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Abstract Natural pyrite was modified by calcination
under nitrogen (N,) atmosphere to produce a novel sorbent
for removing phosphorus (P) with low concentration from
aqueous solutions. The crystallinity, porous texture, mag-
netic susceptibility and performance in P removal of pyrite
calcinates depended on calcination temperatures. The sor-
bent obtained at calcination temperature of 500-600 °C
possessed the most efficient P removal. Solution pH in the
range of 3.0-9.0 and anions of chloridion (Cl7), nitrate
(NO3)™ and sulfate (SO427) had ignorable effect on P
removal. The batch adsorption experiment shows that the
maximum sorption capacities for P of this novel sorbent
(gm) were up to 1.61-5.36 mg P/g at adsorption tempera-
tures of 15-35 °C. Dynamic sorption and regeneration
experiments were conducted in an adsorption column filled
with pyrite calcined at 600 °C. The study found that oxygen
was an important control factor responsible for P adsorption
because the oxidization of Fe*™ to Fe>™ on the surface of the
sorbent followed by P being bound to a ferric hydroxide
surface film was the crucial processes. The mechanism was
confirmed with surface characterization techniques includ-
ing field emission scanning electron microscope and X-ray
photoelectron spectroscopy. This research potentially
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provides a cheap, abundant sorbent for P removal from the
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Introduction

Recently, a big challenge for Chinese government is how to
tackle the shortage of clean freshwater caused by ongoing
eutrophication in water bodies. Usually, eutrophication in
aquatic ecosystems is caused by the accumulation of phos-
phorus (P). Municipal wastewater and agricultural applica-
tion of fertilizer are the main sources of P released into
aqueous ecosystems. Despite that numerous chemical and
biological approaches have been used for removal of P from
wastewaters in wastewater treatment plants, the concentration
of P in the treated wastewater is still not low enough; after
discharged into water bodies, it can cause excessive algae
growth in lakes and other confined water bodies. Currently,
0.5 mg/L is the state emission standard for P in the effluent of
municipal wastewater treatment plants (Ministry of Envi-
ronmental Protection of the People’s Republic of China.
2003), which is much higher than the acceptable level of total
inorganic P (~0.03 mg/L) in the water environment (Khan
and Ansari 2005). Conventional chemical precipitation using
calcium, aluminum and iron salts has been widely used for P
removal from wastewater. However, they cannot be widely
adopted because of high chemical cost and generation of a
large volume of chemical sludge, which are considered as the
secondary pollution (Clark et al. 1997). In addition, both
conventional biological nutrient removal and precipitation
processes are not able to reduce the effluent total P concen-
trations to below 0.2 mg/L (Jenkins et al. 1971). In order to
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meet high water quality standards for discharge into water
bodies or reuse the treated wastewater, novel technologies are
required for P removal from the secondary effluent in
wastewater treatment plants.

Sorption with ion exchangers and other adsorbent mate-
rials is one of the techniques which would be best available
technologies. Commercial ion exchange resins (Wu et al.
2007) have outstanding adsorption properties, but have high
cost. The application of low-cost and easily available mate-
rials in wastewater treatment, including industrial waste solid
(Atar and Olgun 2009; Atar et al. 2012; Olgun and Atar 2009;
Olgun and Atar 2011; Olgun et al. 2013), bentonite (Hag-
hseresht et al. 2009), activated red mud (Liu et al. 2007), gas
concrete (Oguz et al. 2003) and calcite (Karageorgiou et al.
2007), has been widely investigated in recent years.

