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A Co-MOF with a 2D morphology (BUC-92) was prepared, which
exhibited outstanding rhodamine B (RhB) degradation
performance via peroxymonosulfate (PMS) activation. RhB was
degraded completely within 10 min in the presence of 0.2 g L™
BUC-92 and 0.2 mM PMS, much higher than that using our
previously reported MOF BUC-67 (54.4%) under the same
conditions, whose composition was similar to that of BUC-92. A
related mechanism was proposed. A fixed bed reactor was built
to further evaluate the potential application of BUC-92.

Recently, advanced oxidation processes (AOPs), especially the
persulfate (PS)-based advanced oxidation process (PS-AOP),
have become hotspots in water treatment, which can
efficiently degrade organic pollutants by the formed reactive
oxygen species (ROSs), high-valent metal species or direct
electron transfer from organic pollutants to PS." It was found
that some transition metals like Fe**, Mn*" and Cu®* could be
used for PS activation, but they are not comparable with
Co>".>* Therefore, Co-based heterogeneous catalysts receive
wide attention.

Metal-organic frameworks (MOFs) consisting of metal
ions/clusters and organic ligands have attracted increasing
attention in recent years due to their interesting structures
and charming properties, as well as potential applications.*”
To date, various applications of MOFs have been researched,
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including but not limited to CO, capture,®” -catalysis/

photocatalysis,®*°  adsorption,"”  drug  delivery,"* ™
electrochemistry,"””™”  fluorescent detection’®'® and so
on.>*>* Many researchers once focused on MOFs with

morphologies of 0D particles and 1D nanorods/nanowires.**
Recently, increasing efforts have been devoted to 2D MOFs
due to their large potential in catalysis, separation and
sensing.>*?® Taking catalysts for example, more accessible
active sites on the surface and faster mass transfer can be
accomplished over 2D MOFs, which promote their catalytic
performances.”” Besides, the 2D morphology was considered
to be suited for the formation of membranes due to the
increase in both the adhesion and contact area between the
MOFs and the substrates.>®

Herein, a new Co-based MOF namely BUC-92 with a 2D
morphology (Fig. 1c) was synthesized by a solvothermal
reaction between CoCl,6H,O and  cis-1,3-dibenzyl-2-
imidazolidone-4,5-dicarboxylic ~acid (H,L). The crystal
structure analyses revealed that the six-coordinated Co>" is
linked by one nitrogen atom (N1) from L>7, two oxygen atoms
(02 and 0O4) from two different carboxylate groups of the
same L>7, one oxygen atom (O1) from the adjoining L*~ and
two oxygen atoms from two coordinated water molecules
(Fig. 1a). The Co* ions are linked into one-dimension chains
by L*” ligands along the b-axis (Fig. 1b). The Co-O distances
of BUC-92 are in the range of 2.042 (3)-2.117 (4) A,
comparable to those of BUC-67 (2.074 (4)-2.110 (5) A), a
previously reported Co-MOF linked by 1>~ and bpy (bpy = 4,4-
bipyridine).*® The Co-N bond length of BUC-92 was 2.317 (3)
A, longer than those in BUC-67 (2.176 (5) to 2.191 (6) A).*®
The bond lengths and angles of BUC-92 could be found in
Table S1f Crystal data of BUC-92 (M, = 447.30 g mol™):
orthorhombic system, space group Phca, a = 10.0404 (8) A, b
=9.9260 (7) A, ¢ = 38.902 (3) A, V=3877.0 (5) A>, Z=8, T =
293 K, p(MoKa) = 0.93 mm™, D. = 1.330 g cm >, total
reflections 5528, unique reflections 3646, R;,, = 0.065, F(000)
= 1848, GOF on F*: 1.044, Ry/WR, (I > 20(I)): 0.0736/0.1745, R,/
WR, (all data): 0.1231/0.1949.
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Fig. 1
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(a) Asymmetric unit of BUC-92 (H atoms were omitted). (b) 1D chain structure of BUC-92. (c) SEM image of BUC-92, (d) XRD of BUC-92. (e)

The packing view of BUC-67. Reprinted with permission from ref. 28 copyright 2018 Elsevier. (f) SEM image of BUC-67.

