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ABSTRACT: Ketonization of wet waste-derived carboxylic acids
(volatile fatty acids, VFAs) constitutes the first step of a process to
catalytically upgrade VFAs to an alkane sustainable aviation fuel
blendstock. VFA ketonization has been demonstrated at near-
theoretical yields at the lab scale, and robust operation of industrial-
scale ketonization reactors is essential for the commercialization of
VFA upgrading to sustainable aviation fuel. We present a
ketonization kinetic study of hexanoic acid, a VFA model
compound, over commercial ZrO2 and use the kinetic parameters
derived from the study in an adiabatic packed-bed reactor simulation
of hexanoic acid ketonization running to near-complete (98%)
conversion. A key findings from the kinetic study is that ketonization
rate is positive order in acid pressure at low (<10 kPa) pressures and
transitions to zero order at higher pressures, conforming to a Langmuir−Hinshelwood surface coupling mechanism. Rates are
inhibited by ketonization coproduct water but not by ketones themselves or coproduct CO2. Reactor simulations using these kinetics
show that rate inhibition by water controls reactor size and that size requirements can be lessened by employing designs that allow
for the removal of water from the partially converted acid stream.

1. INTRODUCTION
The accelerating pace and scale of climate change
consequences stemming from anthropogenic greenhouse gas
emissions emphasizes the need for decarbonization of fossil
fuel-reliant industries.1 Aviation accounts for 2.5% of global
greenhouse gas emissions2 and the most promising near-term
strategies for advancing aviation sustainability are through
development of biomass-derived aviation fuels from abundant
and inexpensive biomass sources.3 Volatile fatty acids (VFAs,
C2−8 carboxylic acids) generated from wet wastes such as food
waste, animal manure, and wastewater sludge are a potential
sustainable aviation fuel feedstock.4,5 Anaerobic digestion of
wet wastes by microbial consortia normally forms CO2 and
CH4 but can be altered to instead produce VFAs via arrested
methanogenesis.6−8 Biomass conversion pathways to aviation
fuel have been collectively termed “sustainable,” but quantify-
ing the carbon intensity of such approaches to ensure sufficient
reductions compared to fossil fuel use is necessary to
completely assess the benefits of each pathway.9 Recent life
cycle analysis of the pathway studied in this work, VFA
upgrading to sustainable aviation fuel (SAF) via sequential
ketonization and hydrotreating, found that the process has a
carbon emissions intensity below zero (−55 g CO2eq MJ−1)
due to avoided methane emissions otherwise generated when
wet waste is landfilled.10 Life-cycle analyses of VFA upgrading
to diesel blendstocks11 and fatty acid upgrading to waxes12 and
surfactants13 also show that valorization of waste acids for fuels

and chemicals results in substantial carbon intensity reduc-
tions. Thus, upgrading of wet waste-derived VFAs for use as
aviation fuel blendstocks is a promising decarbonization
pathway.
Aviation fuel must contain a mixture of hydrocarbons with

varying functionalities (n-alkanes, cyclic alkanes, branched
alkanes, and aromatics) to meet specifications for key
operability properties such as boiling behavior, freezing
point, viscosity, and flash point.14,15 N-alkanes comprise a
significant amount (20%) of fossil aviation fuel14 and are thus
an important component for inclusion in SAF. Carbon chain
lengths between 9 and 15 are particularly desirable for n-
alkanes, as blends of these alkanes in aviation fuel meet
freezing point, flash point, and viscosity specifications, unlike
shorter- or longer-chain n-alkanes, because the carbon chain
length distribution in aviation fuel is centered around 11.10

VFAs can be transformed into n-alkanes via catalytic
ketonization and subsequent ketone hydrodeoxygenation.10,16

Derisking of the catalytic VFA ketonization step is a critical
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priority because ketonization is not currently performed
industrially, whereas hydrodeoxygenation has been imple-
mented at an industrial scale for production of fuels derived
from fats, oils, and greases,17 which have similar oxygen
content to ketones. Ketonization involves coupling of two
carboxylic acids to produce one ketone, along with single
molecules of CO2 and water (Scheme 1). Ketonization of
vapor-phase VFAs has been observed over a range of solid acid
catalysts possessing either Lewis and Brønsted acidity,18−21

although ZrO2 and TiO2 have specifically attracted a great deal
of attention because of their low price and high abun-
dance.22−28 Albrecht and colleagues29−31 also studied ketoni-
zation of condensed aqueous-phase propionic and acetic acids.
Near-theoretical yields of ketones have been obtained in vapor-
phase packed-bed reactors over solid acid catalysts from
biogenically derived C2−8 VFAs,10 propionic acid,32,33 and
acetic acid,24 suggesting that this process is viable. Deactivation
of catalysts with time on stream has been observed by
Almutairi et al.34 in a study of acetic acid ketonization over
several oxides and Lee et al.35 in a study of C16−18 acid
ketonization over TiO2. Almutairi et al.34 and Lee et al.35 both
directly correlated deactivation to surface coke accumulation
and Almutairi et al. demonstrated that air treatment of catalysts

was an effective technique to reverse the effects of deactivation.
The high ketonization conversions and selectivities achieved
on the lab scale and demonstrations of catalyst regenerability
suggest that this process has the potential to be successfully
scaled up with currently available catalysts.
Kinetic models for ketonization of VFAs over solid acids

have been formulated by Pham et al.,25,36 Gar̈tner et al.,26,37,38

Wang and Iglesia,27 and Shylesh et al.39 These studies concur
that ketonization over solid acids occurs via a kinetically
relevant bimolecular coupling step involving acid and/or base
sites over Ru/TiO2, TiO2, CeO2−ZrO2, and Zr/SiO2 powders.
The kinetic models fit by these authors25−27,36−39 explain
observed trends in rate with reactant pressures; Pham et al.,
Gar̈tner et al., and Shylesh et al. also incorporate inhibition of
rates by ketonization products. Wang and Iglesia27 observed
production of acid anhydrides as a ketonization side product
and performed thermodynamic analysis to show that
anhydrides are equilibrated with carboxylic acids during
ketonization over oxides (Scheme 2, bottom left arrow).
Most ketonization mechanisms over oxide catalysts such as
those proposed by Pham et al.25,36 and Wang and Iglesia27

based on kinetic studies and Pulido et al.40 and Shylesh et al.39

based on combinations of kinetic studies and density

Scheme 1. Strategy to Understand VFA Ketonization Kinetics and Optimize Design of a Packed-Bed VFA Ketonization
Reactor
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functional theory calculations do not involve anhydrides, but
the ketonization mechanism proposed by Bamberger41,42 does
invoke an anhydride intermediate. Informed design of
ketonization reactors requires robust kinetic models such as
these, which accurately quantify the effects of reactant and
product concentrations, as well as temperature, on reaction
rates.
In this work, we conduct a kinetic study of ketonization of a

