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Abstract

In this work, cobalt-methylimidazolate framework has been used as an adsorbent in the removal of Pb(II) from acid mine
drainage in adsorption batch system. X-ray diffraction, Fourier-transform infrared spectroscopy, Brunauer-Emmet-Teller and
transmission electron microscope were used for structural, morphological, and surface characteristics of cobalt-
methylimidazolate framework. The concentration of heavy metal ions in water samples was measured by inductively coupled
plasma optical emission spectrometry. Different experimental factors/variables (such as contact time, dosage, and pH) affecting
the adsorption of Pb(Il) from acid mine drainage were optimized by response surface methodology based on central composite
design. Under optimized experimental parameters, the maximum adsorption capacity of Pb(II) was found to be 105 mg g~'. The
nature of the adsorption process was investigated using Langmuir and Freundlich isotherm models. The obtained data best fitted
Langmuir isotherm model suggesting a homogeneous adsorption process. Furthermore, the adsorption mechanism was investi-
gated using five kinetic models, that is, pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich model. The
adsorption data fitted better to pseudo-second-order followed by intra-particle diffusion kinetic models suggesting that the
adsorption mechanism is dominated by both chemical and physical adsorption processes. The adsorbent could be regenerated
up to 8 cycles and it was successfully used in the removal of lead in real acid mine drainage samples.
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Introduction

Population growth poses high demand on clean water sup-
ply, as water quality is most important for human consump-
tion and agricultural purposes (Kummu et al. 2016; Sahin

Responsible editor: Tito Roberto Cadaval Jr

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-3868-z) contains supplementary
material, which is available to authorized users.

P4 Philiswa N. Nomngongo
pnnomngongo @uj.ac.za; nomngongo @yahoo.com

Department of Applied Chemistry, University of Johannesburg,
Doornfontein Campus, P.O. Box 17011, Johannesburg 2028, South
Africa

DST/Mintek Nanotechnology Innovation Centre, Water Research
Node P.O. Box 17011, Doomfontein, Johannesburg 2028, South
Africa

@ Springer

et al. 2015). Various means of producing clean water by
treating wastewater have been reported in literature but the
main issue is the presence of pollutants such as heavy metals
in water which turns to threaten human health and aquatic
life (Sadegh et al. 2017). Water contamination by heavy
metals such as Cd, Pb, As, and Hg is one of the main envi-
ronmental problems. This is because these metals are found
to be toxic even at very low concentrations (Le Pape et al.
2017). The presence of toxic soluble contaminants in water
is of great concern. For this reason, several researchers have
developed different strategies to remove these contaminants
especially toxic trace metals (Fernandez-Rojo et al. 2017,
Premkumar et al. 2018; Maarof et al. 2017). These method-
ologies include coagulation (Marzougui et al. 2017), mem-
brane filtration (Yurekli 2016) and adsorption (Lee et al.
2015; Ungureanu et al. 2015). Among the abovementioned
methods, adsorption technology is the preferred method due
to its low cost, flexibility, simplicity, and effectiveness in
removing heavy metals and has been applied in different
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industries (Perrich 2018; Xu and McKay 2017; Al-Qodah
et al. 2017). In addition, an attractive feature of adsorption
method is the use of different adsorbents.

Researches have used different porous adsorbents to re-
move pollutants from wastewater and other complex matrices.
The choice of these adsorbents is due to their porosity and
large surface area. These adsorbents include activated carbon
(Dimpe et al. 2017), mesoporous carbon (Aldawsari et al.
2017; Nayak et al. 2017), nanometal oxides (Santhosh et al.
2017; Dey 2012), carbon nanotubes (Yadav and Srivastava
2017), metal organic frameworks (MOFs) (Huang et al.
2018a, b), and zeolites (Zanin et al. 2017). Metal organic
frameworks are designed by self-assembly of the metal ion
and coordinating ligands which help increase porosity of the
MOF (Jin et al. 2017). These materials have been used in
different applications owing to their tuneable pore size and
shape (Kang et al. 2017). Most of well-studied MOFs are
not water stable; therefore, in order to get water stable
MOFs, hydrophilic groups are incorporated near coordination
sites as this helps in hydrolysis to protect coordination bonds,
and use metals with high oxidation states (such as 7, Fe*,
Cr’* and AP*) in order to coordinate strongly with organic
linkers (Huang et al. 2017). Zeolitic imidazolate frameworks
(ZIFs), sub-class of MOFs, are water stable. These materials
pose superior and specific functional groups which increase
porosity and help in increasing adsorption capacity (Li et al.
2017). ZIFs have gained much attention due to their porosity,
higher chemical stability as well as positive charge, and they
have been used in different applications—adsorption (Jung
et al. 2015), gas separation (Wu et al. 2018), gas storage
(Panchariya et al. 2018), among others (Gomar and
Yeganegi 2018; Han et al. 2018). These porous materials have
been used in adsorption of hazardous organic compounds
such as pesticides (Zhang et al. 2017), dyes (Samal et al.
2018), personal care products/ pharmaceuticals (An et al.
2018), and heavy metals (Huang et al. 2018a, b; Bo et al.
2018; Huo et al. 2018).

