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Abstract 1 

Shell from the seafood processing industry is an under-utilised waste resource worldwide. 2 

Calcite, the major component of shell is commonly used in wastewater treatment for the 3 

removal of phosphorus (P). Here, mussel and oyster shell-based adsorbents (MSB and 4 

OSB) were used for removal of P as phosphate (PO4
3-) from aqueous solution and 5 

secondary wastewater, following preparation through chemical calcination at 700 ºC. 6 

Batch adsorption experiments were carried out to identify the effects of various operating 7 

parameters (e.g., pH, dosage, contact time, initial concentration of P ions, co-existing 8 

ions), while a desorption study helped to understand the availability of the bonded P. The 9 

optimal contact time for PO4
3- removal was 120 min using both adsorbents with the dose 10 

at 200 mg. Characterisation of the adsorbent was performed using SEM-EDX, pHpzc, 11 

BET, FTIR and XRD. The XRD analysis showed that both calcite and lime were present 12 

on the surface of the shell particles. P was adsorbed effectively through inner-sphere 13 

complexation and surface microprecipitation mechanisms, while an enhanced maximum 14 

P adsorption capacity of 12.44 mg/g for MSB and 8.25 mg/g for OSB was reached. The 15 

Redlich-Peterson isotherm model fitted well with the equilibrium isotherm data (R2 ≥ 16 

0.97) which also suggested a heterogenic surface. The desorption study (on the saturated 17 

adsorbent) found that ~97% of bonded P could be plant available in soil. These results 18 

suggest that a shell-based adsorbent can serve as a promising material for P removal from 19 

real wastewater effluent and subsequently could be used as a soil conditioner. 20 

 21 

Keywords: circular economy; adsorption mechanisms; characterisation; desorption; soil 22 

conditioner; seafood waste 23 

 24 
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1. Introduction 25 

Enrichment of surface waters with nitrogen and phosphorus (P), mostly in the form of 26 

phosphate (exceeding 0.02 mg/L) can cause deleterious algal growth and eutrophication, 27 

and an ecological imbalance in many aquatic ecosystems (Jiang et al., 2017; Vilardi et 28 

al., 2020). Thus, stringent discharge limits are often applied globally for phosphate 29 

entering sensitive water bodies (Liu and Zhang, 2015). In turn, P is also a vital element 30 

for biota and P based fertilisers are commonly essential within modern food production 31 

(Takaya et al., 2016). The vast majority of P sourced for modern fertiliser production 32 

currently comes from dwindling/finite terrestrial ‘rock phosphate’ reserves (Schröder et 33 

al., 2011), which has (for example) led to P being classified as a critical raw material by 34 

the European Commission. As a result, recovery, and re-use of P from wastewater streams 35 

is now highly desirable. 36 

There are several widely available physical/chemical techniques for liquid phase P 37 

removal and recovery from wastewater - including crystallisation, chemical precipitation, 38 

membrane technologies and adsorption (Egle et al., 2016). Crystallisation and chemical 39 

precipitation have certain disadvantages including high operational costs, incomplete 40 

removal at low P concentrations and production of significant quantities of by-41 

product/sludge. Membrane processes also involve high initial investment and operating 42 

costs due to energy consumption and the manpower needed to operate/maintain such 43 

systems. Using adsorption, there are issues with traditional adsorbents (such as anion 44 

exchange resins or activated carbons) which are related to high production cost and 45 

complex material disposal or rejuvenation processes post-saturation (Li et al., 2016). 46 

However, by using alternative adsorbents (often derived from waste materials) with 47 

intrinsic structural and compositional beneficial properties (e.g., shell based adsorbents, 48 
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certain biochars), adsorption has been shown to be highly selective, operationally simple 49 

and cost-effective (Liu and Zhang, 2015). P adsorption onto natural waste material may 50 

provide one low-cost solution which could potentially create a P-enriched valorised 51 

product (ideally low in contaminants) for subsequent use within the agriculture sector (as 52 

a fertiliser/soil conditioner). Such processes would clearly be in line with the principles 53 

of a more ‘circular economy’ (Pap et al., 2021). 54 

To date, various industrial wastes (Fe, Al, Mg, Ca and Si based substrates, etc.), natural 55 

materials (laterite, dolomite, etc.), and other waste materials (waste paper, used bricks, 56 

coir pith, etc.), have been used as P adsorbents (Rout et al., 2014). Materials suitable to 57 

both adsorb and precipitate P – due to their composition – may however be most effective. 58 

Mussel and oyster shells are an abundant waste material globally and are a source of 59 

calcite (calcium carbonate). Cations from carbonates (here Ca) are extensively used for 60 

phosphate removal based on their interaction with phosphate, which readily forms a 61 

precipitate (Paradelo et al., 2016). Because of their abundance worldwide, shell utilisation 62 

for phosphate adsorption has been studied by others (Chen et al., 2013, 2012; Martins et 63 

al., 2017; Oladoja et al., 2012; Paradelo et al., 2016), but few studies have considered 64 

phosphate adsorptive behaviour onto shell based material using real wastewater effluent, 65 

or, their resulting soil improvement potential. Vast amounts of waste shells are landfilled 66 

annually worldwide (Lu et al., 2007), making them a low-cost precursor. Our research 67 

has already explored the use of similar material, namely crab carapace as a chitin-calcite 68 

rich adsorbent, for phosphate removal from wastewater (Pap et al., 2020b, 2020a). 69 

The objectives here was to determine whether mussel and oyster shell could be utilised 70 

to adsorb phosphate (i.e., to prevent eutrophication in sensitive waters bodies). A 71 

sequence of laboratory trials were conducted to meet specific experimental targets which 72 
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were: (1) to optimise the adsorption characteristics of phosphate onto the adsorbents, (2) 73 

to determine the governing adsorption mechanisms involved through isotherm, kinetic 74 

and instrumental characterisation studies, (3) to measure desorption characteristics (as a 75 

proxy for possible plant-availability), and (4) to identify P adsorption potential using real 76 

wastewater. Mussel and oyster shells were activated through a novel chemical calcination 77 

method and tested for phosphate removal. Following extensive instrumental 78 

characterisation, kinetic, isotherm and desorption studies, an assessment of real effluent 79 

treatment potential was performed in batch mode. 80 

2. Material and Methods 81 

2.1 Raw materials and chemicals 82 

The two adsorbents evaluated in this work are naturally abundant as food wastes that can 83 

be widely obtained. Here, samples of blue mussel (Mytilus edulis) and oyster (Ostrea 84 

edulis) shell were harvested from the inter-tidal zone at Castletown Beach, Caithness, 85 

