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Abstract: The promoting effect of Pd on a Cu/ZnO/Al,O3 catalyst for the aqueous glycerol hy-
drogenolysis process to produce 1,2-propanediol was studied. At a lower hydrogen pressure
(2.07 MPa), using the Cu/ZnO/ Al,Oj3 catalyst with 2 wt% Pd doped, could significantly improve the
glycerol conversion (97.2%) and 1,2-propanediol selectivity (93.3%) compared with the unpromoted
catalyst (69.4% and 89.7%, respectively). A power-law kinetic model, which took into account all the
elementary reactions including glycerol dehydration and its reverse reaction, acetol hydrogenation,
side reactions and ethylene glycol formation, was developed to comprehensively investigate the
effect of Pd. Though the rate of glycerol dehydration using the Pd-promoted catalyst was found
to be slightly lower, mainly due to the reduced number of acidic sites after adding Pd, the glycerol
conversion rate was notably higher compared with using the unpromoted catalyst, mainly attributed
to the enhanced activity of acetol hydrogenation by Pd. The rapid hydrogenation of acetol can inhibit
the reverse reaction of glycerol dehydration, resulting in a higher glycerol conversion rate, so that
glycerol dehydration is considered as the rate-determining step. In contrast, when the unpromoted
catalyst was used, the rate of reverse glycerol dehydration was drastically increased due to the
elevated acetol concentration, especially at a lower hydrogen pressure, resulting in a slower glycerol
conversion rate; thus, acetol hydrogenation became the rate determining step. In addition, Pd can
improve the reducibility of the catalyst, allowing the CuO to be reduced in situ during the reaction.
Therefore, catalyst deactivation due to any potential oxidation of metallic copper during the reaction
can be prevented.

Keywords: glycerol hydrogenolysis; low hydrogen pressure; kinetic analyses; acetol hydrogenation;
Pd promoter

1. Introduction

Climate change has become the most serious challenge for humans because of the
excessive consumption of fossil fuels, leading to a massive amount of greenhouse gas
emissions. Biodiesel, as a biomass-derived renewable energy resource, has been considered
as a promising supplement to fossil diesel and is increasingly used all over the world due
to its environmentally friendly features, such as low greenhouse gas emissions, high rate
of biodegradation and nontoxicity. Glycerol, as the major byproduct from the biodiesel
production process, is an important building-block chemical that can be used to produce var-
ious chemicals. Due to the increased production of biodiesel, the large amount of glycerol
produced has negatively impacted its market value, leading many researchers and engi-
neers to find practical applications to produce value-added chemicals [1]. 1,2-propanediol
(1,2-PD) is a valuable chemical that has been widely used in various applications, such
as anti-freeze, polymerization and pharmaceutical additives. 1,2-PD is conventionally
produced via hydration of propylene oxide, which is a fossil resource-based chemical.
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Producing 1,2-PD from biomass-derived glycerol has been extensively studied, since it
can not only increase the profits of biodiesel manufacturers but also further reduce the
fossil resource dependence of 1,2-PD production processes, in the spirit of green chemistry
and sustainability.

The process of producing 1,2-PD from glycerol, known as the glycerol hydrogenolysis
process, has been mostly reported to be via glycerol dehydration, to form acetol as the
intermedium, followed by an acetol hydrogenation [2-9]. Acetol is extremely reactive due
to the presence of both hydroxyl and carbonyl functional groups. Therefore, when its
concentration is high it can easily undergo a series of side reactions, such as dehydration,
oxidation, condensation and polymerization, to name a few, forming numerous types of
byproducts [3,5,6]. In order to minimize the yield of the undesired byproducts, a high rate
of acetol hydrogenation becomes crucial to obtain a good selectivity of 1,2-propanediol.
In addition, the rapid removal of acetol can shift the equilibrium of glycerol dehydration
forward, resulting in a higher glycerol conversion. It has been widely reported that the
reaction is conventionally carried out under an elevated hydrogen pressure, normally above
3 MPa [9-11]. However, the high hydrogen pressure can give rise to safety concerns, since
it can easily leak and result in explosion on contact with air. Therefore, it is industrially
preferrable to improve the hydrogenation activity of the catalyst so that a satisfactory
rate of acetol hydrogenation can be obtained under a relatively lower hydrogen pressure.
Palladium has been well known as an effective promoter for Cu-based catalysts in various
hydrogenation applications. It has been extensively studied and generally accepted that
doping a small amount of Pd onto a Cu-based catalyst can significantly improve the
hydrogenation activity of the catalyst, primarily due to the spillover effect [12-17]. The
Pd atom is much more active toward the dissociation of hydrogen molecules into surface
hydrogen atoms as compared with Cu. The addition of a trace amount of Pd onto the surface
of a Cu-based catalyst can assist the hydrogen molecules to be dissociatively adsorbed
on the Pd surface and spillover to the otherwise nearly inert Cu surface, providing more
hydrogenation active sites [12,13,18-20]. Therefore, in the glycerol hydrogenolysis process
using the Pd-promoted catalyst, the molecular hydrogen can be more rapidly dissociated
and spillover on the catalyst surface, providing more hydrogenation active sites for acetol
hydrogenation. The applications of Pd-Cu based catalysts in glycerol hydrogenolysis
processes have been reported in a number of studies. Kim et al. studied the promoting
effect of Pd on the catalytic activity of a Cu/CrO; catalyst [7]; it was reported that under
a hydrogen pressure of 4 MPa, using the unpromoted Cu/CrO, catalyst, the glycerol
conversion and 1,2-PD selectivity were 62.9% and 77.3%, respectively, while using the
Cu/CrO; catalyst with 1 wt% Pd doped the 1,2-PD, selectivity was improved to 93.6% and
the glycerol conversion was over 70%. Xia et al. reported that by adding 1.3 wt% Pd to a
Cu/MgO/ Al,Oj3 catalyst, the glycerol conversion can be increased from 56.7% using an
unpromoted catalyst to 79.6% at 2 MPa hydrogen pressure [21]. Ardila et al. investigated
the synergetic effect of a Cu-Pd catalyst (5 wt% each) supported on Na-treated TiO,; the
experimental results suggested that under a low hydrogen pressure (0.7 MPa) the glycerol
conversion and 1,2-PD selectivity were all significantly higher when using the supported
bimetallic catalyst than when using any supported monometallic (Pd or Cu) catalyst [22,23].
Nevertheless, most of the works focused on the improvement of glycerol conversion and
1,2-PD selectivity by addition of Pd; the kinetics of the promoting effect of Pd have not
been clearly identified on the elementary reactions of the process, so that the promoting
effect of Pd cannot be mechanistically understood.

