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ABSTRACT: In this study, we demonstrate that for the simultaneous hydrodeoxygenation (HDO) of 1,4-anhydroerythritol a
comparable yield of tetrahydrofuran is obtained at half the previously reported H2 pressure. The simultaneous
hydrodeoxygenation was conducted using a heterogeneous ReOx−Pd/CeO2 catalyst. An L9 Taguchi design of experiment
was enacted to elucidate the temperature, pressure, and catalyst loading effects on the yield of the HDO reaction by testing
pressures ranging from 40 to 80 bar H2, temperatures of 100−180 °C, and Re loadings of 2−4 wt %. Our design showed that
the yield of this reaction is significantly affected by the reaction temperature only. An L9 Taguchi design was conducted for
xylitol simultaneous hydrodeoxygenation with pressures ranging from 5 to 10 bar H2, temperatures of 140−180 °C, and Re
loadings of 2−4 wt %. The xylitol design elucidated the direct relation of pressure, and the inverse relation of temperature and
catalyst loading, to yield with the optimal reaction condition being 140 °C and 10 bar H2.

■ INTRODUCTION

Lignocellulosic biomass is derived from cell walls and can be
reformed into liquid phase and upgraded into sugars that
contain hydroxyl groups, such as 1,4-anhydroerythritol
(AHERY).1−3 The liquid phase reforming produces glucose
and can be fermented into erythritol. Erythritol can then go
through an acid catalyzed dehydration to form AHERY.4

These sugars can either undergo deoxydehydration to form
double bonds or hydrodeoxygenation (HDO) to remove
vicinal hydroxyl groups.5 The removal of the hydroxyl groups
allows for the biomass derived sugars to be utilized as an
alternative feedstock for fuel and platform chemical produc-
tion.6 The deoxydehydration typically uses a ReOx−Au/CeO2
catalyst, and the HDO uses either a WOx−Pd/ZrO2 catalyst to
remove a single hydroxyl group or a ReOx−Pd/CeO2 catalyst

to simultaneously remove two vicinal hydroxyl groups.4,5,7−10

The latter reaction is a simultaneous hydrodeoxygenation (S-
HDO) and proceeds via deoxydehydration followed by a
hydrogenation step that allows for the simultaneous removal of
two vicinal hydroxyl groups. Re based catalysts have been
utilized for deoxydehydration due to their high reaction rates
and selectivity.11 Deoxydehydration of methyl glycosides over
these Re based catalysts has been achieved at low H2 pressures
with high yields.10 Literature has shown that ReOx−Pd/CeO2

is a better catalyst for the S-HDO of AHERY as compared to
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ReOx−Pd on other oxide supports.12 The S-HDO of AHERY,
producing tetrahydrofuran (THF), was used as a model
reaction for S-HDO since it has two vicinal cis-hydroxyl
groups. AHERY is ideal to use for a model reaction for S-HDO
since it can only occur once on this compound. For other
compounds containing more than two vicinal cis-hydroxyl
groups, the hydroxyl groups that the S-HDO selectively
removes first dictate the possible products that can be formed.
The AHERY S-HDO is shown in Scheme 1.

HDO reactions have been conducted over a wide range of
conditions, including pressures that exceed 75 bar H2 and
temperatures over 350 °C.13−26 One of the issues that arises
with HDO reactions is that the conditions involve either high
pressure, high temperature, or both high pressure and
temperature. These harsh conditions challenge the scaling of
aqueous-phase HDO reactions for commercial viability and
have resulted in a bottleneck for further development of these
processes.27 Milder conditions for these HDO reactions would
be more desirable and economically favorable for pilot scale
and beyond. The AHERY S-HDO has been conducted in the
literature at 80 bar and 180 °C.12 For a batch process, these
conditions would pose major problems at an industrial level
regarding economic viability. A pressure of 80 bar H2 greatly
surpasses the safety rating for many commonly used industrial
batch reactors. In this work, we investigated the feasibility of
running this reaction at milder conditions that were optimized
through a design of experiment. Our goal was to determine the
main effects of pressure, temperature, and catalyst loading on
the yield and to elucidate scalable operating conditions. These
HDO reactions conducted at milder conditions could allow for
scaling from the lab scale to the pilot scale and beyond to be
easier and more economical. The ability to reduce heating and
feedstock costs can directly improve the economic viability of
these processes.
Xylitol is a common sugar substitute that is derived from

