‘Heliyon

Received:

27 November 2018
Revised:

4 March 2019
Accepted:

25 March 2019

Cite as: Anh Thi Le,
Swee-Yong Pung,

Srimala Sreekantan,

Atsunori Matsuda,

Dai Phu Huynh. Mechanisms
of removal of heavy metal
ions by ZnO particles.
Heliyon 5 (2019) e01440.
doi: 10.1016/j.heliyon.2019.
e01440

Check for
updates

Mechanisms of removal of
heavy metal ions by ZnO

particles

Anh Thi Le?, Swee-Yong Pung ™*, Srimala Sreekantan *, Atsunori Matsuda ",

Dai Phu Huynh ¢

2 School of Materials and Mineral Resources Engineering, Universiti Sains Malaysia Engineering Campus, Nibong

Tebal, Pulau Pinang, Malaysia

bDepartment of Electrical and Electronic Information Engineering, Toyohashi University of Technology, Toyohashi,

Aichi, Japan

€ Faculty of Materials Technology, National Key Lab. of Polymer and Composite Materials, Ho Chi Minh University

of Technology, Vietnam National University, Ho Chi Minh City, Viet Nam

* Corresponding author.

E-mail address: sypung@usm.my (S.-Y. Pung).

Abstract

Effluent discharges from industry and domestic waste

containing unknown

inorganic pollutants. In this work, different mechanisms of heavy metal ions

removal using ZnO particles were studied. ZnO particles were synthesized using

solid precipitation technique. The morphology of ZnO particles was rod-like

shape. The average length and diameter of ZnO particle were 497.34 £ 15.55

and 75.78 = 10.39nm, respectively. These particles removed effectively heavy
metal ions such as Cu(Il), Ag(I) and Pb(I) ions with efficiency >85% under
exposure of 1 hour of UV light. However, poor removal efficiency, i.e. <15%
was observed for Cr(VI), Mn(II), Cd(I) and Ni(I) ions. The removal of these

heavy metal ions was in the forms of metals or metal oxide via reduction/

oxidation or adsorption mechanism.
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1. Introduction

Water pollution is one of the consequences of rapid development of industry and
expansion of human population. Thus, this leads to exhausting of fresh water re-
sources. Dumping of untreated industrial and domestic waste containing inorganic
compounds in water bodies causes water-borne diseases. In addition, long-term
excessive ingestion of these pollutants particularly heavy metal ions such as Chro-
mium (Cr), Copper (Cu), Manganese (Mn), Nickel (Ni), Lead (Pb), Silver (Ag)
and Cadmium (Cd) could damage kidney, liver, brain function, nervous system or
even death. Various treatment techniques have been developed for the removal of
inorganic and organic contaminants from wastewater such as chemical treatment
[1, 2], filtration [3, 4], ion exchange [5] and absorption [6, 7] techniques. However,
these techniques do not eliminate the contaminants completely. Advanced oxidation
process using heterogeneous photocatalysts such as titanium dioxide (TiO5) [8, 9,
10] and zinc oxide (ZnO) [11, 12, 13] is another alternative technique which is exten-
sively studied by researchers as it can remove both inorganic and organic contami-

nants simultaneously.

In this work, ZnO particles was chosen because it is cheap and has good photocata-
lytic performance in heavy metal ions removal [14, 15]. The high surface area of
ZnO particles is responsible for adsorbing positive metal ions in the wastewater
effectively [14, 16]. Most researches have been focused on the reduction of toxic
Cr(VI) by using ZnO photocatalyst [17, 18, 19, 20, 21, 22]. A limited study was car-
ried out to remove other metal ions such as Ag(I), Mn(II), Cd(II), Ni(Il) [23], Cu(Il)
[24] and Pb(I) [25] ions by ZnO photocatalyst. Wang et. al. [16] reported that the
ZnO hollow microspheres enhanced the removal of Cu(Il), Cd(Il) and Pb(II) cations
compared with the commercial ZnO particles. Nonetheless, no comparison study on
the removal of metal ions i.e. Cu(Il), Ag(I), Pb(II), Cr(VI), Mn(II), Cd(II), and Ni(Il)
ions by ZnO was performed under the same testing condition. Furthermore, the
heavy metal ions removal mechanism might be more complicated than the common
accepted idea, i.e. via reduction of cations [26]. The heavy metal ions mechanism(s)
could be varied depends on the types of metal ions and light sources. In this paper,
the capabilities of ZnO particles in removal of Cu(Il), Ag(I), Pb(Il), Cr(VI), Mn(1I),
Cd(I), and Ni(II) ions in aqueous solution under UV light and visible light condition
was assessed. In addition, based on the analysis of the end products, the removal

mechanisms of each metal ions by ZnO particles were deduced.

