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ABSTRACT

Adsorbent is a key factor influencing the removal of phosphate from aqueous solution in
terms of adsorption technique. In this present work, limonite-pyrrhotite (L-pyr) was
prepared by the reaction of natural limonite with sulfur derived from the decomposition of
pyrite. The L-pyr was utilized to remove phosphate from aqueous solution. The effect of
preparation temperature, initial P concentration, initial solution pH, oxygen amount, and
interference ions on the P removal was investigated to evaluate the performance of L-pyr.
The results showed that increased oxygen amount favored the phosphate removal and the
effect of solution pH can be ignored as the initial solution pH was not more than 8.5. The
existence of NO; improved phosphate removal in contrast with the negative role of CI’,
S0?2~, and HCO; in an order: HCO; > SO3™ > Cl. As for kinetic study, the adsorption onto
L-pyr can be fitted well to pseudo-second-order model. The experimental results provided a
novel way to prepare L-pyr having an effective performance in the removal of phosphate
and easy to be separated from aqueous solution by means of magnetic separation
technique.

Keywords: Pyrite; Pyrrhotite; Limonite; Phosphorus removal; Magnetic separation

1. Introduction

It is necessary to remove phosphate from sewage
before discharging into natural environments because
phosphorus is a key factor to eutrophication. In the
past decades, adsorption technique has been docu-
mented as an effective method to remove phosphate
from aqueous solution [1,2]. Moreover, adsorption
method possessed several advantages as compared

*Corresponding author.

with the Dbiological technology and chemical
technology due to low cost, high selectivity, and high
capacity [3-5].

As for adsorption technique, the key factor influ-
encing the removal of phosphate was the adsorbent.
Therefore, the development and utilization of novel
adsorbents have attracted extensive attention. Up to
now, adsorbents for the removal of phosphate from
aqueous solution were mainly focused on clay miner-
als [3,4,6-9], metal oxides [5,10-13], and solid wastes
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[14-16]. Of these adsorbents, the performance of natu-
ral mineral materials and solid wastes on the removal
of phosphate attracted more and more attention, not
only for developing novel and effective adsorbent, but
also for the sufficient utilization of resources, such as
montmorillonite, zeolite, kaolinite, and low-grade iron
ore. To improve the performance of materials, material
sometimes was treated by modification before using.
For instance, the report of Kasama et al. indicated that
montmorillonite, beidellite, saponite, and fluor-te-
trasilicic expandable mica pillared with Keggin ion-
like Al clusters increased the adsorption capacities to
20.5, 24.5, 25.1, and 27.0 mg P/g, respectively, in con-
trast to undetectable phosphate adsorption capacities
onto their parent clay minerals [17]. Tian et al.
reported that the pillared montmorillonite by La/Al
remarkably increased the adsorption capacity of the
parent clay [18]. Still, the limonite treated at a high
temperature (550°C) in hydrogen also significantly
enhanced the phosphate removal [19]. On the other
hand, pyrite utilized as an important raw material for
preparing sulfuric acid was rarely reported as a kind
of adsorbent. In our group, pyrite was used to prepare
pyrrhotite for removal of heavy metal ions (Cu®*,
Pb%*, Cd?**, Zn?") and recycling the Cu in the Cu-rich
wastewater by flowing column experiments [20,21].
According to the study on pyrite, limonite-pyrrho-
tite (L-pyr) was prepared by the reaction of sulfur
with limonite, where sulfur was derived from the
decomposition of pyrite. Moreover, the performance
of L-pyr on the removal of phosphate was investi-
gated and compared with the pyrrhotite (pyr) derived
from the decomposition of pyrite. The objective of this
study was to explore the utilization of pyrite and
limonite to prepare an environmentally friendly adsor-
bent and to investigate its performance on the removal
of phosphate from aqueous solution. Therefore, the
effect of relative parameters (initial P concentration,
initial solution pH, oxygen amount, interference ions,
etc.) on the removal of phosphate was carried out.

