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• Three ZIFs with different morpholo-
gies are synthesized via green meth-
ods.

• The three ZIFs exhibited excellent
As(III) adsorption capacity of over
100 mg/g.

• Surface area of ZIFs is not the domi-
nated factor for arsenic adsorption.

• Hydroxyl substitution is the main
mechanism for arsenic removal.
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a b s t r a c t

In this study, zeolitic imidazolate frameworks (ZIFs) sorbents with three different morphology (cubic
ZIFs, leaf-shaped ZIFs and dodecahedral ZIFs) were successfully synthesized in aqueous solution via green
methods at room temperature and tested for removal of As(III). The ZIFs are all high crystalline, and with
a BET surface area of 958.4, 12.7 and 1151.2 m2/g for cubic ZIFs, leaf-shaped ZIFs and dodecahedral ZIFs,
respectively The experiment revealed that all three adsorbents exhibited excellent adsorption capacities
of As(III) despite distinct specific surface area and morphology. The adsorption isotherms of cubic ZIFs,
leaf-shaped ZIFs and dodecahedral ZIFs were generally fitted by Langmuir model and the maximum
adsorption capacities were 122.6, 108.1, 117.5 mg/g, respectively at pH 8.5. At initial concentration of
200 �g/L, As(III) was rapidly decreased to below 10 �g/L by the three ZIFs in 2 h at a adsorbent dosage
of 0.2 g/L. It was found that zinc hydroxyl substitution was the main surface complexation method for
As(III) adsorption onto the three ZIFs evidenced by the FTIR and XPS results.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic contamination in groundwater is a serious environmen-
tal problem, which has received increasing concentrations in last
decades in many areas all over the world due to its high toxicity
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and mobility. In China, about 19 million people have being exposed
to drinking water with an arsenic concentration higher than the
maximum contaminant level (10 �g/L) that the World Health Orga-
nization has recommended in 2001. In order to remove arsenic from
aqueous solutions effectively, significant researches have been
explored, such as coagulation, precipitation, ion exchange filtration,
and adsorption. In general, adsorption process has been regarded
as one of the most important and widely used approach in arsenic
removal due to its high removal efficiency, easy operation and low
cost [1].
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Among the available adsorbents for removing arsenic, the iron
oxides, ferric hydroxides, activated alumina, and other natural
materials have been extensively investigated and widely used
[2–6]. However, arsenic in its lower oxidation state [As(III)], is much
more toxic and mobile than arsenic in the higher oxidation state
[As(V)], and has a very low adsorption affinity on many adsorbents
as its neutral molecular species in a large pH range [7]. Thus, in
many studies, preoxidation of As(III) to As(V) is a prerequisite for
most of adsorbents, which will increase the complexity and cost of
the adsorption process. Although many materials have been stud-
ied for their ability to remove As(III) from aqueous solution, to
the best of our knowledge, only a few metal–organic frameworks
(MOFs), consisting of metal ions and organic ligands, have been
investigated to adsorb contaminants in water. Zeolitic imidazolate
frameworks (ZIFs), formed by imidazole ligands and metal ions,
are subgroup of MOFs. In contrast to many MOFs, which are water
soluble or thermal unstable, ZIFs (e.g. ZIF-8) owe a high chemical
stability, high specific surface area and excellent porosity [8,9]. ZIF-
8 particles, consisting of zinc and 2-methylimidazole (2-Hmim), is a
prototypical subclass of ZIFs with a sodalite (SOD) topology similar
to some aluminosilicate zeolites, where T–O–T bridges (T = Si, Al, P)
are replaced by Zn–Im–Zn [10]. Currently, ZIF-8 has been widely
investigated in gas separation, hydrogen storage, carbon dioxide
capture, organic size selective separation and catalysis [11–13]. And
there is also an increasing interest in water treatment [14].

