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Abstract.  This study explored the feasibility of calcium-rich food waste, Mactra veneriformis shells (MVS), as an adsorbent
for phosphate removal, and its removal efficiency was enhanced by the thermal activation process. The CaCO3 in MVS was
converted to CaO by thermal activation (>800 °C), which is more favorable for adsorbing phosphate. Thermal activation did
not noticeably influence the specific surface area of MVS. The MVS thermally activated at 800 °C (MVS-800), showed the
highest phosphate adsorption capacity, was used for further adsorption experiments, including kinetics, equilibrium isotherms,
and thermodynamic adsorption. The effects of environmental factors, including pH, competing anions, and adsorbent dosage,
were also studied. Phosphate adsorption by MVS-800 reached equilibrium within 48h, and the kinetic adsorption data were
well explained by the pseudo-first-order model. The Langmuir model was a better fit for phosphate adsorption by MVS-800
than the Freundlich model, and the maximum adsorption capacity of MVS-800 obtained via the Langmuir model was 188.86
mg/g. Phosphate adsorption is an endothermic and involuntary process. As the pH increased, the phosphate adsorption
decreased, and a sharp decrease was observed between pH 7 and 9. The presence of anions had a negative impact on
phosphate removal, and their impact followed the decreasing order COs* > SO4?- > NO3 > CI-. The increase in adsorbent
dosage increased phosphate removal percentage, and 6.67 g/L of MVS-800 dose achieved 99.9% of phosphate removal. It can

be concluded that the thermally treated MVS-800 can be used as an effective adsorbent for removing phosphate.
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1. Introduction

Phosphorus (P), largely derived from phosphate rock, is
essential for crop growth to support the growing world
population (Pan et al. 2018). However, excessive
phosphorus discharge can cause eutrophication.
Eutrophication accelerates the proliferation of algae in
water, which has negative effects, such as aquatic oxygen
depletion and loss of aquatic plants and organisms (Wang et
al. 2018), which can pose serious health risks to animals
and humans (Bhagowati and Ahamad 2019). High
concentrations of phosphorus transported by water and
domestic and industrial sewers are discharged into surface
water bodies, such as lakes and rivers (Wang et al. 2018),
and approximately 1.3 million tons of phosphorus are
released into water systems worldwide each year (Cheng et
al. 2018). According to the US Environmental Protection
Agency (US EPA), phosphate concentrations should not
exceed 0.05 mg/L if a stream discharges into a lake or
reservoir, 0.025 mg/L in a stream or runoff that does not
discharge into a lake or reservoir, and runoff limit
concentrations of 0.1 mg/L. In the European Union (EU),
the total concentration of the effluent is limited to 1-2 mg/L
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depending on the sensitivity of the receiving water
(Triantafyllidis et al. 2010). Therefore, it is necessary to
develop highly effective and economical methods to
remove P from wastewater prior to discharge (Xiong et al.
2017).

Various physicochemical and biological processes have
been investigated for phosphate removal 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 these,
reverse osmosis has the disadvantage of being ineffective
because its removal efficiency is high, but the treatment
cost is also high (Yeoman et al. 1988, Clark et al. 1997).
Chemical precipitation produces sludge and is not preferred
for phosphate removal because of the large sludge
generation and disposal costs (Morse et al. 1998).
Biological treatments generally have low removal
efficiencies and are sensitive to temperature (Sommariva et
al. 1997). Beyond these phosphorus removal methods,
adsorption is the most efficient method because it is simple,
economical, and has the advantage that harmful by-products
can be removed with little or no emissions (Liu et al. 2013).
The aluminum (Al), calcium (Ca), and iron (Fe) contents in
phosphate adsorption are closely related to phosphate
removal efficiency (Wang et al. 2018). Among them,
natural materials rich in calcium (Ca) have strong
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interactions between some Ca compounds and P. Recently,
recycling of wastes or by-products as phosphate adsorbents
has received a lot of attention; in particular, shells have
shown significant advantages such as high CaCOj; content,
non-toxicity, and recyclability (Nguyen et al. 2020). For
this reason, oyster shells (Lee et al. 2021), vongole clam
shells (Lo Monaco et al. 2012), and mussel shells (Lee et al.
2022) have been studied as adsorbents for P removal, but no
research has been conducted on Mactra veneriformis shells.