The powder XRD patterns of the as-synthesized BUC-92
fitted well with the simulated ones from the CIF file (CCDC
number: 2172782), indicating the high crystallinity and purity
of the BUC-92 powder (Fig. 1d). The original morphologies of
BUC-92 and BUC-67 were observed using the scanning
electronic microscopy (SEM) images. As displayed in
Fig. 1c and f and S1a and b,f both BUC-92 and BUC-67 were
2D sheets with sizes of ca. 600 pm length, ca. 550 pm width
and ca. 50 pm thick. The uniform distribution of various
elements of BUC-92 could be observed by energy dispersive
X-ray spectroscopy (EDS) elemental mapping (Fig. S1t). The
contents of C, N, O and H in BUC-92 measured by CNHO
element analyses were 50.9%, 6.5%, 25.6% and 4.4%,
respectively, matching well with the calculated values based
on C;9H,,CoN,0; (C 51.0%, N 6.3%, O 25.0%, and H 4.5%).
The thermal stability of BUC-92 was tested by TGA, indicating
that the structure was stable up to 298 °C (Fig. S2t). The
coordinated water molecules were lost at 125-200 °C.

The PS-AOP catalytic performances of BUC-92 and BUC-67
were evaluated based on rhodamine B (RhB) degradation via
peroxymonosulfate (PMS) activation under dark conditions.
As illustrated in Fig. 2a, only ca. 5% RhB was degraded in the
control experiments of PMS, BUC-92 and BUC-67 systems
after 20 min, respectively. In the presence of both BUC-67
and PMS, RhB removal efficiency was increased to 54.5%
within 10 min, higher than that by the homogeneous PMS
activation via completely dissolved Co** (49.8%). In
comparison, RhB could be completely degraded over BUC-92
under identical conditions, which was comparable to some
reported counterpart Co-based catalysts (Table S2f). The
reaction rate (k) fitted by pseudo-first-order kinetics (~In[C/
Co] = kt) for RhB degradation was 0.3249 min™" over BUC-92,
which was 2.58 times as high as that over BUC-67 (0.126
min™"). The catalytic performance of BUC-92 and BUC-67
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remained for at least five reuse cycles of experiments (Fig.
S37). After catalytic RhB degradation via PMS activation, no
obvious change could be found from the XRD results of both
BUC-92 and BUC-67 (Fig. 1d and S4t). The leaching Co ion
was less than 2.2 mg L™ during PMS activation at pH 3.0-9.0
(Fig. S5-S77), suggesting good stability. Moreover, the
morphologies showed no change after catalytic RhB
degradation via the PS-AOP (Fig. S8t).

PS-AOPs are usually affected by solution pH, since it might
change the surface charge of the catalysts and the form of
the organic pollutants, as well as influence the redox
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Fig. 2 (a) RhB degradation performances over BUC-92 and BUC-67

under different conditions. (b) Influences of initial pH on RhB removal
efficiencies over BUC-92 and BUC-67. Influences of ClI" on RhB
removal efficiencies over (c) BUC-92 and (d) BUC-67. Reaction
conditions: 200 mg L™ catalyst (2.0 mg L™ dissolved Co?* ion in the
homogeneous system), 0.2 mM PMS, 50 mL 10 mg L™ RhB, in the
dark.
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potential of ROSs.>” The initial pH value of RhB solution was
adjusted from 3.0 to 9.0, as depicted in Fig. 2b. 78.0% and
85.6% of RhB were degraded over BUC-92 within 10 min at
pH 3.0 and 9.0, respectively. However, the RhB removal
efficiencies were only 24.3% and 40.6% over BUC-67 under
the same conditions. At near neutral pH (5.0-7.0), 100% of
RhB could be decomposed over BUC-92 within 10 min, much
higher than that over BUC-67 (54.5%). These results
indicated that the neutral conditions were beneficial for the
reaction, which was consistent with previous reports.?®

