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Abstract—Granular hydrated Portland cement (HPC) was prepared as adsorbent to remove heavy metals in aqueous
solution. Batch experiment results confirmed that heavy metals were removed through a combination of adsorption
and precipitation. Adsorption played a more important role in the initial stage of the removal process or at lower con-
centrations of the heavy metals. After adsorption equilibrium was obtained in two days, the removal process continued
for about three days due to the precipitation. Besides precipitation, the maximum Langmuir adsorption capacity reached
132.27, 87.14, 123.43 and 112.05 mg/g for Pb, Cu, Zn, and Cd, respectively. When various heavy metals coexisted, the
removal capacity followed the order of Cu>Pb>Cd>Zn. The adsorption on the surfaces of HPC was mainly governed
by surface precipitation and Ca** exchange, as suggested by XRD, SEM-EDS and released Ca™ results. Most of the
adsorbed heavy metals on the HPC and the precipitation formed in the liquid phase were stable under neutral and
alkaline conditions. Overall, HPC particles exhibited a large potential for heavy metal removal. When cement-related
materials containing HPC are employed for heavy metal removal, the dissolution of the precipitate at low pH might

facilitate the migration of the heavy metals.
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INTRODUCTION

Heavy metal pollution is one of the most serious environmen-
tal issues today. With the rapid development of industrial activity,
large amounts of heavy metals are released into the environment.
Heavy metals such as lead (Pb), copper (Cu), zinc (Zn), and cad-
mium (Cd), are potential threats to the global ecosystem and human
health because of their toxic, non-biodegradable, and persistent
nature [1-3]. The removal of heavy metals in the wastewater is im-
portant to further decrease the long-term accumulation in the eco-
logical systems.

In recent years, many technologies, including chemical precipi-
tation [4], ion-exchange [5,6], membrane filtration [7,8], coagula-
tion and flocculation [9], and adsorption [10], have been investigated
to remove heavy metals from aqueous solution. Among all the
treatment technologies, adsorption is considered to be a flexible
and efficient method to remove heavy metals from aqueous solu-
tion [11]. A wide variety of adsorbents such as activated carbon
[12], nanomaterials [13,14] and mesoporous silica [15] were stud-
ied to remove heavy metals due to their large surface area and
abundant binding sites. However, their relatively high production
and modification cost encourage researchers to develop economi-
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cal adsorbents.

Cement is one of the most commonly used engineering materials
because of its cost effectiveness, easy availability and high strength.
Various constituents in the HPC, such as calcium silicate hydrates
(C-S-H), portlandite and ettringite, are produced in the hydration
process of cement. These constituents have high adsorption poten-
tial for heavy metal cations due to their crystalline structure and
relatively large specific surface area [16-18]. Recently; several cement-
related materials have been investigated to adsorb heavy metal ions,
including modified vermiculite concrete [19], zeolite-Portland cement
mixture [20] and autoclaved aerated concrete [21]. However, the
removal performance of HPC as heavy metals adsorbent was rarely
reported. Without concrete aggregates, additives and other com-
ponents in the material, the HPC has higher adsorption potential
for heavy metals. The use of HPC in heavy metal removal is help-
ful to further evaluate and understand the adsorption performance,
removal mechanism.

Precipitation was found in the removal of heavy metals by using
permeable reactive concrete [22,23] and cement kiln dust [24-26],
although heavy metal complexation, cation exchange and surface
precipitation have often been supposed to be the main removal
mechanisms for the cement-related materials. HPC also might
provide OH™ and promote hydroxide precipitation of heavy met-
als in aqueous systems, which has received scant attention in pre-
vious studies. Hence, the contribution of precipitation should be
given more attention in the heavy metal removal by HPC.
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HPC is also a typical constituent in construction and demoli-
tion waste. In recent years, recycled construction and demolition
materials have been increasingly employed in constructed wetlands
[27] and permeable pavements [28,29] for the treatment of storm-
water runoff and other wastewater. The cement-related material in
these systems has played a key role in removing heavy metals [19,
21,22]. Considering the long-term service of these water treatment
facilities, better understanding of the accumulation of heavy met-
als is important to assess the removal performance and leaching
risk in such practical application systems [30,31].

