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a  b  s  t  r  a  c  t

Developing  an  easily  handled  and  cost-effective  phosphate  absorbent  is  crucial  for  the  control  of  water
eutrophication.  In  this  study,  a naturally  occurring,  calcium-rich  sepiolite  (NOCS)  was  evaluated  for  its
feasibility  as  a phosphate  absorbent  candidate.  Batch  studies  showed  that  phosphate  sorption  on NOCS
followed  a stepwise  isotherm  for  concentrations  between  5 and  1000  mg P/l,  and  the  phosphate  sorp-
tion  was  fitted  well  by  the  Freundlich  equation.  The  estimated  maximum  phosphorus  sorption  capacity
was  32.0  mg  P/g, which  was  quite  high  compared  with  other  natural  materials  and  was  comparable  to
some  efficient  manmade  P  absorbents.  The  NOCS  sorption  kinetics  followed  a  pseudo-first-order  model
with  an  R2 value  of  0.999.  The  adsorption  of  phosphate  was  highly  pH  dependent.  Phosphate  adsorption
ost-effective
hosphorus fractionation

decreased  moderately  with  increasing  pH  values  from  3.0  to  6.0, and  it decreased  sharply  in  alkaline
conditions.  Ionic  strength,  sulfate,  nitrate  and  chloride  anions  had  no  effects  on  the  phosphate  removal
capacity  of  NOCS,  but  fluoride  and  bicarbonate  anions  exerted  large  effects.  Phosphorus  fractionation
indicated  that  phosphate  removed  from  the solution  was  primarily  formed  as  a  calcium-bound  phospho-
rus precipitation,  which  was  further  confirmed  by  SEM–EDS  analysis.  Moreover,  phosphate  was  barely
(<1.5%)  desorbed  from  the  phosphorus-adsorbed  sepiolite  regardless  of  pH  value.
. Introduction

Lake eutrophication has become a serious environmental prob-
em worldwide. Approximately 50% of the lakes and reservoirs in
ll continents except Africa and Oceania are eutrophic [1].  Lake
utrophication is even more serious in China. Recent data have
hown that 85.4% of the 138 investigated lakes with surface area
reater than 10 km2 were considered to be in a eutrophic status.
oreover, 40.1% of lakes are heavily eutrophic [2].  The most famous

akes in China, including Lake Taihu, Lake Dianchi and Lake Chaohu,
ave even become hypereutrophic. These degraded water bodies
ave caused many critical side effects, damaging the ecological
alance, threatening drinking water safety, shrinking fish cultures
nd hampering tourism. Therefore, urgent measures must be taken
o suppress eutrophication and to improve the degenerated water
uality.

Lowering the phosphorus concentrations of the receiving water
ody is considered to be the most effective way to control water

utrophication. Phosphorus has been recognized as the main lim-
ted nutrient in freshwater ecosystems. Primarily, phosphorus
an enter into freshwater ecosystems through agricultural runoff,
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domestic sewages and industrial effluents [3,4]. In recent years,
physical, chemical, biological and combination methods have been
developed to remove phosphorus from wastewaters. Among these
methods, using absorbents with high phosphorus sorption capac-
ity to remove phosphorus in wastewaters have become popular
worldwide [3–5]. These absorbents include minerals (limestone,
opoka, wollastonite, bauxite and zeolites), soils (laterite and marl),
industrial byproducts (fly ash, red mud, burnt oil shale and slag
materials) and manmade products (lightweight aggregates) [6].
Most studies have shown that excellent and efficient phosphorus
absorbents are all characterized by their high aluminum, iron or
calcium contents and that they can effectively remove phosphorus
from wastewaters by the absorption and/or precipitation of chem-
ically stable phosphorus phases [7–10]. Thus, substrates with high
contents of aluminum, iron or calcium may  have the potential to
be phosphorus-removing absorbents. In addition, the absorbents
must be environmentally friendly, economically feasible and geo-
graphically available [4,11].

Sepiolite is a hydrated magnesium silicate clay mineral with
a fibrous chain structure, and it is nontoxic and relatively inex-
pensive. The main deposits of sepiolite are located in Anatolia in

Turkey, Ceelbuur in Somalia, South Central China and Spain with
70% of the world reserves and annual output being approximately
1,300,000 tons [12]. Structurally, sepiolite consists of ribbons alter-
nating with open channels along fiber axes, which provide sepiolite

dx.doi.org/10.1016/j.jhazmat.2011.10.072
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Chemical composition of naturally occurring sepiolite from different regions and
countries.

