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THE BIGGER PICTURE Challenges and opportunities:
® There is a practical need for the hydrogenation and hydrodeoxygenation of organic mixtures to value-
added products such as fuels and chemicals
@ Organic mixtures may have simple or complex mutual influences that cause the catalytic rate and selec-
tivity to be different compared to converting a single organic species
® Future work should study the catalytic conversion of binary organic mixtures to elucidate the simple and
complex mutual interactions

SUMMARY

The hydrogenation and hydrodeoxygenation (HDO) of organic mixtures are important processes in bio-oil
conversion and plastics upcycling. Understanding how the presence of co-reactants in organic mixtures af-
fects the kinetics is critical for designing reactors that can convert these mixtures into desired products. Here,
we discuss cases in (electro)catalysis where the presence of a co-reactant R, enhances the rate of hydroge-
nation or HDO of another reactant R, beyond the rate if only R4 is present. We divide the discussion into sim-
ple and complex mutual influences. Simple mutual influences occur when the presence of R, does not
change the mechanism or values of rate constants of elementary steps for R;. A complex mutual influence
of R, on R4 occurs if the presence of R, changes the rate constants of elementary steps involving R;. We
discuss challenges and opportunities in discerning the different mutual influences and increasing their syn-
ergistic effects in organic mixtures.

INTRODUCTION In organic mixtures, an over-approximation may be that the
rates of conversion for two reactants are independent of one
another; that is, if Ry is converted with a turnover frequency

(TOF) of 1 s~ individually, and R» is converted at 1.5 s individ-

Catalytic hydrogenation and hydrodeoxygenation (HDO) of
organic mixtures are important for biomass and plastics conver-

sion into sustainable chemicals and fuels.* However, most
fundamental kinetics studies of catalytic hydrogenation and
HDO involve examining the conversion of a single organic reac-
tant, not organic mixtures.®>* Bridging the knowledge gap be-
tween catalytic studies of a single organic molecule and more
applied studies of complex organic mixtures is needed for
improving applications such as electrocatalytic and thermocata-
lytic bio-oil upgrading. One way to start bridging this knowledge
gap is to understand how the kinetics of organic reactions in
simpler organic mixtures are mutually influenced by the different
organics involved.”™ This knowledge is crucial for designing
catalytic reactors that can convert these streams of organic mix-
tures in a desired route.

Gheck for
Updates

ually, then, if they were mixed and kept at the same original con-
centration and operating conditions, they would each retain the
same TOF. This approximation is often incorrect for heteroge-
neous catalysis, particularly if Ry and R, compete for the same
surface catalyst sites. In these cases, it is widely found that the
rate of conversion in the mixture would result in lower rates for
both reactants, or perhaps one reactant is converted at a similar
rate but the other rate is decreased.”  We refer to a decrease in
the rate in the mixture relative to the individual species as an
antagonistic effect. Other types of synergistic effects within
these organic mixtures during catalytic conversion are also
possible, and understanding their prevalence and quantitative
impact on catalytic activity and selectivity is of broad relevance.
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In this perspective, we discuss cases of antagonistic effects in
mixtures as well as the more non-intuitive examples where rates
are accelerated in mixtures, which we refer to as enhancement or
synergistic effects. We organize our discussion around simple
(where R, reacts but does not interact with R4) and complex
(where R> may or may not react but does interact with R+) mutual
influences in (electro)catalytic reactions.® Simple mutual influ-
ences occur when the presence of a co-reactant does not change
the reaction mechanism or values of rate constants of elementary
steps. Simple mutual influences include competitive adsorption
lowering the rate of reaction (antagonistic effect) or an accelera-
tion of the reaction (enhancement/synergistic effect) based on
peculiarities of competitive reaction kinetics. An example of a
simple mutual influence causing an enhancement effect for hy-
drogenation or HDO of a reactant R is when a second reactant
R, reacts with adsorbed hydrogen to increase the number of
free sites, allowing the coverage of Ry to increase. We show
mathematically that, for the same set of reactants (R4 and R,), a
simple mutual influence can cause either an antagonistic or syn-
ergistic effect depending on the reaction conditions. A complex
mutual influence of R, on R4 occurs if the presence of R, causes
achange in the adsorption strength of R4, modifies the local envi-
ronment or the electronic structure of the catalyst, orintroduces a
new elementary step involving R4. All of these effects canlead to a
change in the reaction mechanism or the rate constants of
elementary steps, categorizing them as complex mutual influ-
ences. These complex mutual influences may arise because of
strong interactions between co-reactants, such as hydrogen
bonding, whereas simple mutual influences do not require inter-
acting co-reactants but only consumption of surface species. We
highlight challenges and opportunities in elucidating mutual influ-
ences and increasing the synergistic effects on catalytic activity
in organic mixtures.

