
Citation: Yan, H.; Liu, F.; Zhang, J.;

Liu, Y. Facile Synthesis and

Environmental Applications of Noble

Metal-Based Catalytic Membrane

Reactors. Catalysts 2022, 12, 861.

https://doi.org/10.3390/

catal12080861

Academic Editor: Hideyuki

Katsumata

Received: 7 July 2022

Accepted: 3 August 2022

Published: 5 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Facile Synthesis and Environmental Applications of Noble
Metal-Based Catalytic Membrane Reactors
Haochen Yan 1, Fuqiang Liu 1, Jinna Zhang 2,* and Yanbiao Liu 1,3,*

1 College of Environmental Science and Engineering, Textile Pollution Controlling Engineering Center of the
Ministry of Ecology and Environment, Donghua University, Shanghai 201620, China

2 State Key Laboratory of Urban Water Resource and Environment, School of Environment, Harbin Institute of
Technology, Harbin 150090, China

3 Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200092, China
* Correspondence: jnzhang@hit.edu.cn (J.Z.); yanbiaoliu@dhu.edu.cn (Y.L.); Tel.: +86-21-6779-8752 (Y.L.)

Abstract: Noble metal nanoparticle-loaded catalytic membrane reactors (CMRs) have emerged as a
promising method for water decontamination. In this study, we proposed a convenient and green
strategy to prepare gold nanoparticle (Au NPs)-loaded CMRs. First, the redox-active substrate
membrane (CNT-MoS2) composed of carbon nanotube (CNT) and molybdenum disulfide (MoS2)
was prepared by an impregnation method. Water-diluted Au(III) precursor (HAuCl4) was then
spontaneously adsorbed on the CNT-MoS2 membrane only through filtration and reduced into Au(0)
nanoparticles in situ, which involved a “adsorption–reduction” process between Au(III) and MoS2.
The constructed CNT-MoS2@Au membrane demonstrated excellent catalytic activity and stability,
where a complete 4-nitrophenol transformation can be obtained within a hydraulic residence time of
<3.0 s. In addition, thanks to the electroactivity of CNT networks, the as-designed CMR could also
be applied to the electrocatalytic reduction of bromate (>90%) at an applied voltage of −1 V. More
importantly, by changing the precursors, one could further obtain the other noble metal-based CMR
(e.g., CNT-MoS2@Pd) with superior (electro)catalytic activity. This study provided new insights for
the rational design of high-performance CMRs toward various environmental applications.

Keywords: catalytic membrane reactor; noble metal catalyst; carbon nanotubes; molybdenum
disulfide; water purification

1. Introduction

Recently, catalytic membrane reactors (CMRs) have attracted considerable attention for
various environmental applications [1–3]. In a typical CMR, catalysts could be attached on
or embedded in varying substrate materials [4]. This strategy allows the catalytic reaction
and separation process to occur simultaneously in a single operational unit without the
necessity for a catalyst post-separation [5,6]. In comparison to conventional batch systems,
such a flow-through design features enhanced mass transport by convection, operability,
and scalability. However, it is still a grand challenge to rationally design a high-performance
CMR with excellent catalytic reactivity and separation efficiency.

Gold nanoparticles (Au NPs) have been regarded as promising catalysts due to their
excellent catalytic performance, which have been applied in many important industrial
sectors, such as CO oxidation, hydrogenation reaction, and alcohols oxidation [7–9]. The
specific properties of Au NPs are highly dependent on their nanoscale size and high surface
area [10]. Although these nanoparticles exhibit a better catalytic performance, the direct
use of these nano-catalysts can hardly be achieved due to particle aggregations and the
post-separation of catalyst from solution [11–13]. These restrictions significantly increase
the cost, thus hindering wide industrial applications. To overcome these limitations,
significant efforts have been devoted to constructing catalytic membrane reactors (CMRs)
by integrating the noble metal nanocatalysts with supporting materials [14,15]. Researchers
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have developed various strategies to immobilize these nanoparticles onto carriers, including
coprecipitation, impregnation, and/or in situ growth [16]. However, these typical methods
usually involve toxic hazardous reducing and/or stabilizing chemical reagents [17–19]. In
addition, the harsh flow conditions during catalysis may wash out these catalysts from
the host surface, which would ultimately lead to an evident performance decay over
continuous running cycles. It is, therefore, highly desirable to develop rapid, robust, and
environmentally-friendly CMRs preparation protocols.

