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The types of alloy phase and the amounts of the surface Pd-SnO(x) sites altered along with Sn/Pd mass
ratios from 0—1.0 synthesized in the process of preparation. The maximum reaction rate was 0.57 mol-
GBL/(mol-Pd-min) and selectivity was 95.94% when the Sn/Pd mass ratio was 0.6. It might be attributed
to the formation of Pd2Sn alloy and less amounts of Pd-SnO(x) sites.

ABSTRACT

Pd catalysts suffered from poor selectivity and stability for liquid-phase hydrogenation of maleic anhydride (MA) to gamma-butyrolactone (GBL). Thus, Pd/C
catalysts modified with different Sn loadings were synthesized, and characterized by XRD, XPS, TEM and elemental mapping. The types of alloy phase and the
amounts of the surface Pd-SnOx sites altered along with Sn/Pd mass ratios from 0—1.0 synthesized in the process of preparation. The maximum reaction rate
was 0.57 mol-GBL/(mol-Pd-min) and selectivity was 95.94% when the Sn/Pd mass ratio was 0.6. It might be attributed to the formation of Pd:Sn alloy and less

amounts of Pd-SnOx sites.
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1. Introduction

Gamma-butyrolactone (GBL) has been widely used in the manufacture of substituted pyrrolidones, agrochemicals,
pharmaceuticals, biodegradable polymers and paint industries [1-5]. Directly selective hydrogenation of maleic anhydride (MA) into
GBL should be an friendly environmental method, although homogeneous Ru catalysts still is of low activity and difficult separation
[6, 7] and heterogeneous Cu [8-13] or Ni [14-17] suffers from low activity and poor selectivity to GBL. Moreover, some bimetallic
catalysts, such as Cu-Cr, were undesirable due to their high toxicity [18]. Palladium is one of the most versatile elements in catalysis
[19-23], and recently S. Jung et al. [33] reported that addition of Sn to Pd/SiO; catalysts could increase the selectivity remarkably in
hydrogenation of MA to GBL. However, the literatures concerning the interaction of Pd-Sn for selective hydrogenation reaction were
limited [30-32].

In this work, the Pd/C catalysts modified with different Sn loadings were synthesized, and characterized by XRD, XPS, TEM and
elemental mapping. The catalysts have been tested on a laboratory scale plant for the selective hydrogenation of MA to GBL under the
relative mild reaction conditions, discussing the improvement of Sn to the hydrogenation activity and selectivity of Pd/SiO,. The
experimental results illustrated that the surface composition of Pd-Sn nanoparticles plays an essential role for this hydrogenation
reaction, and the PdSn/C catalyst with nominal mass ratio 0.6 of Sn/Pd shows good activity and high selectivity in the hydrogenation of

MA to GBL.

2. Results and discussion

The XRD patterns of the PdSn(x) catalysts are shown in Fig. 1(a) and the corresponding magnified peaks are exhibited in Fig.
1(b). No SnOx was observed in the XRD patterns of reduced samples in H, stream at 723 K. The (111) facet of the Pd patterns at the
Bragg peak of 40.2 © has been affiliated to a vertical line in Fig. 1. The presence of metallic Pd phase could be observed even mainly
diffraction peaks overlapping with the XRD-peaks of Pd-Sn phase. Obviously, Fig. 1(a) demonstrated that a transformation has taken
place since the samples with different Sn/Pd mass ratios result in different Pd-Sn alloy phase. Pd;Sn, Pd,Sn and Pds;Sn, phases were
detected corresponding to PdSn(0.2), PdSn(0.6) and PdSn(1.0) samples, respectively. Furthermore, it could be observed that the main
diffraction peak of all the Pd-Sn NPs catalysts were located at lower 26 values with respect to the corresponding peaks of the Pd NPs.
The atomic radius of Pd (1.79 A) and Sn (1.72 A) were extremely close, so that the a small amount shift in position with respect to
(111) facet of Pd could be possible due to the lattice contraction arising from the incorporation of the smaller Sn atoms into the Pd
lattice, suggesting the Pd-Sn alloy was occurred [34, 35]. It was noted that the change in the average crystallite size of the Pd-Sn NPs
was not accompanied with linearly increase with Sn/Pd mass ratios, while PdSn(0.6) sample (111) facet diffraction peak was obviously
much broader than others, demonstrating that the Pd and Sn species in this sample are more highly dispersive. The crystal structure of
the alloy particles seemed practical equally with increasing Sn/Pd mass ratios, while incremental Sn/Pd mass ratios had almost no

effect on the alloy crystal structures [36].

