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Abstract
The use of fossil resources has powered the technology and anthropologic development however negative
consequences are involved. Fossil raw materials are not renewable and refineries have increased
anthropogenic CO2 production. Biorefineries are a promising alternative where biomass is used as feedstock
to produce chemicals, materials and energy. Lignocellulose is a type of biomass composed mainly by
cellulose, hemicellulose and lignin where lignin has a rich chemical structure with high aromatic content.
Traditional fractionation methods (i.e.: Kraft, sulfite, organosolv…, etc) are focused on cellulose and
hemicellulose while lignin is considered a disposable fraction. Recently, alternative one-step fractionation
methods where lignin fraction is valorised have emerged.
Reductive Catalytic Fractionation (RCF), is a one-step alternative biorefinery strategy for biomass
fractionation. It targets both (hemi)cellulose and lignin valorisation by providing a high lignin monomeric yield
and minimizing undesired degradation reactions. RCF comprises a sequence of steps: delignification,
depolymerization, stabilization and degradation. While several studies in the literature focus on the
delignification and depolymerisation steps, the mechanism of the stabilization vs. degradation of lignin
monomers remains elusive. In this thesis, I have studied this mechanism using isouegenol as a model
compound. According to the literature, isougeneol is an important lignin derivative that is susceptible to
degradation reactions due to an unsaturation in the aliphatic chain. Therefore, the reactivity of isoeugenol
and its hydrogenation products are studied in a flow-through reactor using Pd/C as reductive catalyst and
methanol as a solvent within a temperature range between 25ºC and 200ºC and 45 bar. The results are
used to propose a reaction mechanism, and determine the kinetics of the relevant reaction steps. These will
be essential to further optimize the reactor and process conditions.
In the absence of a catalyst and hydrogen, isoeugenol disappears in order to form unidentified chemical
species, which in agreement with the literature, were assumed to be degradation products. The degradation
product was attempted to identify in GC-MS and GPC. The degradation kinetic reaction was found to be
first-order and the activation energy was calculated to be 42 kJ/mol. Moreover, the hydrogenated product of
isoeugenol, 2-methoxy-4-propylphenol was completely stable in the studied range. Therefore, the rapid
hydrogenation of isoeugenol during RCF could inhibit its degradation.
In the presence of catalyst and hydrogen excess, the hydrogenation of isoeugenol proves to be a very fast
reaction and the selectivity towards 2-methoxy-4-propylphenol was almost complete. The reaction order was
found to be first order to respect isoeugenol. However, under this condition, the kinetic parameters were not
possible to calculate due to almost complete conversion in the range of temperatures.
Interesting, in the presence of catalyst without the addition of hydrogen, isoeugenol hydrogenation takes
place. This is due to the methanol decomposition which in the presence of Pd/C decomposed to provide
hydrogen in situ. The selectivity towards 2-methoxy-4-propylphenol is lower that adding hydrogen, and the
degradation product was not completely inhibited. The methanol decomposition is a first order reaction and
the activation energy was calculated to be 77 kJ/mol. Regarding the activation energy of isoeugenol
hydrogenation was found to be 99 kJ/mol.
Extrapolating the results of isoeugenol to RCF the following can be concluded: The unsaturation in the
aliphatic chain of the reactive intermediate is a cause for degradation and that can hamper the yield to
monomers. These reactive intermediate could be stabilised with and without addition of external hydrogen.
In addition, in the case of hydrogen excess, reactive intermediates would be quickly stabilised. Moreover, in
case of not addition of external hydrogen, reactive intermediates could be partially stabilised at high
temperatures. Thus, to obtain the maximum yield to monomers, external hydrogen should be used in RCF.
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1 Introduction and literature review
1.1 The Biorefinery Concept
One of the main challenges of the 21st century is the reduction in fossil resources consumption [1]. During
the industrial revolution, the use of oil, natural gas and coal, powered the technology which led to prosperity
increase and population growth.[2],[3].However, fossil raw materials are limited and they cannot be
regenerated in a suitable time spam [4]. Moreover, they contribute to the anthropogenic CO2 production
which negatively affects the climate change effect [5],[6]. These drawbacks have encouraged governments
to settle policies to reduce fossil consumption and use renewable sources instead [4] [7] [8]. Therefore, the
use of alternatives to crude oil becomes necessary for a sustainable future [4].
The biorefinery is a promising alternative technology where biomass is used as raw material to produce
chemicals and energy [4], [5]. This alternative allows analogous products than a crude refinery but using a
renewable source. For these reasons, biorefineries are a potential solution for the current fossil resource
problem.
According to with International Energy Agency (IEA) can be defined as “sustainable processing of biomass
into a spectrum of marketable products and energy” [9]. There are three main factors that define a
biorefinery: first, the raw material is biomass (instead of petroleum), secondly, the main driver is
sustainability, thirdly, it tries to valorise the whole range of products [4], [10], [11].
The elemental composition of biomass is different from crude oil. The main difference is the oxygen content
whereas petroleum has around 2 % of oxygen, the biomass oxygen content is close to 50 % [12],[13]. This
leads to a more complex composition and a wider range of potential products [4], [14].
Biomass can be classified into two categories: first and second generation biomass respectively. First
generation biomass is edible plants. They treated using standard processing technologies, however they
are in competition with food [10],[11], [15], [16], [17]. Second generation biomass is not edible plants, hence
it is not in competition with food. This category includes lignocellulosic biomass or woody crops and
agricultural residues or waste. Therefore, second generation biomass such as lignocellulose is more suitable
as feedstock for a biorefinery, since they are not in competition with food. However, the technology involved
in lignocellulosic feedstock processing is not mature yet and more research is necessary [5], [15], [16], [17].

