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managed responsibly.[2,3] Such renewable 
biofuels are especially promising for sus-
tainable aviation.[4] The biopolymers that 
constitute lignocellulose can be broken 
down, among other means, by liquefac-
tion.[5–7] Liquefaction relies on thermo-
chemistry (200–400 °C) and on a liquid 
solvent, such as a high boiling point 
hydrocarbon.[6,7] The same solvent can 
be used in subsequent upgrading steps. 
The product of liquefaction is biocrude: a 
complex mixture of phenolics, furanics, 
cyclic ketones, carboxylic acids, and other 
compounds.[6] The high concentration 
of oxygenates renders biocrudes chemi-
cally unstable, poor in heating value, cor-
rosive, highly viscous, and prone to form 
coke.[6,8] Hence, further upgrading is 
necessary, with a possible upgrading step 
being hydrodeoxygenation (HDO): a type 
of hydrotreatment, in which biocrude 
constituents react with dihydrogen on a 
heterogeneous catalyst, producing deoxy-
genated compounds and water.[8] Fittingly, 

HDO can proceed in the presence of an organic solvent.[7]

Liquefaction biocrudes are highly unsaturated (60–65% 
carbon) and resemble lignin or pyrolysis liquids.[6] They are 
rich in phenolic compounds, and hence they are a potential 
source of bio-based aromatic hydrocarbons. Aromatic hydro-
carbons are essential to the chemical industry,[9–12] and they are 
also required in fuels.[4] For example, international standards 
stipulate that jet fuel should contain 8% to 25% aromatics.[4,13,14] 
Although the abundant phenolics produced in liquefaction are 
suitable for conversion to aromatic hydrocarbons via HDO, the 
challenge, especially with alkylphenols, is that the aryl-hydroxyl 
bond is among the strongest in lignocellulose.[8] Furthermore, it 
is necessary to prevent the hydrogenation of the aromatic ring. 
Thus, in order to overcome these obstacles, it is pertinent to 
study the HDO of alkylphenols, for which catalyst development 
is essential. Many factors in the HDO process can influence the 
performance of a HDO catalyst. Some of these factors are the 
reaction medium,[15,16] the reaction temperature and pressure 
with their thermodynamic and kinetic effects,[17] and the ortho, 
meta, and para isomerism of alkylphenols.[18]

Sulfided catalysts are considered conventional in commer-
cial hydrotreatment.[19,20] Unfortunately, the activity of sulfided 
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1. Introduction

Lignocellulose is an abundant renewable resource,[1] which can 
be used sustainably to produce transportation biofuels, when 

Adv. Sustainable Syst. 2020, 4, 1900140

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsu.201900140&domain=pdf&date_stamp=2020-04-27


www.advancedsciencenews.com www.advsustainsys.com

1900140 (2 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

catalysts can only be maintained by continuously feeding a 
sulfiding agent during operation.[20,21] Hence, it is important 
to develop catalysts that can retain their activity independently. 
Platinum has been found to be effective in the hydrotreatment 
of alkylphenols.[22–26] Aromatic products can be formed on Pt,[27] 
especially on bifunctional Pt catalysts.[23,28–30] Noronha, Resasco 
and co-workers[29,31–33] have studied alkylphenol HDO with a 
bifunctional, niobia-supported palladium catalyst. Niobia, a 
reducible oxide,[34] is a promising support for bifunctional cata-
lysts:[32,33,35] compared to Pd/SiO2, Pd/Nb2O5 provided a 40-fold 
higher selectivity to benzene in phenol HDO.[32] A similar cata-
lyst, multifunctional Pt/NbOPO4, has been used in the one-pot 
conversion of wood sawdust into hexane, pentane, and alkylcy-
clohexanes with yields up to 28.1 wt%.[36] Nevertheless, niobia 
has been studied rarely in the HDO literature. To our knowl-
edge, no studies on the HDO of alkylphenols to produce aro-
matics have been reported with a Pt/Nb2O5 catalyst, which was 
chosen for this study.

Regarding the reaction medium in alkylphenol HDO, recent 
studies have focused on vapor-phase operation, and they often 
report high selectivities to aromatic hydrocarbons.[23,31–33,37] 
However, HDO in liquid solvents might be beneficial for inte-
gration with liquefaction. Many studies on the HDO of pheno-
lics with solvents have focused mostly on guaiacol, rather than 
on alkylphenols. Hellinger et  al.[15] studied the performance 
of Pt catalysts in guaiacol HDO with various solvents. They 
observed that hydrocarbon solvents led to better conversions 
and degrees of deoxygenation, while simultaneously causing 
less Pt sintering than oxygenated solvents or the solvent-free 
operation. The solvent can influence the HDO of phenolics 
through the solubility of H2, the solvent-catalyst interactions, 
and the solvent-reactant interactions.[16] A high solubility of H2 
in the solvent has been connected with full ring hydrogena-
tion.[26] However, He et al.[16] observed that, although the solu-
bility of H2 is higher in n-hexadecane than in methanol or water, 
the rate of phenol hydrogenation on Pt catalysts was lower 
with the alkane solvent than with the polar solvents. The high 
interaction of n-hexadecane with the catalysts was proposed to 
restrict phenol hydrogenation.[16] Furthermore, hydrocarbon 
solvents have been observed to enhance the adsorption of a 
polar compound, cyclohexanone, and hinder the adsorption of 
a non-polar compound, cyclohexane.[38] Thus, perhaps, hydro-
carbon solvents might also enhance the adsorption of phenols 
and hinder the adsorption of alkyl benzenes. However, Nelson 
et  al.[39] suggested that non-polar solvents such as n-octane 
occlude the active sites of oxide-supported noble metal catalysts 
in the HDO of phenols. In view of the possible benefits of using 
alkane solvents, n-tetradecane was selected for this study and 
compared with n-octane to account for possible drawbacks.

