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ABSTRACT
Bio-calcite (BC) derived from waste hen eggshell was subjected to thermal treatments (calcined bio-
calcite (CBC)). The BC and CBC were further modified via magnesiothermal treatments to produce
modified bio-calcite (MBC) and modified calcined bio-calcite (MCBC), respectively, and evaluated as
a novel green sorbent for P removal from aqueous solutions in the batch experiments. Modified BC
exhibited improved structural and chemical properties, such as porosity, surface area, thermal
stability, mineralogy and functional groups, than pristine material. Langmuir and Freundlich
models well described the P sorption onto both thermally and magnesiothermally sorbents,
respectively, suggesting mono- and multi-layer sorption. Langmuir predicted highest P sorption
capacities were in the order of: MCBC (43.33 mg g−1) > MBC (35.63 mg g−1) > CBC
(34.38 mg g−1) > BC (30.68 mg g−1). The MBC and MCBC removed 100% P up to 50 mg P L−1,
which reduced to 35.43 and 39.96%, respectively, when P concentration was increased up to
1000 mg L−1. Dynamics of P sorption was well explained by the pseudo-second-order rate
equation, with the highest sorption rate of 4.32 mg g−1 min−1 for the MCBC. Hydroxylapatite
[Ca10(PO4)6(OH)2] and brushite [CaH(PO4)·2H2O] were detected after P sorption onto the
modified sorbents by X-ray diffraction analysis, suggesting chemisorption as the operating
sorption mechanism.
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1. Introduction

Water pollution affects the health of more than one-third
of the world population, causing 1.6 million deaths
annually around the globe [1]. Among the chemical pol-
lutants, phosphorus (P) is known to be the biggest cause
of water quality deterioration for its creation of toxic algal

blooms, dead zones and loss of biodiversity. Phosphor-
ous is contaminating drinking water, ground water and
surface water bodies worldwide. About 5.6 mega tons
of P is being disposed of into rivers annually worldwide,
out of which 60% is anthropogenic [2]. An average P con-
centration of 14.0 mg L−1 in municipal wastewater of
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different countries has recently been reported, which is
14 times higher than the permissible limit of
1.0 mg L−1 for safe human health [3]. Excess P levels in
industrial and municipal effluents result in eutrophica-
tion of surface water, by producing cyanobacterial
blooms which destroys aquatic life, pollute the sources
of drinking and agricultural water, ultimately affecting
human health by disturbing the food chain [4,5]. To
fulfill the requirements of the exponentially growing
world population, usage of reclaimed water is also
getting huge attention [6]. However, excessive P must
be removed efficiently from these water streams prior
to discharge into the environment and utilization for
drinking purposes [7].

Conventional effluent treatment plants may be
inadequate to remove P, and often require tertiary treat-
ment [8]. Therefore, an innovative technique for efficient
P removal is required with environment-friendly, cost-
effective and less chemical additives pre-requisites.
Among various techniques, sorption could be the sim-
plest technique to remove excessive P from water.
However, sorbent selection is of great importance to
achieve high sorption efficiency, low cost and proper dis-
posal of contaminant-loaded sorbent material. Conse-
quently, alternative cheap sources of sorbent materials
need to be explored.

Globally, about 1.6 billion tons of food is being wasted
annually [9]. On a wet weight basis, eggshell contributes
to around 4% of the total food waste [10]. Around
250,000 tons of eggshell waste is being generated
annually worldwide [11]. With a consumption of 5
billion eggs in a year, Saudi Arabia is the 3rd biggest
poultry products consumer in the world, generating a
huge amount of eggshell waste [12]. Disposal of waste
eggshells remains an environmental issue. Sustainable
reuse of eggshells in a beneficial way could help in
solving its disposal problem. Calcite (CaCO3) is the
main constituent (85–95%) of eggshell (here named as
bio-calcite (BC)) that has potential to be applied as an
alternative cheap sorbent for contaminants’ removal
from wastewater [13]. Presence of various functional
groups (carbonyl, –OH, –NH2, –COOH) can also make
BC more effective for adsorption of various contaminants
[14]. Moreover, the efficiency of BC can be enhanced by
physico-chemical modifications. For example, Ahmad
et al. [15] reported that thermal treatment of eggshell
powder at 900°C resulted in higher sorption efficiency
for Pb than raw eggshell powder. Likewise, chemical
impregnation with Fe and Mg can also enhance the sorp-
tion efficiency [16,17]. Specifically, Mg incorporated in
calcite (CaCO3) can cause significant changes in mor-
phology of the calcite, which can further enhance its
sorption efficiency [18]. Thermalizing the BC derived

from eggshell waste with Mg may produce a magne-
siothermally reduced composite material with a poten-
tial of P removal from aqueous media. Tang et al. [19]
suggested that magnesiothermal reduction of BC pro-
duces graphene-like material as a result of carbon depo-
sition on Mg from the evolved CO2 from eggshell powder
during thermal process, according to the following
equation:

CaCO3 + 2Mg � CaO+ 2MgO+ C

The potential of graphene as a highly efficient sorbent
has recently been provoked [20]. Here, we propose that
BC may be modified by magnesiothermal treatment to
an efficient sorbent for P removal from water. Waste
hen eggshell was used as a precursor of BC. According
to our literature survey, magnesiothermally treated BC
has not been previously used as adsorbent.

Hence, the present study was conducted to investi-
gate the effectiveness of BC and its derived materials
from thermal and magnesiothermal modifications for
the removal of P from aqueous solution. The P sorption
data were subjected to various empirical and kinetic
models to predict the sorption mechanism.

2. Materials and methods

2.1. Bio-calcite preparation and modifications

Waste hen eggshells (a sustainable source of BC) were
collected from the student restaurant at King Saud Uni-
versity Riyadh, Saudi Arabia, soaked in hot water and
washed to remove impurities. The washing process was
repeated four times. The washed eggshells were dried
in an oven at 100°C for 24 h, powdered in an electric
grinder, sieved through 0.6 mm aperture and stored in
an air tight container labeled as BC. A portion of BC
powder was calcinated in an open top ceramic crucible
by heating in a furnace (Carbolite, type 3216, UK) at
500°C for 4 h. The produced calcined BC (CBC) powder
was cooled down and stored in an air tight container.
The BC and CBC powders were further modified by mag-
nesiothermal reduction following the modified pro-
cedure of Tang et al. [19]. Briefly, the BC and CBC
powders were mixed in 1.0 M MgCl2 solution separately,
using 1:1 mass/volume ratio and left to stand undis-
turbed for 24 h at room temperature. Materials were sep-
arated from the solution and dried in an oven at 80°C for
24 h. The Mg-impregnated BC and CBC powders were
thermalized in closed containers in a tube furnace at
700°C for 3 h at the heating rate of 5°C min−1. The
obtained materials were termed as magnesiotherma-
lized BC (MBC) and magnesiothermalized CBC (modified
calcined bio-calcite (MCBC)), respectively.
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2.2. Materials’ characterization

The produced materials (BC, CBC, MBC and MCBC) were
comprehensively characterized for various compo-
sitional parameters. The mineralogy/crystallinity of the
materials was analyzed using an X-ray diffractometer
(MAXima_X XRD-7000, Shimadzu, Japan) with 30 mA
Cu Kα radiation at the scan speed of 2 degree min−1

in continuous scan mode. The surface morphology of
the materials was examined by scanning electron
microscopy (SEM; EFI S50 Inspect, the Netherlands) by
mounting on double-coated adhesive carbon conduc-
tive tabs (12 mm; PELCO, UK) and placed on the alumi-
num stubs. Different shots were captured at
acceleration voltage of 30 kv and a magnification of
6000×. Thermal stability of the materials was deter-
mined by a thermogravimetric analyzer (DTG-60H, Shi-
madzu, Japan) recording weight loss from ambient
temperature to 1100°C. Structural and functional
groups were analyzed using Fourier transform infrared
spectroscopy (Bruker Alpha-Eco ATR-FTIR, Bruker
Optics Inc.).

2.3. Equilibrium sorption experiments

Bio-calcite (BC) and its modified derivatives (CBC, MBC
and MCBC) were tested for P sorption from aqueous
solution in batch-type experiments. Stock and standard
P solutions in de-ionized water (18.2 MΩ cm−1 resis-
tivity; Milli-Q, Germany) with different concentrations
were prepared using analytical grade KH2PO4 (Loba
Chemie, India). The materials were equilibrated with
P solutions (pH adjusted at 5.5) of concentrations
ranging from 1 to 1000 mg L−1. Specifically, a constant
weight of 10 g L−1 of the material was added into the
P solution; and shaken in polypropylene conical tubes
at 150 rpm for 24 h, after which the solutions were
separated from the materials by centrifugation at
3500 rpm for 20 min, filtered through Whatman filter
paper and stored at 4°C for P analysis. The molyb-
date-ascorbic acid method was employed for spectro-
photometric determination of P in aqueous samples
[21]). Three replicates of each material and a control
(without material) for each specific P concentration
were performed. Amount of P sorbed (qe in mg g−1)
on the materials was calculated by the following
Equation [22]:

qe = Co − Ce
m

[ ]
× v, (1)

where Co and Ce are the initial and equilibrium P con-
centrations (in mg L−1), m is the mass of material (in g)
and v is the volume of the solution (in L).

