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Guerbet coupling chemistry is a route to oligomerize ethanol into Cy4, alcohols. Long chain ethers can
be obtained through bimolecular dehydration of these alcohols. Ethers generated from the dehydration
of Cg, alcohols produce a fuel that satisfies diesel engine requirements, therefore selective production
of Cg, alcohols is of particular interest. The desired hexanol is synthesized through ethanol and butanol
coupling, accompanied by the formation of undesired products through several reaction pathways. In
this work the coupling of ethanol and butanol has been studied over Cug.01M3g2.99AlO, to produce Ceq.
alcohols through Guerbet coupling reactions. Two series of catalytic tests were performed at 325 °C
and 300 psig by using either pure ethanol feed or a cofeed ethanol-butanol 70-30 mole%. A kinetic
model was developed to predict the product distribution over a wide range of contact times. Kinetic
parameters were regressed by coding a routine that included a solution of differential mole balances
embedded in an optimization problem. The herein developed kinetic model was integrated in a process
simulation flowsheet that models the upgrading of ethanol into Cg, oxygenates. The butanol cofeeding
strategy in the simulations was approached by recycling the produced butanol into the coupling reactor.
The simulation results reveal that cofeeding butanol into the Guerbet reactor enhances initial production
rates of Ce, alcohols, at the expense of fostering production of byproducts from butanol self-coupling.
A maximum carbon yield of 82.2% for Ce, diesel fuel precursors can be obtained by minimizing the
byproduct production after introduction of a hydrogenation reactor.

Diesel fuel demand is forecasted to increase in the upcoming decades driven by transportation of commodities and materials. Electrification of the heavy-duty
transportation sector is not a promising solution to supply power to the heavy-duty fleet due to technical limitations. Thereby, investigation on synthesis of
sustainable diesel fuel is critical to support economic development with low environmental burden. A technology based on catalytic upgrading of ethanol has
been demonstrated as viable to produce diesel fuel. Nevertheless, the current state of this technology requires a better description of the reaction units which is
achieved through development of kinetic models. These models not only provide an accurate assessment of the process’s feasibility but also identify

operational regimes that enhance performance. By guiding process optimization and improving efficiency, the insights from these models contribute to the
development of a more sustainable diesel production route.

1. Introduction

Ethanol is the most produced liquid biofuel in the world, with

“ Department of Chemical and Biological Engineering, University of
Wisconsin — Madison, Madison, WI 53706, USA. E-mail: gwhuber@wisc.edu
? Chair of Process Technology and Industrial Environmental Protection,
Montanuniversitdt Leoben, 8700 Leoben, Austria
i Electronic supplementary information (ESI) available: (1) Mathematical devel-
opment of the kinetic model, transport limitation calculations, and comparison
of experimental and modeled trends (pdf). (2) Experimental and modeled
concentration profiles for alcohol coupling, reaction matrix, and physicochemical
properties used in model development (spreadsheet). See DOI: https://doi.org/
10.1039/d5ey00045a
i These authors contributed equally.

© 2025 The Author(s). Published by the Royal Society of Chemistry

an estimated global production of 29.6 billion gallons in 2023.
In the US, ethanol is typically blended with gasoline at ~10% v/v,
to produce a mixture that exhibits a higher octane number than
gasoline, improving the engine energy efficiency.>* Other factors
like energy security and climate protection have also served as
motivation for ethanol blending.* The electrification of vehicles
has been promoted as an approach to decarbonize the fuel
industry. By 2030, 11 to 63% of the total passenger car sales in
the world are forecasted to be electric vehicles, with percentages
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climbing up to 100% by 2050.> Unfortunately, electrification of
the heavy-duty transportation fleet is not expected to occur to the
same extent due to technical barriers related to the size and
weight of batteries. Moreover, regulations to reduce accelerated
wear and tear of roads due to transportation of heavy loads hinder
the electrification of trucks in the mid-term.> Therefore, it is
imperative to find ways to produce sustainable diesel fuel surro-
gates to stay aligned with decarbonization of the transportation
sector. The demand for gasoline is projected to decrease due
to the increase of personal electric vehicles,® reducing the con-
sumption of bioethanol for blending and potentially creating an
ethanol surplus in the market. Synthesizing heavy distillate-range
fuels through ethanol upgrading represents a market opportunity
that the bioethanol industry needs to maintain its participation in
the energy sector.”

Recently, our group developed a three-stage process to
produce diesel fuel®® through catalytic upgrading of ethanol that
encompasses the: (1) catalytic oligomerization of ethanol into
longer chain alcohols through Guerbet coupling chemistry,'”'" (2)
hydrogenation of byproducts generated in the first reactor (mainly
esters, aldehydes, and ketones) into alcohols,"> and (3) bimole-
cular dehydration of the alcohols mixture over an acid catalyst to
produce a blend of long-chain ethers."'* We initially used
hydroxyapatite (HAP) as the catalyst for ethanol conversion,'>®
but later switched to a Cu/MgAIO, catalyst."” The advantages of
the Cu-Mg-Al catalyst compared to the HAP catalyst are higher
product selectivity to Ce, alcohols and lower inhibition to water.
Process modeling, life cycle assessment, techno-economic analy-
sis, and fuel performance demonstrations were carried out by our
collaborators to show the competitiveness of this technology.®
Despite the meaningful progress made in studying this diesel
synthesis technology, there exists strong assumptions in the
modeling of the process that constrains its global optimization.
For instance, all our studies have contemplated the use of yield
rather than kinetic reactors for each catalytic stage due to the
inexistence of models applicable to our catalysts. The develop-
ment of kinetic models under relevant reaction conditions for our
reactors will reduce the stiffness imposed by yield reactors,
allowing us to perform more realistic modeling of our synthesis
process. Process design follows the hierarchical diagram depicted
in Scheme S1 (ESIf), where the reaction units have the highest
priority, with upstream being more important. The Guerbet
coupling reactor has the highest priority in our process as it is
the first reaction unit. Therefore, making efforts to describe it
more accurately is imperative to continue validating the economic
feasibility of our technology. As such, derivation of a kinetic
model for the Guerbet coupling reactor is one of the goals of
this report.

To the best of our knowledge, six previous attempts to model
Guebert coupling chemistry over HAP'>° and mixed metal
oxides®"** have been published in the literature. There are two
kinetic models where the kinetic constants were derived using
the initial rates method to fit experimental information to rate
expressions. Ho et al.'’ studied and modeled the ethanol
coupling chemistry over HAP, which follows the aldol conden-
sation mechanism. Initial rates were determined by performing
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reactions in the kinetic regime between 300-340 °C in flow
reactors. Their rate function follows a Langmuir adsorption,
where ethanol is specified as the most predominant surface
species. The model presented by the authors exhibits an
excellent ability to explain the observed consumption and
formation rates of ethanol, acetaldehyde, and butanol within
the studied range of temperature. In another study, Young
et al.'® investigated the global ethanol coupling reaction to
butanol over TiO,, HAP, and MgO. However, their work developed
solely rate expressions for acetaldehyde consumption in the aldol
condensation reaction (2 acetaldehyde — crotonaldehyde + H,0).
While their model accurately describes the acetaldehyde con-
sumption rate as a function of its partial pressure, the formulation
of a rate expression for a single elementary reaction step does not
provide sufficient information to model the full pathway from
ethanol to butanol. Lastly, Scheid et al.>* investigated the ethanol
coupling reaction over Mg-Al mixed oxides, with the Mg/Al ratio
equals 5. This catalyst is the one that most resembles ours, with
the caveat that ours also includes copper to facilitate (de)hydro-
genation steps.'® Unlike the aforementioned studies, Scheid et al.
did not focus only on studying the upgrading of ethanol into
butanol, but rather on a more complex reaction network involving
alcohol coupling, dehydrogenation, and dehydration reactions
for ethanol and butanol. In their approach, their reaction network
is composed of six reversible reactions that follow elemental
reaction orders, with inclusion of adsorption, reaction, and
desorption steps to yield a LHHW model. Since their study
involves multiple reactions occurring simultaneously over the
surface of the catalyst, Scheid et al. have approached the kinetic
parameters regression problem by solving a differential-algebraic
optimization problem to predict the observed mole fraction
distribution of the products in the outlet of their flow reactor.
Although all these three kinetic models are limited to C,-C,
chemistry, useful insights about the shape of the rate expression
can be obtained for derivation of more complicated models.
Three more studies modeling a more complicated reaction
network for ethanol coupling chemistry are available in the
literature. In these papers the authors performed initial experi-
ments to establish a reaction mechanism as a basis for their
kinetic modeling. For instance, Tsuchida et al.?® performed
studies in continuous flow to investigate the alcohol coupling
chemistry of ethanol in conversions up to 80% over HAP. Their
catalytic observations yielded a reaction network composed of
13 reactions and served as a basis to derive their kinetic model.
In their simulations, they predict the outlet concentration of
C,—Cjy linear and branched alcohols and olefines by solving a
differential model as a function of the residence time for
temperatures ranging between 300-450 °C. Recently, Eagan
et al.”® made a great effort modeling the Guerbet coupling
chemistry over HAP, explaining coupling, interrupted coupling,
and dehydration reactions. One of the strengths of this model is
its ability to simulate the catalyst inhibition as a function of the
amount of water present in the system. The authors’ model
employs only nine kinetic parameters to describe 647 reactions
involving 185 alcohols. Eagan et al. considered the existence of
acid and basic sites following what is observed from a mechanistic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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point of view, which resulted in complex rate expressions that
requires specialized skills to implement it in a process simulation
package like Aspen. Finally, Nezam et al.**> modeled the Guerbet
chemistry over Ni-La,O3/y-Al,03. Their study is interesting
because they model the observed kinetic behavior when cofeeding
ethanol and isoamyl alcohol to produce longer chain alcohols.