2. Materials and methods
2.1. Materials

Zinc nitrate tetrahydrate (Zn(NOj),.4H,O, Merck, 108833), hexamethylene-
tetramine (C¢HjoNy4, Merck, 818712) and polyvinylpyrrolidone ((CsHoNO),,
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Sigma-Aldrich, 81440) were used to synthesize ZnO particles. Heavy metal sources
were nickel nitrate hexahydrate (Ni(NOj3),, Merck, 106721), lead nitrate (Pb(NO3),,
Fluka, 15335), copper sulfate (CuSO,4, Merck, 102791), silver nitrate (AgNOs,
Qrel, 55152), potassium dichromate (K,Cr,O;, C&L, 488), manganese (II)
acetate tetrahydrate ((CH3;COO),Mn.4H,0, Merck, 843487), cadmium acetate
(C4H;(CdOg, Fisher, C4-500).

2.2. Preparation of ZnO photocatalyst

The synthesis of ZnO particles followed the procedure as described by Thein et al.
[11]. In this process, 3.1g zinc nitrate tetrahydrate, 1.7g hexamethylenetetramine and
0.4g of polyvinylpyrrolidone were dissolved in 100ml distilled water. The zinc ni-
trate tetrahydrate and hexamethylenetetramine solution were added into polyvinyl-
pyrrolidone solution. The mixture was stirred 60 min at room temperature. The
temperature of water bath was set at 90 °C for 45min for the growth of ZnO patrticles.
The ZnO particles were collected by centrifugation. The particles were washed

several times with distilled water before drying in the oven at 100 °C.

2.3. Removal of heavy metal ions

The UV and visible light was used to trigger the photocatalytic reaction in removal
of heavy metal ions such as Cu(Il), Pb(II), Ag(l), Cr(VI), Cd(Il), Mn(Il), Ni(I) by
ZnO particles. In each tests, 50ppm of single-element solution was added with
ZnO particles (1 g/l) and stirred magnetically in the dark for 30min for adsorp-
tion/desorption equilibrium. The light source was then turned on for the photocata-
lytic reaction. These heavy metal ions were removed from solution by depositing
onto the surface of ZnO particles, resulting formation of metal/metal oxide coupled
ZnO hybrid particles. Then, the concentrations of heavy metal ions in solution were
measured in every 15min time interval using Inductive Couple Plasma — Optical
Emission Spectrometry (ICP-OES). The heavy metal ions removal efficiency (n)
of ZnO particles was calculated using Eq. (1),

n(%) = (C5C> 100 (1)

where C, and C, were the concentration of metal ions at the initial and time t,

respectively.

These hybrid particles were collected by centrifugation and dried at 100 °C for 8hr.
For the ease of identification, the hybrid particles collected after heavy metal/metal
oxide deposition were designated as M/ZnO particles, where M was referred to the
metal ions used in the study, i.e. Cu, Pb, Ag, Cr, Cd, Mn, and Ni.
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2.4. Characterizations

The crystal structure of ZnO particles and M/ZnO were characterized by X-ray
Diffractometer (XRD, Bruker D8- Discovery) with a copper-monochrome Cu-K
radiation source (K, = 1.54056 A) scanning from 10° to 90°. Joint Committee on
Powder Diffraction Standards (JCPDS) database was used as a reference to match
the XRD spectrum. The chemical states of heavy metal ions after deposition were
analysed by X-ray Photoelectron Spectrometer (Axis Ultra DLD - XPS, Kratos).
XPS data was analysed using CasaXPS software. The carbonaceous (C 1s) was
used as a reference to calibrate the binding energies. The High Resolution Transmis-
sion Electron Microscope (HRTEM) image was obtained by Tecnai G220 S-Twin.
Elemental distribution of metal on ZnO was performed by using an Energy Disper-

sive X-ray (EDX) mapping analysis.

3. Results and discussion
3.1. Heavy metal ions removal by ZnO particles

Fig. 1(a), (b) show the removal efficiency of heavy metal ions by ZnO particles under
visible light and UV light, respectively. Generally, ZnO particles were able to re-

move heavy metal ions with different efficiencies after 1 hour irradiation under
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Fig. 1. The removal efficiency of Cu, Ag, Pb, Cr, Mn, Cd and Ni ions in the aqueous solution of ZnO
particles under (a) visible light irradiation, (b) UV light irradiation and (c) removal efficiency of heavy

metal ions after 1 hour irradiation of visible light and UV.
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different light sources as depicted in Fig. 1(c). A few hypotheses on the removal
mechanisms of metal ions by ZnO particles could be drawn by comparing the obser-

vation in Fig. 1.
(1) Not responsive to the type of light sources (optical excitation source)

ZnO particles demonstrated excellent removal efficiency i.e. 100.00% for Cu(II) ions
whereas poor removal efficiency i.e. < 9.00% for Mn(Il), Cd(Il) and Ni(Il) ions,
regardless the types of light sources. As the energy of visible light was insufficient
for ZnO particles to produce electrons/holes for photo-reduction/photo-oxidation,
the removal of these metal ions by ZnO particles suggests that it was due to physical

absorption process.
(i) Responsive to the type of light sources (optical excitation source)

