
A

o
d
o
a
d
c
©

K

1

n
t
i
v
p
p
i
t
a
w
h
s

x

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 152 (2008) 211–215

Phosphate removal from solution using steel slag through
magnetic separation

Jibing Xiong a, Zhenli He a,b, Qaisar Mahmood a, Dan Liu c,
Xiaoe Yang a,∗, Ejazul Islam a

a MOE Key Laboratory of Environmental Remediation and Ecological Health, College of Natural Resources and
Environmental Sciences, Zhejiang University, Huajiachi Campus, Hangzhou 310029, China

b University of Florida, Institute of Food and agricultural Sciences, Indian River Research & Education Center, Fort Pierce, FL 34945, USA
c School of Tourism and Health, Zhejiang Forestry College, Lin’an 311300, China

Received 20 March 2007; received in revised form 12 June 2007; accepted 27 June 2007
Available online 3 July 2007

bstract

Steel slag with magnetic separation was used to remove phosphate from aqueous solutions. The influence of adsorbent dose, pH, and temperature
n phosphate removal was investigated in a series of batch experiments. Phosphate removal increased with the increasing temperature, adsorbent
ose and decreased with increasing initial phosphate concentrations, while it was at its peak at pH of 5.5. The phosphate removal predominantly
ccurred through ion exchange. The specific surface area of the steel slag was 2.09 m2/g. The adsorption of phosphate followed both Langmuir

nd Freundlich isotherms. The maximum adsorption capacity of the steel slag was 5.3 mg P/g. The removal rates of total phosphorus (TP) and
issolved phosphorus (DP) from secondary effluents were 62–79% and 71–82%, respectively. Due to their low cost and high capability, it was
oncluded that the steel slag may be an efficient adsorbent to remove phosphate both from solution and wastewater.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Phosphorus (P) is usually considered to be the limiting
utrient in relation to the eutrophication of water bodies. For
his reason, wastewater treatment plants have to meet max-
mum P discharge limits. In China, these discharging limits
ary from one plant to other, but a typical secondary effluent
hosphorus target is between 1.0 and 2.0 mg P/L. The phos-
hate in treated wastewaters from municipalities and industries
s less than 2.0 mg P/L; still it is responsible for eutrophica-
ion, which leads to short- and long-term environmental and
esthetic problems in lakes, coastal areas, and other confined

ater bodies. Minute concentrations of less than 0.03 mg P/L
ave been established as the criteria with respect to exces-
ive algal growth in lakes and other confined water bodies
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1]. In order to meet effluent quality standards, further treat-
ent of secondary effluent is required. Removal of phosphate

rom wastewaters has been conducted by chemical precipita-
ion [2] or by biological treatment [3]. More effective methods
or phosphate removal are chemical treatments including phos-
hate precipitation with calcium, aluminum and iron salts [4,5],
owever they are still subjected to high costs of maintenance
nd problems of sludge handling, its disposal, and neutraliza-
ion of the effluent [6]. Various physical methods have been
uggested including reverse osmosis, electrodialysis, contact fil-
ration and adsorption [7]. Adsorption is comparatively handy
nd economical for this purpose. The application of low cost
nd easily available materials like fly ash [8,9], blast furnace
lag [10–12], dolomite [13], dewatered alum sludge [14] and
esoporous structural material [15] have been widely investi-

ated recently in wastewater treatment. The major advantage of

sing these materials or by-products for waster treatment is cost
ffectiveness.

The steel slag used in present study, is an industrial waste
erived from a steel factory in Shanghai city, China. The steel
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lag is used as road materials after magnetic separation. The steel
lag still contains certain amounts of iron oxides and alumina
hat may be effective in removing DP.

The objective of this work was to study the feasibility of
sing steel slag after magnetic separation as an adsorbent for
hosphorus removal from wastewater. The effects of adsorp-
ion isotherms, adsorbent dosage, solution pH, contact time
nd temperature on removal of phosphate were evaluated in
atch experiments using orthophosphate solutions. The column
ow-through adsorption tests were conducted with secondary
ffluents from a wastewater treatment plant. Such work will con-
ribute to optimize the phosphate removal process using the steel
lag.

