ZIF-8 as an adsorbent of aqueous phase for Eu and Tb ions
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In the present work, the adsorption behaviours of zeolitic imidazolate framework (ZIF-8) as the adsorbent to europium (Eu) and terbium (Tb)
in aqueous phase have considerably been investigated. ZIF-8 shows the excellent adsorption performance such as quickness (in several
minutes), efficiency (~14% saturated amount) and lower adsorption limit (tens of parts per billion). Specially, ZIF-8 prefers to adsorb
lanthanide ions of low concentration (40 ppm) under high pH value (>6). Fourier transform infrared spectroscopy and X-ray diffraction of
used ZIF-8 display that the hydroxyls generated from the hydrolysis of ZIF-8 are responsible for catching the Eu or Tb by the formation

of zinc (Zn)-O-Eu or Zn—O-Tb.

1. Introduction: Zeolitic imidazolate frameworks (ZIFs) have
drawn more attentions owing to uniformed porous structure, high
surface area and extraordinary thermal stability [1-4]. Meanwhile,
the applications have extensively being explored in a plenty of
fields such as gas-storage/gas-separation, drug delivery, chemical
catalysis, chemical sensor [5-9] etc. With industries continuously
being moved forward, the pollutants of the biosphere are
exponentially growing in every year. The metal ions and
polyoxoanions comprise of a kind of main pollutants heavily to
menace human health [10, 11]. Since these inorganic species of
water body are low concentration and exist in many formats, the
treatment process is complicated and expensive. Recently, metal—
organic framework materials exhibit the capacity to capture the
metal ion or polyoxoanion in the water system by both the metal
ion/cluster as the node and the functionalised ligand as the strut.
UIO-68-P(O)(OEt), and UIO-68-P(O)(OH), can capture the
uranyl in both water and seawater with high saturated amount of
217 and 188 mg/g [12]. Also, UIO-66- NH, is more capable of
attracting the HPO4~ and H,PO4 ions than UIO-66 [13]. The
open metal position refers to the event that some coordination of
the metal ion is ligated by the solvent or water or hydroxyl rather
than organic ligand. In aqueous phase, the metal ion with open
metal position can more easily interact with polyoxoanion by the
mode of hydrogen bond. This is found in MIL-53(Fe), MIL-53
(Al) and MIL-100(Fe) [14-16]. Interestingly, Nu-1000 exhibits
the rapid and effective adsorption to selenate and selenite
depended on ZrgO4(OH)4(CO,);, cluster of open metal position
and 30 A of aperture [17]. Recently, Li et al. [18] have reported
the adsorption of ZIF-8 to HXAsO?f’” species. Thereinto, two
merits are worth pointing out: low adsorption limit (9.8 parts per
billion (ppb)) and supposed adsorption mechanism. In their work,
they think that the adsorption of ZIF-8 to HxAsO?fx species takes
place by the monodentate and bidentate interactions between
HxAsOi_x species and surface hydroxyls of ZIF-8. The surface
hydroxyl of ZIF-8 is generated from the hydrolysis of zinc (Zn)
ion because the 4-coordinated Zn is metastable state with respect
to its diameter. To this point, Howarth et al. [19] agree to this
opinion as well and cite this result in their review. In addition,
Zhao et al. [20] report the adsorption of ZIF-8 to metal ions.
They find that ZIF-8 can rapidly reach the adsorption equilibrium
in several minutes and prefer to Cu*".

The recovery of expensive and rare metals in the abandoned
materials is very important. Lanthanide, called as the industrial
‘vitamin’, has applications extensively in many fields, especially
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in the luminescent materials [21]. Since the luminescent lanthanides
are rare, the recovery is becoming tremendously important. The
lanthanides in luminescent materials are usually lower concentra-
tion; hence it is difficult directly to extract lanthanide. Otherwise,
the popular extractant is expensive and consumable in the treated
process. Therefore, the simple and economic route to recover the
lanthanides is becoming urgent. In this work, taking advantage of
ZIF-8, we have studied the adsorption of ZIF-8 to europium (Eu)
and terbium (Tb) in order to provide a route to efficiently capture
the lanthanides from lower concentration waste.

