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The conversion of bio-based xylitol to ethylene glycol (EG) and propylene glycol
(PG) was studied to replace the petrochemical production route and achieve a sus-
tainable process. The reaction network for aqueous-phase catalytic hydrogenolysis
of xylitol over a supported Pt catalyst with Ca(OH), as promotor was identified
and the reaction kinetics was determined. The effects of reaction conditions such
as educt concentration, H, pressure, and temperature were investigated. With the
developed kinetic model, the composition of the product mixture regarding the
desired products (EG, PG) and by-products can be described. The maximum EG
yield was achieved at high pressure and low temperature, while high pressure and
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1 Introduction

The industrial revolution at the end of the 18th century led to
the establishment of fossil fuels (coal, crude oil, and natural
gas) as main resources. Today, the majority of chemicals are
still produced from these resources, resulting in the consump-
tion of more than 1 billion barrels of oil per year by the chemi-
cal industry [1]. Related to this consumption, the emission of
huge amounts of carbon dioxide, reaching 33.9 billion tons in
2018, is a major problem [2]. To lower the corresponding envi-
ronmental impacts, alternative sustainable processes based on
renewable resources such as sugars, sugar alcohols, oils, and
lignocellulose have become increasingly attractive [3,4].
Ethylene glycol (EG) and propylene glycol (PG) are high-
added-value chemicals and important intermediates in the
chemical industry. They are used in polymer chemistry and
serve as starting materials for various polymer (intermediate)
products. In addition, EG is used as a de-icing agent in the
aviation industry, while PG is an excellent carrier for dyes, anti-
oxidants, and enzymes in the chemical, pharmaceutical, cos-
metics, and food industries due to its emulsifying properties.
Nowadays, these glycols are produced on the industrial scale
(EG: 26.8 million tons in 2017 [5], PG: 1.9 million tons in 2016
[6]) almost exclusively by multi-stage conversion of petroleum-
based ethylene and propylene via the respective epoxy inter-
mediate [7-10]. In the production of bio-based EG and PG,
glycerol (GLY) has proven to be a promising starting material,
which is produced in large quantities as a by-product of biodie-
sel production (100kg per ton of biodiesel). However, since
biodiesel is obtained from vegetable fats and oils (mainly rape-
seed oil, soybean oil, and palm oil), there is competition with
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the food industry in terms of sustainable use of the cultivated
land [11].

In recent years, therefore, the conversion of renewable, non-
edible biomass, more precisely lignocellulose, has gained in
importance. With a share of 70 %, lignocellulose accounts for
the majority of the total global biomass production on land
(estimated 170x10°-200x10°t) [12]. As a share of different
waste streams, lignocellulose is constantly available, e.g., in
agriculture, the timber industry, and the paper industry. It is
mainly composed of the natural polymers cellulose, hemicellu-
lose, and lignin, the proportion of which can vary greatly
depending on the plant material. By hydrolysis, the polysaccha-
ride hemicellulose can be depolymerized to the monosaccha-
ride xylose. Subsequently, hydrogenation to the sugar alcohol
xylitol (XYL) is possible. This in turn can be converted in aque-
ous solution and under basic conditions to EG and PG [13].
The advantage of this process, compared to the direct conver-
sion of hemicellulose to glycols, is the individual adaptation of
the catalysts and reaction conditions for each individual pro-
cess step. This allows higher selectivities to the two glycols to
be achieved.
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Thus, over the last decade, the production of glycols via cata-
lytic hydrogenolysis of sugars and sugar alcohols has been the
subject of intensive development. This resulted in extensive
research and development (R&D) efforts on the laboratory and
pilot scales, carried out by several companies like thyssenkrupp
[14-16], Braskem [17], Avantium [18,19], and UPM [20], all
aiming towards large-scale production. The product distribu-
tion of XYL hydrogenation varies with the employed catalysts
and operation conditions. Various heterogeneous catalysts and
alkaline promotors have been described as highly efficient for
the hydrogenolysis of XYL in an aqueous phase. Besides mono-
metallic catalysts containing noble metals, i.e. platinum, ruthe-
nium, copper, cerium, and nickel, as active species, various
bimetallic and trimetallic catalysts on different supports, i.e.,
activated carbon, TiO,, Al,Os3, or SiO,, are mentioned. Exam-
ples of these catalysts are Cu/SiO, [21,22], Ni/C [23-25],
Ni/AL O3 [26,27], Ni/TiO, [28], Pt/C [25,29], Ru/C [25, 26,
30-33], Cu-CaO/ALO;5 [34,35], Ni-Cu/SiO, [36], Ni-Re/C
[37,38], Ru-Re/C [34], and Ni-Cu-Ag/C [39], whereby NaOH,
KOH, MgO, Ba(OH),, or Ca(OH), were used as basic promo-
tors.

