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Abstract

Catalyst materials are typically synthesized with distinct composition, and they are eval-
uated for their specific reaction in terms of conversion and selectivity. In this respect, it
can be anticipated that an intermediate composition often leads to the best catalyst. In
order to establish this specific composition, this work presents the practical use of kinetic
modeling when typical conversion and selectivity versus reaction time experimental data
are provided. Specific examples from catalytic hydrogenation reactions starting from cit-
ral, cinnamaldehyde, and dicyclopentadiene are used. In the first two cases, the effect
of catalyst composition and the influence of prereduction treatment are linked to kinetic
hydrogenation parameters, from which it was clear that, e.g., the prereduction speeds
up both desired and unwanted reaction paths. For the latter example, it is shown that
extracted kinetic data, together with physical characterizations, such as XPS, and chemical
characterization such as H2-TPR, can serve as a basis for optimization of catalyst design
leading to possible superior catalytic activity or selectivity.

Keywords: hydrogenation reaction; practical kinetic modeling; catalyst design

1. Introduction
Kinetic studies provide a powerful tool for a better understanding of catalysis and

catalytic performance. They form the basis of more accurate reactor design or to acquire
deeper insights in the operation of an existing reactor [1,2]. The descriptive power of
kinetic modeling for heterogeneous catalysis applications can vary from simple first-order
reactions to complex reaction networks including all possible adsorption, dissociation,
surface reaction and desorption steps. It is often encountered that, in the case of complex
models, the data treatment and corresponding parameter estimation are tedious and
difficult tasks from time to time without any end to complete the job satisfactorily.

Sometimes, heterogeneous catalytic data are described via a first-order pseudo-
homogeneous kinetic model. For example, Bertero et al. [3–5] and Busygin et al. [6]
describe hydrogenation reactions without taking into account adsorption phenomena, since
hydrogenation requires dissociative adsorption of H2 onto a catalyst surface. In another
study, Venkatesan et al. [7] studied the hydrodeoxygenation kinetics of syringol, guaiacol
and phenol over H-ZSM-5 and, as H2 was present at a high concentration, all the reactions
were assumed to be pseudo-first-order in the concentration of the phenolic compound.
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Other example reactions of this methodology can be found in the kinetics for sucrose and
fructose conversion into hydroxymethylfurfural [8–10], the oxidative dehydrogenation of
hydrocarbons [11–13] and the description of hydrodesulfurization reactions [14].

Next to modeling, it can be very useful for catalyst design and interpretation of pro-
posed reaction schemes to put forward the so-called ‘structure–activity relations’ from ex-
perimental data. These are commonly reported in catalysis; for example, Cantrell et al. [15]
studied a series of [Mg1−xAlx(OH)2]x+(CO3)x/n

2− hydrotalcite materials with compositions
x = 0.25–0.55 and a clear relation between reaction rate for biodiesel synthesis and catalyst
basicity, invoked by the Mg2+ ion, was reported. Other examples can be found in the
selective oxidation of hydrocarbons, for example, n-butane to maleic anhydride, where
systems of supported vanadia catalysts are well-studied via these structure–activity rela-
tions [16–18]. Selective redox catalysis via catalyst properties such as ionization potential
and optical basicity is well-described in the work of Bordes et al. [19–21], where structural
defects and the addition of promoters are addressed. Examples from other reactions are the
reduction of water into hydrogen via a series of cobalt(II) complex catalysts [22], alkene hy-
drogenation on iron–cobalt catalysts [23] or/and supported metal clusters [24] and alkene
metathesis reactions [25].

Related to the structure–reactivity relations are the well-known catalyst synergistic
effects, originating from the combination of two metals in an oxide matrix as they can
produce materials with novel structural or electronic properties that can lead to superior
catalytic activity or selectivity [26–28]. Sometimes these synergistic effects are successfully
coupled to the corresponding reaction kinetics, which gives more information and mecha-
nistic insight into the given reaction. For example, Wang et al. [29] discuss the use of copper
oxide supported on samaria-doped ceria for CO oxidation to illustrate interfacial metal
oxide–support interaction and synergism. Examples of total oxidation of carbon monoxide
and hydrocarbons on Cu-Ce oxides are reported using Langmuir–Hinshelwood reaction
rates with a pronounced link to catalytic properties [30,31]. Other examples can be given
for hydrogenation reactions over Co-Mo and Ni-Mo MgO supported catalysts [32] and
hydrodesulfurization over Rh/TiO2 catalysts [33].

In this work, a simple tool to obtain kinetics for chemical reactions is provided without
enduring the tedious burden of specific programming. Although the presented procedure
is not new, this manuscript offers a rigorous approach via an easily accessible Excel spread-
sheet, without having to become an expert in programming and without the need for a
special software license. This manuscript gives some explicit examples of kinetic modeling
where the results point out that earlier proposed reaction schemes can be reshaped or
that, with respect to catalyst design and engineering, further optimization is possible after
inspection of the experimental data. In other words, the focus of this work is not on the
actual experiment or catalyst synthesis as such, but it provides some examples on how
experimentally obtained data can be used to extract kinetic information for further catalyst
design or improvement in interpretation of the data.

This work shows that a good combination between the inventory of (1) catalyst physi-
cal properties, such as composition (surface or bulk), crystallite structure. . ., (2) catalyst
chemical properties, such as experimental conversion and selectivity (product distribution),
and (3) corresponding kinetic parameters for elucidation of proposed mechanistic path-
ways and knowledge of reaction coefficients can serve a higher goal in catalyst design and
interpretation of catalytic data.

2. Materials and Methods
Three examples are used as a showcase: (1) citral hydrogenation over Ag0 and Co0

nanocolloids [34], (2) hydrogenation of cinnamaldehyde over thermo-responsive polymer
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grafted carbon nanotubes [35] and (3) hydrogenation of dicyclopentadiene, using Mo on
Ni-based catalysts in the hydrogenation of dicyclopentadiene [36]. The original data and
specific references to it can be found in Section S.1 from the Supplementary Materials. Based
on the obtained kinetic parameters, the complementary strength of kinetic modeling with
regard to data interpretation and future catalyst design is presented. The specific details on
catalyst synthesis and experimental design, results, error analysis and uncertainties can be
found in references [34–36].