2. Experimental section

2.1. Synthesis and characterisation: According to the described
method in [9], Zn(NOs),6H,0O (2970 mg, 10 mmol) and
2-methylimidazole (820 mg, 1 mmol) were dissolved in 250 ml of
methanol. Under room temperature, both the solutions were
mixed together. Afterward, the mixture was maintained for 24 h
under room temperature. ZIF-8 was centrifugally separated,
washed three times by methanol and activated at 150°C in oven
for 24 h.

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku D/MAX PC2200 diffractometer for Cu Ka radiation
(A=1.5406 A), with a scan speed of 5°/min. The morphologies
and size of the samples were inspected on a transmission electron
microscope (TEM, JEOL-2000ex). The thermal gravimetric (TG)
analyses were performed on Pyris STA 6000 instrument used
with a heating rate of 10°C/min and 20 ml/min flow of N,. N, iso-
thermal adsorption experiments were performed at 77 K with
TriStar II 3020 (Micromeritics Instrument Corporation) apparatus
using nitrogen as the probing gas. The samples were vacuumed
for 10 h at 150°C before the data were collected. Fourier transform
infrared (FTIR) spectra were recorded within the 400-4000 cm ™"
region on a Nicolet iS10 FTIR spectrometer using potassium
bromide pellets. The Zn, Eu and Tb content were determined by
IRIS Intrepid II ICP instrument (Inductively Coupled Plasma,
Thermo Electron Corp.). The samples were dissolved by the
H,S0O4/H,0, and diluted to a certain concentration.

2.2. Adsorption experiments: The 500 ml of Eu and Tb solutions
(500 ppm) were prepared by dissolving 0.7335g of Eu
(NO3);'6H,0O and 0.6840g of Tb(NO3);-5SH,O in 500 ml
deionised water. The adsorptions of ZIF-8 to Eu and Tb ions
were studied using the batch methods. All experiments were
completed under stirring.
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The kinetics experiments were carried out by casting 60 mg of
ZIF-8 into 60 ml of 100 ppm solutions of Eu or Tb. Since it was
found that the adsorption was completed quickly, seven adsorption
experiments were simultaneously carried out in order to reduce the
deviation arisen from volumetric change. The determined intervals
were 1, 2, 3, 4, 5, 10 and 30 min, respectively. About 10 ml of
aliquots were sampled and centrifuged. The Eu or Tb concentrations
were determined by ICP.

The saturated adsorption amounts were implemented by adding
10 mg of ZIF-8 into the different concentrations of Eu or Tb solu-
tions varying from 10 to 100 ppm. The mixture was continuously
stirred for 20 min in order to attain the saturated adsorption.
Then, 10 ml of aliquots were sampled and centrifuged. The ionic
concentration of the sample was determined by ICP.

The adsorption amounts of ZIF-8 to Eu and Tb ions were
calculated using the following equation:

q=((co—cc) x V)/m M

The g was adsorption amount (mg/mg) of ZIF-8 to Eu or Tb ions, V'
was the solution volume (ml) and m was the mass of the ZIF-8
(mg). Here, ¢y and c. were the initial and equilibrium Eu/Tb
concentrations in the solution (ug/ml), respectively.

3. Results and discussion

3.1. Material characterisation: The PXRDs of ZIF-8 show that the
diffraction peaks of as-prepared ZIF-8 completely consist with
the simulated one, proving the homogeneity and crystallinity of
as-synthesised samples (Fig. 1). The other characterisations of
ZIF-8 including TEM diagram, N, isothermal adsorption at 77 K
and TG analysis are contained in supporting information, which
is comparable with the reported ones.