Chemical composition NOCS1 NOCS2 NOCS3 Turkeyb Spainc

SiO2 (%) 38.3 31.0 24.9 58.7 53.2
MgO  (%) 12.9 21.4 16.4 25.0 18.8
CaO (%) 20.5 22.3 27.1 0.50 4.48
Al2O3 (%) 4.0 1.49 0.42 0.50 3.33
Fe2O3 (%) 1.2 0.18 0.12 0.05 1.22
K2O (%) 0.4 0.14 0.07 – 1.10
LOIa (%) 22.3 23.5 31.0 14.8 17.5
Exchangeable Ca (mg/g) 123.9 142.1 129.6 – –
Exchangeable Mg (mg/g) 0.94 4.21 3.76 – –
H. Yin et al. / Journal of Hazard

ith good adsorption properties [13]. Furthermore, sepiolite does
ot exhibit swelling properties, as other clay minerals do, which
an present difficulties (clogging hardware or jamming filters) in
reatment systems [12]. In environmental studies, sepiolite has
een widely used to absorb heavy metals [14], chloride [13], basic
yes [15] and cationic surfactants [16]. However, no study has been
onducted to investigate the suitability of using sepiolite as a phos-
horus absorbent in wastewaters.

Previously, researchers have attempted to chemically and phys-
cally modify the absorbents studied to enhance their phosphorus
orption capacity or to remove harmful elements embedded in
hem [17,18].  However, this process normally adds cost to the
bsorbents and makes the process complicated. Moreover, it is
eaningless to activate an absorbent with high sorption capac-

ty in its original form or in a form with little enhancement
fter activation. Therefore, an easily handled, natural and inexpen-
ive absorbent with excellent adsorption capacity is appreciated.
herefore, this study aimed to develop a naturally occurring and
ost-effective phosphorus absorbent.

Approximately 10 million tons of sepiolite deposits exist in
hina (approximately 1/5 of the world’s reserve). The chemical
omposition of sepiolite varies geographically [19], and the sepi-
lite in China is characterized by high calcium content, which
as been found to have a calcium oxide content as high as 30%
20]. Previous studies have shown that calcium-rich materials can
ffectively remove phosphorus from wastewater [8–10]. There-
ore, the purpose of this study was to assess the performance of
his calcium-rich sepiolite for its phosphorus-removal ability. The
hosphorus sorption isotherm and kinetics of the sepiolite were
valuated in batch experiments. Moreover, the matrix effect on
hosphorus removal and phosphorus binding mechanisms were
lso discussed. To the best of our knowledge, this is the first paper
o evaluate the feasibility of using sepiolite as a phosphorus adsor-
ent in wastewater. This study is also a necessary preliminary work
or the full-scale use of sepiolite in the treatment of phosphorus-
ontaminated water.

. Materials and methods

.1. Absorbent

Naturally occurring, calcium-rich sepiolite (NOCS) used in this
tudy was collected from Liuyang (Hunan Province), Nanyang
Henan Province) and Yixian (Hebei Province). These three sites
re the main deposits of sepiolites in China that account for more
han 80% of the total deposits in China. Sepiolites from the Hunan
rovince, Henan Province and Hebei Province were denoted as
OCS1, NOCS2 and NOCS3, respectively. These samples were man-
ally ground and sieved with a 100-mesh sieve. The chemical
ompositions of the NOCSs, as identified by X-ray fluorescence
pectroscopy (XRF), are shown in Table 1. X-ray diffraction (XRD)
as used to study the mineralogical composition of the NOCSs.

ower samples were measured using a D/MAX2200 X-ray diffrac-
ometer with Cu K� radiation (40 kV and 40 mA)  and a Ni filter from
.0◦ to 51◦ with a scan speed of 4.0◦/min. The quantitative analysis
erformed by XRD used internal standards by comparing the reflec-
ion from standard substances to the reflection from components.
canning electron microscope (SEM) observations and semiquan-
itative energy dispersive spectrometry (EDS) electron microprobe
nalyses were performed on the powder samples using a Hitachi

-3400N II with a Horiba EX-250 Energy Dispersive Spectroscope.
fter absorption of phosphorus, the sepiolites were analyzed by
RD and SEM–EDS using the same methods as with the original
amples. Exchangeable Ca and Mg  in the sepiolites were measured
a Loss on ignition at 950 ◦C.
b Kocaoba [14].
c González-Pradas et al. [13].

by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) after extracting the samples with neutral ammonium acetate.

2.2. Batch studies

A prescreening experiment was performed to evaluate phos-
phorus sorption capacity of the three sepiolites. Briefly, 0.50 g
of NOCS was  added into 25 ml  of low (5 mg/l), medium (30 and
100 mg/l) and high (800 mg/l) concentration phosphorus solutions.
After equilibrium for 24 h in the temperature-controlled shaker
(25 ◦C), solutions were centrifuged, filtered and measured. The opti-
mal  NOCS was selected and used for further study.

