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Abstract: Nitrogen-containing phenolic contaminants (NCPCs) represent typical pollutants of in-
dustrial wastewaters. As catalytic reduction of NCPCs is a useful technique and Cu is an efficient
metal catalyst, Cu-carboxylate frameworks (CuCF) are favorable materials. However, they are in
powder form, making them difficult to use; thus, in this study, CuCF was grown on macroscale
supports. Herein, we present a facile approach to develop such a CuCF composite by directly using
a Cu mesh to grow CuCF on the mesh through a single-step electrochemical synthesis method,
forming CuCF mesh (CFM). CEM could be further modified to afford CuCF mesh with amines (NHy)
(CFNM), and CuCF mesh with carboxylates (COOH) (CFCM). These CuCF meshes are compared to
investigate how their physical and chemical characteristics influenced their catalytic behaviors for
reduction/hydrogenation of NPCPs, including nitrophenols (NPs) and dyes. Their nanostructures
and surface properties influence their behaviors in catalytic reactions. In particular, CFCM appears
to be the most efficient mesh for catalyzing 4-NP, with a much higher rate constant. CFCM also
shows a significantly lower E; (28.1 k] /mol). CFCM is employed for many consecutive cycles, as
well as convenient filtration-type 4-NP reduction. These CuCF meshes can also be employed for
decolorization of methylene blue and methyl orange dyes via catalytic hydrogenation.

Keywords: copper; MOFs; mesh; catalytic reduction; dyes; nitrophenol

1. Introduction

Nitrogen-containing phenolic contaminants (NCPCs) are almost ubiquitous in indus-
trial wastewaters [1]. Amidst numerous NCPCs, nitrophenols (NPs) have been increasingly
concerning, since NPs can interfere with the nerve/blood systems of the human body [2].
Thus, several methods (e.g., physical, chemical, and biological techniques [3,4]) have been
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developed for removing NPs, especially 4-NP, from wastewaters to prevent its harmful
impact. Among these various techniques, chemically reductive treatment of 4-NP repre-
sents an advantageous technique, as the toxic nitro group of 4-NP can then be catalytically
transformed to a less-toxic amine moiety, affording 4-aminophenol (4-AP); this is especially
advantageous because 4-AP is a valuable molecule that can be used for the synthesis of
chemical products [5-10].

For reducing 4-NP to 4-AP, reducing agents (i.e., NaBH,), together with noble metals
(including Ru, Au, etc.), are frequently required [11,12]. Nonetheless, high costs of noble
metal catalysts impede realistic implementation of this technology. Hence, it would be more
practical to create alternative materials (without usage of noble metals) for the reduction
of NPs. In recent times, a special family of porous coordination polymers, called “metal—-
organic frameworks (MOFs)” has been developed [13-15]. MOFs can be synthesized using
various non-noble metals and different ligands to create well-defined porous structures
with versatile physical /chemical properties [13], making MOFs advantageous catalysts for
a variety of reactions [16-18].

Among these non-noble metals, Cu, Co, Nj, etc., have been also evaluated [3,19-21],
and Cu is considered as one of the most effective non-noble metal catalysts because Cu
and Cu-oxides can effectively mediate electron-transfer processes between the reducing
agent and 4-NP for hydrogeneration of 4-NP to 4-AP [3,19,22]. Cu-based MOFs, especially
those containing Cu-O clusters, would be favorable candidates for 4-NP reduction. To this
end, carboxylate ligands are particularly attractive and useful as carboxyl groups of ligands
can coordinate with Cu to afford the Cu-O clusters within MOFs. Therefore, a relatively
inexpensive and highly accessible carboxylate ligand, benzene-1,4-dicarboxylic acid (BDC),
is here chosen to coordinate with Cu to form Cu-carboxylate frameworks (CuCF).