However, little work has been done to predict the reaction
conditions of aqueous-phase hydrogenolysis of XYL required
to produce an industrially relevant product composition.
Therefore, we focus in our study on the identification of the
reaction network and the development of the reaction kinetics
for the aqueous-phase catalytic hydrogenolysis of XYL over a
supported Pt catalyst with Ca(OH), as alkaline promotor. We
aim to determine the optimum reaction conditions to maxi-
mize the yield of the target products (EG and PG). For this pur-
pose, a new kinetic model for the hydrogenolysis of aqueous
XYL solutions was developed that allows the quantitative
description of the product composition as a function of the
educt concentration, the temperature, and the pressure.

2 Experimental
2.1 Materials

XYL (= 99.0wt %), EG (= 99.75wt %), PG (= 99.5 wt %), and
GLY (= 99.5 wt %) were received from Acros Organics whereas
lactic acid (LA; > 98 wt %) was supplied by Alfa Aesar. Acetic
anhydride (= 99.0wt %) and pyridine (2> 99.5 wt %), used for
the acetylation of samples prior to gas chromatography, were
obtained from Alfa Aesar. The water used for high-perfor-
mance liquid chromatography (HPLC) calibrations was sup-
plied by an ultrapure-water device from Sartorius AG (Arium
611VE, 18.2Q cm, 0.055 uScm™ at 25°C). Water used for the
hydrogenation experiments was prepared with a water demin-
eralizer supplied by behr Labor-Technik (behropur® E28dK,
0.5uScm™ at 25°C). The catalyst (5wt % Pt on activated car-
bon) was received from Evonik (Noblyst® P2061). It was sup-
plied wet (52.3 wt% H,0) and did not undergo any pretreat-
ment before usage. A particle diameter of x50 = 25um was
measured with a laser diffraction spectrometer (Sympatec
GmbH, type: HELOS/KR). The same instrument was also used
to determine the particle diameter of calcium hydroxide
(= 97.5wt %, x50 = 5m) obtained from Acros Organics.
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2.2 Hydrogenolysis Experiments

The hydrogenation experiments were carried out in the same
laboratory plant supplied by Mothes Hochdrucktechnik GmbH
that was described in our previous work [40]. The plant con-
sists of a heatable double-jacket stirred-tank reactor with 4L
volume equipped with an agitator with a magnetic driver, a
gassing stirrer, a pressure control system, and a liquid sample
line. In addition, a transfer line is connected to the lid of the
stirred tank. This enables sampling from the gas phase and its
online analysis by gas chromatography.

In a typical run, catalyst powder, calcium hydroxide, and
aqueous XYL solution (range: 0.017-0.067 gcathYL’l) were
introduced into the vessel and heated to the set temperature
(range: 170-200°C) under reduced stirring speed (250 rpm),
whereby the hydrogen pressure was regulated to the desired
value (range: 40-100 bar). The lower stirring speed guaranteed
a homogeneous temperature distribution of the reaction solu-
tion without dispersing the catalyst particles. After the start-up
process, a reactant conversion of up to 13% was typically
observed. After reaching the specified temperature and pres-
sure, the reaction was initiated by increasing the stirring speed
to 1000rpm to avoid mass transfer limitations. During the
experiments, the pressure was kept constant by re-dosing the
hydrogen consumed by the hydrogenation reactions. For the
determination of the reaction network and reaction kinetics of
XYL hydrogenolysis, experiments at different pressures, tem-
peratures, reactant concentrations, and amounts of catalyst
were conducted.

The liquid samples with a mass of about 6g (plus 10g to
clean the tubing) taken from the reactor were analyzed using
an HPLC device equipped with a refractive index detector tem-
pered at 30 °C and a UV detector (Phenomenex Rezex ROA H*
at 80°C, 5mmol L™ H,SO, as mobile phase, flow rate of
0.6 mLmin™?, injection volume 5pL). Moreover, an aliquot of
the liquid samples (100 uL) was acetylated for 48 h using a mix-
ture of acetic anhydride and pyridine (3:1 (v/v), 1mL). The
analysis was performed using a 7820A gas chromatograph
(GC) from Agilent, equipped with a capillary column (Agilent
DB-23) and a flame ionization detector (FID). The gaseous
samples were relieved to ambient pressure and analyzed using
a second GC (Agilent, type 7890B) equipped with two FID.
Due to a special arrangement of the columns, the polar compo-
nents were analyzed using a capillary column (Agilent, type
HP-INNOWax), the nonpolar components with a PLOT
column (Agilent, type GS-GasPro), and the permanent gases
(e.g., CO, CO,, methane) with a packed column (Restek, type
ShinCarbon) after methanization over a nickel catalyst.

For the analysis of carbonates, a two-necked flask was con-
nected to a dropping funnel via a U-tube (see Sect.S1 in the
Supporting Information). Since this is a closed system, no
water drips from the dropping funnel into the beaker, which is
placed on a balance. At the start of the experiment, hydrochlo-
ric acid (HCI) in excess (6 M, ~65¢) is added to the reaction
solution (70-80¢) in the two-necked flask via a septum. The
hydrochloric acid reacts with the carbonate, forming carbon
dioxide. The increase in volume due to CO, and HCI displaces
an equivalent amount of water from the dropping funnel. If the
density of the water is constant, the volume of carbon dioxide
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Vco, can be calculated from the difference between the added
amount of acid myc; and the displaced amount of water my,o.
The formed amount of carbon dioxide is then determined
using the ideal gas law (T = 20°C, p = 1.01325 bar). Assuming
complete mixing, the total amount of CO, produced in the
reaction ngo, can be obtained via Eq. 1.0

m V.
neo, = - (ﬁ - VHa) so (1)

Vsample

For a better comparability of the temporal profiles of the
remaining educt concentration and yield in dependence on the
catalyst amount i, the time ¢ is replaced by the modified
time tnoa (EqQ. 2).