Simple mutual influences

Following the principle of Occam’s razor, we will begin by
considering kinetics that can be rationalized by models consid-
ering only simple mutual influences. It is important to understand
the magnitude of synergistic or antagonistic effects on the reac-
tion rates and product selectivity that are possible from simple
mutual influences. Additionally, it would be useful if there were
a set of guidelines to know if a reaction can be explained solely
by simple mutual influence or requires complex mutual influ-
ences to be invoked. Here, we give our perspective on these
matters, supported by several case studies.

Competitive adsorption of organics species causing
decreased coverage and lower reaction rates is the most
observed simple mutual influence in mixtures undergoing cata-
lytic conversion. In this case, the adsorption of R, hinders the
adsorption of Ry by blocking catalyst sites during the reaction
of a mixture of Ry and R,. This competitive adsorption creates
an antagonistic effect that decreases the rate of reaction for
R4, R», or all reactants involved. For example, CO adsorption
on Pt active sites during bio-oil hydrogenation inhibits the hydro-
genation of phenol to cyclohexanol.? Similarly, the yield of
phenol HDO is suppressed by methyl heptanoate during their
simultaneous reactions over a sulfided NiMo/y-Al,O5 catalyst.’
Likewise, strong furfural adsorption on Ni/SiO, during furfural-

2 Chem Catalysis 4, 101135, December 19, 2024

Chem Catalysis

guaiacol co-HDO suppresses the guaiacol HDO reaction rate.”
A simple set of elementary steps describing these Langmuir-
Hinshelwood (LH) reactions may be

H+ * 2Hx (Equation 1)

Ry + * 2Ryx (Equation 2)

Hx + Ry * »2x + R4H (Equation 3)

Ry, + * 2 Ryx (Equation 4)

Hx + Ry« >2% + RoH (Equation 5)

where H represents a hydrogen equivalent that competes for
free sites (*) with reactant R4 and co-reactant R». For electroca-
talytic hydrogenation, the H comes from the reduction of water or
protons, whereas for catalytic hydrogenation, it comes from
H,."%™ A common approach is to assume that all adsorption
steps are quasi-equilibrated (Equations 1, 2, and 4) so that the
reaction rate r for Ry would be (derived in Note S1)

k3K2K1Cp, Cy
(1 + K1 CH + KzC;:;1 + K4CR2)2

(Equation 6)

g, =

Here, k3 is the rate constant for the surface reaction to form R{H,
K> is the equilibrium constant for the adsorption of R+, Cg, is the
concentration of R4, Ky is the equilibrium constant for the
adsorption of the hydrogen equivalent H, Cy is the concentration
of the hydrogen equivalent, K is the equilibrium constant for the
adsorption of R,, and Cg, is the concentration of R,. By conven-
tion, we normalize rg, to the total number of active sites on the
catalyst so that rg, is a TOF. Rate constants k; and k_; corre-
spond to forward and reverse rate constants for elementary
step i, respectively. Under the assumption that the surface reac-
tion is rate determining, it is evident from Equation 6 that the
presence of R, can only decrease the rate of reaction of R;.

A less intuitive simple mutual influence is the acceleration of a
reaction based on peculiarities of competitive reaction kinetics.
Pyatnitsky showed that, for a given reaction mechanism, a set
of rate parameters and reactant concentrations exists for which
an enhancement effect of one reactant on the other, or an
enhancement effect on both reactants, can be achieved.® This
finding suggests that it is possible to observe an enhancement
in the reaction rate for R by increasing the concentration of R»
within a defined bound. For example, NO reduction by CO was
accelerated by O, on Pd and Pt/Al,O3; despite NO and O,
competing for catalyst sites and reduction equivalents. In this
case, NO, O,, and CO represent R4, R», and H, respectively, in
the reaction mechanism above. This acceleration effect is only
explained by a rate law if we do not assume that adsorption
steps are quasi-equilibrated. By applying the pseudo-steady-
state hypothesis, the derived rate for Ry can be increased by
the presence of R,. We show the derivation in Note S2. In this
derivation, the reaction mechanism and rate constants for
elementary steps are assumed to be unaffected by the presence
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Figure 1. Enhancement factor through sim-
ple mutual influence for an LH reaction

(A) The enhancement factor (EF; blue) versus rela-
tive R, concentration (=Cgr,/Cpg,), alongside
coverage for Ry (dot-dashed orange line), R»
(dashed yellow line), and H (dotted purple line).
Values of rate constants and concentrations are as
follows: Cr, =1,Ch =1,k =2,k 1 =01, ko =1,

] Maximum EF from A

k 2=01,kz=1,ks=1,k 4=0.1,and ks = 1. The

model details are described in Note S2.
(B) Pareto frontier to maximize EF for different
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by a blue circle.

of R», which is why we refer to this acceleration as a synergistic
“simple” mutual influence. Because this simple mutual influence
depends wholly on the rate parameters, concentrations, and the
underlying reaction mechanism, we expect similar effects in
other reactions following the same LH mechanism. Hydrogena-
tion and HDO of organics have been observed to follow the LH
reaction mechanism, making them eligible for this type of simple
mutual influence. Through mathematical modeling, we demon-
strate that the LH mechanism can exhibit a rate enhancement
for all reactants involved.