1.2 Biorefinery feedstock: Lignocellulose
Lignocellulose is one of the most abundant types of biomass on earth [18]. It can be found in the cell wall of
the plant and it is formed by three main components: cellulose, hemicellulose, and lignin [4], [16] which are
represented in Figure 1.1.
Lignocellulose feedstock can come mainly from two types of plants: herbaceous and woody. In turn, woody
plants can be divided into softwood and hardwood [19]. The lignocellulose composition changes between
different types of plants: Softwood has the highest content of lignin, around 25-31 % while hardwoods and
herbaceous have a similar lignin content, between 16 and 21 % of lignin [20], [14].
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Figure 1.1: Representation of the main components of lignocellulose [20]

1.2.1

Carbohydrates: Cellulose and hemicellulose

The carbohydrate fraction of the lignocellulose consists of cellulose and hemicellulose and it can also be
referred to as holocellulose [1].
Cellulose is the majority component of lignocellulose, representing 35-50 wt% [1], [5]. It is a linear polymer
consisting of glucose units linked by -1-4 glycosidic bonds. The interaction between chains is via Van der
Waals forces and hydrogen bonds, which provide a rigid and almost crystalline structure. Due to its high
molecular weight, the low flexibility and the strength of the intramolecular bonds, cellulose fibres are not
soluble in most of the common solvents, including water [1], [5], [15].
Hemicellulose represents around 25 wt% of lignocellulose. This branched carbohydrate polymer is mainly
composed of C5 sugars. Hemicellulose has a semi-crystalline structure which keeps the cellulosic fibrils
together. Hemicellulose has high reactivity and it is easy to solubilized [1], [5], [15].

1.2.2

Lignin

Lignin is one of the most abundant fractions inside lignocellulose which represents between 15-30 wt% [8].
It is an amorphous and aromatic biopolymer that provides structural-reinforcement to keep the lignocellulosic
matrix together [5], [8]. It is water-insoluble [1], [5].
The three basic repetitive monomeric units that form lignin are p-coumaryl, coniferyl and sinapyl alcohols.
These units are usually named as S, G and H respectively and are represented in Figure 1.2. The amount
of these monolignols varies between different types of plants. Lignin in softwood is mainly composed of G
units while in hardwoods both units G and S are present in similar proportion [8], [20]. Lignin from
herbaceous plants contains a similar amount of the three units but a lower amount of H units ( Table 1.1)
[20]. The most common linkages in lignin are C-C and ether bonds respectively which are showed in Figure
1.2 and its relative amount appears in Table 1.1. Within C-C bonds the most typical are β-β, β-5 and 5-5
and regarding ether bonds are 4-O-5, -O-4 and β-O-4. The latter, β-O-4, is the most abundant after C-C
bonds, representing approximately 50 % of the linkages [5], [8], [21], [22], [23]. Concerning the linkages with
the carbohydrate fraction, lignin is bonded through ester and ether bonds with hemicellulose [5], [24].
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Table 1.1: Percentage of biopolymers, Monomeric units and bonds for the different types of lignocellulose [8], [25], [26]

