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ABSTRACT

In this study, highly permeable rigid polyurethanes (PU) incorporating calcium oxide (CaO)
(PU/CaO) composite materials were prepared via a facile and economic one-pot synthesis
method and characterized for remediation of heavy metal-contaminated urban storm water
run-off (USR) in a fixed-bed column. Column tests were conducted to investigate various
parameters, and data were interpreted using the Bed Depth Service Time model to predict
service time. Among the media tested, 25% CaO-incorporated PU (PU/CaO-25) had the
highest adsorption capacity of Cu(II). PU/CaO-25 had about 2.5-fold higher rigidity
(0.38 MPa) than a “typical” rigid polymer (0.15 MPa). Hydraulic conductivity tests showed
PU/CaO-25 (avg. 0.4 mm) had a permeability (0.108 cm s−1) equivalent or higher than refer-
ence sands. Specific structural features of PU/CaO-25 and the remediation mechanism were
also determined using FESEM/EDS, XRD, N2 gas isotherm and chemical equilibrium mod-
eling. Moreover, column tests using simulated USR showed that all heavy metals were
removed by PU/CaO-25 to below their regulation levels at ~1,100 bed volumes. Based on
the physicochemical properties and functionality, PU/CaO-25 may be useful as an effective
filter material in USR treatment and reuse applications.
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1. Introduction

Nowadays, urban storm water run-off (USR) con-
taminated by heavy metals has significant negative
impacts on receiving water. Flooding is also a “tradi-
tional” problem due to typically heavy rainfall in trop-
ical countries, especially becoming an issue with

urbanization. Protection of agricultural land, urban
rivers, and streams from flooding in inhabited urban
areas, especially with polluted water, are essential for
USR management and treatment, as well as appropri-
ately treated USRs can be used as a valuable source
for drinking, cleaning, and farming purposes in urban
area [1,2].
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To address this issue, adsorption is a promising
and suitable technique due to its simplicity, conve-
nience, flexibility in design and ease of operation, low
maintenance costs, and high efficiency [3–18]. Further-
more, as a great advantage of adsorption, a filtration
system can be designed readily and established at any
location with flooding. Thus, it especially requires that
the filter media have high rigidness, removal capaci-
ties, and hydraulic conductivity (HC) at the same
time. Recently, polymers have been investigated in
removing heavy metals and have been explored in
terms of treatment efficiency and removal mechanisms
of heavy metals since they could be easily tailored for
strength, pore structure, and functionalization [19–24].

In this study, we synthesized rigid polyurethane
(PU) incorporating calcium oxide (CaO) (PU/CaO)
composite materials via a facile, rapid, and economical
one-pot synthesis route, and assessed its feasibility for
removing heavy metals in a synthetic USR. As a
widely practiced remediation method, alkaline materi-
als have been applied to remove heavy metals via
hydrolysis. Among alkaline materials, CaO is econom-
ically feasible because of its rapid reaction. However,
when CaO is applied to remove heavy metals, its sur-
face is susceptible to becoming covered by hydrolyzed
colloids of heavy metals, so that CaO is not used fully
and remained as a huge sludge. Hypothetically, when
CaO is incorporated into PU, the armoring possibility
could be reduced because CaO is located mainly in
the PU framework and hydrolyzed heavy metal col-
loids could be separately deposited on PU surface. In
addition, the addition of CaO could also increase the
physical strength as filler.

The objectives of this study were to (1) examine
the properties of the synthesized PU/CaO such as its
rigidity and HC, (2) investigate the adsorption capabil-
ity of PU/CaO for removing heavy metals in water
using a fixed-bed column and the Bed Depth Service
Time (BDST) model, and finally (3) investigate the
specific structural features and remediation mecha-
nism using FESEM/EDS, XRD, N2 gas isotherm, and
chemical equilibrium modeling. To our knowledge,
this is the first reported study to develop a prepara-
tion method of functionalized polymer in an
energy-efficient, massive producible, and cost-effective
manner for the application of USR treatment.