The phosphorus sorption isotherms and kinetics on the opti-
mal  NOCS were evaluated by batch experiments. For the sorption
isotherms, 0.50 g of the absorbent was added into 50-ml polyethy-
lene centrifuge tubes with 25 ml  of various phosphorus solutions
(5–1000 mg  P/l). The tubes were then placed on a constant tem-
perature shaker (25 ◦C) for 24 h at 160 rpm to ensure complete
mixing. The solutions were then centrifuged, and the supernatants
were filtered through a 0.45-�m membrane. The resulting solu-
tions were kept at 4 ◦C until analysis. Analysis of the phosphorus
sorption kinetics was  carried out at 25 ◦C with an initial phospho-
rus concentration of 100 mg/l. Briefly, 10.0 g of the NOCS was  added
into 500 ml  of a phosphorus solution in three 1-l Erlenmeyer flasks,
which were subsequently placed on a rotary shaker at 160 rpm.
Periodically, 1 ml  of each of the well mixed aliquots in the flasks
was  sampled, centrifuged and filtered as above.

To examine the effect of pH, ionic strength and coexisting anions
on the phosphorus sorption capacity of the NOCS, a series of batch
studies were carried out. To obtain the optimal pH values, 1 M
NaOH or 0.5 M HCl was  used to adjust the tested phosphorus solu-
tion pH values. To provide a better understanding of the function
of pH on phosphorus removal capacity, metal concentrations (Ca
and Mg), Si leaching from NOCS and zeta potentials at various pH
values were measured by ICP-AES and JS94H microelectrophore-
sis meters. To determine the ionic strength and coexisting anions,
100 mg/l phosphorus with various concentrations of NaCl and dif-
ferent anions were evaluated. All of the experiments were carried
out in triplicate. Phosphorus concentration was measured by the
molybdenum blue method with a spectrophotometer at 700 nm
(UV-2550).

2.3. Fractionation of the P-saturated absorbent

To understand the NOCS phosphorus sorption retention mech-
anism, fractionation of the P-saturated absorbent was  carried out.

NOCS (10.0 g) was added into 500 ml  of a 100 mg/l phosphorus
solution, which was  kept thoroughly mixed in a temperature-
controlled shaker (25 ◦C) at 160 rpm. The concentration of the
solution was analyzed daily. The experiment was ended when the
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Table 2
P fractionation procedure, proposed by Chang and Jackson [21] and modified by Gu
and Jiang [22], showing the extraction reagents and target P forms.

Extraction reagents Target P forms

NaHCO3 Dicalcium phosphate (Ca2-P)
NH4Ac Octacalcium phosphate (Ca8-P)
NH4F Aluminum phosphate (Al-P)
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hosphorus concentration was kept constant. The P-saturated sepi-
lite was freeze-dried and sieved through a 100-mesh sieve.

A P fractionation scheme, which was initially proposed by Chang
nd Jackson [21] and subsequently modified by Gu and Jiang [22],
as used in the present study. This method is normally used to frac-

ionate P in calcareous soil, which includes six operationally defined
hosphorus fractions (Table 2). P-saturated sepiolite (0.50 g in dry
eight) was added into 50-ml polyethylene centrifuge tubes con-

aining 25 ml  of 0.25 M NaHCO3 (pH 7.5). The mixture was  shaken
n an orbital shaker at 25 ◦C for 1 h, and the supernatant was
eparated by centrifugation at 5000 × g for 20 min. Next, the super-
atant was filtered before analysis of dicalcium phosphate (Ca2-P).
he residue was washed twice with 95% ethanol (each wash was
2.5 ml). The supernatant was centrifuged and discarded before
5 ml  of 0.5 M NH4Ac (pH 4.2) was added. The mixture was  left to
tand for 4 h, which allowed the residue to thoroughly scatter dur-
ng this time. The mixture was shaken for 1 h at 25 ◦C followed by
entrifugation at 5000 × g for 20 min. The supernatant was then fil-
ered before analysis of octacalcium phosphate (Ca8-P). The residue
as washed twice with saturated NaCl (each wash was 12.5 ml).

