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HIGHLIGHTS

» A novel technology for fabricating
CuFe,04 was developed from
industrial Cu sludge.

» The fabricated CuFe,0,4 was effective
in removing As(V) from
contaminated water.

» The adsorbent can be rapidly
recovered by a magnet because of its
paramagnetism.

» As K-edge XANES showed the
adsorbed As(V) was not reduced to
more toxic As(III).

» Desorption rate is in an order of
H3PO4 > Na3PO4 > H,SO4 > NaySO4 >
HCI > HNOs.
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GRAPHICAL ABSTRACT

ABSTRACT

A novel fabricated copper ferrite was investigated for its As(V) removal in this study. The adsorption of
As(V) by this recycled copper ferrite exhibited an L-shaped nonlinear isotherm, suggesting limited bind-
ing sites on the adsorbent surface. The As K-edge XANES indicated that the adsorbed As(V) on copper
ferrite was not reduced to more toxic As(Ill) by Fe?* in the structure. The maximum As adsorption capac-
ity of the copper ferrite was 45.66 mg g~ ! at pH 3.7 and decreased with pH due to enhanced electrostatic
repulsion between As(V) and the adsorbent surface. Desorption of As(V) using six different acid and salt
solutions revealed that the desorption rate decreased in the order of H3PO4> NasPO4 > H,SO4 > Naj.
SO4 > HCl > HNOs. These results suggest that the recycled copper ferrite without surface modification
is an effective adsorbent for removing As(V) from water, confirmed by effective removal of As(V) from
contaminated groundwater. Furthermore, the novel fabricated copper ferrite can be used to recover rap-
idly in 20 s using a magnet. The information obtained in this work shows great potential for developing a
cost-effective adsorbent for immobilization of arsenate using the recycled copper ferrite.

© 2012 Published by Elsevier B.V.

1. Introduction

herbicide and wood preservative [1,4]. In addition to man-made
pollutants, elevated levels of As in surface waters and groundwater

Arsenic (As) contamination is threatening water supplies in
many developing countries [1-3]. The anthropogenic sources of
As include the waste and wastewater of various industries utilizing
As and the materials used in agricultural production, such as
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also occur naturally in certain areas of the world as a result of
leaching from As-bearing minerals [2,3]. Because As is highly
carcinogenic after long-term or high-dose exposure, the occur-
rence of As in water supplies can pose a deleterious impact on pub-
lic health. Therefore, developing techniques to remove As from
contaminated water is an important task for healthy living in a
society.
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The common treatment techniques for removing As from con-
taminated waters include precipitation [5-7], oxidation [8-10],
coagulation [11-14], adsorption [15-18], ion-exchange [19-21],
and membrane filtration [22-26]. The adsorption method is con-
sidered more advantageous over others because of its removal
effectiveness, treatment cost, and ease in equipment handling.
Commercial adsorbents such as activated carbons are effective
for arsenic removal from water [27-29]. However, the high cost
makes it less competition in market. Mohan and Pittman [1] has
summarized some interesting literatures of low-cost adsorbents
for arsenic removal. In other words, adsorbents were regarded as
low-cost if they only need less pre-treatment procedures, or were
either waste materials or by-products from the other industrial
factories [30-33].

This study demonstrates the arsenate removal by using copper
ferrite, which is recycled from the sludge in printed circuit board
(PCB) industry. The copper ferrite, a magnetic Cu-Fe oxide,
contains Cu?* and Fe3* in the spinel structure. It was reported that
synthesized copper ferrite was effective for arsenic removal from
solution due to Cu®* and Fe®* have strong affinity toward inorganic
arsenic [34]. If the copper ferrite can be obtained or recycled from
industrial sludge, then the adsorbent price could be decreased
dramatically. Our earlier investigation has successfully recycled
copper powder from PCB sludge by combination of acid leaching
and chemical exchange [35]. After these two combinations of tech-
nologies, ferrite process has been conducted not only to make sure
the supernatant but also the sludge can meet the environmental
rules. The sludge generated from ferrite process hence is regarded
as a general industrial waste due to its stability in environment. If
there are no other resourced uses for the sludge, it could be dis-
posed to the sanitary landfills.

The authors attempt to resource this sludge as an adsorbent and
test its adsorption feasibility of arsenate in solutions. The adsor-
bent characterization including particle size, crystalline phases,
surface area, point of zero charge (pHp,c), and saturation magneti-
zation were studied systematically. Furthermore, As K-edge XANES
spectra were used to understand the transformation of different As
phases on copper ferrite. The information obtained in this work
shows a great potential for developing a cost-effective adsorbent
for immobilization of arsenate using recycled copper ferrite.

2. Material and methods
2.1. Recycled copper ferrite

A green low-cost adsorbent, copper ferrite, was manufactured
from PCB sludge by combination of acid leaching, chemical ex-
change, and ferrite process. Literature [35] has reported detailed
procedure for preparation of copper powder or copper ferrite.
Briefly, acid leaching was conducted with 500 g of the industrial
sludge as 10 L diluted sulfuric acid was added for extracting cop-
per from solid to solution. Fe powder was used as sacrificed me-
tal to substitute Cu®>* by chemical exchange in liquid. To ensure
the supernatant qualify fulfill the effluent standards, ferrite pro-
cess was performed after chemical exchange. A green low-cost
adsorbent, copper ferrite, was manufactured after the ferrite pro-
cess. The main corresponding reaction of acid leaching, chemical
exchange, and ferrite process is described as Eqgs. (1)-(3),
respectively.

