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Abstract: Ketonization is a promising way for upgrading bio-derived carboxylic acids from pyrolysis
bio-oils, waste oils, and fats to produce high value-added chemicals and biofuels. Therefore,
an understanding of its mechanism can help to carry out the catalytic pyrolysis of biomass more
efficiently. Here we show that temperature-programmed desorption mass spectrometry (TPD-MS)
together with linear free energy relationships (LFERs) can be used to identify catalytic pyrolysis
mechanisms. We report the kinetics of the catalytic pyrolysis of deuterated acetic acid and a reaction
series of linear and branched fatty acids into symmetric ketones on the surfaces of ceria-based oxides.
A structure-reactivity correlation between Taft’s steric substituent constants Es* and activation energies
of ketonization indicates that this reaction is the sterically controlled reaction. Surface D3.,-acetates
transform into deuterated acetone isotopomers with different yield, rate, E*, and deuterium kinetic
isotope effect (DKIE). The obtained values of inverse DKIE together with the structure-reactivity
correlation support a concerted mechanism over ceria-based catalysts. These results demonstrate that
analysis of Taft’s correlations and using simple equation for estimation of DKIE from TPD-MS data are
promising approaches for the study of catalytic pyrolysis mechanisms on a semi-quantitative level.

Keywords: carboxylic acids upgrading; ketonization; deuterated acetic acid; acetone D-isotopomers
distribution; H/D exchange; inverse deuterium kinetic isotope effect; kinetic parameters; activation
energy; catalytic pyrolysis of biomass; bio-oil

1. Introduction

Catalytic pyrolysis can effectively convert second-generation feedstocks (lignocellulose, waste oils,
fats, algae, agricultural and forest residues, etc.) into bio-oil or pyrolysis oil [1-7]. The potential for the
use of biomass resources of second-generation feedstocks in Europe is very high [8]. At the same time,
the cost of second-generation raw materials is low [8]. One of the major components of bio-oil [1-7,9-14]
is organic acids. Currently, some of them, including acetic, valeric, levulinic (y-ketovaleric acid),
2,5 furan dicarboxylic acids, etc., are considered as key-building platforms in biomass conversion
technologies [1-7,12,14]. The upgrading of bio-derived carboxylic acids has great economic, social and
environmental advantages compared with the traditional use of fossil hydrocarbon resources.

The ketonization reaction, or ketonic decarboxylation is one of the attractive ways to convert
carboxylic acids into sustainable biofuels and valuable industrial products with high added
value [15-23]. Ketonization provides for the formation of a new C-C bond in one step, preserves
the initial functional group C = O, and significantly reduces the oxygen content in the molecule
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due to decarboxylation and dehydration. In addition, the carbon chain almost doubles as a
result of the symmetric ketone formation. The obtained ketones can be upgraded by catalytic
hydrogenation/dehydration to liquid long-chain hydrocarbons [12,14].

Despite the close attention to the ketonization reaction, last year’s publications [15-18], including
numerous studies and reviews [16,17,19-23] suggested that the mechanism of this reaction is not
completely clear. Over the past few decades, several basic mechanisms of this reaction have
been proposed [19-41]: (i) free-radical mechanism [24], (ii) direct concerted mechanism [20,25],
(iii) mechanism involving an acyl intermediate [26], (iv) ketene based mechanisms [27-29], (v) and
a beta-keto-acid-intermediate based mechanisms [30-35] (Scheme 1). The free-radical mechanism,
the acyl-based mechanism, and ketene-based mechanism involve the participation of free radicals,
acylium cation and ketene species as key intermediates of ketonization, respectively. The concerted
mechanism was proposed by Rand et al. [25] for ketonization of adipic and 2,2,5,5-tetramethyladipic
acids. This mechanism involves (a) decarboxylation with carbanion formation, (b) nucleophilic attack
of carbanion with C-C bond formation, and (c) formation of ketone and a hydroxide anion (Scheme 1).
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Scheme 1. Simplified schemes of possible ketonization mechanisms and their key intermediates.

At the moment, the beta-keto-acid-intermediate-based mechanism is considered the most
plausible [19,30-34,37,39]. The last two mechanisms require a stage of enolization with the elimination
of hydrogen in the alpha position to the carboxyl group [19,30-34]. Two basic pieces of evidence are used
to confirm mechanisms involving enolization. The first evidence is the presence of isotope exchange
of D-H in the alpha position to the carboxyl group on the surface of the catalysts [28,29] (Scheme 2).
On this basis, it is concluded that alpha hydrogen atoms take part in the reaction. The second proof is
that a symmetric ketone pivalone is not formed from pivalic acid (CH3);C-COOH) [28,30,35]. It was
postulated that the reason for the lack of ketonization of pivalic acid is the absence of «-hydrogen,
which excludes enolization, so ketonization is impossible [19,30,33]. However, this fact may be due
to the steric effect of the substituents at the reaction center in the transition state (TS) for pivalic acid.
Accordingly, it was assumed that enolisation is the rate-limiting step of the ketonization reaction.
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Scheme 2. H/D exchange and enolization on the surface of the catalyst.

However, on the basis of a detailed kinetic analysis [33], quantum chemical calculations [32],
and an investigation of the isotopic effect [26,36], it was shown that enolization is not a rate-limiting
stage. Rather the loss of the CO, or the formation of a new C-C bond are the likely rate-determining
steps [26,32,33,36]. Despite the enormous efforts spent on the establishment of the mechanism of this
reaction, kinetic studies, isotope effect studies [26,27,36], quantum chemical calculations [30-33,36],
studies of cross-ketonization reactions [28,30,33,38], 13C/}2C exchange studies [34], H/D exchange
studies on the catalyst surfaces [28,29,39], experiments with 13C-labeled acetic acids [28,33,34], Fourier
Transform Infrared Spectroscopy FI-IR studies [36,37,39-41], etc., the question of establishing the full
details of the ketonization reaction mechanism is still not completely closed [39]. However, linear
free energy relationships (LFERs) have never been applied to study of the mechanism of ketonization.
LFER is a very informative experimental approach because it can give information about the TS and the
reaction mechanism on a semiquantitative basis [42,43]. Therefore, in our work, we decided to apply
three of the most important experimental methods [42] to establish the mechanism of this reaction over
ceria-based catalysts [44], which were not used or insufficiently used in previous works: 1) kinetic
study and analysis of kinetics (1, Tyay, E*, vo, dS%), 2) analysis of substituent effects (Taft plots) or
LFERs between activation free energies change induced by substituents and the steric, the electron
donating or electron withdrawing characteristics of the substituent and 3) study of the magnitude and
the origin of deuterium kinetic isotope effect (DKIE).

