o)
D)

OPEN { ’\LACTEL@S
‘\C//) -

Abo Akademi

This is an electronic reprint of the original article. This reprint may differ from the original
in pagination and typographic detail.

Arabinose oxidation in a fixed bed of extrudates and solid foams containing gold
nanoparticles

Simakova, Irina L.; Hachhach, Mouad; Aho, Atte; Eranen, Kari; Warna, Johan; Salmi, Tapio;
Murzin, Dmitry Yu

Published in:
Chemical Engineering Journal

DOI:
10.1016/j.cej.2023.145659

Published: 15/10/2023

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:

Simakova, I. L., Hachhach, M., Aho, A., Eranen, K., Warng, J., Salmi, T., & Murzin, D. Y. (2023). Arabinose
oxidation in a fixed bed of extrudates and solid foams containing gold nanoparticles. Chemical Engineering
Journal, 474, Article 145659. https://doi.org/10.1016/j.cej.2023.145659

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of AAU: 28. Apr. 2024


https://doi.org/10.1016/j.cej.2023.145659
https://research.abo.fi/en/publications/514b29b7-37ea-4c2d-abb5-3591c448751a
https://doi.org/10.1016/j.cej.2023.145659

Chemical Engineering Journal 474 (2023) 145659

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

Arabinose oxidation in a fixed bed of extrudates and solid foams containing | %&s"
gold nanoparticles

Irina L. Simakova ?, Mouad Hachhach ", Atte Aho ", Kari Erdnen ", Johan Warn4 ®, Tapio Salmi b
Dmitry Yu. Murzin >’
& Boreskov Institute of Catalysis, Novosibirsk 630090, Russia

Y Laboratory of Industrial Chemistry and Reaction Engineering (TKR), Johan Gadolin Process Chemistry Centre (PCC), Abo Akademi University, 20500 Abo/Turku,
Finland

ARTICLE INFO ABSTRACT

Keywords:
Sugar oxidations
Gold catalysts

Oxidation of arabinose was investigated in a tandem reactor system comprising a fixed bed of gold catalysts
supported on extrudates or solid foams and a stirred tank allowing operation under constant pH of 8. Powder
catalyst containing 3 wt% Au deposited on y-alumina was extruded with y-alumina and attapulgite or sepiolite as

;\r ab;nlfss a binder or deposited on the solid open-cell aluminum foam after anodic oxidation pretreatment. Alternatively,
1xXe & s s . . .
Extrudates deposition precipitation of gold with urea from HAuCls precursor was done directly on the extruded support or

the solid foam.

The presence of gold was essential for catalytic activity which in the applied reactor set-up was strongly
limited by mass transfer. Arabinose was rather selectively (ca. 90-95% at full conversion) oxidized to arabinonic
acid giving besides arabinolactone other by-products. A mathematical model was developed for the open foam
catalyst structures and the extrudates, comprising intrinsic kinetics deduced from batch experiments and the

Aluminum foam
Kinetic modelling

mass transfer within the solid catalyst.

1. Introduction

The biorefinery as a concept, alternative to conventional production
of chemicals based on fossil resources, has gained increasing popularity
[1-3]. One of the most readily available feedstock — lignocellulose,
comprising mainly cellulose, hemicelluloses and lignin, has been
considered as a source of bio-based products, such as chemicals, mate-
rials and fuels [4-6].

Numerous attempts to synthesize fuels and chemicals from cellulose
and lignin have been reported with already several commercial products
available on the market, e.g. lignosulfonates, vanillin, ethanol, butanol,
carboxymethylcellolose, lignin-based carbon to name a few. Hemi-
celluloses- branched polymers comprising several sugar monomers, can
be easily extracted from lignocellulose in water at moderate tempera-
tures [7,8]. Subsequent hydrolysis of hemicelluloses in the presence of
homogeneous or heterogeneous acid catalysts [9-11] results in carbo-
hydrates, which can be further processed. For example, hydrolysis of
arabinogalactan, the hemicellulose of the larch tree (Larix sibirica), re-
sults in a mixture of galactose and arabinose. The latter can be oxidized
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to the corresponding aldonic acid using either a noble metal, e.g.
palladium, platinum or gold.

Supported gold (Au) nanoparticles have been demonstrated to
exhibit high catalytic activity, selectivity and stability in oxidation of
various sugars [12-15] such as e.g. glucose, galactose and arabinose,
giving the corresponding acids, which are widely applied in medicine
and cosmetics, as well as food and detergent industries [16]. Different
materials, such as ceria, alumina, titania and activated carbon have been
used as the supports for catalysts in selective oxidation of various al-
cohols and sugars allowing to conclude that Au supported on alumina
has a high activity in the oxidation of sugars [17]. Oxidation of sugars is
typically carried out under mild conditions (50 — 70 °C, pH 6-9, atmo-
spheric pressure) [17].

Oxidation of arabinose on Au catalysts has been extensively studied
in the context of the reaction mechanism due to the complex nature of
the adsorbed species on the metal surface, including speciation of
adsorbed oxygen and its location [15,17-20]. Active gold catalysts
typically contain Au nanocrystallites of diameter 2-4 nm, supported on
an oxide material. Structure sensitivity in the oxidation reactions
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implies the key role of the gold nanoparticles size among other factors
determining catalytic activity [21]. For example, Au particles of ca. 2.5
nm exhibit the highest catalytic performance in arabinose oxidation
[21].