lignocellulosic biomass and is already produced on a
commercial scale. Lignocellulosic biomass can go through a
hemicellulose extraction to obtain xylan which can then go
through hydrolysis to form xylose.28 The xylose can then be
fermented into xylitol. Xylitol contains five vicinal hydroxyl
groups which can undergo an HDO. The S-HDO of xylitol can
produce 1,2-dideoxypentitol and 1,2,5-pentanetriol if one pair
of vicinal hydroxyl groups is removed. Both 1,2-dideoxypenti-
tol and 1,2,5-pentanetriol are considered value-added products
and are used as chemical building blocks for various reactions.
If another S-HDO occurs, the 1,2-dideoxypentitol and 1,2,5-
pentanetriol are converted to either 1-pentanol or 3-pentanol.
1-Pentanol and 3-pentanol are widely used industrial
chemicals; however, these are of low value when compared
to the current production price of xylitol.
Xylitol S-HDO has been conducted in the literature at 160

°C and 80 bar H2.
12 The reaction was conducted for 24 h and

mainly produced 1-pentanol and 3-pentanol. In this work, we

have determined mild and scalable reaction conditions for
xylitol S-HDO to the value-added products 1,2-dideoxypentitol
and 1,2,5-pentanetriol. The products initially formed in this
reaction are between 300 and 5000 times more valuable than
the initial xylitol. The pentanols are on the order of 1.2−3.3
times as valuable as the initial xylitol and require a longer
reaction time to form. Thus, a shorter time scale will be used
for evaluation and comparison between experimental runs to
focus on the significant value-added products.

■ EXPERIMENTAL SECTION

Chemicals. The chemicals used in this work are listed in
the Supporting Information in Table 1 Supplemental.

Catalyst Preparation. The various ReOx−Pd/CeO2
catalysts were prepared via wet impregnation using the
procedure described by Ota et al.5 The CeO2 support was
first calcined at 600 °C for 3 h. ReOx was added to the support
with an aqueous solution of ammonium perrhenate
(NH4ReO4). Catalysts were prepared with 2, 3, and 4 wt %
Re. The catalyst was then dried at 110 °C for 12 h. The Pd was
then impregnated with an aqueous solution of palladium(II)
nitrate (Pd(NO3)2) and dried in air at 110 °C for 12 h.
Following the drying, the catalysts were calcined in air at 500
°C for 3 h. After calcination, the catalysts were ground into a
powder. The molar ratio between Pd and Re was kept constant
at Pd/Re = 0.25 (which corresponds to the weight percent
ratio of Pd/Re = 0.15) for the various catalyst loadings.

Catalyst Characterization. The ReOx−Pd/CeO2 catalysts
were characterized using X-ray diffraction (XRD), inductively
coupled plasma optical emission spectroscopy (ICP-OES), and
temperature-programmed reduction (TPR). The character-
ization results are shown in Figure 1 Supplemental. XRD was
conducted with a Rigaku MiniFlex II with Cu Kα source
radiation (α = 1.5406) scanning between 2θ of 10° and 2θ of
80° at a rate of 2 deg/min. The XRD spectra for the catalysts
match the spectra for cerianite reported previously in the
literature.12 No solid Re peaks were observed in the XRD
patterns, which implies that our Re particles are well-dispersed
on our catalyst surface. To determine the actual weight
loadings of our catalysts, ICP-OES was conducted on a
PerkinElmer Optima 2000 DV optical emission spectrometer.
The actual Re loadings of the catalysts were 1.53, 2.51, and
3.30 wt %, respectively. TPR was conducted on a Micrometrics
AutoChem II chemisorption analyzer that used a moisture
removal step. The moisture removal was conducted by
ramping from room temperature to 120 °C in a He
atmosphere at a rate of 10 °C/min and then holding at 120
°C for 1 h. After the hour hold, the sample was cooled to 40
°C at a rate of 10 °C/min. The gas environment was then
switched to a 10% H2 in Ar mixture and held for 30 min. After
the 30 min the TPR experimentation was started by ramping
from 40 to 800 °C at a rate of 5 °C/min with the detector
recording a data point every second. After the program was
completed, the gas flow was switched to He to purge the H2
and cooled to 25 °C at a rate of 20 °C/min. The 2 and 3 wt %
catalysts showed two distinct reduction peaks in the TPR
spectra, with the 3 wt % catalyst used in the AHERY design
having the lowest reduction temperatures as shown in Figure 1
Supplemental. The 4 wt % catalysts have broader reduction
peaks in the TPR spectra which are at higher temperatures
relative to the distinct reduction peaks seen in the 2 wt %
catalysts.

