¢! Desalination and Water Treatment
¢ www.deswater.com

doi: 10.1080/19443994.2012.696798

1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved

47 (2012) 78-85
September

Taylor & Francis
Taylor & Francis Group

Phosphate adsorption on biogenetic calcium carbonate minerals:

effect of a crystalline phase

Qiang Liu*, Lijing Guo, Yingmei Zhou, Yingchun Dai, Linlin Feng, Jizhi Zhou,

Jun Zhao, Jianyong Liu, Guangren Qian*

School of Environmental and Chemical Engineering, Shanghai University, No. 99 Shangda Road, Shanghai

200444, P.R. China

Tel. +86 21 66137743, +86 21 66137758; Fax: +86 21 66137761; emails: qliu@shu.edu.cn;

grqian@shu.edu.cn

Received 29 September 2011; Accepted 14 March 2012

ABSTRACT

The shells of Argopecten irradians (SAI) and Mactra veneriformis (SMW) were used as adsor-
bents to remove the phosphate from an aqueous solution in the present study. The removal
kinetics and adsorption isotherms were investigated, and the phosphate adsorption behav-
iors by these two shells were also explored and discussed. The results indicated that the
kinetic of an adsorption process follows the Lageren pseudo-first-order equation and the
adsorption isotherm accords well with both the Langmuir and Freundlish adsorption equa-
tions, while the former is more suitable. Based on the Langmuir model, the monolayer satu-
rated adsorption quantities of SAI and SWM at 25°C are 3.07 and 3.32 mmol/g, respectively.
The phosphate adsorption on these shells is endothermic in nature and the adsorption capac-
ities of such shells increase with temperature. In addition, biogenic calcium carbonate with a
calcite phase shows more capacity on phosphate adsorption than the one with an aragonite
phase.
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1. Introduction

Phosphate is a major contaminant of concern in
wastewater effluent, leading to eutrophication of
water bodies. If the wastewater from industrial, agri-
cultural, and domestic practice, with high concentra-
tions of phosphate, is not adequately treated, then the
release of phosphate to natural water could adversely
affect the aquatic ecosystems.

In recent years, various methods including biologi-
cal, physical, and chemical methods have been devel-
oped to remove phosphate from wastewater. Among
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such methods, adsorption is an effective and economic
technique for phosphate removal. Several adsorbents
including waste materials such as fly ash [1-4], red
mud [5-7], alum sludge [8,9], and shells [10-14] as
well as natural minerals such as goethite [15-17],
hematite [18,19], palygorskites [20], dolomite [21-23],
alunite [24], bentonite [25], calcite [26-33], and arago-
nite [34] have been investigated. These materials are
easily accessible and can be obtained at a relatively
low cost.

Calcite is an abundant polymorph of calcium car-
bonate. In natural water bodies, calcium carbonate can
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act as a sink of phosphate. The existing literature sug-
gests that the removal of phosphorus by calcium car-
bonate is a two-step process: phosphate chemisorption
on calcite followed by a transformation of amorphous
calcium phosphate to crystalline apatite [33]. The
growth rate of an apatite crystal depends strongly on
the phosphate/carbonate ratio due to competition in
the crystal growth sites. The crystal structure of cal-
cium carbonate can influence the adsorption behavior
of phosphate to a large extent. It was found that the
initial uptake rate of phosphate by aragonite (another
common calcium carbonate mineral) is much larger
than calcite [35]. The large difference in the phosphate
adsorption rate may be due to the distinction of reac-
tion sites (in the crystal lattice or in the specific sur-
face area) [36]. For example, Burton and Walter [11]
have found that CaCO; with different specific surface
areas can cause the phosphate adsorption to vary by
3-7 folds.

Shells are made of a biogenic calcium carbonate
mineral, which typically contains a much high per-
centage of CaCO; (95-99%, calcite or aragonite) by
weight. A literature search indicates that oyster shells
[10,11], crab shells [12] and scallop shells [14] were
tested for the phosphate removal from an aqueous
solution. Kwon et al. [10] found that the heated oyster
shells possess a moderate phosphate removal ability,
while the pulverized oyster shells achieve an excellent
phosphate removal efficiency (up to 98%). However,
the preparation of oyster shells (heating to 750°C and
pulverizing under 750°C) requires a significant energy
input. Jeon and Yeom [12] reported a much higher
phosphate adsorption capacity (108.5mg/g) of crab
shells and found that the particle size has a great
influence on the phosphate removal. While another
biogenic calcium carbonate mineral, scallop shells just
attained the maximum phosphate adsorption capacity
of 23.0mg/g, other parameters such as the shell size,
temperature, and pH were found to have a major
effect on phosphate removal [14]. Even though some
beneficial results have been obtained on phosphate
adsorption by biogenic calcium carbonate, few studies
have focused on the effect of crystalline phase of cal-
cium carbonate on the phosphate removal.