Type of
lingocellulose
Softwoods
Hardwoods
Herbaceous

Biopolymer
Cellulose
(wt%)
~40
43-47
29-35

Monomeric units

Hemoce.
(wt%)
25-29
25-35
26-32

Lignin
(wt%)
25-31
16-24
16-21

H
(%)
<5
0-8
5-33

G
(%)
~95
25-50
33-80

S
(%)
~0
46-75
20-54

Bonds
C-C bonds
β-β
β-5
5-5
4-O-4
(%) (%)
(%)
(%)
2-4 9-12 19-22
4-7
3-12 1-6
3-9
5-9
5-11
-

Ether bond
-- β-O-4
(%)

9-12
45-50
3-4
~60
5-11
-

Figure 1.2: Representation of the lignin monolignols

Figure 1.3: Representation of most abundant lignin bonds (right side) [18]

1.3 Lignin valorisation
The lignin valorisation techniques are determined by the type of fractionation method. The fractionation
methods can be divided in traditional fractionation methods and alternative fractionation methods and they
are represented in Figure 1.4. Traditional fractionation methods produce degraded lignin which is also called
technical lignin. On the other hand, alternative fractionation methods use native lignin where β-O-4 bonds
are preserved.

Figure 1.4: Types of lignin valorisation techniques according to fractionation methods
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1.3.1

Traditional fractionation methods: Pulping process

Pulping processes are the first implemented biorefineries which produce paper from hemicellulose fraction.
These processes combine chemical and mechanical methods to separate hollocellulose from lignin. During
the process, degradation reactions of lignin take place which is the irreversible C-C bond formation. Thus,
lignin is highly degraded by turning β-O-4 into C-C bonds [4], [5]. This degraded lignin is also called technical
lignin and it is usually burned for energy recovery [1], [23]. The most common pulping processes are: Kraft,
Sulfite, Soda, and organosolv [1], [23].
Kraft and sulphite pulping processes are the first and second more employed fractionation method
techniques respectively [21]. Both processes are carried out under severe condition, in an aqueous media
with neutral or acid pH and in a range of temperatures from 140 to 180ºC [1], [8], [21]. The main difference
is that whereas the Kraft pulping process uses hydroxide and/or sodium sulphide in the aqueous media,
sufite process uses calcium or magnesium sulfite. The produced technical lignin of both processes has a
very low amount of residual -O-4 content [21]. Soda pulping is similar to Kraft, but NaOH solution is used
without sulfide and it is carried out in softer conditions. Due to the lower severity of the process, the -O-4
cleavage is less efficient, and more accessible biomass structure such as herbaceous is used. The soda
lignin also has a low -O-4 content [21]. Organosolv pulping consists of using organic solvents to increase
lignin solubility improving the fractionation efficiency. The process is carried out from 100 to 220 ºC and
base or acid media are often used. The -O-4 content of this process is higher than the previously mentioned
[1], [8], [21].
The common point of these technical lignins is the low content of -O-4 bonds as a result of the severe
treatment conditions. That led to a more difficult and less efficient lignin depolymerization.