2. Materials and methods

2.1. Materials

Stock solutions containing various heavy metals
were prepared by dissolving the required amount of
copper nitrate [Cu(NO3)2], lead nitrate [Pb(NO3)2],

zinc sulfate [Zn(SO4)2], or nickel sulfate [Ni(SO4)2] in
distilled (DI) water. Polyol (C2H6O2) and MDI
(C15H10N2O2) were purchased from Portal Trading,
Penang, Malaysia. Powdered CaO with purity >99%
was purchased from R&M Marketing, Essex, UK.

2.2. Preparation of PU and PU/CaO

The PU materials were made by exothermic reac-
tions between polyol, having reactive hydroxyl (–OH)
groups, and MDI, containing the isocyanate group
(–NCO). To determine the optimum combination of
precursors for PU, 13 samples prepared with different
ratios of polyol and MDI were synthesized and mea-
sured for compressive strength and density. As a
result, the maximum PU rigidity was achieved at a
ratio of 1:2 (polyol/MDI). PU/CaO composites were
prepared by adding predetermined amounts of CaO
to the mixture of polyol and MDI. To investigate the
effect of CaO, the amount of CaO was varied from 0
to 25% of total weight of polyol and MDI. In the syn-
thesis method of composite, we designed 25% as the
maximum of CaO incorporation since the mixing of
all precursors was not homogeneous at >25%. The
amounts of CaO were 0, 5, 10, 20, and 25% in PU,
which corresponded to pure PU, PU/CaO-5, PU/
CaO-10, PU/CaO-20, and PU/CaO-25, respectively.
First, 0, 2.5, 5.1, 10.2, or 12.8 g of CaO was hand-mixed
with 17 g of polyol in paper cups for 1 min. Then,
34 g of MDI were added to the CaO and polyol mix-
ture with stirring at 2,000 rpm for 20 s. The mixture
was allowed to rise freely in the paper cup. Then,
samples were kept at room temperature for 10 h after
the cream time (the time from mixing to the initiation
of foaming) and rise time (the time from mixing to full
expansion of foaming). All PU/CaO composites were
cut and ground. Then, they were sieved to collect 0.2–
0.9-mm samples to be used for the column tests. Fig. 1
shows FESEM for PU/CaO-5, PU/CaO-10, PU/CaO-
20, and PU/CaO-25, respectively.

2.3. Column setup and tests

The column tests were carried out with small-scale
columns (1.6-cm (ID) × 4.5-cm (L)). Glass wool was
used at the bottom and top of the column. The pre-
pared PU/CaO was added to the column and DI
water was pumped into the column to remove loose
particles of CaO. Then, a solution containing heavy
metals was flowed into the column using a peristaltic
pump at the designed flow rate, and samples at the
outlet were obtained at various bed volumes (BVs). To
avoid hydrolysis and precipitation of heavy metals
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due to high pH, the pH of the inlet water was
adjusted to 4.0. Stock solutions of Cu(II), Ni(II), Zn(II),
and Pb(II) at 0.31, 0.54, and 1 mmol L−1 were prepared
using DI water, at which the ionic strength was
adjusted to 0.1 M using sodium chloride (NaCl). The
column was run using an upflow mode to remove any
channeling effect [25]. The pH was measured at the
column outlet. Continuous-flow column tests were
conducted to assess the effects of important parame-
ters such as CaO content, bed height, flow rate, con-
centration, and type of heavy metals.

2.4. Column tests using synthetic USR

Synthetic USR containing Cu(II), Zn(II), and Pb(II)
was prepared using tap water. In this study, we
selected actual USR data in Singapore because its

precipitation and urbanization are similar to Malaysia
where few data are available. The reported concentra-
tion ranges for Cu(II), Zn(II), and Pb(II) were 44.8–241,
436.4–1,127, and 52.3–90.3 μg L−1, respectively [26].
Two columns were packed with 2.0 g of PU/CaO-25
(4.5-cm bed height). Column tests were run at 0.5 and
1.2 mL min−1 flow rates to assess the effect of resi-
dence time (i.e. slow and fast conditions of USR) for
the removal of heavy metals. Both columns were fed
with synthetic USR with 320, 820, and 130 μg L−1 of
Cu(II), Zn(II), and Pb(II), respectively. Table 1 shows
the water quality of simulated USR in water. The
operational pH was 6.9 while hardness and sulfate
were 38 mg L−1 (as CaCO3) and 10 mg L−1, respec-
tively [27]. In the tap water, other heavy metals, such
as Al(III), Fe(III), and Ni(II), were also detected, at
concentrations of 141, 298, and 30 μg L−1, respectively.

