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The use of electric arc furnace (EAF) slag for the removal of phosphorus (P) from various simulated
stormwater blends was investigated in the laboratory. The form of P measured was the inorganic
orthophosphate (PO4-P). The stormwater solutions used in this preliminary study were synthesized as
blends of P and typical concentrations of some of the most common and abundant metals in stormwater
(e.g. cadmium, copper, lead and zinc), and contacted with EAF slag to determine P removal efficiency and

sorptive competition. Results showed that the presence of cadmium, lead and zinc had minimal effect
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on the removal process; copper was a significant inhibitor of P uptake by the EAF slag media. P removal
was greatest in the metal-free and multi-metal stormwater solutions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Because rainwater had been generally considered as clean, high
quality water, limited attention had been paid in the past to the
impacts of stormwater discharges on receiving waters beyond
quantity-related concerns, such as flooding [1,2]. During rain-
fall events, stormwater mobilizes and amasses suspended solids,
organic matter (such as plant debris), pathogens (including bacteria
and viruses), nutrients (such as inorganic nitrogen and phospho-
rus compounds) and toxic substances (including pesticides, heavy
metals and hydrocarbons) that have accumulated on impervious
urban surfaces over time. Thus, the runoff itself becomes a sort of
wastewater that can create substantial degradation of water qual-
ity in receiving systems [3,4]. Even low pollutant concentrations
at extremely high flows and volumes of stormwater can result
in significant pollutant mass loads; today, attention is therefore
expanding to consider as important not only the quantitative man-
agement of runoffin urban designs, but alsoits quality management
and control [2].

Phosphorus (P) is most commonly present in the aqueous
environment as orthophosphate (PO4-P), which has been the
target compound for several treatment technologies [5]. Exces-
sive concentrations of P, primarily as PO4-P, are identified as a
principal source of freshwater eutrophication, defined as the over-
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enrichment of receiving waters with mineral nutrients [6]. A major
impact of eutrophication is the significant growth of algae and
cyanobacteria that reduces dissolved oxygen content leading to
the loss of aquatic biodiversity, odour production, and water qual-
ity problems related to prevailing anaerobic conditions [7-9]. In
addition to the potentially toxic health implications related to con-
sumption of such water, cyanobacteria blooms may also result
in significant economic losses related to decreased recreation,
tourism and freshwater commercial fisheries [10-12]. Therefore,
P removal currently constitutes a major challenge in both over-
all water quality management and wastewater treatment design.
That same challenge is of significant concern in urban runoff where
stormwater quality poses an increasingly significant source of pol-
lution for aquatic ecosystems [13,14]. Most research programs
for P removal have focused on wastewater treatment methods,
with sparse information available relating to the removal of P in
stormwater collection and retention systems. However, growing
challenges with respect to water quality management, changes
in the frequency and intensity of rainfall events through climate
change, and identified downstream impacts on economic pros-
perity due to eutrophication show that stormwater merits further
investigation [12,15-19]. In addition, the characteristics and com-
position of stormwater differ from those of municipal wastewater
[20], and management of these systems may thus benefit from
distinct and unique solutions.

Stormwater collection, management and treatment systems
may profit from the use of media composed of natural materi-
als, industrial by-products and artificial substrates for P removal


dx.doi.org/10.1016/j.jhazmat.2011.01.015
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dena.mcmartin@uregina.ca
dx.doi.org/10.1016/j.jhazmat.2011.01.015

N.C. Okochi, D.W. McMartin / Journal of Hazardous Materials 187 (2011) 250-257 251

[21]. Of the materials investigated, industrial by-products, espe-
cially iron and steel slag materials, have garnered the most interest
since these have demonstrated a significant capability to sequester
P [22]. Slags are particularly attractive for use as inexpensive waste
materials of reliable quantity in regions in close proximity to steel
mills and recyclers [22-26]. The local availability of sizable amounts
of electric arc furnace (EAF) slag in Saskatchewan and other North
American locations like lowa and Alabama through EVRAZ, a steel
manufacturer, provides an opportunity for the innovative use of
this by-product. Already, slag is being safely and successfully used
in Saskatchewan as an aggregate in road construction and main-
tenance. Another potential for the use of the slag in municipalities
around North America, and indeed all around the world, would be
the inexpensive treatment of stormwater for the removal of nutri-
ents, metals and other undesired constituents before its release into
water bodies.