Activation of oxygen on gold has been debated even if there is a
general consensus on energetically unfavorable activation and dissoci-
ation of dioxygen on gold single crystals [22] is that and Au atoms at the
interface between the Au cluster and the oxide support are often
considered as the sites for oxygen activation and dissociation [22-25],
while the substrate can be activated by adsorption on the Au nano-
particle per se.

Conventional methods for processing of carbohydrates such as
oxidation, as well as hydrogenation [26] and isomerization [27] are
mainly limited to batch and semi-batch processes in the presence of
finely dispersed catalyst particles, thus essentially being limited to
discontinuous production technology. Attempts along the recent years
to establish continuous sugar hydrogenation processes using fixed bed
reactors have been rather successful even though the need to use larger
catalyst particles in beds inevitably results in heavy internal mass
transport limitations. In the case of sugar hydrogenation over carbon
supported ruthenium catalysts a viable option is to use structured cat-
alysts, for example open foams [28,29]. This is related to limited shaping
opportunities of carbon, which was reported as an optimal support for
ruthenium. Contrary to hydrogenation, oxidation of sugars as
mentioned above, can proceed efficiently over gold supported on
alumina, which is a conventional catalyst support and can be exposed to
different type of shaping, e.g. by extrusion and 3D printing.

There is a limited experience in conducting oxidation of sugars in
continuous fixed bed reactors. Bitter and co-workers described oxidation
of sodium galacturonate to disodium galactarate under alkaline condi-
tions [30] as well as oxidation of glucose and galactose without adding a
base [31] over Au supported on titania with the size of granules in the
range of 0.5-0.65 mm. The substrate scope in the experiments without
addition of a base was extended to include glucuronic and galacturonic
acids [31]. These experiments were conducted at an elevated pressure of
10 bar at 40-100 °C with 0.1 M aqueous solutions of the sugars for one
hour time on stream (TOS) with the solution feed rate 10 mL/min. In
that studies [30,31] pH was not adjusted during the reaction, contrary to
a batch operation when experiments are conventionally done at a con-
stant pH. In fact, pH adjustment in a batch operation is required as
otherwise because of acid formation the pH is drifted during the
experiment substantially changing the reaction rate.

Another example of glucose oxidation in a trickle bed reactor in-
cludes utilization of a gold catalyst based on a micro-mesoporous carbon
with the grain dimensions exceeding 600 um [32]. Also here no pH
adjustment was done along the reactor bed. Complete conversion was
reported for the liquid flow rate of 20 mL/h at 70 °C, 1 bar of oxygen and
the residence time of 1.2 min calculated as the ratio between the volume
of the catalyst bed and the liquid flow rate. The initial glucose solution
(5 wt%) has the pH of 13.5. Besides gluconic acid substantial amounts of
by-products (glycolic and formic acids and especially fructose) were
reported depending on the operation conditions, namely elevated tem-
perature (i.e. 90 °C), high gas flow rates or initial glucose concentration
(i.e. 10 wt%).

In the current work, oxidation of arabinose was performed in a fixed
bed reactor using shaped catalyst bodies to avoid high pressure drop
inevitable with catalyst powders. Sepiolite (MgaH2SiOgxH20, Sigma-
Aldrich) and attapulgite ((Mg,Al)2Si4019(OH)-4(H20)) were selected
as binders based on previous studies on transformations of fine chem-
icals over shaped catalysts [33,34].

Oxidation of arabinose previously performed on gold nanoparticles
indicated that the reaction time in a batch reactor with 100 mL of 2 wt%
sugar solutions at ca. 70 °C and pH 8 with 1 g of catalyst is typically ca. 2
h to achieve full conversion. Due to external and internal mass transfer
limitations present in shaped catalyst bodies, which are in the mm range
and do not exhibit the egg-shell concentration profiles, the catalyst
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effectiveness factor (the ratio between the observed rate to the rate in
the kinetic regime) is expected to be less than unity.

A rather low conversion per pass could be thus anticipated in the case
of the fixed bed reactor with catalyst extrudates. Subsequently the fixed
bed reactor operated in the circulation mode allowing the adjustment of
pH after each pass. A similar operation mode was applied for oxidation
of lactose to lactobionic acid sodium salt in a pilot monolith reactor with
a Pd/C catalyst on a cordierite monolith when pH was adjusted by
suppling a sodium hydroxide solution to a gas-liquid separator located
downstream a catalytic reactor [35].

This work is therefore focused on developing shaped catalyst bodies
in the form of extrudates and metallic bodies, deposition of gold onto
them and performing oxidation of arabinose in a set-up with a fixed bed
reactor allowing a low conversion per pass and a recycling system with a
stirred tank to which sodium hydroxide is added to avoid the pH drift.

Due to similarities in oxidation of sugars it is expected that knowl-
edge in scaling up of arabinose oxidation can be transferred to oxidation
of mono- and even disaccharides (e.g. lactose).

2. Experimental section
2.1. Catalysts preparation

Two strategies were used for the catalyst preparation. The gold on
y-alumina catalysts were either formed by extrusion using 3 wt%Au/
y-alumina in the powder form together with y-alumina and a binder
(sepiolite or attapulgite) also in the powder form. Alternatively, the
extrudates were prepared just with sepiolite and alumina and then
deposition of gold was done by precipitation. Both methods were also
applied for the preparation of structured catalysts using aluminium foam
as the base.

