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ABSTRACT

Water-quenched blast furnace slag (WBFS) has been assessed regarding its capacity to
remove Cu®*, Cd**, and Zn** from aqueous solutions. The physicochemical properties of
the slag were characterized by ICP, SEM, and XRD. Batch experiments were conducted to
study the effects of the adsorbent dosage, pH, initial concentration of heavy metal ions, tem-
perature, and contact time on the removal of Cu®*, Cd?*, and Zn?*. The results showed that
the removal efficiency increased with increasing adsorbent dosage and the optimum condi-
tions for the removal of Cu?*, Cd**, and Zn>" were obtained in the dosage of 12, 16, and
16 g/L, respectively. The removal efficiency and adsorption amount of Cu?*, Cd*, and
Zn** onto WBFS increased on increasing the solution pH from 1 to 9, while the values
decreased slightly as the pH further increased above 9. The adsorption process could fit the
pseudo-second-order kinetic and Langmuir isotherm models. Various thermodynamic
parameters were calculated and the results indicated the adsorption of Cu?*, Cd**, and
Zn>* onto WBFS was feasible and endothermic in nature. These results have significant
implications for the treatment of heavy metal wastewater using low-cost adsorbents.

Keywords: ~ Adsorption; Water-quenched blast furnace slag; Isotherms; Kinetics;
Thermodynamics; Heavy metals

1. Introduction

Industrial development is often associated with envi-
ronmental concerns [1]. Heavy metal contamination has
become a major industry-related environmental problem
with regard to contamination of water and soil bodies
[2]. Particularly, wastewater generated from mining,

*Corresponding author.

metallurgical, machinery, chemical, electroplating, and
battery-manufacturing industries often contains large
amounts of heavy metals such as Cu?*, Cd?**, and Zn?*
[3,4]. These toxic heavy metals, especially Cd**, can
cause central nervous system damage in human beings,
even at extremely low concentration [5]. Cu** and Zn**
are essential in small quantities, but they also have
adverse effects on human health when exceeding the
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Fig. 1. SEM photographs of WBFS: (a) 20.0 um and (b) 100.0 pm.

prescribed limit [6,7]. The maximum acceptable concen-
trations of Cu®*, Zn?**, and Cd*" recommended by the
World Health Organization (WHO) for drinking water
are less than 2, 3, and 0.003 mg/L, respectively [8]. More-
over, the non-biodegradability of these heavy metals can
lead to amplified accumulation of them in natural food
chains [9]. Therefore, there has been an increasing need
for developing effective strategies to remove heavy met-
als from contaminated wastewater.

Many techniques such as precipitation, ion
exchange, electrochemical treatment, membrane filtra-
tion, evaporation, and solidification have been investi-
gated to remove heavy metals from aqueous solution
[10]. Some issues including substantial initial capital
investment, incomplete metal removal, high mainte-
nance cost, and excess sludge production, however,
were addressed in the applications of these treatment
techniques [11,12]. As an alternative, adsorption tech-
niques were studied to remove heavy metals from
wastewater [13-17]. A number of materials such as sil-
ica gel [18,19], activated alumina [20], zeolite, [21] and
activated carbon [22-24] were investigated as adsor-
bents. From the view of economical efficiency and
technology sustainability, considerable attention was
recently given to the use of low-cost adsorbents in pol-
lution control. The capacities of chitosan [25], clay
[26], peat moss [27] and various agricultural wastes
[28-30] were evaluated in the treatment of wastewater
containing heavy metals. Recently, there was an
increasing interest in the utilization of industrial waste
as adsorbent. Fly ash was used for removing organic
pollutants [31,32], heavy metal ions [33], and phos-
phate [34] in aqueous phase. However, knowledge
about the adsorption of heavy metals on industrial
waste adsorbents is still limited.