Scotland, UK. 86 

A 1000 mg/L phosphate stock solution was prepared from potassium dihydrogen 87 

orthophosphate (KH2PO4) dissolved in Type I water (Milli-Q® Direct 8 system). NaOH 88 

and HCl solutions, 0.1 and 1 mol/L, were used as pH regulators. Analytical grade 89 

chemicals were used in the experiments. 90 

2.2. Adsorbent activation 91 

In this study, shells were thermochemically modified with potassium hydroxide (KOH) 92 

to improve their adsorption capacity. Clean (washed with tap water) and dry (room 93 

temperature) shells were crushed prior to sieving to <0.125 mm. Three different 94 

methodologies were used to compare/improve P removal efficiency: a) chemical 95 
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activation with KOH alone; b) thermal calcination alone; and c) thermochemical 96 

calcination (involving a + b). For thermochemical calcination, the steps were as follows. 97 

Shells were mixed at a mass ratio of 0.5:1 w/w with KOH pellets in an appropriate volume 98 

of water (e.g., 5 g of KOH mixed with 10 g of shell in 20 mL of water), and the dense 99 

suspension was placed into a crucible. The crucible was then heated to 700 °C for 1 h in 100 

a muffle furnace (Carbolite CWF 1200). Finally, the adsorbent was rinsed with Milli-Q® 101 

water to wash off impurities and dried in oven at 105 °C for 2 h. The other two 102 

methodologies (a and b) were identical, but without mixing with KOH (for thermal) or 103 

without heating (for chemical) activation. The final adsorbents after thermochemical 104 

calcination were referred to as MSB – mussel shell adsorbent and OSB – oyster shell 105 

adsorbent and were stored in airtight plastic bags until further use.  106 

2.3. Analytical methods and characterisation 107 

The yield of adsorbent is an indication of activation process mass efficiency. The 108 

following equation was used to calculate the yield of adsorbent: 109 

𝑌𝑖𝑒𝑙𝑑 (%) =
𝑤0 − 𝑤𝑝

𝑤0
∙ 100                                                                                                      (1) 110 

where: w0 is the mass of material before activation and wp is the mass of material after 111 

activation. 112 

The concentration of P was measured as (soluble reactive) phosphate (P-PO4
3−) using the 113 

ascorbic acid method (APHA, 2005). Absorbance readings were performed at 880 nm for 114 

P-PO4
3− (using an automated Seal Analytical AQ2 discrete analyser, UK). P-PO4

3− 115 

measurements were made on filtered samples, measuring soluble concentrations. Total 116 

elemental analysis of the adsorbents (digested) and the wastewater effluent samples 117 

before and after the adsorption trials were determined with inductively coupled plasma 118 
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optical emission spectroscopy (ICP-OES; Varian 720-ES). Adsorbent samples were 119 

microwave digested using H2O2-HNO3 prior to ICP-OES analysis. The point of zero 120 

charge (pHpzc - ‘drift’ method) was also obtained (Fiol and Villaescusa, 2009). The two 121 

adsorbent samples were further analysed by Fourier transform infrared spectrometry 122 

(FTIR). The FTIR spectra were recorded on a Perkin Elmer, Waltham, MA Spectrum-123 

1000, scanning from 4000 to 500 cm−1 in the 16 scans. N2 adsorption-desorption 124 

isotherms were obtained using the Brunauer–Emmett–Teller method (BET; Autosorb iQ, 125 

Quantachrome, USA). Scanning electron microscopy with energy dispersive X-ray 126 

spectrometry (SEM-EDX; JSM 6460LV JEOL, USA) and X-ray diffraction (XRD; 127 

Rigaku MiniFlex 600, Japan) with CuKα radiation, and a step scan mode with 0.02° step 128 

and a dwell time of 2 s in the angular range 2θ = 15–60° were also performed.  129 

2.4. Adsorption and desorption experiments  130 

Batch adsorption trials were conducted to optimise the process conditions and gain 131 

insights into the phosphate removal mechanisms. The influence of solution pH and 132 

adsorbent dose along with adsorption kinetics, isotherms and coexisting anions were 133 

investigated. After the experiments, the suspensions were filtered through 0.45 μm nylon 134 

syringe filters (Fisherbrand). All experiments were conducted in triplicate and the 135 

reported results were mean ± standard deviation. Phosphate removal efficiency, R (%), 136 

and adsorption capacity, qe, were calculated, respectively, from the equations given 137 

below: 138 

𝑅 (%) =
𝐶0 − 𝐶e

𝐶0
∙ 100                                                                                                               (2) 139 

𝑞𝑒 =
(𝐶0 − 𝐶e)

𝑚
∙ 𝑉                                                                                                                        (3) 140 
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Where C0 and Ce represent the initial and the residual phosphate concentration (mg/L), 141 

respectively, V is the volume of solution (mL) and m represents the weight of the 142 

adsorbent (g).  143 

The influence of solution pH and adsorbent dose on phosphate adsorption were separately 144 

examined with pH ranging from 2 to 11 and dose from 50 to 500 mg, respectively. The 145 

initial phosphate level used was 20 mg/L in 50 mL of solution at room temperature for 2 146 

h contact time.  147 

For the kinetics, 1 g of adsorbent was added to 250 mL of a 20 mg P/L solution in a 500 148 

mL Erlenmeyer flask at pH 7. The residual phosphate concentrations at different time 149 

intervals (5, 10, 30, 60, 120, 180, 240, 300 and 360 min) was analysed in the filtrate.  150 

To examine the adsorption isotherms, 200 mg of adsorbent was added to 50 mL of 151 

phosphate solution at pH 7 with different initial concentrations (1, 5, 10, 20, 30, 40, 50, 152 

100, 200 and 300 mg P/L). The isotherm and kinetic models and the error functions used, 153 

are listed in Table S1 in Supplementary material. 154 

The effect of coexisting anions was tested in the presence of chloride, nitrate, carbonate 155 

and sulphate (both separately and all together) with concentrations of each at 20 mg/L 156 

along with the initial concentration of 20 mg P/L in the solutions. These are common 157 

anions and widely present in wastewaters and may compete for binding sites. 158 

To examine the performance of phosphate removal from real secondary wastewater, 159 

samples from the Bo’ness wastewater treatment plant (WWTP) Development Centre 160 