Among the research works of glycerol hydrogenolysis in recent years, the number of
comprehensive kinetic studies about this reaction process is limited. The recently reported
kinetic analyses mainly include two types of kinetic model: the single-step power-law
type model and the Langmuir-Hinshelwood model. The works reporting power-law
models assumed the 1,2-PD is formed directly by the hydrogenation of glycerol, forming
water as the byproducts. Torres et al. developed a single-step power-law model for
the glycerol hydrogenolysis process using a Ru-Re/C catalyst; it was assumed that the
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reaction followed the first order with respect to both glycerol and hydrogen [24]. Vasiliadou
and Lemonidou proposed a power-law-type kinetic model for using a Cu/SiO, catalyst;
the overall reaction rate expression showed a nearly zero-order dependence on glycerol
and first-order dependence on hydrogen, suggesting that the rate of 1,2-PD formation is
almost completely dependent on hydrogen pressure [25]. Gabrysch et al. used a Cu/ZrO,
catalyst, and the same kinetic results were obtained such that the reaction orders with
respect to glycerol and hydrogen were zero and one, respectively [26]. Although most
of the reports claimed very good agreements between the experimental data and the
modeled data, the disadvantage of the single-step power-law kinetic model is that the
elementary reactions are not taken into consideration. The Langmuir-Hinshelwood model
is used to kinetically analyze the glycerol hydrogenolysis process following the glycerol
dehydration—acetol hydrogenation pathway. The reactant adsorption, surface reaction and
product desorption can be analyzed and understood. Zhou et al. developed the Langmuir-
Hinshelwood model for a continuous liquid-phase glycerol hydrogenolysis process over a
Cu/Zn0O/Al;Oj3 catalyst in a fixed bed reactor; the simulated results suggest that the rate of
acetol hydrogenation was much higher than the rate of glycerol dehydration, and the higher
adsorption affinity of glycerol compared with 1,2-PD leads to high glycerol conversion
and 1,2-PD selectivity [27]. Rajkhowa et al. proposed a Langmuir-Hinshelwood model for
a liquid-phase glycerol hydrogenolysis in a batch reactor using a commercial Cu-based
catalyst; it was also found that the adsorption affinity of glycerol was significantly higher
than 1,2-PD, which is similar to what Zhou et al. reported [28]. Most of the reported kinetic
studies use a single catalyst with various experimental conditions, such as temperature,
hydrogen pressure and catalyst loading. The effect of a promoter on the reaction system
has not been kinetically studied and publicly reported, to the authors’ best knowledge.
The present report investigated the promoting effect of Pd on a Cu/ZnO/Al,O; cata-
lyst in a glycerol hydrogenolysis process at various hydrogen pressures. The aim of this
research work is to obtain satisfactory glycerol conversion and 1,2-PD selectivity under
a lower hydrogen pressure by using the Pd-promoted catalyst instead of carrying out
the reaction under an elevated hydrogen pressure. The experimental results using the
Cu/Zn0O/ Al,O; catalyst with and without Pd promotion were compared. An effective
kinetic model was developed to study this promoting effect. The model is a power-law
model, taking into account all the elementary reactions so that it can help readers under-
stand the effect of Pd on each elementary reaction. The results showed that the spillover
effect induced by Pd on the Cu/ZnO/Al,Oj3 catalyst can significantly enhance the acetol
hydrogenation activity, resulting in a higher glycerol conversion and 1,2-PD selectivity at
relatively lower hydrogen pressures, compared with using an unpromoted catalyst.

2. Materials and Methods
2.1. Catalyst Preparation

The Cu/ZnO/Al,O3 catalyst was prepared via oxalate gel-coprecipitation, and Pd
was doped onto the calcined Cu/ZnO/ Al,O5 catalyst support via an impregnation method
using palladium (II) acetate (>98%) as the Pd precursor and acetone (ACS reagent grade)
as the solvent. The detailed preparation methods for the Cu/ZnO/Al,O5 catalyst [3,10]
and loading Pd [4] were described in our previous works. The metal composition was
previously investigated, and the optimum Cu/Zn/Al molar ratio was 35/35/30 [3] and
the optimum Pd loading was 2 wt% [4]. The Cu/ZnO/Al,O3 catalyst and the 2 wt%
Pd-promoted Cu/ZnO/Al,Oj3 catalyst are referred to as CZA and 2Pd/CZA, respectively.
The 10 wt% Pd, supported on a commercial ZnO support, was prepared by the same
impregnation method and is referred to as 10Pd/ZnO. All the catalysts were ground and
screened by a 250 um opening sieve.

2.2. Catalyst Characterizations

Temperature programmed reduction (TPR) and NHj temperature programmed des-
orption (TPD) measurements were carried out by an Altamira AMI-200 instrument con-
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nected to a thermal conductivity detector (TCD). For the TPR process, approximately
100 mg of catalyst powder was placed into a U-shape quartz tube. The catalyst sample was
flushed by argon stream at a flow rate of 30 mL/min at 200 °C for 60 min to remove the
moisture and other species physically adsorbed on the catalyst surface. Then the catalyst
was cooled down to 25 °C by a stream of argon at a flow rate of 30 mL/min. The pre-treated
catalyst was reduced by a stream of 5 v% Hj balanced with argon with the flow rate of
60 mL/min and heated from 25 °C to 400 °C at a heating rate of 5 °C/min. To conduct an
NHj; TPD experiment, approximately 100 mg of catalyst powder was placed into a U-shape
quartz tube. After the pre-treatment step, which is the same as that in the aforementioned
TPR process, the catalyst was reduced by a stream of 5 v% Hj balanced with argon, with
the flow rate of 60 mL/min at 300 °C for 2 h. The reduced catalyst was then cooled to 25 °C
and subjected to a saturation process by injecting 20 pulses of 5 v% NHj balanced with
argon stream. The catalyst was then heated to 1000 °C at a heating rate of 10 °C/min for
the desorption of NHj. Brunauer-Emmett-Teller (BET) surface areas of the catalysts were
determined by a Gemini 2375 instrument (Norcross, GA, USA); the method was reported
in our previous work [4].