model compound, hexanoic acid, and fit our observed data to a
kinetic model, which we implement to simulate an industrial-
scale ketonization reactor and develop recommendations for
commercial-scale reactor designs (Scheme 1). Hexanoic acid
was chosen as a model compound because the carbon number
of 6-undecanone, the self-ketonization product of this hexanoic
acid (11), is close to the average carbon number of fossil jet
fuel (11.4).10,14 We estimate kinetic parameters governing
ketonization over commercial ZrO2 (extrudates ground into
powder) from packed-bed reactor kinetics experiments
conducted at differential conversion at conditions free of
mass and heat transfer limitations. Results of the kinetic study,
described quantitatively by a Langmuir−Hinshelwood model,
indicate that hexanoic acid saturates the ZrO2 surface at ∼10
kPa and that rates are independent of acid concentration at
higher pressures and that, of the ketonization products, only
water inhibits rates. Our packed-bed reactor model simulates
ketonization over extrudates of the same commercial ZrO2
extrudates used in powder form for kinetic studies and
incorporates intraparticle diffusion limitations and axial
pressure drop. We identify rate inhibition by water as the
principal driver of reactor size and demonstrate that reactor
configurations allowing for the removal of water before
achievement of near-complete (98%) acid conversion
decreases the necessary reactor size and pressure drop.

2. EXPERIMENTAL SECTION
2.1. Reaction Kinetics Experimental Methods. Hex-

anoic acid (≥99%, Sigma-Aldrich) and isopentanoic acid
(99%, Sigma-Aldrich) ketonization flow reactions were
performed while 6-undecanone (98%, TCI America), CO2
(General Air), and deionized water were cofed. Helium
(Matheson Gas, 99.999%) was used as a sweep gas. ZrO2
particles used as ketonization catalysts were obtained from
Johnson-Matthey (CP836 extrudates; 3.16 mm diameter and
5.44 mm length), crushed to 149−177 μm particle size (80−
100 mesh), and heat-treated at 550 °C in stagnant air prior to
use. Surface area and pore size distribution were measured by
N2 physisorption using a Quantachrome Instruments Auto-

sorb-1. Specific BET surface area of the ZrO2 was 74.2 m2 g−1

and the average pore radius was determined to be 48 Å using
Barrett−Joyner−Halenda analysis of N2 desorption (Figure
S1A,B). The X-ray diffraction pattern of the particles,
measured on a Rigaku Ultima IV X-ray diffractometer using
Cu Kα radiation, matched that of monoclinic ZrO2 (JCPDS
37−1484, Figure S1C).
Hexanoic and isopentanoic acid ketonization kinetics

experiments were performed in a Dursan-coated (SilcoTek
Coating Co.) stainless steel 4.7 × 10−3 m ID clamshell-heated
packed-bed reactor described previously.6,10 Briefly, gases fed
using mass flow controllers (Brooks Instruments) were
blended with liquids fed using a high-pressure liquid
chromatography (HPLC) pump (Chromtech) at a heated
inlet (200 °C), vaporizing the liquid feeds. Masses of liquids
consumed were tracked by keeping liquid sources on mass
balances (Mettler Toledo) and periodically recording mass
decreases. The reaction mixture was flowed over a packed
catalyst bed consisting of 0.05−1 g of ZrO2 particles supported
by a plug of glass wool and heated to 330−350 °C. Reactor
effluent was passed through a liquid-cooled heat exchanger (2
°C), where nonvolatile species (acids, ketones, water) were
condensed and subsequently collected in a knockout pot. No
conversion of hexanoic acid was observed over glass wool
alone, ensuring that all observed reactions occurred on the
ZrO2 catalyst surface. Liquid samples were collected from the
knockout pot at 15−120 min intervals and quantified using a
gas chromatograph (Agilent 7890) equipped with a PolyARC
quantitative carbon detector (Activated Research Company).
The gaseous ketonization product CO2 was also monitored
using an online NDIR detector (California Analytical Instru-
ments, Inc.). During reactions, hexanoic acid (1.6 × 104-4.0 ×
10−3 g s−1) was fed to the reactor along with He sweep gas (0−
0.6 cm3 s−1 STP). Co-feeds were delivered either through a
second mass-flow controller (CO2) or a second HPLC pump
(6-undecanone, deionized water). Lower flow rate limits of the
HPLC pump limited the pressure of hexanoic acid delivered to
the reactor as a pure liquid to slightly above 4 kPa. Thus,
hexanoic acid was diluted in 4-heptanone (98%, Sigma-
Aldrich) to deliver hexanoic acid at pressures lower than 4 kPa.
Ketonization rates were assumed to be unaffected by 4-
heptanone because 6-undecanone did not inhibit ketonization
rates (vide inf ra). Total pressure during ketonization experi-
ments was 81−83 kPa, ambient pressure in Golden, CO.
The mass balance (MB) on all recorded kinetic data points

was 100 ± 10% and was defined as

m m m m m

m m

MB

in

acid,out ketone,out H O,out CO ,out anhydride,out

acid, Cofeed,in

2 2

=
̇ + ̇ + ̇ + ̇ + ̇

̇ + ̇
(1)

Here, ṁi is the mass flowrate of species i. Because our
analytical setup precluded us from directly quantifying water
and CO2, we assumed that equivalent molar amounts of water
and CO2 accompanied ketone production and that equivalent
molar amounts of water accompanied anhydride production
(Scheme 2). Hexanoic acid ketonization kinetic data were
recorded at differential conversion (128 of 135 kinetic data
points recorded at <15% conversion, 103 recorded at <5%
conversion) in conditions verified to be free of internal and
external heat and mass transfer limits by the Mears43 and
Weisz-Prater44 criteria (Section S2).