1.3.2

Valorisation of technical lignin

The processes to valorise technical lignin follow a two-step approach where the first one is lignin
delignification through the mentioned pulping process. During this step, the lignin is highly degraded due to
the irreversible formation of C-C bonds which give place to technical lignin. This technical lignin can be
valorised in a second step where it is depolymerised in order to obtain aromatic compounds. The technical
lignin depolymerization techniques can be divided into: oxidative, reductive, acid or base and thermal
depolymerization.
Oxidative depolymerization uses an oxidant agent such as O2, H2O2, and solid catalyst to depolymerize
lignin and obtain low molecular weight compounds. It is carried out between 120 -190 ºC and around 2-5
bar. By using these methods, not only ether bonds are cleaved but also C-C bonds [23]. Reductive
depolymerization is a redox reaction using a solid catalyst in the presence of a reducing agent such as
hydrogen or hydrogen donor where -O-4 bonds are cleaved but not C-C bonds. This mild hydroprocessing
is carried out at temperatures below 290 ºC in the presence of water, organic solvents or a mixture of them
[1], [17], [23]. Through the use of acid or base besides another type of depolymerization (e.g. reductive or
oxidative) the aromatic monomer products can be improved [23]. In thermal depolymerization, lignin is
treated through pyrolysis at high temperature between 400 and 800 ºC in the absence of oxygen. Usually,
the catalyst of zeolite is used to increase the selectivity and to stabilize intermediates[18].
Technical lignin has very low -O-4 bonds content since it is highly degraded (by turning -O-4 into C-C
bonds) during the pulping process. Therefore the depolymerization is difficult and the aromatic monomer
production is low. However, native lignin (not treated lignin) has higher ether-bond amount and lower C-C
linkages.
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1.3.3

Valorisation of native lignin in two-step approach

Native lignin is more susceptible to depolymerization due to higher ether-bond content and low amount of
C-C linkages. This valorisation technique is a two-step approach where lignin is isolated preserving the O-4 bonds and then depolymerised. They are carried out at mild conditions to prone lignin isolation and
prevent degradation (C-C bonds formation) [18].
There are many techniques which have been tried to carry out this strategy, mainly by using different
solvents to isolate lignin. For example, liquid ammonia is used at high pressures and temperatures reaching
isolation between 50 and 60 wt% [27], [28]. The use of ionic liquids is also suggested, due to its high solubility
capacity, the reaction can be carried out at softer conditions than using ammonia: temperature lower than
250 ºC and atmospheric pressure [29], [30]. Another option is to use acid hydrolysis, however in this case,
although the delignification is high, there is partial preservation of -O-4 [31], [32]. Furthermore, in order to
improve the lignin isolation as well as -O-4 preservation, a chemical stabilization can be used such as
formaldehyde [33].
The disadvantage of these type of methods is that high preservation of -O-4 bonds leads to a low
delignification (around 50%), then the monomer yield is highly limited [18]. To overcome this drawback
catalytic strategies in one step approach are proposed.

1.4 Reductive Catalytic Fractionation (RCF)
Catalytic fractionation methods treat native lignin in one-step to avoid the disadvantages mentioned
previously. These methods not only target the sugar valorisation but also the lignin valorisation and for this
reason, they are also called “lignin first methods”. One of the most important catalytic fractionation method
is Reductive Catalytic Fractionation [18].
Reductive catalytic fractionation (RCF) is solvolysis of native lignin and catalytic stabilization where a
reductant agent such as hydrogen or hydrogen donor is used [18]. This Biorefinery strategy is able to inhibit
degradation since reactive intermediates are stabilized by the reductive agent and solid redox-catalyst. That
leads to a high monomer yield. In this reaction lignin is solubilized while cellulosic fraction remains solid.
The reaction is carried out in an organic solvent or/and water, a temperature between 150 and 250 ºC and
pressure from 15 to 150 bar [34][35][36][37][38][39]. The most used catalyst in RCF are Ni, Pd, and Ru
[17],[38],[40],[37],[41]. Nickle has demonstrated being unstable under a RCF [34],[38] while the main
difference between Pd and Ru is the product distribution and the composition of the gas phase [41]. In an
RCF can be distinguished three main stages which are shown in Figure 1.5. 1) Delignification, 2)
depolymerization, 3) reductive stabilization and degradation.

Figure 1.5: Main steps of the Reductive Catalytic Fractionation
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1.4.1

Delignification

The first step is lignin delignification where lignin is released from the lignocellulosic matrix, and it is
solubilized [34], [39], [42]. This step probably is cleavage of ester and ether bonds which link lignin and
carbohydrate fractions or/and partial depolymerization through ether bond cleavage of native lignin [39]
(Figure 1.5.).
Delignification step is highly affected by the type of solvent [34], [36], [35], [39], [42]. The solvent polarity
seems to be the most important factor since according with literature, the higher the polarity the higher the
delignification rate [35], [36]. However, water (which is a very polar solvent) decreases the carbohydrate
retention [35], [36]. The role of the catalyst in this step is not clear, some authors affirm that it only depends
on the solvent, not on the catalyst [39]. But, other author show the opposite: the delignification step does
depend on the catalyst presence [43].
In order to increase the delignification rate, base and acid can be used. The addition of base increases the
delignification rate but also decreases depolymerization rate [35]. The acid media increases the
delignification rate and it does not negatively affect the depolymerization. However acid causes monomer
and sugar methylation which lead to a wider product distribution [35], [17], [44].