Large amounts of water-quenched blast furnace
slag (WBFS) can be generated during iron-making

process, through quick water-cooling of molten
substances in iron smelting furnace. WBFS is mainly
granular in shape and composed of oxides of calcium,
silicon, iron, aluminum, and manganese. The slag has
been used as raw material in road construction and
inorganic coating, as well as production of slag fiber,
wollastonite, and inorganic gel. Previously, the applica-
tion of furnace slag for the removal of methylene blue
dye [35] and As®" was also investigated [36]. However,
information about the potential utilization of WBFS as
adsorbent for the treatment of heavy metals is
unknown. Mechanisms associated with WBFS adsorp-
tion characteristics are still limited. Therefore, the
objective of this study was to investigate the removal of
copper, zinc, and cadmium ions through adsorption on
WBFS. Batch experiments will be conducted to evaluate
the adsorption performance of WBFS as influenced by
initial concentration, pH, contact time, temperature,
and adsorbent dosage. The corresponding adsorption
isotherms, kinetics, and thermodynamics will be also
studied. The results of this study will have important
implications for the treatment of heavy metal
wastewater using low-cost adsorbents.

2. Materials and methods
2.1. Adsorbent preparation

WBFS samples used in this study were obtained
from Baotou Iron and Steel Co., Ltd, Baotou, China.
The slags were washed with deionized water to
remove surface impurities and dried at 100°C for 24 h.
The samples were then crushed, ground, sieved to
pass through 100-mesh sieve (0.15 mm), and dried for
another 24 h at 105°C. After cooling down to ambient
temperature, the WBFS samples were stored in
desiccators before use.
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Fig. 2. XRD spectrum of WBFS.

2.2. Chemicals

All chemicals used were of reagent grade quality
or higher. Cu(NOs),-3H,0, Cd(NOj3),-4H,0O, and Zn
(NO3)2-6H,O were purchased from Guangyuan Chem-
ical Co., Ltd, in Baotou. Stock solutions of Cu?**, Cd**,
and Zn®* were prepared by dissolving appropriate
amount of Cu(NOj3),-3H,O, Cd(NO3),-4H,O, Zn
(NO3)2-6H,0, separately in deionized water. The con-
centrations of the Cu®*, Cd?*, and Zn?* solutions were
in the range of 20-300 mg/L. 1 M-NaOH and 1 M-HCl
solutions were used for pH adjustment.

2.3. Analytical methods

Chemical composition of WBFS was analyzed
using Inductively Coupled Plasma Mass Spectrometer
(ICP-MS, P-5000, Hitachi Corporation, Japan). The sur-
face area of the WBFS was determined from N,
adsorption by applying the Brunauer-Emmett-Teller
(BET) adsorption method using SA3000 apparatus
(Beckman Coulter Corporation, USA). A scanning elec-
tron microscope (QUANTA400, FEI Corporation,
USA) was used for obtaining microscopic images of
the WBFS. X-ray diffraction (D8 ADVANCE, Bruker,
Germany) was applied to determine the mineral com-
ponents of the adsorbent. The concentration of metal
ions was determined by the atomic absorption
spectrometer (AA-6300C, Shimadzu, Japan). The pH
level was measured by a pH meter (PHS-3C, Shanghai
Precision Scientific Instrument Corporation, China).
The compressive strength of concrete was determined
by the concrete strength testing instrument (Q61,
Shandong Drick Corporation, China).

2.4. Batch adsorption experiments

The batch experiments were carried out in 250-mL
conical flasks with stoppers. For each experiment, a
specific amount of WBFS was added in 100 mL of
Cu®*, Cd**, and Zn*" solutions at certain concentra-
tions, respectively. Blank experiments were conducted
to correct the adsorption by conical flask. All the
flasks were placed on a thermo-stated shaker at
120 rpm to reach the adsorption equilibrium. Then,
the supernatant was filtered and the concentration of
heavy metal ions in the filtrate was determined by the
atomic absorption spectrometer. All batch experiments
were performed in triplicate and the average data
were used in data analysis. The adsorption capacity
(mg/g) and removal efficiency (%) were calculated as
follows:

Adsorption capacity (mg/g) = ((Co — Ce)V)/W (1)
Removal efficiency (%) = (Co — C.) x 100/Cy (2)

where Cy (mg/L) and C. (mg/L) are the initial and
equilibrium concentrations of heavy metal ions,
respectively. V is the volume of the Cu?*, Cd**, and
Zn** solution in mL and W is the weight of the
adsorbent in g.