Cu-sludge + H,S0, — Cu®*" + sludge (1)
Fe + Cu** — Fe** + Cu’° )
Cu®" + 2Fe** + 60H™ + 1/20, — CuFe,0, + 3H,0 3)

If one wants to obtain a large number of CuFe,0,4, Eq. (2) may not be
able to perform in this combination system. In other words, the
CuFe,04 could be manufactured by using acid leaching and then
followed by ferrite process.

The manufactured green low-cost adsorbent was collected
using a magnetic separation method by taking advantage of its
magnetism. The copper ferrite product was then washed with
de-ionized water several times until pH of the solution reached
near 7. The solid was then dried at 50 °C for 24 h in an oven and
stored for further tests.

2.2. Characterization of copper ferrite

The XRD spectrum is used for determining the crystallographic
identity of the produced material and phase purity. The recycled
copper ferrite was characterized using XRD (D8 Advance, Bruker,
Germany) with a graphite monochromatic copper radiation over
the 20 range of 10-80°. The BET surface area was determined using
an ASAP 2010 analyzer (Micromeritics, USA) and N, adsorption at
77 K. The surface morphology and particle size were examined by
scanning electron microscopy (JSM-6330, Japan). The saturation
magnetization of the recycled copper ferrite was measured using
a Superconducting Quantum Interference Device (MPMS-XL7,
Quantum Design, USA) at 27 °C.

The isoelectric point, also referred as PZC (point of zero charge),
is the pH at which the particles in suspension have net charge of
zero and no mobility in the electric field. The determination of
PZC in this study was carried out according to the procedures
described by Smiciklas et al. [36]. Briefly, aliquots of 0.1 M KNO3
were prepared in a series of flasks and the pHs of the aliquots were
adjusted to values ranging from 2 to 12 using 0.1 M KOH or HCI
solution. The ferrite samples were then added into each of the
flasks to have a solid-to-solution ratio of 1:200 (w/w). The suspen-
sions were allowed to equilibrate for 24 h in a shaker thermostated
at 27 £ 1 °C. Then, the suspensions were magnetically separated
from the aqueous phase by using a magnet with 4000 Gauss and
the pH values (pHs) of the residual solutions were measured using
pH meter. For each sample, the values of the final pH (pH¢) were
plotted against the values of the corresponding initial pH (pH;).
The experimental pHs at the stable values was defined as PZC for
the sample.

2.3. As(V) adsorption

Stock solutions of As(V) (1000 mg L) were prepared by dis-
solving sodium arsenate (NaH,AsO47H,0) (Merck, Darmstadt,
Germany) in de-ionized water. Working solutions for experiments
were freshly prepared from the stock solution. All experiments
were performed in triplicate in 15 mL centrifuge tubes under
30rpm shaking at 27 +1°C. An initial As(V) concentration of
10 mg L' and 10 mL As(V) solution was used for every experiment
unless specially stated.

As(V) adsorption experiments were conducted using a batch
method. To investigate the effect of pH on As(V) adsorption of cop-
per ferrite, the pH of As(V) solutions were controlled at 2.3 0.1,
3.7+0.1, 5401, 7.1+0.1, 89%0.1, 9.8+0.1, 11.2%0.1,
12.4 £ 0.1 by adding NaOH or HNOj3 solution under the conditions
of As(V) concentration 80 mg L' and copper ferrite 0.02 g. Differ-
ent adsorbent dosages (0.0025 g, 0.005 g, 0.01 g, 0.02 g) were used
to determine the required dosage that fulfills the regulation con-
centration of 10 ug L~! under the conditions of pH 3.7 and initial
As(V) concentration of 100 mg L~". The As(V) adsorption isotherms
of copper ferrite were also recorded in batch experiments to esti-
mate arsenic uptake under the conditions of CuFe,0,=0.001g
and pH 3.7, 7.1, and 11.2.
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The solid and liquid phases were magnetically separated using a
magnet with 4000 Gauss. The As concentrations in the filtrate were
determined by ICP-MS (Element XR, Thermal Scientific, Germany).
The adsorbed amount of As(V) on the copper ferrite was deter-
mined using the differences between the initial and equilibrium
As concentrations. The detection limit of As, Fe, and Cu is
23pgl™!, 56 ugl™! and 4.1 ugL™', respectively. The relative
standard deviation (RSD) of three replicate analyses was normally
lower than 3%.

2.4. As K-edge XANES analysis

The As K-edge X-ray absorption near edge structure (XANES)
spectra were recorded with a Beamline 01C1 at the National Syn-
chrotron Radiation Research Center (NSRRC) in fluorescent mode
for powdered samples. Energy calibration was conducted using
the first inflection point of the As K-edge (11867.0 eV) absorption
spectra of As metal foil. The scans for each sample were averaged,
followed by background removal and normalization. The XANES
spectra of As metal foil As(0), As,053 As(IlI), and H3AsO4 As(V) com-
pounds were also obtained to serve as the reference standards.