Besides developing kinetic models to make our process
modeling more realistic, we also believe that inclusion of
recycling streams to recover unreacted species is a determining
factor in the feasibility of our process. In our previous work,’
we have made efforts to understand the potential benefits of
recycling the unreacted ethanol and produced butanol into the
Guerbet coupling reactor to foster the condensation of longer
chain alcohols, primarily hexanol, produced through the appar-
ent reaction ethanol + butanol — hexanol + water. Our pre-
liminary results indicate that hexanol production rates increase
by a factor of at least two when butanol is cofed into the reactor
at a feed ratio of ethanol-butanol of 70-30% on a mole basis.’
Based on these promising results, and for the sake of developing
a more robust kinetic model for our alcohol coupling reactor,
herein we conducted a series of catalytic experiments over a
Cuy 01Mg, 90AlO catalyst. Experiments were performed by cofeed-
ing pure ethanol as control experiments and a blend of ethanol-
butanol in a mole ratio of 70-30%. Next, a detailed kinetic model
considering the most relevant reaction products was developed by
employing differential mole balances and solving an optimization
problem for the derivation of kinetic constants considering
experimental data acquired with ethanol and ethanol-butanol
feeds. Lastly, our kinetic model has been implemented within
an Aspen Plus process simulation to explore in more detail the
implication of recycling a blend ethanol-butanol into the
coupling reactor and its impact over the global production of
diesel fuel precursors.

2. Methods

2.1 Catalyst synthesis

A 0.3 wt% copper magnesium aluminum mixed metal oxide
catalyst (Cug,o;Mg».00Al0) identified plreviously10 as a promising
catalyst for ethanol oligomerization reactions has been derived
from a hydrotalcite type precursor through the co-precipitation
method.'®** Initially, three aqueous solutions were prepared as
follows: (1) 240 mlL of a solution containing Mg>* 0.843 M
(Mg(NO5);-6H,0, Sigma-Aldrich 237175), AI** 0.282 M (Al(NO);-
9H,0, Sigma-Aldrich 237973), and Cu®*" 0.002 M (Cu(NOj),:
3H,0, Sigma-Aldrich 61194); (2) 300 mL of a solution 0.225 M
of Na,COj; (Sigma-Aldrich 223530); and (3) 500 mL of a solution
1.35 M of NaOH (Sigma-Aldrich 795429). Solutions were prepared
in such a way that in the whole synthesis the ratio (Cu + Mg)*":
AP*:CO;:OH” was 3:1:1:10. First, solution 2 containing
Na,CO; was transferred into a 1 L beaker and heated up to
60 °C on a stir plate, while being stirred with a magnetic stir
bar. Next, solution 1 and 3 were added in a dropwise fashion to
the 1 L beaker by using syringe pumps. Flowrates in the syringe
pumps were controlled so that the addition occurred in 1 h and
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the pH remained at 10 during the synthesis. Temperature and pH
were monitored continuously by employing a temperature/pH
probe (Ohaus ST20). After complete addition of solution 1, the
mixed solution was transferred into a Schott bottle, capped, and
aged over 24 h at 60 °C with magnetic stirring. The aged solution
was then vacuum filtered and washed with hot deionized water to
remove residual sodium and nitrate ions. Subsequently, the
filtered cake was redissolved in 300 mL of a 1 M solution of
Na,COg, filtered, and washed with 500 mL of DI Filter cake was
dried overnight at 110 °C in an oven (Lab-line, 3511), crushed into
a powder, and calcined for 2 h at 600 °C under a heating ramp of
4 °C min~" in a muffle furnace under a static air atmosphere.

2.2 Alcohol coupling reactions

Gas-phase alcohol coupling reactions were carried out in
stainless-steel packed bed reactors (316 SS, 1/4” O.D., 16"
length), where the catalyst mass ranged between 40-1500 mg,
depending on the studied contact time. Ten catalytic runs per
feed were carried out at contact times (t) ranging between
0.21-21.6 h kgeae kmolg,s ', The synthesized Cug.g;Mg;.90AlO,
catalyst was sieved to ensure a uniform particle size distribu-
tion (standard sieve mesh 30-80), packed, and held at the
center of the tubing by glass wool (Acros organics) and silica
beads (Sigma-Aldrich) at both ends. The tubular reactor was
then confined within an aluminum heating block, equipped
with a K-type thermocouple, to keep an isothermal profile along
the reaction bed. An electric furnace (Thermo Fisher, Lindberg
blue M Mini-Mite) was employed to heat up the reactor and
control the temperature program. Prior to catalytic tests, the
catalyst bed was reduced in situ at 325 °C by flowing H, (Airgas,
UHP grade) at 50 mL min~ " overnight (more than 12 h), with a
heating ramp of 4 °C min~*.’® Posterior to the reduction of the
bed, the tubular reactor was pressurized up to 300 psig of
hydrogen atmosphere, and pressure was maintained constant
by using a back pressure regulator (Equilibar, ZFOSVNS) with
nitrogen as the pilot fluid. Alcohol coupling reactions were
performed at 325 °C and 300 psig by pumping either pure
ethanol or a blend of ethanol-butanol of composition 70-30%
in mole basis at 65 L min~" into the reactor by using a syringe
pump (Teledyne ISCO). Hydrogen was used as a carrier and
co-fed into the reactor at an adjusted rate so that the mole ratio
of ethanol + butanol to hydrogen in the inlet of the reactor was
4:1. Hydrogen is cofeed into the reactor along with the alcohols
to partially suppress the formation of esters and aldehydes
inherent to the alcohols coupling chemistry."* Before contacting
the catalyst, the liquid feed was passed through a preheated
section maintained at 260 °C to ensure complete vaporization of
the alcohols. Posterior to the reaction, reaction products were
crashed on 10 mL of 1-propanol (96566, Sigma-Aldrich), pre-
loaded in a removable glass condenser (110 mL, Ace glass),
submerged in a dry ice bath (dry ice/acetone). Uncondensed
products left the collection vessel and were directed towards a
three-way valve for online analysis in a GC (Shimadzu 2010),
equipped with flame ionization and thermal conductivity detec-
tors, or venting. Condensed products were withdrawn every
40 minutes (~2 g of reaction product) up to the collection of
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four samples per catalytic run. Liquid products were then
prepared for gas chromatography analysis by diluting the sam-
ples in 1-propanol and adding a known amount of 1-pentanol
(~1 wt%, Sigma-Aldrich, 138975) as the internal standard.
Samples’ analysis was conducted in a GC-FID (Shimadzu
2014), equipped with an RTX-VMS (Restek) column. Identifi-
cation of reaction products was helped by GC-MS (Shimadzu
GCMS-QP2010) and quantification of product concentration was
done by using external standards when available.