The novelty of this study is due to the fact that using the LFERs principle, we obtained
structure-reactivity correlation between Taft’s steric substituent constants Es* and activation energies
of ketonization, and evaluated the contribution of the electronic and steric effects of the substituents
for a wide reaction series of carboxylic acids (acetic, propionic, butyric, isobutyric, valeric, pivalic,
hexanoic, heptanoic, nonanoic, octanoic, decanoic). In addition, a novel simple approximate equation
was proposed for a quick estimate of the DKIE from temperature-programmed desorption mass
spectrometry (TPD-MS) data. The values of inverse DKIE of the formation of a series of acetone
D-isotopomers have been obtained using this simple equation. The obtained values of the inverse
DKIE allowed us to get new physical insights about the sterically controlled mechanism of catalytic
pyrolysis of aliphatic carboxylic acids into symmetric ketones over ceria-based catalysts.

2. Results and Discussion

2.1. Kinetic Study

It is well known that on the surfaces of various oxide catalysts, different pathways of the conversion
of aliphatic acids may take place [18,44—46] (Scheme 3). Depending on the surface properties of the
catalyst, reactions can occur such as ketenization, ketonization, decarboxylation, decarbonylation,
cracking, reduction to aldehydes, and others.
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Scheme 3. The possible pathways of the conversion of aliphatic acids on the surfaces of oxide catalysts.

As was previously established [43,47—-49], the ketenization reaction (pathway b, Scheme 3)
proceeds on the silica at 300-450 °C with a high level of selectivity. Ketenes formation has also been
observed over Al,O3/5i0;, TiO,/SiO; [41] and aluminosilicates due to the presence of Bronsted acid
sites on their surfaces [50]. Cinnamic acids on the silica surface transform into corresponding ketenes,
vinyl- and acetylene-benzenes via three parallel pathways b, e and f: ketenization, decarboxylation,
and decarbonylation, [51-53]; whereas over the nanoceria surface, only the decarboxylation (f) takes
place [54]. A comparative study [41] of pyrolytic decomposition of valeric acid over SiO;, Al,O3,
Ce0,/5i0,, Al,O3/510,, and TiO,/Si0; catalysts showed that propylketene forms on the surfaces of
all these oxides except for CeO,/SiO,. The formation of both ketene and ketone was observed on the
surface of Al,O3. The ceria-based catalyst converted valeric acid into dibutylketone most efficiently in
the investigated series of oxides due to the presence of basic sites on its surface [41]. As was noted
earlier [40], ceria is the most basic oxide in the series of oxides CeO,, TiO,, and Al,Os.

The acid-base and redox properties of ceria-based materials have been extensively investigated
because the unique catalytic activity enables ceria to catalyze a variety of organic reactions [55-58].
The surface of ceria is characterized by very low Lewis and Bronsted acid site density and weak acid
strength [39], while at the same time extremely high density [59] of strong Lewis-base sites [60], which
interact with carboxylic acids to form different types of carboxylates (monodentate, bidentate: chelate
and bridge) [40,41,61]. Subsequent transformation of the surface carboxylates leads to the formation of
ketones [37,40,41,61].

The main pyrolysis products of aliphatic carboxylic acids on the CeO,/SiO; surface are the
corresponding ketones and CO,. The typical TPD-MS data of the catalytic ketonization of aliphatic
carboxylic acids are presented in Figure 1A,B with the example of propionic acid. Figure 1A,B show the
mass spectrum and TPD curves obtained during the catalytic pyrolysis of propionic acid immobilized
on the CeO,/Si0; surface. The TPD profiles of the molecular ion of the ketonization product (diethyl
ketone or 3-pentanone) with m/z = 86 and its fragment ions with m/z = 72 C,HsCOCH, "), 57 (C,H5CO™),
and 29 (C,Hs™) reflect the shape of each other (Figure 1B). These ions are present in the spectra at
the temperature of the maximum rate of the 3-pentanone formation, Figure 1A. It is known that
ketonization is always accompanied by the release of water and CO,. Intensive decarboxylation
accompanying the formation of the corresponding symmetrical dialkyl ketone is observed during
propionic acid pyrolysis (Figure 1A,B) and all studied acids (C2—-C10), except pivalic acid. As was
previously established [19,35], and also observed it in this work, pivalic acid forms two other major
products, isobutene and 2-dimethyl-4-methyl-3-pentanone (Table 1).
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Figure 1. Catalytic pyrolysis of propionic acid supported on the nanocomposites CeO,/SiO, with

low amount of CeO, (1CeSi) surface (0.6 mmol g_l). (A) Mass-spectrum of pyrolysis products at 265

°C, obtained after electron impact ionization. (B) temperature-programmed desorption curves (TPD

curves) of the molecular ion of propionic acid with m/z = 74 and its fragment ions with m/z = 72, 44,
29, 28, 17 attributed to the desorption of the physically adsorbed and hydrogen-bonded acid. TPD
curves attributed to the ketonization products: molecular ion of CO, with m/z = 44, and molecular ion

of 3-pentanone with m/z = 86 and its fragment ions with m/z = 72, 57, 29. TPD curve attributed to water

desorption: fragment ion of molecular ion of water with m/z = 17. (C) Vapor pressure measured as a

function of temperature (P/T curve); deconvolution of P/T curve (RZ = 0.99554); experimental data is

black line, fitting curve—Red line, Gaussians—Green line.
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Table 1. Kinetic parameters (temperature of the maximum desorption rate Ty, reaction order n, activation energy E#, pre-exponential factor vy and activation
entropy d5%) of ketonization of reaction series of carboxylic acids on the 1CeSi surface (0.6 mmol/g). Sum of the Taft Induction Constants (Y,0*) and Sum of the Taft
Steric Constants () E;) of the Substituents at the Reaction Center.