Scheme 1. Simultaneous Hydrodeoxygenation of 1,4-
Anhydroerythritol to Tetrahydrofuran
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Design of Experiments. An L9 Taguchi design was
selected to investigate the effects of temperature, pressure, and
catalyst loading on the yield of the AHERY S-HDO to help
elucidate the optimum settings for the reaction and the effects
of the various factors. A Taguchi design is a type of statistical
design of experiment that aims to maximize a certain response
based on the input variables it is given. For this work we used
the input variables of temperature, pressure, and Re loading to
try to maximize the yield of the S-HDO reactions. Each input
variable utilized three evenly spaced levels to ensure the design
was valid. Based on the number of input variables and the
number of levels tested, the Taguchi design will elucidate how
many experimental runs are necessary. A major benefit of a
Taguchi design is that it drastically reduces the necessary
experimental runs and associated costs.29 The Taguchi design
reduces the experimental runs due to the utilization of
orthogonal arrays. Since the design utilizes orthogonal arrays,
one of the potential drawbacks of a Taguchi design is that it
gives only linear correlations for the various factors. However,
the linear model equations fit our data quite well. The Taguchi
design utilized temperatures of 100, 140, and 180 °C; pressures
of 40, 60, and 80 bar H2; and Re loadings of 2, 3, and 4 wt %.
The full design layout can be seen in Table 2 Supplemental.
From the results of the AHERY S-HDO Taguchi design and

various pressure sweeps, a similar 3 factor 3 level Taguchi
design was constructed and tested for the xylitol reaction. The
design tested temperatures of 140, 160, and 180 °C; pressures
of 5, 7.5, and 10 bar H2; and Re loadings of 2, 3, and 4 wt %.
The full design layout can be seen in Table 3 Supplemental.
Reactor Setup and Mass Transfer Evaluation. A home-

built 150 mL stainless steel high-pressure batch reactor was
used for the AHERY S-HDO. The reactor schematic can be
seen in Figure 1. The 150 mL reactor was machined from 316
SS. The base has a 2 in. diameter drilled out of a 3 in. diameter
rod, leaving a 0.5 in. wall and bottom. Six holes were tapped in
the top of the vessel for a bolted closure, and a groove was
made for proper placement of an O-ring. The lid assembly was
designed to permit both liquid and gas sampling through

respective valves. The gas and liquid sampling valves allow for
the various phases to be sampled during the reaction without
the need to cool down or depressurize the reactor. The lid
assembly was machined from a 0.5 in. thick 316 SS disk with 4
in. diameter, and the disk was tapped with 0.25 in. National
Pipe Tapered (NPT) fittings. A pressure gauge was connected
to one of the NPT taps. The other connections were made
using bore through adapters with 0.25 in. male NPT and 0.125
in. male tube fittings. The various connections include a gas
sampling/venting tube, liquid sampling tube, gas inlet valve,
and thermocouple well. The reactor was placed in an oil bath
for heating coupled with a PID controller to maintain
temperature throughout the reaction. The internal reaction
temperature is monitored with a K-type thermocouple that is
inserted in the thermocouple well. A stir plate and 1.5 in.
magnetic stir bar within the reactor were used for mixing. The
reactor was pressure tested up to 100 bar and temperatures in
excess of 150 °C. The gas sampling tube is equipped with a
check valve to prevent air from entering the reactor after it has
been purged. As a safety measure, a spring actuated pressure
release valve was attached to the gas inlet.
To ensure that our reactor and stirring method was not mass

