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ABSTRACT 

Understanding the cooperative action of palladium nanoparticles (NP) and palladium single atoms (SA) 

supported on carbon nanotubes (CNT) is essential for developing more efficient supported transition 

metal catalysts. In this work, the comparison of a series of Pd-catalysts on CNT having the same 

palladium loading (1.4 wt%) but involving different and controlled SA/NP ratios (between 2 and 200) 

is described. The hydrogenation of acetophenone into 1-phenylethanol and its consecutive 

hydrogenolysis to ethylbenzene are the chosen test reactions. Appropriate kinetic modeling of these 

two consecutive reactions was performed and allowed a quantitative assessment of the activity 

differences between catalysts as well as the demonstration of a synergy between the two palladium 

species (SA and NP). The maximum activity was clearly dependent on the distribution of the surface 

palladium between SA and NP, and interestingly, different optima for the two reactions are evidenced. 

This work may offer a new perspective for the design and synthesis of supported transition metal 

catalysts with targeted catalytic performance. 
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1. Introduction 

The catalytic hydrogenation of organic compounds containing a carbonyl group is important in the 

synthesis of fine chemicals, pharmaceuticals, dyes, and agrochemicals. Acetophenone (AP) is a model 

molecule for evaluating and comparing supported catalysts for such a reaction. So far, catalytic systems 

such as Ni [1-3], Cu [4], Rh [5,6], and Pt [7-9] have been successfully used in the hydrogenation of 

acetophenone, but supported Pd catalysts are commonly used in the reduction of AP [2,10-19]. Pd 

promotes the formation of 1-phenylethanol (PE) and ethylbenzene (EB) in two consecutive reactions 

(Fig. 1) [13,20,21]. 

 

Fig. 1. Consecutive reactions steps involved in acetophenone hydrogenation and hydrogenolysis with 

Pd catalysts. 

 

However, there are two problems related to the use of Pd. The first one is related to the lack of 

selectivity of the reaction, particularly related to the competition between the reduction and the 

hydrogenolysis steps. The second is related to the cost and the poor utilization of palladium in 

heterogeneous catalysts, which thus drives the search for alternatives. Recently, Pd single-atom (SA) 

catalysts have exhibited maximized atomic efficiency compared with conventional supported Pd 

nanoparticles (NP) catalysts due to 100 % metal dispersion and the presence of a single type of metal 

site [22]. SA catalysis demonstrated distinguishing performances [23], like CO oxidation [24], water gas 

shift reaction [25], hydroformylation [26], and electrocatalysis [27]. However, in the hydrogenation 

process [28], SA catalysts empower selectivity but at the expense of activity [29,30]. For instance, the 

specific properties of SA found valuable application in the selective hydrogenation of acetylene into 

ethylene [31-33] or 1,3-butadiene into butenes [34,35]. In contrast, the activities observed on double 

bonds, ketones, and even aldehydes are deceiving. This could be explained by the kinetically 

demanding dissociative pathway of H2 on SA [36,37,38], especially if the substrate pre-coordinated SA 

sites [39]. 

Therefore, the improvement of the hydrogenation activity of Pd SA while maintaining its valuable 

properties has been addressed by different strategies. The first was to shorten the distance between 

SA so that two neighbouring SA provide adjacent active sites [39]. The properties of SA will be 

maintained while providing higher activity. The drawbacks of such a strategy are the large-scale 

preparation difficulties and the deactivation of atomically dispersed catalysts by sintering. 

The second strategy was to use cooperativity between Pd SA and Pd NP [37,40-42]. H2 dissociation 

is favoured on Pd NP compared to Pd SA, and hydrogen spillover on the support will enable the 

formation of the active H-Pd SA species [17,43-45]. We have reported a synthesis procedure of Pd 

catalysts supported on nano-structured carbon that allows controlling the SA/NP ratio [36,45]. These 

catalysts were demonstrated to be stable and highly active for alkenes hydrogenation [47,48]. 



The catalytic activities of these catalysts should depend on the combination of SA and NP [36], and 

the catalytic activities can be optimized by controlling such ratio. Herein, aiming to gain further insight 

into cooperativity between SA and NP, the performance of supported Pd on carbon nanotubes with 

different and controlled SA/NP ratio was studied for the hydrogenation/hydrogenolysis of 

acetophenone. 

2. Experimental section 

2.1. Catalysts and catalysts preparation 

PdEscat (Strem chemicals, Product number Escat 1431) was used directly without further treatment. 

Pd2 catalyst has been prepared using a classical wet impregnation method to obtain a high proportion 

of nanoparticles. The desired amount of palladium (II) nitrate dihydrate (Pd(NO3)2.2H2O) (Sigma-

Aldrich) was added to acetone (100 mL) containing 1 g of carbon nanomaterial to introduce 2 wt% of 

metal phase. The solution was sonicated at room temperature for 1 h and magnetically stirred 

overnight. The solution was then filtered and washed with acetone. The resulting solid was dried at 

120 °C overnight. Finally, the Pd2 catalyst was reduced in a horizontal furnace under a N2/H2 flow (20 

vol% H2) at 300 °C for 2 h (25°C to 300 °C at 10 °C/min). 

Pd10, Pd40, Pd60, and Pd200 catalysts have been prepared according to the procedure of P. Serp et al 

[36]. It consists of i) creating carboxylic groups on the support by nitric acid oxidation (step I), ii) 

decomposing these groups under an inert atmosphere to produce CO2, some H2 and carbon vacancies 

in the outer carbon nanotube layers (step II) and iii) depositing the metal on this defective and very 

reactive support (step III). For a given metal loading, if step III is performed once, mainly Pd SA are 

obtained; if it is performed several times (adjusting the amount of metal in each deposition), mixtures 

of SA and NP are obtained. The number of times that step III is performed for a given total metal 

loading modify the SA/NP ratio by increasing the relative number of NP. Bis (2-methylallyl)palladium 

precursor (Nanomeps) is used to perform these specific preparations. Its addition to the highly reactive 

activated CNT support containing the vacancies is done under an argon atmosphere and using an 

anhydrous pentane suspension of the support. At the end of each impregnation cycle, the precursor 

was decomposed under a N2/H2 flow (20 vol% H2) at 80 °C for 1 h. 

2.2. Catalysts characterization 

The palladium content in the catalysts was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) performed at the LCC with a Thermo Scientific ICAP 6300 instrument. 

TEM and HR-TEM analyses were performed at the "Centre de microcaracterisation Raimond Castaing, 

UMS 3623, Toulouse" using a JEOL JEM 1011 CX-T electron microscope operating at 100 kV with a point 

resolution of 4.5 Å and a JEOL JEM 1400 electron microscope operating at 120 kV. The high-resolution 

analyses were conducted using a JEOL JEM 2100F equipped with a field emission gun (FEG) operating 

at 200 kV with a point resolution of 2.3 Å and a JEOL JEM-ARM200F Cold FEG operating at 200 kV with 

a point resolution of > 1.9 Å.  

The particle size distribution was determined through several micrographs from different areas of 

the TEM grid (at least 300 particles). The size distributions reported as Pd atomic percentage (based 

on total atoms) in each size range were obtained by calculating the number of atoms (N) in each NP, 

assuming a spherical shape using an equation described in the literature [49]. The SA/NP ratio (a 



number ratio) was measured from the STEM-HAADF analyses of at least 500 elements. Metal 

dispersion was evaluated from the fraction of SA and a universal mathematical relation between the 

mean relative size of metallic crystallites and their dispersion [50]. The samples were analysed by X-

ray photoelectron spectroscopy (XPS) using a VG Escalab MKII spectrophotometer operating with a 

non-monochromatized Mg K source (1253.6 eV). 

2.3. Reactivity measurements 

Acetophenone catalytic hydrogenation was performed in a stirred tank reactor of 200 mL from Top 

Industrie. This reactor has 4 baffles and a gas-inducing Rushton turbine with 6 straight blades for 

efficient G-L-S contacting. Temperature control is provided by an electric shell (for heating) and a 

Ranque-Hilsch vortex device (for cooling). Typical catalytic tests were operated at 1200 rpm and 60 °C 

with 60 mg of Pd/CNT catalyst under an H2 atmosphere at a constant pressure of 5 bar. The liquid 

phase consists of 120 mL of a 0.2 M acetophenone (Acros organics, 98%) solution in ethanol (VWR, 

absolute) previously purified by absorption on activated carbon. The reactor is thus operated in batch 

mode for the liquid and solid phases and in semi-batch mode for the gas because hydrogen was 

constantly fed via a pressure regulator and supplied by a calibrated and monitored reserve. Aliquots 

could be taken from the liquid phase and analyzed by GC-FID equipped with DB-1 and DB-WAX 

columns. The liquid phase temperature, the pressure inside the reactor, and the pressure and 

temperature of the reserve were acquired and recorded using Labview® at 1 Hz. 

2.4. Kinetic and reactor modeling 

Kinetic modeling studies were performed using Matlab® software (Matlab R2020b). A classical 

pseudo-homogeneous isothermal and isobaric stirred tank model has been used to simulate the liquid 

phase composition. The absence of physical limitations (G-L, L-S, and internal) has been verified thanks 

to classical chemical reaction engineering criteria and measurements (see supporting information). 

The Matlab routine is based on a Levenberg-Marquardt optimization algorithm and a Runge-Kutta 

solver. For the PdEscat catalyst, 6 kinetic parameters were adjusted and found significant and not 

correlated. For the comparison of the different catalysts, 4 kinetic constants were adjusted (khydrogenation, 

khydrogenolysis, KPE, and KEB+KH2O), assuming the remaining adsorption parameters identical to the PdEscat 

reference catalyst. The objective function (OF) cleverly considers the complementary liquid 

composition and H2 reserve consumption profiles with equal weight (see equation 1 below). 

