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ARTICLE INFO ABSTRACT
Keywords: The CuO-Bi03/MgAl,04 catalyst was synthesized via one-pot synthesis and used to catalyze
Cu0-Biz03/MgAL;0, catalyst formaldehyde (HCHO) ethynylation. Coprecipitation using Cu®*, Bi®*, Mg?*, and AI*" nitrates

MgAl,0,4 support
One-pot synthesis
Ethynylation
1,4-Butynediol

and NaOH generated Cu and Bi oxides and spinel MgAl;04 phase. The catalyst precursor was
calcined at 450 °C. The catalytic performance of CuO-BiO3/MgAl;04 in the synthesis of 1,4-
butynediol via HCHO ethynylation was investigated. The presence of a new spinel phase
enhanced the acid-base properties on the catalyst surface and prevented the aggregation of CuO
particles. These properties resulted in improved CuO dispersion during calcination and CuO
particle growth suppression, affording smaller CuO crystals. The MgAl,O4 support facilitated the
reduction of Gu?* to Cu* and formation of abundant active species during the reaction. The
catalyst exhibited abundant weakly basic, fewer strongly basic, and least acidic sites, which
facilitated the adsorption of HCHO and acetylene. The catalytic performance of CuO-BixO3/
MgAl,04 demonstrated 97 % conversion and 80 % selectivity after the online monitoring of the
ethynylation reaction for 6 h. The leaching of Cu during the reaction, as analyzed by inductively
coupled plasma spectroscopy, was extremely low. Moreover, conversion and selectivity did not
substantially change after eight cycles. In addition, the catalyst exhibited superior activity and
long-term stability in the ethynylation reaction.

1. Introduction

The catalytic ethynylation of formaldehyde (HCHO) to 1,4-butynediol (BYD) via the Reppe reaction is a crucial reaction [1-4]. BYD
can be hydrogenated to synthesize 1,4-butanediol, an essential raw material for synthesizing high-value chemicals such as 3-bute-
ne-1-alcohol, tetrahydrofuran, and poly(tetramethylene ether) glycol [5-10].

HC = CH + 2HCHO—-HOCH,C = CCH,0H (€D)]
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However, the activity and stability of popular Cu-Bi-based catalysts for ethynylation under a reducing atmosphere in the alde-
hyde-acetylene (CoH3) process are of significant concern. Challenges, such as activity and catalyst lifetime, have prompted researchers
to explore new catalytic systems for this reaction [5-9]. Therefore, the design and construction of novel and efficient Cu-based cat-
alysts for ethynylation in this pseudo-homogeneous catalytic system is essential to enhance the reaction efficiency. In particular, the
optimization of support is crucial.

Catalysts used in the ethynylation process can be divided into two categories: unsupported and supported, with the most common
active components being Cu-Bi, Cu~Zn, and Cu-Fe [10-16]. Cu is converted to cuprous acetylide (CuyCy or Cu—C = C-Cu) during the
ethynylation reaction [17-20]. The use of supports significantly enhances the performance of these catalysts. Various catalyst sup-
ports, including SiO5 [21-23], molecular sieves [24,25], MgO-SiO3 [26,27], MgO-Al,03-SiO5 [28], and Al;03 [29], have been used
for the ethynylation reaction. Although SiO5 and y-Al;03 supports exhibit high specific surface areas and stabilities, their surface acidic
sites cause the polymerization of acetylene to form polyacetylene during the formaldehyde ethynylation reaction [16,30].The poly-
acetylene can block the catalyst pores, cover the active sites, and reduce the catalyst activity. In addition, the presence of vacancies in
the y-Al;O3 structure makes it structurally unstable, resulting in crystal phase collapse and catalyst inactivation [31,32].

To address the limitations of the y-Al;O3 support, researchers introduced MgO into y-Al,O3 and synthesized a catalyst with
MgAl,04 as the support and Cu-Bi as the active component. This catalyst was used for the ethynylation reaction. The incorporation of
basic MgO to y-Al;Os altered the acid-base properties of the y-AlyO3 surface [27] and filled vacancies in the y-Al;O3 lattice with Mg
ions. This process generated MgAl,04 with a stable spinel structure, thereby addressing the limitations of the y-Al,O3 structure [33,
34]. MgAl,04 exhibits excellent properties such as suitable surface acid-base characteristics, high specific surface area, high melting
point, and good wear resistance [35,36]. These properties address the limitations of Al,O3 and SiO supports, thereby improving the
activity and stability of the catalyst during reactions. To date, no studies have reported the use of MgAl,O4 supports for this type of
catalyst. Therefore, the efficiency of CuO-Bi;O3/MgAl,04 catalyst in the ethynylation reaction must be investigated. In addition,
elucidating the interactions between the MgAl;O4 support and active components is crucial.