Mot
Vsol

)

Imod =

Here, the volume of the reaction solution V also takes into
account the volume decrease by liquid sampling, while the loss
by water evaporation was negligibly small. In addition, the
minimal amount of volatile components can also be neglected.

The yield Y, is defined as the amount of productp formed
during the reaction related to the amount of educt e at the start
of the reaction (Eq. 3). Since organic components with variable
carbon numbers are formed, the stoichiometry of the reactions
is taken into account by the stoichiometric coefficients v; and
the number of carbon atoms ;. The mass balance during the
hydrogenation experiments is assessed through the sum of the
yields (Eq. 4).

%o E&

Ve =+—5= €)
P Ce0 Vp Be
mass balance = ) ;.. 4

3 Determination of the Reaction Network

For the determination of the product spectrum during XYL
hydrogenolysis, a first experiment with an educt concentration
of 0.657 molyyr Leo > @ catalyst loading of 0.0033 gwtgsof1 and
a base concentration of 0.02 g¢, o), g, | was carried out at
170°C and 80bar. The resulting profiles of product yield and
XYL residual as a function of the modified time are shown in
Fig. 1. The yield profiles of the gaseous components are shown
in Sect. S2 of the Supporting Information (Fig. S2).

It can be seen that XYL was completely consumed after
about 16h (2.1x10°s gcathol’l) with the formation of EG, PG,
LA, and GLY as main products. As by-products, the carboxylic
acids glycolic, acetic, and formic acid were formed as well as
the alcohols methanol, ethanol, #n-propanol, and 2-propanol,
the ketone acetone, and the polyols 1,2-butanediol, 2,3-butane-
diol, 1,4-butanediol, 1,2-pentanediol, erythritol, and threitol. In
the gas phase, methane, ethane, propane, and butane were
detected as well as the evaporated share of methanol, ethanol,

1)  List of symbols at the end of the paper.
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n-propanol, and 2-propanol. The permanent gases CO and
CO,, which were formed during XYL conversion, reacted with
calcium hydroxide, forming poorly soluble calcium carbonate.
The quantification of the carbonate amount was only possible
at the end of the experiment (Yc,co, = 0.02 mol mol ™). In
this experiment, the mass balance was closed, while the mass
balance was at least 95.6 %, during all hydrogenation experi-
ments carried out.

Our findings are in good agreement with previous publica-
tions [22,25,31]. Riviere et al. [31], e.g., observed for a different
type of catalyst (29 wt% Ru/C), the same catalyst amount
(0.033 gcathYL‘l) and XYL concentration (0.657 molxyr Lo ),
similar reaction conditions (200 °C, 60bar instead of 170°C,
80bar), and a marginally lower Ca(OH), amount (0.167
instead of 0.200 g, om), g 1) an EG selectivity of 28 mol %
and a PG selectivity of 25 mol % [31], which are in good agree-
ment with our own measurements corresponding to 33 mol %
EG and 29 mol % PG.

In a further series of measurements, the secondary products
and intermediates PG, EG, GLY, and LA were also used as reac-
tants. The amount of the respective component previously
detected during XYL hydrogenolysis was used as educt concen-
tration, whereby the catalyst amount and the concentration of
the solid base were kept constant (0.0033 gcatgsofl and
0.02 gCa(OH)ngol_l; EG: 0.532mol Ly, ", PG: 0.329 mol Ly, ",
GLY: 0.130 mol Ly, ', and LA: 0.244 mol L, ™).

As an example, the results of GLY hydrogenolysis are shown
in Fig.2. The results of the other components (EG, PG, and
LA) as well as the results of the gas phase analyses are shown
in Sect. S2 of the Supporting Information. As main products of
GLY hydrogenolysis, large amounts of PG and LA as well as
small amounts of EG were formed. Furthermore, small
amounts of by-products, i.e., glycolic acid, methanol, ethanol,
n-propanol, and acetone, were produced. In the gas phase,
methane, ethane, and propane were detected (see Sect.S2 of
the Supporting Information, Fig.S3). The carbonate analysis
results in a yield of 0.02 mol mol™ at the end of the experiment
(reaction time: 44 h).

During hydrogenation of EG, minor amounts of glycolic
acid, methanol and ethanol, methane and ethane were detected.
The carbonate amount at the end of the experiment was com-
paratively small (0.01 molmol™ yield after 44h of reaction
time). Since the mass balance is not closed, it is assumed that
non-detectable oligomeric compounds were formed.