Liquid phase concentration of product i was calculated with
eqn (1), where ngme is the concentration of the internal standard
in the analysis vial, RF,; stands for the relative response factor of
compound 7 with respect to the internal standard, Area, corresponds
to the area of peak i recorded in the gas chromatograph, mSensonc"
and ppropon are the mass and density of 1-propanol employed as
the crashing solvent and preloaded in the collection condenser,
m;‘;g‘g.‘ﬁgfﬂ and p;‘;ggf,'g:ef represent the mass and liquid phase density
of the reaction effluent crashed over the 1-propanol, m;ifolpOH is the
mass of propanol used to dilute the samples for the GC analysis, and
mlvai;'ﬂduct and p‘s’fﬁiqp]e represent the mass and density of the sample
(reaction effluent + crashing solvent) used in the GC analysis.

condenser condenser
Area; MyopOH  Pproduct
Area pentOH condenser

product
vial condenser
% (1 ’npropOH p sample )

vial
mproduct p propOH

outlet __ wial .
Ci = CpemOH -RFy;

m p propOH

@

Ethanol conversion was calculated for each experiment by
using eqn (2).

outlet
CEthanoI

inlet

Ethanol

(2)

XEthanol = 1 —

The carbon balance was calculated as the ratio of the carbon
concentration detected in the outlet and the carbon concen-
tration fed to the reaction setup as presented in eqn (3).

Z CNi . Cputlet
i
CB=_—_! : (3)
2Cg‘tll?;tmol + 4C;;L112mol

2.3 Kinetic modeling

The change in flow rate of component i (F;) participating in j
reactions in a packed-bed reactor is expressed by eqn (4).

daF
d—rl =Fyy vt
7

where, t represents the contact time of the entire gas, calcu-
lated as Wea/Fy, Where wey is the mass of catalyst and F2 is the
mole flow rate in the inlet of the reactor, v;; is the stoichio-
metric coefficient of species i in reaction j, and r; is the rate of
reaction j. Based on the results obtained from the catalytic
results described in the previous section, we have identified
60 species, from which we have taken the 31 most abundant to
generate our kinetic model. Such species are labelled with the

(4)
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following nomenclature throughout our text: ethanol (E), buta-
nol (B), hexanol (H), octanol (O), decanol (D), 2-ethylbutanol
(2EB), 2-ethylhexanol (2EH), 2-butyloctanol (2BO), acetaldehyde (A),
butyraldehyde (Bal), hexanal (He), octanal (Oc), 2-ethylbutanal
(2EBa), 2-ethylhexanal (2EHa), ethyl acetate (EA), butyl acetate
(BA), ethyl butyrate (EB), butyl butyrate (BB), ethyl hexanoate
(EH), hexyl acetate (HA), butyl hexanoate (BH), butyl octanoate
(BO), 2ethylbutyl acetate (2EBA), acetone (Ac), 2-pentanone (2Po),
2-heptanone (2Ho), 4-heptanone (4Ho), 4-nonanone (4No), water
(H,0), carbon monoxide (CO), and hydrogen (H,). In addition, nine
unobserved but expected intermediates, namely, 2-butenal (Bal.),
2-hexenal (He.), 2-ethyl-2-butenal (2EBa.), 2-octenal (Oc.), 2-ethyl-2-
hexenal (2EHa.), 2-decenal (De.), decanal (De), 2-butyl-2-octenal
(2BOc), and 2-butyloctanal (2BOc) were included in the model.

Regression of kinetic parameters for the system of 37
ordinary differential equations generated from eqn (4) has been
achieved after implementation of the mathematical model in
Matlab® R2022b, by following the algorithm depicted in Fig. 1.
As observed, the algorithm is fed with estimated values for the
kinetic constants (k%) and liquid phase concentrations of the
species quantified in our experiments (C{P(z)) to minimize
the objective function. In the algorithm, differential balances
for the gas phase flows are established and solved by using the
ODE23s function. For solution of the ordinary differential
equations the initial conditions were assumed to be the mole
flow of each species in the inlet of the reactor. Subsequently,
gas phase mole fractions are computed to be employed in the
proposed rate model. A more detailed derivation of the rate
expression is presented in Section S2 of the ESI.{ Estimation of
the liquid phase concentrations is carried out by renormalizing
the gas phase mole fractions (y;) in a H,- and CO-free basis.
Ultimately, profiles of liquid phase carbon concentrations are
obtained and compared to experimental data to proceed with
the optimization. A hybrid optimization approach was carried
out to minimize the objective function, initializing the routine
with the particle swarm algorithm by invoking the ‘particleswarm’
function with a swarm size of 100 particles and typically a
maximum of 50 iterations and subsequent refinement of the best
solution by using the ‘Isqcurvefit’ function. Determination of the
parameters’ confidence intervals was carried out with the ‘nlparci’
function at 95% confidence interval, and estimation of the
confidence band around the regressed model with the ‘nlpredci’
function. For clarification, experimental data obtained feeding
ethanol, and the blend ethanol-butanol were used simultaneously
to fit the model.

The objective function to be minimized was formulated as a
weighted combination of squared error and logarithmic
squared error. While the sum of the absolute squared error
tends to bias towards species with high carbon concentrations,
the sum of the logarithmic squared error assigns greater weight
to species with low concentrations. In our exploratory study,
we found that combining both approaches helped balance
the performance of our optimization problem. The values of
the weights o and f were determined based on the objective
function value after the optimization procedure, considering
only the absolute squared error and the logarithmic squared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flowchart of the optimization algorithm employed for regression of the kinetic constants that rule the chemistry of alcohols coupling.

error, respectively. In this study, o = 4.44 and f = 47.18. This
approach ensures that the hybrid objective function has equal
contribution from both error types, converging towards a value
of two as the optimization progresses.

The rate model proposed in this work is based on a LHHW
adsorption model given its proven good performance for modeling
the Guerbet coupling chemistry over hydroxyapatite,’” ™ Ni-La, 0,/
1-Al,03,>* and Mg,AL0.*" We have assumed that dehydrogenation
and dehydrogenative coupling reactions between alcohols,
aldehydes, hydrogen, and esters are ruled by reversible reac-
tions due to the presence of copper.”>*> In this respect, the
general rate expression for the reaction aA + bB = ¢C + dD is
ruled by eqn (5). Such an expression has been applied to the set
of 37 chemical reactions that model the chemistry in the
reactor and the final functional shape is shown in Table 1.
Our previous work elucidating the reaction chemistry running
over the catalyst surface'" served as the basis for the derivation
of the reaction network that rules our model.

An
yerh (PN
rj = ki, <}’”Aylé - %(f c
eq,j

where, k;; and K. are the forward rate constant and equilibrium

constant of the reaction j. Equilibrium constants have been
AG;(T)
calculated as Keq; =€~ RT by using thermochemical data at

325 °C. The thermochemical data used for equilibrium constant
calculations were sourced from Aspen Properties. The data were
validated, when possible, against thermochemical information
available in the open literature, including the NIST Webbook,**?”
JANAF tables,*® and chemical properties handbooks.>**° Details

(5)

© 2025 The Author(s). Published by the Royal Society of Chemistry

of the validation process, including supporting calculations, are
provided in the ESIT (.xls file). y; is the mole fraction of species i in
the gas phase, a, b, ¢, and d are stoichiometric coefficients and An;
is the change in moles of the chemical reaction j, P represents the
total pressure of the system, and f* is the fugacity of an ideal gas at
1 bar. The value of C is calculated by means of eqn (6).

-1
C= (1 + E}: <Kjadsyi-j>>

In eqn (6) j might be j = (alcohol, aldehyde, ketone, ester,
water) and i represents the species i that belongs to group j.
In our approach, we have assumed that all species belonging to
a given group j share the same adsorption constant. For
example, all alcohols have the same adsorption constant. Also,
we have assumed that the adsorption constant of any ketone is
the same as the adsorption constant of an aldehyde.

(6)

2.4 Process modeling simulations

With the aim of demonstrating the feasibility of integrating our
kinetic model into a process simulation to develop routes for
selective production of diesel fuel precursors (e.g., hexanol,
octanol, decanol), we have embedded the kinetic model here
developed for the Guerbet coupling reactor in an Aspen Plus
V14 flowsheet simulation. A process flow diagram of the
simulation is depicted in Fig. 2.

