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ABSTRACT

A nanosized zeolitic imidazolate framework-67 (ZIF-67) was employed for the adsorption of Cr(VI)
under a neutral solution. It was discovered that the ZIF-67 demonstrated a high adsorption of
Cr(VI) for the first (43.1 mg-g™) and second run (40.2 mg-g™). However, a self-sacrifice process of
ZIF-67 was evidenced, possibly due to the oxidability of Cr(VI) and pH change, which resulted in
a dramatically decrease of adsorption ability in the third run (16.6 mg-g™). The adsorption process
and its kinetics fitted the Langmuir model and pseudo-second-order rate equation and a multiple

adsorption process was suggested.
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1. Introduction

Zeolitic Imidazolate Frameworks (ZIFs) such as zeolitic
imidazolate framework-67 (ZIF-67) synthesized by cobalt
ions and 2-Methylimidazole is a kind of porous crystalline
materials [1]. In addition of the synthesis of cobalt-based sol-
ids for energy and environmental catalysis, they are widely
employed in the catalytic reactions and separation process
due to the high stability, porosity and organic functional
groups [2]. For example, as-mentioned ZIF-67 had been
explored in the adsorption of various dye molecules based
on the electrostatic interactions, coordination interactions
and hydrogen bonding interactions [3,4]. On the other hand,
as a noxious heavy metal ion, Cr(VI) ion has been confirmed
to cause harmful effect on both human body and environ-
ment. It was discovered that unlike the other transition metal
ions, the addition of inorganic base was not able to dispose
it and the variation of pH could only change the form of
Cr(VI) [5]. It was suggested that among lots of methods, the
adsorption treatment was one of promising way to eliminate
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the Cr(VI) from aqueous solution [6]. Thus, various materi-
als, such as biosorbents and carbon-based adsorbents were
developed to adsorb the Cr(VI) ion from aqueous solution
based on the different mechanistic interactions [7]. It was
worth mentioning that the ZIF-67 solid was also used to
remove the Cr(VI) ions from the water via the electrostatic
adsorption and ion-exchange and at low Cr(VI) concen-
tration, the adsorption behavior of ZIF-67 was well inves-
tigated [8]. However, the mutual influence of ZIF-67 and
high Cr(VI) concentration is less studied, for instance, the
reusability and structure of ZIF-67 after adsorption.

In this work, a nano-sized ZIF-67 was synthesized by a
hydrothermal method and used for high Cr(VI) adsorption
(80~180 mg-L™). The results suggested that at a relatively
high Cr(VI) concentration, the ZIF-67 could be reused for
twice and an obvious decrease adsorption quantity was
observed, possibly due to the heavily damaged structure as
suggested by the investigation from X-ray diffraction and
scanning electron microscope. Besides, a reduction—adsorp-
tion process was observed for the removal of Cr(VI) and
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the detailed study suggested that the adsorption process
and its kinetics fitted the Langmuir model and pseudo-
second-order rate equation. The present work evidenced the
application of metal organic framework such as ZIF-67 in
the adsorption of metal ions with strong oxidability as well
as highlighted the advantage and drawbacks of nano-sized
ZIF-67 in the Cr(VI) treatment.

2. Experimental
2.1. Materials

Cobalt nitrate hexahydrate [Co(NO,),6H,O] and
aqueous ammonia were analytical pure and purchased
from Sinopharm Chemical Reagent Co., Ltd., China.
2-Methylimidazole was analytical pure and purchased
from Aladdin Reagent Co., Ltd., China.

2.2. Synthesis of ZIF-67 nanocrystal

1 mmol Co(NO,),6H,0 was first dissolved in 5 mL
distilled water, which was denoted as solution A. Then,
0.1 mL aqueous ammonia and 20 mmol 2-methylimidaz-
ole were dissolved in 5 mL distilled water to form solution
B. The solution B was added into solution A under stirring
and then the mixture was transformed into 30 mL Teflon-
lined stainless-steel autoclave, which was treated at 393 K
for 30 min before cooling to room temperature. The pur-
ple solid was obtained after washing by ethanol for 3 times
by centrifugation and drying at 333 K overnight.