he supernatant was centrifuged and discarded before 25 ml  of
.5 M NH4F (pH 8.2) was added. The mixture was then shaken for

 h at 25 ◦C followed by centrifugation, and the supernatant was
ltered before the determination of aluminum phosphate (Al-P).
he residue was washed twice with saturated NaCl (each wash
as 12.5 ml). Next, the supernatant was centrifuged and discarded

efore 25 ml  of a solution containing 0.1 M NaOH and 0.1 M Na2CO3
as added. The mixture was shaken for 2 h and was  kept standing

till for 16 h. The mixture was subsequently shaken again for 2 h
efore centrifugation and filtration of the supernatant and analy-
is of iron phosphate (Fe-P). The residue was washed twice with
aturated NaCl (each wash was 12.5 ml). The supernatant was
entrifuged and discarded before the addition of 20 ml of 0.3 M
odium citrate. The residue was scattered thoroughly before 0.5 g
f Na2S2O4 was added. Next, the mixture was put into a water bath
or 30 min  at 80 ◦C, and it was shaken intermittently before the
ddition of 5 ml  of 0.5 M NaOH. The cooled supernatant was  cen-
rifuged and washed twice with saturated NaCl (each wash was
0 ml)  before Milli-Q water was added to reach a final volume
f 50 ml.  A 5-ml aliquot of the solution was mixed with 5 ml  of
2SO4/HClO4/HNO3 (1:2:7), and the mixture was heated on a plate
ntil reflux of H2SO4 occurred. The cooled white residue was dis-
olved with Milli-Q water to reach a final volume of 50 ml  before
he measurement of occluded phosphate (O-P). The residue was
ubsequently extracted by 25 ml  of 0.5 M H2SO4, and the mixture
as shaken for 1 h at 25 ◦C followed by centrifugation and filtra-

ion of the supernatant before analysis of ten-calcium phosphate
Ca10-P). Total P (TP) was analyzed by calcinations at 450 ◦C for 3 h,
nd subsequent extraction was carried out for 16 h with 3.5 M HCl.
hosphorus in the extracts was measured by the molybdenum blue
ethod with a spectrophotometer.
.4. Stability of the P-saturated absorbent

Safety of the P-saturated sepiolite was tested at various pH val-
es. Freeze-dried, P-saturated absorbent (0.5 g) was added to 50-ml
Fig. 1. XRD patterns of the naturally occurring sepiolites (NOCSs). The following
abbreviations are used: sp, sepiolite; sm, smectite; c, calcite; d, dolomite; and q,
quartz.

polyethylene centrifuge tubes with 25 ml  deionized water, and the
initial pH value of the solutions was  adjusted by dilute NaOH or
HCl to pH values of 3, 5, 7 and 11. Next, the tubes were placed in a
shaker at 25 ◦C and 160 rpm for 48 h. An aliquot of the solution was
sampled at 24 and 48 h followed by centrifugation and filtration.
P in the solution was  analyzed by the molybdenum blue method.
The phosphorus desorption rate was  calculated with the following
equation:

Phosphorus desorption rate (PDR%) = C × V

TP
×  100%

where C is the phosphorus concentration in the solution (mg/l); V
is the solution volume (ml); and TP is the phosphorus content in
the P-saturated sepiolite.

3. Results and discussion

3.1. Absorbent characterization

The chemical compositions of the three NOCSs identified by XRF
are presented in Table 1. Compared with sepiolites in other coun-
tries, all of the sepiolites in China were characterized by high CaO
contents (20.5–27.1%). Similar results have been reported by Hren-
ovic et al. [12], who  found that sepiolite obtained from the Hebei
Province of China has a CaO content of 19.34%, indicating that sepi-
olites in China are impure. The XRD results indicated that sepiolites
used in this study contained 40–50% sepiolite and that other min-
erals, such as smectite (10–15%), calcite (15–20%), and dolomite
(10–20%), were also important constituents (Fig. 1). The purity of
sepiolite in these samples was considerably lower than the purity
of sepiolite from Turkey or Serbia, which can contain more than 80%
sepiolite [23,24].  The impurity of the samples from China caused by
high calcareous minerals may  result in an advantage over sepiolites
from Turkey or Spain with regard to phosphorus-removal capacity

in wastewater. Materials with high Ca content have a strong affinity
for phosphorus [8–10]. Fig. 2a shows that the phosphorus sorption
capacity was varied among the three NOCSs in different phospho-
rus concentrations. There was no significant difference among the
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hree NOCSs at low (5 and 30 mg/l) phosphorus concentrations.
owever, NOCS2 had a higher phosphorus sorption capacity than
id the other two NOCSs at medium (100 mg/l) and high (800 mg/l)
hosphorus concentrations. The high sorption capacity of NOCS2
as probably due to the high content of exchangeable Ca and Mg
ithin this material (Table 1). Therefore, NOCS2 was  used for fur-

her study.

.2. Sorption isotherms and kinetics
.2.1. Sorption isotherm
Fig. 2b shows that the amount of removed phosphorus increased

ith increasing initial phosphorus concentrations, which ranged
aterials 198 (2011) 362– 369 365

from 0.09 mg  P/g to 32.0 mg  P/g. However, the percentage of phos-
phorus removal had a different tendency, which increased at low P
concentrations, peaked at 100 mg/l P (86%) and subsequently lev-
eled off at 60–70% with 200–1000 mg/l P. These results indicated
that a different phosphorus removal mechanism was present upon
P loading and P sorption isotherms. Thus, the mechanisms should
be described separately in the two phases.