Iron sulfide minerals are the most abundant metal sulfide
minerals at the surface of the earth and formed in reducing
environments. Dissolved iron, sulfate and heavy metals are
released as a result of oxidation of iron sulfides when
exposed to air, leading to acid mine drainage (AMD). AMD
causes severe environmental pollution problems. Recovery
of iron sulfides in rock and ore as well as utilization is very
important for reducing AMD from the source. Use of iron
sulfide minerals and synthetic iron sulfide as sorbents for
wastewater treatment and as reducers for remediation of
groundwater pollution has received significant attention
(Jeong et al. 2007), in particular pyrite and pyrrhotite, which
are usually produced during flotation of sulfide ore and are
only used as raw materials for production of sulfuric acid
(Bower et al. 2008). Janzen et al. (2000) observed the rate of
pyrrhotite oxidation at atmospheric concentrations of O,
was 100 times as much as that of pyrite because there is an
S-S double bond in the crystal structure of pyrite and there
are structure defects in the crystal structure of pyrrhotite.
However, the crystal’s sizes of natural iron sulfide minerals
are several millimeters in rock or ore, or 0.05-0.1 mm in
flotation products, resulting in low specific surface areas
and low sorption capacities for wastewater treatment.

Phase transformation of pyrite can occur by calcination at
different temperatures. In inert atmosphere (nitrogen, argon
and helium) at high temperature, pyrrhotite, a non-stoichi-
ometric iron sulfide, is the most dominant product of pyrite
calcination (Bhargava et al. 2009). Previous research has
revealed that not only pyrite is transformed into pyrrhotite
after calcination in N, atmosphere, but also the crystal size
of the calcinate is becomes nanometer or submicron (Lam-
bert et al. 1998). The structure of pyrrhotite transformed
from pyrite by heat treatment in inert atmosphere is both
polycrystalline and porous, resulting in a much higher spe-
cific surface area than that of natural pyrrhotite.

To date, there have been no reports about P removal
with pyrite calcinate. Therefore, a series of batch and
column experiment were carried out in Hefei University of
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Technology, China, during the year of 2010 to investigate
factors affecting the efficiency of pyrite cinated under N,
atmosphere in P removal from wastewater and to analyze
the mechanisms.

Materials and methods
Materials

All experimental reagents used in the present study were of
analytical grade unless especially noted. The stock solution
of P was prepared by dissolving KH,PO, in distilled water.
The concentrations of PO,*~ ranged from 0.5 to 10 mg/L
(defined as mg P/L), and the pH value of the solution was
adjusted by using 0.1 M NaOH and 0.1 M HCI solutions
according to the experiment requirement.

Pyrite calcination

Pyrite was collected from Xingiao Mine at Tongling City in
Anhui Province, China. In the laboratory, it was crushed and
sieved into the desired particle sizes of 0.063—0.074 mm and
0.15-0.30 mm, and then rinsed in the reaction cell with 1 %
HCI for 3 h to remove carbonate and the iron oxide film
formed on the pyrite surface. The samples were then washed
several times with distilled water and dried at 100 °C in an
anoxic cell. The cleaned pyrite particles were calcined in N,
atmosphere at 300, 400, 500, 550, 600, 700, 800 or 900 °C for
1 h. The calcinate with diameter of 0.063-0.074 mm was
utilized in the batch sorption experiments, while the calcinate
with diameter of 0.15-0.30 mm was used in the column
sorption experiment in order to have a rapid flow rate in the
adsorption columns. The calcination products were charac-
terized by X-ray diffraction (XRD) in the range of 5-70° using
a powder diffractometer (Rigaku Corporation, Japan) with Cu
Ko radiation, the tube voltage 40 kV and the current 100 mA.