In all the addressed examples, the reactions are performed in an isothermal (autoclave)
batch reactor, so that the overall continuity equation (CE) for compound A has the form (1)
with V, CA, RA and t the reactor volume (L), concentration of compound A (mol L−1), the
volumetric production rate of compound A (mol s−1 L−1) and the reaction time (s):

d(VCA)

dt
= VRA (1)

It can be noted that—in the case that the reaction rates are expressed per mass catalyst—
the catalyst bulk density can be inserted. Since the reactor is considered to be operated
under isothermal conditions, there is no need for an energy balance. If it is assumed that
the reaction volume does not significantly change during the reaction, both V terms cancel
out and the CE has the form (2):

dCA
dt

= RA (2)

All hydrogenation reactions are performed as such that the total hydrogen pressure
is kept constant [34–36] and, as such, the concentration of dissolved H2 is taken constant
during reaction. The corresponding concentration dependency is taken up in the reaction
coefficient to give pseudo-homogeneous kinetic models, as exemplified in the Introduc-
tion [3,5,6,37].

Lastly, all initial conditions (7), (8), (13), (14), (20) and (21) for the examples in
the next sections correspond to the fact that no intermediate or products were initially
fed. It can be mentioned that, as a lot of acronyms are used in this work (mentioned
at the end of this manuscript), a complete list of symbols and acronyms is added to
Section S.2 from the Supplementary Materials.

2.1. Citral Hydrogenation

The selective hydrogenation of α,β-unsaturated aldehydes into the corresponding
allylic alcohols has a significant industrial importance, but it brings along quite some
challenges from both fundamental and practical points of view due to their complex reaction
pathways and resulting various products [35,38,39]. An example is the hydrogenation
of citral (C) into the corresponding allyl alcohol (AA), which is the product of interest,
and citronellal (CN), which is an undesired product, see Scheme 1. Both reactions are
considered to be first-order [34], with respective reaction coefficients k1 and k2. Formation
of other undesired reaction products is modeled via first-order consecutive reactions for C,
CN and AA, with reaction coefficients k3 to k5:

dCC
dt

= −k1CC − k2CC − k3CC (3)

dCAA
dt

= k1CC − k4CAA (4)

dCCN
dt

= k2CC − k5CCN (5)

dCP
dt

= k3CC + k4CAA + k5CCN (6)
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(CC)t=0 = CC,0 (7)

(CCN)t=0 = (CAA)t=0 = (CP)t=0 = 0 (8)

Scheme 1. Hydrogenation of citral ((2E)-3,7-dimethylocta-2,6-dienal or C) into citronellal (3,7-
dimethyloct-6-enal or CN), and the allyl alcohol ((2E)-3,7-dimethylocta-2,6-dien-1-ol or AA), which
can both react into other products P [34].

Integration of Equations (3)–(6) with initial conditions (7) and (8) gives the time-
dependent functions for the corresponding concentration values of C, CN, AA and P, see
Section S.3 of the Supplementary Materials for closed form expressions. Relative concentra-
tions are used since the original papers contain conversion and selectivity values, which
are always between 0 and 1 mol mol−1. The yield is obtained from reported conversion
and selectivity values.

The corresponding Equations (3)–(6) consider concentrations of the compounds (the
initial reactant and all products). Considering a constant reaction volume (V), the concen-
trations are readily convertible into moles (n = C·V). Secondly, the product of conversion
(X, in molconverted/molinitial) and the selectivity (S, in molproduct/molconverted) gives the
yield (Y, in molproduct/molinitial). Hence, yield versus time data provide the same kinetics
parameters as in the case that concentrations would be considered. The same reasoning
holds for the other 2 cases, see Sections 2.2 and 2.3.

It should be noted that the provided estimation tool (see Supplementary Materials) is
also capable of handling reaction orders other than unity.

Experimental data, reported as conversion and selectivity, were taken from the pa-
per [34]. They were transformed into yield data, with yield = conversion x selectivity. The
authors studied three systems of colloids: polyvinylpyrrolidone-protected Ag0 clusters in
N,N-dimethylacetamide (DMA) and Co0 clusters in N,N-dimethylformamide (DMF), re-
spectively denoted as Ag0/DMA and Co0/DMF. These systems showed superior catalytic
activity compared to the colloids in alcohol solutions; mainly due to the suppression of
aldol side reactions. In order to make sure that the metal colloids are fully reduced at the
start of the reaction, the Ag0/DMA sol system was also reduced by a priori pressurization
at 2.0 MPa H2 at 298 K for 1 h; this system is denoted as Ag0/DMA*.

2.2. Hydrogenation of Cinnamaldehyde

A second example in the selective hydrogenation of α,β-unsaturated aldehydes is
the hydrogenation of cinnamaldehyde (CAL), which produces useful unsaturated inter-
mediates including C=O hydrogenated cinnamyl alcohol (COL) and C=C hydrogenated
hydrocinnamic aldehyde (HCAL) for pharmaceutical and fragrance applications [38]. COL
and HCAL can further be hydrogenated to hydrocinnamic alcohol (HCOL), see Scheme 2.
In this example, Zhu et al. [35] reported a class of products as ‘others’. Therefore, all com-
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pounds are assumed in this work to be eligible to react are lumped into product Q. In other
words, all measurable compounds—namely reactant CAL and products COL (desired),
HCAL, and HCOL—are assumed to undergo subsequent (unspecified) reactions 6 to 9.
Since these products are not individually quantified, they are collectively represented as
a single compound, Q. This approximation does not affect the kinetic parameters for the
primary reactions of interest (reactions 1 through 5). Conversely, the transformation of
the measurable compounds into unquantified products can be described using reaction
coefficients k6 to k9, based on the available experimental data.

Scheme 2. Reaction of cinnamaldehyde (CAL) into cinnamyl alcohol (COL), hydrocinnamic aldehyde
(HCAL), hydrocinnamic alcohol (HCOL) and other products (Q). Additional grey reaction arrows are
added to the scheme presented by Zhu et al. [35].

