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Abstract: Cu-based catalysts, modified by gallium addition via the stepwise co-precipitation method,
were studied for the liquid phase hydrogenation of hydroxypivalaldehyde (HPA) to neopentyl
glycol (NPG). Through physico-chemical techniques, the effects of gallium introduction on the Cu
trimetallic catalyst performance and the reaction mechanism of HPA hydrogenation were discussed.
The characterization results showed that gallium introduction can influence the dispersion, reduction,
and distribution of active Cu species, as well as their reactivity. Herein, the catalyst with 2 wt% gallium
addition exhibited excellent catalytic performance with HPA conversion rate and NPG selectivity
of 93.5% and 95.5%, at a reaction pressure of 3 MPa, temperature of 110 °C, hydrogen-aldehyde
ratio (molar ratio) 10:1, and liquid space-time at a speed of 8.4 h~!. The good performance could be
attributed to gallium doping tending to dynamically tune the interaction between the components,
increasing Cu dispersion and the distributions of Cu* and Cu” species on the catalyst surfaces.

Keywords: HPA hydrogenation; NPG synthesis; Cu-based catalyst; gallium modification; Cu*/Cu®

1. Introduction

Neopentyl glycol (NPG) is an important organic chemical raw material that can be
used as an intermediate for producing polyurethane, ibuprofen, unsaturated polyester
resin, etc. Because of the better chemical and thermal stability, NPG-derived products are
widely used in our daily life [1]. With the continuous development of NPG downstream
products and application fields, the demand for NPG will further increase. However, there
are few related studies on NPG synthesis in the current literature. Commercially, NPG
can be produced from the reduction of hydroxypivalaldehyde (HPA), which was obtained
from the aldol condensation reaction of formaldehyde and isobutyraldehyde. Currently,
the condensation process is very mature, and the subsequent reduction process is the key
to restricting the industrial production of NPG. The sodium formate method and catalytic
hydrogenation method [2,3] are two commonly used HPA reduction methods; the latter has
become the main NPG production process at home and abroad due to its high product yield,
low material consumption, and outstanding environmental protection advantages. As one
of the core technologies of the hydrogenation process, the performance of the catalyst has
become the key to restricting the technological progress of this process. Nowadays, most
of the reported hydrogenation catalyst systems are based on heterogeneous transition or
noble metals catalysts [3-6]. Overall, these systems, the copper-based catalyst has received
substantial attention as a promising HPA hydrogenation catalyst due to its high selectivity
in C—O hydrogenation. Given its hopeful catalytic activity, low cost, and easily available
features compared with noble catalysts, there are certain advantages in choosing copper
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catalysts for C=0O hydrogenation in terms of environmental and economic prospects [6-9].
Many factors can affect the catalytic performance of Cu-based catalyst, such as the synthetic
method, crystallite size of metals, reduction conditions, the operating conditions, and so
on. Therefore, research efforts continue to focus on the development of efficient and novel
commercial catalyst.