2.5. As(V) desorption

Desorption experiments were conducted using six different
0.1 M acid and salt solutions (HNOs, HCl, H,SO4, Na,;SO4, H3POy,
Na;3P0,). Copper ferrite was firstly reacted with 10 mg L™! As(V)
solution at pH 3.7. Subsequently, the copper ferrite samples were
washed with de-ionized water several times to remove excessive
salts and the acid or salt solution was added into the samples to
initiate the desorption process. The desorption experiments were
conducted under the conditions of CuFe,04 dosage 0.05 g, desorp-
tion reagent 10 mL, desorption time 30 min. The solid/solution ra-
tio (W/V) used here was 5 g L~!. The initial working pH for 0.1 M
HNO3, 0.1 M HCl, 0.1 M H,SO4, 0.1 M H3POy4, 0.1 M Na3POy, and
0.1 M Na,SO4 was 1.47, 1.45, 1.41, 1.69, 11.97, and 10.87, respec-
tively. The suspensions were shaken for 30 min and the copper fer-
rite solids were then separated from the solutions using a magnet.
The desorption efficiency was calculated from the amount of As
released into the solutions.

3. Results and discussion
3.1. Characterization of adsorbent

Fig. 1a displays SEM of the recycled copper ferrite, showing that
the primary particle size ranged from 20 to 120 nm. The XRD pat-
tern of this material showed diffraction peaks at d-spacings of
4.790, 2.960, 2.517, 2.100, 1.613, 1.479, 1.272, 1.087, and 0.964 A
(Fig. 1b), which matched well with CuFe,04 (JCPDS File Number
00-025-0283). No other crystalline phases were detected in the
XRD pattern. The BET surface area, pore volume, and average pore
diameter of the adsorbent were determined to be 48.3m?g!,
0.08 cm® g !, and 13.57 A respectively. The point of zero charge
(PZC) of the recycled copper ferrite was around 7.3, determined
based on procedures described in Smiciklas et al. [36]. This is con-
sistent with the value measured by Nasrallah et al. in 2011 [37].

The saturation magnetization of recycled copper ferrite was
determined to be 62.52 emu g~ ! (Fig. 2). No remnant was detected
in the sample, confirming that this recycled copper ferrite was
superparamagnetic. In the experiments, this magnetic nano-parti-
cle could be collected using a magnet within 20 s. When the exter-
nal magnetic field was removed, the material could be well
re-dispersed in the solution by shaking.

3.2. Effect of pH on As(V) adsorption

The pH is one of the most critical factors controlling the adsorp-
tion of adsorbate onto adsorbent. The As(V) adsorption kinetics on
copper ferrite at pHs ranging from 2.3 to 12.4 are shown in Fig. 3.
The amount of As(V) removed increased rapidly initially during the
first 60 min. When the pHs was lower than 7, the As(V) removal
reached close to 100% in 300 min, indicating a fast and complete
removal of As(V) at these pHs. An increase in pH resulted in
decrease in As(V) adsorption rate and a substantial reduction oc-
curred at pH > 10. At pH 11.2 and 12.4, the As(V) removal was
54.02% and 15.65%, respectively, even after 1200 min. Thus, the
recycled copper ferrite was more effective in removing As(V) at
low pH.

The effect of pH on As(V) adsorption arose apparently from the
charge properties of both As(V) and copper ferrite. Depending on
the pH value in solution, arsenate ions existed as different ionic
species [38,39]. On the other hand, the surface of adsorbent is sub-
ject to protonation/deprotonation, depending on the solution pH.
As indicated by PZC (i.e. 7.3), the surface of copper ferrite is posi-
tively charged at pH < 7.3, which is beneficial for adsorbing the
anionic As(V) species. This explains the high As uptake of the recy-
cled copper ferrite in acidic conditions. An increase in pH resulted
in buildup of negative charges on both adsorbent and adsorbate,
leading to an enhanced electric repulsion between them. Conse-
quently, dramatic reduction in As(V) adsorption was observed at
high pH. Similar results were also reported by Zhang [40] and Yean
[41].

As indicated in Fig. 3, the adsorption equilibrium was estab-
lished within 300 min under selected conditions. The 300-min
agitation time was therefore chosen for obtaining adsorption iso-
therms. Fig. 4 demonstrates the As(V) adsorption isotherms of cop-
per ferrite at 27 °C and pH 3.7, 7.1 and 11.2. All the isotherms were
L-shaped, suggesting the reaction is via surface adsorption with
limited sites on copper ferrite surface available for As(V). As more
sites were occupied by As(V), the copper ferrite surface became
increasingly difficult for As(V) adsorption. With these characteris-
tics, the adsorption isotherms were analyzed by the Freundlich and
Langmuir models. Detailed parameters of the adsorption isotherm
models for As on copper ferrite were summarized in Table 1 and
the As(V) adsorption capacities were determined to be 45.66,
36.63 and 15.06 mgg! at pH 3.7, pH 7.1, and pH 11.2,
respectively.

Table 2 presents As adsorption by recycled CuFe,04 and other
adsorbents. Experimental conditions in other studies were similar
to the present work. Even though some experimental conditions,
such as solution, adsorbent ratio and amount of adsorbent used
varied largely in Table 2, the data show that As adsorption was
favorable in all the cited studies [40,42-47]. From the table, it is
apparent that recycled CuFe,O, are very useful adsorbent for
As(V) uptake from aqueous solution.

