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Abstract 

Removal of Sr2+ from aqueous media presents particular challenges, especially in 

complex wastes such as nuclear industry liquors. Commercial sorbents while effective, 

can be highly expensive and subject to negative effects from competing ions. Here we 

evaluate two potential biosorbents (crab carapace and spent distillery grain) as potential 

alternatives and compare their performance to two commercial sorbents for Sr2+ 

removal at industrially relevant concentrations (low mg/L). Physical and structural 

characterisation of the materials was undertaken, and batch and dynamic studies were 

performed on Sr2+ solutions and simulated nuclear wastewater. Sorption performance 

was quantified with respect to contact time, initial concentration and ion-competition. 

Removal efficiencies were 20-70 % for the biosorbents compared to 55-95 % for the 

commercial materials. Results indicated sorption was predominantly through monolayer 

coverage on homogenous sites and could be described using a pseudo-second-order 

kinetic model. Studies with the simulant liquor showed Sr2+ sorption was reduced by 

10-40 % due to ion-competition for sites. Characterization of biosorbents before and 
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after Sr2+ sorption suggested that outer-sphere complexation and ion-exchange were the 

primary Sr2+ removal mechanisms. The efficiency of crab carapace for Sr2+ removal 

from aqueous media (with adsorption capacity 3.92 mg/g.) at industrially relevant 

concentrations, together with its mechanical stability, implementation and disposal cost, 

makes it a competitive option compared to other biosorbents and commercial materials 

reported in the literature. 

Keywords: Strontium; biosorbents; ion-exchange resins; sorption mechanisms; low-

level nuclear wastewater; wastewater treatment 

1. Introduction 

Among various radionuclides (caesium, strontium, iodine, cobalt and plutonium) 

strontium isotopes 90Sr and 89Sr (which have half-lives of 29 years and 50.53 days 

respectively), are a major product of nuclear fission with high-energy beta emissions 

(Jang et al., 2018). 90Sr presents particular risks to human health, being referred to as a 

‘bone seeker’ as it imitates the calcium in the human body and increases the risk of bone 

sarcoma and leukemia (Khani et al., 2012). The removal, safe storage and 

environmentally compliant disposal of 90Sr presents unique challenges for nuclear plant 

operators and decommissioning services. Thus, high-efficiency removal of 90Sr from 

nuclear aqueous waste is highly important for solving issues in environmental 

protection and health care (Qiu et al., 2017).  

Methods for removing strontium ions (Sr2+) from radioactive wastewater include 

solvent extraction (Wang, 2015), chemical precipitation (Hodkin et al., 2016), 

membrane separation (Dang et al., 2016) and adsorption (Wang et al., 2018). However, 

most of these methods can generate large volumes of toxic sludge; can be expensive, or 

ineffective (particularly for low Sr2+ and in highly saline effluents).  
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The most commonly used commercial sorbents are ion-exchange resins (Li et al., 2017). 

While a number of these have been designed or specifically modified for this 

application, usage may be compromised by low removal efficiency (especially in 

complex matrices and in the presence of competing ions) or high costs. Therefore, novel 

approaches for removal of Sr2+ from aqueous media and their decontamination are 

required.  

Biosorption may be considered to have potential as an economically feasible alternative 

and defined as the passive (non-metabolic) uptake of substances from solution by non-

living biological materials (Cho et al., 1998). Biosorption offers several advantages in 

terms of the removal of contaminants from water and their immobilisation: it often 

employs low-cost, waste, natural or sustainable materials; the process is metabolically-

independent (cf. bioaccumulation) and can involve a range of physico-chemical 

mechanisms including physisorption, ion-exchange, surface complexation and 

microprecipitation. As biosorption makes use of by-products or wastes from other 

industries (e.g., food and drink sector), the approach is also consistent with the 

principles of the ’circular economy’, i.e., an alternative to a traditional linear economy 

(make, use, dispose) in which we seek to re-use or recycle materials to extract the 

maximum value from them whilst minimising waste and resource consumption.  

Many studies have reported the potential of biosorbents (from naturally abundant 

biomass and bio-wastes) for the removal of heavy metals including Sr2+. These include, 

moss Rhytidiadelphus squarrosus (Marešová et al., 2011), fungus Aspergillus terreus 

(Khani et al., 2012), dry cow dung powder (Barot and Bagla, 2012), fruit kernels (Pap et 

al., 2017; Turk Sekulić et al., 2018), carb carapace (Lu et al., 2007; Rae et al., 2009), 

fishbone (Park et al., 2013) and alginate beads (Gok et al., 2013). However, despite the 
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extensive literature on metal biosorption, little information is available for Sr2+ removal 

from aqueous media. 

This study reports the potential of low-cost or waste, natural biosorbents for Sr2+ 

removal from aqueous media in low concentrations. Crab carapace from the brown crab 

(Cancer pagurus) and spent distillery grain were physico-chemically characterised 

before and post adsorption. This study also compares performance of biosorbents 

(removal efficiency and uptake) with commercially available ion-exchange resins 

SrTREAT® and Kurion-TS-G™ in batch and column (dynamic) studies. While 

research (especially at the bench-scale) on biosorption has been extensive in recent 

decades, translation and application to pilot plants or the industrial scale has been 

somewhat limited. This work will highlight some of the barriers and factors involved, 

identifies issues that the R+D community must address if biosorption is to be more 

widely accepted and reach its full potential. Including enhancement of biosorbent 

performance, selectivity and stability, identification of biosorption mechanisms in 

relation to biosorbent-sorbant combinations, utilisation multidisciplinary approaches to 

consider not only biosorbent performance, but also factors such as raw material 

availability, biosorbant production cost, etc. 

