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This work presents a comprehensive study on the catalytic and kinetic aspects of the ketonisation of acetic
acid, a model volatile fatty acid, using Ce;_Zr,O, as catalysts. Volatile fatty acids are promising biomass
derived feedstock for production of drop-in sustainable aviation fuels through a series of cascade reactions,
with ketonisation as the first step followed by aldol condensation and subsequent hydrogenation. A series of
Ce;_,Zr O, catalysts for ketonisation were prepared using a mechanochemical technique of ball milling, and
their performance was evaluated for varying Ce/Zr mole ratios. Among the catalysts tested, Ceg75Zrg 250,
exhibited the highest conversion and selectivity towards the desired product, acetone. The catalyst
characterisation showed the formation of nano-aggregates with an average particle size of 340.8 nm and a
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specific surface area of 66.2 m? g 1. The kinetics of the reaction indicated a second-order dependence on
acetic acid, while the products (acetone, water, and CO,) exhibited negative orders, suggesting competitive
adsorption on the active sites of the catalyst. The activation energy for the reaction was determined to be

DOI: 10.1039/d4re00181h
103.4 kJ mol™ suggesting the surface reaction as the rate controlling step. These findings provide valuable
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1. Introduction

The globally increasing demand for energy and dwindling
crude oil reserves combined with the climate emergency have
sparked rapid development of low carbon technologies to
secure clean energy from renewable sources. Biomass has
become a key focus as renewable feedstock for producing
hydrogen, liquid transportation fuels, and platform
chemicals.” Annually, the increase in greenhouse gas
emissions continues to rise, causing difficulties in climate
mitigation. A joint effort from all sectors is imperative to
prevent dangerous climate crisis, and in this regard, the
aviation industry holds a major contribution. The global
consumption of aviation fuels, currently at 360 billion litres
per year, is expected to double by 2050, posing to be a major
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insights into the catalytic behaviour and kinetics of the ketonisation reaction.

challenge to the ambitious 2050 net zero target due to
increasing greenhouse gas emissions. With the aviation
industry committing to reduce its carbon footprint by 50%
before 2050, increasing the production of sustainable aviation
fuel (SAF) has taken centre stage. However, current SAF
production is at less than 1% of global jet fuel demand.
Hence, new chemical technologies using waste and renewable
feedstocks are urgently needed to increase SAF production
and meet the 2050 net zero target."”

Volatile fatty acids (VFAs), which are carboxylic acids
ranging from C, to Cg, can be generated from wet waste
sources such as food waste, animal manure, and wastewater
sludge, making them potential feedstock for SAF.>* Typically,
anaerobic digestion of wet waste by microbial consortia
produces CO, and CHy, but this process can be modified to
produce VFAs instead by arresting methanogenesis.””’
Biomass conversion pathways for aviation fuel, collectively
referred to as “sustainable”, require quantification of carbon
intensity to ensure significant reductions compared to fossil
fuel usage and to evaluate the benefits of each pathway
comprehensively.”

In a recent life cycle analysis (LCA) of the investigated
pathway, which involves VFA upgrading to SAF through
sequential ketonisation and hydro-treating, researchers found
that the process exhibits a carbon emission intensity below
zero (=55 g CO, eq. MJ ™). This is primarily due to the

This journal is © The Royal Society of Chemistry 2025
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avoidance of methane emissions that would otherwise occur
if wet waste was landfilled.® Similar LCA studies on the
upgrading of VFAs to diesel blendstocks and fatty acids to
waxes and surfactants, have also demonstrated substantial
reductions in carbon intensity when waste acids are valorised
for fuel and chemical production.”*" Therefore, the
upgrading of VFAs derived from wet waste for use as drop in
blendstocks in SAF presents a promising pathway for
decarbonisation.

The ketonisation reaction has gained recent attention
due to its capability to upgrade bio-oil and its aqueous
phase.’” ! Ketonisation proves to be an effective technique
for the upgrading of organic acids by converting them into
ketones while simultaneously removing oxygen in the form
of water and CO,. This process results in an increase in the
heating values of the bio-oil and a reduction in acidity. The
produced ketones are valuable as they can serve as building
blocks for further reactions such as C-C coupling and
hydro-deoxygenation,  enabling the  production  of
hydrocarbons suitable for transportation fuels. By utilizing
the ketonisation process, organic acids can be efficiently
transformed into ketones, providing a promising pathway
for the upgrading of bio-oil and the generation of high-
quality hydrocarbon products for sustainable energy
applications.®**™** The reaction scheme for ketonisation of
acetic acid is shown in Fig. 1.