While CuCF might be a useful non-noble metal catalyst in reducing 4-NP, CuCF
typically exists as nanoparticles, which would be impractical for pragmatic applications.
Therefore, it is critical to decorate CuCF on supports, especially macroscale supports,
in order to make such a CuCF composite convenient for use. The resultant composite
of nanostructured CuCF with macroscale supports can be referred to as a “hierarchical”
structure which would represent combinations of different scales of materials for increasing
accessibility of active sites in nanostructures and facilitating convenient operation by
macroscale supports [6,22-24].

More importantly, this type of CuCF composite should be prepared simply without
complex protocols, and the reagents to make these CuCF composites should be more
promising and practical. Herein, we propose a facile approach to develop such a CuCF
composite by directly using a macroscale Cu mesh to grow nanoscale CuCF on the mesh
through a single-step electrochemical synthesis method. The Cu mesh was particularly
selected because Cu mesh can be directly used as a source of Cu, and the mesh configura-
tion provides a large surface for growing CuCF to form hierarchical structures, allowing
it to be exposed to reactants easily. For instance, Wang et al. claimed to establish a hierar-
chical material by employing a copper mesh with a macroscale configuration, on which
nanoclusters of Cu,O were deposited via an electrochemical method to form a “hierarchical
composite” [22]. On the other hand, Guo et al. claimed to build up a hierarchical material
by using a stainless steel mesh as a macroscale support, on which nanostructured ZnO
nanorod-array was then deposited [23]. Furthermore, Xiong et al. also claimed to develop
a hierarchical material by growing a Zr-based MOFs polyacrylonitrile mesh for enhancing
activities [24].

Moreover, the mesh configuration can also act a filter, allowing reactants to flow di-
rectly through the mesh for further catalytic reactions. On the other hand, since catalytic
reductive reactions of NCPCs would certainly involve surficial interactions between cata-
lysts and reactants, surface properties are of importance to govern behaviors of catalysts.
Thus, in this study, CuCF meshes are further modified to possess different functional
groups, especially amine and carboxylate groups, by using functionalized carboxylate
ligands during the electrochemical fabrication of CuCF meshes. Specifically, CuCF mesh
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without additional functional group would be denoted as CFM, whereas CuCF meshes
with amines and carboxylates would be denoted as CFNM, and CFCM, respectively.

CuCFs with different functional groups have been also reported for aqueous appli-
cations [25-27]. For instance, CuCF has been applied as an adsorbent for the removal of
methylene blue from water, and CuCF exhibited superior stability in an aqueous environ-
ment and maintained stable and durable adsorption capacities [25]. CuCF with an amine
functional group has been also employed as an adsorbent, and a catalyst for removing
dyes in aqueous environments, and retained a superior stability for multiple-cycle ap-
plications [26]. In addition, CuCF with a carboxylate group has also been applied as an
adsorbent for removing malachite green from water, and maintained high stability and
durability for consecutive operation without significant destruction in its structure [27].

Through investigating these CuCF meshes for the reduction of NPs, as well as other
NCPCs, the relationship between different physical/chemical/surficial properties and
catalytic behaviors of CuCF meshes can be then revealed to provide insights for designing
and optimizing CuCF meshes for catalytic reductive applications.

2. Results
2.1. Characterization of CuCF Meshes

Fabrication of CuCF meshes is illustrated in Figure 1a. Since CuCF meshes were
fabricated using pristine Cu meshes, the appearance of Cu mesh can be visualized in
Figure 1b, exhibiting the typical reddish brown color and a very dense woven structure.
Its microscale morphology is revealed in Figure S1, in which Cu rounded wires with a
diameter of ~50 um were woven perpendicularly to afford the mesh with a hole size of
~80 um. The pristine Cu mesh also exhibited very smooth surfaces, as shown in Figure S1b,
and no specific substances/patterns were present.