Various reaction conditions in the synthesis of ZIFs can cause
various ZIFs morphologies [15]. For example, Pan et al. [16] syn-
thesized ZIF-8 with hexagonal face in aqueous solution in 5 min
by consuming excess 2-methyimidazole (2-Hmim). He et al. [17]
developed a novel method to produce ZIF-8 with a cubic- at a sto-
ichiometric metal and ligand molar ratio of 1:2 in the presence of
ammonium hydroxide. Chen et al. [18] reported a two-dimensional
with a leaf-shaped morphology at the 2-Hmim and Zn molar ratio
of 8 in water. Previous studies has reported that the morphology
of the adsorbents may have significant impact on the adsorption
behavior [19], while few attention had been drawn on the impact
of the morphology of ZIFs on their adsorption performance in water
treatment [20].

In this study, As(III) adsorption behaviors on three kinds of ZIFs
with different morphology (cubic, leaf-shaped, and dodecahedral
ZIFs) were systematically investigated. Furthermore, the adsorp-
tion mechanisms were discussed based on the X-ray diffraction
(XRD), Fourier transform infrared spectra (FTIR) and X-ray pho-
toelectron spectra (XPS) data. The results could provide insights to
the development of ZIFs adsorbents and their applications for water
treatment.

2. Materials and methods

2.1. Chemicals and materials

All chemicals used in this study were analytical grade reagent.
Zn(NO3)2·6H2O and 2-Hmim were purchased from Sigma–Aldrich.
As(III) stock solution was prepared with deionized water using
NaAsO2. Stock solutions were then freshly diluted with deionized
water to predetermined concentrations prior to adsorption exper-
iments.

2.2. ZIFs synthesis

Cubic ZIFs were synthesized at room temperature following the
literature [17]. Typically, 0.594 g of Zn(NO3)2·6H2O (2 mmol) and
0.328 g of 2-Hmim (4 mmol) were dissolved in 3 mL of deionized
water and 3.76 g of ammonium hydroxide solution (NH3·H2O, 64
mmol), respectively. The two solutions were then mixed together

with a magnetic stirrer in 10 min. Dodecahedral ZIF-8 was synthe-
sized by a slightly modified method reported in the literature [16].
Typically, 0.863 g of Zn(OAc)2 and 11.350 g 2-Hmim were first dis-
solved in 8 mL and 80 mL deionized water, respectively. The two
solutions were then mixed under stirring at room temperature for
8 h. Leaf-shaped ZIFs was synthesized following the literature [18].
0.59 g of Zn(NO3)2·6H2O and 1.30 g of 2-Hmim were dissolved in
40 mL deionized water, respectively. And then the two solutions
were mixed under magnetic stirring for 4 h.

All the products were collected by centrifugation and washed
with deionized water three times. The obtained materials were
dried in an oven at 60 ◦C for 24 h and then kept in a desiccator
for use.

2.3. Analytical methods

Nitrogen adsorption–desorption data were collected to mea-
sure the surface area and pore size distributions of the three
ZIFs by a Micrometrics gas adsorption analyzer (ASAP 2020HD88,
Micromeritics, USA). Field scanning electron microscope (FE-SEM)
(SU-8020, Hitachi, Japan) was used to characterize the surface
morphologies. XRD analysis was carried out on a diffractome-
ter (AXS, Brucker, Germany) with Cu target (40 kV, 40 mA, � =
1.54059 Å) from 5◦ to 60◦. Arsenic concentrations were measured
by an inductively coupled plasma atomic emission spectroscopy
machine (ICP-OES, Optima 7100 DV, Perkin Elmer Co. USA). For
the measurement of low arsenic concentration samples, inductive
coupled plasma mass spectrometer (ICP-MS, SCIEX ELAN DRCe Nor-
walk, Perkin Elmer Co. USA) was employed. Surface charges of the
samples were conducted on a Malvern Zeatsizer 2000 (Malvern,
UK).

Samples for FTIR determination were ground with spectral
grade KBr in an agate mortar with a fixed amount of sample (1%
w:w) in KBr to prepare the pellet. XPS data of the adsorbents were
examined by an AXIS Ultra spectrometer (Kratos Analytical, Manch-
ester, UK) with an Al K anode (1486.6 eV photon energy, 0.05 eV
photon energy resolution, 300 W). All spent samples for the XRD,
SEM, FTIR and XPS analysis were collected after contacting with
As(III) solution of 34.9 mg/L for 48 h.

