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a b s t r a c t

Acid mine drainage (AMD) in Yunfu iron sulfide mine contain Fe2+, Fe3+, and Al3+ up to 8000, 1700 and
1200 mg/L, respectively. Phosphorus removal from synthetic wastewater with 10 mg/L of total phos-
phorus (TP) concentration and second municipal effluent with 3.5–4.0 mg/L of TP concentration were
conducted with the AMD by jar tests. Dosage of the AMD and initial pH of water are the two most impor-
tant parameters affecting the performance of phosphorus removal of the AMD. The optimal phosphorus
removal efficiency and residual iron ions (TFe) concentration are 97.0% and 3.0 mg/L, respectively, at 1.61
Fe/P molar ratio and pH 8.03 for synthetic wastewater, and 92.1% and 0.32 mg/L, respectively, for second
hosphorus removal
astewater

oagulation

municipal effluent at 1.41 Fe/P molar ratio and pH 7.3. Resultant heavy metal concentration in effluents
and precipitate was very low, and the risk of resultant heavy metal contamination was very small. The
phosphorus removal performance of the AMD was much similar to that of ferric sulfate (FS) and polyferric
sulfate (PFS), and better than that of FeSO4. And residual TFe concentration in treated water arising from
utilization of the AMD was similar to that of FeSO4, and higher than that of FS and PFS. The AMD could
be used as coagulant for phosphorus removal from wastewater directly due to the presence of Fe2+, Fe3+,

and Al3+ largely.

. Introduction

Acid mine drainage (AMD) is formed when sulfide minerals
uch as pyrite are exposed to oxygen and water. Naturally occur-
ing bacteria such as Acidithiobacillus ferrooxidans can accelerate
MD production greatly [1]. With high acidity and concentrations
f heavy metal ions such as As, Cd, Cu, Hg and Pb, etc. [2], AMD is
oxic to aquatic organisms, damages ecosystem of receiving rivers
nd lakes, and corrodes infrastructure [3]. Pyrite is one of the most
ommon sulfide minerals in the earth, and exists not only in the
orm of ore resource but also as gangue in most metal sulfides and
oal deposits. Therefore AMD is very common and one of the worst
nvironmental problems across the globe [4,5].

In order to avoid environmental problems associated with AMD,
ypical AMD treatment involves addition of neutralizing agents
uch as lime to raise the pH of the AMD and precipitate heavy
etals as AMD sludge which contains a mixture of various metal

ydroxides and/or oxides [6,7]. The AMD sludge typically contains
low concentration of solids, and is difficult to be handled and
isposed ultimately [8], and then becomes another environmen-
al problem. Thus properly treating or utilizing AMD has been an
mportant problem.
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Usually the generation of AMD is described by pyrite oxidation
which is illustrated by the following equations [9]:

2FeS2 + 2H2O + 7O2 = 2Fe2+ + 4SO4
2− + 4H+ (1)

4Fe2+ + 4H+ + O2 = 4Fe3+ + 2H2O (2)

FeS2 + 14Fe3+ + 8H2O = 15Fe2+ + 2SO4
2− + 16H+ (3)

According to the above equations, the main components of AMD
are FeSO4, Fe2(SO4)3 that are common coagulants in water and
wastewater treatment and usually used to reduce pollutants such
as turbidity and phosphorus (P) concentration in wastewater. As
AMD is a hazardous material of environment, utilization of AMD for
coagulant is highly desirable. By application of AMD in wastewater
treatment for coagulant, AMD and the wastewater could be treated
together, and the cost of treating AMD and wastewater would be
reduced considerably.