Alternatively, the emerging two-dimensional transition metal dichalcogenides, molyb-
denum disulfide (MoS2), may have the potential to address the mentioned problems due to
their advantages of low toxic and sulfur-rich properties [20,21]. Studies have demonstrated
that MoS2, with abundant active sulfur sites, have a high affinity for special metal ions (e.g.,
Pb(II), Ag(I) and Au(III)) via Lewis soft−soft interactions [22–24]. On the other hand, it has
been found that the adsorbed noble metal ions onto MoS2 can spontaneously capture the
electrons released by Mo(IV) to achieve their synchronous reduction, avoiding the need
for additional reductants (e.g., NaBH4) [25–27]. For example, our recently work showed
that the MoS2 nanoflowers could achieve the effective recovery of gold from complex
wastewater involving a two-step adsorption–reduction process [28–30].

Furthermore, the substrate membrane used in the CMR also plays a unique role to
construct a robust system. Various substrates with high stability and water flux have
been reported, such as alumina, polymeric, and graphene oxide [31–33]. Among these
support materials, one-dimensional carbon nanotubes (CNT) may be considered an ideal
substrate due to its porosity, high mechanical strength, large specific surface area, rich
surface chemistry, and electroactivity [34–37]. Moreover, CNT can easily be assembled
into 3D porous and conductive networks by the vacuum filtration route. Therefore, this
easy-modification material could provide a promising platform for improving the stability
and dispersion of MoS2.

In this study, we adopted a rapid and green approach to synthesize the Au-immobilized
CMR (CNT-MoS2@Au). The MoS2-modified CNT (CNT-MoS2) membrane was fabricated
by a simple one-step impregnation method. The MoS2 nanoflowers on the membrane sur-
face allowed the adsorption of [AuCl4]− and the in situ reduction of the adsorbed anions to
Au NPs free of spiking any reducing agents. Morphological, compositional, and structural
characterization were performed to collectively verify the successful synthesis of Au NPs
on the CNT-MoS2-supporting membrane. The catalytic performance of the as-prepared
CNT-MoS2@Au membrane was evaluated using the hydrogenation of 4-nitrophenol (4-NP)
as a model reaction, owing to its well-established characterization protocol and operational
simplicity. The effects of key operational parameters on the performance of membrane
reactors were systematically investigated. The electrocatalytic reduction of bromate (BrO3

−)
was also employed as another model reaction to demonstrate the excellent electrocatalytic
characteristics of the CNT-MoS2@Au membrane. Finally, the non-specificity of CNT-MoS2
membrane for loading different noble metals was emphasized by regulating the precursors.

2. Results and Discussion
2.1. Facile Synthesis of CNT-MoS2@Au Catalytic Membrane

Figure 1 illustrated a facile strategy for the construction of a CNT-MoS2@Au cat-
alytic membrane. The MoS2 was prepared through a hydrothermal process and the CNT
membrane was synthesized via a vacuum filtration route [38]. By impregnating the CNT
membrane in 15 mL of well-dispersed MoS2 ethanol solution (1 mg/mL) for 90 min, the
CNT-MoS2 membrane was obtained after a further heat treatment (140 ◦C for 1 h). To
endow catalytic activity for the CNT-MoS2 membrane, Au NPs were loaded onto the
membrane by passing through the noble metal salt solution (20 mL of 0.1 mM HAuCl4) at
a flow rate of 3 mL/min and pH 4.8 for 90 min. Consequently, a CNT-MoS2@Au catalytic
membrane reactor was constructed. Notably, when compared to conventional synesis
routes, the filtration approach takes less time to achieve the uniform introduction of Au
NPs (e.g., 90 min vs. 48 h) [39]. As filtration proceeded, the color of the Au(III) solution
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visibly changed from light yellow to colorless, whereas the color of the membrane changed
from black to brown-gold (Figure S1), suggesting that Au had been successfully deposited
onto the surface of the CNT-MoS2 membrane. A CNT-alone membrane was prepared as a
control. After passing through 20 mL of 0.1 mM HAuCl4 for 90 min, no visible color change
occurred, demonstrating that a negligible Au(III) was retained by the CNT-only membrane.
This observation also highlighted the essential role played by MoS2 for anchoring Au(III).