All reactions are considered to be first-order, with reaction coefficient k1 to k4. Direct
hydrogenation into HCOL is governed by reaction coefficient k5. The formation of un-
desired reaction products (others), which are lumped into Q, is modeled via first-order
consecutive reactions for CAL, HCAL, COL and HCOL with reaction coefficients k6 to k9:

dCCAL
dt

= −k1CCAL − k2CCAL − k5CCAL − k6CCAL (9)

dCCOL
dt

= k1CCAL − k3CCOL − k7CCOL (10)

dCHCAL
dt

= k2CCAL − k4CHCAL − k8CHCAL (11)

dCHCOL
dt

= k3CCOL + k4CHCAL + k5CCAL − k9CHCOL (12)

dCQ

dt
= k6CCAL + k7CCOL + k8CHCAL + k9CHCOL (13)

(CCAL)t=0 = CCAL,0 (14)

(CHCAL)t=0 = (CCOL)t=0 = (CHCOL)t=0 =
(
CQ

)
t=0 = 0 (15)

Integration of Equations (9)–(13) with initial conditions (14) and (15) gives the time-
dependent functions for the corresponding concentration values of CAL, COL, HCAL,
HCOL and Q, see Section S.4 of the Supplementary Materials for corresponding closed
form expressions.

In order to perform the CAL hydrogenation reaction, Zhu et al. [35] prepared sup-
ported Pd catalysts on carbon nanotubes (CNTs). Catalysts Pd/CNT-PNIPAM (L), Pd/CNT-
PNIPAM (H) and Pd/CNT-PNIPAM (LH) were synthesized by the impregnation–reduction
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of Pd onto a CNT-PNIPAM hybrid material, made by grafting of N-isopropylacrylamide
(NIPAM) onto CNT-A material. Extensions ‘L’, ‘H’ and ‘LH’ respectively denote preparation
treatment at low temperature (25 ◦C), high temperature (50 ◦C) and mixed temperatures
(25 and 50 ◦C). The major reasoning for the difference in synthesis was the lower critical so-
lution temperature (LCST) of 32 ◦C, so that in the ‘L’ catalyst the Pd deposition was mainly
on the hydrophilic side chain of PNIPAM and that the ‘H’ catalyst showed Pd deposition
on the backbone of surface PNIPAM coils. The ‘LH’ catalyst showed Pd deposition on
the backbone as well as inside the PNIPAM coils due to structural transformation of the
PNIPAM. Reduction also took place partially at 25 and 50 ◦C.

For comparison, CNT and CNT-A (after surface acidification with a 3:1 H2SO4:H2O2

solution) supported Pd were also prepared by the authors [35]. The latter has typically
grafted hydroxyl groups on its surface.

2.3. Hydrogenation of Dicyclopentadiene

Endo-tetrahydrodicyclopentadiene (THDCPD) is not only a high-energy-density
solid fuel but also an important intermediate for the synthesis of exo-tetrahydrodicy
clopentadiene [40,41]. Generally, THDCPD is synthesized by the hydrogenation of dicy-
clopentadiene (DCPD), which is separated from the C5 by-product of the naphtha pyrolysis
process [42]. Fang et al. [36] propose a reaction scheme with 8,9-dihydrocyclopentadiene as
a hydrogenation intermediate as given in Scheme 3, with corresponding CE (16) to (19):

dCDCPD
dt

= −k1CDCPD − k3CDCPD − k5CDCPD + k4C2
D (16)

dC8,9−DHDCPD

dt
= k1CDCPD − k2C8,9−DHDCPD (17)

dCDHDCPD
dt

= k2C8,9−DHDCPD + k5CDCPD (18)

dCD
dt

= 2k3CDCPD − 2k4C2
D (19)

(CDCPD)t=0 = CDCPD,0 (20)

(C8,9−DHDCPD)t=0 = (CTHDCPD)t=0 = (CD)t=0 = 0 (21)

Scheme 3. Reaction scheme for hydrogenation of dicyclopentadiene (DCPD) into 8,9-
dihydrocyclopentadiene (8,9-DHDCPD), endo-tetrahydrodicyclopentadiene (THDCPD) and lumped
C5 fraction with cyclopentadiene, cyclopentene and cyclopentane (D) [36] with additional grey arrow
proposed in this work.
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Analytical integration of Equations (16)–(19) with initial conditions (20) and (21) is
only possible if k4 = 0 (secondary order reaction). In this case, the time-dependent functions
for the corresponding concentration values of DCPD, 8,9-DHDCPD, THDCPD and D are
given in Section S.5 of the Supplementary Materials.

Fang et al. [36] prepared a series of NiMox/γ-Al2O3 (x = 0, 0.02, 0.05, 0.10, 0.20
and 0.50) bimetallic catalysts via the incipient wetness co-impregnation method and they
investigated the influence of Mo on the performance of DCPD hydrogenation. In the
current study, the catalysts with x = 0.05, 0.10, 0.20, and 0.50 are investigated, as the surface
atomic composition can be significantly determined from reported XPS data. Consequently,
the set of kinetic parameters obtained can be correlated with the structural properties of
the different catalysts.

2.4. Parameter Estimation

In order to keep the focus on its application, the details on the integration of the
CE and subsequent parameter estimation via the proposed tool, which is written in an
accessible Excel® format (Microsoft 365), can be found in Section S.6 of the Supplementary
Materials. Confidence intervals for 95% certainty are calculated using the calculated co-
variance matrix (derivatives are numerically evaluated) as described in references [1,43].
When the latter surpasses the actual parameter value, the associated parameter is con-
sidered non-significant and should be set to zero. If multiple parameters are deemed
non-significant, the one with the largest standard deviation is set to zero, and the process
is repeated. In other words, after removing one parameter, the remaining parameters
in the simplified model must be re-estimated. Removing a non-significant parameter
should not cause substantial changes to the other parameters [1,2]. The results were cross-
checked by ODR Pack, which is a regression package used in previous research [44–47]
and the same results were obtained. Some guidelines how to use the tool are provided
in Sections S.7 and S.8 of the Supplementary Materials containing the comparison of cur-
rently existing Excel® tools for kinetic modeling with the tool proposed in this work.

2.5. Remark on Experimental Conditions

In order to guarantee a constant hydrogen concentration in the liquid phase, which
is tacitly considered in all reaction terms in Sections 2.1–2.3, it is important the check the
experimental details. For example, Zhu et al. [35] explicitly mention in their paper that the
hydrogen headspace is continuously replenished. In other literature examples, the ratio
of initial concentrations of hydrogen to substrate is substantially higher than unity [5,37],
which guarantees (at not too high conversion) a near constant hydrogen concentration in
the solvent.

It is also advised to check the quantitative criterion for the liquid-phase hydrogenation
reactions described by Ramachandran and Chaudhari to analyze the significance of gas–
liquid, liquid–solid and intraparticle mass transfer on the reaction kinetics [3,48].

