro-oxidized BSG obtained from the fraction 

smaller than 315 µm (designated as OBSG) with water content of 3.6 wt%, N content of 

1.1 wt% and an estimated protein content of 6.4 wt% was used. 

 

Fig. 10.1. Adsorption capacity of La(Ⅲ) of the oxidized BSG in dependence of (a) the amount of NaNO2, (b) the 

concentration of H3PO4, (c) the volume of H3PO4, and (d) the reaction time. For adsorption: 2 mg adsorbent/ 2 mL 

solution, c0(La) = 100 mg/L, pH = 5.5, 2 h, room temperature. 

 

10.2.3 Synthesis of brewer’s spent grain-supported superabsorbent polymer 

In general, 0.2 g of dry BSG was swollen in 18.7 mL of 7 wt% NaOH solution using a magnetic 

stirrer (IKA, RCT basic, stirrer speed = 140 rpm) at 40 ℃ for 1 h. After swelling, 7 mL of 

40 g/L K2S2O8 solution and 4.3 mL of 20 g/L Na2SO3 solution were added into the mixture as 

initiators. Then 3 mL of AA and 0.155 g of AM were added, and the amount of NaOH in the 

mixture resulted in a neutralization degree of AA equal to 75 mol%. Either 2 mL (0.5 mol% of 

the total monomers) or 9 mL (2.0 mol% of the total monomers) of 15 g/L MBA solution was 

added as the cross-linker to produce the BSG-SAP with low or high cross-linking density, 
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respectively. The reaction was kept at 40 ℃ for 3 h. The obtained BSG-SAP was washed with 

ethanol and ultrapure water for three times to remove unreacted impurities and then dried at 

105 ℃ under reduced pressure (<70 mbar) for 12 h. The synthesized polymer with 0.5 mol% 

and 2.0 mol% of MBA was designated as BSG-SAP-L and BSG-SAP-H, respectively. The dry 

BSG-SAP was crushed and sieved through 800 µm and 315 µm sieves to obtain two fractions 

(<315 µm and 315–800 µm). Cross-linked block polymers without grafting onto the BSG 

backbone were also prepared with 0.5 mol% and 2.0 mol% of MBA and designated as reference 

polymers RP-L and RP-H, respectively. 

10.2.4 Synthesis of surface ion-imprinted brewer’s spent grain 

The surface ion-imprinted brewer’s spent grain (IIP-BSG) was prepared referring to several 

literatures with modification.[293,295,300,308,369] Firstly, 0.57 g of BSG was swollen in 16.4 mL 

0.2 M NaOH at 40 ℃ for 1 h using an overhead stirrer (Heidolph) and strongly stirred at 

500 rpm. Then, 0.5 mL HEMA (4.1 mmol), 0.8 mL DEVP (5.2 mmol), and 0.9 mL U(VI) 

solution (5000 mg/L, 0.019 mmol) were added into the mixture and stirred for 10 min to form 

stable complexes. The M:T ratio was designated in the current study as 500:1. AIBN (193 mg, 

40 mmol/L) and EGDMA (0.9 mL, 50 mol% of the monomer) were dissolved in 10.6 mL 

toluene and added dropwise to the mixture as the initiator and cross-linker, respectively. 

Span 60 (0.4g) was added as a dispersant and the mixture was stirred for 20 min to form a stable 

suspension. Then the suspension was allowed to react for 3 h at 65 ℃ and stirred slowly at 

80 rpm. After reaction, the suspension was centrifuged (3500 rpm, 5 min) and the supernatant 

was discarded. The solid was redispersed in 10 mL ethanol and centrifuged again. The washing 

process was performed twice with ethanol and once with ultrapure water, and the solid was 

dried at 60 ℃ under reduced pressure (<70 mbar) for 16 h to obtain the unleached IIP-BSG. To 

remove the template, 0.1 g of unleached IIP-BSG was mixed with 50 mL 0.5 M HCl for 2 h. 

After acid leaching, the mixture was centrifuged (3500 rpm, 5 min) and the supernatant was 

collected to determine the concentration of U(VI) by ICP-OES. The elution efficiency (%) of 

the template was determined by the following equation (7): 

𝐸𝑙𝑢𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑐𝑙(𝑈) × 𝑉𝑙

𝑐𝑠(𝑈) × 𝑚
× 100 (7) 

where cs(U) (mg/g) is the content of the U(VI) template in the unleached IIP-BSG determined 

by microwave digestion (Table 6.1), m (g) is the mass of the unleached IIP-BSG, cl(U) (mg/L) 

is the concentration of U(VI) in the leached supernatant, and Vl (L) the volume of HCl. The 

leached IIP-BSG was washed with ultrapure water for three times and the pH of the supernatant 
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was monitored to reach a pH above 6. Then the adsorbent was dried at 60 ℃ under reduced 

pressure (<70 mbar) for 16 h. A non-ion-imprinted BSG (NIP-BSG) and ion-imprinted polymer 

without BSG (IIP-Polymer) were prepared accordingly without U(VI) template and BSG, 

respectively. To investigate the effect of M:T ratio, a reference adsorbent was synthesized using 

a common choice of M:T ratio of 4:1 reported in the literature[293,300] and designated as IIP-

BSG(4:1). 

