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Abstract. Selective hydrogenation of lignin-derived alkyl-phenol to alkyl-cyclohexanone is a key step in 

the synthesis of renewable caprolactone from lignin-derived monomers. Selective hydrogenation of p-

cresol, a model compound for lignin-derived monomers, to 4-methyl-cyclohexanone was conducted using 

Pd/γ-Al2O3 in a continuous three-phase flow reactor, with side products of 4-methyl cyclohexanol. High 

conversion (85%) and selectivity (>93%) was demonstrated at ambient reaction pressure. Evaluation of the 

hydrogenation at different reaction parameters showed that the reaction selectivity was determined by the 

surface coverage of p-cresol and 4-methyl cyclohexanone. High selectivity to 4-methyl cyclohexanone was 

also attributed to the lower apparent activation barrier of p-cresol hydrogenation (67 ± 2 kJ mol-1) compared 

to hydrogenation 4-methyl cyclohexanone (92 ± 11 kJ mol-1), with a faster rate of initial hydrogenation of 

p-cresol relative to carbonyl hydrogenation of 4-methyl-cyclohexanone. 

 

Introduction. The development of new processing technology to produce high value chemical 

intermediates from lignin-derived monophenols continues to advance with improvements in catalytic 

performance, separations, and process design, ultimately achieving cost parity with petroleum-derived 

chemicals.1–5 As one of the three major components in biomass, lignin is a large renewable source of 

phenolic material and a promising substitute feedstock to produce chemicals that are conventionally derived 

from petroleum.6,7 Recent progress in lignin processing and valorization has addressed the challenges 

inherent to lignin processing such as side reactions due to irreversible degradation and condensation of 

functionalized six-carbon aromatic chemicals. Reductive catalytic fractionation (RCF) is an emerging 

biorefinery process that involves initial solvolysis extraction to remove lignin from the lignocellulose cell 

wall; subsequent catalytic depolymerization and stabilization of the lignin-derived intermediates 

simultaneously prevent them from recondensation.8–11 The two main RCF product streams are the preserved 

carbohydrate pulp that consists of the original cellulose and hemicellulose and the extracted lignin oil 

consisting of lignin-derived dimers and oligomers.11 Downstream hydrodeoxygenation (HDO) of the 

lignin-oil then yields alkyl-phenol molecules that serve as precursors for higher value materials such as 

alkyl-caprolactone (scheme 1).   

Alkyl-caprolactones are potential biobased building blocks for the next generation of high-

performing biopolymers, such as caprolactone-based polyurethanes, tough polyesters, and thermoplastic 

elastomers.12,13 Batiste et al., showed that polymerizing copolymers of different isomers of methyl 

caprolactones (MCL) created materials with high mechanical strength, toughness, and elasticity.12 The 

addition of carbon branching from the short chain alkyl group reduced polymer crystallinity, which led to 

lower glass transition temperatures for elastomeric materials. Conventional polycaprolactone is an 

important ingredient in multiple industrial products including specialty polyurethane and thermoplastics.12–

14 Newer polycaprolactone polymers with tunable physical properties due to varying alkyl side chains 

provide opportunity for application in new businesses. 

A proposed reaction pathway (scheme1) to manufacture alkyl-caprolactone from lignin utilizes 

lignin-derived alkyl-phenol from the upstream lignin RCF process. Alkyl-phenol then proceeds through a 

two-step process of selective hydrogenation of the six-carbon aromatic ring to alkyl cyclohexanone 

followed by Baeyer-Villiger oxidation (BVO) to alkyl-caprolactone.15–19 Corma et al, has demonstrated the 
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ability to obtain high selectivity and activity towards alkyl-caprolactone through the Baeyer-Villiger 

oxidation on various alkyl-ketones using a Snβ zeolite with H2O2.
20 This study was then replicated by 

Yakabi et al in a continuous flow reactor which demonstrated high selectivity of BVO to caprolactone at 

~60% conversion over a time on stream of 180 hours.19 Polycaprolactone was then produced from ring-

opening polymerization of caprolactone or the corresponding alkyl-caprolactone using various organotin 

and various tin-based catalysts.12,13,21–23 At their end of use, these aliphatic polyester elastomers made from 

alkyl-caprolactones can be hydrolyzed using an enzyme and depolymerized back into its constituent 

monomers, thereby enabling these polymers to be chemically recycled and polymerized again (scheme 

1).12,13,24,25 

A key step to develop the poly(alkyl-caprolactone)-from-lignin process is the ability to synthesize 

alkyl-cyclohexanone from lignin-derived alkyl-phenol in high yield. An efficient hydrogenation process 

requires the reaction to occur at high selectivity with negligible side product of the over-hydrogenated 

cyclohexanol. Cyclohexanone can be produced industrially from either an oxidative or reductive process. 

The oxidative pathway occurs through the oxidation of petrochemically-derived cyclohexane, but this 

process is known to be challenging due to its low reaction efficiency and slow catalytic turnover on redox 

molecular sieves catlaysts.26 Alternatively, the reductive route to cyclohexanone can be achieved by either 

a two-step or one-step process. The two-step process selectively hydrogenates phenol to produce 

cyclohexanol, which is then dehydrogenated to produce cyclohexanone in a thermodynamically 

unfavorable reaction.27 The one-step process requires selective hydrogenation of the phenol ring to make 

cyclohexanone and is preferred, since it requires less energy, downstream separation, and has a lower 

overall cost.  

One step selective hydrogenation of the phenol ring can happen in either the gas phase28–31 or liquid 

phase.16–18,32–34 Unlike the gas phase, the liquid phase reaction to convert phenol to cyclohexanone occurs 

at lower operating temperatures, with the benefit of minimizing undesirable side reactions that normally 

occur in high temperature gas-phase conditions.35 Liquid phase selective hydrogenation has been conducted 

using different supported noble metal particles, such as Pd16–18,32–34,36–38, Pt39,40, and Rh41–43 and on supported 

non-noble metal, such as Ni.44,45 Among the reported studies, Pd-based catalysts have been shown to 

achieve high selectivity to cyclohexanone (>98 mol%).46–53 These studies have also explored different 

characteristics of the support used for Pd metal particles, ranging from acid support such as alumina, basic 

supports such as MgO, and even carbon supports with various hydrophobicity and 

hydrophilicity.28,29,31,48,54,55 However, the extent of the effect of the support on the selectivity of the phenol 

hydrogenation remains in discussion and is less significant relative to the operating conditions and active 

site composition. 

Despite numerous studies on selective hydrogenation of the C=C double bond of phenol to 

cyclohexanone, the role of additional alkyl chains on phenol, such as exists with lignin-derived monomers, 

has not been evaluated. The additional alkyl group on phenol present in these intermediates introduces 

additional challenges to the selective hydrogenation process, such as steric limitations of the reactant on 

surfaces and variable binding energy to surfaces due to the electron-donating characteristics of alkyl chains. 

In addition, most experimental studies of the selective hydrogenation of phenols were conducted in a batch 

reactor, without evaluation of the three-phase reactor behavior (solid catalyst, liquid reactant, and solvent, 

and H2 gas) relevant for industrial application. In this study, hydrogenation of p-cresol, a model compound 

of lignin-derived intermediates, was evaluated using Pd/γ-Al2O3 catalyst in a three-phase continuous flow 

catalytic reactor. The effects of reaction parameters including temperature, hydrogen partial pressure, and 

liquid residence time on the reaction were investigated to understand their effect on reaction productivity 

and selectivity to cyclohexanone. Moreover, capability to hydrogenate multiple different kinds of alkyl 

phenols was experimentally evaluated for assessing the performance of this catalytic reaction on a more 

complex lignin-derived intermediates. 