When performing three-phase HDO with liquid solvents, it 
is important to consider the effect of the reaction conditions on 
the phase behavior of the reaction mixture. Turpeinen et al.[40] 
argued that the most suitable approach to model vapor–liquid 
equilibrium (VLE) in HDO is to apply equations of state (EoS) 
combined with predictive activity coefficient models (PAC). 
HDO always involves supercritical H2 (critical temperature 
32.938 K[41]), such that PACs per se do not apply, and simul-
taneously, the interactions of the many components in HDO 
require predictive modeling, which pure EoSs lack. The Pre-
dictive Soave–Redlich–Kwong (PSRK)[42] method was found 
effective for HDO in a liquid organic medium,[40] hence it was 
applied in this work to study the phase behavior of the reaction 
mixture.

Concerning the reaction conditions, it has been observed 
that hydrogenated products are favored at low temperatures, 
whereas aromatics are formed at high temperatures.[17,43] Zhang 
et al.[44] tested phenol HDO on MoO3 at 0.5 atm H2 and 0.5 atm 
N2. They noticed an increase in benzene selectivity from 73.9% 
at 300 °C to 97.2% at 400 °C. Similarly, Barrios et  al.[32] tested 
phenol HDO on Pd/Nb2O5 at 1 atm H2 and observed that, by 
increasing the temperature from 200 to 400°C, benzene selec-
tivity rose from 13.8% to 99.6% and conversion, from 6.4% to 
10.1%. Griffin et al.[23] studied the combined effect of tempera-
ture and pressure on m-cresol HDO on Pt/TiO2. At 250°C and 
20 bar, the sum of the selectivities of C6 oxygenates was 95%. 
By contrast, at 350 °C and 5 bar, the oxygenate selectivity was 
only 17%, and methylbenzene selectivity was 78%.

In this work, we present the conditions at which propylben-
zene was obtained with a high selectivity from 4-propylphenol 
in n-tetradecane solvent and with a 3.1% Pt/Nb2O5 catalyst. The 
main byproduct was propylcyclohexane, and nearly full deoxy-
genation was attained. The aim of this work, aside of obtaining 
a high propylbenzene selectivity, was to determine the influ-
ence of various process parameters on the performance of the 
catalyst. Thus, we studied the ortho, meta, para isomerism, 
the H2 pressure, and the temperature. Furthermore, we dis-
cussed the influence of VLE and of chemical equilibrium on 
the results.

2. Results and Discussion

2.1. Catalyst Characterization

According to XRF, the metal loading of the Pt/Nb2O5 catalyst 
was 3.1%. The textural characteristics of the catalyst and the sup-
port, which were obtained from physisorption, chemisorption, 
and STEM images, are reported in Table 1. The physisorption 

Table 1. Textural characteristics of the Pt/Nb2O5 and the plain support.

Catalyst SBET [m2 g−1]a) Pore volume  
[cm3 g−1]b)

Pore diameter  
average [nm]b)

Pore diameter  
mode [nm]b)

Metal  
dispersionc)

Chemisorption average  
particle size [nm]c)

STEM average  
particle size [nm]d)

Nb2O5 74 0.12 6.9 6.2 – – –

3.1% Pt/Nb2O5
e) 85 0.10 5.3 4.5 41% 2.5 1.4

a)Calculated with the BET method from N2 physisorption, 0.05–0.3 p/p0; b)Calculated with the BJH method from N2 physisorption, 0.2–0.9 p/p0; c)From CO chemisorption 
at 25 °C, performed after sample reduction at 290 °C. The irreversible CO adsorption capacity was 63.4 µmol gcat

−1; d)From 196 measurements; standard deviation: 0.3 nm; 
e)Metal loading from XRF.
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isotherms of the catalyst and the support presented a double 
hysteresis loop (Figure S1a, Supporting Information). Pore size 
distributions were calculated from the physisorption isotherms 
(Figure S1b, Supporting Information). The CO chemisorp-
tion isotherms are presented in Figure S1c (Supporting Infor-
mation), and the histogram of the particles measured on the 
STEM images is presented in Figure S1d (Supporting Informa-
tion). A selection of STEM images is presented in Figure S2 
(Supporting Information).

Pt appeared to be well dispersed on the niobia support. 
The differences in particle size obtained from chemisorption 
(2.5  nm) and STEM (1.4  nm) can be partly explained by the 
pretreatment (reduction) that preceded chemisorption but not 
STEM. The difference is greater than three standard deviations 
of the sample of particles measured on the STEM images. The 
high dispersion might be one of the factors that enabled the 
high activity of the catalyst (Section 2.3).

2.2. Control Experiments

Experiments and calculations were performed to account for 
the sources of uncertainty in HDO experiments. From blank 
experiments, which are discussed in Section S4.1 (Supporting 
Information) and summarized in Table 2, it can be concluded 
that the reactivity of the solvent was negligible with the cata-
lyst at 350 °C and 20  bar H2. Furthermore, evaporation and 
loss of reactant and products, evident in the carbon balances 
and ΣSm (Equation (5) and Table S3, Supporting Information), 
introduced uncertainties to the determination of final reactant 
and product amounts. The uncertainties in the product distri-
butions are less than in the yields, product amounts, and selec-
tivities. 4-Propylphenol likely underwent thermal reactions to a 
lesser degree than it was lost in evaporation. The cooling after 
the experiments (Section S4.2, Supporting Information) intro-
duced uncertainties to the conversions. However, the effect of 
cooling on product selectivities was minor. The external and 
internal mass transfer limitations (Sections S4.3 and S4.4, Sup-
porting Information) were negligible. Finally, repeated experi-
ments at 3.9 and 5.1  min gcat greactant

−1 (Figure  1) reported a 
negligible variation in conversion and a variation of 10% 
points in propylbenzene selectivity and 12% points in propylcy-
clohexane selectivity.