As displayed, ethanol is pumped (P-101) from a feed-tank
into a heat exchanger for its vaporization before feeding it into
the Guerbet reactor (R-101). Pressure is increased in this stage
from atmospheric up to 20 barg. The Guerbet reactor is simulated

EES Catal., 2025, 3, 459-474 | 463
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Table 1 Reactions (Guerbet and dehydrogenative coupling) and rate functions used for the kinetic model. The exact expression for C (adsorption term
in the heterogeneous model) is presented in egn (6)

D Group Reactions Rate function (ry)
1 Alcohol = aldehyde + H, Ethanol = acetaldehyde + H, yayu, (P 2
r = k] JE - C
Keq,l f
2 Butanol = butyraldehyde + H, ( VBalVH, (P )> 2
rn=ky(yp— = |C*
ch".’ f
3 H l = h 1+H Vi [ P
exano exana 2 rn=ks <}"H _ }IH;} H, <?> ) c?
eq,3 f
4 Oct 1 = t 1+H ) (P
ctano octana ) sy (}0 _ YoclH, (7)> o
Keq,4
5 D l = d 1+H )
ecano ecana 2 rs = ks <}’D yII){c}H2 </c>>C2
eq.,5
6 2-Ethylbutanol = 2-ethylbutanal + H, YaeBaVH, (P 5
re = ke | y2EB — =] )C
eq 6
7 2-Ethylhexanol = 2-ethylhexanal + H, Y2EHYVH, (P 2
r7 = k7| y2EH — s C
eq 7
8 2-Butyloct 1 = 2-butyloct: 1+H S
utyloctano utyloctana 2 re = ks (yzBo Y2BOCYH, ( )) o
eq 8
9 2Aldehyde — alkenal + H,0 2 Acetaldehyde — 2-butenal + H,O ro = koya”C”
10 Acetaldehyde + butyraldehyde — 2-hexenal + H,O o= kmyAyBMCZ
11 Acetaldehyde + butyraldehyde — 2-ethyl-2-butenal + H,O = knyAyBaIC
12 Acetaldehyde + hexanal — 2-octenal + H,O 712 = k1aYaVueC?
13 Acetaldehyde + hexanal — 2-ethyl-2-hexenal + H,O 13 = k13YaVueC c?
14 Acetaldehyde + octanal — 2-decenal + H,O rig = kmyAyoL
15 2Butyraldehyde — 2-ethyl-2-hexenal + H,0O 715 = k15Vpal C>
16 2Hexanal — 2-butyl-2-octenal + H,O 16 = kigyue C
17 Alkenal + H, — aldehyde 2-Butenal + H, — butyraldehyde 7= k17yBa1yH2C'2
18 2-Hexenal + H, — hexanal 18 = K1gyue Yu,C
19 2-Ethyl-2-butenal + H, — 2-ethylbutanal 1o = K19Y2rBa Yu,C
20 2-Octenal + H, — octanal T20 = k20Y0c Yu,C
21 2-Ethyl-2-hexenal + H, — 2-ethylhexanal 21 = k21)28Ha J}H
22 2-Decenal + H, — decanal Tpp = kzzyDeJHZ
23 2-Butyl-2-octenal + H, — 2-butyloctanal T23 = k23Y2p0c Yu,C c?
24 Alcohol + aldehyde = ester + H, Ethanol + acetaldehyde = ethyl acetate + H, VEAVH, \ 2
raa = ko | YEYA — Koos C
eq,24
25 Butanol + acetaldehyde = butyl acetate + H, VBAVH, \ 0
ras = kas| ypya ————= | C
ch,25
26 Ethanol + butyraldehyde = ethyl butyrate + H, YVEBVH, \ o
126 = kag | VEVBa T Ko C
eq,26
27 Butanol + butyraldehyde = butyl butyrate + H, VBBVH, \ o
r27 = ka7 | YBYBal — =) C
Keq,27
28 Butanol + hexanal = butyl hexanoate + H, YBHJH, \
rag = kag | YBYHe — FA C
eq,28
29 Ethanol + hexanal = ethyl hexanoate + H, VEHVH, \ o
29 = k29 | YEVHe ce
Keq,29
30 Hexanol + acetaldehyde = hexyl acetate + H, VHAVH, \ o
30 = k3o | YHYA C
Keq,30
31 Butanol + octanal = butyl octanoate + H 'BOVH,
v 2 r31 = k3 <yB}’0c - M) c?
Keq,"#l
32 2-Ethylbutanol + acetaldehyde — 2ethylbutyl acetate + H, V2EBACVH, \
r = k32| y2EBYA — 7 | C*
ch.32
33 2 Aldehyde — ketone + CO + H, 2Acetaldehyde — acetone + CO + H, = kssya 2c?
34 Acetaldehyde + butyraldehyde — 2-pentanone + CO + H, r;4 = kuyAyBalC
35 Acetaldehyde + hexanal — 2-heptanone + CO + H, I35 = k35yAyHe
36 2Butyraldehyde — 4-heptanone + CO + H, I36 = ksgVpal C”
37 Butyraldehyde + hexanal — 4-nonanone + CO + H, 37 = k37YBalueC

as a plug flow reactor (PFR) in which the set of reactions and their
rate expressions derived from our kinetic model are implemented.
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Reaction contact time is specified by varying the mass of catalyst
loaded in the reactor. The PFR is simulated as isothermal and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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separation units (S-101 to S-104). Stream PR-1 is the product stream with long chain alcohols, and PR-2 is a discharge of butanol from the process.

isobaric, operating at 325 °C and 20 barg, ie., the conditions at
which the kinetic model was developed. Hydrogen is cofed to the
reactor along with ethanol to obtain an inlet molar ratio of alcohol
to hydrogen of 4: 1. The reaction products are a mixture of linear
and branched alcohols, aldehydes, esters, and ketones, whose
composition depends on the amount of catalyst used in the
simulation. These effluents are subsequently fed into a down-
stream hydrogenolysis reactor (R-102) to convert aldehydes, esters,
and ketones into primary and secondary alcohols. In our simula-
tion, this second reactor is designed as an equilibrium reactor
operating at 200 °C based on our previous findings,”"> where
we observed that the maximum ester hydrogenolysis yields are
achieved at high contact times, with convergence towards equili-
brium composition when employing copper-based catalysts.
The operating pressure of the reactor is decreased from 30 barg,
as used elsewhere,” to 19 barg to decrease the investment and
operating costs required for compression. The equilibrium reac-
tions included for modeling the hydrogenation reactor are pre-
sented in Table S1 in the ESL.{

After the hydrogenolysis stage, the gaseous product is cooled
and separated into a liquid and a gas phase in a flash drum
(F-101). The gaseous fraction consisting mainly of hydrogen is
compressed to 20 barg and recycled to the hydrogenolysis and
Guerbet coupling reactors. The split ratio is adjusted to achieve
the H,:alcohol ratio of 1:4 in the Guerbet coupling reactor
and the desired H,:ester ratio in the hydrogenolysis reactor.
A purge gas stream is implemented to prevent accumulation of
undesirable species within the process. The liquid fraction of the
flash drum (F-101) is expanded with a pressure regulation valve
(V-101) to atmospheric pressure and is directly fed to a first
rectification column (S-101). The top product of this column
contains mainly water and unconverted ethanol, as well as gaseous
components that were dissolved in the liquid at higher pressure
(e.g:, Hy, CO). A molecular sieve (S-102) is used to separate most of
the water from the organic products, and a subsequent distillation
column (S-103) is employed to maximize the separation efficiency
of water and ethanol. The alcohol mixture is then pumped (P-102)
upstream towards the Guerbet reactor.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The bottom product of the rectification column (S-101) con-
tains oxygenates (e.g:, alcohols, esters, ketones) with a carbon
number of four or higher. This stream is then fed into a sub-
sequent rectification column (S-104), where the top fraction con-
taining primarily butanol, 2-methyl-1-butanol, and 2-pentanone is
separated and pumped (P-103) upstream to the Guerbet reactor.
The ratio of ethanol to 1-butanol in the Guerbet reactor feed
stream is determined by this recycling stream. The bottom product
of the column (S-104) contains diesel fuel precursors, mainly
alcohols whose carbon number equals six or higher (A¢.), and
ketones (K;.) and esters (ESg,) in low concentration.

In this work we have investigated the influence of the following
three process variables: (1) the residence time 7 in the Guerbet
coupling reactor, (2) the H,:ester ratio on the hydrogenolysis
reactor, and (3) the discharge ratio of butanol in stream PR-2
leaving the separation column S-104 to understand its impact on
the overall production of Cg, alcohols. Quantification of our results
was performed by calculating carbon yields in the stream PR-1. For
example, in eqn (7) we present the carbon yield to Ce, alcohols,
which is defined as the ratio of the concentration of the carbon
atoms contained in the Cg, alcohols in the stream PR-1 to the
carbon concentration in the ethanol feed stream. Carbon yields for
other species like esters, ketones, and aldehydes have been
calculated in a similar way and reported as cumulated fractions.