ZnO particles removed a small amount of Ag(I) ions under visible light. However, it
achieved 97.92% removal efficiency under UV exposure. This observation suggests
that the removal of Ag(l) ions by ZnO particles was via photocatalytic reduction.
Similarly, ZnO particles were able to remove Pb(II) ions moderately via physical
adsorption under visible light with removal efficiency ~62.65%. Nevertheless,
the removal efficiency increased to 85.18% under UV irradiation. This result sug-
gests that the removal mechanism could be a mixture of physical adsorption and
photocatalytic reduction under UV light. It is noted that ZnO particles displayed
moderate efficiency of ~43.34% to remove Cr(VI) ions from solution via physical
adsorption under visible light. Interestingly, the removal efficiency reduced drasti-
cally to 14.83% under UV exposure. The removal mechanism of Cr(VI) ions by
ZnO particles is discussed in subsection 3.3 after more evident were collected in sub-
sequent analysis. Based on these results, the possible removal mechanisms of heavy

metal ions are summarized in Table 1.

Table 1. Heavy metal ion removal efficiency and possible removal mechanism of

heavy metal ions removal by ZnO particles.
Heavy metal ions Removal efficiency Possible removal mechanism

Visible/dark UV Trend

Ag () Poor Good 1 A + R/O
Cr (VD) Moderate Poor l A + R/O
Pb (IT) Moderate Good 1 A + R/O
Mn (II) Poor Poor  No significant change A
Cu (D) Good Good  No significant change A
Cd (D) Poor Poor  No significant change A
Ni (II) Poor Poor  No significant change A

Legends: Adsorption — A, Reduction — R, Oxidation — O.
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3.2. Structural properties of M/ZnO hybrid particles

Figs. 2(a) and 3(a) show the XRD patterns of ZnO particles and M/ZnO hybrid par-
ticles collected after heavy metal ions removal under visible light and UV light irra-
diation, respectively. Generally, the diffraction peaks at 31.09°, 33.77°, 35.56°,
46.89°, 55.96°, 62.27°, 65.79°, 67.38°, 68.51°, 76.41° and 89.09° are corresponded
to (100), (002), (101), (102), (110), (103) and (112) crystal planes of hexagonal ZnO
structures (JCPDS No. 98-002-7791), respectively. According to the reference, the
lattice constant of ZnO are a = 3.25nm and ¢ = 5.21nm. Besides diffraction peaks
related to ZnO, additional diffraction peaks could be identified in each of M/ZnO
hybrid particles.

For instance, the XRD patterns of Cu/ZnO hybrid particles are displayed in Figs.
2(b) and 3(b). The CuO phase was detected with additional planes of (002), (020)
and (202) at diffraction peaks of 35.6°, 56.3° and 61.1° in both UV and visible light
irradiation. The diffraction peaks of CuO were indexed to the monoclinic CuO crys-
tal phase (JCPDS card No.: 98-005-9312).

Only diffraction peaks belong to ZnO were measured for Ag/ZnO hybrid particles
collected after visible light irradiation as shown in Fig. 2(c). In contrary, under
UV process, the Ag/ZnO hybrid particles shown additional planes of (111), (112)
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Fig. 2. XRD spectra of (a) ZnO particles, (b) Cu/ZnO, (c) Ag/ZnO, (d) Pb/ZnO, (e) Cr/ZnO, (f) Mn/ZnO,
(g) Cd/ZnO and (h) Ni/ZnO hybrid particles. The deposition of heavy metals were carried out under

visible light irradiation.
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(g) Cd/ZnO and (h) Ni/ZnO hybrid particles. The deposition of heavy metals were carried out under UV

light irradiation.

and (222) at diffraction peaks of 38.29°, 44.49° and 64.52°, corresponding to silver
cubic structure (JCPDS card No.: 98-008-3900) as shown in Fig. 3(c). The result
suggests that the deposition of Ag, if there was any, was below the detection limit
of XRD.

Figs. 2(d) and 3(d) depict the XRD pattern of Pb/ZnO hybrid particles collected from
the visible/ZnO and UV/ZnO processes, respectively. The Pb(OH), phase was de-
tected in both Pb/ZnO hybrid particles from both UV and visible processes. The
diffraction peaks of Pb(OH), appeared in 24.5° 26.7°, 34.3° 40.0°, 43.7 ° and
48.6°, corresponding to (102), (103), (110), (210), (203) and (204) crystal planes,
respectively. The structure of Pb(OH), precipitate was hexagonal with a = 5.3A,
c=128 A, c/a =24 Fig. 3(d) depicted the addition peaks of PbO, in the Pb/
ZnO hybrid particles, indicating oxidation of Pb(I) ions under irradiation of UV
light. The XRD peaks of PbO, were observed at 35.8°, 48.6° and 60.1°, which match
with the JCPDS card No.: 98-001-7317 of PbO, tetragonal structure.

