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a b s t r a c t

Water-stable [Co3(tib)2(H2O)12](SO4)3 (BUC-17) was hydrothermally synthesized by adding formic acid
as a modulator. The as-prepared BUC-17, whose zeta potentials were positive in pH 4.0–10.0, was used
as potential adsorbent to capture ReO4

� ions. The corresponding kinetics behavior and equilibrium iso-
therm fitted well to the pseudo-second-order and Langmuir model, in which the maximum sorption
capacity of BUC-17 was 401.9 mg ReO4

� g�1 sorbent at 298 K. Additionally, BUC-17 demonstrated out-
standing removal activity in wide range of pH (4.0 – 10.0) and high salinity. The fixed-bed column packed
with BUC-17 powder could continuously eliminate ReO4

� solution, which provided the possibility to
accomplish potentially large-scale application. At last, the adsorption mechanism was proposed, which
was the synergism of electrostatic interactions and ion exchange between SO4

2� and ReO4
�.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Coal, oil, natural gas and other major energy sources are limited
and nonrenewable, and the formed CO2 from their combustion is
deemed to be the main anthropogenic factor of climate change
[1,2]. To solve this predicament, nuclear energy, as one of renew-
able form, has been widely concerned release the pressure of fossil
fuels in the short term [3,4]. However, some toxically radioactive
wastes generated from the nuclear fuel processing and nuclear
accidents pose great threats to both human health and the envi-
ronment. For example, the radioactive waste 99Tc (Technetium-
99) might be produced from fission of 235U (uranium-235) or
239Pu (plutonium-239) [5–7]. 99Tc, with t1/2 being 2.13 � 105 y,
mainly exists in pertechnetate anion (TcO4

�), the most stable oxida-
tion state, which poses serious threats to the water environment
resulted from its dangerously environmental mobility [8]. Various
treatment methods were adopted to remove TcO4

�/ReO4
� (as an

analog of radioactive TcO4
�) and the methods that have received

much attention are ion exchange [9,10], supramolecular recogni-
tion [11], reductive immobilization [12,13] and solvent extraction
[14]. The adsorption based on ion exchange is one of the most used
methods [15]. The ion exchange materials with high adsorption
capacity, fast kinetics rate, and outstanding selectivity attracted
increasing attentions. The adsorption rates of anion exchange
resins are slow, while the inorganic ion-exchangers displayed
unsatisfied adsorption capacity and selectivity especially in high
salinity condition [15,16]. Therefore, finding new adsorbents that
achieve rapid and efficient remove of TcO4

� will become necessary.
Metal-organic frameworks, which are porous crystalline mate-

rials constructing from metal centers and organic linkers [17–20],
have been paid attention by multiple fields like drug delivery
[21,22], photocatalysis [23–26], adsorption [27–29], gas separation
[30,31] and so on [32,33], due to their merits of the inherent por-
ous structures, thermal stability, extremely large surface areas and
adjustable pore size [17,34]. Considering the anionic properties of
TcO4

�/ReO4
�, tremendous efforts were committed to the evolution

of cationic framework materials due to their strong electrostatic
attractions or host guest interactions [35]. As a subclass of MOFs,
cationic MOFs are attracting increasing interest, which are com-
posed of positively charged main frameworks stabilized by the
short-interactions of charge counter anions in pores or interlayer
spaces [14,36]. At present, some cationic MOF materials for remov-
ing TcO4

�/ReO4
� have been reported. Banerjee et al.[37] reported the

ReO4
� exchange properties of a cationic zirconium-based MOF, UiO-

66-NH3+, which has an uptake capacity of 159 mg g�1 with slow
adsorption rate for more than 24 h. Li et al.[38] prepared the first
mesoporous cationic MOF, SCU-8, and evaluated the uptake capa-
bilities for ReO4