YC5+ =

Outlet Outlet Outlet Outlet Outlet
6 (CHexanol + C2-Elhylbulan01) +8 <C0clan01 + CZ- Ethylhexanol) + 10CDecanol

Inlet
2 CEthanol

(7)

3. Results and discussion
3.1 Kinetic modeling

In the following paragraphs, we present the kinetic modeling
for the Guerbet coupling chemistry using a fresh catalyst.
The stability of this catalyst has been previously tested under

EES Catal., 2025, 3, 459-474 | 465


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ey00045a

Open Access Article. Published on 20 Februari 2025. Downloaded on 18/10/2025 04:13:12.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

prolonged time on stream, demonstrating sustained catalytic
activity for up to 170 h. Coke formation, rather than metal sintering,
was identified as the primary deactivation mechanism.' Catalyst
deactivation caused changes in carbon selectivities as demonstrated
in the ESIf of our previous work. Comparable observations
were reported by Guo et al,*’ who tested a similar catalyst
under the here examined reaction conditions (except for a
reaction pressure of 600 psi). Their findings indicate that
carbon selectivity profiles remain relatively stable over time
after reaching the steady state. Surface properties of our catalyst
are summarized in Table 2 except for the number of copper
surface sites or average particle size, which could not be
counted successfully through N,O titration due to low copper
load. Expanded discussion and detailed characterization of
the fresh and spent catalysts are available in our previous
publication.™®

Ethanol oligomerization over copper catalysts supported on
Mg-Al mixed oxides has been reported to produce more than
160 different species including alcohols, aldehydes, esters,
ketones, olefins, paraffins, ethers, and acetals.'® The development
of a kinetic model encompassing 160 species is challenging and
might include species in trace quantities that are not meaningful
to predict the main features of the reaction effluent. In our
catalytic experiments, we have identified 60 species, where alco-
hols, aldehydes, esters, and ketones are the prominent function-
alities as shown by the carbon balances presented in Fig. S1
(ESIt). A generalized reaction network outlining the formation of
alcohol coupling products is presented in Scheme 1. As depicted,
the alcohol coupling chemistry begins with the dehydrogenation
of alcohols to aldehydes (R1), which then condense to form an
a,B-alkenal (R2). The formation of this alkenal is the rate limiting
step in the global alcohol coupling reaction.**?* The alkenal
is subsequently hydrogenated at the C—O bond, forming an
2-alkenol, which subsequently undergoes a bond isomerization
reaction to form 1-alkenol, ultimately tautomerizing into the
saturated aldehyde.'”'® Our previous findings indicate the iso-
merization and keto-enol tautomerization occur rapidly yielding
the apparent reaction that hydrogenates the alkenal into the
saturated aldehyde (R3)." Side reactions, such as dehydrogenative
coupling and retro-aldol condensation, promoted by the presence
of copper,***> lead to the formation of esters (R4) and ketones
(R5),>**” respectively. Finally, monomolecular dehydration of
alcohols produces alkenes (R6), which are subsequently hydro-
genated into alkanes (R7).

For our model, we selected a set of 31 identified species plus
9 expected intermediates labelled as alcohols, aldehydes, esters,

Table 2 Surface properties of the synthesized Cug 91Mg2.90AlO, catalyst.
Expanded catalyst characterization is found in our previous publication®

Property Value
Cu loading (wt%) 0.3
Mg : Al molar ratio 2.9
BET surface area (m> g™ ) 172
Pore volume (mL g™ ") 0.5
Basic sites (umol g ) 325
Acid sites (umol g ) 861
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or ketones that were able to explain at least 90% of the carbon
fed into the reactor. Alkanes and alkenes were excluded from
the model, as they accounted for less than 1.3% of the carbon
balance in the experiments. This allowed us to reduce the
number of species considered in our model, while capturing
the main components in the outlet stream composition. The
reduction of the number of species in the model is beneficial
to diminish the complexity of the mathematical problem but
imposes the drawback that the experimental carbon balance of
the selected species does not sum 100% as in the mathematical
model. To overcome such shortcoming, we have normalized the
composition of each species by the carbon balance that the
modeled species can explain. We have opted to use this normal-
ization approach for closing the experimental carbon balance, as
it was previously used by Scheid et al.?’ and Eagan et al.'® to
compute gas phase mole fractions and successfully develop their
kinetic models. While other approaches, such as attributing
the missing carbon to an ‘unknown’ species or expanding
the reaction network in Scheme 1 to predict unidentified but
potentially expected long-chain species, could be considered, we
believe these methods also rely on assumptions that may
compromise the accuracy and reliability of the model. Dotted
lines in Fig. S1 (ESIT) indicate the evolution of the normalization
values as a function of the contact time for the pure ethanol feed
(control experiments) and cofeed experiments. Raw data of the
concentration of all the species identified in this research are
presented in the ESIt (spreadsheet).

Fig. 3 displays the experimental (scattered data) and pre-
dicted (solid lines) liquid phase concentration profiles of
the reactants and products as a function of the contact time
for the Guebert coupling reactor. The set of kinetic parameters
that reproduces the behavior of the chemistry over Cug ;M-
£2.90Al0 at 325 °C and 300 psig for the proposed model is
reported in Table 3 accompanied by their corresponding equi-
librium constants when applicable. Backward rate constants
can be calculated as k, = kgK.q. As observed, the model
reproduces with great agreement the experimental observa-
tions, with most of the data points lying within the confidence
interval of the prediction (shaded area around solid lines). The
agreement between the model and experiments is also dis-
played in (1) the spreadsheet in the ESI, where we depict the
experimental and predicted liquid phase concentration of all
modeled species; and (2) the parity plot of Fig. S2 (ESIT), where
the predicted carbon concentrations vs. the experimental ones
of the modeled species spread over the 45° line, showing
balanced errors for both sets of catalytic runs. To confirm that
the reaction operated under a kinetic controlled regime, heat
and mass transfer limitation calculations were carried out, as
presented in Section S3 of the ESIL.{ The calculations indicate
no significant internal diffusion limitations (Weisz-Prater =
0.004 « 1) or internal temperature gradients (Prater = 2.2 X
107° « 1).

Fig. 4 presents the ethanol conversion as a function of the
contact time for both pure ethanol and cofeed experiments.
Note that since butanol is a product and a reactant for the
cofeed experiments, calculation of its conversion extent is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dehydrogenation, (R2): aldol condensation, (R3): alkenal hydrogenation, (R4): dehydrogenative coupling, (R5): retro-aldol CO elimination for ketone
formation, (R6): monomolecular dehydration, and (R7): alkene hydrogenation.

challenging, and no attempts were made for this purpose. As
displayed, experiments indicate that ethanol conversions in
cofeed experiments are slightly higher than those in the control
experiments within the first 5 h kgeae kmoly,s " of contact time.
This initial behavior is because the addition of butanol readily
produces large amounts of butyraldehyde, which form a butanol/
butyraldehyde-rich pool that enables new reaction pathways for
coupling ethanol and acetaldehyde moieties. Interestingly, in
both tested scenarios, ethanol conversion slows at higher contact
times, reaching a maximum of ~70%, consistent with previous
observations from our group.'" This deceleration is attributed to
the competitive adsorption of water, which impacts the adsorp-
tion frequency of reactive aldehydes required for the Guerbet
coupling mechanism.*® Since aldehyde partial pressure is gov-
erned by its equilibrium with the parent alcohol, a reduced
aldehyde consumption rate directly limits alcohol conversion.
Acetaldehyde and butyraldehyde concentration profiles are
presented in Fig. 3(e) and (f). As depicted, acetaldehyde is readily
formed from ethanol dehydrogenation over copper active sites.
This dehydrogenation is observed to occur fast due to the rapid
increase of acetaldehyde concentration in a short contact time.
In contrast, the butyraldehyde concentration exhibits two differ-
ent initial increasing rates for the cofeed and control experi-
ments. In the control experiments, butyraldehyde is formed
from aldol condensation followed by a hydrogenation, while in

© 2025 The Author(s). Published by the Royal Society of Chemistry

the cofeed experiments this aldehyde is formed from butanol
dehydrogenation. Given that the apparent formation rate of
butyraldehyde (the slope of the profile) in the control experi-
ments at early contact times is lower than that of the cofeed
experiments, it is concluded that butanol dehydrogenation is
faster than acetaldehyde self-condensation. In our system, once
butyraldehyde is formed, acetaldehyde and butyraldehyde react
on the surface yielding C,_g alcohols (c) and (d), and ketones and
esters (g) and (h). The intermediate role of the linear aldehydes
in the reaction network is also observed in the diagram, showing
an increasing concentration profile at low contact times that
peaks between 2-3 h kg, kmolgasf1 and decreases afterwards.
The exact position of the aldehyde peak depends on whether the
precursor alcohol was fed into the reactor or not. Although other
species such as butanol or hexanol can also be considered
intermediates due to participation in dehydrogenative couplings
to produce esters and ketones, their intermediate fashion is not
evident within the tested contact times.