M. veneriformis is a marine mollusk belonging to the
improved Clamaceae family and is a shellfish with a shell
length of 45 mm and a height of approximately 30 mm. It
inhabits sandy mud or muddy bottoms at a depth of
approximately 20 m, is preferred for food, and is distributed
all over Korea along the coasts of Japan and China (Yu et
al. 2009; Ni et al. 2015). Thermal-activated mussel shells
reduce aqueous phosphate by approximately 90%, and
inactivated mussel shells reduce about 40% (Currie et al.
2007). Similar to mussels, as the main component is
calcium carbonate, M. veneriformis shells (MVS) can be an
environmentally friendly adsorbent because waste can be
recycled as an adsorbent for the phosphate removal process,
and the phosphate adsorption capacity can be further
improved through thermal activation.

In this study, thermal activation was applied to enhance
the adsorption capacity of MVS for phosphates and to
remove microorganisms and odors from MVS. The
phosphate removal ability and physical/chemical properties
of thermally activated MVS at various temperatures were
evaluated in batch experiments. Further batch adsorption
experiments were performed using the most efficient MVS
under various conditions, including reaction time,
equilibrium  concentration, reaction temperature, pH,
competing anion, and adsorbent injection amount.

2. Materials and methods

2.1 Heat treatment method of adsorbent and analysis
of adsorbent

MVS used in experiment was obtained from a local
restaurant, cleaned with distilled water, and dried at 150 °C
for 24 h. After washing, the dried MVS was crushed and
sifted to form a constant particle size of 0.245 mm or less
before use. The prepared MVS was thermally activated in a
muffle furnace (CRFT 830S, Dongseo Science Co. Ltd.
Korea) for 4 h to enhance its adsorption capacity. During
thermal activation, N2 gas flowed into the furnace to create
anoxic conditions, and the temperatures used for thermal
treatment were 100, 300, 500, 700, 800, and 900 °C. The
MVS thermally activated at various temperatures are
denoted as MVS-NT (untreated), MVS-100, MVS-300,
MVS-500, MVS-700, MVS-800, and MVS-900.

MVS thermally-activated at 0-900 °C has been
characterized using various methods. The surface
morphology of MVS was observed using a field-emission
scanning microscope (FE-SEM; S-4700, Hitachi, Japan).
The composition and spatial distribution of the elements on
the sample surface were investigated using an energy
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dispersive X-ray spectrometer (EDS) attached to the
FE-SEM. The specific surface area of MVS was calculated
using the Brunauer-Emmett-Teller equation from the
nitrogen adsorption-desorption isotherm data obtained using
a surface area analyzer (Autosorb-iQ, Quantachrome
Corporation, USA). The mineralogical structure of the
adsorbent was analyzed using X-ray diffraction (XRD)
(Smartlab, Rigaku, Japan). X-ray fluorescence spectroscopy
(XRF; Primus ZSX 4, Rigaku, Japan) was used to analyze
the elemental composition of the MVS annealed at various
temperatures. The mass change according to the
temperature change of the sample was analyzed using a
thermogravimetric analyzer (TGA; Pyrisl, Perkin-Elmer,
USA).

2.2 Adsorption experiment

The phosphate stock solution used in the experiment was
prepared by dissolving potassium monohydrogen phosphate
(K2HPO.) and potassium dihydrogen phosphate (KH2PO4)
in deionized water to obtain 1000 mg/L, which was diluted
according to the required concentration. To investigate the
phosphorus adsorption capacity of MVS according to the
thermal activation temperature, 30 mL of 100 mg/L
phosphate solution and 0.1 g of untreated MVS (MVS-NT)
and thermally activated MVS (MVS-100, MVS-300, MVS-
500, MVS-700, MVS-800, and MVS-900) were used to
investigate the phosphorus adsorption capacity of MVS
according to the thermal activation temperature.