2. Materials and methods 

2.1. Preparation of biosorbents and commercial materials 

The two biosorbents used are by-products of Scotch whisky industry and seafood 

processing wastes and can be obtained locally at nominal costs (e.g. £1-3 per kg) in 

Scotland so they are consistent with the principles of the ’circular economy’. Sorbent 

samples were washed several times with tap and ultra-pure water (Millipore Direct Q3 

System) to remove impurities and oven dried at 105 ºC for 12 hours. The dried materials 
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were mechanically sieved (Retsch AS 200) to provide granular particles in the 0.25-0.80 

and 0.80-2.0 mm size ranges. As per manufactures instructions, Kurion-TS-G™ was 

rinsed six times with tap water then twice with ultra-pure water to remove fines. 

SrTREAT® ion exchange resin was rinsed six times with 0.1 M NaNO3 then 15 g/L 

NaCl solutions. 

2.2. Sr2+ solutions and detection 

Sr2+ stock solutions (1000 mg/L) were prepared by dissolving appropriate quantities of 

analytical grade SrCl26H2O (Sigma Aldrich, UK) in ultra-pure water. Ultra-pure water 

was used for the preparation of synthetic waste and standard solutions for instrument 

calibrations. Stock metal solutions were acidified (pH~2) with diluted trace metal grade 

HNO3 (Fisher Scientific, UK). Simulated waste liquor was prepared using data from an 

elemental analysis report of low level waste liquor from a nuclear site. The major 

elements (>1 mg/L) are Na, Ca, Mg, K, P and Sr with the concentrations of 145±5.8, 

16.5±2.4, 13.5±3.1, 92.3±55.4, 2±0 and 1.3±0.1 mg/L, respectively. Other elements with 

(<1 mg/L) unlikely to have competing ion effects and were disregarded. 

After sorption, sample mixtures were vacuum filtered (Whatman Sterile Membrane 

Filters, 0.45 µm pore size) and the filtrate acidified. The residual Sr2+ concentrations 

were determined by using inductively coupled plasma mass spectrometry (ICP-OES; 

Varian 720-ES). The instrument was calibrated within the linear range of analysis for 

each element. The correlation coefficients were 0.999 or greater for all elements. 

2.3. Physical characterization of sorbents 

The specific surface area (SBET) of sorbent materials was determined using the (BET) 

single point method. Measurements were made with a “Micromeritics” (Quantachrome 

Quantasorb QS10) surface area analyser using N2 as the adsorbate gas at 77 K and 
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atmospheric pressure. Total pore volume (Vtot) was calculated by converting the amount 

of nitrogen adsorbed to the volume of liquid nitrogen at a relative pressure of 0.95. The 

bulk densities of all materials were determined following the procedure proposed by 

(Cho et al., 1998). A scanning electron microscope (SEM; Topcon SM-300) equipped 

with a Titan XPP analogue X-ray pulse processor was used in the ‘wet’ mode to 

examine the surface morphology and distribution of Sr2+ on sorbents. FTIR spectras 

were obtained using a Nicolet IS10 spectrometer (Nicolet Instrument Co., USA). No 

detailed physico-chemical characterization was carried out for SrTREAT® and Kurion-

TS-G™ at the request of the manufacturer. 

2.4. Batch sorption experiments 

Batch studies were conducted at room temperature (20 °C ± 2 °C): Measured amounts 

of biosorbents or commercial sorbent were contacted for the required time with 50 mL 

metal solutions at the desired initial concentration (C0) and with mechanically agitated 

on an orbital shaker (IKA KS 260). The effects of contact time (5-240 min) and initial 

Sr2+ concentration (1-200 mg/L) on the Sr2+ sorption was examined. All studies were 

done in triplicate and the means reported here. 

The efficiency of Sr2+ removal, R (%), and equilibrium sorption capacity, qe (mg/g), 

were estimated, respectively, from the equations given below:  

 

 

Where C0 is the initial metal concentration and Ce is the residual metal concentration 

(mg/L), V is the volume of solution (L) and m is the mass of the sorbent (g). 
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Kinetic studies were applied to understand the rate-limiting step during the mass-

transfer of metal ions and to determine the mechanisms involved in the sorption 

process. In this study, two reactions and two diffusion kinetic model including pseudo-

first order (PFO) and pseudo-second order (PSO), Weber–Morris (WM) intraparticle 

diffusion and Boyd’s model were applied to interpret the kinetic data. The parameters of 

these models are listed in Table S1. 

Three commonly used isotherm equations, the Langmuir, Freundlich and Dubinin-

Radushkevich isotherms, were applied to fit the adsorption data. The parameters of the 

three models are also listed in Table S1. 

A chi-squared (χ2) statistic test was used to analyse the errors in equilibrium data (Foo 

and Hameed, 2010). 