�. Although it has a fast adsorption rate, its adsorp-
tion performance in high salinity wastewater has not been
explored. Zhu et al. [39], Sheng et al. [40] and Shen et al. [41]
reported several water-stable cationic MOFs, SCU-101, SCU-102
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and SCU-103, the maximum sorption capacities are 247 mg g�1,
291 mg g�1 and 318 ± 8 mg g�1, respectively. Mei et al. [14]
reported a CB8-based cationic supramolecular metal–organic
framework, SCP-IHEP-1, which has an uptake capacity of
211 mg g�1. It is necessary to search for cationic MOF materials
with higher adsorption capacity and efficient removal of TcO4

�/
ReO4

� in high salinity wastewater.
The highly water stable BUC-17 was synthesized under

hydrothermal conditions [28]. At first, we found 1,3-adaman-
tanedicarboxylic acid can be used as catalyst and regulator to pro-
duce BUC-17 [28]. Then, our group modified the synthesis method
to prepare BUC-17 powder without 1,3-adamantanedicarboxylic
acid as catalyst and regulator [42]. However, we didn’t harvest
pure BUC-17without any impurities via the above-stated synthetic
methods, which motivated us to further optimize the synthesis
strategy. Within this paper, pure BUC-17 crystals free of any impu-
rities were synthesized by adding formic acid to modulate its mor-
phology. BUC-17 was previously used as adsorbents to adsorb
anionic Congo red (CR) [28], Cr2O7

2� [43], and AsO4
3� [42], due to

the charge-balancing SO4
2� anions contained in the pores of BUC-

17 can be exchanged out. From this point, BUC-17 might be effec-
tive to capture the radioactive TcO4

�. However, the experiments
concerning TcO4

� can’t be conducted in most ordinary laboratories.
Performing technetium experiments in ordinary laboratories will
cause environmental pollution problems, due to its strong radioac-
tivity, it will have a certain impact on the health of the experi-
menters. Generally, ReO4

� is widely selected as TcO4
� analog due

to their similar chemical properties and ionic radius [44]. Within
this paper, the as-prepared BUC-17 was used to capture ReO4

� in
both batch and continuous experiments, in which the adsorption
kinetics, thermodynamics and the effects of pH and coexisting ions
on the adsorption behavior were studied. Finally, the possible
adsorption mechanism was put forward and verified.
2. Experimental

The chemicals and the characterization instruments were listed
in Supplementary Information (SI).

2.1. BUC-17 synthesis

The BUC-17 was produced following the previous reported pro-
cedure with some modifications [28]. Briefly, 1,3,5-tris(1-imida-
zolyl) benzene (tib: 0.3 mmol, 0.0829 g) and CoSO4�7H2O
(0.3 mmol, 0.0843 g) were dissolved in 10.0 mL deionized H2O,
and formic acid (0.3 mmol, 13 lL) was put into the mixture instead
of 1,3-adamantanedicarboxylic acid to modulate the morphology.
The above solution was transferred into the 25 mL Teflon-lined
stainless steel Parr bomb, which was heated at 140 �C for 72 h,
and then cooled down to room temperature naturally for about
2 h. Finally, the pure BUC-17 crystals (yield 61% based on CoSO4-
�7H2O) with regular hexagonal prism shape were obtained via fil-
tration. FTIR (KBr) cm�1: 3381, 3131, 1672, 1623, 1546, 1515,
1358, 1317, 1273, 1258, 1182, 1125, 1078, 1012, 974, 934, 849,
817, 758, 664, 611, 448.

The stability of BUC-17 was tested by soaking it in H2SO4 or
NaOH solution with pH values from 4.0 to 10.0 under continuous
stirring for 12 h. Finally, PXRD test was conducted to check the sta-
bility of treated BUC-17.