In adsorption process, traditional technique of optimizing
one factor at a time (OFAT) in order to determine the variable
response effect, is unrealistic as it does not signify interacting
effect between various factors (Mohajeri et al. 2010). For this
reason, statistical design of experiments is one suitable meth-
od for obtaining useful and statistically significant models
(Saeed et al. 2015). This method allows a smallest number
of calculated experiments to be carried out and it considers
interactions among the factors (Saced et al. 2015). Response
surface methodology (RSM) is a statistical experimental
method use to find the optimum conditions for a multivariable
system. This approach originates from experimental method-
ology which has interactive effects among other parameters
that influence the analytical response (Amini et al. 2008).

Herein, we report adsorptive removal of Pb(Il) using
cobalt-methylimidazolate framework (ZIF-67) as an

adsorbent in adsorption of Pb(I) from acid mine drainage
(AMD). According to the literature search, there are few re-
cent reports on the use of ZIF-67 in removal of Cr(VI)
(Shahrak et al. 2017), Pb, and Cu (Huang et al. 2018a, b).
RSM based on central composite design (CCD) was used to
optimize the interactive effects of sample pH, mass of adsor-
bent, and contact time.

Experimental
Materials and reagents

All solvents and reagents were commercially obtainable, and
they were used as received. Ammonium solution, methanol,
polyvinylpyrrolidone (PVP), acetic acid, 0.22-um PVDF sy-
ringe filters, lead standard (10,000 mg Lfl), 2-
methylamidazole, and cobalt(I) nitrate hexahydrate were ob-
tained from Sigma-Aldrich (St. Loius, MO, USA). Working
standards of lead were prepared daily by diluting the amount
of lead stock solution.

Instrumentation

The oven (Xi’an Unique Electronics, UQ 9053A,
Shaanxi, China) was mostly used for drying of materials.
Fourier-transform infrared spectroscopy (ATR-FTIR)
spectrum of the adsorbent was obtained using a Perkin
Elmer Spectrum 100 FTIR spectrometer (Waltham, MA,
USA) between the scan ranges of 400-4000 cm ' at a
resolution of 4 cm™'. The morphological properties of
the adsorbent were studied using transmission electron
microscope (TEM JOEL JEM-2100, Japan). The
crystalline structure of ZIF-67 was determined using X-
ray diffraction (XRD). The surface area of the adsorbent
was obtained from Brunauer-Emmett-and-Teller (BET)
multipoint method by means of surface area and porosity
analyzer (ASAP2020 V3. 00H, Micromeritics Instrument
Corporation, Norcross, USA) using nitrogen gas, and the
sample was degassed for 10 h at 110 °C. The gas used for
analysis (ICP-OES) was of instrument grade. For the de-
termination of lead ions from synthetic and real samples,
inductively coupled plasma optical emission spectrometry
(ICP-OES, iCAP 6500 Duo, Thermo Scientific, UK)
equipped with a charge injection device detector. For ad-
sorption studies, a Branson 5800 ultrasonic cleaner
(Danbury, CT, USA) was used. The pH of both synthetic
and real samples was measured by pH meter (Mettler-
Toledo FE20, Switzerland). Eppendorf 5702 centrifuge
(Eppendorf Ag, Hamburg, Germany) was used to separate
the adsorbent form sample solutions.
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Table 1 Experimental levels and range of independent variables

Parameters Lower Central Higher
level (—) point (0) level (+)