Scheme 2. Hexanoic Acid Ketonization to 6-Undecanone,
Water, and CO2 with an Equilibrated Side Reaction
Producing Hexanoic Anhydride and Water
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Hexanoic acid reactions over ZrO2 produced not only target
product 6-undecanone (accompanied by water and CO2) but
also side product hexanoic anhydride (accompanied by water),
as was observed by Wang and Iglesia.27 We utilize the
assumption of Wang and Iglesia of equilibrium between acids
and anhydrides and accordingly quantify only 6-undecanone
production, which comes from the equilibrated pool of
hexanoic acid and hexanoic anhydride (Scheme 2, top and
bottom right arrows).
Ketonization rate (rKET) is quantified from the moles of 6-

undecanone collected in a liquid sample (nKetone):

r
n

m tKET
Ketone

ZrO2

=
Δ (2)

Here, mZrO2 is the mass of catalyst in the packed bed reactor
and Δt is the time interval between the time of collection of
the previous and current liquid samples. Likewise, acid
conversion is defined in terms of the amount of ketone formed:

X
n

n
2

Acid
Ketone

Acid,fed
=

(3)

The fed amount of acid (nAcid,fed) is quantified using the
difference in the mass of the liquid source at the beginning and
end of the sample collection interval.
We deconvoluted time-dependent catalyst deactivation from

observed rates using a procedure analogous to that utilized by
Harris, Bhan, and colleagues in studies of ethylene
epoxidation,45−49 allowing us to directly compare kinetic
data collected at varied times on stream. The method is
explained further in Section S3. An example of the decrease in
rate over time in shown in Figure S2. This iteration of the
kinetic model does not quantify deactivation over time, as this
is a separate area of active study that we will address in a future
publication.
2.2. Parameter Estimation Methods. We assume that

hexanoic acid ketonization occurs via a Langmuir−Hinshel-
wood mechanism in which reaction occurs between two
adsorbed hexanoic acid molecules. Ketonization rates are also
modeled using a second-order Langmuir−Hinshelwood
mechanism by Pham et al.25 in a study of acetic, propionic,
and butyric acid ketonization over Ru/TiO2, Wang and
Iglesia27 in a study of acetic acid ketonization over TiO2,
and Gar̈tner et al.26,37,38 in studies of butanoic, pentanoic, and
hexanoic acid ketonization over CeZrOx. Shylesh et al.39

proposed a slightly different mechanism, in which two acid
molecules adsorb to a single site before reacting, in studies of
propionic acid ketonization over isolated Zr sites supported on
SiO2, but both this mechanism and the Langmuir−Hinshel-
wood mechanism are similar in that they suggest a gradual shift
in the acid reaction order from 2 to 0 as acid pressure
increases. The sequence of steps and the parameters used to
represent each step are shown in eqs 4a−4e.

K
k
K
K
K

HA HA (4a)
2HA 6UD CO H O (4b)
6UD 6UD (4c)
CO CO (4d)
H O H O (4e)

HA

2 2 KET

6UD

2 2 CO2

2 2 H2O

+ * *
* → + + + *
+ * *
+ * *
+ * *

F

F
F
F

In the mechanism, steps 4a and 4c−4e are assumed to be
equilibrated, whereas step 4b is assumed to be irreversible.

Here, HA is hexanoic acid and 6UD is 6-undecanone. We
consider the net reaction to be irreversible because of the
associated highly negative Gibbs free energy change (ΔG(350
°C, 1 bar) = −236 kJ/mol).50

Variation in the ketonization surface reaction rate constant
(4b) with temperature was modeled using an Arrhenius-type
dependence on a temperature-independent activation energy,
EA

k T k e( ) E RT
KET KET,0

/A= −
(5)

whereas temperature dependence of the surface adsorption
rate constants of adsorbed species A (KA; 4a, 4c−4e) was
modeled using a similar Arrhenius expression with a temper-
ature-independent adsorption enthalpy (ΔHads,A).

K T K e( ) H RT
A A,0

/ads,A= −Δ
(6)

In eqs 5 and 6, temperature (T) is in absolute units. The rate
expression based on the mechanism in eqs 4a−4e is

r
k T K T P

K T P K T P K T P

K T P

( )( ( ) )

(1 ( ) ( ) ( )

( ) )

KET
KET HA HA

2

HA HA 6UD 6UD CO CO

H O H O
2

2 2

2 2

=
+ + +

+
(7)

Prefactors, activation energies, and adsorption enthalpies were
estimated from the kinetic data set in MATLAB using a
Levenberg−Marquardt method (nlnfit function). Parameter
errors were estimated using Bayesian methods via the
CheKiPEUQ Python library.51,52 All rates recorded during
two of the temperature variation experiments (conditions ii
and iii, see Section 3.1) were modeled with additional offsets
to compensate for fixed random effects causing the rates
measured at 350 °C in these experiments to be lower than
those predicted by the model.51

2.3. Reactor Modeling Methods. The adiabatic packed-
bed reactor model for hexanoic acid ketonization was written
in MATLAB and solves the coupled system of differential
equations describing the energy balance, mass balances, and
pressure drop through the reactor (eqs 8−10) using ODE45.
Reactor simulations satisfy or are close to satisfying the plug
flow criterion for a packed-bed reactor (Rep=

G
Acμ

> 2000, Rep =

particle Reynolds number). This assumption stipulates that
temperature, species flow rates, and pressure vary only in the
axial direction (varying catalyst mass, W) and is used in the
energy and mass balances (eqs 8 and 9) as well as the Ergun
equation (eq 10), which predicts the axial pressure profile.53

T
W

H r
C m

d
d

KET KET

p 0

η
=

−Δ
̇̂ (8)

F
W

r
d

d
i

i KETνη=
(9)

P
W A

G
D

D
G

P
P

F
F

T
T

d
d

1
(1 )

(1 )

150(1 )
1.75

c p bed

bed

0 p bed
3

bed mixture

p

0 Tot

Tot,0 0

ρ ρ

μ

= −
− ϵ

− ϵ
′ϵ

− ϵ
′

+

i

k

jjjjjjj
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

y

{

zzzzzzz
(10)
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Table 1 summarizes the nomenclature used in eqs 8−10 and
contains typical values of physical parameters used in the
reactor model. Boundary conditions for temperature, molar
flow rates, and pressure are supplied at the inlet of the reactor
and reactor size is determined by the length at which outlet
pressure is atmospheric (1 atm).
The system in the reactor model has negligible external mass

and heat transfer limitations (Section S2),43 meaning that
modeled particle surface concentrations and temperatures are
equivalent to bulk values. System parameters also satisfy the
Weisz−Prater criteria for internal heat transfer,44 meaning that
each particle has a uniform temperature (calculations in
Section S2), but significant internal concentration gradients
exist. At this condition, the internal effectiveness factors of the
particles (η) will not be unity; they must be derived from
internal pellet concentration profiles. Concentration profiles
inside pellets are modeled using a combination of one-
dimensional Stefan-Maxwell and Knudsen diffusion for each
component i in the radial direction (eqs 11−12) using
MATLAB’s BVP5C function. We model mass transport in the
2D pellet as only occurrent in the radial direction using this
simplification, which we justify by noting that the ZrO2 pellet

radius is 3.3 times shorter than the length, ensuring that most
mass flux will occur in the radial direction. We point out that
Fickean diffusion is not applicable in this scenario because (i)
the reaction mixture is not binary, (ii) the reaction mixture is
not dilute, and (iii) the reaction creates three moles of gas for
every two moles consumed, causing a net molar flux out of the
particles.