In this study, batch experiments were conducted to investigate
the heavy metal removal performance by granular HPC. A facile
method was employed to distinguish the precipitation in liquid
phase and adsorption on the HPC particle surfaces. The removal
performance of HPC particles for Pb, Cu, Zn and Cd ions in aque-
ous solutions was tested under various experimental conditions,
such as contact time, initial concentration and pH. X-ray diffrac-
tion, Fourier transform infrared spectroscopy and scanning elec-
tron microscopy were applied to explore the removal mechanisms.
The desorption performance of the heavy metal loaded HPC and
the stability of the precipitate were tested to evaluate the leaching
risk after adsorption.

MATERIALS AND METHODS

1. Chemicals and Granular HPC Preparation

All chemicals were of analytical grade and used as received with-
out further purification in this study. Pb(NO;),, Cu(NO3),-3H,0,
Zn(NO,),-6H,0O, Cd(NO;),-4H,0O and other reagents were obtained
from Tianjin Kermel Chemical Regent Co., Ltd.

Portland cement (PC32.5R) was purchased from Shaanxi Qin-
ling Cement Co. Ltd, China, with its compositions analyzed via X-
Ray fluorescence (Table 1). It was hydrated with a water-to-cement
ratio of 0.45. After a seven day curing under ambient temperature,
the hardened cement paste was crushed and sieved to a particle
size range of 1-2 mm. HPC particles were washed with deionized
water, dried at 60 °C for 24 h, and stored in airtight polyethylene
bags for later experiments.

2. Batch Removal Experiments

In a typical batch experiment, the initial pH of the heavy metal
solutions was adjusted to 5+0.1, except the studies investigating the
pH effects. Then, 0.05 g HPC particles were added to 200 ml Cu,
Zn, Pb and Cd ions solutions in conical flasks, respectively. The
mixture was agitated at 160 rpm in a thermostatic shaker for 48 h
at 25°C. Afterwards, samples were collected with a syringe for heavy
metal measurement. All the experiments were performed in dupli-
cate and the mean values were reported. All the pH adjustments
in the experiments were performed by using 0.1 mol/L HCI and
NaOH.

The removal capacity q, (mg/g) and the removal efficiency E

Table 1. Chemical composition of PC32.5R cement (wt%)

(%) of heavy metals were calculated according to Eq. (1) and Eq.
(2), respectively:
CO _ Ct
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where m is the mass of the HPC (g), C, is the initial concentration
of the heavy metal solution (mg/L), V is the volume of the solu-
tion (L), C, is the concentration of heavy metal solution (mg/L) at
time t (h). Samples withdrawn from the solutions were filtered
immediately by a 0.22 im membrane and measured to obtain C,.

The effects of contact time were examined as aforementioned
procedures with 0.05g HPC in 200 ml solutions containing Pb,
Cu, Zn and Cd ions at initial concentration of 100 mg/L. Samples
were drawn periodically within seven days to obtain the concen-
tration of heavy metals. The equilibrium experiments were carried
out using similar conditions with the initial heavy metal concen-
trations ranging from 20 to 1,000 mg/L at 25 °C. The concentra-
tions of Ca™* were also tested in the equilibrium experiments to
explore the relationship between the removal capacity and Ca™
released by HPC particles. As for the influence of pH, the initial
pH of the solutions containing 100 mg/L heavy metals was adjusted
to the desired values in the range of 3.0-8.0. The simultaneous re-
moval efficiency of HPC in multi-metal solutions containing the
four heavy metals was tested. The initial concentrations of each
heavy metal were set at 5, 25, and 50 mg/L (i.e., total metal con-
centration of 20, 100, and 200 mg/L), respectively.

