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Selective Oxidation of Arabinose
on Gold Catalysts: Process Design
and Techno-economic Assessment

The present work focuses on process design and techno-economic assessment of
the oxidation of a pentose sugar present in hemicelluloses, i.e., arabinose, on a
supported gold catalyst. The processing plant was designed with Aspen Plus. The
arabinose feedstock price has an important impact on the operational perfor-
mance contributing to almost half of these costs. The feasibility of the overall
arabinose oxidation process requires efficient extraction of hemicellulose from the
lignocellulosic biomass lowering the feedstock costs.
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1 Introduction

The strong dependence of the modern society on fossil feed-
stock for production of fuels, chemicals, and materials causes
environmental, social, and political concerns for several reas-
ons, including the global warming linked to emissions of green-
house gases, such as CO2 and NOx [1]. On the contrary,
biomass is a renewable raw material that can contribute to
minimization of the global warming [2]. As an analogy to clas-
sical refineries, biorefineries are industrial facilities that convert
almost all types of biomass into valuable products such as
biofuels and chemicals [1]. One of the challenges in biomass
processing is the feedstock chemical diversity.

Lignocellulosic biomass is of particular interest in the con-
text of renewables, being able to meet requirements for both
energy generation and synthesis of high value-added products.
Moreover, this feedstock is non-edible, thus avoiding a contro-
versial competition with agricultural commodities, which can
be used for food purposes [3]. Lignocellulosic biomass com-
prises, besides cellulose, a polymer of glucose, also lignin, an
alkylphenolic type of a polymer, and hemicelluloses. The latter
is known as the second most abundant carbohydrate material
and contributes to 25–35 % of the dry weight of wood [4].

Arabinose is an aldopentose obtained by hydrolysis of the
hemicellulose arabinogalactan, which composes up to 15 % of
softwoods and appears in large amounts in larch species (Larix
sibirica) [5]. Extraction of arabinogalactan from larch wood
chips and powder can be done in water at moderate tempera-
tures at an industrial scale [5]. Arabinogalactan can be con-
verted into valuable products through first its hydrolysis to
monomers and subsequent transformations of the resulting
sugars such as arabinose into bio-based products.

Selective oxidation of sugars over noble metal catalysis is one
of the most important lignocellulosic biomass valorization pro-

cesses along with hydrogenations and has been investigated
extensively recently [6]. The oxidation reaction is accompanied
by changes in pH generating a corresponding acid, influencing
therefore activity and selectivity. An alternative option is to
avoid the pH drift, in particular a constant addition of alkali
such as sodium hydroxide keeps a constant pH favoring the
cleavage of the ring and resulting in a salt (i.e., sodium arabino-
nate). More acidic conditions favor the formation of a lactone
[7, 8].

Utilization of noble metals-based heterogeneous catalysis for
selective oxidation of sugars in aqueous solutions has proved
its potential, allowing high selectivity under mild conditions
and diminishing formation of by-products, thus contributing
to a more environmentally friendly process. Moreover, applica-
tion of noble metal catalysis allows their reuse in batch reactors
or stable operation in continuous reactors. In this context,
utilization of gold is even more beneficial as it is not prone to
over-oxidation, contrary to such noble metals as palladium or
platinum [9].

Even if catalytic properties of gold were discovered a century
ago [10, 11], it took many decades before a strong increase in
the interest to this catalytic material and its application to a
range of reactions took place [12, 13]. The critical aspects in
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catalysis by gold in terms of activity and selectivity are the size
of gold clusters and the support, in particular the metal-sup-
port interactions. Gold on different oxides has been used for
CO oxidation at low temperature since the late 1980s [14, 15].
The reaction scope was expanded to many oxidation reactions,
including oxidative dehydrogenation of secondary alcohols,
such as, e.g., a natural lignan hydroxymatairesinol [16] where
gold on alumina was found to be the most efficient. More rele-
vant in the context of this work is a study of Kusema et al. [17]
who reported high catalytic activity and selectivity of gold
nanoclusters supported on alumina in oxidation of arabinose
under controlled basic pH and mild conditions in terms of
pressure and temperature.

