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HIGHLIGHTS

» The standing and cross-linked
porous nanoplate-built ZnO hollow
microspheres are fabricated.

» Such microspheres exhibit signifi-
cantly structurally enhanced adsorp-
tion to heavy metal cations.

» This material show much higher
adsorption capacity than activated
carbon reported previously.

» The adsorption performance of this
material depends on the electroneg-
ativity of the heavy metals.
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GRAPHICAL ABSTRACT

The micro/nanostructured ZnO hollow spheres built of porous nanosheets were fabricated through
hydrothermal treatment. Such hollow spheres with exposed porous nanosheets surface exhibit sig-
nificantly structurally enhanced adsorption performance for heavy metal ions compared with the
commercial ZnO nanopowders. (a) ZnO hollow spheres; (b) the adsorption isotherms of Cu(Il) on ZnO
hollow spheres compared with that of commercial ZnO nanopowders.
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ABSTRACT

The micro/nanostructured materials can be used for the high efficient adsorbents owing to their high
specific surface area, high surface activity and high stability against aggregation. In this paper, standing
porous nanosheet-built ZnO hollow microspheres are produced through a modified hydrothermal route.
Such ZnO hollow microspheres with exposed porous nanosheets surface exhibit significantly structurally
enhanced adsorption performance for heavy metal cations [Cu(Il), Pb(II), Cd(II), and Ni(II), etc.], compared
with the commercial ZnO nanopowders, and show much higher adsorption capacities than the surface
functionalized activated carbon reported previously. The adsorption isotherms can be described by Lang-
muir model or Freundlich model, depending on the electronegativity of the heavy metals. This ZnO hollow
microspheres with exposed porous nanosheets surface can be used as adsorbent for efficient removal of
heavy metal ions from the contaminated water with weak acidity or alkalescence, and easily separated
from solution. This study also deepens understanding adsorption behavior of micro/nanostructured ZnO
to heavy metal cations.
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1. Introduction

The water pollution caused by heavy metal ions has been much
concerned due to their high toxicity [1-3]. There are a lot of tech-
niques developed for its remediation [4-8].- Recently removal of
heavy metal ions by adsorption has been an effective method [6-8].
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Obviously, the absorbents with high specific surface area, high sur-
face activity and high structural stability are highly expected. The
nanomaterials could be good adsorbent owing to their high spe-
cific surface area and surface activity. However, they are very easily
aggregated which leads to significant decrease of the active surface
area. The micro/nanostructured materials could solve this prob-
lem owing to their unique structure of microsized objects with
nanostructures [9], which can effectively resist aggregation. There-
fore, the micro/nanostructured mateirals can be applied for high
efficient removal of heavy metal ions.

Many micro/nanostructured materials have been used as adsor-
bents for removal of heavy metal ions and organic contaminants
in wastewater. For instance, Chrysanthemum-like o-FeOOH was
used for removal of heavy metal ion with high adsorption effi-
ciency and capacity [10]. Micro/nanostructured CeO, [11,12]and
Y,03 [13] were adopted for adsorption of Cr(VI) species. In our pre-
vious work, hierarchical porous carbon was prepared and applied
in contaminants removal with high efficiency [14].

It is well known that ZnO is a promising candidate for photocat-
alyst [15,16], sensor [17], solar cell [18], and so on [19]. There have
been extensive reports in these fields. Also, ZnO is an environmen-
tal friendly material and its surface has many functional groups,
such as hydroxyl groups, which can be active sites for adsorption
[20,21]. ZnO with micro/nanostructure could thus be a good candi-
date as adsorbent for wastewater treatment. However, the report
on micro/nanostuctured ZnO as adsorbent for environmental reme-
diation is very limited, to our best knowledge.

Recently, we have reported micro/nanostructured ZnO porous
nanoplates with high specific surface area, which showed the excel-
lent adsorption performance to Cu(Il) ions in aqueous solution
and demonstrated the validity of the porous ZnO nanoplates as
the promising adsorbent for contaminant-removal [22]. However,
these porous nanoplates were easy to stack together or overlap,
due to the planar geometry, and hence decreased the surface area
exposed to the solution. The structurally enhanced adsorption per-
formance of the micro/nanostructured material was only partially
exhibited. Obviously, if we assemble these porous nanoplates into
a micro/nanostructure and all the porous nanoplates are vertically
standing and cross-linked, stacking or pileup of the nanoplates will
not take place, or the surface area within the porous nanoplates will
be sufficiently exposed to the solution. The structurally enhanced
adsorption performance would thus be sufficiently exhibited. This
has been confirmed in this work.

