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wards 21 different organic dyes were investigated, and the corresponding mechanism was proposed.
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Zeolitic imidazolate frameworks-67 (ZIF-67) was prepared via electrochemical deposition, which was
used to conduct adsorptive removal of various organic dyes. The results revealed that ZIF-67 displayed
good adsorption performance towards some dyes due to its positive Zeta potential at wide pH range
or some special functional groups like ASO3 of dyes. Also, ZIF-67 could separate some dyes from the
matrix subjected to its preferential uptake towards certain dyes. The possible adsorption mechanism
including electrostatic interactions, coordination interactions and hydrogen bonding interactions was
proposed and tested.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs), as one of the favourite crys-
talline porous materials, had witnessed major advances in diverse
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areas [1–4], considering their compositional and geometric ten-
ability [5], ultrahigh surface areas [6], and multiple active sites
[2]. The unprecedented rapid development of MOF-related
research could also be assigned to various potential applications
like gas adsorption & separation [7,8], gas storage [9], CO2 capture
& fixation [1,10], catalysis & photocatalysis [2,11], sensor [3], and
so on [12,13]. Zeolitic imidazolate frameworks-67 (ZIF-67), with
a Co-substituted porous ZIF-8 structure, is built up of Co(II) and
2-methylimidazole [14]. Featured by remarkable chemical and
thermal stability (up to 450 �C) [15,16], large accessible surface
(ca. 1800 m2/g) and active surface sites [17–19], ZIF-67 had
attracted considerable attentions in many applications like adsorp-
tion [17,20], photocatalysis [21,22], sensor [23], and so on [24,25].
For example, ZIF-67 was utilized to degrade Rhodamine B (RhB) for
several runs with excellent photocatalytic activity [22]; ZIF-67 was
also employed as a gas sensor to determine formaldehyde at a low
operating temperature [23]; as well, ZIF-67 was often used as
adsorbate to conduct efficient removal of several hazardous pollu-
tants such as Cr(VI) [19], phenol [26], anionic organic dyes [27–29],
sulfonamide antibiotic [30], and 1-naphthol [31], in which the
main adsorption mechanism included but not limited to electro-
static interactions [26], ion exchange [19], and p-p interactions
[27]. With the aid of adsorption sites monitored by DFT (density
functional theory) calculations and GCMC (grand canonical Monte
Carlo method) simulation, previous researches had demonstrated
that acid-basic sites including AOH groups and ANH groups could
be obtained at the external surface or at defect sites resulted from
the dissociative adsorption of water [17,32]. Furthermore, the
small aperture size (11.6 Å � 3.4 Å) of ZIF-67 might restrict the
dye molecules diffusing into its inner pore structure, but the abun-
dant active adsorption sites could be available at its external sur-
face [33], which was helpful to attract the dye molecules via
some specific function groups.

In general, ZIF-67 could be synthesized primarily via solvother-
mal method [34] and solvent diffusion method [27,35]. While, it
was well known that both solvothermal method and solvent diffu-
sion suffered from either time-consuming or environmental pres-
sure resulted from the usage of toxic organic solvents like
triethylamine (TEA). Furthermore, it was worthy to noting that
the above-stated methods could not realize continuous high-
throughput production with low cost in relatively short time (a
matter of hours) at ambient pressure and temperature. Therefore,
it was necessary to develop a facile and high-throughput produc-
tion technology for ZIF-67 to enhance its applications.

In this work, ZIF-67 was synthesized via electrochemical depo-
sition, which was once used to prepare some other MOFs [36], con-
sidering that: (i) excluding the influence of anions like NO�

3 , ClO�
4 ,

or Cl� during the syntheses, in which the Co(II) ions were continu-
ously introduced through anodic dissolution of Co metal to the reac-
tion medium, rather than using cobalt salts; (ii) running a
continuous process and to obtain a high-throughput production;
(iii) avoiding the introduction of hazardous organic solvents, and
to produce ZIF-67 in an alcohol system. Additionally, the obtained
ZIF-67 was utilized to adsorb various organic dyes (anionic dyes,
cationic dyes and neutral dyes) as well as preferential uptake of
methyl orange (MO), orange II (OG-II) and acriflavine (AF) from the
MO/MB (MB = methylene blue), OG-II/MB, and AF/MB aqueous
matrix, respectively, and sudan III (SD-III) from the SD-III/MB etha-
nol solution.
2. Experimental