Because of some small flocs observed in several solutions, the
contribution of precipitation in the removal process was consid-
ered during the study for the effects of contact time and heavy
metal concentration. To distinguish the heavy metals dissolved in
the liquid phase and the metals precipitated as the suspended solid
in the suspension, samples were first collected under vigorous stir-
ring without filtration. Then, those without filtration were acidi-
fied with nitric acid (1 mol/L) to dissolve the suspended precipitate
and tested for heavy metal concentration to obtain C, (mg/L), which
denotes the total heavy metals in the suspension. The heavy met-
als retained on the surface of HPC solids by adsorption, g, (mg/g),
can be determined by the following equation:

C,—C
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The removal of heavy metals through precipitation, g, (mg/g), can
be calculated by Eq. (4).
9p=9:"4a 4)

3. Tests of the Stability of the Removed Heavy Metals
Desorption property was examined to determine the stability of

CaO Sio, Fe, O, ALO; SO, MgO

K,0 MnO P,0Os TiO, ZnO Others

67.15 17.02 5.08 3.52 3.17 1.81

0.76 0.47 0.30 0.29 0.11 0.32
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heavy metals adsorbed on the HPC. Desorption experiments were
performed by first adding 0.05g HPC into 200 ml heavy metal
solution at initial concentration of 100 mg/L, and shaking for five
days. Then, the heavy metal saturated HPC particles were separated
and rinsed with deionized water three times. Afterwards, they were
added to HCI, NaOH and CaCl, solutions at the concentration of
0.1 mol/L and the dosage of 0.01 g/L, respectively. The mixtures
were shaken at 160 rpm in a thermostatic shaker at 25 °C. After
2h contact time, the samples were collected and measured for heavy
metal concentration. The desorption percentage E, (%) was calcu-
lated using the following equation:
_ CxV

E, x100% ®)
m;xq,

where C is the heavy metal concentration of the desorption solu-
tion (mg/L), V is the volume of the solution (L), m, is the mass of
the heavy metals saturated HPC (g), q, is adsorption capacity (mg/
L) at equilibrium.

The stability of the precipitate was assessed by comparing the
turbidity and the heavy metal concentration of the suspensions at
different pH values. Heavy metals were removed under similar con-
ditions before the desorption experiments. After the removal, the
suspensions were collected and adjusted to pH values varying from
3.0 to 9.0. Then samples were collected to obtain the turbidity and
heavy metal concentration.

4. Analytical Methods

Concentrations of Pb, Cu, Zn, Cd and Ca were determined by
flame atomic absorption spectroscopy (Thermo Fisher iCE3000
spectrometer, USA). The specific surface area and porosity of HPC
were analyzed by N, adsorption-desorption method at 77 K with a
gas adsorption analyzer (TriStar 3000, Micromeritics, USA). The
crystal structure of HPC before and after the removal process and
the heavy metal precipitate was tested by X-ray diffraction (XRD)
on a DMAX-2400X diffractometer (Rigaku Corporation, Japan)
with Cu Ka radiation. XRD patterns were obtained from 5-90° at a
scan speed of 4°/min. Fourier transform infrared spectroscopy
(FTIR) (IRPrestige-21, Shimadzu Corporation, Japan) was applied
to explore the functional groups with the scanning range from 400
to 4,000 cm™'. The morphology of HPC was examined by scan-
ning electron microscope (SEM) coupled with energy dispersive
X-ray spectroscopy (EDS) (JSM-6510LV, JEOL Ltd., Japan).

RESULTS AND DISCUSSION

1. Characterization of HPC

The SEM image and EDS spectrum of the prepared HPC are
shown in Fig. 1. The HPC particles presented rough, porous sur-
faces. The irregular granules might be related to the C-S-H phases,
which were produced in the hydration of Portland cement. The
EDS spectrum of HPC showed the presence of elements such as
C, O, Ca, Si, Al Fe, S, Mg and K, which was in accordance with
the X-Ray fluorescence analysis of the purchased Portland cement.
The N, adsorption-desorption isotherms presented type IV iso-
therms with H2 hysteresis loop (see Fig. S1), indicating the meso-
porous structure of HPC [32,33]. The surface area of HPC particles
was calculated to be 29.13 m*/g, according to Brunauer-Emmett-
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Fig. 1. SEM image (a) and EDS spectrum (b) of the prepared HPC.