It is widely accepted that the dispersion and distribution of the reduced copper com-
pared with the interactions between each component are two prominent factors influencing
the catalytic activity and stability. Much work based the catalyst modification has been
conducted to tune its chemical and physical properties [6-12]. Yuan et al. [9] reported that
suitable H3BO3 modified Cu-5iO; catalysts exhibited good dimethyl oxalate hydrogenation
activity and the boric acid introduction amount greatly affected the dispersion, stability and
reduction of Cu component. They presumed that an appropriate distribution of Cu®/Cu*
should be a crucial prerequisite for gaining excellent hydrogenation performance. The
outstanding catalytic performance is ascribed to the strong interaction between boric ox-
ide and active copper component, which is beneficial for maintaining a high proportion
of Cu*/Cu’ and retarding the transmigration of copper nanoparticles on the surface of
Cu-SiO; catalysts. Chen et al. [10] supposed that the monovalent copper on the catalyst
surface is favorable for the enhancement of catalytic performance. They proposed that the
monovalent cationic defects generated by the introduction of trivalent metal promoters into
ZnO are beneficial to stabilize the Cu* species during the reduction and reaction process.
Dong et al. [11] investigated the effect of lanthanum group promoters on Copper-based
catalysts for methanol synthesis. They found that the lanthanum-modified catalyst showed
smaller copper particle size and stronger anti-sintering ability. Ma et al. [12] reported
a series of highly comparable Cu/SiO, catalysts prepared by the ammonia evaporation
method, and their catalytic performance of the hydrogenation of esters to alcohols was
researched. They attribute the differences in catalyst activity to the different roles played by
copper species in the acyl hydrogenation reaction, where Cu” mainly assisted the activation
of Hy, while Cu* species were accountable for the adsorption of methoxy and acyl groups.
Sun [13] investigated the effect of silicon content on the reaction performance of slurry
copper-based catalysts for the synthesis of dimethyl ether. They demonstrated that the spe-
cific activity of Si promoted catalysts was mainly ascribed to the modification of electronic
interaction between active component and other components, which could inhibit exces-
sive reduction of copper and result in more Cu* species on the catalyst surface. Previous
research by the Uchijima group [14] investigated the role of metal oxides over Cu-based
catalysts and found that the specific activity for methanol synthesis was accredited to the
distribution of reduced Cu species on the catalyst surface. The results indicated that both
surface oxygen and foreign elements can stabilize the surface Cu*. These reports strongly
evidenced the doping effect on the catalytic performance of Cu catalyst. Through these
reports, we also can see that Cu-based catalysts have undergone considerable research in
the hydrogenation of carbon oxides, aromatic aldehydes, dimethyl oxalate, etc. However,
to our acknowledgement, only less detailed and in-depth investigation of the effects of
Cu-based catalysts has been reported in the hydrogenation of fatty aldehyde to produce
the corresponding alcohols.

Adding specific metal (oxides) to catalysts is one of the most efficient and practical
methods to tune the catalytic performance. In the current work, gallium modified Cu-based
catalyst prepared by fractional precipitation technique have been applied in the hydro-
genation of HPA to NPG. The physicochemical properties of as-prepared catalysts were
investigated to get an insight into the structure—-activity relationship. The results manifested
that Ga introduction can affect the distribution ratio of copper species, leading to a well-
performing catalyst for the synthesis of NPG from HPA. This can provide a certain basis for
the development and fulfilment of novel industrial catalysts for aldehyde hydrogenation.
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2. Experimental
2.1. Materials and Methods

Copper nitrate (Cu(NOg3),-3H,0, 99%), aluminum nitrate (AI(NO3)3-9H,0, 99%), and
sodium carbonate (NayCOsz, 99.8%) were purchased from Sinopharm Chemical Reagent lim-
ited corporation. Zinc nitrate (Zn(NOj3),-6H,0, 99%) was from Da Mao Chemical Reagent
Factory. Gallium nitrate (Ga(NOs3)3-xH,0O, 99.8%) was supplied from Aladdin reagent.

2.2. Catalyst Preparation

Under controlled temperature and pH, a series of Cu-Zn-Al catalysts with and without
Ga modification containing a fixed concentration (The molar ratio of Cu:Zn:Al = 2.8:1:0.9)
were prepared by the urea-promoted step co-precipitation method. Typically, Urea/Nay;CO3
precipitant and an aqueous copper-zinc mixed solution were added parallelly to hot water
under vigorous stirring at 343 K. Followed by precipitation of aluminum nitrate solution
and gallium nitrate at the same conditions. Then, the mixture was further aged for 2 h
under constant pH (~7). The obtained precipitate was washed with deionized water for
5-6 times, recovered by filtration, dried at 110 °C for 12 h, and calcined at 723 K for 5 h. The
obtained solids were mentioned as CZAGa-x, where x represents the weight percentage
of Ga203.

