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ABSTRACT

The upgrading of glycerol, a by-product from biodiesel production, is important for developing
more sustainable biomass conversion technologies. Nonetheless, the low vapor pressure and
structural complexity of glycerol limit mechanistic studies of gas-phase reactions on model
surfaces and powder catalysts. In this work, we demonstrate the feasibility of using 1,2-
propanediol (PDO) as a surrogate compound for the mechanistic study of glycerol over Mo2C
and Cu/Mo2C surfaces. The results show that glycerol and 1,2-PDO undergo similar reaction
pathways on both the Mo and Cu sites, suggesting that 1,2-PDO could be used as a higher vapor

pressure surrogate to glycerol for gas-phase mechanistic studies.



Introduction

The production of fuels and chemicals from renewable biomass resources has drawn significant
attention in recent years.!”® Biodiesel production is a promising approach of utilizing biomass to
help reduce the environmental impact from fossil fuels.” Biodiesel is produced mainly via the
transesterification reaction of triglyceride with methanol, in which glycerol is formed as a by-
product.!® As the biodiesel production grows rapidly, there is a large surplus of glycerol, which is
generally considered as a platform molecule that can be upgraded into many value-added
chemicals. Glycerol can be converted using enzymatic and chemical methods. The enzymatic
transformations of glycerol have shown promise in producing specialty chemicals, such as 2,3-
butanediol,!"*'? or intermediates that can be further upgraded by chemical methods, such as 3-
hydroxypropanal.'*~!> On the other hand, chemical conversions of glycerol provide added

capability for upgrading glycerol via a variety of pathways. Typical chemical conversion
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pathways for glycerol include selective oxidation, *' etherification, acetylation,

2425 and selective hydrogenolysis/hydrodeoxygenation.?*” Among

reforming,*>** dehydration,
these approaches, selective hydrodeoxygenation (HDO) is a particularly interesting approach, in
which glycerol can be upgraded into various specialty chemicals, such as allyl alcohol, acetol
and propanal. It is generally accepted that Cu-based catalysts are very selective in converting
glycerol into 1,2-PDO. In this process glycerol is typically first catalyzed by acid sites into the
acetol intermediate, which is then hydrogenated by the surface Cu sites to form 1,2-PDO.?%3°
Under ultra-high vacuum (UHV) conditions, due to low hydrogen partial pressure, the final
product of glycerol HDO reaction over Cu sites should likely be acetol instead. Wan et al. have

demonstrated that the bond-breaking sequences of glycerol can be tuned by controlling the

coverage of Cu modifiers on a molybdenum carbide (Mo>C) surface , in which the oxygen



binding energy of the surface plays an important role in determining the final HDO products.>®

Despite the interesting results on the Cu/MoC surfaces, the low vapor pressure and high
viscosity of glycerol make it particularly difficult to conduct gas-phase mechanistic studies on
both model surfaces and the corresponding powder catalysts. The elucidation of reaction
mechanism and activation barriers by ab initio computation is also expensive due to the
structural complexity resulting from the presence of three -OH groups in glycerol. To date, only
very few fundamental studies for glycerol have been done on model surfaces using surface
science techniques, mainly due to the experimental difficulties in introducing pure glycerol into

ultra-high vacuum (UHV) systems.>®37

To this end, this work compares the reaction pathways of glycerol, 1,2- and 1,3-PDO, in
an attempt to evaluate whether the diols can serve as model compounds for the study of gas-
phase glycerol reaction under UHV conditions. 1,2- and 1,3-PDO are chosen because their
structures are similar to that of glycerol and that both diols contain one less -OH functional group
than glycerol. The higher vapor pressures of these diols ease the difficulty in introducing reactant
into the UHV chamber and also make it potentially possible to carry out gas-phase reactor
evaluation on the corresponding powder catalysts. Temperature-programmed desorption (TPD)
experiments were performed to probe the gas-phase products from the reactions, and high-
resolution electron energy loss spectroscopy (HREELS) measurements were conducted to
identify the surface reaction intermediates. The results show that 1,2-PDO and glycerol undergo
similar reaction pathways via similar intermediates on the Mo and Cu sites of the Cu/Mo2C
surfaces, suggesting the feasibility of using 1,2-PDO as a surrogate molecule for further

mechanistic studies of glycerol.