2.5. Fixed-bed sorption process 

Continuous-flow column studies were conducted at room temperature (20 °C ± 2 °C) 

using “Quick Fit” glass columns (20 cm length, 2 cm internal diameter). The columns 

were packed with 10 g (dry-weight) of crab carapace (bed heights = 5.0 cm and 0.25-

0.80 mm particle size), or commercial sorbents (bed height = 4.0 cm, 0.25-0.80 mm 

particle size). Single Sr2+ solutions or simulated waste liquor was delivered to the 

column by peristaltic pump at 2.8 mL/min using an upwards flow mode. Effluent 

samples (collected from the top of the column) were collected every 60 min (ISCO 

Foxy Junior fraction collector), vacuum filtered, acidified and analysed for elemental 

composition. 

The maximum column capacity, qtotal (mg) for a given set of conditions was calculated 

from the area under the plot of adsorbed metal concentration, Cad (mg/L), versus time as 

given by: 
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Where Cad = Ci-Ce (mg/L), ttotal is the total flow time (min), Q is the flow rate (mL/min) 

and A is the area under the breakthrough curve (cm2). 

The equilibrium uptake (qe), i.e. the amount of Sr2+ adsorbed (mg) per unit dry weight 

of sorbent (mg/g) in the column, was given by the equation: 

 

Where W is the total dry weight of sorbent in the column (g). 

The total volume treated, Veff (mL), was calculated by: 

 

The total amount of Sr2+ (mtot) sent through the column is calculated from the following 

equation: 

 

The removal percentage (Y) of Sr2+ can be obtained: 

 

The flow rate represents the empty bed contact time (EBCT) in the column given as: 

 

3. Results and discussion 

3.1. Biosorbent characterization and sorption mechanisms 
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Carbon is the most abundant element in crab carapace with 15.1 % and 1.7 %, 1.1 % 

and 0.8 % of hydrogen, nitrogen and sulphur, respectively. Carapace from the C. 

pagurus is known to contain 50–70 % CaCO3, 3–5 % MgCO3, 20–29 % chitin, 12–25 

% proteins, and 1–3 % lipids on a dry weight basis (Rae et al., 2009). The amine and 

sulphur functional groups of chitin and proteins provide donor ligands and chelation 

sites for metal uptake, while the CaCO3 (in the form crystalline calcite) imparts 

structural strength and alkaline properties (Varma et al., 2004). Spent grain is a typical 

lignocellulosic biomass, which mainly consists of hemicellulose (30–35%), cellulose 

(23–25%), and lignin (7–8%) (Lu and Gibb, 2008). 

When biomass is used as an adsorbent, some organic compounds can be extracted and 

may cause secondary pollution of treated water. The major elements leached from the 

crab shell and spent grain under static conditions and when agitated at 400 rpm are 

presented in Table S2. It is clear that the major elements leaching from the crab shell 

and spent grain are Ca2+, Mg2+, K+ and Na+. Leaching of organic components was 

determined holistically using chemical oxygen demand (COD) as an indicator. Based on 

our results, crab carapace generated low levels of COD, while spent grain created quite 

high values. As such, additional treatment may be required to lower this COD to a 

permissible level (i.e., in urban wastewater treatment plants, EU Directive 91/271/EEC 

allows a COD discharge level of 125 mg/L). 

To ensure clarity over the sorption mechanisms involved in ‘biosorption’ here we adopt 

the classification proposed by (Robalds et al., 2016) in this work. 
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Fig. 1. SEM micrographs of crab carapace and spent distillery grain (particle size 0.25-

0.80 mm) 

The surface morphology and textural properties of the biosorbents are presented in 

Table 1 and Fig. 1. The micro-structure of crab carapace particles is denser and more 

compact than the other biosorbent, and exhibits large regions of macro and meso-

porosity. (Hegdahl et al., 1978) reported on the abundance of pore canals (1.5-2.2 cm2) 

permeating the cuticle layers of carapace from the Cancer pagurus. This could account 

for the extensive micro porosity and larger SBET specific surface areas of the crab 

carapace with respect to the surface areas of the other biosorbents. The spent grain has a 

honeycomb-like structure with a wide distribution of meso and macro pores over the 

external and internal surfaces (Fig. 1). This type of micro-structure is typical of highly 

degraded starch granules that occur during the malting process (Holmes et al., 2013). 

After adsorption the surface of both biosorbents became rough and many streaky 
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wrinkles appeared, which might be due to the sorption of Sr2+. The bonding of Sr2+ to 

the pores and the active sites of the biosorbent surface led to a coarser structure than that 

before adsorption. This finding is similar to the results reported by (Long et al., 2017), 

in which biosorption of Sr2+ was conducted using Bacillus cereus isolated from 

strontium hyperaccumulator Andropogon gayanus. 