 

Experimental Methods. Experimental methods include the preparation of catalytic materials, catalyst 

characterization, reactor design and setup, and methods of experimental results analysis. 
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Materials. Phenol, p-cresol (99%), 4-ethyl-phenol, 4-propyl phenols, n-dodecane (99%), and 

Pd(NO3).2H2O (40wt% Pd basis) were purchased from Millipore Sigma. Gamma-alumina (97%) was 

purchased from STREM Chemicals. Silica glass beads (30-50 microns) were purchased from Fischer 

Scientific. Deactivated quartz wool was purchased from RESTEK.  

Catalyst synthesis and characterization. Pd (5 wt%) was supported on γ-alumina prepared by 

incipient wetness impregnation using a water solution of Pd(NO3)●2H2O. The catalyst solution was then 

stirred for 30 minutes and dried in an oven (75 °C) in air overnight. The catalysts were then calcined in air 

at 400 °C for four hours. Nitrogen physisorption data was measured at 77 K using an Autosorb 2 

(Quantachrome) after outgassing at 573 K overnight. The catalyst surface area was determined using 

multipoint BET method from the N2 adsorption data. CO chemisorption was conducted using Autosorb 2 

(Quantachrome) after reduction pretreatment at 423 K (10 K min-1) under flowing H2. Following the 

reduction, the sample was evacuated for two hours and cooled to chemisorption temperature. Adsorption 

stoichiometry of complete site coverage was assumed to calculate the number of surface Pd atoms and 

dispersion.56 The catalyst pore volume and diameter were calculated from the adsorption data.57,58  Powder 

X-ray diffraction (PXRD) patterns were collected using a Rigaku Smartlab SE diffractometer with a nickel-

filtered Cu Kα radiation beam (λ = 0.1541 nm, 40 kV, 30 mA). The XRD patterns were acquired in the 2θ 

range of 5 to 80° under ambient conditions, employing a continuous measurement mode with a scanning 

speed of 5° min-1. The high-angle annular dark-field imaging scanning transmission electron microscopy 

(HAADF-STEM) of the 5wt% Pd/ γ-Al2O3 sample powder by using Thermo Fisher Talos F200X at 200 

kV of an accelerating voltage. The sample powder was ground using a quartz mortar and pestle. The ground 

powder was then suspended in acetone, and the resultant suspension was sonicated for five minutes. The 

sample suspension was drop-casted onto a lacey carbon grid (Oxford Instrument), and HAADF-STEM 

analysis was performed with the prepared sample grid.  
Reactor setup. Hydrogenation experiments were conducted in a continuous fixed-bed catalytic 

reactor (Figure 1) made from ¼” O.D. SS316 stainless steel tubing. The catalyst was mixed with an inert 

diluent (Si glass beads) and packed inside the reactor tubing using deactivated quartz wool. The packed 

reactor tube was heated using a heating furnace constructed from an aluminum tube wrapped with heating 

tape. The temperature of the reactor tube was monitored using 1/16” type K thermocouple. The top and 

bottom portion of the reactor were preheated using a tape heater. The temperature of the furnace, pre-, and 

post-heater were controlled using Omega (CN-7800) PID temperature controllers. The liquid feed was 

pumped using an HPLC pump (Cole Palmer V0009266), and gas was cofed using a gas flow controller 

from Alicat in a concurrent up-flow configuration. Pressure in the reactor was maintained using a spring-

loaded back pressure regulator (GO regulator). Liquid effluent from the reactor was collected in a collection 

vessel made from 1-inch stainless steel tubing and set at ambient temperature. Liquid samples were 

periodically collected from the collection vessel; the vessel was drained, and the liquid sample was analyzed 

offline using GC-FID (Agilent 7890A) equipped with quantitative carbon detector (POLYARC). An 

Agilent HP-INNOWAX column (19091N-113, 30m x 0.32 mm x 0.25 micron) was used in the GC for 

separation of the components in the liquid samples. Reactions species were identified and quantified using 

an external standard calibration.  

Flow reactor experiments. In a standard hydrogenation experiment, 0.1 gram of 5 wt% Pd/γ-Al2O3 

was mixed with 1.0 gram of solid diluent (30-50 microns Si glass beads) and packed inside the reactor tube 

with deactivated quartz wool on both ends of the packing.  The catalyst was reduced at 150 °C at 10 °C 

min-1 ramp rate and a one hour hold in 120 mL min-1 10 v/v% H2 in nitrogen and then returned to the desired 

reaction temperature. To start the reaction, the reactor was pressurized to the desired reaction pressure using 

the back pressure regulator using the feed gas composition condition that will be used in the following 

reaction. The liquid feed solution (0.02 g alkyl-phenol/ 1 mL dodecane or 0.182 M) was then pumped into 

the reactor at 1.0 mL min-1 flowrate. The gas flow controller flowrate was also set to the desired gas 

flowrate. Liquid samples were collected by partially draining the collection vessel, after which the volume 

of the collected liquid was measured. After the collection vessel was partially drained, ~3 mL of recently 

accumulated liquid sample was collected for chemical analysis. The conversion, selectivity, and carbon 

balance of the alkyl-phenol reaction were calculated as follows. 
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% Conversion =  
nalkyl phenol,t=0 − nalkyl phenol,t=t

nalkyl phenol,t=0
 x 100 Eq. 1 

 

 

% Selectivity =  
nalkyl cyclohexanone,t=t

nalkyl phenol,t=0 − nalkyl phenol,t=t
 x 100 Eq. 2 

    

 

% Carbon Balance =  
6nalkyl phenol,t=t + 6nalkyl cyclohexanone,t=t + 6nalkyl cyclohexanol,t=t

6nalkyl phenol,t=0
 x 100 Eq. 3 

 

Measurement of the apparent barrier and turnover frequency (TOF) of the p-cresol conversion and 

4-methyl cyclohexanone formation were conducted at 333, 343, 353, 363, and 373 K. Reactions were 

conducted in the flow reactor using pure hydrogen gas flow at ambient pressure. Reaction rates were 

measured at alkylphenol conversion lower than 12% to ensure differential reactor. A series of preliminary 

experiments showed that reaction rate is independent of the flowrate (see supporting information)59–63. 

Response Surface Method Model. The effects of three experimental parameters were evaluated 

including temperature, hydrogen pressure, liquid residence time toward rate of p-cresol conversion (-rp-cresol) 

and net generation rate of 4-methyl cyclohexanone (r4-methyl cyclohexanone) by Box-Behnken design using 

Minitab software ver. 21.2. To ensure uniform distribution of each factor, symmetric code of levels was 

assigned to each experimental factor as shown in Table S1 in the supporting information. Fifteen 

experimental trials were designed according to the specified levels of factors as shown in Table S2 in the 

supporting information. Each trial was carried out in triplicate, while central point experiments (data points 

at level code 0 for each experimental factor) were conducted without any duplication. Analysis of variance 

(ANOVA) was used to analyze the Response Surface Method (RSM) models of rate of p-cresol conversion 

and net generation rate of 4-methyl cyclohexanone with confidence level (α) of 0.05. All experimental trials 

to collect data for the response surface model were performed using 0.1 gram of catalyst mixed with 1 gram 

of Si glass beads as inert diluent and p-cresol solution with 0.02 g/mL concentration. 