2.3. Catalytic Activity Test

All the experiments were carried out in a 300 mL Parr Instrument 4660 Series mini
bench-top Hastelloy reactor. Unless investigating the activity of an unreduced catalyst, the
catalyst was reduced by a continuous stream of an ultra-high purity hydrogen at 300 °C for
2 h in a tubular quartz reactor equipped with a temperature controller. The reaction mixture
was placed into the bench top reactor, and the reduced catalyst was rapidly transferred
into the reaction mixture. The reactor was then flushed by an ultra-high purity hydrogen
stream three times to remove the air in the reactor and then heated to the designated
reaction temperature. During the reaction, the reactor was pressurized by ultra-high purity
hydrogen to a designated pressure, and the hydrogen pressure was kept constant by
continuously feeding hydrogen via a hydrogen gas cylinder regulator. Liquid samples
were taken from an equipped sampling valve during the reaction time. It was proven both
mathematically and experimentally in our previous work that the reactions were carried out
in the absence of external liquid-to-solid mass transfer limitation under the current reaction
conditions [3,29]. In addition, the reactions were also mathematically verified to be absent
from intraparticle diffusion limitation [29,30]. Therefore, all the reactions were in the kinetic
control regime. The liquid samples were analyzed by an Agilent 6890 gas chromatograph
(GC) equipped with a DB-WAX megabore capillary column (length: 30 m, film thickness:
10 pm, inner diameter: 0.53 mm) and a flame ionization detector (FID). The GC sample was
prepared by diluting a 120 mg product sample into 1 mL of 1,4-butanediol, which was the
internal standard, and n-butanol solution; the concentration of 1,4 butanediol was set to
5 g/L. The glycerol conversion and selectivities of all the products were calculated based
on the mole balance of glycerol.

3. Results and Discussion
3.1. Temperature Programmed Reduction

The effect of Pd on the reducibility of the CZA catalyst was investigated by a tem-
perature programmed reduction (TPR) technique as interpreted in Figure 1. It has been
well reported that the reduction of PdO by hydrogen can start from room temperature and
complete below 100 °C [31-33]. The TPR result of a Pd (10 wt%) supported on ZnO, as
illustrated in Figure 1a, is in a good agreement with the reported data that the reduction
peak can be observed to start from room temperature and reach its maxima at 72 °C. The
reduction of PdAO completes at about 75 °C. For the CZA catalyst (Figure 1b), a distinct
reduction peak was observed starting from 190 °C and completing at 335 °C, with the
reduction peak maxima at 270 °C. From the TPR results it can be found that the reduction
of CuO by hydrogen requires a much higher temperature than the reduction of PdO. When
2 wt% Pd was added onto the CZA catalyst as illustrated in Figure 1c, the reduction peak
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was shifted to a lower temperature range, which started at 45 °C and completed at 220 °C,
with the reduction peak maxima at 141 °C. No distinct reduction peak of Pd was clearly
observed, possibly because PdO particles dispersed homogeneously over the catalyst and
closely contacted CuO; this finding was in good agreement with the X-ray diffraction (XRD)
results reported in our previous work [4]. Thus, due to the spillover effect, the reduction of
PdO could occur simultaneously with the reduction of CuO. It was also observed that the
reduction peak for the Pd-promoted CZA catalyst is narrower. This suggests that with Pd
added the CuO can be reduced in a lower temperature range and the reduction process
is quicker. The improvement of the reducibility of the CZA catalyst with the introduction
of Pd is strong evidence in verifying the occurrence of the spillover effect. During the
reduction process, hydrogen molecules can be more easily dissociated into hydrogen atoms
on the PdO surface, thus reducing the PdO into Pd at a much lower temperature range. The
surface hydrogen atoms thus can rapidly spill over from the Pd surface to adjacent CuO
molecules and subsequently reduce the CuO at a faster rate and within a lower reduction
temperature range [4,7,14,21].

141 °C
- (c)
=
s
2
5 270 °C
= '
E '
£
190°C__i _335c  (b)
72° i L s i
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Figure 1. TPR profiles for (a) 10Pd/ZnO, (b) CZA and (c) 2Pd/CZA.

3.2. Surface Physicochemical Properties of CZA Catalyst and Its Supported Pd Catalyst

The acidity of the catalyst can play an important role in the activity of the catalyst,
since the glycerol dehydration reaction has been widely reported to be strongly dependent
on the acidity of the catalyst [3,8,34]. The effect of Pd on the acidity of the CZA catalyst was
examined by a NHj temperature programmed desorption (TPD) technique. As illustrated
in Figure 2a for the CZA catalyst, three distinct peaks can be observed, representing weak,
medium and strong acidic sites. When 2 wt% Pd was loaded onto the CZA catalyst as
depicted in Figure 2b, three peaks were found to be in the same temperature ranges, and no
new acidic site due to the introduction of Pd was found. The amounts of acidic sites with
different strengths provided by these two catalysts are listed in Table 1. It was found that
by loading 2 wt% Pd on the CZA catalyst, the total amount of acidic sites was reduced from
0.320 mmolNH3/g-cat to 0.222 mmolNHj3/g-cat, while the amount of the strong acidic
site was reduced from 0.075 mmolNHj3/g-cat to 0.055 mmolNHj3/g-cat. The reduction
of acidic sites due to the introduction of Pd onto the Cu-based catalysts has been widely
reported; it is mainly because Pd can block some acidic sites, making the CZA catalyst
less acidic [7,21,35]. Table 1 compares some physicochemical properties of the CZA and
2Pd-CZA catalysts. It was noted that with 2 wt% Pd doped onto the CZA catalyst, the
surface area and the CuO particle size were not significantly changed compared with the
CZA catalyst without Pd doping, which was reported in our previous work [4].
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Figure 2. NH3 TPD profiles for (a) CZA and (b) 2Pd/CZA.
Table 1. Physicochemical properties of the CZA catalyst and its supported Pd catalyst.
Catalvsts Number of Acidic Sites Total Acidic Sites BET Surface Area ! CuO Particle Size 2
y (mmolNH3/g-cat) (mmolNH3/g-cat) (m?/g-cat) (nm)
0.225 (50 °C~290 °C)
CZA 0.020 (290 °C~500 °C) 0.320 86.6 74
0.075 (590 °C~800 °C)
0.141 (50 °C~290 °C)
2Pd/CZA 0.026 (290 °C~590 °C) 0.222 84.6 7.6

0.065 (590 °C~800 °C)

1 Data from reference [4]. 2 Calculated via Scherrer equation based on the X-ray diffraction profiles from reference [4].