We show here that these rate enhancements occur because,
under certain conditions, counterintuitively, the presence of R,
increases the coverage of Ry (fg,). We highlight that a simple
mutual influence can lead to a rate enhancement of Ry even
without the need to invoke any common effects, such as
changes in the adsorption strength of R4 or solvent environment
near R4 in the presence of R,. The datain Figure 1A show the rate
enhancement and coverage based on an LH reaction mecha-
nism (Equations 1, 2, 3, 4, and 5). The enhancement factor (EF)
is defined as the ratio of the reaction rate of R4 in the presence
of R, to the reaction rate of R with no R, in the mixture (Equation
7). Figure 1A is divided into two regimes depending on whether
the EF is greater than or less than 1. An EF greater than 1 indi-
cates a synergistic effect on Ry by R,, whereas an EF of less
than 1 corresponds to an antagonistic effect as the reaction suf-
fers from competitive adsorption. These simple mutual effects
can be explained by observing the trends in coverage for R,
(0r,), R2 (0R,), and H (04) as a function of R, concentration. In
both regimes, an increasing R, concentration leads to a higher
R, coverage. Consequently, the coverage of H drops because
of the reaction with R, (Equation 5). In the synergistic regime at
lower concentrations of R, in Figure 1A, this drop in H coverage
is met by an increase in Ry coverage, which leads to a larger re-
action rate for Ry. The increase in g, in this regime with
increasing R, concentration may seem counterintuitive, but it is
a result of R, reacting with H and freeing catalyst sites that R
can then occupy.

rR‘ (CRZ)

EF = (Equation 7)

rR‘ (CRZ = 0)

At larger R, concentrations in the antagonistic regime, a
decrease in R4 coverage is observed, which leads to smaller

R4 reaction rates. This antagonistic regime behavior is similar
to that expected by Equation 6, where R, blocks sites for R4
and decreases rg,. By analyzing Figure 1A, we observe that, in
the range of concentration of R, relative to Ry of 0.9 to 1.4, the
coverage of R4 increases with increasing R, concentration, but
the EF decreases. This behavior occurs because the rate of reac-
tion for R4 also depends on H coverage, which is decreasing. In
Figure 1A, we can see that the EF has a large dependence on the
relative concentration of R, based on the surface coverages of
the various species involved. The synergistic regime (EF > 1) is
observed when the coverage of H is larger than that of R;.

A key takeaway is that a synergistic effect can only be
observed if R, reacts with H; therefore, this mode of rate
enhancement is limited by reaction selectivity. We define reac-
tion selectivity as the ratio of the reaction rate of reactant R4 to
the sum of the reaction rates of Ry and R,. The enhancement
in reaction rate for R is always smaller than the increase in reac-
tion rate for R,. Another way to probe this tradeoff is by con-
structing a Pareto frontier (Note S5). The Pareto frontier in Fig-
ure 1B demonstrates the maximum theoretical EF possible for
different reaction selectivities.'*'® The maximum EF value is ob-
tained by looking at possible rate parameters under the
constraint that the rate constants of Ry are not influenced by
the presence of R, and determining the given set of rate param-
eters that give the highest EF. The maximum theoretical EF that
can be obtained decreases as selectivity for R; increases. We
note that Figure 1B depends on the bounds applied to the rate
parameters and concentrations during optimization and, thus,
should only be used to show general trends. The EF approaches
1 for high selectivity toward R4. Approaching the maximum theo-
retical EF experimentally would require tuning each rate constant
in the reaction mechanism, which is not possible currently. Other
reaction mechanisms can only show synergistic enhancements
by simple mutual enhancement if R, or adsorbed R, reacts
with adsorbed H (Figure S1; Note S3). For example, for a mech-
anism such as proton-coupled electron transfer (PCET), where a
proton directly reacts with R, without adsorption of H (Figure S2;
Note S4), an EF is not observed because the reaction does not
result in the clearing of catalyst sites. If Ry is a PCET but R is
an LH mechanism, an EF is possible because R, reacting with
adsorbed H will still open up available sites for R4. A mutual ac-
celeration for Ry and R, can exist if both follow the LH model. A
useful outcome of this Pareto frontier analysis is that, if an EF > 1
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is observed but no R, is reacting (~100% reaction selectivity of
R4), then a simple mutual influence cannot explain the behavior,
and a complex mutual influence must be occurring.