The CuO-Biy03/MgAly04 catalyst was synthesized via a facile one-pot synthesis involving the neutralization of Cu, Bi, Mg, and Al
nitrates by NaOH solution, followed by the calcination of the resulting precipitate at approximately 450 °C. The catalysts were
characterized using techniques such as X-ray powder diffraction (XRD), hydrogen temperature-programmed reduction (H,-TPR), X-
ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy (HR-TEM), etc. The effects of MgO content,
calcination conditions, and other factors, such as surface acid-base properties, structure, and texture of MgAl,O4 support were
examined. In addition, the effects of these factors on the catalytic activity and stability for the ethynylation reaction were analyzed.
Insights into the role of the chemical states of MgAl,04 and Mg, as well as the synergistic interactions between the active Cu™ species
and basic sites, provide theoretical guidance for the rational design of catalysts for ethynylation reactions.

2. Experimental sections
2.1. Catalyst preparation

Cu, Bi, Mg, and Al nitrate solutions were mixed with NaOH solution. The reaction temperature, pH, and time were carefully
controlled during coprecipitation. Upon completion of the reaction, the catalyst was obtained by washing and drying of the precipitate
at 120 °C followed by calcination at 450 °C. Samples with different mass percentages of MgO (0 %, 5 %, 10 %, 15 %, 20 %, and 25 %)
are denoted as CBOMA, CB5MA, CB10MA, CB15MA, CB20MA, and CB25MA, respectively. CuO-Fes03/MgAl;04 (CF10MA) and CuO/
MgAl,O4 (C10MA) were prepared using the same method as described above. CB10MA was thermally treated in an atmosphere at
250 °C, 350 °C, 450 °C, 550 °C, and 650 °C (heating rate: 3 °C/min) to obtain the CBI0MA250, CB10MA350, CB10MA450,
CB10MA550, and CB10MAG650 catalysts, respectively (see Appendix A for details on catalyst preparation).

2.2. Characterization of the catalysts

Brunauer-Emmett-Teller (BET) N5 adsorption-desorption analysis (ASAP 2460, Micromeritics, USA) was used to determine the
specific surface area and pore size distribution. Wide-angle XRD (SmartLab SE, Rigaku, Rigaku Co., Ltd., Japan) was used to analyze
the crystal structure (20 = 10°-90°, scan rate = 5°/min). XPS (Scientific K-Alpha, ThermoFisher, USA) spectra were recorded to
determine the chemical environment and valence states of the elements. The acidic and basic sites on the catalyst surface were detected
by the temperature-programmed desorption of CO/NH3 (CO2/NH3-TPD, BELCAT II, BELMASS, Japan). Hy-TPR (AutoChem1 II 2920,
Micromeritics, USA) was used to analyze the reducing ability of the active components and their interactions with the support. The
detailed morphologies and elemental distributions of the catalysts were obtained by scanning electron microscopy (SEM, TESCAN
MIRA LMS, Czech Republic) and scanning TEM (STEM, Talos F200X, Thermo Fisher, USA). The Cu content in the solution was
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Optima 8300, PerkinElmer, USA) to investigate
Cu leaching (see Appendix A for details on characterization).

2.3. Assessment of the catalytic performance
The HCHO solution was initially added to a self-designed slurry bed reactor, followed by a catalyst with a specific particle size and

quality. Subsequently, CoH; was introduced, and the reactor was heated until the temperature stabilized at 90 °C. After 6 h, the catalyst
and liquid-phase products were recovered by discharge and filtration. The BYD and HCHO contents in the liquid phase were then
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analyzed to determine the selectivity and conversion, respectively (Figs. S1 and S2). Detailed procedures are provided in Appendix A.
3. Results and discussion

3.1. Structure, texture, and morphology of the catalysts

The XRD patterns of the catalysts prepared under different conditions are shown in Fig. 1. The characteristic diffraction peaks of
CuO were observed at 20 = 32.5°, 35.5°, 38.7°, and 48.8° for catalysts with varying MgO contents after calcination at 450 °C (JCPDS
48-1548). As the MgO content increased, the intensity of these diffraction peaks increased, indicating the formation of larger crystals.
This effect was particularly noticeable when the MgO content exceeded 15 %, resulting in sharp and intense diffraction peaks (Fig. 1a).

As shown in Fig. 1b, CuO with good crystallinity was formed on the CBIOMA catalyst surface at 250 °C. When the calcination
temperature exceeded 350 °C, particularly >375 °C, Al and Mg chemically interacted to produce the new MgAl,O4 phase [37]. As the
calcination temperature increased, the crystallinity and size of the CuO crystals increased. MgAl,04 was formed at 450 °C (Fig. 1b and
). In addition, as the calcination temperature increased, the intensity of the characteristic diffraction peaks of MgAl,04 increased.

However, the size of the CuO crystals did not increase at a calcination temperature of 450 °C. MgAl,0O4 with a spinel structure
(JCPDS 47-0254) exhibited characteristic diffraction peaks at 20 = 36.0°, 38.3°, 45.8°, and 53.7°. This stable spinel structure inhibited
the chemical interactions between CuO and Al;Os, thereby improving the dispersion of CuO and preventing the growth of CuO crystals
at high temperatures.