3. Results
For the first example, Mertens et al. [34] report data versus time for citral hydrogena-

tion into the corresponding allyl alcohol ((2E)-3,7-dimethylocta-2,6-dien-1-ol), which is the
compound of interest with the reaction scheme given in Scheme 1. The experimental data
(from the original paper) and calculated responses (in this work) can be found in Figure 1.

Regarding the reaction scheme and the corresponding CE (3) to (6), parameters k3 and
k4 could not be significantly estimated for the three catalyst systems, which means that
both direct conversion of citral (CAL) and conversion of the allyl alcohol (AA) into other
products than single hydrogenated compounds can be excluded over the given systems.
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From this observation, it can be concluded that all metal sol catalysts are selective towards
direct hydrogenation in general.

   

Figure 1. Experimental conversion of citral (#) and selectivity towards the corresponding allyl alcohol
(#), citronellal (#), and other products (#), according to Scheme 1. (a) Ag0/DMA, (b) Co0/DMF
and (c) Ag0/DMA after pretreatment by pressurization to 2.0 MPa at 298 K for 1 h. Conditions:
citral:catalyst = 200 mol mol−1, P = 2.0 MPa and T = 298 K [34]. Full lines are calculated via integration
of Equations (3)–(6) with initial conditions (7) and (8) and kinetic parameters, reported in Table 1.

Table 1. Parameter estimates in citral hydrogenation over Ag0 and Co0 nanocolloids; |e|max repre-
sents maximal deviation between experimental data, after [34] and modeled data.

System Ag0/DMA Co0/DMF Ag0/DMA*

k1 (h−1) (6.07 ± 0.42)·10−2 (5.16 ± 0.40)·10−2 (8.47 ± 1.13)·10−2

k2 (h−1) (2.28 ± 0.21)·10−2 (2.39 ± 0.24)·10−2 (3.28 ± 0.53)·10−2

k5 (h−1) (3.44 ± 0.56)·10−2 (3.56 ± 0.61)·10−2 (4.39 ± 1.02)·10−2

RSSQ 3.59·10−3 4.67·10−3 1.17·10−2

|e|max 1.51·10−2 1.56·10−2 4.40·10−2

ρmax 0.376 (k1 and k2) 0.355 (k1 and k2) 0.540 (k1 and k2)

Values for the significant parameter estimates are mentioned in Table 1, from which it
is clear that the Ag0/DMA system shows an AA formation reaction coefficient k1 which is
~18% higher compared to the Co0/DMF system. In both systems, citronellal (CN) formation
shows no significant difference (parameter k2). A similar observation can be made for
parameter k5: there is no significant difference in the systems for the further reaction of
citronellal. It is important to notice that the AA formation is significantly different in both
systems, whereas further reactions are rather comparable and this observation cannot be
made from conversion–selectivity data alone.

The ratio k1/k2 can be considered as a measure for the AA selectivity: for system
Ag0/DMA the value 2.7 ± 0.19 is obtained, whereas 2.2 ± 0.17 is calculated for the
Co0/DMF system. Upon inspection of Scheme 1, the selectivity towards the desired
product (2E)-3,7-dimethylocta-2,6-dien-1-ol (or AA) is calculated as k1/(k1 + k2 + k3). Since
k3 cannot be significantly estimated, the selectivity towards the desired product is given by
the ratio k1/(k1 + k2). In this respect, the ratio k1/k2 is a measure for the selectivity, but it
does not represent the selectivity as such. If this ratio is defined as β, the actual selectivity
can be calculated as k1/(k1 + k2) = (k1/k2)/((k1/k2) + 1) = β/(1 + β). For the given catalysts
(with β value of 2.7 ± 0.19 and 2.2 ± 0.17), the selectivity is calculated as 0.73 ± 0.05 and
0.69 ± 0.05 for the Ag0/DMA and Co0/DMF system, respectively. This corresponds well
with the experimentally reported values of 0.72–0.75 mol/mol and 0.67–0.71 mol/mol for
the Ag0/DMA and Co0/DMF system, respectively [34].
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In a comparison between the Ag0/DMA as such and the Ag0/DMA*, it can be ob-
served from Table 1 that all reaction coefficients are higher after prereduction of the catalyst.
Moreover, it can be noticed that coefficients k1 and k2, responsible for the direct citral
conversion, respectively differ by a factor of 1.40 ± 0.21 and 1.44 ± 0.27. Hence, the catalyst
pretreatment results in a simultaneous increase in the desired and undesired reaction rate,
which corresponds to the similar experimentally observed selectivity. Indeed, the higher
experimental conversion without change in selectivity, i.e., the ratio k1/(k1 + k2), does not
significantly change, but the absolute value of k1 + k2 increases.

Regarding previous experimental results, a suggestion for future experimental work
can be the synthesis of a series of prereduced catalysts, whereby the reduction time or
temperatures vary. The proposed methodology in this paper can be applied to extract
kinetic coefficients and the synthesis effects can be related to the kinetic reaction rates and
kinetic parameters for the individual considered reactions.

In conclusion, for the first example, it can be noted that the obtained results could not
be extracted from conversion–selectivity data only, but specific parameter estimation is
required. Importantly, due to the parameter estimation it can be revealed that prereduction
gives rise to a simultaneous increase in reaction rate coefficients.

In the reaction scheme for the second example, the single hydrogenation of CAL into
COL and HCAL with subsequent hydrogenation into HCOL are included. However, when
the reported data are inspected, the HCOL selectivity versus CAL conversion does not seem
to pass the origin (these graphs are mentioned in the original paper: Figure 10, p. 18, [35]),
which means that there should also be a direct route of double hydrogenation included in
the scheme. This is represented by reaction with coefficient k5. Also, the authors report
‘others’ as undefined products. This is accounted for in this work by putting forward that
all of the compounds in the scheme can further react into undesired products, lumped into
one ‘other’ concentration, Q, corresponding to reactions with coefficients k6 to k9.

Figure 2 shows experimental values for CAL conversion and product yields for the
Pd/CNT-PNIPAM catalysts, taken from conversion and selectivity data reported in [35].
For all five catalytic systems reaction coefficients k3, k7, k8 and k9 could not significantly
be estimated. This corresponds to the fact that (1) the reported data do not support the
consecutive reaction of COL, the desired product, into HCOL and that (2) compounds CAL,
COL and HCOL do not significantly contribute to the formation of ‘other’ products based
on the given experimental data. This can probably be explained by the small response for
other products.