After As(V) is adsorbed on the surface, the Fe?* sites in the cop-
per ferrite structure may potentially reduce As(V) to As(IlI), the lat-
ter one is more toxic and highly mobile in the environment [38].
Especially, the reduction of As(V) occurs more likely at lower pH
because decreasing pH can result in an increase in redox potential
of the As(V)/As(Ill) couple. To investigate possibility of this unfa-
vorable As(V) reduction on the copper ferrite surface, the oxidation
state of As adsorbed at pH 3.7 was determined. Fig. 5 displays the
As K-edge XANES spectra of As(V) adsorbed on the copper ferrite
surface and the reference samples, As metal foil As(0), As,03 As(III),
and H3AsO4 As(V). The XANES spectrum of As(0), As(Ill) had an
absorption edge at 11869.5eV, 11871.0 eV, respectively, while
As(V) was at 11874.5 eV. For the copper ferrite sample containing
3.6 mgg ! As, the absorption edges all occurred near 11874.3 eV.
Because we saw no apparent down-shift of the edge in the XANES
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Fig. 1. (a) Scanning electron micrograph (SEM) and (b) X-ray diffraction pattern of the recycled copper ferrite.
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Fig. 2. Magnetization curve of the recycled copper ferrite as a function of magnetic 27 °. Conditions: 80 mgL™" initial As(V) concentration and 0.02 g copper ferrite.
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Fig. 4. As(V) adsorption isotherms of the copper ferrite at pH 3.7, 7.1 and 11.2. Conditions: T =27 °C, 10 mL solution volume, and 0.001 g CuFe,04.

Table 1
Parameters of Freundlich and Langmuir adsorption isotherm models for As on the
recycled copper ferrite.

Freundlich Langmuir

K n R? Gm K. R?
pH 3.7 39.85 32.79 0.9328 45.66 0.00025 0.9999
pH 7.1 22.85 10.88 0.9685 36.63 0.00381 0.9993
pH 11.2 10.70 14.56 0.9784 15.06 0.01056 0.9995

Note: Kr and n are Freundlich constants that are related to the adsorption capacity
and adsorption intensity respectively. g, is the maximum adsorption capacity
(mg g~ 1); K, is the Langmuir constant.

Table 2
Comparison of the recycled CuFe,0, with other adsorbents for As(V) adsorption at
room temperature.

Adsorbents pH As(V) adsorption capacity ~ References
(mgg)

CoFe,04 3.0 73.80 [40]

MnFe,04 3.0 90.40 [40]

Magnetic p(4-VP)-E 6.0 9.70 [42]
nanoparticle

Magnetite-maghemite 5.0 3.71 [43]
nanoparticles

Magnetite 6.1 1.65 [44]

Granular ferric hydroxide 7.6 0.16 [45]

Iron-oxide-coated sand 50 0.01 [46]

Iron-oxide-coated 7.0 5.45 [47]
manganese sand

Recycled CuFe,04 3.7 45.66 Present

study

spectra for As(V) adsorbed on copper ferrite, we concluded that
As(V) was the predominant oxidation state of As adsorbed on cop-
per ferrite and no reduction of As(V) to As(Ill) occurred on the
surface.

3.3. Effect of adsorbent dosage on As(V) adsorption

Examination of Fig. 3 suggests that the adsorbent dosage (i.e.,
2gL") was ample for removing 80 mgL~! As(V) at pH <7, all

As(V) removal in these pHs almost reached 100% after 300-min
reaction. In order to find the optimum adsorption dosage, the
amount of copper ferrite added to react with 80 mg L~ As(V) solu-
tion was varied. As shown in Fig. 6, the increase in the adsorbent
dosage had a positive effect on As(V) removal. For example, with
adsorbent dosage of 0.25 gL', the removal of As(V) was 10.5%
after 300-min reaction at pH 3.7. As the adsorbent dosage was
increased to 0.5 and 1.0gL"!, the As(V) removal after 300-min
reaction were 25.0% and 45.7% respectively. A complete removal
of As(V) was observed with adsorbent dosage of 2 g L. Figs. S1
and S2 in the Supplementary Information section show that the ex-
tent of As(V) removal with the same adsorbent dosages generally
decreased as the pH increased. At pH 7.1, a complete removal of
As(V) could be achieved with adsorbent dosage of 2gL~!
(Fig. S1). The removal rate significantly decreased as the pH was
increased to 11.2 (Fig. S2) and, even with the highest adsorbent
dosage, no complete removal of As(V) was achieved. As mentioned
above, this negative effect of increasing solution pH is mainly due
to increasing repulsion between the As(V) and copper ferrite sur-
face at higher pH.

3.4. As(V) desorption

Desorption experiments were carried out to investigate the fea-
sibility of regeneration of used copper ferrite for adsorbent after
As(V) adsorption. Fig. 7a shows the effect of six kinds of acid or salt
buffers on desorption efficiency of As(V) with 30 min desorption
time. The recovery efficiencies of As(V) using different solutions
were in the order of H3PO4 > NasPO, > H,SO,4 > Na,SO,4 > HCl > H-
NOs, with the corresponding efficiency of 95.36%, 74.17%, 63.74%,
52.29%, 1.97% and 0.76%, respectively. Meanwhile, with the same
anion in the desorption solutions (e.g., 0.4 M H3PO,4 vs. NasPQy),
the As(V) recovery was more effective in acidic (i.e., 95.36%) than
in alkaline conditions (i.e., 80.48%) (Fig. 7b). A similar trend was
also found in the case of H,SO,4 and Na,SOy,.

Because phosphate exhibited the best As(V) recovery rate
among all anions tested, the effect of phosphate concentration on
As(V) recovery was further investigated. As the concentration of
HsPO4 or Na3PO, solution increased from 0.0125 M to 0.4 M, the
amount of arsenic desorbed from copper ferrite increased signifi-
cantly (Fig. 7b). The As desorption could reach equilibrium within
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Fig. 5. The As K-edge XANES spectra of (a) As(0), (b) As(Ill), and (c) As(V) standards,
and (d) As(V) adsorbed on CuFe,O, surface with the adsorbed amounts of
36mgg .