Figure 1. Schematic illustration for the synthesis of the CNT-MoS2@Au catalytic membrane.

2.2. Characterization of the CNT-MoS2@Au Catalytic Membrane

Figure 2a showed the FESEM image of the CNT-MoS2@Au membrane. Typically,
MoS2 presented as nanoflowers composed of ultrathin lamellar structures with an average
diameter of 400 nm (Figure S2) [38]. Numerous spherical nanoparticles were observed after
the Au loading, while those MoS2 nanoflowers were disappeared. Similar observations
were reported previously [38]. These bright spherical nanoparticles were later proven to
be metallic Au by using XPS and XRD characterization. The disappearance of the MoS2
nanoflowers may be attributed to the high relative atomic mass of Au, leading to a collapse
of the MoS2 nanoflower structure during the operation. We used FESEM to monitor the
evolution of the catalytic membrane surface during the Au loading process. Figure S3a
showed that MoS2 retained the nanoflower-like structure during the first 30 min and those
Au NPs were observed to deposit on the edge of MoS2 lamellar structures. The energy
dispersive spectroscopy (EDS) was applied to illustrate the elemental distribution for Mo,
S and Au (Figure S3b). The high-degree morphological consistence among these elements
confirmed the successful loading of Au onto MoS2 (Figures S2, S3a and 2a). The XPS spectra
showed that the superficial elemental atomic ratio of the CNT-MoS2@Au membrane was
67.83% C, 8.21% O, 4.74% S, 0.06% Mo, and 19.17% Au (Figure S4). Among them, the high-
resolution Au 4f scan over a small energy window indicated two sets of Au 4f spin−orbit
coupling doublets was observed (Figure 2b), with the 4f5/2 and 4f7/2 centered at 87.6 and
83.9 eV, which were associated with characteristic of Au(0) [40], suggesting an adsorption–
reduction of Au(III) occurred on the membrane’s surface. XRD analysis also indicated that
four distinct diffraction peaks corresponding to metallic Au(0) located at a 2θ of 38.2◦ (111),
44.6◦ (200), 64.7◦ (220), and 77.6◦ (311) were identified (Figure S5) [41].
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Figure 2. Preparation and characterization of the CNT-MoS2@Au catalytic membrane. (a) FESEM
image and (b) high resolution Au 4f XPS spectrum of CNT-MoS2@Au.

2.3. Hydrogenation Reaction of 4-NP

The hydrogenation reaction of 4-NP was employed as a model catalytic reaction to
compare the catalytic performance before and after the Au loading. In a control experiment,
the characteristic peak of 4-NP (λmax = 400 nm) occurred no distinctive change after the
solution (0.1 mM 4-NP and 30 mM NaBH4) passed through the CNT-MoS2 membrane
(Figure S6). This indicated that the unfunctionalized CNT-MoS2 membrane made no
effort toward the 4-NP reduction. In comparison, the 4-NP characteristic absorption peak
quickly decreased once the mixture solution passing through the CNT-MoS2@Au and
CNT-MoS2@Pd membrane. The simultaneous appearance of an alternative absorption peak
at 300 nm corresponded to the presence of 4-aminophenol (4-AP). This confirmed that over
95% of 4-NP was reduced by an effective hydrogenation process just after a single-pass
through the catalytic membrane in the presence of NaBH4. Notably, the ultrahigh catalytic
activity of the membrane was demonstrated by an extremely short hydraulic retention time
of <2 s [42]. Since the NaBH4 concentration significantly exceeds that of 4-NP, the reaction
kinetics can be considered as pseudo-first-order (Equation (1)) [43].

ln(Ct/C0)= −kt (1)