Fig. 1. FESEM images of (A) PU/CaO-5, (B) PU/CaO-10, (C) PU/CaO-20, and (D) PU/CaO-25.
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3. Results and discussion

3.1. Effect of CaO on the PU matrix

PU media incorporating various amounts of CaO
(0, 5, 10, 20, and 25%) were prepared and used to fill
columns to a 4.5-cm height. Column tests were per-
formed to investigate the effect of CaO amount incor-
porated into PU for removing Cu(II) from water. The
Cu(II) solution (65 mg L−1 or 1 mmol L−1) was passed
through the columns with a flow rate of 2.5 mL min−1.
Fig. 2(A) shows the outlet concentrations of Cu(II) for
800 BVs. Cu(II) removal increased as the CaO amount
increased, from 0 to 25%. PU/CaO-20, −15, −5, and
pure PU removed dissolved Cu(II) up to 5, 4, 2, and
1 BVs, respectively. The Cu(II) concentration in the
outlet increased sharply and 50% BT occurred at 9, 7,
4, and 2 BVs. However, PU/CaO-25 showed a higher
removal capacity than the other media. For example,
Cu(II) was completely removed by PU/CaO-25 until
8 BVs and increased slowly; 50% BT occurred after
passing 116 BVs. The pH profiles were also measured
during the column tests for all media and are pre-
sented in Fig. 2(B). The pure PU increased the pH
from 4.0 to 7.0 for 5–6 BVs followed by a dramatic
decrease to 4.5. However, PU/CaO-5, −10, −20, and
−25 showed pH increases to 8.7, 10.5, 10.8, and 11.1,
and then the pH decreased gradually to 5, 6.1, 6.2,
and 6.5 at 200 BVs, respectively. Thus, the CaO incor-
porated in the PU had a major effect in raising the
pH.

The accumulation removal capacities (ARCs) of Cu
(II) for all media were calculated using the BT curve

(Fig. 2(C)). The ARC was calculated using the
following equation:

ARC ¼ QA ¼ Q

Z t¼te

t¼0

CAd dt (1)

where ARC (mg g−1) can be calculated by multiplying
flow rate (Q, L min−1) and area (A) under the BT curve
that can be obtained by integrating the adsorbed Cu(II)
concentration (CAd, mg L−1) at each time t (min). CAd

can be calculated by subtracting the outlet concentra-
tion of Cu(II) from the inlet Cu(II) concentration (C0).

Fig. 2(D) shows the ARCs according to the con-
tents of CaO. Cu(II) uptake did not increase linearly
with the increase in CaO, and PU/CaO-25 had a con-
siderably higher ARC (0.94 mmol g−1) than PU/CaO-
20 (0.47 mmol g−1) at 800 BV. Given these results, we
suggest that the occupation site of CaO in the PU
matrix may differ. In the case of 25% CaO incorpora-
tion, the higher amount of CaO may be more exposed
at the surface and contact the solution, while at lower
percentages CaO may exist predominantly within the
frameworks of PU. Because PU/CaO-25 showed the
highest removal efficiency, it was used in subsequent
experiments.