Adsorbent dosage (mg) 10 20 30

Contact Time (min) 5 19.5 34

pH 32 6.5 9.7

Synthesis of ZIF-67

ZIF-67 was prepared according to Zhang et al. (2016). Briefly,
2.08 g of 2-methylimidazole was dissolved in 40 mL of meth-
anol, on the other hand, 520 mg of Co(NO;),"6H,0 and
600 mg of PVP were dissolved in 30 mL of methanol and
10 mL of deionized water respectively. Both solutions were
combined and stirred 24 h at room temperature, the product
obtained was centrifuged, washed with ethanol three times
then dried at 60 °C for 10 h (Zhang et al. 2016).

Adsorption procedure

The stock solution of lead (1000 mg L") was prepared from
10,000 mg L™ lead standard and diluted to the required con-
centrations (1-10 mg L™"). The experiments were done at
25 °C in batch mode. The pH of the solutions was adjusted
to the required values (3.2-9.7) by adding either 1 mol L ™" of
acetic acid or 1 mol L' of ammonium solution. Appropriate
amounts of an adsorbent (10-30 mg) were placed in pre-
cleaned polypropylene sample bottles followed by addition
of synthetic sample (15 mL) containing Pb(Il) with concen-
trations varying from 1 to 10 mg L', The mixture was soni-
cated for 5-33 min. The mixture was centrifuged then filtered

by means of a syringe fitted with a 0.22-um PVDF filter to
separate the supernatant from the adsorbent. The initial as well
as equilibrium concentrations of Pb(II) were measured by
ICP-OES. The removal efficiency of the adsorbent was then
calculated using (Eq. 1):

Co—C.
0

%RE = x 100 (1)

Where Cy: initial and C,:equilibrium concentrations after
adsorption.

The adsorption capacity (¢.) was calculated using (Eq. 2):

(Co—-Ci)V

=0 =7 2
qe v (2)

Where M: mass of the adsorbent used (g) and V: volume
synthetic sample (L).

Factors affecting the adsorption process were determined
using RSM based on central composite design (CCD). The
design matrix was computed using the values (minimum, cen-
tral point, and maximum) tabulated in Table 1. The experi-
mental data was analyzed using Statistic software (version
13).

Results and discussion
Characterization

The crystalline structure of ZIF-67 was examined by X-ray
diffraction (XRD) measurements (Fig. 1). Literature reported
that the XRD pattern of ZIF-67 could be indexed as: 7.3°
(011), 10.3° (002), 13.7° (022), 17.9° (013), 18.3° (222),

Fig. 1 XRD pattern of ZIF-67
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Fig. 2 TEM images of ZIF-67

22.5°(114),24.7° (233),25.2° (134),27.5° (044), 30.1° (244),
and 32° (235). These results confirmed that ZIF-67 was suc-
cessfully synthesized and the results were comparable with
previous studies (Gross et al. 2012; Chen 2016 ICCD PDF
#15-0806).

Figure 2 shows TEM images of ZIF-67 showing hexagonal
shape. Based on previous studies, it has been reported that ZIF-
67 shape differs with different molar ratios of metal ion and the
ligand and also the time of the synthesis (Yan et al. 2017). At
lower molar ratios of the metal to ligand, chamfered cube shapes
are observed and at high molar ratios, rhombic-dodecahedral
shape of ZIFs are observed (Lin and Chang 2015a, b) and so-
dalite ZIF can be formed when very small molar ratio is used
(1/8), also the metal salt used has an effect on the size of ZIF
crystals formed. For example, the use of cobalt nitrate leads to
formation of smaller sizes than when cobalt acetate is used (Lin
and Chang 2015a, b). In this study, the molar ratio of 4 which
gave results of chamfered-cubic ZIF-67 (also referred to trun-
cated rhombic dodecahedron), was used.

The surface area and pore size distribution of ZIF-67 were
found to be 1022 m? g ' and 0.545 cm® g ' respectively with
average pore size of 2.13 nm indicates that the material is
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Fig. 3 The nitrogen (N,) adsorption-desorption isotherms of ZIF-67
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Fig. 4 FTIR spectrum of ZIF-67

mesoporous and the isotherm observed is of type IV. The
shape of the N, sorption isotherm of ZIF-67 indicates the
presence of different pore sizes varying from micropores to
mesopores (Fig. 3) (Sun et al. 2016). At low relative pressure
area (P/Py<0.2), both adsorption and desorption curves
displayed an increase which confirms the presence of micro-
pores. There is a slight uptake at high relative pressure closer
to 1.0, indicative of macropores (Sun et al. 2016). The large
pore size and surface area of ZIF-67 shows that ZIF-67 is the
ideal candidate for adsorption of metal ions with high adsorp-
tion capacity. The results obtained were comparable to those
reported by Sun et al. (2016).