To optimize the catalytic performance, the effects of Au(III) loading time, flow rate,
and initial 4-NP concentration on the reduction of 4-NP were investigated. First, the
effect of loading time of Au(III) (30, 60, 90, and 120 min) on the catalytic performance of
CNT-MoS2@Au membrane was explored, since the loading time was directly correlated
to the introduced Au catalysts. CNT-MoS2@Au membranes were characterized by XPS
to investigate the alternation of Au loading time. The XPS survey pattern at different
loading times (30 and 90 min) suggested that the atomic ratio of Au increased with the
loading time (Figure S4). Results indicated that increasing the loading time from 30 to
90 min led to an improvement in the reduction efficiency of 4-NP (0.1 mM) from 69.6%s to
92.5% at 2 mL/min under pH 8.0 (Figure 3a). This phenomenon can be ascribed to the
better accessibility of 4-NP with Au NPs at an increased Au loading. However, the catalytic
efficiency failed to increase significantly once the loading time further extended to 120 min
(92.6%), which may be associated with the agglomeration of Au NPs (Figure S7) and
burying certain available active sites with a longer loading times. Therefore, the loading
time was fixed at 90 min for the subsequent investigations.
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Figure 3. Effects of (a) Au loading time (30 to 120 min), (b) flow rate (1 to 3 mL/min), and (c) initial
4-NP concentration (0.05 to 1.0 mM) on the conversion of 4-NP using the CNT-MoS2@Au catalytic
membrane. (d) Operating stability in the 4-NP reduction using the CNT-MoS2@Au catalytic mem-
brane (24 h).

The catalytic performance of CNT-MoS2@Au membrane was also affected by the flow
rate. As shown in Figure 3b, increasing the flow rate from 1.0 to 2.0 mL/min significantly
enhanced the reduction efficiency of 4-NP (0.1 mM) from 65.4% to 92.5% at pH 8.0. Never-
theless, the further increase of the flow rate to 3.0 mL/min would lead to an incomplete
conversion of 4-NP (85.3%). This could be derived from the emergence of a “trade-off”
effect between the 4-NP residence time within the CNT-MoS2@Au membrane and the
reaction kinetics. A lower flow rate might result in a limited mass transport within the
flow-through system, whereas an excessive flow rate would bring short residence time for
4-NP and thus caused inadequate contact with the Au NPs [14].

Figure 3c showed the influence of the initial 4-NP concentration on the catalytic
reduction of 4-NP. Results indicated that the CNT-MoS2@Au membrane could effectively
reduce 4-NP (>90%), regardless of the initial concentrations (from 0.05 to 1.0 mM). This
suggested that the catalytic membrane had an excellent resistance to varying concentrations
of 4-NP, possibly due to the effective loading of Au NPs, which provides abundant active
sites for the transformation of 4-NP.

The turnover frequency (TOF), which indicates the products that are able to be gen-
erated in a catalytic reaction by the per molar amount of catalyst, was employed to quan-
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titatively evaluate the catalytic performance. The TOF of the CNT-MoS2@Au membrane
under flow catalysis was calculated by Equation (2):

TOF = C0×Conversion× v/NAu (2)

where C0 is the initial concentration of 4-NP (mol), NAu is the molarity of Au in CNT-
MoS2@Au membrane (mol), and v is the flow rate (mL/min). Table S1 showed that the
TOF value of CNT-MoS2@Au CMR reached 609 h−1 with a flow rate of 2 mL/min, which
represented a much better catalytic performance than some reported reaction systems.

To further gain insight into the operating stability of the CNT-MoS2@Au catalytic
membrane, we performed a long-time (24 h) catalytic reduction experiment for 4-NP
(0.1 mM) transformation in the single-pass mode at a flow rate of 2 mL/min under pH
8.0. Results exhibited that the conversion efficiency of 4-NP could maintain >86% after
the continuous operation (Figure 3d). Importantly, high catalytic activity (~95%) could
be recovered just by washing the membrane with copious water for a few minutes. In
addition, the catalytic performance (e.g., 95.2% after 480 min) for 4-NP was comparable or
even better than that of other reported CMR, such as the β-lactoglobulin fibrils membrane
(>97% after 240 min) [14] and microporous polymer monoliths (~90% after ~40 min) [44].
This suggested a promising potential application of the CNT-MoS2@Au membrane to create
CMR for industrial applications.