2.4. As(III) adsorption experiment

All of the arsenic adsorption experiments were carried out at
25.0 ◦C in a temperature controller shaker. The adsorption kinetic
tests were performed in a glass beaker, containing 500 mL of
34.9 mg/L As(III) solution. The pH of the arsenic solution was
adjusted to 7.0 with 0.1 M HCl and NaOH before adsorption. After
0.1 g adsorbent was introduced into the glass beaker, the solution
pH increased to 8.5 soon. Thus, during the whole adsorption pro-
cess, the pH was kept at 8.5 using 0.1 M HCl and NaOH. After the
solution had been stirred for the preselected time, the solid mass
was filtered by 0.45 �m membranes before analysis. In another
experiments, the pH evolution was also measured during the
adsorption at the initial pH 7.0.

Adsorption isotherm experiments were conducted in 250 mL
shaking flasks containing 100 mL of arsenic solution. The initial
arsenic concentration varied from 5 mg/L to 80 mg/L and the pH
of solution was adjusted to 7.0 ± 0.1. After 20 mg of ZIFs were
added to the arsenic solution, these flasks were shaken for 24 h
at 180 rpm. At low concentrations, experiments were conducted
in 250 mL beakers containing 100 mL of 200 ppb As(III) solutions.
The adsorbent dosages varied from 0.06 g/L to 0.4 g/L. Samples were
taken at 2nd, 6th and 24th h and filtered by 0.45 �m membranes for
ICP–MS analysis. All the solution pH were maintained at 8.5 ± 0.1
during 24 h adsorption.
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Fig. 1. SEM images of (a) cubic ZIFs, (b) leaf-shaped ZIFs and (c) dodecahedral ZIFs and (d) N2 adsorption–desorption isotherms of the synthesized ZIFs.

The effect of pH was conducted at 100 mL of 30 mg/L As(III) solu-
tions, and the pH was adjusted to 7.0, 8.0, 9.0, 10.0, 11.0 during the
adsorption. The effect of anions was tested at 100 mL of 20 mg/L
As(III) concentrations containing 1 mM/10 mM Na2SO4, Na2HPO4,
Na2CO3 and NaCl, and the pH were fixed at 8.5 during adsorption.
All the experiments was used 20 mg dodecahedral ZIFs. Besides,
200 mg dodecahedral ZIFs was dispersed into 100 mL of 10 mg/L
As(III) solutions for 2 h. The adsorbents were then collected by
filtration and regenerated in 0.4 mM NaOH aqueous solutions for
another 2 h. At last, the adsorbent was filtered and dried at 120 ◦C
for latter use. The regeneration cycles were repeated for three times
and removal rate were calculated.

3. Results and discussions

3.1. Characterization of ZIFs

Fig. 1 a–c show the SEM images of the three ZIFs and the physical
characteristics are summarized in Table 1. The images clearly reveal
that the different 2-Hmim/Zn molar ratios have significant impact
on the morphologies of ZIFs. As shown in Fig. 1a, ZIFs synthesized
at a 2-Hmim/Zn molar ratio of 2 in the presence of ammonium

hydroxide are cubic particles with a uniform size. Ammonium as
deprotonated agent is also essential for the crystal formation of
cubic ZIFs and drastically reduce synthesis time [17]. Leaf-shaped
ZIFs are obtained at the 2-Hmim/Zn molar ratio of 8, which is the
key factor to fabricate the unique structure. Leaf shaped ZIFs have
quite large size of several microns, but are only 150 nm in thickness.
When the Hmim/Zn molar ratio increases to 35, dodecahedral ZIFs
particles with a mean size of 0.4 �m are formed.

N2 adsorption–desorption isotherms of the three ZIFs were
investigated to analyze the pore structure and specific surface area.
As shown in Fig 1d, both cubic ZIFs and dodecahedral ZIFs are
type I isotherm with high N2 adsorption quantities at low pres-
sure due to the microspore structures with a volume of 0.51 and
0.58 cm3/g, respectively. The slight increase at high pressure may
be responsible for the textural macrospores by crystal packing [14].
By contrast, leaf-shaped ZIFs show very low N2 adsorption quan-
tities and poor pore structure, which might result from the bigger
size and higher density. The BET surface area of the three synthe-
sized ZIFs, cubic, leaf-shaped and dodecahedral ZIFs are of 958.4,
12.7 and 1151.2 m2/g, respectively.