To verify the grafting of DEVP monomer onto the BSG surface and investigate the change of 

functional groups during acid leaching and reusability test, the P content of the unleached IIP-

BSG, IIP-BSG (leached), and IIP-BSG after five cycles of reuse (designated as IIP-BSG-r) was 

determined by ICP-OES after complete digestion using a microwave (Table 6.1). Since it is 

possible that not all DEVP monomers were grafted during the synthesis, the real M:T ratio was 

calculated according to the mass balance of P content and the synthetic formula (Table 6.2). 

In order to find the best combination of functional monomers and cross-linkers, HEMA, AA 

and DEVP were chosen as the potential functional monomers, and EGDMA and MBA were 

chosen as the potential cross-linkers. The synthesis followed the protocol mentioned above and 

the detailed formula are summarized in Table 10.3. The as prepared U(VI)-imprinted BSG was 

tested in the U(VI) single and U(VI)/Eu(III) binary solutions and the results are shown in 

Fig. 10.2. The selective factor (k) and selectivity coefficient (SU) of the U(VI)-imprinted BSG 

are summarized in Table 10.4. The binary monomer compositions DEVP-AA or DEVP-HEMA 

show higher adsorption capacity than using the single monomer DEVP (Fig. 10.2, a). Using 

single monomer HEMA also results in a high adsorption capacity that is comparable to the 

DEVP-HEMA combination, indicating a potential benefit of HEMA monomer for the 

adsorption capacity. In addition, using MBA as the cross-linker results in an increased 

adsorption capacity compared with the adsorbent using EGDMA. As for the selectivity, the 

binary monomer compositions DEVP-AA or DEVP-HEMA also present great advantages 

compared to the adsorbents using single monomer DEVP or HEMA (Table 10.4). On the 

contrary, using MBA as the cross-linker results in a decreased selectivity compared with the 

adsorbent using EGDMA. On the basis of adsorption capacity and selectivity, binary monomer 

composition DEVP-HEMA and the cross-linker EGDMA were chosen to synthesize the IIP-

BSG for further studies. 
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Table 10.3. Synthetic formula using different monomers and cross-linkers. For synthesis, BSG/monomer mass 

ratio = 0.4, 0.2 M NaOH = 16.4 mL, AIBN = 40 mM, M:T ratio = 500:1, Span 60 = 0.4 g, toluene = 10.6 mL, T = 

65 ℃ and time = 3 h.  

Sample Monomer Cross-linker (50 mol% of monomer) 

DEVP (mmol) HEMA (mmol) AA (mmol) EGDMA (mmol)  MBA (mmol) 

DEVP+AA 5.2 0 4.1 4.65 0 

DEVP 5.2 0 0 2.60 0 

DEVP+HEMA (IIP-BSG) 5.2 4.1 0 4.65 0 

HEMA 0 4.1 0 2.05 0 

MBA-HEMA+DEVP 5.2 4.1 0 0 4.65 

 

Fig. 10.2. Adsorption capacity of the U(VI)-imprinted BSG in (a) U(VI) single solution and (b) U(VI)/Eu(III) 

binary solution. For adsorption: 2 mg/ 2mL solution, pH0 = 4.7, t = 2 h, for single solution c0(U) = 1.2 mM, and 

for binary solution c0(U, Eu) = 0.5 mM. 

Table 10.4. Selective factor (k) and selectivity coefficient (SU) of the U(VI)-imprinted BSG. For adsorption: 2 mg/ 

2mL solution, pH0 = 4.7, t = 2 h, for single solution c0(U) = 1.2 mM, and for binary solution c0(U, Eu) = 0.5 mM. 

Sample k(U/Eu) SU (%) 

DEVP+AA 13.8 94.0 

DEVP 6.8 89.2 

DEVP+HEMA 16.1 94.1 

HEMA 7.4 88.6 

MBA-HEMA+DEVP 2.1 73.3 
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10.3. Batch adsorption experiments 

10.3.1 General batch adsorption experiments 

Generally, batch adsorption experiments were performed by suspending 2 mg dry adsorbent in 

2 mL solution containing the metal ions of the required concentration in micro centrifuge tubes 

(2 cm³, Safe-Lock, Eppendorf) with an overhead shaker (Reax 2, Heidolph) with a rotation 

speed of 60 rpm at room temperature. After adsorption the solution was filtrated through a 

13 mm syringe filter with a 0.22 µm PTFE film (Fisher Scientific), and the mass concentration 

(mg/L), which refers to the elemental content before and after adsorption, was determined using 

ICP-OES (OPTIMA 2000DV, PerkinElmer, USA). The adsorption capacity (qe, mg/g) was 

calculated using the following equation (8): 

𝑞𝑒 =
𝑐0 − 𝑐𝑒

𝑚
× 𝑉 (8) 

where c0 (mg/L) and ce (mg/L) are the metal concentrations before and after adsorption, m (g) 

is the mass of adsorbent and V (L) is the volume of metal solution. The adsorption experiments 

were performed in duplicate and both the average value and standard deviation are reported. 

Effect of initial pH value. In order to determine the optimum pH for adsorption, 1.0 mol/L or 

0.1 mol/L HNO3 was used to adjust the initial pH to certain range, which was carefully chosen 

in order to prevent precipitation according to the calculated speciation distribution using Visual 

MINTEQ 3.1 software.[14] The equilibrium pH was measured with an InLab micro pH electrode 

(Mettler Toledo).  