2.4.1. Effect of adsorbent dosage

Different amounts of WBFS ranging from 0 to 2.0 g
were added to each conical flask to investigate the
effect of WBFS dosage on Cu?*, Cd*", and Zn**
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Fig. 3. Effect of adsorbent dosage on the adsorption of (a) Cu®*, (b) Cd**, and (c) Zn** onto WBFS.

adsorption. These studies were carried out at pH 7 or HCl The adsorption of 100 mg/L heavy metals
with a temperature of 25°C. The contact time of were studied at 25°C after a reaction time of 100 min.
100 min and initial concentrations of 100 mg/L were The WBFS dosage was 12, 16, and 16 g/L for Cu*",

adopted. Cd**, and Zn**, respectively.
2.4.2. Effect of pH 2.4.3. Adsorption isotherms studies
In order to investigate the effects of pH on heavy To better understand the mechanism of adsorption,

metal adsorption by WBEFS, solution pH was adjusted  batch tests were conducted with different initial heavy
to 1-13 through adding appropriate amount of NaOH  metal concentrations. The adsorption studies were
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Fig. 4. Effect of pH on the adsorption of (a) Cu**, (b) Cd**, and (c) Zn** onto WBFS.

conducted at fixed adsorbent dosage (12, 16, and
16 g/L for Cu**, Cd**, and Zn**, respectively) by
varying initial concentrations of heavy metals from 0
to 300 mg/L at pH 7 and 25°C. The equilibrium time
was 100 min.

2.4.4. Effect of temperature

The relationship between temperature and the
adsorption amount of heavy metal ions was
investigated. The initial concentration of Cu®*, Cd**,
and Zn®* was 100 mg/L. The WBFS dosage was 12,
16, and 16 g/L for Cu®*, Cd?", and Zn*", respectively.
The experiments were studied at an agitation time of
100 min at temperatures between 25 and 65°C at
pH 7.

2.4.5. Adsorption kinetics studies

The adsorption kinetics experiments were carried
out with initial concentration of 100 mg/L heavy
metal ions at pH 7 and 25°C. Cu®*, Cd?*", and Zn**
solutions were mixed with WBEFS at dosage of 12, 16,
and 16 g/L, respectively. The concentration of heavy
metal ions was monitored at different time intervals,
ranging from 20 to 100 min.

3. Results and discussion
3.1. Physicochemical characterization of WBES

The adsorption process at the interface between
liquid phase and solid phase can be often influenced
by adsorbent characteristics. To reveal the mechanism
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Fig. 5. Adsorption isotherms of Cu?*, Cd?*, and Zn>* onto
WBES.

of adsorption of heavy metal ions on WBFS, the
physicochemical properties of WBFS need to be deter-
mined at first. The properties and major chemical con-
stituents of WBFS are presented in Table 1. It can be
seen that WBFS mainly consist of CaO and SiO, (more
than 66% by mass). This is similar to the composition
of steel-making slag [37]. SiO, exists in the form of
(Si0* when the WBFS are put into solution. (Si0 )
belong to the crystal structure, which can promote ion
exchange and adsorption [38]. In addition, the total
content of oxide in WBFS is high, which can reflect
strong affinity for heavy metals [39]. Therefore, the
WBFS is expected to be an adsorbent for heavy metal
ions. The SEM micrographs of WBFS are shown in
Fig. 1. The coarse, loose, and porous surface textures
of WBFS samples were observed. The slag particles
had subrounded to angular shapes and distinct asperi-
ties and edges were visible. They were also character-
ized by rough surface textures. The XRD pattern of
WBFS is shown in Fig. 2. The XRD patterns of the
WBFS samples were very complex which were mainly
attributed to the raw material composition. The XRD

Table 1

Properties and major chemical constituents of WBFS
Properties Descriptions
CaO (%) 33.60
SiO; (%) 32.99
AL O3 (%) 12.46
MgO (%) 10.45
Fe,O3 (%) 0.86
ThO, (%) 0.02
BET surface area (m”/g) 3.83
Density (g/ cm?) 2.71
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results showed the sample could be vitreous with an
amorphous hump of the glass around 28° 26 [40]. Dur-
ing the formation of WBFS, rapid quenching can pre-
vent the formation of complete crystal structures. It
should be also noted several peaks were observed. It
indicated the crystal phase was also present in the
slag.