For the preparation of Au supported catalysts C1 and C2 (2 or 3 wt%
of Au respectively), the deposition—precipitation method with urea
described previously [36] was used. A 1.6 x 10”3 M aqueous solution of
HAuCly with urea (0.21 M) was mixed with Al,O3 as a powder followed
by heating at 81 °C for 4 h, which is a typical procedure for deposition
precipitation with urea. After filtration, the catalyst was washed with
distilled water and then additionally with a 12 M NH4OH solution to
remove the excess chloride after the gold deposition. Thereafter, the
catalyst was washed with water, filtered and dried at room temperature
for 24 h. This was followed by calcination in air at 350 °C (2 °C/min).

Alumina (VGL-25, UOP Versal) as a support and sepiolite
(Mg2H2Si0OgxH20, Sigma-Aldrich) or attapulgite ((Mg,Al)2Si4019(OH)-4
(H20), Sigma-Aldrich) as a binder were dried overnight at 100 °C and
physically mixed in the mass ratio = 70:30. As an organic binder
methylcellulose was used to control the rheological properties of the
extrusion paste with the mass ratio of 1/100 to the mixture of alumina
and an inorganic binder. The extrudates C3-C5 were fabricated in a
cylindrical shape using the prepared paste consisting of the alumina
support and a binder along with the catalyst C2. The diameter of
extrudates (i.e. 1.4 mm or 1.8 mm) was regulated using either 1.5-mm
and 1.8 mm diameter-hole die plate. The extruder (TBL-2, Tianjin
Tianda Beiyang Chemical Co. Ltd., China) was driven by a rotational
velocity of 1400 rpm.

In the case of C3-C5 catalysts, the extrudates were dried in an oven at
100 °C overnight, calcined at 350 °C for 4 h in a muffle oven, and cut to a
length of ca. 0.6-1.0 cm.

The extrudates C6 were prepared just with alumina and sepiolite in
the same ratio (70:30) as other catalysts. Thereafter, gold was deposited
on the extrudates using the deposition—precipitation method with urea
as described previously. A 1.6 x 10°> M aqueous solution of HAuCl, with
urea (0.21 M) was circulated through the bed of extrudates at 81 °C for 4
h using an external pump. The same procedure was used for the extru-
dates. After deposition—precipitation the catalyst was washed with
distilled water and then a 12 M NH4OH solution to remove the excess of
chloride. Similar to the preparation of the powder catalyst after drying



LL. Simakova et al.

Fig. 1. Aluminium foam used as the support for deposition—precipitation
with urea.

at room temperature for 24 h, the extrudates were calcined in air at
350 °C (2 °C/min).

For the preparation of C7 catalyst aluminium foam sheets (Good-
Fellow Cambridge Ltd.) with 5 PPI cell density were used. First cylinders
with an average diameter of 11 mm and a length of 33 mm were cut
(Fig. 1) and washed 15 min with water and acetone in an ultrasonic bath
followed by drying for 2 h at 70 °C and overnight at room temperature.

Prior washcoating, a thin oxide layer was formed via an anodization
procedure reported in detail previously along with the corresponding
SEM [37] and enhanced by additional hydrothermal treatment at 330 °C
during 12 h followed by calcination in air by heating to 250 °C at the
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heating rate 1 °C/min for 2 h and then to 450 °C at 1 °C/min for 2 h.

On the modified foam (0.684 g) catalyst C1 (2 wt% Au/Al;O3, 0.137
g) was deposited from a suspension containing also attapulgite (0.042 g)
as well as 0.005 g methylcellulose. After deposition of the catalytic
phase and drying, the catalyst was calcined at 300 °C for 1 h to
decompose methylcellulose.

C8 catalyst was prepared similarly to the catalyst C6 by homoge-
neous deposition—precipitation of HAuCl; and urea on the anodized
foam preliminary washcoated by alumina (0.5348 g including 0.119 g of
alumina layer) using aluminium foam sheets with 5 PPI cell density.

Thus the tested catalysts included extrudates of different length and a
binder made with a ready- made gold containing catalyst; extrudates
when gold was introduced by precipitation from a gold-containing
precursor; anodized aluminium foam onto which the ready-made cata-
lyst was coated or alternatively gold was deposited by homogeneous
precipitation. The set of catalysts thus comprised materials with a thin
catalyst layer (foams) as well as extrudates when the mass transfer
limitations were anticipated due to the size of extrudates.

Characterization of the gold on alumina catalyst has been reported
previously [36] giving the gold particle size ca. 2.5 nm.

2.2. Catalysts characterization

The mechanical strength of the shaped catalyst was measured by the
crush tester (SE 048, Lorentzen & Wettre) for 4-6 extrudates in the
horizontal and vertical positions.

The metal particle size, and their location in extruded catalysts were
analyzed by transmission electron microscopy with JEOL JEM-
1400Plus. Studies of the microstructure and morphology of the sam-
ples were performed using a double-corrected transmission electron
microscope ThemisZ (Thermo Fisher Scientific) in high-angle annular
dark-field/scanning transmission electron microscopy (HAADF/STEM)
and high-resolution transmission electron microscopy (HRTEM) modes
with an acceleration voltage of 200 kV. Collection of images was per-
formed with a CCD Ceta 16 matrix. The device was equipped with an
energy dispersion spectrometer of X-ray radiation (SuperX) equipped
with a semiconductive Si detector with an energy resolution of 128 eV.
The samples were deposited on holey carbon holders and supported on
Cu grids using an ultrasound device.