3.2. Effect of flow rate

The effect of flow rate was studied with 0.5, 1.2,
and 2.5 mL min−1. The flow rate ranged from 3.6 to
18 min of empty bed contract time (EBCT), with which
USR treatment can be properly simulated. The inlet
concentrations of Cu(II) and bed height were main-
tained at 1 mmol L−1 and 4.5 cm, respectively. The
breakthrough (BT) profiles are presented in Fig. 3(A).
The breakthrough point (BTP) decreased slightly, from
102 to 97 BVs, as the flow rate increased from 0.5 to
1.2 mL min−1. When the flow rate increased to
2.5 mL min−1, Cu(II) increased immediately at the out-
let and BTP was shortened significantly, to 9 BVs.
Since the solute in the solution should have a suffi-
cient time to penetrate and react with OH−, a longer
BTP could be obtained with a lower flow rate [28,29].
The ARCs of Cu(II) by PU/CaO-25 were 0.61 and
0.28 mmol g−1 for 0.5–2.5 mL min−1, respectively, at
300 BVs. In more detail, when the flow rate decreased,
N0 and Ka increased, from 4,091 to 8,640 mg L−1 and
0.27 to 0.31 L mg−1 h−1, respectively (Table 2). Subse-
quent experiments were conducted at 1.2 mL min−1

(EBCT, 7.5 min), which was selected as the optimum
flow rate.

Table 1
Water quality of simulated USR

Parameters Values

pH 6.9
Copper 90 (μg L−1)
Zinc 259 (μg L−1)
Lead 95 (μg L−1)
Calcium 13,430 (μg L−1)
Magnesium 1073 (μg L−1)
Manganese 28 (μg L−1)
Iron 298 (μg L−1)
Cadmium 20 (μg L−1)
Sodium 12,250 (μg L−1)
Aluminum 141 (μg L−1)
Nickel 30 (μg L−1)
Hardness 38 (mg CaCO3 L

−1)
Sulfate 10 (mg L−1)

M. Vafaeifard et al. / Desalination and Water Treatment 57 (2016) 26114–26129 26117



3.3. Effect of heavy metal concentrations

The effects of the influent concentration of metals
(0.31, 0.54, or 1 mmol L−1) on the removal of Cu(II) by
PU/CaO-25 were assessed under the conditions of a

4.5-cm bed height and a 1.2 mL min−1 flow rate
(Fig. 3(B)); the modeling parameters are presented in
Table 2. PU/CaO-25 became saturated at different
time and BTPs of Cu(II) removal were observed at
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107, 65, and 97 BVs for 0.31, 0.54, and 1 mmol L−1,
respectively. Therefore, there is no linear relationship
between Cu(II) concentration and BTPs. And, the
current results seem to show the concentration is
independent to BTP. Accordingly, it can be assured
that PU/CaO composite has a different removal

mechanism of general sorption and precipitation
which are mostly dependent on the heavy metal con-
centration. For example, a regular CaO-based precipi-
tation and adsorption has a removal limitation by
armoring effect and sorption site reduction. Especially,
for the case of adsorption principle, BTPs can be
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expected to be shorten by an increase of Cu(II) concentra-
tion. The main reason for the insensitive property with
concentration, as shown at the proposed hypothesis,
might be the special structural feature, in which OH−

continuously releases to precipitate Cu(II) without any
effect of surface armoring since CaO separately exists.

3.4. Effect of column bed height

Column tests of Cu(II) removal by PU/CaO-25
were conducted to assess the effect of bed height. To
generate different bed heights, 1.3, 1.7, and 2.0 g of
PU/CaO-25 were added to the column to prepare bed
heights of 2.5, 3.5, and 4.5 cm, respectively. Column
tests were conducted at a 1.2 mL min−1 constant flow
rate and 1 mmol L−1 initial Cu(II) concentration.
Fig. 3(C) shows that Cu(II) removal capacity was
dependent on the amount of PU/CaO-25. When the
bed height increased from 2.5 to 4.5 cm, BTPs
(0.003 mmol L−1 or 0.2 mg L−1) increased from 25 to
97 BVs. The increase in adsorption with greater bed
depth was simply due to the increase in adsorbent
mass, which provides more adsorption sites for metal
ions [30]. Consequently, the diffusion of the metal ions
into the sorbent and fluid residence time could
increase as the bed height increased. Hence, the solute
had sufficient time to diffuse into the entirety of the
sorbent mass, treating more BVs in the solution [31].
By calculating the removal capacity of Cu(II) by BDST
modeling, 2.5–3.5-cm bed heights showed 0.34–
0.40 mmol g−1 at 300 BVs, respectively. The 4.5-cm bed
height exhibited the highest removal capacity
(0.60 mmol g−1) and a longer column lifetime. Ka, N0,
and R2 values are reported in Table 2.

