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a b s t r a c t

The selectivity sequence and removal of coexistent heavy metals (namely As, Cd, Cr, Cu, Ni and Zn) in syn-
thetic urban stormwater runoff were investigated by adsorption onto a porous iron sorbent (namely P1)
and its mixtures with zeolite and crystal gravel, respectively (namely P2, P3, and P4). A batch method was
employed to simulate the sorption processes. The geochemical model PHREEQC was used to calculate the
metals’ species and saturation data for elucidating the sorption data. The equilibrium data demonstrated
eywords:
eavy metals
orption
rban stormwater

ron sorbent

a good fit with the Freundlich model and showed affinity in the orders: Cd > Zn > Ni > Cu > As > Cr (sor-
bents P1, P3 and P4) and Cd > Zn > Ni > As > Cu > Cr (sorbent P2). In addition to this, Calculated Distribution
Coefficient (Kd) values were used to compare the overall heavy metal removal efficiencies of the sorbents,
which, in decreasing order, was found to be P4 > P1 > P2 > P3. In comparing these four commercial sor-
bents, sorbent P4 represents a promising material for treatment of urban stormwater runoff containing
eolite
rystal gravel

mixed heavy metals.

. Introduction

Urban stormwater runoff may contain abundant heavy met-
ls such as arsenic (As), cadmium (Cd), chromium (Cr), copper
Cu), lead (Pb), nickel (Ni), and zinc (Zn), which may come from
variety of sources including building materials (e.g. roofing, flash-

ng, and walls) and traffic-related sources (e.g. brake linings, tire
ear, and auto-catalysts) [1]. If stormwater contaminated with
eavy metals is discharged directly into natural water bodies, the
on-biodegradable metals can accumulate in the environment,
ausing both short-term (e.g. acute toxicity) and long-term (e.g.
arcinogenic damages) adverse effects on human life. For example,
hronic exposure to arsenic compounds may lead to neurotoxic-
ty of both the peripheral and central nervous system [2], while
admium is known to enhance lipid peroxidation by increasing
he production of free radicals in the lungs, which leads to tissue

amage and cellular death [3], and chronic lead toxicity affects gas-
rointestinal, neuromuscular, renal and haematological systems [4].
urthermore, some non-biodegradable metals like chromium (VI)
re thought to be toxic to bacteria, plants and animals [5].
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Several treatment methods have been developed to remove
pollutants from urban stormwater. The most common forms
of treatment are identified as physical/chemical processes (e.g.
adsorption, filtration, ion-exchange, membrane systems, etc.).
Adsorption was recognized by Hui et al. [6] and McKay [7] as an effi-
cient and economical method of water treatment. It has also proved
to be a promising method for removing dissolved metal ions from
liquid wastes [8].

Adsorption encourages research of commercially available
materials to be used as sorbents in purifying water contaminated
with metals. Such materials include sand and sorbents prepared
by coating to sand [9,10], sorbents developed from waste materi-
als [11,12], and natural materials and oxides [13,14]. Recently, the
use of Granular Ferric Hydroxide (GFH) as a commercial porous
iron sorbent has rapidly developed, and to date has proved effec-
tive in removal of pollutants such as arsenic [15], phosphorus [16]
and coexisting metals [10] from contaminated water. Among other
minerals with sorbent-like properties, zeolite has shown promis-
ing performance for use in metal purification functions [6,17]. The
advantage of zeolite is its three-dimensional structure connected
by oxygen vertices, forming channels where H2O molecules and

exchangeable cations counterbalance the negative charge gener-
ated from the isomorphous substitution, as well as its low cost [6].
Crystal gravel, another cheap natural material, has also appeared to
display a high removal efficiency for Pb and Cu [18]. Despite this
however, few if any studies have been published that investigate

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pwu@iue.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.02.093
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he use of a mixture of the above materials for removal of heavy
etals from water.
Although many studies investigating removal of heavy metals

rom urban stormwater have employed a variety of sorbents, they
onventionally only report removal efficiency in relation to indi-
idual heavy metal systems, despite the fact that urban stormwater
ay contain significant concentrations of multiple heavy met-

ls [1]. It is therefore important to understand and quantify the
eavy metal removal properties of sorbents when metals coexist
9,19]. The typical method for removal of heavy metals is tested
nder synthetic experimental conditions in terms of stormwater
uality, as various pollutants in urban stormwater may confuse
nvestigation of the removal mechanisms. Previously, few stud-
es have been conducted under realistic experimental conditions
14,20].