Complex mutual influences

Here we discuss case studies of (electro)catalytic reactions
that highlight complex mutual influences. Complex mutual influ-
ences can occur in organic mixtures due to two types of interac-
tions: direct interactions, such as hydrogen bonding or van der
Waals between co-reactants, and indirect interactions, which
occur through changing the local environment around R+. These
complex mutual influences may lower the energy of transition
states,’*'® enhance the adsorption strength of the reactant
and intermediates,”'®"” or change the preferred reaction
pathway. Therefore, properly selecting co-reactants in organic
mixtures with complex mutual influences could be a strategy
to improve the overall rates or selectivity of the catalytic process.
We wish to clarify here that, although we consider organic mix-
tures, we assume the presence of only a single phase of matter,
meaning that the concentrations of the organics do not cause
formation of a new phase.

Hydrogen bonding has been discussed as a possible synergis-
tic complex mutual influence between a reactant and a co-reac-
tant in organic mixtures. The hydrogenation TOFs of benzalde-
hyde on certain metal electrocatalysts increase in the presence
of polar co-reactants such as substituted phenols and benzoic
acid.'* For example, the TOF for electrocatalytic hydrogenation
of benzaldehyde on Pd/C increases with a decrease in the pK,
of the co-reactant, as shown in Figure 2A, with a max EF of 3
with benzoic acid as the co-reactant. There was no measurable
conversion of the co-reactant (phenol, 2-fluorophenol, or benzoic
acid) in this experimental study, which provides evidence that
complex mutual influences were at play, not simple mutual influ-
ences. The hydrogen bond strength of the donor co-reactant in-
creases linearly as the pK, decreases.'®'® Therefore, the increase
in TOF with a decrease in the co-reactant pK, is attributed to an
increase in hydrogen bond strength between benzaldehyde and
the co-reactant and an increase in local HzO* concentration.
The H-bonding with the co-reactant causes an increase in polar-
ization of the carbonyl group in benzaldehyde, as shown in Fig-
ure 2B, where phenol changes the charge of the carbonyl group
from —0.2 e~ to —0.3 e~ through H-bonding. This increase in
the polarization of the carbonyl group, combined with the increase
in local H;O" concentration, facilitates the transfer of H* to the
carbonyl group during hydrogenation. A similar study for furfural
hydrogenation reported an increase in the TOF in the presence
of phenol on Cu/C, Pd/C, and Rh/C (and no measurable phenol
was converted).?’

Organic reactants may adsorb to surfaces more strongly in
mixtures because of organic/co-reactant interactions, such as
van der Waals interactions, leading to increased surface
coverage and higher reaction rates. The presence of guaiacol in-
creases the rate of furfural HDO on Ni/SiO,, attributed to stron-
ger adsorption of furfural due to furfural-guaiacol van der Waals
interactions. The absence of guaiacol conversion with furfural
present suggests that a complex mutual influence is occurring.
The rate of HDO of furfural increased by an EF of 2.7 in the pres-
ence of 0.575 M guaiacol, as shown in Figure 2C. By fitting the
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rate data to a rate equation obtained for an LH mechanism, it
was calculated that the adsorption equilibrium constant for
furfural and its reaction intermediate increased 2.6 times with
guaiacol addition (0.23 M furfural/0.23 M guaiacol ratio). Density
functional theory (DFT) calculations predict that both furfural and
guaiacol have similar adsorption strength on Ni(111), but the
presence of guaiacol (Figure 2D) increases the adsorption
strength of furfural by 11 kJ mol~', thus increasing furfural
coverage and the overall reaction rate. We note that these abso-
lute values of adsorption energies are overestimated due to the
lack of including the enthalpic penalty for solvent displacement
during adsorption of organics,” but the qualitative trends should
stay the same.

A third cause of complex mutual influence is if a new reaction
pathway arises in mixtures with two organics. Two different
routes for the hydrogenation of benzaldehyde to benzyl alcohol
were predicted by ab initio molecular dynamics, depending on
whether phenol is present.'*?" Benzaldehyde in the absence
of phenol reacts with adsorbed hydrogen to form adsorbed
benzyl alcohol, as shown in Figure 2E. The rate-determining
step for benzaldehyde to benzyl alcohol in the absence of phenol
is H addition to O via an LH step.”’ In contrast, benzaldehyde in
the presence of phenol is hydrogenated to form adsorbed benzyl
alcohol through a PCET step, as shown in Figure 2F. This
different mechanism could rationalize the increased activity for
benzaldehyde conversion in the presence of phenol.'*

Opportunities for progress

Numerous electro(catalytic) processes would benefit from the
ability to convert organic mixtures rather than pure streams.?*2°
Understanding mutual influences between two organics is a
necessary step to fundamentally understand mutual influences
in more complex mixtures such as bio-oil, which can contain
more than 20 organics as reactants. Mutual influences are likely
a common phenomenon in such systems, yet the individual con-
tributions of simple and complex mutual influences on a reaction
are difficult to quantify. Focused studies using experimental and
computational approaches would help us to better understand
and use the mutual influences of organics in (electro)catalytic re-
actions such as hydrogenation and HDO.