Table 1  

Surface and textural characteristics of biosorbents 

Biosorbent BET surface area 

(m2/g) 

Particle size 

(mm) 

Pore 

volume 

(cm3/g) 

Pore diameter 

range (nm) 

Crab Carapace 15.52 0.25-0.80 0.130 43-200 

Spent Grain 0.126 0.25-0.80 0.005 >150 

Evaluation of the involvement of surface complexation and ion-exchange process in the 

uptake of Sr2+ by tested materials was undertaken by energy dispersive X-ray (EDX) 

analysis. The EDX elemental and micro-analysis of biosorbents particles clearly show 

that there is no Sr2+ in the untreated sorbents while Sr2+ is distributed over the surfaces 

of particles reacted with the Sr2+ solutions (Fig. 2). White aggregates were detected in 

the SEM micrographs after sorption, and the EDX spectra of these spots gave a signal 

corresponding to Sr2+, which is direct evidence that the sorption Sr2+ had occurred. 
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Fig. 2. SEM/EDX of crab carapace (a) and spent grain (b) before and after Sr2+ sorption 

(with 1.62 mg/L Sr2+ solutions 60 minutes agitation, 350 rpm agitation speed and no pH 

control) 

The BET data for each biosorbent is shown in Fig. 3 and Table 1. From the selected 

biosorbents, crab carapace has the largest SBET surface area (15.5 m2/g) with pore 

diameters (43-200 nm) and pore volumes (0.13 cm3/g). These results were surprising 

given the extent of the micro- and macro-porosity observed for spent grain (Fig. 1). The 
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biosorbents exhibits small surface areas and low total pore volume. This means the 

contributions of pore filling in the sorption mechanism seem minimal but still exist. 

 

Fig. 3. Nitrogen adsorption isotherm and cumulative pore volume of crab carapace (a) 

and spent grain (b) 

Previous works have shown different functional groups on the surface of these 

biosorbents through FTIR spectras (Fig. 4) (Chai et al., 2010; Demir et al., 2016). The 

peak around 1600 cm-1 could be based on to the stretching of C–N vibration, linked to -

OH group by bonding. The FTIR spectra also shows the characteristic bands of 

carbonyl group band at 1470 cm-1. The peaks at 1095 cm-1 and 1033 cm-1 show C-O 

stretching. The spectrum of spent grain revealed the presence of a broad and intense 

bond around 3302 cm−1, may be due to the overlapping of -OH and N–H stretching 

vibration. Additionally, the peaks at 1044 and 1247 cm−1 characterized as C–O and C–N 

stretching vibrations, respectively. This result indicated the presence of hydroxyl and 
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amine groups on the spent grain surface. From a comprehensive review of the 

biosorption literature of FTIR analysis, different shifts on the FTIR spectrums occurs 

after Sr2+ sorption and these observations confirm that negatively charged functional 

groups like hydroxyl, carbonyls and carboxyls play an important role as active sorption 

sites for positively charged strontium ions (Imessaoudene et al., 2013; Jang et al., 2018). 

The possible mechanism could be illustrated with the Equations (9) and (10): 

≡M-O- + Sr2+ ↔ ≡Me-O-Sr+                                                                                           (9) 

≡M-OH + Sr2+ ↔ ≡M-O-Sr+ + H+                                                                                (10) 

In the equations M denotes represent the negatively charged functional groups. 

 

Fig. 4. FTIR spectras of the crab carapace and spent grain (adopted from (Chai et al., 

2010; Demir et al., 2016)) 

3.2. Effect of pH on strontium precipitation 

To determine under which pH conditions precipitation of Sr2+ occurs, the pH of a 50 

mg/L solution was varied from 4-14 (Lehto et al., 1999). The results from these studies, 

presented in Fig. 5, show that Sr2+ precipitation occurs when the pH exceeds 8.0 and 
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contributes around 30 % removal at pH 11 attaining a maximum of 65 % at a pH of 13. 

Thereafter, the precipitation decreases to 40% at a pH of 14. 

 

Fig 5. The onset of Sr2+ precipitation as a function of initial pH 

3.3. Batch studies with simulant liquor 

A further series of batch sorption trials were conducted with biosorbents and 

commercial ion-exchange resins using a simulant low-level nuclear waste liquor 

containing 1.54 mg/L Sr2+. Studies using a simulated liquor were used to determine the 

effects on the sorption performance of biosorbents and commercial adsorbents in mixed 

matrix liquors under consistent conditions and using a non-radioactive Sr2+ ion. The 

simulated liquor was prepared according to elemental composition data provided by 

Dounreay Site Restoration Limited, a nuclear site operator. Summary results from these 

trials are presented in Fig. 6a-b. 
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Fig. 6. Removal efficiencies of Sr2+ from standard solution (solid columns) and 

simulant liquor (hatched columns) onto (a) biosorbents and (b) commercial sorbents 

(initial concentration: 1.54 mg/L; no pH adjustment; agitation time: 60 min; dose of 

sorbent: 1 g; temperature: 20 ± 2 ºC) 

The maximum removal efficiencies achieved for the biosorbents were 37.8 and 21.8 % 

for the spent grain and crab carapace, respectively. The maximum removal efficiencies 

for the commercial sorbents were 98.3 and 84.6 % for the SrTREAT® and Kurion-TS™, 

respectively. When these results are compared with the Sr2+ removal efficiencies 

obtained from the standard solutions there is a 25.3 and 19.2 % decrease for crab 

carapace and spent grain, respectively, indicating the effects of competing ions. It is 

evident that the removal efficiency of Sr2+ onto the biosorbents in the presence of 

competing ions is closely related to the hydrated radii of these cations. The ionic radii of 

hydrated Ca2+ and Na+ cations are similar to that of Sr2+ (Ca2+ = 0.103 nm, Na+ = 0.097 