2. Experimental
2.1. Material preparation

Natural limonite and pyrite were obtained from
Tongling city, Anhui province, China. Both samples
were crushed and screened into a size lower than
75 um. The pyrite and limonite were put into a quartz
tube. The former was put into the under-part and the
latter was put into the above-part, where silica wool
was put into the middle of both samples. A kind of
inert gas (argon) was utilized to drive the air away
from the bottom before annealing. After the designed
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time, both samples were collected for further charac-
terization after cooling down in argon. The sample
obtained from the reaction of limonite with sulfur was
labeled as L-pyr and the sample derived from the
decomposition of pyrite was labeled as Pyr. L-pyr-650
means this L-pyr was obtained from the reaction of
limonite and sulfur at 650°C.

2.2. Characterization

X-ray diffraction (XRD) of raw samples and
annealed samples was measured using a Rigaku pow-
der diffractometer with Cu Ka radiation. The tube
voltage was 40 kV, and the current was 100 mA. The
XRD diffraction patterns were taken in the range of
20-70° at a scan speed of 4 min~'. Phase identification
was carried out by comparison with those included in
the Joint Committee of Powder Diffraction Standards
database.

Magnetic susceptibility of samples was measured
using a susceptibility meter (Bartington MS2).

The X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out to analyze the surface of
L-pyr-650 before and after adsorption of phosphate
using a Thermo ESCALAB 250 XI system equipped
with monochromatic Al Ka source.

2.3. Batch experiments

In this work, batch experiments were carried out
to evaluate the performance of this L-pyr and the
effect of relative parameters (initial P concentration,
coexistence ions, etc.).

Phosphorus(P)-containing sewage was prepared by
dissolving KH,PO, in deionized water with a resistiv-
ity of 18.4 MQ cm. Firstly, the effect of annealing tem-
perature was evaluated by adsorption of 5mg/L of
PO, -P using different L-pyr prepared at different
reaction temperatures under the fixed conditions: con-
tact time 24 h, dosages 200 mg, and liquid volume
100 mL. In addition, the performance of L-pyr-650 on
the removal of phosphate was also evaluated at differ-
ent solution pHs (3.5, 5, 6.5, 7.5, 8.5, 9.5, 11.5, and 12).

Secondly, the effect of initial concentration of phos-
phate on the removal of phosphate from aqueous
solution by L-pyr-650 was investigated under the fixed
conditions: initial concentration (2, 5, and 10 mg/L),
L-pyr-650 200 mg, and liquid volume 100 mL. In addi-
tion, the performance of L-pyr-650 was compared with
the Pyr.

Thirdly, the effect of the interference and ion
strength on the P removal was undertaken by addition
of four types of anions (ClI~, NO;, SO;~, HCO;) with
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different concentrations (0.01, 0.05, 0.1, 0.5, and 1,
2 mol/L) under the fixed condition: 5 mg POi_-P/ L,
L-pyr-650 50 mg, liquid volume 100 mL, and pH 6.3.
Meanwhile, the effect of oxygen amount and contact
temperature was also assessed under the condition.
Finally, kinetic analysis was carried out in this sec-
tion under different initial P concentrations, different
oxygen amounts, and different initial solution pHs
according to the pseudo-second-order kinetic model.
In the whole experiment, the phosphate in the
supernatant solution was extracted after the desired
experimental time followed by filtration (0.22-pm film)
and was measured by the method proposed by
Murphy and Riley [22]. The phosphate removal was
calculated from the decreases of phosphate concentra-
tions relative to those of the initial concentrations.

3. Results and discussion
3.1. Characterization

The result of XRF indicated the limonite was
mainly composed of Fe,O3; 58.85 wt%, SiO, 16.87 wt%,
AlL,O3 4.85 wt%, MnO 3.16 wt%, CaO 1.05 wt%, ZnO
1.6 wt%, others 2.4 wt%, and the loss on ignition
11.22 wt%. In addition, the XRD patterns of L-pyr
obtained from the reaction at different temperatures
are presented in Fig. 1. The reflections at 20 =212,
33.3, 36.8, 41.3, 53.3° were found and identified as
goethite (a-FeOOH). The reflection at 20 =26.4° was
identified as quartz. Therefore, it was confirmed that
the limonite mainly contained goethite and quartz.