(Scottish Water) were taken. Spiked effluent (up to 20 mg P/L) was then mixed with the 161 

adsorbents at conditions similar to those used within the adsorption isotherm studies. The 162 

chemical composition of the effluent is shown in Table S2. 163 
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To study potential phosphate desorption and availability, several experiments were 164 

carried out before and after the batch experiments. For this, adsorbents saturated during 165 

the kinetic studies were dried at 105 °C. 0.1 g of P-saturated adsorbent was then 166 

suspended in 50 mL of eluent, namely: (a) neutral Milli-Q® water, (b) 2% citric acid and 167 

(c) 0.5 M HCl at room temperature. After 2 h of mixing, the suspensions were centrifuged 168 

and the desorbed phosphate measured. The phosphate desorbed, qd (mgP/g) and 169 

desorption efficiency, dE (%) were calculated: 170 

𝑞d =
𝐶𝑡,𝑑𝑒𝑠

𝑚
∙ 𝑉                                                                                                                               (3) 171 

𝑑E =
𝑞d

𝑞a
∙ 100                                                                                                                                (4) 172 

Where qd (mgP/g) is the amount of phosphate desorbed, Ct, des (mg/L) is the phosphate 173 

concentration in the desorbed solution, V (L) is the volume of solution used, m (g) is the 174 

amount of saturated adsorbent, and qa (mgP/g) is adsorption capacity. 175 

3. Results 176 

3.1. The effect of pre-treatment 177 

Three different modification treatments were performed to increase phosphate removal 178 

efficiency. In untreated form, (at initial phosphate concentration: 23.64 mg/L; pH: 7; 179 

agitation time: 120 min; dose of adsorbent: 500 mg) the raw shells performed poorly (R 180 

< 20%). After being thermally treated only (calcinated) at 700 °C for 1 h (as shown in 181 

Fig. 1), phosphate removal efficiency (R) increased from 9 to 18 % for mussel and from 182 

17 to 42% for oyster shell (no activation vs 700 ºC heating only). When heating above 183 

500 °C, organic matter is lost and changes to the crystal structure of the calcium carbonate 184 

are promoted. The alkali treatment (alone) had a higher influence on removal efficiency, 185 

where R (%) reached 53% and 56% for mussel and oyster shell, respectively. The 186 
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combined thermochemical KOH treated calcinated adsorbents were better again. 187 

Specifically, the mussel shell removal efficiency increased from 18% to 99%, and the 188 

oyster shell to 75%. Consequently, adsorbents obtained with combined thermal/chemical 189 

treatment were used in further work here. 190 

 191 

Fig 1. Removal efficiency of phosphate onto raw and modified mussel and oyster shell 192 

(initial concentration: 23.64 mg/L; initial pH: 7; agitation time: 120 min; agitation 193 

speed: 150 rpm; dose of adsorbent: 500 mg; temperature: 22 ºC) 194 

3.2. Effect of batch process parameters on adsorbent performance 195 

A strong dependency of phosphate removal on initial solution pH was found (Fig. 2a). At 196 

starting pH 2, phosphate adsorption reached maximum values for both adsorbents. It is 197 

worth noting though that the final solution pH increased to 5.42. At starting pH 5, the 198 

adsorption capacity deceased significantly (final pH 7.89). Interestingly, after this point, 199 

both shells showed an increasing adsorption tendency in more alkali conditions (Fig 2a). 200 

It should however be noted that the aim of the pH experiments was to explore the initial 201 
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pH influence on the adsorption mechanisms and final solution pH, not to optimise the 202 

process, since the maintenance the solution pH at 2 on larger scale, requires high amount 203 

of chemical/acid which increase the cost of the overall process. 204 

Phosphate removal by the adsorbents as a function of dose is shown in Fig. 2b. P-PO4
3- 205 

removal was enhanced with increasing MSB dose from 50 mg to 300 mg up to 100%, 206 

while for OSB even at 500 mg dose the maximum removal efficiency was only ~70%. 207 

However, for both adsorbents, a high dosage resulted in a gradual increase in removal 208 

efficiency. As there was negligible change in adsorption efficiency above 200 mg (for 209 

MSB), this was regarded as the most favourable dose and was further used in subsequent 210 

trials. For easier comparison between adsorbents (in terms of performance), this dose was 211 

used for OSB as well. 212 

Removal efficiency of phosphate by MSB and OSB was examined at different time 213 

intervals and the results are shown in Fig. 2c. For both adsorbents rapid P-PO4
3- uptake 214 

occurred within the first 10 mins. After that for MSB, the adsorption capacity remained 215 

constant, while for OSB the adsorption of phosphate gradually increased with contact 216 

time up to 360 min. The results with MSB showed an equilibrium state after about 60 217 

min. Due to the only slight difference in kinetic behaviour of the two adsorbents, 120 min 218 

was selected as an ‘optimal’ contact time to explore the influence of initial phosphate 219 

concentration in the next step. 220 

When the initial P-PO4
3- level was tested from 1 to 300 mg/L, adsorption capacity 221 

increased (Fig. 2d), while removal efficiency decreased (from 99.9% to 11.5%), showing 222 

a notable effect of the concentration gradient. From the curve shapes in Fig 2d it can be 223 

concluded that the OSB reached a plateau beyond an initial concentration of 100 mg/L, 224 

while MSB did not reach its maximum within the tested range.  225 
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 226 

 227 

 228 

Fig 2. Effect of (a) solution pH, (b) adsorbent dosage, (c) agitation time and (d) initial 229 

concentration on phosphate removal (initial pH: 2-11 (a); adsorbent dose: 50-500 mg 230 

(b); agitation time: 5-360 min (c); initial concentration: 1-300 mg/L (d); fixed 231 

parameters were: agitation speed: 150 rpm; temperature: 22 ± 2 ºC; initial pH: 7; 232 

adsorbent dose: 200 mg; agitation time: 120 min; initial concentration: 20 mg/L) 233 