Building on our ongoing research in environmental
catalysis and low carbon clean energy technologies,>>* we
have investigated the ketonisation of acetic acid using
mechanochemically synthesised ceria-zirconia (Ce;_,Zr,O,)
mixed metal oxide catalysts as a model reaction. This
transformation is highly relevant for upgrading VFAs into
sustainable aviation fuels through a sequential process
involving ketonisation, aldol condensation, and subsequent
hydrogenation  to  produce  Cg—C;;  hydrocarbons.
Mechanochemical synthesis offers distinct advantages over
conventional hydrothermal methods for preparing ceria-
zirconia mixed metal oxide catalysts. It reduces the number
of synthesis steps and eliminates the need for solvents,
making the process more sustainable and economically
attractive, particularly for scale-up.’**® The solvent-free
nature also aligns with green chemistry principles by
minimising waste. Furthermore, the intense mechanical
grinding promotes defect formation and reduces particle size,
leading to higher surface area and enhanced lattice oxygen
vacancies, both of which are critical for achieving high
activity and selectivity in ketonisation reactions. Initially,

CexZr1xO; catalyst
2 >

OH
Acetic acid

Fig. 1 Reaction scheme for ketonisation of acetic acid.
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efficacy of various compositions of Ce;_,Zr,O, catalysts is
explored for establishing the optimal catalyst for
ketonisation. Different catalyst compositions are prepared
using the ball milling technique, followed by experimental
investigations. The subsequent phase focuses on studying
the kinetics of the reaction using the selected catalyst to
determine the kinetic parameters. Both differential and
integral reactor studies are conducted to gather the necessary
kinetic data for fitting into a kinetic model. The kinetic
modelling is performed using the Langmuir-Hinshelwood-
Hougen-Watson (LHHW) mechanism, and a non-linear
regression analysis is applied to determine the parameters
based on the obtained experimental data. Through this
approach, valuable insights into the catalytic ketonisation of
acetic acid and the associated kinetic behaviour are obtained.

2. Experimental section
2.1 Materials

Acetic acid (>99%), acetone (99%), cerium oxide (CeO,), and
zirconium oxide (ZrO,) were purchased from Molychem
Chemicals, Mumbai, India. CO, and deionised water were
also co-fed into the reactor. Nitrogen was used as a sweep
gas. All other reagents were purchased from commercial
sources and used as received, unless otherwise stated.

2.2 Experimental setup

The experimental setup comprises a phase change reactor
designed to convert acetic acid from a liquid phase to a gas
phase, facilitated by co-feeding of sweep gas nitrogen.
Subsequently, the gaseous mixture is directed towards the
catalyst bed within the main reactor for the conversion of
acetic acid. After the conversion process, the gases undergo
condensation in a condenser unit, where samples are
extracted for analysis. The scheme for the experimental setup
is shown in Fig. 2. The experimental setup used in this study
involved the fixed-bed reactor configuration. Inside the main
reactor, the catalyst is placed between quartz wool plugs, as
shown in Fig. 3.

The flow rate of acetic acid was regulated using a
peristaltic pump, with the system initially set at a stable flow
rate for 60 minutes before taking subsequent samples.
Furthermore, the gases CO, and N, were introduced into the
system by co-feeding them through the gas cylinders via
rotameters. The reactor temperature was controlled using a
PID temperature controller. To collect the samples for

+ CO, + Hy0

Acetone

React. Chem. Eng., 2025, 10, 1994-2003 | 1995
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Fig. 3 Catalyst arrangement inside the reactor.

analysis, the feed exiting the reactor was condensed using
cold water from a condenser.