The ability of slag to remove both nutrient and metal impuri-
ties by sorptive mechanisms from wastewater has been previously
proven [24-29]. P sorption experiments using raw municipal
wastewater and those carried out under field conditions demon-
strate considerable differences to those using artificial P solutions in
the laboratory. Shilton et al. [30] noted that P sorption onto an active
slag filter was significantly higher for synthetic P solutions than
that observed using authentic pond effluent. Brix et al. [31] demon-
strated that P sorption by a calcite substrate was ten times higher
in the laboratory than under field operations. Johansson Westholm
[21] and Drizo et al. [23] have related the P removal discrepancies
between laboratory and field studies to the vast difference in inves-
tigative methods and materials used by researchers, which makes
it difficult to compare the results. According to Pratt et al. [22], the
disparity between field and laboratory results could be due to the
presence of competing ions in the actual environmental samples.

The competition for slag sorption sites has been observed in the
removal of heavy metals from solution [32-34]. This tendency of
substrates to preferentially retain ions other than P is therefore
an important consideration when developing treatment solutions
[21]. In other words, the removal of P from stormwater, a complex
matrix, would benefit from a better understanding of the effects
of competing chemical constituents on the P removal capacity of
a given adsorbent. To date, there is little to no information avail-
able about the degree to which competing ions in stormwater or
wastewater affect P adsorption by slag.

A number of metals are reported to be commonly detected in
stormwater. Of these, cadmium (Cd), copper (Cu), lead (Pb) and
zinc (Zn) are some of the most frequently studied metals that are
also considered to be of greatest concern, since the concentrations
of these ions in stormwater regularly exceed surface water quality
guidelines by 10 times or more [1]. This present work investigates
the effect of these four metals on P adsorption by EAF slag under
simulated stormwater conditions. Simulated stormwater was cho-
sen to standardize the compositions of the water samples used in
these experiments, and to more accurately observe the effects of
varying environmental conditions.

The outcome of this study may be useful in locations around the
world where EAF slag, or materials with comparable characteristics,
is generated in large enough quantities as industrial by-products,
or occur naturally, and similar stormwater treatment needs for the
preservation of downstream aquatic resources are identified.

2. Materials and methods

2.1. Adsorbent and characterization

EAF slag was obtained from the EVRAZ steel recycling facility in
Regina, Saskatchewan, Canada. The slag was pulverized and sieved

Table 1
Composition of 6 synthetic stormwater solutions containing 5 mgP/L.
Description Composition

1 Metal-free stormwater Cd?*, Cu®*, Pb**, Zn** ~ 0
2 Cd-dominant stormwater Cd?*: 1 mg/LCu?*, Pb%*, Zn?* ~0
3 Cu-dominant stormwater Cu?*: 1 mg/LCd?*, Pb%*, Zn?* ~0
4 Pb-dominant stormwater Pb2*: 1 mg/LCd?*, Cu?*, Zn** ~0
5 Zn-dominant stormwater Zn?*: 1 mg/LCd?*, Cu?*, Pb** ~0
6 Multi-metal stormwater Cd?*, Cu?*, Pb?*, Zn?* =1 mg/L

with an Endecolts Octagon 200 Test Sieve Shaker (London, Eng-
land). A particle size (dp) between 2.36 and 3.35 mm, equivalent
to commercially available granular activated carbon, was used in
experiments. The resulting EAF slag particles were washed with
distilled water to remove residual fines, dried in a furnace at 105°C
for 24 h and stored in a desiccator until use.

The chemical oxide composition of the slag was determined by
X-ray fluorescence (XRF) using a PANalytical Axios Advanced spec-
trometer. BET surface area was measured by N, adsorption using a
Micromeritics ASAP 2010 instrument (Norcoss, GA, USA). Powder
X-ray diffraction (XRD) was also carried out to identify the min-
eral species present in the slag by means of a D8 diffractometer
with GADDS (Bruker AXS, USA) and equipped with a Cu source.
In addition, images of scanning electron microscopy with X-ray
microanalysis (SEM-EDS) of the particles were obtained for both
fresh and spent slag materials using a JSM5600 (JEOL, Japan) cou-
pled to an EDAX Genesis (EDAX, NJ, USA). Fresh and spent slag
materials, as stated in this study, refer to slag obtained before and
after interaction with the metal-free simulated stormwater, respec-
tively. Spent slag characterization experiments were also repeated
in a different lab and with different equipment as follows: Powder
X-ray diffraction (XRD) was performed using a Panalytical X'Pert
Pro Diffractometer equipped with Cu X-ray source, and the elemen-
tal composition of the slag was also studied by energy dispersive
X-ray analysis (EDS) on a FEI Quanta 600F Scanning Electron Micro-
scope coupled to a Brunker Quantax 200 Esprit 1.8.2 EDS package
and a Brunker 5010 STD detector.