1.4.2

Depolymerization

The second step is the lignin depolymerization. This step is a scission of -O-4 and other ether bonds under
RCF conditions where C-C bond can’t be cleaved [39] (Figure 1.5.).
The scission of ether bonds is metal depends [41], thus it can be understood as hydrogenolysis of ether
bond in the presence of catalyst [41],[42]. However, some experiments have demonstrated that
depolymerization occurs without catalyst and it has no effect under determined conditions [39]. In such a
case depolymerization step would be solvolysis. This phenomenon can be explained if depolymerization
step occurs in two different routes: catalytic hydrogenolysis and solvolytic depolymerization [45]. Under mild
condition, solvolytic bond scission occurs more slowly, and the catalytic hydrogenolysis is promoted. On the
contrary, if the conditions are more severe, the reaction happens mainly solvolytically [39],[42],[45]. As a
result, depolymerization step is probably both, solvent and catalyst dependent [39],[42],[45].

1.4.3

Reductive stabilization and degradation

Products of depolymetization step can be stable or unstable products. Unstable products can be stabilized
or degraded to polymerization products and the two steps probably occur in parallel as it is shown in Figure
1.5.
Degradation is the irreversible formation of C-C bonds after the depolymerization. It is the main problem of
lignin fractionation methods to obtain high monomer yield. According to the literature [34], [38], [46], [47],
the main cause of intermediate products polymerization is the unsaturation in the aliphatic chain (see Figure
1.2).
Reductive stabilization step has the aim of stabilizing the phenolic intermediates in order to avoid
degradation through hydrogenation of the double bond [34], [39]. This step is strongly affected by the catalyst
and the hydrogen presence but also by the solvent since it can act as a hydrogen donor [19], [34], [38], [48].
Instable or intermediate products are considered monomers which can keep reacting to form C-C bonds
(degradation products) or can be stabilized to stable products. Samec et al. [45] performed experiments
where hydroxy propenyl phenol (1) was found as intermediate products. Moreover, Sels et al. [49] proposed
a mechanism based on experimental results, where hydroxy propenyl phenol (1) and propenyl phenol (2)
were claimed to be intermediate products able to condensate.
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Figure 1.6: Reactive intermediate. R=H unit G, R=O-CH3 unit S

The range of product distribution in RCF is very high and it depends on the raw material as well as the
reaction conditions. However, the RCF products can be summarized in the products shown in Figure 1.7
[23]. It is remarkable, that propenyl phenol and its hydrogenated product, propyl phenol are present in
hardwoods RCF products. That is a possible confirmation of mentioned previously regarding propenyl
phenol being an intermediate product able to be stabilized.

Figure 1.7: Most typical monomer products in RCF [23]

It is clear that stabilization and degradation is an important step in RCF which is affected by solvent and
catalyst. However there is not quantitative kinetic studies of this step, from which one, product distribution
could be predicted and also if it is or not limiting step.

