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Abstract 

This study was conducted to evaluate the phosphate sorption properties of eggshell (ES) and calcined ESs (C‑ESs) 
in a high‑concentration phosphate solution. The C‑ESs yield decreased rapidly at 900 °C, indicating that the  CaCO3 
constituting the ES was converted to CaO by the high calcination temperature. The optimum calcination temperature 
for phosphate removal using C‑ES was 900 °C. The actual sorption amount of phosphate by ES and C‑ES900 was in 
agreement with the Langmuir isothermal sorption equation, and the maximum sorption capacities derived from this 
equation were 178.6 and 270.3 mg/g, respectively. The sorption rate of phosphate by ES and C‑ES900 was divided into 
two stages: an initial fast sorption stage, followed by a slow sorption stage. The sorption of phosphate by ES was dom‑
inantly influenced by the initial pH and salt concentration, whereas C‑ES900 exhibited a constant sorption capacity 
regardless of environmental changes. The SEM–EDS and XRD results demonstrated that phosphate was successfully 
adsorbed on the ES and C‑SE900 surfaces. In this study, it was found that the sorption of phosphate by ES occurred via 
ion exchange and precipitation reactions and that the sorption of phosphate by C‑ES900 was dominantly affected by 
precipitation. Above all, C‑ES can be applied as an effective adsorbent for removing high concentrations of phosphate 
under a wide range of environmental conditions.
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Introduction
Phosphorus (P) is sporadically discharged from vari-
ous sources, such as domestic sewage, agricultural land, 
and urban areas, and easily flows into the water sys-
tem via rainfall [1]. In particular, excessive phosphate 
in rivers and lakes is known to promote phytoplankton 
growth and cause eutrophication [2, 3]. Eutrophication 
reduces the dissolved oxygen concentration in water, 
which is devastating to aquatic life and can ultimately 
reduce aquatic biodiversity [4]. In addition, various toxic 

substances produced by eutrophication accumulate in 
the food chain, ultimately endangering human health. 
In general, eutrophication occurs when the phosphate 
concentration is above 0.02 mg/L in rivers and lakes [5]. 
Therefore, the government closely regulates the concen-
tration of phosphate in the water system. The removal 
and recovery of phosphorus from aquatic ecosystems or 
discharged from various nonpoint sources is critical to 
maintain a healthy environment.

The ion exchange resin method, biological denitrifica-
tion, chemical reduction, reverse osmosis method, elec-
trodialysis method, and chemical precipitation method 
are common techniques to remove phosphorus from 
wastewater [6, 7]. However, these treatment methods 
not only have high installation and operation costs but 
also have difficulty maintaining a stable phosphorus 
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treatment efficiency [8]. In addition, most mechanical 
methods generate a substantial amount of sludge, which 
can also be regarded as waste and cause secondary pollu-
tion. Over the past few decades, adsorption has become 
a promising and economical phosphorus treatment tech-
nology to overcome these problems [9, 10].

Recently, mineral- and waste-based and synthetic 
adsorbents have been developed for phosphorus adsorp-
tion [11–13]. However, mineral-based and synthetic 
adsorbents are limited in treating wastewater with high 
concentrations of phosphorus generated on a large scale 
because of their high cost and low treatment efficiency. 
In addition, low-cost and high-efficiency adsorbents 
based on waste such as fly ash and sludge may be effec-
tive for phosphorus removal, but they are unsuitable for 
large-scale facilities because of the risk of leaching toxic 
substances [14]. In this regard, the development of a new 
adsorbent for phosphorus treatment that is economi-
cally feasible, efficient, and stable is of great interest. In 
particular, several studies have reported that the stably 
developed calcium-rich material with adsorbed phos-
phate can be utilized as a fertilizer and industrial material 
[15–17]. Therefore, if calcium-rich waste can be used as a 
resource and produced as an adsorbent that can remove 
phosphate, it is expected to be a technology that can 
simultaneously satisfy waste reduction, wastewater treat-
ment and development of new materials.