It was deemed that PS-AOPs were greatly affected by
inorganic ions, especially HCO;™ and CI.>**' Herein, the
influences of HCO; and CI° on RhB degradation were
studied. As showed in Fig. S9,f RhB removal efficiencies
declined from 100% and 92.5% with the absence of HCO; to
55.0% and 62.2% over BUC-92 and BUC-67 within 20 min in
the presence of 5 mM HCO; , respectively. Moreover, the
removal efficiencies were reduced by 85.1% and 88.7% over
BUC-92 and BUC-67, as the HCO;™ concentration increased to
50 mM, respectively. The pH values of the RhB solution
before and after the addition of 50 mM bicarbonate were 5.0
and 7.6, respectively. It can be found that RhB was
completely degraded even at pH = 9.0 (Fig. 2b). Therefore,
the negative effect of bicarbonate on RhB degradation might
not result from the change of the pH, but attributed to the
consumption of ROSs by HCO;~.>°

It was reported that the effects of the co-existing CI” on
the PS-AOP might be negative or positive, which depended
on its concentration and the pH value of solution.*” In order
to reveal the influences of CI" on RhB removal efficiencies
over BUC-92 and BUC-67, the reactions were carried out in
the presence of 5-80 mM CI'. As illustrated in Fig. 2¢, CI”
might reduce the RhB degradation efficiency over BUC-92 in
a range of 5-35 mM CI in the first 5 min. However, 100%
RhB was degraded within only 5 min when the CI”
concentration increased to 45-80 mM. Similarly, the
degradation efficiency over BUC-67 was inhibited at low Cl”
concentration (5-50 mM), whereas it was obviously promoted
at high CI" concentration (70-80 mM) (Fig. 2d). It could be
attributed to the low-concentration CI” that would prefer to
consume ‘SO, , while it could directly react with PMS at high
concentration to form Cl, or HCIO to promote the
degradation of organic pollutants.*®?*%3

To clarify the RhB degradation mechanism over BUC-92
and BUC-67, ROS capture experiments were conducted. It
was known that "SO,~, 'OH and nonradical species 'O, could
be formed to attach organic pollutants via the PS-AOP.
Herein, three common candidates, ethanol (EtOH), tert-butyl
alcohol (TBA) and t-histidine were used to test whether these
ROSs were involved in the system. EtOH can react with both
'S0, (k = 1.6-7.7 x 10" M s7') and "OH (k = 1.2-2.8 x 10°
M s7"), while TBA only quenches ‘OH (k = 3.8-7.6 x 10* M™*
s).** L-Histidine could scavenge 'O, (k= 3.2 x 10’ M ' s71).**
As demonstrated in Fig. 3a, the RhB degradation over BUC-92
slightly decreased when 500 mM TBA or 500 mM EtOH was
added, whereas it was reduced by 75.9% in 20 min and the
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Fig. 3 (a) Effects of different scavengers on RhB degradation over BUC-
92 and BUC-67. ESR spectra of (b) TEMP-'O, and (c) DMPO-"SO,” and
DMPO-"OH over BUC-92 and BUC-67. (d) Electrochemical impedance
spectroscopy of BUC-92 and BUC-67 with/without PMS. (e) XPS survey
spectra of BUC-92. (f) High-resolution XPS spectra of Co 2p in BUC-92
before and after the reaction.

degradation rate decreased from 0.3249 min~" to 0.013 min™"
in the presence of 1 mM r-histidine. Similar results could be
found in the BUC-67/PMS system. Upon the addition of
excess TBA or EtOH, the RhB degradation was only decreased
by 15.6% within 20 min. In contrast, a strong inhibiting
effect on RhB degradation was observed when r-histidine was
added. RhB degradation was significantly reduced by 84.8%
within 20 min, and the degradation rate declined from 0.126
min™" under initial conditions to 0.0036 min™' in the
presence of 1 mM t-histidine. These results suggested that all
the three ROSs were generated during the PMS activation, in
which the nonradical 'O, rather than ‘SO, and ‘OH
dominated the RhB degradation in both BUC-92/PMS and
BUC-67/PMS systems.