Batch sorption experiments

A total of 50 mg/L of phosphorus (referred as 50 mg P/L,
equivalent to 220 mg/L of KH,PO,) was prepared by ana-
lytical grade of potassium dihydrogen phosphate supplied by
Shanghai Hengxin Chemical Reagent Co., Ltd. The initial pH
of the solution was adjusted by adding 0.1 M HCI or 0.1 M
NaOH. All batch sorption experiments were conducted with a
constant solid-to-liquid ratio (S/L = 2.0 g/L). Briefly, a
known amount of the calcinated particles (0.5 g) with the
particle size of 0.063-0.074 mm were added to 300-mL
flasks, in addition with 250 mL of with 0.5 mg P/L solution.
Once the desired reaction time was reached, the suspensions
were separated by centrifugation with a relative centrifugal
force of 3,790x g for 15 min. The supernatant was analyzed
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for P concentrations. Firstly, sorbents obtained at different
calcination temperature (including natural pyrite particles)
were investigated the removal efficiency of P in the batch
adsorption experiments at the initial pH = 7.0, and the flasks
were shaken at 160 rpm in a water bath shaker for 24 h at
ambient temperature. Second, the sorbent obtained at 600 °C
was chosen to perform the following experiments (1).
dynamic experiments: in order to investigate the time for
reaction equilibrium, after adding 0.5 g of sorbent and
250 mL of 0.5 mg P/L at ambient temperature, and the initial
pH was kept at 7.0, the flasks were shaken mechanically at
05, 1,2,4,6, 8, 14, 15, 16, 18 and 24 h; (2), adsorption
isotherms experiments: with the purpose of investigation on
the initial concentration of adsorbate and the reaction tem-
perature as a function of the P removal, the initial concen-
trations of P were designed at 0.5, 2, 5, 8, 10, 15 mg P/L, and
the reaction was finished at 15, 25 and 35 °C with the initial
pH = 7.0 and the reaction time = 24 h; (3), the influence of
initial pH and anions on the adsorption: In order to assess the
influence of solution pH on P removal, the initial pH values
ranged from 3.0 through 12.0 with the initial concentration of
p = 0.5 mg P/L, and reaction time = 24 h at ambient tem-
perature. Anions including nitrate, chloride and sulfate at
0.01, 0.05, 0.1, 0.5 and 1.0 M added to the solution; (4),
dependence of P sorption by calcined pyrite on oxygen was
investigated in four flasks where 250 mL of 0.5 mg P/L
solution was added as well as 0.5 g of 0.063-0.074 mm pyrite
calcined at 600 °C. Anoxic experiment was carried out in
glove box of no oxygen. The supernatant was extracted 2 mL
using a syringe every 2 h for 0.5 mg/L P. All batch experi-
ments were performed in triplicate.

Column experiments

A column sorption experiment was conducted at room tem-
perature in a column constructed from a glass pipe with a
height of 50 mm and an internal diameter of 10 mm (Fig. 1).
The system was located at the base of the column (near the
inlet) to evenly distribute the influent flow. The column was
filled with 50 g of pyrite calcined at 600 °C with size of
0.15-0.30 mm. The influent solution used in the column
experiment contained 1.0 mg P/L with a pH value of
approximately 7. During the experiment, the influent was
continuously pumped from the medium reservoir tank to the
bottom inlet of the column with a pre-calibrated variable-
speed peristaltic pump at a flow rate of approximately 17 mL/
h. The column effluent was collected and filtered through 0.45-
pm membrane filter paper before analysis. The breakthrough P
concentration was set at 0.01 mg/L. The reasons are as fol-
lows: firstly, many lakes in China, such as Chaohu Lake, Taihu
Lake and Dianchi Lake, are seriously eutrophic, and municipal
sewage should be treated to a higher standard before dis-
charge; secondly, if the secondary effluent of municipal
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Fig. 1 Schematic diagram of the column sorption experiment

wastewater treatment plants is reused as a city surface water,
the P concentration of the secondary effluent has to reach the
quality standard of surface water.

To investigate the possibility of reuse of the sorbent, a
regeneration experiment was conducted. A solution con-
taining 0.1 M HCI and 0.5 M Na,SO5; was pumped into the
column at the flow rate of 17 mL/h after breakthrough
occurred. The phosphate content of the column elute was
measured. Then the column was used to treat the 1.0 mg
P/L solution with the protocol for the column experiment
described above.

Analysis and characterization

Phosphate concentrations in all solutions were analyzed by
a spectrophotometer at a wavelength of 700 nm according
to reference (American Public Health Association 1985). In
the batch adsorption experiment, the P removal efficiency
(RE) was calculated according to Eq. (1):

C()_Ct
0

RE (%) = x 100 (1)

Here, C is the initial concentration of P, and C, is the
concentration of P at adsorption time tth.