 

Results and Discussion. Catalyst characterization of Pd/Al2O3. The 5 wt% Pd/Al2O3 used in this study 

was synthesized using incipient wetness impregnation and is characterized as shown in Figure 2; this 

material was selected for its common use as an industrial catalyst for hydrogenation chemistry.  The surface 

area of the catalyst measured using BET was 166.5 m2/g with a corresponding pore volume of around 0.43 

cc g-1.  The N2 adsorption isotherm of the synthesized 5 wt% Pd/γ-Al2O3 is shown in Figure 2A. The similar 

isotherm curve between the synthesized 5 wt% Pd/γ-Al2O3 and the γ-Al2O3 indicates that there were no 

significant structural changes to the γ-Al2O3 support during the impregnation process, despite a minimal 

reduction in total pore volume upon Pd deposition. The XRD patterns of γ-Al2O3, unreduced Pd/γ-Al2O3, 

and reduced Pd/γ-Al2O3 are shown in Figure 2B. Additionally, comparison of XRD between the calcined 

and reduced Pd/γ-Al2O3 catalyst shows that the Pd nanoparticles were reduced during the activation process, 

and no sharp peak signals of Pd particles were observed showing the absence of large particles. The 

distribution of Pd nanoparticles was quantified via imaging using a HAADF STEM technique, where there 

were no large micron-scale Pd particles observed on the catalyst (Figure 2C). Analysis of the STEM image 

(Figure 2D) by measuring the longest diameter of the Pd particle size shows an average particle diameter 

of ~9 nm.  

Up-flow packed bubble column reactor. The flow reactor used to study the selective liquid 

hydrogenation of alkyl-phenol was configured to have co-current up-flow for both the liquid phase and the 

gas phase feed. Up-flow configuration was selected, since it has been reported to improve catalyst wetting 

efficiency especially in laboratory scale liquid-gas flow reactors.64–66 The catalyst bed consisted of the 5 

wt% Pd/Al2O3 catalyst powder mixed and diluted with 30-50 micron Si glass beads; this was held in place 

on the top and bottom with an inert quartz wool packing. The catalyst was mixed with diluent material to 
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prevent channeling of the liquid and increase contact between the liquid reactant and the catalyst powder. 

The p-cresol reactant was solubilized in n-dodecane prior to feeding to the reactor. Solvent n-dodecane was 

selected for its wide range of solubility with the alkyl-phenol for the considered reaction conditions; it is 

also an inert liquid material that will not participate in the hydrogenation reaction. The operating 

temperature range (60-150 °C) evaluated in this study was selected within the range that is below the boiling 

point of any of the reagents and reaction products. This up-flow packed bubble column reactor was used in 

the rest of this study to optimize operation conditions for maximum selectivity of hydrogenated alkyl-

phenol, with the experimental parameters including liquid space time, reaction temperature, and hydrogen 

gas feed partial pressure. 

Continuous flow p-cresol hydrogenation. Catalytic flow reactor performance was first assessed by 

performing selective hydrogenation of p-cresol to 4-methyl-cyclohexanone. A liquid feed of 0.182 M p-

cresol dissolved in dodecane was co-fed into the reactor with pure hydrogen at 100 °C and ambient pressure. 

The liquid flowrate was 0.5 mL/min, with a WHSV of 6 h-1. As shown in Figure S1 provided in the 

supporting information, the average conversion of p-cresol was stable at ~85% with >93% selectivity to 4-

methyl-cyclohexanone over the course of 12 hours on stream. Over the course of 12 hours, the catalyst bed 

underwent approximately ~1400 reaction turnovers per site. 

 Reactor residence time. In the evaluated three-phase catalytic flow reactor, the product distribution 

from reactive hydrogenation of p-cresol can change depending on the progress of the sequential reaction 

from 4-methyl cyclohexanone to 4-methyl cyclohexanol. This will depend on the residence time of the 

reaction species in the flow reactor. The conversion of p-cresol and selectivity to 4-methyl-cyclohexanone 

are depicted in Figure 3 as a function of the liquid residence time and the co-feed gas composition. 

Variation of liquid residence time was achieved by changing the liquid flowrate fed to the catalyst bed, 

while the amount of catalyst and diluent and the volume occupied by the catalyst bed remained constant 

across all experimental trials. All of the measurements in Figure 3 were performed at a reaction temperature 

of 100 °C and total pressure of 100 psi. At the lower concentration of hydrogen (10% v/v) in the feed gas 

stream, the conversion of p-cresol was 25% at low residence time (0.74 min). The conversion of p-cresol 

increased with longer liquid residence time in the reactor, and it reached >99% conversion when the liquid 

residence time was 7.45 minutes. The reaction selectivity to 4-methyl-cyclohexanone was maintained at 

100% at lower liquid residence time up to about three minutes where the selectivity then subsequently 

decreased to 71% at highest residence time of 7.45 minutes.  

Similar behavior of reaction conversion and selectivity evolution was observed when the 

hydrogenation was performed under high hydrogen concentration (100% v/v) in the gas stream, where the 

p-cresol conversion increased at longer residence time. Selectivity also decreased at higher conversion and 

longer residence time, resulting from the promotion of the second hydrogenation reaction step to produce 

4-methyl cyclohexanol from 4-methyl cyclohexanone. Higher concentration of H2 in the gas stream helped 

to promote the overall hydrogenation reaction at a faster rate at any given residence time. The conversion 

of p-cresol was 77% at liquid residence time of 0.74 minutes and reached 100% p-cresol conversion at 

residence time of 1.24 minutes. The selectivity to 4-methyl cyclohexanone was 95% at the lowest residence 

time of 0.74 minutes and monotonically decreased as the liquid residence time increased, showing that the 

produced 4-methyl cyclohexanone from p-cresol was further hydrogenated to 4-methyl cyclohexanol.  

The progression of the selectivity profile with increasing reaction conversion indicated that the 

hydrogenation occurred sequentially, where the formation of 4-methyl cyclohexanol (reaction byproduct) 

happened through the formation of the intermediate 4-methyl cyclohexanone. The promotion of 4-methyl 

cyclohexanone hydrogenation at longer residence time and high p-cresol conversion showed that the second 

hydrogenation step from 4-methyl-cyclohexanone to 4-methyl-cyclohexanol occurred due to both the 

higher concentration of 4-methyl cyclohexanone formed from first hydrogenation step and the longer 

contact time of the cyclohexanone intermediate with the catalyst.  

Temperature and hydrogen partial pressure effect. The conversion and selectivity of p-cresol 

hydrogenation was evaluated at various temperatures and hydrogen pressures. Reaction was carried out in 

the range of 60 ° C to 150 °C, and at various hydrogen concentrations in the gas stream at 10, 25, 50, and 

100 v/v% as presented in Figure 4. The gas flowrate was maintained at 120 mL min-1 for all experiments 
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with the hydrogen concentration controlled by co-flowing nitrogen. All experiments were performed using 

a weight hourly space velocity of 12 grams of cresol gram of catalyst-1 h-1, and the reactor total pressure at 

100 psi. As depicted in Figure 4, the conversion of p-cresol increased with increasing temperature across 

all hydrogen concentration in the gas stream. At lower H2 gas concentration, the conversion increased from 

4% conversion to 25% conversion for 60 °C to 110 °C and remained constant at ~27% for temperatures 

higher than 110 °C. At higher H2 concentration in the gas stream (> 25 vol%), the conversion of p-cresol 

converged to >99% at a temperature of 130 °C and higher. The increasing conversion of p-cresol at elevated 

temperature showed that hydrogenation can be promoted to completion by the reaction temperature 

independent of the hydrogen concentration at hydrogen concentrations of 25% and higher. In contrast, the 

maximum conversion when the hydrogen concentration was 10 vol% was only ~20%. Hydrogen is the 

limiting reactant at 10 vol%, but not at higher concentrations. 

The selectivity of the reaction towards 4-methyl-cyclohexanone generally decreased at higher 

reaction temperature and H2 concentration. The selectivity to 4-methyl cyclohexanone was maintained 

above 97% at reaction temperature from 60 °C to 90 °C at different hydrogen concentrations in the gas 

stream. The reaction selectivity then decreased gradually at reaction temperature above 100 °C for hydrogen 

concentrations of 25 vol% and higher. At high hydrogen concentration in the gas stream (50 vol% and 100 

vol%), the selectivity decreased significantly at temperatures from 110 °C to 150 °C. Changes in reaction 

selectivity resulted from the promotion of the latter step of hydrogenation that converted 4-methyl 

cyclohexanone to the undesired 4-methyl-cyclohexanol.  