3.3. The Promoting Effect of Pd on the Acetol Hydrogenation Activity of the Cu/ZnO/Al,O3 Catalyst

It has been extensively studied and generally accepted that the step of acetol hy-
drogenation plays a critical role in obtaining a high 1,2-PD selectivity and high glycerol
conversion in a glycerol hydrogenolysis reaction system [2—4,36,37]. In order to improve
the acetol hydrogenation activity of the CZA catalyst, Pd was selected as the promoter,
since Pd has been widely reported as a promising promoter of Cu-based catalysts in various
catalytic hydrogenation applications due to the spillover effect [12-14]. The promoting
effect of Pd on the acetol hydrogenation activity of a CZA catalyst was investigated in
acetol hydrogenation experiments, and the results were compared with those using an
unpromoted CZA catalyst. The effect of hydrogen pressure was investigated by carry-
ing out the experiments at three different hydrogen pressures (2.76 MPa, 4.14 MPa and
5.52 MPa). The kinetic analyses for the results using the two catalysts were carried out
by a power-law model based on the reaction pathway, as illustrated in Figure 3. The rate
expression of acetol (denoted as “A”) hydrogenation is presented by Equation (1); as listed
in Table 2, the order of the reaction with respect to acetol concentration is assumed to be «.
Since the reactions were carried out at a constant hydrogen pressure and temperature over
the reaction time, the hydrogen pressure is used in the expressions of the reaction rates,
assuming the amount of hydrogen dissolved in the reaction mixture is linearly proportional
to the partial pressure of hydrogen in the gas phase [9,24,38,39]. The rate constant and
the reaction order with respect to hydrogen pressure () can be evaluated graphically
by plotting Inkj versus In Py, as expressed in Equation (2); B can be estimated as the
slope of the linear trend line, and In(k;) can be estimated as the intercept of the trend
line. Equation (3) is used to present the rate expression of side reactions, which parallelly
compete with the formation of 1,2-PD. The side reactions caused by acetol may include a
series of plausible reactions, such as dehydration, oxidation, condensation, polymerization
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and so on, and dozens of byproducts could be possibly formed [3,5,6]. The reaction system
of the byproducts formations caused by the side reactions with acetol is extremely complex
and has not been exactly identified to date. Nevertheless, because it has been generally
accepted that all the side reactions are caused by acetol, Equation (3) is essentially used
only for the purpose of material balance, and the pseudo-reaction order with respect to
acetol is assumed to be 1. The material balance is expressed by Equations (4)-(6) for acetol,
1,2-PD and other byproducts, respectively. The ordinary differential equations were solved
by RStudio software combined with the nonlinear regression via the Levenberg-Marquardt
algorithm to estimate the rate constants and reaction orders for each reaction. The normal
probability plot of residual was generated by RStudio to check the validity of the model.

o H, OH
HO \‘_> /‘\/OH
r, K

Acetol 1,2-Propanediol
"
%

22
Others

Figure 3. Schematic illustration of the pathways for acetol hydrogenation and plausible side reactions.

Table 2. Equations of reaction rates and material balances in an acetol hydrogenation process.

Equations of Reaction Rates

r = ki[A]*Pf, = K|[A]" €0

Inkj =1Ink; + BIn Py, 2

ra = ka[A]" ©)
Equations of Material Balances

dg?l] = onen )

d[(,)?}tzers]] j R ©

a2 ©)

[i]: molar concentration of each compound (mol-L~1)
r;: rate of the reaction (mol-L~1.s71)

Figure 4 compares the experimental values and the predicted values by the kinetic model
at different hydrogen pressures. It can be clearly observed that the experimental results (marker
points) can be adequately fitted by the kinetic model (lines), suggesting the kinetic model is
valid. The validity of the model is further verified by the normal probability plot of residuals,
where most of the normalized residuals satisfactorily fall along the straight line within the 95%
confidence interval, as illustrated in Figure S1 in the Supplementary Materials. The estimated
value of the kinetic parameters is listed in Table 3. As observed in Figure 4, it is obvious that Pd
can significantly enhance the acetol hydrogenation activity of the CZA catalyst. As depicted in
Figure 4a,c,e, the 1,2-PD concentrations increase more rapidly using the Pd-promoted catalyst
compared with those using the unpromoted CZA catalyst for all three hydrogen pressures,
suggesting higher rates of acetol hydrogenation. The experimental results in Table 3 also suggest
the promoting effect of Pd on the acetol hydrogenation activity of the CZA catalyst is significant,
since at the same hydrogen pressure the selectivities of 1,2-Pd are apparently higher when a
Pd-promoted catalyst is used. This promoting effect is attributed to the hydrogen spillover
effect by the addition of Pd and its interaction with Cu, as has been extensively studied in
the past years [12,13,18,19]. The Pd atom is much more active toward the dissociation of
hydrogen molecules into hydrogen adatoms compared with Cu. Therefore, the addition of a
trace amount of Pd onto a Cu surface can greatly facilitate the hydrogen molecules to dissociate
into surface hydrogen atoms; the hydrogen atoms, due to the higher diffusivity, can be easily
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spilled over from the Pd surface to the Cu surface, providing more active hydrogenation sites.
When an unpromoted CZA catalyst is used, due to the high energy barrier of Cu for hydrogen
dissociation, the rate of dissociative adsorption of molecular hydrogen is significantly slower
compared with the Pd-promoted catalyst, resulting in a lower rate of acetol hydrogenation.
The TPR results in the previous section (Section 3.1) provide strong evidence in support of the
spillover effect by the addition of Pd. More rapid hydrogenation of acetol into 1,2-PD by the
addition of Pd can in turn suppress the side reactions due to lower acetol concentration in the
reaction mixture, as depicted in Figure 4b,d f, resulting in lower selectivites of other undesired
by-products, as listed in Table 3. The reaction rate of acetol hydrogenation as the function of
the acetol concentration ais evaluated via Equation (1) and illustrated in Figure 5. The results
numerically verify that the acetol hydrogenation rates can be significantly enhanced using a
Pd-promoted catalyst (dotted lines) as compared to using an unpromoted catalyst (solid lines)
under the same acetol concentrations and hydrogen pressures. In addition, it is also observed
in Figure 5 that, using the same catalyst, the rate of acetol hydrogenation is higher at a higher
hydrogen pressure, suggesting the reaction is highly dependent on the amount of hydrogen
supplied. Therefore, it can be clearly observed in Figure 4 that using the same catalyst, the
hydrogen pressure was increased from 2.76 MPa to 5.52 MPa, and the increment of 1,2-PD
concentration and decrement of acetol concentration were faster, revealing a higher rate of
acetol hydrogenation at a higher hydrogen pressure. Therefore, the glycerol hydrogenolysis is
conventionally carried out under an elevated hydrogen pressure in order to obtain a satisfactory
rate of acetol hydrogenation. The high dependence of acetol hydrogenation rate on the hydrogen
pressure is mainly because the concentration of hydrogen dissolved in the reaction mixture is
dependent on the hydrogen pressure, as described in Equation (1). A higher hydrogen pressure
can result in a higher hydrogen concentration in the reaction mixture, so that more hydrogen
molecules can be absorbed on the catalyst surface, competing with other compounds such as
1,2-PD and acetol. Therefore, more hydrogenation active sites can be provided, leading to a
higher acetol hydrogenation rate. The evaluations of 3 and k; by Equation (2) are shown in
Figure 6. It is very clear that the two lines are almost perfectly parallel to each other, suggesting
the addition of Pd does not significantly change the reaction order with respect to hydrogen
pressure (). The values of 3 for the CZA and 2Pd/CZA catalysts are estimated to be 2.00
and 2.07, respectively. The reactions catalyzed by both catalysts are approximately second
order with respect to hydrogen pressure. However, the rate constant of acetol hydrogenation
using the Pd-promoted catalyst is almost one order of significance higher than that using
the unpromoted CZA catalyst, revealing the substantial promoting effect of Pd on the acetol
hydrogenation activity. In summary, Equation (1) can be re-written with the numerical values
of the kinetic parameters applied for the two different catalysts, as presented in Equation (7)
for the CZA catalyst and Equation (8) for the 2Pd/CZA catalyst. The kinetic parameters of the
acetol hydrogenation will be further applied for the kinetic analyses of glycerol hydrogenolysis
in the following section.