Adsorption kinetics. For kinetic study, a series of adsorption experiments were performed at 

different time intervals at the optimum initial pH with a constant initial concentration of metal 

ions.  

Adsorption isotherms. Adsorption isotherms were obtained with different initial metal 

concentrations at the optimum pH using equilibrium time from the kinetic studies.  

Effects of anion species and ionic strength. The influence of different anions on the 

adsorption was investigated at a constant ionic strength (I = 0.1 mol/L) using different 

supporting electrolytes (NaClO4, NaCl, NaNO3, and Na2SO4). The effect of ionic strength on 

the adsorption was examined by adding different concentrations of NaClO4 (0, 0.05 M, 0.1 M, 

0.2 M, 0.5 M, and 1 M). 

Adsorption in the high salinity and alkaline condition. The adsorption experiments under 

high salinity and alkaline condition are performed referring to literature that employ the 

simulated seawater, which consists of 25.6 g/L NaCl, 193 mg/L NaHCO3, and various U(Ⅵ) 
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concentrations of 8 mg/L (pH0 = 8), 10 mg/L (pH0 = 7.7), or 30 mg/L (pH0 = 7.0).[250,251] The 

removal efficiency of uranium was calculated as equation (9): 

removal efficiency(%) =
𝑐0 − 𝑐𝑒

𝑐𝑒
× 100% (9) 

10.3.2 Adsorption experiments using 169Yb radiotracer 

For the experiments using 169YbCl3 radiotracer, 1 mg of adsorbent and 1 mL of metal solution 

were used. In these experiments, the metal ions distribution between the solution and adsorbent 

was determined radiometrically employing radiation from 169Yb with a NaI (TI) scintillation 

counter (Hidex AMG, Hidex GmbH). The count rate (CPM, counts per minute) of 0.5 mL of 

the supernatant liquid and the remaining 0.5 mL supernatant liquid with the adsorbent were 

determined. The adsorption capacity (qe, mg/g) is calculated as equation (10):  

𝑞𝑒 =
𝐶𝑃𝑀𝐿𝑆 − 𝐶𝑃𝑀𝐿

𝐶𝑃𝑀𝐿𝑆 + 𝐶𝑃𝑀𝐿
×

𝑐0𝑉

𝑚
 (10) 

where CPMLS, CPML are the determined count rate for the adsorption sample with and without 

solid adsorbent, c0 (mg/L) is the metal concentration before adsorption determined by ICP-OES, 

m (g) is the mass of adsorbent and V (L) is the volume of metal solution. All the adsorption 

experiments were performed in duplicate and the average value and standard deviation are 

reported.  

10.3.3 Effect of temperature on the adsorption capacity 

Effects of temperature on the adsorption capacity of the biosorbents were examined by 

performing adsorption isotherms at three different temperatures. Generally, 2 mg adsorbent was 

mixed with 2 mL metal ions solution with different initial concentrations in 10 mL test tube 

using magnetic stirrer (IKA, RCT basic) at a stirrer speed of 180 rpm. The temperature was 

controlled by a circulation thermostat (UH 4, MLW-Medingen). Thermodynamic parameters 

were calculated according to the following equations (11) and (12) when the adsorption 

isotherms follow the Langmuir isotherm model: 

∆𝐺 = ∆𝐻0 − 𝑇∆𝑆0 (11) 

𝑙𝑛𝐾𝑒
0 =

−∆𝐻0

𝑅
×

1

𝑇
+

∆𝑆0

𝑅
 (12) 

where ΔG0 (J/ mol) is the change in Gibb’s energy, ΔH0 (J/mol) is the change in enthalpy, ΔS0 

(J/(mol·K)) is the change in entropy, T (K) is the adsorption temperature, R (8.3143 J/(mol·K)) 
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is the gas constant, and Ke
0 (/) is the dimensionless thermodynamic equilibrium constant. Ke

0 is 

calculated according to literature (equation (13)):[370] 

𝐾𝑒
0 =

1000 × 𝐾𝑑 × 𝑀𝑎𝑑𝑠 × 𝑐𝑎𝑑𝑠
0

𝛾
 (13) 

where Mads (g/mol) is the molar mass of the adsorbate, c0
ads (mol/L) is the standard 

concentration of adsorbate (1mol/L), γ (/) indicates the dimensionless coefficient of activity 

(activity coefficient is assumed to be 1 since the adsorbate solution is very diluted), and Kd is 

the isotherm equilibrium constant from the best isotherm model fitted, which in the cases of 

BSG and ABSG is Langmuir isotherm model (KL, L/mg). 

10.3.4 Desorption and reusability test 

The desorption and reusability were examined through five adsorption-desorption cycles. 

Therefore, 50 mg adsorbent was added into 50 mL metal ions solution and shaken with an 

overhead shaker to reach adsorption equilibrium. After adsorption, the mixture was centrifuged, 

and the supernatant was analyzed for remaining metal ion concentration. The metal ion-loaded 

adsorbent was washed once with ultrapure water and dried at 60 °C under reduced pressure 

(<70 mbar) for 12 h. Afterwards the adsorbent was weighted again, suspended with 0.5 M HCl 

as desorption agent with an adsorbent/acid ratio of 5 mg/mL for 2 h. The regenerated adsorbent 

was centrifuged, and the supernatant was collected for ICP-OES analysis. The adsorbent was 

washed 3 times (ultrapure water) and then dried at 60 °C for 12 h before the next cycle. The 

desorption ratio De (%) was calculated as equation (14): 

𝐷𝑒 =
𝑐𝑑𝑉𝑑

𝑚𝑑𝑞𝑒
× 100 (14) 

where cd (mg/L) is the metal ion concentration after desorption, Vd (L) is the volume of HCl, 

md (g) is the mass of metal ion-loaded adsorbent for desorption and qe (mg/g) is the adsorption 

capacity of adsorbent determined every cycle. All adsorption and desorption experiments were 

performed in triplicate and both the average value and standard deviation are reported. 