However, AMD in different mines has different characteristics.
When AMD is used as coagulants, it will have different coagulation
performance and resultant heavy metal concentration in effluent.
For example, AMD was used as coagulant in sewage treatment
in Derbyshire [10] and in flocculation process of potable water
treatment for treatment of surface water from Langsett reservoir

[11], and pumped into sewage-impacted river to support amenity
value of watercourse [9]. AMD was developed for P removal from
municipal wastewater directly, and most of the heavy metal con-
centrations of the treated water and the sludge were below the
standards [12]. However, in another case of using AMD as coagu-
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http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:liruihua@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.03.097


6 rdous

l
c
t
p
d

o
[
i
[
p
s
n
t
F
s
e
p

d
2
a
t
a
m
o
m
f
f
v

o
w
i
a

2

2

m
F
c

f
p
o
C
s
c

2

t
b
A
a
e
7

2

(

70 L. Ruihua et al. / Journal of Haza

ant for municipal wastewater [13], AMD was as effective as the
ommercial coagulant FeCl3, but the resultant heavy metal con-
amination of the discharge precluded its general use without
retreatment. Therefore, whether AMD could be used as coagulant
irectly should be tested specially.

Phosphorus (P) is usually considered to be the limiting nutrient
f eutrophication, which is another global environmental problem
14,15]. P from secondary municipal effluent into the environment
s one of major causes of eutrophication in receiving water bodies
16]. To minimize eutrophication, treatment facilities must reduce
hosphorus levels to less than 1 mg/L [17]. Tertiary treatment of
econdary municipal effluents to remove P has become increasingly
ecessary to meet the tough standards of environmental regula-
ions worldwide. Chemical precipitation with coagulants such as
eSO4, ferric sulfate (FS, Fe2(SO4)3) or polyferric sulfate (PFS) is
imple and effective method to remove P from secondary municipal
ffluent, but the cost of coagulant restricts application of chemical
recipitation in P removal broadly.

Yunfu sulfide mine, situated on the outskirt of Yunfu city, Guan-
ong province, China, is the largest sulfide mine in Asia. Over
000 m3 of AMD flow out from the mine, and over 3 tons of lime
re used to neutralize the AMD everyday. In the AMD, the concen-
ration of Fe is about 5–10 g/L. Therefore, everyday tons of FeSO4
nd Fe2(SO4)3, that are common coagulants in wastewater treat-
ent, are wasted after neutralization of the AMD and produced tons

f hazardous AMD sludge. In Yunfu city, there is much secondary
unicipal effluent that need be treated for P removal. If the AMD

rom the Yunfu sulfide could be used as coagulant for P removal
rom secondary municipal effluent, economic and environmental
alue would be achieved simultaneously.

The objectives of this study were to know the performance
f the AMD from the Yunfu sulfide for phosphorus removal from
astewater, and the resultant residual heavy metal contamination

n treated water. Furthermore feasibility of AMD from Yunfu sulfide
s coagulant directly could be estimated.

. Materials and methods

.1. Coagulants

The used AMD was taken from mining pit of the Yunfu sulfide
ine. TFe concentration of the AMD was 9700 mg/L, and Fe3+ and

e2+ concentrations were 1700 and 8000 mg/L, respectively. The
oncentrations of main contents in the AMD are shown in Table 1.

Conventional iron salt coagulants, FeSO4, FS and PFS, were used
or comparison in this research. FeSO4 and FS were analytically
ure chemicals. PFS was commercial product for water treatment
btained from Nanjing General Company of Chemical Industry,
hina, and its TFe concentration was 21.5%. FeSO4, FS and PFS
olutions were prepared with de-ionized water, and the TFe con-
entrations of them were 9700 mg/L, the same as that of the AMD.

.2. Test water

There were two kinds of test water. One was synthetic wastewa-
er with total phosphorus (TP) concentration of 10.0 mg/L prepared
y dissolving analytically pure KH2PO4 into the de-ionized water.
nother was second municipal effluent from Suojingcun wastew-
ter treatment plant, Nanjing, China, and TP concentration in the
ffluent was 3.5–4.0 mg/L. The initial pH of tested water was about
.5–8.0 if not indicated specially.
.3. Jar tests