3.2. Eu and Tb adsorption: The pH usually plays a crucial role in
the extraction process of lanthanide. In present industrial process,
the lanthanide ions are often extracted when the pH is beyond
6. To meet the current extraction process of lanthanide, we first
investigate the effects of pH on the lanthanide adsorption. The
adsorption data of ZIF-8 to Eu or Tb at different pH have been
collected to offer the suitable pH range. With regard to ZIF-8
stability to pH, Zn ion concentrations in solution at the different
pH have meanwhile been collected (Figs. 2 and 3). Both the
curves of Eu and Tb have the same tendency and the adsorption
amount is very close to each other at every pH. The adsorption
amounts are basically sustained below 15% with 6-8 of pH and
the adsorption amounts rapidly increase when pH is more than
10. Through calculation, the Eu and Tb ions have completely
been absorbed by ZIF-8 beyond 10 of pH. This is essentially
impossible. We think that except for adsorption of ZIF-8 to
lanthanide, there simultaneously exists the induced precipitation
of lanthanide ion resulted from ZIF-8. The collected Zn ion
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Fig. 1 Experimental and simulated PXRD patterns of ZIF-8
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Fig. 2 Effect of pH on the adsorption of ZIF-8 against Eu/Th: (open circle)
ZIF-8 against Eu and (inverted triangle) ZIF-8 against Th
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Fig. 3 Loss of Zn ion at different pH value

concentration in solution shows that the Zn ion is partially leaked
till 9 of pH (Fig. 3). The Zn ion is lost about 3.48% at 8 of pH.
To avoid the occurrence of induced precipitation of lanthanide
ions, the adsorption experiments in this context are performed at
8 of pH though the loss of Zn at 8 of pH is bigger than that at 9
of pH.

The kinetics experiments of ZIF-8 to Eu or Tb ions are investi-
gated by the dependence of adsorption amount versus time. The
resulted curves show that all adsorptions are very fast and almost
finished in 5 min (Fig. 4). By simulating the data, it concludes
from the kinetics simulations that both of them would prefer
pseudo-second-order kinetic equation to pseudo-first-order kinetic
equation.
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Fig. 4 Dependence of the adsorption amount versus time: (open circle)
ZIF-8 against Eu, the kinetics equations: pseudo-first-order, y = 0.327x +
0.142, R’=0.791; pseudo-second-order, y=—0.133x"+1.12x—0.787,
R?=0.973; (inverted triangle) ZIF-8 against Th, the kinetics equations:
pseudo-first-order: y=0.275x +0.276, R’ =10.929; and
pseudo-second-order: y =—0.0629x" + 0.652x—0.164, R> = 0.997
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Fig. 5 Dependence of the adsorption amount to ion concentrations. (open
circle) ZIF-8 against Eu; (inverted triangle) ZIF-8 against Th

The saturated adsorption amount is performed by modifying the
concentration of lanthanide ions with fixing the volume of solution
and casting amount of ZIF-8. The results exhibit that the saturated
adsorption amounts of ZIF-8 against Eu and Tb are 0.1418 and
0.1343 mg/mg, respectively (Fig. 5). However, the adsorption
amount decreases with increasing the ion concentration. We
believe that the adsorption of ZIF-8 to Eu or Tb is partially
impeded because the cluster size of polymerised lanthanide ions
at higher concentration is beyond 3.4 A of ZIF-8 aperture.
Additionally, a very important parameter should be noted. The ad-
sorption limit of ZIF-8 against Eu and Tb can reach tens of ppb
under lower concentration. For example, ion concentrations of Eu
and Tb in solution are about 0.0197 and 0.0361 ppm after absorbed
by ZIF-8 when started ion concentration is at 10 ppm.

3.3. Proposed adsorption mechanism of ZIF-8 against Eu and Tb:
Since 4-coordinated Zn is metastable state with respect to the ion
diameter, Li ef al. have concluded that the adsorption of ZIF-8 to
HXASO?fX species is achieved by the monodentate and bidentate
interactions between HXAsOi_X species and surface hydroxyl of
ZIF-8 which is generated from the partial hydrolysis of Zn ion.
Howarth er al. agree to this opinion as well and cite this result in
their review. Besides, the adsorption of ZIF-8 to metal ions has
been reported by Zhao et al. In this Letter, ZIF-8 exhibits
preferential adsorption to Cu®" rather than the other ions, whereas
adsorption mechanism has not been referred to. In this work, we
confirm that the hydroxyl produced from the hydrolysis of Zn ion
is responsible for the adsorption of metal ions by FTIR and
PXRD. From FTIR (Fig. 6), the peak of ZIF-8-Eu and ZIF-8-Tb
(ZIF-8-Eu and ZIF-8-Tb are defined as ZIF-8 adsorbing Eu or
Tb) at 554 cm™ is assigned to Zn-O vibration, proving the
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Fig. 6 FTIR curves of
a ZIF-8