The MVS-800 was subjected to batch testing under
various experimental conditions. Unless otherwise specified,
all adsorption experiments were performed at a reaction
temperature of 25 °C with 3.33 g/L of MVS-800 and a
phosphate solution at a concentration of 900 mg/L with
stirring at 100 rpm for 48 h. For the kinetic adsorption of
MVS-800, a phosphate concentration of 900 mg/L was used.
In addition, at a reaction temperature of 25 °C, various
reaction times were carried out in the range of 0.25 to 92 h
(0.25, 05, 1, 2, 3, 6, 12, 24, 48, 72, up and 92 h).
Equilibrium adsorption of MVS-800 was performed for 48
h at initial phosphate concentrations of 10, 30, 50, 100, 300,
400, 500, 700, 900, 1000, 1200, and 1300 mg/L.
Thermodynamic adsorption was performed by controlling
the reaction temperature at 15 °C, 25 °C, and 35 °C. The
effect of pH on the phosphorus adsorption capacity of
MVS-800 was evaluated at pH values ranging from 3 to 9.
Acidic and basic solutions (HCI and NaOH, 0.1 M) were
added to adjust the pH of the solution. NaCl, Na;SOsa,
NaHCOs3, and NaNOs at concentrations of 1.0 mM and 10
mM were used to prepare phosphate solutions containing
competing anions, and the effect of competing anions on
adsorption was evaluated. The effects of the amount of
MVS-800 adsorbent on the phosphate adsorption capacity
and removal ratio were evaluated by reacting different
amounts of adsorbent (1.67, 3.33, 6.67, 13.33, and 16.67
g/L).

All experiments were repeated thrice. After adsorption,
the phosphate solution and adsorbent were separated using
filter paper. The concentration of phosphate separated from
the adsorbent was measured by the ascorbic acid method
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Fig. 1 Surface morphology of the thermal-activated MVS
at various temperatures: (a) untreated, (b) 100 °C, (c) 300
°C, (d) 500 °C, (e) 700 °C, (f) 800 °C, (g) 900 °C, and (h)
digital image of powdered MVS

(Saglam et al. 2016). The absorbance of the isolated
solution was measured at 880 nm using an ultraviolet/
visible spectrophotometer (Optizen POP QX; Mecasys,
Korea).

2.3 Data analysis of adsorption kinetic, isotherms, and
thermodynamic models

The kinetic model of the pseudo-first-order model (Eq. 1)
and pseudo-second-order (Eg. 2) were used to fit the
experimental Kinetic data.

9 = qe(1 — exp (k1)) 1)
_ kpqit
qc = “‘Tzqet )

where @; is the amount of phosphate adsorbed at time t
(mg/g), ge is the amount of phosphate adsorbed at
equilibrium (mg/g), k1 is the pseudo-first order rate constant
(2/h), and ko is the pseudo-second order rate constant
(g/mg/h).

The equilibrium data were analyzed using the Langmuir
(Eq. 3) and Freundlich (Eq. 4) models:

0k, C
e =T1K,C 3)

1
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where C. is the equilibrium concentration of the phosphate
solution (mg/L), Qm is the maximum adsorption capacity of
the adsorbent (mg/g), K. is the Langmuir constant related to
the affinity of the binding energy (L/mg), Kgr is the
distribution coefficient (L/g), and 1/n is the Freundlich
constant (-). The values of K., Qm, Kg and n can be
determined by fitting the Langmuir and Freundlich models
to the observed data.