The presence of Cr,O3 phase on the XRD peaks of Ct/ZnO hybrid particles collected
from visible illumination process was observed in Fig. 2(e). Additional diffraction
peaks of Cr,03 phase were found at 24.3°, 34.2°, 35.9°, 40.7° and 56.2°, correspond-
ing to (012), (104), (110), (006) and (116) plane. The Cr,O3 phase was indexed to
the JCPDS card No.: 98-011-4621 of hexagonal structure. The quantity of ZnO and
Cr,05 crystal phase were 74% and 26%, respectively as measured using PAN
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analytical X"pert High Score Plus software. However, no extra diffraction peaks
could be seen from the Cr/ZnO hybrid particles by UV light irradiation as presented
in Fig. 3(e).

Figs. 2(f) and 3(f) present the diffraction pattern of Mn/ZnO hybrid particles ob-
tained from the photocatalytic reaction under visible and UV irradiation, respec-
tively. In Fig. 2(f), no other crystal phases except ZnO could be found on Mn/
ZnO hybrid particles after visible irradiation. Nevertheless, additional peaks at
23.5° and 56.3° were found to be the MnO, cubic structure of JCPDS card No.:
98-005-1771 under UV exposure as shown in Fig. 3(f).

The crystal structure of Cd/ZnO hybrid particles was characterized via X-ray diffrac-
tion as seen in Figs. 2(g) and 3(g). There was no change in crystal structure of Cd/
ZnO hybrid particles as compared to ZnO particles, suggesting that the Cd or CdO, if
there was any, presented in a very low concentration on the surface of ZnO patrticles.
Similarly, no additional XRD peak was found on Ni/ZnO hybrid particles as shown
in Figs. 2(h) and 3(h). This result agrees well with the result shown in Fig. 1(c) as
ZnO particles exhibited poor removal efficiency for both Cd(II) and Ni(II) ions.

The formation of metals or metal oxides onto ZnO particles after the removal of
metal ions under UV light irradiation was further evaluated using XPS analysis.
As shown in Fig. 4(a), the element of zinc (Zn), oxygen (O), Cu, and carbon (C)
were observed. The high peak of Zn 2p and O 1s exhibited the high content of Zn

Zn 2p.
(a) Zn2p,, (b) 102083;\/
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Fig. 4. XPS spectra of Cu/ZnO hybrid particles. (a) Wide scan and high-resolution scan of (b) Zn 2p, (c)
O 1s, and (d) Cu 2p state energies.
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and O elements as compared to Cu and C elements. The presence of C 1s peak at
284.6eV of binding energy was due to the surface adventitious carbon. Fig. 4(b)
shows the high-resolution of Zn 2p3,, and Zn 2p,,; corresponded to the binding en-
ergy of 1020.8eV and 1044.1eV of ZnO, respectively. The high-resolution O 1s
spectrum was depicted in Fig. 4(c). It could be de-convoluted into two peaks at
529.9¢eV and 530.9eV, which assigned to 0% of ZnO or CuO and the absorbed wa-
ter, respectively. In Fig. 4(d), the two Cu 2p peaks are located at 933.6eV and
953.6eV. The gap between Cu 2p3,, and Cu 2p;, is around 20eV, which is in agree-
ment with CuO standard spectrum [27]. The presence of Cu shakeup satellite peaks
at 942.5eV and 961.2eV could be attributed by Cu,O phase. Similar finding was re-
ported by Munawar et al. [28].

The whole survey of the XPS spectra (Fig. 5(a)) indicate the presence of Zn, O, and
Ag elements in the Ag/ZnO hybrid particles. Fig. 5(b) shows the high-resolution
scan of Ag 3ds,, and Ag 3d;, fitted well with the metallic Ago oxidation state at
368.4eV and 375.2eV of binding energy [29]. The results are in agreement with
the XRD as previously discussed, which highlight the deposition of Ag particles
onto the ZnO particles. Fig. 6(a) shows the presence of Zn, O, and Pb elements in
Pb/ZnO hybrid particles as expected. The high-resolution of Pb 4f spectrum
(Fig. 6(b)) exhibited two main peaks at 138.0eV and 142.8eV, that could be assigned
to binding energy of Pb 4f;, and Pb 4f;,, of PbO,, respectively [30, 31]. Further-
more, the peak centred at 139.0eV corresponds to the Pb®" cation associated with
Pb(OH), or PbO formation. The XPS survey scan spectrum (Fig. 7(a)) demonstrates
that the Cr/ZnO hybrid particles was mainly composed of Zn, O, and Cr elements.
As shown in Fig. 7(b), the Cr 2p XPS spectrum shows two split spin orbitals at
576.6eV for Cr 2p3/, and 585.4eV for Cr 2p,,, corresponding to the Cr’* oxidation
state [32]. As demonstrated in Fig. 8(a), the XPS spectra of Mn/ZnO hybrid particles
show the peaks associated with Zn, O, and Mn elements. The binding energies of Mn
2ps» and Mn 2py, were located at 641.5eV and 658.8eV, respectively, as shown in
Fig. 8(b), which is in good agreement with binding energy reference of MnO, [33].
In contrary, Fig. 9 (a) exhibits XPS signal of Ni/ZnO hybrid particles, which presents

Ag° 3d,,
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a 2 !
o < I
2> 2 ‘
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Fig. 5. XPS spectra of Ag/ZnO hybrid particles. (a) Wide scan, and (b) high-resolution scan.
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Fig. 8. XPS spectra of Mn/ZnO hybrid particles. (a) Wide scan, and (b) high-resolution scan.

only the elements of Zn and O. The Ni 2p binding energy was not detected by high-
resolution XPS as depicted in Fig. 9(b). This is due to the low removal efficiency of
Ni(II) ion from the solution, which is consistent with the XRD results. The XPS anal-
ysis of Cd/ZnO hybrid particles was not carried out due to its poor removal efficiency
by ZnO particles.