The Langmuir and Freundlich isotherm equations are widely
used to describe the sorption processes in sorption experiments.
The linear form of the isotherm equations can be written as fol-
lows (Langmuir isotherm equation, Eq. (1);  and Freunlich isotherm
equation, Eq. (2)):

Ce

qe
= Ce

qm
+ 1

KLqm
(1)

ln qe = ln KF + 1
n

ln Ce (2)

where qe is the phosphate concentration on the sorbent (mg/g); Ce

is the equilibrium phosphate concentration in the solution (mg/l);
KL, KF and n are constant parameters of the models; and qm is
the maximum sorption capacity of the sorbent at given concen-
trations (mg/g). The phosphorus sorption of NOCS2 at low and
high P concentrations was  fitted by the Langmuir and Freundlich
isotherm equations, respectively. As compared to R values fitted
by the Langmuir model, the sorption curve was  best fitted to the
Freundlich equation regardless of phosphorus concentration. Two-
phase sorption isotherms have also been reported by others in
basic oxygen steel slag, calcareous material and calcite sorption
experiments [25–27].  These authors have concluded that stepwise
sorption isotherms result from sorption reactions at low P concen-
trations and that precipitation of Ca-P minerals occurs at higher
initial P concentrations with the adsorbed P acting as nuclei for
crystal growth [25–27].  The finding of the present study may  be
in agreement with these previous results. The maximum sorp-
tion capacity was not suitable, as estimated by the Langmuir plot,
because the sorption process was  not described well by the Lang-
muir isotherm. Del Bubba et al. [28] also reported that the Langmuir
equation is not suitable for P removal data at high P concentra-
tions when precipitation occurs. Therefore, the maximum sorption
capacity can be estimated from the highest phosphorus loading
of 1000 mg  P/l in the present study, which was 32.0 mg  P/g. The
phosphorous sorption capacity found in the present study was
high compared with other natural clay materials but was compara-
ble with some industrial byproducts and functionalized materials
[6,10,29] High P sorption capacity indicated that this naturally
occurring, calcium-rich sepiolite may  be a promising absorbent in
wastewater treatment. However, the low removal efficiency (<50%)
at low P concentrations (0–50 mg/l) limits the scope of sepiolite.
Kõiv et al. [30] also found an incomplete removal of phosphorus
at low P loadings during a pilot-scale leaching experiment when
using a calcium-rich hydrated oil shale ash as filter material.

3.2.2. Sorption kinetics
The amount of P adsorbed on NOCS2 over time is shown in

Fig. 2c and d. The phosphorus sorption on NOCS2 was completed
in 18 h when it reached equilibrium (Fig. 3). The time needed to
reach equilibrium has an important role in the efficiency and field
deployment costs of a sorbent [29]. The equilibrium time of NOCS2
was  longer than some iron-rich sorbents, which only need a few
minutes (5 min  or less) to reach equilibrium [11,29].  Rentz et al.
[4] found that the equilibrium time is greater than 20 h for phos-
phorus sorption when using biogenic iron oxides as sorbents. The

equilibrium time of the present study was shorter than the equi-
librium time for other calcium-rich sorbents, which require days
to reach equilibrium for phosphorus sorption [8,26].  The various
equilibrium times among the sorbents may  be due to the distinct
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Table 3
Kinetic parameters for phosphorus sorption to NOCS2.

First-order equation Second-order equation Elovich equation Intraparticle diffusion equation
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haracteristics of the sorbents, thereby resulting in different sorp-
ion processes and mechanisms. The experimental kinetic data
ere fitted to the following four typical kinetic equations (Eqs.

3)–(6)) to provide a better understanding of the P sorption process
n the calcium-rich sepiolite:

seudo-first-order equation : ln(qe − qt) = ln qe − k1t (3)

seudo-second-order equation :
t

qt
= 1

k2q2
e

+ t

qe
(4)

imple Elovich equation : q = a + b ln t (5)

ntraparticle diffusion equation : qt = kit
1/2 (6)

here qt and qe are the amounts adsorbed at time t and equilibrium
mg/g), respectively; and t is the sorption time. The other param-
ters are different kinetic constants, which can be determined by
he regression of the experimental data. The estimated parame-
ers of the four common kinetic models with R2 values are shown
n Table 3. As compared with R2 values, the pseudo-first-order

odel and pseudo-second-order model fit the experimental data
est, yielding R2 values of 0.999 and 0.993, respectively. The sim-
le Elovich equation and intraparticle diffusion equation yielded

ower R2 values when compared with the R2 values of the first
wo equations. Previous researcher suggested that sorption system
ere chemical sorption involving valence forces through shar-

ng or exchange of electrons between adsorbent and adsorbent
hen experimental data fit well with the pseudo-first-order model

nd pseudo-second-model [17]. To verify this, changes in the free
nergy (�G◦) were calculated according to Eqs. (7) and (8):