Fig. 2 presented the TEM images of low resolution and high resolution and their corresponding particle size distribution
histograms of the PdSn catalysts. The results showed a significant difference in surface morphology with different Sn/Pd mass ratios.
Although, the Pd-Sn NPs were well dispersed on the surface of support, the size distribution of particles was more pronounced for the

PdSn(0.6) sample, of which the mean particle size was about 4.61+0.7 nm and the distribution of particle size shifted to a narrower



region. The corresponding particle size of the PdSn(0.2) sample has shifted to 4-13 nm range and the mean particle sizes was about 8.9
+0.9 nm. Nevertheless, the mean particle size will reach to 12.3 +0.8 nm by the addition of Sn/Pd mass ratio. Thus, it appeared that
the presence of Sn at PdSn(0.2) and PdSn(1.0) samples could induce the sintering or agglomeration of Pd. The high-resolution
transmission electron microscopy (HRTEM) image also confirmed that the existing of Pd-Sn alloy during the preparing of the PdSn(x)
catalysts. As red-circled indicated in Fig. 2(a-2) and (b-2), only one lattice plane illustrated the NPs, of which the spacings of inter-
plane were 0.2256 and 0.2290 nm corresponding to the (110) plane of Pd;Sn and (301) plane of Pd,Sn type alloys, respectively.
Furthermore, as red-circled presented in Fig. 2(c-2), two kinds of lattice planes illustrated the NPs. The spacing of inter-plane was
0.2208 nm affiliated to the (110) plane, and the 0.2270 nm was affiliated to the (102) plane of Pds;Sn,. These results were well matched

with previous XRD results.

The elemental mapping analysis of Pd-Sn NPs within a randomly selected area directly confirmed that the formation of Pd-Sn
alloy took place on those samples. As can be seen, the PdSn(0.2) catalyst had remarkably larger particles (~10 nm) on the carbon
support, and many Pd elemental signals aggregated while Sn signals displayed uniformly (Fig. 3a), comparatively. However, we found
that small particles size (~5 nm) showed on the PdSn(x) catalysis which was also confirmed by an HRTEM characterization (Fig. 2b).
Elemental mapping analysis showed that Pd and Sn signals were presented uniformly, and the two kinds of metal particles were
equally distributed and had close interaction (Fig. 3b). When the Sn/Pd mass ratio further increased to 1.0, the larger Pd-Sn alloy
particles were found to be predominant in the diameter range of 4-20 nm (Fig. 3c), while the mapping analysis could unambiguously
displayed that Sn and Pd elements appeared relatively homogenous and uniform distribution, which further emphasized the formation
of Pd-Sn alloy and larger Pd-Sn alloy nanoparticles might be possible due to the growing up of alloy at such concentrations.
Consequently, it appears that a better Pd dispersion on the support of carbon by additional inducing of Sn, and increasing of Sn/Pd
mass ratio at low ratios could efficiently prevent the sintering or agglomeration of Pd, while further increasing of Sn/Pd mass ratio

may result in the growing-up alloy with larger NPs size.

X-ray photoelectron spectroscopy (XPS) measurements were performed on PdSn(x) catalysts to determine the surface, near-
surface composition and the surface states of various species. The XP spectra of the Pd 3d and Sn 3d are presented in Fig. 4(a) and (b),

respectively, and the results of the XPS investigations are collected in Table 1.