During hydrogenation of PG, a small amount of LA was
detected (0.04 mol mol™ yield after 44h of reaction time) as
well as minor amounts of ethanol, n-propanol, 2-propanol,
methane, ethane, propane, and carbonates. Finally, LA hydro-
genation produced small amounts of PG (0.03 mol mol™ yield
after 44 h of reaction time), acetone, and methane.

Based on those experiments and work previously published
by our project partners [41], we propose the reaction network
for XYL hydrogenolysis under basic condition that is shown in
Fig. 3. In aqueous solution, there is equilibrium between XYL
and its isomeric forms arabitol and ribitol. XYL therefore can
be converted via different reaction paths. It is assumed that the
hydrogenolysis of XYL to glycolic acid and the unstable inter-
mediate pyruvaldehyde takes place. While glycolic acid reacts
to formic acid, the aldehyde is converted to both PG and LA,

www.cet-journal.com



Chemical Engineering

Research Article

764
Technology
a) k_k++;__+___"___'___'+___+_l+____"_____+ b)0.05 T T T T T
- - xylitol --m- ethylene glycol - - glycolicacid --®- acetic acid
:; lactic acid - -&- propylene glycol 004 | -4 - formic acid |
08 »  --x- glycerol  -—- mass balance :
= | =
5 ¢ s
E 06 |\ - € 0.03 IS
=} ‘l ° ’,0’—
£ \ E A
> || > "’
S 04 1 -002 ¥ ]
= \ [0} .
> \ o E--E - - = 4 -m--p--B--@----m----0
- iy givie i [T R Iy .
em _x--A ’.::,
Ead
0.01 ‘* R
5
*a
Ay
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 0 ;
X xAuTox X 1X X 0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10°
reaction time fnoq [S Gear Lsor™] reaction time t,,.4 [S 9eat Lsor™']
C) 0.05 T T T T T d)005 T T T T T
--¢- methanol --=- ethanol --- 1,2-butanediol --®- 2 3-butanediol
- -& - n-propanol 2-propanol --&- 1,4-butanediol 1,2-pentanediol
0.04 | %- acetone 1 0.04 | --%- erythritol -—+- threitol g
003 | 1 o03} ;
© °
E E
- 0.02 - 0.02
s ,_-4——0—--0“*"'_:'—'-:"‘ s
- 0"'./ —_r,_r" - _,r”.“.-"'“*‘-I""*“"N
/’, I"l “. R SN >
001 r ¢ . - 001 | PR A S S
g LW
¥ =¥
OV 1x10° 2x10% 3x10° 4x10° 5x10° 6x10° 0 1x10° 2x105 3x10° 4x10° 5x10° 6x10°

Figure 1. Concentration profiles during hydrogenolysis of aqueous XYL solutions. Reaction conditions: 170 °C, 80 bar,

reaction time £,,,4 [S Gcat Leor"]

reaction time t,,,4 [S Geat Lsor™']

0.657 Molyyi Lsor ', 0.0033 geatGsor ', 0.02 gCa(OH)zgsoIq' (@) Main products, (b-d) side products.

a) PO e e e i TNUNLISE SRR R
1 --=- ethylene glycol lactic acid R
- -k - propylene glycol - - glycerol
- - i i -t -
08 %% glycolic acid mass balance |
g X
E__|*
° 06 4
£ %
> X
o A\
.0_;0-4 i \ o A---k--k A Ao A----
X A"—

1x10°

5x10°
reaction time £,,.4 [ Geat Lsor ']

6x10°

b)0.05 T T T T T
- - - methanol --=- ethanol
- -& - n-propanol --%- acetone
0.04 1
003 | ]
E
= B Ve Rt - SE
> x- X~ _"__’__’___':-'_’__.___.
0.02 X .- ]
E 3(,0”‘ ,,r”
> Y
A -
#$ _a" -
0.01 L. A---- AT
’, 1 :’ /I
0 '_:—ll PO — \\‘A/' L
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10°

reaction time t.,o4 [S Jeat Lso "]

Figure 2. Concentration profiles during hydrogenation of aqueous GLY solutions. Reaction conditions: 170°C, 80 bar,
0.130 MolgiyLeo ', 0.0033 geatTsor ', 0.02 9ca(oH),Jsol - (@) Main products, (b) side products.

Chem. Eng. Technol. 2021, 44, No. 4, 761-772

© 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

www.cet-journal.com



Chemical Engineering

Research Article

Technology
0
HO\/“\ -Hy HO_ O
CO
O [cat] o
glycolic acid formic acid
HO/Y
 H,0 +2 Hy
-2 Hy (8] A OH
OH 5 prepylene glycol
(
no” NS ~ +H,0 & fi
ethylene glycol pyruva\dehydemok -Hy )J\
[OF] on [cat] on = O
20 - acetic acid
OH lactic acid
tHy OH
H [cat] w0~ >N o oH
OH OH ethylene glycol oH per%tane
arabitol \ glycerol pentanol
OH
. . iol —= pentanediol
@ HO OH pentanetetrol pentanetriol P
o ) OH butanetriol — butanediol — butanol — butane
/ xylitol $
OH e e i
E L Hs ! OH OH :
' HO HO |
HO/\l/\l/\OH : \/'\i/\OII . \A‘/\OI[ : — OH
OH OH 3 (ém OF i methanol
ribitol ! erythritol threitol
_____________________________ : Hg_
V l H, [cat]
—on OH Co
OH /Y\OH 10" >N OH OH
methanol ethylene glycol
o Hz0 OH
- H2
glycerol glycerol
-2 0OH
CO3> ——— CO,
- H,O
carbonate
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detected via GC, (b) pyruvaldehyde was assumed to be converted instantly.