3.5. Bed depth service time (BDST)

Fig. 4 shows the plot of service time at
0.0157 mmol L−1 BT vs. bed height (cm) at a flow rate of
1.2 mL min−1. The plot was linear and the correlation
coefficient (R2 = 0.9734) indicated the validity of the
BDST model for the present system. The value of Ka

characterizes the rate of transfer from the fluid phase to
the solid phase. Generally, if Ka is large, even a short
bed will increase BTP, but as Ka decreases, a progres-
sively longer bed is required to avoid a short BTP.

3.6. Interaction mechanism of metal removal by PU/CaO-
25

The BT curves for adsorption of Zn(II), Ni(II), Pb
(II), and Cu(II) ions in the column are shown in Fig. 5.
Column tests were conducted at a 1.2 mL min−1 con-
stant flow rate and 65 mg L−1 initial concentration of

each metal species at the column inlet. The removal
data matched well with BDST modeling and showed a
normal S-type sorption curve [32]. There are two
domain mechanisms of metal removal by CaO: ion
exchange and precipitation. At lower concentrations,
ion exchange is dominant while precipitation is the
main mechanism at higher concentrations [33]. Due to
the alkaline situation, CaO has positively charged spe-
cies, such as CaOHþ

2 or CaOHCa+. Then, positively
charged metals can be exchanged for the metal spe-
cies. When the pH is low, however, H+ ions compete
with metal ions and are even released from the
adsorbed species, resulting in a low removal capacity.
Amarasinghe and Williams [34] reported that metal
properties—such as mobility, ionic radius, and hydra-
tion enthalpy—can control metal adsorption. Metal
ions with a lower radius have a higher probability of
reacting with cationic surfaces by ion exchange. When
the hydration radius of the metal ions is larger than
the surface cations, ion exchange can be difficult. Since
the radius of Cu(II) is the smallest of the metal ions
tested, and even smaller than that of Ca(II) [35], Cu(II)
ions can react with Ca(II) by ion exchange. However,
because of their larger radii, Ni(II), Pb(II), and Zn(II)
may have weak affinities for the active sorption sites.
Based on the column results, adsorption capacities
were in the order Cu(II) > Ni(II) > Pb(II) > Zn(II),
while BTPs were in the order Cu(II) > Pb(II) > Ni(II)
> Zn(II) (Table 2).

Metal precipitation occurs mainly with hydrolysis
at higher pH values and concentrations [36]. In this
study, selective precipitation was interpreted using the
chemical equilibrium-modeling software, “Medusa.”
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Using the software, it was found that CuO (cr), Pb
(OH)2 (c), Ni(OH)2 (c), and ZnO (cr) existed domi-
nantly as solid species at pH > 6.5, 7, 8, and 9, respec-
tively. Because the outlet pH of all columns was in the
range 7–8, metal precipitation would be expected to
occur in the sequence Cu(II) > Pb(II) > Ni(II) > Zn(II),
which is identical to that for BTPs. As shown at Sec-
tion 3.3 (concentration effect), precipitation might be a
dominant mechanism because metal concentration did
not give a linear effect on BTPs.