Various two-parameter-based equilibrium isotherm
models were applied to estimate effective sorption of
the prepared materials. Non-linear forms of Freundlich,
Langmuir, Temkin and Dubinin–Radushkevich equations
(Equations (2–5), respectively) were exploited to fit the
experimental sorption isotherms [23].

qe = KFC

1
n
e , (2)

qe = QLCeKL
1+ KLCe

, (3)

qe = RT
b
ln (ACe), (4)

qe = qDexp(− BD[RTln 1+ 1
Ce

( )
]2), (5)

where KF is the Freundlich sorption capacity constant
(L g−1), n is the Freundlich intensity constant related
to linearity, QL is the Langmuir maximum adsorption
capacity (mg g−1), KL is the Langmuir sorption equili-
brium constant (L mg−1), R is the universal gas constant
(8.314 J K−1 mol−1), T is the absolute temperature, A is
the binding constant (L mg−1), b is the heat of
adsorption, qD is the maximum adsorption capacity of
the adsorbent (mg g−1) and BD is the mean free
energy of sorption used to calculate the bonding
energy (E) for the ion-exchange mechanism according
to Equation (6).

E = 1�����
2BD

√ . (6)

Favorability of P adsorption onto the materials was
assessed by using Langmuir separation factor (RL) given
by Equation (7).

RL = 1
1+ KLCo

. (7)

Several mathematical error functions including chi-
square test (χ2), sum squares error (SSE), Marquard’s
percent standard deviation (MPSD), average relative
error (ARE), sum of absolute error (EABS) and the coeffi-
cient of determination (R2) were calculated to deter-
mine the closeness between the experimental
adsorption data and the model-predicted data. The
χ2, SSE, MPSD, ARE, EABS and R2 were calculated by
Equations (8–13), respectively [24].

x2 =
∑n
i=1

(qec − qem) 2

qem
, (8)

SSE =
∑n
i=1

(qec − qem)2, (9)
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MPSD = 100

��������������������������
1

n− p

∑n
i=1

qem − qec
qem

( )2
√√√√ , (10)

ARE = 100
n

∑n
i=1

qem − qec
qem

∣∣∣∣
∣∣∣∣, (11)

EABS =
∑n
i=1

|qem − qec|, (12)

R2 = (qem − qec)
2∑

(qem − qec)
2 + (qem − qec)

2 , (13)

where qec and qem are the calculated and measured
amounts of P adsorbed (mg g−1) onto the materials at
equilibrium, n is the number of measurements and p is
the number of parameters used in the model.

2.4. Kinetics sorption experiments

Batch-type kinetics sorption experiments were conducted
to determine the rate of P sorption on different materials
from aqueous solutions at pH 5.5. The materials were sus-
pended in P aqueous solution (initial concentration of
200 mg L−1) at the rate of 10 g L−1 in polypropylene
conical tubes. The mixtures were shaken on a mechanical
shaker at 150 rpm at room temperature. Three replicates
of each material and control (without material) were per-
formed. After 0.5, 1, 2, 3, 5, 7, 9, 14, 19 and 24 h time inter-
vals, three tubes of each material and control were
isolated. Solutions were separated from the materials by
centrifugation at 3500 rpm for 20 min, filtered through
Whatman filter paper, and stored at 4°C for P analysis.
The equilibrium aqueous phase P concentration was
determined by the molybdate-ascorbic acid method
[21]. The amount of P adsorbed on per unit mass of adsor-
bent was calculated using Equation (1).