nm, and Sr2+ = 0.125 nm) (Park et al., 2013). Therefore, both Ca2+ and Na+ compete 

with Sr2+ in binding to the biosorbent surface because of their similar hydration radius, 

resulting in a reduction in adsorption of Sr2+. A similar trend in removal efficiencies 

was observed with Kurion-TS-G™, there was a decrease in the Sr2+ removal 
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efficiencies of 8.3 %. Again, this would indicate competing-ion effects. It is also worth 

noting that the Sr2+ removal performance of SrTREAT® appears to be unaffected by the 

presence of co-ions in the simulant liquor solutions. This confirms the effectiveness and 

highly selective nature of this commercial material toward Sr2+. Similar results were 

reported by (Lehto et al., 1999) using SrTREAT® for the decontamination of radioactive 

strontium of low level waste from a Russian nuclear submarine base in Murmansk. 

3.4. Kinetic study 

The removal of Sr2+ by biosorbents follows two distinct steps, with a rapid initial uptake 

(5-50 min), followed by a much slower period (remaining 50-240 min) and approach 

towards equilibrium (Fig. 7a). At this phase of Sr2+ uptake, the active sites of the 

biosorbents were occupied by Sr2+, which reduced the adsorption sites. (Chen and 

Wang, 2012) also found that the sorption behaviour slowed down in later stage because 

the repulsive forces between the solute ions and bulk phase, so the remaining vacant 

surface sites may be difficult to occupy. The sorption of Sr2+ by commercial sorbents 

also follows a two-step removal process. 

The calculated qe, K1 and K2, and the corresponding linear regression coefficients (R2) 

and chi-squared errors are presented in Table 2. For spent grain and SrTREAT®, the 

PFO (Fig. 7b) kinetic model failed to provide reliable sorption kinetics. The main 

disadvantage of this model was it is only appropriate for the initial 20-30 min of contact 

time, not for the whole range (Y S Ho and McKay, 1998). In general, the R2 values of 

the PSO (Fig. 7c) kinetic model were >0.99 and calculated qe,cal values for PSO were 

very close to the experimental qe,exp values. These observations suggest that Sr2+ 

sorption followed the second-order reaction, and suggests that the rate controlling 

process may be chemical sorption involving valence forces through sharing or 
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exchanging of electrons between sorbent and sorbate (Y. S. Ho and McKay, 1998). The 

reaction rate constant K2 depends (in large part) on the operating conditions and relates 

to how quickly equilibrium is reached, i.e. when it is relatively high, the time required 

to reach equilibrium is relatively short (Tan and Hameed, 2017). It is also worth noting 

the higher initial sorption rates obtained with the Kurion-TS-G™ and SrTREAT® 

(26.34 and 25.25 mg/g/min, respectively). Similar removal trends were observed by 

(Guibal, 2004) and (Castro et al., 2017) using chitosan-based sorbents and seaweed for 

the biosorption of metal ions from aqueous solutions. These authors proposed that ion-

exchange and surface-sorption reactions (e.g. surface complexation) with acidic 

functional groups (amines, carboxyl and hydroxyl) were responsible for the rapid 

removal. 

Table 2 

Reaction and diffusion kinetic parameters for the sorption of Sr2+ onto biosorbents and commercial 

adsorbents 

Materials 

Crab 

carapace 

Spent grain SrTREAT® 

Kurion-

TS™ 

qe,exp (mg/g) 0.16 0.21 0.32 0.31 

Pseudo-first order 

qe,cal (mg/g) 0.12 0.07 0.02 0.08 

K1 (min-1) 0.03 0.03 0.05 0.13 

R2 0.93 0.85 0.76 0.96 

χ2 0.09 2.14 4.13 7.45 

Pseudo-second order 

qe,cal (mg/g) 0.17 0.17 0.32 0.31 

K2 (g/mg min) 0.47 2.63 25.25 26.33 

R2 0.99 0.99 0.99 0.99 

χ2 27.7 33.82 0.07 0.46 
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Weber–Morris 

intraparticle diffusion 

model 

Kid (mg/g min) 0.01 0.01 0.01 0.01 

C (mg/g) 0.07 0.17 0.31 0.29 

R2 0.83 0.14 0.32 0.29 

χ2 0.01 0.01 0.01 0.01 

Boyd’s model 

Di (µm2/s)  85 225 128 340 

R2 0.93 0.85 0.76 0.96 

χ2 2.16 3.30 8.38 16.52 

The mass-transfer of sorbate onto a porous sorbent is mainly controlled by four 

consecutive steps (as originally proposed in (Weber Jr, 1984)): (I) bulk diffusion; (II) 

film diffusion; (III) intra-particle diffusion; (IV) sorption of sorbate on the surface by 

active sites. The relatively rapid initial uptakes observed with all the biosorbents and 

commercial materials suggest there was effective mass-transfer of Sr2+ (e.g. steps I). 

While the more prolonged section may be attributed to rate limiting film and intra-

particle diffusion processes (e.g. steps II and III). 