Recently, the demand for eggs in South Korea has 
been approximately 650,000 t/yr. As the demand for 
eggs gradually increases annually, the production of egg-
shells (ESs) is also expected to increase to approximately 
70,000 t/yr, which is 11% of the weight of eggs, most of 
which are landfilled without special recycling. Therefore, 
using ESs as a phosphorus adsorbent could compensate 
for the problems of existing adsorbents while reducing 
waste. The main component of ES is calcium carbon-
ate  (CaCO3), which has been studied extensively as a 
material capable of effectively adsorbing/precipitating 
phosphate via ion exchange and complex formation in 
aqueous solutions [18]. In particular, it has been reported 
that calcined ESs (C-ESs) prepared at high calcination 
temperatures have a higher affinity for phosphate than 
pure ESs owing to the physicochemical changes from the 
treatment [19, 20]. However, most of the studies on the 
sorption properties of conventional ESs and C-ESs were 
performed at low phosphate concentrations, indicat-
ing that their sorption capacity may have been underes-
timated. In addition, there have been no reports on the 
behavioral characteristics of phosphates in ESs and C-ESs 
when high concentrations of phosphates are introduced 
under various environmental changes. Therefore, the 
purpose of this study was to determine the maximum 
sorption capacity of phosphate by ESs and C-ESs in a 

high-concentration phosphate solution and to evaluate 
their sorption characteristics under various environmen-
tal conditions.

Materials and methods
Preparation and characteristics of ESs and C‑ESs
The ESs used in this experiment were collected from 
a local restaurant and washed with distilled water to 
remove foreign substances from the surface before cal-
cination. The washed ESs were dried in a dry oven (JS 
Research INC, Korea) at 60  °C and then pulverized, 
sealed, and stored to prevent contamination with air 
before use. C-ESs were prepared by calcining a crucible 
with crushed ESs and adjusting the calcination tempera-
ture to 300–900 °C in a calcination furnace (Nabertherm, 
Germany). The temperature of C-ESs in the calcination 
furnace was maintained for 1  h (residence time) after 
reaching the target temperature, and then it was set to 
cool naturally. In this experiment, the C-ESs are denoted 
as C-ESx, where x is the calcination temperature. The 
yield of the prepared C-ESs was calculated using the 
weight difference between the raw material and C-ES 
after calcination. The pH and carbon and inorganic 
contents of the ESs and C-ESs were determined using a 
pH meter (Mettler Toledo, Swiss), elemental analyzer 
(Thermo Fisher Scientific, USA), and Inductively Cou-
pled Plasma-Optical Emission Spectrometry (ICP-OES, 
PerkinElmer, USA). The changes in the surface functional 
groups of the C-ESs owing to the calcination temperature 
were analyzed using Fourier Transform Infrared Spec-
troscopy (FTIR, PerkinElmer, USA).

Phosphate‑sorption characteristics of ESs and C‑ESs
The phosphate-sorption characteristics of the ESs and 
C-ESs were analyzed by varying the calcination tem-
perature, initial phosphate concentration, reaction time, 
initial pH, adsorbent dose, coexisting anions, and salt 
concentration. Briefly, 25  mL of a 100  mg/L phosphate 
solution (pH 5) was injected into a polyethylene tube 
containing 0.05 g of ESs and C-ESs prepared at different 
pyrolysis temperatures. The polyethylene tube contain-
ing the sample and phosphate solution was stirred on 
a stirrer for 24  h and then filtered through No. 6 filter 
paper (Toyo Roshi Kaisha, Ltd, Japan). The concentra-
tion of phosphate in the filtrate was determined using the 
molybdenum blue-ascorbic acid method. The amount of 
phosphate adsorbed per gram of ES and C-ES was calcu-
lated considering the initial and final phosphate concen-
trations. To determine the effects of the initial phosphate 
concentration on the phosphate-sorption characteris-
tics of the ES and C-ES900, the initial phosphate con-
centration was adjusted from 2.5  mg/L to 1000  mg/L. 
Subsequent experimental procedures and analyses were 
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performed in the same manner as previously described. 
The sorption results of ES and C-ES900 according to the 
initial phosphate solution were applied to the Freundlich 
and Langmuir isothermal sorption models, and the equa-
tions, plats, and constants related to the two models are 
presented in Additional file 1: Table S1.