2 Scope
There are no kinetic studies about stabilization and degradation steps of Reductive Catalytic Fractionation
and that is the focus of this thesis. RCF can be described as a serial-parallel reaction and an estimation of
the rate or the limiting step can provide important information about the process. Therefore, further research
in this line is necessary for a better understanding of this biorefinery strategy. As a result, this master thesis
intends to shed light on the reductive stabilization and degradation step in RCF.
Due to the complexity of RCF, the single study of degradation and stabilization steps is difficult using
lignocellulose. As a result model compound isoeugenol and its hydrogenated product 2-methoxy-4propylphenol were used as model compounds.
The particular goals of this thesis are to elucidate a reaction mechanism and to provide an estimation of the
kinetic rate of isoeugenol. This is the first step towards a deeper understanding of degradation and
stabilization.
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3 Experimental
3.1 Chemicals and materials
Unstable intermediates are the cause of degradation products formation. One of the main reasons is the
unsaturation in the aliphatic chain. Propenyl phenols have been shown to be intermediate products,
therefore propenyl phenol-G also called isoeugenol and its hydrogenated product, 2-methoxy-4propylphenol, were used as model compounds to reproduce degradation and stabilization step. The initial
concentration of isoeugenol was chosen 4g/L based in literature where model compounds were used [34],
[49].
Organic solvents, water and the mixture of them are used in RCF [34], [36], [35], [39], [42]. Methanol is a
commonly used solvent in RCF, easily available and capable of providing high monomeric yields, then it
was chosen as a solvent.
The most common catalysts used in RCF are Ni, Pd, and Ru. Ni was proved to be unstable under RCF
condition and Ru forms more components in the gas phase (methane, CO…) [34], [38], [41]. Therefore Pd/C
was chosen as a redox-catalyst in the study. Most of the experiments with catalyst were performed with 0.15
g of Pd/C 10%. This amount was chosen according to literature where similar setup (flow-through reactor)
was used [34], [38].
The specifications of the chemicals used in the experiments and where they were purchased are listed
below:







Isoeugenol (98%) from Sigma-Aldrich
2-methoxy-4-propylphenol ( 99%) from Sigma-Aldrich
silicon-carbide SiC, 400 mesh from Sigma-Aldrich
Catalyst Pd/C with 10 wt% Pd and diameter 38 Strem chemicals
Methanol (> 99.9%) from Biosolve.
Biphenyl (99.5%) purchased from TCI

3.2 Experimental setup

Figure 3.1: Experimental system

Figure 3.1 represents the used experimental system. The flow throw reactor with 1 cm inner diameter and
10 cm length was made of stainless steel. It was placed inside an oven to ensure isothermal conditions.
There were two different feed to the system, one for liquid and another for hydrogen. The liquid flow had a
capacity between 0.1 and 10 mL/min and was pumped by a syringe pump Teledyne ISCO model 500D
Hydrogen flow was regulated between 0.1 and 50 mL/min by a flow meter. The system was pressured was
controlled by a Back Pressure Regulator (BPR) and the pressure was provided by nitrogen inlet. The
samples were taken from the liquid sample extractor, which was also pressured and after it, there was a
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liquid collection vessel. At the end, there was a Gas chromatograph to analyse the gas phase able to
measure CH4, CO2, CO and H2.

3.3 Experimental procedure
Firstly the reactant solution was prepared at a concentration of 4 g/L of the model compound in absolute
methanol. Then, the pump was refilled up to 500 mL with the solution. The experimental procedure was
different depending on the presence of the catalyst.
For the case of no catalyst, gaskets with a pore size of 60 m were used, and the reactor was placed inside
the reactor. The pressure was increased up to 45 bar.In order to prevent bubbles inside the system, the
liquid flow was settled at 10 mL/min up to there was liquid in the liquid sample extractor. Finally, the
temperature and liquid flow were established at the set point.
Regarding the case of the catalyst use, firstly, the packed-bed-reactor was prepared. The catalyst bed was
prepared with a mixture 50/50 w/w of 10% Pd/C and SiC. It was placed between two quartz wool of 0.5 g
each, which all together (catalyst mixture and quartz wool) were located between 2 mm diameter glass balls
bed of 1.5 g each bed. After placing the packed-bed-reactor with the gaskets inside the oven and close it,
the pressure was increased up to 20 bar. In order to ensure there were no bubbles inside the pump the
liquid flow was settled at 10 mL/min up to there was liquid in the liquid sample extractor. Then the system
was purged to ensure there was no oxygen present in the system. The pressure was set to the working
pressure, 45 bar, and finally, the temperature, liquid flow, and hydrogen flow were established at the set
point.
Once all the variables were at the set point, the reaction was ensured to be in steady state by comparing
the sample composition.
In order to analyse the samples, biphenyl was used as internal standard since it is UV sensitive. The
concentration of internal standard was 1.3 g/L and the proportion in volume internal standard:sample was
4:1. The samples were filtered with 0.20 μm syringe filters.