To evaluate the relationship between the extent of p-cresol conversion and the reaction selectivity 

to the desired 4-methyl cyclohexanone, the conversion and selectivity profile of these different p-cresol 

hydrogenation data were plotted together as shown in Figure 5. The conversion versus selectivity profile 

collected at different temperatures and hydrogen concentrations in the gas stream showed that all 

experimental data points collapsed into a square-shaped relationship. The reaction selectivity to 4-methyl 

cyclohexanone was maintained at >95% when the conversion of p-cresol was below 70% for all feed 

hydrogen concentrations. The selectivity to 4-methyl-cyclohexanone decreased when the conversion of p-

cresol reached 80%. This indicates that the selectivity of the p-cresol hydrogenation reaction was 

independent of the amount of hydrogen in the gas stream but depended instead on the extent of conversion 

of p-cresol. The relationship observed in Figure 5 between the selectivity and conversion indicated a simple 

proposed mechanism leading to unselective catalysis and over-hydrogenated product. For low conversion 

of p-cresol hydrogenation, the catalyst surface remained highly covered in adsorbed p-cresol, inhibiting 

secondary hydrogenation of desorbed 4-methyl-cyclohexanone.  Only after p-cresol was sufficiently 

reduced in concentration was 4-methyl-cyclohexane able to adsorb to Pd active sites and further react to 4-

methylcyclohexanol.  

Response Surface Method Analysis. To further elaborate the relationship between the rate of p-

cresol conversion and rate of 4-methyl cyclohexanone generation to the reaction operating parameters, we 

generated a response surface method (RSM) model (Figure 6). The rate of p-cresol conversion and net 

generation of 4-methyl cyclohexanone was determined in units of mole gram-Pd-1 hr-1. The analysis of 

variance table and the regression equation in uncoded units are presented in the supporting information. 

The RSM model shows a statistically significant linear effect of all individual factors to conversion of p-

cresol and a significant two-way interaction between reaction temperature and liquid residence time. The 

two-way interaction between the liquid residence time and the reaction temperature is presented in Figure 

6A & 6C. The two-way interaction shows that there are two different regimes of temperature’s effect on p-

cresol conversion. At high liquid residence time (2 min), temperature only minimally changed to the 

conversion. However, the effect of temperature was significant when the reaction was carried out at short 

liquid residence time (0.5 min). The small effect of temperature at high residence time was caused by the 

rapidly depleting concentration of p-cresol in the catalyst bed due to the p-cresol conversion rapidly 

reaching 100% at high residence time. The effect of hydrogen pressure to cresol conversion to hydrogen 

pressure is minimal when compared to either reaction temperature or liquid residence time (see supporting 

information). 
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The net generation of 4-methyl cyclohexanone was also assessed by the RSM model (Figure 6B). 

The model predicted that the net generation of 4-methyl cyclohexanone is independent of the hydrogen 

pressure used. The surface plot from the RSM model of net 4-methyl cyclohexanone generation depicted 

two-way interaction between reaction temperature and liquid residence time, similar with the relationship 

between temperature and residence time with p-cresol conversion. The effect of temperature was significant 

at moderate and low liquid residence time, where elevated temperature resulted in higher net generation of 

4-methyl cyclohexanone and contributed to higher reaction selectivity.  

The calculated conversion and product generation was then used to map the percent conversion of 

p-cresol (Figure 6C) and reaction selectivity (Figure 6D, obtained from dividing the values in Figure 6B 

with 6A). The prediction from the RSM model was consistent with the experimental measurement shown 

in Figure 5, where the reaction selectivity to 4-methyl cyclohexanone production only decreased after a 

certain level of p-cresol conversion was achieved. According to prediction from the RSM model, the 

reaction operating parameters can be selected for a combination of low-to-medium residence time (0.5 - 1.0 

min) and reaction temperature (80 - 100 °C) to maximize the selectivity and yield of the desired 4-methyl 

cyclohexanone while ensuring high catalyst productivity. Whereas the hydrogen pressure was shown to 

have a more minimal effect in determining the reaction selectivity and activity. 

Kinetic Measurement. The high reaction selectivity favored at low temperature can also be 

explained from comparison of the separately measured kinetics of the two-step cresol hydrogenation. The 

catalytic turnover frequency (TOF) was determined by calculating the rate based on the number of surface 

palladium active sites measured by the CO chemisorption. The Arrhenius plot comparing the activity of p-

cresol hydrogenation and 4-methyl cyclohexanone is shown in Figure 7. The measured turnover frequency 

of p-cresol hydrogenation was at least two times greater than 4-methyl cyclohexanone hydrogenation in the 

temperature range assessed (333-373 K). The reaction apparent activation barrier for p-cresol 

hydrogenation was 67 ± 2 kJ mol-1 in comparison to the apparent activation barrier for 4-methyl 

cyclohexanone at 92 ± 11 kJ mol-1. The apparent barrier measured is similar to apparent barrier of 70 kJ 

mol-1 reported in literature for phenyl ring hydrogenation on Pd catalyst.36,67 This shows that energetically 

the second hydrogenation step (4-methyl cyclohexanone to 4-methyl cyclohexanol) is less favorable and 

contributes to the high reaction selectivity obtained. The higher TOF and lower apparent barrier for p-cresol 

hydrogenation indicated that selective hydrogenation can be achieved by operating at low temperature 

hydrogenation, where there was a faster rate of initial hydrogenation of the phenyl ring in the p-cresol 

compared to ketone hydrogenation at the cyclohexanone intermediate. Similar findings was also reported 

where low temperature hydrogenation of phenol on Pd resulted in higher yield of cyclohexanone due to 

preferred desorption of the cyclohexanone over further hydrogenation of cyclohexanone to cylohexanol46. 

Caprolactone alkyl groups. In practice, lignin derived phenols can have alkyl groups at different 

positions on the phenyl ring of different carbon-chain lengths. An effective continuous process needs to be 

able to selectively hydrogenate these alkyl-phenols at low temperature and moderate pressure. Monomers 

with increasing length of the alkyl chain at the para position were evaluated as the feedstock for the selective 

hydrogenation in this continuous process. Hydrogenation of cresols isomers with methyl group at different 

positions was also conducted. The conversion of several different alkyl-phenols and the selectivity of the 

alkyl-cyclohexanone are presented in Figure 8 for identical reaction conditions (373 K, 120 mL/min H2). 

The highest extent of conversion was observed for phenol, with less active reactions containing the addition 

of methyl, ethyl, and propyl groups at the para position. The reaction was less productive as the length of 

the alkyl group increased. However, the reaction selectivity to the cyclohexanone intermediate was 

maintained at equal level of 93% for the same reaction conditions. The location of the alkyl group had a 

strong effect towards the hydrogenation activity. Hydrogenation activity was similar when the methyl group 

was located at the para and meta position. However, the rate of hydrogenation was reduced (3x lower) when 

the methyl group was located at the ortho position. Independent of the differences in reaction productivity, 

the high selectivity (>93%) obtained using the different alkyl-phenols showed that the reactions still went 

through the similar simple mechanism observed from p-cresol hydrogenation. The effect of the addition of 

these alkyl groups was investigated by comparing the apparent barrier and the initial rate of p-cresol 

hydrogenation with 4-propylphenol hydrogenation. The apparent barrier was measured to be equal (Figure 
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S7 in supplemental information) between p-cresol hydrogenation (67 ± 2 kJ/mol) and 4-propylphenol 

hydrogenation (69 ±4 kJ/mol). However, the 4-propylphenol underwent a slower initial rate of phenyl ring 

hydrogenation. This can plausibly be attributed to the stronger steric effect from the longer alkyl chain in 

4-propylphenol, but both reactants underwent the same hydrogenation process, evident from the equal 

barrier of the two catalytic reactions. 