Figure 4 shows FTIR spectrum of ZIF-67 with a broad
peak at 3421 cm ! which was ascribed to N-H stretching from
the imidazolate ligand. At 1650 cmfl, there is aromatic C=C
of the ligand. Another peak was observed around 1430 cm '
which is attributed to C—N of 2-methylimidazole and the peak
observed around 550 cm ™' corresponds to metal to ligand
(Co—N) which confirms the formation of ZIF-67 from cobalt
and 2-methylimidazole.

Optimization strategy

To evaluate the effect of influential parameters on the removal
of Pb from wastewater, the adsorption experiments were done
over a pH range of 3.2-9.7, at different mass of adsorbent (10—
30 mg) and contact time (5-34 min). Response surface meth-
odology (RSM) acquired from central composite design (CCD)
was used to study the significant factors affecting the adsorp-
tion process. The design matrix and percentage removal effi-
ciency as analytical response on three variables/ parameters at
five levels are presented in Table S1. Pareto chart reproduced
from analysis of variance (ANOVA) was used to evaluate the
importance of individual and interactive effects (Fig. 5).

From Pareto chart, the significant effect is represented by
the vertical lines, and the bars represent the individual param-
eters and their interaction. If the bar crosses the confidence

@ Springer
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Fig. 5 Pareto chart and 3D response surface plots

line (p =0.05), this indicates that the corresponding interac-
tions or parameters are important at 95% confidence level
(Nomngongo and Ngila 2015). It can be seen in Fig. 5 that
pH was the most factor for the removal of Pb(Il) at 95%
confidence level. Other factors (mass of adsorbent and contact
time) as well as interactions were insignificant at 95% confi-
dence level. The results obtained suggested that pH of the
solution have greater influence in Pb(I) removal.

The relationship between dependent and independent vari-
ables were further studied by means of three-dimensional (3D)
response surface plots. The 3D response surfaces plots (Fig. 5)
were plotted to reveal the interaction of independent variables
as well as determining optimal values of each independent
variable to obtain maximum response (Mashile et al. 2018).

@ Springer
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The response surface plots showed that increase in pH of
the synthetic sample leads to increase in removal efficiency.
According to literature, the point of zero charge (PZC) for
ZIF-67 is 8.7 (Li et al. 2015), this implies that, for values
lower than the PZC, the surface of the adsorbent is highly
positive. Therefore, at low pH values, the removal efficien-
cy was low owing to the repulsion between Pb(Il) and the
highly positive surface of the adsorbent. At high pH values,
lead exists as cationic form in solution hence the high %
removal efficiency was observed. It should be noted that
the main driving forces were electrostatic interaction be-
tween Pb(I) and ZIF-67, physical adsorption as a result of
pores on the surface of the material and coordination bond-
ing. This claim is supported by the results obtained at
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Table 2 Adsorption isotherms of Pb(II) on ZIF-67

Isotherms Parameters

Langmuir Grmax (Mg gfl) 105
Kp (L mg ) 15.8
R? 0.996

Freundlich Kg 101
N 448
R 0.959

different pH values as listed in Table S1. It was observed
that at lower pH that is below the point of zero charge, the
removal efficiency was less than 85% which was due to the
physical adsorption and coordination interaction. Above the
point of zero charge, the removal efficiency was above 95%
due to electrostatic interaction, coordination interaction,
and physical adsorption. Figure 5 shows the combined ef-
fect of adsorption dosage (mg) and contact time (sonication
time in minutes) on the adsorption of Pb(Il). It was seen that
high surface area of the adsorbent resulted in increased re-
moval percentage with increased adsorbent dosage. Large
surface area of ZIF-67 creates more available sites for ad-
sorption with increase in dosage which increases adsorption
rate. At lower adsorbent dosage, low percentage removal is
observed which is due to inefficiency in reactive sites.
According to RSM, the optimized conditions were mass of
adsorbent 20 mg, sample pH 9, and contact time 24 min.