Thermodynamic adsorption parameters, such as Gibbs
free energy (AGP), enthalpy (AHP), and entropy (AS®), were
determined using the following equations:

AG® = AH® — TAS® (5)
AG® = —RTInK, (6)
AS°  AH®
= —— 7
InK, R RT (7
aqe
K, =
e Ce (8)

where AG? is the change in Gibbs free energy, ASC is the
change in entropy, AHC is the change in enthalpy, T is the
absolute temperature (K), R is the universal gas constant
(8.314 J/imol - K), K. is the equilibrium constant, and a is
the amount of adsorbent (g/L).

3. Results and discussion

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 various methods.
FE-SEM images of thermally activated MVS at various
temperatures are shown in Fig. 1. The surface of untreated
MVS was observed to have a rough and irregularly layered
structure. As the thermal activation temperature increased,
the surface of MVS melted, and a smooth surface was
observed in MVS-300. Stomata gradually increased from
MVS-300 to MVS-700. In MVS-800, the pores became
noticeably very large, but the large pores in MVS-900
melted and were destroyed. This shows that the organic
matter in MVS is decomposed and released during the
thermal activation process, and the surface morphology
changes (Lee et al. 2022). The specific surface area of MVS
did not change with the thermal activation temperature, and
the specific surface area of MVS was 3 m?/g or less. Table
1 shows that the specific surface area of MVS was not
dependent on thermal activation. Accordingly, the
phosphate adsorption capacity of MVS was not affected by
the specific surface area. As shown in Table 1, the
elemental composition of MVS changed as the thermal
activation temperature of MVS increased. The change in the
elemental composition of MVS indicated that the Ca
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Fig. 2 XRD patterns of the thermal-activated MVS at
various temperatures: (a) untreated, (b) 100 °C, (c) 300 °C,
(d) 500 °C, (e) 700 °C, (f) 800 °C, and (g) 900 °C

content increased, and the C content decreased as the
thermal activation temperature increased. This is because,
during the thermal activation process, CaCO3 decomposes
into CaO at a high temperature, and CO; is released (Choia
et al. 2021).

The mineral structure of MVS is thermally activated and
changes with the temperature. The XRD results are shown
in Fig. 2 and Table 1. The peaks of MVS-NT and MVS-100
represent aragonite (CaCOj3) and calcite (CaCOs),
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Table 1 Elemental composition, mineral composition and BET results of thermal-activated MVS at various
temperatures
Mineral composition (%) Surface Pore  Pore Elemental Composition (wt%)
Adsorbent Calacite Aragonite Graphite-3 Lime area  volume size .
CaCOs  CaCOs R cao  (m2g) (cm¥g) (nm) CaO C NaO SiO2 P.0Os Cl Others
MVS-NT - 100 - - 124 0.0074 239 644 290 096 0.22 0.10 0.05 5.3
MVS-100 - 100 - - 216 0.0091 1.68 674 260 102 0.26 0.08 0.04 54
MVS-300 7.04 93.0 - - 1.70 0.0063 150 656 280 099 021 0.06 0.04 51
MVS-500 98.5 - 1.49 - 0.58 0.0021 142 634 300 118 0.27 0.07 0.04 5.0
MVS-700 99.0 - 1.04 - 0.37 0.0018 1.96 633 270 215 034 0.07 0.02 7.1
MVS-800 17.97 - - 820 045 0.0011 478 734 200 132 0.09 005 003 51
MVS-900 5.5 - - 945 0.61 0.0028 1.79 753 190 0.34 0.11 0.05 0.02 5.2
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during the thermal activation process, CaCOj is
decomposed into CaO at a high temperature, and CO; is
released.

