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Abstract Copper ions were first adsorbed by zeolite 4A
synthesized from bauxite tailings, the desorption of
Cu(II) using Na2EDTA solutions was performed, and
the recycling of zeolite 4A in adsorption and desorption
was systematically investigated. It was observed that the
Cu(II) removal efficiency was directly dependent on the
initial pH value. The maximum removal efficiency of
Cu(II) was 96.2% with zeolite 4A when the initial pH
value was 5.0. Cu(II) was completely absorbed in the
first 30 min. It was also observed that the desorption
efficiency and zeolite recovery were highly dependent
on the initial pH and concentration of Na2EDTA in the
solution. The desorption efficiency and percent of zeolite
recovered were 73.6 and 85.9%, respectively, when the
Na2EDTA solution concentration was 0.05 mol L−1 and
the pH value was 8. The recovered zeolites were pure
single phase and highly crystalline. After 3 cycles, the
removal efficiency of Cu(II) was as high as 78.9%, and
the zeolite recovery was 46.9%, indicating that the re-
covered zeolites have good adsorption capacity and can
repeatedly absorb Cu(II).
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Introduction

The effluents of wastewater in certain industries, such as paper
board mills, fertilizer industries, metal cleaning and plating
baths, and wood pulp production, contain many kinds of toxic
metals, including copper ions, and a very small amount of
Cu(II) is highly poisonous to water-dwelling creatures
(Lazaridis and Keenan 2010; Uriu-Adams and Keen 2005).
Hence, the removal of Cu(II) from waste effluents is environ-
mentally important. At present, manymethods have been used
to treat wastewater containing copper, including biological
(Kaduková and Virčíková 2005), ion exchange (Dabrowski
et al. 2004), and chemical precipitation methods (Chang
et al. 2010; Matlock et al. 2002).

Recently, low-cost sorbents have been demonstrated to be
easy and practical in the removal of Cu(II) from wastewater.
Due to their strong adsorption and ion-exchange capacities,
zeolites are regarded as promising materials (Erdem et al.
2004; Wang and Peng 2010).

Zeolites are crystalline, microporous aluminosilicates
with a basic crystalline framework composed of SiO4

and AlO4 tetrahedrons connected by shared oxygen
atoms, forming characteristic structures and that result in
excellent performance in multiple applications (Liu et al.
2013), such as ion exchange (Baldansuren et al. 2009;
Sherry and Walton 1967), detergent building (Upadek
et al. 1991), gas separation (Ackley et al. 2003; Vareltzis
et al. 2003; Du et al. 2014), and catalysis (Purna Chandra
Rao et al. 2006). Additionally, zeolite 4A has a high se-
lectivity for metal ion removal, and the exchanged sodium
ions are nontoxic. For these purposes, this zeolite has
been widely used in both laboratories and industry (Hui
and Chao 2006). Zeolite 4A has been synthesized suc-
cessfully and used to remove Cr3+ in our previous work
(Lei et al. 2016).
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Hui et al. absorbed Cu(II) using zeolite 4A, and the absorp-
tion efficiency was greater than 90% (Hui et al. 2005).
However, to reduce the operational cost and adsorbent mate-
rial loss, heavy metal adsorbents need to be recycled multiple
times. Unfortunately, there has been little research on the de-
sorption of the absorbed Cu(II) zeolite. It was reported that the
formation constant for Cu(EDTA)2− is as large as 6.3 × 1018,
(Skoog et al. 2013) indicating that it is a very stable complex.
Mohsen-sia et al. removed Cu(II) with Na2EDTA with an
efficiency as great as 99.5% (Mohsen-Nia et al. 2007).
Therefore, it is feasible to desorb Cu(II) using Na2EDTA.

In this study, bauxite tailings were used to synthesize zeo-
lite 4A, which was subsequently used to remove Cu(II) in the
solution. The desorption of Cu(II) by Na2EDTA aqueous so-
lutions was subsequently undertaken, and finally, the
recycling of adsorption and desorption was studied. A simple
and economic Cu(II) adsorption and desorption process was
explored in this work.