2.3 Analysis of products

Analysis of acetic acid and acetone was carried out using a
ThermoFisher UltiMate™ 3000 HPLC system equipped with
a refractive index detector (ERC RefractoMax 520). The
column selected for this analysis is the Hypersil GOLD™ C18
Selectivity HPLC Column (250 x 4.6 mm maximum pressure
400 bar and maximum temperature 60 °C) packed with
spherical, fully porous, and ultrapure silica. The mobile
phase consists of 0.005 M H,SO,, and a flow rate of 0.06 ml
min " with a column temperature of 30 °C is maintained.
The mobile phase and temperature were selected based on
previous work by Kumar et al. for the analysis of acetic acid
and acetone.”” The calibration plots of acetic acid and
acetone are shown in Fig. S1 of the ESL}

The acetic acid conversion and selectivity towards acetone
are estimated based on the concentrations obtained by
HPLC. Equations are formulated by combining material
balance and chemical reaction engineering principles,
considering the reaction stoichiometry. Here, it is assumed
that the products are formed in stoichiometric amount and
the concentration of water and CO, in the system are
calculated by material balance.

1996 | React. Chem. Eng., 2025, 10, 1994-2003
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Conversion (X) = — . (1)
n

Cr = inlet concentration of acetic acid (¢ mL™)
Cout = outlet concentration of acetic acid (g mL™)

Moles of Acetone in Sample  27getone
Moles of Acetic Acid Reacted  7cid fed

Selectivity = 2 x (2)

2.4 Catalyst preparation

The catalysts were prepared using commercially purchased
cerium oxide (CeO,) and zirconium oxide (ZrO,) powders. A
ball-milling method suggested by Puértolas et al. was used to
prepare catalysts with varying Ce/Zr mole ratios at 150 rpm
for 60 minutes.*® The different catalysts prepared are listed
below in Table 1.

3. Results and discussion
3.1 Effect of catalyst composition

This study evaluated the prepared catalysts with varying
compositions for their performance in a fixed-bed reactor
under similar reaction conditions. The reaction was carried
out at a temperature of 350 °C with a catalyst loading of 2 g
and a flow rate of 0.1 ml min™". Before initiating the reaction,
the reactor was brought to a steady-state in terms of
temperature and flow rate, which required around one hour.
In this section, a solution of acetic acid with a weight-to-
weight ratio of 50% was employed to investigate the effects of
the aqueous stream on both the catalyst's stability and its
subsequent yield. The results of this study are shown below
in Fig. 4.

The results show the conversion and selectivity of acetic
acid towards acetone for each of the catalysts tested. The
conversion of the acetic acid varies in the order 75CeZr >
100Ce > 25CeZr > 100Zr > 50CeZr > 90CeZr > 10CeZr while
the selectivity to acetone varies in the order 75CeZr > 100Ce
> 50CeZr > 10CeZr > 90CeZr > 25CeZr > 100Zr.

We believe it can be attributed to the combination of the
structural characteristics of the Ce;_,Zr,O, mixed oxide
catalysts, which includes a fine balance between the surface
acid-base sites, available surface area and dispersion of ZrO,
nanoclusters on the surface of CeO,. The results obtained
from the study indicate that the 75CeZr catalyst exhibits the
highest conversion and selectivity towards the target product,

Table 1 List of prepared catalysts

Ce/Zr (mole ratio) Formula Code
0:100 710, 100Zr
10:90 Cey.1Z1y.90, 10CeZr
25:75 Ceg.25219.750, 25CeZr
50:50 Ce.5Zry.50, 50CeZr
75:25 Ceg.75219.250, 75CeZr
90:10 Ceo.0Zro 10, 90CeZr
100:0 CeO, 100Ce

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Effects of catalyst composition. Reaction conditions: catalyst
loading 2 g, reaction temperature 350 °C, and feed flow rate 0.1 mlmin™™.

thus making it the optimal catalyst for the target reaction.
Thus, for studying kinetics, all further experiments were
performed using 75CeZr as the catalyst.

3.2 Kinetic study

3.2.1 Differential reactor. The aim of this study was to
determine the reaction order with respect to acetic acid and
with respect to the products. It should be noted that at lower
conversion, acetone, water, and CO, were the only products
detected. Thus, we can assume that the converted acetic acid
exhibited =~100% selectivity towards the aforementioned
products at lower conversion. Hence, the total conversion of
acetic acid was maintained below 20% to ensure complete
selectivity and prevent any unwanted side reactions. The ESIf
shows that the obtained kinetic data were free from mass
transfer limitations.