Panels (a) and (b) present the butanol concentration profiles
for our experiments, exhibiting two different trends. In the
control experiments it is observed that butanol concentration is
continuously increasing, while in the cofeed experiments buta-
nol concentration decreases from 4.4 M with an apparent
convergence to a steady value of 3.4 M. The concentration of
other alcohols is plotted in Fig. 3(c) and (d). As shown, the

EES Catal., 2025, 3, 459-474 | 467
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Fig. 3 Liquid phase mole concentration (M) of species modeled in this work as a function of contact time (z). Reaction conditions: 325 °C, 300 psig,
(ethanol + butanol)/H, = 4, catalyst: Cup.01Mg2.90Al0. Feed: pure ethanol (top plots), ethanol-butanol 70-30% mole basis (bottom plots). (a) and
(b) E: ethanol and B: butanol, (c) and (d) C5°™: Ce, linear alcohols and C2°™: Cg, branched alcohols, () and (f) A: acetaldehyde, Bal: butyraldehyde,
Ck2'9: Cg, linear aldehydes, and C22'9: Cg, branched aldehydes, and (g) and (h) Es;: ethyl acetate + butyl acetate + ethyl butyrate + butyl butyrate, Esy:
other esters, and K: ketones. Scattered data represent the experimental observations, accompanied by the error in the sampling; solid lines correspond to
the model prediction of the concentration profiles, and the bands represent the confidence interval for the prediction at the 95% level of confidence.

concentration of the profile of linear alcohols is higher than the
one for their branched counterparts, demonstrating that our
catalyst is more selective for the formation of linear alcohols
when butanol was cofed into the system. Remarkably, the
initial production rate of Ce. alcohols is faster at early contact
times when butanol is cofed into the system, validating our
motivation to cofeed butanol into the system and demonstrating
the beneficial effects of cofeeding a blend of ethanol-butanol to
obtain higher production rates of hexanol. The concentration
profiles for species different to ethanol, butanol, and their
corresponding aldehydes reach similar concentrations at high
contact times regardless of butanol being cofed.

Analysis of the selectivity of the catalysts for linear and
branched alcohols is presented in Fig. 5, which displays the
relative concentration of C¢ and Cg alcohols. The relative
concentration from the model and experiments displays excel-
lent agreement for Ce alcohols with some minor discrepancies
for Cg alcohols. A major disagreement is observed for the ratio
octanol/2-ethylhexanol in the cofeed experiments (C§°°9),
where the trend at low contact times could not be captured
by the model. Since octanol and 2-ethylbutanol were detected
in lower quantities than their Cg counterparts, we indicate that
the model fit the Cg alcohols better than the Cg ones. In the plot
it is regarded that the relative concentration of hexanol to
2-ethylbutanol (Cs ratio) behaves similar in the cofeed and pure

468 | EES Catal, 2025, 3, 459-474

ethanol feed (control) experiments, leveling off at a ratio of 3.
This finding suggests that feeding butanol does not affect
nucleophilicity and/or electrophilicity roles in the condensation
of acetaldehyde with butyraldehyde, and that at high contact
times ~75% of Cg alcohols will be hexanol. Nonetheless, a
similar behavior is not observed for Cg alcohols in the control
and cofeed experiments. As shown, the ratio of linear to
branched alcohols in the control experiments converges to ~2,
while in the cofeed experiments the convergence is towards 1.
This disparity in relative ratios of Cg alcohols is due to the fact
that feeding butanol increases the production of 2-ethylhexanol,
since this alcohol can also be formed from butyraldehyde self-
condensation. The plot demonstrates that alcohols coupling
over our catalysts form predominantly linear species rather than
branched. This selectivity of linear over branched alcohols can
also be regarded in the instantaneous selectivity calculated from
the kinetic constants of our model. In Table 1 it is seen that
reactions (10) and (11) modeling the formation of 2-hexenal and
2-ethyl-2-butenal, respectively, share the same reactants, which
allows us to compute the instantaneous selectivity of the linear
over the branched unsaturated aldehydes as the ratio of their
kinetic constants, yielding a value of Sy appa. = 5.4. In further
steps of the reaction network, the alkenals are hydrogenated into
their respective aldehydes, which react to form new species like
alcohols at rates that yield the results presented in Fig. 5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kinetic constants for ethanol + butanol coupling over Cug o1-
Mg,.90AlO at 325 °C and 300 psig. Rate constants are reported in units of
kmol; ht kgca(l, while equilibrium and adsorption constants are unitless

Reaction Parameter ke £ Cl,-0.05 Keq
1 ks 12236 + 1706 3.19
2 ks, 29219 + 6334 0.88
3 ks 1.035 x 10° + 1.4028 x 10° 1.24
4 ks 10252 + 10851 0.39
5 ks 123 + 108 0.41
6 ke 29986 + 30720 1.00
7 k, 30996 + 43001 0.87
8 kg 123 + 108 0.87
9 ko 1014500 + 192 330
10 k1o 759300 + 138900
11 ki 140520 =+ 33472
12 kin 1732700 + 477 480
13 ks 116090 + 172470
14 kia 1761100 + 779760
15 kis 53227 4+ 36027
16 ks 22582 + 17638
17-23 k17~ka3 1.5531 x 107 4 2.0014 x 107
24 ko 7209 + 1688 5.41
25 kos 14955 + 4083 9.11
26 ks 9016 + 2252 30.47
27 ksy 13175 + 3594 25.15
28 kg 64958 + 22391 12.91
29 ko 17895 + 10171 10.45
30 kso 24300 + 20908 7.97
31 ks, 149 400 =+ 128 300 54.20
32 kss 22582 + 17638 5.71
33 ka3 21031 4+ 14301
34 ksa 46745 + 23823
35-37 kss—ks, 22582 4+ 17638
38 K0S s 274 + 33
39 ads 616 + 230
40 K:ﬁ;ehydesﬂtetones 36 £ 56
41 K33 7807 4+ 1900
80 1
o
)
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Fig. 4 Ethanol conversion as a function of contact time (z). Reaction
conditions: 325 °C, 300 psig, (ethanol + butanol)/H, = 4, catalyst:
CuUg.01Mg>2.90AlO. Cofeed: ethanol-butanol 70-30% mole basis. Solid lines
represent the prediction of the model.

As previously commented, the motivation of feeding butanol
into the alcohol coupling reactor is to increase the production rates
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Fig. 5 Relative concentration ratio of linear to branched alcohols for
cofeed and control (pure ethanol feed) experiments as a function of
contact time. Cg and Cg ratios refer to hexanol/2-ethylbutanol and
octanol/2-ethylhexanol, respectively. Reaction conditions: 325 °C, 300
psig, (ethanol + butanol)/H, = 4, catalyst: Cugo01Mg;90AlO. Cofeed:
ethanol-butanol 70-30% mole basis. Solid lines represent the predic-
tion of the model. A dotted line at ratio = 1 has been added as a
visual aid.

of longer chain alcohols, primarily hexanol produced from the net
reaction ethanol + butanol — hexanol + H,O. Nevertheless, the
coupling of the same reactants also yields 2-ethylbutanol, which is a
less desirable product. Linear alcohols undergo preferably bimole-
cular dehydrations to ethers while branched alcohols dehydrate
monomolecularly into olefins.”'® As a reminder, the product
of our global process is a blend of ethers produced through
bimolecular dehydration of alcohols. Fig. 6 presents the ratio of
the concentration of the linear and branched alcohols in the cofeed
experiments with respect to the control experiments. As observed,
the concentration of all alcohols is higher in the cofeed experi-
ments at early contact times, as compared to the control ones, with
a continuous decrease that converges asymptotically to values
around 1. These results indicate then that cofeeding butanol fosters
the condensation of linear alcohols or aldehydes at higher rates to
produce longer chain alcohols. Noticeably, at high contact times
the experiments show few increases in hexanol concentration if
butanol is cofed into the reactor. For longer chain alcohols like
octanol and decanol the experimental observations and the model
lines fall below the dotted reference line, indicating that other
reactions are consuming hexanal/octanal and acetaldehyde, which
causes a decreased concentration of octanol and decanol in the
final product compared to the control case. It is also observed that
at long contact times the production of 2-ethylbutanol is virtually
unaffected by the addition of butanol, however the final concen-
tration of 2-ethylhexanol increased by 50% when 30 mol% butanol
is fed into the reactor.