10.3.5 Adsorption selectivity and ion-imprinting factor 

The selectivity coefficient (SM, %) was calculated according to equation (15) to describe the 

selectivity of prepared adsorbents toward the target metal ions (Mn+) in the presence of 

competing ions:[190] 
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𝑆𝑀 =
𝑞𝑒,𝑀

𝑞𝑒,𝑡𝑜𝑡𝑎𝑙
× 100% (15) 

where qe,M (mg/g) is the adsorption capacity of Mn+ in the mixed cations solution, and qe,total 

(mg/g) is the adsorption capacity of all the metal ions adsorbed onto the prepared adsorbents. It 

should be noticed that the selectivity coefficient (SM) was generally used in the model solution 

that the concentration (mass or molar) of the target metal ions and the competing ions were 

close. 

In simulate wastewater that the concentration (mass or molar) of the target metal ions and the 

competing ions were largely different from each other, the distribution coefficient (Kd, mL/g) 

and selective factor (k) were also calculated to better describe the selectivity of the 

adsorbents.[342] Distribution coefficient (Kd, mL/g) demonstrates the distribution of adsorbates 

between liquid and solid phase and is calculated according to equation (16): 

𝐾𝑑 = 𝑞𝑒 𝑐𝑒⁄ × 1000  (16) 

where ce (mg/L) is the adsorbate concentration after adsorption and qe (mg/g) is the adsorption 

capacity 

Selective factor (k) is designated as the ratio of Kd between the target ions and competing ions, 

which is illustrated in equation (17): 

𝑘 = 𝐾𝑑𝐴 𝐾𝑑𝐵⁄  (17) 

where KdA, KdB (mL/g) are the distribution coefficient of target ions (A) and competing ions (B) 

The ion-imprinting factor was calculated to indicate the improvement of selectivity by the IIT 

using the selectivity coefficient SU (β, equation (18)) or the selective factor k (k’, equation (19)): 

𝛽 = 𝑆𝑈,𝐼𝐼𝑃 𝑆𝑈,𝑁𝐼𝑃⁄  (18) 

𝑘′ = 𝑘𝐼𝐼𝑃 𝑘𝑁𝐼𝑃⁄  (19) 

 

10.3.6 Adsorption performance in simulated wastewater 

For practical application, the adsorbents were tested in simulated nuclear wastewater[324] and 

uranium containing mine and tailings water.[22] The experiments were performed by suspending 

2 mg of the adsorbents with 2 mL of the wastewater using an overhead shaker (rotation speed 

= 60 rpm) at room temperature with tIIP = 90 min and tNIP = 2 h. When testing the simulated 

mine and tailings water, the adsorbent dosage was increased from 2 mg adsorbent/ 2 mL 

simulated wastewater to 2 mg adsorbent/ 5 mL simulated wastewater due to the low initial 

concentration of U(VI) to have an obvious adsorption and more accurate results. The 

composition of the simulated nuclear wastewater is given in Table 10.5, and the compositions 
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of the mine water from Schlema and Königstein, and the tailings water from Helmsdorf are 

summarized in Tables 10.6-10.8. 

Table 10.5. The composition of simulated nuclear wastewater according to literature with slight modification 

(approx.10 times diluted).[324] 

Component Concentration (mg/L) 

La(Ⅲ) 26 ± 5.3 

Nd(Ⅲ) 100 ± 1 

Gd(Ⅲ) 26 ± 0.9 

Y(Ⅲ) 13 ± 0.4 

Sm(Ⅲ) 25 ± 0.6 

Eu(Ⅲ) 49 ± 1.5 

Na(Ⅰ) 174 ± 3.1 

Ni(Ⅱ) 10 ± 0.5 

Co(Ⅱ) 19 ± 1.7 

U(Ⅵ)a 187 ± 12 

pH0
b 3.5 

a). The anion for all cations was NO3
− except for U(Ⅵ), which is CH3COO−; and b). pH was adjusted using 1 M HNO3. 

Table 10.6. The composition of simulated mine water at Schlema (Saxony, Germany).[22] 

Component Concentration  Chemicals Concentration (tested) 

mmol/L mg/L mmol/L 

Ca(Ⅱ) 6.9 CaCl2·2H2O, CaSO4, 289 ± 18 7.2 ± 0.5 

Mg(Ⅱ) 11.6 MgSO4 195 ± 9 8.0 ± 0.4 

Na(Ⅰ) 20.6 Na2SO4, Na2CO3, NaClO4
c 614 ± 38 26.7 ± 1.7 

K(Ⅰ) 1.0 K2SO4 51 ± 3 1.3 ± 0.1 

U(Ⅵ) 0.021 UO2(CH3COO)2·2H2O 4.5 ± 0.001 0.019 ± 0.001 

SO4
2- 20.7 CaSO4, MgSO4, Na2SO4, K2SO4   

HCO3
-/CO3

2-/CO2 3.9 Na2CO3   

Cl- 3.3 CaCl2·2H2O   

PO4
3-a <0.02    

AsO4
3-a 0.03    

TOC (mg/L)b 62 Glucose (C6H12O6) (mg/L) 155  

pHd 7.1 
 

7.1  

a). Not considered due to the low concentration; 

b). Simulated by glucose; 

c). ClO4
− was used to balance the cation charge; 

d). pH was adjusted using 37 wt% HCl. 
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Table 10.7. The composition of simulated mine water at Königstein (Saxony, Germany).[22] 