Experimental

Prepared zeolite 4A

Bauxite tailings, produced by Henan Province of China, were
used to supply aluminum and a portion of the silicon for the
synthesis of zeolite 4A powders. Sodium metasilicate
nonahydrate (Na2SiO3·9H2O, SCRC, AR) was used as a sup-
plementary silicon and sodium source. Calcium carbonate
(CaCO3, SCRC, AR) and sodium hydroxide (NaOH pellets,
SCRC, AR) were used as the fused salt. The synthesis of
zeolite 4A from bauxite tailings was conducted as reported
in the literature (Lei et al. 2016).

Absorption of Cu(II) with zeolite 4A

A series of tests were performed to investigate whether the
Cu(II) could be removed by zeolite 4A, starting with the prep-
aration of different concentrations of Cu(II) solutions. A spec-
ified mass of zeolite 4A and 100 mL of Cu(II) solution of a
specified concentration as well as pH value were directly
added to the 200 mL beakers. The mixture was allowed to
react at ambient temperature for 2 h with continuous stirring
at 300 r min−1. Afterwards, the mixture was filtered, and the
concentration of Cu(II) remaining in the solution was mea-
sured. The removal efficiency of Cu(II) was calculated by
the following formula

Removal efficiency ¼ c0−ce
c0

� 100% ð1Þ

where c0 is the initial Cu(II) concentration (mg L−1), and ce is
the final Cu(II) concentration (mg L−1).

The initial pH value influenced the removal efficiency. The
effect of initial pH value on the removal of Cu(II) by zeolite
4Awas investigated using the solution with 100mgL−1 Cu(II)
solution. The initial pH values were adjusted to 4.0, 5.0, 6.0,
and 7.0, respectively, using 0.1 mol L−1 sulfuric acid and
0.1 mol L−1 sodium hydroxide solutions. Simultaneously, a
series of blank experiments were done to investigate the ef-
fects of Cu(OH)2 generated as the pH value increased. Sodium
hydroxide solution was used instead of zeolite 4A to adjust the
initial pH values, and the concentration of residual Cu(II) in
the solution was measured to evaluate the mass of the copper
precipitation. Finally, the kinetic study was undertaken to in-
vestigate the time required to achieve maximum removal
efficiency.

Desorption of Cu(II) by Na2EDTA

A study of desorption efficiency and recovery percentage of
zeolite 4A by Na2EDTA solution after Cu(II) absorption was
performed. The study primarily investigated the effects of the
initial concentration of Na2EDTA and pH value on the desorp-
tion of Cu(II). The concentrations of Na2EDTA were 0.02,
0.05, 0.1, 0.15, and 0.2 mol L−1, respectively. The initial pH
values of the Na2EDTA solutions were adjusted to 6.0, 7.0,
8.0, 9.0, 10.0, and 11.0 respectively, using 0.1 mol L−1 sulfuric
acid and 0.1 mol L−1 sodium hydroxide solutions. The mix-
tures were subsequently allowed to react at ambient tempera-
ture for specified times with continuous stirring at 300 r min−1.
Finally, the mixtures were filtered, and the concentration of
Cu(II) remaining in the solution was measured. The precipi-
tate was dried at 80 °C for 3 h and weighed. The recovered
zeolite was again used to remove Cu(II) as described in the
BAbsorption of Cu(II) with zeolite 4A^ section, and this pro-
cedure was repeated three times.

The desorption efficiency of Cu(II) by Na2EDTA solution
was calculated by the following equation

Desorption efficiency ¼ m0−mc

m0
� 100% ð2Þ

where m0 is the amount of Cu absorbed on the zeolite (g), and
mc is the amount of Cu remained in the recovered zeolite after
desorption (g), herein including precipitated Cu(OH)2 and the
unreacted Cu–zeolite.