The electrochemical preparation of ZIF-67 was carried out using
a two-electrode electrochemical cell (as shown in Fig. S1 and
Video) in nitrogen atmosphere, in which a cobalt sheet
(4 cm � 2 cm) and a platinum column (U = 1 mm) were used as
cathode and anode, respectively, in 150.0 ml ethanol solution of
121.8 mmol (10.0 g) of 2-methylimidazole (Hmim) as organic lin-
ker and 12.0 mmol (3.0 g) of hexadecyl trimethyl ammonium bro-
mide (CTMAB) as the electrolyte. After 4 h of electrochemical
reaction, 2.9 g precipitates were collected by centrifugation and
washed repeatedly with ethanol [36,37]. The electrical scanning
microscope (SEM) image of obtained ZIF-67 was illustrated in
Fig. S2. The as-synthesized ZIF-67 crystals were dried at 333 K in
the thermostatic drying oven for 6 h to carry out activation.

In order to test its adsorption performance towards different
organic pollutants, 5.00 mg ZIF-67 with 1.0 lm particle size was
added into 40 mL aqueous solutions of 4 kinds of cationic dyes,
16 kinds of anionic dyes and one neutral dye (ethanol solution)
with the initial concentrations of 100.0 mg/L, respectively. The
detailed information of the 21 organic dyes were listed in
Table S1 (ESI). The selective uptake of different dyes was tested
using 40 mL dyes matrix of MB/AF, MB/MO, MB/OG-II, and MB/
SD-III with 5.0 mg ZIF-67 as adsorbent, and then the process was
monitored by UV–vis spectroscopy.
3. Results and discussion

Powder X-ray diffraction (PXRD) was used to determine the
crystallinity and phase purity of the ZIF-67 precipitates, the results
revealed that all the diffraction peaks of the precipitates agreed
well with the simulated patterns obtained from the single crystal
data of ZIF-67 (CCDC 671073) [14], as illustrated in Fig. 1(a). The
harvested ZIF-67 products were further confirmed by FTIR spec-
troscopy, as shown in Fig. S3(a), in which the bands like 3134
cm�1, 2925 cm�1, 751 cm�1, 424 cm�1 and so on, matched well
with FTIR spectroscopy of other researches [19,38].

The results of adsorption experiments revealed that all the
selected 16 anionic dyes, partial cationic dyes (MB, basic brown 1
(BB-1) and AF) and neutral dye (SD-III) could be efficiently
adsorbed by ZIF-67 with the adsorption capacity ranging from
0.05 mmol/g (RhB, 4.3 mg/g) to 1.37 mmol/g (FA, 800.0 mg/g), as
illustrated in Fig. 2. It was observed that ZIF-67 preferred to adsorb
anionic dyes with adsorption abilities ranging from 37.7 mg/g (like
XCFF) to 800.0 mg/g (like CB and FA). However, some cationic (like
AF, 74.3 mg/g, and BB-1, 63.3 mg/g) and neutral dyes (like SD-II,
87.4 mg/g) could also be adsorbed with relatively high capacities.

In most cases, ZIF-67 has a positive surface charge, evidenced by
its zeta potential values from 2.88 mV to 14.37 mV at the pH values
ranging from 7.0 to 10.0 (Fig. 1(b)), comparable to the results
reported previously, in which its surface also display positive with
Zeta potential ranging from 0 mV to 13.5 mV at the pH values of
6.0–8.8 [14]. Furthermore, the initial pH values of most selected
dye solutions before adsorption were under 7.0, while the final
pH values of residual solutions after adsorption were in the range
of 7.0–10.0 (Fig. S4 in ESI). As reported previously, contacting ZIF-
67 with water could result into pH increase, which might be con-
tributed to the protonation effect of imidazolate groups (mim�)
exposed at the outer surface of the ZIF-67 particles (Eq. (1)) [17].
The pH increase of the solution facilitated the interactions between
anionic dyes and ZIF-67 with positive surface charge. Furthermore,
the uncoordinated Co2+ sites at the outer surface of the ZIF-67 were
deemed to bond with hydroxide derived from water in aqueous
solution [39].