Argopecten irradians shells (calcite phase) and Mac-
tra veneriformis shells (aragonite phase) are generated
in large quantities by the manufacturers of marine
products and these materials are usually thrown away
as a restaurant waste in China. Based on the fact that
these shells are mainly composed of calcium carbon-
ate but are different in the crystalline phase, this
experiment aims to investigate the adsorption behav-
iors of phosphate on biogenic calcite (Argopecten irradi-
ans shells) and biogenic aragonite (Mactra veneriformis

shells) and analyze the adsorption mechanism of
phosphate on these biogenic carbonates.

2. Materials and methods
2.1. Materials

The shells of Argopecten irradians (SAI) and shells of
Mactra veneriformis (SMV) were used as adsorbents in
this experiment to remove the phosphate from the
aqueous solution. Calcite (CaCO;5; content>99%) was
obtained from Guangxi, China. The SAI and SMV were
collected from Tongchuan Lu fisheries market, Shang-
hai, China. The collected shells were thoroughly
washed three times with deionized water and dried in
an oven at 70°C. All samples were then finely crushed
and sieved by a 150 mesh screen. The phosphate solu-
tions were prepared by dissolving the AR grade
KH,PO, into deionized water. The pH of the phosphate
solution was adjusted with 0.1 M HNO; and NaOH.

2.2. Adsorption studies

The batch adsorption experiments were carried out
in 100mL sealed conical flasks. Each conical flask was
filled with 50mL of phosphate solution. After a
known amount of the adsorbent was added, the flasks
were agitated in a temperature-controlled shaker (25°
C) at the rate of 100rpm. At suitable intervals, aque-
ous samples were taken for phosphate and Ca®" mea-
surement. At the end of adsorption, the sorbents were
withdrawn by filtration through a 0.45pm membrane
and dried for characterization.

2.3. Analysis methods

Aqueous pH was measured using a digital pH
meter (Shanghai Precision Scientic Instrument Co.,
Ltd, Model pHS-3C, China). The phosphate and Ca**
concentrations were determined by an inductively
coupled plasma atomic emission spectrometer (ICP,
Leeman, Model Prodigy, USA) following the EPA
QA/QC standard methods. Infrared spectra of raw/
used adsorbents were collected by the FTIR spectrum
(Thermo Nicolet Corporation, Model AVATARB370,
USA) in the range of 4,000-400 cm ™! with a resolution
of 2cm ™! using the KBr pellet technique.

3. Results and discussion
3.1. Adsorption kinetics

The adsorption kinetics experiments were per-
formed with fixed initial phosphate concentrations
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Fig. 1. The effect of contact time on the phosphate
adsorption by calcite, SAI, and SMV (pH=6.0, T=25°C,
adsorbent dosage=0.10g/50.0mL). (a) Co=10.0mg/L, (b)
Cp=20.0mg/L.

(Cp=10.0 and 20.0mg/L) and an adsorbent dosage
(0.10g/50mL) at the initial pH of 6.0 and temperature
of 25°C.

The time-adsorption profiles of phosphate (Fig. 1)
show that the adsorption process is clearly time
dependent. Calcite, biogenic calcite (SAI), and bio-
genic aragonite (SMV) presented a similar trend of
phosphate adsorption, while the removal efficiency of
phosphate by biogenic calcite (SAI) was higher than
those by calcite and biogenic aragonite (SMV).

As shown in Fig. 1(a), the adsorption of phosphate
occurred rapidly at the initial stage and became slow
after 40h, while the equilibrium was not achieved
within 72h. At Cy=20.0mg/L (Fig. 1(b)), phosphate
adsorption capacities first increased sharply and then
reached a saturated plateau within about 48 h. Based
on this result, an adsorption cycle of 48h was selected
for Cy=20.0mg/L.