3.4 Product analysis
3.4.1

GC-MS

Gas chromatogram mass spectrometer (GC-MS) Shimadzu GCMS-QP2010 system with column (30 m x
0.25 mm x 0.50 μm) is used for the qualitative analysis of the products. The injection temperature was set
to 250 °C, and the oven was programmed to ramp first from 80 to 125 °C at a rate of 5 °C min−1 secondly
ramp first from 125 to 250 °C at a rate of 20 °C min−1a for a total program time of 40 min.

3.4.2

HPLC

High-performance liquid chromatography (HPLC) Shimadzu with an Agilent Prep-C18 Scalar column of 5
m, SPD-M20A UV detector and LC-20AD XR pump was used for the quantitative analysis. The column
worked in a binary mode, with a total of 1 mL/min, being 75% methanol and 25% water at 40 ºC. The signal
for isoeugenol was at 210 nm while for biphenyland and 2-methoxy-4-propenylphenolwas 200 nm.
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3.4.3

SEM

A FEI Quanta 3D FEG microscope was employed for taking Scanning Electron Microscope (SEM) to verify
the catalyst and SiC morphology. The accelerating voltage was 1.50 kV and the background pressure in the

3.4.4

GPC

Gel Permeation Chromatography (GPC) was used to analyse high molecular weight compound (possible
degradation products). To analyse the samples they had to be dissolved in tetrahydrofuran.

3.5 Set of experiments
RCF is performed in the liquid phase, thus also the study of isoeugenol was in the liquid phase. The highest
working pressure of 45 bar was chosen to allow a higher temperature range. The maximum temperature tha
methanol can be in a liquid phase at 45 bar, is 205 ºC according to ASPEN. Therefore, the maximum working
temperature was chosen to be 200ºC allowing the reaction be always in liquid phase.
For each kind of reaction basically two type of experiments were performed:
1) Constant temperature and different (weight) residence time
2) Constant (weight) residence time and different temperature
The range of every parameters change with the type of reaction. The design of experiments is displayed
Table 3.1.
Table 3.1: Set of experiments

Reaction
No catalytic
Catalytic with
external H2
Catalytic
without
external H2

Type of
experiment
1
2
1
1
2
1
2
2

T
(ºC)
200
50-200
25
25
25-200
175
50-200
50-200
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Catalyst Pd/C
(g)
0
0
0.15
0.075
0.15
0.15
0.15
0.3

Fliq
(mL/min)
0.2-0.8
0.5
0.5-8
0.5-4
0.5
0.5-8
0.5
0.5

FH2
(mL/min)
0
0
2
2
2
0
0
0
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4 Results and Discussion
In this master thesis, the degradation and stabilization steps of Reductive Catalytic Fractionation (RCF) were
reproduced through the model compound isoeugenol. In order to study the degradation of isoeugenol
reaction, experiments were carried out under RCF conditions without a catalyst. This reactions is referred
to as non-catalytic homogeneous degradation reaction. The stabilization of isoeugenol was reproduced
under RCF condition in the presence of solid catalyst palladium over carbon and these reactions are
nominated for catalytic stabilization of isoeugenol.

4.1 Non-catalytic homogeneous degradation reaction
4.1.1

Effect of residence time and temperature in of isoeugenol and 2-methoxy-4propylphenol

Reductive catalytic fractionation, in contrast to other biorefinery strategies, introduces a stabilization step to
avoid degradation. Degradation is the irreversible formation of C-C bonds, where, according to literature, is
one of the main causes is unsaturation. Therefore, the stabilization step, consists of introducing hydrogen
(or hydrogen donor) to stabilize reactive intermediates. In other words, during the stabilization step, the
unsaturation is hydrogenated to avoid degradation.
The studied model compound isoeugenol is used to study stabilization and degradation in RCF. Isoeugenol,
which is shown in Figure 4.1, has a saturation in the aliphatic chain, able in principle to degrade. The
hydrogenated product of isoeugenol is 2-methoxy-4-propylphenol, which is also shown in Figure 4.1. is
claimed to be a stable product [49]. Hence, the first type of experiments was performed to study the stability
of 2-methoxy-4-propylphenol and the second type, to study the reactivity of isoeugenol.