In Fig. 4(a), as we can see, there is a significant difference with binging energy (BE) for PdSn(x) catalysts when examining the Pd
3d spectra. Two different Pd species were detected with BE at 335.3-335.8 and 336.7-337.4 eV, which were associated with the
metallic Pd effects and Pd species, respectively, due to the formation of Pd-Sn intermetallic compounds [37, 38]. Thus, on the surface
regions of the sample, two different kinds of Pd were presented: isolated one and the alloy phase. About 46.5% of surface Pd atoms
were intermetallic state for the PdSn(0.2) sample. The formation of Pd;Sn was also illustrated by XRD peaks in Fig. 2. It should be
noted that even for the metallic Pd, the BE is still 0.2—0.3 eV higher than pure Pd [37-40]. The Pd binding energy shifted upward which
could be illustrated by the presence of a Pd-Sn alloy [41, 42] and an electron transfer from Sn to Pd might occur [43]. The XP spectra
for PdSn(0.6) and PdSn(1.0) samples in Fig. 4(a) there are two characteristic peaks ascribed to metallic palladium and intermetallic
palladium, respectively. In addition, it was found that the value for Pd 3d significantly increased from 335.3 to 335.7 and 335.8 eV
along with the increase of the Sn/Pd ratios from 0.2 to 0.6 and 1.0, respectively. By the FWHM (full width of at half-maximum),
considering the results presented in Table 1, the formation of more than one palladium species was observed since FWHM of the Pd
peak is much more larger [44]. However, from Table 1, it was worth noting that content of Pd in intermetallic state was not changed

too much for the PdSn(0.6) (45%) and PdSn(1.0) (44%), in comparison with the PdSn(0.2) (46%) in the intermetallic form.



XPS measurements illustrated the formation of metallic Sn in the as-prepared Pd-Sn catalysts, meanwhile the proportion of
reduced Sn increased with Sn/Pd mass ratios. According to Fig. 4(b), three distinguished peaks at about 485.3, 486.6 and 487.5 eV (left
to right) illustrated the metallic Sn, Sn*" (phases of Pd-Sn-O and/or Sn-O), and Sn*" peak positions for Sn 3d5/2 core levels,
respectively. In addition, Table 1 exhibited the proportion of oxidized states tin species in Pd-Sn/C decreasing from 85% to 76% and
72% for the PdSn(0.2), PdSn(0.6) and PdSn(1.0) samples, respectively. While considering the loading of Sn increased from 1% to 3%
and 5%, the oxidized states tin species still increased from 0.85% to 2.28% and 3.60% in mass loading, respectively.

The catalytic activities and selectivity with different Sn/Pd mass ratios were presented in Table 2. The rate of reaction broadly

ranged from 0.03 to 0.57 mol-GBL/(mol-Pd-min) for the different Sn/Pd mass ratios Pd-Sn/C bimetallic catalysts.

As we can see, during MA hydrogenation, the reaction rate became faster for the Sn-containing catalysts. The catalytic activity
was improved by addition of Sn to Pd forming Pd-Sn alloy NPs. However, the catalytic activity was decreased at the Sn/Pd mass ratio
1.0. As expected, the PdSn(0.6) sample was more active for the MA hydrogenation to GBL. Interestingly, the GBL selectivity
performance in the same trend as the activity mentioned above. The GBL selectivity could be reached at 95.94% for the PdSn(0.6)
catalyst.

The main by-product in the process of reaction was n-butyl alcohol (NBA), and the percentages of other by-products were small
as shown in Table 2. The succinic anhydride (SAH) was only appeared when using Pd/C catalyst, while for the Sn-containing catalysts
SAH was not observed at high conversion levels. The NBA selectivity decreased with the increased Sn/Pd mass ratios, and reached a
minimum when Sn/Pd mass ratio was 0.6. However, the NBA selectivity increased when the Sn/Pd mass ratios further increased,

almost equally to that of monometallic Pd/C catalyst.

In order to investigate the reasons for the high yield of NBA, the controlled experiments for the prepared Pd/SnO,/C catalysts
reduced with hydrazine hydrate at room temperature (Pd/SnO,/C-RT) and with hydrogen at 500°C (Pd/SnO,/C-R500), respectively,
were carried out under the same condition. For Pd/SnO,/C-RT catalysts, the hydrogenation of MA to SAH finished within the first few
minutes, which could be ignored compared the whole range of the reaction, and the yields for NBA and GBL were 6.26% and 6.79%,
respectively, at 15% SAH conversion. After applying the Pd/SnO,/C-R500 catalysts, NBA was the primary product with the NBA
selectivity increasing to 54.36% at 15% MA conversion due to the existing of SnO,; SAH (29.64% selectivity) and SA (16%
selectivity) were minor products and GBL could not be detected. Namely, the intermediates GBL could hardly accumulated during the
hydrogenation of MA since the formed GBL converted to SA completely. This experimental data suggest that the conversion or
selectivity of NBA is connected with Pd metal and SnOx species. Dandekar et al. [45] proposed that carbonyl bonds can be adsorbed
more strongly on surface Pd-TiOx sites in the case of HTR (high temperature reduction). The O in the C=0O groups is assumed to have
synergistic effect with either Ti*" at Pd-TiOx sites with the carbon atom coordinated with a neighboring Pd active site, which might
lead to a di-o CO adsorption model. In our case, as mentioned before, the catalyst surface was not only composed of Pd-Sn alloy NPs,
but the presence of the metallic state Pd° particles and oxidized states tin species were also observed after the reduction with hydrogen.
One could speculate the effect of strong adsorption of inner MA or SAH species by the carbonyl group in di-6 mode on support surface
of Pd-SnOx site that was generated by the HTR step (SMSI state) [46-48], increasing the activity and selectivity for hydrogenation of
MA to NBA (Scheme 1). A remarkable decrease of activity was also improved by the increase of Sn/Pd ratio from 0.6 to 1.0, which
may be interpreted of the intensity adsorption of MA or SAH molecule by the carbonyl group, as a result of the desorption of
intermediates becoming increasingly difficult.