The N, adsorption—-desorption isotherms and pore size distribution curves of the CuO-Bi,0O3/MgAl;04 catalysts under different
conditions are shown in Fig. 2. The parameters of the surface structural characterization of the catalysts with varying MgO contents
and calcination temperatures are listed in Table 1. As shown in Fig. 2a and c, the isotherms for this series of catalysts are concave
without an inflection point. There is no clear saturated adsorption platform, and the high-pressure closure point of the hysteresis loop is
near the right axis, which is characteristic of a V-type adsorption isotherm and H3-type hysteresis loop. However, the shape of the
hysteresis loop and p/py position for each sample varied slightly, with the relative pressure of the isotherm mutation increasing with
increasing MgO content (Fig. 2a), indicating an increase in the number of macropores on the catalyst surface. The sample calcined at
450 °C exhibited the largest hysteresis loop (Fig. 2¢), number of micropores, and pore volume (Fig. 2d), indicating that 450 °C was the
optimal calcination temperature.

As shown in Table 1, with increasing MgO content, the specific surface area of the catalyst significantly decreased, pore volume
decreased, and pore size increased, which is consistent with previous findings [38,39]. The size of the CuO crystals increased with
increasing MgO content in the catalyst, indicating that higher MgO content decreased the specific surface area and dispersion of CuO
on the surface of the catalyst, resulting in partial CuO aggregation. The specific surface area and pore volume of the catalysts increased
with increasing calcination temperatures from 250 °C to 450 °C; however, the pore diameter remained constant (Table 1). In the
calcination temperature range of 450°C-650 °C, the specific surface area and pore volume of the catalyst decreased with increasing
temperature, whereas the pore diameter slightly increased. The catalyst calcined at 450 °C exhibited the largest surface area and
smallest size of the CuO crystals, as shown in Table 1, indicating that CuO calcined in this temperature range was better dispersed, thus
exposing more active sites.

This phenomenon may be attributed to the fact that the MgAl,04 phase did not form at low calcination temperatures (<375 °C),
resulting in the aggregation of CuO crystals. At a calcination temperature of 650 °C, the particle size of CuO increased to 22.6 nm. As
shown in Table 1, the trend in the size of CuO crystals with increasing calcination temperature indicates that the MgAl,04 phase
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Fig. 1. X-ray diffraction patterns of the catalysts prepared under different conditions: varying (a) MgO contents and (b) calcination temperatures
and (c) an enlarged view of the region marked in (b).
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Fig. 2. N; adsorption—desorption isotherms and pore size distributions of the catalysts under different preparation conditions: varying (a) and (b)
MgO contents and (c) and (d) calcination temperatures.

Table 1

Physical parameters of the catalysts with varying MgO contents and calcination temperatures.
Samples BET Area” Pore Volume” dpore” deuo’

(m*g ™) (em®g ™ (nm) (nm)

CB5MA 100 0.327 8.81 10.3
CB10MA 83 0.313 11.85 15.5
CB15MA 33 0.126 13.79 15.8
CB20MA 20 0.103 15.22 16.5
CB25MA 13 0.065 14.60 19.2
CB10MA250 32 0.157 11.48 16.3
CB10MA350 43 0.198 11.51 18.0
CB10MA450 83 0.313 11.85 15.5
CB10MAS550 78 0.292 12.74 16.8
CB10MA650 74 0.278 13.24 22.6

@ Specific surface area of the catalyst, calculated from the flat region of the Brunauer-Emett-Teller plot.
b Pore volume of the catalyst, estimated from the Barett-Joyner—Halenda isotherm.
¢ Pore diameter of the catalyst, estimated from the Barett-Joyner-Halenda isotherm.
4 CuO crystal size, estimated using the Scherrer formula.

significantly inhibited the aggregation and growth of CuO crystals in the 450°C-550 °C range.

Fig. 3 shows the STEM images of the CB10MA450 catalyst. A lattice spacing of 0.235 nm (Fig. 3a) corresponds to the (111) crystal
plane of the CuO crystals, as confirmed by the XRD data [40,41]. In addition, STEM-energy-dispersive X-ray spectroscopy was used to
analyze the elemental distribution on the catalyst surface (Fig. 3b). Notably, Al was more densely distributed in regions with a dense
Mg distribution. This finding indicates that basic MgO initially interacts with the acidic sites on y-AlyO3 [42]. Subsequently, the
MgAl;04 phase formed, which weakened the interaction between Cu and Al in the support. This one-pot synthesis method improves
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Fig. 3. Transmission electron microscopy (TEM) images of the CB10MA450 catalyst: (a) high-resolution TEM and (b) scanning TEM energy-
dispersive X-ray spectroscopy images.

the surface acid-base properties of the catalyst, resulting in good reduction and activity and reduced formation of polyacetylene [16].