2.4. Electrocatalytic Reduction of BrO3
−

Because of the excellent electrochemical properties of the CNT networks, the CNT-
MoS2@Au membrane was presumed to have excellent electrocatalytic capacity. To confirm
this speculation, the electrochemical reduction of BrO3

− was performed without dosing
additional reducing agents. First, the control experiment was conducted to explore the
electroreduction of BrO3

− (0.1 mM) by the CNT-MoS2 membrane at a flow rate of 2 mL/min
under pH 4.0 (Figure S8). Negligible change in BrO3

− concentration was observed and
no Br− was detected within 90 min regardless of the exertion of an electric field or not.
This result revealed that the CNT-MoS2 membrane was unable to electrochemically reduce
BrO3

− in the absence of Au NPs. For the CNT-MoS2@Au membrane at 0 V, the result was
similar with that of CNT-MoS2 membrane. However, effective BrO3

− reduction (90.1%) was
achieved when a potential of −1.0 V was exerted on the CNT-MoS2@Au membrane. The
IC spectra exhibited a quick decrease of the BrO3

− accompanied with the formation of Br−

during the electrocatalytic treatment (Figure 4c). As displayed in the inset chart, the total
concentration of BrO3

− and Br− was slightly less than the initial total BrO3
− concentration,

which could be attributed to the formation of byproducts. This positive result demonstrated
that the as-prepared CNT-MoS2@Au membrane possess good electrocatalytic activity under
electric field.

To obtain optimal electrocatalytic performance, the effect of applied potential on BrO3
−

reduction was explored. As shown in Figure 4b, all obtained data fitted the pseudo-first-
order kinetic model well (R2 > 0.9). Decreasing the potential from 0 to −1 V substantially
improved the BrO3

− reduction efficiency from ~0 to 90.1%. Nevertheless, further decreasing
the potential to −2 V significantly inhibited the reduction of BrO3

− (58.4%), which could
be ascribed to the BrO3

− reduction being highly potential-dependent and the occurrence
of other side reactions (e.g., hydrogen evolution reaction). Appling a proper electric field
(e.g., −1 V) to the CNT-MoS2@Au membrane could significantly enhance near-surface
transport by electromigration [45]. Meanwhile, electrostatic interactions between the
negatively-charged BrO3

− and positively-charged membrane surface was beneficial to the
electrocatalytic reaction. However, other competitive side reactions, such as hydrogen
evolution or electro-corrosion, would deteriorate the catalytic performance when the
applied potential exceeded the optimal value [46–48].
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Figure 4. (a) Effect of applied potential (0 to −1.5 V) on BrO3
− reduction using the CNT-MoS2@Au

catalytic membrane. (b) Comparison of effects on BrO3
− reduction using different catalytic mem-

brane. (c) IC spectra of the BrO3
− solution before and after the electrocatalytic treatment. Inset is a

comparation of the conversion efficiency towards BrO3
− and Br− within 90 min.

To better understand the different electrocatalytic activity of the CNT-MoS2 membrane
before and after Au NPs loading, CV and EIS measurements were carried out to determine
the changes in electrochemical properties. As shown in Figure 5a, the redox peaks and
current response of CNT-MoS2@Au were higher and sharper than that of CNT-MoS2. These
results confirmed that CNT-MoS2@Au exhibited better electrochemical activity and more
rapid electron transfer process. In addition, it has been reported that the potential difference
(∆Ep) between the oxidation peak and reduction peak is inversely correlated to the charge
transfer kinetics. The ∆Ep of the CNT-MoS2@Au was 0.72-fold higher than that of CNT-
MoS2 (0.206 V vs. 0.279 V), demonstrating the charge transfer rate of CNT-MoS2@Au
was 1.37-fold than that of CNT-MoS2 [49,50]. The EIS spectra also showed that the charge
transfer resistance of CNT-MoS2@Au (24.5 Ω) was similar with that of CNT-MoS2 (32.5 Ω)
(Figure 5b) and consistent with the CV results. This evidence suggested that the loading
of Au NPs onto the CNT-MoS2 membrane can improve the electrochemical capacitance
and electron transfer kinetics, thus providing an ideal platform toward the electrocatalytic
reduction of BrO3