The adsorption kinetics of phosphate data were
analyzed wusing pseudo-first-order, pseudo-second-
order, and Elovich models. These kinetic equations
are shown as follows:

Pesudo-first-order equation

In(ge — g¢) = Ing, — kit (1)
Pesudo-second-order equation
90 = kaqet/ (1 + kaget) (2)

Elovich equation

g =A+Blnt 3)
where g. (mmol/g) is the phosphate adsorbed at
equilibrium, g; (mmol/g) is the amount adsorbed at
time ¢ (h), k; (h™") and k, (gmol 'h™") are the pseudo-
first-order rate constant and pseudo-second-order rate
constant, respectively, and A and B are the Elovich
constants.

The results of fitting the experimental data to the
three models are presented in Table 1. The phosphate
adsorption in the present study most closely followed

Table 1
The parameters of an adsorption kinetic curve of the phosphate
Adsorbent Cy (mgL™") Pesudo-first-order kinetics Pesudo-second-order kinetics Elovich
gemmol g™ Kk (h) R* g, (mmolg) k,(gmmol 'h™") R> A B R?
Calcite 10.0 0.20 0.02 091 032 0.04 090 -0.007 0.03 0.69
20.0 0.33 0.11 096 0.39 0.29 0.93 0.078 0.06 0.83
SAI 10.0 0.19 0.03 097 0.26 0.09 096 —0.006 0.04 0.85
20.0 0.33 0.13 0.96 0.38 0.42 094 0.096 0.06 0.86
SMV 10.0 0.20 0.02 094 033 0.036 093 -0.009 0.03 0.74
20.0 0.33 0.07 093 042 0.15 091 0.068 0.05 0.77
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Fig. 2. The FTIR spectrum of adsorbents with different initial concentration and contact time; (a) calcite, Co= 10.0mg/L;
(b) calcite, Cp=20.0mg/L; (c) SAIL, Co= 10.0mg/L; (d) SAIL Cy=20.0mg/L; (e) SMV, Cy=10.0mg/L; (f) SMV,
Cp=20.0mg/L.

pseudo-first-order kinetics, by which a very accurate respectively) showed little difference. However,
estimation of g. and the highest correlation coefficient ~when the initial phosphate concentration was ele-
(R?>>0.91) (Table 1) are achieved. vated to 20.0mg/L, values of k; for calcite, SAI, and

From Table 1, when Cy=10.0mg/L, the values of SMYV were 0.11, 0.13, and 0.07 hY, respectively, indi-
kq for calcite, SAI, and SMV (0.02, 0.03, and 0.02h7}, cating that biogenic calcite is more advantageous,
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Fig. 3. Phosphate adsorption on (a) calcite, (b) SAI, and (c)
SMV at different temperature (pH=6.0, adsorbent
dose=0.10g/50.0mL, =48 h).

since k; stands for the reaction speed. With regard
to the difference in the adsorption performance
between the SAI and the SMV, it was tentatively
inferred that calcite shows a higher solubility owing
to which a higher concentration of Ca** occurs on
the sorbent surface, leading to a better adsorption
performance.

3.2. FTIR spectrum of raw/used adsorbent

In the adsorption kinetics experiments, infrared
spectra of the raw and used adsorbents were collected
and are shown in Fig. 2.

The FTIR spectrums of the raw calcite, SAI, and
SMV indicated that these absorbents are mainly of
high purity of calcium carbonate. According to Fig. 2
(@) and (c), calcite and SAI are calcite phase with
characteristic vibrations at 713, 876, and 1,424 (or
1,429) cm™'. While Fig. 2e shows that SMV is arago-
nite phase with the characteristic vibrations at 713,
860, and 1,478 cm™' and v; symmetric stretching
vibrations (1,083cm™') of calcium carbonate (arago-
nite) [11].

As shown in Fig. 2(a)-(e), after 8 or 72h of
adsorption (at Cp=10.0mg/L), the O-H stretching
vibration of H,PO,  at 2,359cm ™' was observed on
the FTIR spectrums of calcite, SAI, and SMV, indi-
cating that dihydric phosphate was generated on
these adsorbents’ surface. The peak at 1,424cm ™" is
related to shifted v3 (CaCOj;) asymmetrical stretching
vibrations [11]. Hence, at Cy=10.0mg/L, physical
adsorption is the dominant mechanism in this exper-
iment.