The surface alloy composition is changing from Pds;Sn to Pd>Sn and Pd;Sn, when the Sn/Pd mass ratios were 0.2, 0.6 and 1,

respectively, and the structure of Pd>Sn is more stable than those of Pd;Sn and Pd;Sn, [36]. The surface alloy composition of the



catalysts are highly dependent upon the Sn/Pd mass ratios, the corresponding surface active sites govern the reaction activity and
selectivity. Therefore, it is feasible to adjust the activity-selectivity relation by tuning the Sn/Pd mass ratios. This part will be calculated

by the density functional theory method in our future reports.
3. Conclusion

Pd/C catalysts modified with Sn were used for selective hydrogenation of MA to GBL. The experimental results show that
hydrogenation performances of Pd/C catalysts are significantly improved by the presence of Sn. The types of alloy phase and the
amounts of the surface Pd-SnO(x) sites altered with Sn/Pd mass ratios from 0-1.0 synthesized in the process of preparation. The
maximum reaction rate was 0.57 mol-GBL/(mol-Pd-min) and selectivity was 95.94% when the Sn/Pd mass ratio was 0.6. This might
be attributed to that the types of alloy phase and the amount of the surface Pd-SnOx sites altered with Sn/Pd mass ratios. The catalysts
with Pd>Sn composition alloy and less of Pd-SnOx sites have higher activity and selectivity of MA to GBL.

4. Experimental

4.1. Catalyst preparation

The impregnations method was used for preparing PdSn(x) (x = 0—1) catalysts with 5 wt% Pd loading. The composition of Pd and
Sn were obtained by the precursor of H,PdCls and Na,SnOs, respectively. An aqueous solution of HPdCls was prepared by adding
PdCl, into HCI aqueous solution at room temperature (RT) until PdCl, salt was completely dissolved. The active carbon supported Sn-
Pd bimetallic catalysts were prepared as follows: the precursor of Na,SnO; and active carbon were charged into deionized water (the
ratio of carbon to deionized water was 1 g :10 mL), H,PdCl4 solution was injected into the above solution at 353 K. The pH value of
slurry was adjusted to 8-9 by dropping a solution of sodium hydroxide (10 wt%), and stirred for 12 h at 353 K. And then, the as-
prepared slurry was filtered by deionized water until the pH was about 7, and the wet solid was dried under vacuum for 4 h at 383 K.
After that, the samples were calcined under N» flow by temperature programming to 773 K at 10 K/min and holding it there for 4h, and
followed by reducing under H, flow at 723 K for 4 h.

The SnO,/C were prepared by wetness impregnations of the precursor of SnBu;Cl, after the slurry was vigorously stirred the pH =
8-9 by aqueous solution of sodium hydroxide. The Pd/SnO,/C heterogeneous catalysts were synthesis by mixing of H,PdCl, solution
and the SnO,/C to have a 5 wt% Pd loading. And then, the preparation process is the same asPd/SnO,/C.
4.2. Characterization techniques