3.2. Effect of WBFS dosage

Effect of WBFS dosage on the removal of Cu®",
Cd?**, and Zn?** was investigated and the results are
presented in Fig. 3. When the adsorbent dosage was
less than 12 g/L, the removal efficiency of Cu** on
WBFS increased rapidly as the adsorbent dosage
increased. However, when the WBFS dosage was
higher than 12 g/L, there was slow rise as the WBFS
dosage further increased. With the WBFS dosage
increasing from 16 to 20 g/L, the Cu®* removal effi-
ciency increased from 99.85 to 99.89%, while the
adsorbed amount of Cu®* decreased from 6.24 to
499 mg/g. For the adsorbent dosage of 16 g/L, the
removal efficiency and the adsorbed amount of Cd**
were 95.76% and 5.99 mg/g, respectively. When the
adsorbent dosage increased to 20 g/L, the removal
efficiency increased by 3.15%, the adsorption amount
decreased by 17.53%. As for Zn>*, the removal effi-
ciency increased gradually, along with the increasing
dosage of WBFS. After the dosage increased above
16 g/L, removal efficiency would not significantly
increase. 12, 16, and 16 g/L were considered as the
optimum dosages for the removal of Cu®**, Cd**, and
Zn** by WBFS, respectively.

In general, the removal efficiency trend was almost
the same for the three heavy metal ions tested in this
study. The removal efficiency increased with increase
in the amount of adsorbent dosage within a certain
range, and thereafter there was no significant change
in removal efficiency. However, the adsorbed amount
of Cu?*, Cd**, and Zn®" continued to decrease. This
may be explained by the increased surface area and
the corresponding increase in the surface active sites
available for adsorption, resulting in decreasing
adsorption amount per unit mass [41]. This result con-
firms the previous studies concerning the removal of
Cd{I) from acidic aqueous solution by modified
steel-making slag [42]. In addition, at the same dosage
value, the removal efficiency sequence was
Cu** > Cd** > Zn®*. It showed that the adsorption of
these three kinds of heavy metal ions was selective.
This could be attributed to the difference in adsorbent
structure, radius, and free energy of the hydrated
ions [43].
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Fig. 6. Varying Ry, values associated with the adsorption of Cu?*, Cd%", and Zn?* onto WBFS.

3.3. Effect of pH

The pH of aqueous solution is an important factor
for controlling adsorption process. The effect of pH on
adsorption of Cu®**, Cd**, and Zn** by WBFS was
studied and the results are shown in Fig. 4. The
removal efficiency and adsorption amount of Cu®*,
Cd**, and Zn** increased when pH varied from 1 to 9.
When the pH was above 9, the values decreased
slightly. The removal efficiency of Cu”* increased
slowly at pH lower than 5. The removal efficiency and
adsorption amount of Cu** at pH 5 were 91.29% and
7.61 mg/g, respectively. After that, with the increase
of pH in solution, Cu(OH), was produced. This
resulted in Cu®* removal efficiency up to 99.7% and
the adsorption amount of Cu?t up to 8.31 mg/g at pH
7. The variation trend of Cd** influenced by pH was
similar with that of Cu®". As for Zn%*, the removal
efficiency increased rapidly from 71.06% to 86.74% at
pH < 3, followed by a gradual rise at pH > 3. There-
after, the precipitation of Zn(OH), was produced as
pH further increased, the maximum removal efficiency
of 98.84% and adsorption amount of 6.18 mg/g were
observed at pH 11. Therefore, pH 7 was considered as
optimum condition and was used for further study.

The heavy metals in solution exist in cationic state
at low pH. High-concentration H" present in the reac-
tion solutions can compete with heavy metal ions for
the adsorption sites [44]. Hence, the adsorption capa-
bility of heavy metals on WBFS surface was poor in a
low pH. With an increase in pH, the competing effect
of H" ions decreased and the heavy metals still existed
in the form of ionic state. The adsorption of heavy
metals through ion exchange was mainly embodied at
this time. As the solution pH further increased, the
binding of ionic state of heavy metals to OH  ions
could form substances of limited solubility, so it is

advantageous to combine. There would be complex
adsorption on the surface of adsorbent and heavy
metal ions in solution can be transformed from ionic
status to insoluble hydroxides [45]. At the same time,
the WBFS adsorbent not only plays a role in the
exchange adsorption, but also in crystal seeding for
heavy metal ions. This will be favorable for the precip-
itation of hydroxides and can lead to co-precipitation
during the settlement process, resulting in a higher
efficiency for the removal of heavy metal ions. The
crystal seeding of adsorbent was enhanced and the
exchange adsorption capacity weakened when pH fur-
ther increased, due to the precipitation of hydroxides
of heavy metal ions.