Acid XE, L6*  Tua,°C  m/z " - E ;:)’1_1 I;’(f{_sl_sl_’l(,n(: =1);) ds;;f:;lilK T ey, R?? k]f:::l’—l
9 _
Acetic C2 3.72 1.2 247 58 ; ;z 35 53:: 11(?19 3105 2115 g:ggi 11_5'1
Propionic C3 2.48 0.8 266 86 ; éﬁ : ;1: 11(?;4 _5116 443 gz;g 11_9 .
Butyric C4 241 0.7. 262 114 ; ;;z ; ;L: 1100;2 _4157 3214 8?;; 11? .
kobatyicCt 124 04 2 L 1B it % C o
Valeric C5 212 0.685 268 142 ; iéi ; 28:: 11(?:2 _4115 215 8:323 11_9'9
3 _ -
Pivalic C5 0 0 290 57¢ ; ;;(1) 4522:: 11 (?199 3200 i’g 8j§§§ i
Hexanoic C6 2.09 0.67 269 85 ; éég 11 03:: 11(?17 _1188 i; gggg 12?'1
Heptanoic C7 2.08 0.55 272 142 ; ;ég 11 76: 1100;5 _5168 260 83;13 12?'8
Octanoic C8 - 0.49 282 85 ; ééé 51 34:: 11(?291 _4108 2’3 81238 12_3'1
Nonanoic C9 - 0.43 290 85 ; ;}g 21 05:: 11 (?197 _1188 ﬁ 82322 124
9 —
Decanoic C10 - 0.45 292 72 ; gé 55 22:: 11(?26 6125 3215 82382 12_5'4

2 The coefficient of determination. ® E* = In(B/nB) RT . € The fragment ion of 2-dimethyl-4-methyl-3-pentanone.
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The possible side products were monitored but were not definitively detected, including pathways
b, ¢, d, e, Scheme 3. The complex shape of the TPD curve for the ion with m/z = 44 may be evidence of
the presence of path (f) at ~200 °C. Our assumption confirms the presence of peaks in the TPD curves at
~200 °C for ions with m/z = 28 and 29, which are the most intense in the ethane EI mass-spectrum [62].
The P/T curve was decomposed into individual Gaussians in order to semi-quantify the contribution
of ketonization and decarboxylation with the formation of ethane in the process of propionic acid
conversion, Figure 1C.

A comparative analysis of the peaks on the TPD curves (Figure 1B) with the peaks on the P/T
curve (Figure 1C) shows that the P/T curve is the result of a superposition of several peaks that
correspond to the desorption of water, physically adsorbed and hydrogen-bonded propionic acid,
and desorption of pyrolysis products. The decomposition of the P/T curve into individual Gaussians
allowed us to identify peaks 1 and 3 with desorption of propionic acid in molecular form, peaks 2 and
6 with processes of desorption of water and peaks 4 and 5 with desorption of products of catalytic
transformations, because they are centered at the same temperature as corresponding TPD peaks,
Table 2, Figure 1B,C.

The calculated integral intensities of peaks 1, 3, 4, and 5 make it possible to semi-quantify the
efficiency of the catalytic conversion of propionic acid, Table 2. The degree of conversion of propionic
acid during the pyrolysis is about 0.67, while the selectivity for the formation of 3-pentanone is above
0.90 and ethane is about 0.02. The obtained data are in good agreement with previously published
data [63,64] regarding the catalytic activity of catalytic systems based on CeO,/SiO; and catalytic
systems based on ZrO; in the ketonization of propionic acid [37]. The selectivity of 3-pentanone is
higher than 97.5% on the ZrO,-based catalysts [37] and >93% on the CeO,/SiO,-based catalysts [63].
Deng et al. [64] have also confirmed a high catalytic activity of CeO,/SiO, for acetic acid ketonization
because it could convert acetic acid to acetone with high selectivity 96.63%. The activation energy E*
for propionic acid ketonization with 3-pentanone formation is 122 kJ-mol~! (calculated by Arrhenius
plot method), and 119 kJ-mol~! (calculated by the modified equation), Table 1. These data also are in
good agreement with the previous reports of 117 kJ-mol~! on m-ZrO, [33] and 124 kJ-mol~! on m-ZrO,
and 100 kJ-mol~! on t-ZrO, [37].

Conversion and selectivity are highly dependent on reaction conditions, especially temperature.
The effect of the reaction temperature on the degree of conversion and selectivity to ketone was
studied [16,37,64]. It was shown that an increase in temperature to 425 °C allows the conversion of
acetic acid to be achieved at about 93%-100% [16,64]. Importantly, the highest conversion of propionic
acid on the zirconium surface was observed at a temperature of the highest ketonization rate [37].
Therefore, we can assume that the obtained temperature values of Trax (Table 1), which are attributed
to the temperature of the maximum rate of ketonization reaction of C,Hj,11COOH (n = 1-9), can be
very useful for choosing the optimal conditions for the catalytic conversion of carboxylic acids into
symmetric ketones. Tnmax for the investigated series of carboxylic acids is in the range 247-292 °C.
We suggest that optimal temperature conditions for the efficient catalytic ketonization of carboxylic
acids over CeO,/5iO; catalyst could also be in this range.