One of the consequences of cofeeding butanol is the promo-
tion of dehydrogenative coupling reactions between butanol/
butyraldehyde and aldehydes/alcohols. Fig. S3 (ESIT) presents a
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Fig. 6 Relative concentration ratio of (a) linear and (b) branched alcohols
in cofeed to control (pure ethanol feed) experiments. Reaction conditions:
325 °C, 300 psig, (ethanol + butanol)/H, = 4, catalyst: Cug.01Mg2.90ALO.
Cofeed: ethanol-butanol 70-30% mole basis. Solid lines represent the
prediction of the model. The dotted line at ratio = 1 has been added as a
visual aid. H: hexanol, O: octanol, D: decanol, 2EB: 2-ethylbutanol, and
2EH: 2-ethylhexanol.

comparison of the concentration of the esters produced from
ethanol and butanol coupling for the studied cofeed scenario
relative to the pure ethanol feed. As observed, feeding less
ethanol into the system caused a reduction of ~50% in the
mole concentration of ethyl acetate compared to the reference
scenario. This is due to the lower amount of acetaldehyde
generated in the cofeed experiments that limited the coupling
of ethanol with acetaldehyde. In contrast, the opposite trend is
observed for butyl butyrate, whose concentration in the final
product increased by at least 150% due to the presence of
butanol in the feed. The concentration ratio of unsymmetrical
esters like butyl acetate and ethyl butyrate indicates that at early
contact times there exist promotion of the dehydrogenative
coupling reaction that forms additional Cs esters in the cofeed
scenario. Experiments also reveal that the relative butyl acetate
concentration converges towards a value slightly higher than
one, which indicates that even at high contact times the
production of butyl acetate is more promoted than the produc-
tion of ethyl butyrate when butanol is cofed. The relative
concentration of ethyl butyrate to butyl acetate in the cofeed
and control experiments is presented in Fig. S4 (ESIf). As
observed, ethyl butyrate is formed in higher concentration than
butyl acetate in the control experiments. Nonetheless, in the
cofeed experiments both esters are observed to have virtually
the same concentration at most of the contact times. The
explanation for this resides in the fact that butyl acetate is
formed more easily in cofeed than in the control experiments.
Formation of butyl acetate requires the dehydrogenative cou-
pling of butanol and acetaldehyde, which are easily furnished
in the cofeed experiments at low contact times, while for the
control experiments butanol formation requires previous butyr-
aldehyde synthesis through acetaldehyde condensation. As
such, in cofeed experiments the production of butyl acetate is

470 | EES Catal.,, 2025, 3, 459-474
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observed to occur at comparable rates as ethyl butyrate. Fig. S5
(ESIT) presents the ratio of the reaction quotient (Q) to the
equilibrium constant (K.q) for alcohol dehydrogenation and
dehydrogenative coupling, as predicted by our kinetic model.
As observed, C,4, alcohols rapidly establish equilibrium with
their respective aldehydes and hydrogen. In contrast, ethanol
remains far from equilibrium, maintaining the driving force
that favors acetaldehyde formation. Similarly, the model
indicates that dehydrogenative coupling reactions of alcohols
and aldehydes are also far from equilibrium, with a Q/K.q ratio
lower than 0.1. This suggests that the reaction system still
retains significant chemical potential for ester production.

Of particular interest is understanding the effect of an
ethanol-butanol cofeed for the linear alcohols and the respec-
tive aldehyde carbon yields as described by eqn (8). Fig. 7
presents a heat map of the carbon yield of linear alcohols +
aldehydes as a function of the contact time and the mole
fraction of butanol in the feed of the reactor. As observed, the
model indicates within the analyzed range of contact times, the
maximum amount of carbon atoms for the linear alcohols/
aldehydes is ~14% of the carbon fed into the system. Remark-
ably, it is observed that at a constant contact time the carbon
yield to linear species decreases after xheed .~ 25%, which
comes from a reduction in the concentration of acetaldehyde
needed to proceed with the aldol-condensation towards linear
species. Fig. 7 also suggests that there exists a region between
xheed = 0-30% and high contact times that maximizes the
production of linear alcohols + aldehydes. Over the heat map a
white line has been drawn and represents (aYC/GxEﬁiSH =0
This line indicates the maximum concentration of diesel fuel
precursors that can be achieved at constant contact time. The
trajectory of the drawn line over the heatmap indicates that
cofeeding between 23-28 mole% of butanol is the optimal
blend ratio to maximize the advantageous effect of butanol

0.15
20
172}
%
© 15 0.1
g
~,
j? 10
= 0.05
+ 5
0 0
0 0.2 0.4 0.6 0.8 1.0
xFeed
ButOH

Fig. 7 Heat map of model predicted carbon yield of diesel fuel precursors
as a function of contact time (r) and mole fraction of butanol in the feed
composed of a blend of ethanol and butanol, reacting over Cug -
Mg2.99Al0 at 325 °C, 300 psig, and (ethanol + butanol)/H, = 4 in the feed.
The white line represents the couple (xE?ﬁ%H,r) that maximizes the carbon

concentration of diesel fuel precursors at a determined contact time.
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cofeeding, particularly in the production of linear and
branched Cg. alcohols and aldehydes.

Outlet Outlet Outlet Outlet Outlet
YC _ 6(CHexanol + CHexanal) + 8(COctanol + COcIanal) + IOCDecanol
- Inlet Inlet
2CElhanol + 4CBulanol

(8

3.2 Process modeling

The process simulation for diesel fuel production has been
carried out in previous works,*® where a conversion reactor was
used to calculate the composition in the outlet stream of the
Guerbet coupling reactor. The implementation of a conversion
reactor implies that experiments must be carried out at a fixed
conversion for the respective feed composition to obtain an
appropriate product composition. The influence of the catalyst
quantity and residence time must therefore always be deter-
mined separately and cannot be predicted by simple variations
in Aspen Plus. Nevertheless, introduction of a kinetic model to
simulate the reactor’s behavior allows the investigation with
more flexibility of the influence of variables such as residence
time and feed composition on the performance of the overall
system (product quantities, energy demands, etc.).

In preliminary simulations, the Guerbet coupling kinetic
model was implemented in a plug-flow reactor in Aspen Plus
V14 as a custom model. Converged simulations were obtained
for simulations feeding pure ethanol and the 70-30% ethanol-
butanol cofeed, achieving the same product composition as in
the model presented in the kinetic modeling section. This
demonstrates the feasibility of integrating the Guerbet coupling
kinetic model in a process simulation. Our kinetic model was
then embedded in the simulation process presented in Fig. 2,
which consists of the Guerbet reaction, a downstream hydro-
genolysis reactor, and the product separation units. This simu-
lation elucidated the impact of process variables such as the
resident time and the ethanol-butanol cofeed (varying the
butanol recycling ratio) in the Guerbet coupling reactor, as well

View Article Online
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as the H,: ester ratio in the hydrogenolysis reactor. The influ-
ence of the contact time in the coupling reactor was assessed by
changing the amount of catalyst in the reactor, while the
impact of the H, : ester ratio fed into the hydrogenolysis reactor
over the product yields is assessed by studying specific ratios of
400:1, 200:1, and 100: 1.