Table 2 shows relatively high correlations with WM (Fig. 7d) model for crab carapace 

(R2 =0.83). This suggests that the intra-particle diffusion of Sr2+ is a contributory rate-

limiting factor in the mass-transfer process. This is also confirmed by results shown in 

Table 1 where it can be seen that crab carapace has the higher specific surface area then 

the other biosorbent. These observations are consistent with those reported by (Evans et 

al., 2002) using crab carapace for the sorption of Cd2+ from aqueous solutions. Another 

possible explanation for this rate-limiting step could be the large hydrated ionic radius 

of Sr2+ (0.125 nm) is restricting diffusion into micro-pores (i.e. steric hindrance). 

The Boyd plots obtained (Fig. 7e) for all sorbents illustrate good linearity over the 

initial period studied and the linear data trendline does not pass through the origin. This 

indicates that film diffusion controlled the rate of mass-transfer at the beginning, and 
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that intra-particle diffusion takes over subsequently. Similar results were postulated in 

other researches, that adsorption is a multi-step process and a combination of film 

diffusion and intra-particle diffusion is rate controlling (Qi et al., 2015; Zhang et al., 

2018). For crab carapace, the mass-transfer mechanism was influenced with intra-

particle diffusion step, which is partly confirmed with diffusion coefficient Di (Table 2) 

proposed by (Michelsen et al., 1975). It must be emphasized, that the tested materials 

have a small surface area and total pore volume, which leads to the conclusion that the 

intra-particle diffusion cannot be a rate limiting factor as is the case with the porous 

sorbents (activated carbons). 
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Fig. 7. Sorption kinetics of Sr2+ onto biosorbents and ion-exchange resins: (a) 

experimental data, (b) pseudo-first order, (c) pseudo-second order, (d) Weber–Morris 

intraparticle diffusion and (e) Boyd’s model (initial concentration: 1.54 mg/L; no pH 

adjustment; contact time (5-240 min); dose of sorbent: 1 g; temperature: 20 ± 2 ºC) 

3.5. Equilibrium study 

The experimental data from equilibrium batch sorption trials for crab carapace, Kurion-

TS-G™ and SrTREAT® were used to construct Langmuir, Freundlich and D-R sorption 

isotherms. From the biosorbents evaluated, crab carapace was selected for further 

investigation due to mechanical stability and low organic content which enhance its 

candidature for the long-term disposal options in applications in which 90Sr was being 

considered. In contrast, the spent grain are less suitable for long-term disposal due to 

higher organic content (degradation factor), swelling and leaching properties which may 

compromise safe storage.  

The non-linear isotherms are shown in Figures 8a-c, and all model constants, 

experimental and calculated capacities are listed in Table 3. All  the isotherms belong to 

the L-type classification proposed by (Giles et al., 1960). Figure 8a shows that the 

Langmuir model predicts the Sr2+ sorption by crab carapace well with experimental and 
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model values in good agreement. However, despite the high R2 values, the Freundlich 

model significantly under predicts the Sr2+ uptake with respect to experimental data. 

This may indicate that a mono-layer coverage was formed first, followed by the 

formation of heterogeneous multi-layers. Figure 8b-c shows that the Langmuir model 

also predicts the Sr2+ sorption of SrTREAT® well with maximum experimental uptake 

of 9.12 mg/g. While the Freundlich model is in good agreement with experimental data 

at lower concentrations (up to 10 mg/L), it under predicts the uptake at higher 

concentrations. 

As the cation exchange sites on the SrTREAT® are more homogenous than the mixed 

functionality of the crab carapace, this could explain the reasonable performance of both 

models. For the Kurion-TS-G™, the Langmuir model under predicts the Sr2+ sorption 

capacity. The experimental uptake was 11.20 mg/g. While the Freundlich model fitted 

the experimental data reasonably well over the whole concentration range, the KL value 

indicates the affinity of Sr2+ towards the active sites on the sorbents; and the large value 

of KL for commercial sorbents here points to a high affinity. 

Table 3  

Langmuir, Freundlich and Dubinin–Radushkevich isotherm constants for Sr2+ 

 Crab carapace SrTREAT
®

 Kurion-TS™ 

qmax,exp (mg /g) 3.33 9.12 11.20 

Langmuir qmax (mg/g) 3.92 9.59 20.15 

KL (L/mg) 0.13 3.02 5.61 

R2 0.96 0.97 0.84 

χ2 6.98 8.52 7.12 

Freundlich KF (L/g) 0.16 2.13 3.90 
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1/n 0.66 0.45 0.78 

R2 0.91 0.93 0.97 

χ2 0.39 16.57 3.99 

Dubinin–Radushkevich qDR (mg/g) 1.68 6.62 8.53 

E (kJ/mol) 1.06 10.14 10.20 

R2 0.87 0.86 0.95 

χ2 15.66 2.82 0.96 

For the Dubinin–Radushkevich isotherm, it is well known that the value of E can 

provide information regarding the nature of sorption (Gok et al., 2013). When 

transferring one mole of ions, a value in the range of 1–8 kJ/mol indicates physical 

sorption. A value of E between 8 and 16 kJ/mol shows ion-exchange and between 20 

and 40 kJ/mol indicates chemisorption (Dubinin et al., 1947). These results imply that 

Sr2+ uptake is mostly by mono-layer coverage to a homogenous surface of binding sites. 