3 3
(a) Py,=2.76 MPa | (b) Py,=276 MPa
25 25 |,

* Acetol-CZA-Model

2
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.
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Figure 4. Cont.
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Figure 4. The experimental (marker points) and the modeled (lines) values of the concentrations
of each component over the reaction time at three different hydrogen pressures for acetol hydro-
genation. Other reaction conditions: 200 °C, 500 RPM, 20 wt% aqueous acetol, 5 wt% catalyst with
respect to the weight of acetol. (a) Concentrations of 1,2-PD at the hydrogen pressure of 2.76 MPa.
(b) Concentrations of acetol at the hydrogen pressure of 2.76 MPa. (c) Concentrations of 1,2-PD at the
hydrogen pressure of 4.14 MPa. (d) Concentrations of acetol at the hydrogen pressure of 4.14 MPa.
(e) Concentrations of 1,2-PD at the hydrogen pressure of 5.52 MPa. (f) Concentrations of acetol at the
hydrogen pressure of 5.52 MPa.

Table 3. Promoting effect of Pd on the Cu/Zn/ Al catalyst for acetol hydrogenation 1

Hydrogen Acetol ..o S
Catalysts Pressure Conversion Selectivity, % Kinetic Parameters
MPa % 1,2-PD Others k1 o
2.76 81.0 52.9 471 6.818 x 107>
CZA 4.14 94.3 69.2 30.8 1.616 x 104 0.83
5.52 100.0 779 22.1 2.704 x 1074
276 99.4 82.0 18.0 3.287 x 10~*
2Pd/CZA 4.14 100.0 87.8 12.2 8.516 x 1074 1.00
5.52 100.0 92.0 8.0 1.357 x 1073

I Conditions: 200 °C, 500 RPM, 20 wt% aqueous acetol, 5 wt% catalyst with respect to the weight of acetol, reaction

time: 4 h.

r1a = 4410 x 1071%[ Acetol]"** PA %)

rip = 1435 x 102 [Acetol] " PFY (8)
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Figure 5. Simulated reaction rates of acetol hydrogenation (mol-L~!-s~1) as the function of acetol
concentration (mol/L). Catalysts: 2Pd/Cu/Zn/ Al (dotted lines); Cu/Zn/ Al (solid lines). Hydrogen
pressure: (a) and (d) 2.76 Mpa, (b) and (e) 4.14 Mpa, (c) and (f) 5.52 Mpa. Other reaction conditions:
200 °C, 500 RPM, 20 wt% aqueous acetol, 5 wt% catalyst with respect to the weight of acetol.
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Figure 6. Graphical evaluation of § and k; for acetol hydrogenation.

3.4. Promoting Effect of Pd on the Glycerol Hydrogenolysis Activity of the Cu/ZnO/Al,O3 Catalyst

As discussed in the previous section, the addition of Pd (2 wt%) has been found to be
capable of significantly enhancing the acetol hydrogenation activity of the CZA catalyst.
The promoting effect of Pd (2 wt%) on the catalytic activity of the CZA catalyst for the
glycerol hydrogenolysis process was also investigated. The reactions were carried out at
three different hydrogen pressures (1.38 Mpa, 2.07 Mpa and 2.76 Mpa). The kinetic analyses
were carried out using a power-law model based on the reaction pathway, as illustrated
in Figure 7. Glycerol is dehydrated to form acetol, consecutively followed by two parallel
reactions, which are acetol hydrogenation and side reactions. The rate expression of glycerol
(denoted as “GL”) dehydration, acetol hydrogenation and side reactions are presented
by Equation (9), Equation (10) and Equation (11), respectively, as listed in Table 4. The
reaction orders with respect to acetol («) and hydrogen (f3) in Equation (10) were previously
determined in Equation (7) and Equation (8) for the CZA catalyst and the 2Pd/CZA catalyst,
respectively. The liquid phase glycerol dehydration was considered as a highly equilibrium
limited reaction [27,28,30,40]; the rate of reverse reaction, which is acetol hydration, is



Biomass 2022, 2

37

taken into consideration in the kinetic model, as presented by Equation (12). The rate
expression of the formation of ethylene glycol (EG) due to the glycerol C-C cleavage is
presented by Equation (13). The material balances of each component are presented in
Equations (14)-(18) for glycerol, acetol, 1,2-PD, other byproducts and EG, respectively.

o

H, OH
g HOQ‘\ /‘\/OH
Acetol r; k,
% 1,2-Propanediol
(_\.\"\ H,O0
H2
Iy
*4

&

D)

7

OH

Glycerol \
HO

ethylene glycol

Others

Figure 7. Schematic illustration of the pathways for glycerol hydrogenolysis.

Table 4. Equations of reaction rates and material balances in a glycerol hydrogenolysis process.