The aim of this work is to assess techno-economic feasibility
of selective arabinose oxidation over gold on an alumina cata-
lyst using available experimental data from the literature.
Aspen Plus employed to design and simulate different chemical
processes was chosen because of its ability to model complex
processes using a simple graphical interface and a large data-
base of compounds [18]. Moreover, this software is widely used
in performing techno-economic assessment of various biomass
conversion processes [19–23]. In the current work, Aspen Plus
was applied for the design of a plant processing 3000 t a–1 of
arabinose into arabinoic acid. The results served as a basis for
the economic evaluation performed following the guidelines
mentioned in the literature for similar cases [24–27].

2 Oxidation of Arabinose

Arabinose oxidation over gold catalysts was done isothermally
at atmospheric pressure in a semi-batch mode [6] varying tem-
perature, pH, and some catalytic properties to find the opti-
mum reaction conditions. Kusema et al. [9] proved that in
acidic media the maximum conversion of arabinose was only
23 % after 200 min giving just 46 % selectivity to the desired
product with substantial amounts of the intermediate com-
pound (arabinolactone) formed. On the contrary, in slightly
basic media (pH 8–9) a complete conversion and total selectivity
towards arabinoic acid was obtained after 200 min. As expected,
the temperature elevation was beneficial for activity causing at
the same time the formation of the undesired species [9].

The main product of the selective oxidation of arabinose
over gold catalysts is the corresponding aldonic acid: arabinoic
acid as shown in Fig. 1. The sugar acid and its derivatives found
applications in the cosmetic, food, and pharmaceutical indus-
tries with competitive prices [28]. This figure illustrates the
path for arabinose selective oxidation, through arabinolactone
which is subsequently transformed into arabinoic acid [6].

While in the literature mainly batch reactors were reported
for oxidation of sugars at laboratory scale, in the current study
the continuous oxidation of arabinose over gold on an alumina
catalyst was considered. Contrary to, e.g., continuous hydro-
genation of sugars not requiring any pH adjustment, continu-
ous oxidation can be more challenging because of the pH drift.
An alternative approach would be to feed sodium hydroxide at
several points along the reactor length. Van der Klis et al. [30]
reported a possibility of continuous galacturonic acid oxidation
using a plug-flow reactor without a pH control. Moreover, it
was demonstrated that the selectivity in a plug-flow reactor
was in the same range as in the batch reactor, namely, 94 and
99 mol %, respectively.

3 Process Scheme

The design was done for processing 3000 t a–1 of arabinose. Even
if solubility of arabinose in water is rater high, i.e., 834 g L–1 at
25 �C, to avoid potential problems with solubility a safety margin
should be added based on experience with hydrogenation of
sugars. Thus, it was decided to use as a case study 30 % aqueous
solution of arabinose implying feeding 3000 t a–1 of arabinose
and 7000 t a–1 of water. This amount of feedstock was deter-
mined based on previous studies for similar products [31, 32].

A trickle-bed reactor with gold on an alumina catalyst was
selected for arabinose oxidation, based on promising results in
oxidation of sugars over such catalyst. Trickle-bed reactors are
employed for hydrogenation of sugars such as arabinose [33]
and in a range of industrial-scale oxidation reactions [34].

Kinetics and reaction conditions for oxidation of arabinose
are typically studied in batch and semi-batch laboratory-scale
reactors [6, 9], even if there are successful examples of continu-
ous operation [30]. Bitter and co-workers [30] did not adjust
the pH of the reaction media along the reactor length, thus op-
erating in a pH drift mode. An alternative approach, as already
mentioned, would be to adjust the pH by introducing an alkali
solution, i.e., NaOH, at different points. In the current work
aimed at techno-economic assessment of analysis, detailed
reactor modeling was outside of the scope and only the option
of adding sodium hydroxide at the inlet was considered.

Two scenarios of this study are defined for the production of
arabinoic acid solution based on the heat recovery and reactor
heating method, while the reaction conditions, temperature,
pressure, feed stream composition, upstream process, and sepa-
ration remained the same for both scenarios. The feedstock
stream is composed of an aqueous solution of arabinose satu-
rated with compressed air and solution of NaOH. The inlet
temperature and pressure were 25 �C and 1 bar.