3.2. XPS analysis

To understand the valence states and chemical environments of Cu on the catalyst surface, we analyzed catalysts with varying
surface Mg contents by XPS. The Cu 2p spectrum, as shown in Fig. 4a, indicates that all catalyst samples exhibited Cu 2p3/2, satellite,
and Cu 2p1/2 peaks at 933.8, 942.0, and 953.7 eV, respectively. These observations indicate that the primary valence state of Cu is
Cu?*. Peak fitting of the characteristic Cu 2p3/2 peaks (Fig. 4b) revealed that Cu exists in two chemical states: one with a higher
binding energy (935.02-936.11 eV) attributed to the interactions between Ccu*t and Al-O, Mg-0, and Bi-O [43-45]. and another with
a lower binding energy (933.7-934.68 eV) attributed to the free state of CuO.

The Cu contents in different chemical states are listed in Table 2. Typically, the binding energy of Mg 1s ranges from 1303.00 to
1303.90 eV [46]. With the introduction of MgO into the system, the binding energy of Mg 1s shifted slightly to 1304.20-1304.60 eV.
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Fig. 4. X-ray photoelectron spectroscopy (XPS) spectra of catalysts with varying MgO contents: (a) Cu 2p, (b) Cu 2p3,5, (c) Mg 1s, and (d) Bi 4f.
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This shift indicates the formation of the spinel MgAl,04 phase [48]. The binding energy of Mg 1s increased with increasing MgO
content, and the highest binding energy was 1304.60 eV at an MgO content of 10 % (Fig. 4c). Simultaneously, the free CuO content was
the highest (Table 2), and the support contained MgAl,04 and Al,03. However, Al,O3 would fully reacted with MgO forming MgAl,04
when the MgO content was >15 %. At this time MgAl,04 and MgO were the main components in the support, and there was no
chemical interaction between CuO and Al,03. Meanwhile, the MgO caused CuO aggregation, increased crystals size, and decreased
dispersibility. Consequently, the binding energy of Cu and Mg decreased and the free CuO decreased significantly.

The Bi 4f;/5 and Bi 4f5,, peaks of CBSMA at 159.00 and 164.20 eV, respectively, correspond to the characteristic peaks of Bi>"
(Fig. 4d) [47]. No peak shift was observed with increasing MgO content, indicating that Bi maintained a relatively stable chemical
environment. Stable Bi can effectively inhibit the further reduction of Cu * to Cu® because Cu® catalyzes the conversion of CoH, to
polyacetylene, thereby decreasing the catalyst activity [13].

3.3. Hy-TPR profiles

The Hy-TPR profiles of the catalysts with varying MgO contents are shown in Fig. 5a. Because the reduction of BiyOs is challenging
to initiate below 500 °C, all reduction peaks for the catalyst, as shown in Fig. 5, originated from the reduction of CuO [49]. As the MgO
content increased, the initial and maximum Hj reduction temperatures of CuO on the catalysts increased. These results indicate that
CuO on the catalyst surface was increasingly difficult to reduce with increasing MgO content. In addition, the Hy reduction peaks
broadened with increasing MgO content, implying the presence of CuO species with varying reduction capacities. This finding in-
dicates that CuO interacted with the support as the MgO content increased, thereby making it more difficult to reduce. The XRD
patterns, as shown in Fig. 1, indicate that the size of the CuO crystals increases with the increasing MgO content, particularly when the
MgO content is > 20 %. The CuO particles grew rapidly, leading to decreased dispersion and increased difficulty in reducing the Cu
species. CB5MA was easily reduced, and its peak was more symmetrical without broadening, indicating that the Cu species on the
surface of the catalyst were primarily well dispersed and small. The interaction between Cu and the support was weak, facilitating the
reduction of Cu?* to Cu and resulting in decreased catalytic activity [13].

The H,-TPR profiles of the CBI0MA catalysts calcined at different temperatures are shown in Fig. 5b. The reduction temperature of
CuO on the CB10OMA catalyst increased with increasing calcination temperature. However, there was a minimal change in the
reduction temperature when the calcination temperature exceeded 350 °C because MgAl,04 began to form at this temperature, which
inhibited the growth and aggregation of CuO particles. In the 400°C-550 °C range, the particle size and reduction temperature did not
significantly change (Fig. 5c). These results indicate that the generated MgAl,O4 phase regulated the CuO reduction capacity. At
650 °C, the spinel MgAl,04 phase completely formed, leading to the migration of CuO to the surface, which caused the dispersed CuO
to aggregate and grow and led to an increase in the reduction temperature. An appropriate interaction between CuO and the support
facilitates the moderate reduction of Cu?* to Gu™ and formation of abundant active CuyCy centers during the ethynylation reaction.
However, if CuO interacts with the support or the particle size is too large, the reduction of Cu®* to Cu™ is difficult, which decreases the
catalytic activity.

3.4. Acid-base properties of the catalyst surface

Fig. 6 shows the CO,-TPD and NH3-TPD profiles of the catalysts with varying MgO contents. All samples exhibited broad CO5
desorption peaks in the 55°C-300 °C range, indicating the presence of basic sites with different strengths (Fig. 6a). The peaks at low
temperatures were attributed to weakly basic sites (Peakl and Peak3), indicating the presence of surface hydroxyl (-OH) groups. The
CO4 desorption peaks at high temperatures were attributed to moderate basic sites (Peak2 and Peak4), indicating interactions between
metal-oxygen pairs (e.g., Mg—O and Al-O) [50]. Thus, the interaction between Mg-O and Al-O increased with increasing MgO content.
As shown in NH3-TPD profiles (Fig. 6b), the catalysts with varying MgO contents exhibited strong acidic sites at >300 °C. The shape of
the NH3 desorption peaks in the mid- and high-temperature zones broadened with increasing MgO content, indicating a clear trend
toward multiple peaks and the existence of moderate and strong acidic sites with different strengths.