2.2. Adsorption experiments

ReO4
� (Re(VII)) was adopted as anionic pollutant model to eval-

uate the adsorption activity of BUC-17. Kinetic studies were carried
out by adding 50 mg BUC-17 into 200.0 mL of 10 mg L�1 to 100 mg
2

L�1 ReO4
� solution (calculated by Re(VII)) at pH = 5.0, which was

stirred for 15 h in constant temperature water bath shaker at 25
℃, and the rotation speed was 170 r min�1. The sorption isotherm
experiments of BUC-17 on ReO4

� were carried out by varying initial
ReO4

� concentrations (10–150 mg L�1) at pH = 5. In a typical run,
exact amounts of BUC-17 (50 mg) and 200.0 mL ReO4

� solution
were stirred for equilibrium times. During the adsorption process,
4.0 mL sample was separated with 0.22 mm springe filter from the
treated solution at regular intervals. The residual concentrations of
Re(VII) in aqueous solution were monitored by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, ICP-5000, Focused
Photonics Inc., China). The adsorption capacity was calculated by
Eq. S1.

2.3. Fixed bed column investigation

In order to study the potentially practical application of BUC-17,
the fixed-bed column experiments were carried out in solid phase
extraction (SPE) column. 2.0 g BUC-17 powder (with the particle
size from 0.2 to 2 lm) was packed into the commercially available
empty column. The solution containing 50 mg L�1 ReO4

� was
pumped through the SPE column at a flow rate of 0.4 mL min�1

via automatic vacuum. Turn on the vacuum pump and control
the pressure by adjusting the purge valve to ensure a constant flow
rate which was determined by calculating the flow rate of the solu-
tion for a certain period of time. During the adsorption process,
4.0 mL sample was collected at regular intervals. The residual Re
(VII) concentrations in the samples were monitored by ICP-OES.
3. Results and discussion

3.1. Characterization

The powder X-ray diffraction (PXRD) patterns of as-obtained
BUC-17 completely corresponded with the simulated ones from
the single-crystal structure data (CCDC 1482297) as illustrated in
Fig. 1a, indicating the high purity of the as-obtained BUC-17. The
PXRD results of BUC-17 after being soaked in acid/alkaline solution
(pH = 4.0–10.0) for 12 h matched perfectly with that of fresh BUC-
17 (Fig. 1a), demonstrating it remained intact in both acidic and
alkaline environment. And the XRD pattern for the as-synthesized
and simulated BUC-17 reveal characteristic peak at 7.5� corre-
sponding to diffraction planes of (210). The peak at 9.0� in the
PXRD patterns of the treated BUC-17 had a slight displacement
to higher angles compared to that of synthesized and simulated
samples (peak at 7.5�). Such a right-shift of the diffraction peak
is expected as there is a high concentration of OH– in deionized
water, and OH– with a small ionic radius replaces part of the
SO4

2� with a large ionic radius in BUC-17 [45]. Both the fluores-
cence microscopy images and SEM images directly showed that
BUC-17 crystals exhibit the regular hexagonal prism (Fig. 1b and
1c). It can be found that the BUC-17 powder after grinding treat-
ment demonstrated irregular morphology under SEM observation
(Fig. 1d).

3.2. Adsorption performance

3.2.1. Adsorption kinetics
To quickly test the adsorption performance of BUC-17, the

Congo red (CR) was selected as pollutant model. It was found
that>99.4% CR can be adsorbed by as-prepared BUC-17 within
1 min (Fig. S1), which was faster than that of BUC-17 (3 min) syn-
thesized without adding formic acid [28]. Subsequently, BUC-17
was adopted to remove ReO4

� in simulated wastewater (different
concentrations of ReO4

� solution). To understand the adsorption



Fig. 1. (a) The PXRD patterns of BUC-17 before and after being treated by acidic or alkaline solution, and the simulated one from single crystal date; (b) SEM image of BUC-17
crystals synthesized in this work and (inset) previous method [43]; (c) fluorescence microscopy image of BUC-17 crystals; (d) SEM image of BUC-17 powder obtained from
grinding treatment.
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process and mechanism, the adsorption kinetics like the pseudo-
first-order, pseudo-second-order as well as intraparticle diffusion
models (as listed in Eqs. S2-S4) were calculated [46]. The rate lim-
iting step is deemed to be diffusion and mass transfer of the adsor-
bate to the adsorption site in first-order model, and chemical
adsorption in the second-order model [47]. From Fig. 2b, 2c and
Table 2, batch kinetics experiment results demonstrated that the
adsorption of ReO4