Teller (BET) method.
2. Effect of Contact Time

The effect of contact time on the removal capacity of Pb, Cu, Zn
and Cd is shown in Fig. 2. Both adsorption and precipitation were
observed in the removal process. During the first 24 h, the removal
of Pb, Cu, Zn and Cd was mainly contributed by adsorption, ac-
counting for 54.79%, 77.93%, 80.43% and 85.93% of the total re-
moval capacity; respectively. The adsorption reached equilibrium
within about 48h. As the reaction continued, the total removal
capacity became obviously larger than the adsorption capacity. In
particular, the total removal capacity for Pb ions reached 375 mg/g
in five days, approximately four-fold of the adsorption capacity.

The proportion of adsorption and precipitation was also influ-
enced by the contact time. The initial removal rate was fast due to
the large number of vacant surface sites available for adsorption.
With the adsorption equilibrium obtained, the precipitation pro-
cess began to play a more important role. The removal of heavy met-
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Fig. 2. Effect of contact time on the removal of heavy metals. (a) Pb; (b) Cu; (c) Zn; (d) Cd.

Table 2. Kinetic model fitting parameters

Heavy Pseudo-first-order kinetics Pseudo-second-order kinetics

metals Q. (mg/g) K, (1/h) R’ Q. (mgfg) K; (g/mg-h) R’
Pb 105.14 0.085 0.9890 116.50 0.001 0.9846
Cu 62.46 0.115 0.9682 68.52 0.002 0.9949
Zn 50.23 0.156 0.8974 54.21 0.004 0.9629
Cd 85.38 0.070 0.9925 97.05 0.001 0.9739

als continued for about five days through a combination of ad-
sorption and precipitation.

To evaluate the adsorption performance, pseudo-first-order and
pseudo-second-order models were employed to fit the adsorption
results. They can be expressed in Eq. (6) and Eq. (7), respectively:

—kit.

q=q(l-e ) (6)
_ qikzt @)
7 1+kyq,t

where q, (mg/g) is the adsorption amount at any given time t (h),
q. (mg/g) is the adsorption capacity at equilibrium, k; (1/h) and k,
(g/mgh) are the rate constants of the pseudo-first-order and pseudo-
second-order models, respectively.

As depicted in Fig. 2, the adsorption kinetics data were fitted
well with both the pseudo-first-order and pseudo-second-order
models, indicating that the adsorption process on HPC might be
controlled by chemical adsorption as well as mass transport [16,
34]. The kinetic model parameters are shown in Table 2. The fit-

ting rate constants of Pb, Cu, Zn and Cd indicated different char-
acteristics of the four heavy metals.

The adsorption capacity of HPC and other low-cost adsorbents
for heavy metal removal, as well as the experiment conditions, is
listed in Table 3. Even though the proportions of precipitation were
not considered, the adsorption capacity of HPC particles was higher
than other modified mineral materials, such as montmorillonite
[35], alkaline Ca-bentonite [36], and iron-coated zeolite [37]. For
the reported cement-related adsorbents, such as zeolite-Portland
cement mixture [20], sulfate aluminate cement amended benton-
ite [38], modified vermiculite concrete [19] and autoclaved aer-
ated concrete [21], HPC is comparable to most of them in terms
of adsorption capacity.

Table 1 also shows that the particle diameter (1-2 mm) and spe-
cific surface areas (29.13 m’/g) limited the adsorption kinetics of
HPC. The relatively long equilibrium time (48 h) may restrict the
application of HPC in a traditional adsorption column. In fact, most
of the low-cost adsorbents in Table 3 have difficulty in regenera-
tion and are not suitable for the adsorption column. Compared

Korean J. Chem. Eng.(Vol. 39, No. 12)
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Table 3. Comparison of the adsorption capacity of various reported low-cost adsorbents