transfer limited, a model reaction was chosen for validation.
The hydrogenation of 2-methyl-3-butyn-2-ol (MBY) using a
Lindlar catalyst is a well-studied and modeled reaction in the
literature.30−32 MBY is hydrogenated to 2-methyl-3-buten-2-ol
(MBE), which is further hydrogenated to 2-methyl-2-butanol
(MBA). Stirring rates ranging from 250 to 800 rpm were
evaluated under 9 barg H2 and 333 K for comparison to the
rate constants, product profiles, and models proposed in the
literature.30 The study used for comparison utilized a gas
entrainment impeller for mixing and gas introduction. Our
reactor setup utilizes a simplistic magnetic stir bar for mixing
and a gas inlet stream. In each reaction, the ratio of catalyst to
liquid reactant was kept constant at 0.175 wt % as reported in
the literature, where a rate of 5.8 × 10−2 mol/L/min was
measured. For our reactor, following the procedure reported in
the literature, the average reaction rate obtained was 5.8 ×

Figure 1. High pressure batch reactor system schematic.
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10−2 ± 0.002 mol/L/min, which is consistent with the
previously reported values. For stir rates of 700 rpm and above,
only 30% of the reactions were successful due to the stir bar
losing the magnetic coupling. For stir rates of 250−450 rpm
the reaction rate was lower than the previously reported
reaction rate. Thus, the optimal range to conduct reactions in
our reactor is between 550 and 650 rpm. The reaction profiles,
as shown in Figure 2A, are also very consistent with the model
results from the literature, shown in Figure 2B. In conclusion,
the reproducibility of the reaction rates and the concentration
profiles and their similarity with previously reported literature
show that our reactor is not controlled by external mass
transfer limitations for stir rates of 550 rpm and above.
Therefore, all reactions were performed at 550 rpm.
Activity Measurements. AHERY Reactions. The AHERY

S-HDO was used as a model reaction for sugar alcohol S-
HDO. The hydrogen was added initially at room temperature
to the reactant, solvent, and catalyst mixture, which was then
heated to the desired temperature. The reaction time was
started once the reactor reached the desired temperature. Each
reaction contained 50 mL of 1,4-dioxane (solvent), 3.15 mL (4
g) of AHERY, and 0.60 g of ReOx−Pd/CeO2 catalyst. The
ratio of catalyst to reactant previously suggested in the
literature of 1 g of AHERY:0.15 g of ReOx−Pd/CeO2 catalyst
was followed.5 Liquid samples were taken at the initial and final
points of the reaction. The samples were diluted in methanol
to 125

3
of their original volume and analyzed in a Shimadzu GC-

2010 Plus. The gas chromatograph (GC) utilized a flame
ionization detector, an RTX-1701 column, and an AOC-5000
autoinjector. The GC was calibrated for AHERY and THF. For
the AHERY S-HDO, conversion is based on the final and
initial concentrations of AHERY. The selectivity to THF was
calculated based on moles of THF produced with respect to
the total moles of products produced. The only other product
that was observed in the GC analysis was trans-AHERY. The
yield of the AHERY S-HDO was calculated by taking the
product of the AHERY conversion and the THF selectivity.
Xylitol Reactions. For the xylitol reactions, the reactor was

filled with the reaction mixture and heated to the desired
temperature. After the desired temperature was reached,
constant hydrogen pressure was introduced and maintained.
Each reaction contained 50 mL of 1,4-dioxane (solvent), 2 g of

xylitol, and 0.60 g of ReOx−Pd/CeO2 catalyst, again following
the literature.12 Liquid samples were taken at the initial point,
midpoint, and final point of the reaction. The samples were
again diluted to 125