The CO,-TPD and NH3-TPD profiles of the CB10MA catalysts calcined at different temperatures are shown in Fig. 7. No significant
effect on weak basic sites (Peakl) was observed at <250 °C. The CO2 desorption peaks of the catalyst broadened in the 450°C-650 °C
range, indicating an increase in the number of basic sites with different strengths (Peak2). At <350 °C, no CO desorption peaks or low
CO4, contents were observed in the CO,-TPD profile of CB10MA350. These results can be attributed to the formation of MgO owing to
the decomposition of Mg(OH); in the catalyst precursor at this temperature. Similarly, the number of strongly basic sites was higher at
250 °C because MgAl,04 was not formed and Mg primarily existed as Mg(OH); in the catalyst. Based on the BET data presented in
Table 1, the catalysts calcined in the 450°C-550 °C range exhibited the largest specific surface area and smallest size of CuO crystals,

Table 2
Results of XPS analysis of catalysts with varying MgO contents.
Samples Cu 2p3,»
Cu-0 (%) Cu-0-(Mg, Al) (%)
CB5MA 20.22 79.78
CB10MA 49.55 50.45
CB15MA 17.27 82.73
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Fig. 6. Acid-base properties of the catalysts with varying MgO contents: (a) CO, temperature-programmed desorption (TPD) and (b) NHs-
TPD profiles.

indicating that CuO calcined in this temperature range could exhibit better catalytic performance. In addition, as indicated by the XRD
patterns (Fig. 1b), MgAl,04 was generated at 450 °C, and further formation of metal-oxygen pairs could lead to an increase in the
number of moderate basic sites. Fig. 7b shows less intense NH3 desorption peaks after calcination in the 50°C-175 °C range, corre-
sponding to weak acidic sites (Peak3). As the temperature increased, the samples exhibited a broadening of NH3 desorption peaks in
the mid-to high-temperature regions, indicating the presence of medium-strong acidic sites with different properties (Peak 4).

The areas of the CO2/NH3-TPD desorption peaks, as shown in Figs. 6 and 7, were normalized using the normalization method, and
the numbers of basic and acidic sites on the catalyst surface were calculated based on the CO2/NHs fluxes, as listed in Table 3.

As shown in Table 3, the MgO content significantly affected the acid-base properties. The CB10MA catalyst containing 10 % MgO
exhibited the fewest strongly basic and acidic sites but a moderate total number of basic and acidic sites. The number of acidic and
basic sites on the catalyst surface initially decreased but then increased with increasing calcination temperature. The CB10MA450
catalyst exhibited a higher number of weakly basic sites and lowest amounts of strongly basic and acidic sites, which enhanced the
catalysis of the ethynylation reaction. MgO, a typical alkaline earth metal compound, exhibits a diverse range of basic sites on its
surface, and its addition significantly influences the acid-base properties of the support surface. The calcination temperature also
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Table 3

Acidic and basic site contents in the catalysts prepared with varying MgO contents and calcination temperatures.
Samples Basic sites (mmolCO2/g) Acid sites (mmolNH3/g)

Peak 1 Peak 2 Bom Peak 3 Peak 4 A

CB5SMA 0.289 3.449 3.638 0.501 6.255 6.756
CB10MA 0.186 0.031 0.214 0.260 4.164 4.424
CB15MA 0.183 0.057 0.240 0.147 4.681 4.828
CB20MA 0.103 0.051 0.154 0.177 5.960 6.137
CB25MA 0.079 7.717 7.796 0.429 15.755 16.184
CB10MA250 0.132 7.034 7.156 1.264 11.624 12.888
CB10MA350 0.152 - 0.152 0.289 2.690 2.979
CB10MA450 0.181 0.110 0.291 0.070 1.224 1.294
CB10MA550 0.165 0.148 0.313 0.077 1.257 1.334
CB10MA650 0.498 2.222 2.720 0.365 4.517 4.882

affects the chemical state of MgO in the catalyst, which influences its catalytic performance [51,52].

3.5. Catalytic performance in the ethynylation reaction

3.5.1. Effect of preparation conditions on catalytic activity

Fig. 8 shows the activity of the catalysts prepared under different conditions. The activities of the catalysts prepared using CBOMA,
MgO (CBMOA), and CB10MA as supports are shown in Fig. 8a. The conversion followed the order CB10MA > CBMOA > CBOMA,
whereas the selectivity followed the order CB1I0MA > CBOMA > CBMOA. The activity of the catalysts supported on MgAl;0O4 was
significantly better than that of the catalysts supported on the other two supports. Moreover, the selectivity of the catalyst supported on
MgO was extremely low, which can be attributed to the dissolution of MgO in the acidic reaction mixture, resulting in severe damage to
the structure of the catalyst. This structural damage significantly influences the separation of catalysts from the mixture in the slurry
bed reactor.