Adsorbents Heavy Adsorption Initial concentration (.Iontact Morphology
metals capacity (mg/g) (mg/L) time (h)
HPC Pb 103.56 100 48 Particle
Cu 59.42 (1-2 mm)
Zn 49.06
Cd 82.35
Montmorillonite [35] Pb 31.10 50 3 Powder
Cd 30.70 4
Alkaline Ca-bentonite [36] Zn 149 100 2.5 Powder
Iron-coated zeolite [37] Pb 11.16 50 24 Powder
Cu 9.33
Zn 6.22
Cd 7.24
C-S-H based nanocomposites [16] Pb 508 300 6 Powder
Cu 244
Zn 273
Sulphate aluminate cement Pb 123.14 180 2 Particle
amended bentonite [38] Cd 125.07 (0.15 mm)
Modified vermiculite concrete [19] Pb 197.6 200 2 Particle
Cd 36.0 (1.5-2.5 mm)
Cu 53.2
Zeolite-Portland cement mixture [20] Pb 27.03 1,600 1 Particle
Cu 23.25 (2 mm)
Zn 12.85
Cd 10.87
Autoclaved aerated concrete [21] Pb 257.0 2,000 24 Particle
cd 165 (0.1-2 mm)
250
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Fig. 3. Effect of equilibrium concentration on the removal of heavy metals. (a) Pb; (b) Cu; (c) Zn; (d) Cd.
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with the powder materials in Table 3, the granular HPC exhibits
higher hydraulic conductivity [39]. Hence, granular HPC is more
suitable as low-cost material for applications such as constructed
wetlands and permeable pavement systems, which will exhibit heavy
metal removal performance for a long time.

3. Effect of Heavy Metal Concentration

As presented in Fig. 3, the total removal of heavy metals in-
creased with the increase of equilibrium concentration. When the
equilibrium concentration was lower than 100 mg/L, adsorption
played a more important role than precipitation, which accounted
for about more than 70% of the total removal capacity. The adsorp-
tion capacity reached plateaus at the equilibrium concentration of
about 200 mg/L. However, the total removal capacity of HPC in-
creased during the whole test, suggesting the enhanced precipita-
tion processes at higher concentrations. After the adsorption sites
were saturated, precipitation further enhanced the removal perfor-
mance.

Adsorption isotherm models are extensively used to depict the
relationship between adsorbent and adsorbate under equilibrium
conditions [40]. Langmuir and Freundlich adsorption isotherm
models were employed to simulate the adsorption data of Pb, Cu,
Zn, and Cd ions on HPC in this study. The nonlinear forms of the
Langmuir and Freundlich model are described in Eq. (8) and Eq.
(9), respectively:

_ kaLCe

9e= 1+k,C, ®)

q.=kC," ©)

where q, (mg/g) is the adsorption capacity at equilibrium, Q,, (mg/
g) is the maximum adsorption capacity, k; (L/mg) is the Lang-
muir adsorption constant, C, (mg/g) is the heavy metal solution
concentration at equilibrium, kg ((mg/g)(L/mg)” ™) and 1/n are the
Freundlich adsorption constants.

The adsorption isotherm fitting results are shown in Fig. 3 and
Table 4. In general, Langmuir adsorption isotherm models fitted
the adsorption data well with the correlation coefficient (R’) rang-
ing from 0.927 to 0.993. Based on the Langmuir isotherm param-
eter, the maximum adsorption capacity was 132.27, 87.14, 123.43
and 112.05 mg/g for Pb, Cu, Zn, and Cd, respectively. That for Pb
was the larger than other heavy metals, which was consistent with
the kinetics experiment result. Compared with Langmuir isotherm
model, the fitting correlation coefficients (R’) of Freundlich adsorp-
tion isotherm model were lower in a range of 0.842-0.923. The
values of 1/n in the Freundlich model for Pb, Cu, Zn, and Cd ions
were less than 1, suggesting that adsorption occurred easily [38].

Table 4. Langmuir and Freundlich isotherm fitting parameters

100 Pb — _ _

Cu
777 Zn
80 +—Cd
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Fig. 4. Effect of pH on the removal efficiency of heavy metals.

4. Effect of Solution pH

The effect of the initial solution pH on the removal of heavy
metals by HPC is shown in Fig. 4. In general, the removal effi-
ciency of the heavy metals increased with the rise of pH value.
Besides, Pb presented a higher removal efficiency than others and
almost all the Pb was removed in the pH range of 6-8. These results
are consistent with those by other studies [20,41].