As regards Fig. 2(b)-(f), when the initial phosphate
concentration was doubted to 20g/L, no characteristic
band, except for the O-H stretching vibration of
H,PO, and the shifted bands of CaCOs;, was detected
at an adsorption time of 8h. However, when the
adsorption time was multiplied to 72h, v, (POJ")
deformation vibration and v; (PO}") stretching vibra-
tion appeared. These vibrations characterized the exis-
tence of CaHPO, [11]. Therefore, it was inferred that
chemical precipitation took place successively after
phosphate physicsorption.

3.3. Adsorption isotherm

The adsorption equilibrium experiments were con-
ducted at different initial phosphate concentrations
which varied from 20.0 to 300.0mg/L and the temper-
ature of 25, 35, and 45°C with an initial pH=6.0. An
adsorbent amount of 0.10g (with 50.0mL of phos-
phate solution) was selected and the adsorption cycle
was fixed at 48 h.

Fig. 3 shows the effect of temperature on phos-
phate adsorption for different adsorbents. The adsorp-
tion capacities of phosphate on these materials
increased with the increase of temperature, suggesting
that this process is endothermic in nature. This result
coincided with the phosphate adsorption on the iron
hydroxide-eggshell waste [13], raw/activated red
mud, and fly ash [35].
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Table 2
Langmuir and Freundlich isotherm constants for phosphate adsorption
Adsorbent Temperature (K) Langmuir Freundlich
Q (1072 mol gfl) B (gmolfl) R? K¢ (1072 mol gfl) n R?
Calcite 298 3.50 3229.2 0.99 3.55 1.55 0.98
308 4.52 8433.8 1.00 4.66 2.27 0.99
318 4.90 29732.6 1.00 4.52 4.31 0.98
SAI 298 3.07 4641.7 0.99 3.13 1.99 0.95
308 3.58 12273.1 0.99 3.51 3.04 0.97
318 4.64 19371.4 1.00 3.83 4.80 0.99
SMV 298 3.32 5333.6 0.99 3.88 1.83 0.98
308 3.62 16317.6 1.00 3.93 3.49 0.96
318 4.39 22057.1 1.00 3.64 5.84 0.99

The obtained experimental data were fitted to line-
arly transformed Langmuir equation and Freundich
equation as shown in Egs. (4) and (5) [36].

Ce _i+%
x/m bQ Q

(4)

where C, is the equilibrium adsorption concentration
in solution (mol/L), Q denotes the amount adsorbed
per unit mass of adsorbent (mol/g) for monolayer
coverage, x/m denotes the amount adsorbed per unit
mass of adsorbent at equilibrium (mol/g), and b is a
constant related to the affinity of the binding sites.

log% =log K¢ + % log Ce (5)

where K; gives the adsorption capacity of the adsor-
bent in mol/g, n shows the constant related to energy
and intensity of adsorption.

The calculated Langmuir and Freundlich isotherm
constants are presented in Table 2. Based on the corre-
lation coefficient R?, the Langmuir equation is much
more suitable for the adsorption equilibrium data over
the concentration range in this experiment. Therefore,
it was tentatively inferred that the adsorption of phos-
phate on these adsorbents was of the monolayer type.

According to the calculated results based on the
Langmuir equation, monolayer saturated adsorption
quantities of the calcite at 25, 35, and 45°C were 3.50,
4.52, and 4.90mmol/g, respectively. The SAI and the
SMV showed slightly lower monolayer saturated
adsorption quantities (3.07, 3.58, and 4.64 mmol/g for
SAI and 3.32, 3.62, and 4.39 mmol/g for SMV at 25,
35, and 45°C, respectively). It was obvious that high
temperature is favorable for the adsorption of phos-
phate on the carbonate. Meanwhile, according to the

Freundlich equation, the constants b (representing the
adsorption appetency) and n (representing the adsorp-
tion strength) increased significantly with the temper-
ature, suggesting that the adsorption interaction is
stronger at higher temperature.

The temperature-dependent adsorption process is
associated with changes in several thermodynamic
parameters, such as the changes of standard free
energy (AG®), enthalpy (AH®), and entropy (AS®) of
adsorption. According to Das et al. [36], the changes
of standard free energy (AG®) can be calculated by fol-
lowing equation.