Fig. 8b shows the activity data for the C1IOMA, CF10MA, and CB10MA catalysts. CB10MA exhibited the highest activity. However,
the CF10MA catalysts, in which Fe was substituted for Bi, exhibited slightly lower activity than the CB10MA catalyst. Wang et al. [53]
prepared catalysts with Cu and Cu-Fe as the active components on SiO,-MgO support. The catalyst with Cu-Fe as the active
component was more active than the catalyst with Cu as the active component in the ethynylation reaction.

Fig. 8c shows that the conversion was significantly influenced by the MgO content. It gradually increased with increasing MgO
content and stabilized at approximately 97 % when 10 % MgO was added. The selectivity for the product (BYD) increased with
increasing MgO content, and a maximum selectivity of approximately 80 % was achieved. The BYD yield was the highest under these
conditions.

The activity data of CB10MA after calcination are shown in Fig. 8d. With increasing temperature, the activity of the CB10MA
catalyst initially increased and then decreased, with the lowest activity observed at 350 °C and the highest at 450 °C. Considering all
the characterization results, the primary reason for the low activity at 350 °C can be attributed to the significant aggregation of CuO
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Fig. 8. Effects of the preparation conditions on the catalytic activity: (a) support, (b) promoter, (c) MgO content, and (d) calcination temperature.

crystals on the catalyst surface, which resulted in larger particle sizes. In addition, MgAl,O4 had not yet formed, resulting in the
interaction between the CuO and Mg- and Al-containing phases in the support. As previously described, the CB10MA catalyst formed
the MgAl,04 support, facilitating the optimal interaction between CuO and the support, and enabling CuO to effectively participate in
the reduction reaction. Therefore, the structure-activity relationship of the catalysts after calcination at 450 °C was the most favorable.

3.5.2. Influence of acid-base type and strength on the catalyst structure and activity

Among the three supports (Fig. 8a), MgO exhibited the strongest alkalinity. Although the alkalinity of the catalyst enhances the
HCHO conversion, it does not significantly affect the BYD selectivity. The Al,O3 support introduces more acidic sites on the catalyst
[16], which is undesirable for catalytic conversion, as previously discussed. MgO and Al;O3 combined to form the MgAl;04 support
with suitable surface acid strength. Thus, the acid strength followed the order MgO < MgAl;0O4 < Al,O3 [54,55]. Because the HCHO
solution is inherently acidic, a moderate number of weak basic sites facilitate the HCHO ethynylation reaction. However, numerous
acidic sites hinder the adsorption of acidic reactants. The CB10MA catalyst with 10 % MgO exhibited suitable basic and acidic sites,
which facilitated the ethynylation reaction. Furthermore, CB10MA450 exhibited large surface area, pore volume, and pore size, which
facilitated the reaction.
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Fig. 9. Correlation between catalytic activity and acidity type and strength: Effect of (a) MgO content and (b) calcination temperatures.
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CO2/NH3-TPD analysis revealed that both the MgO content and calcination temperature influenced the acid-base properties of the
catalyst surface. The correlation between the amount of acid and base on the catalyst surface and catalyst activity is shown in Fig. 9. As
shown in Fig. 9a, the amount of moderate acidic sites on the surface of the catalyst initially decreased as the MgO content increased and
then increased when the MgO content reached 10 %. Wang reported that the incorporation of MgO into the catalyst enhanced the basic
sites, which improved the activity and stability of the catalyst [27]. This correlation was also observed at different calcination tem-
peratures in this study, as shown in Fig. 9b. Therefore, the number of moderate acidic sites on the catalyst was detrimental to its
activity. Furthermore, the increase in the calcination temperature and increase in the number of metal-oxygen pairs resulted in
moderately strong basic sites [44].

3.5.3. Effects of reaction conditions on the activity

Fig. 10 shows the activity of the CB10MA450 catalyst at 70 °C, 80 °C, and 90 °C. The conversion was significantly influenced by the
reaction time and temperature, as shown in Fig. 10a. Tamhankar investigated the kinetics of the reaction between CoHy and CuO to
form CuyCs. The reaction significantly depended on temperature, with a significant contribution of gas-liquid mass transfer at higher
temperatures [56]. The adsorption of HCHO is crucial for controlling the ethynylation reaction, and the product BYD is also adsorbed
[57]. Thus, lower HCHO and higher BYD contents were observed, and a further increase in the reaction time resulted in a limited
increase in the conversion rate. As shown in Fig. 10b, the yield of BYD was significantly affected by the reaction time and temperature.
Ethynylation is an exothermic reaction, and high temperatures are thermodynamically unfavorable for the reaction; however, an
appropriate increase in the temperature of the slurry bed is beneficial to the reaction kinetics.