The rate of the reaction was calculated using eqn (3):

F
r:XXW (3)

where,

r = rate of the reaction (mol min™ g, ")

X = conversion

F = inlet molar flow rate (mol min™")

W = catalyst weight (g)

To ascertain the reaction order with respect to acetic acid,
the partial pressure of acetic acid was varied by modifying
the inlet flow of the carrier gas (nitrogen). The total pressure
was kept at a constant 760 mmHg with the total temperature
at 300 °C. The acetic acid flow rate was kept at a constant
value.

The impact of varying acetic acid partial pressures on the rate
of the reaction is presented below in Fig. 5. As the conversion
was low, it was assumed that the partial pressure of the products
was insignificant compared to the partial pressure of acetic acid.
Therefore, it is evident from Fig. 5 that the reaction order with
respect to acetic acid is 1.675, which is consistent with previous
findings reported in the literature.>***!

To further investigate the impact of product concentration
on the reaction rate, varying quantities of acetone, water, and
CO, were injected into the reactor, and the corresponding

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper
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In Rate {mol/minfgcat)
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In PAcetic Acid (mmHg)

Fig. 5 Rate vs. partial pressure of acetic acid.

rates were measured. In the case of acetone and water, the
feed proportions were adjusted to create different quantities
of the mixture, which were then introduced into the reactor.
To vary the CO, partial pressure, a calibrated cylinder of CO,
was connected to the setup and CO, was fed into the reactor
along with acetic acid.

The results indicate that all the products exerted an
inhibitory effect on the reaction rate, with acetone
demonstrating the most pronounced inhibition. On the other
hand, the effect of water and CO, was significantly lower than
that of acetone. The reaction orders with respect to acetone,
water, and CO, were determined to be -0.418, -0.132, and
-0.202, respectively. The findings are illustrated below in Fig. 6.

3.2.2 Integral reactor. In addition to conducting differential
reactor studies, an integral reactor study was also conducted to
explore the reaction, following the methodology outlined by
Pham et al.*>*° and Gaertner et al.>® The integral reactor study
was carried out at four different temperatures: 300 °C, 325 °C,
350 °C and 375 °C. To analyse the variation in partial pressure
with changing residence time W/F (h), the residence time of the
feed acetic acid was varied by adjusting the volumetric flow rate
and calculating the corresponding residence time. The partial
pressure was measured based on the conversion of acetic acid
to acetone. The residence time has been determined by
dividing the catalyst loading in grams (g) by the inlet mass flow
rate of acetic acid in grams per hour (g h™). To verify if the
calculated partial pressures were accurate, a material balance
was performed based on the conversion of acetic acid.

The results at four different reaction temperatures are
shown in Fig. 7. As expected, it is evident that as the
residence time increases, the conversion of acetic acid also
increases, leading to a decrease in the partial pressure of
acetic acid and an increase in the partial pressure of acetone.
The dotted lines represent the general trend of the graph.

3.3 Development of the kinetic model

From the differential reactor data, it can be inferred that the
reaction follows a second-order kinetics with respect to acetic

React. Chem. Eng., 2025, 10, 1994-2003 | 1997
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Fig. 6 Rates vs. partial pressures of acetone, water and carbon dioxide.
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Fig. 7 Variation in partial pressures of acetone and acetic acid (mmHg) as a function of residence time (W/F) (h) on the 75CeZr catalyst (a: 300 °C,
b: 325 °C, c: 350 °C, and d: 375 °C).

acid. Furthermore, the presence of reaction products hinders
the reaction, indicating that there is a competition for the
active sites on the catalyst. To account for these observations, a
set of elementary reactions can be proposed and integrated into

1998 | React. Chem. Eng., 2025, 10, 1994-2003

the LHHW kinetic model to effectively describe the reaction
kinetics. This model incorporates a series of elementary
reactions that describe the reaction kinetics, accounting for the
competitive adsorption of reactant and product molecules on