This study focused on utilizing a typical commercial porous
ron sorbent (Ferrosorp Plus, P1) resembling GFH and its mixtures

ith zeolite and crystal gravel to remove coexistent heavy metals
uch as As, Cd, Cr, Cu, Ni and Zn from synthetic aqueous sam-
les with similar composition to real life urban stormwater runoff.
oexistence of the most important heavy metals in realistic con-
entrations as well as the initial pH and ionic strength typical of
hose found in urban runoff were prioritized properties in this
tudy. Although a very common and important heavy metal con-
aminant, lead was excluded from this study due to the fact that in
tormwater lead is often associated with suspended solids, hence
an possibly be removed during pre-filtration treatment (i.e. by set-
ling) [9]. In this research, batch sorption experiments were applied
o evaluate the removal efficiency of four sorbents for treatment
f urban stormwater containing mixed heavy metals. Heavy metal
dsorption performance of the four sorbents was also studied for
omparison.

. Materials and methods

.1. Sorbents and reagents

In accordance with information from the supplier (Ingenieurge-
ellschaft Prof. Dr. Sieker mbH, Germany), characteristics of the
ommercial porous iron sorbent and its mixtures with zeolite
1–4 mm) and crystal gravel (3.15–5.6 mm) are provided in Table 1.
articles of various diameters were created through a combination
f crushing and sieving procedures. The composition of sorbent P1
as introduced as pure ironhydroxide, also evident by the distinc-

ive color (dark brown) of the sorbent compared with the color
f common iron oxides [21]. During the manufacturing process,
orbent P2 was produced from a ferric chloride solution by neutral-
zation and precipitation with zeolite and sodium hydroxide. The
atio of ironhydroxide to zeolite in sorbent P2 was approximately

0/50 (w/w). All sorbents were sieved to 0.6–1.0 mm diameter par-
icles using ENDECOTTS sieves series that meet US standards. The
our sorbents appeared similar to each other after sieving, all dis-
laying a dark brown color. The presence of white particles found

able 1
haracteristics of the sorbents used in this study.

ymbol Compositions Surface areasc, m2/g

1 Ferrosorp Plusa 173
2 Ferrosorp RWRb 166
3 Mixture of P2 and crystal gravel (50/50%, w/w) 168
4 Mixture of P1 and zeolite (50/50%, w/w) 198

a Ferrosorp Plus = pure ironhydroxide.
b Ferrosorp RWR = consist of ironhydroxide and zeolite (approximately 50/50%,
/w).
c Sorbents were sieved with 0.6–1.0 mm screens before determinations.
s Materials 168 (2009) 674–680 675

in sorbents P2, P3, and P4 after sieving indicated that some zeolite
and crystal gravel particles had passed through the sieves. Upon
sieving, the sorbents were stored in a desiccator to avoid mois-
ture.

The Brunauer–Emmett–Teller (BET) surface area of the sorbents
was determined using Flowsorb 2300 (Micromeritics Instrument
Corp., USA). The single point nitrogen isotherm method was
employed to determine surface area of the samples. The results of
this are displayed in Table 1. It is noted that the surface area of sor-
bent P1 is similar with a previously reported 176 m2/g for sorbent
GFH [15]. The pH of the point of zero charge (pHPZC) for GFH was
reported between 7.5 and 8.0 [22]. For this study, the pHPZC of sor-
bent P1 was also expected to lie within a similar range. The pHPZC
of zeolite has been reported to be around 8.0 [6].

Analytical grade heavy metal stock solutions (PerkinElmer, Den-
mark) at 1.0 g/L were used for the study. Cd, Cu, Ni and Zn were
all pure metal ions in 2% (v/v) HNO3, while the As stock solution
was H3AsO4·(1/2)H2O in 2% (v/v) HNO3, and the Cr stock solution
was Cr(NO3)3·9H2O in 2% (v/v) HNO3. Initial synthetic adsorbate
solutions were prepared using the stock solutions as well as NaCl
(Riedel-deHaën, Germany) and NaHCO3 (Fluka, Switzerland). The
pH values were adjusted by HNO3 (Riedel-deHaën, Germany) and
NaOH (Riedel-deHaën, Germany). All reagent solutions were made
of analytic grade reagents with Milli-Q water (Milli-Q Academic A10
system, Millipore, USA).