Fig. 10c shows that the pH of the solution also significantly affected the activity, with an optimal pH range for the ethynylation
reaction. When the solution pH was too low (4-4.5), the catalyst broke and pore size distribution was significantly altered. This
phenomenon led to a decrease in the content of active intermediate CusC, and an increase in the linear carbon content, particularly
B-type linear carbon, which is detrimental to the catalytic reaction [19]. In the pH range of 5.5-6, the catalyst exhibited optimal
activity. Further increase in the pH significantly affected the selectivity and increased the concentration of alkali-metal ions in BYD,
which was detrimental to its purification.

3.5.4. Catalytic activity and stability

The performance of the catalyst was evaluated through the continuous testing of its activity and stability, and the results are shown
in Fig. 11. The CB10MA catalyst exhibited high conversion and stability without a significant decline after eight cycles. In addition, the
leaching of Cu from the BYD after each reaction, as measured by ICP, was less than 0.7 mg/L.

The activity and stability of similar reported catalytic systems are presented in Table 4. The catalysts synthesized in this study
exhibited superior activity and stability.

3.6. Effect of support MgAl,04 and the mechanism of ethynylation

The ethynylation of HCHO appears to be a homogeneous reaction; however, it is a pseudo-homogeneous reaction, that is, a het-
erogeneous reaction. The bimolecular catalytic reaction on solid catalysts follows the Langmuir-Hinshelwood (L-H) mechanism, as
reported in the literature (Scheme 1) [11].

In this study, a Cu-Bi/MgAl,04 catalyst was synthesized via the one-pot coprecipitation of Cu>* Bi®*, Mg?*, and AI** ions instead
of a conventional impregnation method using solid MgAl,O4 as a support. Previous studies reported that the impregnation method was
used to prepare a supported Cu-Bi catalyst using y-Al,O3 and other supports; however, the catalytic activity of these catalysts was poor
[28]. Mg?" can fill the vacancies in the oxygen tetrahedral lattice and form a surface layer of spinel MgAl,04 when it is incorporated
into y-Al,O3 [58]. This phase structure is extremely stable and provides a suitable acid-base environment, facilitating the dispersion of
CuO and BiyO3.

Fig. 8a demonstrates that the catalyst supported on MgAl,04 exhibits superior catalytic activity and structural stability compared
with the conventional MgO@y-Al,O3-supported Cu-Bi catalyst for the ethynylation reaction. The CO5/NH;3-TPD analysis data pre-
sented in Fig. 9 indicate that as the MgO content increased, the number of the strong acidic sites on the catalyst surface initially
decreased but then increased. However, the activity of the catalyst decreased with the increasing amount of acidic sites. The XPS data
revealed that the chemical state of Bi®>* was highly stable, indicating that the adsorption of Cu* and Bi®** by ~OH on the surface of
MgAl>04 resulted in an interfacial effect. The alkaline Mg ions in the support facilitated the adsorption of CH20 in a weakly acidic
environment, thereby enhancing the accessibility of adsorbed activated CoH; and HCHO, reducing steric hindrance, and promoting the
reaction rate. The XRD analysis revealed the absence of Cu aluminate phase in the sample, indicating that the Mg-O-Al structure
effectively prevented the interaction between Cu?* and the ~OH groups on the catalyst surface, thereby preventing the formation of the
CuAl,04 phase. The XPS, TEM, and SEM analyses indicated that MgAl,04 improved the dispersion of cu?®* and Bi®*. The high
dispersion of CuO facilitated cooperation with moderately strong basic sites and improved the reduction of Cu** to Cu™. Based on the
H,-TPR characterization results, Cu®>" exhibited the most appropriate interaction with MgAl,04. When the MgO content was <10 %,
Cu?* was easily reduced; however, the catalytic activity was poor, indicating that Cu* is further reduced to Cu® during the reaction.
This synergistic effect effectively prevented Cu® from catalyzing the Glaser reaction of CoHy, as reported in the literature [17,19,22,
58].

During the ethynylation reaction, HCHO initially undergoes diffusion and adsorption onto the surface of the catalyst, where Cu* is
reduced to Cu™. The subsequent reaction of CoHp with Cu ™ yields Cu,Cy, which acts an active intermediate in the ethynylation reaction
occurring at the active Cu' sites [18,58,59]. Each Cu atom forms n-bonds with at least two CoH, groups. The structure of Cu,Cy on the

10



G. Guan et al. Heliyon 10 (2024) e38721

1004 110
—_
g c
3 (@) . so1 () 100{ ©
-_g 804 i )
£ 9 -
2 7 é,ﬁll é 90+
= : e
g 60 > < g0
s 2 3
b S 40 @
S 40y ——70°C = = 701
= —O—80°C E —_— ;(:DE ‘3 —-&- Conversion
= ——90°C ®—30°C ] -@- Selectivity
2 20 G a—c 60 - Yield
=]
o 50

0 0
0 2 4 6 8 0 2 4 6 8 4-4.5 5.5-6 7-7.5
Reaction time (h) Reaction time (h) pH in the reaction

Fig. 10. Effect of reaction conditions on the performance of the CB10MA450 catalyst: (a) conversion at different temperatures as a function of
reaction time, (b) yield at different temperatures as a function of reaction time, (c) activity as a function of pH.