As displayed in Fig. 1, all the reflections of goethite
disappeared after reaction at 500°C and were replaced

G-Goethite
H-Hematite
M-Magnetite
Pyr-Pyrite
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Fig. 1. XRD patterns of limonite and reacted products at
different reaction temperatures.
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by that of hematite ascribed to the Eq. (1). As the
temperature reached to 550°C, the new reflections
were observed and identified as magnetite. The forma-
tion of magnetite contributed to the Eq. (2). As the
temperature came to 570°C, the new reflections at
260 =34.1, 44, and 53.4° were found and identified as
pyrrhotite. The formation of pyrrhotite was ascribed
to the Eq. (3). When the temperature reached to 650°C,
only the reflection of pyrrhotite remained. That is to
say, the goethite was completely transformed into
pyrrhotite in the presence of sulfur as the reaction
temperature was not lower than 650°C.

FeOOH — Fe,O3 + H,O (1)
Fe,O3 + S — FezO4 + SO, 2)
Fe;04 + S — FeS 4 SO, 3

On the other hand, the magnetic susceptibility also
confirmed the transformation process. As displayed in
Fig. 2, the magnetic susceptibility experienced a
remarkable increase to 6,812x107° m? kg ' and then
decreased to 700 x 10°® m® kg™'. This change tendency
was dependent on the ratio between magnetite (Fe;O,)
and pyrrhotite (FeS). The more the magnetite was, the
higher the magnetic susceptibility was. Therefore, it
can be concluded that the hematite was completely
transformed into magnetite in the presence of sulfur
after reaction at 550°C having the maximum magnetic
susceptibility. As the temperature varied from 550 to
700°C, the magnetite was transformed gradually into
pyrrhotite resulting in the decrease of the magnetic
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Fig. 2. Magnetic susceptibility of the reacted products at
different temperatures.
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susceptibility. Even so, this material obtained from the
reaction not lower than 550°C still can be separated
from the aqueous solution easily by means of mag-
netic separation technique (the figure not shown here).

3.2. Effect of reaction temperature

As discussed above, the reaction temperature
affected the composition of the reacted products.
Properties of the different products differed with each
other probably resulting in the difference of the
adsorption performance. Therefore, the effect of prepa-
ration temperature of the pyrrhotite on the P removal
was investigated and the results were shown in Fig. 3.
The P removal increased to 99.9% from 35% and then
decreased to 52% as the temperature increased to
800°C from 400°C. And the phosphate was almost
removed (99.9%) as the annealing temperature was
650 and 700°C. It indicated that the newly formed
magnetite improved the removal of phosphate from
aqueous solution. Compared with the magnetite, the
newly formed L-pyr displayed a better performance
on adsorption of phosphate. As the initial P concentra-
tion was 5 mg/L, the L-pyr derived from the reaction
of Fe3O, with S can remove almost all phosphate from
the aqueous solution as presented in Fig. 3. However,
as the annealing temperature increased to 800°C, the
phosphate removal experienced a dramatic decrease
by 47.9%. The transformation of hematite into mag-
netite enhanced the surficial activity to form adsorp-
tion sites (-OH by protonation and Fe®* by oxidation
of Fe?*), which increased the P removal. The increased

P removal/%

400 500 550 600 650 700 800

Reaction temperature/(OC)

Fig. 3. The effect of different L-pyr prepared at different
reaction temperatures on the P removal (experimental con-
ditions: initial P concentration 5mg/L, liquid volume
100 mL, pH 6.9 +0.1, L-pyr 200 mg).
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annealing temperature (650 or 700°C) favored the for-
mation of pyrite which considerably improved the
removal of phosphate, implying that the L-pyr had a
better surficial activity to adsorb phosphate. The surfi-
cial activity should be contributed to the easy oxida-
tion of L-pyr forming more adsorption sites. However,
the crystallization of L-pyr increased the crystal size
and decreased the surface area leading to the decrease
in the surficial reactivity and decreasing the P
removal.

3.3. Effect of initial PO3~ concentration

The difference of Pyr and L-pyr-650 on the
removal of phosphate and the effect of initial P con-
centration on the P removal were displayed in Fig. 4.
Obviously, the P removal over L-pyr was always
higher than that over Pyr in the experimental period.
It indicated the L-pyr had a better performance on
adsorption of phosphate than that of Pyr. The result
agreed well with the previous report that the SG-pyr
(SG-synthetic goethite) had a better P removal than
Pyr [23]. On the other hand, the initial P concentration
also affected the removal of phosphate. In particular,
the P removal increased to 41.5% as the contact time
increased to 28 h and the initial P concentration was
10 mg/L. However, the P removal reached to 99.9% in
the first 2 and 24 h as the initial P concentration was 2
and 5 mg/L, respectively. Undoubtedly, the increased
P concentration enhanced the competition of
phosphate for the adsorption sites. Therefore, the
increased P concentration reduced the P removal in
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Fig. 4. The effect of Pyr and L-pyr-650 as well as the initial
P concentration (experimental conditions: liquid volume
100 mL, pH 6.9 +0.1, L-pyr-650 200 mg).
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the experimental period, although the prolonged time
favored the increase in the P removal.