The first rather simple scenario is presenting the base case
with neither heat recovery nor recycling. The feed-
stock passes through the adiabatic reactor before
the phase separation using a flash separator. In the
alternative case, the heat of the outlet stream of the
adiabatic reactor is recuperated through a heat
exchanger before the flash separation and is used
to heat the inlet stream of the reactor. Flow sheets
of the different scenarios are presented in Figs. 2
and 3.
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Figure 1. Reaction scheme for selective oxidation of arabinose over Au/Al2O3

(adapted from [29]).
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3.1 Process Modeling and Simulation

Process modeling and simulation was done in the Aspen Plus
V11 (Aspen Technology) environment previously used in simi-
lar cases [2, 20, 27, 35]. As arabinoic acid properties involved in
modeling were not available in the Aspen Plus database, they
were introduced to the simulation by a user-defined compound
wizard option using a properties table as shown in Tab. 1 esti-
mated via the Joback method [36]. Aspen Properties was
employed to estimate the remaining parameters required for
the simulations.

In this work, the Peng-Robinson equation of state (EoS) has
been chosen to calculate the phase equilibrium for the whole
system [37]. The Peng-Robinson method was developed first in
1976 making an additional improvement of the previous
Redlich-Kwong cubic EoS to more accurately predict the vapor
pressure, liquid density, and the equilibria ratios, for a large
range of fluid mixtures including the nonpolar ones. The

choice of such method is dictated by its applicabil-
ity across a very broad temperature and pressure
range not displaying any anomalous behavior, un-
like the activity coefficient property method [38].
Moreover, this method has been used in the case
studies [27, 35, 39] similar to the current work. The
reactor was modeled using the Aspen PFR blocks,
in line with Ranade et al. [34] who claimed that the
plug-flow model is often applied for modeling of
trickle-bed reactors. The kinetic data and stoichi-
ometry of oxidation reactions were taken from [9].

3.1.1 Upstream Feed

The inlet stream is composed mainly of the fresh
reactants being identical for both scenarios. The
sugar solution feed contains 30 wt % of arabinose
with an annual flow rate of 10 kt. The sugar feed is
then mixed first with the compressed flow of air
(3 bar) to create a saturated solution, then with a
strong base (NaOH) solution of 8.3 ·10–6 mol m–3

in a mixer operating at 25 �C and atmospheric
pressure. The design specification block PHCNTRL

was added to control the concentration of NaOH in order to
keep a pH of 8 at the reactor output.

For the scenario 1, the feed stream goes directly to the reac-
tor as explained previously, while for the scenario 2 there is a
downstream unit which is composed of a plate and frame heat
exchanger with an area of 1 m2. The minimal temperature
approach was taken as 10 �C and the overall heat transfer coef-
ficient is 280 W m2K–1, where the heat from the reactor outlet
stream is recovered to minimize the heat consumption and
ensure a maximum temperature inside the reactor of 69 �C. In
Aspen Plus the heat exchanger was simulated using the option
HEATX with a minimum temperature specification of 10 �C.
Design specification blocks were introduced in the Aspen Plus
model to control the amount of the fresh feed avoiding accu-
mulation of the unreacted reactants.

3.1.2 Reactor

A principal design of the reactor should be selected for the
techno-economic assessment. The scaling-up of a reactor is
always a challenging task which can be solved by building
models based on experimental data similar to the methodology
presented in [35].

The reactor unit is composed of a three-phase trickle-bed
reactor with gold on alumina beads as a catalyst. Trickle-bed
reactors are defined as continuous packed-bed reactors in
which the liquid flows down through the packed catalyst bed in
a trickling mode [40]. Such reactors are used in oxidation of
sugars at the lab scale from the 1980s [41].

As mentioned above, selectivity and activity of gold-cata-
lyzed oxidation are pH-dependent [42]. Interestingly enough,
selectivity in the oxidation of galactogluronic acid on a gold
catalyst even under pH drift is only slightly affected as 94 %
selectivity was obtained in a continuous reactor with uncon-
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Figure 2. Flow sheet of arabinoic acid production (scenario 1).

Figure 3. Flow sheet of arabinoic acid production (scenario 2).

Table 1. Reactant and product properties used for tuning the
thermodynamic basis.