−.
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Figure 5. (a) CV and (b) EIS spectra of the CNT-MoS2 membrane and CNT-MoS2@Au catalytic
membrane. The electrolyte contains 50 mM Na2SO4 and 5 mM K3[Fe(CN)6]. The CV scan rate was
5 mV/s. The amplitude and scan range in EIS were 5 mV and 105–10−2 Hz, respectively.

2.5. Generality of the Electrocatalytic Membranes

According to our previous report, besides Au, MoS2 also exhibited a high affinity
towards other noble metals (e.g., Pd). Following the similar synthesis routes, we pre-
pared a CNT-MoS2@Pd membrane by using different Pd-based precursors to replace
HAuCl4. As displayed in Figure 4b, the designed Pd-loaded catalytic membranes also
demonstrated excellent performance (85.8%) toward the electrocatalytic reduction of BrO3

−

under similar reaction conditions (loading 90 min, flow rate = 2 mL/min, pH = 4, ap-
plied potential = −1.5 V). According previous reports, most reported synthesis protocols
for Pd-loaded catalysts usually involve complicated processes or time-consuming steps,
such as microemulsion and calcination [51,52]. It is of note that our adopted approach
is highly desirable (e.g., short fabrication time and comparable or even higher catalytic
activity). It not only recovers noble metal ions from water but can also directly serve as
high-performance (electro)catalytic membranes for environmental applications. In other
words, our proposed method can be applied to prepare multiple noble metal-loaded CMRs.

2.6. Working Mechanism of the Au-Immobilized CMR

Based on the previous discussion, it was inferred that a redox reaction occurred
between Au(III) and MoS2 following Equation (3). Au(III) was first adsorbed onto the
surface of MoS2 nanoflowers under an action of chemical chelation between Au and S,
then Au(III) was able to achieve an in situ reduction to metallic AuNPs through capture
the electron transfer released by the Mo(IV) [38]. This demonstrated that by impregnating
the CNT-MoS2 membrane with the Au(III) precursor (i.e., HAuCl4), the Au NPs were
successfully immobilized on the membrane through the adsorption–reduction process.
Similarly, this simple protocol was adaptable to the loading of other noble metal catalysts.

6Au3++MoS2+12H2O→ 6Au0+MoO2−
4 +2SO2−

4 +24H+ (3)

For the 4-NP hydrogenation reaction, 4-NP molecules were firstly attached to the
surface of Au NPs together with NaBH4. NaBH4 then transferred electrons to Au to
generate molecular hydrogen, which contributed to the reduction of the nitro group of 4-NP
to amino group. Finally, the generated 4-AP diffused away from the catalysts surface to free
up the active catalytic sites for further reduction process [53]. Detailed steps involved are
described by Equation (4) to Equation (8). Similar processes occurred in the electrochemical
reduction as well. In the electrocatalytic system, molecular hydrogen was dissociated
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in the process of water electrolysis and adsorbed into the Au NPs forming Au hydride
(Au NPs also served as the cathode) [54]. These Au hydrides participated in the removal
of oxygen atoms from bromate by hydrogenation [46]. This process can be expressed
by Equations (9) and (10). Overall, the immobilized Au NPs offered excellent catalytic
capability in the heterogeneous catalytic system.

4−NP + Au→ 4−NP·Au (4)

BH4
−+Au→ BH4

−·Au (5)

2H2O + BH4
−·Au→ 4H2·Au + BO2

− (6)

4−NP·Au+3H2·Au→ 4−AP·Au + 2H2O (7)

4−AP·Au
desorption→ 4−AP + Au (8)

2H2O+2e−+Au→ H2·Au + 2OH− (9)

3H2·Au + BrO3
− → Br− + 3H2O (10)