3.4. Effect of initial solution pH

As well known, solution pH significantly influ-
enced the surficial activity of adsorbents. To make the
effect of solution pH on the P removal clear, the initial
solution pH (3.5, 5, 6.5, 7.5, 8.5, 9.5, 11.5, and 12) was
designed and the results were presented in Fig. 5. As
seen in Fig. 5, the P removal increased to 99.9% in the
first 1.5 h as the initial solution pH was not less than
7.5. The time for the complete removal of phosphate
increased to 4 and 8 h when the initial solution pH
was 8.5 and 9.5, respectively. As the initial solution
pH increased to 11.5 and 12, the highest P removal
just reached to 78.4 and 61.2%, respectively, despite
adsorbing 24 h. It indicated that this material had a
good performance as the initial solution pH was not
more than 8.5. The result was not consistent with the
previous report that the acidic condition suppressed
the oxidation of Fe®* into Fe’* leading to the decrease
in the P removal [24]. In contrast, the lower the pH
was, the better the P removal was in this present
work. This phenomenon was relative with the point of
zero charge of FeS which was determined as 6.3 in
this work. Therefore, as the solution pH was lower
than 6.3, the surface of FeS presented positive charge,
which favored the adsorption of phosphate with a
negative charge. Inversely, the increasing solution pH
inhibited the surface adsorption by electrostatic

100 o
80 4f |
R 60
-
§
E —0— pH=3.5
@ 1 —N— pH=5
A 40 —¥— pH=6.5
——pH=7.5
—— pH=8.5
20 |4 —C— pH=9.5
S —— pH=11.5
, —O— pH=12
0 Ea 1 1 1 1 1
0 4 8 12 16 20 24
Time/h

Fig. 5. The effect of initial solution pH on the removal of
phosphate by L-pyr-650 (experimental conditions: initial P
concentration 5 mg/L, liquid volume 100 mL, L-pyr-650
200 mg).
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interaction. On the other hand, As the initial solution
pH was over 9.5, although the condition was a benefit
to the oxidation of Fe?*, it also favored the formation
of Fe(OH); [25]. Therefore, the hydroxyl group com-
peted Fe®* with PO, [26], which resulted in the
decrease of P removal at high pH.

3.5. Interference study

The interference of various ions and the effect of
their concentration on the P removal were investi-
gated. The fixed experimental conditions were as fol-
lowed: dosage 200 mg, initial P concentration 5 mg/L,
liquid volume 100 mL, pH 6.9+0.1, and adsorption
time 24 h.

As displayed in Fig. 6, the P removal increased to
94.2% from 77.3% as the concentration of NOj
increased to 2M from 0.01 M. Compared with the
absence of extra ions, the presence of NO; favored
the removal of phosphate as shown in Fig. 6. How-
ever, as the NO; was replaced by Cl, SO3", or
HCOj;, the P removal experienced a decrease at differ-
ent degrees. The P removal decreased to 64.4, 52.1,
and 7.4% for CI, SOLZ[, and HCOj, respectively, as
the concentration of the coexistence ion increased to
2 M. It indicated that the existence of CI, SO?[, or
HCO; hindered the removal of phosphate and the
order of the negative role was HCO; > SO;~ > Cl™. To
the best of our knowledge, NO; was able to accelerate
the corrosion of iron forming iron oxides and mean-

