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Abstract

Phosphorus in wastewater is one the main culprit which accelerates eutrophication in waterbody if it is not being treated properly. Steel
slag filter emerged as one alternative treatment for wastewater. However, the variousness of metal oxides including Fe in steel slag will
affect the phosphorus removal efficiency. Thus, this study was conducted to investigate the ability of a series of lab-scale high Fe electric
arc furnace (EAF- slag) column filters in removing PO43- from synthetic wastewater. The systems were operated under aerated and un-
aerated within acidic and alkaline conditions. Synthetic wastewater contained 25 mg/L was prepared as the feed and monitored weekly
basis for the PO4% removal efficiency and the total metals (Ca, Fe, and Mg) concentrations in the effluents. The results show that both
aerated and unaerated high Fe EAF-slag filter systems have high PO43 removal efficiency under acidic condition, which unaerated sys-
tem performed slightly better. It can be observed that unaerated systems performed better in removing PO4> at acidic and neutral pH
values but not at extremely high pH. As for the PO4* removal mechanism was achieved by adsorption and precipitation at acidic pH and

the concentration of Ca, Mg and Fe in effluents was related to the PO43 removal efficiency at different pH values.
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1. Introduction

Phosphorus is a culprit nutrient in accelerating of eutrophication in
natural surface waters. Eutrophication occurs when the aquatic
ecosystem gets over-enrichment with a nutrient that comes from
construction sites, runoff agricultural, urban areas and it is lead to
algal bloom and anoxic events that exist constantly at the surface
of the water. Acceleration of algae growth will eventually will
cause eutrophication in aquatic ecosystem [1]. Therefore, removal
of phosphorus in wastewater has become among the important
issue and indicator of determining the efficiency and reliability of
the treatment system of the wastewater.

Wastewater must undergo conventional and advanced treatment
prior to be discharged to river. However, the need of alternative
treatment is emerged due to chemical cost and complexity. There-
fore, the development of low cost technology for wastewater
treatment including steel slag filter is become popular. Steel slag,
a by-product from steel manufacturing industry filter is amongst a
high potential medium for removing phosphate from wastewater
as it contains high concentrations of metal oxides including Ca,
Fe, Al and Mg [2].

The removal mechanisms of PO4* is either through adsorption or
precipitation depends on the existing of metal oxides concentra-
tions [3]. Therefore, it may due to chemical compositions of steel
slag. This variousness are due to the disparity in the grade of steel
products and type of furnaces used during the process of steel-
making[4].

Furthermore, performance of phosphorus removal in aqueous
system are affected due to several factors including pH and con-

centration of metallic salts [5]. The influent’s pH are one of the
closely related with phosphorus removal. In general, phosphorus
removal using steel slag system prefers basic condition where
adsorption will occur at low pH and Ca PO4® will precipitate at
high pH value. Insoluble phosphates in a steel slag filter system
are chemically precipitated with ferric iron under aerobic condi-
tions. For instance, Ca and Al in the form of clay particles, ferric
and Al hydroxides and oxides tend to be adsorbed onto adsorbent
surfaces [6]. Furthermore, some polyphosphate is hydrolysed to
orthophosphate under aerobic conditions, which is a readily avail-
able nutrient and assimilates for the growth of bacteria and energy
transfer. Then, orthophosphate is released as the HPO4% ion under
this condition. In Ca?* concentrated system, precipitations of or-
thophosphate as hydroxyapatite from the solution occur and incor-
porated subsequently into floc particles [7].

In this study, different composition of metal oxides in steel slag
has been studied. When high percentage of CaO present in the
steel slag in high pH value conditions, precipitation of Ca PO4> is
expected to be formed where it dominates the removal mecha-
nism. On the other hand, when the steel slag contains high per-
centage of iron, adsorption into Fe oxides will dominate the PO4*
removal mechanism at acidic and neutral pH range [8]. However,
adsorption is not the only interaction which occurs between Fe
oxides and ortho POs*. The dissolution of Fe3* from Fe oxides
will indicates that precipitation might occur [9]. Fe®* ions are tend
to dissolve in acidic condition which leads to the precipitation of
Fe PO+* meanwhile Ca%* ions tend to dissolve in basic condition,
which related to Ca PO4* formation.
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2. Experimental

2.1. Filter medium

The EAF-slag was obtained from Antara Steel Mills Sdn. Bhd.
located at Pasir Gudang, Johor, Malaysia which consist of 38.3%
Fe203, 20.4% of Ca0, 15.2% SiO2, 7.0% Al20s, %, 5.19% MnO
and 3.22 MgO has been used as a filter medium. The EAF-slag
was characterized using X-ray Fluorescence Spectroscopy (XRF)
for chemical composition determination. The EAF-slag was
ground using Ball Mill grinder. The EAF-slag samples sizes range
from 9.5 mm to 20 mm. The samples were then washed twice and
oven dried for 24 hours at drying temperature 100 +5°C.