c
r

N
D

x N x N

D
d
d

i i

k i j

n
i j j i

i j, 1 ,

species

∑= − +
−

= (11)

N
r

R
N
r

d
d

i
i

i= −
(12)

Boundary conditions for eqs 11 and 12 are equivalent catalyst
surface and fluid bulk concentrations at every point along the
length of the reactor and zero flux through the center of the
pellet:

c r
D

c W
2

( )i i
p= =

i
k
jjjj

y
{
zzzz

(13)

Table 1. Nomenclature and Parameter Values Used in the Reactor Model (eqs 8−15)

parameter
symbol meaning value or formula

T, T0 temperature, inlet temperature 350 °C inlet
W catalyst mass W = AcLTubeρbulk(1 − θ)(1 − εbed)
Ac cross-sectional area of tubular reactor Ac = π(DTube/2)

2; DTube = 0.1524 m (6 in.)
LTube reactor tube length varies
ρbulk bulk ZrO2 density 5.68 g cm−354

θ pellet void fraction 0.59625, from catalyst supplier
εbed bed void fraction 0.41568, from catalyst supplier
Dp, Lp diameter and length of extrudate particle 3.16 × 10−3 m and 5.44 × 10−3 m, from catalyst supplier
ΔHKET enthalpy of hexanoic acid ketonization, 350 °C +5.308 kJ/mol, from the NIST Webbook and NIST/TRC Web Thermo Tables50,55

specific heat capacity of mixture mass fraction-weighted average of component heat capacities from the NIST/TRC Web
Thermo Tables50

ṁ0 total mass flow rate 1013 kg h−1; based on ∼1000 kg h−1 industrial reactor throughput
Fi, FTot, FTot,0 molar flow rate of species i or all species (Tot), at

inlet (Tot,0)
varies

P, P0 pressure, inlet pressure 1−215 atm inlet, 1 atm outlet
ρp ZrO2 particle density ρp = ρbulk(1 − θ) = 2.29 g cm−3

G mass flux through reactor G m
A

0

c
= ̇

ρ0 initial mass density of inlet stream m P
F RT0

0 0

Tot,0 0
ρ = ̇

R gas constant 8.314 J K−1 mol−1

Dp′ sphericity-corrected particle diameter
D

D L

D L
p

(1.5 )

D

p
2

p
2/3

p
2

2 p p

′ =
+

i

k

jjjjjjjj
y

{

zzzzzzzz

μMixture mixture viscosity calculated from the Wilke formula56 using component viscosities from the NIST/TRC
Web Thermo Tables50

η particle internal effectiveness factor varies
ci molar concentration of species i varies
r pellet radius between 0 and 1.58 × 10−3 m
Ni molar flux of species i varies
Dk,i Knudsen diffusion coefficient of species i D r0.97k i

T
, pore MWi

= θ
τ

rpore pore radius 48 Å (Section 2.1)
MWi molecular weight of species i
τ particle tortuosity 4; reasonable estimate57

xi mole fraction of species i
Di,j binary diffusion coefficient of species i in species j calculated using the Hirschfelder Equation58

Ri net volumetric reaction rate of species i Ri = νirKETρbulk(1 − θ)
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N r( 0) 0i = = (14)

The nomenclature used in eqs 11−14 is explained in Table 1.
Values of the internal effectiveness factor, η, are generated
using the concentration profiles using eq 15 and calculated in
MATLAB using a trapezoidal approximation based on
computed radial concentration profiles.

r V

r V

d
V i

i ,surf pellet

pellet
∫

η =
(15)

As will be illustrated in Section 3.2, values of η are dependent
only on temperature, pressure, and hexanoic acid conversion.
Values of η in a grid of 9216 points in this three-dimensional
parameter space were calculated by solving eqs 11−15 and the
effectiveness factors were interpolated from this grid during
reactor model operation to save computation time (Scheme
S1).
Reactor simulations were performed assuming an influent

flow rate of 1004 kg h−1 of hexanoic acid combined with 8.7 kg
h−1 helium sweep gas (20 mol %) unless otherwise indicated.
Helium was chosen to model as a sweep gas to emulate lab-
scale reaction conditions. All reactor parameters are those
outlined in Table 1 unless otherwise indicated. Transformation
of VFA blendstocks into aviation fuel-range hydrocarbons
(C8−16)

10 requires high overall process conversions and
unreacted VFAs do not fit into this carbon number range.
Thus, we aim to design a ketonization process that operates at
near-complete (98%) acid conversion. Additionally, we seek to
keep all reactants and products in the gas phase, which requires
inlet pressures of less than ∼10 atm because the vapor pressure
of 6-undecanone, the most condensable reactant or product,
has a vapor pressure of 9.4 atm at the reference reaction
temperature (350 °C).50

3. RESULTS AND DISCUSSION
3.1. Reaction Kinetics. Hexanoic acid was fed to the

reactor at pressures between 0.8 and 75 kPa; ketonization rates
at these conditions are shown in Figure 1A. The trend in rates
with hexanoic acid pressure is congruent with our assumed
Langmuir−Hinshelwood kinetics, as ketonization rates steeply
increased from 0 to 10 kPa, then were constant at higher

pressures, indicative of adsorbed hexanoic acid saturating
active sites beyond 10 kPa. A similar trend in ketonization rates
with acid pressure was observed by Gar̈tner et al. with of C4−6
acids over CeZrOx

26,37,38 and Wang and Iglesia with acetic acid
over TiO2.

27

We also assessed inhibition of ketonization rates by products
water, CO2, and 6-undecanone. Figure 1B shows that
ketonization rates decline steeply with increasing cofed water
pressure, indicating that water molecules compete with acids
for adsorption on active sites. This finding is congruent with
those of Pham et al.,25,36 Gar̈tner et al.,26,37,38 Fufachev et al.,23

and Shylesh et al.,39 who also report inhibition of ketonization
rates by water. Water inhibition of ketonization rates can be
explained by strong interactions of water molecules with Lewis
acid and base sites, which have been implicated as the active
sites for ketonization over oxides.27,39 Water also inhibits the
rates of other acid- or base-catalyzed reactions occurring over
oxide catalysts, such as aldol condensations.59,60

Hexanoic acid ketonization rates were unaffected by cofeeds
of 4−19 kPa CO2 (Figure S3). Ketonization rates over
TiO2,