P removal experiments were carried out with a six paddle stirrer
JJ-4A, Guohua Electric Company, Jiangsu, China) at 20 ± 1 ◦C. Test
Materials 190 (2011) 669–676

water of 400 ml was transferred into a 600 ml beaker, and mixed
30 s at rapid stirring of 120 rpm, and then one kind of coagulant
was added into the test water and then mixed 3 min at rapid stir-
ring speed of 120 rpm and then flocculated 10 min at slow stirring
speed of 50 rpm. And at last the test water was settled 30 min. The
initial pH of water samples were adjusted by addition of NaOH or
H2SO4. The tested parameters of the jar test included coagulant
dosage, stirring time and stirring speed of mixing and flocculation,
sedimentation time, initial pH. At last, supernatant 2 cm below the
surface was sampled, and then filtered through 0.45 �m membrane
for determining TP, TFe, Fe3+ concentration and the residual heavy
metal ions such as Mn, Zn, Hg, etc. were analyzed when needed.

2.4. Analytical methods

TFe, Fe3+, TP concentration were determined by spec-
trophotometric measurement (an UV–vis spectrophotometer, A6,
PGENERAL, Beijing) following standard methods (Water and
Wastewater Monitoring and Analysis Method, the Fourth Edition,
China, 2002) [18]. The pH was measured with portable acidity
meter (PHB-4, Leici, Shanghai). The residual heavy metal ion con-
centrations were determined with ICP (OPTIMA 5300DV, PERKIN
ELMER, USA). The components of precipitate were measured with
X-ray fluorescence spectrum (ARL-9800).

3. Results and discussion

3.1. Phosphorus removal from synthetic wastewater

The main parameters of coagulation, dosage, initial pH, mixing
rate and time, flocculation rate and time, and sedimentation time,
were tested. Synthetic wastewater was treated with the AMD and
the conventional iron salt coagulants, FeSO4, FS and PFS. TP and
residual TFe concentrations of the supernatant were measured, and
compared among the tested coagulants to know the performance
of P removal of the AMD.

TP removal, residual TFe concentration and effluent pH as a func-
tion of dosage of AMD, FS, PFS and FeSO4 are comparatively shown
in Fig. 1. AMD gave a sharp increase in TP removal at a dosage of
less than 1.61 Fe/P molar ratio and then presented a slight rise
as the dosage further increased. And the residual TFe concentra-
tion increased more and more with increasing AMD dosage. At the
dosage of 1.61 Fe/P molar ratio the TP removal, TP and residual TFe
concentration were 88.4%, 1.16 and 9.48 mg/L, respectively.

TP removal curves of AMD, FS, PFS and FeSO4 showed the same
trend: a sharp increase followed a slight rise with increasing dosage
within the tested range. TP removal curve of AMD was very close
to that of PFS, a little higher than that of FS, and much higher than
that of FeSO4 as the Fe/P molar ratio was below 2.0. It suggested
that ability of P removal was in the order of AMD ≈ PFS > FS > FeSO4.
Residual TFe concentration curve of AMD was very similar to that
of FeSO4, and quite different from that of FS and PFS that they
nearly conducted no residual TFe concentration within the tested
dosage range. It demonstrates that AMD, like FeSO4, could bring on
excessive residual TFe concentration when used as coagulant for P
removal if the dosage could not be controlled well. AMD decreased
pH of water too and the decreased extent was similar to FS, PFS and
FeSO4. Considering TP removal and residual TFe concentration of
the treated water comprehensively, the optimal dosages for AMD,
FS, PFS and FeSO4 could be 1.61, 2.15, 1.61 and 1.47 of Fe/P molar

ratio, respectively.

Fig. 2 shows the effects of initial pH of water on TP removal
and residual TFe concentration for AMD, FS, PFS and FeSO4. With
increasing initial pH of water from 5 to 9, AMD and FeSO4 gave a
sharp rise in TP removal and a sharp decrease in residual TFe con-
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Table 1
Concentrations of main components of AMD from Yunfu sulfide mine (mg/L).

SS pH TFe Fe3+ Fe2+ Al Ca Mg Mn Zn Si Na Sr Ni Ba Cd Pb Co As Be

86 2.6 9700 1700 8000 1200 543 597 447.9 378 75.8 17.9 1.9 0.85 0.70 0.005 0.34 0.20 0.25 0.14
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TP removal were 97.0, 98.5, 97.0 and 94.4%, and residual TFe con-
centration 3.0, 0.57, 0, and 1.96 mg/L, respectively. It demonstrates
that the AMD possess similar performance of TP removal to FS, PFS
and FeSO4 as used to remove TP from synthetic wastewater.