G◦ = −RT ln Kd (7)

d = C0 − Ce

C0
· V

m
(8)

here �G◦ is the free energy of sorption (kJ/mol), T is the tempera-
ure in K, and R is the universal gas constant (8.314 J/(mol K)); Kd is
he sorption distribution coefficient, C0 is the initial phosphate con-
entration in the solution (mg/l), m is the mass of sepiolite (g) and

 is volume of the solution (ml) during sorption experiment. The
alculated �G◦ was −11.30 kJ/mol and was lower than 40 kJ/mol,

hich indicated that phosphorus sorption on NOCS2 was prob-

bly dominated by physical process. This result was  contrary to
he conclusion from the pseudo-first-order model. It was  probably
ue to that the former was  an experiential model and sometimes

4032241680
0

1

2

3

4

5

NOCS2

q(
m

g/
g)

t (h)

Fig. 3. Phosphorus sorption kinetics of NOCS2.
R2 a b R2 ki mg/(g h1/2) R2

0.993 1.59 0.792 0.950 0.727 0.911

would deviate from the experimental data. Besides, it was  believed
that ligand exchange and precipitation would have great effect on
phosphorus removal in the present study.

3.3. Matrix effects on P removal capacity

3.3.1. Effect of pH
The pH value of the solution during adsorption has a signifi-

cant effect on the surface characteristics of the adsorbent particles
and, consequently, the sorption capacity of the sorbents [3]. The
phosphorus removal capacity of NOCS2 at various pH values was
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t a pH value of 3.0. The phosphorus sorption capacity dropped
harply when the pH value of the solution changed from acidic to
lkaline with an approximate 20% phosphorus sorption capacity in
he alkaline solution, which indicated that NOCS2 may  work well
n acidic solutions but not in alkaline solutions. This finding was in
greement with previous results reported by others using slag and
alygorskite ash as adsorbents [17,27,31].  The pH dependency of
hosphate removal is related to the dissolution of cations from the
dsorbent, overall charge of the adsorbent and polyprotic nature
f phosphate [17,29]. Fig. 4b shows that the amount of Ca leach-
ng from NOCS2 decreased with increasing pH values. However,
he amount of Mg  and Si leaching from NOCS2 did not significantly
uctuate when the pH values were varied. The pH of solution has an

mpact on the speciation of phosphate ions in solution. Between pH
f 3 and 7, the predominant species is H2PO4

− and normally carries
egative charge [29]. The dissolve Ca2+ and Mg2+ could react with
2PO4

− to form the possible precipitate according to the following
quations (Eqs. (9)–(13))  [32,33]:

a2+ + 2H2PO4
− + H2O → Ca(H2PO4)2 · H2O (9)

a(H2PO4)2 + Ca2+ → 2CaHPO4 + 2H+ (10)

CaHPO4 + 2Ca2+ → Ca8(H2PO4)6 + 4H+ (11)

a8(H2PO4)6 + 2Ca+ + H2O → Ca10(PO4)6(OH2) + 4H+ (12)

g2+ + 2H2PO4
− → Mg(H2PO4)2 (13)

onsidering the structure of sepiolite, the H2PO4
− and HPO4

− also
an react with silanols via hydrogen formation according to Eqs.
14) and (15) [34]:

 Si–OH + H2PO4
− ⇔ Si–OH · · · H2PO4

− (14)

 Si–OH + HPO4
− ⇔ Si–OH · · · HPO4

− (15)

oreover, in the acid solution, the positively charged surface sites
f NOCS2 also favored the sorption of phosphate, due to the elec-
rostatic attraction, which was clearly illustrated in Fig. 4b where
he zeta potential was positive when the pH value of the solution
as below 7. When the pH increased, the amount of phosphorus

dsorbed sharply decreased, which was mainly attributed to the
igh pH values. High pH values could cause the surface to carry
ore negative charges, thereby resulting in increased repulsion of

he negatively charged phosphate in the solution.

.3.2. Effect of ionic strength
The influence of ionic strength on phosphorus removal was

valuated in solutions containing 100 mg/l phosphate with vari-
us concentrations of NaCl ranging from 0.001 to 0.3 mol/l NaCl.
aCl concentration did no have significant influence on phospho-

us removal regardless of the NaCl concentrations used (Fig. 4c).
imilar results have also been reported by Bowden et al. [27] and
houyyok et al. [29], who performed phosphorus sorption studies
sing slag and Fe-rich material, respectively, as sorbents.