Cu Mesh Lig,a"d . CuCF Mesh

O

o >
Electrochemical
Synthesis

Carboxylate Cu wire CuCF@Cu wire
ligands
(b) BTEC H,BDC H,BDC-NH,
0Oy OH Oy OH 0Oy OH

[o]
Pristine on NH,
Cu + HO.
Mesh %00 Ho"No

! |

CuCF-COOH CuCF-NH,
mesh mesh mesh

Figure 1. (a) Scheme of preparation of CuCF meshes via one-step electrochemical syntheses; (b) pic-
tures of resultant CuCF meshes.
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Once the pristine Cu mesh was modified by electrochemical anodization in the pres-
ence of carboxylate ligands, the reddish brown color of Cu mesh was noticeably changed
to a color of dark gray, as shown in Figure 1b, suggesting that the Cu meshes had been
modified and deposited with certain substances. Figure 2 further reveals microscopic mor-
phologies of these modified Cu meshes. Specifically, Figure 2a shows the electrochemically
synthesized Cu mesh in the presence of BDC, and presents how the Cu wires were fully
covered by innumerable fluffy needles. Figure 2b unveils that the needles exhibited a thick-
ness of ~200 nm and a length of a few micrometers. These images also demonstrate that
the single-step electrochemical anodization of Cu mesh in the presence of BDC successfully
grew nanostructures on Cu meshes. Elemental analysis of the BDC-modified Cu mesh
presents how signals of C, O and Cu (Figure 3a) were uniformly distributed all over the
Cu mesh, indicating that these resulting nanostructures were evenly grown on the Cu
mesh. The abundant signals of C and O elements also validate that the BDC ligand shall be
incorporated and comprised in these nanostructures.

100pm NCHU2 lpm  NCHU2
1.00kV WD 15mm x10,000 1.00kV WD 10mm

100pm NCHUZ “lopm NcHU2
1.00kV WD 10mm 1.00kV WD 10mm

10pm NCHU2
3.0kV WD 10mm %10,000 3.0kV WD 10mm

Figure 2. SEM images of (a,b) CFM, (c,d) CFNM and (e,f) CFCM under different magnifications.
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Figure 3. Elemental mapping images of (a) CFM, (b) CFNM and (c) CFCM.

When BDC-NH,; was then used as another carboxylate ligand in the electrochemical
anodization of Cu mesh (the resultant modified Cu mesh can be observed in Figure 1b),
the original reddish brown Cu mesh was also transformed to the gray-colored mesh. Its
corresponding SEM (Figure 2c) also reveals that the Cu wires were also fully covered
by sheet-like substances. Figure 2d further unveils the microscale morphologies of these
sheet-like substances, which were actually comprised of very thin nanosheets assembled
to afford nanoflower-like nanostructures. Figure 3b further reveals the corresponding
elemental mapping result, and signals of C, O, Cu and even N were also uniformly spread
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over the entire mesh, indicating that BDC-NH; had been successfully incorporated into
these nanoflower-like nanostructures.

As BTEC was then employed, the color of the pristine Cu mesh noticeably varied
to gray (Figure 1b), indicating that certain substances had grown on the Cu mesh. Its
corresponding SEM image (Figure 2e) unveils that these Cu wires were decorated and
covered by clusters of chunks, which were actually comprised of bundles of nanofibers. On
the other hand, Figure 3¢ also reveals signals of C, O and Cu evenly distributed over the
mesh, and BTEC was also incorporated into these nanostructures comprised of bundles
of nanofibers.

These characterizations validate that the single-step electrochemical anodization of
Cu mesh in the presence of carboxylate ligands would successfully grow nanostructures
comprised of Cu, and ligands. To further investigate these nanostructures, the crystalline
structures are shown in Figure 4a. Prior to growing these nanostructures, the pristine Cu
mesh exhibited three noticeable signature peaks of Cu metal at 43.3, 50.5 and 74.3° (JCPDS
card# 65-9473) [28]. After electrochemical anodization with BDC, the XRD analyses of the
resultant mesh retained those original signals of Cu mesh; nevertheless, several additional
peaks could be found at 8~40°, and the corresponding pattern can be indexed properly
according to the simulated pattern CuBDC MOF [29], suggesting that the fluffy needle-like
nanostructures could be ascribed to CuBDC MOF, and the resultant modified mesh was a
CuMOF mesh.