3.4. Adsorption isotherms

Fig. 5 shows the adsorption isotherms of Cu®*,
Cd*, and Zn** on WBFS at 25°C. The adsorption
amount showed a fast ascending trend at the initial
stage, followed by a gradual rise with different equi-
librium solute concentrations for these heavy metals.
WBFS exhibited a strong affinity for these three kinds
of heavy metal ions, leading to a high adsorption
efficiency and low residual amount of heavy metal
ions in solution. The heavy metal ions were almost
completely absorbed, even in very low concentration.
The experimental adsorption data was fit to the
Langmuir, Freundlich, Dubinin-Redushckevich (D-R),
and Tempkin models as follows to interpret the possi-
ble adsorption mechanisms.

Langmuir isotherm:

1
KL'Qm

Ce 1
_:@Ce +

3
0. ©)
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Freundlich isotherm:

In Q. =In Kg + (%) In C, 4)

D-R isotherm:

In Q. = In Qy — ké? (5)
- = RT1 1—i—l ©6)
&= n c
1
E=——+ 7
V2k @

Tempkin isotherm:

Qe=BInA+ BlnC, 8)

where Q. is the amount of heavy metal ions adsorbed
at equilibrium (mg/g); C. is the equilibrium concen-
tration in solution (mg/L); Qn is the maximum
adsorptive capacity (mg/g); Ki, is the Langmuir con-
stant of adsorption (L/mg) and related to the free
energy of adsorption [46]; Kg (mg/g) and n are Fre-
undlich constants, Kr is the adsorption capacity of
adsorbent and 7 is the intensity of adsorption [47]; k is
a constant related to the adsorption energy (mol®/kJ?),
¢ is the Polanyi potential (J/mol), R is the gas constant
(8.314 J/(mol K)), T is absolute temperatures (K), and
E is the mean free energy of adsorption, when
|E| < 8 kJ]/mol, the mechanism is physical adsorption,
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when 8 < |E| <16 kJ/mol, the adsorption process is
triggered by iron exchange, |E|>16k]J/mol, the
adsorption process is of a chemical nature [48]; A and
B are the Temkin constants. The Langmuir model is
usually applied for homogeneous surfaces. It assumes
the absence of interaction between the different
adsorbed molecules and the adsorption with an ideal
monolayer formation [49], whereas the Freundlich iso-
therm model predicts non-ideal sorption on heteroge-
neous surfaces with multilayer sorption. The D-R
isotherm model can be used to calculate the free
energy of adsorption, based on micropore filling
mechanism on the uniform surface of energy distribu-
tion [50]. Tempkin model considers the effects of some
indirect adsorbate/adsorbent interactions and suggests
that the adsorption heat for all molecules in the layer
will decrease linearly with coverage of molecules [51].
The related parameters of these models are listed in
Table 2.

When comparing the correlation coefficients, the
Langmuir isotherm model (0.9859 < R* < 0.9915’
showed a better fit to the experimental data than the
other isotherm models. This indicated the adsorption
process of three heavy metal ions on the WBFS could
include a monolayer adsorption within the concentra-
tion range of 20-300 mg/L. This conclusion was simi-
lar to the results of some previous studies [52,53]. The
constant Kj, can reflect the adsorption ability of adsor-
bent in the Langmuir model. The K, constants of three

Table 2
Adsorption parameters for different heavy metals

Cu®* ca* Zn**
Langmuir model
Qm (mg/g) 21.32 13.30 14.86
Ky (L/mg) 1.09 0.76 0.32
R? 0.9915 0.9888 0.9859
Freundlich model
Kg (mg/g) 8.16 4.98 3.65
n 3.80 4.05 3.18
R? 0.7897 0.8244 0.9350
D—-R model
Qm (mg/g) 40.56 25.19 25.13
k (mol®/KkJ?) 0.0020 0.0018 0.0025
E (kJ/mol) —15.82 —16.67 -14.14
R? 0.8180 0.8508 0.9486
Tempkin model
A (L/mg) 103.87 82.74 17.77
B 2.26 1.45 1.62
R? 0.9183 0.8915 0.8802
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heavy metal ions decreased in the order of
Cu®* > Cd*" > Zn*', suggesting that the adsorption
ability of the WBFS for Cu®* was higher than those for
Cd** and Zn®*. The results showed the theoretical
maximum adsorptive capacities of Cu**, Cd**, and
Zn** were 21.32, 13.30, and 14.86 mg/g, respectively.