.3.3. Effect of coexisting anions
Natural waters and wastewater normally contain coexisting

nions, such as SO4
2−, NO3

−, F−, Cl−, and HCO3
−, which can com-

ete with phosphate to occupy reactive sites on the adsorbents,
hereby resulting in a lower phosphorus removal percentage dur-
ng water treatment. The effects of coexisting anions on phosphorus
emoval capacity of NOCS2 are summarized in Fig. 4d. The pres-
nce of SO4

2−, NO3
− and Cl− had no effect on the phosphorus
emoval capacity of NOCS2 (Fig. 4d). However, the presence of F−

nd HCO3
− dramatically affected the phosphorus removal capacity

ith F− having a larger influence (Fig. 4d). These results were simi-
ar to findings reported by Chouyyok et al. [29], who demonstrated
Fig. 5. (a) Phosphate fractionation in discrete chemical forms. (b) Percentage of
phosphorus leaching from P-saturated sepiolite during different times.

that the phosphorus removal capacity of an iron-rich functional-
ized sorbent can be strongly inhibited by F− and HCO3

− but that the
phosphorous removal capacity was  high in the presence of SO4

2−,
NO3

− and Cl−. Thus, the phosphorous removal capacity is regarded
as a superior characteristic of NO3

− and Cl−, which are commonly
present in waste streams [29].

3.4. Chemistry and mineralogy of the P-saturated sepiolite

To understand the phosphate binding mechanism, a phospho-
rus fractionation scheme used in calcareous soil was performed on
the P-saturated sepiolite. The results suggested that calcium-bound
phosphorus forms including Ca2-P, Ca8-P and Ca10-P accounted
for most of the total phosphorus (Fig. 5a) and that Al-P, Fe-P
and O-P only accounted for a small part of the total phosphorus
(Fig. 5a). The order of each fraction of P was  distributed as follows:
Ca8-P (75.2%) > Ca2-P (18.1%) > Al-P (2.53%) > Ca10-P (2.50%) > Fe-P
(1.37%) > O-P (0.35%). The relatively high percentage of Ca-P (Ca2-
P, Ca8-P and Ca10-P = 95.7%) indicated that the high concentrations
of phosphorus removed by NOCS2 was  effected mainly by precipi-
tation. Previously, researchers have also suggested that P removed
by soil colloids may  occur through precipitation at high phospho-
rus concentrations [35]. The XRD results suggested that there were
large quantities of calcite and dolomite in the sepiolite, which may
supply a large amount of dissolved Ca2+ to the solution during sorp-
tion with time (Fig. 1). The phosphate and Ca2+ in the solution can
form octacalcium phosphate (OCP), dicalcium phosphate dihydrate
(DCPD) and hydroxylapatite (HAP). Furthermore, the poorly crys-
tallized or amorphous DCPD and OCP form as precursor phases in
solution containing Ca and P, and they are recrystallized into ther-
modynamically stable HAP over time [8,30].  SEM analysis showed
that the natural sepiolite was a fibrous-like cluster (Fig. 6a and b).
After phosphorus adsorption, several small spots formed on the
fibrous-like clusters, which were suspected to be Ca-P precipita-
tion (Fig. 6c and d). These results were similar to findings reported

by Kõiv et al. [30] and Kaasik et al. [8],  who  found that Ca-P precipi-
tation can form on calcium-rich materials after phosphate sorption,
as confirmed by SEM and EDS. Immobilization of phosphorus into a
Ca-phosphate form is considered to be a promising technology that
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ay  effectively control excess phosphorus in wastewater [8]. The
esults of this study suggested that NOCS2 is an efficient adsorbent
hen treating wastewater with high phosphorus concentrations.

.5. Environmental safety assessment

It is important to avoid second pollution during wastewater
reatment. Therefore, to assess the phosphorous desorption rate
PDR) of sepiolite, the P-saturated sepiolite was agitated in solu-
ions with a wide range of pH values. The PDR ranged from 1.0 to
.45% during a 48 h desorption experiment (Fig. 5b). The lower PDR

n 48 h compared with 24 h may  have been due to the readsorption
o the sorbent used. The desorption rate of sepiolite was lower than
he desorption rate of palygorskite, which has a PDR higher than
0% when used as phosphorus adsorbents [36]. The phosphorus
ractionation experiment showed that calcium-bound phosphate
ominated the phosphorus speciation (Fig. 5a). Previous studies
ave suggested that these Ca-P fractions are stable and are barely
esorbed once formed [30,37,38].  Thus, these results indicated that
OCS2 can be safely used for wastewater treatment.