The results of the TGA analysis of mass loss with
increasing temperature are shown in Fig. 3. The mass loss
with increasing temperature of MVS slowly decreased up to
600 °C with increasing temperature and showed a sharp
weight loss between 600 °C and 800 °C. Above 800 °C,
there was no change in weight. The weight change between
600 °C and 800 °C decreased from 98.7% to 71.6% because
CaCO3 decomposed to CaO and CO; between 600 °C and
800 °C (Lee et al. 2021). It can be inferred from this result
that CaCOs in MVS starts to decompose at 600 °C and is
completely decomposed at 800 °C. These results are
consistent with the CaO peak, shown from 800 °C in the
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Fig. 6 Equilibrium adsorption to phosphate adsorption of
thermally activated MVP at 800 °C

XRD results above, and the elemental composition with
decreasing C content and increasing Ca content.

Fig. 4 shows the effect of phosphate adsorption on the
MVS according to the activation temperature. The
phosphate adsorption capacity was observed from MVS-NT
to MVS-500. However, for MVS-700, the adsorption
amount increased noticeably from 9.53 mg/g to 20.75 mg/g.
Phosphate adsorption showed the greatest adsorption

Table 2 Kinetic model parameters obtained from model
fitting of experimental data

Model Parameter R2(-)
e (Mg ki (1/h
Pseudo-first-order e (ma/g) 1M 0.985
136.06 0.042
e (Mg/ k2 (g/mg/h
Pseudo-second-order e (mgl) 2 (g/mg/h) 0.977
253.46 0.0001

Table 3 Equilibrium model parameters obtained from model
fitting of the experimental data

Model Parameter R2(-)

Langmuir Qn (mo/g) - (L/mg) 0.93
188.86 191
Kr (L/ n (-

Freundlich (Lig) Y
74.48 0.16

capacity in MVS-800 and MVS-900. Phosphate adsorption
by MVS-800 was 29.96 mg/g, and that by MVS-900 was
29.95 mg/g, indicating a slight difference in phosphate
adsorption capacity between MVS-800 and MVS-900. The
higher phosphate adsorption capacity of MVS-800 and
MVS-900 compared to that of MVS-700 can be explained
by the CaO that appeared in MVS-800 in the XRD analysis
results. CaO is more soluble than CaCO3 (Lee et al. 2021)
and reacts with H,O to form Ca(OH).. Ca(OH); reacts with
phosphate to form hydroxyphosphate (Caio(PO4)s(OH)2)
and calcium phosphate (Cas(POa.)2), which remove
phosphate in water via the formation of precipitates. This
has been demonstrated for other adsorbents based on
CaCOs (Yin and Kong 2014, Lee et al. 2022).

3.2 Kinetic of phosphate adsorption

Kinetic analyses are essential because they provide
insight into the interactions between adsorbents and
adsorbates and provide information on the adsorption
equilibrium and mechanisms (Dos Reis et al. 2020).
Therefore, using MVS-800 and 900 mg/L of phosphate
solution, kinetic adsorption was investigated for its ability
of MVS-800 to adsorb the phosphate solution. The amount
of phosphate adsorbed by MVS-800 increased to 119.74
mg/g at 24 h. Thereafter, the adsorption capacity further
increased up to 182.20 mg/g at 48 h, in which the
adsorption capacity was reached to equilibrium.

To investigate the principle of kinetic adsorption
between MVS-800 and phosphate, experimental data were
analyzed through pseudo-first-order (PFO) and pseudo-
second-order (PSO) models. The kinetic phosphate
adsorption data and model-fitted line are shown in Fig. 5,
and the parameters of the kinetic models PFO and PSO are
listed in Table 2. When the parameters of the two kinetic
models are compared, it can be seen that the R? value
(0.985) of the PFO model is higher than the R? value
(0.977) of the PSO model. In addition, the adsorption
amount of phosphate obtained through the experiment
(182.20 mg/g) was closer to that obtained using the PFO



6 Yeon-Jin Lee, Jae-In Lee, Chang-Gu Lee and Seong-Jik Park

Table 4 Maximum adsorption amount of phosphate adsorbent reported in other literature

