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A B S T R A C T

With the wide application of adsorption technology for the remediation of heavy metal contaminated
metallurgical wastewater, selecting appropriate adsorbent media is a prerequisite for advancement. In
this study, four commonly used adsorbents including titanium dioxide (TiO2), granular ferric oxide (GFO),
activated alumina (AA), and nanoscale zero-valent iron (nZVI) were systematically evaluated for their
abilities to simultaneously remove arsenate [As(V)] and cadmium (Cd) from wastewater. In kinetics and
dosage experiments, TiO2 and GFO adsorbed more As(V) and Cd than AA and nZVI, which suggests that
these two are ideal candidates for the remediation of metal-contaminated wastewater. Furthermore, TiO2

and GFO exhibited a wider pH application range than AA and nZVI. The pH edge and dosage experimental
results can be well described using the CD-MUSIC model under the EXAFS constraint. Finally,
regeneration experiments demonstrated that only TiO2 exhibited high adsorption efficiency after
regeneration, and its high chemical stability was further evidenced by in-situ XRD characterization. Our
systematic comparisons of the four different media for As(V) and Cd adsorption demonstrate that TiO2 is
an ideal adsorbent, which paves the way for further wastewater treatment.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Mining and smelting are major industrial processes associated
with multiple toxic metal contamination [1,2]. Emissions from
such industrial wastewater with high concentrations of arsenate
[As(V)] and cadmium (Cd) present a great public concern due to
their apparent toxic and carcinogenic effects [3–5]. Therefore,
removing these pollutants from wastewater is a pressing
environmental issue.

Numerous technologies have been developed and used for
metallurgical wastewater treatment over the past decades [6–10].
Among these techniques, adsorption is considered a suitable water
treatment technology and has been widely employed because of its
feasible operation and the availability of a wide range of
adsorbents [11–14]. However, a major concern for application of
the adsorption method is how to select the most suitable

adsorbent among various candidates because different media
have distinct adsorption capacities and reaction mechanisms
[13–18]. The great divergence in their adsorption capacity and
suitability in previous reports highlights the importance of a side-
by-side comparison of their adsorption effectiveness in wastewa-
ter treatment.

Many adsorbents, including activated alumina (AA), granular
ferric oxide (GFO), nanoscale zero-valent iron (nZVI), and titanium
dioxide (TiO2), have been reported for the successful removal of As
and Cd from wastewater [11,13,19–21]. For example, TiO2 can
simultaneously remove As and Cd in an industrial wastewater
because of Cd-As-TiO2 ternary complex formation [12,22,23]. The
effectiveness of different adsorbent media for groundwater As
removal has been evaluated and follows the order TiO2 > GFO > AA
at pH 6.5; whereas the order changes to GFO = TiO2 > AA at pH 8.5
[15]. nZVI has been demonstrated as an effective scavenger for
heavy metals in groundwater and wastewater [24–26]. Previous
experiences suggest that selecting proper adsorbent media would
be the first and foremost step in the treatment of a real wastewater.

The objective of this study is to evaluate the performances of
four commonly used adsorption media (AA, GFO, nZVI, and TiO2) to
remove As(V) and Cd from metallurgical wastewater in order to
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select an ideal adsorbent. Systematic adsorption kinetics, dosage
experiments, pH edge, regeneration efficiencies, and in-situ X-ray
diffraction (XRD) characterizations were employed to assess the
suitability of each of the four adsorbents for wastewater treatment.
The adsorption mechanism was further investigated by extended
X-ray absorption fine structure (EXAFS) spectroscopy. This study
paves a new avenue in identifying adsorbent for industrial
wastewater treatment contaminated with high concentrations of
heavy metals.