Table 2
The optimized operation conditions and results of phosphorus removal from syn-
thetic wastewater for AMD, FS, PFS and FeSO4.

Coagulant AMD PFS FeS FeSO4

Fe/P molar ratio 1.61 1.61 2.15 1.47
Initial pH 8.03 7.03 5.05 9.04
Mixing intensity (rpm) 240 160 200 160
Mixing time (min) 7 3 3 1
Flocculation intensity (rpm) 70 30 70 50
Fe/P molar ratio

ig. 1. Comparison of dosage effects on TP removal, residual TFe and pH of the
ffluent between AMD and traditional iron salts.

entration, but FS and PFS gave a slight decrease in TP removal and
esidual TFe concentration. The effects of initial pH of water on TP
emoval and residual TFe concentration were very big for AMD and
eSO4, but small for FS and PFS. TP removal of AMD was better than
hat of FeSO4 within pH range of 5–9. TP removal increased from
0% to 95% and residual TFe concentration decreased from 19 to
mg/L for AMD, and for FS and PFS the TP removal decreased from
ver 98% to about 90%, and residual TFe concentration decreased
rom 1.5 mg/L to 0 mg/L in the tested pH range. The effective pH
ange of water for AMD was a little wider than that for FeSO4,
ut much narrower than that for FS and PFS. When the initial pH
as 8.03 for AMD, the TP removal and residual TFe concentration
ere 91.4% and 6.26 mg/L, respectively. The optimal initial pH of
ater was 8.03, 5.05, 5.96 and 9.04 for AMD, FS, PFS and FeSO4,

espectively.
At the conditions of the optimal dosage and initial pH, the effects

f mixing and flocculation on TP removal and residual TFe concen-
ration are showed in Figs. 3 and 4, respectively. Like the tested
onventional iron salt coagulants, the influence of intensity and
ime of mixing and flocculation on TP removal and residual TFe
oncentration was very small for AMD. It suggests that the AMD
ad the same characteristics as FS, PFS and FeSO4 in the aspects of

nfluences of mixing and flocculation on TP removal and residual

Fe concentration.

Settling time is one of important parameters of coagulation.
ig. 5 shows that the effects of settling time on TP removal and
esidual TFe concentration for AMD and the conventional iron
alt coagulants. The effects of settling time on TP removal were
Fig. 2. Effects of pH of water on TP removal and residual TFe treated with AMD and
the coagulants of FS, PFS and FeSO4.

very weak for AMD and the conventional iron salt coagulants.
With increasing settling time, the residual TFe concentration was
decreased for AMD and FeSO4 due to increasing of oxidation of Fe2+,
but changed little for FS and PFS.

Table 2 shows the optimized operation conditions and results
of TP removal for AMD and the conventional iron salt coagulants.
Under the optimized conditions for AMD, FS, PFS and FeSO4, the
Flocculation time (min) 15 5 15 10
Settling time (min) 70 30 30 30
Residual TP (mg/L) 0.30 0.30 0.15 0.56
TP removal (%) 97.0 97.0 98.5 94.4
Residual TFe (mg/L) 3.0 0.0 0.57 1.96
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Fig. 3. Effects of intensity and time

.2. Phosphorus removal from secondary municipal effluent

The secondary municipal effluent is a complex system with
uch organic matter and many anions which would affect the TP

emoval, and the P which exists in dissolved and particulate forms
ould be organic and inorganic matter. The complex components
n the secondary municipal effluent would highly affect perfor-

ance of P removal of AMD. Thus it is much practical to know the
erformance of P removal of AMD from the secondary municipal
ffluent.