Fig. 2. As(III) adsorption (a) kinetics (initial arsenic concentration = 35.4 mg/L) and (b) isotherms (initial arsenic concentration = 5–70 mg/L) of the three ZIFs. Shaking
speed = 180 rpm, temperature = 25 ± 0.5 ◦C. Note, solid line, Langmuir fitting curve, dotted line, Freundlich fitting curve.
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Table 1
Structure characteristics of the three ZIFs.

Species SBET(m2/g) Pore Volume (cm3/g) Mean pore size(nm) Mean particle size (nm)

Cubic ZIFs 958.4 0.51 0.8-1.5 700
Leaf shaped ZIFs 12.7 0.04 15-17 5000
Dodecahedral ZIFs 1151.2 0.58 0.7-1.6 400

3.2. Adsorption experiments

As(III) adsorption kinetics of the three ZIFs are shown in Fig. 2a.
The adsorption equilibrium for the all ZIFs reached within 10 h
and almost 95% of As(III) are removed from the aqueous solution.
Compared with other two ZIFs, the leaf-shaped ZIFs show faster
adsorption in the initial stage, which may be attributed to the higher
point of zero charge (pHpzc) than the other two ZIFs as shown in
Fig 3d. The higher pHpzc of the particles enables to generate the
stronger electro interaction between them.

The adsorption isotherms were also investigated to measure the
adsorption capacities and behaviors of As(III) on the three ZIFs as
shown in Fig. 2b and the comparison between ZIFs and other adsor-
bents are summarized in Table 2. The Langmuir isotherm model
better fits the experimental data than Freundlich model with a
higher R2 as shown in Table 1, indicating that monolayer adsorption
may happen to As(III) adsorption. Table 1 also summarizes the max-
imum adsorption capacities (Qm) of As(III) on the three ZIFs, which
are 122.6, 108.1, 117.5 mg/g, respectively. As shown in Table 3, tra-
ditional carbon and zeolites have poor adsorption ability on arsenic
removal, especially for As(III). While, our work shows that the ZIFs

perform considerable adsorption in term of As(III) removal. It is
worthwhile to figure out that higher specific surface area usually
benefits to more active sites for adsorption,leading to higher capac-
ities [1]. While in this study, the adsorption capacities of the three
ZIFs are quite similar in spite of a significant difference between
the specific surface areas of the three ZIFs. Typically, for leaf-shaped
ZIFs, although its specific surface area is only 1% of those of the other
two ZIFs, its adsorption capacity of As(III) is only slightly lower than
the other two ZIFs. The results clearly show that surface area is not
the dominated factor in the adsorption of As(III) on ZIFs.

The adsorption performances of the three ZIFs at low con-
centration As(III) are illustrated in Fig. 3a–c. All the three ZIFs
can remove As(III) at low concentration efficiently in a adsorbent
dosage of 0.2 g/L. As(III) concentration in the solution decreases
to below 10 �g/L from the initial concentration of 200 �g/L after
2 h of adsorption. This indicates that ZIFs may have a promising
application on the drinking water treatment. In addition, further
increasing the dosage of the ZIFs can slightly increase the removal
rate of As(III). It is worth noting that the concentrations of residual
As(III) in the solution on cubic ZIFs and leaf-shaped ZIFs increase
at the extended adsorption time, 6 and 24 h. It means that desorp-

Fig. 3. Effects of dosage on As(III) adsorption on (a) cubic ZIFs, (b) leaf-shaped ZIFs and (c) dodecahedral ZIFs at low initial arsenic concentrations with different sorbent dosages
and (d) zeta potential of the three ZIFs. Adsorption conditions: initial arsenic concentration = 200 �g/L, pH 8.5 ± 0.1, rotating speed = 180 rpm, temperature = 25 ± 0.5 ◦C.



362 B. Liu et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 481 (2015) 358–366

Table 2
Adsorption isotherm parameters for As(III) adsorption on three ZIFs.