The basic characteristics of the Langmuir model
can be expressed in terms of a dimensionless constant
Ry, [54], which is defined as Eq. (9):

1

Rl=—
FT1 1 KLG

)

where C; is the initial heavy metal ion concentration
(mg/L), Ky, is the Langmuir constant. The value of R
indicates the feasibility of the adsorption process. The
process is irreversible if Ry = 0, favorable if Ry < 1, lin-
ear if Ry, = 1, and unfavorable if Ry > 1. The results are
shown in Fig. 6. The Ry, values associated with the ini-
tial concentration were found to be between 0 and 1
for all three heavy metal ions at different concentra-
tions. It indicated a favorable adsorption of Cu®*,
Cd?*", and Zn?* on the WBFS. The adsorption on
WBES was suitable for wastewater containing low-con-
centration heavy metals due to the low initial concen-
tration along with a high R;, value.

It has been reported that n is a parameter related
to the intensity of adsorption in the Freundlich model.
n in the range of 1-10 can indicate favorable adsorp-
tion [55]. From the result of Table 2, it could also con-
firm that the adsorption processes of Cu®*, Cd** and
Zn®" on the WBFS were all favorable. The maximum
adsorptive capacity calculated by D-R model was
much greater than the values of Langmuir model,
which were inconsistent with the experimental results.
The assumption of D-R model all micropores are
filled with solute, could be an ideal state and might be
not applicable in the adsorption on WBFS. The |E| val-
ues of Cu®* and Zn** were between 8.0 and 16.0 kJ
/mol, indicating the adsorption process through ion
exchange; the |E| of Cd** was larger than 16 k] /mol,
implying a chemical sorption in this process. The R?
values of Temkin isotherm were between 0.8802 and
0.9183, which suggested the adsorption heat changed
linearly as temperature changed.

3.5. Adsorption thermodynamics

Based on the basic concepts of thermodynamics,
the energy of the system is constant, and it can neither
be gained nor lost. Entropy is the driving force of
change assuming the existence of an isolated system
[56]. In order to determine the effect of temperature
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on the adsorption process, thermodynamic parameters
such as change in standard free energy (AG), enthalpy
(AH), and entropy (AS) was calculated using the fol-
lowing equations [57]:

AG = —RTn K, (10

AG = AH — TAS (11)
where K. is the distribution coefficient of the solution
between the adsorbent and the solution in equilibrium
(Qe/Ce) [58], R is the gas constant (8.314 J/(mol K)),
and T is absolute temperatures (K). The enthalpy (AH)
and entropy (AS) were determined using van’t Hoff
equation:

AS AH

In(K,) = R RT (12)
The calculated thermodynamic parameters are pre-
sented in Table 3. It showed that the equilibrium dis-
tribution constant K. increased with increasing
temperatures. Higher K. showed more heavy metal
ions were removed by adsorption on WBFS. This may
be attributed to the enhancement of Cu?*, Cd**, and
Zn** mobility in solution with increasing tempera-
tures, which is helpful to overcome the steric hin-
drance and accelerate the adsorption [59]. The AG
values for the adsorption of Cu*" and Cd*" were nega-
tive at all temperatures, indicating that the adsorption
process was spontaneous. Negative AG values were
obtained only at temperature higher than 318 K for
Zn*" adsorption. The values of AG decreased with
increasing temperature. This suggested that an
increasing trend in the degree of spontaneity and fea-
sibility of Cu?*, Cd?**, and Zn** adsorption. The AH
values were calculated to be 17.03, 68.99, and
52.45 kJ/mol for Cu®**, Cd**, and Zn?**, respectively.
The positive AH value suggests the endothermic nat-
ure of the adsorption process. The AS value was found
to be 82.33, 243.32, and 167.52 J/mol K for Cu**, Cd*",
and Zn?*, respectively. The positive values of AS
imply an increasing disorder at solid/solution
interface during the adsorption process.