 
Conclusions.  The selective hydrogenation of lignin-derived monophenols is an important step in creating 

a viable pathway to produce high value branched caprolactone monomers from renewable sources. In this 

work, the gas-liquid two-phase selective hydrogenation of p-cresol, a model compound of lignin-derived 

phenols, was evaluated using 5 wt% Pd/ γ-Al2O3 in an up-flow packed bubble column reactor. Hydrogen 

pressure in the system only had minimal effect to the reaction’s productivity when compared to liquid 

residence time and reaction temperature. High hydrogenation selectivity to alkyl-cyclohexanone (>93%) 

was obtained for all reactions with less than 80% conversion of p-cresol. The hydrogenation selectivity was 

found to be dependent on the catalyst surface coverage of the adsorbed p-cresol, which inhibits secondary 

hydrogenation of desorbed 4-methyl cyclohexanone on the catalyst. The apparent barrier and turnover 

frequency measurement from the phenyl ring hydrogenation of p-cresol and carbonyl hydrogenation of the 

4-methyl cyclohexanone intermediate showed faster initial rate of the phenyl ring hydrogenation that is 

favored at lower temperatures. 
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Table 1. Characterization measurement of 5wt% Pd/γ-Al2O3 catalyst and γ-Al2O3 support. The surface area and pore 

volume values are measured using N2 physisorption method.  

 

 
  

Pd dispersion
Pore Volume 

(cm3/g)

Surface area 

(m2/g)
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Scheme 1. Selective catalytic hydrogenation of alkyl-phenols derived from lignin to form alkyl-cyclohexanones for 

production of renewable caprolactone. The alkyl-phenol can be obtained from poplar-lignin through reductive 

catalytic fractionation process. The alkyl-phenol can then undergo selective hydrogenation to alkyl-cyclohexanone 

with some side reaction of further hydrogenation of the cyclohexanone to the cyclohexanol. The produced alkyl-

cyclohexanone can be oxidized through Baeyer-Villiger Oxidation to make alkyl-caprolactones, which can be 

polymerized to polyesters. At their end-of-use, the polyesters can be chemically recycled to generate the renewable 

caprolactone monomer again. 
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Figure 1. Experimental diagram for gas-liquid-solid hydrogenation of alkyl-phenols to alkyl-cyclohexanone. Liquid 

alkyl-phenols solution is fed using an HPLC pump in an up-flow configuration into the catalyst bed. H2 or N2 gas is 

cofed with separate mass flow controller into the catalyst bed also in an up-flow configuration. Pressure is 

maintained using a spring loaded back pressure regulator. Reactor effluents were collected periodically from the 

collection vessel into a sample vial. 
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Figure 2. Catalyst characterization of synthesized 5wt% Pd/γ-Al2O3. (A) X-ray diffraction peaks of γ-Al2O3 (blue), 

5wt% Pd/γ-Al2O3 after calcination (red), and after reduction (black). Key: * = Pd metal, + = Pd oxide. (B) Nitrogen 

physisorption isotherm of 5wt% Pd/ γ-Al2O3 and γ-Al2O3. HAADF STEM image of synthesized 5wt% Pd/γ-Al2O3. 

(C) STEM image of catalyst particle at 100 nm scale. The Pd particles are signified by the bright particles. (D) The 

particle size distribution of the Pd particles on the 5 wt% Pd/γ-Al2O3 catalyst. Particle size is measured using the 

ImageJ software by measuring the longest diameter of the particles. The average particle size is measured at 9.2 nm.  
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Figure 3. Conversion of p-cresol and selectivity to 4-methyl-cyclohexanone over different liquid residence time. 

The liquid residence time is varied by changing the liquid feed flowrate. The different hydrogen concentration was 

obtained through dilution with nitrogen gas. Reaction condition: 373 K, 100 psig total pressure, 0.1 gram of 5wt% 

Pd/ γ-Al2O3, 120 mL/min total gas flow, 0.182 M p-cresol in dodecane. Error bars are represented in 95% 

confidence intervals. 
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Figure 4. Conversion of p-cresol and selectivity to 4-methyl-cyclohexanone over various reaction temperature and 

hydrogen concentration in the gas stream. The hydrogen concentration was changed by co-flowing nitrogen gas. 

Reaction condition: 100 psig total pressure, 0.1 gram 5wt% Pd/ γ-Al2O3, 120 mL/min total gas flowrate, 1 mL/min 

liquid flow, 0.182 M p-cresol in dodecane. Error bars are represented in 95% confidence intervals. 
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Figure 5. Selectivity to 4-methyl-cyclohexanone plotted versus conversion of p-cresol. The data plotted was 

obtained from measurements and reaction conditions performed in figure 5. Each color represents different H2 

concentration in the gas stream across the varying reaction temperature. Reaction condition: 100 psig total pressure, 

0.1 gram 5wt% Pd/ γ-Al2O3, 120 mL/min total gas flowrate, 1 mL/min liquid flow, 0.182 M p-cresol in dodecane. 

Error bars are represented in 95% confidence intervals. 
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Figure 6. (A) Surface plot of p-cresol conversion (mol of p-cresol converted/ g. Pd/ hr) as a function liquid 

residence time and reaction temperature as assessed by the response surface method model. (B) Surface plot of net 

generation rate of 4-methyl cyclohexanone (mol/g. Pd/hr) as a function of reaction temperature and liquid residence 

time as assessed by the response surface method model. (C) P-cresol conversion surface plot as calculated from 

response surface model. (D) Surface plot for 4-methyl cyclohexanone selectivity as a function of reaction 

temperature and liquid residence time. Selectivity values were obtained by dividing the calculated values in figure 

(B) with (A). The measured experimental data points are presented by the circles data point. Reaction condition: 100 

psig total pressure, 0.1 gram 5wt% Pd/ γ-Al2O3, 120 mL/min total gas flowrate, 0.182 M p-cresol in dodecane. 
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Figure 7. Arrhenius plot (333K-373 K) of p-cresol hydrogenation and 4-methyl cyclohexanone hydrogenation on 

5wt% Pd/ γ-Al2O3. Reaction conditions: ambient pressure, 120 mL/min H2 gas flowrate, 0.01 gram 5wt% Pd/ γ-

Al2O3 (p-cresol), 0.5 gram 5wt% Pd/ γ-Al2O3 (4-methyl cyclohexanone), 0.5 mL/min liquid flowrate, 0.182 M p-

cresol/4-methyl cyclohexanone in dodecane. Error bars are represented in 95% confidence intervals.  
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Figure 8. Conversion of alkyl-phenol and selectivity to alkyl-cyclohexanone of phenolic species with different 

position and length of alkyl chain. Reaction condition: 373 K, 100 psig, 100 mg 5wt% Pd/ γ-Al2O3, 120 mL/min H2 

gas flow, 1 mL/min liquid flow, 0.182 M reactant in dodecane. Error bars are represented in 95% confidence 

intervals. 

 

 

 

 

 

 

 

 

 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

phenol p-cresol p-ethylphenol p-propylphenol

Conversion Selectivity

https://doi.org/10.26434/chemrxiv-2024-tbjtw ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tbjtw
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/


Soeherman, et al.  Page 19 

References 

 

(1) Cao, Y.; Chen, S. S.; Zhang, S.; Ok, Y. S.; Matsagar, B. M.; Wu, K. C.-W.; Tsang, D. C. W. 

Advances in Lignin Valorization towards Bio-Based Chemicals and Fuels: Lignin Biorefinery. 