AG® = —RTIn(b) 6)

where R is the universal gas constant, T is the temper-
ature (K), and b is the Langmuir constant. According
to Van’t Hoff model (Eq. (7)),

AS  AH
- - )

In(b) R RT

The values of AH® and AS® were evaluated from
the slope and intercept of the Van't Hoff plot by the
regression method and are shown in Table 3. The
positive values of AH" confirm the endothermic nature
of the adsorption process. The negative values of AG®
at 298, 308, and 318K indicate the spontaneous nature
of phosphate adsorption. The positive values of AS®
suggest the adsorption of phosphate on the calcite,
SAI, and SMV lead to an increase in the randomness
at the solid/solution interface.

3.3. Effect of the adsorbent dosage

Adsorbent dosage is another factor that influ-
ences the adsorption equilibrium. In the present
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Table 3

Gibbs free energy, enthalpy, and entropy changes associated with the phosphate adsorption by the calcite, SAI, and SMV

Adsorbent Temperature (K) AG® (kKfmol™) AH® (kf mol™) AS° (Kmol 'K
Calcite 298 —20.01
308 —23.14 87.25 0.36
318 —27.22
SAI 298 —20.90
308 —24.10 56.46 0.26
318 —26.08
SMV 298 —21.25
308 —24.83 56.24 0.26
318 —26.43
100 4. Conclusion
] The experimental results indicate that the SAI
sorl | and SWM are both effective in phosphate removal.
— The kinetics of phosphate adsorption on the SAI
60 | 7 0.05¢/50m! and the SWM follows the pesudo-first-order kinetic
1 0-10g/50ml and SAI shows a higher adsorption rate. The
[ 1.00g/50ml

40 +

Removal efficiency (%)

Calcite SAI
Adsorbents

SMV

Fig. 4. The effect of adsorbent dose on the phosphate
removal (pH=6.0, T=25°C, Cy=20.0mg/L, t=48h).

study, the effect of adsorbent doses was investigated
by conducting batch adsorption tests with different
adsorbent amounts (0.05, 0.10, and 1.00g per 50 mL
of solution) with a phosphate concentration of
20.0mg/L and an initial pH=6.0. The adsorption
temperature was fixed at 25°C and the adsorption
time as 48 h.

The effect of sorbent dosage on phosphate
removal is shown in Fig. 4. As it can be seen,
increasing the adsorbent dosage from 0.05 to 0.10g
led to a noticeable promotion of the phosphate
removal, i.e. the removal efficiency of phosphate by
the SAI increased from 75.2 to 97.8% when adsor-
bent dosage was doubled. This phenomenon can be
easily explained with the increase of surface area,
i.e. more active adsorption sites when more adsor-
bent is used. However, further elevating the adsor-
bent amount to 1g, no apparent improvement in
phosphate removal was detected. Thus, the adsor-
bent dosage of 0.10g per 50mL seems to be suit-
able.

adsorption process agrees with both the Langmuir
and Freundlich isotherms but the former is more
appropriate. The monolayer saturated adsorption
quantities of SAI and SWM are 3.07 and 3.32 mmol/
g at 25°C, slightly inferior to calcite. Furthermore,
the adsorption process is endothermic in nature and
the adsorption capacities of two adsorbents increase
with temperature.
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Symbols

Je — phosphate adsorbed at equilibrium, mmol/g

G — phosphate adsorbed at time ¢, h

kq — pseudo-first-order rate constant, h!

k> — pseudo-second-order rate constant,
gmol 'h™!

A, B — the constant in Elovich kinetics equation

t — adsorption time, h

Co — initial aqueous phosphate concentration,
mg/L

Ce — aqueous phosphate concentration at
equilibrium adsorption, mol/L

Q — the amount adsorbed per unit mass of the
adsorbent for monolayer coverage, mol/g

x/m — the amount adsorbed per unit mass of the

adsorbent at equilibrium, mol/g



Q. Liu et al. | Desalination and Water Treatment 47 (2012) 78-85 85

b — constant in the Langmuir equation

K — adsorption capacity of the adsorbent, mol/g

n — the constant in the Freundich equation

AG® — changes in standard free energy before and
after adsorption, kJ/mol

AH® — the changes in standard entropy before and
after adsorption, kJ/mol

AS° — the changes in standard entropy before and
after adsorption, kJ mol 'K™!

R — the universal gas constant, ]molf1 K!

T — Temperature, K
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