3. Characterization

X-ray diffraction (XRD) was performed on an XRD-6000
X-ray diffractometer (XRD, SHIMADZULIMITED Corp.)
at a scanning rate of 20°/min from 5° to 55°. Field emission
scanning electron microscope (FE-SEM) was performed
on the Hitachi-54800. X-ray photoelectron spectroscopy
(XPS) was performed using a Thermo ESCALAB 250 instru-
ment with a monochromatic Al Ko (hv = 1,486.6 eV) X-ray
source. Ultraviolet—visible (UV-Vis) absorption spectra
were obtained on a Shimadzu UV-2600 spectrophotometer
with a moderate scanning rate.

3.1. Adsorption experiments

Before the test, the as-obtained ZIF-67 was dried at
393 K for 2 h. Then, 50 mg ZIF-67 was added into 30 mL
aqueous solution containing different amount of K,Cr,0,
(80~180 mg-L™). After well-dispersed by ultrasonication,
1 mL solution was draw at certain time, centrifuged and
0.2 mL of the clear solution was added into 4 mL acid solu-
tion containing 2 mL diphenylcarbazide, 1 mL H,SO, and
1 mL H,PO,. After 10 min, the solution was analyzed by
Shimadzu UV-2600 UV-vis spectrophotometer.

The ZIF-67 after first, second and third run of Cr(VI)
adsorption was named as S-1, 5-2 and S-3, respectively.

4. Results

First of all, the adsorption performance of the nano-
sized ZIF-67 crystal was investigated by removing Cr(VI)

in the distilled water. Fig. 1 shows the time profiles of the
Cr(VI) removal with 80 mg-L™ K,Cr,O, for three runs. It was
suggested that with the increased of the time, the adsorp-
tion amount was increase and then turned very slowly. For
the first and second run, it can be seen that the equilibrium
adsorption capacities were 43.1 and 40.2 mg-g™, respec-
tively. However, for the third run, the equilibrium adsorp-
tion capacity was dramatically decreased to 16.6 mg-g™
(Fig. S1 for the UV-Vis spectra). This observation confirmed
that the present ZIF-67 displayed a high adsorption ability
and on the other hand, the ZIF-67 could not be used after
second run. Besides, Fig. 1B suggested that the adsorption
capacity of Cr(VI) onto the ZIF-67 increased from 40.2 to
50.2 and 75.1 mg-g™ with the increase of the initial con-
centration of Cr(VI) from 80 to 130 and 180 mg-L™ (Fig. S2
for the UV-Vis spectra). This behavior could be attributed
to the enhancement of the driving force with increasing
initial concentration of Cr(VI). On the contrary, there is a
decrease in the removal percentage of Cr(VI) with the
increase in the initial Cr(VI) concentration which may be
due to the insufficiency of the active sites that required for
adsorption of high concentration of Cr(VI).

To understand the adsorption process, Langmuir and
Freundlich adsorption models were applied to analyze
the experimental data. Langmuir model suggested that
the adsorbed molecules/ions were independent of and
attached to the adsorbent surface in a single layer. While,
the Freundlich model suggested that the adsorbent surface
provided heterogeneous adsorption sites and the adsorbed
molecules/ions had a mutual effect on each other. As shown
in Fig. S3, the Langmuir model with a higher correlation
coefficients (R? 0.91) value than the Freundlich model (0.86)
indicated that the adsorption process could be apt to mono-
layer adsorption [9]. Furthermore, the kinetic of Cr(VI)
adsorption on the ZIF-67 nanocrystal were further inves-
tigated by using pseudo-second-order kinetic model. The
kinetic parameters and the R? can be determined by linear
regressions, which were estimated to be 0.999, 0.999 and 0.999
for the first, second and third run, respectively, as shown
in Fig. 1C with 80 mg-L™" K,Cr,O,. The similar phenomena
were also observed under different Cr(VI) concentration as
displayed in Fig. 1D.

In order to illustrate the structure change, the fresh
ZIF-67 and the solids after each adsorption test were inves-
tigated by XRD and the patterns were displayed in Fig. 2.
The presence of the typical peaks at about 20 value of 7.30°,
10.36°, 12.67° and 17.91° confirmed the formation of crys-
tallized ZIF-67 [10]. After the first run of Cr(VI) adsorption,
the main peaks remained with a decrease of the intensity,
indicating that the ZIF-67 was almost kept. However, for
the second and third run, we can see that the peaks corre-
sponded to ZIF-67 totally disappeared and no new peaks
were observed. The above information suggested that after
the second run, ZIF-67 was transformed to amorphous
powder. Thus, the adsorption of Cr(VI) by ZIF-67 could
be a self-sacrifice process.