Freundlich Langmuir

K(mg/g) n R2 Qm(mg/g) K(L/mg) R2

Cubic ZIFs 65.4 4.48 0.72 122.6 1.27 0.91
Leaf-shaped ZIFs 60.2 4.57 0.88 108.1 0.57 0.97
Dodecahedral ZIFs 48.0 4.12 0.82 117.5 0.96 0.93

tion happened to the two ZIFs so that they may be only suitable
for a quick adsorption of As(III). By contrast, even though there is
a slight increase of the concentration of residual As(III) after 24 h
for dodecahedral ZIFs, desorption is inhibited when the adsorbent
dosage reaches 0.4 g/L, showing that dodecahedral ZIF is a much
more stable than the other two ZIFs.

3.3. As(III) adsorption mechanism

3.3.1. XRD analysis
Fig. 4 displays the XRD pattern of the three ZIFs before and

after adsorption. Fresh cubic ZIFs and dodecahedral ZIFs have sim-
ilar XRD patterns, indicating the same lattice structures of the two
ZIFs, which is consistent with the literatures [16,17]. On the con-
trary, leaf-shaped ZIFs have different lattice structures. This could
be the reason that its surface area is extremely low. However, the
spent cubic ZIFs and leaf-shaped ZIFs show the similar XRD pat-
terns after the adsorption of As(III). Most of the original peaks of the
fresh ZIFs disappeared, while two new peaks emerged at 12◦ and
24◦, indicating that re-structuring of the two ZIFs happen during
the adsorption process. The new peaks at 12◦ and 24◦ also appear
in the pattern of spent dodecahedral ZIFs, suggesting similar re-
structuring happened to dodecahedral ZIFs. Meanwhile, most of
the original peaks of fresh dodecahedral ZIFs can still be observed
although their intensities dramatically decrease, which means that
structure of the dodecahedral ZIFs particles is retained at some
extent.

The spent ZIFs after adsorption were characterized by SEM to
study the changes in their morphologies. As shown in Fig. 5a, after
adsorption, the cubic ZIFs particles turn into irregular micro-size
sheets and few cubic particles are observed. The uniform leaf-
shaped ZIFs also turn to similar irregular sheets. The changes in
morphologies are in great agreement with the variations of the XRD
patterns. However, a small fraction of dodecahedral particles still
remain their structures after adsorption of As(III) as shown in Fig 5c
and d, while the majority have transformed to irregular sheets as
well. This confirms that the re-structuring of dodecahedral ZIFs is
slower than the other two ZIFs.

3.3.2. FT-IR analysis
Fig. 6a and b present the variations of FTIR spectra of the three

ZIFs before and after adsorption. It is plain to see that the three
ZIFs have similar FTIR spectra before adsorption. This might be

Table 3
Comparison between As(III) adsorption capacities for ZIFs and other zeolites and
carbon- based adsorbents.

Adsorbent pH Adsorption capacities(mg/g) Reference

Dodecahedral ZIFs 8.5 117.5 This work
Coal based AC 6.0 1.49 Ref. [21]
MIO-CNT 7.0 24.05 Ref. [22]
nZVI-AC 6.5 18.20 Ref. [23]
Fe-eZ 7.0 0.10 Ref. [24]
Fe/Al-Z 5.0 3.86 Ref. [25]

Note: AC: active carbon, MIO–CNT: magnetic iron oxide/carbon nanotube, nZVI:
nano-zerovalent iron, Fe–eZ: iron exchanged zeolite, Fe/Al–Z: zeolite supported by
bimetallic(Fe/Al) oxide.

Fig. 4. XRD patterns of the comparison of the ZIFs before/after adsorption and after
desorption.

explained by that the same assembling forces between imida-
zole molecules and zinc atoms in the three ZIFs. Generally, the
wide band around 3000 cm−1 is the vibration of the intermolecular
hydrogen bonding of OH and NH groups of 2-Hmim [11,26]. In addi-
tion, some characteristic peaks, for example, 421 cm−1(Zn N) and
1580 cm−1(stretching vibration of C N), 1380 cm−1 ( CH3 bend-
ing) can also be observed. The peaks at 1350–1500 cm−1 can be
assigned to the stretching of the ring of the 2-methylimidazole.
The peaks at 900–1350 cm−1 are contributed to the in-plane vibra-
tion of ZIFs while peaks at around 800 cm−1 are assigned to the
out-plane bending [27].

