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	Abstract.  This study proposes the recycling of MVS as a value-added product for the removal of phosphate from aqueous solutions. By comparing the phosphate adsorption capacity of each calcined adsorbent at each temperature of MVS, it was determined that the optimal heat treatment temperature of MVS to improve the phosphate adsorption capacity was 800 °C. MVS-800 suggests an adsorption mechanism through calcium phosphate precipitation. Subsequent kinetic studies with MVS-800 showed that the PFO model was more appropriate than the PSO model. In the equilibrium adsorption experiment, through the analysis of Langmuir and Freundlich models, Langmuir can provide a more appropriate explanation for the phosphate adsorption of MVS-800. This means that the adsorption of phosphate by MVS-800 is uniform over all surfaces and the adsorption consists of a single layer. Thermodynamic analysis of thermally activated MVS-800 shows that phosphate adsorption is an endothermic and involuntary reaction. MVS-800 has the highest phosphate adsorption capacity under low pH conditions. The presence of anions in phosphate adsorption reduces the phosphate adsorption capacity of MVS-800 in the order of CO 3 2-, SO 4 2-, NO 3- and Cl-. Based on experimental data to date, MVS-800 is an environmentally friendly adsorbent for recycling waste resources and is considered to be an adsorbent with high adsorption capacity for removing phosphates from aqueous solutions. This paper combines the advantages of gray predictor and AI fuzzy. The gray predictor can be used to predict whether the bear point exceeds the allowable deviation range, and then perform appropriate control corrections to accelerate the bear point to return to the boundary layer and achieve.
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[bookmark: _Hlk69378817]1. Introduction

Phosphorus (P) comes mainly from phosphate rock and is essential for growing crops to support a growing world population (pan wait Eel. 2018). Although, Excessive emissions of phosphorus can cause eutrophication. Eutro- phication accelerates the growth of algae in water, resulting in negative effects such as water oxygen deficiency and the loss of aquatic plants and organisms (Wang et al. 2018), which can pose a serious health risk to animals and humans (Bhagowati and Ahamad 2019). High concentrations of phosphorus transported through waterways and domestic and industrial effluents are released into surface water bodies such as lakes and rivers (Wang et al. 2018), approx. 1.3 million tonnes of phosphorus are released into water systems globally each year (Cheng et al. 2018, Chen et al. 2018). According to the US Environmental Protection Agency (US EPA), phosphate concentrations must not exceed 0.05 mg/L if the stream discharges into a lake or reservoir, or 0.025 mg/L if the stream or runoff does not discharge into a lake or reservoir. In the European Union (EU), the total

effluent concentration is limited to 1-2 mg/L depending on the sensitivity of the receiving water body (Triantafyllidis et al. 2010). Therefore, it is necessary to develop efficient and economical methods to remove phosphorus from wastewater before discharge (Xiong et al. 2017).
Various physico-chemical and biological processes have been studied to remove phosphate from water and wastewater. These processes include adsorption (Gerke et al. 1993, Barron et al. 1988), ion exchange (Chen et al. 2002), chemical precipitation and coagulation (Ye et al. 2010), crystallization and membrane filtration (Kim et al. 2008) and reverse osmosis (Luo et al. 2016). Among them, the disadvantage of reverse osmosis is that it is not efficient because the removal efficiency is high, but the treatment cost is also high (Yeoman et al. 1988, Clark et al. 1997). Chemical precipitation produces sludge, but due to the high costs of sludge generation and disposal, it is not suitable for phosphorus removal (Morse et al. 1998). Biological treatments usually have low removal efficiency and are temperature sensitive (Sommariva et al. 1997). Besides these phosphorus removal methods, adsorption is the most effective method because it is simple, economical, and has the advantage of removing harmful byproducts with little or no emissions (Liu et al. 2013). The content of aluminum (Al), calcium (Ca) and iron (Fe) in phosphate adsorption is losely related to the phosphorus removal efficiency (Wang et al. 2018). Among them, there are strong interactions between calcium (Ca)-rich natural materials and some Ca compounds and P. In particular, the shells show significant advantages such as high CaCO content, non-toxicity and recyclability (Nguyen et al. 2020). Therefore, oyster shells (Lee et al. 2021), mussels (Lo Monaco et al. 2012) and mussels (Lee et al. 2022) have been studied as adsorbents for P removal, but no study has been done on the use of square mussels.
M. veneriformis is a marine mollusc belonging to the family Modidae, a crustacean with a shell length of 45 mm and a height of approx. 30 mm. It lives in sandy mud or clay bottom of approx. 20 m deep, is its preferred food, and is distributed throughout Korea along the coasts of Japan and China (Yu et al. 2009, Ni et al. 2015). Heat-activated mussel shells can reduce phosphate water solutions by about 90%, while inactivated mussel shells can reduce phosphate by about 40% (Currie et al. 2007). In this study, thermal activation was used to improve the adsorption capacity of MVS for phosphate and remove micro- organisms and odors from MVS. The phosphorus removal ability and physical/chemical properties of thermally activated MVS at different temperatures were evaluated in batch experiments. Additional batch adsorption experiments were conducted using the most efficient MVS under different conditions, including reaction time, equilibrium concentration, reaction temperature, pH, competing anions, and adsorbent injection volume. Gray theory has been successfully applied to data systems. The gray prediction method only needs to output data alone to establish a gray model and predict future values ​​without complex calculations, and is suitable for online database systems. Therefore, the mathematically simple and computationally efficient gray predictive compensator replaces the computationally expensive flow control used in traditional numerical calculations for estimating external load disturbance limits. To reduce jitter, a boundary layer is used to convert discontinuous output into continuous output. This paper adopts gray prediction theory, which is mathematically simple and computationally efficient, for the integral variable structure. In such a system, the upper limit of the uncertainty does not need to be high precision, nor does it need to reach rejection of the phase uncertainty.