3.6.1. FESEM/EDS

FESEM/EDS was used to evaluate the surface mor-
phological changes of pure PU, PU/CaO-25, and Cu
(II)-retained PU/CaO-25. Pure PU had a smooth sur-
face without pores [20], while the surface was torn at
the domain of CaO when 25% CaO was incorporated
into the PU framework (Fig. 6(A) and (B). Fig. 6(C),
(D), and (E) show the elemental mapping of C, O, and
Ca, respectively, for PU/CaO-25, indicating that CaO
existed mostly inside the framework of PU. Fig. 6(F)
shows the EDS analysis of PU/CaO-25 and the
existence of CaO on the surface of the PU. Fig. 6(G)
and (H)–(K) show the morphology and elemental

(C, O, Ca, and Cu) mapping of Cu(II)-retained PU/
CaO-25. The major finding was that the locations of
Ca(II) and Cu(II) were totally different. Ca(II) existed
mostly under the surface while Cu(II) was on the sur-
face, although not homogeneously distributed. At the
stripped parts, Ca(II) was not detected, so the CaO
may have dissolved out. Thus, it can be suggested that
PU/CaO-25 provides an environment that facilitates
retention of metal precipitates without occupying the
surface of the CaO. The EDS analysis (Fig. 6(L))
revealed that Cu(II) was precipitated and present pre-
dominantly on the surface of the PU.

3.6.2. XRD

XRD was used to investigate the phase structures
of the PU/CaO-25, and Cu(II)- and Zn(II)-retained
PU/CaO-25 (Fig. 7). Sharp peaks at 64˚, 18˚, 48˚, and
51˚ were assigned to Ca(OH)2 (JCPDS file 84–1264),
indicating that CaO is hydrated during the synthesis
of PU/CaO-25 and located mostly on the surface of
the PU. Weak peaks at 29˚, 34˚, 54˚, and 63˚ were
assigned to CaO (JCPDS file 77–2376) and were notice-
able because CaO was covered by a PU framework.
XRD analysis also confirmed that the precipitates of
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Fig. 6. FESEM images of (A) pure PU and (B) PU/CaO-25, elemental mapping of (C) C, (D) O, (E) Ca, (F) EDS for PU/
CaO-25, (G) FESEM image of Cu(II) retained PU/CaO-25 [Cu(II) concentration, 1 mmol L−1], elemental mapping of (H) C,
(I) O, (J) Ca, (K) Cu, and (L) EDS for Cu(II) retained PU/CaO-25.
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Zn(II) were ZnO (47˚, 56˚) and Zn(OH)2 (33˚), while
those of Cu(II) were CuO (32˚, 46˚, 48˚, 56˚) and Cu
(OH)2 (57˚). The intensities of the CaO peaks for PU/
CaO-25 were similar to those for metal-retained PU/
CaO-25, while the Ca(OH)2 peaks were much reduced.
From this result, we suggest that CaO was trapped in
the framework of polymer and its hydrated form, Ca
(OH)2, mostly located at the surface, was used to
remove Cu(II) or Zn(II). Thus, precipitation may be
the dominant removal mechanism, as indicated by the
results of column and modeling.

3.6.3. BET surface area

The BET surface areas of pure PU, PU/CaO-25
and Cu-PU/CaO-25 were 0.18, 1.0, and 0.92 m2 g−1,
while the pore volumes were 0.1 × 10−3, 2.0 × 10−3,
and 2.9 × 10−3 cm3 g−1, respectively. Thus, when CaO
was incorporated at 25%, the surface area and pore
volume increased by 5.5- and 20-fold, respectively.
Thus, the addition of CaO created pore structures.
Especially, according to the BJH desorption pore vol-
ume in Fig. 8, meso- (2–50 nm) and macropore struc-
tures (>50 nm) developed with the addition of CaO,
whereas PU had no pores, as seen in the FESEM.
Thus, these pore structures were created around CaO
and become the channel for release of OH− ions. In
the case of Cu(II)-retained PU/CaO-25, the pore vol-
ume increased over a range of pore sizes because of
inter-particle spaces of metal precipitates.

Table 3 shows the reported sorption capacities of
Cu(II), Zn(II), Pb(II), and Ni(II) by various adsorbents
in columns [12–14,16–18,37].