Fig. 6 shows the dosage of AMD on TP removal from the sec-
ndary municipal effluent. With AMD addition the TP removal
ncreased greatly and was 91.52% when the dosage of AMD was 1.41
e/P molar ratio, and then further AMD addition made TP removal
ncrease very slowly. The residual TFe concentration was about
.2 mg/L and changed small as the dosage was below 1.41 Fe/P
olar ratio and then increased quickly with further AMD addition.
s the dosage of AMD was over 1.41 Fe/P molar ratio, the TP con-
entration was below 0.32 mg/L, which is lower than 0.5 mg/L, the
ighest standards of municipal sewage treatment for TP in China.
ven the AMD dosage was up to 3.40 Fe/P molar ratio and the TP
emoval was up to 100%, the residual TFe concentration was only

.17 mg/L. It indicates that there would not have secondary pollu-
ion of iron ion when the AMD was used for P removal from the
econdary municipal effluent.

Effective pH range is one of important characteristics as the
oagulants used for TP removal. Fig. 7 shows the effects of the ini-
Mixing Intensity  (rpm)

ing on TP removal and residual TFe.

tial pH on TP removal from the secondary municipal effluent for
AMD. As the initial pH was below 7 the TP removal increased with
increasing initial pH, and as the initial pH was over 7 the TP removal
decreased with the initial pH increasing. The TP removal and TFe
concentration was over 90% and below 0.8 mg/L, respectively, when
the initial pH was between 7 and 8, which should be the effective
pH range of AMD for TP removal from the secondary municipal
effluent.

Figs. 8 and 9 show the effects of mixing and flocculation on P
removal and residual TFe concentration, respectively. As the time
and strength of mixing and flocculation changed in tested range,
the TP removal and residual TFe concentration had slight changes.
It is similar to the results of the synthetic wastewater experiments.

The secondary municipal effluent was treated with AMD, FS,
PFS and FeSO4 under the same condition of 1.41 Fe/P molar ratio,
pH 7.3, mixing 7 min at 170 rpm, flocculating 5 min at 60 rpm and
settling 30 min. The results are shown in Fig. 10. From Fig. 10 the
AMD conduced to 92.10% of TP removal and 0.32 mg/L residual TFe
concentration. The TP removal of AMD was even higher than all the
other tested coagulations.

3.3. Resultant heavy metals in treated water and precipitate
According to concentrations of heavy metals in treated water
and contents of heavy metals in precipitates, the possible risk of
utilization of AMD in wastewater for P removal could be evalu-
ated. Tables 3 and 4 are concentrations of heavy metals in treated
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Fig. 4. Effects of flocculation intensity and time on TP removal and residual F

Table 3
Concentrations of resultant heavy metals in effluent after phosphorus removal with
AMD (mg/L).

Irons Synthetic wastewater Practical wastewater Standardsa

Cd <0.001 <0.001 0.01
Pb <0.01 <0.01 0.1
Cu <0.01 <0.01 0.5
Ni <0.02 <0.02 0.05
Zn 0.68 0.016 1.0

w
w
b
s
s
a
d
t
v

4

f

3+ 3−

T
C

Mn 1.5 0.284 2.0
As <0.1 <0.1 0.1

a Ref. [19].

ater and contents of heavy metals in precipitates from synthetic
astewater, respectively. In treated water Cd, Pb, Co, As, etc. were

elow the detection limit, and the other ions were below the
tandards of wastewater treatment [19]. In precipitate from the
ynthetic wastewater MnO2, ZnO, BaO and SrO were 0.5, 0.9, 0.7
nd 0.2%, respectively, and the other heavy metals were below the
etection limit. These data show that the risks of the second pollu-
ion of heavy metal ions from treated water and precipitates were
ery low as AMD used for coagulant for P removal.
. Discussions

Table 1 indicates that there were many metal ions in the AMD
rom Yunfu iron sulfide mine, and Fe2+, Fe3+ and Al3+ were the

able 4
ompositions of precipitate as AMD used for phosphorus removal from synthetic wastew

Components Fe2O3 P2O5 Al2O3 CaO ZnO SO3

Contents (%) 53.3 30.2 11.6 1.7 0.9 0.8
100806040200
Flocculation Intensity  (rpm)

e treated with AMD and the common coagulants of FS, PFS and FeSO4.

most three ions, and their concentrations were 8000, 1700 and
1200 mg/L, respectively. Concentrations of heavy metals were very
low in the AMD. Fe2+, Fe3+ and Al3+ are commonly used for P
removal from wastewater, so the AMD could be used for P removal
from wastewater.