3
of their original volume and analyzed by

GC. The GC was calibrated for xylitol, 1,2-dideoxypentitol,
1,2,5-pentanetriol, 3-pentanol, 1-pentanol, and 1,2-pentane-
diol. For the xylitol S-HDO, conversion was calculated based
on the concentration of the products formed and their
theoretical maximums. The selectivity of 1,2-dideoxypentitol
and 1,2,5-pentanetriol (1 S-HDO products) was calculated
based on the moles of the 1 S-HDO products produced with
respect to the total moles of all products formed. The yield of
the 1 S-HDO products was calculated by taking the product of
the xylitol conversion and the 1 S-HDO selectivity.

■ RESULTS AND DISCUSSION
AHERY S-HDO L9 Taguchi Design. The results from

each experimental run of the Taguchi design are shown in

Table 1. To ensure the results were reproducible, a center
point of the design with the conditions of 60 bar H2, 140 °C,
and a 4 wt % Re catalyst was repeated three times. As shown in
Table 4 Supplemental, the standard errors between runs were
0.97 and 0.20% for conversion and selectivity, respectively. The
yield of the reactions had a standard error of 0.92%, which is
shown in Table 4 Supplemental. The standard errors for
conversion, selectivity, and yield were calculated using the
formula = σSE

n
, where SE is standard error, σ is the standard

Figure 2. Mass transfer evaluation of the home-built reactor via the hydrogenation of MBY. (A) MBY hydrogenation reaction profile with stir rate
of 550 rpm. (B) Model results from the literature30 using P = 9 bar gauge, T = 333 K, and catalyst to reactant ratio = 0.175 wt %.

Table 1. AHERY Model Reaction DOE Results

press.
(bar)

temp
(°C)

Re loading
(wt %)

conv
(%)

THF selectivity
(%)

40 100 2 14.5 75.0
40 140 3 30.7 95.5
40 180 4 99.9 99.7
60 100 3 3.93 99.9
60 140 4 21.3 99.9
60 180 2 99.9 98.0
80 100 4 3.63 99.9
80 140 2 21.7 99.9
80 180 3 75.0 99.9
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deviation of the three experimental data points, and n is the
population size, which was 3 in these cases.
The main effects plot shows how the factors in the design

affect the desired responses and thus how significant they are.
The larger the slope of the line, the more statistically significant
the factor. Temperature is the most significant factor in this
process and has the strongest effect on the yield of the
reaction, according to its slope shown in Figure 3. Catalyst
loading was found to be mildly significant, but compared to the
temperature it had a small effect on the reaction. However, the
pressure of the reaction was statistically insignificant, since
there was no obvious correlation between the data points and
the slope of the line was very small. The lack of dependence on
pressure suggests that we have a zero-order relation on
hydrogen pressure for this reaction. Thus, the deoxydehydra-
tion step of this reaction is likely the rate-limiting step. The

Figure 3. Correlation between design factors and responses resulting
from L9 Taguchi design of experiments.

Figure 4. Taguchi model regression contours for conversion and selectivity for AHERY S-HDO.

Figure 5. Three-dimensional yield contour for the S-HDO of AHERY
using a 3 wt % ReOx−Pd/CeO2 catalyst and Taguchi model
equations.

Figure 6. Yield contour overlaying experimental data points from the
AHERY Taguchi design.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.9b01463
Ind. Eng. Chem. Res. 2019, 58, 8681−8689

8685

http://dx.doi.org/10.1021/acs.iecr.9b01463


deoxydehydration of AHERY produces 2,5-dihydrofuran,33

which is not observed during our analysis. The Pd on the
surface of the CeO2 catalyzes hydrogen dissociation and
spillover on the CeO2 which allows for the regeneration of the
catalyst.34 Thus, the surface of the catalyst may be saturated
with hydrogen and the hydrogenation step proceeds as soon as
the deoxydehydration step is completed.
Since the Taguchi design creates linear models, it is