b ZIF-8-Eu

¢ ZIF-8-Tb
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Fig. 7 Top: PXRD patterns of ZIF-8 adsorbing the Eu or Tb ions; down:
as-synthesised ZIF-8; middle: ZIF-8-Eu; upper: ZIF-8-Tb; and bottom:
the crystal structure of ZIF-8 drawn from cif file

hydrolysis of Zn ion in ZIF-8. The peak of ZIF-8-Eu and
ZIF-8-Tb appearing at 1380 cm™" is attributed to bridged Zn—O—
M vibration, which implies the existence of the Zn—O-Eu(Tb)
vibration. The ZIF-8-Eu and ZIF-8-Tb are further testified by
PXRD (Fig. 7). Compared with as-synthesised ZIF-8, the peak
positions of ZIF-8-Eu and ZIF-8-Tb are basically unchanged,
which proves the stability of ZIF-8. However, intensities of (110)
facet in both ZIF-8-Eu and ZIF-8-Tb remarkably decrease. By
inspecting the crystal structure of ZIF-8, (110) facet of ZIF-8 is
corresponded with 2-methylimidazole rings of a-cage of sodalite.
After absorbing the Eu or Tb ions, the coordinated number of Zn
ion in ZIF-8 framework increases to 5 or 6 owing to the
formation of Zn—OH and Zn—O-M, and of course the position of
2-methylimidazole ring at (110) facet simultaneously happens to
disorder.

4. Conclusion: In summary, ZIF-8 exhibits excellent adsorption
performances to Eu and Tb at low concentration such as
quickness (in several minutes), high adsorption amount (~14%
saturated amount) and low adsorption limit (tens of ppb). The
adsorption of ZIF-8 to Eu and Tb is attained by the interaction
between Eu or Tb and the hydroxyls of ZIF-8 generated from the
hydrolysis of Zn ions.

5 References

[1] Park K.S.,NiZ., Coté A.P., £7 4L.: ‘Exceptional chemical and thermal
stability of zeolitic imidazolate frameworks’, Proc. Natl. Acad. Sci.,
2006, 103, pp. 10186-10191

[2] Huang X., Lin Y., Zhang J., Er 4L.: ‘Ligand-directed strategy for
zeolite-type metal-organic frameworks: zinc (II) imidazolates with
unusual zeolitic topologies’, Angew. Chem., Int. Ed., 2006, 45,
pp. 1587-1589

[3] TanlJ.C., Bennett T.D., Cheetham A.K.: ‘Chemical structure, network
topology, and porosity effects on the mechanical properties of zeolitic
imidazolate frameworks’, Proc. Natl. Acad. Sci., 2010, 107,
pp- 9938-9943

189
© The Institution of Engineering and Technology 2016



(4]

(5]

(6]

(7]

(8]

(%]

[10]

[11]

[12]

190

Moggach S.A., Bennett T.D., Cheetham A .K.: ‘“The effect of pressure
on ZIF-8: increasing pore size with pressure and the formation of a
high-pressure phase at 1.47 GPa’, Angew. Chem., Int. Ed., 2009,
48, pp. 7221-7223

Banerjee R., Phan A., Wang B., £r 4L.: ‘High-throughput synthesis of
zeolitic imidazolate frameworks and application to CO, capture’,
Science, 2008, 319, pp. 939-943

Rowsell J.L.C., Millward A.R., Park K.S., £7 41.: ‘Hydrogen sorption
in functionalized metal-organic frameworks’, J. Am. Chem. Soc.,
2004, 126, pp. 56665667