2.2. Column study

Twelve sets of Lab-scale vertical high Fe EAF-slag filters was
constructed to study the effectiveness of phosphorus removal sys-
tem from synthetic wastewater. The filter systems were conducted
in two conditions; aerated and unaerated. Column filters made
from Perspex materials with the dimension of 400 mm total height,
150 mm inner diameter and 6 mm thickness. The pH values of
influents were adjusted using NaOH and H2SO4 from acidic to
alkaline and control for aerated and unaerated system as shown in
Figure 1. Distilled water was used as feed for the control column
filters.

The pH meter (HANNA HI-99310, UK) was used to monitor the
pH value throughout the experiment to minimize the fluctuations.
The synthetic wastewater was then prepared with 25 mg PO4* /L
(typical concentration of POs* of domestic wastewater) by dis-
solving into distilled water and fed via gravity to the influent of
each filter. The column filters were aerated by using compressed
air. The aeration was controlled to provide tiny and uniform bub-
bles of air to spread evenly throughout the column filters.
Wastewater sample from influents and effluents of each filter have
been sampled and analysed on weekly basis for the selected pa-
rameters including pH, ortho-PO4* concentration and metals in-
cluding Ca, Fe, and Mg concentration.

Unaerated Steel Slag Filter System
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Fig. 1: Layout of the experimental setup
2.3. Analysis of PO4#*

The concentration of orthoPO4* was measured using ascorbic acid
reduction method. The removal efficiency of removal of POs3was
obtained using the following equation:

Removal percentage(%) = % x 100 (1)
0

in which Co is the initial ortho PO4* concentration (influent) in
mg/L and Ce is the final ortho PO4* concentration (effluent) in
mg/L. Meanwhile, the metal concentration; Ca, Fe and Mg were
measured using atomic absorption spectrometric (AAS), (Perkin
Elmer Analyst 100, US) method.

3. Results and Discussion

3.1. High Fe EAF-slag filters Performance in removing
PO4* at different pH

Figure 2 until Figure 6 shows the PO4% removal efficiency at dif-
ferent pH values EAF-slag filter systems. The PO4*- removal effi-
ciencies for unaerated and aerated pH 3 systems were between 78-
89% and 76-85% respectively. They show the best PO4* removal
efficiency for both systems. Meanwhile, the PO4% removal effi-
ciency for unaerated pH 5 system was 74-88% whereas for aerated
system was 61-76%. Both pH 5 systems also exhibit good PO4*
removal efficiency though they have slightly less performance
compared to pH 3 systems. Therefore, acidic pH EAF-slag filters
have higher PO43* removal efficiency compared to neutral and
alkaline pH.

For unaerated and aerated pH 7 systems, the PO4> removal effi-
ciency was found to be 55-87% and 36-67% respectively. Howev-
er, the first week’s performance of unaerated pH 7 system was
considerably slow, around 37.9% only where aerated pH 7 has
shown good PO4*removal performance, 61.7%. This contradiction
at first week of the experiment compared to the rest of the weeks
might be due to the vibration produced during aeration which
causes reaction to proceed faster compared to without aeration
(unaerated system). Eventually, the result started to follow the
normal trend. On the other hand, for unaerated and aerated pH 9
systems, their POs%removal efficiencies were 51-71% and 25-55%
respectively. It is clearly seen that unaerated system perform better
at removing PO4* compared to aerated system.

Generally, for high Fe EAF-slag filters with pH values of 3, 5, 7,
and 9, they showed that the unaerated system provide higher PO4*
removal efficiency compared to the aerated system. However,
significant difference can be seen in the systems with pH 11 where
the PO4* removal efficiency for aerated system is higher, 24-64%
compared to the unaerated systems, around 21-41%. Only at ex-
tremely high pH (pH 11), aerated system surpass the performance
of unaerated system. The PO4*> removal efficiency of EAF-slag at
acidic pH influent is higher compared to the influents of neutral
and alkaline pH. These results are similar and following Han et al.,
[8] and Xue et al., [10]. The difference in PO.% removal efficiency
can be related to the difference in the composition metal oxide of
the EAF-slag used.
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Fig. 2: Removal efficiency of PO4% at pH 3
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Fig. 3: Removal efficiency of PO4% at pH 5
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Fig. 5: Removal efficiency of PO4% at pH 9

Removal eficiency of POf at pH 11
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Fig. 6: Removal efficiency of POs%at pH 11

3.2. The concentration of Ca?*, Mg?" and Fe?* in efflu-
ents

The Figure 7 shows the Ca?* and Mg?* ions concentration in efflu-
ents at the control column filters. It can be seen that both Ca?* and
Mg?* ions concentration in aerated systems are higher compared
to the unaerated systems. The concentrations of Ca?* ions for aer-
ated and unaerated Control systems are 21.7-28.9% and 12.8-
23.2%. Meanwhile, the concentrations of Mg?* for aerated and
unaerated Control systems are 1.1-3.5% and 0.01-0.2.5 respective-
ly. Ca?* concentration is significantly high in the effluents com-
pared to the Mg. This is match with the chemical compositions of
EAF-slag which is significantly higher in Ca?* compared to Mg?*.
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Fig. 7: Concentration of Ca and Mg at Control