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Parity plots at (a) 300 °C, (b) 325 °C, (c) 350 °C and (d) 375 °C.
Table 2 Values of the rate and adsorption constants
Rate constant (k) Kcn,coon Kcn,cocn, K0 Kco, Temp.
mol gca[l h mmHgf1 K
0.0636 0.0211 + 0.079 0.0557 + 0.02 0.0012 + 0.01 0.0042 + 0.001 573
0.1498 0.0193 + 0.011 0.0342 + 0.003 0.0062 + 0.001 0.0042 + 0.001 598
0.3312 0.0114 + 0.0009 0.0211 + 0.081 0.0050 + 0.001 0.0040 + 0.002 623
0.8168 0.0178 + 0.013 0.0132 + 0.0076 0.0037 + 0.001 0.0038 + 0.003 648

the catalyst surface. The proposed model is expected to provide
valuable insights into the underlying reaction mechanisms and
facilitate the optimisation of reaction conditions to improve
reaction performance. The series of elementary reactions can
be shown below based on the reaction behaviour observed in

the differential reactor study and literature.'®*%*°
Kaci
CH;COOH + * =¥ CH;COOH* (4)
Kietone
CH;COCH; + * "< CH3;COCH?% (5)
kco, %
CO,+* 2 CO% (6)
kuyo
H,O+* = H,0* )

CH;COOH* 4+ CH;COOH* - CH3;COCH?% + CO, + H,0 + * (8)

Here, it should be noted that K4, Kxetones Kco,, and Ky o are
the adsorption constants while the rate-determining step is

This journal is © The Royal Society of Chemistry 2025

eqn (8) where k is the kinetic factor. From the equations
mentioned above, eqn (4)-(7) highlight the competitive
adsorption of the reactants and products on the surface active
sites of the catalysts as the same can be observed in the
differential reactor expressions. Eqn (8) depicts the surface
reaction considered to be the rate-determining step.

It is important to note that in the LHHW kinetic model for
the reaction, the adsorption constants Kcid, Kketones Kco,, and
Ky,0 have been incorporated. The kinetic factor k for step 5 has
been identified as the rate-determining step. Based on this
rate-determining step, the overall rate of the reaction can be
expressed using the appropriate mathematical expression.

Rate = k(@CHSCOOH)Z (9)

In this context, the parameter Ocpcoon represents the
fraction of active sites on the catalyst surface that are covered
by acetic acid molecules. This value can be calculated using
standard equations based on the adsorption equilibrium of
the molecules.

React. Chem. Eng., 2025, 10, 1994-2003 | 1999
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Och,coon = Ken,coonPon,coon®v (10)
Och,cocn, = Ken,cocnPon,cocn,Ov (11)
@coz = Kco,P COZQV (12)
@HZO = Ku,oP HZO@V (13)
Ocu,coon + Och,cocH, T Oco, + On,o + Oy =1 (14)

Here, Oy represents the fraction of vacant sites, while Ocy coon,
Ocu,cocn, Oco, and Oy o denote the fractional surface coverages
of the respective species. Substituting these values of Ocy coon,
Ocn,cocn, Oco, and Oy into the above expression and
factoring out @y as a common term, the rate expression can be
derived based on the conventional LHHW mechanism as follows:

Rate = k

View Article Online
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Fig. 10 SEM images of the (a) fresh catalyst and (b) spent catalyst.

Fig. 8 demonstrates that the calculated reaction rates by the
model fit well with the actual measured reaction rates. Table 2
presents the results of the fitted data for the adsorption
constants, including Kcy,coon, Ken,cocn, Kco,, and Ky,o, and
the rate constant k with their tolerance ranges.

(K cH,0008PCH,co0H )

p)
(1 4+ Kcn,coonPen,coon + Kenycocn, Penscocn, + Kco,Pco, + Ku,0Pu,0)

3.4 LHHW model fitting

To validate the developed kinetic model, a multi-variable
non-linear regression model was developed in MATLAB®.
The model was made based on the experimental data that
was fed into the software. The input data utilised for the
multi-variable non-linear regression model included both
differential and integral reactor data obtained at 300 °C,
as well as integral reactor data obtained at 325 °C, 350
°C, and 375 °C, respectively. Partial pressures (Pacetic acid
Pycetones Pwater and Pco)) along with the rate of reaction
(ra) were fed into the software. For this purpose, an
Iscurve fit (a solver for nonlinear least-squares problems)
was utilised to estimate the unknown constants with the
constraints of the given upper and lower bounds. The
temperature dependence of the adsorption constants was
modelled by using an Arrhenius type expression eqn (16)
as shown below:

Atygg

Ki=K;o*xe & (16)

85 - L3

95 - .