2. Material composition and basic experiment

[bookmark: _Hlk170747067]2.1 Adsorbent heat treatment method and adsorbent analysis

MVS used in the experiment was obtained from a local restaurant, washed with distilled water and dried at 150°C for 24 hours. After washing, the dried MVS is crushed and sieved to keep the particle size constant at 0.245 mm or less before use. The prepared MVS was thermally activated in a muffle furnace. During the thermal activation process, and the heat treatment temperatures are 100, 300, 500, 700, 800 and 900°C. Heat activated MVS at different temperatures are represented 7 different situations.

2.2 Adsorption experiment

The phosphate stock solution used in the experiment was prepared by dissolving potassium monohydrogen phosphate (K2HPO4) and potassium dihydrogen phosphate (KH2PO4) in deionized water to 1000 mg /L and diluted to the required concentration. Depending on the heat activation temperature, using 30 ml of 100 mg/L phosphate solution and 0.1 g of untreated MVS (MVS-NT) and heat-activated MVS (MVS-100, MVS-300, MVS- MVS -500, MVS-700, MVS- 800 and MVS-900) to study the phosphorus adsorption capacity of MVS according to the thermal activation temperature.
The MVS-800 was batch tested under various experimental conditions. Unless otherwise stated, all adsorption experiments were performed at a reaction temperature of 25°C with 3.33 g/L MVS -800 and a phosphate solution with a concentration of 900 mg/L, with stirring at 100 rpm for 48 hours. For the kinetic adsorption of MVS-800, the phosphate concentration used was 900 mg/L. The equilibrium adsorption of MVS-800 was carried out for 48 h when the initial phosphate concentration was 10, 30, 50, 100 and 300. The effect of pH on the phosphorus adsorption capacity of MVS-800 was evaluated over a pH range of 3 to 9 µm. Phosphate solutions containing competing anions were prepared using concentrations of 1.0 mM and 10 mM NaCl, Na2SO4, NaHCO3 and NaNO3, and the effect.
All experiments were repeated three times. After adsorption, use filter paper to separate the phosphate solution and the adsorbent. The concentration of phosphate separated from the adsorbent was determined by the ascorbic acid method (Sağlam et al. 2016).

2.3 Analysis of adsorption

Pseudo-first-order and pseudo-second-order kinetic models are used to fit the experimental kinetic data, and Langmuir and Freundlich models are used to analyze the equilibrium data:
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In the formula, Ce is the equilibrium concentration of phosphate solution (mg/L), Qm is the maximum adsorption 
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	Fig. 1 AI gray predictor




capacity of the adsorbent (mg/g), K L is the Langmuir constant related to binding energy affinity (L/mg ), KF  is the distribution coefficient (L/g ), 1/ n is the Freundlich constant ( - ). KL. The values of Qm, KF and n can be determined by fitting Langmuir and Freundlich models to the observed data. where ΔG 0 is the change in Gibbs free energy, ΔS 0 is the change in entropy, ΔH 0 is the change in enthalpy, T is the absolute temperature (K), R is the universal gas constant (8.314 J/mol · K), Ke is the equilibrium constant, ɑ is the adsorbent dose (g/L).