Equations of Reaction Rates

r = k1 [GL],y (9)

Ty = kz [A]“sz (10)

r3 = k3 [A]T (11)

r_q = k_1[Al*[Water]® (12)

rg = k4[GL]PPﬁZ (13)
Equations of Material Balances

—d[%’tu =—r+rq4—14 (14)

A = v —r =113 (15)

d;l(,jd;PD] _— (16)

[ tters} _— (17)

daLel _ o, (18)

[i]: molar concentration of each Compound(mol-Lfl)
ri: rate of the reaction (mol-L~1-s71)

Table 5 lists the glycerol conversion and selectivities of different products using two
different catalysts at different hydrogen pressures. When the hydrogen pressure is 2.76 Mpa,
the glycerol conversion using the Pd-promoted CZA catalyst is 98.9%, which is 5.9% higher
than that using an unpromoted CZA catalyst. The selectivity of 1,2-PD using the Pd-
promoted catalyst (94.0%) was slightly lower than that using the unpromoted catalyst
(94.8%), mainly due to the slightly higher EG selectivity. No other byproduct was found
in both of the final samples, revealing that the side reactions did not occur to a detectable
extent. When the hydrogen pressure was reduced to 2.07 Mpa, the glycerol conversion
and 1,2-PD selectivity using the Pd-promoted catalyst were only slightly decreased from
98.9% to 97.2% and from 94.0% to 93.3%, respectively. In contrast, when the unpromoted
catalyst was used under 2.07 Mpa hydrogen pressure, both glycerol conversion and 1,2-PD
selectivity were considerably decreased, as the glycerol conversion dropped from 93.0%
to 69.4% and the 1,2-PD selectivity dropped from 94.8% to 89.7%. When the hydrogen
pressure was further decreased to 1.38 Mpa, the glycerol conversion and 1,2-PD selectivity
using the CZA catalyst dropped significantly, to only 51.3% and 58.1%, respectively; the
low selectivity of 1,2-PD was mainly due to the high selectivity of the other undesired
byproducts. When using the Pd-promoted catalyst at 1.38 Mpa hydrogen pressure, the
glycerol conversion was still over 90%, and the 1,2-PD selectivity was still reasonably
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high (78.0%). However, a considerably high selectivity of the undesired by-products was
observed (17.1%), suggesting that 1.38 Mpa hydrogen pressure was not sufficient for acetol
hydrogenation, even with Pd loaded. It is interesting to notice that at a higher hydrogen
pressure, i.e., 2.76 Mpa, the catalyst activity seems not to be significantly affected by the
introduction of Pd. When the hydrogen pressure is reduced, the promoting effect of Pd
becomes more obvious. Furthermore, the selectivity of EG using the 2Pd/CZA catalyst
is higher than that using the CZA catalyst, suggesting a promoting effect of the catalytic
activity for the C-C cleavage of glycerol caused by the introduction of Pd, which has been
reported in a number of works [4,21,29,41]. In general, it is found that when the glycerol
hydrogenolysis reaction is carried out under a high hydrogen pressure (i.e., 2.76 Mpa), the
addition of Pd is not necessary, as Pd is an expensive metal compared with copper, and
the promoting effect of Pd is not significant. However, since a lower hydrogen pressure
is always industrially desired, as it not only reduces the risk caused by high hydrogen
pressure operation due to potential leaks and explosion when coming into contact with air
but also reduces equipment costs, as it precludes the high-level leak-proof requirements for
high pressure hydrogen. If the glycerol hydrogenolysis reaction needs to be carried out
under a low hydrogen pressure (i.e., 2.07 Mpa), the addition of Pd becomes essential.

Table 5. Promoting effect of Pd on the CZA catalyst for glycerol hydrogenolysis at different hydro-

gen pressures !.

Catalysts I_II’};S::f:en Cf);lzcei;(i)(l)n Selectivity, %
y o 1,2-PD Acetol EG Propanol Others
MPa %
2.76 93.0 94.8 04 45 0.3 0.0
CZA 2.07 69.4 89.7 1.8 3.0 1.1 45

1.38 51.3 58.1 3.9 1.9 1.5 34.7
2.76 98.9 94.0 0.3 5.1 0.5 0.0

2Pd/CZA 2.07 97.2 93.3 0.6 4.0 0.0 2.1
1.38 95.3 78.0 1.5 25 0.9 17.1

1 Conditions: 200 °C, 500 RPM, 80 wt% aqueous glycerol, 5 wt% catalyst with respect to the weight of glycerol,
reaction time: 24 h.

Table ¢ lists the estimated values of the parameters in the kinetic model and Figure 8,
comparing the simulated values of the concentrations of each component over the reaction
time with the corresponding experimental values. It can be observed that the experimental
values and the model-simulated values exhibit a good agreement, suggesting the model
is valid. The validity of the model is further verified by the normal probability plot of
the residual, as shown in Figure S2 in the Supplementary Materials. It can be clearly
observed in Figure 8a—c that the glycerol concentrations decrease faster over the reaction
time at all three hydrogen pressures using a Pd-promoted CZA catalyst compared with
using the unpromoted CZA catalyst, suggesting that the addition of Pd can enhance the
glycerol conversion rate. Figure 8d—f demonstrates that the addition of Pd can increase
the 1,2-PD formation rates for all three hydrogen pressures. When the hydrogen pressure
is high, i.e., 2.76 MPa in Figure 8a,d, the differences of the glycerol concentrations and
1,2-PD concentrations over the reaction time between using the 2Pd/CZA catalyst and
CZA catalyst are insignificant, suggesting comparable glycerol conversion and 1,2-PD
formation rates. When the hydrogen pressure was decreased (i.e., 2.07 MPa and 1.38 MPa),
the glycerol conversion and 1,2-PD formation rates using the unpromoted CZA catalyst are
reduced more drastically, since the decrement of glycerol concentration and increment of
1,2-PD concentration are obviously slower compared with using the 2Pd/CZA catalyst, as
illustrated in Figure 8b,c,e,f. Figure S3 in the Supplementary Materials displays the glycerol
conversion rates calculated by Equation (14) as the function of the glycerol concentrations
during the reaction time. It can be clearly observed that as hydrogen pressure decreases,
the difference in glycerol conversion rates using the Pd-promoted CZA catalyst and the



Biomass 2022, 2

39

unpromoted catalyst becomes larger, indicating that the enhancement of the glycerol
conversion rate by Pd is more critical at a lower hydrogen pressure.

Table 6. Estimated values of kinetic parameters for glycerol hydrogenolysis process.

Catalysts Y @ B € 8 n w k1 k_4 ko kg
CZA 0.80 0.83 200 168 352 287 217 5661 x107° 3273x1077 6464 x 1077 7781 x 10~
2Pd/CZA 085 1.00 207 062 234 192 070 4815x107> 1918x107 5232x10°8 5.085 x 10~°
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Figure 8. The experimental (marker points) and the modeled (lines) values of the concentrations of
each component over the reaction time at three different hydrogen pressures in glycerol hydrogenoly-
sis reactions. Other reaction conditions: 200 °C, 500 RPM, 80 wt% aqueous glycerol, 5 wt% catalyst
with respect to the weight of glycerol. (a) Concentrations of glycerol at the hydrogen pressure of
2.76 MPa. (b) Concentrations of glycerol at the hydrogen pressure of 2.07 MPa. (c¢) Concentrations of
glycerol at the hydrogen pressure of 1.38 MPa. (d) Concentrations of 1,2-PD at the hydrogen pressure
of 2.76 MPa. (e) Concentrations of 1,2-PD at the hydrogen pressure of 2.07 MPa. (f) Concentrations of
1,2-PD at the hydrogen pressure of 1.38 MPa. (g) Concentrations of acetol at the hydrogen pressure of
2.76 MPa. (h) Concentrations of acetol at the hydrogen pressure of 2.07 MPa. (i) Concentrations of
acetol at the hydrogen pressure of 1.38 MPa.