. Materials and methods

.1. Materials

The steel slag samples were procured from a steel plant in
hanghai city, China. The materials were air-dried and passed

hrough a 2 mm sieve before the experiments.
Steal slag pH was measured in its solution with water using a

:1 steel slag/water ratio. Exchangeable Ca was measured using
0.1 M BaCl2 solution following a 2 h equilibration. Reactive
l was estimated by extraction with 1 M CuCl2·H2O [16]. Alu-
inum and Fe associated with organic matter were extracted
ith 0.01 M Na4P2O7 [17]. Amorphous and crystalline forms
f Al and Fe were dissolved in acidified 0.2 M (NH4)2C2O4
18] and dithionite-citrate-bicarbonate (CDB) [19], respectively.
xchangeable Al was extracted with 1 M KCl. Total Fe and Al
ere determined by digestion in nitric-perchloric acid mixture.

ron and Al in the extracts were analyzed using ICP-MS (Agi-
ent, 7500a, Japan). The properties and composition of steel slag
re given in Table 1.

The phosphate (PO4
3−) stock solution containing

000 mg P/L was prepared by dissolving potassium dihy-
rogen orthophosphate (KH2PO4) powders (analytical reagent
rade) in distilled water. Phosphate working solutions in
ifferent concentrations were prepared by diluting the PO4

3−

tock solution with distilled water and 0.01 M KCl was used
or adjusting its ionic strength. The pH of the PO4

3− working
olution was adjusted at 5.2 with 1 M HCl and 1 M NaOH
olutions before adsorption experiments.

able 1
roperty and composition of the steel slag

roperty and
omposition

Value (unit) Property and
composition

Value (unit)

H 8.4 CDB Al 6.05 mg/g
ulk density 1.5 g/cm3 CuCl2 Al 1.88 mg/g
article size 1–2 mm Pyro Al 0.04 mg/g
iO2 96.78 mg/g Pyro Fe 0.0004 mg/g
aO 456.12 mg/g KCl Al 0.0004 mg/g
urface area 2.09 m2/g Exchangeable Ca 0.12 mg/g
xal Al 2.12 mg/g Total Al 63.72 mg/g
xal Fe 1.67 mg/g Total Fe 29.41 mg/g
DB Fe 2.28 mg/g
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.2. Analytical methods

The phosphate (PO4
3−) was determined using an automated

iscrete analyzer (Seal Analytical Ltd., UK). The solution pH
as measured using a pH meter (Model 250, ThermoOrin,
SA).

.3. Studies on isotherms and pH effects

Phosphate adsorption isotherm studies were carried out with
ifferent initial phosphate concentrations and 2 g/50 mL steel
lag at 25 ◦C with initial pH of 5.2, at 200 rpm for 2 h. Nine ini-
ial phosphate concentrations (5, 10, 30, 50, 75, 100, 125, 150,
nd 200 mg KH2PO4/L), equivalent to (1.14, 2.28, 6.84, 11.40,
7.10, 22.79, 28.49, 34.19, and 45.59 mg P/L) were used dur-
ng the experiment. The pH was maintained at a defined value
f 5.2. The isotherm data on P adsorption were fitted to three
wo-parametric equations (Freundlich, Langmuir). With a sim-
lar procedure, the effect of pH (ranging from 3.5 to 11.5) on
hosphate adsorption was examined in a series of experiments
sing the same initial phosphate concentration (22.79 mg P/L).

.4. Effect of adsorbent dose

The effect of adsorbent dose on adsorption of phosphate
as investigated with 50 mL phosphate solution containing
2.79 mg P/L under above similar conditions. Nine initial adsor-
ent concentrations (2, 4, 8, 16, 20, 40, 60, 80, and 100 g/L) were
ested for phosphate removal.

.5. Effect of initial phosphate concentrations

The effect of varying initial phosphate concentrations
11.40–45.59 mg P/L) on phosphate removal by steel slag was
lso investigated. The batch experiments were carried out using
g adsorbents in 50 mL phosphate solution under above similar
onditions.

.6. Effect of adsorption temperature

The effect of temperature on phosphate adsorption by steel
lag was studied at different temperatures, i.e. 5, 25 and 45 ◦C.
he data were obtained by using 2 g adsorbents in 50 mL solution
ontaining 22.79 mg P/L under above similar conditions.