𝑂𝐹 = {∑ ∑ ∑ (
𝐶𝑖,𝑗,𝑘

𝐿,𝑡ℎ𝑒𝑜−𝐶𝑖,𝑗,𝑘
𝐿,𝑒𝑥𝑝

𝐶𝑟𝑒𝑓
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2
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𝑛𝑙,𝑚
𝐺,𝑡ℎ𝑒𝑜−𝑛𝑙,𝑚

𝐺,𝑒𝑥𝑝

𝑉𝐿∙𝐶𝐴𝑃,𝑙,0
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2

𝑚𝑙 }    (1) 

In this equation, the first bracket refers to the liquid profiles involving "i" species in "j" experiments 

with "k" samplings. The second bracket corresponds to the H2 consumption in "l" experiments with 

"m" data. 

𝐶𝑟𝑒𝑓 is a reference concentration of 0.2 mol/L; 𝑁𝐿
̅̅̅̅  is the average number of liquid sampling points 

for a single experiment; 𝑁𝐺,𝑙 is the number of recorded pressure points in the experiment "l"; 𝐶𝐴𝑃,𝑙,0
𝐿  is 

the initial AP concentration in the experiment "l". "L", "G", "theo", and "exp" superscripts refer to the 

liquid phase, the gas phase, theoretical and experimental values, respectively. 

  



3. Results and Discussion 

3.1. Synthesis and characterization 

A series of Pd catalysts supported on carbon nanotubes were prepared by the method developed 

by P. Serp et al [36, 46]. The detailed characterization of the catalyst has been presented elsewhere 

[36], and Table 1Erreur ! Source du renvoi introuvable. summarizes the main characteristics of this 

series of catalysts conducted by STEM and XPS analyses. The Pd loading was set to 1.4 wt% and the 

SA/NP ratio was varied from 10 to 200. This number ratio is recalled in the name of the catalyst. A 

commercial Pd/C catalyst (PdEscat) and a Pd/CNT catalyst containing mostly NP (Pd2) have been taken 

as references for comparison. 

 



Table 1. 

Main characteristics of the investigated catalysts 

Catalyst Pd 

loading 

Average 

NP sizea) 

SA/NP 

ratiob) c) 

Pd 

in SAc) d) 

Pd 

in NP surfacec) d) 

Pd 

in NP corec) d) 

Dispersionc) d) Pd0 

fractione) 

Pdδ+ 

fractione) 

Pdδ+/Pd0 

ratioe) 

 (wt%) (nm) (-) (atomic %) (atomic %) (atomic %) (atomic %) (atomic %) (atomic %) (-) 

Pd2 2.04 2.2 ± 1.1 2 2 48 50 49 n.d. n.d. - 

Pd10 1.29 1.1 ± 0.6 10 17 74 9 89 41.8 58.2 1.4 

Pd40 1.43 0.9 ± 0.3 40 58 40f) 2f) >95f) 22.0 78.0 3.5 

Pd60 1.37 0.8 ± 0.3 60 78 21f) 1f) >95f) 15.2 84.7 5.5 

Pd200 1.33 0.5 ± 0.1 200 97 3f) 0f) >95f) 14.2 85.8 6.0 

PdEscat 5.00 2.8 ± 0.8 6 1 41 58 41 n.d. n.d. - 
a) from TEM, at least 300 particles; b) number ratio; c) from TEM, at least 500 elements; d) calculated, see experimental details; e) from XPS measurements; f) Calculations 

based on the small mean particle size give a value of 100% for dispersion. Because larger particles are effectively present, we choose to be conservative by indicating 

>95% when discussing these highly dispersed catalysts. 

 



The aberration-corrected HAADF-STEM images (Fig. 2) show Pd SA and NP co-existence, even on 

the reference PdEscat and Pd2 catalysts. The uncontrolled presence of Pd SA with Pd NP on conventional 

or commercial Pd/C catalysts may be common for a long time, but their detection and the idea that 

they may play a role in catalysis is recent [40]. Fig. 3 presents particle size distributions obtained for 

the different catalysts. The two reference catalysts, Pd2 and PdEscat, show larger mean particle sizes (2.2 

and 2.8 nm, respectively) and lower SA/NP ratio (2.0 and 6.0) because of their higher Pd loading but 

also their conventional "uncontrolled" preparation. The four other catalysts present smaller mean 

particle sizes in the 0.5 – 1.1 nm range, depending on the SA/NP ratio and very high Pd dispersion. 

Increasing the number of Pd deposition cycles (see experimental section) induces an increase in the 

mean Pd NP size and a decrease in the SA/NP ratio. STEM-HAADF provides only a very local analysis of 

the samples (poor statistic value), so the catalyst series was also characterized by XPS. XPS can 

distinguish Pd NP and Pd SA due to differences in their oxidation states explained by the charge transfer 

between the carbon support and the metallic atoms anchored on it (Fig. S1) [36]. A reasonable 

correlation between the fraction of SA determined from TEM and the Pd+ fraction determined by XPS 

was obtained (Table 1 and Fig. S2).  



 

Fig. 2. STEM-HAADF analysis of palladium catalysts: a) PdEscat; b) Pd2; c) Pd10; d) Pd40; e) Pd60; and f) Pd200 



 

Fig. 3. Particle size distribution for the catalyst: a) PdEscat; b) Pd2; c) Pd10; d) Pd40; e) Pd60; and f) Pd200. 

The orange lines are the Gaussian fits of the obtained distributions. 
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c) 

 
e) 

b) 

 
d) 

 
f) 

 



3.2. Catalytic studies 

The catalytic performance of the reference PdEscat catalyst was evaluated in the reduction of AP 

in a stirred tank reactor. The absence of noticeable internal or external (Gas-Liquid or Liquid-Solid) 

mass transfer resistances has been checked (See supporting information S2), and the recovered data 

are consistent with intrinsic kinetics in chemical regime. In order to precisely study the behavior of the 

catalyst, the composition of the reaction as the function of time needs to be precisely determined. This 

could be done by ex-situ analysis by periodical liquid sampling for subsequent GC-FID analysis. Fig. 4a 

depicts a typical profile obtained according to this classical reaction progress monitoring. However, 

even if this procedure gives valuable results, the sampling frequency must be adapted to the activity 

of the studied catalyst. The hydrogen consumption evolution is another complementary data that can 

help study the catalyst's activity. This data is obtained indirectly by monitoring the H2 pressure (𝑃𝐻2

𝑟𝑒𝑠) 

and temperature (Tres) in the reservoir at a 1 Hz frequency. This monitoring was used to determine 

the corresponding H2 uptake evolution by the reactive media (Fig. 4b). The hydrogen consumption was 

systematically checked to be in good agreement with the mass balance determined using GC/FID 

analysis of the reaction mixture. 

Fig. 4a and 4b show that AP reacts through two successive reactions: hydrogenation of AP to the 

corresponding PE followed by hydrogenolytic rupture of the C−O bond, yielding EB (Fig. 1). Unlike 

experiments with Pd supported on various supports, no styrene was identified as intermediate under 

our conditions. This could be explained by the lower reaction temperature, 60°C vs. 130°C [20]. No 

hydrogenolysis reaction could be observed until an AP conversion higher than 80%. This could be 

explained by the stronger adsorption of AP on the active phase compared to PE. An apparent partial 

order in AP of zero for conversion up to 80% was observed (Fig. 4a). Then, the hydrogenolysis reaction 

started (Fig. 1), showing an apparent partial order in PE close to 1. 

 

Fig. 4. a) Composition profile of the liquid phase; and b) corresponding H2 reserve pressure 

consumption profile as the function of time during the hydrogenation of AP. Experimental conditions: 

0.2 M AP in EtOH, 5 bar H2, 60 °C, PdEscat, 0.2 mol% Pd. 

  

a) 

 

b) 

 

 



3.3. Kinetic modeling 

In the following, hydrogen uptake and liquid composition profiles will be used to precisely fit the 

kinetic constants of an appropriate model for these two reactions. This method appears interesting 

because a practical and quantitative catalyst activity comparison can be provided based on a limited 

set of kinetic parameters. Moreover, the modeling approach helps correctly handle catalyst activity 

when both reactions occur simultaneously, near the optimum. 

Although most of the publications on AP reduction have focused on screening new catalysts and 

improving catalytic properties, only a few studies have addressed the development of kinetic models 

for this reaction [3,5,6,9,20]. Unfortunately, the experimental conditions used in these works (solvent, 

temperature, pressure) and the active metal used are different. Therefore, starting from these 

published data, a detailed set of experiments has been conducted on the PdEscat reference catalyst to 

select the most appropriate global kinetic description using the Langmuir-Hinshelwood-Hougen-

Watson (LHHW) formalism. A wide experimental domain has been explored, including variations in the 

concentration (0.2 to 0.8 M) of starting reactant (AP), intermediate (PE), and final products (EB and 

water). The influence of H2 pressure (2 to 15 bar) has also been experienced (see supporting 

information S3, Table S5). The best fit was obtained when considering the competitive adsorption of 

AP and PE associated with a non-competitive and dissociative adsorption for H2 in the hydrogenation 

step. For the hydrogenolysis step, a non-dissociative H2 activation and competitive adsorption 

between AP, PE, EB, and H2 are required to represent the data well. This kinetic model is similar to the 

one derived in the work of Bergault et al [6] for a Rh/C catalyst. The corresponding kinetic rate 

expressions are given in equations (2) and (3), making use of 6 kinetic parameters (KAC, KPE, KEB+KH2O, 

KH2, khydrogenation, and khydrogenolysis). Table 2 presents the values of the 6 regressed kinetic parameters in 

the case of this reference PdEscat catalyst, and Fig. S5 depicts the parity plots for liquid phase 

composition and H2 uptake, demonstrating the excellent ability of the model to represent 

experimental data. Table S6 shows that the regressed parameters are not significantly correlated. 