Arabinose Arabinoic acid

Molecular weight [g mol–1] 150 166.13

Normal boiling point [�C] 441.86 554.1

Ideal liquid density [kg m–3] 1571 1045

Critical temperature [�C] 617.3 739.7

Critical pressure [kPa] 6578 7548

Critical volume [m3kg–1mol–1] 0.343 0.3985

Acentricity [–] 2.3 2.8
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trolled pH in comparison with 99 % for a batch reactor with
controlled pH [30]. Kinetic models developed in the previous
studies for gold catalysts [6, 9] can be used in a larger scale. The
reactor modeling, however, should take into account internal
and external mass transfer limitations, which is reflected by
adjusting, e.g., the value of the activation energy compared to
the batch reactor. It is worth mentioning that this adjustment
of activation energy is not influencing the heat balance as the
latter depends on the overall conversion [27].

The reactor unit was modeled as a plug-flow reactor (PFR)
unit in Aspen Plus following some previous examples in mod-
eling of catalytic trickle-bed reactors [43].

Similarly to experiments of Kusema et al. [9], complete
conversion of sugars was reached in 100 min at 60 �C. The
amount of reactants and catalyst used were scaled up linearly
from the laboratory scale. It is noteworthy that to take into
consideration the impact of mass transfer, the catalyst effective-
ness factor was taken as 0.1. Thus, the overall catalyst load was
1041 kg with the volume of 1.63 m3 considering the bulk den-
sity of 0.64 g cm–3 [6]. The reactor was considered as a vertical
cylinder for both scenarios with the aspect ratio (length to
diameter) equal to 3 [25] which results in a length of 3 m and a
diameter of 1 m.

At the reactor outlet and for the residence time of 29 min,
complete conversion of 3000 t a–1 of arabinose gives 11 263 t a–1

of arabinoic acid solution of 27 wt % (11 270 t a–1 for scenar-
io 1). The rest is mainly composed of water and unreacted gas-
eous species as indicated in Tab. 2.

3.1.3 Separation and Recycle

Separation of the arabinoic acid solution is done using the flash
separation, allowing separation of arabinoic acid. The flash sep-
arators are known to operate at low temperature, opposite to
some other unit operations used in similar cases, such as reac-
tive distillation in lactic acid production [21], electrodialysis
[44], and high-performance liquid chromatography for synthe-
sis of lactobionic acid [45]. This can be translated into a
decrease in the separation costs, which is essential since the
separation and purification steps can contribute up to 50 % of
the production costs [21, 46, 47].

To perform such separation in Aspen Plus, the ‘‘flash2’’ block
was chosen. The flash separation is done under atmospheric
pressure and with a flash temperature of 30 �C allowing separa-
tion of the excess of gaseous species and increasing the acid
concentration in the final solution.

4 Process Cost Assessment

The economic assessment aims at giving an overview of the
total costs (total capital investment and operating costs) of the
selective oxidation of arabinose for a plant capacity of
11 270 t a–1 for the first scenario and 11 263 t a–1 for the second
scenario. The calculated capital and operating costs are
grouped in Tab. 3.

The cost estimation was done following the approach widely
used in similar cases [25, 26] by dividing the costs into produc-
tion and capital costs. The capital cost is calculated by sum-
ming the installed equipment costs taking into account a typi-
cal factor and reliable adjustments parameters. The estimation
of the installed equipment costs was first carried out based on
the previous Aspen Plus simulations results. The capital costs
are divided into the fixed capital investment (FCI) and the
working capital. FCI calculation is based on the purchase costs
of the main equipment inside the battery limits (ISBL) while
the other costs are estimated as a factor of the total equipment
cost. The outside the battery limits (OSBL) are counted as 40 %
of the FCI, construction and engineering costs amounting 30 %
of the ISBL+OSBL, while contingency charges are 20 % of
ISBL+OSBL. The working capital was estimated to be 15 % of
ISBL+OSBL. Total capital investment TCI is the sum of FCI
and the working capital.

The purchase equipment costs estimated based on the simu-
lation results can be calculated using the correlations of the fol-
lowing simplified form [26]:

CPE ¼ aþ bSnð Þfm (1)

where a and b are constants, S is the size parameter, n is the
exponent, and fm is the material cost factor being 1 for the car-
bon steel case and 1.3 for stainless steel used in the arabinoic
acid production case. The values of constants depend on the
equipment type and can be retrieved from Sinott et al. [26],
where the purchase costs are referred to Gulf Coast basis as of
January 2006 (CEPCI = 478.6).