30 min and the optimal As recovery rate could reach 95% and 80%
with 0.4 M H3PO4 and NasPO,4 solutions, respectively. On the con-
trary, almost no As could be desorbed in <0.05 M Na3PO, solution.
This indicates that the strength of PO~ at low concentrations was
not sufficient to desorb As(V) from the copper ferrite surface under
alkaline conditions. After the desorption experiments, the copper
ferrite could be rapidly recovered from the solutions by a magnet.
This could facilitate the recovery of the magnetic nano-adsorbents.

Generally speaking, the CuFe,04 owns good acid-resisting char-
acteristic because of its spinel structure [48]. However, Fe and Cu
will be leached out if the pH is low enough. In our case, Fe and
Cu was leached out 6.27% and 6.19%, respectively, under the ex-
treme conditions of 0.4 M HsPO,4, 0.05g CuFe,04 dosage, 10 mL
desorption agent, and 30 min desorption time. Nevertheless, when
the H3PO4concentration is lower than 0.1 M, the released Fe and Cu
are all below 1% (see Table S1 in Supplementary material). More-
over, if the desorption time was shorten to 5 min, the desorption
efficiency still could reach 90% and almost no Fe and Cu released.

The mechanisms of desorption could be divided in two types in
this study. One is the change of electric charge on CuFe,0,4 surface
caused by pH variation while the other is the competition adsorp-
tion of ions in the systems.

The electric repulsion would hinder adsorption of anionic As(V)
species at pH > PZC of copper ferrite (i.e. 7.3). This phenomenon is
consistent with the observations of substantial decrease in As(V)
adsorption at high pH (Fig. 4). This also could be interpreted as
high As(V) removal at pH < 7.1 (Fig. 3). On the other hand, the rea-
son for no desorption under 0.1 M HNO3 and HCI could be attrib-
uted to strong affinity between positive charged copper ferrite
and anionic As(V) species in acidic conditions. It was rather diffi-
cult for NO; and CI~ to desorb anionic As(V) species from the
copper ferrite.

Fig. 7b shows that the desorption performance of H3PO,4 is much
better than NazPO4. The working pH for 0.1 M H3PO4 and 0.1 M
NasPO4 was 1.69 and 11.97, respectively. If alkaline condition is
unfavorable for As(V) adsorption, Nas3PO, should have better
desorption performance. This dis-agrees with our observations.
lons concentration could be another potential factor for consider-
ation due to competition adsorption. Fig. 7b shows that the desorp-
tion efficiency was increased with the concentration of desorption
reagent. This phenomenon can be understood in terms of competi-
tion adsorption between H3PO,4 species and As(V) species on the
surface of copper ferrite. Fig. 7a reveals a similar trend for H,SO4
and Na,SO,, indicating strong H,SO, species and As(V) species
competition. Nevertheless, the H,SO, competition efficiency is
worse than H3POy, as well as the desorption performance.

3.5. As removal from As-contaminated groundwater

To investigate the feasibility of the copper ferrite recycled in
actual groundwater, five As contaminated groundwaters were
sampled and used to test the As removal performance. The As con-
centrations are ranged from 31.6 to 89.3 ug L', higher than the
maximum contamination level of drinking water regulated by
WHO (i.e. 10 ug L~1). The As removal efficiency was tested by add-
ing 0.005 g copper ferrite into 10 mL contaminated groundwater.
The results demonstrated that the As removal efficiency could
reach more than 94.9% (Table 3). The highest residual As concen-
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Fig. 6. Effect of adsorbent dosage on As(V) removal rates of the copper ferrite at pH 3.7. Conditions: T=27°C, 10 mL solution volume, and 100 mg L™ initial As(V)

concentration.
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Table 3
Removal efficiency of As from five contaminated groundwaters using the recycled copper ferrite.
Well station no. Adsorption pH As (ugL™!) Fe (mgL™1) Cu (mglL1)
Before? After® Removal (%) Before? After® Before? After®
1 7.25 89.3 3.6 95.9 0.15 0.15 b.d. b.d.
3.08 89.3 b.d.c 100 0.15 0.17 b.d 0.03
2 7.13 47.6 b.d. 100 0.06 0.06 b.d. b.d.
3.15 47.6 b.d. 100 0.06 0.06 b.d 0.02
3 6.99 81.8 4.2 94.9 2.34 2.36 b.d. b.d.
3.19 81.8 b.d. 100 234 3.38 b.d b.d
4 7.24 64.3 b.d. 100 135 1.35 b.d. b.d.
3.34 64.3 b.d. 100 135 142 b.d b.d
5 6.91 31.6 b.d. 100 0.65 0.65 b.d. b.d.
3.23 31.6 b.d. 100 0.65 0.68 b.d b.d

Note: 1. Amount of adsorbent = 0.005 g CuFe,04, volume = 10 mL, temperature = 27 °C, time = 1 h. 2. The adsorption pH were operated at neutral (pH 6.91-7.25) and acidic
(pH 3.08-3.34) conditions to compare the As removal efficiency.

4 Concentration before adsorption.

b Concentration after adsorption.