Absorbents Qm (mg/g)  Particle size Reference
MVS-800 188.86 <0.425 mm This study
BC-LDH composite (B-Mg/Al-LDH-1) 152.1 0.15 mm (Yang et al. 2019)
NaLa(COa): 120.23 13.89 um (Hao et al. 2019)
Iron-modified biochars derived from waste activated sludg(MB3) 111.00 0.5-1 mm (Yang et al. 2018)
Calcined eggshells 108.20 0.425-0.85 mm (Lee et al. 2022)
Magnetic MLC composites (MLC-21) 77.85 54.21 (Hao et al. 2019)
Mg-biochar from ground coffee waste 63.5 3.46 pm (Shin et al. 2020)
Chitosan beads modified with zirconium (ZCB) 61.7 - (Liu and Zhang 2015)
CSW-T 57.64 - (Reis et al. 2020)
Mesoporous ZrO2 29.71 - (Liu et al. 2008)
ACF-ZrFe 26.32 - (Xiong et al. 2017)
ZrO2@Fe304 15.98 - (Fang et al. 2017)
Magnetic Fe-Zr binary oxide 13.65 - (Long et al. 2011)
Hybrid hydrated aluminum oxide zeolite (Z-Al) 7.00 200 pm (Guaya et al. 2015)

model (193.06 mg/g) than that obtained using the PSO
model (253.46 mg/g), We found that the PFO model better
explains the phosphate adsorption of MVS-800. In addition,
the amount of phosphate adsorbed in the actual experiment
(182.20 mg/g) was closer to that obtained by analysis with
the PFO model (193.06 mg/g) than with that obtained by
the PSO model (253.46 mg/g). These results suggest that,
among the two kinetic models, the PFO model better
explains the phosphate adsorption of MVS-800 than the
PSO model. The theoretical interpretation of the pseudo-
first-order equations suggests that the overall adsorption
process is controlled by the rate of adsorption/desorption in
terms of the chemical reaction of the adsorbent surface.
(Plazinski et al. 2009).

3.3 Adsorption isotherms

Applying the isothermal model to underwater adsorption
data helps to investigate the principle mechanism of
contaminant adsorption and to design the capacity and
conditions for contaminant removal (Dwivedi et al. 2015).
The 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 various concentrations of phosphates (10-1300
mg/L). The parameters of the modeled data are presented in
Table 3 and the adsorption data are shown in Fig. 6. The
phosphate adsorption capacity of MVS-800 increased with
increasing initial phosphate concentration. The R? values of
the Freundlich is 0.80 and the R? of the Langmuir models
were 0.93. As a result, the Langmuir R2 value is higher than
the Freundlich R? value, indicating that the Langmuir model
is a better fit for the phosphate adsorption of MVS-800. The
Langmuir model assumes tomographic sorption, in which
all surface regions are similar and independent of the
adjacent site occupancy (Christou et al. 2019); that is,
phosphate adsorption suggests that the entire adsorption site
is the same on the surface of MVS-800 and that it is a

monolayer adsorption with a similar affinity for phosphate
(Jiao et al. 2021). The adsorption amount in the actual
adsorption experiment was 194.22 mg/L, close to the
maximum adsorption amount (188.86 mg/g calculated using
the Langmuir model.

Table 4 compares the maximum adsorption capacity of
phosphate adsorbents of other literature and the maximum
adsorption capacity of MVS-800. It can be seen that
MVS-800 has a high adsorption capacity among the
adsorbents for phosphate removal reported in other
literature.

1/n, a parameter of the Freundlich model, is a
heterogeneity factor related to the adsorption strength or
surface non-uniformity between the adsorbent and
adsorbent (Wang et al. 2017). Van Bladel and Moreale
defined the Freundlich K and 1/n constants as adsorption
capacity and intensity, respectively (Shafgat and Pierzynski
2014). A value of 1/n less than 1 indicates a suitable
Langmuir isotherm, whereas a value greater than 1 indicates
cooperative adsorption (Tan et al. 2008). The 1/n value
calculated in this study was 0.16. Kr is 74.48 (mg/g)-
(L/g)lln.