Lu G., Hupp J.T.: ‘Metal-organic frameworks as sensors: a ZIF-8
based Fabry—Pérot device as a selective sensor for chemical vapors
and gases’, J. Am. Chem. Soc., 2010, 132, pp. 7832-7833

Sun C., Qin C., Wang X., ET 4L.: ‘Zeolitic imidazolate framework-8 as
efficient pH-sensitive drug delivery vehicle’, Dalton Trans., 2012, 41,
pp- 6906-6909

Lu G, Li S., Guo Z., £r 4L.: ‘Imparting functionality to a metal—
organic framework material by controlled nanoparticle encapsula-
tion’, Nat. Chem., 2012, 4, pp. 310-316

Montes-Hernandez G., Concha-Lozano N., Renarda F., er 4L.:
‘Removal of oxyanions from synthetic wastewater via carbonation
process of calcium hydroxide: applied and fundamental aspects’,
J. Hazardous Mater., 2009, 166, pp. 788-795

Riidel H., Muiiiz C.D., Garelick H., £7 4.: ‘Consideration of the bio-
availability of metal/metalloid species in freshwaters: experiences
regarding the implementation of biotic ligand model-based
approaches in risk assessment frameworks’, Environ. Sci. Pollut.
Res., 2015, 22, pp. 7405-7421

Matrosov E., Goryunov E., Baulina T., £7 4L.: ‘First complexes of
N-diphenylphosphoryl ureas with actinides and lanthanides: synthesis
and structure’, Dokl. Chem., 2010, 432, pp. 136—139

© The Institution of Engineering and Technology 2016

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Lin K.Y.A., Chen S.Y., Jochems A.P.. ‘Zirconium-based metal—
organic frameworks: highly selective adsorbents for removal of phos-
phate from water and urine’, Mater. Chem. Phys., 2015, 160,
pp. 168-176

LiJ., Wu Y., Li Z., £r 4L.: ‘Characteristics of arsenate removal from
water by metal-organic frameworks (MOFs)’, Water Sci. Technol.,
2014, 70, pp. 1391-1397

Vu T.A., Le G.H., Dao C.D., Er 4L.: ‘Arsenic removal from aqueous
solutions by adsorption using novel MIL-53 (Fe) as a highly efficient
adsorbent’, RSC Adv., 2015, 5, pp. 5261-5268

Jun J.W., Tong M., Jung B.K., £7 4.: ‘Effect of central metal ions of
analogous metal-organic frameworks on adsorption of organoarsenic
compounds from water: plausible mechanism of adsorption and water
purification’, Chem. Eur. J., 2015, 21, pp. 347-354

Howarth A.J., Katz M.J., Wang T.C., 7 4..: ‘“High efficiency adsorp-
tion and removal of selenate and selenite from water using metal—
organic frameworks’, J. Am. Chem. Soc., 2015, 137, (23),
pp. 7488-7494

LiJ, Wu Y., Li Z., £r 4L.: ‘Zeolitic imidazolate framework-8 with
high efficiency in trace arsenate adsorption and removal from
water’, J. Phys. Chem. C, 2014, 118, pp. 27382-27387

Howarth A.J., Liu Y., Hupp J.T., £7 4L.: ‘Metal-organic frameworks
for applications in remediation of oxyanion/cation-contaminated
water’, CrystEngComm, 2015, 17, pp. 7245-7253

Zhao Y., Pan Y., Liu W, ET 4L.: ‘Removal of heavy metal ions from
aqueous solutions by adsorption onto ZIF-8 nanocrystals’, Chem.
Lett., 2015, 44, pp. 758-760

Gai S., Li C., Yang P., £r 4..: ‘Recent progress in rare earth micro/
nanocrystals: soft chemical synthesis, luminescent properties, and
biomedical applications’, Chem. Rev., 2014, 114, pp. 23432389

Micro & Nano Letters, 2017, Vol. 12, Iss. 3, pp. 187-190
doi: 10.1049/mnl.2016.0674



	1. Introduction
	2. Experimental section
	3. Results and discussion
	4. Conclusion