Controlled intrinsic kinetic experiments in the absence of mass
or heat transport artifacts should be conducted on single organic
reactants as well as mixtures to identify if there is any EF at all
(Figure 3A). A high external mass transport for fast transport of
species to and from the surface can be achieved by the analysis
of dimensionless groups such as the Sherwood number, which
accounts for the design parameters of the reactor, fluid velocity,
and diffusion. The change in reaction rate due to internal mass
transport for catalytic sites with micropores should be ac-
counted for by correcting for pore diffusion using the internal
effectiveness factor.® Heat transport artifacts can be minimized
by operating at differential conditions to ensure a negligible
change in bulk temperature due to the heat of the reaction.
Before attributing the EF of an organic mixture to simple or com-
plex influences, it is useful to have detailed knowledge about the
reaction mechanism, associated rate parameters, and steady-
state rate information of the individual reactions of Ry and R..
After individual rate constants for Ry and R, are obtained,
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Figure 2. Complex mutual influences between a reactant and co-reactant

(A) Turnover frequency (TOF) for benzaldehyde hydrogenation in the presence of different co-reactant organics on Pd/C. The TOF for benzaldehyde hydroge-
nation in the absence of co-reactant is shown at the right. Reaction condition: sodium acetate-acetic acid (3 M, pH 5.2), 20 mM benzaldehyde, 20 mM co-
reactant, 298 K, 1 bar N,, and —0.1 V vs. reversible hydrogen electrode (RHE). The EF is mentioned for each data point.

(B) Net charges on the organics and individual group charges on the carbonyl group of benzaldehyde, hydroxyl group of phenol, and phenyl rings when adsorbed

individually and adjacent on Pd(111)."* Copyright 2020, John Wiley & Sons.

(C) Thermocatalytic hydrodeoxygenation rate of furfural at 30% conversion on Ni/SiO, versus the concentration of guaiacol. Furfural concentration =
0.23 mol L. Temperature 250°C and 5 MPa H, pressure in a 300 mL stirred-batch reactor with an internal standard of 80 mL dioxane and 700 pL hexadecane.
(D) Most stable geometries of furfural (F), guaiacol (G), and adsorbed F in the presence of G on Ni(111) (AE,qs, density functional theory [DFT]-computed electronic

adsorption strength in a vacuum).”

Copyright 2021, American Chemical Society.

(E) DFT-predicted reaction energy diagram for hydrogenation of benzaldehyde in the absence of phenol.?’ Copyright 2020, John Wiley & Sons.
(F) DFT-predicted reaction energy diagram for hydrogenation of benzaldehyde in the presence of phenol on Pd(111). Calculations were performed on a charged
surface with a charge density of approximately 0.01 e~ per surface Pd atom.'* Copyright 2022, Elsevier.

experiments to obtain steady-state rate data are conducted for
the organic mixture of R4 and R, by varying their ratio at a con-
stant pH and catalyst loading (normalized to the number of active
sites). The EF is analyzed versus the concentration of R, at a con-
stant R4 concentration to check if there is an enhancement.
Kinetic modeling of experimental data may be able to identify
simple mutual influences (Figure 3B). The proposed reaction
mechanism for the organic mixture would be a combination of
the two individual reaction mechanisms. If these enhancements

are governed by simple mutual influences only, the rate con-
stants for adsorption, desorption, and reactions for the hydroge-
nation/HDO of an organic mixture of Ry and R» should be equal
to the rate constants for their corresponding individual reactions.
If the rate constants in the mixture of Ry and R, compared to R4
and R, individually are not equal, then we infer that complex
mutual influences are involved (Figure 3C). For example, one
study modeled separate LH mechanisms using steady-state
HDO reaction data to describe the HDO of furfural and guaiacol

Chem Catalysis 4, 101135, December 19, 2024 5
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Figure 3. Understanding mutual influences
of organics in (electro)catalysis

(A) Kinetic studies without transport artifacts are key
to determine whether an enhancement is occurring.
A control experiment under the same conditions is
required to ensure any enhancements are not due to
changes in the catalyst area or structure. Comparing
the experimental kinetics to kinetic models can
describe whether an enhancement can be explained
by simple mutual influences.

(B) Simple mutual influences generally seem to
occur when the coverage of R4 is low in the absence
of R, and require considerable conversion of R. The
absence of conversion of R, with an EF > 1 may
indicate complex mutual influences.

(C) Complex mutual influences are characterized by
changes in the rate constants of elementary steps,
denoted by kg, changing to k;h in the presence
of Rox.