important to look at the proportionality of the factors and
investigate if there are regions where certain conditions are
more favorable. When looking at the yield of this reaction, the
individual factors can affect conversion and selectivity
differently. The varying proportionality can result in regions
that are more favorable for higher yield. The proportionality of
the various factors is shown in the various contours created by
the regression of the Taguchi model shown in Figure 4. The
temperature of the reaction is directly related to both

conversion and selectivity. The temperature is thus directly
related to the yield of the AHERY S-HDO and thus should be
high to increase the yield of the reaction. The pressure was
found to be inversely related to conversion, but directly related
to selectivity.
In order to see where the varying proportionality of pressure

is most favorable, a yield contour over varying pressures was
investigated using the Taguchi model equations to form a
three-dimensional (3D) yield contour, as shown in Figure 5.
The Taguchi model equations for conversion and selectivity
are shown in Table 5 Supplemental. In order to construct the
3D yield contour, one dimension must be reduced in order to
plot the figure. Catalyst loading was chosen as the dimension
to reduce since it was found to have a small impact on the
yield, and the goal of the design was to find milder reaction
conditions. The center point of catalyst loading, 3 wt %, was
chosen to ensure the model equations would not be skewed.
Reducing the pressure to 40 bar slightly improves the yield of
the reaction. The pressure effects on conversion and selectivity
seem to be negligible in the higher temperature region of our
design but can become somewhat significant at lower
temperatures. This adds further support to the reduction of
pressure having negligible effects on the yield of AHERY S-
HDO. Based on the model equations and the yield contour
resulting from them, the optimal reaction conditions within the
design space are 40 bar and 180 °C.
Even though the yield contour results from linear model

equations, it captures the general trends of the design space, as
shown in Figure 6. The relatively close fitting of the data points
further confirms the validity of the Taguchi model equations
resulting from the AHERY S-HDO.
In summary, we have shown that milder reaction conditions

for the S-HDO of AHERY are feasible with respect to pressure,
and the ability to reduce the pressure without causing a decline
in yield has been demonstrated. This reaction can serve as a
model for other lignocellulosic biomass S-HDO reactions and
suggests that reducing the pressure might not have a significant
effect on yield. Since the temperature has a significant effect on
yield, it would be optimal to run S-HDO reactions at higher
temperatures. To see if these statements hold for another sugar
alcohol, we performed a similar design for xylitol.

Pressure Effects on the Xylitol Reaction. For the
AHERY S-HDO, the pressure region above 40 bar was shown
to have a zero-order dependence on yield. Pressures of 40 bar
and below were investigated for the xylitol S-HDO to discover
the threshold below which pressure starts to affect this
reaction. Pressures of 40, 10, 7.5, and 5 bar were evaluated
using a 4 wt % ReOx−Pd/CeO2 catalyst at 160 °C. The results
from these reactions are shown in Table 6 Supplemental. For
pressures of 10 bar and below, the reactor was loaded with
catalyst, solvent, and reactant and then brought to the desired
reaction temperature before H2 was introduced. The most
significant change occurred within the 5−10 bar region. The
calculated yield refers to the most valuable products 1,2-
dideoxypentitol and 1,2,5-pentanetriol, which are formed
through 1 S-HDO. The selectivity to 1,2-dideoxypentitol and
1,2,5-pentanetriol for the 40 and 10 bar reactions were the
same within experimental error. However, the conversion for
the 10 bar reactions were significantly higher, thus resulting in
a higher yield. Below 10 bar, there is a significant drop in
activity for the xylitol S-HDO. The reactions at 7.5 and 5 bar
only obtained 42.6 and 33.3% of the yield that the reaction
produced at 10 bar. To further investigate this change in yield

Table 2. Xylitol Reaction DOE Results

press.
(bar)

temp
(°C)

Re loading
(wt %)

conv
(%)

1 S-HDO selectivity
(%)

5 140 2 26.5 99.9
5 160 3 25.8 99.9
5 180 4 0 0
7.5 140 3 33.9 99.9
7.5 160 4 39.7 68.2
7.5 180 2 33.0 99.9
10 140 4 56.6 88.3
10 160 2 56.3 93.7
10 180 3 32.1 99.9

Figure 7. Correlation between design factors and responses resulting
from the xylitol L9 Taguchi design of experiments. (a) Conversion
correlations. (b) Selectivity to 1,2-dideoxypentitol and 1,2,5-
pentanetriol correlations.
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with respect to pressure, the L9 Taguchi design for the xylitol
S-HDO included the factor of pressure with levels between 5
and 10 bar H2.