-10 A .

lnk (mol/g cats)
/

-11.5
0.00150

0.00160 0.00170 0.00180
1T (K)

Fig.9 Inkvs. 1/T.
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Based on the rate constants obtained from nonlinear
regression, we plotted Ink (mol g.. ' s ') versus 1/T (K),
as shown in Fig. 9, in accordance with the Arrhenius
equation. The apparent activation energy was estimated
to be 103.4 kJ] mol™”, with an average frequency factor
of 4.54 x 10". The value falls within the range reported

in previous studies, such as Gaertner et al,>® who
reported an activation energy of 57.7 kJ mol™" for
hexanoic acid ketonisation, and Pham et al,’® who

predicted activation energies ranging from 156.4 to 220
k] mol™' for the ketonisation of acetic, propanoic and
butyric acids. It is important to note that the range of
activation energies observed signifies the variability in
catalyst properties and their effectiveness in promoting
the ketonisation reaction, as well as the variation in the
reaction pathways. Also, the higher activation energy
values indicate that the reaction is controlled by surface
kinetics.

100
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920
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% Conversion and Selectivity

@ Conversion
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70 ———— ey
0 20 40 60 80 100
Time (h)
Fig. 11 Time on stream study. Reaction conditions: catalyst loading 2
g, reaction temperature 350 °C, and feed flow rate 0.1 ml min™.
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3.5 Catalyst characterization

The catalyst's true and bulk densities were estimated
using Archimedes' principle. The true density, representing
the density of individual catalyst particles, was found to
be 6500 kg m™, while the bulk density, which accounts
for interparticle voids in the packed bed, was measured at
5314 kg m™’. Brunauer-Emmett-Teller (BET) analysis using
N, physisorption, Scanning Electron Microscopy (SEM) and
particle size analysis were performed to estimate the
necessary properties of the catalyst. The catalyst showed a
BET surface area of 66 m> g, with an average pore size
of 19 nm. Dynamic Light Scattering (DLS) analysis
indicated an average particle size of 340.8 nm. The
elemental composition of all catalysts prepared was
measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis using a Perkin-Elmer 4300.
Additional catalyst characterisation studies of 75CeZr are
provided in the ESLf

The scanning electron microscope (SEM) images provide
valuable insights into the particle morphology of the fresh
and spent 75CeZr catalysts (Fig. 10). The images show no
noticeable changes, indicating excellent morphological
stability. This observation is further supported by the
catalyst's stable performance under reaction conditions, as
evidenced by the time-on-stream data in Fig. 11.

4. Conclusions and future scope

A comprehensive study of the ketonisation reaction was
carried out using Ce;_,Zr,O, mixed metal oxide catalysts
prepared via a mechanochemical ball milling approach.
Among the catalysts tested, 75CeZr demonstrated the highest
conversion and selectivity toward the desired product,
acetone. The order of catalyst performance in terms of
conversion was: 75CeZr > 100Ce > 25CeZr > 100Zr > 50CeZr
> 90CeZr > 10CeZr, while selectivity followed: 75CeZr >
100Ce > 50CeZr > 10CeZr > 90CeZr > 25CeZr > 100Zr.
Kinetic analysis indicated that the reaction follows a second-
order rate law, with product inhibition observed due to
competitive adsorption on active catalyst sites. The apparent
activation energy of 103.4 kJ mol™ further confirms the
catalytic efficiency of the mechanochemically prepared
materials.

Future studies will focus on evaluating catalyst
performance with volatile fatty acids (VFAs) of higher chain
lengths and assessing catalyst stability under conditions that
closely mimic the complex composition of real VFA
feedstocks such as hydrothermal liquefaction or anaerobic
digestate aqueous phases. These studies will provide deeper
insight into catalyst durability and activity in realistic
applications.

Overall, the mechanochemically developed catalysts and
the kinetic insights gained wunderscore the promising
potential of this ketonisation process for upgrading waste
streams from hydrothermal liquefaction.

This journal is © The Royal Society of Chemistry 2025
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