2.2. Instrumentation

A Varian model VISTA-MPX (Varian, Australia) Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES) with an
Ultrasonic Nebulizer U5000AT+ (CETAC Technologies, USA) was
employed to measure metal ion concentrations, in which the detec-
tion limits were 0.4, 0.2, 0.1, 0.8, 0.2 and 1.1 �g/L for As, Cd, Cr,
Cu, Ni and Zn, respectively. The pH of the solutions was measured
with a MeterLab PHM210 standard pH meter (Radiometer Analyti-
cal, France). Two standard buffer solutions at pH 4.0 ± 0.01 (duracal
buffer) and 7.0 ± 0.02 (potassium dihydrogen phosphate) were used
for calibration of the meter. Sorbent samples were weighed using
an analytical balance model BL60S (Sartorius, Germany) with an
accuracy limit of ±0.1 mg.

2.3. Batch sorption experiments

The experiments were performed in 50 mL screw top polyethy-
lene batch reactors at 25 ± 0.5 ◦C. Before testing, all batch reactors
and bottles were soaked overnight in 10% (v/v) HNO3 solution,
triple rinsed with de-ionized water, and dried. Each reactor con-
tained 1 g sieved sorbent (namely P1, P2, P3, and P4) to obtain a
20 g/L sorbent dosage. The desired concentrations of heavy metals
(As, Cd, Cr, Cu, Ni, and Zn) were obtained by step-by-step dilu-
tion of the commercial stock solutions with 2% (v/v) HNO3. This
trial included 11 batches, where the initial heavy metal concentra-
tions ranged from 6.00 to 1003, 2.83 to 4430, 6.67 to 2967, 15.2
to 2370, 2.81 to 8340, and 58.9 to 58,400 �g/L for As, Cd, Cr, Cu,
Ni, and Zn, respectively. In addition to heavy metals, the synthetic
samples consisted of 0.01 M NaCl to control ionic strength, and
0.003 M NaHCO3 as a buffer to minimize pH changes during exper-
iments. The pH of the samples was adjusted to approximately 6.5
by using 1.44 M HNO3 or 1.0 M NaOH, depending on need. After
gently mixing the sorbent and solution in each batch, the pH was
immediately adjusted to approximately 6.5 again. All batches were

capped tightly and placed into an end-over-end tumbling mixer,
which had been refitted at 1 rpm. After 48 h constant shaking,
the batches were removed from the tumbler and centrifuged for
20 min at 2000 rpm. The batch solutions were then transferred care-
fully to clean bottles, acidified to pH 1.5–2.0 using 1.44 M HNO3
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nd stored at 4 ◦C until heavy metal measurements were con-
ucted.

Two series of control batches were also run under the same
xperimental procedure. One series included each sorbent dosage
ithout the heavy metal stock solutions in order to determine
hether the sorbents would release any investigated metal during

he adsorption process. The other series included the investigated
etals, but excluded the sorbents in order to quantify any loss or

ddition due to sorption to the reactors or contamination during
he handling of samples.

.4. Heavy metal speciation calculations

The computer program PHREEQC (version 2) with a thermo-
ynamic database (namely LLNL.DAT) [23] was used to calculate
he distribution of the heavy metals’ aqueous species and the sat-
ration state of any relevant metallic minerals/salts during the
xperiments. The calculation processes have been described by
enç-Fuhrman et al. [9]. The speciation modeling applied a chem-

cal analysis of water to calculate the aqueous species distribution.
he chemical equations for mole-balance and mass-action expres-
ions, log K and its temperature dependence, and activity coefficient
arameters of each aqueous species are defined in the LLNL.DAT
atabase [23]. The essential data needed for the speciation calcu-

ation (e.g. temperature, pH and concentrations of the elements)
ere the same as the initial conditions of the batch sorption exper-

ments.

.5. Analyzing sorption data

The solid phase heavy metal concentration, qe (�g/g), was eval-
ated by analyzing the corresponding heavy metal concentrations
efore and after adsorption using the following equation:

e = C0 − Ce

X
(1)

here C0 and Ce are the initial and equilibrium heavy metal con-
entrations in the solution (�g/L), and X is the sorbent dosage (g/L).

Analysis of the isotherm data is important to develop an equa-
ion that both accurately represents the results and could be
sed for design purposes. The Freundlich isotherm, a common
athematical expression which is suitable for analysis of highly

eterogeneous surfaces [9,24], was used to analyze the adsorption
esults of the batch experiments as follows:

og qe = log K + 1
n

log Ce (2)

here K is correlated with the quantity of sorbate associated with
he sorbent (L/g), and n is a Freundlich isotherm constant related to
he strength of the sorption at a particular temperature. By plotting
q. (2) with the logarithmic equilibrium heavy metal concentra-
ions (log Ce) depicted on the horizontal axis and the logarithmic
olid phase metal concentrations (log qe) on the vertical axis, val-
es of K and n can be determined from the slope and intercept of
he plot.