2.3. Catalyst Characterization

N, physisorption isotherms were measured on an automated TriStar II 3020 device at
77 K. X-ray diffraction (XRD) patterns were carried on a Rigaku D/max 2500 V/PC X-ray
diffractometer using Cu K« radiation. Scanning electron microscopy (SEM) was conducted
on a Philips XL30 ESEM. The specific surface area of copper (Sc,,’) on the catalysts was
measured according to the method described in the literature [9]. Firstly, the samples were
reduced in a mixed gas of 10 vol% Hj /N, at 573 K, then cooled down to 353 K under He
atmosphere. Subsequently, the measurement was started by switching from He to N,O and
maintained for 1.5 h, ensuring that surface Cu atoms were completely oxidized according to
the reaction 2 Cu(s) + NoO=Cu,O(s) + Np. After He purging for 0.5 h, the temperature was
raised to 300 °C and pulsed titration was performed with 10% H;/He until the pulse peak
area of TCD signal did not change significantly, ensuring that Cu,O on the catalyst surface
was reduced to Cu again. The total specific surface area of copper on catalyst surface was
calculated according to hydrogen consumption.

Hydrogen temperature programmed reduction (H,-TPR) experiments were tested on
a Micromeritics AutChem II 2920 apparatus equipped with TCD. Firstly, the sample was
swept at 523 K for 1 h under argon atmosphere. After cooling to ambient temperature, the
argon gas was switched to a mixed gas of 10 vol% Hy—Ar and the temperature was raised
to 873 K at a heating rate of 10 K-min~!.

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (XAES) were
conducted on a Quantum 2000 Scanning ESCA Microprob instrument (Physical Electronics)
equipped with an Al Ka X-ray radiation source (hv = 1486.6 eV). Generally, the samples
were pretreated at a mixed gas of 10 vol% Hy-Nj at 573 K for 6 h, and carefully transferred
to the holder after cooling to room temperature. The Cls peak at 284.6 eV was selected as
an internal reference to calibrate the binding energies of all catalysts.

2.4. Measurement of Catalytic Activity

The activity test of the catalyst is conducted on a fixed-bed reactor filled with 1 mL
catalyst. Firstly, the catalysts were reduced at 573 K for 12 h in a 10% volH; /N, gas stream
under atmospheric pressure. After cooling to 383 K, HPA (10 wt% methanol solution)
and H; were fed into the reactor with hydrogen-aldehyde ratio (molar ratio) 10:1, a liquid
hourly space velocity (LHSV) 8.4 h~! and reaction pressure 3.5 MPa. The effluent products
were analyzed on a gas chromatograph with OV-1701 capillary. The activity data of
catalyst within 12 h are summarized in Table 1. Heat treatment at higher temperatures was
performed to investigate the thermal resistance of the catalysts. After reaction for 12 h,
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catalysts CZAGa-2 and CZAGa-0 were treated at 673 k for 4 h and then returned to the
reaction condition to investigate the catalyst stability.

Table 1. Activities and physicochemical properties of different catalysts.

S Pore Surface CuO HPA Sel.
Catalyst (mBZI;;) Vol. Area Particle Conv. (%)
3 : o,

(cm?>/g) (m2/gCu) Size (nm) (%) NPG HPHP
CZAGa-0 46.1 0.13 23.5 18.7 81.2 87.8 42
CZAGa-1 42.8 0.13 25.6 18.1 89.5 90.6 39
CZAGa-2 454 0.12 30.9 18.5 93.5 95.5 2.6
CZAGa-3 47.6 0.11 28.2 19.6 91.9 93.1 32

Reaction conditions: 3.0 MPa, LHSV =84 h~1, 383K, catalysts 1.0 mL.