Fig. 8 shows the simulation results of the process depicted
in Fig. 2. As observed in panel (a), a maximum yield of 82.2%
(green circles) for Ce, alcohols in the final product of the
process can be achieved when operating at a contact time of
5.23 h Kkgcat kmolga{1 and a H,:ester ratio of 400:1 in the
Guerbet and hydrogenolysis reactors, respectively. The ester yield
under such conditions is calculated as 3.6%. In our process, the
ester yield needs to be lower than 5% to decrease their negative
effect in the downstream etherification reactor.”>" In Fig. 8(b) it is
observed that reduction of the H,:ester ratio to 200:1 in the
hydrogenolysis reactor increases the ester yield up to 4.7% at the
assessed contact time, going even higher than 5% at the 100:1
ratio regardless of the contact time as presented in panel (c).
Remarkably, the maximum yield of Cq, alcohols also decreases
with reduction of the H, : ester ratio, showing a maximum value of
75.6% at 6 h kg kmolgas_1 of contact time in the alcohol coupling
reactor and a H,: ester ratio of 100:1 in the hydrogenation unit.

Additional evaluation of the process performance is obtained
by assessing the relative selectivity of linear to branched alcohols
in the outlet stream of the presented technology. Fig. 9 displays
the relative selectivity of linear to branched Cs and Cg alcohols. As
observed in all cases, short residence times in the coupling reactor
favors the production of hexanol over 2-ethylbutanol, whilst the
opposite effect is seen for 1-octanol and 2-ethylhexanol. Increas-
ing the contact time in the coupling reactor causes a decrease in
the ratio of the Cq alcohols and increases the one of their Cg
analogue. In general, these relative selectivities change within the
first 4.5 h kgcac kmolgasf1 regardless of the assessed scenario,
plateauing between 4.3-3.5 and 1.1-1.5 for the C¢ and C;g ratios,
respectively.

—o0—YAg.-L —e— YAg, -B —o— YAg,; —o— YEster—e— H,:(Est+Ald) o
100 - 1E. T H 1F - H - 200 £

(b) gier=200 (€) 5sizp=100 E

B0y Al 1 150 9
S z
2 60 T r B [<5)
o : : - 100 ©
2 40 A - - o
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2,

0 - ik ik 0 <
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0 5 101520 0 5

Hpy

10 15 20
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Fig. 8 Product yields (PR-1) as a function of contact time (z) in the Guerbet coupling reactor and H,: ester ratios of (a) 400:1, (b) 200:1 and (c) 100: 1.
YAe.+-L: carbon yield of Cg, linear alcohols, YAg,-B: carbon yield of Cg, branched alcohols, YAe,: carbon yield of Cg, alcohols, and YEster: carbon yield of
esters. Scattered data represent the results from the simulated scenarios. Continuous lines are drawn to guide the eyes.
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Fig. 9 Ratio of linear to branched alcohols as a function of contact times () in the Guerbet coupling reactor and H, : ester ratios of (a) 400: 1, (b) 200:1
and (c) 100 : 1. Scattered data represent the results from the simulated scenarios. Solid lines are drawn to guide the eyes.

In a second process evaluation phase, the influence of the
amount of catalyst and the discharging of butanol from the
separation column S-104 (see Fig. 2) on the alcohol product
yields is considered. The top product stream of the column
S-104 is split into the stream PR-2 and the recycling stream fed
back to the Guerbet coupling reactor. The split percentage
was assessed between 0 and 20%, where 0 represents no flow

Catalyst= 15 ton Catalyst= 60 ton
1=1.37-2.96 kgcat kmolgls 1=13.1-21.4 kgcat kmolglg

60 - ga g
@) Q\O\O\O\O\O\O\O(i)o

45 -

Yield (%)
w
()

d)

Ratio and yield

|

0 0.05 0.1 0.15 020 0.05 0.1 0.15 0.2
C4 discharge ratio
—o—YA,_pR.2 —©— YAg-L —o—YAg,-B —o— YEst

—e— EtOH:ButOH Ratio —e— YAg .,

Fig. 10 Alcohols, esters, and aldehydes yields, calculated according to
eqn (8), as well as the ethanol to butanol ratio and cumulated Cg, yield in
the product stream P-103 for a catalyst load of (a) and (b) 15 tons and (c) and
(d) 60 tons and a H, : ester ratio of 400: 1. YA4.pr-2: carbon yield of butanol
in stream PR2, YAg.-L: carbon yield of Cg, linear alcohols, YAq,-B: carbon
yield of Ce, branched alcohols, YEst: carbon yield of esters, and YAg,:
carbon yield of Cg, alcohols. Scattered data represent the results from the
simulated scenarios and the continuous line is drawn to guide the eyes.

472 | EES Catal., 2025, 3, 459-474

through PR-2. Ya4pr- is indicated here as the yield of butanol
in the discharged stream at the top product of the separation
column S-104. The yields of the higher alcohols and esters, as
well as the cumulated yield of alcohols higher than carbon
number 6 (YAq,) and the ethanol to butanol ratio upstream of
the Guerbet coupling reactor are given for a low (15 tons) and
high (60 tons) catalyst load and the discharge ratio of 0 to 20%
in Fig. 10, respectively.

As presented in Fig. 10(b), for a low catalyst load of 15 tons
the butanol discharge (between 0-20%) in the distillation
column S-104 has no significant impact on the overall Aq. yield,
remaining stable within 45-49% and exhibiting its maximum
at a discharge ratio of 2.5%. Nevertheless, stronger variations
for the ethanol-butanol feed ratio were observed, with ratios
ranging between 65 and 82%. It is also observed in Fig. 10(a),
that the formation of esters decreases for a higher butanol
discharge ratio and undershoots the desired 5% level at a
butanol discharge ratio higher than 5%.

The yields for a higher catalyst load of 60 tons are presented
in Fig. 10(c) and (d). It is observed that the butanol discharge has
a negative impact on the Ag, yield, resulting in a maximum of
81% without butanol discharge, and decreasing to 61% at a
discharge ratio of 20%. Remarkably, the requirement of limiting
the yield of esters to maximum 5% is achieved for all butanol
discharge ratios. In this view, at higher contact times no butanol
discharge in S-104 increases the yield of Cg, alcohols.

4. Conclusions

A model for the kinetics of alcohols coupling with Guerbet
chemistry over a Cug 1Mg, 90AlO, catalyst was developed. Cat-
alytic experiments between 0-21.6 h kgcac kmolgas’1 were
performed in a gas phase continuous flow reactor at 325 °C
and 300 psig by feeding either pure ethanol or an ethanol-
butanol blend under a hydrogen atmosphere. Experimentally
at least 60 different chemical species were identified in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction pool, from which only 31 were included in our kinetic
model explaining at least 90% of the identifiable carbon in the
product. The generated model captures the kinetic behavior of
most of the species, demonstrating its ability to represent
concentration profiles for ethanol-butanol blends ranging
between 100:0 and 70:30 mole% and contact times up to
21.6 h kgea kmolgasfl. The model effectively captures the
catalyst’s tendency to favor the production of linear alcohols
over branched ones. The linearity of alcohols is crucial in diesel
fuel production, as linear alcohols preferentially undergo bimo-
lecular dehydration to form ethers, whereas branched alcohols
favor monomolecular dehydration. Maximizing the production
of linear alcohol backbones enhances diesel fuel yield in this
process. Cofeeding butanol accelerates the production rate of
longer chain alcohols at early contact times. At higher contact
times, the yield of linear alcohols resembles those obtained in
the control case for a single pass Guerbet coupling reactor.
Implementation of the Guerbet coupling kinetic model in Aspen
Plus was feasible and allowed a more detailed process simula-
tion of the production of diesel fuel precursors. The influence of
the feed compositions and the contact time in the Guerbet
reactor on the product composition of the outlet stream was
investigated by means of sensitivity analyses. A hydrogenolysis
reactor was modeled in the simulation to hydrogenate the esters.
Investigation of the H, : ester ratio in the hydrogenolysis reactor
and its impact on the yield of alcohols was also performed.

The optimized operating conditions of the Guerbet coupling
reactor include a contact time of 5.23 kg, kmolgasfl, where the
Ce.+ alcohols yield is maximized at 82.2%. Partial discharge of the
butanol leaving the S-104 separation stage has no positive influ-
ence on the Cg, alcohols yield, whereby all the butanol is recycled
upstream of the Guerbet reactor. A hydrogenolysis reactor needs
to be incorporated and operated with a H, : ester ratio of 400: 1 to
achieve an ester yield of 3.6%, which is below the permissible
limit of 5%. Lower H,:ester ratios lead to a shift in terms of
higher contact times, which result in a lower Cg, alcohol yield. The
kinetic model developed herein provides a good basis for future
process optimization and techno-economic evaluations.
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