23,25,36 CeZrOx,
37 and site-isolated ZrOx/SiO2

39 have
been observed to be inhibited by CO2, so we surmise that
either the basic sites on our ZrO2 catalysts do not absorb CO2
strongly enough to significantly inhibit rates or that these sites
are uninvolved in the rate-determining surface reaction. This
result indicates that the value of KCO2 = 0 (eq 7). We were
unable to quantify hexanoic acid ketonization rates (forming 6-
undecanone) while cofeeding 6-undecanone and operating at
differential conversion because expected produced amounts of
6-undecanone were more than an order of magnitude lower
than the amount being cofed resulting in increased
quantification uncertainty. This precluded us from directly
quantifying the possible inhibition of hexanoic acid ketoniza-
tion rates by 6-undecanone. Instead, we performed isopenta-
noic acid ketonization (43 kPa) and, after 244 min on stream,
began cofeeding 21 kPa 6-undecanone. Figure S4 shows that
the isopentanoic acid ketonization rate does not change upon
the addition of 6-undecanone to the reaction mixture apart
from the established deactivation trend with time on stream.
This result indicates that 6-undecanone does not inhibit
isopentanoic acid ketonization. We assume that all VFA
ketonization processes have analogous mechanisms and
conclude that hexanoic acid ketonization is likewise not
inhibited by 6-undecanone, making K6UD = 0 (eq 7). This
result is contrary to findings of Gar̈tner et al.26,37,38 and Pham
et al.,25,36 who observed inhibition of ketonization rates over
solid oxides by ketones, but is harmonized with the findings of
Baylon et al.,61 who failed to observe aldol condensation of C≥5
central ketones over a solid oxide catalyst, suggesting negligible
interaction of these larger molecules with the catalyst surface.
The results of these kinetic experiments indicate that

ketonization rates are described by only three temperature-
dependent parameters, kKET, KHA, and KH2O. We ran
ketonization reactions at three sets of inlet pressures reflecting
three important species pressure and surface coverage regimes
to probe the temperature dependence of these parameters: (i)
high hexanoic acid pressure (θHA ≈ 1; 42 kPa hexanoic acid),
(ii) low hexanoic acid pressure (θHA ≪ 1; 0.8 kPa hexanoic
acid), and (iii) high hexanoic acid and water pressures (θHA ≈
θH2O ≈ 0.5; 46 kPa hexanoic acid and 25 kPa water). We
varied reaction temperature between 330 and 350 °C at each
condition to determine the temperature dependence of each
parameter. Ketonization rates are approximately zero order in

Figure 1. Hexanoic acid ketonization rates (measured, diamonds;
modeled, dashed lines) over ZrO2 as a function of (A) hexanoic acid
pressure and (B) water pressure. Error bars are standard deviations of
2−37 rate measurements at each condition. T = 350 °C, PHexanoic acid =
0.8−75 kPa, PWater = 0−25 kPa, mZrO2 = 0.05−1 g. XHexanoic acid is
usually <10%.
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acid pressure in regime (i) (Figure 1), meaning that the
ketonization rate expression at these conditions simplifies to

r k T( )KET KET= (16)

Variation in temperatures at this condition allowed for
determination of EA and kKET,0. Similarly, at condition (ii),
ketonization is positive order in acid pressure and the
ketonization rate expression simplifies to

r
k T K T P

K T P
( )( ( ) )

(1 ( ) )KET
KET HA HA

2

HA HA
2=

+ (17)

If good estimates for EA and kKET,0 already exist, ΔHAds,HA and
KHA,0 can be determined in this regime. Finally, all relevant
terms of the ketonization rate expression are significant at
condition (iii).

r
k T K T P

K T P K T P
( )( ( ) )

(1 ( ) ( ) )KET
KET HA HA

2

HA HA H O H O
2

2 2

=
+ + (18)

Temperature variation at this condition allows for estimation
of ΔHAds,H2O and K0,H2O if good estimates for the remaining
four parameters have been developed from the previous
experiments. Figure S5 shows the effect of temperature
variation on the rate at these conditions.
3.2. Parameter Estimation. Table 2 shows estimated

values of the six parameters used in the hexanoic acid

ketonization rate expression (eq 18). Estimated rates are
shown as a function of hexanoic acid pressure in Figure 1A,
water pressure in Figure 1B, and temperature in Figure S5.
Location of all data near the y = x line in the parity plot of
predicted and observed rates (Figure 2) demonstrates that the
model effectively captures our kinetic data.
Activation and adsorption energy parameters predicted by

the model are within the range observed previously for
ketonization reactions over similar catalysts. The activation
energy we predict for the surface reaction step, 160 kJ/mol, is
within the range of surface ketonization activation energies
predicted previously, as the model developed by Gar̈tner et
al.37 predicts a hexanoic acid ketonization activation energy of
57.7 kJ mol−1 over CeZrOx and Pham et al.25 predict activation
energies of 156.4−220.0 kJ mol−1 for acetic, propionic, and
butanoic acid ketonization over Ru/TiO2. The breadth of this
range indicates the variation in adsorptive and reactive
properties even among solid oxide catalysts capable of
facilitating ketonization, as well as changes in reactive
properties between different VFAs. Adsorption enthalpy of
hexanoic acid in our model, −112 kJ mol−1, is also well within
bounds predicted in previous studies, with Gar̈tner et al.37

predicting an adsorption enthalpy of hexanoic acid on CeZrOx
of −58.7 kJ mol−1 and both Wang and Iglesia27 and Pham et
al.25 using adsorption enthalpies between −134 and −140 kJ

mol−1 for C2−4 carboxylic acids over TiO2 and Ru/TiO2,
respectively. The adsorption enthalpy of water in our model,
−34 kJ mol−1, is lower in magnitude than the value (−58 kJ
mol−1) reported by Lackner et al.62 for water adsorption on
ZrO2 based on ultrahigh vacuum studies and density functional
theory calculations and is also lower than the values derived
from kinetic studies by Gar̈tner et al.37 over CeZrOx (−96 kJ
mol−1) and Pham et al.25 over Ru/TiO2 (−82 kJ mol−1). We
ascribe this discrepancy and the substantial errors (≥50% of
parameter values) on both ΔHads,HA and ΔHads,H2O to the
fundamental shortcoming of approximating adsorption en-
thalpies as constant values independent of temperature or
surface coverage changes. Wang and Iglesia27 illustrate in their
study of acetic acid ketonization using density functional
theory calculations and kinetic analysis that multiple modes of
adsorption of relevant surface species over solid oxide exists,
and that enthalpies of these adsorptions are dependent on
surface coverage and temperature. Nonetheless, the parameters
in our model are physically feasible and quantitatively describe
the kinetic trends observed in Section 3.1.