Bioresour. Technol. 2019, 291, 121878. https://doi.org/10.1016/j.biortech.2019.121878. 

(2) Cao, L.; Yu, I. K. M.; Liu, Y.; Ruan, X.; Tsang, D. C. W.; Hunt, A. J.; Ok, Y. S.; Song, H.; Zhang, S. 

Lignin Valorization for the Production of Renewable Chemicals: State-of-the-Art Review and Future 

Prospects. Bioresour. Technol. 2018, 269, 465–475. https://doi.org/10.1016/j.biortech.2018.08.065. 

(3) Liu, Z.-H.; Le, R. K.; Kosa, M.; Yang, B.; Yuan, J.; Ragauskas, A. J. Identifying and Creating 

Pathways to Improve Biological Lignin Valorization. Renew. Sustain. Energy Rev. 2019, 105, 349–

362. https://doi.org/10.1016/j.rser.2019.02.009. 

(4) Key, R. E.; Bozell, J. J. Progress toward Lignin Valorization via Selective Catalytic Technologies 

and the Tailoring of Biosynthetic Pathways. ACS Sustain. Chem. Eng. 2016, 4 (10), 5123–5135. 

https://doi.org/10.1021/acssuschemeng.6b01319. 

(5) Paone, E.; Tabanelli, T.; Mauriello, F. The Rise of Lignin Biorefinery. Curr. Opin. Green Sustain. 

Chem. 2020, 24, 1–6. https://doi.org/10.1016/j.cogsc.2019.11.004. 

(6) Linger, J. G.; Vardon, D. R.; Guarnieri, M. T.; Karp, E. M.; Hunsinger, G. B.; Franden, M. A.; 

Johnson, C. W.; Chupka, G.; Strathmann, T. J.; Pienkos, P. T.; Beckham, G. T. Lignin Valorization 

through Integrated Biological Funneling and Chemical Catalysis. Proc. Natl. Acad. Sci. 2014, 111 

(33), 12013–12018. https://doi.org/10.1073/pnas.1410657111. 

(7) Stone, M. L.; Webber, M. S.; Mounfield, W. P.; Bell, D. C.; Christensen, E.; Morais, A. R. C.; Li, Y.; 

Anderson, E. M.; Heyne, J. S.; Beckham, G. T.; Román-Leshkov, Y. Continuous 

Hydrodeoxygenation of Lignin to Jet-Range Aromatic Hydrocarbons. Joule 2022, 6 (10), 2324–2337. 

https://doi.org/10.1016/j.joule.2022.08.005. 

(8) Schutyser, W.; Renders, T.; Van den Bosch, S.; Koelewijn, S.-F.; Beckham, G. T.; Sels, B. F. 

Chemicals from Lignin: An Interplay of Lignocellulose Fractionation, Depolymerisation, and 

Upgrading. Chem. Soc. Rev. 2018, 47 (3), 852–908. https://doi.org/10.1039/C7CS00566K. 

(9) Renders, T.; Van den Bosch, S.; Koelewijn, S.-F.; Schutyser, W.; Sels, B. F. Lignin-First Biomass 

Fractionation: The Advent of Active Stabilisation Strategies. Energy Environ. Sci. 2017, 10 (7), 

1551–1557. https://doi.org/10.1039/C7EE01298E. 

(10) Renders, T.; Van Den Bossche, G.; Vangeel, T.; Van Aelst, K.; Sels, B. Reductive Catalytic 

Fractionation: State of the Art of the Lignin-First Biorefinery. Curr. Opin. Biotechnol. 2019, 56, 193–

201. https://doi.org/10.1016/j.copbio.2018.12.005. 

(11) Van Den Bosch, S.; Schutyser, W.; Vanholme, R.; Driessen, T.; Koelewijn, S.-F.; Renders, T.; De 

Meester, B.; Huijgen, W. J. J.; Dehaen, W.; Courtin, C. M.; Lagrain, B.; Boerjan, W.; Sels, B. F. 

Reductive Lignocellulose Fractionation into Soluble Lignin-Derived Phenolic Monomers and Dimers 

and Processable Carbohydrate Pulps. Energy Environ. Sci. 2015, 8 (6), 1748–1763. 

https://doi.org/10.1039/C5EE00204D. 

(12) Batiste, D. C.; Meyersohn, M. S.; Watts, A.; Hillmyer, M. A. Efficient Polymerization of Methyl-ε-

Caprolactone Mixtures To Access Sustainable Aliphatic Polyesters. Macromolecules 2020, 53 (5), 

1795–1808. https://doi.org/10.1021/acs.macromol.0c00050. 

(13) Schneiderman, D. K.; Vanderlaan, M. E.; Mannion, A. M.; Panthani, T. R.; Batiste, D. C.; Wang, J. 

Z.; Bates, F. S.; Macosko, C. W.; Hillmyer, M. A. Chemically Recyclable Biobased Polyurethanes. 

ACS Macro Lett. 2016, 5 (4), 515–518. https://doi.org/10.1021/acsmacrolett.6b00193. 

(14) Woodruff, M. A.; Hutmacher, D. W. The Return of a Forgotten Polymer—Polycaprolactone in the 

21st Century. Prog. Polym. Sci. 2010, 35 (10), 1217–1256. 

https://doi.org/10.1016/j.progpolymsci.2010.04.002. 

(15) Schutyser, W.; Van den Bosch, S.; Dijkmans, J.; Turner, S.; Meledina, M.; Van Tendeloo, G.; 

Debecker, D. P.; Sels, B. F. Selective Nickel-Catalyzed Conversion of Model and Lignin-Derived 

Phenolic Compounds to Cyclohexanone-Based Polymer Building Blocks. ChemSusChem 2015, 8 

(10), 1805–1818. https://doi.org/10.1002/cssc.201403375. 

https://doi.org/10.26434/chemrxiv-2024-tbjtw ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tbjtw
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/


Soeherman, et al.  Page 20 

(16) Xu, G.; Guo, J.; Zhang, Y.; Fu, Y.; Chen, J.; Ma, L.; Guo, Q. Selective Hydrogenation of Phenol to 

Cyclohexanone over Pd-HAP Catalyst in Aqueous Media. ChemCatChem 2015, 7 (16), 2485–2492. 

https://doi.org/10.1002/cctc.201500442. 

(17) Liu, H.; Jiang, T.; Han, B.; Liang, S.; Zhou, Y. Selective Phenol Hydrogenation to Cyclohexanone 

Over a Dual Supported Pd–Lewis Acid Catalyst. Science 2009, 326 (5957), 1250–1252. 

https://doi.org/10.1126/science.1179713. 

(18) Pérez, Y.; Fajardo, M.; Corma, A. Highly Selective Palladium Supported Catalyst for Hydrogenation 

of Phenol in Aqueous Phase. Catal. Commun. 2011, 12 (12), 1071–1074. 

https://doi.org/10.1016/j.catcom.2011.03.026. 

(19) Yakabi, K.; Milne, K.; Buchard, A.; Hammond, C. Selectivity and Lifetime Effects in Zeolite-

Catalysed Baeyer-Villiger Oxidation Investigated in Batch and Continuous Flow. ChemCatChem 

2016, 8 (22), 3490–3498. https://doi.org/10.1002/cctc.201600955. 

(20) Corma, A.; Nemeth, L. T.; Renz, M.; Valencia, S. Sn-Zeolite Beta as a Heterogeneous 

Chemoselective Catalyst for Baeyer–Villiger Oxidations. Nature 2001, 412 (6845), 423–425. 

https://doi.org/10.1038/35086546. 

(21) Schneiderman, D. K.; Hillmyer, M. A. Aliphatic Polyester Block Polymer Design. Macromolecules 

2016, 49 (7), 2419–2428. https://doi.org/10.1021/acs.macromol.6b00211. 