� onto BUC-17 obeyed the pseudo-second-order
model. The obtained R2 values are above 0.999 at the initial ReO4

�

concentrations of 10 mg L�1 to 100 mg L�1, demonstrating that
the adsorption process was chemical adsorption [48,49].

Additionally, the Weber–Morris model [50] was used to under-
stand the intra-particle diffusion in the adsorption process. If the
rate controlling step is intra-particle diffusion, the plot of the
change of (qt) (mg g�1) with t1/2 (the square root of contact time)
will display a straight line through the origin [51]. As depicted in
Fig. 2d, the adsorption behaviors of BUC-17 toward ReO4

� could
be mainly divided into two sub-processes: the linear portion ended
with smooth curve and a linear part. The initial curved part of the
plot represents the boundary layer effect, while the second linear
portion can be ascribed to diffusion within the intraparticle or
the pore [52]. The linear portion of plot is not through the origin,
implying that the intraparticle diffusion is not the only rate limit-
ing step [53]. The results showed that both surface adsorption and
3

intra-particle diffusion are the main factors determining the reac-
tion rate [43].

The adsorption rate is a key factor to determine whether or not
an adsorbent can be utilized to efficiently dislodge pollutants [54].
Fig. 2a revealed that the adsorption capacity of ReO4

� on BUC-17
increased with the increase of contact time. Up to 98% ReO4

� with
initial concentration of 10 mg L�1 can be removed by BUC-17
within 6 min. For the aqueous solution with initial ReO4

� concen-
trations of 100 mg L�1, 92% removal efficiency can be achieved
within 100 min, and complete equilibrium can be basically
achieved in 280 min (>97%), as the reaction time continues until
8 h, the concentration of the remaining ReO4

� in the solution is only
reduced by about 2 mg L�1. The kinetics rate of ReO4

� exchange
over BUC-17 is superior to those of other cationic adsorbents
including but not limited to SLUG-21, NDTB-1, UiO-66-NH3

+ and
TJNU-216 (Table 1). Although BUC-17 had a slower adsorption rate
compared to some materials, its adsorption capacity was higher.

3.2.2. Adsorption isotherms
To acquire qmax (the maximum sorption capacity) of BUC-17,

the adsorption isotherm investigations were conducted [54]. Three
isotherm models like Langmuir, Freundlich, along with Dubinin–
Radushevich isotherm equations (expressed as Eqs. S5–S9) were
used to describe the adsorption isotherms behaviors in detail.



Fig. 2. (a) The adsorption capacities of BUC-17 toward ReO4
� with different initial concentrations (pH = 5.0, T = 298 K); the matching results for (b) Pseudo-first-order model

and (c) pseudo-second-order model of BUC-17 toward ReO4
� (298 K); (d) Intra-particle diffusion plot for BUC-17 uptake of ReO4

� (298 K).

Table 1
The adsorption capacities and kinetics rates toward ReO4

� over some counterpart
adsorbents.

Adsorbents Adsorption capacity (mg g�1) Equilibrium time Refs.