It is known that cerium-based oxides are effective catalysts of ketonization [21,38,56,63,64].
Therefore catalytic systems for industrial applications have been developed on their basis.
Glinski et al. [63] investigated over 20 metal oxides supported on SiO,, Al,O3, and TiO,. It was
demonstrated, that CeO, was proved to be the most efficient as an active phase for ketonization
reaction [63,64]. Gliiski and coworkers [63] have suggested that high activity of CeO, supported on
Si0,, TiO,, and Al,Oj are a result of the synergy due to the interaction between the CeO, and oxide
support. We also assume synergies between the support and the active phase of the catalyst that
contains strong basic centers. This determines the high catalytic activity of CeO, materials.



Catalysts 2020, 10, 179

Table 2. The calculated integral intensities for the peaks obtained by deconvolution of the P/T curve (R* = 0.99554, Figure 1C).

8 of 21

. Tmax (°C) Peak Area (a.u.), X (Peak
a max o 14 0,
Peak Process/Reaction Product, m\z TPD-Curve Tmax (°C) P/T Curve Areas) %o
Desorption of C;H5COOH in molecular form
Desorption physically C,H5COOH 62
! adsorbed acid mfz 74 63 65 0.06329 13
Desorption of C,H;COOH
3 H-bonded acid mfz 29 131 133 0.09624 20
% (1+3) = 0.15953 33
Catalytic conversion of C,Hs;COOH
CoHg
Decarboxylation with myz 29 196
4 ethane formation CO, 196 195 0.00511 ~1
mfz 44
. (C2H5)2CO m/z 86
5 Ketonic CO, 265 264 0.31606 66
decarboxylation 267
myz44
¥ (445) = 0.32117 67
2 (1+3+4+5) = 0.48070 100
H,0 desorption
Desorption physically H,O
2 adsorbed water mfz 17 87 81 0.06071 26
Dehydration, H,O
6 dehydroxylation mfz 17 391 391 0.17421 74
T (2+6) = 0.23492 100

2 Peak on the P/T curve (Figure 1C).



Catalysts 2020, 10, 179 9 of 21

2.2. Analysis of Kinetics Data

Detailed and targeted kinetic studies for reaction series of aliphatic carboxylic acids C2-C10 (acetic,
propionic, butyric, isobutyric, valeric, pivalic, hexanoic, heptanoic, nonanoic, octanoic, decanoic) on
the surface of nanosized CeO,/SiO; have been investigated by temperature-programmed desorption
mass spectrometry (TPD MS), Table 1. The obtained data and our previous study [41] showed that
Ce0,/510; is suitable catalysts for ketonization.

The kinetic parameters (1, Tyax, E*, v, dS%) of the reaction of ketone formation were calculated, as
described previously [43] (Table 1). The obtained values of the kinetic parameters show that the reaction
proceeds according to the first order, since the determination coefficients (R?) are much higher, and the
calculated deviation values are much smaller for the first order than for the second order. In addition,
the first order of the reaction was also confirmed by us earlier [41] by studying the influence of the
degree of surface coverage on the reaction rate. Namely, the absence of T,y displacement towards low
temperatures with increasing acid concentration on the surface indicates the first order [65].

The pre-exponential factor for this reaction series has close values within the limits of the same
order. This indicates that the transition state for this reaction series has a similar structure. Thus,
the entropy of activation for this series is constant (dS* = const), so this reaction series is an isentropic
series. This fact has allowed us to apply a Redhead peak maximum method to calculate the activation
energy [66]. This method avoids the effect of various distortions in the form of a peak on the calculated
values of the activation energy that can be produced by using complete analysis of TPD curves and
the Arrhenius plot method [65-68]. In this work, we used the modified Equation (1) as suggested
by Kislyuk and Rozanov on the basis of Redhead equation [67]. This relation directly includes the
temperature of the peak maximum Tmax, [67]:

E* =R Typax In(B/InB) 1)

where
B= (nVOTmameaxn_l)b )

In this formula, 7 is the reaction order, vy is the pre-exponential factor, cr-1, . is the concentration
of the adsorbate at T, and b is the value of the sample heating rate.

A study of a number of acids shows an increase in the Tryax of reaction with an increase in the
number of the methylene units and the branching in the molecule (Table 1). The corresponding increase
in the activation energy was also obtained by using modified Equation (1) and the arithmetic average
of the pre-exponential factor Voaverage = 1/10 0 a¢ia=3.53 + 1.89 X 10% s~ for the reaction series of
10 acids.

Thus, as a result of the kinetic analysis carried out, it is established that the reaction is of first order,
the activation entropy has a negative value, i.e., the number of degrees of freedom in the transition
state decreases and the transition state has a highly ordered structure. Thus, the next task is to establish
how changes in the structure of the acid molecule affect the activation energy. This task can be solved
by investigating the effect of the substituent using the approaches of LFERs.

2.3. Analysis of Substituent Effects (Taft Plots) or Linear Free Energy Relationships (LFERs)

We were unable to find literature data on the use of LFERs to study the mechanism of ketonization,
despite the fact that more in-depth data about the structure of the transition state can be obtained
from studies of substituent effects [42]. So the next step was to search for correlations between the
kinetic parameters and the thermodynamic ones: the activation energy and the Taft’s constants of
substituents, respectively. An important step in the search for such correlations is the E*-0* and E*-Es
analysis, which allows us to determine the reaction center in the molecule. Such correlations can be
obtained only if the reaction center is chosen correctly. Taft’s correlation was obtained (Figure 2A) only
if the a-carbon atom was chosen as the reaction center, and not, for example, the 3-carbon atom or
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the carbon atom of the carboxyl group. So, a linear correlation between the activation energies and
the sum of the Taft steric constants at the «-carbon atom (E*-XEs) with a high squared correlation
coefficient R? = 0.9488 indicates that the ketonization reaction is sterically sensitive, Figure 2A. The
correlation E*-£0* sum of induction Taft’s constants (Figure 2B) has a low value of the squared
correlation coefficient R? = 0.8227. These data indicate that the activation energy of ketonization
is predominantly dependent on the steric effects of the substituents. That is, the transition state is
less sensitive to the inductive effect of the substituents, although it is possible that electron-donor
substituents slow down this reaction. The Taft correlation E*-XEs indicates that the LFER principle
is applicable to this reaction series. The presence of large substituents in the reaction center may
prevent the interaction of atoms and thereby slow down the reaction or make it impossible. The steric
effect does not allow to achieve the necessary conformation in the transition state for the realization
of ketonization, the so-called “tert-butyl effect”. Although pivalic acid does not form a pivalon, it is
an important member of this reaction series. Pivalic acid is the standard for this reaction series since
the sum of both the induction and steric Taft’s constants for the x-carbon atom of the pivalic acid is
0 ((XEs = 3 x Es(CH3)=3 x 0 = 0; X0* = 3x0*(CHj3) = 3 X 0 = 0). Thus, the greatest steric effect should
be observed, namely, for pivalic acid.