2.4 Gray AI prediction model

The greatest feature of the gray method is that it requires only a small amount of sample data (four to seven data) to obtain approximate prediction values. According to gray system theory, the original data for the gray predictor must be a non-negative sequence. The control system's data sequence can be positive or negative. Negative data must be mapped to non-negative data through data mapping methods. Therefore, the steps for gray predictive modeling can be summarized as follows
Let x(0) be the original data sequence
	
	(8)


where n is the sample size of the recorded data. Control system data sequences can be positive or negative. Therefore, we use the Map Generating Operation (MGO) method to map the original sequence x(o) to the non-negative sequence x(0.
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After data mapping, we apply the cumulative generation operation (AGO) to xo. The first order cumulative generation operation (AGO) sequence is
	
	(11)


We define the data sequence using the following means to generate an operation on xo.
	
	(12)


According to z(k), we form the GM(1,1) first-order differential equation:
	
	(13)


We perform the inverse cumulative generation operation (AGO) on (k+1) and use the inverse mapping generation operation (MGO) to obtain the predicted value of the original data sequence, which is defined as
	  
	(14)


The original data sequence x may include positive data or negative data. because. We use the method exponential mapping (EMGO) to map the original sequence x(o) to a non-negative sequence x(o).
	
	(15)


the sequence can be obtained by the following algorithm and AI gray predictor in Fig. 1. and 2. 2 shows the membership function of x is the triangular fuzzy area, as shown in Fig. 3.
	Input: Affinity matrix A, threshold , number ofclusters k

	Output: Cluster labels l

	Calculate diagonal matrix D with 

	Get normalized affinity matrix 

	Pick initial vertor 

	repeat

	 
 

	 

	until 

	




3. AI gray experiment tool

3.1 Adsorption properties and phosphate adsorption capacity of thermally activated MVS

The physicochemical properties of thermally activated MVS at 0-900 °C were analyzed using different methods. As the thermal activation temperature increases, the surface of MVS melts, and a smooth surface is observed in MVS-300. The pores gradually increase from MVS-300 to MVS-700. In MVS-800 the pores clearly became very large, but in MVS-900 the large pores melted and were destroyed. This shows that organic material in MVS breaks down and is released during thermal activation, and the surface morphology changes (Lee et al. 2022). The changes in the elemental composition of MVS indicate that the Ca content increases and the C content decreases as the thermal activation temperature increases. This is because during the thermal activation process, CaCO 3 breaks down to CO at high temperature and releases CO 2 (Choia et al. 2021).
MVS is thermally activated and changes with temperature. The XRD results are shown in Fig. 4.
The TGA analysis results of mass loss with increasing temperature are shown in Fig. 5. showing a drastic loss of quality over time. Above 800 ℃, the weight does not change. The weight change between 600 °C and 800 °C decreases from 98.7% to 71.6% because CaCO 3 is split into CaO and CO 2 between 600 °C and 800 °C (Lee et al. 2021). From this result, it can be concluded that CaCO 3 in MVS
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	Fig. 2 Consideration of two-dimensional fuzzy area factory
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	Fig. 3 Triangular membership function and blurred area
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	Fig. 4 MVS at different temperatures: untreated, 100 °C, 300 °C, 500 °C, 700 °C, 800 °C, and 900°C


starts to decompose at 600°C and decomposes completely at 800°C. These results are consistent with the CaO peak at 800 °C shown in the XRD results above, as well as the elemental composition with decreasing C content and increasing Ca content.


3.2 Test Results

Fig. 6 shows the effect of phosphate adsorption on MVS at different activation temperatures. Note the phosphate adsorption capacity of MVS-NT to MVS-500. However, for
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	Fig. 5 Changes in MVS at rising temperatures
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	Fig. 6 Adsorption capacity by temperature