   

Figure 2. Experimental conversion of CAL (•) and selectivity towards HCAL (•), COL (•), HCOL
(•) and other products (•) over catalyst Pd/CNT-PNIPAM (L) (a), Pd/CNT-PNIPAM (H) (b) and
Pd/CNT-PNIPAM (LH) (c). Conditions: 0.2 gcat and 2.0 g CAL, P = 3.0 MPa and T = 353 K [35].
Full lines are calculated via integration of Equations (9)–(13) with initial conditions (14) and (15) and
kinetic parameters, reported in Table 2.

https://doi.org/10.3390/reactions7030041

https://doi.org/10.3390/reactions7030041


Reactions 2026, 7, 41 10 of 18

Table 2. Parameter estimates in cinnamaldehyde hydrogenation over thermo-responsive polymer
grafted carbon nanotubes; |e|max represents maximal deviation between experimental data, after
[35], and modeled data.

System Pd-CNT Pd-CNT (A) Pd/CNT-PNIPAM
(L)

Pd/CNT-PNIPAM
(H)

Pd/CNT-PNIPAM
(LH)

k1 (h−1) (6.47 ± 0.58)·10−2 (1.01 ± 0.16)·10−1 (5.15 ± 0.66)·10−2 (1.16 ± 0.15)·10−1 (1.70 ± 0.24)·10−1

k2 (h−1) (1.53 ± 0.12)·10−1 (3.41 ± 0.46)·10−1 (1.98 ± 0.18)·10−1 (3.21 ± 0.33)·10−1 (3.86 ± 0.47)·10−1

k4 (h−1) (2.34 ± 1.57)·10−2 (6.87 ± 2.85)·10−2 (1.78 ± 1.60)·10−2 (2.87 ± 1.58)·10−2 (2.03 ± 1.61)·10−2

k5 (h−1) (1.10 ± 0.85)·10−2 (6.09 ± 3.52)·10−2 (2.52 ± 1.14)·10−2 (2.08 ± 1.83)·10−2 (5.90 ± 2.43)·10−2

k6 (h−1) (6.48 ± 1.74)·10−3 (2.34 ± 0.70)·10−2 (9.56 ± 2.84)·10−3 (1.58 ± 0.50)·10−2 (3.04 ± 0.87)·10−2

RSSQ 1.83·10−2 4.63·10−2 1.97·10−2 2.86·10−2 2.65·10−2

|e|max 4.34·10−2 6.55·10−2 3.62·10−2 5.80·10−2 5.08·10−2

ρmax −0.919 (k4 and k5) −0.875 (k4 and k5) −0.882 (k4 and k5) −0.867 (k4 and k5) −0.793 (k4 and k5)

The parameter estimates are collected in Table 2. From the first comparison between
Pd/CNT and Pd/CNT-A, it can be observed that all parameter values are higher on the
latter catalyst and, especially, the value for k5 differs by a factor of 5.5, which explains the
lower selectivity towards COL when acidified CNTs are used. From the given parameter
values, the initial selectivity is calculated as the ratio of k1 to the sum of k1, k2, k5 and k6.
This gives respectively the values of 0.275 ± 0.025 mol mol−1 and 0.193 ± 0.033 mol mol−1.
Experimental COL selectivity values for XCAL < 0.60 mol mol−1 are reported to be
0.242 mol mol−1 and 0.158 mol mol−1, which satisfactorily align with the calculated values.
In conclusion, it appears that the surface acidification is not beneficial for this application,
since the undesired reactions (2, 5 and 6) proceed faster, compared to the desired one,
corresponding to k1, giving overall lower selectivity to COL.

Comparison of the PNIPAM-based catalysts Pd/CNT-PNIPAM (L), Pd/CNT-PNIPAM
(H) and Pd/CNT-PNIPAM (LH) with respect to COL selectivity gives 0.181 ± 0.020,
0.245 ± 0.026 and 0.264 ± 0.047 mol mol−1. This signifies that the catalyst with inter-
mediate treatment shows the highest selectivity, which can probably be assigned to the
higher extent of initial Pd reduction or the specific synthesis method. This conclusion
corresponds to the previously addressed results in the work of Mertens et al. [34]. However,
both H and LH treatments can be considered to have similar selectivity if the standard
deviation is taken into account.

Referring to the synthesis method of the Pd catalysts, the authors of the original
paper [35] reported in their paper that if the solvent temperature (for catalyst synthesis) is
below the lower critical solution temperature (LCST) at about 32 ◦C, this gives a hydrophilic
surface for the carbon nanotube; while it curls to a compressed coil if ambient temperature
ascends to above LCST, resulting in a hydrophobic one. This different temperature for
catalyst synthesis has a clear effect on the Pd deposition as the Pd dispersion was reported
in the original paper as 34.9 ± 7.8%, 27.9 ± 6.4% and 30.8 ± 4.7% for the Pd/CNT-PNIPAM
(H), Pd/PNIPAM (H) and Pd/CNT-PNIPAM (LH) catalysts, respectively.

In a specific comparison between the low- and high-temperature treatment catalysts
Pd/CNT-PNIPAM (L) and Pd/CNT-PNIPAM (H), it can be observed from the estimated
parameters in Table 2 that single hydrogenation reactions 1, 2 and 4 show more or less a
doubling of the reaction coefficient (factor 1.8 ± 0.4). For reaction 5 a comparable and for
reaction 6 a slightly higher reaction coefficient value is obtained.

All of the reaction coefficient values (except k4) for the Pd/CNT-PNIPAM (LH) cat-
alyst are higher than for the catalysts Pd/CNT-PNIPAM (L) and Pd/CNT-PNIPAM (H).
Especially, the double hydrogenation coefficient k5 is ~2.5 times higher. From a catalyst
design point of view, it could be suggested that catalysts can be prepared with intermediate
temperature reduction treatment so that higher COL selectivity can be obtained by, for
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example, suppressing this double hydrogenation. This can be directly linked to the specific
nature of the active sites and their spatial morphology on the catalyst surface, as it appears
on the PNIPAM backbone and inside the PNIPAM coils [35]. Especially, the temperature
treatment of the different catalysts gives rise to a different Pd dispersion, as reported in the
original paper [35]: 34.9 ± 7.8%, 27.9 ± 6.4% and 30.8 ± 4.7% for the Pd/CNT-PNIPAM (H),
Pd/PNIPAM (H) and Pd/CNT-PNIPAM (LH) catalysts, respectively. When one inspects
the value for k1 (Table 2), which corresponds to the desired reaction for the conversion of
CAL into COL, an intermediate dispersion gives the highest rate coefficient (an example of
a structure–activity relation). Unfortunately, k5 also increases accordingly, so it is advisable
to investigate more treatment temperatures to find out optimal kinetics (high k1, low k5), if
possible, as was suggested for the other examples in this paper.