125 A y=-3.0962x+126.84 ] B y=-11.683x+128.55
. R=00488 39 R=082271
S 1251 o 228 R=0.90703
° © 7-a$ggiconi7;
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s i ) 1 & 3-butyric
i 120 l-acetic =120} 4-\'glgric
U 2-propionic ol 5-hexanoic
g i- ultyr_lc g 6-heptanoic
-valeric L 7-isobutyric
M 1151 5-hexanoic k= 115 X-octano>i/c
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Figure 2. (A) Linear correlation between the activation energies of ketonization of reaction series of
carboxylic acids (C2-C10) on 1CeSi and the sum of the Taft steric constants (XEs*) at the «-carbon
atom of carboxylic acids. (B) The correlation between the activation energies and the sum of the Taft
induction constants (X.0*) at the «-carbon atom of the carboxylic acids.

2.4. Study of DKIE During Catalytic Ketonization of CD3COOH (D3)

The isotopic effect is one of the most powerful tools for establishing the mechanism of reactions
along with LFER and kinetic studies [42]. The presence of a primary H/D isotopic effect indicates that
the bond containing the H atom being broken or formed in a kinetically relevant step [42]. However,
there are contradictory data in the literature. Thus, for example, Hendren and coworkers [27] obtained
the values of the primary isotopic effects k(H) = k(D) between 1.4 and 6.7 for the ketonization reaction.
The absence of a primary isotopic effect was demonstrated in the study of the ketonization of deuterated
acetic acid [26]. A very low value of the primary isotopic effect k(H)/k(D) = 1.1 was obtained in the
work of Wang and Iglesia [36]. Thus, recent experimental data of the DKIE [26,36], as well as quantum
chemical calculations [32,33] completely exclude enolization as a rate-limiting stage. However, this
is not enough to completely exclude it as a necessary stage. In this regard, TPD-MS was used to an
elucidation of DKIE by studying of the kinetics of the thermal transformations of deuterated acetic acid
(CD3COOH) on the surface of the nanocomposites CeO,/5iO, with higher amount of CeO, (hCeSi).

2.4.1. The Distribution of Acetone Isotopomers

The results of the TPD-MS studies confirm the presence of isotopic exchange on the surface of the
catalysts, (Figure 3A,B). The peaks on the TPD curves corresponding to the isotopomers of acetone have
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a different intensity, and different Tmax localization, (Figure 3A,B). Earlier, in 1978, Munuera et al. [29],
in their extremely important work, had already estimated the relative yield of isotopomers of acetone
as result of the ketonization of a mixture of acids CD3COOH (76%) and CH3COOH (24%) adsorbed on
the surface of titanium dioxide. However, due to the then instrumental imperfection, these estimates
were not accurate enough, since they were made only on the basis of the peak height in the mass
spectra at a fixed temperature ~250 °C. It is necessary to take into account the integrated intensity of
the peaks for correct estimation.

02f AT~60°C 5o 1
~ 58
0.101
5 3
. | o]
5ol 62 5
\ 0.05
00— 0.00+——————————————
0 100 200 300 400 0 100 200 300 400 500 600 700
T,°C T,°C

Figure 3. (A) TPD curves for the ions of acetone isotopomers with m/z = 64, 62, 61, 60, 59, 58; (B) TPD
curves for the ions of acetone isotopomers with m/z = 62, 60; TPD curves for the ions of D,O* with
m/z = 20 for the ions of D,* with m/z = 4 were obtained during the pyrolysis of CD3COOH on the
hCeSi surface.

In this regard, the mathematical procedure has been conducted to obtain the correct values of
Tmax and integral intensities of the isotopomers peaks (see Figure 4, Figures S1-S5 and Table 3). Thus,
the integral intensities of TPD peaks and distribution (%) for ions of acetone isotopomers with m/z = 62
(4%), 61 (11%), 60 (24%), 59 (35%), 58 (26%) were obtained during the pyrolysis of isotopic-labeled
acetic acid CD3COOH on the hCeSi surface (Figure 4 and Table 3). It is noteworthy that the sum of the
integral intensities of TPD peaks of ions of isotopomers with m/z = 62, 61, 60, 59, 58 is very close to
integral intensities of TPD peaks of molecular ions of (CH3),CO and (CH3),3CO that were obtained
during the pyrolysis of nonlabeled acetic acid and *C-labeled acetic acid (Figure 5, Figures S6 and S7,
and Table 3).
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Figure 4. Deconvolution of TPD curve for the ion of acetone with m/z = 58 that was obtained during
the pyrolysis of nonlabeled acetic acid on the hCeSi surface (A). Deconvolution of TPD-curves for the
ions of acetone isotopomers with m/z = 62, 61, 60 and 59 that were obtained during the pyrolysis of

deuterated acetic acid on the hCeSi surface (B-E). Experimental data is the black line; the fitting curve

is the red line.
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Table 3. Temperature of the maximum desorption rate Ty,qy, integral intensity ( f I(m/z)) and distribution
(%) of acetone isotopomers with m/z = 64, 62, 61, 60, 59, 58 obtained during the catalytic pyrolysis of
isotopic-labeled acetic acid CD3;COOH, CH3'3COOH and nonlabeled acetic acid CH;COOH on the
hCeSi surface (0.6 mmol-g™1).