MVS-700, the adsorption capacity increased significantly from 9.53 mg/g to 20.75 mg/g.
Compared to MVS-700, MVS-800 and MVS-900 have higher phosphate adsorption capacity, which can be explained by the presence of CaO in MVS-800 in the XRD analysis results. CaO is more soluble than CaCO3 (Lee et al. 2021) and reacts with H 2 O to form Ca(OH)2 . Ca(OH)2 reacts with phosphate to form hydroxyphosphate (Ca 10 (PO4 )6 (OH)2 ) and calcium phosphate (Ca3 (PO4)2 ), and the phosphate in the water is removed by forming a precipitate. Kinetic analyzes are crucial because they provide insight into the interactions between adsorbent and adsorbate and provide information on adsorption equilibria and mechanisms (Dos Reis et al. 2020). Therefore, MVS-800 and 900 mg/L phosphate solution were used to study the adsorption capacity of MVS-800 on phosphate solution by kinetic adsorption. The amount of phosphate adsorbed by MVS- 800 increased to 119.74 mg/g after 24 hours. Then, the adsorption capacity further increased to 182.20 mg/g at 48 h, at which time the adsorption capacity reached equilibrium. To study the kinetic principle of adsorption between MVS-800 and phosphate, the experimental data were analyzed using pseudo-first order (PFO) and pseudo- second order (PSO) models. The amount of phosphate adsorption obtained experimentally (182.20 mg/g) is closer to the result obtained with the PFO model (193.06 mg/g) than the result obtained with the PSO model (253.46 mg/g) We found that the PFO model explains better phosphate adsorption by MVS-800. In addition, the phosphate adsorption capacity in the experiment itself (182.20 mg/g) is closer to the phosphate adsorption capacity obtained from the PFO model analysis (193.06 mg/g) than the phosphate adsorption capacity obtained from the PSO model analysis (253.46 mg). /g). These results indicate that among the two kinetic models, the PFO model explains the phosphate adsorption of MVS-800 better than the PSO model. The theoretical interpretation of the pseudo-first-order equation shows that the entire adsorption process is controlled by the adsorption/desorption rate of chemical reactions on the adsorbent surface. Applying the isothermal model to underwater adsorption data helps to study the principle mechanism of pollutant adsorption and design the capacity and conditions for pollutant removal (Dwivedi et al. 2015). Langmuir and Freundlich models were used for experimental isotherm data analysis. The isothermal model was used to analyze the phosphate adsorption capacity of MVS-800 at different phosphate concentrations (10-1300 mg/L). The R2 value for the Freundlich model was 0.80 and the R2 value for the Langmuir model was 0.93. The results show that the Langmuir R value is higher than the Freundlich R value, indicating that the Langmuir model is more suitable for phosphate adsorption by MVS-800. The Langmuir model assumes tomographic adsorption, where all surface areas are equal and occupied regardless of neighboring sites (Christou et al., 2019, that is, phosphate adsorption shows that the entire adsorption sites on the MVS-800 surface are identical, and are), a monolayer adsorption with similar affinity for phosphate (Jiao et al. 2021). The adsorption capacity in the actual adsorption experiment was 194.22 mg/L, which was close to the maximum adsorption capacity (188.86 mg/g calculated according to the Langmuir model).
1/n is a parameter in the Freundlich model, which is a heterogeneity factor linked to the adsorption intensity or surface heterogeneity between adsorbents (Wang et al. 2017). Van Bladel and Moreale defined the Freundlich K and 1/n constant as adsorption capacity and intensity, respectively (Shafqat and Pierzynski 2014). A 1/n value less than 1 indicates a suitable Langmuir isotherm, while a value greater than 1 indicates cooperative adsorption (Tan et al. 2008). Phosphate adsorption experiments were performed on MVS-800 at different reaction temperatures of 15°C, 25°C, and 35°C, and thermodynamic analysis was performed. The plot of ln(Ke) against 1/T of the intercept is calculated as the change in entropy (ΔS°), and the change in entropy (ΔH°) can be calculated from the slope (Lima et al. 2019). ΔH° indicates that the adsorption reaction between the solution and the adsorbent is endothermic or exothermic. Entropy is a criterion of the rearrangement pattern ordisorder of a thermodynamic adsorption system, and ΔS° can reflect adsorbent-adsorbent and final adsorbent-specific interactions.
Mobility of adsorbed molecules (Du et al. 2021). ΔG° can occur spontaneously, and can also be used to analyze whether the adsorption process can occur spontaneously. It can also be used to analyze the type of adsorption involved in the reaction (Ren et al. 2021). According to the analysis results, it can be seen that the thermodynamic adsorption of phosphate by MVS-800 increases with the increase in temperature. Since ΔH° is positive, the adsorption of phosphate in thermally activated MVS-800 is endothermic. The positive value of ΔS° also shows the increased
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	Fig. 7 The prediction result error of the proposed AI-Gray algorithm