= Simulated CF Cu mesh
% ¢ <
‘[% 1 N El @Lg g_‘ : w
O so-3 =
‘% | CFMm
2
S
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= 3
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Figure 4. (a) XRD patterns, and (b) IR spectra of pristine Cu mesh, CFM, CFNM and CFCM.

The crystalline structure of the modified Cu mesh in the presence of BDC-NH; was
also obtained; the peaks of Cu metal were preserved, and a number of peaks in 8~40° were
also observed, which could be indexed properly based on the reported pattern of CuBDC
MOF [29], suggesting that CuBDC-NH; MOF had been successfully grown on the Cu mesh.
The Cu mesh after the electrochemical anodization in the presence of BTEC is revealed in
Figure 4a, in which the typical peaks of Cu metals could be observed, and a few additional
peaks were also observed. The coordination of Cu-BTEC has been reported to exhibit a
comparable structure based on the prototype configuration of CuBDC [27,29]. Therefore,
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similar to the aforementioned CuMOF meshes, the resultant Cu mesh with BTEC also
exhibited several peaks in the range of 8~40°, which were also indexed properly to CuBDC
as the formation of CuBTEC [30].

On the other hand, IR spectra of these modified Cu meshes were collected, and are
displayed in Figure 4b. In comparison to the pristine Cu mesh, these modified Cu meshes
showed a number of bands at 700~1850 cm ™!, which were characteristic peaks of the
carboxylate ligands, as displayed in Figure S2 [31-33]. In particular, the bands at 734
and 1500 cm ™! can be ascribed to aromatic rings [31], whereas the bands at 1400 cm™Y,
as well as 1670 cm ™, correspond to the coordinated carboxylic, and carbonyl groups in
BDC-based MOF. Therefore, these IR spectra of modified Cu meshes also demonstrated
that the carboxylate ligands were coordinated with Cu in these nanostructures grown on
Cu meshes, forming CuCF meshes.

Moreover, when BDC-NH;, was employed, its spectrum exhibited several additional
bands at 1240 and 1600 cm !, corresponding to the C-N group and N-H group of primary
amine [29], and the band at 3388 cm ™! could be assigned to the N-H stretching mode
derived from BDC-NH; [34], as displayed in Figure S2. Therefore, the resultant CuCF was
validated to possess the amine functional group; thus, this specific CuCF was then denoted
as CuCF-NH; mesh (CFNM).

On the other hand, as BTEC was employed as the ligand, its corresponding spec-
trum also exhibited two noticeable additional bands at 1430 and 1690 cm™~!. The peak at
1430 cm ! was attributed to the unbound (free) carboxylate group, whereas the peak at
1690 cm ! was attributed to the non-coordinated carbonyl moiety [30,33]. In addition, the
intensity of the band at 3535 cm ™!, attributed to the O-H stretching mode [35], was still
pronounced. This further indicates that freely unbound carboxylate groups existed in the
resultant CuCF fabricated by BTEC. Previous studies have also reported that carboxylate
groups would exist in the non-coordinated form in the coordination of Cu and BTEC to
possess the functional group of carboxylic acid [32,33]. Thus, this CuCF mesh was then
denoted as CuCF-COOH mesh (CFCM).

The surface chemistry of these CuMOF meshes was then investigated by XPS, as
shown in Figure 5. For comparison, the full survey of the pristine Cu mesh is also displayed
in Figure S3a, in which a noticeable signal of Cu was observed with negligible fractions
of C and O, possibly due to impurities and moisture on its surface. Figure S3b reveals the
corresponding Cu2p core-level spectrum, in which two tall peaks can be detected at 932.2
and 952.3 eV, ascribed to Cu® [36], validating the metal state of Cu mesh.