(22) Fournier, L.; Rivera Mirabal, D. M.; Hillmyer, M. A. Toward Sustainable Elastomers from the 

Grafting-Through Polymerization of Lactone-Containing Polyester Macromonomers. 

Macromolecules 2022, 55 (3), 1003–1014. https://doi.org/10.1021/acs.macromol.1c02349. 

(23) Storey, R. F.; Sherman, J. W. Kinetics and Mechanism of the Stannous Octoate-Catalyzed Bulk 

Polymerization of ε-Caprolactone. Macromolecules 2002, 35 (5), 1504–1512. 

https://doi.org/10.1021/ma010986c. 

(24) Martello, M. T.; Hillmyer, M. A. Polylactide–Poly(6-Methyl-ε-Caprolactone)–Polylactide 

Thermoplastic Elastomers. Macromolecules 2011, 44 (21), 8537–8545. 

https://doi.org/10.1021/ma201063t. 

(25) Zupancich, J. A.; Bates, F. S.; Hillmyer, M. A. Aqueous Dispersions of Poly(Ethylene Oxide)- b -

Poly(γ-Methyl-ε-Caprolactone) Block Copolymers. Macromolecules 2006, 39 (13), 4286–4288. 

https://doi.org/10.1021/ma060642s. 

(26) Schuchardt, U.; Cardoso, D.; Sercheli, R.; Pereira, R.; Da Cruz, R. S.; Guerreiro, M. C.; Mandelli, D.; 

Spinacé, E. V.; Pires, E. L. Cyclohexane Oxidation Continues to Be a Challenge. Appl. Catal. Gen. 

2001, 211 (1), 1–17. https://doi.org/10.1016/S0926-860X(01)00472-0. 

(27) Romero, A.; Santos, A.; Escrig, D.; Simón, E. Comparative Dehydrogenation of Cyclohexanol to 

Cyclohexanone with Commercial Copper Catalysts: Catalytic Activity and Impurities Formed. Appl. 

Catal. Gen. 2011, 392 (1–2), 19–27. https://doi.org/10.1016/j.apcata.2010.10.036. 

(28) Neri, G.; Visco, A. M.; Donato, A.; Milone, C.; Malentacchi, M.; Gubitosa, G. Hydrogenation of 

Phenol to Cyclohexanone over Palladium and Alkali-Doped Palladium Catalysts. Appl. Catal. Gen. 

1994, 110 (1), 49–59. https://doi.org/10.1016/0926-860X(94)80104-5. 

(29) Scirè, S.; Minicò, S.; Crisafulli, C. Selective Hydrogenation of Phenol to Cyclohexanone over 

Supported Pd and Pd-Ca Catalysts: An Investigation on the Influence of Different Supports and Pd 

Precursors. Appl. Catal. Gen. 2002, 235 (1–2), 21–31. https://doi.org/10.1016/S0926-

860X(02)00237-5. 

(30) Mahata, N.; Vishwanathan, V. Influence of Palladium Precursors on Structural Properties and Phenol 

Hydrogenation Characteristics of Supported Palladium Catalysts. J. Catal. 2000, 196 (2), 262–270. 

https://doi.org/10.1006/jcat.2000.3041. 

(31) Chen, Y. Z.; Liaw, C. W.; Lee, L. I. Selective Hydrogenation of Phenol to Cyclohexanone over 

Palladium Supported on Calcined Mg/Al Hydrotalcite. Appl. Catal. Gen. 1999, 177 (1), 1–8. 

https://doi.org/10.1016/S0926-860X(98)00252-X. 

(32) Xu, X.; Li, H.; Wang, Y. Selective Hydrogenation of Phenol to Cyclohexanone in Water over Pd@N-

Doped Carbon Derived from Ionic-Liquid Precursors. ChemCatChem 2014, 6 (12), 3328–3332. 

https://doi.org/10.1002/cctc.201402561. 

https://doi.org/10.26434/chemrxiv-2024-tbjtw ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tbjtw
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/


Soeherman, et al.  Page 21 

(33) Higashijima, M.; Nishimura, S. Studies Concerning the Factors Affecting the Formation of 

Cyclohexanone Intermediates in the Catalytic Hydrogenation of Phenols. I. Hydrogenation of p -

Cresol over Various Pd–C Catalysts. Bull. Chem. Soc. Jpn. 1992, 65 (3), 824–830. 

https://doi.org/10.1246/bcsj.65.824. 

(34) Higashijima, M.; Nishimura, S. Effects of Alcoholic Solvents on the Formation of Cyclohexanones in 

the Hydrogenation of Phenols over Pd–C Catalysts. Bull. Chem. Soc. Jpn. 1992, 65 (11), 2955–2959. 

https://doi.org/10.1246/bcsj.65.2955. 

(35) Sharma, M. M. Perspectives in Gas—Liquid Reactions. Chem. Eng. Sci. 1983, 38 (1), 21–28. 

https://doi.org/10.1016/0009-2509(83)80131-6. 

(36) Zhao, C.; He, J.; Lemonidou, A. A.; Li, X.; Lercher, J. A. Aqueous-Phase Hydrodeoxygenation of 

Bio-Derived Phenols to Cycloalkanes. J. Catal. 2011, 280 (1), 8–16. 

https://doi.org/10.1016/j.jcat.2011.02.001. 

(37) Nelson, N. C.; Manzano, J. S.; Sadow, A. D.; Overbury, S. H.; Slowing, I. I. Selective Hydrogenation 

of Phenol Catalyzed by Palladium on High-Surface-Area Ceria at Room Temperature and Ambient 

Pressure. ACS Catal. 2015, 5 (4), 2051–2061. https://doi.org/10.1021/cs502000j. 

(38) Wollenburg, M.; Heusler, A.; Bergander, K.; Glorius, F. Trans -Selective and Switchable Arene 

Hydrogenation of Phenol Derivatives. ACS Catal. 2020, 10 (19), 11365–11370. 

https://doi.org/10.1021/acscatal.0c03423. 

(39) Talukdar, A. K.; Bhattacharyya, K. G.; Sivasanker, S. Hydrogenation of Phenol over Supported 

Platinum and Palladium Catalysts. Appl. Catal. Gen. 1993, 96 (2), 229–239. 

https://doi.org/10.1016/0926-860X(90)80012-4. 

(40) Yang, J.; Dauenhauer, P. J.; Ramasubramaniam, A. The Role of Water in the Adsorption of 

Oxygenated Aromatics on Pt and Pd. J. Comput. Chem. 2013, 34 (1), 60–66. 

https://doi.org/10.1002/jcc.23107. 

(41) Nie, Y.; Jaenicke, S.; Vanbekkum, H.; Chuah, G. Stereoselective Cascade Hydrogenation of 4-Tert-

Butylphenol and p-Cresol over Zr-Zeolite Beta-Supported Rhodium. J. Catal. 2007, 246 (1), 223–

231. https://doi.org/10.1016/j.jcat.2006.12.008. 

(42) Zhang, H.; Han, A.; Okumura, K.; Zhong, L.; Li, S.; Jaenicke, S.; Chuah, G.-K. Selective 

Hydrogenation of Phenol to Cyclohexanone by SiO2-Supported Rhodium Nanoparticles under Mild 

Conditions. J. Catal. 2018, 364, 354–365. https://doi.org/10.1016/j.jcat.2018.06.002. 

(43) Kuklin, S.; Maximov, A.; Zolotukhina, A.; Karakhanov, E. New Approach for Highly Selective 

Hydrogenation of Phenol to Cyclohexanone: Combination of Rhodium Nanoparticles and 

Cyclodextrins. Catal. Commun. 2016, 73, 63–68. https://doi.org/10.1016/j.catcom.2015.10.005. 