The overall efficiency of the sorbents in terms of heavy metal

emoval was determined using a distribution coefficient Kd (L/g) as
elow:

d = qe

Ce
(3)

here Kd values were calculated corresponding to the initial con-
entrations used, and average Kd values were calculated and used
o rank the overall heavy metal removal efficiency of sorbents.
Fig. 1. The pH values after adsorption of the investigated metals onto different
sorbents in batch sorption experiments.

3. Results and discussion

3.1. Equilibrium pH

The pH values of aqueous solutions were examined after sorp-
tion of the mixed heavy metals onto the four sorbents (see Fig. 1).
Here, it can be observed that the pH values displayed no significant
variations among different batches after the adsorption processes,
with average values of 7.9, 7.2, 7.4, and 7.6 for sorbents P1, P2, P3,
and P4, respectively, although the average pH of the inflow was
around 6.5 in all batches. The pH values of the sorption experiments
were controlled mainly by dissolution of the sorbents’ minerals
[10] and the release of –OH groups from each sorbent as it formed
inner-sphere complexes with metal ions [25,26].

3.2. Heavy metal speciation and saturation conditions

Species of the mixed heavy metal ions (as calculated by
PHREEQC) at experimental conditions are shown in Fig. 2. Within
the concentration ranges of the investigated metals, the dominant
species for each metal were HAsO4

2−, CdCl+, CrO4
2−, CuCO3, Ni2+

and Zn2+ at the relevant pH. The varieties of dominant species were
not obvious among the 11 batches, even though the solute concen-
trations increased with each batch. In this study, metals As and Cr
conceivably existed as anions of the species HAsO4

2− (97 mol% of
As) and CrO4

2− (99 mol% of Cr). H2AsO4
− and HCrO4

− were the
second most common species of As and Cr, following HAsO4

2−

and CrO4
2−. The major cations present in the solutions existed as

CdCl+ (70 mol% of Cd), Ni2+ (100 mol% of Ni) and Zn2+ (74 mol% of
Zn). The non-charged CuCO3 (89 mol% of Cu) was the dominant
species of Cu, while charged species such as CuOH+ (5 mol%) and
{Cu(CO3)2}2− (5 mol%) represented only minor percentages within
the solutions.

Oversaturated heavy metal minerals/salts in the synthetic solu-
tions are displayed in Table 2. From Table 2, it can be seen that the
oversaturated minerals/salts increased as the initial heavy metal
concentration increased. Similar results were reported by Genç-
Fuhrman et al. [9]. Therefore, as precipitation of minerals/salts
occurs, sorption may no longer be the primary removal process
in those batches. Oversaturated conditions and consequently pre-
cipitation of Cd, Cu and Zn minerals/salts with high heavy metal
concentrations will contribute to the overall removal.
3.3. Equilibrium concentrations and sorption isotherms

The results of simultaneous removal of heavy metals by the
tested sorbents are presented in Fig. 3. As expected, the level of
heavy metal removal increased as the initial heavy metal concen-
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ig. 2. Species of As, Cd, Cr, Cu, Ni and Zn in aqueous solutions obtained using the
xperiments).

rations increased in all batches. It was noted that leaching of Cr

14.3 �g/L) and Zn (120 �g/L) was observed in the control batches
nvolving sorbent P1. In the second series of control batches, involv-
ng the investigated metals but without any sorbent, leaching of Zn
812 �g/L) was also observed, however a loss of 30 �g/L Cd was
etected.
EQC program (input data the same as the initial conditions of the batch sorption

The adsorption isotherms of the investigated metals by the

four sorbents are shown in Table 3. The experimental data
results displayed a good fit with the Freundlich isotherm equa-
tion, suggesting that the four sorbets contained heterogeneous
surface characteristics. Based on the quantity of sorbate asso-
ciated with the sorbents (as the Freundlich constant K), the
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Fig. 3. Removal of coexistent heavy metals (As,

orption sequence of metals for sorbents P1, P3, and P4 was
d > Zn > Ni > Cu > As > Cr, while the sorption sequence of metals

or sorbent P2 was Cd > Zn > Ni > As > Cu > Cr. The different sorp-
ion of As and Cu between sorbent P2 and the other sorbents was

ost likely the result of competition among HAsO4
2−, CrO4

2− and
ydroxyl ions for sorption on the surface Lewis acid sites of the sor-
ents [25,26]. The sorption of anions onto the hydroxylated mineral
urface might also be explained by the ligand exchange mechanism
27]. The sorption mechanism in this study was confirmed by the
act that the final pH values were higher than the initial pH values

or all batch experiments (see Fig. 1).