P remoyay/q,

Fig. 6. The effect of interference ions and corresponding
ion concentration on the P removal by L-pyr-650
(experimental conditions: initial P concentration 5 mg/L,
liquid volume 100 mL, L-pyr-650 200 mg, pH 6.9 =0.1).
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while NOj could be reduced into NO;, N, and NH;
[27]. Therefore, it was speculated the existence of NO3
favored the oxidation of L-pyr forming much more
Fe’*. And the increasing concentration of NO; also
enhanced the oxidation process of L-pyr resulting in
the increase in the P removal with increasing NOj
concentration. The affinity of HCO; to the corrosion
products of iron has been reported extensively and
the competition of HCO; with other anions for the
adsorption sites was also reported. For example, the
existence of HCOj; remarkably inhibited the removal
of arsenate by zero-valent iron. Therefore, it is sup-
posed the HCOj; compete the adsorption sites with
phosphate which led to the decrease in the P removal.
As for SO2~, it was reported that the presence of SO3~
accelerated the corrosion of iron and promoted the
formation of green rust (GR(SOi_)) [28]. However, the
sulfur in the iron sulfide was mainly oxidized into
SO2". Thereby, the addition of SO~ likely hindered
the oxidation of L-pyr playing a negative role in the
removal of phosphate.

To the best of our knowledge, no report on the
effect of CI" on the P removal by pyrrhotite can be
found. On the other hand, the effect of ClI” on the sur-
ficial reactivity of iron in aqueous solution has been
reported extensively. However, the role of Cl” in the
corrosion of FeO seems to be a controversy. The
increased Cl™ concentration from 0.02 to 3mM
decreased the corrosion rate of iron [29]. However, the
study of Ruangchainikon et al. indicated that the pres-
ence of Cl" favored the formation of green rust (GR
(CI)), promoting the performance of FeO [30]. There-
fore, in the present work, it was speculated that the
restriction efficiency of CI” was higher than the pro-
motion efficiency due to the formation of GR(CI") as
the concentration of ClI- was between 0.01 and 2 M,
although the green rust was demonstrated to be a
good material for the removal of phosphate [31]. How-
ever, the presence of green rust remarkably favored
the increase in the P removal as the concentration of
Cl" was not less than 0.2 mM.

3.6. Effect of oxygen amount

The effect of oxygen amount on the P removal was
shown in Fig. 7. Oxic means the conical beaker was
exposed in air; anoxic means the conical beaker was
sealed in the adsorption process; and anaerobic means
oxygen in the conical beaker was driven away fol-
lowed by the addition of adsorbent. These conditions
denoted different oxygen amounts in the adsorption
system. As seen in Fig. 7, the P removal experienced a
dramatic increase to 99.9% in the oxic condition.
Meanwhile, the P removal just increased to 45.1 and
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Fig. 7. The effect of oxygen amount on the P removal
(experimental conditions: initial P concentration 5 mg/L,
liquid volume 100 mL, pH 6.9 +0.1, L-pyr-650 200 mg. The
oxic system denotes the adsorption process is exposed to
air. The anoxic system denotes the adsorption process is
closed in a tube, and anaerobic system denotes the adsorp-
tion process is closed in a tube and the dissolved oxygen
is driven away by boiling).

27.6% in the anoxic and anaerobic condition, respec-
tively. The results showed that increased oxygen
amount in the adsorption system favored the removal
of phosphate from aqueous solution. This phe-
nomenon was caused by the role of dissolved oxygen
in the formation of Fe** by the oxidation of L-pyr-60.
Adequate oxygen can ensure the oxidation of L-pyr-60
into Fe** followed by the formation of Fe-P precipi-
tant. This result agreed well with the previous reports
that adequate oxygen amount improved the removal
of phosphate by FeO and Fe®* [19,24]. That is to say,
the removal of phosphate by FeO or Fe** considerably
depended on their oxidation rate and subsequent for-
mation of Fe-P precipitant. And the oxygen amount
was adequate to oxidize Fe’ or Fe’* so long as the
adsorption system was exposed in air. The explana-
tion also can be used in this work. Therefore, the ade-
quate oxygen improved the removal of phosphate.

On the other hand, the P-adsorbed L-pyr-650
under different oxygen conditions was characterized
by XPS. As displayed in Fig. 8, a peak width between
132.4 and 135.6 eV can be observed and was attributed
to the binding energy of PO} . The peak at 133.9 eV
should be ascribed to the combination between Fe*
and phosphate [32,33]. The XPS analysis showed that
the peak of PO, binding energy can be observed
clearly after adsorption in the oxic condition. How-
ever, no obvious peak can be found for the anoxic and
anaerobic condition. It implied that much more P was
detected on the surface of the L-pyr-650 in the oxic
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Fig. 8. XPS of the P-adsorbed L-pyr-650 under different
conditions after adsorption for 24 h: oxic (a), anaerobic (b),
and anoxic (c).

condition as compared with the anoxic and anaerobic
condition. As mentioned above, the oxic condition
remarkably favored the removal of phosphate from
aqueous solution. Thereby, the results of XPS also con-
firmed the phenomenon.