Additionally, the effects of environmental changes, 
such as reaction time (0.25–24  h), initial pH (2–10), 
adsorbent dose (0.1–1.0  g), coexisting ions  (Cl−,  NO3

−, 
 SO4

2− and  HCO3
−), and salt concentration (0–3% of 

NaCl) were analyzed using an initial phosphate concen-
tration of 1000 mg/L. All this experiment was performed 
in triplicate, and the results are presented as mean and 
standard deviation in the figures.

Phosphate‑sorption mechanisms of ESs and C‑ESs
The concentration of  Ca2+ released from ES and C-ES900 
in the presence or absence of phosphate was evalu-
ated with distilled water and a phosphate solution of 
1000  mg/L adjusted to pH 5, and the concentration of 
released  Ca2+ ions was measured using ICP-OES. The 
surface properties, elemental distribution, and crystal-
line structure of ES and C-ES900 before and after phos-
phate sorption were determined using Scanning Electron 
Microscopy  (SEM) with Energy-Dispersive X-ray Spec-
troscopy (SEM–EDS, Jeol, Japan) and X-ray diffraction 
(XRD, Bruker, USA).

Results and discussions
Characteristics of ESs and C‑ESs according 
to the calcination temperature
Table  1 lists the characteristics of the ESs and C-ESs 
according to the thermal decomposition temperature. 
At pyrolysis temperatures from 300 to 800  °C, the yield 
of C-ES was in the range of 90.31–96.2%, and although 
it slightly decreased with the increase in pyrolysis tem-
perature, the difference was not significant. In contrast, 
the yield of C-ES900 was 65.1%, which was significantly 

lower than that of C-ES800. In general, pure ES is mostly 
composed of  CaCO3, which remains relatively stable 
up to a calcination temperature of 800 °C. However, the 
 CaCO3 in ESs is converted to CaO at a calcination tem-
perature of 900 °C [21], with a substantial amount of  CO2 
generated during the conversion. Therefore, the yield of 
ES900 was drastically reduced compared with that of 
pure ES. The carbon content of ES was 18.6% whereas 
that of C-ES900 was 6.9%, indicating that the carbon in 
the ES was emitted as  CO2 during the calcination pro-
cess  (CaCO3 CaO +  CO2). Our results are consistent 
with those of Park et  al. [22] and Choi et  al. [23], who 
reported that the carbon content in oyster and crawfish 
shells composed of  CaCO3 also decreased depending on 
the calcination temperature. While the specific surface 
area of ES was 0.87  m2/g, it tended to increase as the cal-
cination temperature increased from 300  °C to 700  °C. 
However, from the calcination temperature of 800 °C or 
higher, the specific surface area tended to decrease rap-
idly. These results suggest that  CaCO3-based ES at high 
temperatures over 800 °C contributed to recrystallization 
into CaO and/or Ca(OH)2 during the calcination process.

The pH of the ESs was 7.99, and although C-ESs were 
thermally decomposed at 300–800 ℃, their pH was in 
the range of 7.58–8.35, and there was no significant dif-
ference in the pH of the C-ESs. However, the pH of ESs 
calcined at 900  °C was 11.47, which was higher than 
that of the conventional ESs and ESs calcined (C-ESs) 
at 300–800 °C. This is because  CaCO3 was converted to 
CaO at 900 ℃, and the dissolution of CaO in the aque-
ous phase (CaO +  H2O  Ca2+  +  2OH−) caused the high 
alkalinity. In addition,  CaCO3 in ES is partially converted 
to Ca(OH)2 during the calcination process, which also 
causes high alkalinity in the aqueous. The carbon content 
in the ESs was 30.7%, which tended to increase slightly 
with increasing the calcination temperature. This is 
because the Ca content per unit weight of C-ES increased 
as moisture, impurities, and  CO2 in the ES were lost 