Closing the second example, it can be mentioned that, without specific modeling
and corresponding parameter estimation, the given conclusions could have never been
made, so catalyst preparation, proposition of reaction mechanism and validation by
modeling are crucial for optimization of catalytic materials in order to optimize desired
compound selectivity.

Additionally, regarding previous experimental results, a suggestion for future experi-
mental work can be the synthesis and the usage of a series of catalysts for the same reaction.
The methodology presented in this paper can be applied to extract kinetic coefficients,
enabling the investigation of how different catalysts and synthesis conditions influence
the corresponding reaction kinetics. Combining this approach with an analysis of the
experimental product distribution can provide valuable insights into the material synthesis,
allowing for a deeper understanding of the relationship between synthesis parameters,
product outcomes, and the kinetic behavior of the individual reactions.

The third example considers the DHDP hydrogenation over a NiMox/γ-Al2O3 cata-
lyst (x = 0.05, 0.10, 0.20 and 0.50) and application of the model in Section 2.3 gives kinetic
parameters as reported in Table 3. The original scheme in reference [36] reports an equi-
librium between the dicyclopentadiene and D, representing lumped concentrations of
cyclopentadiene, cyclopentene and cyclopentane, but in all cases the coefficient for the
reversible step could not be significantly estimated. This leads to the conclusion that the
formation of D should be considered to happen in an irreversible mode which can probably
be explained by the reported low yield for D (<0.02 mol mol−1) [36].

Table 3. Parameter estimates in DCPD hydrogenation over catalyst NiMox/γ-Al2O3 (x = 0.05, 0.10,
0.20 and 0.50); |e|max represents maximal deviation between experimental data, after [36], and
modelled data. The value Mo/Ni is based on the surface atomic composition (atomic %) for Mo and
Ni for the different compositions x. (1) Could not be estimated significantly.

x 0.05 0.10 0.20 0.50

Mo/Ni 0.04 0.14 0.23 0.54
k1 (h−1) (8.58 ± 1.33)·10−1 (6.42 ± 3.31)·10−1 (7.91 ± 4.45)·10−1 (1.09 ± 0.13)·10+0

k2 (h−1) (2.79 ± 0.63)·10+0 (2.31 ± 1.20)·10+0 (2.62 ± 1.38)·10+0 (3.28 ± 0.53)·10−2

k3 (h−1) (3.73 ± 2.32)·10−3 (3.23 ± 0.97)·10−3 (3.11 ± 0.82)·10−3 (3.28 ± 0.53)·10−2

k5 (h−1) -
(1) (4.43 ± 1.75)·10−1 (6.47 ± 4.68)·10−1 -

(1)

RSSQ 2.65·10−2 4.67·10−3 2.32·10−2 1.20·10−2

|e|max 7.01·10−2 2.28·10−2 2.68·10−2 5.33·10−2

ρmax 0.214 (k1 and k2) 0.976 (k2 and k5) −0.984 (k2 and k5) 0.218 (k1 and k3)

Figure 3a gives the results for the NiMo0.20/γ-Al2O3 catalysts, which were considered
to have the optimal composition regarding the Mo addition. After ~3 h the intermediate
8,9-DHDCPD is fully converted into the desired THDCPD, and since the reported yield of
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single 5-ring compounds is very low, it can be concluded that almost 100% selectivity is
obtained over the given catalysts.

  

  

Figure 3. (a) DCPD conversion (•) and yield of 8,9-DHDCPD (•) and THDCPD (•) over NiMo0.20/γ-
Al2O3 catalysts. Conditions: 0.5 g prereduced catalyst, 5 g DPCD, 50 g cyclohexane as solvent,
P = 3.5 MPa and T = 423 K. Full lines are calculated via integration of Equations (16)–(19) with
initial conditions (20) and (21) and parameter estimates reported in Table 3. (b) Reaction coef-
ficients k1 (•), k2 (•) and k3 (•) with colored band representing average ± standard deviation.
(c) Structure–reactivity relation for reaction coefficients k5 (•) and proposed optimal compositions
Mo/Ni = 0.23 ( ), 0.29 ( ), 0.35 ( ) and 0.41 ( ); and (d) corresponding reaction time to reach
0.99 mol mol−1 conversion.

From Table 3 it can be observed that subsequent single hydrogenation reaction coeffi-
cients are not significantly different with regard to the Mo/Ni ratio, which is graphically
represented in Figure 3b (k1 and k2 on the left axis and k3 on the right axis). In order to
double check this observation, statistical analysis showed that a linear fit resulted in a
non-significant slope and, hence, the parameters do not depend on the specific composition.

The direct double hydrogenation, with reaction coefficient k5, is proposed to be added
to the reaction scheme of the original paper, see Scheme 3. The rationale is that the cor-
responding simultaneous adsorption of both double bonds can also occur on the catalyst
surface, as was proposed in the original paper [36]. For this parameter k5 some interest-
ing observations can be drawn: for the lowest Mo/Ni ratio, corresponding to catalyst
NiMo0.05/γ-Al2O3, parameter k5 could not be estimated significantly. In mechanistic terms
this corresponds to the fact that the double hydrogenation does not significantly take place
and it should be set to zero. Probably, the corresponding low Mo surface coverage does
not offer suitable or just not enough (couples of) active sites to this reaction. However, an
increase in k5 value is observed for increasing Mo/Ni value, up to (6.47 ± 4.68) 10−1 h−1,
but for the highest reported value (x = 0.50) it shows the value (2.04 ± 7.30) 10−3 h−1, so
it has to be considered statistically not different from 0. From the given results, it can be
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suggested that an intermediate composition (between x = 0.20 and 0.50) might result in an
even higher conversion with a corresponding increase in yield in a shorter reaction time.