The niobia support was active without platinum. After 
reducing the support at 20 bar and 353 °C for 60 min, a HDO 
experiment at 20 bar, 350 °C, and τB = 3.9 min mgcat mgreactant

−1 
resulted in a conversion of 43%. The amounts of propylbenzene 
and propylcyclohexane were negligible. 4-Propylcylohexanol,  

phenol, methylbenzene, and gases were formed with selec-
tivities of 11%, 3.4%, 2.6%, and 2.7%, respectively. By contrast, 
the highest selectivity, 34%, was to a compound identified 
with GC-MS electron ionization and GC-MS chemical ioniza-
tion (Figure S3, Supporting Information) as an aromatic ether, 
1-methoxy-4-(1-methylpropyl)-benzene; the NIST match factor 
was >900. This compound was not found in the fresh reac-
tant, although it was formed in the blank experiment without 
catalyst. The formation of the aromatic ether is surprising, as 
O-alkylation often occurs in presence of highly acidic or basic 
catalysts.[45] It is known that phenol can decompose spontane-
ously through a radical mechanism in the gas phase.[46] Phenol 
breaks down to CO and cyclopentadiene, which in turn forms 
acetylene and propargyl radical.[46] Both CO and acetylene were 
detected in the blank experiment (Section S4.1, Supporting 
Information). Hence, the compound identified in this work as 
an aromatic ether might have been formed in the gas phase by 
reaction of 4-propylphenol with radicals formed by the decom-
position of other 4-propylphenol molecules.

An experiment with Pt/Nb2O5 was performed using n-octane 
as a solvent for comparison with n-tetradecane. The reaction 
conditions were 20 bar H2, 350 °C, and τB = 0.2 min gcat greactant

−1.  
The 4-propylphenol conversion with n-octane solvent was 13%, 
whereas at equal conditions, it was 44% with n-tetradecane sol-
vent (Figure S7, Supporting Information). Furthermore, with 
n-octane, the yields of propylbenzene and propylcyclohexane 
were negligible and the yield of 1-methoxy-4-(1-methylpropyl)-
benzene, the main liquid product, was 3%. The possible 
poisoning of the catalyst by S contaminants in n-octane was 
discarded, as S in both solvents was below the detection limit 
of the ASTM method. Nelson et  al.[39] suggested that n-octane 

Table 2. Summary of control experiments.

Experimenta) Reactant Catalyst Reaction time [min]b) Key resultsc)

Blank 1 none Pt/Nb2O5 35 Negligible solvent conversion

Blank 2 4-propylphenol none 60 16.3% loss of reactant in decomposition and evaporation

Cooling experiment 4-propylphenol Pt/Nb2O5 0 Reactor cooling influences conversion results, but not product distributions

Experiment with bare support 4-propylphenol Nb2O5 35 43% conversion and 34% selectivity to aromatic ether

a)The experiment parameters were: 20 bar H2, 350 °C, ≈65 mg catalyst (where applicable), ≈580 mg reactant (where applicable), and 20.5 g C14H30 solvent; b)The reaction 
time is the time that the reactor spent at reaction temperature; c)More details on Tables S1 and S3 (Supporting Information).

Figure 1. 4-Propylphenol conversion and product selectivity in HDO with 
respect to batch residence time (τB). Experiment parameters: 3.1%Pt/
Nb2O5 catalyst, 20 bar H2, 350 °C, 580 mg reactant, 20.5 g C14H30 solvent. 
The lines are included to guide the eye. Note the scale break.
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can occlude the active sites of the catalysts at 300 °C. It must 
be noted that n-octane was supercritical at the tested conditions 
(critical temperature, 259 °C[41]). Furthermore, according to the 
PSRK model (Section 2.5), 4-propylphenol (critical temperature, 
464 °C[41]) resided completely in the vapor phase at the tested 
conditions with n-octane. Thus, as the reaction system with 
n-octane contained only two phases instead of three, the frac-
tion of H2 in the reaction mixture was not limited by its solu-
bility; therefore, a higher HDO rate would be expected. As the 
opposite was the case, n-octane might have hindered the reac-
tion, although the specific mechanism remains unclear.

2.3. Activity and Selectivity with 4-Propylphenol

A series of HDO experiments with 4-propylphenol was conducted 
at consecutive batch residence times (τB, min gcat greactant

−1).  
The results of this series of experiments are presented in 
Figure  1 and Table S1 (Supporting Information). The catalyst 
had an initial turnover frequency (TOF) of 4.1 s−1. The highest 
selectivity to propylbenzene was 77% at 3.9  min gcat greactant

−1. 
Up to 8  min gcat greactant

−1, the 4-propylphenol conversions 
ranged from 44% to 100%, while the selectivities to propylb-
enzene and propylcyclohexane remained on average at 67% 
(standard deviation 1s = 7%, from all the selectivity data points 
between 0 and 8 min gcat greactant

−1) and 18% (1s = 5%), respec-
tively. However, propylbenzene selectivity increased slightly 
from 0.25 to 5 min gcat greactant

−1 and declined slowly afterward. 
After extending the batch residence time to 161 min gcat greactant

−1  
(24 h), the selectivity to propylbenzene dropped to 43%, 
whereas the selectivity to propylcyclohexane remained within 1s 
of the previously observed mean. The H2 conversion in the first 
experiment was 7.0%, and at full 4-propylphenol conversion, H2 
conversion settled at 18% on average.

The propylbenzene selectivity reported in this work is com-
parable to some of the highest in the literature.[23,25,32,44,47,48] 
Whereas oxygenates are among the major products in other 
works,[16,23,25] here mostly hydrocarbons were obtained. Bar-
rios et al.[32] found that the selectivity to oxygenates on Pd cata-
lysts was substantially less with Nb2O5 support than with SiO2, 
Al2O3, TiO2, ZrO2, and CeO2. Comparing to the experiment 

with bare Nb2O5 (Section 2.2), Pt was apparently responsible for 
the hydrogenation and deoxygenation observed with Pt/Nb2O5. 
Nevertheless, according to theoretical studies,[27] direct deoxy-
genation is strongly disfavored on Pt, whereas ring hydrogen-
ation is preferred, and oxygenates are also favored. Thus, the 
preference for propylbenzene observed in this work must be 
due to a combination of factors, including the Pt-support inter-
action[23] and other process conditions (Sections  2.5 and  2.6). 
This article focuses on the process conditions.

The combined selectivity to liquid byproducts, aside of 
propylcyclohexane, was <5.5% at τB <  8  min gcat greactant

−1. At 
161  min gcat greactant

−1, the selectivity of the liquid byproducts 
was 30%. The most common liquid byproduct, aside of pro-
pylcyclohexane, was methylbenzene. 4-Propylcyclohexanone, 
4-propylcyclohexanol, and 1-methoxy-4-(1-methylpropyl)-ben-
zene were formed at τB < 2.3 min gcat greactant

−1 and disappeared 
afterward, although 4-propylcyclohexanol was also found after 
the 161 min gcat greactant

−1 experiment. The other liquid byprod-
ucts could be classified as in Figure 2 and are listed in Table S2  
(Supporting Information). The combined selectivity to gases 
varied between 3% and 20%. Throughout the residence time 
series, 46% to 80% of the gases were ethane and 16% to 25% 
were methane.