𝑟ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛(𝑡) = 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .
𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)

1+𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)+𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡)
.

(𝐾𝐻2.𝑃𝐻2(𝑡))0.5

1+ (𝐾𝐻2.𝑃𝐻2(𝑡))0.5   (2) 

𝑟ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠(𝑡) = 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑒 .
𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡).𝐾𝐻2.𝑃𝐻2(𝑡)

(1+𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)+𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡)+(𝐾𝐸𝐵+𝐾𝐻2𝑂).𝐶𝐸𝐵(𝑡)+𝐾𝐻2.𝑃𝐻2(𝑡))2 (3) 

 

Table 2. 

Optimized parameters of the LHHW kinetic model applied to the PdEscat reference catalyst with 95% 

confidence intervals. 

KAC KPE KEB+KH2O KH2 khydrogenation khydrogenolysis 

Lmol-1 L.mol-1 L.mol-1 bar-1 mol.h-1.molsurface Pd
-1 mol.h-1.molsurface Pd

-1 

139  9 9.0  0.5 9.6  0.6 0.54  0.02 31600  400 82000 2000 

 

  



A similar experiment has been repeated for the different catalysts of this study with the following 

conditions: 0.2M AP in ethanol; 60 °C; 5 bar; Pd 0.03 mol%. The evolution of the liquid phase 

composition is presented in Fig. 5 a-e. Similar behaviors to the PdEscat catalyst are observed, with 

pseudo-zeroth order for the hydrogenation step and pseudo-first order for the hydrogenolysis one. 

Furthermore, noticeable differences in activity and selectivity near the optima in PE are present when 

the SA/NP ratio is changed. 

 

Fig. 5. Liquid phase composition evolution with time for the different catalysts of this study: a) Pd200; 

b) Pd60; c) Pd40; d) Pd10, and e) Pd2. Characteristics of the Pd catalysts are listed in table 1. The lines are 

the results of the model fittings. Experimental conditions: 0.2M AP in EtOH, 60°C, 5 bars H2, Pd 0.03 

mol%.  

a) 

c) 

e) 

b) 

d) 

d) 

 



3.4. Impact of the SA/NP ratio on the kinetics 

To practically and quantitatively determine the impact of the SA/NP ratio and, thus the impact of 

the surface Pd distribution between SA and NP on the observed kinetics, the previous model developed 

for the PdEscat catalyst has been adjusted for each catalyst of this series. Because of a limited set of 

experimental data, the regression was reasonably limited to 4 parameters: khydrogenation, khydrogenolysis, and 

product adsorption parameters (KPE and KEB+KH2O), while reactant adsorption parameters (KAP and KH2 

determined previously for the PdEscat catalyst) have been assumed constant. This limited fitting allows 

a low correlation between the regressed parameters (Table S7) and a good fit of a limited data set. The 

continuous lines in Fig. 5a-e are the results of these fittings. 

Fig. 6 presents the parity plot obtained for all the liquid composition profiles for all these catalysts. 

It confirms the excellent ability of this modeling approach to represent the experimental data. It is 

noteworthy that this is a first approach to quantify the impact of the SA/NP ratio on the kinetic of these 

reactions. A micro-kinetic approach considering the different types of sites, Pd SA and Pd NP, and the 

hydrogen spillover step would be of greater interest but cannot yet be implemented and would require 

very specific experiments that are not the object of this work. 

 

Fig. 6. Parity plot showing the experimental composition of the liquid phase vs. predicted 

concentration for the Pd/CNT series. Experimental conditions: 0.2M AP in EtOH, 60°C, 5 bars H2, Pd 

0.03 mol%. 

  



Table 3 presents the results of the regressed parameters. They allow for quantitatively discussing 

the impact of the distribution of Pd between SA and NP on the observed catalyst activity and selectivity. 

Fig. 7 depicts these different kinetic constants graphically as the function of the atomic fraction of SA 

relative to the total surface atom of Pd. 

 

Table 3. 

Optimized parameters of the LHHW kinetic model applied to the different Pd/CNT catalysts with 95% 

confidence intervals. 

Catalyst KAC KPE KEB+KH2O KH2 khydrogenation khydrogenolysis 
 

Lmol-1 L.mol-1 L.mol-1 bar-1 mol.h-1.molsurface Pd
-1 mol.h-1.molsurface Pd

-1 

Pd2 

139  9 33  7 75  9 0.54  0.02 

6400  200 9900  400 

Pd10 14200 ± 900 23000 ± 2000 

Pd40 10500 ± 700 32000 ± 3000 

Pd60 8000 ± 500 12000 ± 1000 

Pd200 1900 ± 100 1700 ± 200 

 

Significant variations of the activities of the catalysts are observed and quantified for the 2 

considered reactions and these 5 different SA/NP ratios. The non-linear behavior observed when 

varying the distribution of Pd between SA and NP confirms the cooperative effects of SA and NP already 

stated (but not quantified) in the literature [41]. This effect is quantified here, and the concept is 

extended to the second consecutive reaction. Moreover, the present study clearly demonstrates that 

the presence of SA in the catalyst is insufficient to obtain higher catalytic performance, but it is crucial 

to control the ratio between SA and NP to obtain optimal catalytic activity. When considering the 

hydrogenation step, moving from a ratio of 2 (catalyst with a significant number of NP) to a ratio of 10 

implies a twofold increase in the kinetic constant, confirming the critical role of this parameter in 

obtaining very cooperative active catalysts. 

Interestingly, different optimal ratios are reached for the two consecutive reactions (Fig. 7). An 

optimal ratio of 10 (corresponding to an atomic fraction of Pd in the SA of 17%) is obtained for the 

hydrogenation of AP. An optimal ratio close to 40 (corresponding to an atomic fraction of Pd in the SA 

of 58%) for the hydrogenolysis of PE (Fig. 7). These values are probably correlated to the nature of the 

support and its ability to promote hydrogen spillover [37,44,45]. The justifications for the optimal value 

of this Pd SA/NP ratio are still unclear and will be further investigated in a separate work. Micro-kinetics 

data and mechanistic insights from DFT calculations should be necessary to understand the 

contribution of Pd SA and Pd NP, as well as the influence of the hydrogen spillover on the reduction of 

carbonyls. Finally, as expected, moving to very high values of atomic fraction of SA, the catalytic 

activities decrease for both reactions, confirming the tendencies observed in the literature for catalysts 

containing mainly single atoms [29,30,36].  



 

Fig. 7. Kinetic constants for the hydrogenation of AP to PE and for the hydrogenolysis of PE to EB as a 

function of the atomic fraction of SA for the Pd/CNT series. Experimental conditions: 0.2M AP in EtOH, 

60°C, 5 bars H2, Pd 0.03 mol%. 

 

Fig. 8a shows the profiles of PE selectivity as the function of AP conversion. As expected, the 

selectivity toward PE remains the highest at high conversion for the catalyst Pd200, having the highest 

fraction of Pd in the SA form (> 95%). The lowest selectivity-conversion profile is observed for the 

catalyst Pd40. These results are in good agreement with Fig. 8b, which depicts the ratio between 

hydrogenation and hydrogenolysis kinetic parameters as a function of the atomic fraction of surface 

Pd in the form of SA for the different Pd/CNT catalysts. It indicates a good ability of the global modeling 

approach to handle and quantify the differences observed between catalysts near the optimum. 

 

Fig. 8. a) Selectivity toward PE as the function of AP conversion for the Pd/CNT series. Characteristics 

of the Pd catalysts are listed in table 1. The lines are the results of the model fittings. b) Ratio between 

hydrogenation and hydrogenolysis fitted kinetic parameters as the function of the atomic fraction of 

Pd present in the SA. Experimental conditions: 0.2M AP in EtOH, 60 °C, 5 bars H2, Pd 0.03 mol%. 

  

a) b) 

 



4. Conclusion 

Well-defined Pd catalysts supported on CNT with a controlled SA/NP ratio were evaluated for the 

reduction of acetophenone. This study demonstrates that the kinetic constants of the reduction to 

phenyl ethanol and further hydrogenolysis to ethyl benzene are largely impacted by the SA/NP ratio 

of the catalysts. This result could be linked to the cooperativity between the two kinds of active sites 

thanks to hydrogen spillover on the functionalized CNT support. Additionally, the optimum ratio 

changed for the two hydrogenation and hydrogenolysis steps. Such a controlled active phase tuning is 

expected to pave the way to very efficient catalysts involving supported metal single atoms. A 

thorough study of the theoretical mechanism of acetophenone hydrogenation is in progress to discuss 

further the possible micro-mechanism involved. In addition, the presence of clusters and cluster size 

impact on the catalytic performance should be further studied. 
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ABSTRACT 

Understanding the cooperative action of palladium nanoparticles (NP) and palladium single atoms (SA) 

supported on carbon nanotubes (CNT) is essential for developing more efficient supported transition 

metal catalysts. In this work, the comparison of a series of Pd-catalysts on CNT having the same 

palladium loading (1.4 wt%) but involving different and controlled SA/NP ratios (between 2 and 200) 

is described. The hydrogenation of acetophenone into 1-phenylethanol and its consecutive 

hydrogenolysis to ethylbenzene are the chosen test reactions. Appropriate kinetic modeling of these 

two consecutive reactions was performed and allowed a quantitative assessment of the activity 

differences between catalysts as well as the demonstration of a synergy between the two palladium 

species (SA and NP). The maximum activity was clearly dependent on the distribution of the surface 

palladium between SA and NP, and interestingly, different optima for the two reactions are evidenced. 