2.2. Batch adsorption experiment design

A series of synthetic stormwater samples was produced com-
prising combinations of P (5 mg/L) and one or more of the identified
metal ions (Table 1). The P and metal compositions were applied
within the range of relative values of P to metal concentrations
observed in actual stormwater [1]. To fully elucidate the removal
of Pdue to EAF slag sorption, control experiments containing no EAF
slag were also carried out for all conditions identified in Table 1.

Stock P solution was prepared using anhydrous KH,PO4 (EMD
Chemicals Inc., Darmstadt, Germany). Metal stocks were synthe-
sized using CdCl,-2.5H,0 (Acros, NJ, USA), CuCl,-2H,0 (Fisher
Scientific, NJ, USA), Pb(NO3), (Fisher Scientific, NJ, USA) and
ZnS04-7H,0 (Sigma-Aldrich, MO, USA). All chemicals were analyt-
ical grade. Ultrapure laboratory water of 18.2 M Ohm-cm was used
in the preparation of all stock solutions.

Adsorption studies were conducted in a temperature-regulated
orbital platform shaker (Lab-line Instruments Inc., IL, USA) at
80 rpm for 120 h. At 80 rpm, no disintegration of slag was observed,
and mixing remained effective. Shaking was temporarily inter-
rupted at 24 h intervals to collect samples that were subsequently
filtered through a 0.45 pm Nalgene membrane prior to analysis.

All experiments were conducted at 25°C and initial pH of 7.
Temperature was regulated by means of the platform shaker, while
influent pH of the simulated stormwater blends was adjusted using
0.1M HCI or 0.1 M NaOH, prior to interaction of the stormwater
with slag.
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Table 2
Chemical composition and physical characteristics of EVRAZ EAF slag.

Constituent Composition (%)

Fe;03 44.44
Ca0 24.97
MgO 10.68
Si0, 8.14
Al,03 7.63
MnO 4.18
Cr,03 1.54
P,0s 0.28
TiO, 0.28
Cu0 0.034
Na,0 0.02
NiO 0.017
K,0 0.01
Co304 0.006
BET SA? (m?/g) 1.12
APDP (nm) 45

@ surface area
b average pore diameter

2.3. Aqueous sample analysis

Filtered 2.40 mL samples were analyzed for P content in time-
series testing using a modified colorimetric Stannous Chloride
Method [35]. All analyses were completed in triplicate. Calibration
curves were developed for every two to three set of samples; blanks
were run for every set. Spectrophotometric analysis was completed
using a Helios Alpha scanning spectrophotometer (Thermo Elec-
tron Corporation, England) set at 650 nm.

2.4. Development of adsorption isotherms

Adsorption isotherm studies were carried out by mixing 4 g/L of
EAF slag with 250 mL P solutions of initial concentration ranging
from 2.5 to 10 mgP/L. This range of P concentrations was cho-
sen to examine the variability in P adsorption capacity values, and
its dependence on the initial P concentrations [23]. 4g/L of EAF
slag was selected as an optimum for these experiments as further
increase in slag mass resulted in a decrease in measured adsorption
density (mg/g) values, especially at the lower range of P concentra-
tions tested. The adsorption isotherm experiments were conducted
over a 120 h period, which was found to be sufficient for equilib-
rium. Solution equilibrium was attained when absorbance values
levelled off, and no incremental change in P concentration was
detected.

2.5. Statistical analysis

The relative standard deviation (%) was estimated for the mea-
surements of P adsorption density (mg/g) in all the stormwater
systems. One-way analysis of variance (ANOVA) was conducted to
find out if there were significant P removal differences among the
various stormwater compositions. Statistical significance was set
at the probability level, @ =0.05. Scheffé’s test was also applied in
post hoc comparisons to determine where the differences existed
between pairs of stormwater systems. Excel (Microsoft Corpora-
tion, 2007) was used to analyze the data.