At the end of the adsorption experiment, the sorbent
material was washed repeatedly there times with distilled
water, and then dried in N, atmosphere at 30 °C for 12 h
before characterization by field emission scanning electron
microscope (FE-SEM) and X-ray photoelectron spectroscopy
(XPS) to investigate the change of the surface morphology
and composition of pyrite calcinate before and after adsorp-
tion experiments. XPS were performed using a Thermo ES-
CALAB 250 XI system equipped with monochromatic Al K«
source (150 W, hv = 1,486.6 eV) at University of Science
and Technology of China. The binding energy scale was
charge-referenced to the C 1 s peak at 284.8 eV. High-reso-
lution spectra were obtained using analyzer pass energy of
20 eV. The FE-SEM analyses were carried out in the Struc-
tural Analysis Center of the University of Science and
Technology of China with Sirion 200 FE-SEM.
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Results and discussion
Structure and property of pyrite calcinated

The dominant peaks in XRD pattern of the samples obtained
at calcination temperature <500 °C were attributed to pyrite
and quartz (Fig. S1), and the pyrrhotite peaks were observed
for samples calcinated at 500-800 °C, indicating that the
transformation of pyrite under N, did not occur until the
temperature was raised to 500 °C. The already detected
products of pyrite calcination are monoclinic pyrrhotite (pyr-
M), hexagonal pyrrhotite (pyr-T) and orthogonal troilite
(Lambert et al. 1998). When the calcination temperature was
550-600 °C, the predominant product was pyr-M; when the
temperature reached 700 °C, pyr-T was the dominant prod-
uct; troilite, the stoichiometric iron sulfide (FeS), was the
main product over 800 °C (Fig. S1). Accordingly, in crys-
tallography, simple cubic crystal system was transformed to
monoclinic or hexagonal crystal symmetry. Transformation
of pyrite to pyrrhotite is endothermic and can be expressed by
the chemical equation as follows (Bhargava et al. 2009):

FeSy(s) "~ Fes

+ (140.5x)S5(g)

+(8)

T Fes(s) + S(g) 2)
The value of x in FeS, is only a function of temperature (Li
and Franzen 1996).

Significant difference in removal of phosphate from aque-
ous solutions was observed for pyrite calcined at different
temperatures (Fig. S2). High removal efficiencies (from 89.7
to 96.2 %) were achieved by pyrite calcined at 500-600 °C.
The highest P removal efficiency, up to 96.2 %, was obtained
for pyrite calcined at 600 °C. The effect of calcination tem-
perature on P removal efficiency can be explained in terms of
the phase composition in the calcinates: The main component
of pyrite calcinate at 500-600 °C is Pyr-M. Pyr-M with wide
and weak peaks in XRD patterns implies its low crystallinity,
with crystal sizes ranging from nanometer to submicron meter.
The crystallinity of pyr-M formed from pyrite calcination was
lower than that of natural pyrrhotite. Furthermore, pyrite cal-
cined at 500-600 °C had a surface area about 10 m%g (tested
using the BET-N, adsorption method), while the surface area
of original pyrite particle was less than 0.02 m*/g (calculated
according to the granular size). The increased specific surface
area of pyrite calcinated at 500-600 °C was due to its porous
texture with submicron crystal sizes of monoclinic pyrrhotite
(Fig. 2). Previous studies also demonstrated that among iron
sulfides (pyrite, marcasite, pyr-M, pyr-T, orthogonal troilite
and tetragonal mackinawite), pyr-M had the highest chemical
activity for oxidation by dissolve oxygen or air (Janzen et al.
2000; Lehmann et al. 2000; Thomas et al. 2003).

Additionally, the arsenic content in the calcination pro-
ducts of pyrite was reduced as the increase in the calcination
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Fig. 2 FE-SEM images of sorbent particles a before adsorption,
b after immersion in P solutions under anoxic conditions and ¢ under
oxic conditions

temperature. The magnetic susceptibility of pyr-M was the
highest among the iron sulfides (Fig. S2). Therefore, the high
magnetic susceptibility, specific surface area, chemical
activity and the low arsenic content can be obtained through
the calcination of pyrite at N, atmosphere.