Adsorption isotherm models

Equilibrium adsorption data for the removal of Pb(Il) was
evaluated by Langmuir (Langmuir 1916) and Freundlich
(Freundlich 1907). The nonlinear equations for each isotherm
model are presented in (Eqns. 3—4):

Langmuir isotherm model

o quLCC’
Qe - 1 +kLCg (3)

Where ¢, maximum monolayer adsorption capacity
(mg g '), C.: concentration of adsorbate at equilibrium
(mg L"), and K; : Langmuir constant (L mgfl).

Freundlich isotherm model

qe = KFCC% (4)

Where ¢.: amount of Pb(Il) adsorbed (mg/g), C.: equilib-
rium concentration of Pb(Il) in (mg L"), K¢ is a measure of
adsorption capacity and » is an indicator of adsorption
effectiveness.

The impact of Pb(II) concentration on the sorbent was inves-
tigated in terms of Langmuir and Freundlich models as shown in
Figs. S1 and S2. The obtained data from the adsorption of lead
fitted the Langmuir isotherm model with higher correlation co-
efficient R* (Table 2). Langmuir model proves that the sorbent is
homogeneous which assumes monolayer adsorption as all the
sorption sites are uniform. The adsorption capacity reaches a
maximum at 40 min with barely increase of adsorption after
40 min.

Table 3  Kinetics of adsorption of Pb(Il) on ZIF-67
Equations Parameters Pb
Pseudo-first order 4 = qe[1=exp(~k17)] ge €Xp 104
qe cal 101
ky (min™") 0.1334
R? 0,868
k> (g mg ' min ") 0.001615
_ _ kag,*t —1
Pseudo-second order I Sy s faqu qe(mg g ) 114
R 0,968
kig1(mg ;{l min'?) 14.1
, Ci(mggh 25.8
Intraparticle g, = kidVi+ C; R2 0.983
diffusion kp(mg g ' min'?) 1.31
C,(mggh 93.53
| R, 0.998
Elovich q, =5 In(1 + aBt a 73.99
8 0.0495
R? 0.936

q¢: amount of lead adsorbed at time f; g.: sorption capacity; k;: rate constant; k,: second-order constant; C: is the value of intercept which gives
information about the boundary layer thickness; kiy: intraparticle diffusion rate constant; « is the initial rate constant and (3 is the desorption constant
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Adsorption kinetics

To understand the rate determining step and mechanism of the
adsorption, kinetic were studied using four different kinetics
models. The equations and the constants of the models are
summarized in Table 3. From Table 3, it can be seen that the
data followed the pseudo-second order kinetic model due to its
high correlation coefficient greater than 0.968. This suggested
that the adsorption process was dominated by chemisorption
and to a slighter extent by physisorption (Ghaneian et al. 2017).

Intraparticle diffusion showed that multiple adsorption
stages occurred. In addition, the nonlinear plots of intraparticle
diffusion did not start from the point of origin and this indi-
cates that boundary layer diffusion was also part of the adsorp-
tion of Pb(Il) into ZIF-67. Intraparticle diffusion indicated that
the adsorptive removal of Pb(Il) involved first-boundary layer
followed by intraparticle diffusion. The constant C (intercept
value that provides an indication of boundary layer thickness)
increased from 25.8 to 93.5, with a bigger value for C indic-
ative of bigger effect of boundary layer. This confirms that
adsorption of Pb(Il) into ZIF-67 was mostly controlled by
intraparticle diffusion model. Elovich model was studied to
understand the rate determining step. Elovich linear plot
showed high correlation efficiency which means intraparticle
diffusion was more prominent in Pb(I) sorption by ZIF-67
(Hameed et al. 2008).