Fig. 10(a) shows that the ZnO particles were rod-like shape. The average length and
diameter of ZnO particles were 497.34 + 15.55nm and 75.78 £ 10.39nm, respec-
tively. The morphology of Cu/ZnO hybrid particles was shown in Fig. 10(b). The
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Fig. 9. XPS spectra of Ni/ZnO hybrid particles. (a) Wide scan, and (b) high-resolution scan.

ZnO particles have rough surface with increasing diameter and length, i.e. 105.11 £
13.76nm and 627.22 £ 16.69nm, respectively. Fig. 10(c) presents the ZnO particles
that have smooth surface after removal of Ag under visible light. The average diam-
eter and length of Ag/ZnO hybrid particles were 76.67 £ 15.43nm and 520.49 +
17.82nm, respectively. It is noted that plate-like structures were observed in Pb/
ZnO hybrid particles as displayed in Fig. 10(d). The average diameter and length
of ZnO particles in Pb/ZnO hybrid particles were 95.56 £ 16.18nm and 520.32 £+
14.86nm, respectively. As seen in Fig. 10(e), some plate-like structures could also
be found although no obvious tiny particles on the surface of Cr/ZnO hybrid parti-
cles in the use of visible light. The colour of Cr/ZnO hybrid particles collected was
yellowish. The average diameter and length of Cr/ZnO hybrid particles were
104.99 £+ 12.52nm and 519.95 £ 13.05nm, respectively. Fig. 10(f) shows the
morphology of Mn/ZnO hybrid particles with the presence of some tiny particles
on its surface. The average diameter and length of Mn/ZnO hybrid particles were
94.37 £ 10.60nm and 566.82 + 15.65nm, respectively. No foreign particles and sig-
nificant increase in particles size could be observed for Cd/ZnO hybrid particles and
Ni/ZnO hybrid particles as shown in Fig. 10(g) and (h), respectively. The average
diameter and length of Cd/ZnO hybrid particles were 94.46 £ 11.36nm and
583.73 + 18.59nm, respectively. The average diameter and length of Ni/ZnO hybrid
particles were 96.43 £+ 12.79nm and 561.35 £ 15.53nm, respectively. This was
attributed to their poor removal efficiency for Cd(Il) and Ni(Il) ions as shown in
Fig. 1(c).

Fig. 11 shows the morphology of ZnO hybrid particles collected after heavy metal
ions removal under UV light. As displayed in Fig. 11(a), the surface of Cu/ZnO
hybrid particles was coated with a rough layer. The average length and diameter
of Cu/ZnO hybrid particles were 764.35 £ 11.39nm and 145.49 + 10.02nm, respec-
tively. The significant increase of particle size suggests the deposition of Cu(Il) ions
on ZnO particles. Fig. 11(b) shows the SEM image Ag/ZnO hybrid particles after the
UV irradiation process. The average length of Ag/ZnO hybrid particles was 577.21
4 13.53nm, whereas the average diameter was 102.28 £ 12.54nm. It is noted that
tiny particles (marked in red cycles) with diameter <20nm were found on the surface
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Fig. 10. SEM images of (a) ZnO, (b) Cu/ZnO, (c) Ag/ZnO, (d) Pb/Zn0O, (e) Ct/ZnO, (f) Mn/ZnO, (g) Cd/
ZnO and (h) Ni/ZnO hybrid particles after removal of heavy metal ions under visible light irradiation.

of ZnO particles. These tiny particles might be the evidence of the photo-reduction
of Ag™ ions and would be analyzed further using EDX mapping. In contrary, plate-
like precipitates were observed in Pb/ZnO hybrid particles (Fig. 11(c)). The average
diameter and length of Pb/ZnO hybrid particles were 80.79 4+ 9.91nm and 497.95 £+
9.04nm, respectively. As displayed in Fig. 11(d), the deposited particles were not
obviously seen on the surface of Cr/ZnO hybrid particles. The average diameter
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Fig. 11. SEM images of (a) Cu/ZnO, (b) Ag/ZnO, (c) Pb/Zn0O, (d) Ct/ZnO, (¢) Mn/ZnO, (f) Cd/ZnO and
(g) Ni/ZnO hybrid particles after removal of heavy metal ions under UV light irradiation.