Component Concentration  Chemicals Concentration (tested) 

 mmol/L  mg/L mmol/L 

Ca(Ⅱ) 5.9 CaCl2·2H2O, CaSO4 188.3 ± 0.6 4.7 ± 0.1 

Mg(Ⅱ) 0.7 MgSO4 16.5 ± 0.3  0.7 ± 0.1  

Na(Ⅰ) 6.1 Na2SO4 165.0 ± 2 7.2 ± 0.1 

K(Ⅰ) 0.04 K2SO4 2.0 ± 0.1 0.1 ± 0.01 

U(Ⅵ) 0.073 UO2(CH3COO)2·2H2O 14.8 ± 0.4 0.0621 ± 0.001 

SO4
2- 23.9 CaSO4, MgSO4, Na2SO4, K2SO4   

HCO3
-/CO3

2-/CO2 <0.02    

Cl- 3.8 CaCl2·2H2O   

PO4
3-a <0.02    

AsO4
3-a 0.01    

TOC (mg/L)a 3.5    

pHb 2.6  2.6  

a). Not considered due to the low concentration; 

b). pH was adjusted using 2M H2SO4. 

Table 10.8. The composition of simulated tailings water at Helmsdorf (Saxony, Germany).[22] 

Component Concentration  Chemicals Concentration (tested) 

 mmol/L  mg/L mmol/L 

Ca(Ⅱ) 0.3 CaCl2·2H2O 9 ± 2 0.2 ± 0.04 

Mg(Ⅱ) 0.9 MgCl2·6H2O 23 ± 2 0.9 ± 0.1 

Na(Ⅰ) 166.3 Na2SO4, NaCl, Na2CO3, NaClO4
b, 

Na3PO4, Na2HAsO4·7H2O 2950 ± 143 128.4 ± 6 

K(Ⅰ) 0.9 KCl 37.6 ± 9 1.0 ± 0.2 

U(Ⅵ) 0.025 UO2(CH3COO)2·2H2O 4.5 ± 0.2 0.019 ± 0.001 

SO4
2- 35.6 Na2SO4   

HCO3
-/CO3

2-/CO2 10.3 Na2CO3   

Cl- 25.8 CaCl2·2H2O, MgCl2·6H2O, KCl   

PO4
3- 0.29 Na3PO4   

AsO4
3- 0.52 Na2HAsO4·7H2O   

TOC (mg/L)a 132 Glucose (C6H12O6) (mg/L) 330  

pHc 9.8  9.8  

a). Simulated by glucose; 

b). ClO4
− was used to balance the cation charge; 

c). pH was adjusted using 37 wt% HCl. 
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10.4. Fixed bed column adsorption experiments of BSG-SAP 

The adsorption behaviors and regeneration properties of BSG-SAP were examined in the fixed 

bed column adsorption experiments in both the U(Ⅵ) spiked water and simulated seawater 

(c0(U) = 30 mg/L, 25.6 g/L NaCl, 193 mg/L NaHCO3, pH0 = 7.0). A chromatography column 

(internal diameter = 15 mm, height = 20 cm) with a PTFE stopcock (bore 2.5 mm) and a fused 

glass filter plate (Por. 0, Rettberg) was used for the experiments at room temperature. Dry BSG-

SAP (315–800 µm) was swollen in ultrapure water for 12 h before the experiment. When the 

influent was simulated seawater, BSG-SAP was preswollen in similar conditions with 25.6 g/L 

NaCl and 193 mg/L NaHCO3 at pH = 7.0 instead of ultrapure water to avoid the large change 

of bed volume due to the change of swelling ratio in different solutions. Then, the surface water 

of the swollen BSG-SAP was carefully removed using filter paper, packed inside the column 

to reach a certain bed depth, keeping the packing density of the BSG-SAP-L and BSG-SAP-H 

in the column same. On top of the swollen BSG-SAP, 1 cm height of glass filler was packed to 

provide a uniform distribution of the influent. The influent was pumped through the column 

using a peristaltic pump (PLP 33, Labor-Technik Düsseldorf). The U(Ⅵ) concentration of the 

influent and effluent was determined by ICP-OES. The fixed bed column adsorption capacity 

(qFB, mg/g) of the polymer was calculated as the following equation (20): 

𝑞𝐹𝐵 =
𝑄 ∫ (𝑐0 − 𝑐𝑡)𝑑𝑡

𝑡

0

𝑚
× 10−3 =

𝑄 × 10−3

𝑚
(𝑐0𝑡 − ∫ 𝑐𝑡𝑑𝑡

𝑡

0

) (20) 

where Q (mL/min) is the average flow rate of the pump, t (min) is the working duration, c0 

(mg/L) is the initial concentration of U(Ⅵ), and ct (mg/L) is the effluent concentration. The 

value of ∫ 𝑐𝑡𝑑𝑡
𝑡

0
 was obtained by integrating the breakthrough curves using Origin 2019b 

software.  