In addition, once the pristine Cu mesh was fabricated to become CuCF meshes, the
corresponding full survey spectra of CuCF meshes were noticeably distinct. In particular,
Figure 5a reveals the full survey scan of CFM, in which a dominant signal of Cu was still
observed but the fractions of C and O had become considerably higher. This suggests that
the surface chemistry of CFM mesh was distinct from that of pristine Cu mesh, as CFM had
been grown on the mesh, thereby exhibiting much stronger signals of C and O from the
BDC ligand. Moreover, the corresponding Cu2p spectrum unveils a few tall bands at 933.5
and 953.4 eV, both corresponding to Cu?* [3], which can be attributed to the Cu species
coordinated in CuBDC MOF [29]. Moreover, a number of bands were noted at 939.4, 943.3,
959.2 and 962.7 eV, which were attributed to the Cu®* satellite peaks [37,38].

In addition, the Ols core-level spectrum of CFM was also analyzed, as shown in
Figure 5c, in which three underlying peaks were afforded at 531.2, 532.1 and 532.8 eV,
ascribed to Cu-O, O-C=0 and absorbed O, respectively. The presence of Cu-O and O-C=0
validated the coordination between Cu and carboxylate ligands in CuCF mesh [39].
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Figure 5. Full survey and core-level XPS analyses of (a-c) CFM, (d—f) CFNM and (g-i) CFCM.

In the case of CFNM,, its full survey spectrum (Figure 5d) also exhibited significant sig-
nals of Cu, C and O, ascribed to CuCFE. Additionally, a noticeable fraction of N was observed
at 400 eV, validating the presence of an amine functional group. Figure 5e further unveils
the Cu2p core-level spectrum, in which two tall bands at 933.5 and 953.4 eV, attributed
to Cu?* [3], and four peaks at 939.4, 943.3, 959.2 and 962.7 eV, corresponding to the Cu?*
satellite peaks [37,38], can also be observed. Moreover, the Ols spectrum of CFNM can also
be analyzed, as shown in Figure 5f, in which Cu-O, O-C=0 and absorbed O can be detected
at 531.3, 532.0 and 532.9 eV, respectively [39]. In the case of CFCM, its corresponding full
survey spectrum (Figure 5g) also consisted of high fractions of Cu, C and O, ascribed to
CuBTEC coordination. Moreover, its Cu2p spectrum, displayed in Figure 5h, reveals how
Cu?* species can be also detected at 933.5 and 953.4 eV, whereas its Ols spectrum can be
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deconvoluted to afford three peaks at 531.3, 532.0 and 532.9 eV, corresponding to Cu-O,
O-C=0 and absorbed O, respectively, validating the presence of BTEC.

Moreover, as CuCF meshes were composites comprised of nanoscale CuCF and
macroscale meshes, their textural properties could be then analyzed. Figure 6a exhibits Np
sorption isotherms of pristine Cu mesh, as well as various CuCF meshes. The pristine Cu
mesh (without CuCFs) exhibited a sorption isotherm relatively similar to the IUPAC type II
isotherm, as the Cu mesh was a macroscale but nonporous support. Its N, sorption was
relatively low, possibly due to its smooth surface, leading a low surface area of 15 m?/g.
Once the Cu mesh was modified and covered with CuCFs, the corresponding N, sorption
significantly increased, and the corresponding isotherms were closer to the IUPAC type
IV isotherm with noticeable hysteresis loops, suggesting that these CuCF meshes might
contain pores (e.g., mesopores). Once Cu mesh was fabricated into CFM, its hysteresis
loop could be noticed, possibly owing to the presence of pores from CuCF. Therefore, CFM
exhibited a relatively high surface area of 30 m?2/ g. Moreover, CENM, and CFCM also ex-
hibited slightly higher N, sorption than the pristine Cu mesh itself. Surface areas of CFNM
and CFCM were measured as 25 and 23 m? /g, respectively. The relatively high surface area
of CFM might be attributed to its fluffy needle-like nanostructure, whereas nanofibers were
closely packed and formed bundles in CFCM, leading to the relatively low surface area.
Then, the pore size distribution and pore volumes of these CuCF meshes were determined.
As displayed in Figure 54 (in the supporting information), CFM, CFNM and CFCM all
exhibited pores in the range of 2~50 nm, validating that these CuCF meshes contained
mesopores. In particular, a relatively large hysteresis loop could be found in CFM possibly
because CFM exhibited relatively high pore volumes from the pores in the mesoporous
range. The pore volumes of these CuCF meshes were also calculated as CFM, CFNM and
CFCM mesh, exhibiting pore volumes of 0.042, 0.036 and 0.018 cm?®/g, respectively.