The textural properties such as the specific surface area, porosity and
the pore size distribution were measured with nitrogen physisorption
using Micromeritics 3Flex-3500 device, showing that there were no
changes in the surface area of the coated catalysts after the coating
procedure. The surface area of the gold/ alumina catalyst was 200 m2/g
with the pore volume of 0.5 cm®/g and the average pore diameter of 10
nm.

Table 1
Prepared catalysts for oxidation of arabinose and experimental conditions.
code  Brief description Gold loading in final Catalyst Arabinose Solution Solution flow rate, Rate, M m®/
catalysts, wt% amount, g conc., M volume, mL mL/min (gau min)
C1 2 wt%Au/Al,03 powder 2 - - - -
Cc2 3 wt%Au/Al;03 powder 3 0.1 0.133 150 Batch 1.110*
Cc3 3 wt%Au-Al,03 /alumina/sepiolite Extrudates 0.166 2.36 0.133 250 234.4 5.310°
1.4 mm
C4 3 wt%Au/Al,O3 /alumina/sepiolite /Extrudates 0.207 2.85 0.133 250 234.4 4.310°
1.8 mm
C5 3 wt%Au/Al,03 /alumina/attapulgite 0.5 1.99 0.133 250 181.8 2.6 10°
Extrudates 1.4 mm
Cc6 Alumina/sepiolite /Extrudates 1.8 mm. n.d. 0.50 0.0655 250 181.8 1.810°
Homogeneous precipitation of HAuCl,
c7 2 wt%Au/Al,O3 attapulgite/ Aluminum open 0.2 0.79 0.0655 250 121.1 1.04 10°
cell foam PPI 5
c8 Aluminum open cell foam PPI 5 Homogeneous 1.5 0.54 0.0655 250 121.1 2.810°

precipitation of HAuCl,




LL. Simakova et al.

Chemical Engineering Journal 474 (2023) 145659

Fig. 2. Recyle reactor set-up and catalyst bed.

2.3. Catalytic experiments

Oxidation of arabinose in a semi-batch mode under a constant flow of
oxygen and thus constant concentration of dissolved oxygen was per-
formed in a laboratory-scale glass reactor equipped with an efficient
mechanical stirrer and a heating jacket. A short description of the con-
ditions is presented in Table 1. A Brooks 5850S device was used in order
to control and adjust the gas feed (150 mL/min). Temperature (70 °C)
was controlled by two thermocouples placed inside the tank reactor, to
which NaOH was added, and also on the top of the fixed-bed reactor. The
temperature difference was ca 0.02 °C pointing out on the isothermal
operation without temperature gradients. The pH (8) was controlled
using a Metrohm Titrando 907 device equipped with a Metrohm Uni-
trode electrode. A particle size less than 65 um and efficient stirring
(1000 rpm) were used to suppress the internal and external mass transfer
limitations in the catalyst pores. The liquid volume was 150 mL and the
concentration of aqua L-arabinose (Sigma-Aldrich, >99%) solution was
equal to 0.133 M, while a lower concentration was used for C6-C8 cat-
alysts due to less available metal catalyst amounts for testing. The pH
control was carried out using 1 M NaOH. The samples were periodically
withdrawn from the liquid phase during the experiments and the con-
centration profiles of the reactants.

Experiments with a fixed bed of catalyst were done circulating the
aqua L-arabinose solution (0.067 M and 0.133 M) (Table 1) through the
bed of extrudates (Fig. 2) or the open-cell foams.

The liquid was circulating upflow through the fixed bed reactor
containing extrudates followed downstream by the continuous stirred
tank, i.e. the same vessel, which was used for batch experiments. The
rationale for such reactor arrangements is the easiness of adjusting pH
during the reaction, as this is done in the same way as in batch operation

because of low conversion levels per pass. In an alternative case when
activity would be very high giving a high conversion per pass, pH gra-
dients might appear along the fixed bed reactor requiring multiple
points of alkali injection.

The reaction products were monitored using high performance liquid
chromatography (VWR Hitachi Chromaster) equipped with a 300x7.8
mm Bio-Rad Aminex HPX-87C column and a RI detector (VWR Hitachi
Chromaster 5450). The temperature of the column was 80 °C and the
flow rate of 0.6 mL/min using 1.2 mM CaSOy4 as an eluent, operating in
the isocratic mode, and resulting in a column backpressure ranging
between 65 and 70 bar. The injection volume of the investigated sample
was 10 pl.