To predict the P sorption mechanism onto BC and its
modified derivatives (CBC, MBC and MCBC), different
kinetic models including first-order, second-order,
pseudo-first-order, pseudo-second-order, Elovich,
power function and intraparticle diffusion (Equations
(14–20), respectively) were applied [25].

lnqt = lnqo − k1t, (14)

1
qt

= 1
qo

− k2t, (15)

ln (qe − qt) = ln qe − k′1t, (16)

t
qt

= 1
k′2q2e

+ 1
qe

t, (17)

qt = 1
b
ln (ab)+ 1

b
lnt, (18)

lnqt = lnb+ kf (lnt), (19)

qt = c + kidt
0.5, (20)

where qt and qo are the amounts of P adsorbed at time t
and time 0min, respectively (inmg g−1), t is the time inter-
val, k1 and k2 are the first- and second-order rate constants,
respectively, qe is the sorption capacity at equilibrium (in
mg g−1), k′1 and k′2 are the pseudo-first- and pseudo-
second-order rate constants, respectively, α is the initial
sorption rate (in mg g−1 min−1), β is the sorption constant,
b is the rate constant, kf is the rate coefficient value (in mg
g−1 min−1), kid is the apparent diffusion rate constant (in
[mg g−1]−0.5) and c is the diffusion constant.

Proximity of the model-predicted coefficient values
to the experimental calculated coefficient values was
evaluated using various error functions (χ2, SSE, MPSD,
ARE, EABS and R2) as given in Equations (8–13),
respectively.

3. Results and discussion

3.1. Materials’ characteristics

The XRD analysis indicated that calcite (CaCO3) was the
main constituent of BC and CBC (Figure 1(a)). However,
magnesiothermal treatment resulted in the addition of
Mg(OH)2 and MgO in MBC and MCBC (Figure 1(b)). Pre-
vious studies have reported that eggshell powder is
mainly (>90%) composed of calcite [24]. No mineralogi-
cal phase changes were observed on thermal treatment
of BC. This is due to thermal stability of calcite at the
selected temperature of 700°C. Calcination occurs at a
temperature of ∼850°C causing decomposition of
CaCO3 to CaO. Hence, no CaO peak was observed in
any of the material. FTIR spectra further confirmed the
presence of inorganic calcite in all materials (Figure 2).
Main absorption bands observed at 1417, 871 and
711 cm−1 corresponded to calcite [26]. After magne-
siothermal treatment, changes in FTIR spectra were
observed. Additional bands at 3450 and 1630 cm−1 cor-
responded to hydroxyl (–OH) stretches of H-bounding
due to the presence of water molecules and Mg(OH)2
in MBC and MCBC [27,28]. Another distinguishable
band at 675 cm−1 in MCBC and MBC was ascribed to
Mg–O vibration [29]. Mineralogical and functional
groups analyses confirmed the modification of BC and
CBC as a consequence of magnesiothermal treatment.
Mg in the form of MgO and Mg(OH)2 was composited
with CaCO3 in the MBC and MCBC. However, no gra-
phene was observed by XRD or FTIR analysis. Tang
et al. [19] explained that during thermal treatment of
bio-waste in the presence of Mg, the evolved CO2 is
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absorbed by MgO, resulting in graphene material. No
identification of graphene could be attributed to low
Mg mass (0.024 g Mg g−1 of eggshell) used in this
study compared to the 1 g Mg g−1 of eggshell used by
Tang et al. [19].

SEM images showed that thermal and magnesiother-
mal treatments of BC has induced changes to the surfaces
of CBC, MBC and MCBC (Figure 3). The considerably crys-
talline surface of BC converted to porous and rough with
thermal and magnesiothermal modifications, which was
attributed to the loss of volatile material present in BC
[30]. Thermograms showing transitional changes in the
weight loss of various materials by the thermo-gravi-
metric analyses are shown in Figure 4. Thermal and mag-
nesiothermal treatments resulted in decrease in weight
loss of CBC (43.58%), MBC (40.91%) and MCBC (41.48%)
as compared to BC (47.08%). In the BC powder, a slight
weight loss at 355°C was associated to the loss of
organicmatter, whichwas not observed in othermaterials
as a result of thermal treatment. However, small derivative
peaks at <150°C in MBC and MCBC indicated water loss
because of moisture absorbing ability of MgO in these
materials. The main transitional change that occurred at
about 740–900°C was associated to carbonate decompo-
sition i.e. removal of CO2 from CaCO3 [30]. Similar results
has already been reported by Petkova et al. [31],
suggesting that decomposition of eggshell-based
materials take place in temperature range of 750–850°C.
The presence of Mg in MBC and MCBC resulted in a shift
of temperature from 900 to 885°C for the complete
decomposition of carbonaceous materials [32]. These
results indicated that both thermal andmagnesiothermal
treatments resulted in modified characteristics of BC-
derived materials, which may impact their sorption
capabilities.