The recovery percentage of zeolite was calculated by Eq.
(3)

Recovery percentage ¼ M e

MZ
� 100% ð3Þ

whereMZ is the initial weight of zeolite 4A used (g), andMe is
the weight of zeolite recovered (g).
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Characterization

Solid powders were characterized by the X-ray diffrac-
tion (XRD, Rigaku Dmax-2500 diffractometer using Cu
Kα radiation from Rigaku Company Japan). The chemi-
cal compositions of the solid powders were measured by
an X-ray fluorescence spectrometer (XRF-1800, Japan).
A field emission scanning electron microscope equipped
with an X-ray energy-dispersive spectroscope (FESEM,
Supra-55, Carl-Zeiss Microscopy, Oberkochen, Germany)
was employed to evaluate the morphology; an accelerat-
ing voltage of 10 kV and high vacuum of ca. 1.0×10–
5 mbar were generally used. The pH value of the solu-
tions was measured with pH meter (PHS-25C). UV–Vis
spectrophotometry was used to detect the concentrations
of Cu(II) in the solution (Hui et al. 2005; Lao-Luque
et al. 2014).

Results and discussion

Phase and microstructure characterization of zeolite 4A

X-ray diffraction (XRD) analysis in Fig. 1a was performed to
characterize the phase of zeolite 4A prepared from bauxite
tailings. The sample was identified as pure monocrystalline
zeolite 4A. Figure 1b shows that the microstructure of zeolite
4A sample was a chamfering cubic shape, and the average
diameter of the as-prepared samples was approximately 2 μm.

Absorption of Cu(II) by zeolite 4A

Dependence of the removal of Cu(II) by zeolite 4A
on the initial pH value

It is well known that the Cu(OH)2 sediment is generated when
the pH value of the solution is above 6.0, whereas the zeolite
4Awould be dissolved at lower pH values; an initial pH value
range of 4.0 to 7.0 was addressed (Lao-Luque et al. 2014).

Fig. 1 a XRD patterns and b SEM images of zeolite 4A samples

Fig. 2 Removal efficiency of Cu(II) by zeolite 4A sample and by
precipitation varied with the initial pH values Fig. 3 The maximum removal efficiency of Cu(II) by zeolite 4A
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Figure 2 shows the removal efficiency of Cu(II) ions at a
specified pH value with a zeolite 4A mass of 100 mg, and
the Cu(II) concentration was 100 mg L−1 in the solution. At
lower pH values (pH < 5.0), an excess of H3O

+ could compete
with Cu(II) for bonding sites, decreasing removal efficiency of
Cu(II) by zeolite 4A. To the contrary, when the pH value was
increased to 7.0, the Cu(II) removal efficiency of zeolite 4A
decreased from 69.8 to 32.1%. This finding was ascribed to
the fact that a large proportion of Cu(II) could generate
Cu(OH)2 precipitate when the solution pH value was relative-
ly high, leading to a decrease in removal efficiency of Cu(II)
by zeolite 4A. Correspondingly, from the contrast experimen-
tal results, the removal of Cu(II) due to Cu(OH)2 precipitation
was shown to be no more than 5% in an initial pH value range
between 4.0 and 5.0, which had little effect on the removal
efficiency of Cu(II) by zeolite 4A. However, the precipitation
markedly increased to 43.8% at an initial pH of 7.0, which
seriously reduced the removal efficiency of Cu(II) by zeolite

4A. Hence, the optimal initial pH value for Cu(II) removal by
zeolite 4Awas 5.0.

Maximum removal efficiency of Cu(II)

To explore whether the concentration of Cu(II) remaining in
the solution after adsorption was lower than the national emis-
sion standards, excessive zeolite was used to enhance the re-
moval efficiency of Cu(II). A removal efficiency of 5 mg L−1

Cu(II) solution for different zeolite doses is presented in Fig. 3.
As shown, the removal efficiency of Cu(II) gradually in-
creased with increasing amount of zeolite 4A and reached a
maximum of 96.2% when the dose of zeolite 4A was
0.175 g L−1. The removal efficiency tended to be stable even
as the dose of zeolite 4Awas further increased. This stability is
observed primarily because the available superficial area of
zeolite per unit volume in the solution was kept constant when
the amount of zeolite 4Awas over a certain amount (Lei et al.
2016). It could be seen that there was 0.19 mg L−1 Cu(II)
remaining in the solution under the optimal removal condi-
tions, which was considerably less than the discharge standard
of Cu(II) in industrial wastewater (< 1 mg L−1) (Xiong et al.
2012), indicating that Cu(II) could be effectively removed by
the zeolite 4A prepared from bauxite tailings.