mim� þH2O¢Hmimþ OH� ð1Þ
As above-stated, ZIF-67 could adsorb anionic dyes through elec-

trostatic interactions. Methyl orange (MO), as a typical anionic
dyes, was selected to elucidate the electrostatic interaction mech-
anism, which was affirmed by the FTIR and XPS spectra of ZIF-67



Fig. 1. (a) Simulated and experimental XRD patterns of ZIF-67 product. (b) Zeta potential of ZIF-67 at different pH values. (c) XPS spectra of Co 2p. (d) XPS spectra of O 1s.

Fig. 2. The adsorption performance ZIF-67 towards 21 dyes (the initial dye concentration being 100 mg/L, adsorbent dose being 5 mg, and solution volume being 40 mL. The
numbers above the column represented the adsorption capacity towards different dyes with unit of mg/g).

X.-D. Du et al. / Journal of Colloid and Interface Science 506 (2017) 437–441 439
before and after adsorption towards MO. The FTIR spectra of ZIF-67
before and after adsorption matched well except that some new
peaks occurred. The sharp peak at 3632 cm�1 could be ascribed
to free hydroxyl and the broad peak at 3481 cm�1 (as illustrated
in Fig. S3(b)) could ascribed to the stretching vibration of hydroxyl
and amino groups [39]. During the interaction between the ZIF-67
and MO, abundant surface interactions including CoAOH and NAH
occurred through water dissociation [40,41], which were in good
agreement with the hypothesis above-mentioned. And the charac-
teristics peaks of MO (1032 cm�1 and 623 cm�1) presented in FTIR
spectra of ZIF-67 after adsorption. The adsorption of MO onto ZIF-
67 was also affirmed by XPS, in which the strong signal of S ele-
ment, the specific element from MO, appeared (Fig. S5, ESI). The
open Co(II) sites in ZIF-67 were occupied by AOH, but the AOH
could be potentially replaced by some other stronger Lewis bases.
As a result, the interaction between theASO�
3 group in MO as Lewis

base and unoccupied Co(II) of ZIF-67 as Lewis acid could occur due to
the replacement of the AOH by the Lewis base ASO�

3 of MO
[19,39,42], which was also demonstrated by the Co 2p peak shifted
from 781.06 eV and 796.71 eV in original ZIF-67 to 781.21 eV and
797.11 eV in ZIF-67 after adsorption of MO, which were assigned
to the characteristics peaks of Co 2p3/2 and Co 2p1/2, respectively
(Fig. 1(c)), along with that O 1 s peak shifted from 532.06 eV to
531.11 eV (Fig. 1(d)) [43,44].

Besides anionic organic dyes, ZIF-67 could also adsorb some
cationic dyes and neutral dyes with some specific functional
groups. As illustrated in Fig. 2, the adsorption capacities of ZIF-67
towards AF, BB-1, MB and RhB were 0.28 mmol/g (74.3 mg/g),
0.15 mmol/g (63.3 mg/g), 0.05 mmol/g (19.6 mg/g) and
0.009 mmol/g (4.3 mg/g), respectively. The higher adsorption