The pH has a significant impact on the uptake of heavy metals,
since it affects the surface charge of the HPC, the aqueous specia-
tion of the heavy metals and the formation of precipitates [42].
Solution pH influences the hydrolysis of divalent metal ions (M*"),
resulting in the formation of different metal ions speciation, such
as M(OH)*, M,(OH)?", M,(OH)?", M(OH), and M(OH); [41].
The changes of heavy metal speciation distribution at different pH
values might affect the ion radius and the adsorption affinity; which
in turn affects the removal capacity. The observed smaller removal
of heavy metals in low pH conditions might also be attributed to
the competition of H" with metal ions for adsorption sites and the
less formation of hydroxide precipitation [34]. At high pH condi-
tion, precipitates form easily because the heavy metal cations might
react with carbonate ions dissolved from the air or hydroxide ions
(OH") [21,43].

5. Multi-metal Solution Removal

The removal performance of HPC at initial heavy metal con-
centrations of 5 mg/L, 25 mg/L and 50 mg/L in multi-metal aque-
ous solutions was investigated. The results are shown in Fig. 5 and
compared with the removal efficiency at 100 mg/L single-metal

Heavy Langmuir Freundlich

metals Q,, (mg/g) K; (L/mg) R’ K ((mg/g)(L/mg)"") 1/n R’
Pb 132.27 0.11 0.986 45.95 0.17 0.842
Cu 87.14 0.03 0.993 20.51 0.22 0.872
Zn 123.43 0.04 0.927 28.63 0.22 0914
Cd 112.05 0.07 0.940 37.11 0.17 0.923

Korean J. Chem. Eng.(Vol. 39, No. 12)
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Fig. 5. Heavy metal removal efficiency by HPC in multi-metal and
single-metal aqueous solutions at different initial concentra-
tion.

solutions. The removal efficiency presented Pb>Cd>Cu>Zn sequence
at the concentration of 100 mg/L in the single metal solutions. In
multi-metal aqueous solutions, the removal efficiency of Pb and
Cu was higher than that of Zn and Cd.

These results were different with the removal efficiencies in the
single metal solutions due to relatively less removed Cu. The dis-
crepancy of the order between the single- and multi-metal systems
might be due to different proportions of Cu speciation. Greater
proportions of Cu(OH)", Cu(OH);, and Cu(OH), (aq) were formed
in the multi-element system than the single-element system in a
previous study [44].

When various heavy metals coexist, the removal of Pb and Cu
is better than that of Zn and Cd, which was also observed in the
works using adsorbents such as zeolite [37], fly ash [42], and kaolin-
ite [44]. A possible explanation is that the selectivity series are affected
by the tendency of hydration and hydrolysis of heavy metals [44].
Pb and Cu ions interact faster with the adsorbent surface because
their hydration is more readily [21]. Previous studies have shown
that the characteristics of heavy metals, such as the first hydrolysis
constant (pK;), electronegativity, hydrated ion radius and other fac-
tors, have important effects on the sequence of removal selectivity
[19,45]. The adsorption affinity decreases with the increase of pK;
and the hydrated radius of the heavy metals. In the meantime, ad-
sorption selectivity is greater with higher electronegativity [46,47].
In this study, the competitive removal of these four heavy metals
was the result of the combined effect of heavy metals characteris-
tics and HPC properties.

6. Removal Mechanism

To explore the adsorption mechanism, the HPC particles before
and after the removal were characterized by XRD, FI-IR and SEM-
EDS. The concentrations of the released Ca™ in the solutions and
the XRD patterns of the precipitate were also tested to investigate
chemical precipitation occurred in the liquid phase.

The XRD patterns of HPC before and after the four heavy met-
als adsorption are shown in Fig. 6. The main mineral phases of
calcite (CaCO;, PDF 05-0586) and quartz (SiO,, PDF 46-1045) were
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Fig. 6. XRD patterns of HPC before and after the heavy metal ad-
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identified in all XRD patterns. However, the reflection intensity of
Portlandite (Ca(OH),, PDF 44-1481) decreased after adsorption,
indicating that the Portlandite might dissolve and release Ca™* and
OH’ into the solutions. Some inconspicuous peaks were found in
the XRD patterns after treating heavy metals solutions, suggesting
new phases such as hydrocerussite (Pb;(CO;),(OH),, PDF 13-0131),
copper hydroxide (Cu(OH),, PDF 13-0420), calcium zinc hydroxide
hydrate (Ca(Zn(OH),),-2H,0, PDF 24-0222) and otavite (CdCOs,
PDF 42-1342) might be formed by surface precipitation. Pb, Cu,
Zn and Cd ions might precipitate in alkaline environments with
Ca’* and CO;™ in the aqueous solutions, which is consistent with
previous studies [16,21,48].