In order to assess whether an equilibrium composition was 
attained, the product distributions of 4-propylphenol HDO at 
5 and 161  min gcat greactant

−1 were compared (Figure  2). While 
the proportion of propylbenzene declined, methyl- and eth-
ylbenzene, C9 alkylcyclopentanes, C6 to C11 alkylcyclohexanes, 
and naphthalenes were formed. By contrast, the proportion of 
propylcyclohexane and gases did not change. Furthermore, the 
hydrotreatment of propylbenzene and propylcyclohexane was 
tested under the same conditions as 4-propylphenol (Figure 2). 
After 5 min gcat greactant

−1, the conversions of propylbenzene and 
propylcyclohexane were 30% and 18%, respectively. The hydro-
treatment of propylbenzene formed mostly propylcyclohexane 
(50% selectivity) and gases (11% selectivity), while the hydro-
treatment of propylcyclohexane formed mostly propylbenzene 
(59% selectivity) and gases (48% selectivity). Propylcyclohexane 
dehydrogenation occurred to some degree. The final composi-
tions in propylbenzene hydrotreatment and 4-propylphenol 
HDO were remarkably similar at 5 min gcat greactant

−1.

Figure 2. Conversions (X) and final molar compositions of reaction mixtures in hydrotreatment of propylbenzene, propylcyclohexane, and 4-propy-
phenol after the given batch residence times (τB, min gcat greactant

−1). Note that the compositions include the unconverted reactant and exclude the 
solvent. Experiment parameters: 3.1%Pt/Nb2O5 catalyst, 20 bar H2, 350 °C, 580 mg reactant, 20.5 g C14H30 solvent.
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As propylbenzene was reactive with the catalyst and condi-
tions used (Figure  2), propylbenzene likely reacted after being 
formed, causing its selectivity to drop after attaining a maximum 
(Figure  1). Propylcyclohexane was less reactive than propylben-
zene, thus its selectivity remained roughly unchanged. The lower 
reactivity of propylbenzene and propylcyclohexane compared to 
4-propylphenol can be explained by thermodynamic limitations 
(Section  2.6 and Figure S11, Supporting Information). In the 
methylbenzene hydrogenation literature, it has been noted[49–51] 
that full hydrogenation is unfavorable above 200 °C, due to the 
decrease in catalyst H coverage above that temperature. As for 
the dehydrogenation of cyclohexanes, it is favored on Pt catalysts, 
in atmospheric pressure, and at temperatures above 300 °C.[52–55] 
Thus, the low propylcyclohexane dehydrogenation observed 
in this work was likely due to the high H2 pressure used in 
the experiment. The observed deoxygenated byproducts can be 
explained as being formed mostly from propylbenzene. Methyl- 
and ethylbenzene likely resulted from the cracking of the propyl 
sidechain. Cyclopentanes likely formed by the isomerization and 
ring contraction of the deoxygenated products.[56,57] In the pre-
sent study, unsaturation was apparently necessary for forming 
cyclopentanes; cyclopentanes were hardly formed from propyl-
cylohexane (Figure  2). Indeed, according to some authors,[56,58] 
cyclopentanes are formed from cyclohexenes. Naphthalenes were 
probably formed eventually by the condensation of aromatic 
products. The gases were formed partly by side-chain cracking 
and partly by ring opening and cracking, as their amounts exceed 
the methyl- and ethylbenzene amounts. Scheme 1 illustrates the 
results of 4-propylphenol HDO presented in this section.

2.4. Activity and Selectivity with Different Isomers

Aside of 4-propylphenol, HDO on the 3.1% Pt/Nb2O5 catalyst 
was tested with 2- and 3-propylphenols. A series of experiments 

at different residence times was performed in order to compare 
the results both at low and high conversion. The results with 
the ortho and meta isomers are presented in Figure 3 along with 
a selection of experiments with the para isomer. The differences 
observed in the conversions and selectivities obtained from the 
three isomers were greater than the experimental uncertainty 
(Section  2.2). Initial TOFs were calculated with the data in 
Figure 3 as 4.9 s−1 for 2-propylphenol, 1.3 s−1 for 3-propylphenol, 
and 4.1 s−1 for 4-propylphenol. At ≈4 min gcat greactant

−1, the con-
version was nearly full with the three isomers. The propylben-
zene selectivity plateaued at ≈55% with the ortho isomer and at 
≈62% with the meta isomer, whereas it reached 77% with the 
para isomer. Although the selectivity to propylcyclohexane was 
in all cases lower than to propylbenzene, it was the lowest with 
the para isomer and the highest with the ortho isomer. Between 
0.5 and 5 min gcat greactant

−1, the selectivity to oxygenated byprod-
ucts declined from 2.4% to 0.9% with the para isomer and from 
1.1% to 0.6% with the ortho isomer. With the meta isomer, oxy-
genated byproducts were not detected. With the three isomers, 
the main gases were ethane and methane.

The effect of thermodynamic limitations on the different 
results observed with the propylphenol isomers could not be 
determined; the thermodynamic properties found in the litera-
ture[41] (Table S4, Supporting Information) were calculated with 
Joback’s method, which does not account for isomerism.[59] 
Some authors[18,60,61] have observed that ortho alkyl phenols are 
less reactive than unsubstituted phenol. Massoth et al.[18] found 
that ortho-methylphenol was less reactive than its meta and para 
isomers and that aromatic selectivity was the greatest with the 
para isomer. By contrast, in the present study, the meta isomer 
was the least reactive, although the para isomer resulted in the 
highest aromatic selectivity. Massoth et al.[18] demonstrated that 
the different selectivities observed with the different isomers 
were due to electrostatic and orbital effects, rather than due to 
steric effects.