3. Materials and Methods
3.1. Chemicals and Materials

All chemicals were of analytical grade and used without further purification. Mul-
tiwalled carbon nanotubes were provided by TimesNano Co., Ltd. (Chengdu, China).
N-methyl-2-pyrrolidinone (NMP, ≥99.5%), ethanol (C2H5OH, ≥96%), thiourea (CH4N2S,
≥99%), sodium molybdate (Na2MoO4·2H2O, ≥99%), hydrochloric acid (HCl, 36.0~38.0%),
sodium bromate (NaBrO3, ≥99%), sodium sulfate (Na2SO4, ≥99%), potassium ferricyanide
(K3[Fe(CN)6],≥99%), palladium chloride (PdCl2,≥99%), and sodium borohydride (NaBH4,
≥98%) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Au(III)
chloride trihydrate (HAuCl4·3H2O, ≥49%) and 4-nitrophenol (4-NP, ≥99%) were provided
by Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water produced from a Milli-Q Direct
8 purification system (Millipore, Burlington, MA, USA) was used for all experiments.

3.2. Fabrication of Catalytic Membrane Reactors

The CNT-MoS2 membrane was fabricated according to a reported protocol [38]. The
CNT-MoS2@Au catalytic membrane was prepared by a simple filtration route with an
effective membrane area of 7.1 cm2 (Figure S9). In brief, the HAuCl4 solution (20 mL,
1 mM) was continuously passed through the CNT-MoS2 membrane and then returned at a
flow rate of 3.0 mL/min. The Au loading on the CNT-MoS2 membrane can be adjusted
by changing the filtration time (30 to 120 min). To demonstrate the non-specificity of the
CNT-MoS2 membrane, the CNT-MoS2@Pd catalytic membrane was also prepared by a
similar procedure with PdCl2 solution as precursor (20 mL, 1 mM). All propulsion was
provided by a peristaltic pump (Ismatec ISM833C, Glattbruch-Zurich, Switzerland).

3.3. Catalytic Filtration Experiments

All catalytic filtration experiments were performed on a operated in a Whatman
polycarbonate filtration casing (Whatman, Dassel, Germany) [36]. The hydrogenation of
4-NP was applied to evaluate the catalytic performance of the CNT-MoS2@Au membrane.
Initially, to eliminate the effect of the physical adsorption on the 4-NP removal, 100 mL of
0.1 mM 4-NP solution was first passed through the CNT-MoS2@Au membrane to achieve
adsorption saturation at 2.0 mL/min. The hydrogenation reaction was induced by passing
through the membrane with 0.1 mM 4-NP solution together with 30 mM freshly prepared
NaBH4 at pH 8.0. The effects of Au(III) loading time (30 to 120 min), flow rate (1 to
3 mL/min), and initial 4-NP concentration (0.05 to 1.0 mM) on the catalytic performance
were investigated systematically. The flow rate was controlled by a peristaltic pump and
the solution pH was adjusted by 1 M NaOH and/or HCl. Effluent samples were collected
at specific time intervals and characterized by a UV–vis spectrophotometer.



Catalysts 2022, 12, 861 10 of 13

To demonstrate the excellent electrocatalytic reactivity of the CNT-MoS2@Au mem-
brane, the electrocatalytic reduction of bromate (BrO3

−) was employed as another model
reaction in a Whatman polycarbonate filtration casing with electrochemistry modifications
(Figure S10) [55]. Applied potential was controlled by a CHI 660E electrochemical work-
station (Chenhua Co., Ltd., Shanghai, China) in a typical three-electrode system with a
CNT-MoS2@Au working electrode, a saturated Ag/AgCl reference electrode and a Ti sheet
counter electrode. In a typical electrocatalytic experiment, 20 mL of 0.1 mM NaBrO3 solu-
tion with 4 mM Na2SO4 were passed through the membrane at 2.0 mL/min and pH 4.0 in
the recirculated filtration mode. The impact of applied potential (−2 to 0 V) on the BrO3

−

reduction kinetics was optimized. Furthermore, the electrocatalytic reduction experiment
was conducted by applying the CNT-MoS2@Pd membrane to similar conditions. Effluent
samples were collected with a 2 mL centrifuge tube and immediately filtered through a
0.22-µm cellulose acetate membrane. The concentration of BrO3

− was determined by ion
chromatography (IC). The conversion efficiency (%) was obtained by Equation (11):

Conversion efficiency (%) = 100× (C0 − C)/C0 (11)

where C0 and C are the substrate concentration before or after passing through the noble
metal-loaded CNT-MoS2 membrane.