The FTIR spectra depicted in Fig. S2 were in accordance with
the XRD analyses. The similar FTIR spectra before and after ad-
sorption confirmed that the structure of HPC was well retained in
the removal of heavy metals. The bands visualized in the spectrum
at 445-455 and 963-970 cm™" correspond to the bending vibration
and the asymmetric stretching vibration of Si-O bond, which are
closely related to SiO, tetrahedra in HPC [1649]. The bands at
711, 873-875 and 1,418-1,439 cm™ were assigned to carbonate phases
[48,50], which were also identified in XRD patterns.

The SEM images of HPC loaded with Pb, Cu, Zn and Cd are
shown in Fig. 7. There are obvious changes between the surface of
HPC samples before and after adsorption. The porosity of the HPC
is clearly visible before treatment with heavy metals (Fig. 1(a)). After
adsorption, the voids are filled and the morphology of HPC shows
denser surfaces with different crystals or amorphous structures.
Additionally, the original irregular surfaces became relatively uni-
form. Several structures with shapes such as flakes, granules and
nets were formed, respectively, suggesting the possible surface pre-
cipitation identified by XRD analysis.

The atomic percentage of Pb, Cu, Zn, and Cd on the surface of
HPC after adsorption was detected to be 10.52%, 19.36%, 21.06%
and 13.20% in the energy spectrum analysis (Fig. S3), respectively.
The results indicate the successful adsorption of these four heavy
metal ions. Both C-S-H and Portlandite in HPC particles might
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Fig. 7. SEM images of HPC loaded with Pb (a), Cu (b), Zn (c), Cd (d).

release Ca™" into aqueous solution [16]. Compared with the HPC
before adsorption (Fig. 1(b)), the atomic percentage of Ca decreased
from 13.81% to the range of 0.41%-2.62% after the adsorption.
This observed decrease of Ca and the presence of heavy metals in
EDS analyses suggests the possible exchange of Ca™ during the
adsorption process.

The released Ca™ was also tested for seven days in the batch
experiments. The removal capacity of the four heavy metals shows
positive linear relationships with the concentrations of the released
Ca™ (see Fig. S4). The fitting linear correlation coefficient (R%) of
Pb, Cu, Zn, and Cd is 0.937, 0.964, 0.867, and 0.946, respectively.
In addition to the dissolution of Portlandite, the released Ca’™
might also come from the C-S-H phases in the HPC particles. The
C-S-H has shown the potential to remove bivalent cations through
exchanging with Ca® in earlier studies [21,51]. Furthermore, be-
cause of the Ca’* released from HPC particles to the heavy metal
solutions, special attention should be paid to anti-corrosion mea-
sures in heavy metal wastewater treatment facilities by using con-
crete materials.

The XRD patterns of the precipitates were collected to elucidate
the crystal structures and phase compositions. As presented in Fig. 8,
in the precipitates of Pb and Cd, cerussite (PbCO;, PDF 47-1734),

1 1- Cerussite 2 - Hydrocerussite

3 - Calcite 4 - Tenorite
5 -Zincite 6 - Hydrozincite
7 - Otavite
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1 1
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Fig. 8. XRD patterns of the precipitates formed in the removal pro-
cess.

hydrocerussite (Pb;(CO;),(OH),, PDF 13-0131), calcite (CaCOs,
PDF 47-1734) and otavite (CACO;, PDF 42-1342) are clearly iden-
tified. However, the intensity of Cu and Zn precipitates is much
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Fig. 9. Desorption percentages of the heavy metals loaded HPC with
different solutions.