¢ b.d.: Below detection limit (for As: 2.3 pgL™!, Fe: 5.6 ugL™", Cu: 4.1 ugL ™).

tration was 4.2 pg L™}, lower than the maximum contamination 3.6. Kinetic models

level of drinking water regulated by WHO. Additionally, both Fe

and Cu were not detected in solution under neutral (pH 7) or acidic Fig. 8 demonstrates a kinetic time profile of As(V) adsorption
(pH 3) conditions, supporting the stability of recycled copper from a solution containing 100 mgL~! of As(V). It shows that
ferrite. These results confirmed that our recycled copper ferrite As(V) was adsorbed rapidly in the first 60 min. After 300 min, the
generally exhibited a high efficiency of As removal in groundwater. amount of As(V) adsorption did not increase further with contact-
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Fig. 8. Effect of the contact time on As(V) adsorption rate. Conditions: pH = 3.7,
T=27°C, 10 mL solution volume, and 0.01 g CuFe;04.
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Fig. 9. Kinetics of As(V) adsorption on the recycled copper ferrite. (a) Pseudo-first-
order plot and (b) pseudo-second-order plot. Conditions: pH =3.7, T= 27 °C, 10 mL
solution volume, and 0.001 g CuFe;0,.

ing time. Therefore, a contact time of 300 min is sufficient to
achieve an equilibrium state. The equilibrium values of As(V) up-
take (g.) on recycled copper ferrite, and As(V) left in solution (C,)
at the end of 300 min were estimated to be 45.48 (mgg~!) and
54.52 (mg L), respectively.

Two well-known kinetic models, pseudo-first-order [49] and
pseudo-second-order [50], were used to fit the data (Fig. 8). Eqgs.
(4) and (5) present the linear forms of pseudo-first-order and pseu-
do-second-order kinetics, respectively.

In(q, — q,) =1Ingq, — kit (4)
t 1, t

S — 5
Qr k2 qe qe ( )

where t is the contact time (min); q. (mg g ') and g, (mg g~ !) is the
amounts of As(V) adsorbed at equilibrium and at any time ¢, respec-
tively; k; (min~') and k, (gmg ' min~!) is the rate constants of
pseudo first-order and pseudo-second-order kinetics, respectively.
Fig. 9a represents the plot of In(g. — q,) vs. t. It shows a linearity
of R? = 0.9034. The plot of t/q, vs. t is given in Fig. 9b and shows that
the pseudo-second-order model fits well with the data
(R?>=0.9990). These results suggest that the kinetics in As(V)
adsorption on recycled copper ferrite can be described as pseudo-
second-order reaction.

4. Conclusion

Magnetic copper ferrite was successful fabricated from indus-
trial sludge and can be used as an effective adsorbent for As(V).
The experimental results show that this adsorbent has a great
potential for treating As-containing groundwater and can be recov-
ered effectively using a magnet. Because of the recycled copper fer-
rite PZC (7.3), it exhibits a better As(V) removal rate at low pH. It is
recommended that the nano-copper ferrite to be used at low-to-
neutral pH as an adsorbent for As(V). The pseudo-second-order
kinetic model provides the best correlation with the experimental
data compared to the pseudo-first-order model. Based on regres-
sion coefficient values, the Langmuir model yields a better fitting
than the Freundlich model for As(V) at all investigated pHs. The
removal of As(V) using this material in alkaline waters and waste-
waters can be enhanced significantly by acidification of the waters.

Acknowledgments

The authors would like to thank the Environmental Protection
Administration (EPA) for the financial support (Contract Number:
EPA-99-GA103-03-A236-18). We thank Prof. Jiang Wei-Teh and
Mr. Lee Po-Shu for their support on XRD analysis under the project
of NSC 1002116M006002. We also thank NSRRC staff for useful
discussions and experimental support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2012.06.006.

References

[1] D. Mohan, C.U. Pittman Jr., Arsenic removal from water/wastewater using
adsorbents - a critical review, ]. Hazard. Mater. 142 (2007) 1-53.

[2] M.L. Polizzotto, B.D. Kocar, S.G. Benner, M. Sampson, S. Fendorf, Near-surface
wetland sediments as a source of arsenic release to ground water in Asia,
Nature 454 (2008). 505-U505.

[3] L. Charlet, D.A. Polya, Arsenic in shallow, reducing groundwaters in southern
Asia: an environmental health disaster, Elements 2 (2006) 91-96.

[4] ATSDR (Agency for Toxic Substances and Disease Registry), Toxicological
Profile for Arsenic, US Department of Health and Human Services, Pubic Health
Service, Atlanta, GA, 2000.

[5] Y.F. Xu, Y.C. Dai, ].Z. Zhou, Z.P. Xu, G.R. Qian, G.Q.M. Lu, Removal efficiency of
arsenate and phosphate from aqueous solution using layered double
hydroxide materials: intercalation vs. precipitation, J. Mater. Chem. 20
(2010) 4684-4691.

[6] A.]Janin, F. Zaviska, P. Drogui, ].F. Blais, G. Mercier, Selective recovery of metals
in leachate from chromated copper arsenate treated wastes using


http://dx.doi.org/10.1016/j.cej.2012.06.006

448 Y.-J. Tu et al./Chemical Engineering Journal 198-199 (2012) 440-448

electrochemical technology and chemical precipitation, Hydrometallurgy 96
(2009) 318-326.

[7] Y.E. Jia, LY. Xu, Z. Fang, G.P. Demopoulos, Observation of surface precipitation
of arsenate on ferrihydrite, Environ. Sci. Technol. 40 (2006)
3248-3254.