LDH 130 NA [55]
SLUG-21 602 48 h [56]
SCP-IHEP-1 211 > 10 min [14]
NDTB-1 49.4 > 36 h [57,58]
NU-1000 210 5 min [15]
IIP-3 84.38 15 min [59]
DNOA-OCS 222.69 NA [60]
NZVI/rGOs 115.25 50 min [61]
SCU-101 247 10 min [39]
UiO-66-NH3

+ 159 > 24 h [37]
TJNU-216 417 6 h [62]
BUC-17 401.9 280 min This work

Table 2
Kinetic parameters related to adsorption with varying concentrations of ReO4

� onto BUC-1

C0 (mg L�1) Pseudo-first-order Pseu

K1 (min�1) qe (mg g�1) R2 K2 (m

10 0.00202 1.8926 0.07629 0.01
30 0.00203 2.9869 0.05786 0.02
50 0.00605 21.0462 0.55756 0.00
75 0.00857 137.351 0.94721 0.00
100 0.01211 136.594 0.83001 0.00
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4

The adsorption isotherms behaviors of BUC-17 at different temper-
atures like 288 K, 293 K, 298 K, 303 K and 308 K with varying initial
concentrations were depicted in Fig. 3.

As presented in Table 3, the higher R2 values implied that the
Langmuir model matched more perfect than other isotherm mod-
els [63], which was further affirmed by perfect match between the
maximum adsorption capacities calculated and the experimental
ones. The qmax values acquired by the Langmuir model decreased
with the temperature, demonstrating that the low temperature
might favor the exothermic adsorption. As revealed by the sorption
isotherm experiment, the qmax of BUC-17 is 401.9 mg ReO4

� g�1 sor-
bent equivalent of 299.1 mg Re g�1 sorbent. Significantly, the qmax

value of BUC-17 was appreciably higher than those of most coun-
terpart adsorbents reported previously like SLUG-21 and NU-1000
(Table 1). The Langmuir model supposes that the sorption process
7 at 298 K.

do-second-order measured value (mg g�1)

in�1) qe (mg g�1) R2

981 40.2576 0.99981 40.7992
208 119.9041 0.99998 120.3658
157 199.6008 0.99995 199.1568
024 292.3977 0.99983 289.6496
039 299.4012 0.99997 299.1152



Fig. 3. (a) The Equilibrium data of the adsorption process at varying temperatures; (b) Langmuir, (c) Freundlich, and (d) Dubinin–Radushevich (D–R) isotherms for adsorption
ReO4

� by BUC-17.

Table 3
Constants of isotherm models for ReO4

� adsorption by BUC-17 at various temperatures.

T/K Langmuir Freundlich D–R

KL (L mg�1) qm (mg g�1) R2 Kf (L g�1) 1/n R2 KDR E (KJ mol�1) R2

288 1.946 309.6 0.9995 143.361 0.244 0.4110 1.151 � 10�7 2.085 0.8927
293 1.891 304.0 0.9993 137.227 0.245 0.4349 1.129 � 10�7 2.105 0.8158
298 1.811 298.5 0.9995 143.499 0.224 0.3362 9.834 � 10�8 2.255 0.6394
303 1.735 288.2 0.9995 122.231 0.269 0.5509 1.202 � 10�7 2.040 0.9949
308 1.659 285.7 0.9993 138.851 0.205 0.3097 5.260 � 10�8 3.083 0.2388
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occurs on surface of adsorbents via monolayer sorption [39]. The
sorption isotherm of BUC-17 is suitable with Langmuir model,
indicating that uniform monolayer sorption mode is suitable to
interpret the sorption behavior of BUC-17 [14].

3.2.3. Thermodynamic parameters
According to Langmuir adsorption isotherm, all the thermody-

namic parameters like DGo (the standard free energy), DHo (en-
thalpy) and DSo (entropy) were calculated via Eqs. S10 and S11
and listed in Table 4. Significantly, the value of free energy (DGo)
between �20 and 0 kJ mol�1 indicates that the physical adsorption
plays a leading role. While for chemisorption, the corresponding
DGo value ranges from �80 to �400 kJ mol�1 [64,65]. In this study,
the negative value of DGo from �30.65 kJ mol�1 to –32.37 kJ mol�1

demonstrated that the sorption process was spontaneous as the re-
sult of physical adsorption and chemical adsorption [27,66]. The
DHo (-5.97 kJ mol�1) of the adsorption between BUC-17 and ReO4