Figure 1. (a) X-ray diffraction pattern of BC, calcined bio-calcite (CBC), magnesiothermally modified bio-calcite (MBC) and magne-
siothermally modified calcined bio-calcite (MCBC). (b) Magnified patterns between 35 2θ° and 65 2θ°.

Figure 2. FTIR spectra of bio-calcite (BC), calcined bio-calcite
(CBC), magnesiothermally modified bio-calcite (MBC) and mag-
nesiothermally modified calcined bio-calcite (MCBC).
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3.2. Equilibrium P sorption

Materials were evaluated for their efficacy toward P sorp-
tion. The sorption isotherms are shown in Figure 5.
Results indicated that the amount of P sorbed (Qe)
increased with increasing initial P concentration. It has
been previously reported that the type of equilibrium
sorption isotherm is dependent on the initial ion concen-
tration [13]. In this context, the sorption of P onto the
various adsorbents was described by high-affinity iso-
therm (H-type) at low initial concentrations (up to
200 mg L−1), suggesting that inner-sphere complexes
(strong adsorbate-adsorptive interactions) mechanism is
dominant. However, with increasing initial concentrations
(above 200 mg L−1), sorption isotherm was described by
L-type, suggesting less availability of active sites for P

sorption. The MCBC showed a maximum P sorption
(39.74 mg g−1) followed by MBC (35.24 mg g−1), CBC
(31.55 mg g−1) and BC (27.82 mg g−1). The Qe was high
at low initial concentration (up to 200 mg L−1) and
tended to decrease at high P initial concentration (above
200 mg L−1), which is ascribed to less availability of
active sites for P sorption at high P concentrations.
Greater P sorption onto MCBC showed its high removal
efficiency than other materials.

The sorption isotherms were fitted to Freundlich, Lang-
muir, Temkin and Dubinin-Radushkevich models
(Figure 5). The model parameters calculated from non-
linear regressions are presented in Table 1. The Freundlich
model-predicted sorptive constant parameter (KF) fol-
lowed the order: MCBC (11.66 L g−1) > MBC (7.21 L g−1) >

Figure 3. SEM photographs of (a) BC, (b) calcined bio-calcite (CBC), (c) magnesiothermally MBC and (d) magnesiothermally MCBC.

Table 1. Non-linear parameters of Freundlich, Langmuir, Temkin and Dubinin–Radushkevich isotherms for P adsorption onto BC, CBC,
magnesiothermally MBC and magnesiothermally MCBC.

Adsorbent

Freundlich Langmuir Temkin Dubinin–Radushkevich

KF (mg g−1) 1/n QL (mg g−1) KL(L g
−1) b (J mol−1) A (L g−1) QD (mg g−1) E (kJ g−1)

BC 3.46 0.34 30.68 0.03 3.73 1.90 29.28 0.69
CBC 3.76 0.35 34.38 0.03 4.96 1.06 32.63 0.70
MBC 7.21 0.25 35.63 0.02 1.11 9.82 × 106 36.46 0.32
MCBC 11.66 0.20 43.33 0.03 1.408 1.61 × 107 37.43 1.61
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CBC (3.76 L g−1) > BC (3.46 L g−1), which indicated high
sorption onto heterogeneous surfaces of MCBC and MBC.
The 1/n values were between 0.20 and 0.35 suggesting
mildly rising (favorable) isotherms for all materials [33],
explaining the formation of strong bonds between P and
sorbents. From the previous literature, it has been
suggested that 1/n values lower than unity favor the
adsorption intensity. In the current study, lower 1/n
values (<1) suggested that the adsorption intensity was
favorable. Maximum P sorption capacity (QL) predicted
by the Langmuir isotherm model also followed a similar
trend, i.e. MCBC (43.33 mg g−1) > MBC (35.63 mg g−1) >
CBC (34.38 mg g−1) > BC (30.68 mg g−1). The Temkin
model was found unsuitable to describe P sorption onto
the materials. Furthermore, the Dubinin–Radushkevish
model-predicted high sorption capacities (QD) for MCBC
(37.43 mg g−1) and MBC (36.46 mg g−1) than CBC
(32.63 mg g−1) and BC (29.28 mg g−1). The bonding
energy (E) for all materials was <8.0 KJ g−1 assuming that
ion-exchange could not be a favorable mechanism of P
sorption [34]. All the applied models described that the
materials exhibited P sorption capacity in the following
order: MCBC >MBC > CBC > BC. Greater P sorption
capacity of MCBC and MBC could be associated with
their high reactivity resulting from thermal and magne-
siothermal treatments. Specifically, the presence of MgO

and Mg(OH)2 in MCBC and MBC (Figure 1) may have
resulted in enhanced P sorption than other materials. Xie
et al. [35] revealed that Mg(OH)2 could sorb P via surface
complexation forming Mg3(PO4)2 and MgHPO4.