As shown in Fig 6a, after As(III) adsorption, the wide band near
3000 cm−1 of the three ZIFs shift to higher frequency (3300 cm−1),
indicating new bonding of the OH groups with higher energy are
formed [29]. In addition, in-plane and out-plane bending of the imi-
dazole ring disappear for cubic ZIFs and leaf-shaped ZIFs while the
intensity dramatically decreases for dodecahedral ZIFs (Fig. 6b). At
the same time, no obvious change is observed for the absorbance at
750 cm−1 which is assigned to the vibration of CH groups of the
imidazole molecules, indicating the existence of ligands. The peaks
at 870 cm−1 might be the complex of As O [30]. The formation
of new protonated N H groups (1650 cm−1) and the decrease of
Zn N (421 cm−1) manifest the bonds breaking between zinc and 2-
methylimidazole. The new peaks with increasing intensity at 460,
510, 540 and 460 cm−1 can be ascribed to the vibration of metal
oxygen bonds and the peaks at 1050 cm−1 might be the vibration
of Zn OH. All of these showed an formation amount of Zn OH [28].
Thus, the Zn OH could be supplied during the adsorption, causing
an considerable adsorption capacities of As(III). Hence, the substi-
tution of hydroxyl of formed Zn OH might be the main mechanism
for As(III) adsorptive removal by ZIFs, which is further evidenced
by that the blue shifts of OH at 3000 cm−1[31].

3.3.3. XPS analysis
The XPS analysis was conducted on the three ZIFs before and

after adsorption of the As(III) to further illustrate the adsorption
mechanism. As shown in Table 4, the core level binding energy for
arsenic remained at 44.1 to 44.3 eV after adsorption. This shows that
no oxidation or reduction reaction occurred during the adsorption
[4]. The binding energies at 1021.5 eV and 1044.4 eV for Zn2p shown
in Fig. 7a are ascribed to Zn2p3/2 and Zn2p1/2, respectively. After
loaded with As(III), the peak for Zn2p shifts to higher binding energy,
implying an interaction with the arsenic species.
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Fig. 5. The SEM images of the spent adsorbents. (a) Cubic ZIFs, (b) leaf-shaped ZIFs, (c) and (d) dodecahedral ZIFs.

The O1s spectra of each oxide can be divided into the hydroxyl
groups interacted with the unsaturated zinc (OH, 531.10 eV)
and sorbed water molecules (H2O, 532.00 eV) [32]. As shown in
Fig 7(b–d), before adsorption, the sorbed water and Zn OH has a
very low intensity in XPS spectra, indicating low content of oxygen
in fresh ZIFs. After As(III) adsorption, the intensity of these oxygen
species increase markedly while the nitrogen decreased, demon-
strating a considerable amount of Zn OH might be formatted,
furtherly manifesting the Zn N deformation and Zn OH forma-
tion. Moreover, the core binding energies of OH group decrease,
indicating an interaction with the arsenic species (Zn O As) [33].
In our previous study, it was also found that OH groups could be
substituted by the arsenic species, and increased the electro den-
sity of oxygen atoms, resulting in lower core binding energies [34].
Similarly, Wu and Li’s work also found that the Zn OH is responsi-
ble for the adsorptive removal of As(V). Consequently, the OH group

became the main species on the three ZIFs after arsenic adsorption
and could be formatted during the adsorption [35,36].

Based on the FTIR and XPS analysis, adsorption mechanism
of As(III) on ZIFs is proposed as illustrated in Fig. 8. The water
molecules are first adsorbed on the unsaturated zinc atoms on the
surface of the ZIFs, generating a small quantity of Zn OH groups.
After interacting with the As(III) in aqueous solution, the water and
As(III) molecules affect the equilibrium of the Zn N, resulting the
breaking of Zn N partially (shown in Fig. 8b). Thus, the Zn OH
might be provided from the breaking Zn N groups continuously,
leading to an abundant Zn OH source on the surface and limited
changes on adsorption ability arisen by morphology and surface
area. The resultant Zn OH groups in turn adsorb the arsenic species
through OH substitution and form a new bond, Zn O As, on the
surface. The Zn O As is the main interaction way for the adsorp-
tion of As(III) on ZIFs, which is be evidenced by the FTIR and XPS

Fig. 6. (a) wide range (400–4000) and (b) narrow range (400–2000) of FTIR spectra of the cubic ZIFs, leaf-shaped ZIFs, dodecahedral ZIFs before and after As(III) adsorption.
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Fig. 7. Zn2p XPS spectra of the three ZIFs (a) and O1s XPS spectra of the cubic ZIFs (b), leaf-shaped ZIFs (c), dodecahedral ZIFs (d) before and after As(III) adsorption.

spectra. During the adsorption, the morphology and structure of
the ZIFs would turn into layers due to the partial breaking of Zn N.