and length of Cr/ZnO hybrid particles were 99.36 + 6.58nm and 594.01 & 10.75nm,
respectively. Fig. 11(e) clearly shows many particles deposited onto the surface of
ZnO particles, which increased the size of ZnO particles. For instance, the average
diameter and length of Mn/ZnO hybrid particles were 110.84 4+ 10.98nm and 579.92
4 17.31nm, respectively. Nevertheless, the deposition of Cd(II) and Ni(Il) was not
obviously seen on the SEM image of Fig. 11(f) and (g). The average diameter and
length of Cd/ZnO hybrid particles were 105.58 £ 11.64nm and 547.09 £ 13.31nm,
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respectively. Similarly, the average diameter and length of Ni/ZnO hybrid particles
were 107.57 + 18.57nm and 579.31 + 14.35nm, respectively.

As shown in Fig. 1, the UV irradiation has a significant influence on the removal of
heavy metal ions by ZnO particles as compared to visible light. Therefore, TEM
analysis was used to analyze the structure of M/ZnO hybrid particles collected after
UV irradiation process. The deposition of Cu(Il) ions onto the surface of ZnO par-
ticles was clearly observed via TEM image as displayed in Fig. 12(a). The surface of
Cu/ZnO hybrid particles was coated with a foreign layer. The HRTEM image in
Fig. 12(b) shows that Cu-O layer was deposited onto the surface of ZnO particles
with lattice fringes of 0.25nm, corresponding to the (002) plane of monoclinic
CuO. The EDX mapping of Fig. 12(c)—(e) indicate the presence of high concentra-

tion of Cu element all over the surface of ZnO particles.

As shown in Fig. 13(a), Ag particles were clearly found on the surface of ZnO par-
ticles. The diameter of Ag particles was <25nm. The HRTEM image in Fig. 13(b)
reveals that the lattice fringes of the ZnO and the Ag particles were 0.26nm and
0.23nm, respectively. These inter-planar distances correspond to the (002) plane
of the wurtzite ZnO while the (111) plane of the cubic Ag phase. The EDX analysis
in Fig. 13(c)—(e) verifies that Ag particles were deposited on the surface of ZnO par-
ticles. The results are consistent with the XRD and XPS findings.

Fig. 12. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Cu element of

ZnO particles after the removal of Cu(Il) under UV irradiation.
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Fig. 13. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Ag element of
ZnO particles after the removal of Ag(I) under UV irradiation.

It is clear from Fig. 14(a) that plate-like structure was formed in Pb/ZnO hybrid par-
ticles. A closer examine in HRTEM reveals that the plate-like structure composed of
Pb(OH), and PbO, crystal grains as shown in Fig. 14(b). The 0.32nm was lattice
spacing of (011) plane of Pb(OH), whereas the lattice spacing of 0.28nm of (110)
plane belongs to PbO,. The formation of these plate-like structures indicates that
nucleation and crystallization also occurred in the solution. Fig. 14(c)—(e) displays
the EDX mapping analysis, indicating that plate-like structure contained high inten-
sity of Pb and O.

The deposition of Cr particles was not obviously seen on the surface of ZnO particles
under UV light as shown in Fig. 15(a), (b). From HRTEM image of Cr/ZnO hybrid
particles, well-spaced lattice fringes indicated the high crystalline quality of ZnO
particles. The lattice spacing was measured to be 0.26nm, corresponding to (002)
plane of ZnO hexagonal. No other lattice fringe was found in the Cr/ZnO hybrid par-
ticles. The evidence of the reduction of Cr(VI) by ZnO particles catalyst was pro-
vided by EDX elemental mappings of the Cr/ZnO hybrid particles as shown in
Fig. 15(c)—(e) which shown the distribution of Cr on the surface of ZnO particles

after the removal process.

Fig. 16(a) displays the micrographs of Mn/ZnO hybrid particles, with many tiny par-
ticles deposited on its surface. In Fig. 16(b), HRTEM micrographs reveal the presence
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Fig. 14. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Pb element of
ZnO particles after the removal of Pb(II) under UV irradiation.

Fig. 15. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Cr element of
ZnO particles after the removal of Cr(VI) under UV irradiation.
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Fig. 16. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Mn element of
ZnO particles after the removal of Mn(Il) under UV irradiation.

of the ZnO hexagonal phase identified by the spacing d = 0.26nm and indexed as
(002) plane. The tiny particles of MnO, cubic phase were found with lattice spacing
d = 0.25nm and indexed as (123) plane. The distribution of Mn element on ZnO par-
ticles was further confirmed by EDX mapping analysis as shown in Fig. 16(c)—(e).

However, the removal of Cd(Il) and Ni(II) under UV radiation was not obviously
seen via the TEM morphology analysis which displayed in Figs. 17(a) and 18(a),
respectively. The HRTEM images of both Cd/ZnO and Ni/ZnO hybrid particles
belong to the hexagonal phase of ZnO, which is also identified by the spacing
d = 0.26nm and indexed as (002) plane (see Figs. 17(b) and 18(b). The presence
of Cd or Ni on ZnO particles was detected by the EDX mapping in Figs.
17(c)—(e) and 18(c)—(e), respectively. The amount of Cd or Ni element was not sig-
nificant as compared to Zn and O element. The types of deposits found on the surface
of ZnO particles via XRD, XPS, SEM, TEM, HRTEM and EDX mapping are sum-

marized in Table 2.