This work may offer a new perspective for the design and synthesis of supported transition metal 

catalysts with targeted catalytic performance. 
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1. Introduction 

The catalytic hydrogenation of organic compounds containing a carbonyl group is important in the 

synthesis of fine chemicals, pharmaceuticals, dyes, and agrochemicals. Acetophenone (AP) is a model 

molecule for evaluating and comparing supported catalysts for such a reaction. So far, catalytic systems 

such as Ni [1-3], Cu [4], Rh [5,6], and Pt [7-9] have been successfully used in the hydrogenation of 

acetophenone, but supported Pd catalysts are commonly used in the reduction of AP [2,10-19]. Pd 

promotes the formation of 1-phenylethanol (PE) and ethylbenzene (EB) in two consecutive reactions 

(Fig. 1) [13,20,21]. 

 

Fig. 1. Consecutive reactions steps involved in acetophenone hydrogenation and hydrogenolysis with 

Pd catalysts. 

 

However, there are two problems related to the use of Pd. The first one is related to the lack of 

selectivity of the reaction, particularly related to the competition between the reduction and the 

hydrogenolysis steps. The second is related to the cost and the poor utilization of palladium in 

heterogeneous catalysts, which thus drives the search for alternatives. Recently, Pd single-atom (SA) 

catalysts have exhibited maximized atomic efficiency compared with conventional supported Pd 

nanoparticles (NP) catalysts due to 100 % metal dispersion and the presence of a single type of metal 

site [22]. SA catalysis demonstrated distinguishing performances [23], like CO oxidation [24], water gas 

shift reaction [25], hydroformylation [26], and electrocatalysis [27]. However, in the hydrogenation 

process [28], SA catalysts empower selectivity but at the expense of activity [29,30]. For instance, the 

specific properties of SA found valuable application in the selective hydrogenation of acetylene into 

ethylene [31-33] or 1,3-butadiene into butenes [34,35]. In contrast, the activities observed on double 

bonds, ketones, and even aldehydes are deceiving. This could be explained by the kinetically 

demanding dissociative pathway of H2 on SA [36,37,38], especially if the substrate pre-coordinated SA 

sites [39]. 

Therefore, the improvement of the hydrogenation activity of Pd SA while maintaining its valuable 

properties has been addressed by different strategies. The first was to shorten the distance between 

SA so that two neighbouring SA provide adjacent active sites [39]. The properties of SA will be 

maintained while providing higher activity. The drawbacks of such a strategy are the large-scale 

preparation difficulties and the deactivation of atomically dispersed catalysts by sintering. 

The second strategy was to use cooperativity between Pd SA and Pd NP [37,40-42]. H2 dissociation 

is favoured on Pd NP compared to Pd SA, and hydrogen spillover on the support will enable the 

formation of the active H-Pd SA species [17,43-45]. We have reported a synthesis procedure of Pd 

catalysts supported on nano-structured carbon that allows controlling the SA/NP ratio [36,45]. These 

catalysts were demonstrated to be stable and highly active for alkenes hydrogenation [47,48]. 



The catalytic activities of these catalysts should depend on the combination of SA and NP [36], and 

the catalytic activities can be optimized by controlling such ratio. Herein, aiming to gain further insight 

into cooperativity between SA and NP, the performance of supported Pd on carbon nanotubes with 

different and controlled SA/NP ratio was studied for the hydrogenation/hydrogenolysis of 

acetophenone. 

2. Experimental section 

2.1. Catalysts and catalysts preparation 

PdEscat (Strem chemicals, Product number Escat 1431) was used directly without further treatment. 

Pd2 catalyst has been prepared using a classical wet impregnation method to obtain a high proportion 

of nanoparticles. The desired amount of palladium (II) nitrate dihydrate (Pd(NO3)2.2H2O) (Sigma-

Aldrich) was added to acetone (100 mL) containing 1 g of carbon nanomaterial to introduce 2 wt% of 

metal phase. The solution was sonicated at room temperature for 1 h and magnetically stirred 

overnight. The solution was then filtered and washed with acetone. The resulting solid was dried at 

120 °C overnight. Finally, the Pd2 catalyst was reduced in a horizontal furnace under a N2/H2 flow (20 

vol% H2) at 300 °C for 2 h (25°C to 300 °C at 10 °C/min). 

Pd10, Pd40, Pd60, and Pd200 catalysts have been prepared according to the procedure of P. Serp et al 

[36]. It consists of i) creating carboxylic groups on the support by nitric acid oxidation (step I), ii) 

decomposing these groups under an inert atmosphere to produce CO2, some H2 and carbon vacancies 

in the outer carbon nanotube layers (step II) and iii) depositing the metal on this defective and very 

reactive support (step III). For a given metal loading, if step III is performed once, mainly Pd SA are 

obtained; if it is performed several times (adjusting the amount of metal in each deposition), mixtures 

of SA and NP are obtained. The number of times that step III is performed for a given total metal 

loading modify the SA/NP ratio by increasing the relative number of NP. Bis (2-methylallyl)palladium 

precursor (Nanomeps) is used to perform these specific preparations. Its addition to the highly reactive 

activated CNT support containing the vacancies is done under an argon atmosphere and using an 

anhydrous pentane suspension of the support. At the end of each impregnation cycle, the precursor 

was decomposed under a N2/H2 flow (20 vol% H2) at 80 °C for 1 h. 

2.2. Catalysts characterization 

The palladium content in the catalysts was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) performed at the LCC with a Thermo Scientific ICAP 6300 instrument. 

TEM and HR-TEM analyses were performed at the "Centre de microcaracterisation Raimond Castaing, 

UMS 3623, Toulouse" using a JEOL JEM 1011 CX-T electron microscope operating at 100 kV with a point 

resolution of 4.5 Å and a JEOL JEM 1400 electron microscope operating at 120 kV. The high-resolution 

analyses were conducted using a JEOL JEM 2100F equipped with a field emission gun (FEG) operating 

at 200 kV with a point resolution of 2.3 Å and a JEOL JEM-ARM200F Cold FEG operating at 200 kV with 

a point resolution of > 1.9 Å.  

The particle size distribution was determined through several micrographs from different areas of 

the TEM grid (at least 300 particles). The size distributions reported as Pd atomic percentage (based 

on total atoms) in each size range were obtained by calculating the number of atoms (N) in each NP, 

assuming a spherical shape using an equation described in the literature [49]. The SA/NP ratio (a 



number ratio) was measured from the STEM-HAADF analyses of at least 500 elements. Metal 

dispersion was evaluated from the fraction of SA and a universal mathematical relation between the 

mean relative size of metallic crystallites and their dispersion [50]. The samples were analysed by X-

ray photoelectron spectroscopy (XPS) using a VG Escalab MKII spectrophotometer operating with a 

non-monochromatized Mg K source (1253.6 eV). 

2.3. Reactivity measurements 

Acetophenone catalytic hydrogenation was performed in a stirred tank reactor of 200 mL from Top 

Industrie. This reactor has 4 baffles and a gas-inducing Rushton turbine with 6 straight blades for 

efficient G-L-S contacting. Temperature control is provided by an electric shell (for heating) and a 

Ranque-Hilsch vortex device (for cooling). Typical catalytic tests were operated at 1200 rpm and 60 °C 

with 60 mg of Pd/CNT catalyst under an H2 atmosphere at a constant pressure of 5 bar. The liquid 

phase consists of 120 mL of a 0.2 M acetophenone (Acros organics, 98%) solution in ethanol (VWR, 

absolute) previously purified by absorption on activated carbon. The reactor is thus operated in batch 

mode for the liquid and solid phases and in semi-batch mode for the gas because hydrogen was 

constantly fed via a pressure regulator and supplied by a calibrated and monitored reserve. Aliquots 

could be taken from the liquid phase and analyzed by GC-FID equipped with DB-1 and DB-WAX 

columns. The liquid phase temperature, the pressure inside the reactor, and the pressure and 

temperature of the reserve were acquired and recorded using Labview® at 1 Hz. 

2.4. Kinetic and reactor modeling 

Kinetic modeling studies were performed using Matlab® software (Matlab R2020b). A classical 

pseudo-homogeneous isothermal and isobaric stirred tank model has been used to simulate the liquid 

phase composition. The absence of physical limitations (G-L, L-S, and internal) has been verified thanks 

to classical chemical reaction engineering criteria and measurements (see supporting information). 

The Matlab routine is based on a Levenberg-Marquardt optimization algorithm and a Runge-Kutta 

solver. For the PdEscat catalyst, 6 kinetic parameters were adjusted and found significant and not 

correlated. For the comparison of the different catalysts, 4 kinetic constants were adjusted (khydrogenation, 

khydrogenolysis, KPE, and KEB+KH2O), assuming the remaining adsorption parameters identical to the PdEscat 

reference catalyst. The objective function (OF) cleverly considers the complementary liquid 

composition and H2 reserve consumption profiles with equal weight (see equation 1 below). 