3.3. Adsorption isotherms 234 

According to Giles et al. (1960) and the accepted classification of isotherms, the L-shaped 235 

curve seen in Fig. 3 would describe our results, indicating a high adsorption affinity 236 

towards P-PO4
3- in solution. Langmuir (1918), Freundlich (1907), Dubinin et al. (1947) 237 
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(D-R) and Redlich and Peterson, (1959) (R-P) isotherm models were used here and the 238 

nonlinear fitted curves and the calculated parameters of the models are shown in Fig. 3a-239 

b and Table 1, respectively. Based on R2, RMSE and χ2, the R-P model (R2= 0.97, RMSE 240 

= 0.51-0.72, χ2= 0.26-0.52) provided the best fit for both adsorbents (compared to the 241 

other models used here). The qmax,exp was higher for MSB (12.44 mg/g) than for OSB 242 

(8.25 mg/g). The exponent g (which gives an indication of surface heterogeneity) was 243 

very close to one (0.99) for OSB (which almost conformed to the Langmuir isotherm 244 

model), while the g value for MSB was much lower than one. The energy of P-PO4
3- 245 

adsorption onto the adsorbents were calculated by the D-R model. The energy (0.11-0.92 246 

kJ/mol) was in the typical range of bonding energy for physisorption (<8 kJ/mol) (Smith, 247 

1981). However, the low R2 value points to the limitation of the D-R model in this study. 248 

 249 

Fig. 3. Phosphate adsorption isotherms on (a) MSB and (b) OSB (contact time: 120 250 

min; initial pH: 7; agitation speed: 150 rpm; dose of adsorbent: 200 mg; temperature: 22 251 

ºC) 252 

Table 1 253 

Adsorption isotherm constants for P-PO4
3- onto the MSB and OSB 254 

Adsorbent MSB OSB 
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Temperature (°C) 22 °C 

qmax,exp (mg/g) 12.44 8.25 

Langmuir 

isotherm 

qmax (mg/g) 11.09 9.36 

KL (L/mg) 0.09 0.03 

R2 0.85 0.97 

RMSE 1.54 0.53 

χ2 2.36 0.28 

Freundlich 

isotherm 

KF ((mg/g)/(mg/L)n) 2.68 1.31 

1/n 0.27 0.35 

R2 0.96 0.91 

RMSE 0.74 0.88 

χ2 0.54 0.77 

Dubinin-

Radushkevich 

isotherm 

qDR (mg/g) 8.22 7.67 

KDR (mol2/kJ2) 5.90×10-7 4.50×10-5 

E (kJ/mol) 0.92 0.11 

R2 0.67 0.91 

RMSE 2.25 0.88 

χ2 5.08 0.78 

Redlich–

Peterson 

isotherm 

KRP (L/g) 20.08 0.32 

aRP (mg/L)-g 12.44 0.03 

g 0.75 0.99 

R2 0.97 0.97 

RMSE 0.72 0.57 

χ2 0.52 0.32 

 255 

3.4. Adsorption kinetics 256 

To assess the time dependent adsorption process, Lagergren (1898) pseudo-first order 257 

(PFO), Blanchard et al. (1984) pseudo-second order (PSO), and Roginsky and Zeldovich 258 
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(1934) (Elovich) models have been used as reaction kinetic equations. Phosphate 259 

adsorption by MSB was found to follow both PFO and PSO kinetics (Fig. 4a), while OSB 260 

followed the Elovich model. As shown in Table 2, the PFO and PSO kinetic model was 261 

the best fit for MSB with the highest R2 (0.99), lowest root mean square of error (RSME, 262 

0.02-0.13) and lowest χ2 (2.87×10-4-0.02). The Elovich model showed an R2 ≥ 0.96 for 263 

both adsorbents (Table 2). The results indicate that second order interactions would be 264 

more dominant (through multiple mechanisms occurring across the heterogeneous 265 

surfaces), prevailing over simple particle mass transfer (first-order reaction) (Choi et al., 266 

2019). The initial rate constant (α) from the Elovich model was much higher than β 267 

indicating stronger phosphate bonds and higher irreversibility in tested conditions (Mosa 268 

et al., 2018). This hypothesis was supported by the desorption and instrumental 269 

characterisation data where adsorption through microprecipitation and ligand exchange 270 

were suggested as major removal mechanisms (please see sections 3.5 and 3.6). 271 

 272 
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 273 

Fig. 4. Reaction kinetic modelling for (a) MSB, (b) OSB and (c) W-M intraparticle 274 

diffusion model for both adsorbents (initial concentration: 20 mg/L; initial pH: 7; 275 

agitation speed: 150 rpm; adsorbent dose: 1 g; temperature: 20 ± 2 ºC) 276 

Table 2 277 

Reaction kinetic and W-M intraparticle diffusion model parameters for the adsorption of P-PO4
3- onto two 278 

adsorbents 279 

Adsorbent MSB OSB 

qt,exp (mg/g) 4.99 3.05 

Pseudo-first order model qt,cal (mg/g) 4.99 2.77 

k1 (min-1) 0.23 0.26 

R2 0.99 0.95 

RMSE 0.02 0.20 

χ2 2.87×10-4 0.04 

Pseudo-second order model qt,cal (mg/g) 5.10 2.85 

k2 (g/mg min) 0.10 0.18 

h (mg/g min) 2.50 1.47 

R2 0.99 0.97 

RMSE 0.13 0.15 

χ2 0.02 0.02 
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Elovich model α (mg/g min) 100148 2924 

β (mg/g) 3.59 5.21 

R2 0.96 0.99 

RMSE 0.31 0.07 

χ2 0.10 0.01 

W-M intraparticle diffusion 

model 

ki1 (mg/g min1/2) 0.43 0.09 

Ci1 (mg/g) 2.73 1.99 

R1
2 0.65 0.43 

ki2 (mg/g min1/2) 0.001 0.04 

Ci2 (mg/g) 4.98 2.22 

R2
2 0.71 0.93 

 280 

The regression coefficients of the kinetics experimental results as a whole showed a poor 281 

agreement with the Weber and Morris, (1963) (W-M) intraparticle diffusion model (R2 ~ 282 