Scheme 1. Summary of 4-propylphenol HDO and hydrotreatment of the main HDO products, propylbenzene and propylcyclohexane, on Pt/Nb2O5 
catalyst.
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2.5. Effects of Vapor–Liquid Equilibrium

The study of the effects of pressure and temperature in 
HDO required accounting for the VLE. Because of the small 
amount of reactant used, the possibility of evaporation was a 
serious concern, as it is reasonable to assume that the reac-
tions occurred mainly in the liquid phase; most of the catalyst  
was likely immersed during the experiments. For this reason, a 
series of VLE calculations for a mixture of 4-propylphenol, H2, 
and C14H30 were performed with the PSRK method for a series 
of pressures (20 to 80  bar) and temperatures (300 to 375 °C). 
The results are presented in Figure S8 (Supporting Informa-
tion). According to the model, at 350 °C and 20  bar H2, 67% 
of the mass of propylphenol and 10% of the mass of H2 reside 
in the liquid phase. These proportions correspond to 0.16 mmol 
propylphenol per gram of liquid solution and 0.23 mmol H2 g−1  

liquid solution. The model also indicates that, at 30  bar H2 
and 350 °C, 71% of the propylphenol is in the liquid phase 
(0.17  mmol g−1), and at 80  bar H2 and 350°C, the percentage 
is 76% (0.18 mmol g−1). The concentration of H2 in the liquid 
phase at 350°C should be 0.39  mmol g−1 at 30  bar H2 and 
1.2 mmol g−1 at 80 bar H2.

The effect of the increasing ratios of the concentrations 
of H2 to 4-propylphenol at 20, 30, and 80  bar H2 and 350 °C 
were determined experimentally. The reactions were allowed to 
attain full 4-propylphenol conversion. At the end of the experi-
ments, the pressure had dropped, due to H2 consumption in 
HDO, by 0.8  bar in the 20  bar experiment and by 2.1  bar in 
the 30 bar experiment. In the 80 bar experiment, the pressure 
rapidly dropped by 5  bar and H2 was replenished in order to 
maintain the pressure. In total, H2 had to be replenished three 
times to avoid a drop below 75 bar. The results are presented in 
Figure 4. The selectivity to propylbenzene fell with respect to 
pressure, whilst the selectivity to propylcyclohexane increased.

The VLE at the end of each experiment in the τB series at 250 °C  
and 20 bar was also calculated. The results approximately repre-
sent the system at the end of the reaction, immediately before 
cooling. The results are shown in Figures S9 and S10 (Sup-
porting Information). According to the VLE model, the concen-
tration of H2 in the liquid phase remained roughly constant at all 
residence times. Although the amount of alkylphenol decreased 
as it was consumed in the reaction, its distribution between 
the phases remained roughly constant, with ≈66% residing in 
the liquid phase. Furthermore, according to the model, 20% 
of the mass of the solvent evaporated, 60% of propylbenzene 
and 63% of propylcyclohexane remained in the liquid phase after 
being formed, and over 99.9% of the formed H2O evaporated.

Hydrogen concentration was higher than 4-propylphenol con-
centration in the liquid phase at all the tested pressures (Figure S8,  
Supporting Information) and batch residence times (Figure S10,  
Supporting Information). Nevertheless, deoxygenation and 
full hydrogenation to propylcyclohexane requires 4  mol of 
H2 per mole of 4-propylphenol. The initial ratios of the molar 
amounts of H2 and 4-propylphenol were <4 at 20 and 30  bar. 
At 20 bar, the H2:4-propylphenol ratio became >4 after 0.5 min  
gcat greactant

−1, viz. at ≈70% 4-propylphenol conversion. At 80 bar, 
the initial H2:4-propylphenol ratio was ≈7. Thus, H2 was the 

Figure 3. Conversions and product selectivities with respect to batch 
residence time (τB) in HDO of a) 2- propylphenol, b) 3- propylphenol, 
and c) 4-propylphenol. Experiment parameters: 3.1%Pt/Nb2O5 catalyst, 
20 bar H2, 350 °C, 580 mg reactant, 20.5 g C14H30 solvent. The lines are 
included to guide the eye.

Figure 4. Effect of H2 pressure on product distribution at full conversion 
of 4-propylphenol. Note that H2 pressure corresponded to absolute pres-
sure in the experiments. Experiment parameters: 3.1%Pt/Nb2O5 catalyst, 
350 °C, τB = 3.9 min gcat greactant

−1, 580 mg reactant, 20.5 g C14H30 solvent. 
The lines are included to guide the eye.
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limiting reactant to full hydrogenation at the tested conditions, 
except at 80 bar. Consequently, the limited amount of H2 in the 
liquid phase might have favored the low propylcyclohexane selec-
tivity observed at the two lower pressures (Figure 4). This agrees 
with the observations of other authors,[16,26] who have pointed 
out the influence of H2 solubility on catalytic performance. 
From VLE calculations, it also appears that the distribution of 
the components across the phases remained roughly constant  
throughout τB (Figure S9, Supporting Information). This sug-
gests that the components were being transferred from one 
phase to the other as they were being consumed or produced.

2.6. Effects of Chemical Equilibrium, Temperature, and Pressure

The theoretical equilibrium compositions (Figure 5) were cal-
culated for the present system with HSC Chemistry using the  

initial amounts of H2 and 4-propylphenol that were in the liquid 
phase, according to the VLE model. 4-Propylphenol should be 
fully consumed at equilibrium at all temperatures between 
50 and 700 °C. At the lower temperatures, the amount of  
propylbenzene should be close to zero, whereas the amount of 
propylcyclohexane should be at its maximum. The positions 
of the two products should be inverted at the higher temper-
atures. The transitions should occur over a range of ≈100 °C. 
The curves of propylbenzene and propylcylohexane intersect at 
their inflection points, indicating that the amounts of both spe-
cies should be equal at a given temperature. This intersection 
temperature should increase with pressure; 370 °C at 20  bar, 
390 °C at 30  bar, and 450 °C at 80  bar. The molar amount of 
H2 should be at its lowest where propylcyclohexane is at its 
highest. Furthermore, the amounts of H2 and propylbenzene 
should increase with temperature. The simulations included 
only the reactants, the two main products, and water. When 
propylcyclohexanone and propylcyclohexanol were included, 
their equilibrium molar amounts were 10 orders of magnitude 
below the main products throughout the temperature range.