3.3. Heavy metal ions removal mechanisms by ZnO particles

Base on the evidences collected in Table 2, two types of heavy metal ions removal
mechanisms by ZnO particles are proposed, i.e. (i) physical adsorption and (ii)

reduction/oxidation by photo-generated electron-hole pairs.
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Fig. 17. (a)TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Cd element of
ZnO particles after the removal of Cd(II) under UV irradiation.

Fig. 18. (a) TEM images, (b) HRTEM image and EDX mapping of (c) Zn, (d) O and (e) Ni element of
ZnO particles after the removal of Ni(Il) under UV irradiation.
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Table 2. Deposition of metal/metal oxide onto the surface of ZnO particles

under UV irradiation and their removal mechanisms.

Hybrid particles

SEM

TEM

HRTEM

EDX mapping Types of deposits

uv

Visible

uv

Dominant removal mechanism

Ag/ZnO
Cr/ZnO
Pb/ZnO

Mn/ZnO
Cu/ZnO

Cd/ZnO
Ni/ZnO

Particles

Flake- like

Particles

Rough surface

Flake-like
Flake- like

Particles

Rough surface

Particles

Flake-like

Particles

Thin film

Ag particles

Pb(OH),
PbO,

Mn02
CuO thin film
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(i) Physical adsorption

As measured by zeta potential analyzer, ZnO particles were negatively charged with
value of -23.6mV as shown in Fig. 19. The negatively charged surface of ZnO par-
ticles was mainly contributed by the OH™ groups during the growth process as dis-
cussed by Thein et al. [11]. These OH™ groups became the actively adsorptive sites.
As depicted in Fig. 20(a), the cationic of heavy metal in the aqueous solution tended
to react with OH™ groups to form a thin film on the surface of ZnO particles. Similar
observation was also reported by Wang et al. [34]. As the adsorption process was
limited by the number of negative adsorptive sites on the surface of ZnO particles,
the adsorption efficiency was usually poor and might reach a saturation level after a
period of time. As the optical energy of visible light was insufficient to cause ZnO
particles generate electrons and holes, thus the removal of metal ions from solution
by ZnO particles was via physical adsorption process. In addition, the removal of
Cd(I) ions and Ni(Il) ions by ZnO particles under UV light was also categorized

in this mechanism as no obvious change was observed in their removal efficiency.
(i1)) Reduction/oxidation by photogenerated electron-hole pairs

The reduction happened when the redox potential of metal is more positive than the
ecg level of ZnO particles. Theoretically, metal ions that expected to experience
reduction are Ag(I) ions, Cr(VI) ions and Cu(Il) ions. The oxidation of metal ions
is selectively occurred when oxidation potential is less positive than the hyg level
[10]. According to the results, oxidation occurred at Pb(II) and Mn(Il) ions. It is
worth mentioning that as long as the appropriate optical excitation source is avail-
able, many electrons and holes could be generated continuously for the reduction
or oxidation of metal ions as illustrated in Fig. 20(b). Thus, the metal/metal oxides
could present in the form of thin film on the surface of ZnO patrticles or as particles

that either deposited onto the surface of ZnO particles or in the solution.

In brief, the heavy metal ions were removed by ZnO particles either by one of the
above-mentioned mechanisms or combined mechanisms depend on the types of
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Fig. 19. Surface charge of ZnO particles measured by zeta potential.
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tion/oxidation process.

metal ions and types of light sources. For instance, the Cu(Il) ions were completely
removed within 15min under visible illumination as shown in Fig. 1(a). The forma-
tion of thick CuO layer on the surface of ZnO particles suggests that the Cu(Il) ions
were hydrated and formed Cu(H,0)s>" ions. These ions were further reacted with
OH ions via a Lewis interaction, leading to the formation of CuO layer via absorp-
tion [34]. The removal of Cu(II) ions by ZnO particles photocatalyst under UV light
irradiation was possible via reduction due to its reduction potential of Cu®"/Cu™
was +0.15V [35].

In the visible irradiation, the photoreduction of Ag(I) was unlikely occurred as the
excited energy was not strong enough to generate electrons from ZnO catalyst.
Thus, in such condition, the slight removal of Ag(I) was supposed due to the absorp-
tion of Ag™ ions onto the ZnO surface. The negative charged active sites of ZnO par-
ticles attracted the Ag™ cations, leading to the slight removal of Ag™ ions from
solution. In contrary, the removal of Ag(I) ions using ZnO particles under UV irra-
diation were caused by photocatalytic reduction. As highlighted in Eq. (2), the redox
potential of Ag"/Ag® is more positive than the energy level of ecy of ZnO [10, 36,
37]. Therefore, electrons were generated by ZnO particles during optical excitation

Eq. (3). These electrons were captured by Ag(I) ions, causing metal deposition onto
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the surface of ZnO particles. As a consequence, a significant removal of Ag(I) ions

was observed as shown in Fig. 1(c).