In this article, ZnO hollow microspheres with exposed porous
nanosheets surface are obtained based on a modified hydrothermal
route, with citrate as structural director. We have demonstrated
that such material sufficiently exhibits structurally enhanced
adsorption performance for heavy metal cations, compared with
the porous nanoplates or commercial ZnO nanopowders. The
adsorption isotherms can be described by Langmuir model or
Freundlich model, depending on the electronegativity of the heavy
metals. This porous nanosheet-built micro/nanostructured mate-
rial can be used as an efficient adsorbent for removal of heavy
metal ions [Cu(II), Pb(II), Cd(II) and Ni(Il) etc.] from the contami-
nated water with weak acidity or alkalescence, and easily separated
from solution. This study also deepens understanding adsorption
behavior to metal cations.

2. Experimental
2.1. Preparation of adsorbent
The detailed preparation of the ZnO hollow microspheres with

exposed porous nanosheets surface is previously reported [23].
Typically, 3mmol zinc acetate dihydrate [Zn(CH3COO),-2H,0]

and 9mmol urea [(NH,),CO] were first dissolved in 40ml
distilled water, and 0.2mmol trisodium citrate dihydrate
(CgHs5Na307-2H,0) was then dissolved in 10 mL distilled water.
Subsequently both solutions were mixed and stirred for 30 min.
The mixed solution was then transferred into a 65 mL Teflon-lined
autoclave and undergone thermal treatment at 160°C for 12h.
After reaction and cooling to the room temperature, the white
products were obtained after washed with distilled water and
ethanol for several times. Finally, the products were annealed at
400°C for 2 h.

2.2. Characterization

Morphology and microstructure were examined by X-ray
diffraction (XRD), field emission scanning electron microscope
(FESEM, Sirion 200 FEG) and the transmission electron microscope
(TEM, JEOL-2010), respectively. Nitrogen adsorption isotherms
were measured at 77 K on a Micrometrics ASAP 2020 equipment.
X-ray photoelectron spectroscopic (XPS) spectra were obtained
with Al Ka X-ray source (hv=1486.6 eV) operated with pass energy
of 20eV on a Thermo ESCALAB 250 analyzer. Diffuse reflectance
infrared spectroscopy (DRIFTS) was conducted on an Thermo Nico-
let NEXUS FT-IR spectrometer at 298 K. The resolution was 4cm™!
and KBr was used as background.

2.3. Adsorption measurements

All the adsorption experiments were carried out at 25°C in
the dark. CuCl,-2H,0, Cd(NOs ),-4H,0 and Pb(NOs3), were, respec-
tively, used as the sources of Cu(Il), Cd (II) and Pb(II) ions, which
were dissolved in distilled water to obtain solutions with differ-
ent concentrations. Then, a certain amount of prepared products
[5mg for adsorption of Cu(Il), 10 mg for adsorption of Cd(Il) and
Pb(II)] was added into 10 mL solution with different initial concen-
trations under stirring and kept for 10h to establish adsorption
equilibrium. The initial pH value was adjusted to 4-6 for Cu(Il)
solution, and 6 for Cd(Il) and Pb(II) solutions by dropping NaOH
(0.1 M) or HNOs3 (0.1 M) solution. The concentrations of metal ions
in the solution were monitored by inductively coupled plasma (ICP,
IRIS Intrepid II ICP-OES). Adsorption isotherms were obtained by
varying the initial concentrations of heavy metal ions. The corre-
sponding experiments were also performed for the commercial
ZnO nanopowders (5m?2/g, Shanghai Chemical Reagent Co.) for
comparison.

3. Results and discussion
3.1. Characterization of sample

After hydrothermal reaction at 160°C for 12 h, the products
were obtained and characterized. The XRD has revealed that the
products are monoclinic hydrozincite Zns(OH)g (CO3), (or ZnHC
for short), as previously reported [23]. The subsequent annealing
at 400 °C for 2 h leads to decomposition of the ZnHC into hexagonal
wurtzite ZnO with lattice parameters of a=3.249 A. This is in good
agreement with the previous reports [22-25]. In addition, it should
be mentioned that the yield of our product is estimated to be more
than 70% and easy to realize mass production, as mentioned in our
previous work [23].