It is generally accepted that glycerol dehydration is an acid catalyzed reaction [3,8,34]. From
the acidity study in the previous discussion of NH3 TPD results (Section 3.2), the addition
of Pd reduced the amount of acidic sites, which can inhibit the glycerol dehydration step.
The rates of glycerol dehydration were calculated by Equation (9) using the estimated
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kinetic parameters listed in Table 6. Figure 9 compares the glycerol dehydration rates as the
function of glycerol concentrations using two different catalysts. The glycerol dehydration
rates using a Pd-promoted CZA catalyst are slightly lower than those using an unpromoted
CZA catalyst when the glycerol concentrations are the same. The small reduction of
glycerol dehydration rate caused by the addition of 2 wt% Pd is in good agreement with
the aforementioned results of NH3 TPD (Section 3.2).
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Figure 9. Effect of Pd on the rate of glycerol dehydration using the evaluated kinetic parameters.

Though lower glycerol dehydration rates were observed using the Pd-promoted CZA
catalyst under the same glycerol concentrations, it was found in the previous discussion
that Pd can significantly enhance the glycerol conversion rate. Such enhancement of the
glycerol conversion rate by Pd is primarily due to the promotion of the acetol hydrogenation
activity of the catalyst by Pd. When 2 wt% Pd was doped onto the CZA catalyst, acetol
could be more rapidly hydrogenated into 1,2-PD due to the spillover effect, resulting in
a lower acetol concentration in the reaction mixture. Therefore, the reverse reaction of
glycerol dehydration, which is acetol hydration, can be inhibited, resulting in a higher rate
of glycerol conversion. Figure 10 illustrates the reaction rates of glycerol dehydration (r1),
reverse glycerol dehydration (r_1), acetol hydrogenation (r;) and glycerol conversion (rgr)
over the reaction time. As observed in Figure 10a,b, using the Pd/CZA catalyst, the reaction
rates of glycerol dehydration over the reaction time are nearly identical to the rate of acetol
hydrogenation, and the reverse reaction of glycerol dehydration rates are extremely low.
The results show strong evidence that the glycerol dehydration is the rate-determining
step. The vast majority of acetol is hydrogenated into 1,2-PD as soon as it is formed via
glycerol dehydration, resulting in very low concentrations of acetol in the reaction mixture,
as illustrated in Figure 10g,h. Thus, the rates of the reverse glycerol dehydration reaction
can be negligible, and the overall glycerol conversion rates are dominantly determined by
the rate of glycerol dehydration. It should be noted that when the hydrogen pressure was
1.38 MPa, as depicted in Figure 10c, due to the low hydrogen pressure, the rates of acetol
hydrogenation became notably lower than the rates of glycerol dehydration, resulting in
an increased concentration of acetol in the reaction mixture. Thus, the selectivity of the
undesired byproducts formed via side reactions caused by acetol in the reaction mixture
became higher, as listed in Table 5.

In contrast, when the CZA catalyst was used, as shown in Figure 10d—f, although
higher glycerol dehydration rates could be obtained, the rates of reverse glycerol dehy-
dration, which is acetol hydration, were more noticeable compared with those using the
2Pd/CZA catalyst. This is because the insufficient acetol hydrogenation rates could result
in elevated concentrations of acetol in the reaction mixture, facilitating the acetol hydration.
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00005

Thus, the glycerol conversion rates became lower. It can be further noticed that at a high
hydrogen pressure, i.e., 2.76 MPa in Figure 10d, the rates of acetol hydrogenation were
higher than the rates of reverse glycerol dehydration reaction. As the hydrogen pressure
decreased, as shown in Figure 10e,f, the rates of acetol hydrogenation were decreased,
and the rates of reverse glycerol dehydration became noticeably higher than the acetol
hydrogenation rates over the reaction time. In this situation, the acetol hydrogenation
step can be considered as the rate determining step of the whole reaction system. This
assumption can be observed in Figure 10e,f; the rates of glycerol conversion are very close
to the rates of acetol hydrogenation rates. By applying the stepwise power-law kinetic
model, the reaction rates of all the elementary reactions and overall reactions are clearly
observable. Thus, the promoting effect of Pd can be mechanistically understood.
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Figure 10. Effect of Pd on the reaction rates of glycerol dehydration (r;), acetol hydration (r_1),
acetol hydrogenation (1) and glycerol conversion (rgr) over the reaction time at different hydrogen
pressures. Other reaction conditions: 200 °C, 500 RPM, 80 wt% aqueous glycerol, 5 wt% catalyst
with respect to the weight of glycerol. (a) Rates of the reactions using the 2Pd/CZA catalyst at the
hydrogen pressure of 2.76 MPa. (b) Rates of the reactions using the 2Pd /CZA catalyst at the hydrogen
pressure of 2.07 MPa. (c) Rates of the reactions using the 2Pd/CZA catalyst at the hydrogen pressure
of 1.38 MPa. (d) Rates of the reactions using the CZA catalyst at the hydrogen pressure of 2.76 MPa.
(e) Rates of the reactions using the CZA catalyst at the hydrogen pressure of 2.07 MPa. (f) Rates of
the reactions using the CZA catalyst at the hydrogen pressure of 1.38 MPa.