The installed equipment costs CIE were estimated from the
following equation:

CIE ¼ CPEfi
CEPCI 2019ð Þ
CEPCI oldð Þ (2)
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Table 2. Mass flow at the reactor outlet.

Compound Mass flow [kg h–1]

OH– 1.55 ·10–5

H2O 909.194

Arabinoic acid 378.705

O2 0

Na+ 2.095 ·10–5

N2 118.595

CO2 0.079

Ar 2.016

Table 3. Total capital and operating costs for different scenarios
in M$.

Scenario 1 Scenario 2

Total capital investment 1.26 1.28

Total operating costs 4.17 3.76
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where fi is the Hand’s installing factor (4 for vessels and reactor,
3.5 for heat exchanger, 2.5, 2 for heaters, and 2.5 for the re-
maining equipment) [26]. The costs were adjusted to 2019
(CEPCI 2019 = 607.5) [48].

The reactor total purchase cost is assumed to include the cost
of shell and the catalyst bed. The recovery rate of gold in the
catalyst was assumed to be 96 %, thus the only costs of the gold
in the catalyst accounted are the non-recovered 4 % while the
remaining metal can be completely recovered allowing com-
plete cost compensation at the end of the catalyst lifetime. The
costs of gold recovery are divided into the reclamation costs
taken 3.3 $ kg–1 and the preprocessing costs equal to 1.3 $ kg–1

according to Dutta et al. [49]. Based on that, the capital cost of
the reactor is estimated to be ca 68 k$. Taken into account that
the price of the support and the catalyst preparation was con-
sidered to be 50 $ kg–1, the total catalyst cost was then estimated
to be 54 057 $ using the gold price of 1850 $ kg–1. The required
catalysts amounts have been calculated based on the available
experimental data. It is worth mentioning that the values might
be somewhat underestimated which can slightly increase the
catalyst load and the reactor volume [27].

Similar to the reactor, the flash separator cost is assumed to
include the shell (vertical pressure vessel). The costs of this and
other pieces of equipment are given in the Supporting Informa-
tion.

The production costs (TCOP) are composed of the variable
costs of production (VCOP), also known as the operating costs,
fixed costs of production (FCOP), and the annual capital
charge (ACC) [26]:

TCOP ¼ VCOPþ FCOPþ ACC (3)

ACC ¼ FCI · ACCR (4)

where ACCR is the annual capital charge ratio. In this work,
ACCR was taken as 0.16 corresponding to the interest rate of
15 % [26, 35] and the plant life time as 20 years.

The variable production cost calculations were done with the
following cost factors: 7.78 $ GJ–1 for the low-pressure steam,
0.056 $ kWh–1 for electricity, 1.776 $ t–1 for water, and 3 $ t–1 for
the wastewater treatment. The feedstock arabinose price was
set at 625 $ t–1 (dry basis) [27]. Oxygen costs were taken as
87 $ t–1 [50] while the costs of NaOH were 14 $ kg–1. The fixed
costs include the operating labor (three shift positions in three
shifts, with an average yearly wage per person of 75 000 $). The
remaining operating cost components (i.e., maintenance, over-
heads, taxes, and insurance, general expenses) were estimated
based on percentages from the known parameters using the
factors from Peters et al. [24] as specified in Tab. 4 and men-
tioned in the previous work [20]. Moreover, 10 years straight-
line depreciation was considered, and the rent of land was
assumed equal to 2 % of ISBL+OSBL.

The total annual operating costs are summarized in Tabs. S2
and S5 in the Supporting Information. The cost of the acid was
either 370 or 314 $ t–1 of an arabinoic acid solution of 29 wt %
for scenarios 1 and 2, respectively. It is heavily dependent on
the arabinose feedstock exhibiting alone above 46 % of the
TCOP, highlighting clearly a need to diminish the production
costs of the upstream processes, namely, extraction of hemicel-

luloses from lignocellulosic biomass and its subsequent hydrol-
ysis.