The pH of the aqueous solution is an important controlling
arameter in the sorption process. As mentioned in Section 3.1,
he average equilibrium pH values of the four sorbents were sim-
lar to the reported pHPZC range for GFH (between 7.5 and 8.0)
, Cu, Ni and Zn) using the investigated sorbents.

[22]. Because both positively and negatively charged groups were
available at the sorbents’ surface, electrostatic attraction as well as
surface complexation should be considered as an important mech-
anisms in heavy metal removal. The size and charge intensity of
dominant species, which can affect the accessibility of species to
the surface of pores, must also be considered. Based on electro-
static attraction, the smaller ionic radius and greater valence, the
more closely and strongly is the ion adsorbed onto the sorbent
[28].

For cationic metal ions, there is a direct relationship between

the charge to radius ratio (Z/r) and adsorption [28]. As Section 3.2
mentioned, the dominant species for each metal at equilibrium
pH were HAsO4

2−, CdCl+, CrO4
2−, CuCO3, Ni2+ and Zn2+. Thus,

according to the Z/r ratio of the cations Cd2+ (2.11), Cu2+ (2.82),
Ni2+ (2.90) and Zn2+ (2.70) [28–30], the selectivity sequence is
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Table 2
Oversaturated heavy metal minerals/salts in the batch experiments.

Oversaturated heavy metal minerals/saltsa

As Cd Cr Cu Ni Zn

Batch 1
Batch 2 2
Batch 3 2 5
Batch 4 2 5
Batch 5 1 2, 3, 4 5, 6, 7, 8
Batch 6 1 2, 3, 4 5, 6, 7, 8, 9
Batch 7 1 2, 3, 4 5, 6, 7, 8, 9, 10, 11
Batch 8 1 2, 3, 4 5, 6, 7, 8, 9, 10, 11
Batch 9 1 2, 3, 4 5, 6, 7, 8, 9, 10, 11, 12
Batch 10 1 2, 3, 4 5, 6, 7, 8, 9, 10, 11, 12
Batch 11 1 2, 3, 4 5, 6, 7, 8, 9, 10, 11, 12

a The minerals/salts are referred to as follows: 1 = Otavite, 2 = Tenorite,
3
8
a

r
s
P
c
s
s
m

m
t
[
t
C
e
Z
T

increased with greater surface area, with the sorbents contain-

T
C

A

C

C

C

N

Z

= Atacamite, 4 = Malachite, 5 = Hydrozincite, 6 = Smithsonite, 7 = Zincite,
= ZnCO3·H2O, 9 = Zn(OH)2(epsilon), 10 = Zn(OH)2(beta), 11 = Zn(OH)2(gamma),
nd 12 = Zn2(OH)3Cl.

ecognized as Ni2+ > Cu2+ > Zn2+ > Cd2+. However, the sorption
equences observed for sorbents P1, P3 and P4 and that for sorbent
2 did not accurately explain the greater selectivity of Ni and Cu
ompared to that of Zn and Cd. It was postulated that the actual
electivity factor also depends on other removal mechanisms,
uch as surface complexation (hydroxide groups), precipitation of
etallic minerals/salts and adsorption to the walls of the reactors.
Cu is generally considered to be adsorbed more easily than other

etal ions [24], however studies have reported that the adsorp-
ion of Cu only occurred with a high H+ concentration (pH ≤ 2.5)
31]. In this study however, Cu did not show preferential selec-
ivity in the adsorption system, as the major species of Cu were

uCO3 (89 mol%), CuOH+ (5 mol%) and {Cu(CO3)2}2− (5 mol%) at the
quilibrium pH (see Fig. 2). Moreover, precipitation of Cd, Cu and
n minerals/salts (e.g. Otavite, Tenorite, Smithsonite, and so on, as
able 2 shows) in batches 5–11 may also be counted as a removal

able 3
haracteristics of adsorption constants using the Freundlich isotherms and the average Kd