stochasticity of phosphate adsorption at the solid-solution interface in the internal structure of MVS-800 (Lee et al. 2022, Unuabonah et al. 2007, Liu et al. 2011) at 15, 25 and 35 At °C, ° is respectively 8.22, 7.10 and 5.98 kJ/mol, and decreases with increasing temperature. It can be seen that in the phosphate adsorption of MVS-800, although the phosphate adsorption reaction temperature increases, an involuntary adsorption reaction still occurs.
Changes in pH can affect the adsorption process by dissociating adsorbates of different species and functional groups present at the adsorbent's active sites (Reis et al. 2020). Therefore, it is necessary to understand the effect of pH on the phosphate adsorption process. The adsorption capacity of MVS-800 in phosphate solutions with pH 3-11 shows a trend inversely proportional to the increase in pH. From pH 3 to pH 7, the change from 193.08 mg/g to 181.82 mg/g was not significant, but the adsorption capacity dropped sharply at pH 9 and remained at 127.43 mg/g at pH 11. Available in various anionic forms, such as H2 PO4 -, HPO4 2- and PO4 3- , depending on the pH of the environment (Zhang et al. 2020). At pH 11, phosphate is present in the form of HPO42- , which is believed to be due to the reduction in phosphate adsorption capacity due to the electrostatic repulsion between MVS-800 and the negatively charged adsorbent surface (Karaca et al. 2006). Furthermore, it was also determined that the reduced phosphate adsorption capacity of MVS-800 was due to the competition between OH- and HPO42- in the adsorption of MVS-800 due to the presence of a large amount of OH-. When the pH value is low, the surface of MVS-800 is positively charged, indicating an increase in adsorption capacity. Therefore, the pH condition of the highest adsorption capacity of MVS-800 is pH 3, and the pH condition of the lowest adsorption capacity is pH 11. 
Surface and groundwater are often contaminated by anions, including bicarbonate, sulfate, nitrate, and chloride, which often come from industrial and agricultural activities (Hong et al. 2020). Therefore, it is necessary to study the effect of anions on phosphate adsorption. The coexisting anions (CO 3 2- , SO 4 2- , NO 3 - and Cl - ) in the phosphate solution will interfere with the adsorption of phosphate by MVS-800. As the amount of coexisting anions increases, the amount of phosphate adsorbed by MVS-800 decreases. In addition, it was also found that the order in which competing anions negatively affect phosphate adsorption is: CO 3 2- >SO 4 2- >NO 3 - > Cl- . HCO 3 - or SO 4 2- combines with Ca 2+ in MVS-800 to form insoluble or poorly soluble substances, which reduces the number of active sites on the adsorbent interface and has a significant effect on phosphorus removal (Liu et al. 2014). Sulfates compete with phosphate to occupy the surface of MVS-800, reducing phosphate adsorption. This is because the ionic radius of the aqueous sulfate solution (2.3 Å) is almost the same as that of phosphate (2.38 Å) (Kumar & Viswanathan. 2018). In comparison, NO 3 - and Cl - have no apparent effect on phosphorus removal. This is because phosphate adsorption forms an internal complex and nitrate and chloride adsorption do not compete as they form external complexes (McBride 1997, Kumar et al. 2014). The amount of adsorbent is an important parameter that affects the efficiency of adsorbent removal. The removal efficiency of MVS-800 is directly proportional to the amount of adsorbent. In addition, the adsorption capacity per unit mass decreases as the amount of adsorbent increases. %. This is because they provide more adsorption sites with higher adsorption capacity (Nguyen et al. 2020). Compared to other references for phosphorus removal, MVS-800 requires less adsorbent to achieve a removal efficiency above 90% (waste rock 20 g/L, (Jia et al. 2013), waste alum sludge 10 g/L, (Babatunde and Zhao 2010). The prediction result errors of the proposed AI gray algorithm are adaptive and robust in Fig. 7.


4. Conclusions

[bookmark: _Hlk172048830]This study investigated the possibility of using calcium- rich food waste mussel shells (MVS) as an adsorbent for phosphate removal to increase removal efficiency through a thermal activation process. CaCO3 in MVS is converted into CaO through thermal activation (>800°C), which is more conducive to phosphate adsorption. Thermal activation did not significantly affect the specific surface area of ​​MVS. MVS thermally activated at 800 °C (MVS-800) showed the highest phosphate adsorption capacity and was used for further adsorption experiments, including kinetics, equilibrium isotherms, and thermo- dynamic adsorption. The effects of environmental factors including pH, competing anions, and adsorbent dosage were also investigated. The adsorption of phosphate by MVS-800 reaches equilibrium within 48 hours, and the pseudo-first- order model explains the adsorption kinetic data well. The Langmuir model is more suitable than the Freundlich model for the adsorption of phosphate by MVS-800. The maximum adsorption capacity of MVS-800 obtained by the Langmuir model is 188.86 mg/g. Phosphate adsorption is an endothermic and involuntary process. As the pH value increases, the phosphate adsorption capacity decreases and drops sharply between pH 7 and 9. The purpose of gray prediction is to discover the development relationship between certain dynamic sequence data. The gray prediction results can be used as a preliminary test for the system to realize the prediction function.
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