Ry* = AF,‘;I"

(D) Molecular modeling can predict adsorption energy changes for Ry (A Ead) in the presence of a co-reactant R.
(E) Molecular modeling can also elucidate the effect of co-reactant R, on the energetics of R1 reacting with surface protons (Hx) or solution-phase protons (H( )and

electrons (e7).

individually and then used those data as a benchmark to identify
synergistic effects in the HDO of a furfural-guaiacol mixture.”
Since the rate constants for individual reactions and mixture re-
actions did not match, complex influences were deemed to be
the reason for rate enhancement. Rather than modeling the
entire set of rate constants, based on our analysis, a quick check
of whether complex mutual influences are at play is to see if the
enhancement in the rate is accompanied by an increase in reac-
tion selectivity as well. This increase in reaction selectivity can be
seen in cases where the conversion of R, is suppressed for R4
enhancement, such as the suppression of phenol hydrogenation
during the electrocatalytic hydrogenation of the benzaldehyde-
phenol mixture.”®> However, simple and complex influences
may affect reaction rates simultaneously, and, hence, a rigorous
kinetics study is required to deconvolute these effects. For
example, a weak synergistic complex mutual effect may be
negated due to strong competitive adsorption between the reac-
tants. Knowledge of the type of mutual influence impacting the
reactants can be leveraged to optimize rate enhancements.

The kinetic model derived for the organic mixture can be used
to determine the upper limit of the EF by simple mutual influences
and the corresponding operating conditions. The EF foran LH re-
action is maximized by varying the relative concentration of R, at
a constant bulk pH. However, if the absolute rate of R4 is small,
then the bulk pH should first be tuned before tuning EF. Addition-
ally, there is a tradeoff between EF and selectivity for simple
mutual influences. Thus, careful thought should be put into
choosing an optimal relative R, concentration and reaction con-
ditions. For both thermocatalysis and electrocatalysis, given the
same reaction mechanism and rate constants, the same EFs can
be observed if only simple mutual influences are at play. Howev-
er, the complex mutual influences will vary depending on the ef-
fects of temperature, applied electrochemical potential, solvent
interactions, and overall reaction mechanisms.

Molecular modeling of single and multiple organic reactants
can clarify mutual influences on adsorption energies and activa-
tion barriers. To accurately predict the adsorption thermody-
namics and kinetics for these systems in (electro)catalytic reac-
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tions, it is important to consider solvent effects at the catalytic
interface, which include solvation of reaction intermediates and
participation of solvent molecules in the reaction mechanism.
Solvent effects can be described either through a combination
of implicit solvation and micro-solvation or fully explicit sol-
vent.?%2° Additionally, for electrocatalysis, the applied electro-
chemical potential plays a major role in modulating reaction en-
ergetics and, therefore, should be accounted for’®®?; the
applied potential can affect organics with dissimilar functional
groups in different ways. To accurately model the effect of R,
on the adsorption free energy of R (Figure 3D), it is crucial to
consider an ensemble of interactions between R4 and R, using
sampling techniques such as ab initio molecular dynamics. The
species Ry may be interacting with nearby R, in solution or
with co-adsorbed R». The change in the R+-R. interaction energy
with different R, can elucidate trends on how the adsorption of
R4 will be modulated with R,. When studying the complex mutual
influence of R, on the reaction mechanism and kinetics of Ry,
one should consider different possible mechanisms (Figure 3E)
made possible by R, and compare them with the original mech-
anism in the absence of R,.'* Comparisons between modeling
predictions and experimental observables such as equilibrium
constants and apparent activation barriers, as well as predicted
EFs, should be made whenever possible.

Concluding remarks

Simple and complex mutual influences can lead to increases in
rates of (electro)catalytic conversion in organic mixtures. Based
on literature reports, simple and complex mutual influences often
have a similar magnitude of enhancement on the reaction rates
of Ry and R.. Typical EF values observed for catalytic hydroge-
nation and HDO of R4 in organic mixtures are a factor of 2-3
compared to R¢ alone, but this EF can possibly be made larger
with proper tuning. Based on our microkinetic modeling, simple
mutual influence can lead to an EF over 20 for certain regimes of
rate constants and reactant concentrations but at the expense of
product selectivity. A synergistic effect on R4 via simple mutual
influences can only occur if R, is reacting with adsorbed surface
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species (e.g., H*); if a synergistic effect on the rate of reaction for
R is observed and R is not reacting, then a complex mutual in-
fluence must be occurring. Complex mutual influences can
enhance both activity and selectivity to the desired product, un-
like simple mutual influences. Complex mutual influences can
occur because of hydrogen bonding or van der Waals interac-
tions between co-reactants, although a change in the local
microenvironment near R; due to the inclusion of R, (e.g.,
change in local H3O" concentration) also warrants further inves-
tigation. Without careful consideration, however, site blocking by
R, could decrease the reaction rate of Ry more than any en-
hancements through synergistic mutual influences. More knowl-
edge about mutual influences will aid conversion of organic mix-
tures to renewable fuels and chemicals.