The combined effects of temperature and pressure were 
tested experimentally. The reactor imposed an upper limit of 
≈410 °C. Furthermore, in order to minimize the variation of 
4-propylphenol concentration in the liquid phase resulting from 
VLE (Section 2.5), the temperatures had to be tested in two sets 
of experiments, each set with its own H2 pressure. At 20  bar, 
the initial 4-propylphenol concentration in the liquid phase was 
expected to be 0.18  mmol g−1 at 300 °C and 0.16  mmol g−1 at 
350 °C, whereas at 30  bar, the expected initial concentration 
was 0.17 mmol g−1 at 350 °C and 0.16 mmol g−1 at 375 °C. The 
reactions were allowed to attain full 4-propylphenol conversion. 
The results are illustrated in Figure 6.

At 20 bar, propylbenzene was strongly disfavored at 300 °C 
and strongly favored at 350 °C. The opposite was true of pro-
pylcyclohexane. Similarly, at 30 bar, the preferred products were 
switched from 350 to 375 °C, with propylbenzene being more 
favored at 375 °C. The temperatures of the “inflection points” 
in the experimental results did not match the values predicted 
by the simulations (Figure  5), which were overestimated. 
An important source of this deviation is that the calculations 
neglected the non-ideal liquid behavior. Another cause of the 
mismatch could have been the uncertainty (9.9 kJ mol−1[59]) of 
the reported ∆Gf°[41] that was used in the calculations. How-
ever, a sensitivity analysis revealed no difference in the calcu-
lated equilibrium composition when ∆Gf° was varied within 
the uncertainty range. In any case, the trends reported by the 
theoretical calculations (Figure 5) were observed in the experi-
ments (Figure 6); nearly full conversion of 4-propylphenol was 
attained and low amounts of oxygenates were formed in the 
experiments. Indeed, the liquid byproducts were benzenes and 
cyclopentanes in the four experiments, whereas oxygenated 
byproducts were only found at 300 °C. A high production of 
gases was observed at 375 °C, which did not occur at the lower 
temperatures.

It must be noted that, for the 30 bar experiments in Figure 6, 
the catalyst reduction temperature had to be higher (400 °C) 
than in all the other experiments (353 °C). The reason was that, 
at 30 bar, one experiment was performed at a higher tempera-
ture (375 °C) than the usual catalyst reduction temperature. In 

Figure 5. Temperature dependence of the theoretical chemical equilib-
rium composition of the HDO reaction mixture (excluding the solvent) at 
a) 20 bar H2, b) 30 bar H2, and c) 80 bar H2. The compositions were calcu-
lated in HSC Chemistry with initial amounts of 0.004 mol 4-propylphenol, 
0 mol products, and a) 0.04 mol H2, b) 0.06 mol H2, and c) 0.14 mol H2. 
Note the scale breaks.

Adv. Sustainable Syst. 2020, 4, 1900140



www.advancedsciencenews.com www.advsustainsys.com

1900140 (8 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

order to account for the influence of catalyst reduction tempera-
ture, HDO experiments were performed at equal conditions, 
varying only the catalyst reduction temperatures (Figure S12, 
Supporting Information). No differences were observed when 
HDO was performed at 20  bar and ≈0.26  min gcat greactant

−1  
or at 30 bar and ≈4 min gcat greactant

−1. However, at 20 bar and 
≈4 min gcat greactant

−1, the propylcyclohexane selectivity was 13% 
with 353°C catalyst reduction and 50% with 400°C catalyst 
reduction; this difference is difficult to explain. Nevertheless, it 
is more relevant that, at 30 bar, the catalyst reduction caused no 
difference in the HDO results. Because the catalysts reduced 
at the higher temperature were used only in the 30 bar experi-
ments in Figure  6, it is likely that the catalyst reduction tem-
perature did not influence the results presented in this work.

Figure S11 (Supporting Information) plots the chemical equi-
librium constants calculated for temperatures between 0 and 
1000 °C in the reactions of H2 and 4-propylphenol to propylb-
enzene (Equation (6)) and to propylcyclohexane (Equation (7)).  
Propylbenzene hydrogenation (Equation  (8)) and propyl-
cyclohexane dehydrogenation (Equation  (8), reverse) were 
also calculated. The equilibrium constants of propylbenzene 
formation are greater than the constants of propylcyclohexane 
formation at >250 °C. Similarly, the constants of propylcy-
clohexane dehydrogenation are greater than the constants of 
propylbenzene hydrogenation at >250 °C. The constants of the 
reactions of 4-propylphenol are greater at all temperatures than 
the reactions of propylbenzene and propylcyclohexane.

Thermodynamic and kinetic arguments have been used in 
the literature to explain the effects of temperature and pressure. 
Ruddy et  al.[17] calculated the chemical equilibrium constants 
for the deoxygenation of cyclohexanone and phenol, and found 
them unfavorable above 400 °C. Furthermore, hydrogenation[44] 
and H2 adsorption[62] are exothermic. A low amount of adsorbed 
H introduces kinetic limitations. Thus, at high temperature, 
hydrogenation can be both thermodynamically and kinetically 
limited. The high temperature in question depends on the 
specific reactant and catalyst; for example, Gutierrez et  al.[62] 
identified guaiacol hydrogenation on Pt/ZrO2 as kinetically 
hindered at 300 °C, but not thermodynamically. The activation 
energy of hydrogenation is lower than the activation energy of 
deoxygenation; hence, the former is favored kinetically at low 

temperatures, whereas the rate of deoxygenation increases 
more rapidly with temperature, such that the ratio of hydrogen-
ation to deoxygenation is inverted at higher temperatures.[17,63] 
The effect of H2 pressure depends on the ability of the catalyst 
to activate H2; the more active the catalyst, the lesser the effect 
of H2 pressure.[17]

In the present work, the selectivity to propylbenzene was 
favored, theoretically (Figure 5) and experimentally (Figure 6), 
when the pressure was lowered and when the temperature 
was raised. Thus, an interaction between the two variables was 
revealed. The VLE imposed limits to the possible combinations 
of temperature and pressure, as the presence of the reactant in 
the liquid phase was desired.