which in turn partially reacts to acetic acid. Furthermore, the
hydrogenolysis of XYL to EG and GLY takes place as well as
the conversion of XYL to the C, alcohols erythritol and threitol.
Those can react further via different reaction pathways forming
methanol, EG, GLY, and carbonate. Finally, the formation of Cs
polyols from XYL takes place, as does the formation of C, poly-
ols from erythritol and threitol.

4 Determination of the Reaction Kinetics

For the determination of the reaction kinetics, hydrogen solu-
bility data are required, since most of the reactions take place
at the catalyst surface in the liquid phase. As some of the reac-
tions are catalyzed by hydroxide ions, the solubility data of the
solid base calcium hydroxide have to be determined, too. Addi-
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tionally, it has to be ensured that external and internal mass
transport influences are absent, in order to determine the
intrinsic kinetics. By adapting the simulated results to the
experimentally derived concentration profiles, the parameters
of the reaction rate equations (i.e., the rate constants, reaction
orders, and inhibition terms) are then determined.

4.1 Determination of the Solubility Data

Since no solubility data of hydrogen in aqueous XYL solutions
for the considered ranges of pressure and temperature are
available, the solubility data of hydrogen in water were calcu-
lated according to Schifer [42] (see our previous work [40]).
This simplification is justified as the solubility of hydrogen in
an aqueous XYL solution is comparable to its solubility in
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water (see Sect. S3 of the Supporting Information). The hydro-
gen concentrations for the investigated range of reaction condi-
tions are summarized in Tab. 1.

Table 1. Solubility of hydrogen for the reaction conditions of
XYL hydrogenation.

Pressure p  Solubility of hydrogen [mol L] at

[bar]

170°C 180°C 190°C 200°C
20 0.014 0.013 0.011 0.007
40 0.037 0.039 0.039 0.039
60 0.061 0.065 0.068 0.070
80 0.084 0.091 0.097 0.102
100 0.107 0.117 0.126 0.134

Since there are no data available in the literature on the solu-
bility of calcium hydroxide in aqueous XYL solutions, the solu-
bility data of calcium hydroxide in water were used for kinetic
modeling (Tab. 2).

Table 2. Solubility of calcium hydroxide for the reaction condi-
tions of XYL hydrogenation [43, 44].

Temperature T [°C] Concentration ¢ [mol L]

170 0.0042
180 0.0038
190 0.0033
200 0.0029

4.2 Evaluation of the Mass Transport Limitations

With regard to the availability of hydrogen, the possible influ-
ence of mass transport limitations was determined for the ex-
ternal mass transfer, using standard Sherwood correlations,
and for the internal mass transfer, using a simplified Thiele
modulus approach (see our previous work [40]). For simplifi-
cation, it is assumed that the conversion of XYL is a first-order
reaction. In contrast to the procedure described in our previous
work, here the catalyst efficiency for a spherical particle is cal-
culated, using the Thiele modulus for a first-order reaction ac-
cording to Eq. (5).

1 1 1 )
Tt = 4 <tanh (Gg) %)

For all hydrogenolysis experiments performed, the influence
of the mass transport was dominated by the gas-liquid mass
transfer. The overall catalyst efficiency for nearly all experi-
ments was higher than 0.99. Only in some cases (experiments
with a XYL concentration of 30 wt % or at low pressure: 20 bar)
the corresponding overall catalyst efficiency was lower.
However, even for the worst case (co: 1.972 molyxy;Leo '
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0.015 8ol > 0.06 8Ca(om), &l > 170°C, 80bar) it was still
higher than 0.97. Therefore, all measured data could be used
for the estimation of the intrinsic reaction kinetics.

With regard to the availability of calcium hydroxide, the rate
of dissolution of calcium hydroxide in water and the rate of
consumption through neutralization reaction with the acids
formed during XYL hydrogenolysis (LA, glycolic acid, formic
acid, acetic acid, as well as carbon monoxide and dioxide) were
compared. To ensure that a sufficient amount of base is
dissolved at all times during the experiments, the rate of disso-
lution has to be significantly higher than the rate of acid forma-
tion. For the evaluation, the rate of acid formation was approx-
imately described by a first-order rate law, while the solubility
rate of calcium hydroxide was calculated analogously to a pro-
cedure known from the literature [45].