.7. Removal of phosphate from secondary effluents

Column adsorption tests on phosphate removal were con-
ucted at room temperature using a secondary effluent in
angzhou city of Zhejiang province, China. The composition
f wastewater taken from wastewater treatment plant effluent
as as follows (mg/L each): DP = 0.7–2.2; TP = 1.0–3.4; chem-

cal oxygen demand (COD) = 40–70; biological oxygen demand

BOD) = 20–30; suspended solids (SS) = 10–25. The adsorp-
ion columns made of PVC had an internal diameter 20 cm
nd a packet height of 20 cm steel slag (containing 6028.8 g of
teel slag by weight). During tests, the secondary effluent was
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is fixed thereby adsorbing almost the same amount of phos-
phate, thus resulting in a decrease in the percentage removal
corresponding to an increase in initial adsorbate concentration
[22,23].
ig. 1. Effect of pH on phosphate adsorption on steel slag (concentration:
2.79 mg P/L, adsorbent dose: 2 g/50 mL, temperature: 25 ◦C, stirring speed:
00 rpm, time: 2 h).

ontinuously pumped from a storage tank to the PVC column
ownward at a flowrate of approximately 8.37 mL/min using
peristaltic pump. This was equivalent to a space velocity of

pproximately 60 cm/day in the column. The effluent from the
olumn was collected daily in a bottle as an average daily sample
or DP and TP analysis.

. Results and discussion

To study the influence of pH on the phosphate adsorption
apacity of steel slag, experiments were performed at various
nitial solution pH values, in range of 3.5–11.5. The obtained
esults were shown in Fig. 1. It was found that the amount of
hosphate adsorbed at pH 5.5 was the greatest. The phosphate
dsorption by the steel slag had a direct relation with solution pH,
.e. the amount of phosphate adsorbed onto steel slag decreased
ith decreasing or increasing pH.
The surfaces of Fe and Al metal oxides of steel slag consist

ainly of oxygen atoms and hydroxyl groups. It is primar-
ly the hydroxyl group that determines the chemical properties
acid–base character) and the reactivity of these surfaces [20].
hosphate cannot be ion exchanged onto steel slag under alka-

ine or acidic conditions. This is likely attributed to the fact
hat a higher pH causes the steel slag surface to develop more
egative charges and thus would more significantly repulse the
egatively charged species in solution. Under acidic conditions,
he adsorptive capacity decreases due to a higher solubility of
l and Fe oxides [21]. Therefore, the lower adsorption of phos-
hate at higher pH values resulted from an increased repulsion
etween the more negatively charged PO4

3− species and nega-
ively charged surface sites. That is why the maximum phosphate
dsorption occurred at pH 5.5.

The relation between the amounts of phosphate adsorbed and
teel slag dose is shown in Fig. 2. It is apparent that the phosphate

emoval rate in solution increased with increasing steel slag
ose for a given initial phosphate concentration. This result was
nticipated because increasing adsorbent doses provide greater
urface area. It is evident that for the removal of 22.79 mg P/L

F
c
s

ig. 2. The effect of steel slag on the efficiency of phosphate removal (con-
entration: 22.79 mg P/L, pH: 5.2, temperature: 25 ◦C, stirring speed: 200 rpm,
ime: 2 h).

hosphate in 50 mL solution, a minimum steel slag dosage of
0 g/L was required (Fig. 2).

Experiments were conducted to study the effect of varying
nitial phosphate concentrations (11.40–45.59 mg P/L) on phos-
hate removal by steel slag. Fig. 3 indicates that all curves
ave the similar shape. The phosphate adsorption percentage
ncreased with increasing contact time and attained equilibrium
t variable time according to the initial concentrations of phos-
hate. The removal percentage decreased with the increasing
nitial phosphate concentrations from 76.16% for 11.40 mg P/L
hosphate to 73.03% for 45.59 mg P/L phosphate. The higher
ptake at lower concentrations might be due to higher ratio of
nitial number of phosphate moles to the available surface area
t higher initial concentrations; hence fractional adsorption was
ependent on the initial phosphate concentration. For a given
dsorbent dose, the total number of available adsorption sites
ig. 3. Adsorption of phosphate on the steel slag as a function of initial phosphate
oncentration (adsorbent dose: 2 g/50 mL, pH: 5.2, temperature: 25 ◦C, stirring
peed: 200 rpm, time: 2 h).
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Table 2
Langmuir and Freundlich isotherm parameters

Langmuir
Qm (mg P/g) 5.3
b (L/mg P) 0.015
R2 0.9988

Freundlich
K 0.088
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phous and crystalline Fe and Al oxides [28]. That is why the

F
t

n 1.117
R2 0.9998

The adsorption isotherm indicates how the adsorbate
olecules distribute between the liquid phase and the solid phase
hen the adsorption process reaches an equilibrium state. The

nalysis of the isotherm data by fitting them to different isotherm
odels is an important step to find the suitable model that can

e used for design purposes [24]. The estimated model parame-
ers with the correlation coefficient (R2) for both Langmuir and
reundlich models are shown in Table 2. According to the coef-
cients of Langmuir isotherm the maximum adsorption capacity
f steel slag was 5.3 mg P/g.