3.4 Thermodynamics of adsorption

Phosphate adsorption experiments were performed on
MVS-800 at different reaction temperatures of 15 °C, 25
°C, and 35 °C, respectively, and thermodynamic analysis
was performed. A plot of In(Ke) versus 1/T from the
intercept is calculated as the change in entropy (AS®), and it
is possible to calculate the change in enthalpy (AH®) by the
slope (Lima et al. 2019). Table 5 lists the parameters used
in the thermodynamic analysis. AH® suggests that the
adsorption reaction between the solution and the adsorbent
is endothermic or exothermic. Entropy is a criterion for the
pattern or disorder in which thermodynamic adsorption
systems are rearranged, and AS® may reflect specific
interactions of the adsorbent-adsorbent and the limited
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Table 5 Thermodynamic parameters of adsorption between
MVS-800 and phosphate solution

Temperature AH® AS° AG*®
(°C) (kJ/mol) (J/K mol) (kd/mol)
15 40.5 112.2 8.22
25 7.10
35 5.98
200
180 A = ™ 0
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Fig. 8 Effect of coexisting anions on phosphate adsorption
of MVS-800

mobility of adsorbed molecules (Du et al. 2021). AG®
spontaneously and can also be used to analyze the type of
indicates whether the adsorption process can proceed
spontaneously and 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 to MVS-800
increases with increasing temperature. Because AH° is
positive, the adsorption of phosphate in the thermally
activated MVS-800 is endothermic. The positive value of
AS° also shows that the randomness at the interface
between solid and solution for phosphate adsorption in the
internal structure of MVS-800 increases (Lee et al. 2022;
Unuabonah et al. 2007; Liu et al. 2011) AG® was 8.22, 7.10
and 5.98 kJ/mol at 15, 25, and 35 °C, respectively, and
decreased with increasing temperature. It can be seen that in

phosphate adsorption by MVS-800, an involuntary
adsorption reaction occurs despite an increase in the
reaction temperature for phosphate adsorption.

3.5 Phosphate solution adsorption of MVS-800
according to pH

Changes in pH can affect the adsorption process by
dissociating the adsorbate of different species and
functional groups present at the active site of the adsorbent
(Reis et al. 2020). For this reason, it is necessary to
understand the effect of pH on the phosphate adsorption
process. The adsorption amount of MVS-800 in a phosphate
solution of pH 3-11 shows a tendency inversely
proportional to the increase in pH. From pH 3 to pH 7, the
change was insignificant from 193.08 mg/g to 181.82 mg/g,
but the adsorption amount decreased sharply at pH 9 and
was maintained at 127.43 mg/g until pH 11. The inorganic
forms of P (POs-P) in water exist in various anionic forms,
such as H,PO;, HPO,~, and PO,*, depending on
environmental pH (Zhang et al. 2020). At pH 11, phosphate
exists as HPO4%, which is thought to be due to the decrease
in the phosphate adsorption capacity of MVS-800 owing to
electrostatic repulsion with the negatively charged
adsorbent surface (Karaca et al. 2006). In addition, it was
determined that the phosphate adsorption capacity of
MVS-800 is lowered due to the competition between OH"
and HPO4* in terms of adsorption of MVS-800 because of
the presence of a large amount of OH" due to the high pH.
When the pH value is low, the surface of MVS-800 is
positively charged, indicating that the adsorption amount is
increased. Therefore, the pH condition for the highest
adsorption amount of MVS-800 was pH 3, and the pH
condition for the lowest adsorption amount was pH 11.