(44) Zhang, J.; Shi, Y.; Wu, B.; Sun, S.; Li, G.; Xu, W.; Ning, P.; Cao, H.; Wu, Y. Highly Stable and 

Selective Catalysts for m -Cresol Hydrogenolysis to Aromatics. ACS Sustain. Chem. Eng. 2023, 11 

(25), 9382–9393. https://doi.org/10.1021/acssuschemeng.3c00953. 

(45) Putra, R. D. D.; Trajano, H. L.; Liu, S.; Lee, H.; Smith, K.; Kim, C. S. In-Situ Glycerol Aqueous 

Phase Reforming and Phenol Hydrogenation over Raney Ni®. Chem. Eng. J. 2018, 350, 181–191. 

https://doi.org/10.1016/j.cej.2018.05.146. 

(46) Li, G.; Han, J.; Wang, H.; Zhu, X.; Ge, Q. Role of Dissociation of Phenol in Its Selective 

Hydrogenation on Pt(111) and Pd(111). ACS Catal. 2015, 5 (3), 2009–2016. 

https://doi.org/10.1021/cs501805y. 

(47) Narayanan, S.; Krishna, K. Hydrotalcite-Supported Palladium Catalysts. Appl. Catal. Gen. 2000, 198 

(1–2), 13–21. https://doi.org/10.1016/S0926-860X(99)00496-2. 

(48) Makowski, P.; Demir Cakan, R.; Antonietti, M.; Goettmann, F.; Titirici, M.-M. Selective Partial 

Hydrogenation of Hydroxy Aromatic Derivatives with Palladium Nanoparticles Supported on 

Hydrophilic Carbon. Chem. Commun. 2008, No. 8, 999. https://doi.org/10.1039/b717928f. 

(49) Xue, G.; Yin, L.; Shao, S.; Li, G. Recent Progress on Selective Hydrogenation of Phenol toward 

Cyclohexanone or Cyclohexanol. Nanotechnology 2022, 33 (7), 072003. 

https://doi.org/10.1088/1361-6528/ac385f. 

https://doi.org/10.26434/chemrxiv-2024-tbjtw ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tbjtw
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/


Soeherman, et al.  Page 22 

(50) Kong, X.; Gong, Y.; Mao, S.; Wang, Y. Selective Hydrogenation of Phenol. ChemNanoMat 2018, 4 

(5), 432–450. https://doi.org/10.1002/cnma.201800031. 

(51) Zhong, J.; Chen, J.; Chen, L. Selective Hydrogenation of Phenol and Related Derivatives. Catal Sci 

Technol 2014, 4 (10), 3555–3569. https://doi.org/10.1039/C4CY00583J. 

(52) Chen, H.; Sun, J. Selective Hydrogenation of Phenol for Cyclohexanone: A Review. J. Ind. Eng. 

Chem. 2021, 94, 78–91. https://doi.org/10.1016/j.jiec.2020.11.022. 

(53) Ali, M. A.; Abutaleb, A. An Updated Comprehensive Literature Review of Phenol Hydrogenation 

Studies. Catal. Lett. 2022, 152 (5), 1555–1581. https://doi.org/10.1007/s10562-021-03714-5. 

(54) Shafaghat, H.; Sirous Rezaei, P.; Daud, W. M. A. W. Catalytic Hydrogenation of Phenol, Cresol and 

Guaiacol over Physically Mixed Catalysts of Pd/C and Zeolite Solid Acids. RSC Adv. 2015, 5 (43), 

33990–33998. https://doi.org/10.1039/C5RA00367A. 

(55) Wang, Y.; Yao, J.; Li, H.; Su, D.; Antonietti, M. Highly Selective Hydrogenation of Phenol and 

Derivatives over a Pd@Carbon Nitride Catalyst in Aqueous Media. J. Am. Chem. Soc. 2011, 133 (8), 

2362–2365. https://doi.org/10.1021/ja109856y. 

(56) Hicks, R. Effects of Metal-Support Interactions on the Chemisorption of H2 and CO on Pd/SiO2 and 

Pd/La2O3. J. Catal. 1984, 89 (2), 498–510. https://doi.org/10.1016/0021-9517(84)90326-9. 

(57) Landers, J.; Gor, G. Yu.; Neimark, A. V. Density Functional Theory Methods for Characterization of 

Porous Materials. Colloids Surf. Physicochem. Eng. Asp. 2013, 437, 3–32. 

https://doi.org/10.1016/j.colsurfa.2013.01.007. 

(58) Ravikovitch, P. I.; Haller, G. L.; Neimark, A. V. Density Functional Theory Model for Calculating 

Pore Size Distributions: Pore Structure of Nanoporous Catalysts. Adv. Colloid Interface Sci. 1998, 

76–77, 203–226. https://doi.org/10.1016/S0001-8686(98)00047-5. 

(59) Fogler, H. S. Elements of Chemical Reaction Engineering; Third edition. Upper Saddle River, N.J. : 

Prentice Hall PTR, [1999] ©1999, 1999. 

(60) Mears, D. E. Tests for Transport Limitations in Experimental Catalytic Reactors. Ind. Eng. Chem. 

Process Des. Dev. 1971, 10 (4), 541–547. https://doi.org/10.1021/i260040a020. 

(61) Wilke, C. R.; Chang, P. Correlation of Diffusion Coefficients in Dilute Solutions. AIChE J. 1955, 1 

(2), 264–270. https://doi.org/10.1002/aic.690010222. 

(62) Koros, R. M.; Nowak, E. J. A Diagnostic Test of the Kinetic Regime in a Packed Bed Reactor. Chem. 

Eng. Sci. 1967, 22 (3), 470. https://doi.org/10.1016/0009-2509(67)80134-9. 

(63) Madon, R. J.; Boudart, M. Experimental Criterion for the Absence of Artifacts in the Measurement of 

Rates of Heterogeneous Catalytic Reactions. Ind. Eng. Chem. Fundam. 1982, 21 (4), 438–447. 

https://doi.org/10.1021/i100008a022. 

(64) Khadilkar, M. R.; Wu, Y. X.; Al-Dahhan, M. H.; Duduković, M. P.; Colakyan, M. Comparison of 

Trickle-Bed and Upflow Reactor Performance at High Pressure: Model Predictions and Experimental 

Observations. Chem. Eng. Sci. 1996, 51 (10), 2139–2148. https://doi.org/10.1016/0009-

2509(96)00071-1. 

(65) Al-Dahhan, M. H.; Wu, Y.; Dudukovic, M. P. Reproducible Technique for Packing Laboratory-Scale 

Trickle-Bed Reactors with a Mixture of Catalyst and Fines. Ind. Eng. Chem. Res. 1995, 34 (3), 741–

747. https://doi.org/10.1021/ie00042a005. 

(66) Al-Dahhan, M. H.; Larachi, F.; Dudukovic, M. P.; Laurent, A. High-Pressure Trickle-Bed Reactors: 

A Review. Ind. Eng. Chem. Res. 1997, 36 (8), 3292–3314. https://doi.org/10.1021/ie9700829. 

(67) Resende, K. A.; Hori, C. E.; Noronha, F. B.; Shi, H.; Gutierrez, O. Y.; Camaioni, D. M.; Lercher, J. 

A. Aqueous Phase Hydrogenation of Phenol Catalyzed by Pd and PdAg on ZrO2. Appl. Catal. Gen. 

2017, 548, 128–135. https://doi.org/10.1016/j.apcata.2017.08.005. 

 

https://doi.org/10.26434/chemrxiv-2024-tbjtw ORCID: https://orcid.org/0000-0001-5810-1953 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tbjtw
https://orcid.org/0000-0001-5810-1953
https://creativecommons.org/licenses/by-nc-nd/4.0/