Fig. 3. The selective adsorption capacity of ZIF-67 toward the mixed dyes of (a) MO/MB and (b) OG-II/MB, (c) AF/MB and (d) SD-III/MB with concentration of 10 mg/L.
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capacities of ZIF-67 towards AF and BB-1 could be contributed to
the ANH2 group in their molecules structures, which favoured
the formation of hydrogen-bonding interactions with the AOH
groups presenting at the outer surface of ZIF-67. The existence of
hydrogen-bond interactions between ZIF-67 and BB-1 could be
affirmed by O 1 s peak shift from 532.06 eV in original ZIF-67 to
531.01 eV in BB-1@ZIF-67 in their XPS spectra, similar to the find-
ings reported by counter-parts [45,46]. Weak coordination interac-
tions might also be formed between Co(II) and ANH2 groups in BB-
1, which could be confirmed by Co 2p peaks’ slight shift from
796.71 eV and 781.06 eV in ZIF-67 to 796.86 eV and 781.11 eV in
BB-1@ZIF-67, respectively. According to cationic MB, the presence
of dimethylamino (AN(CH3)2) in MB could also conduced to the
formation of hydrogen-bonding interactions with ZIF-67 [47], as
a result, the adsorption capacity was 19.6 mg/g. However, no sig-
nificant functional groups which could build H-bond could be
found in cationic RhB, resulting into poor combination with ZIF-67.

The good adsorption performance of ZIF-67 towards neutral SD-
III could be assigned to that: (1) the AOH group in SD-III, which
could also favoured to form hydrogen bonds with CoAOH or
ANH in ZIF-67; (2) the ionization degree of SD-III would be
enhanced in weak basic solution [48], which helped to generated
electrostatic interactions between SD-III and ZIF-67. It was worthy
to noting that the p-p stacking interactions presented between the
imidazole rings in ZIF-67 and the benzene rings of organic dyes
enhanced their interactions, further strengthened the adsorption
performances of ZIF-67 towards organic dyes [27,28,49].

The preferential adsorption and separation of specific dyes from
the dyes mixtures is more attractive and challenging [50,51]. In
this study, cationic MB (1.38 nm � 0.64 nm � 0.21 nm), cationic
AF (1.35 nm � 0.75 nm � 0.34 nm), anionic MO (1.54 nm �
0.48 nm � 0.28 nm), anionic OG-II (1.36 nm � 0.73 nm � 0.23 nm)
and neutral SD-III (1.57 nm � 0.73 nm � 0.68 nm) were selected
as models, considering that they possessed different sizes, charges
and functional groups. Anionic MO, anionic OG-II and cationic AF
can be preferentially adsorbed by ZIF-67 from MO/MB, OG-II/MB
and AF/MB matrixes with removal percentage of 86.77%, 81.13%
and 62.42%, respectively (see Fig. 3), which can be contributed to
the electronic interaction (for anionic dyes), the coordination inter-
action between the Co2+ of ZIF-67 andASO�

3 (for MO, OG-II and AF),
and the p-p stacking interactions (for all the dyes above-stated). To
the best of our knowledge, only a few examples revealed that MOFs
could be applied to separate cationic dyes (like AF and MB in this
study) with a similar molecule size and geometry [52]. It was also
demonstrated that 69.50% neutral SD-III could be separated from
MB/SD-III ethanol solution. From the above experiments, it could
be concluded that ZIF-67 was a promising material to conduct sepa-
ration and concentration of some specific organic pollutants from
the matrix, which would favour the corresponding subsequent
detection.
4. Conclusion

In all, high throughput ZIF-67 was continuously synthesized by
electrochemical deposition method. ZIF-67 exhibited excellent
uptake performance towards various organic dyes with different
size, charges and functional groups. And ZIF-67 also preferred to
adsorb anionic AF, anionic MO, cationic OG-II and neutral SD-III
from the MB/AF, MB/MO, MB/OG-II and MB/SD-III matrixes,
respectively. It was supposed that anionic dyes was adsorbed by
ZIF-67 with the help of electrostatic attractions, coordination inter-
actions and p-p stacking interactions; while the hydrogen bonding
interactions were deemed as the primary cause to absorb cationic
dyes and neutral dyes with ZIF-67, which was further enhanced by
p-p stacking interactions. Although previous researches revealed
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that ZIF-67 was well known for its adsorption ability, our works
reported in this paper presented the adsorption performance
towards additional 21 organic dyes, which provided a valuable
database to conduct adsorptive removal, concentration and even
separation of organic pollutants in real wastewater. Further
researches should be carried out to produce ZIF-67 with large-
scale setup, and to clarify the adsorptive activities towards other
organic pollutants such as PPCPs, PCBs in real environmental
samples.
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