Results and Discussion

The Mo2C surface was synthesized by following a previously published procedure*®* and the
details can be found in the Supporting Information. Briefly, a Mo(110) single crystal was
exposed to ethylene, followed by annealing to achieve a Mo-terminated Mo,C surface with a
p(4x4) LEED pattern. Cu was deposited onto Mo>C using the physical vapor deposition (PVD)
method. Figure 1 shows the TPD spectra of propylene after dosing glycerol, 1,2- and 1,3-PDO
on the Mo>C and 0.8ML Cu/Mo:C surfaces. The sharp peaks at 263K, 211K and 229K represent
the cracking fragments of desorbed glycerol, 1,2- and 1,3-PDO, respectively. For glycerol and
1,2-PDO on Mo>C (Figure 1(a)), the broad peaks between 250K and 700K are contributed from
the desorption of propylene, which is a product from glycerol and 1,2-PDO from the unselective
HDO. One should note that for 1,3-PDO, there is also a broad peak between 350K and 700K.
This peak is also from the desorption of propylene but has a different peak shape than those of
glycerol and 1,2-PDO. Since there the m/z=57 peak is not observed from the reactions of all
three molecules on Mo,C (Figure S5), allyl alcohol is not formed and only propylene is produced
on Mo2C. The similar peak shapes and desorption temperatures of propylene from 1,2-PDO and
glycerol suggest that these two molecules likely undergo similar C-O bond scission steps to
produce propylene. As Cu coverage increases to 0.8ML (Figure 1(b)), the propylene peaks from
all three molecules decrease, which is consistent with a previous study?® that propylene is
produced on the Mo site. For glycerol on 0.8 ML Cu/Mo2C, on top of the broad propylene peak
there is another sharp peak at 363K, which is contributed from allyl alcohol/propanal formation
that only occurs on the Cu/Mo,C interface.’® The propylene spectra from the 0.3ML Cu/Mo,C

surface are shown in Figure S1.
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Figure 1. TPD spectra of propylene following an exposure of 4L glycerol, 1,2-PDO and 1,3-

PDO over hydrogen pre-dosed (a) Mo2C and (b) 0.8ML Cu/Mo2C.
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Figure 2. TPD spectra of acetol/acetone following an exposure of 4L glycerol, 1,2-PDO and 1,3-

PDO over hydrogen pre-dosed (a) Mo,C and (b) 0.8ML Cu/Mo2C.

Figure 2 shows the desorption of acetol and acetone (43 amu) produced from glycerol
and 1,2-PDO. One should note that both acetol and acetone have a common cracking fragment of

43 amu. Additional fragments for acetol (74 amu) and acetone (58 amu) are shown in the



supporting information (Figure S2 and Figure S3) to confirm the formation of such products.
Similar to the 39 amu spectra in Figure 1, the sharp peaks at 263K, 211K and 229K in Figure 2
are from the cracking fragment of glycerol, 1,2- and 1,3-PDO, respectively. On Mo>C (Figure
2(a)), there are no additional peaks besides the cracking fragments of the reactant molecules. On
the 0.8 ML Cu/Mo,C surface (Figure 2(b)) the peaks around 363K and 351K are observed for
glycerol and 1,2-PDO, respectively. The TPD spectra from 0.3ML Cu/Mo>C are shown in Figure
S1. Since the amount of acetol and acetone produced from glycerol and 1,2-PDO increases as the
Cu coverage increases, these products are likely formed on the Cu site of the Cu/Mo2C surfaces,
rather than the Cu/MozC interfacial site. The production of acetol from glycerol and acetone
from 1,2-PDO indicates that glycerol and 1,2-PDO undergo similar bond breaking sequence on
the Cu site, which selectively cleaves the primary C-O bond and dehydrogenates the secondary —
OH group. On the other hand, no 43 amu peak is produced from 1,3-PDO. Instead, 29 amu and
58 amu peaks at 341K were detected after dosing 1,3-PDO. As the Cu coverage increases, the
peak areas of 29 amu and 58 amu also increase, suggesting that propanal is produced from 1,3-
PDO on the Cu sites (Figure S4 and S3). The reaction pathways of glycerol, 1,2- and 1,3-PDO
are summarized in Scheme 1. Compared to the Mo site that cleaves all the C-O bonds of C3
polyols, the Cu site can only cleave one C-O bond, likely due to the lower oxygen binding
energy of Cu. Note that since the Cu modifier may agglomerate during the deposition process at
600K, the surfaces with Cu coverage greater than 1ML are not discussed in this work. The
quantification results of all the C3 products from glycerol, 1,2- and 1,3-PDO on the Mo2C and
0.8ML Cu/Mo:C surfaces are shown in Table 1, while those of the 0.3ML Cu/Mo-C surface are

shown in Table S1.
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Scheme 1. Reaction pathways of glycerol, 1,2- and 1,3-PDO over (a) Mo site and (b) Cu site on

Mo>C and Cu/Mo,C surfaces.



Table 1. Activity (molecules per metal atom) of C3 products from glycerol and diols over

corresponding surfaces.