Comparison of sorption capacity of magnesiother-
mally treated BC with other Mg-treated sorbents was dif-
ficult because of little information available. Recently, a
few studies used Mg-treated biochar for P removal from
aqueous solution. For example, Park et al. [36] activated
biochar with MgO and reported maximum P sorption
capacity of 8.42 mg g−1, which is five times lower than
in this study. On the other hand, Fang et al. [17] reported
177 mg g−1 P sorption capacity of Mg-modified biochar,
which is four times higher than in this study. The higher
P sorption capacity of Mg-biochar compared to mage-
siothermally treated BC is attributed to different charac-
teristics of the materials. For instance, Mg-biochar had
high surface area (490 m2 g−1), nano-Mg particles and
abundance of organic functional groups,whereasmagne-
siothermally treated BC has very low surface area
(0.76 m2 g−1), without nano particles and organic func-
tional groups (carboxyl, hydroxyl, alcohol). Nevertheless,
the sorption capacity of magesiothermally treated BC
was two times higher than calcined (thermally treated
at 800°C) BC (23.02 mg g−1) reported by Köse and
Kıvanc [37].

Figure 4. Thermograms of (a) BC, (b) calcined bio-calcite (CBC), (c) magnesiothermally MBC and (d) magnesiothermally MCBC.
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Various error functions were used to depict the best
model fitting the experimental P sorption data (Table S1
in supplementary materials). The results indicated that in
general, the Freundlich model described well the P sorp-
tion onto MBC and MCBC, whereas Langmuir and
Debunin–Radushkevich were more close to the exper-
imental P sorption data for BC and CBC, respectively. Cor-
relation coefficient (R2) is the most widely accepted
parameter for examining the best model fitting the exper-
imental data. Basedon the R2 values, the Freundlichmodel
was more applicable to magnesiothermally treated
materials (MBC and MCBC) while the Langmuir model
described well the P sorption onto untreated material
(BC) and thermally treated material (CBC). These findings
illustrated that P sorption ontoMBC andMCBCwas associ-
ated to their heterogeneous surfaces, whereasmono-layer
sorption was predominant for BC and CBC.

Favorability of the tested materials for P sorption was
assessed from an additional useful parameter of

Langmuir isotherm, the separation factor (RL) (Figure
S1). The value of RL indicates whether the isotherm is irre-
versible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or
unfavorable (RL > 1). RL values between 0 and 1 were
obtained suggesting the present sorption system is
favorable [38]. The relationship between RL and C0
showed that the RL values decreased with an increase
in the C0 values (Figure S1). The values of RL calculated
in the investigated range of the initial added P concen-
trations are determined to be in the range of 0.037–
0.097 for BC, 0.039–0.097 for CBC, 0.045–0.978 for MBC
and 0.034–0.970 for MCBC. This result suggests that the
investigated modified adsorbents are suitable for
removal of P from aqueous solutions. These results
agree with previous conclusions that the chemically
modified adsorbents by Mg compounds are of impor-
tance due to creating binding sites with high affinity
and adsorption efficiency in removal of anionic contami-
nants from aqueous solutions and water [39].

Figure 5. P sorption isotherms fitting on (a) Freundlich, (b) Langmuir, (c) Temkin and (d) Dubinin–Radushkevich (DR) models by bio-
calcite (BC), calcined bio-calcite (CBC), magnesiothermally modified bio-calcite (MBC) and magnesiothermally modified calcined bio-
calcite (MCBC).