Table 1 Properties of ES and C‑ESs

Yield SBET pH C K Na Ca Mg P
(%) (m2/g) (5:1) %

ES – 0.87 7.99 18.55 0.05 0.05 30.74 0.27 0.08

C‑ES300 96.2 1.26 7.97 17.56 0.06 0.05 39.65 0.26 0.08

C‑ES400 95.7 3.69 7.85 17.07 0.07 0.07 37.95 0.25 0.08

C‑ES500 94.5 6.48 7.76 16.64 0.07 0.07 36.39 0.26 0.08

C‑ES600 93.4 16.25 7.58 15.88 0.02 0.03 35.48 0.25 0.08

C‑ES700 92.6 21.14 7.70 15.58 0.06 0.07 38.60 0.26 0.08

C‑ES800 90.1 14.21 8.35 14.96 0.06 0.06 40.46 0.35 0.11

C‑ES900 65.1 8.24 11.47 6.90 0.02 0.03 41.60 0.28 0.09
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during the calcination. The contents of K, Na, Mg, and 
P of the C-ESs did not vary significantly with the calcina-
tion temperature.

The functional groups of the ESs and C-ESs prepared 
at different pyrolysis temperatures are shown in Fig.  1. 
The peak generated at a wavelength of 562   cm−1 in 
C-ES900 is attributed to Ca–O [24]. The peaks assigned 
to the wavelengths of 712, 872, and 1,423   cm−1 indi-
cated that symmetric and asymmetric C–O stretching, 
respectively, contributed to  CO3

2− [25, 26], and these 
peaks were observed in both ESs and C-ESs. Although 
the  CaCO3 in the ES was converted to CaO during the 
high-temperature calcination process, these peaks 
were observed because some  CaCO3 remained in the 
C-ES900. The little peaks found at wavelengths 1798 and 
2513  cm−1 in ES and C-ES could be attributed to  CaCO3 
[27]. A peak related to -OH was observed at a wavelength 
of 3642   cm−1 in C-ES800 and C-ES900, which is closely 
related to Ca(OH)2. In addition, these peaks tended to 
increase depending on the thermal decomposition tem-
perature. These results demonstrate that  CaCO3 based 
ES is converted to CaO and/or Ca(OH)2 during the cal-
cination process.

The above results confirmed that both ESs and C-ESs 
were mostly composed of C and Ca, but their crystal-
line structures are different. In a phosphate solution, 
substantial amounts of  Ca2+ ions on the surface of the 
ESs will elute and react with phosphate ions to form a 
compound and adsorb onto the surface. Although the 

chemical compositions of ECs and C-ESs may be similar, 
their maximum phosphate-sorption capacity and charac-
teristics vary due to their different crystalline structures. 
Therefore, future research should focus on the phos-
phate-sorption characteristics of ESs and C-ESs under 
various sorption environmental conditions.