FESEM observation shows that the annealed products con-
sist of rough microspheres with size 5-20 wm which centered
around 12 pm, as illustrated in Fig. 1a. Careful examination has
demonstrated that the spherical particles are built of cross-linked
and nearly vertically standing porous nanoplates or nanosheets
(Fig. 1b). The uniformly distributed pores should originate from
decomposition of ZnHC during annealing [22,23].By crushing the
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Fig. 1. FESEM images of the product after annealing. (a) Low magnification. (b) High
magnification for a single sphere. The inset: a broken sphere.

spheres, the hollow structure with ~5 pwm in hollow size is shown
(the inset of Fig. 1b).

Further, high resolution TEM examination shows that the
nanosheet is of single crystalline structure, as shown in Fig. 2. The
fringes with the spacing of 0.26 nm corresponds to (0002) plane
of ZnO. The exposed surface of porous ZnO nanosheets is the non-
polar (1010) [or (100)] plane [23]. In addition, the pores within
the nanoplates are around 10-15 nm in size, which can be clearly
seen in Fig. 2.

Further, the isothermal nitrogen sorption measurement has
indicated that it follows the typical type II sorption [23,26]. The
specific surface area is thus calculated to be about 46 m2/g accord-
ing to Brunauer-Emmett-Teller (BET) equation [23,27]. Therefore,
the ZnO hollow spheres could be used as high efficient adsorbent
in wastewater treatment. The formation of such structured ZnO
has been deep studied and reported [23]. Herein, we focused on
its structurally enhanced adsorption performance for heavy metal
cations.

Fig. 2. High resolution TEM image for the local planar area of a single nanoplate.

3.2. Adsorption performance for heavy metal ions

It is well known that superfluous heavy metal ions in water are
harmful to the health of human. Such pollutants can be removed by
nano-adsorbents (carbon nanotube, carbon aerogel, etc.) [28,29].
However, these adsorbents usually suspend in the aqueous solu-
tion and are difficult to be separated, leading to the secondary
pollution. Comparatively, the micro/nanostructured materials have
advantages over nanopowders as adsorbents, owing to their high
stability against aggregation and easy separation from solution
[11]. It has been shown that the ZnO hollow microspheres with
exposed porous nanosheets surface presented high efficient heavy
metal-removal performance from wastewater. Here we take Cu(II),
Pb(II) and Cd(II) as the adsorbates to demonstrate their adsorption
capacity and behaviours on this porous ZnO hollow spheres.

3.2.1. High efficient adsorption for Cu(Il) ions

The adsorption isotherm of Cu(Il) ions on the ZnO hollow micro-
spheres with exposed porous nanosheets surface is shown on curve
1 of Fig. 3a, which has been presented in supplementary mate-
rial of our previous paper [23]. The adsorption capacity of Cu(Il)
ions increased with the concentration of Cu(Il) ion in the solution.
The adsorption amount is higher than 1400 mg Cu in each gram
of the porous ZnO, which is much higher than that (~54 mg/g)
of the surface functionalized activated carbon reported previously
[30]. Importantly, no saturated adsorption was found even when
the initial concentration of Cu(Il) in the solution is higher than
2000 mg/L. The adsorption capacity is close to that of the previ-
ously reported porous ZnO nanoplates with much higher specific
surface area (147 m2/g) (curve 3 in Fig. 3a) [22]. It means that
the ZnO hollow microspheres with exposed porous nanosheets
surface exhibit much higher adsorption efficiency than the pure
porous nanoplates, since it can keep high exposed active surface
area during use due to its special geometry. Correspondingly, for
the commercial ZnO nanopowders, the adsorption is much lower
and saturated when the concentration of Cu(Il) ions in the solution
is up to 300 mg/L (curve 2 in Fig. 3a), as we previously mentioned
[22].