Effect of interfering ions

Acid mine drainage contains various ions such as transition
metal ions, alkaline earth metals as well as the anions. As a
consequence of this, the effect of several and potentially co-
existing ions such as Al, Ba, Ca, K, Na, Mg, Cu(Il), Co(Il),
Zn(1I), Cd{D), Fe(Il), Cr(Ill), Fe(Ill), phosphates, chlorides,
carbonates, phosphates, and acetates on adsorption of Pb(II)
were studied. These ions may contest with the target analyte
for the available sites, leading to decrease in its removal from
the AMD about 10 mL solution of 2.0 mg L' lead. The effect
of coexisting ions was attained by processing 10 mL solutions
2.0 mg L™ Pb with different metal ions of known concentra-
tions (Table S2—-S4). The obtained results indicate that adsorp-
tion of Pb(I) onto ZIF-67 was not affected by the presence of
other coexisting ion at concentration ranging from 1 to
1000 mg L', This is due to the large surface area of ZIF-67,
meaning there are more are available sites for the removal of
lead. Therefore, the current material (ZIF-67) can adsorb tran-
sition metals, anions, and alkaline earth metals.

Desorption and regeneration studies

Regeneration/reusability as well and adsorbent’s stability
are the most important commercial features in the water
treatment process. The regeneration of ZIF-67 was per-
formed by packing the adsorbent in microcolumn. The
sample containing 2 mg L™ of Pb (II) was passed through
the column at a flow rate of 0.6 mL min'. ZIF-67 can be
regenerated by desorbing the adsorbate (Pb”>*) using
0.5 mol L™" of nitric acid. Figure 6 shows that, after eight
adsorption/desorption cycles, the adsorption performance
of ZIF-67 towards Pb (II) remained the same and the
removal efficiency ranged from 99 to 94%. Slight de-
crease (85-80%) was observed after the eighth cycle.
Therefore, it was concluded that ZIF-67 can be recycled
at least 8 times without major loss of removal efficiency.
This demonstrated that the ZIF-67 had good regeneration
and stability for the removal of Pb(II) and can be a can-
didate for water treatment process.

Table 4 Analysis of real samples

AMD Concentration of Pb (mg/L) before Concentration of Pb (mg/L) after %Removal
Samples removal removal efficiency
S1 1.69 £+ 0.05 ND 100

S2 3.77 £0.12 0.11+0.05 97.1+£19
S3 2.71 £ 0.06 ND 100

S4 3.43 +0.07 0.06+0.01 983+1.6
S5 9.77 £ 0.05 2.12+0.12 783+2.1

ND, not detected
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Table 5 Comparison of amount

of lead adsorbed by different Adsorbent Adsorption capacity References

adsorbents (mg/g)
MCNB 2.86 Luo et al. 2016
Fe;04 53 Rajput et al. 2016
MIL 101 120 Salarian et al. 2014
ED-MIL-101 81.09 Luo et al. 2015
Chitin 60.24 Siahkamari et al. 2017
Acidic cation resin 64 Vergili et al. 2013
Zeolite-supported nanoscale zero-valent iron 85.90 Lietal. 2018
Commercial activated carbon 472 Largitte et al. 2014
ZIF-67 105 Current work

Application to real samples

The practical applicability of ZIF 67 was evaluated by
performing adsorption of lead from acid mine drainage sam-
ples. The AMD was first filtered to remove particulates and
analyzed using optimized procedure to get the percentage re-
moval efficiency. From Table 4, the removal efficiencies for
Pb** ranged from 78.3-100%. These results demonstrated that
ZIF-67 can be used for adsorption of lead ions in real complex
such as AMD sample with relatively high removal efficiency.

Various materials that were previously used in Pb(Il) re-
moval from different water matrices, some of the materials
are presented in Table 5 with adsorption capacities. As seen
in Table 5, ZIF-67 is better or comparable with other
materials.

Conclusion

It was observed that ZIF-67 was the best candidate for
removal of lead from AMD. Two adsorption isotherms,
i.e., Langmuir and Freundlich, were studied; the obtained
equilibrium data best fitted Langmuir model. The maxi-
mum adsorption capacity of 105 mg g ' was obtained.
The best fit in kinetic studies was obtained when using
pseudo-second-order kinetic model revealing chemical ad-
sorption characteristics of Pb(II) on ZIF-67. In addition,
Elovich model showed that diffusion rate determining
step is more prominent in Pb(II) sorption by ZIF-67.
The study demonstrated that coexisting ions found in
AMD samples used had no detrimental influence on the
removal of Pb ions. Therefore, the current material (ZIF-
67) can adsorb transition metals, anions, and alkaline
earth metals. After dilute nitric acid treatment, the ZIF-
67 adsorbent showed good stability and could be regen-
erated and reused up to 8 cycles.
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