Phosphate‑sorption characteristics of ESs and C‑ESs
Calcination temperature
Additional file  1: Fig. S1 shows the phosphate-sorption 
characteristics of C-ESs according to the pyrolysis tem-
perature. In the initial 100  mg/L phosphate solution 
(pH 5), the amount of phosphate adsorbed by pure ESs 
was 30.9 mg/g and that of C-ESs prepared at calcination 
temperatures of 300–600  °C did not vary significantly 
from that of pure ESs. However, the phosphate-sorption 
capacity of C-ES700 was reduced by 30% compared with 
that of pure ESs. Panagiotou et al. [28] and Lee et al. [20] 
also reported that the phosphate-sorption capacity of 
C-ESs prepared at 700  °C was lower than that of C-ESs 
prepared at other pyrolysis temperatures. This is because 
the  CaCO3 in the ESs was converted into another crys-
talline form that is poorly soluble in an aqueous solution 
before the conversion to CaO. The amounts of phos-
phate adsorbed using C-ES800 and C-ES900 were 40.3 
and 56.3 mg/g, respectively, which were higher than that 
using pure ESs. Köse and Kıvanç [21] reported that the 
optimum calcination temperature for removing phos-
phate using C-ESs is 800 °C, which may be owing to the 
different initial phosphate concentrations used in the 
experiment. In particular, C-ES900 has a higher phos-
phate sorption capacity than C-ES prepared at other 
calcination temperatures, because most of its composi-
tion is in the form of CaO, which is easily dissolved in 
water to form Ca–P precipitates. According to a report 
by Lee et al. [20], during the calcination process, the spe-
cific surface area of the ESs increases owing to the emis-
sion of  CO2, and the surface exhibits a positive charge, 
which is further improved as the pyrolysis temperature 
increases. These factors also contribute to the high sorp-
tion of phosphate when using C-ES900. In this study, the 
optimum temperature for phosphate sorption with C-ESs 
was 900  °C. Therefore, the sorption characteristics of 
phosphate under various environmental conditions were 
investigated by focusing on pure ESs and C-ES900.

Initial phosphate concentration
Figure  2 shows the phosphate-sorption characteristics 
of ES and C-ES900 according to the initial phosphate 
concentration. The amount of phosphate adsorbed 
by ESs tended to increase as the concentration of the 
initial phosphate increased, and it was confirmed 
that equilibrium was reached in an initial phosphate 
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solution of approximately 1000  mg/L. These results 
confirmed that the reaction between the phosphate 
and  Ca2+ ions eluted from the ES was predominantly 

affected by the phosphate concentration. However, 
when using C-ES900, the phosphate was almost com-
pletely adsorbed up to an initial phosphate concentra-
tion of 2.5–500  mg/L, but the amount adsorbed was 
limited when the initial phosphate concentration was 
1000  mg/L. Because the amount of  Ca2+ ions eluted 
from the CaO-based C-ES900 was reduced, the sorption 
was limited with the high concentration of phosphate. 
An isothermal sorption model equation was applied to 
evaluate the phosphate sorption mechanisms of ES and 
C-ES900 based on the initial phosphate concentration. 
The actual amount of phosphate adsorbed by ES and 
C-ES900 was in agreement with the Langmuir isother-
mal adsorption equation, and the maximum sorption 
capacities derived from this equation were 178.6 and 
270.3  mg/g, respectively (Table  2). In general, Lang-
muir isothermal adsorption means that contaminants 
are bound by a chemical reaction as a monomolecular 
layer on the surface of an adsorbent with uniform bind-
ing energy, which is different from the Freundlich iso-
thermal adsorption (physically adsorbed by a complex 
multi-molecular layer). According to literature survey, 
the amount of phosphate adsorbed by ESs and C-ESs 
was reported to vary from 0.4 to 44.25 mg/g [19, 21, 29, 
30], which was lower than that presented in the current 
study. The difference in the sorption amounts reported 
in this study and previous studies may be due to the 
conditions used in the experiment. As can be seen from 
our results, the amount of phosphate adsorbed by ES 
is dominantly affected by the initial phosphate con-
centration. However, the phosphate concentrations 
used in the previous study ranged from 1 to 200 mg/g, 
which are much lower than those used in the current 
study. The initial pH is also an important factor in the 
sorption of phosphate by ESs. In most of the underes-
timated results, the pH of the phosphate solution was 
adjusted to 7; however, the initial pH used in this study 
was adjusted to 5. At the initial pH of 7, the amount of 
 Ca2+ ions eluted from the ESs was relatively low, limit-
ing the reaction with the phosphate ions to form Ca–P.
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Table 2 The parameter estimates and coefficients of determination  (R2) for fit of the isotherm equation to experimental data of 
phosphate adsorption at ES and C‑ES900