Removal kinetics and sorption isotherms

P was removed slowly within the first 2 h in the batch
adsorption experiment, and then, P concentrations in the
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aqueous solutions were rapidly decreased. The adsorption was
nearly complete within 6 h (Fig. S3a). The removal efficiency
of P was ~98 % after 6 h of adsorption. Generally, sorption
kinetics of P by iron oxides can be described with first-/sec-
ond-order kinetic models (Hamdi and Srasra 2012). However,
P removal by pyrite calcinate did not fit well with either first-
order or second-order kinetic models. This possibly resulted
from the multi-step reactions and chemical adsorption
between pyrite calcinate and P. Briefly, these chemical reac-
tions would consist of oxidization of Fe*" (Eqg. 3) on the
sorbent surface, reactions between Fe> ™ and OH™~ (Eq. 4) and
sorption of orthophosphate by the newly formed ferric
hydroxide (Eq. 5). H,PO,™ and HPO427 were the main spe-
cies under pH and P concentrations used in this study
according to the computation of hydrolysis balance constants.

2Fe*™ 4 0, +4H' = 2Fe*" + 2H,0 (3)
Fe’* 4+ 3H,0 = Fe(OH); + 3H' (4)
S—Fe—OH + H,PO; — S—Fe—HPO] + H,0 (5)

Equation 3 is an O,-dependent reaction. The results from
batch experiments under anaerobic and aerobic conditions
confirm the importance of oxygen for the phosphate removal
(Fig. S3b and c). P was not removed by calcined pyrite under
anaerobic conditions within 16 h of experiment (Fig. S3b),
while it was obviously removed under aerobic conditions
(Fig. S3c), indicating that O, would be one of the most
important factors causing P removal by calcined pyrite.
Despite that non-oxidative dissolution of iron sulfides could
occur in acidic solutions (Nicol and Scott 1979), the mean
oxidation rate of pyrrhotite by oxygen was about two orders
of magnitude faster than that of non-oxidative dissolution in
solutions with pH of 2.75 (Janzen et al. 2000). Therefore,
non-oxidative dissolution was not a key factor to P removal in
the present study. FE-SEM images of calcined pyrite before
and after contact with the P solution confirm our conjecture
(Fig. 2b, ¢). There were no obvious changes on the surface of
crystals in comparison with fresh surface of pyrite calcinate
after being contacted with 0.5 mg P/L solution under the
anaerobic condition (Fig. 2b). However, there was a new film
of ferric hydroxide containing P formed on the surface of
crystals after being contacted with P solution under the
aerobic conditions (Fig. 2c). As mentioned earlier, existence
of oxygen could oxidize Fe*™ to Fe** which was easy to
produce a film of ferric hydroxide. Ferric hydroxide was
demonstrated the key factor in adsorption (Jain et al. 1999;
Raven et al. 1998; Roberts et al. 2003). Therefore, our results
also confirm that ferric hydroxide film formed due to the
surface oxidation of the particles under the oxic condition
caused the P sorption from the solution onto the sorbent
surface. As a result, P removal by calcined pyrite was a series
of complicated processes, and the overall removal of P could
not be described by first- or second-order kinetic models.

Table 1 Estimated isotherm parameters for P adsorption by calcined
pyrite

Equation R? SE

Freundlich equation q= KCh

15 °C g = 0.746C7 0.86 0.22
25 °C g = 0.893C7= 0.92 0.19
35°C g=1.62C® 1.0 0.06
Langmuir equation qg= {’jrf_f};g

15 °C q =080 18C 0.98 0.08
25 °C q= % 0.99 0.08
35°C q = 03B IC 0.99 0.12
Temkin equation g=A+BInC