�

was negative, indicating the exothermic nature of sorption process
[67]. The positiveDSo (85.76 J mol�1 K�1) implied that the random-
ness increment occurred during the adsorption process [66,68].
These results demonstrated that the sorption of BUC-17 toward
ReO4

� was spontaneous, exothermic as well as the random incre-
ment process.
5

3.3. Influencing factors

3.3.1. Influences of BUC-17 dosage and initial ReO4
� concentration

The dosage of BUC-17 and the initial concentration of ReO4
�

have an important influence on the ReO4
- removal efficiency.

Fig. 4a and 4b showed the impact of the BUC-17 adsorbent dosage
(from 200.0 to 300.0 mg L�1) and initial ReO4

� (from 10 to 50 mg
L�1) on the sorption capacity and elimination efficiency. For the
same initial ReO4

� concentration like 10 mg L�1, the adsorption
capacity decreased from 46.2 mg g�1 to 33.4 mg g�1 when BUC-
17 dosage increased from 200.0 to 300.0 mg L�1, due to that the
added adsorbent exceeded the required dosage corresponding to
the specific ReO4

� amount [43]. For different initial concentration
and adsorbent dosage, BUC-17 can achieve good ReO4

� good
removal efficiency as illustrated in Fig. 4b.

3.3.2. Effect of pH on ReO4
� sorption in BUC-17

pH might exert noticeable influence to both the f (zeta) poten-
tial of the adsorbent and the existence form of the target pollutants
[54,69]. The ReO4

� solution with C0 = 50 mg L�1 and initial pH of
5.3 ± 0.3 was used to test the pH influence to the adsorption per-
formance by adjusting the pH of the solution with H2SO4 and NaOH
aqueous solution, respectively. The results revealed that BUC-17



Table 4
Thermodynamic parameters of the adsorption behavior over BUC-17 toward ReO4

�.

T/K KL (L mol�1) DGo (kJ mol�1) DSo (J mol�1 K�1) DHo (kJ mol�1)

288 362318.44 �30.65 85.76 �5.97
293 352081.05 �31.11
298 337185.65 �31.54
303 323069.15 �31.96
308 308874.17 –32.37

Fig. 4. (a) The sorption capacities and (b) elimination efficiencies of BUC-17 at different adsorbent dosages (200–300 mg L�1) and initial ReO4
- concentrations (10–50 mg L�1).
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demonstrated outstanding removal efficiency toward ReO4
� in a

wide range of pH from 4.0 to 10.0. The presence of –NH2 in BUC-
17, which was derived from the ligand tib used in the synthesis
process, made BUC-17 dissolve under acidic conditions (pH � 3).
At the same time, 40 mg BUC-17 was added to 50 mL of alkaline
aqueous solution with pH = 11 and stirred for 12 h. By comparing
the processed BUC-17 with the simulated XRD in Fig. S2, it was
found that BUC-17 cannot exist stably under alkaline conditions
(pH � 11). As depicted in Fig. 5a, the removal efficiencies toward
ReO4

� over BUC-17 were maintained at the level of > 98.7% in the
pH range of 4.0 to 10.0, indicating that pH value exerted negligible
effect on the adsorption process. It can be ascribed to that BUC-17
adsorbent is positively charged (positive f potential) in the pH
range of 4.0 to 10.0 [28,43].