IsotoPomZ:‘/zf Acetone Tmax J1n/), 2. Distr, % R?*
CD;COOH
58, C,DyHzCO 269.9 10.21 26.20 0.9906
59, C,D;H5CO 263.1 13.58 34.85 0.9929
60, C,D,H,CO 250.4 9.17 23.53 0.9817
61, C,D;H;CO 229.5 432 11.09 0.9774
62, C,D4H,CO 208.1 1.44 3.70 0.9641
64, C,DgH,CO - <0.25 <0.64 -
Y [ 1mp) ~38.97 ~100 -
CH;3COOH
(CH;),13CO 255.7 ~37.30 ~100 0.9955
CH;COOH
(CHj3),CO 256.4 ~36.79 ~100 0.9912

2 The coefficient of determination.

7]
6
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]
N
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0 T T \ \ \ e
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Figure 5. TPD curves for the molecular ion of acetone with m/z = 58, molecular ion of 13C-labeled
acetone with m/z = 59, molecular ion of CO, with m/z = 44, molecular ion of 13CO, with m/z = 45, ion of
H3;0" with m/z = 19, fragment ion of deuterated water HDO with m/z = 19 and fragment ion of water
with m/z = 17 were obtained during the pyrolysis of CH;COOH (A); CD3;COOH (B); CH3'*COOH (C)
on the hCeSi surface.

The maximum yield is observed for monodeuterated acetone with m/z = 59, (Figures 3A, 4B
and 5A). The increase in the number of deuterium atoms decreases the yield of the isotopomer.
Unfortunately, we were unable to estimate the amount of fully deuterated (m/z = 64, C;DgHyCO) and
mono-deuterated acetone (m/z = 63, C,DsH;CO) because their molecular weights are equal to the
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molecular weights of the molecular ions CD3CO,D and CD3;CO,H, respectively. As a consequence,
overlapping of the peaks of these isotopomers of acetone (C;DgHyCO and C,DsH; CO) with desorption
peaks of physically adsorbed CD3;CO,;D and CD3CO,H acid molecules could occur.

It is most likely that the H/D isotope exchange on the surface and the ketonization reaction are two
independent processes that are not related to each other. It seems that isotopic exchange easily proceeds
on the oxide surface at temperatures much lower than a temperature at the start of ketonization. The
adsorption layer of isotopomers of surface acetates -O-C(=0)-CD,Hs.,, with a different percentage
distribution is formed in the isotopic exchange result, which is due to the efficiency of H/D exchange
on the surface of a particular oxide. The efficiency of H/D exchange depends on the nature of the oxide
surface. Based on the experimental data obtained, it can be said that on the surface of CeO,/SiO,,
the H/D exchange starts at a quite low temperature <150 °C (Figure 3A,B). This process can likely
proceed very easy through the tunneling mechanism, or through an enolization (see Scheme 2). H/D
exchange was observed by Kozhevnikov et al. as a result of the exchange between surface acetates and
the Bronsted acid sites [39].

Upon further heating, these exchanged deuterium atoms are desorbed in the form of deuterated
water molecules DHO (m/z = 19) and D,O (m/z = 20) as a result of dehydration of surface, (Figures 3B
and 5B). The differences in the processes of water desorption during the pyrolysis of isotope-labeled
and nonlabeled acetic acids are clearly seen in Figure 5A-C.

2.4.2. Study of the Magnitude and the Origin of DKIE

We assume that initially an adsorption layer from the surface complexes of acetic acid isotopomers
D,H3.,COOH is formed on the surface as a result of the H-D exchange. Their percentage distribution
is due to the amount and strength of the surface active centers on which the H/D exchange occurs.
Furthermore, these surface complexes of acetic acid isotopomers DpH3_,, COOH are transformed upon
heating. As a result of ketonization, seven isotopomers and three isomers of isotope-labeled acetone
can be formed: m/z = 64, 63, 62 (2 isomers), 61 (2 isomers), 60 (2 isomers), 59 and 58 (Scheme 4). The
same value of the rate of formation of various isotopomers and accordingly, the same value of the
primary DKIE, should be observed if the “beta-ketoacid” mechanism works.

Surface complexes of isolopomers

o D H-D exchange
pr—c® 2’ D ‘__.P‘ ) ——A . 0 _\" o0 o0
on HO ¢ / \c
o’ 0
[cmayst [ w-vst 4f
_2 Vys and Egq increase Transition state . IDKIE d
GQ;; : 'Q@ Q@q@@ Q@q% @@q% 990{_ ggq%
0= : s ! 2
o) (9o o) o) o o) o o' b °;. “o
¢ L X ] T IgsE g /,],
catalyst | 4
€0, Ketonization
‘ k(H4D2) k(H3D3) k(H2Dg4)

k(HeDo) k(HsD1) Q@ i % Q@ 9 Y] R % k(HDs) K(HoDe)

Q»T

@
g“’%@g@w @@Q@ @@Q% Qq%r R%oo ]9,

b m/z=59 O MFu 3 m/z=61 O m/r62 .a=u o m/z=64

Scheme 4. The possible mechanism of deuterated acetic acid ketonization into the acetone isotopomers
involves the simultaneous carbon—carbon bond and carbon dioxide formations in one single step.
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Interestingly, the TPD peaks for the isotopomers of acetone were observed at different temperatures
of the maximum desorption rate (Tj.x) on the CeO,/SiO; surface (see Figures 3 and 4, Table 3). Most
importantly, TPD peaks are shifted to higher temperatures with an increase in the numbers of H-atoms
in a molecule of an isotopomer. As was shown earlier in the work performed by Leardini with
co-authors, this may indicate the presence of an inverse isotope effect [69]. Determination of the
exact value of the isotopic effect is a difficult experimental and calculation problem [42,69]. However,
establishing even the type of isotope effect—primary, secondary or inverse—can play a key role in
determining the reaction mechanism.