3. Conclusion

Aromatic hydrocarbons were obtained with high selectivity 
from propylphenols in HDO. A well-dispersed, highly active 
Pt/Nb2O5 catalyst provided a propylbenzene selectivity of 
up to 77% from 4-propylphenol at 20  bar H2, 350 °C and  
3.9  min gcat greactant

−1. The main byproduct was propylcy-
clohexane, and nearly full deoxygenation was attained. n-Tet-
radecane was found to be advantageous to use as a solvent, 
whereas n-octane was found to be disadvantageous.

Certain factors were found to be detrimental to propylben-
zene selectivity. Firstly, propylbenzene was consumed after 
being produced; propylbenzene selectivity decreased visibly 
after 5  min gcat greactant

−1. Secondly, the position of the sub-
stituent in the parent alkylphenol influenced the selectivity 
to propylbenzene. In this study, 4-propylphenol was the most 
favorable for propylbenzene formation; and 2-propylphenol, the 
most unfavorable.

Some process parameters were advantageous to propylben-
zene production. The low solubility of H2 in the liquid reac-
tion mixture at 20 bar allowed minimizing the production of 
propylcyclohexane in favor of propylbenzene. Furthermore, 
the chemical equilibrium should shift across a given tem-
perature range from favoring propylcyclohexane to favoring 
propylbenzene. The precise temperature of such shift should 
depend on pressure. In this work, 350 °C was required to 

Figure 6. Effect of temperature and pressure on product selectivities at full conversion of 4-propylphenol (X). Batch residence times (τB, min gcat greactant
−1) 

were adjusted to ensure full conversion at all the temperatures. Experiment parameters: 3.1%Pt/Nb2O5 catalyst, 580 mg reactant, 20.5 g C14H30 solvent. 
Catalyst reduction: 20 bar and 353 °C for the 20 bar H2 experiments; 20 bar and 400 °C for the 30 bar H2 experiments.
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favor propylbenzene at 20  bar, and 375 °C was required at 
30 bar. The HDO of propylphenols was influenced by a com-
plex combination of process parameters, which sometimes 
counteracted each other.

4. Experimental Section
Materials: The reagents used in this work were purchased from Sigma 

Aldrich and used without further purification. For HDO experiments, 
the reagents included 2-propylphenol (98%), 3-propylphenol (provided 
as a unique chemical without confirmation of identity or purity), 
4-propylphenol (≥97%), n-octane (98%), and n-tetradecane (≥99%). 
The reagents used as calibration standards were propylbenzene (98%), 
propylcyclohexane (99%), and 2-isopropylphenol (98%), the latter being 
used as an internal standard (added to the GC vials with the product 
samples) and the former two, as external standards. The reagents that 
were used as solvents in experiments, n-octane and n-tetradecane, were 
measured for sulfur content with the ASTMD7039 MWDXRF method. 
The measured values were below the detection limit of the method 
(0.15 ppm).

The gases were purchased from Oy AGA Ab. H2 (purity 5.0) was used 
both in HDO experiments and for analytical techniques. The analytical 
techniques also required He (purity 4.6), Ar (purity 5.0), synthetic air 
(purity 5.0), and N2 (purity 5.0). Two calibration gas mixtures were 
used. The first contained 40 mol% N2, 5 mol% CH4, 10 mol% ethane,  
5 mol% ethane, 10 mol% propane, 5 mol% propene, 5 mol% acetylene, 
10 mol% butane, and 10 mol% isobutene. The second calibration 
mixture contained 15  vol% CO, 15  vol% CO2, 15  vol% H2, 40  vol% N2 
and 15 vol% CH4.

The niobium oxide hydrate used to prepare the catalyst support was 
provided by Companhia Brasileira de Metalurgia e Mineracão (CBMM), 
whilst the metal precursor, Pt(NO3)4 solution (15% w/w Pt) was 
purchased from Alfa Aesar.

Catalyst Preparation and Characterization: The 3% Pt/Nb2O5 catalyst was 
prepared by incipient wetness impregnation using appropriate amount 
of metal precursor solution, determined by approximating the support 
pore volume from its capacity to uptake water. Before the impregnation, 
the niobium oxide hydrate powder was thermally treated at a moderate 
temperature (270 °C) to increase the strength of the pressed tablets, 
which were ground to 0.25–0.42 mm particle size. Final calcination of the 
support particles was conducted at 500 °C for 7 h under 100  mL min−1 
synthetic air flow. The final calcination temperature used was typical for 
Nb2O5 support,[64,65] since it transforms the amorphous niobic acid into 
pseudohexagonal TT–Nb2O5.[34] The TT–Nb2O5 typically has a high surface 
area, which is preferred for a catalyst support.[66] After impregnation, 
the catalyst was dried at room temperature for 5 h and then overnight at  
100 °C and thermally treated at 350 °C for 3 h with 100 mL min−1 synthetic air 
flow, which was similar to the procedures presented in the literature.[32,64] The 
actual metal loading of the catalyst was determined by X-ray fluorescence 
(XRF) using a PANalytical Axios Max wavelength dispersive spectrometer 
with an X-ray source of SST-max. The catalyst was characterized further 
using N2 physisorption, CO chemisorption, and scanning transmission 
electron microscopy (STEM). The detailed methodology is reported in 
Section S1 (Supporting Information).