b) o
—3— Cu mesh ( )
—o— CFCM — i
—O0— CFNM E -20
T -40 |-
wd
c
9 -60 -
(o)
(o}
o -80 |-
e
ﬁ -O—- CFM
-100 |-—— CFNM
e o (i:FCM | |

Figure 6. (a) N sorption isotherms and (b) zeta potentials of CuMOF meshes.

However, the growth of CuCF, affording those nanostructures, on Cu mesh would
certainly improve their textural properties, and increase surface contact areas.

Since the reduction of nitrogen-containing contaminants is an aqueous reaction, and
CuCF was functionalized with different functional groups, it would be useful to further
explore the surface charges of these CuCF meshes [40]. Figure 6b displays the zeta potentials
of CuCF meshes, which all exhibited relatively negative charges in the range of pH = 3~11.
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In particular, CFM exhibited —25.8 mV at pH = 3, then continuously decreased at increasing
pH values, and eventually reached —65.9 mV at pH = 11. On the other hand, CFNM
showed —10.5 mV at pH of 3, then also progressively dropped at higher pH values, and
then reached —48.0 mV at pH = 11. Moreover, CFCM revealed a surface charge of —41.1 mV
at pH = 3, which then continuously decreased, and dropped to —103.0 mV at pH = 11.
These results suggest that the functional group of CuCF meshes certainly influenced their
surface charges; the amine group might enable CuCF mesh to exhibit less negative charges,
whereas the existence of carboxylate groups would enable CFCM to exhibit much more
negative surface charges. These surficial properties might then affect their behaviors during
catalytic reactions of contaminant reduction. On the other hand, these CuCF meshes
were also further analyzed using thermogravimetric (TG) analysis; the corresponding
TG curves are displayed in Figure S5. Since the mesh itself was Cu, which would be
oxidized in air to become Cu oxides, TG analyses of these CuCF meshes were conducted
in Nj. Overall, these CuCF meshes remained relatively stable up to 150 °C, with very
slight weight losses possibly due to moisture. Subsequently, these CuCF meshes started to
decompose, and underwent a series of weight losses in the range of 300~400 °C because
of thermal decomposition of ligands. These TG results demonstrated that these CuCF
meshes would be very stable at ambient conditions, especially in the range for aqueous
reduction reactions.

2.2. 4-NP Reduction by CuCF Meshes

Before studying these CuCF meshes for reducing 4-NP, it is essential to investigate if
4-NP could be eliminated by these CuCF meshes merely through adsorption towards these
CuCF meshes. Figure Séb firstly displays the spectral variation of 4-NP with a pristine Cu
mesh (without addition of NaBHjy), and the spectrum with a dominant peak at 317 nm
remained almost unchanged (C;/Cy at 30 min = 1), and no peak of 4-AP, which is located
at 300 nm, could be observed, indicating that the pristine Cu mesh cannot remove 4-NP
via adsorption or reduction. Figure Séc also reveals that the UV-Vis spectrum of 4-NP in
the presence of CFM without addition of NaBH4 was barely changed over 30 min (C;/Cy
at 30 min = 0.990), suggesting that 4-NP could not be noticeably removed by CFM itself
via adsorption, and 4-NP was not reduced to 4-AP. On the other hand, when CFNM was
then employed, its corresponding UV-Vis spectrum in the absence of NaBH4 was slightly
changed over 30 min (C;/Cy at 30 min = 0.959); however, no noticeable peak at 300 nm could
be observed as no 4-AP was then produced. This demonstrates that CFNM itself might
exhibit a slight affinity towards 4-NP (Figure S6d). In the case of CFCM, a similar result
was observed as the UV-Vis spectrum of 4-NP was also slightly changed over 30 min (C;/Cy
at 30 min = 0.940) (Figure S6d), and no 4-AP was then produced, suggesting that a very
small part of 4-NP might be eliminated via adsorption by CFCM rather than reduction.