8 M. AHMAD ET AL.



3.3. Kinetics P sorption

Dynamics of P sorption onto differentmaterials are shown
in Figure 6. Maximum sorption was observed for MCBC
within 3 h of equilibrium time resulting in 87.31%
removal of P. Other materials showed longer equilibrium
time. MBC, CBC and BC removed 85.41, 81.87 and 79.69%
P after 24 h. Relatively rapid P sorption was achieved after
5 h followed by a slow sorption phase until equilibrium
time of 24 h, which is owning to the initial high availability
of sorption sites that gradually became loaded with P
resulting in slow sorption. Kinetics P sorption data were
subjected to various kinetic models including first-order,
second-order, pseudo-first-order, pseudo-second-order,
Elovich, power function and intraparticle diffusion.
Parameters calculated from these kinetic models are
presented in Table 2. Rate constant determines the time
duration of a chemical process to complete. The higher
the rate constant, shorter is the time taken to complete
the reaction. In this study, high rate constants were
calculated from second-order (k2 = 48.5 × 10−5), pseudo-
first-order (k′1 = 0.06× 10−1), pseudo-second-order
(k′2 = 13.6× 10−3) and power function (b = 2.58) for
MCBC, indicating a short time required for P sorption
than other materials, which is also apparent from the

kinetics isotherms (Figure 6). Analysis of the rate constants
suggested that the pseudo-second-order model
described better the P sorption. The initial sorption rate
(h) followed the order: MCBC (4.32 mg g−1 min−1) >
MBC (0.34 mg g−1 min−1) > CBC (0.24 mg g−1 min−1) >
BC (0.16 mg g−1 min−1), which agrees with the corre-
sponding rate constants. Likewise, the Elovich model
also predicted similar order of initial sorption constant
(α). The sorption capacity (qe) derived from pseudo-
second-order was also higher for MBC and MCBC than
CBC and BC, which is consistent with the sorption
capacities predicted by Freundlich and Langmuir
models (Table 1). Rate coefficient (kf) value determined
from the power function model was higher for BC
(0.33 mg g−1 min−1) followed by CBC (0.21 mg g−1

min−1), MBC (0.12 mg g−1 min−1) andMCBC (0.05 mg g−1

min−1) reflecting gradual increase in P sorption with time.
Intraparticle diffusion models help to understand the
involvement of diffusion in the sorption mechanism
[40]. In the current study, plot of P sorption against t0.5

represents three steps of diffusion helping to understand
the sorption process i.e. rapid, slow and equilibrium steps
of sorption. While calculating the intraparticle diffusion
parameters, only linear portion, representing the slow
step, was taken into account (Table 2). Highest apparent
diffusion rate constant (kid) was observed for MCBC
(0.45 [mg g−1]−0.5) followed by CBC (0.44 [mg g−1]−0.5),
BC (0.38 [mg g−1]−0.5) and MBC (0.23 [mg g−1]−0.5); diffu-
sion constant (c) was higher for MCBC (12.1), followed
by MBC (10.26), CBC (5.87) and BC (4.19), indicating a
quick sorption of P due to interaparticle diffusion onto
MCBC as compared to the other materials.

Examination of various error functions estimated that
first-order and second-order models were not appropriate
for the P sorptionontodifferent testedmaterials (Table S2).
Based on the R2 values, the pseudo-second-order model
best fitted the P sorption data for all materials followed
by the Elovich model. Other error functions projected
that in general, P sorption onto BC and CBC was well
described by the Elovich model, while pseudo-second-
order and intraparticle diffusion models were more appli-
cable to P sorption onto MCBC and MBC, respectively.

Figre 6. Adsorption kinetics of P onto bio-calcite (BC), calcined
bio-calcite (CBC), magnesiothermally modified bio-calcite (MBC)
and magnesiothermally modified calcined bio-calcite (MCBC).

Table 2. Parameters derived from the kinetic models for P sorption onto BC, CBC, magnesiothermally MBC and magnesiothermally
MCBC.

Adsorbent
First-order Second-order Pseudo-first-order Pseudo-second-order Elovich

Power
function

Intraparticle
diffusiona

k1 k2 k′1 qe k′2 qe h α Β kf b kid C

BC 0.07 × 10−2 7.35 × 10−5 0.04 × 10−1 2.50 0.53 × 10−3 17.21 0.16 0.49 0.32 0.33 0.55 0.38 4.19
CBC 0.04 × 10−2 3.94 × 10−5 0.03 × 10−1 1.96 0.87 × 10−3 16.64 0.24 1.75 0.42 0.21 1.31 0.44 5.87
MBC 0.03 × 10−2 2.03 × 10−5 0.04 × 10−1 2.02 1.03 × 10−3 18.02 0.34 29.46 0.58 0.12 1.99 0.23 10.26
MCBC 0.01 × 10−2 48.5 × 10−5 0.06 × 10−1 0.85 13.6 × 10−3 17.83 4.32 1.89 × 107 1.32 0.05 2.58 0.45 12.10
aParameters were calculated based on the linear portion of the data.
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3.4. Sorption mechanism