𝑂𝐹 = {∑ ∑ ∑ (
𝐶𝑖,𝑗,𝑘

𝐿,𝑡ℎ𝑒𝑜−𝐶𝑖,𝑗,𝑘
𝐿,𝑒𝑥𝑝

𝐶𝑟𝑒𝑓
)

2

𝑘𝑗𝑖 } + {∑
𝑁𝐿̅̅ ̅̅

𝑁𝐺,𝑙
∑ (

𝑛𝑙,𝑚
𝐺,𝑡ℎ𝑒𝑜−𝑛𝑙,𝑚

𝐺,𝑒𝑥𝑝

𝑉𝐿∙𝐶𝐴𝑃,𝑙,0
𝐿 )

2

𝑚𝑙 }    (1) 

In this equation, the first bracket refers to the liquid profiles involving "i" species in "j" experiments 

with "k" samplings. The second bracket corresponds to the H2 consumption in "l" experiments with 

"m" data. 

𝐶𝑟𝑒𝑓 is a reference concentration of 0.2 mol/L; 𝑁𝐿
̅̅̅̅  is the average number of liquid sampling points 

for a single experiment; 𝑁𝐺,𝑙 is the number of recorded pressure points in the experiment "l"; 𝐶𝐴𝑃,𝑙,0
𝐿  is 

the initial AP concentration in the experiment "l". "L", "G", "theo", and "exp" superscripts refer to the 

liquid phase, the gas phase, theoretical and experimental values, respectively. 

  



3. Results and Discussion 

3.1. Synthesis and characterization 

A series of Pd catalysts supported on carbon nanotubes were prepared by the method developed 

by P. Serp et al [36, 46]. The detailed characterization of the catalyst has been presented elsewhere 

[36], and Table 1Erreur ! Source du renvoi introuvable. summarizes the main characteristics of this 

series of catalysts conducted by STEM and XPS analyses. The Pd loading was set to 1.4 wt% and the 

SA/NP ratio was varied from 10 to 200. This number ratio is recalled in the name of the catalyst. A 

commercial Pd/C catalyst (PdEscat) and a Pd/CNT catalyst containing mostly NP (Pd2) have been taken 

as references for comparison. 

 



Table 3. 

Main characteristics of the investigated catalysts 

Catalyst Pd 

loading 

Average 

NP sizea) 

SA/NP 

ratiob) c) 

Pd 

in SAc) d) 

Pd 

in NP surfacec) d) 

Pd 

in NP corec) d) 

Dispersionc) d) Pd0 

fractione) 

Pdδ+ 

fractione) 

Pdδ+/Pd0 

ratioe) 

 (wt%) (nm) (-) (atomic %) (atomic %) (atomic %) (atomic %) (atomic %) (atomic %) (-) 

Pd2 2.04 2.2 ± 1.1 2 2 48 50 49 n.d. n.d. - 

Pd10 1.29 1.1 ± 0.6 10 17 74 9 89 41.8 58.2 1.4 

Pd40 1.43 0.9 ± 0.3 40 58 40f) 2f) >95f) 22.0 78.0 3.5 

Pd60 1.37 0.8 ± 0.3 60 78 21f) 1f) >95f) 15.2 84.7 5.5 

Pd200 1.33 0.5 ± 0.1 200 97 3f) 0f) >95f) 14.2 85.8 6.0 

PdEscat 5.00 2.8 ± 0.8 6 1 41 58 41 n.d. n.d. - 
a) from TEM, at least 300 particles; b) number ratio; c) from TEM, at least 500 elements; d) calculated, see experimental details; e) from XPS measurements; f) Calculations 

based on the small mean particle size give a value of 100% for dispersion. Because larger particles are effectively present, we choose to be conservative by indicating 

>95% when discussing these highly dispersed catalysts. 
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The aberration-corrected HAADF-STEM images (Fig. 2) show Pd SA and NP co-existence, even on 

the reference PdEscat and Pd2 catalysts. The uncontrolled presence of Pd SA with Pd NP on conventional 

or commercial Pd/C catalysts may be common for a long time, but their detection and the idea that 

they may play a role in catalysis is recent [40]. Fig. 3 presents particle size distributions obtained for 

the different catalysts. The two reference catalysts, Pd2 and PdEscat, show larger mean particle sizes (2.2 

and 2.8 nm, respectively) and lower SA/NP ratio (2.0 and 6.0) because of their higher Pd loading but 

also their conventional "uncontrolled" preparation. The four other catalysts present smaller mean 

particle sizes in the 0.5 – 1.1 nm range, depending on the SA/NP ratio and very high Pd dispersion. 

Increasing the number of Pd deposition cycles (see experimental section) induces an increase in the 

mean Pd NP size and a decrease in the SA/NP ratio. STEM-HAADF provides only a very local analysis of 

the samples (poor statistic value), so the catalyst series was also characterized by XPS. XPS can 

distinguish Pd NP and Pd SA due to differences in their oxidation states explained by the charge transfer 

between the carbon support and the metallic atoms anchored on it (Fig. S1) [36]. A reasonable 

correlation between the fraction of SA determined from TEM and the Pd+ fraction determined by XPS 

was obtained (Table 1 and Fig. S2).  
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Fig. 2. STEM-HAADF analysis of palladium catalysts: a) PdEscat; b) Pd2; c) Pd10; d) Pd40; e) Pd60; and f) Pd200 
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Fig. 3. Particle size distribution for the catalyst: a) PdEscat; b) Pd2; c) Pd10; d) Pd40; e) Pd60; and f) Pd200. 

The orange lines are the Gaussian fits of the obtained distributions. 

  

a) 

 
c) 

 
e) 

b) 

 
d) 

 
f) 
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3.2. Catalytic studies 

The catalytic performance of the reference PdEscat catalyst was evaluated in the reduction of AP 

in a stirred tank reactor. The absence of noticeable internal or external (Gas-Liquid or Liquid-Solid) 

mass transfer resistances has been checked (See supporting information S2), and the recovered data 

are consistent with intrinsic kinetics in chemical regime. In order to precisely study the behavior of the 

catalyst, the composition of the reaction as the function of time needs to be precisely determined. This 

could be done by ex-situ analysis by periodical liquid sampling for subsequent GC-FID analysis. Fig. 4a 

depicts a typical profile obtained according to this classical reaction progress monitoring. However, 

even if this procedure gives valuable results, the sampling frequency must be adapted to the activity 

of the studied catalyst. The hydrogen consumption evolution is another complementary data that can 

help study the catalyst's activity. This data is obtained indirectly by monitoring the H2 pressure (𝑃𝐻2

𝑟𝑒𝑠) 

and temperature (Tres) in the reservoir at a 1 Hz frequency. This monitoring was used to determine 

the corresponding H2 uptake evolution by the reactive media (Fig. 4b). The hydrogen consumption was 

systematically checked to be in good agreement with the mass balance determined using GC/FID 

analysis of the reaction mixture. 

Fig. 4a and 4b show that AP reacts through two successive reactions: hydrogenation of AP to the 

corresponding PE followed by hydrogenolytic rupture of the C−O bond, yielding EB (Fig. 1). Unlike 

experiments with Pd supported on various supports, no styrene was identified as intermediate under 

our conditions. This could be explained by the lower reaction temperature, 60°C vs. 130°C [20]. No 

hydrogenolysis reaction could be observed until an AP conversion higher than 80%. This could be 

explained by the stronger adsorption of AP on the active phase compared to PE. An apparent partial 

order in AP of zero for conversion up to 80% was observed (Fig. 4a). Then, the hydrogenolysis reaction 

started (Fig. 1), showing an apparent partial order in PE close to 1. 

 

Fig. 4. a) Composition profile of the liquid phase; and b) corresponding H2 reserve pressure 

consumption profile as the function of time during the hydrogenation of AP. Experimental conditions: 

0.2 M AP in EtOH, 5 bar H2, 60 °C, PdEscat, 0.2 mol% Pd. 

  

a) 

 

b) 
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3.3. Kinetic modeling 

In the following, hydrogen uptake and liquid composition profiles will be used to precisely fit the 

kinetic constants of an appropriate model for these two reactions. This method appears interesting 

because a practical and quantitative catalyst activity comparison can be provided based on a limited 

set of kinetic parameters. Moreover, the modeling approach helps correctly handle catalyst activity 

when both reactions occur simultaneously, near the optimum. 

Although most of the publications on AP reduction have focused on screening new catalysts and 

improving catalytic properties, only a few studies have addressed the development of kinetic models 

for this reaction [3,5,6,9,20]. Unfortunately, the experimental conditions used in these works (solvent, 

temperature, pressure) and the active metal used are different. Therefore, starting from these 

published data, a detailed set of experiments has been conducted on the PdEscat reference catalyst to 

select the most appropriate global kinetic description using the Langmuir-Hinshelwood-Hougen-

Watson (LHHW) formalism. A wide experimental domain has been explored, including variations in the 

concentration (0.2 to 0.8 M) of starting reactant (AP), intermediate (PE), and final products (EB and 

water). The influence of H2 pressure (2 to 15 bar) has also been experienced (see supporting 

information S3, Table S5). The best fit was obtained when considering the competitive adsorption of 

AP and PE associated with a non-competitive and dissociative adsorption for H2 in the hydrogenation 

step. For the hydrogenolysis step, a non-dissociative H2 activation and competitive adsorption 

between AP, PE, EB, and H2 are required to represent the data well. This kinetic model is similar to the 

one derived in the work of Bergault et al [6] for a Rh/C catalyst. The corresponding kinetic rate 

expressions are given in equations (2) and (3), making use of 6 kinetic parameters (KAC, KPE, KEB+KH2O, 

KH2, khydrogenation, and khydrogenolysis). Table 2 presents the values of the 6 regressed kinetic parameters in 

the case of this reference PdEscat catalyst, and Fig. S5 depicts the parity plots for liquid phase 

composition and H2 uptake, demonstrating the excellent ability of the model to represent 

experimental data. Table S6 shows that the regressed parameters are not significantly correlated. 