Figure 8 shows the Ca?* and Mg?* concentrations of at pH 3 for
unaerated and aerated systems. Following similar trend of Control
systems, the concentrations of Ca®* and Mg?* at pH 3 were higher
at aerated systems compared to unaerated systems. The concentra-
tions of Ca?* for aerated and unaerated at pH 3 systems were 16.5-
40% and 14.6-26.2% respectively. On the other hand, the concen-
trations of Mg?* for aerated and unaerated systems at pH 3 were
1.7-5.2%. These values are lower compared to the concentrations
of Ca?*. Comparing the results obtained with control systems; pH
3 systems produce higher concentrations of Ca?* and Mg?* in the
effluents. Thus, this shows that the nature of EAF-slag filters,
when in contact with aqueous solution (aqueous solution in this
experiment is distilled water), then the chemical components of
the EAF-slag, mainly metal oxides, might leach out from the
EAF-slag itself and come in contact with the wastewater.
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Fig. 8: Removal efficiency of PO4% at pH 3
The concentrations of Ca?* and Mg?* at pH 5 for unaerated and
aerated systems were plotted in Figure 9. Aerated system contains
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higher Ca?* and Mg?* (9.9-20% and 1.6-3.1% respectively)
compared to unaerated systems (3.7-8.1%).
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Fig. 9: Effluent concentration for both EAF-slag system at pH 5

In Figure 10, the concentrations of Ca®** and Mg?* at pH 7 were
plotted. Similar trends as at pH 5 can be seen and shown by pH 7,
9 and 11 filters following trends shown by Control and pH 3 fil-
ters. The concentrations of Ca?* for aerated systems are signifi-
cantly higher compared to the concentrations of another three
parameters. Figure 11 and 12 shows the concentration of Ca®* and
Mg?* at pH 9 and pH 11 respectively. It is known that the PO4>
removal for Ca-rich materials are through the calcium PO43 pre-
cipitation [11]. The role of Ca?* released has been seen performing
well in previous studies [12]. Therefore, the increase in Ca?* in
slag due to dissolution process can increase the concentrations of
Ca?* and OH- ions [8].
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Fig. 12: Effluent concentration for both EAF-slag system at pH 11
The concentrations of Fe3* in the effluents were illustrated in Fig-
ure 13. Only in a few column filters can be obtained the presence
of Fe®* in the effluents. Some of the unaerated systems contain
Fe3* which is filters of pH 3, 5, 7, and 9. Meanwhile, for aerated
systems, only aerated pH 3 systems contains Fe in the effluents.
Though the compositions of the EAF-slag used have highest per-
centage of Fe203(38.2%), however the concentrations of Fe in the
effluents did not reflects the highest percentage of Fe20s. The high
concentrations of Fe at pH 3 systems are the results of dissolution
of Fe®* at acidic pH [8]. This suggests that very small amount of
Fe ions leach out of the slag thus can be related to the adsorption
process for the PO43 removal mechanism. Adsorption of PO4* Fe
oxides follows the inner-sphere ligand exchange mechanism [13]
where they can react by forming bidentate or monodentate com-
plexes depending on how they were coordinated [14][15]. Howev-
er, red-brown colour sludge was also formed inside the filters
which were pointed as precipitates of iron PO4*s. This suggested
that the PO4* removal mechanism were following the precipita-
tion process by forming precipitates with Fe ions from the steel
slag apart from adsorption mechanism which happened simultane-
ously. Surface complexation (adsorption) tends to dominate the
mechanism at low surface coverage, however, when the surface
loading increase, precipitation becomes dominant [9].

Meanwhile, the concentrations of Ca?*,Mg?* and Fe?* at alkaline
pH were significantly less compared to acidic pH. At higher alka-
line pH, more hydroxide ions adsorbed onto slag surface which
causes stronger repulsive and competitive adsorption [8] thus re-
duce sites for PO43 adsorption. Therefore, PO4% removal efficien-
cy at higher alkaline pH decrease compared to acidic pH. Acidic
system contained higher concentration of Ca and Fe ions therefore
they were better at removing PO4% compared to basic pH.
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4. Conclusion

This study concluded that the high Fe unaerated EAF-slag fil-
ters system has higher PO.% removal efficiency compared to aer-
ated high Fe EAF-slag filters system with the exception of system
at pH 11. The highest POs* removal efficiency can be seen at
acidic pH values. Ca?*,Mg?* and Fe?* concentrations in effluents
also increase with the decrease in pH values though aeration caus-
es higher concentration of Ca**,Mg?* and Fe?* in the effluents.
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