Various empirical and kinetics equilibrium models were
applied to the P sorption experimental data of different
materials to evaluate the possible mechanism of P sorp-
tion. According to the closeness of experimental and
modeled sorption data, the Langmuir model suggested
mono-layer sorption onto homogeneous surfaces of BC,
whereas porous structure of CBC (Figure 2) further facili-
tated the P sorption as described by the Dubinin–Radush-
kevich model. Heterogeneous surfaces of MBC and MCBC
favored themulti-layer P sorption, basedon thebest fitting
Freundlichmodel. Dynamics of P sorption clearly indicated
that chemisorption (covalent binding with the functional
groups) was the rate-limiting step for P sorption onto all
the materials as predicted from the best fitting of exper-
imental data to the pseudo-second-order model. This

suggested that P sorption was controlled by direct chemi-
cal interaction with sorbent surfaces. Moreover, fitting of
the experimental data to the Elovichmodel also supported
multi-layer chemisorption in which each layer exhibited
different activation energy [41]. Mezenner and Bensmaili
[42] reported chemisorption as an operating mechanism
for P adsorption onto iron hydroxide-eggshell. In addition
to chemisorption as themain operatingmechanism, diffu-
sion can be attributed to P sorption onto the sorbents as
can be seen in Figure S2. It is interesting to notice that all
the materials maintained the equilibrium pH between
7.30 and 7.84 even at higher initial P concentration
(Figure S3), indicating the existenceofHPO4 species. Resul-
tantly, hydroxyapatite precipitation could be possible at
high initial P concentrations (>200 mg L−1) [43]. Chemi-
sorption also causes an adsorptive chemical change by

Figure 7. X-ray diffraction patterns of bio-calcite (BC), calcined bio-calcite (CBC), magnesiothermally modified bio-calcite (MBC) and
magnesiothermally modified calcined bio-calcite (MCBC), after P sorption.
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forming a surface chemical compound via covalent or
ionic bonding [44]. To examine the formation of hydroxy-
lapatite, XRD spectra of the materials after P sorption were
obtained, as shown in Figure 7. Hydroxylapataite [Ca10-
(PO4)6(OH)2] was observed as a new mineral phase at
31.8 2θ° in all the tested materials. However, the peaks
were broad in BC and CBC, and intense in MBC and
MCBC. Additionally, brushite [CaHPO4.2H2O] was detected
at 11.6 2θ° in MCBC after P sorption, which explained its
relatively higher sorption capacity than other materials.
Formation of hydroxyalapatite and brushite is expectedly
favorable due to the surplus of Ca from the eggshell
materials and P in the aqueous solution. Formation of
hydroxylapatite and brushite are resultant chemical
species of chemisorption. Therefore, it was affirmed that
chemisorption was the main mechanism of P sorption
onto BC and its derived CBC, MBC and MCBC materials.

4. Conclusion

Bio-calcite (BC) derived from waste hen eggshell was
thermally (CBC) and magnesiothermally modified (MBC
and MCBC) to produce cheap and efficient green sor-
bents for P removal from water. The modification
imparted structural and chemical changes such as
surface porosity, functional groups and mineralogical
composition that further influenced the P sorption effi-
ciency of the modified materials. At 50 mg L−1 P concen-
tration in aqueous solution, magnesiothermally modified
BC showed 100% P removal efficiency, suggesting that
magnesiothermally modified BC was more effective in
P sorption than thermally modified BC. Freundlich and
Langmuir models best described the P sorption onto
magnesiothermally and thermally treated materials,
respectively, suggesting mono- and multi-layer chemi-
sorption. Sorption dynamics indicated high rate con-
stants for magnesiothermally modified BC accounting
for less sorption time. The XRD analysis of thermally
and magnesiothermally modified BC revealed the for-
mation of Ca-phosphate compounds (hydroxylapataite
[Ca10(PO4)6(OH)2] and brushite [CaHPO4.2H2O]) onto
these sorbents as a result of chemisorption. These find-
ings suggested that reusing of waste eggshell could (i)
avoid pathogens’ habitation by reducing surface pol-
lution, (ii) efficiently remove P from industrial and dom-
estic wastewater streams and (iii) provide a sustainable
resource of P-fertilizer for acidic soils.
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