Furthermore, the formation of the three ROSs in both
BUC-92/PMS and BUC-67/PMS systems was directly
confirmed by electron spin resonance (ESR) technology.
Obviously, there was no characteristic signal in the BUC-92
system or BUC-67 system, whereas triple peaks could be
found after addition of PMS (Fig. 3b). The intensity ratio of
1:1:1 triple peaks were assigned to the TEMP-'0, from the
combination of 2,2,6,6-tetramethylpiperidine (TEMP) and the
formed '0,,°® and the intensity of the peaks increased
gradually with time. Similarly, no characteristic signal could
be found in the presence of a catalyst and 5,5-
dimethylpyrroline (DMPO) (Fig. 3c). After the addition of
PMS, the characteristic peaks of DMPO-'SO,” and DMPO-'OH
were observed in both BUC-92/PMS and BUC-67/PMS

CrystEngComm, 2022, 24, 5557-5561 | 5559
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Fig. 4 (a) Photo image of the fixed bed reactor for RhB degradation
over BUC-92 via PMS activation. (b) Photo image of the RhB solution
before and after the reaction. (c) Schematic illustration of the fixed bed
reactor. (d) UV-vis absorption spectra of the RhB solution before and
after the reaction.

systems, confirming the generation of ‘SO,  and "OH. These
results revealed that nonradical species 'O, along with SO,
and 'OH were generated during the PMS activation.

In fact, it wasn't a surprise to observe that the generated
ROSs were the same in the BUC-92/PMS and BUC-67/PMS
systems, because their composites were very similar. What
aroused our interest was the organic pollutant removal
efficiency over BUC-92 being significantly higher than that
over BUC-67. Electrochemical impedance spectroscopy (EIS)
of BUC-92 and BUC-67 measured under identical conditions
provided solid information to clarify their difference. As
illustrated in Fig. 3d, the radius of the circular arc of BUC-92
was much smaller than that of BUC-67 before/after the
addition of PMS, indicating a smaller charge transfer
resistance of BUC-92. Therefore, BUC-92 showed a faster
reaction rate. Besides, more Co>" leached from BUC-92 (2.0
mg L") than that from BUC-67 (0.9 mg L") (Fig. S6t) into
the solution, which might also accelerate the RhB
degradation via homogeneous catalysis.

The addition of PMS could not only decrease the radius of
the catalysts, but also accelerate the electron transfer. As
shown in Fig. S10,} obvious current response could be seen
from the linear sweep voltammetry (LSV) curves after the
addition of PMS. A similar result was found in PMS activation
by metal sulfide material.*”

X-ray photoelectron spectroscopy (XPS) was used to
measure the elements and the oxidation state of Co ions in
BUC-92 before and after the reaction (Fig. 3e and f and S117).
The Co 2p peak contains a spin doublet (2ps, and 2py,,) of
Co®" at 781.5 and 797.4 eV and a doublet for Co®" at 783.2
and 798.7 eV, as well as satellite peaks (Sat.) at 786.1 and
802.92 eV.*® The Co**/Co*" ratio increased from 0.32 in the
fresh sample to 0.76 after the reaction. The increase of the
Co>" content after the reaction was attributed to the charge
transfer from PMS to the Co®", whereas PMS was oxidized to
generate 'O, (eqn (1) and (2)).*®

HSO; — SO  +H' + e~ (1)
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SOs™ +S05~ — '0, +250,* (2)

Considering the excellent catalytic performance and the
large size of the BUC-92 sheets, a simple fixed bed reactor
was built. The BUC-92 sheets were added into an acrylic tube
(D = 24 mm), whose channel was blocked by commercial
cotton. The great advantage of the simple reactor was that
the catalyst was kept in the reactor without any loss of active
sites. The RhB solution (10 mg L™, 10 mL min™*) and PMS
(50 mM, 1.5 mL h™") were injected into the reactor using a
peristaltic pump and a syringe, respectively, as displayed in
Fig. 4. It could be found that the pink solution became
colourless quickly in the fixed bed reactor, and the RhB
concentration decreased from 10 to 0 mg L', showing huge
potential of BUC-92 towards RhB degradation via SR-AOPs.

In conclusion, a Co-MOF BUC-92 with a 2D morphology
was synthesized, which exhibited excellent performance for
organic pollutant degradation via PMS activation in the dark.
RhB was completely degraded in the presence of BUC-92 and
PMS, in which 'O, was the major ROS for both BUC-92 and
BUC-67 in RhB degradation. The higher catalytic
performance of BUC-92 was attributed to faster charge
transfer. Furthermore, BUC-92 was used in the fixed bed
reactor to quickly degrade RhB in water. This work is
expected to offer some important information about Co-
based 2D MOFs in catalysis.
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