K: adsorption capacity of phosphate

1/n: an empirical parameter related to the intensity of sorption

a: maximum adsorption capacities of phosphate (mg/g)

b: binding strength constant of phosphate

Freundlich adsorption isotherm Langmuir adsorption isotherm

K 1/n R2 a b R2

ES 5.2 0.5342 0.9868 178.6 0.007 0.9917

C‑ES900 69.9 0.2803 0.8553 270.3 0.487 1.0000
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Contact time
The results of phosphate sorption using ES and C-ES900 
according to the reaction time are shown in Fig. 3A. The 
amount of phosphate adsorbed by ESs tended to increase 
continuously until 8 h after the start of the reaction, after 
which the sorption amount remained relatively constant. 
However, the amount of phosphate adsorbed by C-ES900 
started to increase rapidly when the reaction began and 
almost reached equilibrium after 4 h. In conclusion, the 
phosphate sorption rates of ES and C-ES900 were divided 
into two stages. The first step was an increase in the sorp-
tion amount depending on the reaction time, and the 
second step was maintaining a constant sorption amount 
regardless of the reaction time after reaching equilibrium. 
The amount of contaminants adsorbed by the adsorbent 
in the initial stage of the reaction continuously increased, 
because most of the binding sites capable of adsorbing 
contaminants in the adsorbent were empty. However, 
when the binding sites of these adsorbents were saturated 

over time, the sorption amount no longer increased. In 
particular, the initial fast sorption of phosphate by the 
Ca-based adsorbents is influenced by the surface pre-
cipitation of the dissolved  Ca2+ ions from the adsorbent 
surface rather than by adsorption. In our results, both 
the calcium-based ES and C-ES900 are considered to 
be dominated by precipitation during the phosphate-
sorption process. In particular, the phosphate-sorption 
rate of C-ES900 was higher than that of ES, because the 
CaO constituting the C-ES900 dissolves more easily in an 
aqueous solution containing phosphate than the  CaCO3 
constituting ES.

Initial pH and adsorbent dosage
To evaluate the effect of pH on the phosphate sorption 
by ES and C-ES900, the pH of the aqueous phosphate 
solution was adjusted in the range of 2–10, and the 
results are shown in Fig. 3B. At pH 2, 4, 6, 8, and 10, the 
amount of phosphate adsorbed by ES was 154.3, 145.6, 
125.3, 24.6, and 2.4 mg/g, respectively, indicating a rela-
tively high sorption in an acidic solution. In general, the 
pH has a significant effect on the surface charge of the 
adsorbent and the chemical species of the contaminant. 
Phosphate exists mostly as  H2PO4

− at pH 3–7 [13] and 
is precipitated by the dissolved  Ca2+ from the ESs. How-
ever, at a pH of 7 or higher, the surface charge of ESs is 
anionic, which causes a decrease in their sorption effi-
ciency owing to the electrical repulsive force with the 
negatively charged phosphate. Similar results were also 
observed for calcite and crawfish shells, which are com-
posed primarily of  CaCO3 [21, 31]. However, the amount 
of phosphate adsorbed by C-ES900 was in the range of 
254.4–274.1  mg/g regardless of the initial pH. The final 
pH values of the solution after the sorption of phos-
phate by ES and C-ES900 were in the ranges of 7.5–8.1 
and 8.8–10.2, respectively (data not shown), although 
there was a slight difference depending on the initial pH. 
Blanco et al. [32] reported that the removal of phosphate 
by the calcium-rich adsorbent was influenced by the 
ion-exchange mechanism and precipitation at pH < 8.5, 
whereas it was predominantly influenced by precipitation 
at pH > 8.5. Our results suggested that phosphate sorp-
tion by ES could be affected by ion exchange and partial 
precipitation, whereas with C-ES900, it may be predomi-
nantly affected by precipitation reaction.