3.4. Adsorption properties of dodecahedral ZIFs

According to the mentioned above, the three ZIFs shares the
same mechanism and the dodecahedral ZIFs was found to be the
most suitable ZIFs for As(III) removal in aqueous solution for its
considerable stability. Thus the conditional adsorption properties
of As(III) adsorption on dodecahedral ZIFs was investigated. Fig. 9a

illustrate the pH evolution during the adsorption. Obviously, the
solution pH rapidly increased to 8.0 in 5 min and reached equilib-
rium at 8.5 in 5 h, which is similar to the adsorption kinetics.

The effect of pH on As(III) adsorption capacities (Qe) on dodec-
ahedral ZIFs is summarized in Fig. 9b. The Qe was increased from
79.2 to 109.8 mg/g with the pH ranged from 7 to 9, then decreased
with the pH increased continuously. That could be explained by
the electro interaction between As species and adsorbent’s sur-
face. The As(III) was neutral molecular (H3AsO3) when pH below
8 and exert adverse effects on As(III) adsorption. When the pH was

Table 4
XPS positions for the three ZIFs before and after adsorption.

Binding energy(eV)

Zn2p O1s As3d

H2O OH

Cubic ZIFs Before 1021.55 532.28 531.32 –
After 1021.90 531.91 531.17 44.11

Leaf-shaped ZIFs Before 1021.46 531.91 531.32 –
After 1022.00 531.91 531.09 44.15

Dodecahedral ZIFs Before 1021.52 532.50 531.21 –
After 1021.95 531.97 531.11 44.27
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Fig. 8. Hypotheses draw for the explanation of the As(III) adsorption on the ZIFs.

Fig. 9. Adsorption properties of As(III) adsorption on dodecahedral ZIFs (a) pH evolution, (b) effect of pH on adsorption abilities, (c) effect of anions at different concentrations
on adsorption capacities, (d) removal rate in three recycle times.

higher than 9, the surface charges converted to negative and hin-
dered the adsorption of anions (H2AsO3

2−). Thus the adsorption
abilities would decrease again.

The effects of competitive anions at different initial concen-
trations on As(III) adsorption on dodecahedral ZIFs are shown in
Fig. 9c. The Qe was determined to be as low as 11.6 mg/g in the
presence of 1 mM phosphate. In addition, the adsorption was also
significantly impeded in the presence of carbonate. However, the
presence of vast sulfate and chlorine (even increased to 10 mM)
did not cause apparent influence on As(III) adsorption, indicating
an inner adsorption.

The durability of dodecahedral ZIFs on As(III) adsorption is
demonstrated in Fig. 9d. The removal rate still remains 90% after
two recycles and but decreased to around 80% after the third cycle.
This might be caused by the leakage of zinc during desorption pro-
cess, indicating that the durability needs to be improved.

4. Conclusion

Three ZIFs, with different morphologies and surface areas,
were successfully synthesized through green methods. The ZIFs

are all high crystalline, and show great adsorption capabilities to
As(III) species, with a maximum adsorption value of 122.6, 108.1,
117.5 mg/g for cubic ZIFs, leaf-shaped ZIFs and dodecahedral ZIFs,
respectively. It was found that neither surface area nor morphology
was the main factor of the As(III) adsorption based on the kinetics
and isotherms. All the ZIFs could remove the As(III) concentra-
tion below 10 �g/L at a dosage of 0.2 g/L. The dodecahedral ZIFs
particles, showed highest stability at both high and low As(III) con-
centration. The FTIR and XPS data indicated that Zn OH groups,
generated from unsaturated zinc and broken Zn N, are the main
sites for arsenic adsorption through OH substitution.
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