[8] O0.X. Leupin, SJ. Hug, Oxidation and removal of arsenic(Ill) from aerated
groundwater by filtration through sand and zero-valent iron, Water Res. 39
(2005) 1729-1740.

[9] M. Bissen, F.H. Frimmel, Arsenic - a review. Part I. Oxidation of arsenic and its
removal in water treatment, Acta Hydrochim. Hydrobiol. 31 (2003)
97-107.

[10] P.K. Dutta, S.0. Pehkonen, V.K. Sharma, A.K. Ray, Photocatalytic oxidation of
arsenic(Ill): evidence of hydroxyl radicals, Environ. Sci. Technol. 39 (2005)
1827-1834.

[11] AM. Ingallinella, V.A. Pacini, R.G. Fernandez, R.M. Vidoni, G. Sanguinetti,
Simultaneous removal of arsenic and fluoride from groundwater by
coagulation-adsorption with polyaluminum chloride, ]. Environ. Sci. Health
Part A - Toxic/Hazard. Substain. Environ. Eng. 46 (2011) 1288-1296.

[12] M.B. Baskan, A. Pala, A statistical experiment design approach for arsenic
removal by coagulation process using aluminum sulfate, Desalination 254
(2010) 42-48.

[13] S.R. Wickramasinghe, B. Han, J. Zimbron, Z. Shen, M.N. Karim, Arsenic removal
by coagulation and filtration: comparison of groundwaters from the United
States and Bangladesh, Desalination 169 (2004) 231-244.

[14] J.R. Parga, D.L. Cocke, ].L. Valenzuela, ]J.A. Gomes, M. Kesmez, G. Irwin, H.
Moreno, M. Weir, Arsenic removal via electrocoagulation from heavy metal
contaminated groundwater in La Comarca LaguneraMexico, ]. Hazard. Mater.
124 (2005) 247-254.

[15] E. Opiso, T. Sato, T. Yoneda, Adsorption and co-precipitation behavior of
arsenate, chromate, selenate and boric acid with synthetic allophane-like
materials, J. Hazard. Mater. 170 (2009) 79-86.

[16] Y. Mamindy-Pajany, C. Hurel, N. Marmier, M. Romeo, Arsenic (V) adsorption
from aqueous solution onto goethite, hematite, magnetite and zero-valent
iron: effects of pH, concentration and reversibility, Desalination 281 (2011)
93-99.

[17] S.K. Gupta, K.Y. Chen, Arsenic removal by adsorption, ]. Water Pollut. Control
Fed. 50 (1978) 493-506.

[18] S.K. Maji, Y.H. Kao, C.W. Liu, Arsenic removal from real arsenic-bearing
groundwater by adsorption on iron-oxide-coated natural rock (IOCNR),
Desalination 280 (2011) 72-79.

[19] B. An, Q.Q. Liang, D.Y. Zhao, Removal of arsenic(V) from spent ion exchange
brine using a new class of starch-bridged magnetite nanoparticles, Water Res.
45 (2011) 1961-1972.

[20] D.A. Clifford, Ion-exchange and inorganic adsorption, in: Water Quality and
Treatment: A Handbook of Community Water Supplies, fifth ed., American
Water Works Association, McGraw-Hill, New York, 1999.

[21] J.E. Greenleaf, ]J.C. Lin, A.K. Sengupta, Two novel applications of ion exchange
fibers: arsenic removal and chemical-free softening of hard water, Environ.
Prog. 25 (2006) 300-311.

[22] M.L. Ballinas, E. Rodriguez de San Miguel, M.T.J. Rodriguez, O. Silva, M. Munoz,
J. de Gyves, Arsenic(V) removal with polymer inclusion membranes from
sulfuric acid media using DBBP as carrier, Environ. Sci. Technol. 38 (2004)
886-891.

[23] V.T. Nguyen, S. Vigneswaran, H.H. Ngo, H.K. Shon, J. Kandasamy, Arsenic
removal by a membrane hybrid filtration system, Desalination 236 (2009)
363-369.

[24] D.H. Kim, K.W. Kim, J. Cho, Removal and transport mechanisms of arsenics in
UF and NF membrane processes, ]. Water Health 4 (2006) 215-223.

[25] E. Fogarassy, 1. Galambos, E. Bekassy-Molnar, G. Vatai, Treatment of high
arsenic content wastewater by membrane filtration, Desalination 240 (2009)
270-273.

[26] A.C. Heimann, R. Jakobsen, Filtration through nylon membranes negatively
affects analysis of arsenic and phosphate by the molybdenum blue method,
Talanta 72 (2007) 839-841.

[27] P. Navarro, FJ. Alguacil, Adsorption of antimony and arsenic from a copper
electrorefining solution onto activated carbon, Hydrometallurgy 66 (2002)
101-105.

[28] H.E. Eguez, E.H. Cho, Adsorption of arsenic on activated charcoal, . Met. 39
(1987) 38-41.

[29] L. Jubinka, V. Rajakovic, The sorption of arsenic onto activated carbon
impregnated with metallic silver and copper, Sep. Sci. Technol. 27 (1992)
1423-1433.

[30] M.N. Amin, S. Kaneco, T. Kitagawa, A. Begum, H. Katsumata, T. Suzuki, K. Ohta,
Removal of arsenic in aqueous solutions by adsorption onto waste rice husk,
Ind. Eng. Chem. Res. 45 (2006) 8105-8110.