0.43-0.58), indicating that adsorption was governed by multiple diffusion steps instead of 283 

just intraparticle diffusion. The piecewise regression plotting shown (Fig. 4c) illustrated 284 

that phosphate adsorption is controlled by two steps: (1) an instantaneous occupation of 285 

most of the available surface sites on the external surface (external mass transfer), and (2) 286 

followed by a slower adsorption phase corresponding to intraparticle diffusion into the 287 

porous structure of the MSB and OSB. The Ci constant indicates the effect of boundary 288 

layer forces during adsorption. The higher Ci value for MSB (Table 2) suggests a larger 289 

boundary layer effect at the external adsorbent surface (Weber and Morris, 1963). Further, 290 

with an increase in phosphate within the MSB and OSB porous structure, diffusion 291 

resistance increased, resulting in a decrease in the intraparticle diffusion rate. Comparing 292 

the values for ki (ki1 is larger than ki2) supports these observations (Vikrant et al., 2018). 293 
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3.5. Effects of coexisting anions on PO4
3- removal, real wastewater, and desorption 294 

potential 295 

Different anions in water can affect phosphate adsorption and should be considered in 296 

practical applications. The effects of different anions are shown in Fig. 5a. As can be seen, 297 

NO3
−, Cl−, CO3

2– and SO4
2−, individually had almost no influence on phosphate 298 

adsorption but in mixtures a 24% proportional drop (12% in real terms) with OSB, while 299 

for MSB, CO3
2–, Cl− and the anionic mixture had a small effect when compared to the 300 

reference solution (Milli-Q® water with 20 mg P/L). That is to say, MSB and OSB were 301 

able to overcome the interference between phosphate and several impurities.  302 

To investigate adsorption performance using real (complex) effluent, a short batch study 303 

was undertaken. The sample had a pH of 7.32, a COD of 39 mg/L, and a spiked phosphate 304 

concentration of 20.9 mg/L (Table S2). The removal efficiency decreased >20% in real 305 

terms for MSB and >15% for OSB (for OSB, about 30% drop in proportional terms) 306 

compared to the reference solution (Fig. 5a), implying that the chemical components in 307 

the real effluent (at these concentrations and this pH) had a reasonably limited effect on 308 

P-PO4
3- removal. 309 

 310 
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Fig. 5. (a) Effect of coexisting anions on phosphate adsorption and (b) desorption study 311 

(initial concentration of each anion: 20 mg/L; initial pH: 7; agitation speed: 150 rpm; 312 

dose of adsorbent: 200 mg; contact time 120 min; temperature: 22 ± 2 ºC) 313 

 314 

Besides P-PO4
3- adsorption capacity, it is vital to study desorption to gain information 315 

about potential use of spent adsorbent, i.e., as a soil amendment. In this study, we assessed 316 

phosphate desorption from the saturated adsorbents using Milli-Q® water (at pH 7), 2% 317 

citric acid and 0.5 M HCl solution (Fig. 5b). For both adsorbents, 2% citric acid and 0.5 318 

M HCl gave the highest desorption efficiency at ~98%. However, Milli-Q® water 319 

extracted minimal bound phosphate. 320 

3.6. Characterisation of adsorbents 321 

To explore the removal mechanisms here, several instrumental techniques were used in 322 

combination. SEM with EDX, and BET were carried out to assess changes in material 323 

surfaces and porosity during activation. FTIR was used, before and after adsorption, to 324 

study the functional groups present and any alterations in peak position and intensity. 325 

XRD analyses of the adsorbents were used to detect changes in structure induced by new 326 

crystallographic structures promoted through phosphate adsorption (e.g., 327 

microprecipitation). 328 

3.6.1. Yield, pHpzc and elemental composition 329 

The yield for each adsorbent after thermochemical activation was >97%, which indicates 330 

high material stability at 700 ºC. The pHpzc values for MSB and OSB were 9.6 and 9.1 331 

(Fig. 6a-b), respectively, indicating the alkali properties of the materials. Ca and K were 332 

the dominant metal elements in the adsorbents (Table 3). In terms of phosphate 333 
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concentrations, OSB had 3 times more P-PO4
3- in its structure than MSB. After Ca and 334 

K, other metals present at higher concentrations were Fe, followed by Al and Cu (Table 335 

3). All the microelements (e.g., Cr, Ni, Cd, Co As, Pb) were below the limit of detection. 336 

Moreover, in considering these adsorbents as potential soil amendments, the 337 

concentrations of heavy metals seen were below the regulatory limits for application as 338 

an inorganic fertiliser according to the EU Fertilising Products Regulations ((EU) 339 

2019/1009). 340 

 341 

 342 

Fig. 6. pHpzc for (a) MSB and (b) OSB and BET data with N2 adsorption/desorption 343 

isotherms for (c) MSB and (d) OSB.  344 
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Table 3 345 

Adsorbent yield, pHpzc and mean metal concentrations (n = 3) in the adsorbents as determined by ICP-OES 346 

analysis of sample digests (expressed in mg/kg ± standard deviation).  347 

 MSB OSB 

Adsorbent yield (%) 97.8 98.3 

pHpzc 9.6 9.1 

Ca 470714.38 ± 4447.98 387728.97 ± 4488.60 

Fe 43.80 ± 1.17 47.20 ± 0.54 

K 9059.96 ± 212.96 9226.35 ± 152.79 

Mg 686.92 ± 20.73 1216.79 ± 14.17 

Na 739.00 ± 49.17 637.67 ± 1.91 

P 109.18 ± 0.34 321.63 ± 10.27 

S 237.13 ± 0.61 197.92 ± 1.40 

Zn 0.51 ± 0.03 1.92 ± 0.21 

Al 46.97 ± 0.66 106.97 ± 9.06 

As n.d. n.d. 

Cd n.d. n.d. 

Co n.d. n.d. 

Cr n.d. n.d. 

Cu 1.49 ± 0.08 1.05 ± 0.08 

Mn 1.14 ± 0.02 9.68 ± 0.01 

Ni n.d. n.d. 

Pb n.d. n.d. 