3.3.3. Effect of co-existing ions
Generally, there are a large amount of excessive competitive

anions like NO3
–, SO4

2� and Cl� [35] in the streams containing the
radioactive nuclear waste. In order to investigate the effect of co-
existing ions, BUC-17 with dosage of 50.0 mg was increased to
200.0 mL solution containing 0.055 mmol L�1 ReO4

� with and with-
out co-existent anions, in which the molar ratios of different coex-
istent anions to ReO4

� controlled to 10:1. As shown in Fig. 5b, NO3
–,

SO4
2� and Cl� exhibited insignificant impact on the adsorption

activity of BUC-17 as adsorbent, in which the ReO4
� uptake effi-

ciency over BUC-17 can reach >98% in the presence of different
ions. For certain types of nuclear waste streams like Hanford waste,
the excessive NO3

– and SO4
2� light affect the removal performance of

TcO4
� over adsorbents [35]. Therefore, the effect on the adsorption

activity of BUC-17 toward ReO4
� resulted from NO3

– and SO4
2� with

high concentration was investigated. As depicted in both Fig. 5c
and 5d, the removal efficiencies remain >97% for the molar ratios
of NO3

–/ReO4
� ranging from 1:1 to 100:1, and >96% for the molar

ratios of SO4
2�/ReO4

� in the range of 1:1 to 6000:1. When the molar
ratio of NO3

–/ReO4
� was adjusted to 100:1, the removal efficiency of

BUC-17 (97.1%) was higher than those of SCU-102 (93.8%) [40] and
6

SCU-103(>88%) [35]. Impressively, when SO4
2� is present in 6000

fold times of ReO4
�, BUC-17 can still remove 96.5% ReO4

� from the
simulated wastewater, which was better than both SCU-101(80%)
[39] and SCU-103(82%) [35]. These excited results indicate that
BUC-17 can accomplish high selectivity toward ReO4

�, which can
accomplish effective ReO4

� elimination from high salinity
wastewater.

3.4. Fixed-bed column experiments

In order to develop friendly method for practical operation, the
continuous fixed-bed column experiment was carried out, in which
the BUC-17 adsorbent can continuously contact with ReO4

� ions in
aqueous solution. The adsorption behavior and efficiency could be
described by the emerge time of breakthrough and the shape of
breakthrough plot, which can be used to determine the service
time of fixed-bed [27]. The breakthrough experiment of 50 mg
L�1 ReO4

� solution flowing over the fixed bed packed with BUC-
17 particles with a flow rate of 0.4 mL min�1 at ambient tempera-
ture shows that the removal efficiency is up to 97.6% with residual
ReO4

� concentration being 1.11 mg L�1 (Fig. 6a, 6b and Video 1).
The breakthrough curve displaying the relationship between con-
centration ratios (C/C0) of the effluent and the reaction time (T)
increased sharply after 75.5 h, indicating quick mass transfer and
adsorption kinetics [70,71]. With the increase of adsorbent (BUC-
17) loading, the adsorption capacity and adsorption time may fur-
ther increase [27]. The thrilling results demonstrated that BUC-17
is a potential adsorbent to remove ReO4

� with high concentration.

3.5. Proposed adsorption mechanism

The BET surface area of BUC-17 is 1.76 m2g�1, demonstrating
that its outstanding adsorption performance toward ReO4

� could
not be ascribed to its porosity [28]. Meanwhile, the hexagonal pore
size of BUC-17 was ca. 10.38 nm, which belonged to the range of
mesoporous (Fig. S3). The mesoporous effect is also beneficial to



Fig. 5. (a) The influence of pH on the adsorption capacity of ReO4
� (C0 = 50 mg L�1); (b) influences of various competing anions on the uptake of ReO4

� by BUC-17; effect of
excessive (c) NO3

– and (d) SO4
2� on the ReO4

� exchange.

Fig. 6. (a) Breakthrough curves of ReO4
� over BUC-17; (b) equipment of fixed-bed column study.
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improve the adsorption activity [72]. The zeta potentials demon-
strated that the high removal efficiency of ReO4

� might be assigned
to electrostatic interaction [28,43]. Besides, the uncoordinated
7

SO4
2� counter-anions in the BUC-17 structure could be exchanged

out with the ReO4
� anions during adsorption process. The decrease

in the adsorption efficiency from 98.9% in deionized water to 91.2%
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in saturated K2SO4 aqueous solution within 50 min supported the
interpretation (Fig. 9d).