15 °C q=0.789+0.309InC 095 0.13
25 °C q=09784+0.324InC 0.98 0.09
35 °C q=218+0.617InC 0.87 0.57
Redlich—Peterson equation q= lf%
15 °C q= H()l.étl% 0.99 0.06
25 °C q= Hf;’% 0.99 0.09
35°C q= % 1.0 0.06
Langml'Jir—Freundlich q= bqn_,Cl]’;
equation 1+bCr
I5°C — L4 1007 0.99 0.06
141.48¢07
25°C _ 174 % 166798 0.99 0.09
T 141.74C09%
35°C g = 0113 15.99.'% 1.0 0.04
140.113CT7%

The sorption data for P removal at temperatures of 15, 25
and 35 °C were correlated using five equation models
(Table 1; Fig. 3). Langmuir, Redlich-Peterson and Lang-
muir-Freundlich models are more suitable for describing the
sorption isotherms than Freundlich and Temkin models based
on their higher R? and less standard error of estimate (SE). P
maximum sorption capacities (¢gy,) calculated from Langmuir
and Langmuir—Freundlich models were up to 1.61 and
1.22 mg P/g sorbent at 15 °C, 1.75 and 1.6 mg P/g at 25 °C,
and 5.36 and 15.9 mg P/g at 35 °C, respectively. With the
adsorption temperature increasing, the sorption capacity was
increased. A previous study also indicated that the oxidative
reaction rate of pyrrhotite increased with increasing the solu-
tion temperature (Van Weert et al. 1974). Therefore, P
removal by calcined pyrite is dependent on the temperature.

Effect of pH and anions on P adsorption

pH is an important factor that affects the sorption of anions and
cations at the solid—liquid interface. When pH is from 3.0t0 7.2,
the predominant phosphate species in aqueous solutions is
H,PO,~, while at pH between 7.20 and 12.33, the main
phosphate species is HPO,>~ (Perrin and Dempsey 1974). The
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Fig. 3 P adsorption isotherm of calcined pyrite at 15, 25 and 35 °C

removal efficiency of P at varying pH (3.0-12.0) is illustrated in
Fig. S4. After the sorption reached equilibrium, pH increased in
the batch experiments with initial pH less than 7 and decreased
in batch experiments with initial pH higher than 7. The optimal
pH range for P removal was from 3.0 to 9.5 had little influence
on the removal efficiency (from 95.7 + 4.4t098.0 £ 5.0 %),
whereas the efficiency decreased to 42.6 + 5.6 % at initial
solution pH = 12.0. It was due to a proceeding oxidation and
hydrolysis step of ferric iron (III) hydroxides (Egs. 3,4), which
strongly bind P (Parfitt et al. 1975). A decrease in P removal at
higher pH was likely due to the high concentration of OH™ ions
present in the solution which competed with PO,>~ ions for the
sorption sites on the surface of the sorbent.

Wastewater contains a variety of anions which could
interfere in the binding of P. Thus, the competitive sorption of
the additional anions including nitrate, chloride and sulfate
was investigated with 0.5 mg P/L solutions containing 0.01,
0.05, 0.1, 0.5 and 1.0 M NO5~, CI™ or SO42_ anions (Fig.
S5). The results demonstrate that compared with the control
experiment where no anions were present in the solutions, and
98.9 % of P removal was achieved, only ignorable interfer-
ence was observed in the presence of 0.01-1.0 M NO;~, CI™
or SO4°~ anions and P removal efficiency was consistently
above 96 %. Competition sorption by anions has been found
on furnace slag*® and orange waste gel loaded with zirconium
(Xue et al. 2009). For iron sulfide, it was also reported that P
removal by raw natural pyrite was more strongly affected by
SO,*~ ion than by NO3™ or CI™ ions (Wang et al. 2012). In
the present study, the calcined product was still efficient in P
removal in the presence of NO;~, Cl™ or SO427 anions.