The profitability of the process is assessed through calcula-
tion of the key indicators such as NPV (net present value), ROI
(return on investment), and PBP (payback period). Moreover,
the following assumptions were used to perform discounted
cash flow analysis: the plant is assumed to be located in
Finland, and thus, the corporate tax is taken ca 20 %. The
discount rate was set to 15 % and the interest rate is 10 % for a
20-year plant life [51]. Construction and starting of the plant
will take two years, thus, TCI will be spent in that period, while
at the end of the plant life time the working capital (WC) will
be recovered. The plant will achieve 100 % of production
capacity during its first year after construction.

For straight-line depreciation calculation, the equipment life-
time is 10 years; the salvage value was taken as zero, e.g., the
fixed capital investment of the plant minus the value of the
land, evaluated at the end of the plant life. The land costs con-
stitute 2 % of the FCI. The revenues of this process are assumed
to originate only from selling arabinoic acid solution at the
market price taken as 0.4 $ kg–1. The latter value is lower than
the price of a commercially available solution of arabinoic acid
[52] as when a technology for producing of the acid is evolving,
the costs are anticipated to decrease. The equations used to per-
form the calculations are grouped in the Supporting Informa-
tion.

The calculation of the profitability indexes (NPV, ROI, and
PBP) is summarized in Tab. 5, while the cash flow tables for
both scenarios can be found in the Supporting Information
(Tabs. S3 and S6). Tab. 5 and Fig. 4 show that scenario 2 is the
most profitable illustrating that profitability is strongly influ-
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Table 4. Summary of calculation factors for operating costs.

Operating costs Definition

Variable costs

Raw materials (RM) Calculated

Utilities (U) Calculated

Fixed costs

Operating labor (OL) Calculated

Operating supervision (S) 15 % of OL

Laboratory charges 15 % of OL

Maintenance (M) 4 % of FCI

Operating supplies 15 % of M

Plant overheads 60 % of (OL+S+M)

Taxes and insurance 3 % of FCI

Land 2 % ISBL+OSBL

General expenses 5 % of variable + fixed

Annual capital charge

Total operating cost Variable + fixed + general expenses
+ annual charges
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enced by the operating costs, which are highly dependent on
the arabinose feedstock.

5 Conclusions

The present study reports the techno-economic assessment of
arabinose oxidation to arabinoic acid including the cost estima-
tion for the industrial process and a profitability assessment.
The process design was based on the experimental data for
arabinose oxidation at ca 70 �C and atmospheric pressure over
a 2 % Au/Al2O3 catalyst. The process model was built using
Aspen Plus to process 3000 t a–1 of neat arabinose. Two scenar-
ios were adopted depending on the heat recovery method, i.e.,
the base scenario without any heat recovery and the second
one with heat recuperation through a heat exchanger. The total
production costs were calculated as high as 4.2 M$ a–1 with the
capital costs up to ca 1.7 M$.

The production costs strongly influence the profitability of
the process being mainly related to the feedstock price, there-
fore, arabinose should be produced from a relatively cheap
renewable source. This indicates the importance of developing
an economic process for extraction of hemicelluloses contain-
ing arabinose, e.g., arabinogalactan, from lignocellulosic bio-
mass.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/ceat.202100211.

Acknowledgment

This work is part of the activities of the Åbo Akademi Process
Chemistry Center (PCC), a center of excellence for scientific
research. The financial support obtained from PCC, Otto A.
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Symbols used

a [–] constant
ACC [–] annual capital charge
ACCR [–] annual capital charge ratio
b [–] constant
CIE [$] installed equipment cost
CPE [$] purchased equipment cost
CEPCI [–] chemical engineering plant cost

index
fi [–] Hand’s installing factor
fm [–] material cost factor
FCI [$] fixed capital investment
FCOP [$] fixed costs of production
n [–] exponent
NPV $ net present value
PBP [a] payback period
ROI [%] return on investment
S [–] size parameter
TCI [$] total capital investment
TCOP [$] total costs of production
VCOP [$] variable costs of production
WC [$] working capital

Abbreviations

EoS equation of state
ISBL inside battery limits
NOx nitrogen oxides
OSBL outside battery limits
PFR plug-flow reactor
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Figure 4. Cumulated cashflow for different scenarios.
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