lower than that of Pb and Cd. Only some inconspicuous peaks of
Tenorite (CuO, PDF 48-1548), Zincite (ZnO, PDF 75-1526) and
Hydrozincite (Zns(OH),(CO5),, PDF 72-1100) can be found in the
Cu and Zn precipitates. The crystallinity of different heavy metal
precipitation varies widely. The mineral composition of the precip-
itate is consistent with the results obtained in earlier research [43].
The OH and Ca’™ released from the HPC precipitated the heavy
metals in batch removal process. Because the carbonates were con-
firmed by the XRD patterns, CO, from the ambient atmosphere may
also be involved in the precipitation.

According to the above results and analysis, the removal of heavy
metals by HPC particles mainly involves two processes. First, chemi-
cal precipitation occurred in the liquid phase. The heavy metal
ions precipitated by the released OH™ and Ca* from C-S-H and
portlandite. The contribution of precipitation to the total removal
capacity is clearly shown in Fig. 2 and Fig. 3. Second, there was
also adsorption of the heavy metal ions on the surfaces of HPC
particles, which mainly dominated by of Ca** exchange and surface
precipitation. This was suggested by XRD, SEM-EDS and released
Ca™ results.

7. Stability of the Removed Heavy Metals

The heavy metal removal performance of HPC suggests the
potential utilization of the cement-related materials in constructed
wetlands and permeable pavement systems. Considering the long-
term service of these facilities and the precipitation formation, the
stability of the removed heavy metals was tested to assess leaching
risk in such systems.

As shown in Fig. 9, more than 70% of the adsorbed heavy met-
als in 0.1 mol/L HCI solutions were dissolved from the surface of
the HPC. While the desorption percentage by CaCl, and NaOH
solutions was lower than 20% for all four heavy metals. The desorp-
tion results are consistent with the effect of pH on the removal
performance. Most of the adsorbed heavy metals on HPC were
stable under neutral and alkaline conditions. However, the heavy
metals loaded HPC might release heavy metal ions under acidic
conditions and increase environmental risks.
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Fig. 10. Turbidity (a) and heavy metal concentration (b) of the sus-
pensions after adsorption under different pH values.

Fig. 10 shows that the turbidity of the suspensions increased
with the rise of the pH, mainly due to the precipitate formed when
pH>5. Meanwhile, the concentration of heavy metals in the sus-
pensions decreased as the pH rose. The turbidity of the suspensions
decreased in the following sequence: Cu>Pb>Cd>Zn, which sug-
gests that Cu and Pb precipitates were more likely to cause clogging
in HPC substrates used in constructed wetlands or permeable pave-
ment systems.

Therefore, most of the adsorbed heavy metals on the surface of
the HPC and the precipitation formed were stable under neutral
and alkaline conditions. Meanwhile, the precipitation formed might
cause clogging problems in practical applications. When pH<6, the
precipitate might be dissolved and lead to potential migration of
the heavy metals.

CONCLUSIONS
Granular HPC was prepared and showed a large potential for

the removal of Pb, Cu, Zn, and Cd ions in aqueous solutions. Both
adsorption and precipitation were observed in the batch experi-
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ments. Compared with precipitation, adsorption played a more im-
portant role in the initial stage of the removal process or at lower
concentration. The HPC particles continued about three-day removal
after two days of adsorption equilibrium. Besides the removal by
precipitation, the maximum Langmuir adsorption capacity of HPC
reached 132.27, 87.14, 123.43 and 112.05 mg/g for Pb, Cu, Zn, and
Cd, respectively. When various heavy metals coexisted, the removal
capacity followed the order of Cu>Pb>Cd>Zn.

In addition to precipitation in liquid phase, the main adsorp-
tion mechanism was mainly dominated by Ca** exchange and sur-
face precipitation, which was suggested by XRD, SEM-EDS and
released Ca™ results.

In batch experiments, most of the removed heavy metals were
stable under neutral and alkaline conditions. When cement-related
materials containing HPC are employed for heavy metal removal
in wastewater treatment applications, the precipitate might be dis-
solved under acidic conditions and lead to potential migration of
the heavy metals.
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