In the conventional jar test for P removal with Fe2+, few Fe2+

would be oxidized to Fe3+ for the oxygen supply was deficient
[20], thus the oxidation of Fe2+ to Fe3+ could be ignored in this
study. Therefore, P removal of the coagulants is mainly decided by
the concentrations of Fe2+, Fe3+ and Al3+ and pH of water. As the
AMD and the other coagulants were added into the wastewater, the
following chemical reactions might be the main reactions related
to P removal and residual TFe concentration. Log of equilibrium
constants [21,22] of them were shown as below:

Fe2+ + 2OH− → Fe(OH)2 log k = 14.5 (4)

Fe3+ + 3OH− → Fe(OH)3 log k = 38 (5)

Al3+ + 3OH− → Al(OH)3 log k = 33 (6)

3Fe2+ + 2PO4
3− → Fe3(PO4)2 log k = 33 (7)

Fe3+ + PO4
3− → FePO4 log k = 23 (8)
Al + PO4 → AlPO4 log k = 21 (9)

H2PO4
− → HPO4

2− + H+ log k = −7.2 (10)

HPO4
2− → PO4

3− + H+ log k = −12.3 (11)

ater.

SiO2 K2O Cl MnO BaO MgO SrO
0.7 0.3 0.2 0.1 0.1 0.1 0.2
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Both dissociation of H2PO4
− to release PO4

3− and affinity of
Fe2+, Fe3+ and Al3+ toward PO4

3− and OH− were depended on
pH. With increasing pH, P removal of AMD and FeSO4 increased
quickly as shown in Fig. 2. And the optimal initial pH was 8.03 and
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Fig. 5. Effects of settling time on TP removal and residual TFe.

With increasing dosage of Fe2+, Fe3+ and Al3+ into the tested
astewater, the equilibriums of Eqs. (4)–(9) move to the right,
ore PO4

3− and OH− were precipitated, thus the pH of the effluent
ecreased and then P removal increased. When the concentration
f PO4

3− was very low, further increasing dosage of Fe2+, Fe3+ and
l3+ resulted in little increasing P removal and much more OH− pre-
ipitated. So the effects of dosage of AMD, FS, PFS and FeSO4 on TP
emoval, residual TFe present as Fig. 1. According to the equilibrium
onstants of Eqs. (4)–(6) there is more residual Fe2+ than residual

e3+ and Al3+ in treated wastewater at the same pH of water. That is
he reason that the residual TFe concentration in the effluent with
oagulant of AMD was similar to that with coagulant of FeSO4, and
uch higher than that with coagulants of FS and PFS. On the one
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Fig. 7. Effects of initial pH on phosphorus removal from the secondary municipal
effluent with AMD.

hand the molars of Fe3+ and Al3+ in the AMD were about 52% of the
molars of Fe2+, and on the other hand when seemingly Fe/P molar
ratio of AMD was equal to FS, PFS and FeSO4, virtually molars of ions
for P removal in the AMD were more than that in FS, PFS and FeSO4,
therefore P removal performance of the AMD was very similar to
PFS, and higher than FeSO4 as shown in Fig. 1. Because of formation
of hydroxides expended lots of Fe3+ of FS the order of optimal Fe/P
molar ratio was FS > AMD > FeSO4.
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.04 for AMD and FeSO4, respectively. It was consistent with Recht
nd Ghassemi’s results [23] that the efficiency of orthophosphate
emoval with iron (II) is strongly pH dependent with maximum
emoval obtained in the vicinity of pH 8. Increasing pH will bring
bout equilibriums of equations of (4)–(6), (10) and (11) moving
o the right directly, thus concentrations of Fe2+, Fe3+ and Al3+ will
ecrease and concentration of PO4

3− will increase. The decrease of
oncentration of Fe3+ and Al3+ is a little more than the increase of
oncentration of PO4