In the original paper, a decrease for Ni average particle size was observed from XRD
data, until no peak was visible, which occurred for x = 0.20. It was concluded that metallic
aggregation was restrained by adding Mo species. Further, the catalyst reducibility was
investigated by H2-TPR and with an increasing Mo content the relative content of well-
dispersed NiO also increased, proven by a decrease in reduction peak data. The presence
of Mo4+ was conjectured to play a key role in the catalysis process and, after taking into
account the data from the Supplementary Materials in reference [36], it was reported that
the relative area for the Mo4+ → Mo0 reduction peak increased with increasing x value
but that the lowest reduction temperature was found at x = 0.20. This can suggest that
a particular organization of surface atoms was beneficial for the double hydrogenation
reaction with regard to specific adsorption mode and from the tested values, x = 0.02, 0.05,
0.10, 0.20 and 0.50, it appeared that x = 0.20 resulted in the best catalytic performance.
This corresponds to the earlier observation that the double hydrogenation coefficient (k5),
obtained from reported experimental data, is the highest at x = 0.20, while the other
hydrogenation coefficients are more or less equal, independent of the composition.

Figure 3c shows that parameter k5 is not significantly different from 0 for low and
high x values and it displays the highest value for the intermediate value of x = 0.20, which
suggests a structure–reactivity relation. From this observation the question arises whether
a possible composition, other than the experimentally tested ones, with 0.20 ≤ x ≤ 0.50
and corresponding 0.23 ≤ Mo/Ni ≤ 0.54, could lead to an even better catalytic activity.
To this end, simulations with Mo/Ni = 0.23 + 0.06·k and k = 1. . .3 are performed, from
which it can be observed that the total reaction time can be reduced from ~3 h to ~2 h, see
Figure 3d. From an engineering point of view, it is of interest to synthesize and test the
intermediate compositions, since this improvement can eventually lead to a production
increase of ~33%.

Taking everything into account in the third example, based on an initial set of compo-
sitions for catalyst synthesis, a combination of experimental techniques such as physical
characterization (XRD, XPS. . .) and chemical characterization (H2-TPR and reaction data),
intermediate compositions could be prepared and they can be tested to check the suggested
superior activity and performance.

After the discussion of the given examples, it is worthwhile to mention that the
maximal deviation of experimental data and calculated data, |e|max, is ~7%, see Table 3,
so that the pseudo-homogeneous models can be considered to describe the experimental
data quite precisely and, as such, that the model parameters can be used for optimization
of related synthesis procedures. The ‘best’ catalyst can then always be evaluated by more
experimental data and a more thorough kinetic modeling, e.g., based on elementary reaction
steps. At the end of the day, it is always advisable to perform thorough kinetic modeling
using a substantial experimental data set, but this is not always possible due to a lack of
data of time for modeling and, in this matter, the proposed tool can provide user-friendly
help in possible catalyst optimization.

At the end of this section it is important to note that the proposed approach does
not include adsorption and corresponding adsorption terms in reaction rate expressions
are not taken up, as it is common to model hydrogenation reactions as such [3,5–7,37]. In
addition, this inclusion would require an approach in calculation that is different from that
presented in the current tool (see Supplementary Materials). This is part of future work,
where other types of reactions, e.g., heterogeneously catalysed oxidation reactions, can be
evaluated. On the other hand, the modeling of this type of selective oxidation reaction can
also be done by the proposed approach, especially when equilibrium is not assumed and
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the forward adsorption and backward desorption are taken into account. Examples are
the study of the (gas-phase) ethane oxidation over MoVTeNbOx [49] and the kinetic study
of cyclohexane oxidation reaction in gas phase over the catalyst 20FeMnOδ/(3CeAl) [50].
Other examples involving a solid catalyst using a similar modeling approach (as used
in this work) can be found in the literature, e.g., (1) the study of the hydrolytic kinetic
resolution catalysed by a (salen)-Co(III) complex for the preparation of highly enantio-
enriched terminal epoxides [51], (2) the one-pot hydrogenolysis of cellulose to glycols over
a Ru@Fe3O4/polymer catalyst [52], (3) the study of glycerol hydrogenolysis to produce
bio-propanol over a Ni/C catalyst modified with Al(H2PO4)3 [53], or (4) the investigation
of the toluene alkylation over Y-type zeolite catalysts [54].

A second remark is that the purpose of this work to not to evaluate data for Arrhenius
parameters, but it is to link the composition, or differences in synthesis method, showing
how exactly conversion and yield values are altered. Once the highest conversion (or yield)
is determined, between the distinct points, full kinetic modeling can be undertaken with
the inclusion of adsorption terms with isothermal kinetic analysis at first, followed by
non-isothermal kinetic regression.

The key takeaway from this manuscript is that the specific kinetic parameters, whether
obtained through simple methods (as presented here) or comprehensive kinetic data anal-
ysis (for each synthesized catalyst), must always be correlated with catalyst descriptors,
such as active sites. The first approach can be performed in just a few minutes (for quick
screening) using the provided Excel® file, while the latter requires more time due to ex-
perimental performance and kinetic analysis. Especially, when one has the possibility to
perform catalytic reactions in high-throughput systems [55] or catalytic hybrid nanoreac-
tors with fast catalyst preparation [56], several catalysts (with different synthesis) can be
evaluated and the obtained kinetic parameters can be linked to the synthesis details and,
hence, one can establish structure–activity relations. These are very important in catalysis
to understand the optimal product distribution for a given reaction and starting reactant.

Finally, the authors would like to clarify that the catalytic data used in this manuscript
are solely for illustrative purposes; the previously reported work on catalyst properties
is neither discussed nor modified. This contribution should be viewed as an extension
of those earlier excellent reports, where experimental results and kinetics are integrated.
The reason for selecting these particular examples was that the cited papers reported both
conversion and selectivity data for hydrogenation reactions.