Further, the adsorption isotherm on this porous ZnO hollow
spheres (curve 1 in Fig. 3a) well follows Freundlich model [31],
which describes adsorption on heterogeneous surface, or

e =Ke x C/" (1)

where K¢ (mg!~1/mL1"g-1) and n are the parameters reflecting
the adsorption capacity and the adsorption intensity, respectively.
Fig. 3b gives the corresponding plots of Ig ge ~ 1g Ce, exhibiting good
linear relationship. The parameters Kr and n are fitted to be 177 and
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Fig. 3. The adsorption performance of Cu(Il) ions on the different absorbents. (a)
The adsorption isotherms on the ZnO hollow microspheres with exposed porous
nanosheets surface (curve 1) [23], the commercial ZnO powders (curve 2) and the
pure porous ZnO nanoplates (curve 3) [22]. The inset is the plot of Ce/ge ~ Ce corre-
sponding to curve 2) [22]. (b) The polts of 1g g. ~1g C. corresponding to curve 1 in
(a).

3.5 respectively, which are close to those of the pure ZnO porous
nanoplates with much higher specific surface area [22]. Therefore,
the hollow microspheres with exposed porous nanosheets surface
is superior to the porous nanoplates in the adsorption efficiency,
since the latter is inevitably overlapped during the use and decrease
the exposed active surface area.

3.2.2. Extension to adsorption of Pb(II) and Cd(II) ions

Further, we can extend to the other metal ions. Here Pb(Il) and
Cd(I1) were taken as typical heavy metal ions (or adsorbates), which
are very toxic pollutants in wastewater and difficult to be removed,
to demonstrate the structurally enhanced adsorptive performance
of the ZnO hollow microspheres with exposed porous nanosheets
surface. Fig. 4 presents their isothermal adsorption curves on the
adsorbents (the porous ZnO hollow spheres and commercial ZnO
nanopowders). The adsorption amounts increase with increase of
concentrations of adsorbates for all samples. The adsorption capac-
ities of the porous ZnO hollow spheres are much higher than that
of the commercial ZnO nanopowders and also larger than those
of the reported carbon adsorbent [10.86 mg/g for adsorption of
Cd(1I), 97.08 mg/g for adsorption of Pb(Il) ions] [28]. The adsorption
behavior of both heavy metal ions followed Langmuir model on the
commercial ZnO nanopowders. The order of adsorption capacity to
these three metal ions is Cu(Il) > Pb(II) > Cd(II), as listed in Table S1.

Similarly, for Pb(II) ions, the adsorption behavior on the porous
ZnO hollow spheres is also subject to Freundlich isotherm or Eq.
(1), as shown in Fig. 5a. It indicates the unsaturated adsorption.
The parameters Kz =32.2 (mg!=1/"L1/"g-1yand n=4.3.
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Fig. 4. The adsorption isotherms of Pb(II) ions (a) and Cd(Il) ions (b). Curves 1 and 2
correspond to the adsorption on the ZnO hollow microspheres with exposed porous
nanosheets surface and the commercial ZnO powders, respectively. Point A in (a)
corresponds to the result of Ni(Il) adsorption on the ZnO hollow microspheres with
exposed porous nanosheets surface [25°C, pH 6.0].

For adsorption of Cd(Il) ions on the porous ZnO hollow spheres,
however, there exists a saturated value, or it follows Langmuir
model [32], which describes adsorption on homogeneous surface,
namely

qOK[_Ce

e = 11K Co (2)

where ¢° (mg/g) is the saturated adsorption amount, K; (L/mg) is
the constant depicting the affinity in the process of adsorption. The
corresponding plot of Ce/ge ~ Ce is shown in curve 1 of Fig. 5b. The
q° and K; values are thus estimated to be 28.1 (mg/g) and 0.02
(L/mg). For the commercial ZnO nanopowders, the adsorptions of
all three adsorbates are subject to Eq. (2), or monolayer adsorp-
tion, as shown in curves 1’ and 2 of Fig. 5b, and the inset of Fig. 3a.
The corresponding parameter values are listed in Table.S1. We can
see that the adsorption capacities of Cu(Il) and Pb(II) are about 5
times higher on the honeycomb-like porous ZnO hollow spheres
than those on the commercial ZnO nanopowders, exhibiting sig-
nificantly structurally enhanced adsorption performance, while it
is only about two times for Cd(II) ion’s adsorption.