3.6 Effect of competing ions on phosphate adsorption
of MVS-800

Surface water and groundwater are frequently polluted
with anions, including bicarbonate, sulfate, nitrate, and
chloride, commonly supplied by industrial and agricultural
operations (Hong et al. 2020). Therefore, it is necessary to
investigate the effect of anions on phosphate adsorption.
The coexisting anions (COs%, SO4%, NOg, and CI) in the
phosphate solution interfere with phosphate adsorption by
MVS-800. As the amount of coexisting anions increased,
the amount of phosphate adsorbed by the MVS-800
decreased. In addition, it was found that competing anions
had a negative effect on phosphate adsorption in the
following order: COs? > SO4* > NO3 > Cl. HCO3 or SO,
combines with Ca?* in MVS-800 to form insoluble or
sparingly soluble substances, thereby reducing the number
of active sites on the adsorbent surface, which has a
significant effect on phosphate removal (Liu et al. 2019).
Sulfate ions competed with phosphate to occupy the surface
of MVS-800, reducing phosphate adsorption. This is
because the ionic radius of aqueous sulfate (2.3 A) is almost
the same as that of phosphate (2.38 A) (Kumar &
Viswanathan. 2018). In comparison, NO3™ and CI- had no
significant effect on phosphate removal. This is because
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phosphate adsorption forms an inner complex and nitrate
and chloride adsorption do not compete as they form an
outer complex (McBride 1997, Kumar et al. 2014).

3.7 Phosphate adsorption according to the dose of
MVS-800

The adsorbent dosage is an important parameter that
affects the removal efficiency of the adsorbent. The
removal efficiency of MVS-800 was proportional to the
adsorbent dosage. In addition, the adsorption amount per
unit mass decreased as the adsorbent dosage increased in
Fig 9. When the adsorbent capacity was increased from
1.67 g/L to 6.67 g¢/L, the phosphates removal efficiency
increased from 44.0% to 99.9%. This is because they
provide more adsorption sites at higher adsorption
capacities (Nguyen et al. 2020). Compared with other
phosphate removal references, MVS-800 requires less
adsorbent dosage to achieve greater than 90% removal
efficiency compared to other adsorbents (Waste brick 20
g/L; (Jia et al. 2013), Waste alum sludge 10 g/L;
(Babatunde and Zhao 2010)).

4. Conclusions

This study suggests the recycling of MVS as a
value-added product for removing phosphate in aqueous
solutions; it was thermally activated to enhance its
phosphate adsorption capacity. The mineral composition of
thermally activated MVS showed that CaCOs in MVS was
decomposed into CaO at >700 °C because CO, was
released. The C content of MVS decreased, and the Ca
content increased. By comparing the phosphate adsorption
capacity of each calcined adsorbent at each temperature of
MVS, the optimum thermal treatment temperature of MVS
to improve the phosphate adsorption capacity was
determined to be 800 °C. MVS-800 suggested an adsorption
mechanism through calcium phosphate precipitation.
Subsequently, kinetic studies performed with MVS-800
showed that the PFO model was more suitable than the PSO
model. In the equilibrium adsorption experiment, as a result
of the analysis using the Langmuir and Freundlich models,
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Langmuir was able to provide a more appropriate
explanation for the phosphate adsorption of MVS-800. This
means that all surface areas were homogeneous for
phosphate adsorption by MVS-800, and the adsorption
consisted of a single layer. Compared with the phosphate
adsorbents reported in the literature, the maximum
adsorption capacity (194.22 mg/g) of MVS-800 appears to
be high. Thermodynamic analysis of thermally activated
MVS-800 showed that phosphate adsorption was an
endothermic and involuntary reaction. Phosphate adsorption
by MVS-800 was highest at low pH. The presence of anions
in the phosphate adsorption decreased the phosphate
adsorption of MVS-800 in the order of CO3*, SO4*, NOg,
and CI. The optimal injection amount for phosphate
adsorption on MVS-800 was determined to be 6.67 g/L.
According to the experimental data thus far, MVS-800 is an
eco-friendly adsorbent that recycles waste resources, and it
is judged to be an adsorbent with high adsorption power to
remove phosphate from aqueous solutions.
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