𝑟ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛(𝑡) = 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .
𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)

1+𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)+𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡)
.

(𝐾𝐻2.𝑃𝐻2(𝑡))0.5

1+ (𝐾𝐻2.𝑃𝐻2(𝑡))0.5   (2) 

𝑟ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠(𝑡) = 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑒 .
𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡).𝐾𝐻2.𝑃𝐻2(𝑡)

(1+𝐾𝐴𝐶 .𝐶𝐴𝐶(𝑡)+𝐾𝑃𝐸.𝐶𝑃𝐸(𝑡)+(𝐾𝐸𝐵+𝐾𝐻2𝑂).𝐶𝐸𝐵(𝑡)+𝐾𝐻2.𝑃𝐻2(𝑡))2 (3) 

 

Table 4. 

Optimized parameters of the LHHW kinetic model applied to the PdEscat reference catalyst with 95% 

confidence intervals. 

KAC KPE KEB+KH2O KH2 khydrogenation khydrogenolysis 

Lmol-1 L.mol-1 L.mol-1 bar-1 mol.h-1.molsurface Pd
-1 mol.h-1.molsurface Pd

-1 

139  9 9.0  0.5 9.6  0.6 0.54  0.02 31600  400 82000 2000 

 

  



 

S32 
 

A similar experiment has been repeated for the different catalysts of this study with the following 

conditions: 0.2M AP in ethanol; 60 °C; 5 bar; Pd 0.03 mol%. The evolution of the liquid phase 

composition is presented in Fig. 5 a-e. Similar behaviors to the PdEscat catalyst are observed, with 

pseudo-zeroth order for the hydrogenation step and pseudo-first order for the hydrogenolysis one. 

Furthermore, noticeable differences in activity and selectivity near the optima in PE are present when 

the SA/NP ratio is changed. 

 

Fig. 5. Liquid phase composition evolution with time for the different catalysts of this study: a) Pd200; 

b) Pd60; c) Pd40; d) Pd10, and e) Pd2. Characteristics of the Pd catalysts are listed in table 1. The lines are 

the results of the model fittings. Experimental conditions: 0.2M AP in EtOH, 60°C, 5 bars H2, Pd 0.03 

mol%.  

a) 

c) 

e) 

b) 

d) 

d) 
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3.4. Impact of the SA/NP ratio on the kinetics 

To practically and quantitatively determine the impact of the SA/NP ratio and, thus the impact of 

the surface Pd distribution between SA and NP on the observed kinetics, the previous model developed 

for the PdEscat catalyst has been adjusted for each catalyst of this series. Because of a limited set of 

experimental data, the regression was reasonably limited to 4 parameters: khydrogenation, khydrogenolysis, and 

product adsorption parameters (KPE and KEB+KH2O), while reactant adsorption parameters (KAP and KH2 

determined previously for the PdEscat catalyst) have been assumed constant. This limited fitting allows 

a low correlation between the regressed parameters (Table S7) and a good fit of a limited data set. The 

continuous lines in Fig. 5a-e are the results of these fittings. 

Fig. 6 presents the parity plot obtained for all the liquid composition profiles for all these catalysts. 

It confirms the excellent ability of this modeling approach to represent the experimental data. It is 

noteworthy that this is a first approach to quantify the impact of the SA/NP ratio on the kinetic of these 

reactions. A micro-kinetic approach considering the different types of sites, Pd SA and Pd NP, and the 

hydrogen spillover step would be of greater interest but cannot yet be implemented and would require 

very specific experiments that are not the object of this work. 

 

Fig. 6. Parity plot showing the experimental composition of the liquid phase vs. predicted 

concentration for the Pd/CNT series. Experimental conditions: 0.2M AP in EtOH, 60°C, 5 bars H2, Pd 

0.03 mol%. 
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Table 3 presents the results of the regressed parameters. They allow for quantitatively discussing 

the impact of the distribution of Pd between SA and NP on the observed catalyst activity and selectivity. 

Fig. 7 depicts these different kinetic constants graphically as the function of the atomic fraction of SA 

relative to the total surface atom of Pd. 

 

Table 3. 

Optimized parameters of the LHHW kinetic model applied to the different Pd/CNT catalysts with 95% 

confidence intervals. 

Catalyst KAC KPE KEB+KH2O KH2 khydrogenation khydrogenolysis 
 

Lmol-1 L.mol-1 L.mol-1 bar-1 mol.h-1.molsurface Pd
-1 mol.h-1.molsurface Pd

-1 

Pd2 

139  9 33  7 75  9 0.54  0.02 

6400  200 9900  400 

Pd10 14200 ± 900 23000 ± 2000 

Pd40 10500 ± 700 32000 ± 3000 

Pd60 8000 ± 500 12000 ± 1000 

Pd200 1900 ± 100 1700 ± 200 

 

Significant variations of the activities of the catalysts are observed and quantified for the 2 

considered reactions and these 5 different SA/NP ratios. The non-linear behavior observed when 

varying the distribution of Pd between SA and NP confirms the cooperative effects of SA and NP already 

stated (but not quantified) in the literature [41]. This effect is quantified here, and the concept is 

extended to the second consecutive reaction. Moreover, the present study clearly demonstrates that 

the presence of SA in the catalyst is insufficient to obtain higher catalytic performance, but it is crucial 

to control the ratio between SA and NP to obtain optimal catalytic activity. When considering the 

hydrogenation step, moving from a ratio of 2 (catalyst with a significant number of NP) to a ratio of 10 

implies a twofold increase in the kinetic constant, confirming the critical role of this parameter in 

obtaining very cooperative active catalysts. 

Interestingly, different optimal ratios are reached for the two consecutive reactions (Fig. 7). An 

optimal ratio of 10 (corresponding to an atomic fraction of Pd in the SA of 17%) is obtained for the 

hydrogenation of AP. An optimal ratio close to 40 (corresponding to an atomic fraction of Pd in the SA 

of 58%) for the hydrogenolysis of PE (Fig. 7). These values are probably correlated to the nature of the 

support and its ability to promote hydrogen spillover [37,44,45]. The justifications for the optimal value 

of this Pd SA/NP ratio are still unclear and will be further investigated in a separate work. Micro-kinetics 

data and mechanistic insights from DFT calculations should be necessary to understand the 

contribution of Pd SA and Pd NP, as well as the influence of the hydrogen spillover on the reduction of 

carbonyls. Finally, as expected, moving to very high values of atomic fraction of SA, the catalytic 

activities decrease for both reactions, confirming the tendencies observed in the literature for catalysts 

containing mainly single atoms [29,30,36].  
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Fig. 7. Kinetic constants for the hydrogenation of AP to PE and for the hydrogenolysis of PE to EB as a 

function of the atomic fraction of SA for the Pd/CNT series. Experimental conditions: 0.2M AP in EtOH, 

60°C, 5 bars H2, Pd 0.03 mol%. 

 

Fig. 8a shows the profiles of PE selectivity as the function of AP conversion. As expected, the 

selectivity toward PE remains the highest at high conversion for the catalyst Pd200, having the highest 

fraction of Pd in the SA form (> 95%). The lowest selectivity-conversion profile is observed for the 

catalyst Pd40. These results are in good agreement with Fig. 8b, which depicts the ratio between 

hydrogenation and hydrogenolysis kinetic parameters as a function of the atomic fraction of surface 

Pd in the form of SA for the different Pd/CNT catalysts. It indicates a good ability of the global modeling 

approach to handle and quantify the differences observed between catalysts near the optimum. 

 

Fig. 8. a) Selectivity toward PE as the function of AP conversion for the Pd/CNT series. Characteristics 

of the Pd catalysts are listed in table 1. The lines are the results of the model fittings. b) Ratio between 

hydrogenation and hydrogenolysis fitted kinetic parameters as the function of the atomic fraction of 

Pd present in the SA. Experimental conditions: 0.2M AP in EtOH, 60 °C, 5 bars H2, Pd 0.03 mol%. 

  

a) b) 
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4. Conclusion 

Well-defined Pd catalysts supported on CNT with a controlled SA/NP ratio were evaluated for the 

reduction of acetophenone. This study demonstrates that the kinetic constants of the reduction to 

phenyl ethanol and further hydrogenolysis to ethyl benzene are largely impacted by the SA/NP ratio 

of the catalysts. This result could be linked to the cooperativity between the two kinds of active sites 

thanks to hydrogen spillover on the functionalized CNT support. Additionally, the optimum ratio 

changed for the two hydrogenation and hydrogenolysis steps. Such a controlled active phase tuning is 

expected to pave the way to very efficient catalysts involving supported metal single atoms. A 

thorough study of the theoretical mechanism of acetophenone hydrogenation is in progress to discuss 

further the possible micro-mechanism involved. In addition, the presence of clusters and cluster size 

impact on the catalytic performance should be further studied. 
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S1.  XPS characterization of the catalysts  

 

 

Figure S 1. XPS spectra of Pd200, Pd60, Pd40 and Pd10 samples. 