[31] D. Mohan, S. Chander, Single, binary, and multicomponent sorption of iron and
manganese on lignite, ]. Colloid Interface Sci. 299 (2006) 76-87.

[32] R. Sneddon, H. Garelick, E. Valsami-Jones, An investigation into arsenic(V)
removal from aqueous solutions by hydroxylapatite and bonechar, Miner.
Mag. 69 (2005) 769-780.

[33] H.S. Altundogan, S. Altundogan, F. Tumen, M. Bildik, Arsenic adsorption from
aqueous solutions by activated red mud, Waste Manage. 22 (2002) 357-363.

[34] R.C. Wu, J.H. Qu, C.G. Wu, Arsenic adsorption by magnetic adsorbent CuFe,0y,
Huanjing Kexue 24 (2003) 60-64.

[35] YJ. Tu, CK. Chang, C.F. You, J.C. Lou, Recycling of Cu powder from industrial
sludge by combined acid leaching, chemical exchange and ferrite process, J.
Hazard. Mater. 181 (2010) 981-985.

[36] LD. Smiciklas, S.K. Milonjic, P. Pfendt, S. Raicevic, The point of zero charge and
sorption of cadmium(Il) and strontium(Il) ions on synthetic hydroxyapatite,
Sep. Purif. Technol. 18 (2000) 185-194.

[37] N. Nasrallah, M. Kebir, Z. Koudri, M. Trari, Photocatalytic reduction of Cr(VI) on
the novel hetero-system CuFe,0,4/CdS, J. Hazard. Mater. 185 (2011) 1398-
1404.

[38] Y. Masue, R.H. Loeppert, T.A. Kramer, Arsenate and arsenite adsorption and
desorption behavior on coprecipitated aluminum: iron hydroxides, Environ.
Sci. Technol. 41 (2007) 837-842.

[39] P.L. Smedley, D.G. Kinniburgh, A review of the source, behavior and
distribution of arsenic in natural waters, Appl. Geochem. 17 (2002) 517-568.

[40] S. Zhang, H. Niu, Y. Cai, X. Zhao, Y. Shi, Arsenite and arsenate adsorption on
coprecipitated bimetal oxide magnetic nanomaterials: MnFe,04 and CoFe;04,
Chem. Eng. J. 158 (2010) 599-607.

[41] S. Yean, L. Cong, C.T. Yavuz, J.T. Mayo, W.W. Yu, A.T. Kan, V.L. Colvin, M.B.
Tomson, Effect of magnetite particle size on adsorption and desorption of
arsenite and arsenate, J. Mater. Res. 20 (2005) 3255-3264.

[42] N. Sahiner, O. Ozay, N. Aktas, D.A. Blake, V.T. John, Arsenic (V) removal with
modifiable bulk and nano p(4-vinylpyridine)-based hydrogels: the effect of
hydrogel sizes and quarternization agents, Desalination 279 (2011) 344-352.

[43] S.R. Chowdhury, EK. Yanful, Arsenic and chromium removal by mixed
magnetite-maghemite nanoparticles and the effect of phosphate on
removal, J. Environ. Manage. 91 (2010) 2238-2247.

[44] ].T. Mayo, C. Yavuz, S. Yean, L. Cong, H. Shipley, W. Yu, ]. Falkner, A. Kan, M.
Tomson, V.L. Colvin, The effect of nanocrystalline magnetite size on arsenic
removal, Sci. Technol. Adv. Mater. 8 (2007) 71-75.

[45] O.S. Thirunavukkarasu, T. Viraraghavan, K.S. Subramanian, Arsenic removal
from drinking water using granular ferric hydroxide, Water SA 29 (2003) 161-
170.

[46] ]J.C. Hsu, CJ. Lin, C.H. Liao, S.T. Chen, Removal of As(V) and As(IIl) by reclaimed
iron-oxide coated sands, J. Hazard. Mater. 153 (2008) 817-826.

[47] K. Wu, RP. Liu, HJ. Liu, X. Zhao, J.H. Qu, Arsenic(lll, V) adsorption on iron-
oxide-coated manganese sand and quartz sand: comparison of different
carriers and adsorption capacities, Environ. Eng. Sci. 28 (2011) 643-651.

[48] N.H. Li, S.L. Lo, CY. Hu, CH. Hsieh, CL. Chen, Stabilization and phase
transformation of CuFe,0, sintered from simulated copper-laden sludge, J.
Hazard. Mater. 190 (2011) 597-603.

[49] S. Lagergren, Zur Theorie der sogenannten Adsorption geloester Stoffe,
Kungliga Svenska Vetenskapsakademiens Handligar 24 (1898) 1-39.

[50] Y.S. Ho, G. McKay, The kinetics of sorption of divalent metals ions onto
sphagnum moss peat, Water Res. 34 (2000) 735-742.



	Arsenate adsorption from water using a novel fabricated copper ferrite
	1 Introduction
	2 Material and methods
	2.1 Recycled copper ferrite
	2.2 Characterization of copper ferrite
	2.3 As(V) adsorption
	2.4 As K-edge XANES analysis
	2.5 As(V) desorption

	3 Results and discussion
	3.1 Characterization of adsorbent
	3.2 Effect of pH on As(V) adsorption
	3.3 Effect of adsorbent dosage on As(V) adsorption
	3.4 As(V) desorption
	3.5 As removal from As-contaminated groundwater
	3.6 Kinetic models

	4 Conclusion
	Acknowledgments
	Appendix A Supplementary data
	References