4. Conclusions
This work offers several examples demonstrating how data collected from hydrogena-

tion experiments can be leveraged to derive kinetic insights, which can then guide subse-
quent catalyst development or enhance the interpretation of the results. More precisely,
this manuscript shows that the combination of (1) the estimation of kinetic parameters, (2)
physical characterization, using typical XRD, XPS. . . data and (3) chemical characteriza-
tion such as H2-TPR together with can be helpful in the elucidation of proposed reaction
schemes regarding the significance of included steps and it can have potential to help in
catalyst design with possible superior activity regarding conversion and selectivity. Hydro-
genation reactions of citral, cinnamaldehyde and dicyclopentadiene are taken to showcase
the applicability of an Excel® tool, provided in this work, which is able to estimate kinetic
parameters in a matter of minutes (afterwards the best catalyst can be fully modelled using
appropriate adsorption terms and temperature Arrhenius dependencies).
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/reactions7030041/s1, Figure S1: DCPD conversion (•) and yield
of 8,9-DHDCPD (•) and THDCPD (•) over NiMox/γ-Al2O3 catalysts with (a) x = 0.05, (b) x = 0.10,
(c) x = 0.20 and (d) x = 0.50. Conditions: 0.5 g prereduced catalyst, 5 g DPCD, 50 g cyclohexane
as solvent, P = 3.5 MPa and T = 423 K. Full lines are calculated via integration of Equations (3)–(6)
with initial conditions (7) and (8) and parameter estimates reported in Table 1; Figure S2: Data
input for the Excel® tool; Figure S3: Example output in the presented Excel® tool. Line and column
numbers (absent here) are actively noted in the tool itself. Table S1: Type of original data per literature
source and equations to obtain data to be used in this work; Table S2: Catalyst systems, reaction
times (h), conversion, C (%), selectivity, S (%) from Table 5 in reference [34]. Reaction conditions:
S/C (substrate/catalyst) = 200, 2.0 MPa H2, 298 K; Table S3: Cinnamaldehyde (CAL) conversion on
different catalytic systems [35]. Reaction conditions: 0.2 g catalyst in 40 g of isopropanol, 5 w% CAL,
3.0 MPa H2, 80 ◦C (Section 2.4, on p. 13 in the original article); Table S4: Product yield for hydrocin-
namic aldehyde (HCAL), cinnamyl alcohol (COL), hydrocinnamic alcohol (HCOL) and others (Q) on
Pd_CNT [35]. Reaction conditions: see Table S3. Yield is calculated via Equation (S2) and conversion
and product selectivity are from original paper; Table S5: Product yield for hydrocinnamic aldehyde
(HCAL), cinnamyl alcohol (COL), hydrocinnamic alcohol (HCOL) and others (Q) on Pd_CNT (A) [35].
Reaction conditions: see Table S3. Yield is calculated via Equation (S2) and conversion and product
selectivity are from original paper; Table S6: Product yield for hydrocinnamic aldehyde (HCAL),
cinnamyl alcohol (COL), hydrocinnamic alcohol (HCOL) and others (Q) on Pd_PNIPAM (L) [35].
Reaction conditions: see Table S3. Yield is calculated via Equation (S2) and conversion and product
selectivity are from original paper; Table S7: Product yield for hydrocinnamic aldehyde (HCAL),
cinnamyl alcohol (COL), hydrocinnamic alcohol (HCOL) and others (Q) on Pd_PNIPAM (H) [35].
Reaction conditions: see Table S3. Yield is calculated via Equation (S2) and conversion and product
selectivity are from original paper; Table S8: Product yield for hydrocinnamic aldehyde (HCAL),
cinnamyl alcohol (COL), hydrocinnamic alcohol (HCOL) and others (Q) on Pd_PNIPAM (LH) [35].
Reaction conditions: see Table S3. Yield is calculated via Equation (S2) and conversion and product
selectivity are from original paper; Table S9: Hydrogenation data for the reaction of dicyclopentadiene
(DCPD) into 8,9-dihydrocyclopentadiene (8,9-DHDCPD), endo-tetrahydrodicyclopentadiene (THD-
CPD) and C5 fraction (D) on NiMo0.05/γ-Al2O3 catalyst (conversion of DCPD, X, and yield, Y) [36].
Reaction conditions: catalyst:DCPD:cyclcohexane = 1:10:100, 3.5 MPa H2, 150 ◦C (Section 2.4, on p. 61
in the original article); Table S10: Hydrogenation data for the reaction of dicyclopentadiene (DCPD)
into 8,9-dihydrocyclopentadiene (8,9-DHDCPD), endo-tetrahydrodicyclopentadiene (THDCPD) and
C5 fraction (D) on NiMo0.10/γ-Al2O3 catalyst (conversion of DCPD, X, and yield, Y) [36]. Reaction
conditions: see Table S9; Table S11: Hydrogenation data for the reaction of dicyclopentadiene (DCPD)
into 8,9-dihydrocyclopentadiene (8,9-DHDCPD), endo-tetrahydrodicyclopentadiene (THDCPD) and
C5 fraction (D) on NiMo0.20/γ-Al2O3 catalyst (conversion of DCPD, X, and yield, Y) [36]. Reaction
conditions: see Table S9; Table S12: Hydrogenation data for the reaction of dicyclopentadiene (DCPD)
into 8,9-dihydrocyclopentadiene (8,9-DHDCPD), endo-tetrahydrodicyclopentadiene (THDCPD) and
C5 fraction (D) on NiMo0.50/γ-Al2O3 catalyst (conversion of DCPD, X, and yield, Y) [36]. Reac-
tion conditions: see Table S9; Table S13: Quantitative surface analysis of NiMox/γ-Al2O3 catalyst
(x = 0.05, 0.10, 0.20 and 0.50); from original article Table 2, p. 64 [36]; Table S14: Comparison of pro-
posed tool with currently available Excel® tools for kinetic modeling. The value n denotes different
possible inputs, such as concentrations, pressures.
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Abbreviations
The following abbreviations are used in this manuscript:

A compound A
AA allyl alcohol
C citral
CE continuity equation
CAL cinnamaldehyde
CN citronellal
CNT carbon nanotube
COL cinnamyl alcohol
D lump of cyclo-C5 compounds
DCPD dicyclopentadiene
8,9-DHDCPD 8,9-dihydrocyclopentadiene
DMA N,N-dimethylacetamide
DMF N,N-dimethylformamide
GRG generalized reduced gradient
HCAL hydrocinnamic aldehyde
HCOL hydrocinnamic alcohol
NIPAM N-isopropylacrylamide
ODR orthogonal distance regression
P product, polymerization
Q product
RSSQ residual sum of squares
THDCPD endo-tetrahydrodicyclopentadiene
XPS X-ray photoelectron spectroscopy
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