Comparing those data, it is obvious that the dissolution rate
of calcium hydroxide (minimum 11.1x10~2mol L™'s™ for c:
10 gc,(0my, Lsol 15 170°C) s significantly higher than the rate
of acid formation (maximum 68.0x10°molL's™" for c
1.972 molxy; Ly > 0.06 8Ca(om), &sol > 0015 Seatlsol . 170°C,
80 bar). A limitation of the reactions during XYL hydrogenoly-
sis by a shortage of dissolved solid base is therefore not to be
expected. However, it has to be considered that the conditions
under which the kinetic data for the calculation of the calcium
hydroxide dissolution rate were measured are different from
those under which XYL hydrogenolysis is performed. To make
more precise statements about a possible limitation regarding
the dissolution rate of the solid base, further investigations
under the conditions of the hydrogenolysis experiments, i.e.,
high temperatures and pressures and in the presence of organic
components, are necessary.

4.3 Estimation of the Kinetic Parameters

Since the partial pressures of the main products for XYL
hydrogenolysis are small, gas-liquid equilibria were neglected.
The evaporation of water was also not taken into account, since
the evaporated water content from the liquid phase was well
below 1.5mol % in all cases. Since the proposed reaction net-
work of XYL hydrogenolysis is quite complex (see Fig.3), it
was simplified as shown in Fig. 4.

Here, the minor components with low yields were not taken
into account. These components include the carboxylic
acids glycolic acid (Y; < 3.5mol %), formic acid, acetic
acid (Y;<3.0mol%) as well as the quantified alcohols
(Y;<3.0mol%) and the gaseous-phase components
(Y; £ 2.0mol %). These products are combined into a side
component that is formed via subsequent reactions starting
from EG, GLY, and XYL. In addition, these components com-
pensate for the gap in the mass balance caused by unquantified
species. Moreover, the equilibrium reaction between PG and
LA was neglected. This is possible because both the yield of PG
in LA hydrogenation (Ypg = 2.5 mol %) and the yield of LA in
PG hydrogenation (Y, = 3.6 mol %) are low.

The estimation of the kinetic parameters was carried out
using gPROMS® (version 5.1.1) with the logarithmic likelihood
function as objective function. To avoid dependencies between
the kinetic parameters, in a first step, only the parameters of
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drogen are negative for all five reactions,
®) Ho/w/ which indicates an inhibition of the reac-
tion rate by the dissolved hydrogen. Con-
OH 1 . .
@) | ool sidering the reaction network shown in
HO OH propylene glyco Ho o Fig.3, it is obvious that dehydrogenation
oH ﬁ3) >—< takes place in some of the reaction paths,
9) HO OH (4) S which is favored under low hydrogen pres-
> lactic acid sure.
HO OH OH

xylitol © glycerol
%

N

The resulting fits for the concentration
dependency (Fig. S8), the pressure depen-

side dency (Fig.S9), and the temperature de-

(10) /\/ —) components pendency (F.ig. S10) of GLY hydrogenol}fsis
T are shown in Sect.S4 of the Supporting

ethylene glycol Information. It is obvious that the stated

Figure 4. Reduced reaction network for the hydrogenolysis of XYL.

GLY hydrogenolysis were determined, which is a subnetwork
of XYL hydrogenolysis. For the conversion of GLY to most of
the products, simple power-law equations were used. Only for
the kinetics of the reaction from GLY to LA, an additional
hyperbolic term was used.

The obtained kinetic parameters are summarized in Tab. 3. It
has to be noticed that the reaction orders with respect to hy-

kinetic model allows a good description of

the measured concentration profiles. All of

the components can be described with a
deviation of less than 10 % from the measured values.

The estimation of the kinetic parameters for XYL hydrogen-
olysis was carried out analogously to the estimation of the GLY
kinetic parameters. Therefore, it is necessary to develop rate
equations for the reactions in XYL hydrogenolysis in addition
to the equations already developed for GLY hydrogenolysis (see
Tab. 3). For the XYL kinetics, simple power-law equations were

Table 3. Rate equations and kinetic parameters for the aqueous-phase hydrogenolysis of GLY.

Equation Parameter Value
"o ko‘,lexp( iT)CG‘LYC]n{]HZl koax 10° [LSOl(n‘+mHl‘)S_lgcat_lm(’l(lfn‘fm”z ) 30
E,; [kJmol™] 1289
ny [-] 0.7
my, 1 [-] -1.0
1 = koexp <7 %> CEZGCE:Z ’ ko 10° [LSOl(nz+mHz ) SilgcatilmOI(anm”Z ) 123
E, [k mol™] 122.7
n, [-] 1.2
My, 2 [-] -1.5
he ko,}exp( RT) CCLYC::{Z ’ ko x 10° [Ls"l(n3+mHz})silgcatilmOI(l_ns_mﬁz's) >8
E, 5 [kJ mol™] 109.7
ns [-] 1.0
my, 3 [-] -0.8
" k0.4exp< IliT) CG‘LYC:;:Z <1 + KiA.lCLA> o> 10° [Lml(nﬁmuz 1)Silgc’“ilmOl(linrmuz ) 77
' E, 4 [kJ mol '] 114.5
ny [-] 0.7
my, 4 [-] -0.8
Kiaq [Lmol™] 13.0
r5 = k075exp( iT)C?LYC::ZS ko 5% 106 [Lsol(n#m“zS)Sflgcatflm"l(linrmﬁz5) 44
E, 5 [kJmol™'] 144.4
ns [-] 0.2
my, 5 [-] -2.5
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used, partly taking into account simple hyperbolic approaches.
Inhibition via the LA concentration is appropriate as this is
used in direct dependence on the concentration of calcium
hydroxide in the liquid phase, which acts as a co-catalyst (see
Fig.3). A direct use of the base concentration was not possible
due to missing measurement data. Furthermore, for these reac-
tions, a term was used that describes the inhibition of the reac-
tion rate due to the decreasing solubility concentration of the
solid base with increasing temperature. It is necessary to take