DATA AND CODE AVAILABILITY

A GitHub repository'® with code has been prepared, and the URL is provided in
the supplemental information statement.
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Figure S1. Enhancement factor through simple mutual influence for Eley-Rideal

(A) The enhancement factor (EF, blue) versus relative R2 concentration (= Cg,/Cg,), alongside coverages
for R1 (dot-dashed orange line) and H (dotted purple line). Values of rate constants and concentrations are:
Cr,= 1, Cy=1, ks15 = 2, k-s15 = 0.1, ks16 = 1, k-s16 = 0.1, ks17 = 1, ks1s = 1.2.

(B) Pareto front to maximize EF for different values of Ri selectivity (= 7z /[1z, + 7z,]). The dotted line
represents the maximum EF that can be obtained from simple mutual influences under the bounds used
here. The bounds used for the rate parameters and concentrations are [0.01, 10] and [0.01, 1], respectively.
The highest EF value from Figure S1(A) is denoted by a blue circle marker.
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Figure S2. Enhancement factor through simple mutual influence for proton-coupled electron
transfer (PCET)

(A) The enhancement factor (EF, blue) versus relative R2 concentration (= Cg,/Cg, ), alongside coverages
for R1 (dot-dashed orange line) and H (dotted purple line). Values of rate constants and concentrations are:
Cr, =1, Cy=1, ks22 =2, k-s22 = 0.1, ks23 = 1, k-s23 = 0.1, ks24 = 1, ks2s = 1, k-s25 = 0.1, ks26 = 1.2.

(B) Pareto front to maximize EF for different values of Ri1 selectivity (= rz,/[rg, + 7&,]). The dotted line
represents the maximum EF that can be obtained from simple mutual influences under the bounds used
here. The bounds used for the rate parameters and concentrations are [0.01, 10] and [0.01, 1], respectively.
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Table S1. All enhancement factors reviewed in perspective.

R4 R: Reaction conditions and Catalyst | Maximum EF
reaction
Reduction by CO in gas phase
NO ! 02 Pd 2 for N2; 1.5 for N20O
Phenol Sodium acetate (3M, pH 5.2), 3.2
Benzaldehyde 2 | 2-Fluorophenol | 20 mM R1 and 20 mM Rz, 298 Pd/C 26
Benzoic acid K, 1 bar N2, -0.1 V vs. RHE 1.8




R2=5.8 mol L")
R2=4.6 mol L")

Ri=0.23 mol L™, 250 °C, 5 g; E

Ni/SiOz | 2.2 (R2 = 3.5 mol L")
1.9 (
1.7 (

MPa of Hz, 300 mL batch
reactor with 80 mL dioxane and
700 uL hexadecane

Furfural 3 Guaiacol
9 (R2=23molL™)
J(R2=1.8mol L™

Note S1. Langmuir-Hinshelwood rate law derivation assuming that all adsorption steps are quasi-
equilibrated

A set of five elementary steps describing Langmuir-Hinshelwood (LH) reactions involving two co-reactants
may be:

H+*+2H= (1
Ry +*2 R * (2)
H*+ R *— 2*x+RH (3)
R, +*2 Ry = (4)
H* +R,*— 2% +R,H (5)

where H represents a hydrogen equivalent that competes for free sites (*) with reactant R1 and co-reactant
R2. Here we assume that all adsorption steps are quasi-equilibrated. This gives the following equilibrium
constant K; relations, where j denotes the i adsorption step:

K =8 St

1=l (S1)
Or,

=gy (s2)
Or,

K=gle (83)

The site balance equation is: 1 = 6, + 0y + 0, + 05,, where 6x is the coverage of species X and sums to

1 such that the rate is normalized to the total number of catalytic sites on the surface. The site balance is
rewritten in terms of equilibrium constants and bulk species concentrations:

1= 9* + K1CH9* + chRle* + K4CR29* (84)

1

_ (S3)
1+ K, Cyy + K,Cq, + KyCr,

0.

The rate law for the elementary hydrogenation step (3) for R1 is:
TRl = k36R19H = k3K2CR1K1CH9*2 (86)
Substituting the expression for 6, gives the final rate law expression if step 3 is rate-determining:

. k3K, K, Cr, Cy
BT (14 Ky Cy + K, Cr, + K4Cr,)?

(6)

Note S2. Langmuir-Hinshelwood rate law derivation assuming pseudo-steady-state hypothesis to
catalytic intermediates to capture simple mutual influences

The simple mutual influence is only explained by a rate law if we do not assume that adsorption steps are
quasi-equilibrated. By applying the pseudo-steady-steady hypothesis (PSSH) to the adsorbed species, the
derived rate for R1 can be increased by the presence of Ra.