3. Results
3.1. Catalytic Activity and Stability

The catalytic performances and surface texture of each sample with different amount
of Ga introduction are displayed in Table 1. As can be seen that the catalysts modified
with Ga show a relatively higher catalytic activity compared with the unmodified one,
which displayed the lowest HPA conversion of 81.2%. The HPA conversion increases as the
content of Ga increases from 1 to 2 wt%, and then decreases with the continue increase of
Ga to 3%. Under the specific evaluation conditions, the sample CZAGa-2 with 2.0 wt% Ga
modification exhibited the highest HPA conversion of 93.5%, being higher than that of the
traditional catalyst CZAGa-0 by about 15.1%. By comparison, CZAGa-1 and CZAGa-3 with
lower and higher Ga doping amount exhibit relatively poorer catalytic performance, and
the HPA conversions of these two catalysts are 89.5 and 91.9%, respectively. The selectivity
of NPG is also listed in Table 1, and it presents a same trend as the activity data. Moreover,
the focus of our next work is to explore the influencing factors and further improve the
selectivity of the catalyst. As is known to all, the addition of promoters may affect the
physicochemical properties of the catalyst, such as the reduction degree, metallic surface
area and dispersion, which were related to the catalytic performance. The experimental
results show that an appropriate amount of gallium introduction can increase the Cu
surface area, which is conducive to the improvement of catalytic performance. However,
with a higher amount of gallium introduction, the catalytic performance decreased. As
described in Table 1, similar values of the BET surface area and pore volume were obtained
for all samples. Moreover, Ga addition has no obvious effect on the physical properties.
The sample CZAGa-2 was observed to possess the highest catalytic activity perhaps due to
the change of catalyst chemical properties caused by heteroatom doping.

The operational stability of the catalyst is an important indicator for its industrial
application. It’s reported that the lifetime of the catalyst is closely related to the stability
of the Cu active phase during the hydrogenation process [15]. Catalytic behaviors of the
CZAGa-0 and CZAGa-2 catalyst as a function of reaction time are displayed in Figure 1.
The catalytic activity of CZAGa-2 maintained relatively stable performance during 100 h
test. Compared with CZAGa-2, the deactivation rate of CZAGa-0 catalyst was relatively
fast under the same reaction conditions. This indicates that the introduction of a suitable
amount of gallium introduction is conducive to maintain the stability of the Cu active
phases. Jun’s previous work also showed that the introduction of Ga could stabilize the
catalytic performance [16].

Concerning the copper surface area of each sample, as showing in Table 1, the Ga
modified catalysts exhibit a larger metallic copper surface area than the unmodified catalyst,
and the sample CZAGa-2 shows the largest metallic copper surface area. The dispersion
and reduction degree are two key factors that affect the copper surface area, which also
strongly affect the catalytic activity. These results demonstrate that the introduction of
additives can better adjust the balance between the active component dispersion and
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reduction degree. From this observation, we can induce that appropriate amount of Ga
addition drastically modifies the catalysts surface properties. We infer that the amount
of gallium introduction may impact the interaction between the active species of copper
and other components of Cu-based catalysts, leading to changes in the reducibility and
dispersion of the active components.
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Figure 1. Catalytic performance of CZAGa-0 and CZAGa-2 as a function of reaction time. (a) HPA
conversion with time on stream; (b) NPG selectivity with time on stream The reaction conditions are
the same as in Table 1.

The morphology of the calcined samples CZAGa-0 and CZAGa-2 were probed by SEM
Characterization. As shown in Figure 2, lots of isolated or agglomerated particles located on
decomposed lamellar platelets were prevalent on both catalysts. The particles are basically
spherical with the particle size less than 20 nm. Compared with CZAGa-0, fewer large plate-
shaped crystals and smaller particles can be observed for CZAGa-2. This demonstrates
that the copper particles on the Ga-modified catalyst maintain a higher dispersibility. The
results of Grunwaldt’s [17] studies on the morphology of copper zinc system showed that
copper particles shape changed with the different chemical environment. On the surface
of partially reduced ZnO, the Cu particles were disc-shaped, while on the surface of fully
oxidized zinc oxide, due to the weak interaction of Cu-ZnO, the particles became more
spherical. The SEM micrographs illustrate that the introduction of an appropriate amount
of Ga may tune the interaction between Cu and other components, resulting in a more
uniform catalyst structure.

Figure 2. SEM images of catalysts: (a) CZAGa-0; (b) CZAGa-2.