2. Materials and methods

2.1. Materials

The wastewater containing an average concentration of
192 mg/L As(V), 4.6 mg/L Cd at pH 6.9 was obtained from a rare
metal smelting company in China. The concentrations of major
ions are listed in Table S1 in Supplementary information (SI). Four
available adsorbents AA, GFO, nZVI, and TiO2 were compared side-
by-side for their As(V) and Cd removal efficiency. The granular TiO2

of 20–40 mesh (0.38–0.83 mm) used in this study was prepared by
titanyl sulfate hydrolysis, as detailed in our previous study [23].
The other three commerical adsorbents were used as received. The
physical-chemical parameters of the adsorbents are listed in
Table S2.

2.2. Batch experiments

Batch adsorption kinetic experiments were conducted to
determine the rates of As(V) and Cd adsorption on each of the
four media. In a typical experiment, 0.5 g of the adsorbent (or
0.5 mL of nZVI) was added to a 50 mL polypropylene bottle pre-
filled with 50 mL smelting wastewater. The suspensions were
mixed on a rotator for 15 h at pH 6.9, which was adjusted using HCl
and NaOH. Samples were taken at designated intervals and filtered
through a 0.22-mm membrane for dissolved As(V) and Cd analysis.

Dosage experiments were performed to compare how well As
(V) and Cd adsorbed on each media at different doses and to select
the optimal dose for further comparative studies. Adsorbent doses
in this study ranged from 0.5–100 g/L (0.5–100 mL/L for nZVI).

The adsorption envelope experiments were employed, which is
the removal rate of As(V) and Cd as a function of equilibrium pH.
The pH of each suspension was adjusted and maintained to desired
values ranging from 3 to 12, using HCl and NaOH. After the samples
were mixed on a rotator for 15 h, the final pH was measured and
the suspensions were filtered for metal content analysis.

2.3. Spent media regeneration

After solid/liquid separation, the 0.5 g of each spent media were
first regenerated with 10 mL of 0.5 M H2SO4 for 1 h to extract
cations. Then, the media was mixed with 10 mL of 1 M NaOH
solution for 1 h and neutralized with tap water. The regeneration
rate was calculated based on mass balance on each extraction.

2.4. EXAFS study

The four spent media from kinetic experiments were freeze
dried and ground to 200 mesh, and the samples were then sealed
between two layers of Kapton tape. The As K-edge (11,867 eV)
spectra were collected on beamline 01C1 at the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan. An
energy range of �200 to 1000 eV from the K-edge was used to
acquire the spectra. To improve the signal-to-noise ratio, three
scans were collected for each sample, inspected for overall quality,
and averaged.

The EXAFS spectra were analyzed using the Athena and Artemis
programs in the Demeter computer package [27,28]. The data
processing and fitting approach was similar to that used in our
previous studies [22,29]. Theoretical phase-shift and backscatter-
ing amplitude functions for structural fitting were calculated with
the ab initio computer program FEFF 6.0. All scattering paths used
to model the As K-edge EXAFS spectra were extracted from the
structure of FeAsO4. In addition to As-O and As-M (M: Fe, Ti, Al)
single scattering (SS) paths, an As-O-O multiple scattering (MS)
contribution was also considered [30]. The number of MS paths
was fixed at the theoretical value of 12; the mean half path length
was 1.8165 � RAs-O; and the Debye-Waller parameter was s2

As-O,
where RAs-O and s2

As-O are the corresponding parameters for the
As-O SS. The goodness-of-fit parameters were also calculated and
compared, including x2 and the R-factor, the relative error of the fit
and data. Good fits occurred for R < 0.02.

2.5. Surface complexation modeling

The charge distribution multi-site complexation (CD-MUSIC)
model with the triple plane option was employed to describe the
adsorption behaviors of As(V) and Cd on different adsorbents [22].
The adsorption constants of counter ions were set to �1 and the
proton affinity constant was set equal to the PZC of the adsorbents.
The charge distribution (CD) value shows that the fraction, f, of the
charge of the central As and Cd ion was attributed to the surface
plane; and the remaining part, 1-f, was attributed to the other

Fig. 1. As(V) (I) and Cd(II) adsorptions for different concentrations of adsorbent media, ranging from 0 to 100 g/L. Symbols represent experimental data; and the solid line
represents the CD-MUSIC model simulation.
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