As observed, PU/CaO-25 possessed higher
removal capacities for all metal species than the other
listed adsorbents. It can be seen that PU-CaO has
shorter HRT compared to all the adsorbents except
manganese oxide coated zeolite [16] and modified clay
[17]. Nevertheless, heavy metal removal capacity of
PU-CaO composite is higher than other adsorbents.
Although, comparison is difficult due to use of differ-
ent concentrations and HRTs.

The higher removal capabilities with PU/CaO-25
may be due to its unique structural features. Armor-
ing effect is one of the reasons that can reduce the
removal capacity of adsorbents due to reducing the
adsorbent reactivity by forming coverings on adsor-
bent surfaces and thereby reduced adsorption [38].

Based on the results of FESEM/EDS, N2 gas iso-
therm, XRD, and chemical equilibrium modeling, we
show schematics of PU, PU/CaO-25, and overall
removal mechanisms for heavy metals (Fig. 9). CaO is
the major reactive domain in PU/CaO-25, producing
OH− ions and could not be fully used if the surface of
the CaO became armored by the hydrolyzed colloids
of heavy metals. Thus, the PU surface supplies the
sites for deposition of metal precipitates so that armor-
ing does not occur; instead, OH− is effectively and
successively released through pores created by CaO to
precipitate heavy metals in the liquid phase.

3.7. Compressive strength and hydraulic conductivity

Compressive stress-strain measurements showed
0.28–0.38 MPa for pure PU and PU/CaO-25, respec-
tively. The form densities of PU and PU/CaO-25 were
55 and 75 kg m−3, respectively. Typical rigid PU form
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has a compressive strength >0.15 MPa and a form
density of 20–50 kg m−3 [39–42]. Thus, CaO addition

enhanced the rigidity and density of the final PU
product. Average HC of PU/CaO-25 tested and was
0.108 cm s−1. Previous studies were reported HC of
several sands [43–45] with sizes in the range 0.52–0.60
mm. Although PU/CaO-25 has a smaller average size
(0.4 mm) than the referenced sands, it had an equiva-
lent or higher HC. The HRT in the permeameter (74-
mm ID × 160-mm L) was ~100 s, which was markedly
shorter than those in column tests operated at
1.2 mL min−1 for 9-mL columns (225 s). The HC of the
medium depends primarily on the pore size. Although
larger pores conduct water more rapidly [46], the
smooth surface might be another reason for the high
HC as shown in the image of FESEM.

3.8. Treatment of simulated USRs by PU/CaO-25

Fig. 10 shows the column results of PU/CaO-25
with simulated USRs. The removal trends of most
metals were similar at 0.5–1.2 mL min−1, which are
representative to slow and fast flow modes of USR. As
the EBCT, they were 18 and 7.5 min, respectively. In
particular, Cu(II) and Pb(II) concentrations started to
increase gradually from 60 BVs, and a reached plateau
at ~500 BVs although Cu(II) reached standard A at
1,100 BVs at 1.2 mL min−1. Outlet concentrations of Zn
(II) higher than the inlet level were detected at
1,000–1,100 BVs for 1.2 mL min−1 and 0.5 mL min−1,

Table 3
Comparison of adsorption capacities, inlet concentrations, and hydraulic retention time (HRT) between PU/CaO-25 and
references

Adsorbents Heavy metals q0 (mg g−1) Conc. (mg L−1) HRT (Sec) Refs.

Mucor rouxii Pb(II) 4.06 10 1,800 [13]
Zeolite 1.67 5 440 [12]
ICZ 2.28 5 440
PVA-MKC 6.30 150 990 [14]
PVA-MKC (Na+ impregnated) 10.4 300 1,031
PVA-MKC (Ca2+ impregnated) 9.98 300 1,031
PU/CaO-25 19.7 65 450 This study
Sodium hydroxide-modified oil palm Zn(II) 0.016 100 1,080 [15]
Zeolite 1.19 5 440 [12]
ICZ 1.66 5 440
PU/CaO-25 14.5 65 450 This study
Manganese oxide coated zeolite Cu(II) 7.9 62 183 [16]
Zeolite 1.15 5 440 [12]
ICZ 1.70 5 440
PU/CaO-25 35.6 65 450 This study
Mucor rouxii Ni(II) 0.36 10 1,800 [13]
Mollusk shells 0.26 105 20,790 [18]
Modified clay 12.9 22.6 100 [17]
PU/CaO-25 26.7 65 450 This study