* n.d. not detected 348 

 349 

3.6.2. Porous characteristics and morphology 350 

BET analysis showed that the textural properties of the MSB and OSB were enhanced 351 

after activation (Table S3). The N2 isotherm data (Fig. 6c-d) displays an IV type isotherm 352 
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(IUPAC classification) with a hysteresis loop at P/P0 = 0.995, which highlights the 353 

mesoporous nature of the MSB and OSB. The OSB exhibited larger SBET (5.06 m2/g) 354 

when compared to the MSB (3.76 m2/g). The other textural parameters of the raw 355 

materials and activated adsorbents are summarised in Table S3.  356 

The effects of the surface ‘architecture’ on phosphate adsorption efficiency were studied 357 

by SEM at different magnifications. At lower (200X) magnification (Fig. 7a,c), irregular 358 

particle agglomerations of MSB and OSB can be seen with a clear crystal structure. The 359 

SEM images (Fig. 7b,d) at 5000X magnification showed that the activation treatment 360 

created alternate ridges and grooves on the surface, which might be due to the presence 361 

of calcite and lime particles. The EDX surface spectra (Fig. 8a-b) of both adsorbents 362 

indicated that Ca was the major element, alongside O, K and Mg. These findings were 363 

further confirmed by ICP-OES elemental analysis (Table 3). 364 

 365 

Fig. 7. SEM micrographs on 200X and 5000X magnifications for MSB (a-b) and OSB 366 

(c-d), respectively.  367 
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 368 

Fig. 8. EDX spectra’s for (a) mussel and (b) oyster shell  369 

 370 

3.6.3. FTIR and XRD 371 

FTIR results suggested that both MSB and OSB contained a characteristic spectrum of 372 

CaCO3 (Fig. 9a-b), revealed by CO2
3- peaks around 1425, 875 and 735 cm−1 (Hong et al., 373 

2020). The observed band at 3550 cm−1 related to −OH groups originating from Ca(OH)2 374 

and or absorbed water. Occurrence of these groups could originate from the 375 

transformation of CaO due to reactions with moisture in the air (Yin et al., 2013). To 376 

avoid this, CaO should not be exposed to the environment for a long time period. The 377 

peaks at 1425, 875 and 735 cm−1 that related to CO3
2- (calcite and aragonite, respectively) 378 

shifted and lost intensity post adsorption, indicating the formation of new P calcium-based 379 

minerals on the adsorbent surface (Wang et al., 2021). The FTIR spectra of the phosphate-380 

saturated adsorbents showed, in addition to the peaks of the pristine materials, strong 381 

phosphate bands at 1040 cm−1 and weak phosphate bands at 590 cm−1 - characteristic of 382 

HAP and brushite phases (Oladoja et al., 2015). 383 

Consistent with the FTIR results, the XRD patterns (Fig. 9c-d) confirmed calcite as the 384 

major mineral in both adsorbents, with a large peak at 2θ = 29.75° (Panagiotou et al., 385 
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2018). The formation of lime residues (from the thermal activation at 700 ºC) was 386 

evidenced by peaks at 2θ = 38.5º and 2θ = 60.8º (Dai et al., 2017). On the saturated 387 

adsorbents, peak intensities were reduced and new crystalline phases (flocculant flower 388 

precipitates), brushite (CaHPO4) and HAP (Ca5(PO4)3OH), were identified from the XRD 389 

analysis (Marshall et al., 2017). The positions of the diffraction peaks were consistent 390 

with the standard cards for calcite, brushite and HAP shown in Fig. S2 (Lafuente et al., 391 

2016). Additionally, the newly produced precipitates can easily be observed by SEM (Fig. 392 

S3).  393 

 394 

 395 
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Fig. 9. FTIR spectra (a-b) and XRD patterns (c-d) for MSB and OSB, respectively, 396 

before and after phosphate removal (contact time: 120 min; initial pH: 7; agitation 397 

speed: 150 rpm; dose of adsorbent: 200 mg; temperature: 22 ºC) 398 

 399 

4. Discussion 400 

4.1. Adsorption mechanisms  401 

During activation of these shells at 700 °C, organic matter is destroyed and heating 402 

accelerates the transformation of some of the carbonates to calcium oxides/lime (CaO) 403 

(Currie et al., 2007). Since the CaO produced is very reactive, the adsorbents became 404 

‘activated’ through this process (Bal Krishna et al., 2017). The enhancement in phosphate 405 

removal noted after the alkali calcination process (Fig. 1) could be partly related to the 406 

formation of lime (Yan et al., 2014). Similar results were also obtained by Köse and 407 

Kivanç (2011) who found that calcinated eggshell was most efficient at removing P-PO4
3- 408 

after heat treatment of 700 °C. Lee et al. (2009) and Kwon et al. (2004) also showed a 409 

positive effect of calcination of oyster shells pyrolysed at 750 °C. Besides calcination, 410 

KOH treatment increased the point of zero charge and surface area of the adsorbents 411 

(Table 3 and S3), which also proved to be a significant phosphate adsorption factor (Pap 412 

et al., 2020b). SEM images also showed that the chemical/thermal activation resulted in 413 

surface cracks/defects (Fig. 7) which could lead to the presence of atoms with highly 414 

defective coordination environments. These atoms have unstable valences and reside at 415 

the adsorbent surface, providing an abundance of active sites for potential adsorbate 416 

uptake (Oladoja et al., 2015). The yield and pHpzc of MSB and OSB were remarkably 417 
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high, which is attributed to the high inorganic (calcite) content present in shells (Dai et 418 

al., 2017).  419 

The basic difference in the utilised isotherm models are that the Langmuir model 420 

hypothesises monolayer adsorption onto a homogeneous surface, while the Freundlich 421 

assumes adsorption onto a heterogeneous surface (Tran, 2020). The Redlich and Peterson 422 

equations interpret the adsorption process as a hybrid, which does not follow an ideal 423 

monolayer model (Tran, 2020). However, for g = 1, the Redlich-Peterson model can be 424 

converted to the Langmuir isotherm model, and when g = 0, it is simplified to Henry’s 425 

law. When g is much greater than 1, the equation transforms to the Freundlich isotherm 426 

model (Reguyal and Sarmah, 2018). For OSB, the g constant was 0.99, which suggested 427 

a less heterogenous surface when compared to MSB (g = 0.75). This can help explain the 428 

lower adsorption capacity for OSB, since a heterogenous surface can be positively 429 

correlated with higher adsorption uptake. These results are also consistent with the 430 

kinetics study results (i.e., high correlation with PSO and Elovich models), in that the 431 

adsorption of P on the adsorbents is governed by multiple mechanisms. The maximum 432 

adsorption capacity of the MSB and OSB (qmax = 12.44 and 8.25 mg/g, respectively) here 433 

was higher than in previous studies, i.e., for those using finely-grounded calcinated 434 

mussel shell (Xiong et al., 2011) or hydrothermally modified oyster shell (Chen et al., 435 

2013), while it was lower than those with scallop shell (Yeom and Jung, 2009) or 436 

thermally treated gastropod shell (Oladoja et al., 2015), as summarised in Table 4 437 