3.3. Structurally enhanced adsorption and its electronegativity
dependence

The strong adsorption performance of the ZnO hollow micro-
spheres with exposed porous nanosheets surface should be related
to their unique structure. Such material consists of vertically
standing and cross-linked porous nanosheets, which is stable
against aggregation, and hence keeps the surface area within the
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Fig. 5. (a) The plot of Igge vs Ig Ce for adsorption of Pb(II) ions on the ZnO hollow
microspheres with exposed porous nanosheets surface (Freundlich model). (b) : The
plots of Ce/ge Vs Ce (Langmiur model). Lines 1 and 1’ are for adsorption of Cd(Il) ions
on the porous ZnO hollow spheres and the commercial ZnO powders, respectively.
Line 2 is for adsorption of Pb (II) ions on the commercial ZnO powders. [data from
Fig. 4].

porous nanoplates being sufficiently exposed to the solution. The
structurally enhanced adsorption performance would thus be suf-
ficiently exhibited, showing much higher adsorption capacity to
the Cu(lII), Pb(II) or Cd(II) ions than those on the commercial ZnO
powders and the reported carbon adsorbents.

It is well known that hydroxyl groups can be formed on the sur-
face of ZnO during exposure to ambient air or in the water, resulting
in negatively charged surface [21]. Existence of the hydroxyl groups
in our samples has been confirmed by DRIFT measurement (Fig.
S1A). As observed from curve a of Fig. S1A, the peaks at 3687 cm™!
and 3616cm™! can be attributed to the hydroxyl groups formed
on the non-polar (1010) ZnO surface and polar surfaces in the
porous structure, respectively [33]. Comparatively, the intensity of
former peak is higher than the later, indicates that hydroxyl groups
are mainly formed on the exposed non-polar (101 0) surface of
ZnO nanosheets. The peak at 3556 cm~! corresponds to hydroxyl
groups derived from defects of ZnO hollow spheres. These hydroxyl
groups would be actively adsorptive sites [34], and interact with
Cu(lI), Pb(II) or Cd(Il) species to form bonding of Cu—0, Pb—O or
Cd—O by Lewis interaction [35], which has been confirmed by the
XPS spectral and DRIFT measurements. Typically, Fig. 6 shows the
binding energy (BE) spectra of O1s and Zn2p3/2 for the honeycomb-
like porous ZnO hollow spheres before and after adsorption of
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Fig. 6. XPS spectra of O1s (a) and (b) and Zn2p3/2 (c) for the porous ZnO hollow
spheres before and after adsorption of Cd(II) ions.

Cd(II) ions. Before adsorption, the spectrum of honeycomb-like
porous ZnO hollow spheres consists of O1s (530.23 eV) and Olsg
(531.40eV), which can be ascribed to zinc oxide [36] and hydroxide
[37], respectively (Fig. 6a). After adsorption of Cd species, the O1sg
at 531.7eV is close to that in Cd(OH), (530.9eV) [38], indicating
that the Zn—O0—H is replaced by Zn—0—Cd, or formation of Cd—0
weak bonding, as shown in Fig. 6b. Correspondingly, the BE value
of Zn2p3/2 also shifts slightly after adsorption, due to change of the
chemical environment for the surface zinc atoms (see Fig. 6¢). Sim-
ilarly, the interaction between hydroxyl groups and heavy metal
ions is also demonstrated by DRIFTS, as shown in Fig. S1. After
adsorption of heavy metal Cu(ll) ions, the peaks at 3453 cm~! and
3340cm~! are observed which might be ascribed to signals of
hydroxyl groups in the Cu—O—H bonding on the non-polar and
polar surfaces [39], in addition to the peaks at 3687cm~! and
3616cm™! (see curve b of Fig. S1A). Further, the peak at 927 cm™!
emerged on curve b of Fig. S1B after adsorption of Cu(Il) ions indi-
cates the forming of Cu—0O bonding [40].

Although the planar surface of the exposed and cross-linked
ZnO nanosheets in the porous ZnO hollow spheres is the non-polar
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Fig. 7. XPS spectra of Cd3d (a) and Pb4f (b) for the porous ZnO hollow spheres after
adsorption of Cd(II) and Pb(II) ions, respectively. Vertical line indicates the position
of Cd3d5/2 in CdO.