HDO Experiments and Product Analysis: HDO experiments were 
performed in a 100  mL Parr batch autoclave. The reactions proceeded 
with n-tetradecane as a solvent and with the catalyst in slurry with the 
liquid phase. Before each experiment, the catalyst was weighed, placed 
in the reactor, and dried at 180 °C for 1 h in 10 bar N2. Depending on 
the desired batch residence time, the amount of catalyst was 10, 16, 
32, or 65 mg. After drying, the hot N2 was vented and the reactor was 
cooled down to 30 °C with a water bath and ice. Next, the reactor was 
flushed and pressurized with 10 bar H2, and it was heated up to 353 °C 
for reduction, while stirring at 200 rpm. Once the reduction temperature 
was attained, the H2 was vented and the reactor was pressurized again 
to 20 bar with fresh H2. After 1 h reduction, the reactor was cooled down 

to room temperature. For HDO, the reactor was vented to atmospheric 
pressure, although the H2 atmosphere was kept, and heated up to the 
desired reaction temperature (300, 350, or 375 °C). When the reaction 
temperature was attained, a mixture of 580 mg propylphenol in 27 mL 
(≈20.5 g) n-tetradecane was injected from the feed vessel of the reactor, 
the reactor was pressurized with pure H2 (20, 30, or 80 bar), and stirring 
at 645  rpm was started. The reaction time was counted from the time 
of pressurization. At the end of this time, the furnace was removed and 
the reactor was allowed to cool down to 200 °C. Then, a water bath 
was applied to accelerate cooling and, from 50 °C, ice was used. The 
gas phase was sampled at ≈20 °C, when the reactor was stable and 
the pressure was 10–15  bar. The exact temperatures and pressures at 
the time of sampling were recorded. Finally, the reactor was vented and 
the liquid products were recovered along with the spent catalyst.

The ratio of reaction time and amount of catalyst to the amount 
of reactant is defined in this work as batch residence time (τB, 
Equation  (1)).[67,68] This concept is used instead of reaction time to 
report the results, because both the reaction time and the catalyst 
amount had to be modified in order to attain different levels of 
conversion. Furthermore, conversion time series are insufficient to 
represent catalytic activity, hence it has been recommended[69,70] to 
report the duration of the reaction in relative values that correct for 
some of the specific parameters used. The values used to calculate τB 
for each experiment are reported in Table S1 (Supporting Information).

After the reaction, the gas sample was analyzed in an Agilent 6890 
series GC analyzer equipped with HP-AL/KCL, HP-PLOT/Q, and HP 
Molesieve columns. The products in the organic phase were identified 
with an Agilent GC-MS 7890-5975 and quantified with an HP 6890 Series 
GC-FID. Both GC systems used a Zebron ZB-wax Plus column. Finally, 
the water content in the organic phase was determined with Karl-Fischer 
titration (SI Analytics TitroLine 7500 KF); no more water was detected in 
the HDO products than in the fresh solvent. Further details are given in 
Section S2 (Supporting Information).

Calculations: Batch residence time (τB, min gcat greactant
−1) is defined 

in this work as

m
m

tτ =B
cat

A
 (1)

where mcat is the mass of catalyst (g), mA is the initial mass of reactant 
(g), and t is the reaction time (min). Conversions, selectivities, and 
yields were calculated from the concentrations of the reactant and the 
products obtained from GC analysis. Conversion (X) is defined as

X
n n

n
A A f

A
=

−,0 ,

,0
 (2)

where nA,0 is the molar amount of reactant at the beginning of the 
experiment and nA,f is the molar amount of reactant at the end. The 
selectivity to product i (Si) is defined as

S
n

n n

ν
ν ( )=

−i
A P

P A,0 A,f

i

i
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where nPi is the molar amount of product obtained in the experiment, νA 
is the stoichiometric factor of the reactant, and νPi is the stoichiometric 
factor of product i. The mass-based selectivity was calculated analogously 
to Equation (3), except that the stoichiometric factors were excluded. The 
estimation of the stoichiometric factors, as well as the calculations of the 
amounts of initial H2 and final gases, and of the initial turnover frequencies 
(TOF0, s−1), are explained in Section S8 (Supporting Information).

The sum of moles of carbon present in the recovered, quantified 
products and unconverted reactant with respect to the carbon moles 
present in the initial propylphenol reactant constitute the carbon balance

B
N n N n

N n
i

A

∑
=

+
C

C,A A,f C,P,i P,i

C,A ,0
 (4)
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Equation  (4) excludes the solvent and its cracking products. The 
cases where the carbon balances added >100% can be explained by 
uncertainties in the calculation of the stoichiometric factors (Equation S13,  
Supporting Information). The mass balances are the ratio of the 
overall quantified masses of gas, liquid, and solid recovered after the 
experiments with respect to the total mass of reactant, solvent, and 
catalyst added to the reactor. Furthermore, the sums of mass-based 
selectivities per experiment (ΣSm) indicate the closure of the mass 
balances of the products with respect to the initial reactant, excluding 
solvent and catalyst

m

m m m m
Sm

P ii

A A f A A f

∑
= − + − = Σ +100% loss loss%

,

,0 , ,0 ,
 (5)

The carbon and mass balances and ΣSm of the conducted experiments 
are reported in Table S3 (Supporting Information).

Computer Models: Calculations with the PSRK method were performed 
in Aspen Plus[71] version 8.8 for the VLE of HDO. Propylphenols were 
not available in Aspen’s database. Hence, the physical properties of 
propylphenols were retrieved from the literature[41] and inputted to the 
program. The retrieved values are reported in Table S4 (Supporting 
Information). Further inputs were the amounts of H2, C14H30, 
4-propylphenol, propylbenzene, propylcyclohexane, and H2O that were 
either fed to the reactor before the experiments or quantified afterward. The 
EoS was solved for a series of temperatures (300–375 °C) and pressures 
(20–80 bar) with the initial mixture of H2, C14H30, and 4-propylphenol. The 
simulations were also run to determine the VLE of the reaction mixture 
at the different points of τB corresponding to the performed experiments.

The chemical equilibria of the HDO reactions were calculated with 
the Gibbs energy minimization method using HSC Chemistry software 
version 6.[72] The equilibrium constants of the following overall reactions 
were calculated

+ → +C H O H C H H O9 12 2 9 12 2  (6)

+ → +C H O 4H C H H O9 12 2 9 18 2  (7)

�+C H 3H C H9 12 2 9 18  (8)

where C9H12O is 4-propylphenol, C9H12 is propylbenzene, and C9H18 is 
propylcyclohexane. Furthermore, the chemical equilibrium compositions 
of a reaction system comprising H2, 4-propylphenol, propylbenzene, 
propylcyclohexane, and water were computed based on the total initial 
amounts of H2 and 4-propylphenol in the reactor. The equilibrium 
compositions at 20, 30, and 80 bar were determined in the range of 50 to 
700 °C. Propylphenols were not available in the database of HSC Chemistry. 
Therefore, the required properties, retrieved from the literature[41] and 
reported in Table S4 (Supporting Information), were inputted.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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