Figure  3C shows the phosphate-sorption characteris-
tics according to the doses of ES and C-ES900. In both ES 
and C-ES900, the phosphate removal efficiency increased 
as the dose increased, while the phosphate removal 
amount per unit gradually decreased. Similar results have 
been observed for calcium-rich adsorbents (concrete, fly 
ash, and biochar) in other studies [13, 33, 34]. When the 
dose of the adsorbent is increased, factors such as the 
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pH, solubility, and collision frequency in the sorption 
environment change, which has a decisive effect on the 
sorption amount. Mitrogiannis et  al. [35] reported that 
as the ES dose increased, the amount of adsorbed pol-
lutants decreased because of the formation of aggregates 
between the ES particles.

Co‑existing anions
Domestic sewage and rivers contain a variety of anions, 
in addition to phosphate, such as  Cl−,  NO3

−,  SO4
2− and 

 HCO3
−. These anions are known to decrease the per-

formance of the adsorbent, because they can increase 
the repulsive force for the active sites on the adsorbent 
surface or compete with phosphate. Therefore, the effect 
of various anions on the phosphate sorption characteris-
tics of ES and C-ES900 was investigated, and the results 
are shown in Additional file 1: Fig. S2A. The amounts of 
phosphate adsorbed by ES in a phosphate solution with 
 Cl−,  NO3

− and  SO4
2− were 158.3, 157.5, and 145.3 mg/g, 

respectively, showing no significant difference compared 
with that in a solution with only phosphate (167.8 mg/g). 
In contrast, when phosphate and  HCO3

− coexisted, the 
amount of phosphate adsorbed by ES was 51.3  mg/g, 
which was significantly reduced compared with the phos-
phate-only solution. The amounts of phosphate adsorbed 
by C-ES900 were 228.42, 229.65, 224.07, and 164.0 mg/g 
in the presence of  Cl−,  NO3

−,  SO4
2−, and  HCO3

− 
together with phosphate, respectively. The amount of 
phosphate adsorbed by C-ES900 decreased rapidly in the 
presence of phosphate and  HCO3

−, similar to that with 
ES. Saadat et  al. [36] reported that chloride and nitrate 
did not effectively compete with phosphate at the active 
site, because they were bound to the outer sphere of 
the adsorbent to form a complex, whereas phosphate 
was adsorbed through the inner sphere. Liu et  al. [18] 
reported that in an aqueous solution,  HCO3

− binds to 
 Ca2+ and is converted to an insoluble form, which is 
attached to the adsorbent surface and closes the active 
site where phosphorus would easily adsorb.

Salt concentration
The recent rise in sea level due to climate change can 
increase the salt concentration in nearby rivers. In par-
ticular, the presence of salt in an aqueous solution 
reduces the sorption capacity for specific pollutants 
through interactions with the adsorbent [37, 38]. The 
amount of phosphate adsorbed by ES was maintained at 
121–134 mg/g until the salt concentration was 1%; how-
ever, at salt concentrations of 2% and 3%, the amount 
decreased to 74.1 and 65.9 mg/g, respectively (Additional 
file  1: Fig. S2B). Because the sorption of phosphate by 
the adsorbent is a surface phenomenon in which phos-
phate ions adhere to the adsorbent surface, the decrease 

in sorption capacity is related to the formation of a salt-
based surface complex [39]. During the sorption process, 
the phosphate and adsorbent can form an inner-sphere 
complex, but when water molecules exist between the 
phosphate and adsorbent surface, an outer-sphere com-
plex can also be formed. However, it is considered that 
the amount of phosphate adsorbed by ES decreases due 
to competition between phosphate ions and salt ions on 
the surface of the adsorbent at high salt concentrations. 
In contrast, the C-ES900 maintained a high sorption 
capacity even at a salt concentration of 3%. As mentioned 
above, because the sorption of phosphate by C-ES900 is 
predominantly influenced by precipitation rather than 
sorption on the surface, salt ions do not interfere.