3.7. Effect of adsorption temperature

As presented in Fig. 9, contact temperature obviously
affected the P removal. The increasing temperature

100 >
sl g/
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g 60 |
3
§ ;/§
=
2 40}
£
D
2 /
20l §/Q/
)
l/
0 L L L L L L
0 5 10 15 20 25 30

Time/(h)

Fig. 9. The effect of contact temperature on the P removal
by L-pyr-650 (experimental conditions: initial P concentra-
tion 5 mg/L, liquid volume 100 mL, L-pyr-650 200 mg, pH
6.9+0.1).
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increased the P removal as the adsorption time was
lower than 20 h, although phosphate can be removed
completely after 30 h at the experimental temperature.
As discussed above, the removal of phosphate depended
on the oxidation rate of L-pyr. Therefore, it was pro-
posed that the increase in contact temperature favored
the oxidation of L-pyr-650 increasing the adsorption sites
which enhanced the adsorption performance. Thereby,
the high temperature favored the removal of phosphate
from aqueous solution by L-pyr-650.

3.8. Kinetic studies

The pseudo-second-order kinetic equation [34] as
followed was utilized to describe the kinetic data of
L-pyr adsorption phosphate, t/q; = 1/kq> + t/q., where
t (min) is adsorption time, g; and g. (mg/g) are
adsorption amount at the time of t and equilibrium,
respectively, and k is rate constant. As displayed in

(@) 70
60 - B 2mgL R=1
5mgL R’=0.998
50 B 10 mg/L R’=0.983

S
=]

t/qt(h/mg/g)
»
<>

20
10
0 =
0 10 20 30 40 50 60 70

t/h

(b) 100
B oxic R’=0.979
80 | anaerobic R’=0.993
B anoxic R’=0.998

60

t/qt(h/mg/g)

40

20

0 10 20 30 40 50 60 70

Fig. 10. Linear plot of pseudo-second-order model for
adsorption phosphate by L-pyr at different conditions:
different initial P concentration (a), oxygen amount (b),
and different initial pH (c).
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Fig. 10, according to the experimental results of the
effect of initial P concentration, oxygen amount, and
initial pH on the P removal, the relations between t/g;
and t were plotted. The results indicated t/g; had a
good linear relationship with t and the value of corre-
lation coefficient (R?) was over 0.97, especially for the
effect of initial solution pH (over 0.998). As seen in
Fig. 10, it can be speculated from the slope of the
straight line that the low initial P concentration, high
oxygen amount, and low solution pH had a quick
adsorption rate. It indicated that high oxygen amount
and low solution pH favored the removal of phos-
phate from aqueous solution. This fitted kinetic result
was agreed well with the results of batch experiment.

4. Conclusions

L-pyr can be prepared by the reaction of limonite
with sulfur which is derived from the decomposition of
pyrite. The newly formed L-pyr had a great perfor-
mance on the removal of phosphate especially after
annealing at 650 and 700°C. As the initial solution pH
was not more than 8.5, L-pyr-650 could remove almost
all of the phosphate from the aqueous solution as the
initial P concentration was not more than 5 mg/L.
Moreover, the oxic condition remarkably enhanced the
performance of L-pyr-650. As for interference ions, the
existence of NOj favored the removal of phosphate in
contrast to the passive role of CI-, HCO;, and SOj in
an order of HCO; > SO;™ > CI". Finally, the increase in
temperature also improved the removal of phosphate.
In addition, this material was also proved to be easy to
separate from aqueous solution by magnetic separation
technique. These experimental results provided impor-
tant information on the preparation of pyrrhotite and
its application in the removal of phosphate. Most
importantly, the results demonstrated that L-pyr was a
kind of promising adsorbent for treatment of P-contain-
ing wastewater and could be separated from aqueous
solution easily by magnetic separation technique.
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