After adsorption, 50 mL of the 0.5 M HCl was passed through the column at 2.0 mL/min to 

desorb the U(Ⅵ) from the BSG-SAP. The U(Ⅵ) concentration in the desorption effluent was 

detected by ICP-OES, and the desorption ratio (De,FB) was calculated as follows (equation (21)): 

𝐷𝑒,𝐹𝐵 =
𝑞𝑒,𝐹𝐵𝑚

𝑐𝑑𝑉𝑑
× 100 (21) 

where cd (mg/L) is the U(Ⅵ) concentration of the desorption effluent, and Vd (L) is the volume 

of the effluent. To regenerate the BSG-SAP, 25 mL of the 0.1 M NaOH was passed through the 

column with a flow rate of 2.0 mL/min, followed by approximate 500 mL of the ultrapure water 

until the pH of the outlet solution reached 7. After the first cycle, the reswelling ratio of the 

adsorbent was also calculated. The adsorption-desorption-regeneration cycles were performed 

four times to investigate the reusability of BSG-SAP. 
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10.5. Models and data processing 

In general, model fit and model performance comparison were calculated using Origin 2019b 

software. For the formulas of mass transfer resistance models, the equations were solved using 

the 4 or 5 order Runge-Kutta method, and then the experimental kinetic data was fitted by 

employing a nonlinear least square method. The Matlab R2019b software was used for this 

process. 

10.5.1 Batch adsorption kinetic models 

Adsorption kinetic models employed in this work including pseudo-first order kinetic model 

(equation (22), nonlinear form; and equation (23), linear form), pseudo-second order kinetic 

model (equation (24), nonlinear form; and equation (25), linear form),[192] intraparticle 

diffusion model (equation (26)), and the Ritchie’s equation (equation (27)):[242] 

𝑞𝑡 = 𝑞𝑐𝑎𝑙,1(1 − 𝑒−𝑘1𝑡) (22) 

ln(𝑞𝑒,𝑒𝑥𝑝 − 𝑞𝑡) = −𝑘1𝑡 + ln 𝑞𝑐𝑎𝑙,1 (23) 

𝑞𝑡 =
𝑞𝑐𝑎𝑙,2

2 𝑘2𝑡

1 + 𝑞𝑐𝑎𝑙,2𝑘2𝑡
 (24) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑐𝑎𝑙,2
2 +

𝑡

𝑞𝑐𝑎𝑙,2
 (25) 

where qt (mg/g) is the adsorption capacity at time t (min), qe,exp (mg/g) is the adsorption capacity 

at equilibrium time, qcal,1 (mg/g) and qcal,2 (mg/g) are the equilibrium adsorption capacities 

estimated by the pseudo-first order and pseudo-second order kinetic models, respectively, and 

k1 (min−1) and k2 (g·mg−1·min−1) are the rate constants of pseudo-first order and pseudo-second 

order kinetic models 

𝑞𝑡 = 𝑘𝑖𝑡
0.5 (26) 

where ki (mg/g·min0.5) is the intraparticle diffusion parameter 

𝑞𝑡 = 𝑞∞ − 𝑞∞(1 + (𝑛 − 1)𝛼𝑡)1/(1−𝑛) (27) 

where n is the number of active sites occupied by an adsorbate ion or molecule, α (min–1) is the 

rate constant of Ritchie’s equation, and q∞ (mg/g) is the equilibrium adsorption capacity at 

infinite time, which could be obtained from the best fitted isotherm model (q∞ = f(ce)) when 

c0(U) = c0(U)kinetics. 
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10.5.2 Mass transfer resistance models 

Mass transfer resistance models adopted from the Sips model (best isotherm model fitted), 

namely the external mass transfer model (EMT model, equation (28)) and internal mass transfer 

model (IMT model, equation (29)), are applied for further investigation of the kinetic data:[321] 

d𝑞𝑡

dt
= 𝑘𝑒𝑥𝑡 {𝑐0 −

𝑚𝑞𝑡

𝑉
− [

𝑞𝑡

(𝑞𝑚𝑎𝑥,𝑠 − 𝑞𝑡)𝑘𝑠

]

1
𝑚𝑠

⁄

} (28) 

d𝑞𝑡

dt
= −𝑘𝑖𝑛𝑡 [𝑞𝑡 −

𝑞𝑚𝑎𝑥,𝑆𝑘𝑆(𝑐0 −
𝑚𝑞𝑡

𝑉 )𝑚𝑠

1 + 𝑘𝑆(𝑐0 −
𝑚𝑞𝑡

𝑉 )𝑚𝑠

] (29) 

where m (0.002 g) is the mass of the adsorbent, V (0.002 L) is the volume of the metal solution,c0 

(mg/L) is the initial concentration of metal ions, ks (L
ms·mg‒ms) and ms are the Sips constants 

obtained from the isotherm data, and kemt (L·g−1·min−1) and kimt (min−1) are the rate constants 

for EMT and IMT model, respectively. 

The equation (28) and (29) were solved using the 4 or 5 order Runge-Kutta method with the 

initial condition q0 = 0, and then the experimental kinetic data were fitted by employing 

nonlinear least square method. The Matlab R2019b software was used in this process. 