3. Results and discussion
3.1. Characterization of slag

Chemical composition results of fresh slag analysis, reported as
oxides, are shown in Table 2. In terms of metal content (%, g/g),

the slag composition was as follows: Fe - 23.93, Ca - 20.71, Si
- 5.83, Mn - 4.6, Al - 4.52, Cr - 1.66 and Ni - 0.023. Thus, the

4

40 50 60 70 80 90
2-Theta-Scale

Fig. 1. XRD diagrams of the EAF slag (a) before sorption and (b) after sorption.
Identified phases: A: FeO (1, 4, 5); B: Fe;05 (2, 3); C: (NiO)o5-(MnO)os (3,4,5).

EVRAZ EAF slag used in these experiments consisted primarily of
iron (Fe) and calcium (Ca). This observation was consistent with
results obtained from previous XRF analyses of EAF slag [23,24].
For example, in Drizo et al. [23], Fe and Ca content (%, g/g) were
24.3 and 21.7, respectively, vs. 23.9 and 20.7, respectively, for this
study. Also, there were noticeable differences in the concentration
range of some other constituents; their EAF slag had lower levels (%,
g/g) of Mn (1.01), Al (2.47) and Cr (0.22). In the case of elevated Cr
levels in the present EAF slag under study, this may raise concerns
for human health and the environment, due to leaching. However,
studies have shown that there are no detrimental effects to human
health or to the environment as a result of leaching from steel slags,
and that due to the very high temperatures applied in their forma-
tion, heavy metals are bound tightly together within the slag matrix
[26,36].

The BET surface area of the spent slag sample from the metal-
free stormwater was determined as 0.48 m?/g. This is a decrease in
surface area when compared with that of the fresh slag (1.12 m2/g),
and may likely indicate deposition of P on the slag surface. There-
fore, physical adsorption could have contributed to P removal.

X-ray diffraction patterns for both fresh and spent EAF slag from
the metal-free stormwater system are provided in Fig. 1. For clar-
ity and ease of discussion, the post-sorption diffraction pattern has
been stacked above that of the pre-sorption. The identified XRD
peaks indicate the presence of iron oxide compounds. These iron
oxide peaks were of reduced intensity in the spent slag, which
suggests a depletion of Fe from the slag.

The result of the repeat XRD experiment for the spent slag sam-
ple is shown in Fig. 2.

The X-ray diffraction pattern obtained in the replicate test
indicated that the major volume fraction was amorphous rather
than crystalline. The analysis also uncovered the presence of the
following components: Wiistite (FeO), Larnite (3-Ca,SiO,4), Brown-
millerite (Cay(Al,Fe)Os), Lime (CaO) and Magnetite (Fe304) in the
spent slag. These components are consistent with those previously
identified in EAF slags by Engstrém et al. [37], and again confirm
the occurrence of Fe and Ca as major components in the slag.

The scanning electron microscopy (SEM) micrographs for the
surfaces of fresh and spent slag particles are shown in Fig. 3. A
change in surface structure is noticed after the sorption process
which may be as a result of deposition of P by physisorption, or
the loss of Fe, or a combination of both. It may also be due to a
progressive change in surface mineralogy with time, for example,
as noted in the study by Bowden et al. [25]. The results of the semi-
quantitative (standard less) energy-dispersive X-ray spectroscopy
(EDS) scan taken at the center of a representative particle from both
the fresh and spent slag samples (Fig. 4) showed a visible decrease
in the relative concentration of Fe, as well as Ca. This confirmed the
loss of Fe from the slag, as previously suggested from XRD analysis.
The observed decrease in Ca content may be related to the loss of
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Fig. 2. X-ray diffraction pattern of spent slag from repeat experiment.

Fig. 3. SEM micrograph of the EAF slag (a) before adsorption (b) after adsorption
(Initial P: 5mg/L; metal ions: 0 mg/L; initial pH 7; T: 25°C, rpm: 80; P removal:
95%).

free lime (Ca0), which resulted in high pH [25]. In this study, the
equilibrium pH of the tested stormwater solutions was ~10.2-10.5,
up from an initial value of 7. Thus, for practical applications, pH
control must be taken into account before downstream discharge
of the treated stormwater. The formation of P was also noticed,
possibly due to its deposition on the slag surface. This aligns with
findings from the BET surface area tests.