3. Results and discussion
3.1. Characterization of catalysts by transmission electron microscopy

Differently prepared gold bearing catalysts such as C5, C6 extrudates
as well as C7 and C8 foams were studied by transmission electron mi-
croscopy (TEM) and high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) in order to determine the
morphology and gold metal particle size (Fig. 3). To elucidate a possible
effect of reaction media TEM data of spent C7 sample were compared
with that prior to the reaction. The HRTEM study (Fig. 3) shows that
gold nanoparticles of the rounded shape were uniformly distributed on
the catalyst surface of C5, C6, C7 and C8 spent samples. The mean gold
nanoparticle size for the spent catalysts increased in the sequence C6 ~
C5 < C7 < C8 being 4.1, 4.2, 5.2 and 5.8 nm, respectively. No highly
enriched areas with elevated local concentration of gold clusters were
observed. Spent C5 extrudates prepared from 3% Au/Al,03 powdered
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Fig. 3. TEM micrographs of the studied Au catalysts - a) HRTEM and HAADF-STEM images of C5 spent catalyst, b) histogram of particle size distribution for C5 spent
catalyst, ¢c) HRTEM image of C6 spent catalyst, d) histogram of particle size distribution for C6 spent catalyst, e) HRTEM image of C7 fresh catalyst, f) histogram of
particle size distribution for C7 fresh catalyst, g) HRTEM image of C7 spent catalyst, h) histogram of particle size distribution for C7 spent catalyst, i) HRTEM image of
C8 spent catalyst, j) histogram of the particle size distribution for C8 spent catalyst.

catalyst synthesized by homogeneous precipitation and mixing with the
attapulgite binder for shaping exhibited comparable gold nanoparticle
dispersion as spent C6 extrudates prepared from alumina and sepiolite
(7/3) followed by homogeneous precipitation of gold by a similar way.

Both C5 and C6 extrudates are characterized by more dispersed gold
nanoparticles compared to the spent C7 and C8 foamed catalysts pre-
pared by either coating aluminium foam with the mixture of 3% Au/

Al,03 powdered catalyst and attapulgite (C7), or by coating aluminium
foam with the mixture of Al,O3 and attapulgite followed by deposition
of gold by homogeneous precipitation (C8). Interestingly despite mild
reaction conditions (70 °C and 1 bar) the reaction media affected Au
nanoparticle size changing from 3.8 to 5.2 nm by 37% during arabinose
oxidation (Fig. 3 c-f). Taking into account that for the initial powdered
3% Au/Al,03 with the average Au particle size of ca. 2.8-3.0 nm the size
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Fig. 3. (continued).

increased after reaction to 3.8-4.2 nm, the effect of the reaction media
was similar for extruded and structured catalysts.

Note that in general, the deposition precipitation with urea using
circulation of the gold precursor solution across the open cell foam could
result in the bigger size of the gold particles compared to that in the
powder catalyst and less homogeneous distribution of gold compared to
the extrudates prepared using powdered Au catalyst. In the case of open-
cell foams deposition of the active phase was done either by washcoating
with the Au on alumina powder catalyst (C7 catalyst) or alternatively by
deposition precipitation with urea using circulation of the gold precur-
sor solution through the open cell foam washcoated with y alumina foam
(C8 catalyst). Such circulation, apparently not needed in the former
method, influenced the size of gold clusters. Namely, deposition pre-
cipitation of gold on a metallic foam after washcoating first with a gold
free y alumina powder, gave a somewhat lower gold dispersion (Fig. 3 g,
h).

For C7 catalyst the thickness of the washcoat layer can be calculated
as the volume of the deposited phase divided by the geometrical area of
the foam. Taking the bulk density of the suspension and foams as 0.6 and
1 g/cm®, respectively, the geometrical area for the 5 PPI foam of 500
m?/m? increasing twofold after anodization, the nominal washcoating
thickness would be 90 um, which is very close to the size of the particles
in the suspension prior to coating.

Table 2
Average mechanical strength of extrudates in vertical and horizontal positions.

No.  Sample Mechanical strength ~ Mechanical strength
(vertical), MPa (horizontal), MPa

C5 catalyst (d = 1.4 mm, 4.1+0.1 1.2 £0.01
binder attapulgite)fresh

2 C4 catalyst (d = 1.8 mm, Not measured 1.2 £ 0.01
binder sepiolite)spent

3 Attapulgite [33] 16.3 £ 1.6 (V) 7.7 £ 0.8 (H)

4 Sepiolite [33] 5.6 + 0.6 (V) 3.5+ 0.4 (H)

3.2. Mechanical strength

The results of mechanical strength measurements, giving the values
of 1.2 £ 0.01 MPa and 4.1 + 0.1 MPa respectively, for fresh C5 catalyst
(d = 1.4 mm, binder attapulgite) and 1.2 + 0.01 MPa for the C4 spent
catalyst (d = 1.8 mm, binder sepiolite) in the horizontal position, are
presented in Table 2.

As a comparison, pure attapulgite/sepiolite extrudates of d = 1.4 mm
exhibited mechanical strength 7.7 + 0.8/3.5 + 0.4 in the horizontal
position and 16.3 + 1.6/ 5.6 + 0.6 in the vertical position for attapulgite
and sepiolite, respectively.
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Fig. 4. Main pathways in selective oxidation of arabinose over gold catalysts.
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Fig. 5. Oxidation of arabinose over powder 3 wt% Au/alumina (C2) in a semi-
batch mode at 70 °C, pH 8, Poy = 1 bar, Co, arabinose = 0.133 M.

3.3. Catalytic activity and selectivity

Selective oxidation of arabinose (Fig. 4) over a powder gold on
alumina catalyst (C2) carried out isothermally at atmospheric pressure
in aqueous phase in semi-batch mode was very selective to the corre-
sponding aldonic acid (Fig. 5) with the final selectivity close to 98%.