Conc. range, �g/L Sorbents Freundlich co

K, L/g

s
6.00
–1003

P1 0.49
P2 0.70
P3 0.56
P4 0.45

d
2.83
–4430

P1 2.58
P2 2.50
P3 4.58
P4 2.30

r
6.67
–2967

P1 0.18
P2 0.19
P3 0.11
P4 0.03

u
15.2
–2370

P1 0.67
P2 0.39
P3 0.67
P4 0.99

i
2.81
–8340

P1 1.01
P2 0.99
P3 0.94
P4 1.19

n
58.9
–58,400

P1 1.87
P2 1.86
P3 2.83
P4 2.11

a Average of Kd values.
b Each standard deviation (S.D.) was based on each set of values (11 batches).
Fig. 4. Ranking of the sorbents based on the average Kd values (lower values indi-
cating greater removal efficiency).

process. It was inferred that the sorption processes were affected by
several possible removal mechanisms and the selectivity sequence
of sorbent may show specifications concerning properties of the
sorbents and the experimental set-up applied.

3.4. Comparing the removal capacities of the sorbents

The calculated average distribution coefficient (Kd) values for
each set of batches are listed in Table 3, while the overall results
are displayed in Fig. 4. From Table 3, each sorbent demonstrated a
similar removal efficiency for each heavy metal, displaying a very
high affinity for Cd, Zn, and Ni, but less so for Cu, As and Cr. It
was observed that the metal removal efficiency of the sorbents
ing the least available surface area (P2 and P3) displaying a lower
removal efficiency at the tested concentrations than those with a
higher surface area (sorbents P4 and P1). Sorbent P4 displayed the
greatest removal efficiency, followed by sorbent P1.

values.

nstants Kd , L/g

1/n R2 Avg.a S.D.b

1.16 0.93 0.80 0.06
1.12 0.89 1.24 0.14
1.03 0.93 0.74 0.14
1.34 0.95 0.91 0.15

1.63 0.93 7.19 0.61
1.44 0.94 5.49 0.79
1.96 0.93 6.07 1.17
1.71 0.95 4.98 1.01

1.16 0.75 0.41 0.10
1.19 0.83 0.36 0.13
1.25 0.82 0.33 0.11
2.16 0.88 0.40 0.06

1.06 0.87 0.85 0.21
1.28 0.83 0.76 0.21
1.01 0.93 0.80 0.10
1.08 0.90 1.36 0.15

1.28 0.94 2.19 0.65
1.31 0.96 2.22 0.51
1.27 0.95 2.01 0.27
1.41 0.96 3.38 0.54

1.06 0.85 2.94 0.40
1.09 0.98 2.95 0.46
1.01 0.95 3.44 0.74
1.12 0.94 3.39 0.72
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It is interesting to note however that this trend was not observed
etween sorbents P3 and P2, where sorbent P3 displayed a lower
emoval efficiency than that of sorbent P2 despite having a greater
urface area. Sorbents P3 and P2 had relatively similar compositions
Ferrosorp RWR), the only difference being the addition of crystal
ravel to sorbent P3. The lower removal efficiency of sorbent P3
ompared to sorbent P2 suggests that while cheap, crystal gravel
oes not appear to be viable as a sorbent for removing metals from
rban stormwater.

. Conclusions

This study examined the selectivity sequence and removal effi-
iency of the Ferrosorp Plus sorbent and its mixture with other
inerals in treating water containing mixed heavy metal contam-

nants. The results from the present study show that the sorption
rocesses were affected by several possible factors, including the
H of the sample, surface complexation of the sorbent and elec-
rostatic attraction at the sorbent surface, interacted in a complex

anner.
The Freundlich isotherm was applied to the sorption data. It is

ound that sorbents with a Ferrosorp base displayed a high affinity
or Cd, Zn and Ni, but were less effective at removing Cu, As and Cr.
t is also interesting to note that the addition of both zeolite and
rystal gravel did not significantly alter this selectivity sequence.

According to the Calculated Distribution Coefficient (Kd), the
esults of this study indicate a potential for use of P4 (mixture of
errosorp Plus and zeolite) as a sorbent in stormwater treatment,
specially in removal of Cd, Zn and Ni. Further research however is
equired to test the promising sorbent with real life urban stormwa-
er, as well as testing the performance of different sorbents to
chieve greater removal efficiency in waters containing high levels
f Cu, As and Cr.
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[9] H. Genç-Fuhrman, P.S. Mikkelsen, A. Ledin, Simultaneous removal of As, Cd,
Cr, Cu, Ni and Zn from stormwater: experimental comparison of 11 different
sorbents, Water Res. 41 (2007) 591–602.
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