 

Figure S 2. Correlation between the fractions of SA measured by STEM and the Pd+fraction determined 

from XPS  
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S2. Evaluation of possible mass transfer resistances  

S2.1. Physico-chemical properties 

Table S 1 lists all the physicochemical properties considered in our mass transfer calculations. These 

properties are quite common and come from the literature or measurements. 

 

Table S 1 

Properties used for mass transfer assessment calculations. (*: measured experimentally) 

Component Property Symbol Value 

Liquid Ethanol 

Viscosity (Pa.s) µL 6.0.10-2 

surface tension (N.m-1) σL 1.9.10-2 

Density (kg.m-3) ρL 770 

H2 diffusivity (m².h-1) 
Dm, H2 

7.20.10
-6 

H2 solubility (mol.m-3)* Csat
H2 14.6 

Gaseous hydrogen Viscosity (Pa.s) 
µG 

1.07.10
-5 

Density (kg.m-3) ρG 1.22 

CNT support 

Skeleton density (kg.m-3
skeleton) ρs 1900 

Dry particle density (kg.m-3
particle) ρp 600 

Wetted particle density (kg.m-3
particle) ρp 1100 

Average particle diameter (µm) dp 2 

Internal porosity (m3
void.m-3

particle) β 70% 

Tortuosity (-) τ ≈1 

Activated carbon 
support 

Skeleton density (kg.m-3
skeleton) ρs 1900 

Dry particle density (kg.m-3
particle) ρp 760 

Wetted particle density (kg.m-3
particle) ρp 1200 

Average particle diameter (µm) dp 25 

Internal porosity (m3
void.m-3

particle) β 60% 

Tortuosity (-) τ 3 
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S2.2.  Gas-Liquid external mass transfer 

The mass transfer coefficient kL.aG-L and hydrogen solubility in 0.2 M AP in ethanol have been 

measured experimentally using a physical absorption technique [1,2] in the same experimental 

conditions than the one used for AP hydrogenation, but without catalyst (60°C, 5bar H2, 1200 rpm 

stirring). The H2 consumption profile of the reserve (Figure S1) allowed adjusting and recovering these 

2 parameters of the system thanks to the mass balance derived in equations S1 to S3: the mass transfer 

coefficient kL.aG-L and the final saturation Csat
H2. Values of 1100 h-1 (0.31 s-1) and 14.6 mol.m-3 are 

obtained for kLaG-L and the hydrogen solubility, respectively.  

𝑑𝑛𝐻2
𝐿 (𝑡) = −𝑑𝑛𝐻2

𝑟𝑒𝑠(𝑡) = −𝑑𝑃𝑟𝑒𝑠(𝑡)
𝑉𝑟𝑒𝑠

𝑅𝑇𝑟𝑒𝑠
      (Eq. S1) 

𝑘𝐿𝑎𝐺−𝐿𝑉𝑅 (𝐶𝐻2
𝑠𝑎𝑡 − 𝐶𝐻2

𝐿 (𝑡)) =
𝑑𝑛𝐻2

𝐿 (𝑡)

𝑑𝑡
= 𝑉𝐿

𝑑𝐶𝐻2
𝐿 (𝑡)

𝑑𝑡
     (Eq. S2) 

−𝑑𝑃𝑟𝑒𝑠(𝑡) =
𝑅𝑇𝑟𝑒𝑠

𝑉𝑟𝑒𝑠
𝐶𝐻2

𝑠𝑎𝑡𝑉𝐿 (1 − exp (
𝑘𝐿𝑎𝐺−𝐿

𝜀𝐿
𝑡))     (Eq. S3) 

 

Figure S 3. Evolution of H2 pressure in the gas reserve to assess mass transfer capabilities of the reactor. 

Experimental points are the blue dots and the fit of eq. S3 is given by the red dotted line. 

 

Using these data, a theoretical maximum H2 consumption molar flowrate 𝐹𝑚𝑎𝑥
𝐺−𝐿 (as defined in 

equation S4) can be calculated to a value of 3.2 mol.h-1. Then, it can be used to define the 

corresponding maximum theoretical apparent reaction rate in the G-L mass transfer regime (equation 

S5). Here it corresponds to a value of 2.7.104 𝑚𝑜𝑙𝐻2
. ℎ−1. 𝑚𝐿

−3. 

𝐹𝑚𝑎𝑥
𝐺−𝐿 =  𝑘𝐿. 𝑎𝐺−𝐿. 𝑉𝑅. 𝐶𝐻2

𝑠𝑎𝑡                                                                               (𝑚𝑜𝑙𝐻2
. ℎ−1) (Eq. S4) 
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𝑟𝐻2

𝑚𝑎𝑥,𝐺−𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =  
𝐹𝑚𝑎𝑥

𝐺−𝐿 

𝑉𝐿
                                                                                   (𝑚𝑜𝑙𝐻2

. ℎ−1. 𝑚𝐿
−3) (Eq. S5) 

This value can be compared to the maximal apparent consumption rate, 𝑟𝐻2

𝑚𝑎𝑥,𝑒𝑥𝑝̅̅ ̅̅ ̅̅ ̅̅ ̅ (expressed in the 

same units, molH2.h-1.mL
-3), determined experimentally from H2 monitoring from the reserve. This non-

dimensional ratio is equivalent to an external fraction related to the G-L mass transfer limitation, fG-L
ex, 

defined in equation S6. 

𝑓𝑒𝑥
𝐺−𝐿 = (

𝐶𝐻2
𝑠𝑎𝑡−𝐶𝐻2

𝐿 (𝑡)

𝐶𝐻2
𝑠𝑎𝑡 ) =

𝑟𝐻2

𝑚𝑎𝑥,𝑒𝑥𝑝̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑟𝐻2

𝑚𝑎𝑥,𝐺−𝐿̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅       (Eq. S6) 

For all the experiments of this study, these criteria are found to be lower than 5%, thus indicating 

the absence of G-L mass transfer limitation. The highest apparent reaction rate observed was 3.7.103 

mol.h-1.m3
L (60°C, 5 bar H2, 0.2M AP in ethanol, and 0.2 mol% PdEscat) for the experiment with the most 

significant quantity of catalyst. Even with this point, the𝑓𝑒𝑥
𝐺−𝐿 value reaches only 14%, which remains 

satisfactory for discussing intrinsic kinetics.  

Moreover, knowing that in such reactive catalyst slurries, G-L mass transfer accelerations are likely 

[3,4], one can expect that the true experimental maximum reaction rate reachable in reactive 

conditions is significantly increased (see equation S7), leading to a less important effective resistance. 

This phenomenon is well known and explained by the presence of fine solid catalyst particles in the 

liquid boundary layer near the interface. 

𝐹𝑚𝑎𝑥
𝐺−𝐿 =  𝐸𝑘𝐿 . 𝑎𝐺−𝐿. 𝑉𝑅 . 𝐶𝐻2

𝑠𝑎𝑡                                                                               (𝑚𝑜𝑙𝐻2
. ℎ−1) (Eq. S7) 

To further validate the absence of G-L mass transfer limitation, the solid catalyst content has been 

increased, and the observed reaction rate (in molH2.h-1.Lliq.
-1) appears directly proportional to the solid 

catalyst content, thus confirming the absence of G-L mass transfer limitations, even for the most 

demanding conditions experienced. 
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S2.3.  Liquid-solid external mass transfer 

 

In G-L-S slurry reactors, L-S external mass transfer is often less limiting than the G-L one. The 

classical external mass transfer fraction fL-Sex, defined in equation (S8), has been used to verify this 

common assumption. In this equation, 𝑟𝑝,𝐻2
̅̅ ̅̅ ̅̅  is the apparent reaction rate (expressed in 

𝑚𝑜𝑙𝐻2. 𝑚𝑐𝑎𝑡𝑎
−3 . 𝑠−1); L is the characteristic length of the catalyst (Vp/SP=dp/6 for spherical particles, 

expressed in m), and kS is the L-S mass transfer coefficient (expressed in m.s-1). The mass transfer 

coefficient has been estimated using the well-known correlation of Armenante & Kirwan [1] for solid 

catalysts in slurries (Equation S8). 

𝑓𝑒𝑥
𝐿−𝑆 =  

𝑟𝑝,𝐻2
̅̅ ̅̅ ̅̅ ̅̅ .𝐿

𝑘𝑆.𝐶𝐻2
𝑠𝑎𝑡              (Eq. S8) 

Table S 2 shows that the estimated values of fL-S
ex are, in any case, far below 5%, thus leading to 

negligible mass transfer resistance, as expected. 

 

Table S 2 

Appraisal of possible L-S external mass transfer limitations. 

Catalyst fL-S
ex 

Pd2 0.001% 

Pd10 0.003% 

Pd40 0.003% 

Pd60 0.002% 

Pd200 0.000% 

PdEscat 0.207% 
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S2.4.  Internal mass transfer 

 

The classical Weisz-Prater criterion [5] φ’ has been used to evaluate a possible internal mass 

transfer limitation. Its formula is given in equation S9. When the criterion is inferior to 1, a surface 

efficiency ηsu of 1 is stated. When superior to 1, a surface efficiency is approximated as 1/φ', as recalled 

in equation S10. 

𝜑′ =
𝑟𝑝,𝐻2
̅̅ ̅̅ ̅̅ ̅̅ .𝐿2

𝐷𝐻2
𝑒𝑓𝑓

.𝐶𝐻2
𝑠𝑢

     𝑤𝑖𝑡ℎ 𝐷𝐻2
𝑒𝑓𝑓

=
𝛽𝑝

𝜏𝑝
. 𝐷𝐻2

𝑚        (Eq. 