3.5. Activities of the Unreduced Catalysts with Pd and without Pd Promoted for Glycerol Hydrogenolysis

It was discussed in the previous TPR analysis (Section 3.1) that the addition of Pd
can improve the reducibility of the CZA catalyst so that, with Pd doped, the catalyst can
be effectively reduced below 200 °C, which is the reaction temperature used for glycerol
hydrogenolysis reactions. In order to investigate the spillover effect of Pd on the reducibility
of the catalyst, the glycerol hydrogenolysis reactions using unreduced CZA and 2Pd/CZA
were carried out. Table 7 lists the conversion of the glycerol and selectivities of different
products in the final product mixture; the results are compared with those using the reduced
catalysts. It is interesting to notice that when using the unreduced 2Pd/CZA catalyst, the
glycerol conversion and selectivities of all products are very close compared with using
the reduced catalyst. In contrast, the unpromoted CZA catalyst is nearly inactive, as the
glycerol conversion was significantly decreased, from 90.1% using a reduced catalyst to
only 12.6%. Figure 11 compares the glycerol conversions over the reaction time using
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the reduced catalyst and unreduced catalyst. It can be observed in Figure 11a that, using
the 2Pd/CZA catalyst, the increment of glycerol conversions using an unreduced catalyst
is slower at the early stage of the reaction. As the reaction proceeded to the end, the
glycerol conversion of the final product (96.3%) became similar to that using a reduced
catalyst (98.9%). If the unreduced CZA catalyst was used, as illustrated in Figure 11b,
the glycerol conversions over the reaction time are very low, suggesting the unreduced
CZA catalyst is largely inert to the reaction. The catalytic activity differences between the
two unreduced catalysts can be explained by the enhanced reducibility by the addition of
Pd. From the previously illustrated TPR analysis results (Section 3.1), the reduction of the
2Pd/CZA catalyst starts at 45 °C and reaches its maximum rate at 133 °C. At the reaction
temperature of 200 °C, it is believed that the reduction of the catalyst by the dissolved
hydrogen in the liquid phase occurs over the reaction time. The molecular hydrogen was
spontaneously dissociated into the atomic surface hydrogen on the Pd surface and spilled
over to the adjacent CuO, reducing the metal oxide molecules. It is generally accepted that
Cu is the primary active phase for glycerol dehydration reaction [3,4,42]. As the degree of
reduction increased over the reaction time, more surface CuO could be reduced to metallic
Cu, providing more active sites for the reaction. For the CZA catalyst, according to the TPR
results (Figure 1), the reduction started at 190 °C and reached its maximum reduction rate
at 290 °C, and the reduction process was found to be slower than the 2Pd/CZA catalyst.
Therefore, at the reaction temperature of 200 °C, the catalyst cannot be effectively reduced
compared with the 2Pd/CZA catalyst, resulting in less active sites for the reaction. The
enhanced reducibility of the catalyst by Pd is in good agreement with the results of the TPR
experiments, further proving the spillover effect of Pd on the CZA catalyst. In addition,
the enhancement of the reducibility can also possibly contribute to the higher catalytic
activity of the Pd-promoted CZA catalyst. The small amount of oxygen dissolved in the
reaction mixture could possibly deactivate the catalyst by oxidizing the surface Cu [43].
With Pd doped onto the CZA catalyst, the oxidized Cu can be in situ reduced at the reaction
temperature during the process, preventing the potential loss of the catalyst activity.

Table 7. The effect of Pd on the catalytic activity of the unreduced CZA catalyst !.

Glycerol Selectivity, %
Catalysts Conversion ¥
% 1,2-PD Acetol EG Propanol  Others
CZA reduced 93.0 94.8 04 4.5 0.3 0.0
CZA unreduced 12.6 93.4 2.3 0.0 4.3 0.0
2Pd/CZA reduced 98.9 94.0 0.3 5.1 0.5 0.0
2bd/CZA 96.4 93.5 04 4.5 0.9 0.6
unreduced

! Conditions: 200 °C, 500 RPM, 80 wt% aqueous glycerol, 5 wt% catalyst with respect to the weight of glycerol,
2.76 MPa Hj pressure, reaction time: 24 h.
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Figure 11. Comparison of the catalytic activity of the reduced and unreduced catalyst: (a) 2Pd/CZA;
(b) CZA. Reaction conditions: 200 °C, 80 wt% aqueous glycerol, 5 wt% catalyst with respect to
glycerol, 500 RPM, 24 h.
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4. Conclusions

The promoting effect of Pd on the CZA catalyst for the aqueous glycerol hydrogenoly-
sis to produce 1,2-propanediol was investigated. The experiments of glycerol hydrogenol-
ysis and acetol hydrogenation were carried out in a batch reactor, applying different
hydrogen pressures. The experimental results showed that adding Pd onto the CZA cat-
alyst was essential in order to obtain a high glycerol conversion and 1,2-PD selectivity
when the glycerol hydrogenolysis reactions were carried out at a hydrogen pressure lower
than 2.76 MPa. A power-law kinetic model, which takes into account all the elementary
reactions including glycerol dehydration and its reverse reaction, acetol hydrogenation,
side reactions and EG formation, was developed to study the promoting effect of Pd on the
CZA catalyst. For the acetol hydrogenation process, the reaction rate can be increased by
nearly one order of magnitude using the 2Pd/CZA catalyst. The enhancement of the acetol
hydrogenation activity of the CZA catalyst by Pd is mainly due to the hydrogen spillover
effect. For the glycerol hydrogenolysis process, using the 2Pd/CZA catalyst, the reaction
rate of glycerol dehydration was slightly decreased compared with using the unpromoted
CZA catalyst, mainly due to the reduced number of acidic sites. However, the rate of
glycerol conversion was significantly increased, especially at a reduced hydrogen pressure,
which mainly contributed to the enhanced catalytic activity of acetol hydrogenation. The
kinetic results demonstrated that, using a Pd-promoted CZA catalyst, the vast majority of
the acetol formed via glycerol dehydration can be effectively hydrogenated into 1,2-PD,
inhibiting the reverse reaction of glycerol dehydration; the glycerol dehydration can be
considered as the rate determining step. In contrast, when an unpromoted CZA catalyst
was used, the rate of the reverse reaction of glycerol dehydration was increased due to the
insufficient activity of acetol hydrogenation, especially at a reduced hydrogen pressure. The
acetol hydrogenation in this situation plays a dominant role as the rate determining step. In
addition, the elevated acetol concentration can facilitate the side reactions caused by acetol,
resulting in lower selectivity of 1,2-PD. Furthermore, Pd can assist in in situ reduction of
CuO into metallic Cu over the reaction time, so that the unreduced Pd-promoted CZA cata-
lyst exhibits a significantly higher activity than the unreduced CZA catalyst. The improved
reducibility of the Pd-promoted catalyst can possibly prevent catalyst deactivation due to
the potential oxidation of the catalyst during the reaction.
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/ /www.mdpi.com/article/10.3390 /biomass2010003/s1, Figure S1: Normal probability plots of
residuals for acetol hydrogenation reactions using two catalysts: (a) CZA catalyst; (b) 2Pd/CZA
catalyst. Dotted curve: 95% confidence interval, Figure S2: Normal probability plots of residuals
for glycerol hydrogenolysis reactions using two catalysts: (a) CZA catalyst; (b) 2Pd/CZA catalyst.
Dotted curve: 95% confidence interval, Figure S3: Effect of Pd on the glycerol conversion rates over
the reaction time at different hydrogen pressures. Other reaction conditions: 200 °C, 500 RPM, 80 wt%
aqueous glycerol, 5 wt% catalyst with respect to the weight of glycerol.
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