this aspect into account since it competes directly with an in-
crease of the reaction rate via the Arrhenius law. The resulting
kinetic parameters are summarized in Tab. 4.

For the kinetic parameters of the rate equations based on
GLY, the corresponding parameter values (reaction orders n;
and myy ;, Ki ;) were used (see Tab.3). This is valid because
the conditions under which the respective experiments were
performed are identical. In contrast, the pre-exponential fac-
tors and the activation energies have to be readjusted in the

Table 4. Rate equations and kinetic parameters for the aqueous phase hydrogenolysis of XYL.

Equation Parameter Value
rn =k, 1€XP( %) Gy ko x 10° [LSOI(“'+m”2-‘)s’lgm’lmol(lf""m“r‘)] 0
n= koﬁzexp<_ ]12;;) CEZGCE:Z ’ k0.2 x 109 [Lsol(nz+mH2’2)SilgcatilmOI(l_llz_mHz’}:)] 1.2
3= k“e}(p(i %) Gy r;;:z} ko 3% 108 [Lsol(n3+m"zA)Sflgcatflm"l(linﬁmnz3)] 32
E,\ n, My, 1 o 1 6 (ny+my, 4) —lg -1 (1—114—mH2;4):| 0.2
s = k075exp<— iT) Gvem ko5 x 10° [L (s )Sflgcaflmol(““fm"z5)] 0
E\ ng 6 1 Nox 1 ng+my, ¢ 1—ng—my, 0.3
76 = ko, 6eXP( R—) v, <1+K—c> (14 Komzcon) ko 10 [L ( )5 1g, ol )]
E,¢ [k mol™] 103.4
ng (-] 0.5
my, 6 (-] 0.2
H2 7 o2 3 Ny My, 7 ) o—1 -1 1-n,—my, ; 0.8
T TSR TTT S SCEERNEIEES)
E,7 [Kfmol™] 1237
ny [-] 0.5
my, 7 [-] 0.3
E,q my, 1 foms Koo x 1014 [L 1(““+m“2“)s’1g 1 mol(1-ns—mi, 5) 0.7
rg = kogexp( — == cGLYcHZ T (14 Kom,1con) 0.8 50 cat
(1 + Ko, 2COH) o E, s [kJ mol™] 0
ng [-] 0.5
my, g [-] 0.2
E, My, 9 1 Nopa 3 (n9+mH2.9 -1 -1 (lfﬂgfmﬂz,g 0.3
N e T )
Ey [k mol ] 123.7
ny [-] 0.5
my, 9 (-] 0.1
10 o M, 1 . 6 Ny My, 10 ) o —1 -1 1—n;p—my, 5 0.3
o= ko'“’eXP( RT)CEIYCHZ <1+K.Mc,A) (1 + Koncon) ™™ Ko10% 10° Ly )7 g moll )]
Ea 10 [k mol™] 148.9
fyo [-] 0.8
my, 10 [-] 0.1
nom,1 [-] 2.0
nona [-] 4.8
Kia [Lmol™] 5.8
Ko,y [Lmol™] 1264.0
Koz [Lmol ] 2788.0
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context of XYL kinetics. It should be noted that reactions (1)
and (5) in Fig. 4, which result from the GLY conversion, are
negligible for the XYL kinetics. Presumably, the rate of EG for-
mation from GLY is significantly lower than the formation rate
from XYL, resulting in negligible conversion of GLY to EG.
Similarly, the formation of the side components from GLY
(reaction (5) in Fig. 4) is negligible compared to the formation
starting from XYL (reaction (10) in Fig.4). It should also be
noted that the activation energy for XYL conversion to LA is
zero. On the one hand, the reaction rate is a function of the
temperature and increases with rising temperature when the
activation energy is positive (Arrhenius law). On the other
hand, for the formation of LA from possible intermediates, a
specific amount of the solid base has to be dissolved in the
reaction solution. However, this solubility decreases signifi-
cantly with increasing temperature. It is possible that the
formation of LA is significantly inhibited at very low base
concentrations, so that the increase in the reaction rate with
increasing temperature appears to be negligible. It also has to

® 5wt.% m10wt% A 20wt.%
25wt.% % 30 wt.%

Y
=
N
(o)
=
N

-
(3]

-

o
3

XYL concentration cyy, [mol L]
EG concentration cgg [mol L]

—aXo—u X4 oM 0
5.0x10° 7.5x10° 1.0x10°

0 2.5x10°
reaction time ¢,y [S Jeat Leor™']