S9) 

{
𝜂𝑠𝑢 ≈ 1    𝑤ℎ𝑒𝑛 𝜑′ ≤ 1

𝜂𝑠𝑢 ≈
1

𝜑′     𝑤ℎ𝑒𝑛 𝜑′ > 1
        (Eq. S10) 

Table S 3 presents the results obtained for all the catalysts of this study. The minimal values of the 

Weisz-Prater criterion clearly indicate the absence of internal mass transfer limitations and a surface 

efficiency close to 1. 

 

Table S 3 

Appraisal of possible internal solid mass transfer limitations. 

Catalyst Deff (m².s-1) φ’ ηsu 

Pd2 

3.9.10-10 

7.10-

6 
1 

Pd10 
2.10-

5 
1 

Pd40 
2.10-

5 
1 

Pd60 
1.10-

6 
1 

Pd200 
4.10-

6 
1 

PdEscat 1.1.10-10 
4.10-

3 
1 
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S3. Additional data on kinetic experiments and model discrimination 

 

Table S 4 

LHHW kinetic rate expressions tested to model AP hydrogenation and PE hydrogenolysis with PdEscat catalyst. 

Entry Reaction 
Hydrogen 

Activation 

Hydrogen 

adsorption 

competition 

Substrate and 

products 

adsorption 

competition 

Limiting step law 

1 

AP 

hydrogenation 

dissociative competitive 

AP vs. PE 

𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .
𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡). (𝐾𝐻2. 𝑃𝐻2(𝑡))

0.5

(1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡) + (𝐾𝐻2. 𝑃𝐻2(𝑡))0.5)2
 

2 non-dissociative competitive 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .
𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡). 𝐾𝐻2. 𝑃𝐻2(𝑡)

(1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡). 𝐾𝐻2. 𝑃𝐻2(𝑡))²
 

3 dissociative 
non-

competitive 
𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .

𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡)

1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡)
.

(𝐾𝐻2. 𝑃𝐻2(𝑡))
0.5

1 + (𝐾𝐻2. 𝑃𝐻2(𝑡))
0.5 

4 non-dissociative 
non-

competitive 
𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 .

𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡)

1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡)
.

𝐾𝐻2. 𝑃𝐻2(𝑡)

1 + 𝐾𝐻2. 𝑃𝐻2(𝑡)
 

5 

PE 

hydrogenolysis 

dissociative competitive 

AP vs.PE vs. 

EB vs. water 

𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠 .
𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡). (𝐾𝐻2. 𝑃𝐻2(𝑡))0.5

(1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡) + (𝐾𝐸𝐵 + 𝐾𝐻2𝑂). 𝐶𝐸𝐵(𝑡) + (𝐾𝐻2. 𝑃𝐻2(𝑡))0.5)2
 

6 non-dissociative competitive 𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠 .
𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡). 𝐾𝐻2. 𝑃𝐻2(𝑡)

(1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡) + (𝐾𝐸𝐵 + 𝐾𝐻2𝑂). 𝐶𝐸𝐵(𝑡) + 𝐾𝐻2. 𝑃𝐻2(𝑡))2
 

7 dissociative 
non-

competitive 
𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠 .

𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡)

1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡) + (𝐾𝐸𝐵 + 𝐾𝐻2𝑂). 𝐶𝐸𝐵(𝑡)
.

(𝐾𝐻2. 𝑃𝐻2(𝑡))
0.5

1 +  (𝐾𝐻2. 𝑃𝐻2(𝑡))
0.5 

8 non-dissociative 
non-

competitive 
𝑘ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑜𝑙𝑦𝑠𝑖𝑠 .

𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡)

1 + 𝐾𝐴𝐶 . 𝐶𝐴𝐶(𝑡) + 𝐾𝑃𝐸 . 𝐶𝑃𝐸(𝑡) + (𝐾𝐸𝐵 + 𝐾𝐻2𝑂). 𝐶𝐸𝐵(𝑡)
.

𝐾𝐻2. 𝑃𝐻2(𝑡)

1 +  𝐾𝐻2. 𝑃𝐻2(𝑡)
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Table S 5 

List of experiments used to discriminate and fit the AP hydrogenation and PE hydrogenolysis models using PdEscat. 

Entr

y 

Pressur

e 

Temperatur

e 

Initial AP 

concentration 

Initial PE 

concentration 

Initial EB 

concentration 

Initial water 

concentration 

Palladiu

m  
Data source 

Reactor hydrogen 

feed type 

 (bar) (°C) (mol.L-1) (mol.L-1) (mol.L-1) (mol.L-1) (mol%)   

1 2 60 0.2 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

2 3 60 0.2 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

3 5 60 0.2 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

4 5 60 0.2 - - - 0.2 GC analysis constant pressure 

5 5 44 0.2 - - - 0.2 GC analysis constant pressure 

6 5 25 0.2 - - - 0.2 GC analysis constant pressure 

7 1 25 0.2 - - - 0.2 GC analysis constant pressure 

8 5 60 0.2 0.2 - - 0.2 GC analysis constant pressure 

9 5 60 0.2 - 0.2 - 0.2 
Hydrogen 

consumption 
constant pressure 

10 5 60 0.2 - - 2 0.2 
Hydrogen 

consumption 
constant pressure 

11 5 60 0.8 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

12 5 60 0.2 - - - 0.03 
Hydrogen 

consumption 
constant pressure 

13 5 60 0.2 - - - 0.05 
Hydrogen 

consumption 
constant pressure 

14 8 60 0.2 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

15 15 60 0.2 - - - 0.2 
Hydrogen 

consumption 
constant pressure 

16 10  0 60 0.4 - - - 0.2 
Hydrogen 

consumption 
closed-batch mode 
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17 0.3  0 60 - 1.6 - - 0.2 
Hydrogen 

consumption 
closed-batch mode 
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Figure S 4. Typical liquid composition profile and hydrogen consumption profile monitored from 

reserve during AP reduction using PdEscat (0.2M AP, 120mL EtOH, 60°C, 5 bar H2, 0.2mol% Pd). The 

continuous lines are the responses of the model. 

 

 

Figure S 5. Parity plots showing a) the experimental composition of the liquid phase vs. predicted 

concentration and b) experimental consumption of hydrogen vs. predicted consumption of hydrogen 

during acetophenone reduction with PdEscat using dissociative and non-competitive models for AP 

hydrogenation (Table S4 entry 3) and non-dissociative and competitive mode for PE hydrogenolysis 

(Table S4 entry 6). 
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Table S 6 

Correlation matrix between the regressed adsorption and kinetic parameters with PdEscat using 

dissociative and non-competitive models for AP hydrogenation (Table S4 entry 3) and non-dissociative 

and competitive mode for PE hydrogenolysis (Table S4 entry 6). 

 

  KAC  KPE  KEB+KH2O KH2  khydrogénation khydrogénolyse 

 (L.mol-
1) 

(L.mol-
1) 

 (L.mol-
1) 

(bar-1) 
 (mol.h-

1.molPd
-1) 

 (mol.h-

1.molPd
-1) 

Values 139 ± 9 
9.0 ± 

0.5 
9.6 ± 

0.6 
0.54 ± 

0.02 
13300 ± 200 34500 ± 800 

Correlation 
matrix 

1      

0.532 1     

0.656 0.738 1    

0.595 0.884 0.84 1   

-0.788 -0.628 -0.83 -0.818 1  

-0.102 -0.749 -0.14 -0.518 0.09 1 



 

S53 
 

Table S 7 

Correlation matrix between the regressed adsorption and kinetic parameters with Pd/CNT series using dissociative and non-competitive models for AP 

hydrogenation (Table S4 entry 3) and non-dissociative and competitive mode for PE hydrogenolysis (Table S4 entry 6). 

 

  For All Pd/CNT Pd200 Pd60 Pd40 Pd10 Pd2 

  

KPE 

(L/mol) 

KEB+K

H2O 

(L/mol) 

khydrogenation 
(mol/h/molPd) 

khydrogenolysis 
(mol/h/molPd) 

khydrogenation 
(mol/h/molPd) 

khydrogenolysis 
(mol/h/molPd) 

khydrogenation 
(mol/h/molPd) 

khydrogenolysis 
(mol/h/molPd) 

khydrogenation 
(mol/h/molPd) 

khydrogenolysis 
(mol/h/molPd) 

khydrogenation 
(mol/h/molPd) 

khydrogenolysis 
(mol/h/molPd) 

Values 
33 

± 7 
75 ± 
9 

1900 ± 100 1700 ± 200 8000 ± 500 
12000 ± 
1000 

10500 ± 700 
32000 ± 
3000 

14200 ± 900 
23000 ± 
2000 

6400 ± 200 9900 ± 400 

Correlat
ion matrix 

1                       
0,6

5 1                     
0,5

8 0,38 1                   
-

0,11 0,10 -0,35 1                 
0,5

5 0,29 0,32 -0,08 1               
-

0,27 0,46 -0,15 0,22 -0,36 1             
0,6

6 0,37 0,38 -0,09 0,37 -0,24 1           
-

0,45 0,27 -0,26 0,21 -0,31 0,74 -0,48 1         
0,6

0 0,36 0,35 -0,07 0,34 -0,20 0,40 -0,30 1       
-

0,33 0,42 -0,19 0,22 -0,25 0,78 -0,28 0,76 -0,33 1     
0,6

8 0,43 0,39 -0,08 0,38 -0,20 0,45 -0,32 0,41 -0,24 1   
-

0,25 0,43 -0,14 0,20 -0,21 0,72 -0,23 0,69 -0,18 0,73 -0,30 1 
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