Allyl alcohol
60, (ML)  Propylene  Acetol Acetone Total
/Propanal
0 0.061 0.000 0.000 0.000 0.061
Glycerol
0.8 0.021 0.051 0.000 0.007 0.079
0 0.040 0.000 0.000 0.000 0.040
1,2-PDO
0.8 0.026 0.000 0.006 0.000 0.032
0 0.030 0.000 0.000 0.000 0.030
1,3-PDO
0.8 0.013 0.000 0.000 0.007 0.020
Ocu: coverage of copper. ML: monolayer
Mozc;‘Mo(HO) at 300K 0.8ML Cu.-'MDZC;"Mo[HO} at 300K
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Figure 3. Comparison of HREEL spectra after an exposure of 4L of glycerol, 1,2-and 1,3-PDO

over hydrogen pre-dosed (a) Mo2C and (b) 0.8ML Cu/Mo2C at 300K.



The HREELS measurements were performed to compare the surface reaction
intermediates of glycerol and 1,2- and 1,3-PDO. The vibrational mode assignments are
summarized in Table 2. Shown in Figure 3 are the HREEL spectra of glycerol, 1,2- and 1,3-PDO
on the Mo>C and 0.8ML Cu/Mo,C surfaces at 300K. In general, the spectra of glycerol and 1,2-
PDO are very similar on both the Mo,C and 0.8ML Cu/MoxC surfaces, indicating that both
molecules likely produce similar intermediates. The spectra for molecularly adsorbed glycerol,
1,2- and 1,3-PDO are shown in Figure S7 in the Supporting Information. Even though the spectra
of molecularly adsorbed 1,2-PDO and glycerol appear slightly different, the spectra of both
molecules become very similar when temperature is increased to 300K and above. In contrast,
the 1,3-PDO spectra on both surfaces are quite different than the other two molecules, especially
in the region between 890 cm™ and 1100 cm™. The p{(CHz) mode of 1,3-PDO on both Mo>C
(899 cm™) and 0.8ML Cu/Mo,C (893 cm™!) are more intense than those of glycerol and 1,2-PDO
on the corresponding surfaces, consistent with the fact that there are more -CH> groups in 1,3-
PDO than in glycerol and 1,2-PDO. Furthermore, on Mo,C, the v(CO) mode at 1020 cm™! of 1,3-
PDO is more intense than those of 1,2-PDO and glycerol, indicating that the C-O bond of 1,3-
PDO is better preserved than those of glycerol and 1,2-PDO, which is consistent with the TPD
observations that propylene is formed at higher onset temperature from 1,3-PDO (350K) than
from glycerol (210 K) or 1,2-PDO (300K). Additionally, on the 0.8ML Cu/Mo:C surface, there
are two peaks at 1047 cm™ and 1087 cm™ that represent the v(CO) mode for 1,2-PDO and
glycerol, respectively. These two peaks correspond to the two types of C-O bonds in 1,2-PDO
and glycerol (primary and secondary). In comparison, only one peak is observed at 1047 cm™ for
1,3-PDO, consistent with the presence of only one type of C-O bond (primary) in 1,3-PDO.

When the surface temperature is further increased to 400K, glycerol and 1,2-PDO still show very



similar spectra on both Mo>C and 0.8ML Cu/Mo2C, but the differences between 1,3-PDO and

the other two become more significant. (Figure S5)

Table 2. Vibrational mode assignments for glycerol, 1,2- and 1,3-PDO over corresponding

surfaces
Mode Frequency (cm™)
f/}g;/ée/ﬁo%yfg)la . }i?qzdilziDIg b Mo2C/Mo(110)° OC.S/I;\/I/IIJ)QC/MO(I 10)©
v(MO) 557 543
p«(CHz) 879 839 899 893
v(CO) 1069 1046 1020 1047
¥(CO) 1138 1087
p(CHz) 1260 1289 1222 1248
pw(CH2) 1360 1342 1329
6(CH2) 1441 1455 1416 1416
v(CH) 2916 2935 2866 2859

0 - deformation, pr - rocking, v - stretching, pt - torsion, pw - wagging.
aref 40
b I.ef4l ,

¢ This work

Conclusions
In summary, TPD experiments show that glycerol and 1,2-PDO undergo similar bond
breaking sequence on the Mo and Cu sites of the Cu/MoC surface. The Mo site tends to cleave

all the C-O bond of both molecules to form propylene, while the Cu site breaks the primary C-O

10



bonds to form acetol and acetone, respectively. The resemblance between the HREEL spectra of
1,2-PDO and glycerol indicates that glycerol and 1,2-PDO likely undergo primary C-O bond
scission to form similar intermediates. Overall, these results suggest that 1,2-PDO can potentially
be used as a surrogate molecule for glycerol. The higher vapor pressure of 1,2-PDO eases the
dosing process in UHV chambers and should allow for gas-phase flow reactor evaluations. The
simpler structure of 1,2-PDO should also significantly reduce the computational expense for
activation barrier calculations. These will facilitate further mechanistic studies on the C-O bond
breaking sequence of glycerol and provide insights into designing more efficient catalysts for the

selective HDO of glycerol.
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SYNOPSIS

1,2-propanediol was shown to be a surrogate with higher vapor pressure and simpler structure for

glycerol gas-phase mechanistic studies.
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