3.3. Packed-Bed Reactor Modeling and Reactor
Design Principles. Formulation of the packed-bed reactor
model hinged a great deal on the calculation of η, the internal
effectiveness factor of ketonization in reactor pellets. We solved
for η analytically as a function of overall pressure, temperature,
and conversion at the outer boundary of the pellet, as outlined
in Section 2.3. We note here that, since ketonization rate is a
function of T, PHexanoic acid, and PWater, and that both species
pressures are functions of total pressure (PTotal) and conversion
(XHexanoic acid), each set of T, PTotal, and XHexanoic acid uniquely
specifies a η value. Utilizing the relationships developed
between Thiele modulus and internal effectiveness factor for
integer reaction orders63,64 is inadequate here because these
expressions do not consider product inhibition, whereas our
cofeeds of water (Figure 1B) demonstrate that product
inhibition is significant during ketonization. Additionally,
these relationships do not provide for reaction rate orders
that change with reactant pressure, whereas Figure 1A shows
that ketonization rates transition from second to zero order in
hexanoic acid pressure as hexanoic acid pressure increases.
The decrease in ketonization rate and effectiveness factor

caused by water inhibition inside catalyst extrudate pellets is
demonstrated in Figure 3, which compares species pressures

Table 2. Hexanoic Acid Ketonization Kinetic Model
Parameter Values and Errors

parameter value

kKET,0 (4.1 ± 1.8) × 1012 mmol gZrO2
−1 min−1

EA 160 ± 20 kJ mol−1

KHA,0 (4.6 ± 4.7) × 10−10 kPa−1

ΔHads,HA −112 ± 110 kJ mol−2

KH2O,0 0.0038 ± 0.0016 kPa−1

ΔHads,H2O −34 ± 17 kJ mol−1

Figure 2. Parity plot of observed and predicted ketonization rates.
Open diamonds are rates recorded at 350 °C with no cofeed and
varied hexanoic acid pressure, teal squares are rates recorded at 350
°C with water cofeed, and brown triangles are rates recorded at
temperatures other than 350 °C. Dotted line is y = x.
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(A), surface coverages (B), rates, and effectiveness factors (C)
for ketonization in scenarios with (solid lines) and without
(dashed lines; KH2O=0) water inhibition. Figure 3A shows that
hexanoic acid pressure decreases appreciably between the
surface of the pellet and the interior, by 57% in the water
inhibition scenario and by 97% in the non-water inhibition
scenario. Despite the steeper decrease in concentration in the
noninhibition case, the ketonization rate is higher in the
noninhibition case than in the product inhibition case
throughout the interior of the pellet (Figure 3C), with the
effectiveness factor (η) close to unity (0.94) in the non-
product inhibition case and markedly lower (0.60) in the
product inhibition case. The phenomenon driving this
difference is displacement of adsorbed hexanoic acid by
water on the ZrO2 surface, where surface coverages (θ) of
water, hexanoic acid, and empty sites (*) are calculated using
Langmuir isotherms derived from the ketonization rate
expression (eq 18).

K P
K P K P1HA

HA HA

HA HA H O H O2 2

θ =
+ + (19a)

K P

K P K P1H O
H O H O

HA HA H O H O
2

2 2

2 2

θ =
+ + (19b)

K P K P
1

1 HA HA H O H O2 2

θ* =
+ + (19c)

Figure 3B illustrates that hexanoic acid fractional surface
coverage (θHexanoic acid) is near unity throughout the interior of

the pellet (0.85−1) in the nonwater inhibition case, whereas
the quantity decreases much more steeply, to 0.52, in the water
inhibition case, despite the fact that the hexanoic acid pressure
at the center of the pellet is ∼13 times higher in the water
inhibition case than in the nonwater inhibition case. The
strong adsorption of water on the catalyst in the water
inhibition case is responsible for this difference, as θH2O at the
center of the catalyst pellets is 0.47 in the product-inhibited
case. This scenario illustrates the role of product inhibition in
affirming that internal effectiveness factors must be calculated
numerically.
Figure 4 shows the pressure, temperature, and conversion

profiles of a packed-bed ketonization reactor running with the
base case set of parameters and constraints outlined in Section
2.3 to 98% hexanoic acid conversion. Operating a reactor
under these constraints would be infeasible because of the high
length (2449 m) and inlet pressure (215 atm) utilized in the
design. We considered four possible factors causing the base
case reactor to require this intolerably large size and pressure
drop: (i) internal diffusion limitations caused by large particle
sizes, (ii) decrease in rate due to temperature drop in the
adiabatic reactor, (iii) high pressures lowering reaction rates,
and (iv) inhibition of ketonization rates by water. Perturbing
parameters in the model concerning each of these scenarios
(Section 3.3.1−3.3.4) led us to conclude that water inhibition
is the primary driver governing reactor sizing.

3.3.1. Effect of Internal Diffusion Limitations on Reactor
Design. We assessed the effect of internal diffusion limitations
by decreasing the particle diameter in our effectiveness factor

Figure 3. (A) Product, reactant, and diluent concentrations; (B) surface coverages; and (C) ketonization rates as a function of cylindrical pellet
radius predicted by the ketonization reactor model. Solid lines represent quantities with water inhibition and dotted lines represent quantities
without water inhibition. T = 350 °C; external pressures: 1.6 atm hexanoic acid, 0.4 atm He (diluent); Rpellet = 1.58 mm.

Figure 4. (A) Simulated pressure, (B) temperature, and (C) conversion profiles of a ketonization reactor (0.1524 m ID) running to 98%
conversion as a function of axial reactor length.
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calculation (Dp,diffusion) 10-fold, from 3.16 to 0.316 mm. This
decrease was not accompanied by a change in particle size in
the reactor-scale model. This change, then, altered only the
conservative assumption taken in the base case model that the
ZrO2 pellets contain only mesoporosity (quantified via BET)
and no macroporosity, the existence of which would need to be
evaluated using tomography.65 Any macroporosity would not
alter the dimensions of particles on the reactor scale, but would
decrease the size of the diffusion domains inside the pellets.
Figure S6 shows the effect of decreasing the diffusion domain
size 10-fold on catalyst internal effectiveness factor (A) and
acid conversion (B) as a function of length. The figure shows
that effectiveness factors of the particles are already close to
one (η > 0.9) in the base reactor case (Figure S6A, dotted
line), although decreasing the diffusion domain size increases
effectiveness factor values to nearly unity (η > 0.999, Figure
S6A, solid line). This change, however, only negligibly
decreases the reactor length, from 2449 to 2448 m, and the
conversion profiles across the reactor length are almost
identical (Figure S6B). Thus, internal diffusion limitations do
not significantly hinder the reactor performance and studying
the macroporosity of ZrO2 particles to determine if Dp,diffusion is
smaller than the macroscopic extrudate diameter will not
influence projected sizing requirements of the ketonization
reactor.
3.3.2. Effect of Temperature on Reactor Design. The