3.6. Adsorption kinetics

Kinetic studies were performed to investigate the
effect of contact time on Cu?*, Cd**, and Zn*" adsorp-
tion by WBFS. The adsorbed amount of heavy metal
ions is shown in Fig. 7. The results indicated that the
adsorption amount of Cu?*, Cd?*, and Zn®" on WBFS
reached a relatively high level within 20 min, and then
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Table 3
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The thermodynamic parameters for adsorption of Cu**, Cd**, and Zn**

Heavy metal ions Temperature (K) In K, AG (KJ/mol) AH (k] /mol) AS (J/mol K)
Cu** 298 2.96 -7.34 17.03 82.33
308 3.21 -8.23
318 3.65 —9.64
328 3.69 -10.07
338 3.73 —10.48
Ccd* 298 1.52 -3.77 68.99 243.32
308 2.29 —5.88
318 2.32 -6.15
328 4.08 -11.11
338 4.78 -13.43
Zn?* 298 -1.01 2.50 52.45 167.52
308 -0.02 0.06
318 0.01 -0.03
328 0.50 -1.37
338 1.88 —5.28

slowly increased until it reaches an equilibrium con-
centration.

Some kinetic models can be used to investigate the
dynamic adsorption process. The pseudo-first-order
and pseudo-second-order models are used to investi-
gate the mechanism of adsorption and potential rate
controlling steps such as chemical reaction, diffusion
control, and mass transport process. The adsorption
mechanism of adsorbate onto adsorbent may be
assumed to involve one or more steps. Generally, in a
batch reactor intraparticle diffusion is often rate-limit-
ing. To better understand the adsorption process,
intraparticle diffusion equation can be also used to
analyze the data.

The Lagergren pseudo-first-order model [60] was
given by Eq. (13):

In(Qe — Q) =1In Q. — kqt (13)
where k; (1/min) is the first-order rate constant, Q;
and Q. are the amounts of Cu?’, Cd*', and Zn*
adsorbed (mg/g) at time t (min) and at equilibrium,
respectively. The values of k; and Q. were calculated
from the slope and the intercept of the plots of In
(Qe — Qp) vs. t, respectively.

The pseudo-second-order model [61] was
expressed by Eq. (14):
t 1 t
=) + [= (14)
Qr <k2Q§> (Qe>

where k; (g(min mg)) is the second-order rate constant
of adsorption. The values of k, and Q. were calculated
from the plots of t/Q; vs. t. Additionally, the initial
adsorption rate, & (mg/(g min)) can be determined
from K, and Q. values using h = szg.

The intraparticle diffusion model [62] was given
by Eq. (15):

Qi =kt" + C (15)
where k; is the rate constant of the intraparticle diffu-
sion. C is the intercept which represented the extent of
boundary layer thickness. The values of k; and C were
calculated from the plots of Q; vs. 1.

The calculated parameters of these kinetic models
are listed in Table 4. The results indicated the pseudo-
second-order kinetics equation exhibited higher corre-
lation coefficient, and the theoretical Q.. Vvalues
obtained from the pseudo-second-order kinetics model
were close to the experimental Qccxp values. The
pseudo-second-order model did not rely on equilib-
rium adsorption capacity which was usually difficult
to be determined accurately by experiments. The sec-
ond-order model could be used to favorably explain
the Cu?*, Cd?*, and Zn** adsorption on WBFS, which
suggested that the process controlling the rate may be
chemical sorption. However, the result was not in
good agreement with the predictions of D-R isotherm
model. As for Cu?* and Zn?*, this could be due to the
result of joint action by chemical adsorption and ion
exchange adsorption. The / and K, values calculated



Z. Wang et al. | Desalination and Water Treatment 57 (2016) 22493-22506 22503

Table 4

Kinetic parameters for adsorption of Cu?*, Cd**, and Zn>* onto WBFS

Kinetic model Parameters Cu** Cd** Zn>*

Pseudo-first-order Qe,exp (mg/g) 8.52 6.18 6.54
Qe cal (Mg/g) 2.72 0.44 5.44
K; (1/min) 0.0261 0.0258 0.0173
R? 0.9818 0.9607 0.9551