The catalytic data were rather similar to the previously reported
results obtained in the kinetic regime in the absence of the liquid-to-
solid mass transport limitations and intraparticle diffusion limitations
[17,19,20]. The main difference was some marginally pronounced S-
shaped behavior as well as formation of an unknown compound with the
retention time in HPLC 13 min. Presence of another unknown compound
at 16 min of retention time (Figure S1) was observed in all experiments
with extrudates and open cell foam catalysts. Interestingly, the forma-
tion of these compounds increased with conversion.

Previously [38] it has been demonstrated that formation of these
unknown compounds, different from arabinolactone and ribulose, can
be partially suppressed at elevated oxygen concentrations. When the
product peak areas are plotted against each other (not shown) their
formation follows the parallel paths. NMR [38] analysis confirmed for-
mation of lower carbon number products (e.g. 2- and 3-hydroxypro-
pionic acid) indicating that the unknown products most probably
result from retro-aldol condensation or similar reactions leading to C2
and C3 alcohols, diols and hydroxyacids in sugar transformations re-
ported previously [39]. The response factors of the unknown compounds
were considered to be the same as for arabinolactone leading to a mass
balance closure of ca. 95-97%.

Results of experiments in the tandem reactor system with the C3
catalyst with and without normalization are presented in Figure S2,
while Figs. 6 and 7 contain only normalized data for extrudates and
foams, respectively to facilitate a comparison between experiments
performed with somewhat different amounts of catalyst and gold
loadings.

Fig. 8 displays an overview of the experiments with extrudates and
foams and compares data in the batch reactor using the normalized time

with oxidation of arabinose in the fixed bed.

It can be clearly seen that the observed rate was much higher in the
batch reactor with the powder catalyst implying presence of mass
transfer limitations in case of the catalyst extrudates.

It should be also noted that the tested catalysts were stable against
leaching as confirmed by ICP analysis of the liquid phase demonstrating
absence gold in the concentrations above the detection limit (0.003 mg/
D). Such results indicate adequate adhesion of the coatings.

Asrevealed by Fig. 8, a high sugar conversion can be achieved after a
prolonged reaction time (20-24 h) in the fixed bed reactor with almost
zero order kinetic curves. Among the extrudates, the highest reactivity
was exhibited by the C3 catalyst with sepiolite as the binder and the
dimeter of 1.4 mm. C5 catalyst with the same diameter (Table 1), where
attapulgite was applied as a binder displayed a lower activity. It should
be noted that the catalyst C4 with thicker extrudates (Table 1) was as
expected less active than C3. The difference between attapulgite and
sepiolite, which are both phyllosilicates with continuous two-
dimensional tetrahedral sheets, can be tentatively ascribed to higher
specific surface area of sepiolite exhibiting also a higher cation exchange
capacity and a large channel diameter (0.37 x 1.06 nm vs 0.37 x 0.64
nm for attapulgite).

Because the C3-C5 catalysts were prepared using the same 3 %Au/
alumina powder catalyst the intrinsic activity of gold per se was the same
in these materials. On the contrary, C6 catalyst was prepared by ho-
mogeneous deposition—precipitation of gold from its precursor in the
presence of urea. It is visible from Fig. 8 that the reaction rate deduced
from the slope of the curve is lower than for the counterparts, even if the
size of gold clusters is similar as verified by HRTEM. At the same time
the cluster size distribution is evidently broader, thus presumably such
large clusters are not efficient in oxidation of sugars know to be a
structure sensitive reaction. A similar conclusion can be made for
catalyst C8.

Synthesis of shaped catalysts by extrusion of gold on alumina as a
powder along with the binder inevitably results in presence of mass
transfer limitations, as because of the preparation method the active
catalytic phase is distributed more or less uniformly in the extrudates.

Contrary to this, washcoating with the ready made catalyst has an
advantage of keeping a small washcoating thickness (90 pm) minimizing
the influence of internal mass transfer. In addition the size of gold
clusters remains resulting in the catalyst (C7) with the second highest
activity. Alternatively, deposition precipitation of gold on a metallic
foam after washcoating with y -alumina powder led to a somewhat
larger gold cluster size giving a catalyst which was not very active
(Fig. 7b).

As mentioned above selectivity to arabinonic acid at close to full
conversion was somewhat lower than in the oxidation of arabinose in a
stirred tank reactor, being still rather high. Dependence of selectivity as
a function of conversion for the studied catalysts is illustrated in Fig. 9
confirming that apart from C3 and C5 all other catalysts including C7
displayed the final selectivity of 95-96% at the conversion level
exceeding ca. 80%. Selectivity to the acid was increasing with conver-
sion. This typically indicates a consecutive nature of the reaction
network comprising lactone as an intermediate, which is in line with the
kinetic curves (e.g. Figs. 6 and 7). An alternative explanation will be
related to less prominent generation of the unknown products as the
reaction progresses. Note that the initial arabinose concentration did not
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affect noticeably dependence of selectivity to arabinonic acid vs. arab-
inose conversion (Fig. 9).