(however, a direct comparison between adsorption capacities is only indicative because 438 

of the varying experimental conditions used).  439 

The higher adsorption performance of MSB (compared to OSB) can be attributed to better 440 

physical/chemical proprieties, i.e., a higher Ca content (Table 3) as the major trigger for 441 
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surface complexation and microprecipitation with phosphate, a higher pHpzc value (Fig. 442 

6a-b) which creates a more favourable environment for phosphate adsorption, and a larger 443 

pore radius (Fig 6c-d) which allows facile distribution of phosphate ions into the pore 444 

structure. 445 

Table 4 446 

Comparison of adsorption capacity results for phosphate using other biosorbents 447 

Adsorbent Conditions qmax (mg/g) Reference 

C0 (mg/L) V (mL) m (mg) t (h) pH 

Calcined mussel shell 500 10 200 72  n.d. 38.71 (Paradelo et al., 2016) 

Finely-ground (non-

calcined) mussel shell 

500 10 200 72 n.d. 18.21 (Paradelo et al., 2016) 

Crawfish char 240 25 50 24 6 70.9 (Park et al., 2018) 

Finely-ground calcinated 

mussel shell 

20 1-80 g/L 2 n.d. 6.95 (Xiong et al., 2011) 

Finely-ground calcinated 

oyster shell 

12 1 g/L 2 n.d. 0.13 (Martins et al., 2017) 

Calcined eggshells 440 50 50 24 7 31.74 (Panagiotou et al., 2018) 

Scallop shell 100 100 1000 48 6.5 23.40 (Yeom and Jung, 2009) 

Oyster shell 10 100 0.75 4 n.d. 0.21 (Chen et al., 2012) 

Waste mussel shell 7 200 400 72 n.d. 0.25 (Salim et al., 2021) 

Thermally treated 

gastropod shell 

30 100 50 5 n.d. 84.75 (Oladoja et al., 2015) 

Hydrothermally modified 

oyster shell 

25 40 1000 192 7 0.72 (Chen et al., 2013) 

Chemically calcinated 

mussel shell 

300 50 200 6 7 12.44 This study 

Chemically calcinated 

oyster shell 

300 50 200 6 7 8.25 This study 
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Previous work surmised that P removal occurs through multiple mechanisms on shell-448 

based materials (Bacelo et al., 2020), including electrostatic attraction (outer-sphere 449 

complexation), ligand exchange (inner-sphere complexation) and microprecipitation (Wu 450 

et al., 2020).  451 

To explain phosphate adsorption behaviour, we need to consider prevailing pH and 452 

desorption behaviour, as these determine P speciation (as phosphate), adsorbent surface 453 

charge and indicate the nature of the complexes formed on a surface. The P speciation 454 

theory of Clifford, (1961) assumes that P species (from KH2PO4), will be distributed in 455 

water in various forms (Fig. 2a). To better understand this interaction mechanism, the 456 

point of zero charge (pHpzc) of adsorbents was determined using the pH “drift method” 457 

(Fig. 6a-b). The pHpzc of both adsorbents was above 9, therefore on the condition that the 458 

pH is < pHpzc the MSB and OSB surface is positively charged. These adsorbent surfaces 459 

were highly protonated under acidic conditions, and sustained positive charge, with the 460 

dominant P species being monovalent H2PO4
- at pH < 7.2 (pK1 = 2.15) and divalent 461 

HPO4
2- at pH ≥ 7.2 (pK2 = 7.20). These mono and divalent anions could create outer-462 

sphere complexes through electrostatic forces (Mitrogiannis et al., 2017). However, 463 

adsorption here was almost irreversible using Milli-Q® water (at pH 7) (Fig. 5b) as an 464 

extractant – suggesting that outer-sphere complexation was not a governing mechanism.  465 

Another key interaction mechanism involved in adsorption is inner-sphere complexation 466 

(ligand exchange). The increase in solution pH (Fig. 2a) after adsorption suggested a 467 

significant contribution due to ligand exchange. During this process, monovalent and 468 

bivalent phosphate anions replaced CO3
2- on the adsorbent surface and formed inner-469 

sphere surface complexes via Lewis acid-base interactions (Yang et al., 2020). As a result 470 

of ligand exchange, carbonate groups were released to the solution and caused the pH to 471 
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increase. Phosphate anions thus act like Lewis bases donating electron pair(s) by binding 472 

to Ca atoms (Liu et al., 2019).  473 

Additionally, phosphate that is adsorbed through outer-sphere complexation is sensitive 474 

to competitive anions in solution since other anions and electrolytes could also form 475 

outer-sphere complexes with electrostatic interactions. Contrary to this, phosphate that is 476 

bonded via inner-sphere complexation is less prone to desorption (Li et al., 2020). Hence, 477 

if the adsorption of phosphate by MSB and OSB occurred through outer-sphere 478 

complexes, removal efficiency would decrease in the presence of interfering anions. 479 

Since, P-PO4
3- removal was only reasonably limited by interfering anions, inner-sphere 480 

complexes likely dominated the process. The slight capacity loss of MSB and OSB 481 

observed might be attributed to coexisting anions which competed for the positively 482 

charged outer-sphere centres. It has been shown that anions with higher charges have a 483 

stronger tendency to be adsorbed onto outer-sphere centres, to compensate for the positive 484 

charges of the surface (Kong et al., 2019). Additionally, from the phosphate desorption 485 

experiments performed here, the high desorption rate seen using acidic solutions only 486 

(low desorption rate with Milli-Q® water) further indicated that inner-sphere 487 

complexation was a more dominant adsorption mechanism in our study, along with 488 

surface microprecipitation. Low phosphate desorption in Milli-Q® water is due to the mild 489 

extraction eluent used and the high phosphate binding energy on the shell surface derived 490 

through ligand exchange and microprecipitation. 491 

Surface microprecipitation (under alkali conditions) should also be considered as a second 492 

governing mechanism here beside ligand exchange. The FTIR spectra of the adsorbents 493 

before and after adsorption show significant changes. After phosphate adsorption, 494 

carbonate peaks shifted and decreased in intensity, suggesting the loss of carbonate and 495 
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formation of new phosphate minerals on the adsorbent surface. The FTIR spectra of the 496 