Results of the column sorption and regeneration
experiments

The P concentration in the column effluent was analyzed and
is presented in Fig. 4 as a function of the accumulative

Y4
ﬁ @ Springer

volume of treated influent solution. The results show that
when the column breakthrough occurred (the P concentration
in the effluent was above 0.01 mg/L), an accumulative vol-
ume of 8.6 L was treated by the column, equal to 350 bed
volume (BV); the column had been operated for 23.4 days.
Prior to this breakthrough point, the amount of P sorbed onto
pyrite calcined was 0.17 mg/g sorbent that was computed by
dividing the amount of P removed in 23.4 days by the filling
amount of pyrite calcined in the column. The breakthrough
point (P concentration of 0.01 mg P/L) was lower than Grade
I National Surface Water Quality Standards in China,
0.02 mg/L (GB3838-2002). From this point of view, pyrite
modified is an effective sorbent for reducing P removal to a
very low level and can be used for polishing the secondary
effluent of the municipal wastewater treatment plants. It is
noted that high concentration of P was observed in the effluent
during influent volume of 8—12 L, whereas low concentration
in the effluent was detected during accumulative volume of
12-14 L. The potential reason for the phenomenon is likely
associated with unstable adsorption when adsorption
approached saturation. In addition, the concentrations of total
Fe, Zn and sulfate in the effluent were below 5, 0.04 and
85 mg/L, respectively, and other heavy metals (Cu, Cd, Pb,
Ni, Co, Mn) and As were all below detection limits. The
results promise and suggest that there would be little leaching
of the trace heavy metals from the calcinate during adsorption
of P. It was noted that there was no significant difference in
pH between the influent and the effluent during the entire
experiment, and pH values remained consistently neutral.
To make the sorbent more economical, regeneration and
reuse of the sorbent are necessary. Regeneration studies were
carried out using the solution containing 0.1 M HCland 0.5 M
Na,SO;, which aided in reduction and dissolution for the ferric
hydroxide film containing P on the surface of the sorbent.
During regeneration, the P concentration in the column
leachate was decreased gradually from 83.3 to 1.53 mg/L after
washing for 13 h (Fig. S6a). After regeneration, the column

1.2

1.0 1

| —e— Influent
—e— Effluent

[

o

1 ——- Water Quality Sdandard for phosphate 2

Phosphate in influent (mg/L)
IS

(71/Bw) enjye ur eyeydsoyd

(M)

o
o
.

f
©
=}

0 2 4 6 8 10 12 14 16

Cumulative amount of water/L

Fig. 4 Performance of the continuous column adsorption experiment
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was run again according to the column test procedure men-
tioned above, and the P sorption capacity calculated was
0.14 mg/g, which was slightly lower than that obtained in the
former adsorption test (0.17 mg/g, Fig. S6b), revealing that the
sorbent still had a good performance for P removal after
regeneration, and the sorbent would be suitable for reuse.

XPS characterization

X-ray photoelectron spectroscopy of calcined pyrite before
and after contact with the P solution confirms the analysis of
for the P removal mechanism (Fig. S7 and Fig. 5). In the XPS
survey spectrum of the calcined pyrite before adsorption, all
photoelectron peaks corresponded to Fe, S, O, except the C
1 s photoelectron peak (Fig. S7a). The C 1 s peak was due to
CO, adsorption when the sample was exposed to air. The O
1 s peak in the fresh sample indicated that oxidation had took
place on the surface of the sample before the adsorption
experiment started. Comparing with fresh pyrite calcinate,
after contacting P solutions, the peaks of O 1 and C 1 s were
enhanced, and the peaks of S 2p and Fe 2p were weakened
(Fig. S7c). The peak intensity of O 1 s and C 1 s of the
surface of samples that contacted P solution under oxic
conditions was stronger than on the surface of samples that
contacted P solutions under anoxic conditions. The changes
of surface composition indicate that calcined pyrite had
undergone oxidation reaction in oxic P solution.