3.4. Modelling and simulations

3.4.1. Rate equations

Similar rate equations as presented in our previous publications are
used [20,38]. They are based on the hypothesis of molecularly adsorbed
oxygen being the active species in the oxidation process and the surface
reaction between adsorbed oxygen and arabinose is the rate determining
step. The adsorption of arabinonic acid was neglected. These assump-
tions give the following kinetic expression for the main reaction, for-
mation of arabinonic acid

. ki CACOZ(a)Z
r

_ i ®
(1 4+ KaCa + KoCo2)

Where r is the reaction rate, a is the activity function reflecting po-
tential deactivation (equal to unity in the current case), k; is a merged
rate parameter comprising the kinetic constant of the surface reaction
step and the adsorption parameters of oxygen K, and arabinose K.

For the formation of arabinolactone the rate equation is

kchcoz(a)z

- @)
(1 + KACp + KoCon )

The formation rates of the unknown by-products P3, P4 and P5 are
described with very simple rate equations

2
= k3CAC02(a) . (3)
(1 + KACx + KoCo2)
2
Y= k4CAC02(a) . (4)
(1 4+ KaCx + KoCo2)
ksCaCop(a)’
re = 5Ca 02(0) (5)

(1+KACs + KoCo)’

In the current work experiments were done under a constant pressure
of oxygen, as the focus was on demonstrating feasibility of the reactor
concept and comparing different shaped catalysts rather than investi-
gating the influence of oxygen pressure. For the sake of clarity and
taking also into account weak adsorption of oxygen on gold the term
comprising the adsorption constant of oxygen and its concentration was
omitted from the denominator in eq. (1)-(5).

3.4.2. Model for the catalyst layers and the reactor system

The rate equations were implemented in the reaction-diffusion
model for the porous catalyst structures. The reaction—diffusion model
was used because the experimental results displayed in Fig. 8 indicated
strong diffusion limitations inside the extruded catalysts and catalyst
foams. The kinetic curve for the powder catalyst is strongly bended,
whereas the curves for extrudates and foams are practically straight
lines in most cases. This feature is not caused by the lack of dissolved
oxygen in the liquid phase, because oxygen was fed into the system in a
large excess. The explanation for the form of the kinetic curves for
extrudates and foams is thus the internal diffusion limitation. The
diffusive flux inside the porous structures is described with the law of
Fick,

dG;

Ny = — Dei? (6)

where r is the radial coordinate of the catalyst layer. The mass bal-
ance for all organic components and oxygen (i) inside the layer depends
on the diffusion flux (N;) and the reaction rate (r;) of each component,

dc;  d(Nir)

ar T T rar

+ riPp (7)
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where the general shape factor (s) is a function of the outer surface
area and the particle volume,

Ap
1=(— )R
s+ <VP>

For a cylindrical extrudate with the radius (R) and the length (L) the
surface area is Ap = 2 7R? + 2 nRL and the volume is Vp = 7R’L. The
shape factor becomes

R
=2(= 1
K (L)+

For the foam, the slab geometry can be assumed and s = 0. Inserting
the flux expression (6) in the balance equation (7) gives

(€))

9

dc;,  d(Degr)
Ep——=—"

1
dt ridr (10)

+7ipp

Assuming that the effective diffusion coefficient (De;) is constant for
each local concentration, the equation, the differentiation of equation
(10) gives

dci dZCi N dC,
= D¢ - i 11
i (dr2 Jrr dr)Jrer an
A dimensionless coordinate (x = r/R) is introduced,
dC; Dy (d*C; s dC;
S Dei (00 | S G4 , 12
a TR (d)c2 +x dx>+er (12)

The boundary conditions as well as initial conditions allow the
equations to be solved by robust numerical methods, such as the method
of lines.

The classical initial and boundary conditions are implemented for
the component concentrations inside the particle

Ci(t=0) = 0,x€[0, 1] (13)
Ci(t) = C’i([),x =1 a4
dc; _

= 0,x=0 (15)

Equation (13) tells that the concentrations of the organic compo-
nents and oxygen are zero in the beginning of the experiment. At the
outer surface of the catalyst particle, the concentrations in the pore and
in the bulk phase coincide according to equation (14) and in the centre
of the layer the concentration gradients vanish according to equation
(15). To obtain a very good accuracy for the concentration gradient at
the outer surface of the catalyst, numerical integration of the concen-
tration profiles is applied,

X X 1
— / d<Dei£r‘> = / ripp(Rx)"Rdx
0 dr 0

The integration limits for the left-hand side are 0 at x = 0 (as the flux
is zero in the particle centre) and -De; dCi/dr r° = -De; dCi/dx RS atx = 1
(i.e.r =R).

Eq. (16) becomes

(16)

dG;

1
— Dy dX'R"" = R“*‘pp/o rix'dx an
which is transformed in a straightforward way to
dc; !
—De—— = R’pp / rx'dx (18)
dx 0
The fluxisatr =R
dc; dac, !
Ni= —Dy— = —Dy—-=R xd. 19
dr R RPe /O rix’dx 19)

The units for the flux Ni and Rp,r; are the same, namely mol/(m>3s).
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The liquid circulation rate in the tandem reactor system was high
compared to the rates of the chemical reactions, which implies that no
concentration gradients appeared inside the reactor. The same approach
was considered for temperature gradients, which were neglected
because of a negligible difference between the inlet and outlet of the
reactor and the latter was supposed to operate in an isothermal mode.
Consequently, the reactor system can be described as a single vigorously
stirred vessel, which allows a significant simplification of the mathe-
matical treatment. Based on this hypothesis, the mass balance for
arabinose, arabinonic acid and the by-products can be written as
dn;

= NA'
dt ?