3−, but the decrease of concentration of Fe2+
s much smaller than the increase of concentration of PO4
3−. Thus

he equilibrium of equation of (7) moves to the right quite a lot
nd the equilibriums of equations of (8) and (9) move to the left
little. So the equilibrium concentration of PO4

3− for equation (7)

0

20

40

60

80

100

FSPFSFeSO4AMD
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

R
es

id
ua

l C
on

ce
nt

ra
tio

n 
 (m

g/
L)

 Residual TFe
 Residual TP

Coagulant 

 T
P

 R
em

ov
al

  (
%

)

 TP Removal

Fig. 10. Performances of phosphorus removal with AMD, FS, PFS and FeSO4.
Materials 190 (2011) 669–676 675

will decrease a lot and the equilibrium concentrations of equations
of (8) and (9) will increase a little. Therefore TP removal increases
quickly for AMD and FeSO4 and decreases slowly for FS and PFS
with increasing pH, and TP removal for the AMD is higher than that
for FeSO4 for containing lots of Fe3+ and Al3+ in the AMD.

In coagulation with iron salts, mixing and flocculation have big
influence on turbidity. However, in P removal of this study, their
influences were very small. It agreed with the previous study [22].
The reason was that mixing and flocculation have big influence on
floc formation, but small on phosphate precipitate formation. Once
phosphate precipitates were formed, P was removed in this study.
With increasing settling time, more Fe2+ would be oxidized to Fe3+

which was easy to precipitate. Thus residual TFe concentration
decreased with increasing settling time.

Because Fe/P molar ratio and initial pH of water were not under
the optimal conditions of FS, PFS, and FeSO4, P removal of AMD was
much higher than FS, PFS and FeSO4 as shown in Fig. 10.

Table 3 shows the contents of precipitate from synthetic
wastewater as AMD dosage was 1.61 Fe/P molar ratio. By analyz-
ing Table 3 the Fe/P and (Fe + Al)/P molar ratio were 1.65 and 2.22,
respectively. It shows that there were a lot of iron and aluminum
hydroxides in the precipitate. Iron and aluminum hydroxides have
some abilities of P removal and are good adsorbent of some heavy
metal ions, and they are beneficial to P and heavy metal ions
removal [24,25]. As pH of water was about 7, many heavy metal
ions could precipitate in form of hydroxides. Due to adsorption and
precipitation the residual heavy metal ions were very low in the
treated wastewater.

As a whole, as AMD is used for P removal in second municipal
effluent, characteristics of P removal and residual TFe concentra-
tion are similar to that in synthetic wastewater. It demonstrates
that mechanisms of P removal from second municipal effluent and
synthetic wastewater were the same fore AMD. AMD has good per-
formance of P removal from wastewater, and little risk of resultant
heavy metals.

5. Conclusions

In AMD from Yunfu iron sulfide mine, concentrations of Fe2+,
Fe3+ and Al3+ were up to 8000, 1700, and 1200 mg/L, respectively,
and heavy metal ions were rather low. It was used to remove phos-
phorous from synthetic wastewater and second municipal effluent.
AMD could obtain P removal up to 97.0% from synthetic wastewa-
ter and up to 92.1% from second municipal effluent. In parameters
of coagulation of dosage, pH of water, mixing, flocculation and set-
tling time, phosphorus removal was affected vastly by dosage and
initial pH of water, but little by mixing, flocculation and settling
time. By comparison with FS, PFS and FeSO4, AMD was similar to FS
and PFS and better than FeSO4 in phosphorous removal, and similar
to FeSO4 and much higher than FS and PFS in residual TFe concen-
tration. Resultant heavy metals in water and precipitates were very
low as AMD was used for phosphorus removal.

AMD from Yunfu iron sulfide mine possess good performance
of phosphorus removal from wastewater, and the possible risk of
resultant heavy metals was very low. Utilization of AMD as coagu-
lant to wastewater for phosphorous removal is a good way to treat
AMD and wastewater simultaneously, and can achieve economical
and environmental values.
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