The result of the replicate EDS semi-quantitative spectrum of
the spent slag sample is provided in Fig. 5. The loss of Fe from the

30

20

10

Relative elemental concentration

C O Mg Al Si P K Ca Ti Cr Mn Fe Ni

Element

50

40

30

20

10

Relative elemental concentration

C O Mg Al Si P K Ca Ti Cr Mn Fe Ni

Element

Fig. 4. EDS scan for (a) fresh and (b) spent EAF slag.

slag was evident from comparisons with previous XRF, XRD and
EDS test observations. The presence of P was again noticed on the
spent slag, which points to the uptake of P by the slag.

3.2. Adsorption isotherms

The sorptionisotherm for uptake of P in the metal-free stormwa-
ter by the EAF slag is presented in Fig. 6. The equilibrium data for the
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Fig. 5. Semi-quantitative EDS spectrum of spent slag from repeat experiment.

sorption process was fitted to both Langmuir (Fig. 7) and Freundlich
(Fig. 8) equations.

The experimental data obtained in this work fit both the Lang-
muir and Freundlich linear relationships. However, the Langmuir
isotherm produced a slightly better fit for modeling the data than
the Freundlich equation.

It should be noted that though the Langmuir and Freundlich
are the most widely used models due to their simplicity, estima-
tion of P adsorption capacities from standard batch experiments,
and from the Langmuir and Freundlich equations, result in unre-
alistic predictions for the long-term performance of dynamic or

1.5

Q. (mg/g)

C. (mg/L)

Fig. 6. Adsorption isotherm for P removal from metal-free stormwater.

Q./C,
w
1

Fig. 7. Langmuir plot for P sorption onto EAF slag in metal-free stormwater.

full-scale systems [23,26,38]. The derivation of P adsorption capac-
ity of a material from long-term column studies could serve instead
as a better indicator of the performance and longevity of full-scale
systems [23].

3.3. Adsorption kinetics

P adsorption from the metal-free stormwater on to the EAF slag
was analyzed by pseudo-first and pseudo-second order rate expres-
sions as applied by Liu et al. [39]. The pseudo-first-order equation
was based on the Lagergren equation [40] and given as:

log(Qe — Q) = log Qe — bt 3)

where, Q. is the amount of P adsorbed at equilibrium, Q; is the
amount of P adsorbed at time t, and k; is the equilibrium rate con-
stant. k1 can be determined by a linear plot of log (Qe — Q;) vs. t. This
plot is shown in Fig. 9.

The pseudo-second-order equation was given by

1t
Qt_szez Qe

where k; is the equilibrium rate constant of pseudo-second-order
adsorption and is obtained by the straight line plot of é vs. L.

The P adsorption from the metal-free stormwater on to the slag
showed significantly better correlation with the first-order than
second-order kinetics model (Table 3).

The pseudo-first order model was further tested with two sets
of independent experimental data from duplicate experiments
(Fig. 10). Statistical analysis was carried out on data from both the

(4)

0.1

0.0

-0.1 1

LogQ,

-0.2 1

-0.4 T T
-0.5 0.0 0.5 1.0

LogC.

Fig. 8. Freundlich plot for P sorption onto EAF slag in metal-free stormwater.
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Fig. 9. Pseudo-first order equation for the adsorption of P by electric arc furnace
slag.
Table 3
Values of the rate constants and correlation coefficients for the kinetic models.
Kinetic model Rate constant R?
Pseudo-first order: k1 =0.04h"1 0.996
Q[ =1.184 — ]0(0.07—0.0170
Pseudo-second order: ky=54.43gmg~'h! 0.710
Q = it
1.6
1.4
A A A
1.2 7 A O
n g
5 107 A O
=2}
§, 0.8 0O (@)
G 0.6
0.4
O
0.2
0.0 (1 T T T T T T
0 20 40 60 80 100 120 140
t (h)
A\ Quexe) O Quexez) 0 Qymon)

Fig. 10. Model fit for the adsorption of P by EAF slag.

repeat experiments (Qqexp.1) and Quexp.2)) and calculated model
values (Qqmop))- The model values were calculated by substituting
the batch sorption time (in hours) for variable t in the pseudo first
order kinetic model given in Table 3. The resulting standard devia-
tion of Q; from the mean with time (Qynean)) Proves that the model
becomes more accurate in predicting the amount of P adsorbed
with time, at the specified experimental conditions (Fig. 11). That
is, as P adsorption on the slag approaches equilibrium the model
becomes more reliable. Increase in equilibrium time thus appears
to diminish some of the removal rate heterogeneity arising from
the physico-chemical differences in the experimental batches.