110 2.0
—&— Con, —@— Sel. —&—Y, —@—LeachingofCu | ;g
100 + [ 16
1.4 =)
_ - 1.4 B
< > £
>\-' 80 1.0 é
& o
= 0.8 =
=) " -
c 70 0.6 &
@
-
60 4 - 0.4
- 0.2
50 T T T T T T T T 0.0
1 2 3 4 5 6 7 8
Recycling times
Fig. 11. Catalytic activity and stability.
Table 4
Activity and stability of reported catalysts for the ethynylation reaction.
Catalysts Reaction conditions Conversion Yield Stability ref.
(%) (%)
Cu0O-Zn0O/SiO, 1.2 g catalyst, 20 mL 20 % CH»0, 75 °C, and 9 h + 72 The yield was 48 % after seven [16]
90°C7h cycles
Cu-Bi/MCM-41 1.2 g catalyst, 20 mL 19 % CH,0, 75 °C, and 9 h + 57 53 [25]
90°C7h
CuO/Si0,-MgOo 0.5 g catalyst, 10 mL 28 % CH0, 90 °C, and 15 h 67 [27]1
CuO-FeO/ 5 g catalyst, 100 mL CH50, 90 °C, and 10 h 55 47 [53]
$i0,-MgO
CuO-Biy03/ 25 g catalyst, 300 mL 20 % CH>0, 90 °C, and 6 h 97 78 The yield was 78 % after eight This
MgAl,04 cycles study
HCHOy) + C2Ha) — HC=C-CH,OHgs) ¥
HC5C£H20H(S) + HCHO(S) S HOCH2C5C7CH20H<S) 3)
HOCH,C=C-CH,OH) S HOCHzCEC—CHzOH(aq) )

Scheme 1. Langmuir-Hinshelwood mechanism of formaldehyde (HCHO) ethynylation to form 1,4-butynediol [11].

catalyst is shown in Scheme 2 [60]. The abundant moderately basic sites on the catalyst surface facilitated the adsorption of HCHO.
Simultaneously, CoH, is nucleophilic toward Cu®, and after adsorption on CuyCy, it forms a coordination of CuyCoe3CoHs and
CuyCoeHy0en CoHjy with many CoHy molecules [18,58].

The H' in GyH,, which is activated by the Cu™ nucleophile, attacks the activated C=0 bond in HCHO to form propargyl alcohol
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Scheme 2. Structure of the cuprous acetylide complex on the catalyst [18,60].

[171, which coordinates with Cu,Cy [61]. Owing to the high adsorption energy of propargyl alcohol on CuyCo@MgAl,04, the CT in the
activated HCHO adsorbed on the basic sites on the support continues to attack the C™ ion at the end of the alkynyl group in the
adsorbed propargyl alcohol to form C-C bonds [59]. Reppe [61] found that propargyl alcohol readily reacted with HCHO to form BYD.
The primary reactions are summarized in Scheme 3. The suitable moderate basic sites, pore volume, and pore size distribution on the
MgAl,;04 support facilitated the timely desorption of BYD, ensuring that the catalyst maintained a high reaction rate, as demonstrated
by the test data in Figs. 10 and 11. The adsorption energy of BYD on the catalyst was lower than that of propargyl alcohol, facilitating
the desorption of BYD from the catalyst. This phenomenon enabled the remaining catalytic vacancies to enter the next cycle.

4. Conclusions

CuO-Biy03/MgAl»04 catalyst was synthesized via a facile one-pot coprecipitation method using Cu, Bi, Mg, and Al nitrates and
NaOH solution. A new spinel MgAl,04 phase was formed when the catalyst precursor was calcined at 450 °C. In particular, the one-pot
synthesis of the catalyst support facilitated the homogenous distribution of each component and improved the surface acid-base
properties of the catalyst. The formation of the spinel MgAl,04 phase during calcination was crucial for achieving moderately strong
acid-base characteristics. Strong acidity was unfavorable for catalyst activity. In addition, MgAl,O4 inhibited the aggregation and
growth of CuO particles, enabling the reduction of Cu®" to active Cu * sites, resulting in enhanced activity and stability of the catalyst.

The MgO content and calcination temperature significantly affected the structure, surface acid-base properties, and catalytic
activity. The catalytic performance evaluation indicated that 97 % conversion and 80 % selectivity were obtained after the online
monitoring of the reaction for 6 h. In addition, the leaching of Cu in the solution, as determined by ICP analysis, was less than 0.7 mg/L,
resulting in a longer catalyst lifetime in the recycling tests. Insights into the role of the valence states of MgAl,04 in the catalytic system
and synergistic interaction between the active Cu * species and basic sites on the MgAl,0, surface can provide theoretical guidance for
the rational design of catalysts, particularly for the one-pot synthesis of MgAl,04 supports for pseudo-homogeneous reactions.
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