The microstructure and component analysis of the catalysts were characterized by TEM with the attachment of high-angle annular
dark-field (HAADF) and energy dispersive X-ray spectroscopy (EDX) (Philips-FEI Tecnai G2 F30 S-Twin). The powder products
were dispersed in pure ethanol using ultrasonic cleaner at room temperature for 0.5 h and transferred on carbon-coated copper grids.
Average particle sizes were analyzed from at least five different micrographs, and measured at least 100 particles for each samples.
XRD measurements of the samples were determined by a PANalytical-X’Pert PRO generator by Cu Ka radiation (4=0.1541 nm). XPS
was determined by a Kratos AXIS Ultra DLD spectrometer. XPS analysis was used the monochromatized aluminum X-ray source and
the pass energy of the electron analyzer was 40 eV. The pressure in the catalysts analysis chamber was lower than 6x10~° Torr when at
data acquisition. Binding energies (BE) of Cls line was referred to at 284.8 eV.
4.3. Liquid-phase Hydrogenation of MA to GBL

Hydrogenation of MA to GBL was carried through as follows: 0.3 g catalyst, 5.0 g MA and 200 mL dioxane were put into a 500
mL steel autoclave. The air in reactor was filled with N, three times, followed by replacing N, by H, for three times. The reaction was
started immediately after the autoclave heated slowly to 433 K, and the hydrogen pressure setting to 5.0 MPa. In order to eliminate the
effects of external diffusion, the stirring rate was set as 900 rpm. Gas chromatography was used to analysis the reaction progress, and at
different time intervals ~0.50 mL reaction liquid was monitored. The selectivity of hydrogenation of MA, is defined as:

0,
GBL Selectivity = GBL% x100%
GBL % +SAH % +SA % +THF%+BA %+BD%




where MA, SA, SAH, GBL, BA, NBA, THF, and BD represent the amount of maleic anhydride, succinic acid, succinic anhydride, y-

butyrolactone, n-butyric acid, n-butyl alcohol, tetrahydrofuran, and butanediol in the mixture.
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Fig. 2 TEM results for PdSn(x) catalysts: a, x = 0.2; b, x = 0.6; ¢, x = 1.0.

Percentage (%)

Percentage (%)

Percentage (%)

Fig. 1 (a) XRD patterns of PdSn(x) catalysts, x= Sn/Pd; (b) The magnified peaks of the PdSn(x) catalyst.
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1, Low-resolution TEM images; 2, high-resolution TEM images; 3, corresponding size distribution.



Fig. 3 The HETEM images and the corresponding mapping energy dispersive X-ray spectroscopy (EDX) intensity profiles of PdSn(x) catalysts of (a) x
=0.2; (b) x=0.6; (¢c) x=1.0.
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Fig. 4. XP spectra of Pd 3d (a) and Sn 3d (b) of PdSn(x) catalysts.
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Schemel. Schematic representation of Pd/C modified with Sn catalyst for liquid-phase selective hydrogenation of maleic anhydride to gamma-
butyrolactone.



Table 1
The binding energy (eV) of Pd 3d5/2 and Sn 3d5/2 and relative percentage of surface species for the PdSn(x) catalysts.

Sn/Pd mass ratio 0.2 0.6 1.0
Metal Pd® 3d5/2 (eV) 3353 335.7 335.8
(FWHM) 1.12 1.43 1.50
Intermetallic Pd°3d5/2 (eV) 336.7 336.7 3374
Metal Pd%/ Pdiotal 0.54 0.55 0.56
Sn® 3d5/2 (eV) 484.8 485.2 485.5
Sn?"3d5/2 (eV) 486.1 486.3 486.6
Sn*"3d5/2 (eV) 487.0 487.1 486.9
Sn’/Sntotal 0.15 0.24 0.28
Sn%[Sn’+ intermetallic Pd"] 0.25~Pd3Sn 0.34~Pd>Sn 0.39~Pd;Sn,
Table 2

The catalytic activities and selectivity of PdSn(x) catalysts in the hydrogenation of MA.

THF BD SAH BA NBA SA GBL
Catalyst Rate *

(o) (%) (%) (%) (%) (%) (%)
PdSn(0) 0.03 0.32 0 35.07 0.15 12.66 2.08 49.73
PdSn(0.2) 0.05 0 0 0 0.06 6.83 321 89.90
PdSn(0.6) 0.57 0 0 0 0 2.57 1.49 95.94
PdSn(1.0) 0.09 0 0 0 0.15 10.13 3.81 85.91

* rate = mol-GBL/(mol-Pd-min), reaction temperature = 160 °C, reaction pressure = 5 MPa, conversion = 100%.