The coefficient of determination (R2) is calculated as follows (equation (30)): 

𝑅2 = 1 −
𝑅𝑆𝑆

∑ (𝑞𝑡 − 𝑞�̅�)2
𝑡

 (30) 

where RSS is the residual sum of squares calculated by the Matlab R2019b software, qt (mg/g) 

is the adsorption capacity at time t (min), and 𝒒�̅� is the average value of qt. 

10.5.3 Batch adsorption isotherm models 

Adsorption isotherm models employed in this work including Langmuir (nonlinear form, 

equation (31) and linear form, equation (32)), Freundlich (nonlinear form, equation (34) and 

linear form, equation (35)),[156] Redlich-Peterson (R-P, equation (36)), Toth (equation (37)),[247] 

Sips (equation (38)),[322] and piecewise linear adsorption isotherm (equation (39))[323] models: 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝑘𝐿𝑐𝑒

1+𝑘𝐿𝑐𝑒
  (31) 

𝑐𝑒

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝑘𝐿
+

𝑐𝑒

𝑞𝑚𝑎𝑥
 (32) 

𝑅𝐿 =
1

1 + 𝑘𝐿𝑐0
 (33) 

where c0 (mg/L) and ce (mg/L) are the initial and equilibrium concentration of metal ions, 

respectively; qe (mg/g) is the adsorption capacity, qmax,L (mg/g) is the maximum adsorption 
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capacity estimated by Langmuir model, kL (L/mg) is the Langmuir isotherm constant, RL is the 

separation factor 

𝑞𝑒 = 𝑘𝐹𝑐𝑒
1/𝑛

 (34) 

ln 𝑞𝑒 = ln 𝑘𝐹 +
1

𝑛
𝑐𝑒 (35) 

where kF ((mg/g) (L/mg)1/n) is the Freundlich isotherm constant related to adsorption capacity, 

and n is the Freundlich isotherm constant related to adsorption intensity 

𝑞𝑒 =
𝑘𝑅𝑐𝑒

1 + 𝑎𝑅𝑐𝑒
𝛽

 (36) 

where kR (L/g) and aR (Lβ/mgβ) are the Redlich–Peterson isotherm constants, and β is the 

Redlich–Peterson isotherm exponent. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥,𝑇𝑐𝑒

(𝑎𝑇 + 𝑐𝑒
𝑧)1/𝑧

 (37) 

where qmax,T (mg/g) is the maximum adsorption capacity estimated by Toth model, aT (mgz·L‒

z) is the Toth constant, and z is a component that describes the degree of heterogeneity of the 

adsorption systems. 

𝑞𝑒 =
𝑞𝑚𝑎𝑥,𝑆𝑘𝑆𝑐𝑒

𝑚𝑠

1 + 𝑘𝑆𝑐𝑒
𝑚𝑠

 (38) 

where qmax,s(mg/g) is the maximum adsorption capacity estimated by the Sips model and ks 

(Lms·mg‒ms) and ms are the Sips constants, 

𝑞𝑒 = {
𝑘𝐷𝑐𝑒 𝑐𝑒 ≤ 𝑐𝑚

𝑞𝑚𝑎𝑥 𝑐𝑒 > 𝑐𝑚
 (39) 

where qmax (mg/g) is the maximum adsorption capacity obtained by the adsorption isotherm, kD 

(L/g) is the partition coefficient, and cm (mg/L) is the critical liquid-phase concentration 

calculated by cm = qmax/kD. 
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10.5.4 Site energy distribution function 

The site energy distribution derived from the Sips model for the current study was calculated 

according to the following equation (equation (40)):[332] 

𝑓(𝐸∗) =
𝑒𝑥𝑝 (−

𝑚𝑠𝐸∗

𝑅𝑇 ) 𝑘𝑠𝑚𝑠𝑞𝑚𝑎𝑥𝑐𝑠
𝑚𝑠

(𝑒𝑥𝑝 (−
𝑚𝑠𝐸∗

𝑅𝑇 ) 𝑘𝑠𝑐𝑠
𝑚𝑠 + 1)

2

𝑅𝑇

 (40) 

where f(E*) ((mg/g) (J/mol)) is the approximate site energy distribution, E* (J/mol) is the 

minimum binding energy when adsorption occurs at equilibrium concentration ce, cs (mg/L) is 

the maximum solubility of the solute (43,212.9 mg/L for UO2
2+), T (298 K) is the temperature, 

R (8.314 J K−1 mol−1) is the gas constant, qmax,s (mg/g) is the maximum adsorption capacity 

estimated by the Sips model, and ks (L
ms·mg‒ms) and ms are the Sips constants. 

The upper (Emax*) and lower (Emin*) limits of the site energy distribution were calculated by the 

following equation (equation (41)) according to the lowest and highest ce in isotherm data, and 

the results are given in Table 10.9. 