Sorption mechanisms
To determine whether the phosphate-sorption process of 
calcium-rich ES and C-ES900 was sorption or precipita-
tion, the content of  Ca2+ ions eluted from each adsorbent 
before and after phosphate sorption was a critical fac-
tor. Therefore, the  Ca2+ ion content eluted from ES and 
C-ES900 before phosphate sorption was investigated, 
and the results are shown in Fig. 4. The  Ca2+ ion contents 
eluted from ES and C-ES900 were 4.2 and 48.9  mg/g 
before phosphate sorption and 2.7 and 0.1  mg/g after 
phosphate sorption, respectively. Park et  al. [13] and 
Paradelo et  al. [40] reported that when the phosphate-
sorption properties were evaluated using calcium-rich fly 
ash, an excess of  Ca2+ ions eluted from the fly ash and 
mussel shells before phosphate sorption and decreased 
rapidly after phosphate sorption. As can be seen from 
the results, the sorption of phosphate by C-ES900 was 
achieved by the precipitation of  Ca2+ ions and phosphate 
ions released from the C-ES900 (Fig. 4).

SEM–EDS was performed to observe the changes in 
the surface structure and elemental distribution of ES 

0

10

20

30

40

50

60

Before adsorption After adsorption

Le
ac

he
d 

C
a2

+
(m

g/
g)

ES
C-ES

Fig. 4 Release characteristics of phosphate in ES and C‑ES900 before 
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and C-ES900 before and after phosphate sorption, and 
the results are shown in Fig. 5. ES had a relatively smooth 
surface before the calcination process, whereas the sur-
face of C-ES900 was exceptionally rough and had irregu-
lar crystalline structures. This is because the  CaCO3 was 
converted into CaO during the calcination process. In 
both the ES and C-ES900, a porous structure could not 
be observed after phosphate sorption, and more specific 
crystalline structures appeared than what were present 
before phosphate sorption. As a result of measuring the 
EDS, the surfaces of the ES and C-ES900 before phos-
phate sorption were mostly composed of C, O and Ca, 
whereas the presence of P was clearly observed after 
phosphate sorption, indicating that phosphate was suc-
cessfully adsorbed onto the surfaces of ES and C-ES900.

The crystalline structures of ES and C-ES900 before and 
after phosphate sorption were analyzed using XRD, and 
the results are shown in Fig. 6. Several peaks appeared at 

2θ values of 23.09°, 29.43°, 35.98°, 39.47°, 43.19°, 47.54°, 
48.53°, and 57.56° in the ES, all of which are typical of 
 CaCO3 [41]. In contrast, for C-ES900, various peaks were 
observed at 2θ values of 17.94°, 28.57°, 34.08°, 47.13°, and 
50.75°, which are mostly CaO-related [42]. These results 
showed that the thermal decomposition of ES composed 
of  CaCO3 led to the formation of CaO. After the sorp-
tion of phosphate, the intensity of the peaks related to 
 CaCO3 was weakened in the ES, and new peaks appeared 
at 20.95°, 30.55°, and 31.67° (2θ), which correspond to 
dicalcium phosphate dihydrate  (CaHPO4), β-TCP (trical-
cium phosphate,  Ca3(PO4)2), and HAp(hydroxyapatite, 
 Ca10(PO4)6(OH)2), respectively [43]. For C-ES900, new 
peaks were observed at 2θ values of 25.80°, 31.81°, and 
50.19° after phosphate sorption, which are mostly related 
to HAp [44]. These results further prove that phosphate 
removal by ES and C-ES900 occurs via different mecha-
nisms, as mentioned above.

Fig. 5 Surface characteristics and element composition of ES and C‑ES900 before and after phosphate adsorption
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As a result, C-ES900 manufactured through the ES 
calcination process can be used as an effective adsor-
bent to remove high concentrations of phosphate under 
a wide range of environmental conditions. In addi-
tion, the calcination of ESs to produce an adsorbent for 
water treatment will contribute to waste reduction and 
recycling.
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