(20)

where A’p where is the total outer surface of the catalyst particles in
the liquid bulk, N; is the flux at the outer surface of the particles and n; is
the amount of substance (in moles) of each compound. Because the
extrudates and solid foams are monodisperse, the total outer surface
area can be calculated from the number of catalyst elements and their

individual areas
Ap = npAp (21)

where the number of catalyst elements are related to the catalyst
mass, the density and the element volume,

My
np = (22)
’ peVe
Consequently, the available surface area becomes
/ cac(s + 1
Ay = Meu0+ 1) 23)
ppR

After inserting the expression (23) in the mass balance (21) the final
form is obtained,

% _ _mcat(S + 1)

i 24
dt ppR 24

The liquid volume is calculated from the experimental data, taking
into account the change of the liquid volume due to the alkali addition
and sampling,

4
V(t) =Vo+ /(; V'addeddt — Vsampling (1) (25)

The balance equation of gaseous and dissolved oxygen were
neglected, because the reactor system was operated under the saturation
conditions of oxygen. Thus the concentration of dissolved oxygen is
determined by the solubility and the gas-liquid equilibrium constant.
Henry’s law was applied to describe the gas solubility. The solubility
model was adopted from [38].

The model consists of equations (1)-(5), (12)-(15), (17), and (24)-
(25). The partial differential equations (12) describing the components
inside the catalyst layer were discretized with finite differences. Central
differences were used for the first and second derivatives. Thus, a large
system of ordinary differential equations (ODEs) was created which was
solved with a stiff ODE algorithm, backward difference algorithm
implemented in the software Modest [40]. The ODE solver worked
under the optimization routine. The model was solved repeatedly and
the parameter values were adjusted until the minimum of the objective
function (Q)

0= Z Z (Cerpi = Cestiy)’
=1 j=1

where n is the number of chemical components and m is the number
of time points in the experiment. A combined simplex-Levenberg-
Marquardt algorithm was used in the search of the minimum: the
parameter estimation was started with the robust simplex algorithm and
shifted to the more rapid Levenberg-Marquardt as the optimum was

(26)
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70 °C, pH 8, pO, = 1 bar. Other details are given in Table 1.

Table 3
The calculated values of reaction parameters for C6 extrudates.

Constant Unit* Value Relative standard error, %
ky m?®/min/mol 0.10 102 55.5

Ky m®/min/mol 0.0455 48.4

ks m?/min/mol 0.3310° 98.1

ka4 m?/min/mol 0.17 10 >100

ks m®/min/mol  0.89 10* >100

Ka m®/mol 0.086 37.3

Catalyst tortuosity - 4.1 >100

*The units for the rate constants are m>/min/mol as ppri was used in the cal-
culations, implicitly describing dependence on the catalyst amount.

approached.
For illustration purposes the modelling results for the C6 extrudates
are given in Fig. 10 with the values of parameters presented in Table 3.
The degree of explanation was 99.78% confirming an excellent
correspondence of the model with experiments. The largest standard
errors are associated as expected with the rate constants leading to
minor components.

4. Conclusions

Oxidation of arabinose over gold on alumina catalyst in the form of
extrudates and open cell foams was successfully implemented in a fixed
bed reactor under a constant pH of 8, which was ensured by adjusting pH
in a CSTR incorporated in the loop. The foam catalysts were prepared by
deposition of the catalyst in the powder form containing gold on
y-alumina onto the solid open cell aluminium foams or by deposition
precipitation of gold directly on the foam. Alternatively, deposition
precipitation was done onto an extruded support. Extrusion of the
powder gold/y-alumina catalyst with y-alumina and attapulgite or
sepiolite as binders was also applied.

Similarly to a batch reactor with Au/Al;O3 powder catalyst arabi-
nose was oxidized with a high selectivity into arabinonic acid (90-95%)
albeit at a much slower rate, implying mass transfer limitations. Some
minor amounts of by-products were also formed under conditions of
such limitations. Tested catalysts exhibited very good stability against
leaching of gold. For extruded catalysts an effect of the binder type was
observed with extrudates with sepiolite displaying higher activity than
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with attapulgite. Homogeneous deposition—precipitation of gold from its
precursor in the presence of urea on shaped catalysts was less efficient in
terms of the resulting activity compared to deposition of the catalyst in
the form of powder. This could be related to a larger size of gold and less
homogeneous distribution of gold particles after the former preparation
procedure.

Utilization of a high liquid circulation rate implies a possibility to
consider the tandem reactor as a single vigorously stirred vessel
simplifying the mathematical treatment. The balance equation of
gaseous and dissolved oxygen could be neglected, because the reactor
system was operated under the saturation conditions of oxygen. For
kinetic modelling the hypothesis of molecularly adsorbed oxygen as the
active species in oxidation and the surface reaction between adsorbed
oxygen and arabinose as the rate determining step was adopted.

The experimental data for the extruded catalyst obtained in the
tandem reactor were successfully modelled giving a high degree of
explanation (ca. 99.8%) with the reaction—diffusion model for the
porous structures considering the internal mass transfer limitations in-
side the extruded catalysts and catalyst foams.
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