To further expound the adsorption mechanism of ReO4
� onto

BUC-17, some characterizations like PXRD, FTIR, SEM-EDS and
XPS of BUC-17 were carried out. The PXRD of BUC-17 were funda-
mentally identical before and after adsorption of ReO4

� directly
showing that BUC-17 exhibited great stability during the adsorp-
tion process (Fig. 7a). As illustrated in Fig. 7b and 7c, the uptake
of ReO4

� onto BUC-17 was confirmed by the presence of character-
istic FRIT peak (907 cm�1) of ReO4

� and the presence of Re in SEM-
Fig. 7. (a) The PXRD patterns of BUC-17 of simulated, as-synthesized and after adsorptio
adsorption; (c) SEM- Elemental mapping of C, N, O, S, Co and Re.

Fig. 8. EDS of BUC-17 before (a) a

8

EDS mapping after adsorption [14,15,35]. The peak at 3131 cm�1 is
assigned as the aromatic CAH stretch modes [73]. And the peak at
664 cm�1 correspond to the stretching vibrations of Co(II)–O [74].
From Fig. 8, the content of S element after the adsorption
decreased while the Re element increased could be observed from
EDS also revealed the existence of ion-exchange. The presence of
Re element in XPS spectrum (Fig. 9a) also confirmed the sorption
of ReO4

�, and the uncoordinated SO4
2� being exchanged out from

BUC-17 was evidenced by the decreased S 2p peak intensity. As
shown in Fig. 9b, the peak located at 44.8 eV is ascribed to Re
n; (b) the FTIR spectra of potassium perrhenate, along with BUC-17 before and after

nd after (b) ReO4
� exchange.



Fig. 9. XPS spectra of (a) wide scan; narrow scan of (b) Re 4f (c) S 2p region for ReO4
�; (d) adsorption efficiency of BUC-17 for ReO4

� in pure aqueous and saturated K2SO4

solution.

Fig. 10. Proposed reaction mechanism between ReO4
� and BUC-17.
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4f7/2, which is blue-shifted in contrast with that of KReO4 (46.1 eV)
[75], verifying the electrostatic adsorption played an signifi-
cant role in the adsorption of ReO4

� by BUC-17 [76]. The binding
energy of 167.6 eV and 168.8 eV (S 2p) correspond to SO4

2�

decreased appreciably suggested the existence of ion-exchange
interactions between ReO4

� and BUC-17 (Fig. 9c) [77].Therefore,
the possible sorption mechanism of BUC-17 toward ReO4

� can be
clarified as both ion-exchange interactions and electrostatic inter-
action (Fig. 10).
4. Conclusion

In all, cationic MOF BUC-17 with high water/alkaline stability
was used to adsorb ReO4

� and showed excellent adsorption capac-
ity (401.9 mg g�1), which was superior to most reported adsor-
bents. The adsorption of ReO4

� onto BUC-17 was fitted to the
pseudo-second-order kinetic model and Langmuir isotherm. The
adsorption process was spontaneous (DGo < 0), exothermic
(DHo < 0) and the randomness increases (DSo > 0). Both electro-
static action and the uncoordinated anions SO4

2� in BUC-17 played
an important role in adsorption, in where SO4

2� would be easily
exchanged by ReO4

�. Besides, in a wide range of pH values (4.0–
10.0) and high salinity, BUC-17 could still adsorb ReO4

� efficiently
without decreased adsorption capacity. The SPE column experi-
ments indicated that BUC-17 could be the promising candidate
for large-scale high concentration ReO4

� removal from wastewater.
This work provide insight to the adsorption behavior and mecha-
nism of BUC-17 toward ReO4

�. Therefore, BUC-17 was expected
to accomplish adsorptive removal toward TcO4

�.
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