3.2. XRD Characterization

The XRD patterns of the Ga-modified and unmodified catalysts are displayed in
Figure 3a. For all samples, the characteristic peaks belong to CuO and ZnO can be observed,
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but there are no peaks corresponding to Al,O3 and GayO3, maybe due to their good
dispersion or the amorphous state. Scherrer’s equation can be used to calculate the CuO
particle size of each catalyst, and the results are shown in Table 1. As shown in Table 1,
with the increase of Ga additives, the crystallite sizes of catalysts decreased at first and
then increased. The particle size of gallium-modified samples increased with increasing
gallium content, and the CuO particle size of in CZAGa-3 with 3 wt% gallium addition is
the largest. It is reported that the catalyst particle size may have some relationship with the
interaction between the metal components [18,19]. So, we infer that this phenomenon may
be due to the Ga doping effects has adjusted the interaction between copper oxide and other
components in the catalyst. As the activity data in Table 1 show, the catalyst with the best
catalytic performance has neither the largest nor the smallest copper oxide crystalline size.
The CuO crystalline size will affect the position and coordination of surface-active atoms,
which in turn affects the catalytic activity. This implies that a suitable catalyst particle size
is needed for a highly active NPG synthesis catalyst.
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Figure 3. XRD patterns of the samples: (a) calcined catalysts, (b) reduced (r) and used (u) catalysts.

The XRD patterns of the functioning catalysts CZAGa-0 and CZAGa-2 after reduced
and used are shown in Figure 3b. For the two samples, a diffraction peak at 43.2°, which
is characteristic of Cu (1 1 1), became observable due to the Cu®* species were reduced
to Cu after reduction. Cu* is not observed because of overlap or high dispersion. After
thermal treatment and reaction, the characteristic peaks of both samples become narrow,
but the catalyst CZAGa-0 is more obvious. According to the XRD results, we can deduce
that the Ga addition could suppress the aggregation of metal oxides and thus lead to the
improvement of the stability of the catalyst.

3.3. H)-TPR Analysis

The reduction patterns of copper species for various Cu-based catalysts were measured
by H,-TPR technique. The reduction profiles with different amounts of Ga doping are
shown in Figure 4. It can be seen that all the catalysts show a broad reduction peak with
shoulders peaked at 450-610 K. The reduction temperature of the Ga-modified catalyst is
about 5-13 K lower than that of the unmodified one. To further dissect the TPR results, the
wide H;, consumption peak can be deconvoluted into two reduction peaks with different
temperatures. Generally, the low-temperature reduction peak is ascribed to the reduction
of surface highly dispersed copper oxide, while the high-temperature reduction peak is
ascribed to the reduction of bulk-like CuO phases [20]. The proportion of low temperature
peak area of each catalyst was 25.1%, 28.9%, 33.3%, and 30.1%, respectively. It can be seen
that the introduction of promoter gallium increases the proportion of low-temperature
reduction peaks in the catalyst. This implies that the content of highly dispersed copper
on the modified catalyst surface has increased. Improved Cu dispersion possessed by Ga
modified catalysts, as depicted in Table 1, should also be accounted for such findings. The
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catalyst CZAGa-2 with the highest low temperature peak area ratio shows the optimal
catalytic performance.

542K
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Figure 4. H,-TPR profiles of the calcined catalysts. (a) CZA, (b) CZAGa-1, (¢) CZAGa-2, (d) CZAGa-3.

The order of the highest reduction peak temperature of each catalyst is as follows:
Teza > Tezaga1 > T czaGas > Tczaga2. Compared with the CZA catalyst, the modified
samples showed relatively lower reduction temperature which gradually decreased at
first and then increased with increasing the amount of Ga. The result indicates that the
reducibility of active components showed an increasing trend from CZA to CZAGa-2. As
is known all, the reducibility of CuO is related to the interaction between the components.
The tendency of Ga introduction to decrease the reduction temperature was probably owing
to the change of the interaction of multi metallic species. This implies that Ga modified
Cu-based catalyst has a weaker interaction between CuO and other components. Studies
have shown that the reduction temperature of the catalyst has a certain relationship with
the particle size. Generally, the smaller the CuO particles are, the lower the reduction
temperature should be [21,22]. The combined effect of the particle size and the interaction
between the components causes the CZAGa-3 reduction temperature to be slightly higher
than CZAGa-2. Combining the activity and copper dispersion data in Table 1, we infer
that the well-adjusted balance between reducibility and dispersion is conducive to the
improvement of catalytic performance.