After NaBH, was introduced, the absorption peak of 4-NP at 317 nm would be shifted
to 400 nm as a result of deprotonation of 4-NP [3,41-43], as shown in Figure 5a. Figure 57
shows UV-Vis spectral variation of 4-NP in the presence of pristine Cu mesh and NaBHy,
and the peak of 4-NP at 400 nm was almost unchanged over 150 s, demonstrating that the
pristine Cu mesh cannot incorporate with NaBHj for reducing 4-NP. Figure 7a also shows
UV-Vis spectral variation of 4-NP in the presence of CFM, and the peak of 4-NP at 400 nm
certainly changed and became noticeably smaller. On the other hand, a short peak at 300 nm
was observed, indicating that 4-NP had been converted to 4-AP. Nevertheless, the reduction
of 4-NP by CFM could not be completely achieved in 70 s. On the other hand, when CFNM
was then employed (Figure 7b), the maximum peak of 4-NP at 400 nm decreased quickly,
and almost disappeared in 70 s, whereas the peak of 4-AP raised up noticeably, indicating
that transforming 4-NP to 4-AP was achieved in a very short period. On the other hand,
when CFCM was used, the peak of 4-NP decreased even faster (Figure 7c), and completely
disappeared in 70 s, with the noticeable peak of 4-AP raised up.
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Figure 7. Absorption spectra of 4-NP and 4-AP during reduction by different CuCF meshes: (a) CFM,
(b) CENM, (c) CFCM and (d) pseudo-first order plots of 4-NP reduction in the presence of NaBH,
over different meshes at 28 °C. (e) Plot of C;/Cy against the reaction time for seven successive cycle
reactions catalyzed by CFCM; (f) conversion and relative change in k for each cycle with CFCM
as a catalyst.

For further quantitative comparison of 4-NP reduction by these CuCF meshes, the
kinetics of 4-NP reduction was further calculated by variation of 4-NP concentration based
on a maximum peak of 4-NP at 400 nm by the following pseudofirst order rate law [22]:

Ln (Ct/Co) = —kt M

where C; represents 4-NP concentration at a given time, Cy denotes a starting 4-NP concen-
tration, and k represents the rate constant of 4-NP reduction by CuCF meshes. The plot of
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Ln(C¢/Cp) vs. t is then compiled in Figure 7d, and these data points are well fit by the linear
regression, suggesting that the 4-NP reduction by these CuCF meshes can be interpreted
properly using the pseudo-first order kinetic model. Corresponding k values for CFM,
CFNM and CFCM, were 0.018, 1.56 and 2.46 min !, respectively. While CFM was also
capable of reducing 4-NP to 4-AP, the catalytic activity of CFM seemed much lower than
CFNM and CFCM. As CuCF was formed by the coordination of Cu and carboxylates, these
CuCF meshes were all comprised of the cluster of Cu-O. Nonetheless, CFNM and CFCM
apparently exhibited much higher activities towards the catalytic reduction of 4-NP.

Since catalytic activities would be associated with surface characteristics of catalysts,
the relatively faster reduction kinetics by CFNM, and even CFCM, might be related to their
surficial properties. As revealed earlier, nanostructures afforded by CuCF, CuCF-NH; and
CuCF-COOH were significantly distinct, leading to different surface areas, which might
influence their catalytic activities. Nevertheless, even though CFM exhibited a slightly
higher surface area of 30 m?/ g, the surface areas of CFNM and CFCM (25 and 23 m?2/ g,
re