3.4. Effect of metal contaminants on P removal

The influence of Cd2* on P removal from stormwater is depicted
in Fig. 12. The presence of Cd%* resulted in a slight decrease in the
removal of P by the slag, from about 95% (1.18 mg P/g) in the metal-
free solution to 90% (1.13 mg P/g). The control experiment, i.e. in the
absence of the adsorbent, shows that P removal in the Cd-dominant
stormwater system is wholly attributable to the slag.

1.6
1.4
1.2 E $ ¢
1.0
0.8
0.6 ®  Qyumean)
0.4

Q; (mg/g)

0.2

0.0 T T T T T T T
0 20 40 60 80 100 120 140

t (h)

Fig. 11. Deviation of validation experiments from the pseudo-first order model.
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Fig. 12. Effect of Cd?* on P removal under the experimental conditions identified in
Table 1.

P Concentration (mg/L)
w

Time (h)

® Ponly (4g/Lslag) B P+ Pb2+(4gIL slag) A P+ Pbb(ControI: 0g/L slag)

Fig. 13. Effect of Pb%* on P removal under the experimental conditions identified in
Table 1.

A similar pattern was also observed in the Pb- (Fig. 13) and Zn-
dominant (Fig. 14) stormwater systems. In the presence of Pb2*
and Zn?%*, the removal of P was slightly reduced from that noted
in the metal-free solutions. In each, approximately 90% P removal
(1.10mgP/g for Pb%* and 1.12 mg P/g for Zn?*) was achieved.

The initial rate of P removal in the presence of Zn%* is more rapid
than that observed in both the Cd- and Pb-containing systems. It
appears that Zn2* initially poses less competition to P uptake but
becomes more competitive as adsorption sites become less avail-
able.

Of all the metal contaminants, Cu?* results in the greatest
decrease in the uptake of P by slag (Fig. 15). After 120 h, only about
68% of P (0.82 mg P/g) was removed from the aqueous phase in the
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Fig. 14. Effect of Zn?* on P removal under the experimental conditions identified in
Table 1.
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Fig. 15. Effect of Cu?* on P removal under the experimental conditions identified in
Table 1.

presence of Cu2* as compared to 95% in the metal free stormwater
solution (P only).

In the presence of Cu2*, not all P removal is attributable to sorp-
tion by the EAF slag. The control experiment for the Cu-dominant
stormwater matrix shows some initial P loss (about 11%) within the
first 24 h, after which no further removal was measured. This obser-
vation was attributed to the precipitation of P by Cu?*, represented
in the simplest form by the following equation:

Cu**(aq) + PO4>~(aq) — Cus(POy4)y(s) | (5)

This significant reduction in the ability of the slag to remove P
in the presence of Cu?* may suggest that Cu?* was a far more com-
petitive adsorbate than the other metal contaminants investigated.
The strong affinity of Cu?* for adsorbent media has been observed
in previous studies where Cd2*, Cu2*, Pb2* and Zn2* were removed
from single-metal systems by adsorption onto goethite, an iron
oxide mineral (a«-FeO(OH)) [41] and melter slag, a Ti/Al-rich vari-
ety common in New Zealand [42]. By comparing the single-element
systems in these studies, the amount of the metal ion removed from
the solution by a unit mass of the adsorbent followed the sequence
Cu?*>Pb2* >Zn%* >Cd?* [41] and Cu?*>Zn2* ~Cd?* [42]. Though
the solutions in those studies did not contain PO43—, the conclusions
closely mirror the observations encountered in this study.