Therefore, we decided to use the modified Taft equation for the DKIE calculation. This equation
was earlier proposed in the work of one of the coauthors [43] to study the mechanisms of catalytic
reactions using the TPD-MS data:

lgk/ko = 1g(B/2.31gB)-ATmax/To max 3)

After some manipulation, we obtain the simple equations for the elucidation of KIE values from

TPD-MS data:
KIE = k/ko — 101g(B/2.31gB)-ATmax/To max (4)

DKIE = k(H) /k(D) — 1Olg(B/Z.SlgB)~(Tmax(D)—Tmax(H))/Tmax(D) (5)

The calculating kinetic parameters of ketonization reaction of CD;COOH, CH3COOH and
CH3'3COOH on the hCeSi surface showed that the pre-exponential factors have close values within
the limits of the same order ~10° as in the cause of reaction series of carboxylic acids on the 1CeSi
surface (Table 4). This result allows using Equation (5) for calculation of DKIE of formation of acetone
isotopomers from deuterated acetic acid in comparison with formation acetone from nonlabeled
acetic acid.

Table 4. Kinetic parameters (temperature of the maximum desorption rate Ty, reaction order
n, activation energy E¥, pre-exponential factor vy and activation entropy dS*) of ketonization of
CD3COOH, CH33COOH and CH;COOH on the hCeSi surface; the deuterium kinetic isotope effect
(k(H)/k(D) obtained using the suggested Equation (5).

m/z, Isotopomer of R E#, K] 1 ds#, cal o 2a E#*b, K]
Acetone Tnax, °C k(H)/k(D) n mol-1 Vo, s K-1 mol-1 D, % R mol-1
CD;COOH
1 125 5.1 x 10° -15 11 0908 1203
DoH. -
58, C2DoHCO 2699 2 25 83x109 31 2 0.854 -
1 116 1.1 10° -17 3 0959 1187
59, C,D;H5CO 263.1 13951 165 31 % 101 . s 0901 i
1 118 3.8 x 107 -16 4 0.973 116.2
D,H.
60, C2D,HyCO 2504 07368 5 240 23x102 15 30 0922 -
61, C,D3H;CO 2295 02402 1 - - - - - 1112
62, C,D4H,CO 208.1 0.0689 1 - - - - - 106.4
CH;*COOH
1 117 1.8 % 10° -17 7 0960  117.0
13 -
59, CH5 “COCH; 2557 2 204 25x% 1018 25 11 0.906 -
CH;COOH
1 122 54 x 10° -15 6 0963 1172
58, CH;COCH ) -
3 8 2564 2 220 1.1 x 1020 32 13 0.900 -

a The coefficient of determination. ® E* = In(B/InB)RT yax.

We calculated the isotope effect for isotopomers from one to four deuterium atoms in a molecule
(Table 4). The reaction rate constant of formation of the deuterated d4-ketone in ~14.5-fold is larger
than the reaction rate constant of the formation of nonlabeled ketone from nonlabeled CH;COOH.
In addition, based on the fact that the T, of acetone formation from CH3'3COOH is rather close to
Tmax of acetone formation from CH3COOH, it can be concluded that KIE = k(*>C)/k('3C) is about ~1
(Table 4 and Figure 5).
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The obtained values of inverse DKIE for C,D,H4CO (m/z = 60), C,D3H3CO (m/z = 61),
and C;D4H,CO (m/z = 62) isotopomers formation confirm the concerted mechanism (Table 4). It is
known that inverse DKIE is observed for a mechanism involving concerted bonds reorganization in the
cyclic TS—for example, the Cope rearrangement [42,70,71]. The reason for this is that the compacting
of the cyclic TS is the most important condition and a requirement for this type of reaction. Moreover,
the different values of inverse DKIE confirm participating of all deuterium/protium atoms in the cyclic
TS. As such, it has been suggested that the concerted mechanism involves the simultaneous single-step
formation of a carbon-carbon bond and carbon dioxide release (Scheme 4).

The smaller size of the deuterium atom facilitates the achievement of the planar cyclic TS,
in which the synchronous reorganization of bonds can occur easily only due to electron transfer,
Scheme 4. Most likely, the reaction is realized in a single surface complex in which two acid
residues are monodentate-bonded to two cerium atoms or one cerium atom. Ding and coauthors,
by using the in situ Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), showed
that monodentate carboxylates are much more active then bidentate species during ketonization over
ZrO;-based catalysts [37]. It is known that the deuterium atom is ~15% smaller than the protium
atom. Replacement of each next atom of protium by deuterium leads to a decrease in the volume
of the TS and, correspondingly, to an increase in the reaction rate and to a decrease in the activation
energy. We calculated the activation energies of acetone isotopomers formation by using Equation
(1) (Table 4). In point of fact, we can see that an increase in the number of deuterium atoms in the
isotopomer molecules lead to a decrease in the activation energy of ketonization. This explains the
presence of different isotope effects during the formation of acetone isotopomers.

3. Materials and Methods

3.1. Materials

The research was carried out for a deuterated acetic acid D3CCOOQOD (Sigma-Aldrich, St.Louis, USA,
>99.5 atom %D), 3C-labeled acetic acid H;C'3*COOH (Sigma-Aldrich, St.Louis, USA, 99 atom %13C),
and a reaction series of aliphatic carboxylic acids C,Hy,COOH (n = 1-9): acetic (Merck, Schuchardt,
Germany, 99.7%), propionic (Merck, 99.5%), butyric (Merck, Schuchardt, Germany, 99.5%), isobutyric
(Merck, Schuchardt, Germany, 99.5%), valeric (Merck, Schuchardt, Germany, 99.5%), hexanoic (Merck,
Schuchardt, Germany, 99.5%), heptanoic (Merck, Schuchardt, Germany, 99.5%), octanoic (Merck,
Schuchardt, Germany, 99.5%), nonanoic (Merck, Schuchardt, Germany, 99.5%), decanoic (Merck,
Schuchardt, Germany, 99.5%), and pivalic (Fluka, 99.5%). Nonporous nanocomposites CeO,/SiO,
with low amount of CeO,—ICeSi and with higher amount of CeO,—hCeSi were prepared by using
powdery fumed silica and cerium (III) acetylacetonate (Sigma-Aldrich). The modification of silica with
cerium acetylacetonate and the characterization of obtained CeO,/SiO, oxides using X-ray diffraction
XRD and low-temperature Ar adsorption/desorption were described previously [72] (Table 5).