This supports the hypothesis that the sorption of Sr2+ by crab carapace and the two 

commercial materials might involve electrostatic attraction (outer-sphere complexation), 

non-electrostatic attraction (inner-sphere complexation), and ion exchange between Sr2+ 

in solution and Ca2+, Mg2+, K+ or Na+ available on the sorbent's surface. SEM-EDX 

analysis further points to these assumptions Fig 2. The results obtained from kinetic and 

equilibrium isotherms studies and the complexity of the problem suggests that several 

mechanisms (e.g. chemical, physical sorption and ion exchange) occur simultaneously. 
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Fig. 8. The sorption isotherms (a) Langmuir, (b) Freundlich and (c) Dubinin–

Radushkevich of Sr2+ onto crab carapace and commercial sorbents (initial 

concentration: 1 - 200 mg/L; no pH adjustment; contact time 60 min; dose of sorbent: 1 

g; temperature: 20 ± 2 ºC) 

3.6. Dynamic study 

From the breakthrough curves constructed from the experimental data, the sorbent 

performance could be evaluated for the volume of treated solution (Veff), total amount of 

adsorbate sent through the column (mtot), maximum column capacity (qtotal), sorption 

capacity (qeq), metal removal efficiency (Y) of the breakthrough point and empty bed 

contact time (EBCT). These parameters are summarized in Table 4. 



26 

 

Table 4 

The operation conditions and the results for the fixed bed column experiments 

Sorbents C0 (mg/L) Q (mL/min) Veff 

(mL) 

mtotal 

(mg) 

qtotal (mg) qeq 

(mg/g) 

Y (%) EBCT 

Crab carapace 1.60 3.00 5760 9.22 1.12 0.11 12.11 32.7 

SrTREAT
®

 1.50 2.89 13988 20.98 19.08 1.91 90.95 27.2 

Kurion-TS-G™ 1.45 2.89 13005 18.86 18.70 1.87 99.16 27.2 

For crab carapace, there was a rapid initial removal of Sr2+ with high efficiencies after 

180 mL was delivered to the column. Thereafter, the removal efficiencies decreased 

steadily. The sorption curve had the typical S shape indicating that the sorption process 

is favourable (Figure 9a). The volume to reach the target breakthrough concentration 

was 1440 mL.  

SrTREAT® and Kurion-TS-G™ were tested for a period of 75 hours. Results from these 

trials are presented in Figures 9b-c. SrTREAT® and Kurion-TS-G™ achieved >99% 

Sr2+ removal over the 75-hour experimental period with outlet concentrations of 0.034 

and 0.001 mg/L, respectively, when the trial was stopped. After 75 hours of operation, 

10 g of material had provided almost complete removal of Sr2+ from 13 L of synthetic 

waste. It is clear from these results that the commercial materials are more effective for 

the recovery of Sr2+ from the synthetic liquors compared to the crab carapace. Changes 

in pH during the column experiments are showed in Fig. S1a-b. 
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Fig. 9. Sr2+ outlet concentrations of (a) crab carapace, (b) Kurion-TS-G™ and (c) and 

SrTREAT® in biosorption columns (initial concentration: 1.4 mg/L; no pH adjustment; 

dose of sorbent: 10 g; flow rate: 2.8 mL/min; temperature: 20 ± 2 ºC) 

3.7. Comparison with other biosorbents 

A comparison of the sorption capacity obtained in the present study with those 

published in the literature for different biosorbents is summarized in Table 5. The 

related experimental conditions were also compared. Excluding the important synthesis 

costs involved, sorption of Sr2+ onto crab carapace was not as efficient as for almond 

and eggplant hulls (Ahmadpour et al., 2010) orange juice residues (Paudyal et al., 2014) 

and spent coffee grinds (Imessaoudene et al., 2013). However, it should be noted that a 

direct comparison between sorption capacities is only indicative because of the different 

experimental conditions used. Experiments on γ-ray irradiated baker’s yeast were 

conducted in acidic conditions (pH 4.5), which is not applicable to a normal aqueous 

environment (Dai et al., 2014). High heavy metal initial loadings can also contribute to 

higher sorption capacities. For example, the qe value for coconut coir pith sorbent was 

87.2 mg/g, however, the initial concentration was very high - 800 mg/L (Parab et al., 
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2013). Therefore, crab carapace still offers potential for further development as a low-

cost alternative to commercial sorbents and compared with other alternative sorbents. In 

addition, the structural stability and alkaline properties of the crab carapace may 

facilitate the neutralisation of radioactive waste streams. However, further studies are 

required to optimise the equilibrium uptake capacity and removal efficiency to confirm 

this. 

Table 5 

Comparison of sorption capacity of Sr2+ with other biosorbents. 

Aqueous matrix Biosorbents Capacity Experimental condition Reference 

Synthetic waste 

solutions 

Almond and eggplant 

hulls, moss 

116.3 mg/g pH: n.a.; biosorbent dose: 0.4 

g; time: 7 min; C0: 102 mg/L; 

rpm: 720; T: 25 ºC 

(Ahmadpour et 

al., 2010) 

Synthetic waste liquor Crab carapace 

 

3.92 mg/g pH: n.a.; biosorbent dose: 1 g; 

time: 60 min; C0: 200 mg/L; 

rpm: 50; T: 20 ± 2  ºC 

This study 

Aqueous solutions with 

a radioactive tracer 

Dry Cow dung 

powder 

9.0 mg/g pH: 6; biosorbent dose: 350 

mg; time: 10 min; C0: 20 

mg/L; rpm: 4,000; T: 22 ºC 

(Barot and Bagla, 

2012) 