When all four metals were present (multi-metal stormwater
solution), no net effect was noticed with respect to the adsorption of
P onto the slag, in comparison to the metal-free P solution (Fig. 16).
The results indicated that both the presence of the selected metals
as a complex mixture and the complete absence of those metals
in solution produced 95% removal of the initial P concentration in
those solutions. This effect has not been previously observed in
other multi-element solutions containing equal quantities of Cd2*,

P Concentration (mg/L)
w

0 z 2
0 20 40 60 80 100 120 140

Time (h)

OP+M (4g/L slag) [M=Cd 2*+Cu 2* +Pb2*+2zn 2*]

A P only (4g/L slag)

Fig. 16. Effect of mixed-metal solution on P removal under the experimental con-
ditions identified in Table 1.

Table 4
Percent P-removal in the various synthetic stormwater systems.
Description P removed (%) Adsorption
density (mgP/g)
1 Metal free stormwater 95 1.18
2 Multi-metal stormwater 95 1.14
3 Cd-dominant stormwater 91 1.13
4 Zn-dominant stormwater 90 1.12
5 Pb-dominant stormwater 89 1.10
6 Cu-dominant stormwater 68 0.82

Cu?*, Pb2* and Zn%*, where removal of these metals was attempted
using various types of slag [33,42].

The result of this experiment (Fig. 16) indicates that the presence
of P significantly weakens the competitive advantage of Cu%* vis-a-
vis the other metal contaminants, thus resulting in a “neutralizing”
or “canceling” effect amongst the metals.

Compiled results as percent P removed from each of the
synthetic stormwater systems evaluated clearly show that the
phosphate removal was most significant in the metal-free and
mixed-metal solutions (Table 4). However, the presence of Zn?",
Cd?*, and Pb2* were shown to have minimal effect, while Cu?* was
a significant competitor for sorption sites on the EAF slag media.

3.5. Statistical analysis

The results presented were average values of the three repli-
cates. The error bars in the graphs show the standard deviation of
the measurements from their mean. The relative standard deviation
was 1-12% for the measurements of equilibrium P adsorption den-
sities. One-way ANOVA showed that the differences in P removal
(mgP/g) differed significantly across the six stormwater systems
(dfg =5, dfw =12, F=15.31, p=7.56E-05). An independent-samples
t-test was also conducted to compare P removal in the metal-free
and Cu-dominant stormwater conditions. There was a significant
difference (df=4, t=7.63, p=3.06E-06) in P removal for metal-
free (Mean=1.18, SD=9.79E-03) and Cu-dominant (Mean=0.82,
SD=3.70E-02) stormwater systems. Scheffé’s post-hoc compar-
isons between Cu-dominant and each of the remaining stormwater
systems revealed a significant difference in P removal, that is, F>F,
where F is the product of dfg and the critical value of F for dfg
and dfy at @=0.05. No statistical difference (F<F) was observed
between metal-free and each of the remaining stormwater systems,
as well as when the remaining stormwater systems were paired and
compared with one another.

These results therefore suggest that the stormwater compo-
sition has an effect on P removal. Specifically, for the simulated
stormwater systems under study, when the Cu-dominant system
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was synthesized by adding Cu?* to a P only solution, P removal was
significantly lower than that obtained in the P only system. How-
ever, the addition of other metals to the P only solution, individually
or as a combination, made no real difference to P removal.

4. Conclusions

The results of this study support the application of EAF slag
as an effective adsorbent for P removal from various stormwa-
ter compositions. Removal efficiences ranging from 0.82 mgP/g in
Cu-dominant stormwater to 1.18 mgP/g in metal-free stormwater
were recorded. The presence of metals in stormwater was found to
influence P removal to varying degrees, with Cu>* demonstrating a
significant ability to decrease P removal, possibly due to a stronger
affinity for the adsorbent media. It is possible that Cu?* may have
posed significant competition to P for sorption sites on the EAF slag.
However, the affinity of Cu2* to the slag is not observed in a multi-
metal stormwater system containing P and the other metals tested
in this work. As well, physisorption was found to be a contributing
mechanism to P removal; and while the loss of Fe from the slag was
confirmed, it was not certain what role this phenomenon played
in the removal process. This study is currently being extended to
investigate reasons behind the observed behaviour of metals in
the tested stormwater systems, with a special interest on Cu%* and
other mixtures. On-going research also includes further examina-
tion into the fate of Fe and Ca loss from the slag, and their impact
on the P removal process. As well, the influence of pH, P concen-
tration, metal concentration, adsorbent particle size, temperature
and continuous flow dynamics on the kinetics and efficiency of P
removal from synthetic stormwater is being carried out.
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