3.4. XPS Test Analysis

As mentioned above, the increased activity of Ga modified catalyst can be attributed
to its superior dispersion and reducibility, which is indicated by the XRD and TPR data.
Lots of research indicates that the distribution of copper species on the catalyst surface
also have a significant impact on the catalyst activity. Regardless of numerous reports on
Cu-based catalysts, exploring the factual role of the promoters in this catalyst and the actual
chemical state of the catalytically active species during hydrogenation is still a challenging
job [23-27]. So, the in situ XPS analysis (Figure 5) of the reduced samples were undertaken
to ascertain the chemical states of active copper species. As is shown in Figure 5, the spectral
features of the catalysts are very similar. Only two principal peaks of Cu2p®/2 and Cu2p'/?
centered at ~932 eV and ~952 eV were observed over the reduced samples, which was the
characteristic peak of reduced Cu* and/or metallic Cu. Generally, the binding energy of
Cu2p®/? at 934 eV and 940-950 eV is attributed to characteristic peak of Cu?* species. The
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absence of Cu?" characteristic peak indicates that the Cu species on the reduced catalyst
surface mainly exist in the form of a low valence state. For Ga-modified catalysts, the
binding energies migrated slightly to high energy, suggesting a certain electronic effect that
occurred between Cu and Ga species.

2py;

D S U

970 960 950 940 930
Binding Energy (eV)

TIntensity (a.u.)

Figure 5. Cu2p XPS spectra of the reduced catalysts. (a) CZA, (b) CZAGa-1, (c) CZAGa-2, (d) CZAGa-3.

Because of the minor binding energy values of Cu” and Cu™ species, it is difficult to
identify them based on the Cu2p level. The auger electron spectra of CuLMM were used
to further distinguish the surface Cu’ and Cu*. As presented in Figure 6, all the catalysts
exhibited broad and asymmetric auger electron spectra, demonstrating the presence of
both Cu® and Cu* species on the catalyst surface. By deconvolving these wide spectra,
the relative surface content of copper species with different valence can be obtained, with
peaks at ~916.0 and ~918.6 eV corresponding to Cu* and Cu’, respectively [27,28].

(d

Intensity(a.u.)

()

()

912 914 916 918 920 922
Binding Energy(eV)

Figure 6. Cu LMM XAES spectra of the reduced catalysts. (a) CZA, (b) CZAGa-1, (c) CZAGa-2,
(d) CZAGa-3.

For comparison, the auger electron spectra of the calcined samples are displayed in
Figure 7. Only an Auger kinetic energy peak at 918.2 eV attributed to the Cu?* species can
be observed. It is known that valence distribution balance of Cu species has a great impact
on the original activity of Cu-based catalyst during the reaction. Thus, the ratio of surface
Cu* and CuY, calculated from their corresponding auger peak areas, is shown in Table 2.
As can be seen from Table 2, Ga loading has a certain impact on the surface distribution
of mono-/zero-valent copper. With the increase of gallium addition, the monovalent Cu
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content on the catalyst surface increased at first and then decreased. The surface Cu*
content reaches the highest value when the addition of gallium is 2 wt%. It can be seen that
the Cu™ content of the sample CZAGa-2 is 9% higher than that of CZAGa-0. This indicates
more monovalent Cu appears on the surface of CZAGa-2 catalyst. Studies have shown
that Cu species can act as Lewis acidic or electrophilic sites to polarize the C=O bond by
bonding with the lone electron pair of oxygen in the aldehyde group, thereby enhancing the
catalytic performance [29]. As mentioned above, suitable heteroatoms doping can regulate
the surface Cu* content. Studies have shown that the introduction of a small amount of
high-valent (tri- or tetre-) metal ions can promote the formation of cationic defects in the
Cu-ZnO catalyst, thereby enriching and stabilizing the univalent copper on the catalyst
surface [30]. So, we inferred that gallium introduction was beneficial to the formation
of monovalent cationic defects on ZnO surface, which might enhance and stabilize Cu*
species during reduction and reaction process. In addition, gallium addition has some effect
on the Cu2p binding energy and the reduction temperature of calcined catalyst, which is
shown in XPS (Figure 5) and H-TPR (Figure 4). These results indicated the introduction
of gallium might alter the electron interactions among the catalyst components, and thus
influence the electron density of copper. Ai’s research about the promotional roles of cerium
on Cu/SiO; catalysts found that the surface Cu* content was related to the amount of
cerium doping, which implied the existence of electron interaction between Cu species
and Ce promoter [31]. Therefore, the higher proportion of Cu+/Cu’ ratio on the gallium
modified catalyst surface may be caused by the combined effect of monovalent cationic
defects and electronic effects.