1.5 T T T 1.5

® 5wt% m10wt% A 20wt.%

N
a

o
=

25wt.% % 30 wt.%

-

o
3y

PG concentration cpg [mol L]
LA concentration ¢, [mol L]

0 2.5x10° 5.0x10° 7.5x10° 1.0x108
reaction time t;,.q [S Geat Lso™']

be noticed that the reaction orders with respect to hydrogen for
the conversion of XYL are very small. Accordingly, no signifi-
cant change in the concentration profiles is to be expected by
varying the hydrogen pressure. A sequence of dehydrogena-
tion, retro-aldol cleavage, and hydrogenation is frequently
reported for the conversion of XYL [31,41]. Referring to this
reaction path, it can be assumed that the retro-aldol cleavage,
which is catalyzed by the solid base, is the rate-determining
step of the XYL conversion.

The resulting fit for the concentration dependency of XYL
hydrogenolysis at 170°C and 80bar is exemplarily shown in
Fig. 5. It is obvious that the stated kinetic model allows a good
description of the measured concentration profiles. Especially
the main species, XYL, EG, and PG, correspond well with the
measured values (deviation of less than 10 %). For the majority
of the LA concentrations, the deviation is also small (less than
10 %). Only at a reactant concentration of 1.314 molxyr Lo
the deviations become larger, but are still less than 20 %.

® 5wt.% m10wt% A 20wt.%

25wt.% x 30 wt.%

2.5x10° 5.0x10° 7.5x10° 1.0x108
reaction time t,.o4 [S Jeat Lsor™']

® 5wt.% = 10wt% A 20wt.%
25wt.% % 30 wt.%

5.0x10° 7.5x10° 1.0x10°

2.5x10°
reaction time ¢4 [S 9cat Lsor™"]

Figure 5. Measured (symbols) and calculated (lines) concentrations as a function of the modified time and the educt
concentration during XYL hydrogenation (80 bar, 170°C, 0.2 gCa(OH)ZgXYL_1r 0.033 geargxyL ). (@) XYL, (b) EG, (¢) PG,

(d) LA.
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Moreover, the kinetic model provides a description of the
pressure dependency (see Sect.S4 of the Supporting Informa-
tion, Fig. S11) and the temperature dependency (see Sect. S4 of
the Supporting Information, Fig. S12) with good accuracy, as
the comparison between measured and calculated values
shows.

Since EG and PG are of high economic interest, the sum of
those yields are shown as a function of the modified time and
in dependence on the temperature and XYL concentration in
Fig.6. It is obvious that an educt concentration of
1.314 molyy; Ly " is optimal for achieving the highest amounts
of those glycols, whereby the total yield is approximately
67 mol %. Regarding the temperature dependency, it can be
seen that a temperature of 190°C is optimal to achieve the
highest amount of glycols (Yggpg approximately 68 mol %).

5 Conclusion

In the present work, the heterogeneously catalyzed hydrogenol-
ysis of aqueous XYL solution to the valuable products EG and
PG with LA and GLY as main by-products was investigated.
Therefore, a 5wt % platinum/activated carbon catalyst and cal-
cium hydroxide as co-catalyst were used, which show good
selectivities towards the glycols, with total yields of approxi-
mately 68 mol % at optimum reaction conditions. To determine
the reaction network, systematic measurements with XYL and
intermediate products were performed in a stirred-tank batch
reactor. Based on these experiments, a reaction network with a
variety of different reaction paths and products was developed.
For the evaluation of the reaction kinetics as a function of the
educt concentration, the pressure, and the temperature, the
reaction network had to be simplified. This resulted in a reac-
tion network for XYL hydrogenolysis consisting of ten reac-
tions, taking into account the main products EG and PG as
well as LA and GLY, whereby all other products were combined

a) 1 T T T b) 1
® 5wt% = 10wt% A 20wt.%
25wt.% X 30 wt.%
0.8 1 0.8
O O
a a
° A4 4 . | 2
C = c
© 0.6 K © 0.6
[©] [©]
w w
kS ‘G
3 0.4 3 0.4
> >
© ®©
g g
0.2 1 0.2
0 1 1 1 0
0 2.5x10° 5.0x10° 7.5x10° 1.0x108

reaction time o4 [S 9eat Lsor™ ']

to a single side component. It was ensured that the intrinsic
kinetics was measured in all cases through the assessment of
mass transport limitations. By selecting suitable kinetic
approaches, it was possible to describe the influence of the
most important reaction conditions on the measured concen-
tration profiles with good accuracy. By using this quantitative
description of the reaction network, an optimal educt concen-
tration of 1.314 molyxy; Ly and an optimal reaction tempera-
ture of 190 °C could be determined. As a result, the determined
reaction kinetics provides a good basis for designing suitable
reactor concepts for industrial production of bio-derived EG
and PG in the next step.
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Figure 6. Measured (symbols) and calculated (lines) data of (a) the total yield of main products (EG and PG) for var-
ious concentrations at 80 bar, 170 °C, and (b) the total yield of main products (EG and PG) for various temperatures
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