P-saturated adsorbents (Fig. 9a-b) indicated a strong phosphate band at 1040 cm−1 and a 497 

weak phosphate peak at 590 cm−1. This suggests that phosphate was incorporated into the 498 

material after adsorption. Comparable results have also been observed by other 499 

researchers using calcite based adsorbents (Bal Krishna et al., 2017; Xiong et al., 2011). 500 

The presence of calcite and lime crystals, as evidenced by our XRD data (Fig. 9c-d), could 501 

lead to the microprecipitation of P-PO4
3- (Panagiotou et al., 2018). Phosphate adsorption 502 

was further confirmed by a reduction in the intensity of the original XRD peaks found on 503 

the pristine MSB and OSB (Fig. 9c-d) post-adsorption. This intensity reduction is a 504 

potential indication that microprecipitation occurred during the adsorption of phosphate. 505 

Aside from intensity changes, new peaks were detected on the saturated MSB and OSB 506 

material. It has been postulated that P-PO4
3- and Ca ions in water can create dicalcium 507 

phosphate dihydrate (brushite), octacalcium phosphate (OCP) and hydroxylapatite (HAP) 508 

(Bouamra et al., 2018; Wang et al., 2018). Compared to outer-sphere complexation, inner-509 

sphere complexation, and surface microprecipitation involve much stronger interactions 510 

(covalent chemical bonds), therefore they can be considered chemisorption 511 

(chemisorption occurs when covalent bonds are formed between adsorbate and 512 

adsorbent). Similar results were observed with hydrothermally modified oyster shell 513 

material in Chen et al. (2013). The proposed adsorption mechanisms here are summarised 514 

in Fig. 10. 515 
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 516 

Fig. 10. Schematic of the proposed adsorption mechanisms of phosphate onto the shell-517 

based adsorbents 518 

 519 

4.2. Practical implications regarding the saturated adsorbents 520 

Final adsorption trials were carried out with the MSB and OSB to remove phosphate from 521 

real wastewater effluent. The composition of the real effluent was much more complex 522 

than the synthetic solutions prepared in the laboratory, due to the presence of colloidal 523 

solids, ions and organics (Xu et al., 2019). The adsorptive behaviour of the adsorbents in 524 

this environment could indicate their potential practical applicability. The concentration 525 

of different ionic species and basic water quality parameters (pH, COD and turbidity) of 526 

the effluent are presented in Table S2. Results (Fig. 5a) showed that both adsorbents were 527 

still highly efficient when compared with the reference solution (a synthetic phosphate 528 

solution with the same initial P-PO4
3- concentration). The slight decrease in efficiency 529 

observed might be due to the fact that the polyphosphate and organic phosphorus present 530 
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in wastewater may not be favourable for adsorption, and also due to the interfering effects 531 

caused by other organic/inorganic components in the secondary treated wastewater (Shi 532 

et al., 2019). However, these initial trials indicate a potential application of the MSB and 533 

OSB as effective and selective materials for phosphate adsorption. As a next step, we will 534 

test these adsorbents in dynamic column systems, to gain the further information needed 535 

for future scale-up and potential larger scale applications. Applicability will also depend 536 

on adsorption economics – including operating (chemical and energy consumption costs) 537 

and capital costs (e.g., columns, tanks, crystallisers, etc.) (Suresh Kumar et al., 2019). 538 

Factors to be considered for future optimisation will include adsorbent preparation cost 539 

(£/ton), adsorption capacity (mg/g), selectivity toward phosphate, kinetic speed (min), 540 

spent adsorbent stability and toxicity (which should be low).  541 

Finally, since plants can acidify their rhizosphere with exudates and solubilise P, 2% citric 542 

acid and 0.5 M HCl were used here to indicate plant availability in soil, while Milli-Q® 543 

water-soluble P represented the readily available fraction (Jiang et al., 2017; Nardis et al., 544 

2020). P desorption in Milli-Q® water was 8% for MSB and 6% for OSB, which can be 545 

positive for application in highly P-fixing soils (Nardis et al., 2020). Our experiments 546 

showed that almost full desorption of P occurred with 2% citric acid and 0.5 M HCl (Fig. 547 

5b), suggesting that the adsorbed P would be plant available if the MSB and OSB were 548 

to be used as a soil conditioner for agriculture (Egle et al., 2016). One application could 549 

be in highly weathered tropical soils (more acidic conditions) where the rich organic 550 

matrix is negatively charged and has limited capacity to adsorb P. However, plant growth 551 

trials (pot trials) are needed to confirm their (saturated MSB and OSB) potential for soil 552 

amendment verses conventional fertilisers.  553 
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Where mussel and oyster shells are used as a soil conditioner, they may provide further 554 

beneficial effects including improving soil physical properties (texture), supplying 555 

essential plant nutrients, buffering against soil acidification caused by nitrogen 556 

application/pollution (due to their high CaCO3 content) and providing a possible 557 

replacement for costly inorganic fertilisers (providing soil stability and economic 558 

benefits).  559 

5. Conclusion 560 

In summary, the mussel and oyster shell-based adsorbents studied here (MSB and OSB, 561 

respectively) were successfully prepared using a 700 °C chemical calcination process. 562 

The results of the instrumental characterisation showed that the adsorbents were 563 

crystalline, alkaline, and comprised mainly of calcite. Calcination was beneficial to 564 

improve their structure and phosphate adsorption capacity. The maximum adsorption 565 

capacity found was 12.44 mg/g and 8.25 mg/g for MSB and OSB (from isotherm study), 566 

respectively, at an optimal contact time of 120 min, with the adsorbent dosage at 200 mg 567 

(at initial pH 7). The phosphate adsorbed by MSB and OSB was bonded to the surface 568 

through inner-sphere complexation and microprecipitation. Our findings proved that the 569 

adsorbents are able to remove phosphate from real wastewater effluent. In addition, P-570 

PO4
3- desorption from MSB and OSB was above 90% with 2% citric acid and 0.5 M HCl, 571 

while desorption with water was limited. In general, the excellent phosphate adsorption 572 

performance of MSB and OSB suggests they have promise as efficient and low-cost 573 

adsorbents for the treatment of phosphate enriched wastewater. 574 

Future research should be performed to test these adsorbents using dynamic column 575 

conditions, to make scale-up calculations, and to evaluate P-plant availability using pot 576 

or field trials. Work to understand the transfer of trace contaminants from treated 577 
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wastewaters to soils (when such materials are applied as soil conditioners) will also be 578 

needed to allow approval for potential practical implementation. 579 
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