The effect of temperature on the removal of phosphate
as investigated as a function of contact time. The phosphate

emoval rates were 72.19, 74.22 and 76.52% at 5, 25 and
5 ◦C, respectively. The results show that phosphate adsorption
ncreased with the increasing temperature because an increase
n the solution temperature resulted in the increased concentra-
ions of FePO4, AlPO4 and Ca3(PO4)2 in the solution, it was
uggested that the precipitation of metallic salts such as Al3+,
e3+ and Ca2+ was less effective as a result of the electrostatic
ttraction between adsorbate and adsorbent which affected the
hosphate removal from aqueous solution. This result indicates
hat the phosphate removal was mainly based on physical inter-
ctions and was not due to the chemical precipitation of metallic
alts such as Al3+, Fe3+ and Ca2+ on the steel slag.

Another column flow-through adsorption test was carried out
or 30 days using a secondary effluent in Hangzhou city of
hejiang province, China. The influent pH was maintained in

ange of 7.0–7.5 with a corresponding effluent pH of 7.2–8.0

uring the test. The dissolved TP and DP concentrations in
he influent and effluent were measured daily. The experimen-
al results are shown in Fig. 4. It can be seen that both TP

s
5
s

ig. 5. SEM micrograph of the particles of steel slag before (a) and after (b) phosphat
emperature: 25 ◦C, stirring speed: 200 rpm, time: 2 h).
ig. 4. Phosphorus removals from secondary effluent through steel slag column.

nd DP after the tailings column were largely reduced com-
ared to their influent concentrations. The reduction of TP was
aused by infiltration removal of particulate P (PP) through the
teel slag layer. The decrease of DP was mainly attributed to
he phosphate adsorption on the tailings. PP was smaller than
P which was the main form of TP in the secondary effluent.
uring the column flow-through tests, it was observed that the

olumn packed with steel slag was not clogged while operating
t small flowrate, bigger particle size and little suspended solid
rom secondary effluent. This observation suggested that steel
lag was also a good filter bed for P from secondary effluent
dsorption.

Acid oxalate reagent is known to dissolve short-range order
amorphous) components. These forms of Fe and Al correlated
ositively with P sorption in acid soils [25,26]. Relative to the
ther forms of Fe and Al, the contribution of crystalline Fe and
l–P sorption was expected to be smaller. Reden and Pratt [27]

eported that crystalline Fe and Al hydrous oxides adsorb 10–100
imes less P than their amorphous counterparts. Relatively higher
orrelation of CDB-Al with P sorption for the soil samples
tudied was attributed to the fact that CDB extracted both amor-
teel slag still kept higher Phosphate adsorption capacity of
.3 mg P/g under lower total Fe and Al content through magnetic
eparation.

e adsorption (concentration: 22.79 mg P/L, adsorbent dose: 2 g/50 mL, pH: 5.2,
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In order to study the particles surfaces before and after
dsorption, scanning electron microscopic (SEM) images for the
amples of the raw and treated adsorbents were obtained. These
icrographs are presented in Fig. 5. A representative experiment

nder the given conditions such as 25 ◦C, pH 5.2, a contact time
f 120 min, a stirring speed of 200 rpm, and an initial phos-
hate concentration of 22.79 mg P/L were carried out to obtain
he material shown in the micrograph. In this experiment, almost
4% of the phosphate in the aqueous solution was removed. The
icrograph obtained after adsorption indicated that the pores of

he particles of the adsorbent have been covered with adsorbate.

. Conclusions

Present study indicates that steel slag may be an effec-
ive adsorbent for phosphate removal from secondary effluents
s well as solution after magnetic separation. The steel slag
howed good performance for phosphorus removal. The max-
mum adsorption capacity of steel slag was 5.3 mg P/g. Due
o its low cost and high adsorptive capacity, the steel slag
ossess the potential to be utilized for cost-effective removal
f phosphorus from wastewater. It was also found that the
hosphate removal efficiency by steel slag depended on pH,
nitial phosphate concentration, adsorbent doses and tempera-
ure. Long-term performance characteristics of steel slag need
o be evaluated further before it can be recommended for critical
pplications requiring guaranteed performance.
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