temperature decrease over the adiabatic reactor length (9.5
°C) lowers the value of kKET (eq 5), decreasing ketonization
rates. We assessed the impact of this temperature drop by
comparing the performance of the base case reactor to an
isothermal reactor (dotted and solid lines respectively, Figure
S7) and found that the necessary reactor length to achieve 98%
conversion decreased only negligibly, by only ∼1.5%, in the
isothermal case, from 2449 to 2412 m. We conclude on the
basis of this simulation that temperature drop is not the driving
factor behind the steep length and pressure requirements for
the ketonization reactor.
3.3.3. Effect of Pressure on Reactor Design. Equation 18

shows that high pressures of hexanoic acid and water can
inhibit ketonization rates, so we altered two separate reactor
parameters, reactor diameter and flow rate, to simulate systems
with lower overall pressure. Figure S8 shows the results of
increasing the reactor diameter between 0.1524 (6 in., base

case) and 0.6096 m (2 ft) while keeping the total inlet flow
rate the same. This strategy does reduce the necessary reactor
inlet pressure, decreasing it more than 50-fold, from 215 atm in
the base case to 4.2 atm using a 0.6096 m diameter tube
(Figure S8); the reactor length also decreases by a factor of
more than 15, from 2449 to 159 m. The length decrease,
however, is only a result of the corresponding increase in the
reactor cross-sectional area. Figure S8 shows the catalyst mass
(proportional to reactor volume) required for reactors of
varying diameter and illustrates that required catalyst mass
does not decrease, but instead increases by roughly 3%, from
60 333 to 62 161 kg, as reactor diameter increases from 0.1524
to 0.6096 m. We further discuss design consequences and
trade-offs of employing wider (0.6096 m instead of 0.1524 m)
reactors with minimal axial pressure gradients at the end of
Section 3.4. We also modeled a reactor with identical diameter
to the base case (0.1524 m) and one tenth of the base case
inlet flow rates to simulate a scenario utilizing ten smaller
reactors operating in parallel. Necessary inlet pressure for these
smaller reactors dropped steeply in comparison to the base
case, from 215 to 7.8 atm, similarly to the enlarged diameter
designs. The total mass of catalyst required for ten such
reactors, however, increased by ∼4% (from 60 333 to 62 791
kg) compared to the base case design. Both increasing reactor
diameter and decreasing inlet flow rate by using multiple
smaller reactors in parallel do reduce inlet reactor pressures,
but catalyst mass and volume requirements slightly increase.
This trade-off may be desirable in some cases, but decreasing
the reactor pressure by increasing the tube diameter or running
reactors in parallel is not a viable strategy to decrease both the
axial pressure drop and the required reactor size.

3.3.4. Effect of Rate Inhibition by Water on Reactor
Design. We showed previously the impact of water inhibition
of ketonization rates (Section 3.1) and ZrO2 pellet
effectiveness factors (Figure 3) and demonstrate in Figure 5
the effect of water inhibition on overall reactor design. We
simulated ketonization reactors with weaker water adsorption
to the ZrO2 surface by halving and quartering KH2O,0 (Table
2). Figure 5 shows that this parameter, and therefore water
inhibition, has an immense influence on the ketonization
reactor design. Halving and quartering KH2O,0 decreases the
inlet pressure by 46 and 67% (from 215 to 117 and 70 atm,
Figure 5A) and decreases the reactor length by 70 and 89%

Figure 5. (A) Simulated pressure, (B) temperature, and (C) conversion profiles of a ketonization reactor (0.1524 m ID) running to 98%
conversion as a function of axial reactor length with the originally measured water surface adsorption equilibrium constant compared to reactor
performance with the water adsorption constant artificially halved and quartered.
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(from 2449 to 736 and 267 m, Figure 5) while maintaining
98% outlet acid conversion (Figure 5C). The temperature
decrease from the reactor inlet to outlet is identical in all three
cases (Figure 5B), further illustrating that the temperature
decrease through these reactors is not the primary factor
necessitating large reactor size and high inlet pressures.
Designing a ketonization catalyst that adsorbs water more
weakly than the ZrO2 used here on its surface would, then,
decrease the size requirements for a ketonization reactor, but
this process is not straightforward.66,67 Operating a ketoniza-
tion reactor at a temperature higher than 350 °C may also be
beneficial, as water may adsorb less strongly to the surface at
higher temperatures. We show in the next section that reactor
design alterations offer an alternative method for decreasing
the size and pressure requirements for catalytic VFA
ketonization reactors, an attractive outcome that would lower
reactor capital costs.
3.4. Design Recommendations for Catalytic Ketoni-

zation Reactors. Figure 4C shows that hexanoic acid
conversion increases steeply near the inlet of the reactor and
then increases more and more slowly with increasing reactor
length. In the base case, the final 720 m of the reactor, 30% of
the total length, is required for raising the acid conversion from
97.1 to 98%. The first 586 m of the reactor, meanwhile,
achieves over 92% hexanoic acid conversion using only 24% of
reactor length. This example illustrates that product inhibition
markedly increases reactor length requirements by depressing
ketonization rates near the outlet of the reactor, where water
pressure is the highest, suggesting that the required size and
inlet pressure of a ketonization reactor can be sharply
decreased by running the reactor at lower than 98% acid
conversion.
Lowering the single-pass hexanoic acid conversion target of

ketonization reactors results in dramatic decreases in length
and influent pressure, although such reactors operating on their
own would be insufficient to convert enough (98%) influent
VFAs. Pushing target conversion down to 90% from 98%
dramatically decreases the required inlet pressure and the
length of a ketonization reactor (Figure 6A). The influent

pressure drops 58%, from 215 to 90 atm, and the reactor
length drops 82%, from 2449 to 451 m, when this conversion
target is adjusted. Further relaxation of this conversion target
decreases the reactor pressure and the length even more;
running the ketonization reactor at 3.7% acid conversion
would require only a length of 1.7 m with a 5 atm inlet
pressure, decreasing the reactor length by more than 99.9%

and the inlet pressure by more than 97% from the base case.
Although the required reactor length and pressure should drop
the accompanying lowering of target conversion, Figure 6B
shows that the conversion per unit reactor length decreases
monotonically as the target conversion increases. This
illustrates that reactors operating at higher conversions utilize
their lengths much less efficiently than those at lower
conversions.
The infeasibility of operating single packed-bed ketonization