Dependence of removal efficiency of Cu(II) on reaction time

To remove maximum Cu(II) by zeolite 4A in a minimum time,
a series of dynamic experiments were performed with
100 mg L−1 Cu(II) solution and an initial pH value of 5.0; the
results are shown in Fig. 4. It could be seen that the Cu(II)
removal efficiency increased rapidly to 65% in the first half
hour and afterwards became essentially constant, indicating that
the removal of Cu(II) mainly occurred within the first 30 min.

Fig. 4 Removal efficiency of Cu(II) by zeolite 4A sample at different
reaction time

Fig. 5 a XRD pattern and b SEM images of Cu–zeolite samples
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Phase and microstructure characterization of Cu–zeolite
samples

Figure 5a shows the XRD patterns of the solid product obtain-
ed after the zeolite 4A absorbed Cu(II). Only one phase, also a
type of zeolite A (JCPDS card 01-084-0389) named Cu–zeo-
lite, is presented in Fig. 5a. This product’s chemical formula is
Cu8(OH)2.25Al12Si12O48, demonstrating that Na+ was ex-
changed by Cu(II). Figure 5b shows the morphology of the
Cu–zeolite sample. It could be observed that the surface of the
Cu–zeolite sample was very rough, and the chamfering cubic
shape was nearly absent compared with the green zeolite 4A.

Surface area measurements

The total surface area of synthesized powder was measured
using Standard Volumetric Method by nitrogen adsorption at
77 K and application of BETequation bymeans of Nova 3200
BET instrument, Quantachrome Corporation, USA.

The specific surface area (m2 g−1) of the synthesized
solid powder was measured, and the results indicated that
the specific surface area of synthetic 4A zeolite blend was
41.26 m2 g−1 and the specific surface area of Cu–zeolite
was 33.45 m2 g−1. The decrease of specific surface area
can be ascribed to the adsorption of Cu(II) on the 4A
zeolite surface.

Desorption of Cu–zeolite by Na2EDTA solution

Dependence of the desorption of Cu–zeolite by Na2EDTA
solution on the initial pH value

Given that zeolite 4A was synthesized in the NaOH solution
and that H3O

+ would react with zeolite 4A, the minimum pH
value was limited to 6.0. Figure 6 shows the desorption effi-
ciency of Cu(II) after 3.5 h desorption when the Cu–zeolite
mass was 1 g and initial Na2EDTA concentration was
0.05 mol L−1.

As shown in Fig. 6, the Cu(II) desorption efficiency was
directly pH dependent. When the pH value increased from 6.0
to 11.0, the Cu(II) desorption efficiency was decreased from
95.8 to 42.6%. This finding was partly attributable to the pres-
ence of Cu8(OH)2.25Al12Si12O48, which would be dissolved at
a lower pH value, after which the dissolved Cu(II) could again
be replaced by Na+. This approach results in regeneration of
zeolite 4A, lower pH value, and higher Cu(II) desorption ef-
ficiency. However, the changing pH value had little influence
on the recovery percentage. Because Na+ could also be re-
placed by H3O

+ in acid solution when the pH value was lower
than 3, it was not suitable for zeolite 4A recovery. Considering
the effects on both the desorption efficiency and the recovery,
in the following experiments, the initial pH value was fixed at
8.0, at which desorption efficiency and recovery percent were
91.8 and 75.2%, respectively.

Fig. 6 Desorption efficiency of Cu(II) at different Na2EDTA solution
initial pH values

Fig. 7 a The Cu(II) desorption efficiency and recovery percent of zeolite 4A at different concentrations of Na2EDTA solution. b Equilibrium time at
different concentrations of Na2EDTA solution
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Initial concentration of Na2EDTA versus the desorption
of Cu(II)

To identify the influence of initial Na2EDTA solution concen-
tration on the desorption efficiency and recovery percentage
of zeolite, a series of comparative experiments with different
Na2EDTA concentrations were performed at an initial pH of
8.0; the results are presented in Fig. 7.