Agh +e — Ag’ (B> =+ 0.79V) 2)
ZnO +hv — ht + e~ 3)

As shown in Fig. 1, ZnO particles demonstrated moderate removal efficiency of
Pb(I) ions under visible light but excellent performance under UV light illumina-
tion. The removal of Pb(Il) ions from solution under visible light condition were
caused by the formation of flake-like particles. The Pb(Il) ions reacted with OH™
ions to form Pb(OH), crystals. With the exposure of UV light, the removal of
Pb(II) ions was improved via photo-oxidation of Pb(II) ions. The Pb(II) ions could
also be oxidized by capturing holes or *OH radicals present in the solution and re-
acted with the dissolved O* ions to form PbO, as expressed by Eq. (4) [8].

Pb>" — Pb*" + 2¢” (E® = - 0.67V) 4)

The behavior of Cr(VI) ions removal under visible light irradiation was opposed to
Ag(D) ions. The removal efficiency of Cr(VI) under visible light was much higher
than that of UV light process. Beside the adsorption of Cr(VI) ions on the negatively
charged surface of ZnO particles, the removal of Cr(VI) ions was also enhanced by
the formation of Cr,0j5 plate-like precipitates as displayed in Fig. 11(c). On the con-
trary, the removal efficiency of Cr(VI) ions by ZnO particles was suppressed under
UV light. In theory, the reduction of Cr(VI) ions to Cr(IIl) ions by photogenerated
electrons from ZnO particles under UV irradiation was possible [8]. Thus, some of
the Cr(VI) ions was reduced to Cr(IIl) ions. Nevertheless, both Cr(VI) ions and
Cr(IT) ions were still present in the solution. Therefore, the total numbers of Cr
ions in the solution only decrease slightly as measured by ICP-OES. Small amount

of the Cr(VI) ions were adsorbed on the surface of ZnO particles as Cr thin film.

Under visible light irradiation, the removal of Mn(II) ions from solution was attrib-
uted to the physical absorption of cationic Mn”" onto the negatively charged surface
of ZnO particles. The removal efficiency of Mn(Il) ions improved slightly under UV
irradiation. It is known that the Mn(II) ions were not able to reduce by the photoca-
talytic reaction of ZnO under UV irradiation. This is because the reduction potential
standard of Mn>"/Mn (E® = -1.18V vs. NHE) is more negative than the ecg level of
ZnO particles [38]. Therefore, the oxidative route seems to be the preferred photo-
catalytic pathway in the presence of ZnO particles under UV irradiation. The Mn(I)
ions were oxidized by holes which generated by ZnO during the absorption of pho-
tons. The oxidation potential of Mn*" to Mn*" equal to 1.22V vs. NHE [35] as

shown in Eq. (5). Subsequently, the Mn*" ions reacted with dissolved oxygen to
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form MnO, particles, as observed in Fig. 15(a). The poor removal efficiency of
Mn(II) ions in the photocatalytic process of ZnO indicates that the oxidation reaction
took place slowly.

Mn?** + hig— Mn*" (E° = 1.22V) 5)

The poor removal of Cd(IT) or Ni(II) ions by ZnO particles were recorded under UV
and visible light irradiation. The UV radiation did not cause significant effect on the
removal of Cd(Il) or Ni(Il) ions as compared to other ions. The negative standard
reduction potential of Ni**/Ni and Cd*"/Cd were - 0.43V and - 0.25V, respectively
[39, 40]. As a consequence, the photochemical reduction of Cd(II) or Ni(I) ions
were not able to occur. The slight removal of Cd(II) or Ni(Il) ions (<7.2%) could be

d2+

due to the adsorption of Cd*" or Ni*" ions onto the negative sites of ZnO surface [41].

4. Conclusions

ZnO particles demonstrated its remarkable ability to remove heavy metal ions such
as Cu(Il), Ag(), Pb(I) and Cr(VI) but poor removal efficiencies on Mn(II), Cd(II)
and Ni(I) ions under UV light. The ZnO particles removed Cu(ll), Cr(VI) and
Ag(D) ions by reduction; Pb(Il) and Mn(Il) ions by oxidation whereas Cd(Il) and
Ni(II) ions by adsorption under UV irradiation. In contrary, the removal of these
metal ions were by adsorption under visible light irradiation. Thus, the removal
mechanisms of heavy metal ions by ZnO particles depended on the types of metal
ions and light source rather than the common accepted reduction mechanism. This
study suggests that ZnO particles shall use in wastewater containing Cu(Il), Ag(I),
Pb(II) and Cr(VI) ions for effective removal of these heavy metal ions. Also, the se-
lective nature of heavy metal ions removal under different light sources by ZnO
could be used to develop ZnO based heavy metal ions sensor.
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