The rate of each elementary step is written as:



rn = kchg* - k—lgH (87)

Ty = k3Cg, 0, — k_,0g, (S8)
T3 =1, = k30g, Oy (S9)
Ty = k4Cr, 0, — k_40k, (S10)

Ts = 1, = ksOg, 04 (S11)

The rate constants k; and k-; are the forward and reverse rates constants for elementary step i (reversible
steps in EqQ. 1, 2, 4 and irreversible steps Eq. 3, 6). The rate of reaction r;in Eq. S7-S11 corresponds to the
elementary steps in Eq. 1-6.

The PSSH requires the concentration of surface intermediates R, R; and H* to be constant with
time. This condition allows us to set the time derivatives of 6, 6z,and 6y to zero and obtain a system of
algebraic equations:

de
d?l =1, — 13 = kyCp 0. — k_,0p, — k30p, 0y ~ 0 (812)
de
d;?z =1y — 15 = k4Cr,0, — k_40r, — ksOg,04 ~ 0 (S13)
de
d_tH =1 =13 — 15 = kyCyb, — k_10y — k30p Oy — ksOg, 0 ~ 0 (S14)

Along with the site balance equation 1 = 6, + 6y + 6, + 6,, there are four algebraic equations to solve
with four variables (6,,60y, 0z, & 0g,). The MATLAB solver Isgnonlin is used to solve for the system of

equations, following which equations S9 and S11 are used to find the rate of hydrogenation of R1 and Ry,
respectively. The results are presented in Figure 1.

Note S3. Eley-Rideal rate law derivation assuming pseudo-steady-state hypothesis to capture
simple mutual influences

It is possible for reactant R to display simple mutual enhancements when reactant R: follows an Eley-
Rideal mechanism.

H++2H=* (S15)
Ri+*2R; * (S16)
H*+R; *— 2x+ R H (S17)
H* +R, —* + R,H (S18)

Assuming the PSSH holds for surface intermediates R; and H’, the system of algebraic equations reduces
to:

d6p,

dt = Ts16 — Ts17 = Ks16Cr, 0 — K_s166r, — k5170, 04 = 0 (519)

dfy
dt = Ts15 — Ts17 — Ts1g = Ks15Cuby — K_s156n — k5179R19H - kswCRz@H ~ 0 (S20)
1 =06,+0y4+0g, (S21)

Similar to Note S2., MATLAB function Isgnonlin was used to solve for steady state coverages. The results
are presented in Figure S1.4

Note S4. PCET rate law derivation assuming pseudo-steady-state hypothesis to capture simple
mutual influences

The PCET mechanism, where bulk H reacts with surface intermediate R;, does not display simple mutual
effects for reactant R1.



H++2H=* (S22)
R, +*2 R, = (S23)
H*+ Ry *— 2x+ R H (S24)
R, +x2 Ry * (S25)
H+ R, *—* +R,H (S26)

Assuming the PSSH holds for surface intermediates R;, R; and H’, the system of algebraic equations
reduces to:

dbg
dtl =Ts23 —Ts24 = ksz3CR19* - k—5239R1 - ksz49R19H ~ 0 (827)
dbg
dtz = Ts25 — Tsz6 = Ksa5Cr, 0. — k_s250R, — k5260, Ch = 0 (S28)
dOy
ar = Ts22 — Ts24 — Ts26 = Ks22Cn0s — K_g220u — k5249R19H - kSZéeRZCH ~ 0 (S29)

1= 9* + GH + 9R1 + GRZ (830)

Similar to Note S2., MATLAB function Isgnonlin was used to solve for steady state coverages. The results
are presented in Figure S2. We see that the maximum EF that can be obtained through optimization does
not cross 1, indicating no synergistic simple mutual influence.

Note S5. Generating the Pareto front

In multi-objective optimization, a Pareto front is the set of solutions that optimize for one objective function
while limiting the marginal loss in other objective functions. The formulation of this problem is as follows:

max (f1(x), f2(x), f3(x), ... fu(x))
s.tx € §

where x is the vector of decision variables, f1(x), ... , fa(x) are the n objective functions and S is the feasible
region.®

We use the € - constraint method to obtain the Pareto front. The formal definition of the method is as follows:
max(f1(x))
s.t
fo(x) =€
f3(x) =€

fa(x) Z €
x €S

In this case, f1(x) is the EF (enhancement factor), f2(x) is the reaction selectivity of R1 and S is the set of all
possible values for the rate constants and concentrations in the model.

The € - constraint method is implemented using the optimproblem scheme present in the Optimization
Toolbox in MATLAB.® The Pareto front depends strongly on the bounds set for the rate constants and
concentrations.
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