Xylitol S-HDO L9 Taguchi Design. The results from each
experimental run of the Taguchi design are shown in Table 2.
To ensure the results were reproducible, a center point of the
design with conditions of 7.5 bar H2, 140 °C, and a 3 wt % Re
catalyst was repeated three times. As shown in Table 7
Supplemental, the standard errors between the runs were 4.71
and 1.77% for xylitol conversion and selectivity to the 1 S-
HDO products, respectively. The yield of 1 S-HDO products
for the reactions had a standard error of 3.86% which is shown
in Table 7 Supplemental. The standard errors were calculated
as previously described in the AHERY design.
The main effect plots for the conversion of xylitol and the

selectivity to the products which have undergone 1 S-HDO are
shown in Figure 7. For both conversion and selectivity,
pressure exhibits a direct relation and temperature and catalyst
loading have inverse relations within the design space.
Although the relations agree, the scale of the relations is
different. The factors affect selectivity significantly more than
they affect conversion. The relations of the factors for the
xylitol design vary from the model AHERY design. The most
significant difference is in the relation of temperature. A
stronger effect of catalyst loading on conversion and selectivity
has also been noted. The 2 wt % ReOx−Pd/CeO2 catalyst was
superior to the 3 and 4 wt % catalysts in terms of both
conversion and selectivity in the xylitol S-HDO.

Figure 8. Taguchi model regression contours for the conversion and selectivity for xylitol S-HDO.

Figure 9. Three-dimensional yield contour for the S-HDO of xylitol
via a 3 wt % ReOx−Pd/CeO2 catalyst using Taguchi model equations.

Figure 10. Yield contour overlaying experimental data points from the
xylitol Taguchi design.
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In the conversion and selectivity contour plots for the xylitol
S-HDO, shown in Figure 8, it is further displayed that the
relations of the various factors follow the same proportionality.
In order to see how the factors affect the yield of the xylitol

S-HDO, a 3D yield contour plot was constructed, as shown in
Figure 9. The Taguchi model equations used to construct the
3D contour are shown in Table 8 Supplemental. The 3D yield
contour was constructed by reducing a dimension, as
previously mentioned for the AHERY S-HDO contour.
Catalyst loading was the dimension reduced, and the center
point of 3 wt % was chosen so that reaction conditions could
be evaluated. The yield contour suggests that the optimal
reaction conditions for the xylitol S-HDO are 140 °C and 10
bar within the design space tested. These optimal conditions
are significantly milder if compared to the previously reported
160 °C and 80 bar.12

The yield contour was overlaid with the experimental data
points, as shown in Figure 10 to illustrate how the model
equations fit the data. The Taguchi model equations fit the
experimental points well for a linear model but do not
completely capture the trends in the studied parameter space.
One of the drawbacks of a Taguchi design is that it will not
capture higher order interactions between factors, which might
lead to the observed difference between the model and the
experimental data points.35,36

■ CONCLUSIONS

This work elucidated that the reduction of pressure for the
AHERY S-HDO process from 80 to 40 bar H2 while using a
ReOx−Pd/CeO2 catalyst maintained a similar yield of THF.
For the xylitol S-HDO, the optimal conditions were found to
be 140 °C and 10 bar H2 within the design space, conditions
that are substantially lower than those previously reported in
the literature.12 Yield was found to have a zero-order relation
for pressures as low as 10 bar for the xylitol S-HDO. These
optimal and milder reaction conditions allow for 1,2-
dideoxypentitol and 1,2,5-pentanetriol to be produced in a
more economically feasible approach, allowing for the
production of platform and value-added chemicals from a
renewable feedstock.
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