It could be seen that the zeolite recovery dramatically de-
creased from 73.6 to 42.4% with increasing initial Na2EDTA
concentration (Fig. 7a), indicating that much more zeolite
could be recovered at lower initial Na2EDTA concentration.
However, 8 h is required to obtain a high recovery, as shown
in Fig. 7b. Desorption efficiency was nearly constant at 85%
and not influenced by the Na2EDTA concentration. The initial
concentration was thus fixed at 0.05 mol L−1. Under this con-
dition, the zeolite recovery was 69.8%, the equilibrium time
was shortened to 3.5 h, and the Cu(II) desorption efficiency

was 85.9%. Hence, zeolite 4A was successfully regenerated
by Na2EDTA solution.

Cu(II) absorption and desorption by recycled zeolite 4A

Effect of recycling times on removal efficiency and recovery
of Cu(II)

One hundred milligrams of recovered zeolite 4A after various
reaction times was used to remove Cu(II) from 100 mg L−1

solutions at an initial pH = 5 for 2 h. Figure 8 shows that the
removal efficiency decreased gradually after multiple
recycling cycles. This finding was primarily attributable to a
small amount of copper ion remaining on the surface of zeolite
that could not be desorbed completely, which thus decreased
the removal efficiency. A removal efficiency of Cu(II) of
78.9% could be investigated even after recycling the zeolite
4A three times, indicating that the recycled zeolite still showed
good Cu(II) adsorption capacity and can repeatedly remove
Cu(II). It was also observed that the recovery percent de-
creased from 72.8 to 46.9% with the increasing recycle times
because the zeolite is dissolved at relatively low pH values. In
other words, a partial zeolite 4A dissolved in Na2EDTA
solution.

Phase and microstructure characterization of recovered
zeolites

XRD and SEMwere carried out on the recovered zeolites and
compared with the fresh zeolite 4A synthesized from bauxite
tailings.

It could be observed that the recovered zeolites were also
pure, single-phase, and highly crystalline after recycling three
times, as shown in Fig. 9a. However, the surface of the

Fig. 8 Cu(II) removal efficiency and recovery percent of zeolite 4A after
times recycling

Fig. 9 a XRD patterns and b SEM images of the fresh and first to third times recycled zeolites are presented. The insets are the corresponding enlarged
images, respectively
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recovered zeolites was rough and defective compared with the
fresh zeolite 4A. With increasing recycle time, the defects
became more evident, as shown in Fig. 9b. This finding was
primarily attributable to a small amount of copper ion remain-
ing on the surface of zeolite and the increasing quantity of
Cu(II) ions on the surface of zeolite 4A.

The recovered zeolites were used to absorb Cu(II), and the
Cu(II) removal efficiency and recovery percentages of zeolite
4A were 78.9 and 46.9% after three recycles, respectively,
indicating that the recovered zeolites have good adsorption
capacity and can repeatedly absorb Cu(II).

Conclusions

The present study showed that the Cu(II) was removed by
zeolite 4A and desorbed by Na2EDTA. The initial pH value
and Cu(II) concentration had a significant effect on the remov-
al efficiency of Cu(II) by zeolite 4A and reached a maximum
removal efficiency at pH value of 5 and initial Cu(II) concen-
tration of 5 mg L−1. The concentration of Cu(II) remaining in
the solution after the removal reaction was far below the dis-
charge standard of Cu(II) in industrial wastewater. Desorption
efficiency of Cu(II) reached 91.4%, and the recovery of zeolite
4Awas 72.8% for the first desorption at the pH value of 8 and
Na2EDTA concentration of 0.02 mol L−1. However, 8 h is
required to reach equilibrium. An initial concentration of
0.05 mol L−1 Na2EDTA solution was recommended, which
required 3.5 h to reach equilibrium. Desorption efficiency and
recovery of zeolite 4Awere 85.9 and 73.6%, respectively. The
removal efficiency of Cu(II) reached 78.9%, and the recovery
of zeolite was 46.9% after three zeolite 4A recycles, indicating
that the recovered zeolites have good adsorption capacity and
can repeatedly absorb Cu(II).
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