Aqueous solutions 

from high level natural 

radiation area 

γ-ray irradiated 

baker’s yeast 

33.0 mg/g pH: 4.5; biosorbent dose: 4 

g/L; time: 1440 min; C0: 400 

mg/L; rpm: 120; T: 30 ºC 

(Dai et al., 2014) 

Aqueous solutions Orange juice residues 833.4 mmol/kg. pH: 5.6; biosorbent dose: 10 

mg; time: 24 h; C0: 5 mmol/L; 

rpm: n.a.; T: 30 ºC 

(Paudyal et al., 

2014) 

Single solutions and 

synthetic wastes 

Spent coffee grinds 69.0 mg/g pH: 7; biosorbent dose: 0.1 g; 

time: 1 h; C0: 100 mg/L; rpm: 

(Imessaoudene et 

al., 2013) 
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250.; T: 20 ºC 

Synthetic solutions Coconut coir pith 87.2 mg/g pH: 7; biosorbent dose: 0.1 g; 

time: 5 h; C0: 800 mg/L; rpm: 

200.; T: 27 ºC 

(Parab et al., 

2013) 

Synthetic waste 

solutions 

Aerobic sludge 

granules 

37 mg/g pH: 6.2; biosorbent dose: 1.8 

g/L; time: 300 min; C0: 50 

mg/L; rpm: 100.; T: 45 ºC 

(Wang, 2015) 

 

4. Conclusions 

This is the first report comparing the ability of selected biosorbents to commercial 

materials for the removal of Sr2+ from aqueous media, including a simulant nuclear 

waste liquor at industrially relevant concentrations (low mg/L). The conclusions from 

these studies are listed below: 

 Physico-chemical characterisation of the selected materials indicated that all had the 

desired characteristics (porosity and chemical functionality) to perform as sorbents 

for the removal of Sr2+ from aqueous solutions. 

 SEM/EDX and FTIR analyses confirm the involvement of outer-sphere 

complexation and ion-exchange process in the sorption of Sr2+ by tested materials. 

Additionally, BET data indicate that the contributions of pore filling in sorption 

mechanism seem negligible but still occurs. 

 Studies with simulant waste liquor showed the Sr2+ sorption was reduced (10-40 %) 

through ion-competition with Na+ and Ca2+ for exchange sites. 
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 The sorption process of Sr2+ removal of can be described by a pseudo-second order 

kinetic model for all tested materials suggesting involvement of valence forces 

through sharing or exchanging of electrons between sorbent and sorbate. 

 The equilibrium sorption capacities (qmax) of crab carapace, SrTREAT® and Kurion-

TS-G™ from Langmuir sorption isotherm model were 3.33, 9.12 and 11.20 mg/g, 

respectively. 

This study showed that the biosorbents have great potential as efficient adsorbents for 

the treatment of nuclear wastewater polluted with strontium in a batch and continuous 

operation mode. One of the future perspectives will be undertaking pilot scale studies to 

bridge the gap between bench and full-scale applications. 
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Table S1 

Adsorption kinetic and isotherm models adopted in this work and their parameters. 

Models Equation  Parameters Reference 

PFO 

 

K1 (1/min) is the equilibrium rate (Lagergren, 1898) 

PSO 

 

K2 (g/mg min) is the PSO rate constant (Blanchard et al., 

1984; Ho and 

McKay, 1999) 

WM  Ki (mg/g min1/2) is the intra-particle 

diffusion rate constant and Ci (mg/g) is a 

constant  

(Weber and Morris, 

1963) 

Boyd 

 

 

 

F represents the fraction of adsorbate 

adsorbed at any time t, and Bt is a 

mathematical function of F. 

(Boyd et al., 1947) 

Langmuir 

 

Ce (mg/L) is the equilibrium 

concentration, KL (L/mg) is the Langmuir 

equilibrium constant, and qmax (mg/g) is 

theoretical monolayer saturation capacity  

(Langmuir, 1918) 

Freundlich 

 

KF is Freundlich isotherm constant (L/g), 

and n is Freundlich exponent which serves 

to describe strength of sorption 

(Freundlich, 1907) 

D–R  

 

qDR (mg/g) is maximum sorption capacity, 

KDR (mol2/J2) is the activity coefficient 

and ε is the Polanyi potential 

(Dubinin et al., 

1947) 
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Table S2 

Major elements leached from biosorbents 

Biosorbent Elements leached from biosorbents (mg/L) COD* 

(mg/L) Ca2+ Fe2+ Mg2+ Cd2+ Cu2+ Zn2+ Na+ K+ 

Crab carapace (Static) 4.506 0.011 1.452 0.001 0.032 0.010 22.130 5.992 23 

Crab carapace (400 rpm) 26.769 0.007 7.035 0.002 0.115 0.021 53.213 13.101 39 

Spent grain (Static) 5.103 0.024 5.284 0.000 0.009 0.016 2.799 2.418 165 

Spent grain (400) 15.107 0.101 22.676 0.000 0.008 0.059 4.654 8.385 333 

*Chemical oxygen demand 
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Fig. S1. Changes in pH during the column experiments for biosorbents (a) and commercial 

materials (b) 
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