Table 5. Characteristics of CeO,/SiO, catalysts: specific surface area, amount and crystal size of CeO;.

Catalysts 1 Sa, ng—l Amount of CeO3,% day,nm
1CeSi 230 12.3 5
hCeSi 212 18.3 5

1 Catalysts preparation and characterization were described previously by Borysenko et al. [72].

Samples of aliphatic carboxylic acids on the surfaces of the nanosized oxides with loadings of
0.6 mmol g~! were obtained by impregnation. In a typical sample preparation session, 1 g of oxide was
gradually mixed with 25 mL of a solution of acid. The samples were then aged at room temperature
for 24 h, dried and stored in a desiccator until its use in the TPD-MS experiment. Ethanol solutions
were used to prepare samples of reaction series of aliphatic carboxylic acids C2—C10 on the 1CeSi
surface. Aqueous solutions were used to prepare samples of deuterated acetic acid, nonlabeled acetic
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acid and '3C-labeled acetic acid on the hCeSi surface. Due to the fact that the deuterium atom of
the hydroxyl group of the acid is subjected to very fast H/D exchange in aqueous solutions; in fact,
the impregnation was performed with d3-acetic acid (D3CCOOH). This is what we wanted to achieve,
in order to eliminate the distortion of the results due to the rapid exchange of acidic hydrogen atoms of
the carboxyl group.

3.2. Temperature-Programmed Desorption Mass Spectrometry and Kinetic Parameters

The experiments were performed in an electron ionization MKh-7304A monopole mass
spectrometer (Sumy, Ukraine) adapted for temperature-programmed desorption [33]. Sample weighing
~10 mg was first placed in a molybdenum-quartz ampule (5.4 mm in diameter, 20 cm in length, and 12 mL
in volume) and evacuating to ~5 x 107 Pa at ~20 °C. For all measurements, the molybdenum-quartz
ampule was filled to only approximately <<1/16 of the full volume to limit interparticle-diffusion
effects [43]. All TPD measurements were carried out by heating the samples to ~750 °C at a constant
rate of 0.17 °C s~! using a programmed linear heating schedule (dT/dt = b, in which b is the heating rate).
The mass spectra and the P/T curves (pressure-temperature curves; P, the pressure of volatile pyrolysis
products; T, the temperature of samples) were recorded and analyzed using a computer-based data
acquisition and processing setup. The pressure of volatile pyrolysis products was measured with a
pressure vacuum gauge VMB-14. The mass spectra were recorded for a mass range of 1-210 amu. The
kinetic parameters (temperature of the maximum desorption rate Ty,4y, reaction order 1, activation
energy E¥, pre-exponential factor vy and activation entropy dS*) were calculated from the well-resolved
TPD peaks for which the shape and position on the temperature scale were repeated with good
resolution in several measurements. The procedure of obtaining kinetic parameters from TPD-MS data
and full details of this equipment has been extensively described elsewhere [43].

4. Conclusions

In this study, the applicability of TPD-MS together with LFERs for the elucidation of the mechanism
of catalytic pyrolysis of carboxylic acids into ketones over CeO,/SiO;, was investigated. The kinetic
parameters of catalytic pyrolysis of C,H,,COOH (n = 1-9), CD3COOH, and CH3'3COOH into ketones
were calculated and analyzed. On their bases, the structure-reactivity correlation between Taft’s steric
substituent constants Es* and activation energies of catalytic ketonization for the reaction series of fatty
acids on the surface of nanosized CeO,/SiO, was obtained. This correlation shows that ketonization
is a sterically sensitive reaction. The study of the pyrolysis kinetics of deuterated acetic acid on the
Ce0,/Si0, surface showed that H/D exchange starts at low temperature, <150 °C, and led to the
formation layer of surface acetates isotopomers —O-C(=0)-CDpHj3.,,. It seems that H-D exchange
on the surface and the ketonization are two independent processes and isotopic exchange proceeds
easily at temperatures lower than the temperature of the start of ketonization reaction. Surface acetates
during heating transform into deuterated acetone isotopomers with different yield, Ty, rate, E7,
and DKIE. Activation energy and DKIE decrease with increasing of D-atoms number in the acetone
isotopomer molecule. The obtained values of inverse DKIE do not confirm enolization as a rate-limiting
step of ketonization over CeO,/S5iO,. Moreover, the obtained values of inverse DKIE together with
the structure-reactivity correlation support the concerted mechanism involving the synchronous
reorganization of bonds in the cyclic TS. A proposed simple equation (5) can be a useful tool for
the elucidation of KIE values from TPD-MS data. Its applicability has been demonstrated on this
experimental data.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/179/s1,
Figures S1-S5: Fitting of the TPD peaks for the molecular ion of acetone isotopomer with m/z = 58-62 obtained

during the pyrolysis of isotopic-labeled acetic acid CD3COOH on the hCeSi surface (0.6 mmol-g~!). Figure S6:
Fitting of the TPD peak for the molecular ion of acetone obtained during the pyrolysis of nonlabeled acetic acid

CH3COOH on the hCeSi surface (0.6 mmol-g ™). Figure S7: Fitting of the TPD peak for the molecular ion of acetone
obtained during the pyrolysis of isotopic-labeled acetic acid CH3'*COOH on the hCeSi surface (0.6 mmol-g™).
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