. Conclusions

In this study, a naturally occurring calcium sepiolite (NOCS) was
elected and evaluated for its feasibility as a phosphorus adsor-
ent. Batch studies showed that phosphate sorption on this NOCS
ollowed a stepwise isotherm and could be fitted well by the Fre-
ndlich equation. As estimated by the Freundlich equation, the

aximum phosphorus sorption capacity of NOCS can reach to

2.0 mg  P/g, and is higher than those of other natural materials
nd even comparable with some efficient manmade phospho-
us sorbents. The sorption kinetics were well described by the
g sepiolite (NOCS) before phosphorus adsorption (note the fibrous-like cluster). (b)
recipitation on the fibrous-like cluster after phosphorus adsorption. (d) SEM–EDS

pseudo-first-order and pseudo-second-order models, yielding R2

values of 0.999 and 0.993, respectively. The phosphate removed
from the solution was  mainly a calcium-bound phosphorus (Ca-P)
precipitation. Considering various pH values, the formed precipita-
tion was  barely desorbed from the phosphorus-adsorbed sepiolite.
Together, these data indicated that this naturally occurring,
calcium-rich sepiolite can be regarded as an efficient phosphorus
adsorbent. Future pilot-scale experiments mimicking the real con-
dition should be carried out to study the phosphorus-adsorption
capacity of the sepiolite.

Acknowledgements

This work was  jointly supported by State Major Project of Water
Pollution Control and Management (Grant Nos. 2008ZX07103-
003 and 2012ZX07103-005), National Natural Science Foundation
of China (Grant No. 40730528), Nanjing Institute of Geogra-
phy and Limnology, Chinese Academy of Sciences (Grant Nos.
NIGLAS2010KXJ01 and NIGLAS2010QD11), and Natural Science
Foundation of Jiangsu Province (Grant No. BK2009332).

References

[1] S. Sengupta, A. Pandit, Selective removal of phosphorus from wastewater
combined with its recovery as a solid-phase fertilizer, Water Res. 45 (2011)
3318–3330.

[2] G.S. Yang, R.H. Ma,  L. Zhang, J.H. Jiang, S.C. Yao, M.  Zhang, H.A. Zeng, Lake Status
major problems and protection strategy in China, J. Lake Sci. 22 (2010) 799–810
(in  Chinese).
[3] X.C. Wei, J.R.C. Viadero, S. Bhojappa, Phosphorus removal by acid mine drainage
sludge from secondary effluents of municipal wastewater treatment plants,
Water Res. 42 (2008) 3275–3284.

[4] J.A. Rentz, I.P. Turner, J.L. Ullman, Removal of phosphorus from solution using
biogenic iron oxides, Water Res. 43 (2009) 2029–2035.



ous M

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

H. Yin et al. / Journal of Hazard

[5]  A. Drizo, C.A. Forst, K.A. Grace, Physico-chemical screening of phosphate-
removing substrates for use in constructed wetland systems, Water Res. 33
(2009) 3595–3602.

[6] L. Johansson Westholm, Substrates for phosphorus removal—potential benefits
for  on-site wastewater treatment? Water Res. 40 (2006) 23–26.

[7] V. Cucarella, G. Renman, Phosphorus sorption capacity of filter materials used
for on site wastewater treatment determined in bath experiments—a compar-
ative study, J. Environ. Qual. 38 (2009) 381–392.

[8]  A. Kaasik, C. Vohla, R. Mõtlp, Ü. Mander, K. Kirsimä, Hydrated calcareous oil-
shale ash as potential filter media for phosphorus removal in constructed
wetlands, Water Res. 42 (2008) 1315–1323.

[9] M. Liira, M.  Kõiv, Ü. Mander, R. Mõtlep, C. Vohla, K. Kirsimäe, Active filtration
of  phosphorus on Ca-rich hydrated oil shale ash: does longer retention time
improve the process? Environ. Sci. Technol. 43 (2009) 3809–3814.

10] C. Vohla, M.  Kõiv, H. John Bavor, F. Chazarenc, Ü. Mander, Filter materials for
phosphorus removal from wastewater in treatment wetlands—a review, Ecol.
Eng. 37 (2011) 70–89.

11] P. Sibrell, G.A. Montgomery, K.L. Ritenour, T.W. Tucker, Removal of phospho-
rus  from agricultural wastewaters using adsorption media prepared from acid
mine drainage sludge, Water Res. 43 (2009) 2240–2250.

12] J. Hrenovic, D. Tibljas, T. Ivankovic, D. Kovacevic, L. Sekovanic, Sepiolite as car-
rier  of the phosphate-accumulating bacteria Acinetobacter junii, Appl. Clay Sci.
50 (2009) 582–587.

13] E. González-Pradas, M.  Socías-Viciana, M.D. Ureňa-Amate, A. Cantos-Molina,
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