918.2
- ()
=
<
z o
g
S
=
(b)
(a) Cu®*
912 915 918 921 924

Kinetic Energy(eV)

Figure 7. Cu LMM XAES spectra of the calcined catalysts. (a) CZA, (b) CZAGa-1, (c) CZAGa-2,
(d) CZAGa-3.

Table 2. Deconvolution of Cu LMM XAES of the reduced catalysts.

Kinetic Energy (eV) B.E. of Cu2ps,  Peak Area Ratios, Cu*/
Catalysts 0
Cu* Cu? (eV) (Cu* + CuY)
CZAGa-0 916.1 918.3 931.8 0.26
CZAGa-1 916.2 918.4 932.5 0.28
CZAGa-2 916.2 918.4 932.7 0.35

CZAGa-2 916.2 918.5 932.3 0.32
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4. Discussion

Although Cu-based catalysts for hydrogenation were extensively studied, reports
related to the impact of gallium introduction on Cu-based catalyst for hydrogenation of
HPA to NPG remain limited. The research on the catalytic hydrogenation of benzaldehyde
shows that the hydrogenation reaction follows two reaction paths according to the different
reaction atmosphere; one is the Cannizzaro mechanism under an inert atmosphere and the
other is 1,2 nucleophilic addition/direct hydrogenation under a hydrogen environment [32].
A large number of studies on copper-based catalysts have opined that the active site of the
hydrogenation reaction is the reduced copper [29-32]. Moreover, the catalytic activity is
closely associated to the physical and chemical structure of the catalyst, the reducibility,
the dispersion, and distribution of copper species, etc. However, with regard to the
properties of active species, there is no consensus on the exact role of Cu” and Cu* species
in hydrogenation reactions. Based on the catalyst characterization results, we propose that
both reduced Cu* /Cu species are indispensable for an active catalyst and their relative
content is pivotal for the catalytic performance of NPG synthesis. Considering literature [33]
and our ongoing experiment, a possible mechanism for hydrogenation of HPA to NPG
is proposed (Scheme 1). As illustrated in Scheme 1, H; is adsorbed and dissociated on
the surface of reduced Cu catalyst, then followed by reacting with the activated reactant
molecule HPA. During the hydrogenation process, HPA underwent the breakage of C=O
bond and the addition of two activated hydrogen atoms. The reaction pathway mainly
includes the following two routes. Firstly, the hydrogen atom attacks the oxygen atom in
C=0 group to form a hydroxyalkyl intermediate, and then the carbon atom is hydrogenated
to form NPG.
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Scheme 1. Mechanism of the catalytic hydrogenation of HPA to NPG on Cu-based catalysts.

5. Conclusions

In summary, NPG manufactured from HPA hydrogenation over gallium modified
Cu-based catalysts synthesized by the stepwise co-precipitation method was investigated.
It was found that the proper Ga promoted catalyst exhibited good active site dispersion,
and higher reactant activation capacity. The introduction of Ga promoters can regulate the
interaction of the catalyst components, which is conducive to improving the dispersion and
concentration of active Cu’ and Cu* sites on the catalyst surface. Both Cu* and Cu’ sites
are demanded for an optimal Cu-based catalyst, and a suitable specific Cu* /Cu ratio is
integral for excellent catalytic performance in the hydrogenation of HPA to NPG.
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