𝐸∗ = −𝑅𝑇𝑙𝑛(
𝑐𝑒

𝑐𝑠
) (41) 

Table 10.9. Calculation of the upper (Emax*) and lower (Emin*) limits of the site energy distribution. 

 ce,min (mg/L) Emax* (J/mol) ce,max (mg/L) Emin* (J/mol) 

Single solution 1.0 26405 840.4 9762 

Binary solution 7.2 21568 864.6 9691 

 

The average site energy (Em) (equation (42)) and the energy distribution heterogeneity (σe*) 

(equation (43) and (44)) were calculated as follows:[333] 

𝐸𝑚 =
∫ 𝐸∗ × 𝑓(𝐸∗)𝑑𝐸∗𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

∫ × 𝑓(𝐸∗)𝑑𝐸∗𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

 (42) 

𝐸𝑝(𝐸∗2) =
∫ 𝐸∗2 × 𝑓(𝐸∗)𝑑𝐸∗𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

∫ × 𝑓(𝐸∗)𝑑𝐸∗𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

 (43) 

𝜎𝑒
∗ = √𝐸𝑝(𝐸∗2) − 𝐸𝑚

2  (44) 
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10.5.5 Dynamic model for fixed bed column experiments 

The Bohart-Adams model (equation (45)) is employed in the fixed bed column experiments to 

predict the behavior of the breakthrough curves and the maximum adsorption capacity:[269,270] 

𝑐𝑡

𝑐0
=

exp (𝑘𝐵𝐴𝑐0𝑡)

exp (
𝑘𝐵𝐴𝑁0𝐿

𝑢 ) − 1 + exp (𝑘𝐴𝐵𝑐0𝑡)
 

(45) 

where c0 and ct (mg/L) are the concentrations of U(Ⅵ) in the inlet and outlet at time t (min), 

kBA (L min−1·mg−1) is the Bohart-Adams rate constant, N0 (mg/L) is the adsorption capacity per 

unit volume of fixed bed, u (cm/min) is the superficial velocity, and L (cm) is the bed depth. 

The maximum adsorption capacity qM (mg/g) of the adsorbent is calculated accordingly 

(equation (46)): 

𝑞𝑀 =
𝑁0𝐿𝐴𝑐 × 10−3

𝑚
 (46) 

where Ac (cm2) is the cross-sectional area of the fixed bed column, and m (g) is the dry mass of 

the adsorbent. 

10.5.6 Comparison of the performance of different models 

Akaike Information Criterion (AIC).[195] AIC method could be used to compare two models 

with the same number of parameters. The comparison is performed by calculating AIC 

(equation (47)) and Akaike’s weight (equation (48)), which is the probability that the model 

having the lower AIC is better than the alternative model. The model that has lower AIC value 

is 𝒆(−𝟏
𝟎.𝟓∆𝑨𝑰𝑪⁄ ) times more likely to be correct. 

𝐴𝐼𝐶 = 𝑁𝑙𝑛 (
𝑅𝑆𝑆

𝑁
) + 2𝑝 +

2𝑝(𝑝 + 1)

𝑁 − 𝑝 − 1
 (47) 

𝐴𝑘𝑎𝑖𝑘𝑒′𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 =  
𝑒−0.5∆𝐴𝐼𝐶

1 + 𝑒−0.5∆𝐴𝐼𝐶
 (48) 

where N is the number of data points, p is the number of free parameters to be estimated, and 

∆AIC is the deference between two AIC values 

Bayesian Information Criteria (BIC) test.[371] The BIC test could also be used to compare 

two models with the same number of parameters. The comparison is performed by calculating 

BIC (equation (49)) and the deference between two BIC values (∆BIC). The model that has 

lower BIC value is more likely to be correct. BIC difference (∆BIC) more than 10 gives decisive 

conclusion.  
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𝐵𝐼𝐶 = 𝑁𝑙𝑛 (
𝑅𝑆𝑆

𝑁
) + 𝑝𝑙𝑛(𝑁) (49) 

F-test.[248] When two models have the same number of parameters, the F value is calculated 

according to equation (50). Afterwards P value is obtained from the F distribution. If the P value 

is large (greater than α, usually 0.05) then the first model is statistically better than the second 

one. When they have different number of parameters, the F value is calculated by equation (51). 

Afterwards P value is obtained from the F distribution. If the calculated P values is less than 

the chosen level of significance (usually 0.05) then it can be concluded that the complex model 

fits the data significantly better than the simpler model. 

F = RSS1/RSS2 (50) 

𝐹 =
(𝑅𝑆𝑆1 − 𝑅𝑆𝑆2) (𝑑𝑓1 − 𝑑𝑓2)⁄

𝑅𝑆𝑆2 𝑑𝑓2⁄
 (51) 

where RSS1 and df1 are the residual sum of squares and degrees of freedom of the simple model, 

respectively; and RSS2 and df2 are the residual sum of squares and degrees of freedom of the 

complex model, respectively. 
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10.6. Degradability test of BSG-SAP 

Biodegradability test of the BSG-SAP was investigated using soil burial method.[282] Generally, 

the dry polymer (ca. 0.2 g, 315–800 µm) was weighed in a nylon filter bag (Graveda, 5 cm × 

10 cm) with a mesh size of 160 µm and sealed properly. Then the samples were buried in 

commercial garden soil (Compo GmbH) in a pot at a depth of 4 cm with equal distance between 

each other. The soil was filled up to 8 cm height in total. The pot was put in indoors at room 

temperature and fed with water every 3 days to keep the surface moisture. The samples were 

dug out every 7 days, cleaned with water to remove soil particles, dried at 60 ℃ for 12 h, and 

weighed again before buried back into the soil. The BSG-SAP-H sample obtained after 49 days 

was subjected to the FT-IR measurement. 
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