(101 0)plane, there should exist a large number of polar sites on
the wall of pores within the plates due to the porous geometry. It is
such the porous geometry that there exist different actively adsorp-
tion sites, as demonstrated by DRIFTS (curve a of Fig. S1A), which
should correspond to different adsorptive energy levels. Gener-
ally, the interaction between the surface of ZnO (or the hydroxyl
groups) and the heavy metal ions are closely related to the elec-
tronegativity of heavy metal ions [41]. The high electronegativity
values would induce the strong interaction which, in turn, cor-
responds to the more adsorption sites with different adsorptive
energy levels and even multi-layer adsorption, showing Freund-
lich adsorption type. On the contrary, the low electronegativity
values will lead to less adsorptive sites due to the weak interac-
tion, exhibiting monolayer adsorption (or Langmuir model). Table
S2 gives the electronegativity values for some heavy metal ions. In
our case, the electronegativity value is high for Cu(Il) (2.00) [42]
and Pb(II) (1.87) [43], and low for Cd(II) (1.69) [44], hence keeping
the adsorption capacity order Cu(Il)> Pb(II)> Cd(II).

To verify such electronegativity dependence of the adsorptive
performance, the extended adsorptive measurements were car-
ried out by choosing Ni(Il) as an adsorbate, whose electronegativity
(1.91) [42] is between those of Cu(Il) and Pb(Il). For the 10mL
Ni(Il) solution with the initial concentration of 1000 mg/L, after
addition of 10 mg porous ZnO hollow spheres, the equilibrium
adsorptive amount is 264.1 mg/g [see Point Ain Fig. 4a]. The adsorp-
tion amount of Ni(Il) is also between those of Pb(II) and Cu(II).

Also, for Cd(Il) ions, they could be mainly adsorbed on the
homogeneous exposed non-polar surface due to their low elec-
tronegativity value, leading to Langmuir type. However, for
adsorption of Cu(Il) and Pb(II) ions with larger electronegativity val-
ues, they can be adsorbed on the polar sites on the pore walls within
the plates in addition to the exposed non-polar planar surface. The
adsorption type can be ascribed to Freundlich model owing to their

heterogeneous surface adsorption, as demonstrated in Fig. 3b and
Fig. 5.

Further, the XPS spectral measurements were performed to
examine the electronegativity dependence. Fig. 7 shows the results
after Cd(II) and Pb(II) adsorption on the porous ZnO hollow spheres.
The BE value of Cd3d5/2 is 405.74 eV, which is much lower than
that of CdO (407.38 eV) [45] (Fig. 7a). It means that the adsorbed
Cd species are weakly connected with hydroxyl groups on the sur-
face of ZnO, only forming Cd—O weak binding. For Pb(II) adsorption,
however, the BE value of Pb4f7/2 is 138.15 eV, which is very close to
that of PbO (138.20 eV) [44] (Fig. 7b), indicating that Pb(II) strongly
interact with the surface of ZnO through hydroxyl groups, forming
Pb—O bonding.

As for adsorption on the commercial ZnO powders with Lang-
muir type, it could be attributed to the homogeneous polyhedral
surfaces of the ZnO particles (see Fig. S2), which agrees well with
the result of our previous work [22].

4. Conclusion

In summary, we have demonstrated that ZnO hollow micro-
spheres with exposed porous nanosheets surface are of signifi-
cantly structurally enhanced adsorption to the heavy metal cations
compared with the commercial ZnO nanopowders due to their
unique micro/nanostructure. The adsorption behaviour can be
described by Langmuir model, or Freundlich model, depending on
the electronegativity of the heavy metals. For the heavy metal with
high electronegativity, it can adsorb on the active sites with dif-
ferent adsorptive energy levels due to the large interaction with
the adsorbent, showing Freundlich model. Otherwise, the metal
with low electronegativity only exhibits Langmuir-type adsorption.
Such ZnO hollow microspheres with exposed porous nanosheets
surface can be used as efficient adsorbent for removal of heavy
metal ions from contaminated water, and easily separated from
solution. However, it should be pointed out that the ZnO as an
adsorbent should be used in a neutral or weak acid (or alkali) envi-
ronment because it is unstable in strong acid (or alkali) solutions.
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