Pseudo-second-order Qeexp (Mg/g) 8.52 6.18 6.54
Qecal (Mg/g) 8.81 6.22 7.55
K, (g/(mg min)) 0.0185 0.1365 0.0035
h (mg/(g min)) 1.4359 5.2810 0.1995
R? 0.9998 0.9999 0.9635

Intraparticle diffusion C 5.7618 5.7031 0.6414
ki (mg/(g min*?)) 0.2684 0.0469 0.4973
R? 0.9442 0.9203 0.9478

from the pseudo-second-order kinetic model were
higher for Cd*" than those for Cu** and Zn*", indicat-
ing that Cd** showed faster adsorption kinetics than
Cu®* and Zn**. Similar results were also observed
when Li et al. [63] studied the adsorption of Cu®*,
Pb**, Zn**, and Cd** on poly (vinyl alcohol)/chitosan
beads.

There are three stages in the adsorption process,
including external surface adsorption stage, intraparti-
cle diffusion stage, and the final equilibrium stage
[64]. To better understand the diffusion mechanisms,
the intraparticle diffusion model was also used in data
analysis. The correlation coefficients lower than 0.95
were obtained when the data were fit to intraparticle
diffusion model. The results suggested that the intra-
particle diffusion model was not suitable for the
adsorption of Cu?*, Cd*", and Zn?**. This indicated
that the adsorption of heavy metal ions was not domi-
nated by intraparticle diffusion inside the micropores.

3.7. Reutilization of WBFS after adsorption

Inappropriate disposal of adsorbents after wastew-
ater treatment may lead to secondary pollution. In the
present study, the used WBFS after adsorption was
mixed with standard sand and cement clinker in a
blender (the percentage of WBFS was 20%) according
to “The National Standard of Ready Mixed Concrete”
(GBT14902-2012) [65]. The mixtures were placed in
the moisture- and temperature-controlled chamber of
vibration molding machine. The temperature was kept
at 20 + 2°C and relative humidity was not less than
50%. Then the mixtures were placed in cement con-
crete standard curing box at 20 + 1°C. After 3, 28, and

60 d, the specimens were tested for their compressive
strength levels. The results showed that the samples
had a compressive strength of 36.0, 42.7, and 55.8 MPa
for the samples after 3, 28, and 60 d, respectively,
which met the national standard for P.042.5 ordinary
Portland cement. The technology of using recycled
WBFS as the component of confect concrete can not
only help resolve the potential secondary pollution
issue, but also provide a further economic benefit.
Therefore, the application of WBFS in wastewater
treatment can be featured by its economic efficiency
and environmental sustainability.

4. Conclusions

This study presented the performance of WBFS for
removing target pollutant Cu**, Cd**, and Zn** from
aqueous solution. The results showed the removal effi-
ciencies increased with increasing WBFS dosage. The
solution pH was also an important factor for the
removal of heavy metal ions. Langmuir isotherm
model can be used to well describe the adsorption iso-
therms, suggesting that heavy metal ions perform as a
single molecule layer for WBFS adsorption. The
change of heavy metal adsorption with time showed a
two-step characteristicc. The adsorption followed
pseudo-second-order kinetics, which suggested that
the process controlling the rate could be a chemical
sorption between adsorbent and metal ions. The ther-
modynamic results indicated that adsorption of Cu**
and Cd** onto WBFS was spontaneous, while negative
AG values were obtained only at temperatures higher
than 318 K for Zn>" adsorption. The positive AH value
suggests the endothermic nature of the adsorption
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process. The positive values of AS implied that the
system disorder increased in the duration.

The experimental results presented the potential of
WBFS as a low-cost adsorbent for the removal of
Cu**, Cd**, and Zn** pollutants from industrial
wastewater. The removal efficiency through adsorp-
tion on WBFS can be also influenced by aqueous
chemistry in the system. The results can help under-
stand the migration patterns of heavy metals in solid-
liquid interface. The influencing parameters gained
from the current study can be used for the design and
optimization of pilot treatment system. Further study
is also needed to help obtain more theoretical founda-
tion for the interactions of heavy metal pollutant and
WBES characteristics. Different WBFS types and opti-
mal design for treatment system will be also investi-
gated for scale-up application.
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