The color of the samples is shown in Fig. 3 and as it is
displayed, the color of the samples changed from pur-
ple to brown before and after Cr(VI) adsorption for each
run. The color change of solid was possibly due to the
change of the structure as well as the adsorption of Cr(VI).
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Fig. 1. Change in adsorption capacity of ZIF-67 for three different runs (A), at different Cr(VI) concentration (B), pseudo-second-order
kinetic plots of Cr(VI) adsorption for different runs (C) and different Cr(VI) concentration (D).
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Fig. 2. XRD patterns of fresh ZIF-67 and used for first, second
as well as third run of Cr(VI) adsorption.

Thus, the morphology of ZIF-67 at different stages was
investigated by FE-SEM.

As shown in Fig. 4, the FE-SEM image of fresh ZIF-67
indicated a structure of polyhedron. After the first run of
Cr(VI) adsorption, it was obvious that the polyhedron was
broken and the sheet shaped species was obvious. Notably,
for the second and third run, the polyhedron was disap-
peared. Taking into account of the high oxidation ability
of Cr(VI), it was suggested that the significant structure

Fig. 3. Photos of the fresh ZIF-67 and after Cr(VI) adsorption for
each run.

change was derived from the oxidation-reduction process
as well as the variation of pH from 8 to 10.

In order to evidence the change of the chemical state,
XPS analysis was performed for the S-3. As shown in Fig. 5A
for the Co2p, two main peaks with the binding energy of
796.6 and 780.1 eV were due to the Co2p 1/2 and Co 2p
3/2, respectively [11]. Although it was difficult to judge the
oxidation state of cobalt, it was indicated that the binding
energy gap between Co 2p main and satellite peak could
be a useful standard and the 5.4 eV of the energy gap con-
firmed the main existence of Co(Il) in the S-3 [12]. The
results suggested that Co(Il) was not oxidized by Cr(VI)
during the adsorption.
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Fig. 4. SEM images of fresh ZIF-67 (A) and after first (B), second (C) as well as third (D) adsorption run.
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Fig. 5. XPS spectra of Co 2p (A) and Cr 2p (B).

On the other hand, for Cr 2p XPS spectrum, the Cr (2p3/2)
peaks located at binding energy 579.2 and 580.6 eV as well
as 588.5 eV (Cr 2p1/2) could be contributed to Cr(VI) and
in addition, the tiny peak located at 576.3 eV could be due
to the Cr(IIl) species [13,14]. Thus, it seemed that the Cr(VI)
species were main ions located at the S-3 and a reduction
process could be confirmed.

Based on the above structure analysis and the proposed
mechanism in the previous work [15], first of all, the initial
Cr(VI) ion concentration gradient and electrostatic inter-
actions led to an efficient mass transfer of Cr(VI) from the
bulk solution to the surfaces of the ZIF-67 nanocrystals
and then, the uncoordinated Co(Il) in surface terminated
ZIF-67 nanocrystal served as the active sites of adsorption
of Cr(VI). During this process, a partial reduction of the
adsorbed Cr(VI) to Cr(IIl) by electron donated framework
on the surface of the ZIF-67 occurred and resulted in the
structure damage.

Binding energy (eV)

5. Conclusion

A ZIF-67 nanocrystal was synthesized by a facile hydro-
thermal method with assistance of ammonia and used for
the adsorption removal of Cr(VI) with relatively higher
concentrations. It was found that the ZIF-67 nanocrystal
could be reused for twice with a Langmuir model and the
reduction of Cr(VI) and pH variation was observed during
the adsorption. A great change of the color of ZIF-67 was
found and the structure as well as composition analysis from
XRD, XPS as well as FE-SEM suggested that the significant
change of the composition and structure of the ZIF-67 was
occurred. The reconsideration of ZIF-67 for the adsorption
of Cr(VI) with strong oxidability should be noticed.
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Fig. S1. UV-Vis spectra of Cr(VI) at different time: (A) 80 mg/L, (B) 130 mg/L and (C) 180 mg/L.
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Fig. S2. UV-Vis spectra of Cr(VI) after adsorption over ZIF-67 for second (A) and third run (B).
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