Calcined pyrite did not contain P, so there was no P signal
in the XPS of the fresh sample (Fig. 5a). P signal in the XPS of
the sample contacting anoxic P solution was hardly detected,
which is consistent with the finding that the sorption of P on
calcined pyrite under anoxic conditions was very low (Fig.
S3). The signal of P 2p XPS was strong after calcined pyrite
contacted oxic P solutions. Moreover, according to the fine
XPS of P 2p (Fig. 5b), the component at 133.75 eV corre-
sponded to the chemical bond of Fe-PO,>~ (Moulder et al.
2004). Fine XPS of S indicated a sensible change in valence of
sulfur species by exposure to the oxic solution (Fig. 5¢); in
particular, S 2p spectra exhibited a second peak at 168.2 eV,
which was attributed to SO,>~ groups, indicating that $*~ was
oxidized in the oxic solution to form SO,>~ (Smart. 1991).

The Fe 2p photoelectron peaks shifted to higher binding
energy (BE) after contacting with the P solution (Fig. 5c),
from 708.3 eV to 711-713 eV. The peak at 708.3 eV was
attributed to ferrous property of iron-deficient sulfide groups
(Fig. 5¢) (Xue et al. 2009). The peak at 711-713 eV was
attributed to ferric hydroxide (Smart. 1991). The results
confirmed surface oxidation of calcined pyrite and formation
of ferric hydroxide in the oxic P solution. Sorption experiment
and fine XPS of Fe, S and P all indicate that the surface of
calcined pyrite was continuously oxidized and ferric
hydroxide was continuously formed, which was responsible
for the removal of P in aqueous solutions. Parfitt et al. (1975)
have proposed that ferric hydroxide had a strong sorption for
P. These experimental observations were in agreement with
previous geochemical studies that showed P binds strongly to
iron (IIT) hydroxides and oxides (Davis and Kent 1990).

In summary, the ferric hydroxide formed during oxidation
of pyrite calcinate by oxygen dissolved in wastewater would
determine the sorption of P from wastewater. The formation
rate of ferric hydroxide was controlled by the oxidation rate of
pyrite calcinate. In turn, the oxidation rate, i.e., the chemical
reactivity of the pyrite calcinate, would determine the effi-
ciency of P removal. The product of pyrite calcination at
600 °C comprised monoclinic pyrrhotite with low crystallin-
ity and porous texture. The calcination of pyrite under N,
atmosphere enhanced the chemical reaction activity, causing
the calcinate being more active than natural pyrite and pyr-
rhotite. Considering the performance of pyrite calcinate for P
removal, abundant pyrite resource as well as low costs of
pyrite and pyrite calcination, the new material has a great
potential for P removal from the secondary effluent of muni-
cipal wastewater treatment plants, as well as recovery of P.

Conclusion

The product of pyrite calcined in N, atmosphere at 600 °C is
single monoclinic pyrrhotite, low crystallinity and porous
texture, which has the highest chemical activity among the
iron sulfide and efficiency for the removal of trace phosphate
in aqueous solutions. Phosphate uptake was weakly affected

Fig. 5 High-resolution XPS
spectra of P 2p (a), S 2p (b) and
Fe 2p (c). Line 1 represents
before adsorption, Line 2
represents after immersion in P
solutions under anoxic
conditions, and Line 3
represents after immersion in P
solutions under oxic conditions
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by nitrate, chloride and sulfate at the concentration of 1 M
and pH 3-11. The phosphate removal efficiency was 96.2 %
for an initial concentration of 0.5 mg/L phosphorus with
calcined pyrite in N, at 600 °C. The maximum sorption
capacity of phosphate was 0.17 mg/g (0.02 mg/L P was the
upper limit of the effluent) by running the column experiment
with the calcined product as filter for removal of low con-
centrations phosphate (Cy = 1.0 mg/L P). The mechanism
of phosphate removal is iron (III) hydroxides irreversibly
adsorbs phosphate and forms precipitation of iron phosphate
on the surface of monoclinic pyrrhotite because the material
surface was oxidized in the oxic environment. The precipi-
tation of iron phosphate in the material surface could be
cleared up and regenerated with the solution of 0.1 M
hydrochloric acid and 0.5 M sodium sulfite.
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