reactors at near-complete conversion must be reconciled with
the necessity of achieving high ketonization conversions, which
are necessary to create ketone mixtures with long enough chain
lengths to satisfy aviation fuel property requirements for
biofuel blends after ketone hydrodeoxygenation.10,68 The
results presented in Figure 6 suggest that a reactor running
at subcomplete (<98%) single-pass acid conversion would be
optimal, and that water inhibition mars reactor performance.
Several different reactor designs and configurations that
periodically remove water from partially converted acid
streams before the streams are reacted further could be
deployed, including recycle, loop, and series reactors to remedy
this issue. The separation of water from the rest of the partially
reacted VFA, ketone, and CO2 mixture at a reactor outlet
could be accomplished in a straightforward manner by
condensing the reactor effluent and separating the aqueous
phase (water) from the organic phase (ketones and acids).
Condensing the reactor effluent would also leave some CO2
product in the gas phase and entrain some in condensed
phases;69 because CO2 does not decrease ketonization rates
(Section 3.1), dissolved CO2 does not necessarily need to be
eliminated from the organic phase until the final product
purification. Recycle reactors would specifically require a more
thorough purification step at the reactor outlet to separate
ketone products (to be sent to storage or a hydrotreating
reactor) and unreacted acids (to be sent back to the
ketonization reactor influent). This could be accomplished
by distillation if the reactor influent contains only single VFA
species, as VFAs and their corresponding ketones have distinct
boiling points (e.g., 205 °C for hexanoic acid and 228 °C for 6-
undecanone).55 However, novel separations techniques such as
those developed to selectively extract VFAs from fermentation
broth70,71 will be needed to separate heterogeneous VFA
mixtures from corresponding ketones, as the boiling point
ranges of these mixtures overlap; C2−C8 VFA boiling points
range from 118 to 237 °C and C3−C15 ketone boiling points
range from 56 to 291 °C.55

We show in Figure 7 axial pressure (A, B) and conversion
(C) profiles in series reactors with interstage water separation
(schematically represented in Figure 7D) achieving 98%
hexanoic acid conversion compared to the base case reactor.
Water is assumed to be separated perfectly from the effluent of
each reactor stage with all other components fed to the next
reactor. The inlet pressure and length of each reactor stage in a
given design case is the same, excluding the final reactor, which
has the minimum inlet pressure and length required to achieve
98% conversion. Figure 7 shows that even using two reactors
drastically decreases both necessary inlet pressure (100 or 50
atm from 215 atm) and length (566 or 284 m from 2449 m)
from the base case. Further increasing the number of reactor
stages reduces cumulative length of combined reactors and
input pressure; Figure 7 shows that nine reactors in series
(eight using 10 atm inlet pressure and the ninth using 9 atm
inlet pressure) necessitate only 63 m of total length, a more

Figure 6. (A) Simulated inlet pressure (left axis) and reactor length
(right axis) and (B) conversion per unit length as a function of
conversion in a ketonization reactor (0.1524 m ID) running at various
outlet acid conversions.
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than 97% size decrease compared to the base reactor case. This
analysis demonstrates the viability of series reactors for
decreasing size and pressure requirements for industrial-scale
hexanoic acid ketonization.
Figure S9 compares a case that also utilizes nine sequential

reactors and larger-bore tubes (0.6096 m instead of 0.1524 m
ID) to the minimum-size case explained in the previous
example. The two reactor designs are compared on a basis of
total catalyst mass utilized instead of reactor length since the
tube diameters are no longer uniform. Figure S9A shows that
increasing the tube size dramatically decreases pressure drop
requirements, with inlet pressures of 1.025 atm (first eight
reactors) and 1.012 atm (final reactor) necessary instead of 10
atm (first eight reactors) and 9 atm (final reactor) for the
0.1524 m ID reactor. However, this lower pressure also causes
lower overall ketonization rates, as more of the reactor operates
in a regime in which the ketonization pressure is low enough to
cause rates to decrease with decreasing acid pressure (Section
3.1), necessitating 47% more ZrO2 catalyst (2275 kg instead of
1550 kg). We also acknowledge that this 0.6096 m ID reactor
will operate at Reynolds numbers between 125 and 176, below
the plug flow regime at which the 0.1524 m ID reactor
operates (Re ≥ 2000). This will result in nonuniformities in
residence time and radial temperature and concentration
gradients, as well as possible particle-scale external heat- and
mass-transfer limitations; these phenomena are beyond the
scope of this study but would necessitate further increases in
reactor size. Nonetheless, the trade-off of lower operating
pressure for higher catalyst mass (and reactor size) require-
ments that accompanies the use of reactor tubes with
diameters larger than 0.1524 m may be desirable in some cases.
Employment of recycle, loop, or series reactor configurations

with outlet (recycle, loop) or interstage (series) water
separations decreases the length and inlet pressure require-
ments of a carboxylic acid ketonization reactor. Optimal
reactor configurations for carboxylic acid ketonization can be

determined through the assessment of feasibility and energy
requirements for separations procedures and process integra-
tion opportunities in tandem with careful technoeconomic
analysis.

4. CONCLUSIONS

Volatile fatty acids can be upgraded to sustainable aviation fuel
blends through catalytic ketonization followed by hydro-
deoxygenation. We conducted a study of ketonization rates of a
model VFA compound, hexanoic acid, at kinetically limited
conditions over an industrially utilized ZrO2 catalyst and found
that (i) the rate is positive order in hexanoic acid pressure
between 0 and ∼10 kPa, after which the rate is zero order in
acid pressure, corroborating our assumption of ketonization
occurring via a Langmuir−Hinshelwood surface reaction; and
(ii) cofeeds of product water result in substantial rate
decreases, whereas cofeeds of product CO2 and 6-undecanone
do not inhibit rates, signifying that only water competes with
hexanoic acid for adsorption on the ZrO2 surface. Parameters
describing the ketonization surface reaction and the surface
adsorption of hexanoic acid and water were fit using observed
kinetic data to comprise a model that quantitatively describes
observed ketonization rates at varied product and reactant
pressures and temperatures. We used the kinetic model in a
packed-bed reactor simulation incorporating ZrO2 extrudate
particle internal diffusion limitations and an axial pressure drop
to simulate industrial-scale hexanoic acid ketonization. Rate
inhibition by water was identified as the principal driver of
reactor size and pressure drop. We recommend utilizing
recycle, loop, or series reactors to carry out catalytic
ketonization to high (98%) conversion and demonstrate that
implementation of a series reactor configuration decreases the
reactor size and pressure requirements of these systems
compared to a single packed-bed reactor.

Figure 7. (A, B) Reactor pressure and (C) acid conversion in 1−9 hexanoic acid ketonization reactors operating in series with water removal
between each reactor operating at 98% hexanoic acid conversion at the outlet of the final reactor. B is an inset of A. (D) Schematic representation
of a VFA ketonization in series reactors with interstage water separation.
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