Fig. 9. Schematics of PU, PU/CaO-25 and metal removal
mechanism.
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respectively. Fe(III), Al(III), and Ni(II) showed similar
trends, with which all concentrations reached plateaus
within 100 BVs and about 50–70% removal was
obtained for 1,100 BVs. Table 4 shows the operational
conditions of the column, inlet concentrations, and
ARCs of heavy metals at 1,100 BVs.

Although there were different behaviors in heavy
metal removal, the ARCs were strongly correlated
with the inlet concentrations of the heavy metals. This
result indicated the proposed removal mechanism in
Section 3.3. Thus, OH− continuously releases to pre-
cipitate Cu(II) without surface armoring of CaO.
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Using the Medusa program, selective precipitations
were interpreted based on the inlet concentrations of all
heavy metals. Soluble and solid species of individual
metals, terms of reactions, and equilibrium constants
(log K) were defined for the USR conditions. Al(III) and
Cu(II) were precipitated as Al(OH)3 (cr) and CuFe2O4

(c), respectively, at pH 7–8, which was the pH range dur-
ing column operation. Fe(III) existed as solids such as
Fe2O3 (cr), CuFe2O4 (c), and ZnFe2O4 (c). Zn(II)/Pb(II)
existed predominantly as ionic species—such as Zn2+/
Pb2+ and ZnOH+/PbOH+—at pH 7–7.5, and about 40%
Zn(II) and 90% Pb(II) were transformed as ZnFe2O4/Zn
(OH)2 (c) and Pb(OH)2 (c) at pH 8. Thus, as pH
decreases, Zn(II) and Pb(II) become soluble species that
can be removed by ion exchange. As shown in an earlier
research [47], increase in ionic strength in the water has
shown reduction in metal removal efficiency. Although,
some authors well-explained the decrease in metal
removal percentage caused by NaCl increase and the
existence of Na+ ions for metal binding [48], it can be
more clarified in terms of the different ionic species exist-
ing at different chloride concentrations. An increase in
chloride concentration results in a decrease in the free
divalent metal ions species and an increase in the corre-
sponding chloro-complexes [47]. Based on the results
above, PU/CaO-25 can be used to treat most heavy met-
als to below Standard A at 1,100 BVs. If we assume that
2,400-mm precipitation is collected annually in a 1,000-
m2 open space, the theoretical treatment volume and life-
time of a filter [1.5 m (ID) × 2 m (H), 4.4 m3] containing
PU/CaO-25 are 4,800 m3 and ~2 years, respectively.
When PU/CaO-25 is saturated, then we can easily
recover it using a vacuum due to a low density.

4. Conclusions

To treat and reuse USR in an economical and effec-
tive manner, highly permeable rigid PU/CaO media

were synthesized and tested in a fixed-bed column.
All column data were predicted by use of BDST mod-
eling. As special features, PU/CaO-25 had high rigid-
ity (0.38 MPa) and permeability (0.108 cm s−1), as well
as relatively high removal capacities for heavy metals.
The N2 gas isotherm revealed that meso-and macrop-
ore structures developed as CaO was incorporated.
This feature of PU/CaO helps to avoid armoring effect
on CaO and resulted in continuous release of OH−,
which can successively precipitate heavy metals.
Finally, precipitated metal ions were trapped in the
available sites, as confirmed by FESEM/EDS and XRD
analyses. In this study, column tests using simulated
USR revealed that all heavy metals were remediated
by PU/CaO-25 to below their regulation levels at
~1,100 BVs. Since metal precipitates are weakly
trapped on the surface of PU, it is necessary to study
on the optimum condition of regeneration. Based on
its physicochemical properties and functionality, PU/
CaO-25 can be used as an effective filter material for
USR control and treatment with high capacities to
remove heavy metals.
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