3.4. Characterization

The morphology of the CNT-MoS2@Au membranes were characterized by field emis-
sion scanning electron microscopy (FESEM, S-4800, Hitachi, Tokyo, Japan) and energy
dispersive spectroscopy (EDS, JEM-2100F). X-ray diffraction (XRD) patterns of the samples
were acquired by a Rigaku D/max-2550/PC X-ray diffractometer (Rigaku, Tokyo, Japan)
with Au radiation within the range of 5 to 90◦. X-ray photoelectron spectroscopy (XPS)
was conducted at a Thermo Fisher Scientific Escalab 250Xi (Waltham, MA, USA) under
high vacuum. The concentrations of 4-NP were determined by an UV-2600 Shimadzu
ultraviolet–visible spectrophotometry (Shimadzu, Kyoto, Japan) at λmax of 400 nm. The
concentrations of BrO3

− were determined by Thermo Scientific Dionex Aquion IC using an
IonPac AS11-HC column and 20 mM KOH eluent. The electrochemical activity of the cat-
alytic membranes was probed by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). Cyclic Voltammetry (CV) was acquired at a scan rate of 5 mV/s in
a three-electrode system. EIS analysis was performed over a frequency range of 105 to
10−2 Hz at an amplitude of 5 mV.

4. Conclusions

In summary, we have successfully developed a facile and green approach to prepare
varying noble metal-based CMRs for water purification. The as-synthesized redox-active
CNT-MoS2 membrane served as a robust platform, which enabled a rapid uptake of
various noble metal (e.g., Au(III) and Pd(II)) precursors only by passing through the porous
and conductive networks. The in situ adsorption–reduction of noble metal ions can be
achieved spontaneously. In addition, the constructed CNT-MoS2@Au membrane reactors
demonstrated excellent (electro)catalytic activity and thus achieved the effective reduction
of 4-NP (>99%) and bromate (>90%) within a hydraulic residence time of <2 s, which was
comparable to or even better than several state-of-the-art reports. Overall, this study would
significantly improve the sustainability and cost-effectiveness of (electro)catalytic reduction
technologies toward water decontamination.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12080861/s1. Figure S1: Electronic photos of (a) the CNT-MoS2
membrane and (b) the CNT-MoS2@Au membrane; Figure S2: FESEM image of CNT-MoS2 membrane;
Figure S3: (a) FESEM and (b) FESEM-EDS mapping images of CNT-MoS2@Au-30 membrane (Au
loading time, 30 min); Figure S4: Comparison of the XPS survey spectrums of CNT-MoS2@Au
catalytic membrane with different Au loading time (30 and 90 min); Figure S5: The XRD pattern of the
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CNT-MoS2@Au catalytic membrane; Figure S6: Degradation efficiency of 4-NP by using CNT-MoS2
membrane, CNT-MoS2@Au membrane and CNT-MoS2@Pd membrane. Experimental conditions:
[4-NP]0 = 0.1 mM, flow rate = 2.0 mL/min and pH0 = 8.0; Figure S7: FESEM image of CNT-MoS2@Au-
120 membrane (Au loading time, 120 min); Figure S8: Degradation efficiency of bromate by using CNT-
MoS2 membrane and CNT-MoS2@Au membrane before and after applying potential. Experimental
conditions: [BrO3

−]0 = 0.1 mM, flow rate = 2.0 mL/min and pH0 = 4.0; Figure S9: Schematic
illustration of the flow-through electrocatalytic filtration system; Figure S10: Schematic diagram of
electrochemistry-modified Whatman polycarbonate filtration casing; Table S1: Comparison of the
4-NP reduction performance of proposed system with reported catalytic membrane reactor systems;
Table S2: The k values related to bromate reduction under different applied potential according to
pseudo-first order kinetic model. References [56–60] are cited in the Supplementary Materials.
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