Figure 4.1: Representation of isougenol and 2-methoxy-4-propylphenol hydrogenated product of isoeugenol

The experiments with 2-methoxy-4-propylphenol were carried out at temperature of 200ºC to ensure
maximum conversion and at different residence time. Under any of the conditions, the conversion was higher
than zero. As a result, 2-methoxy-4-propylphenol is considered a stable compound under the reaction
conditions.
Following the same pattern, experiments with isoeugenol were performed at 200ºC and different residence
time. The results, which are shown in the left side of Figure 4.2, reveal that isoeugenol reacts at 200ºC.
Afterwards, experiments were performed at constant residence time and 50, 100, 150 and 200 ºC whose
results are shown in the right side of the Figure 4.2. As can be seen, the conversion at 50 ºC was cero, while
in the rest of temperatures, the conversion increases with the temperature. That is an indication of
isoeugenol reaction may take place through thermal degradation.
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Figure 4.2: left Conversion of isoeugenol at 200ºC and different residence times for the degradation reaction. Right Conversion of
isoeugenol at liquid flow of 0.5 mL/min for different temperatures for the degradation reaction

With the aim of detecting reaction products, the samples were analysed in GC-MS however it was not
possible to identify any product. Reaction samples were also analysed in GPC, in order to identify possible
high molecular weight compounds (dimers, trimers or oligomers…) but it was neither possible to confirm the
formation of other compounds. Possible reason to not identify products can be that high molecular weight
products were stuck to the reactor walls or the concentration was not enough to identify them.
Although it was not possible to identify any product, which in agreement with the literature [50] the unbalance
of isoeugenol was attributed to the formation of degradation products. As a result, from this section, it can
be concluded that isoeugenol is an unstable intermediate of RCF and it reacts toward degradation products.
Moreover, 2-methoxy-4-propylphenol is a stable product which doesn’t react under the reaction conditions.
Consequently, isoeugenol can be stabilised by saturating the double bond.

4.1.2

Effect of catalyst support

In order to study the possible effect of the catalyst support, the experiments were performed with and without
support at different temperatures from 50 to 200 ºC. The results with and without catalyst support shown in
Figure 4.3 are quite different, the corresponding conversion in case of catalyst support is much higher. There
are two possible reasons: the catalyst support enhance the degradation reaction (due to its acidity or other
reasons) or there is an adsorption of isoeugenol on the catalyst support surface. In order to discern which
reason causes the higher conversion, an experiment in a batch reactor was performed. This reaction was
carried out with the same residence time but atmospheric pressure and room temperature. The conversion
was obtained to be 40 %, which is even higher than the conversions shown in Figure 4.3.
From Figure 4.3 it can be seen that at 50 ºC the apparent conversion was 30 %, then increasing the
temperature the apparent conversion decreases, which is the usual pattern of physisorption. At 200 ºC the
apparent conversion increases again, probably due to the effect of degradation reaction. Moreover, the
apparent conversion at atmospheric pressure and room temperature was 40 %. Since isoeugenol
degradation seems to be a thermal degradation, isouegenol is not expected to react at 25 ºC. For this reason
it is concluded that isoeugenol adsorption is slow reaction and it should be considered for catalytic studies.
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Figure 4.3: Conversion of isoeugenol at 0.5 mL/min of liquid flow vs temperature with and without support for the no catalytic
reaction

4.1.3

Proposed degradation mechanism

From previous results it seems that isoeugenol reacts, thus, based on them and literature [37], [51], [52] the
proposed mechanism for the degradation reactions is shown in Figure 4.4.
Isougenol is an aromatic compound which can also be represented with other electronic structure as shown
in Figure 4.4. In a polar environment such as the one provided by methanol, isoeugenol can react to form a
quinone. Quinones can be found in many natural metabolic routes in plants [53], [54] and they have been
claimed to be one possible cause of lignin degradation [37], [51], [52], [55]. Nucleophiles such as methanol,
isoeugenol or 2-methoxy-4-propylphenol, can attack the quinone. The nucleophilic attack to C-3 and C-5
would be in principle possible, but it would produce high molecular weight products with no aromatic ring.
The nucleophilic attack to the unsaturation in the quinone aliphatic chain would provide aromatic high
molecular weight compound. This reaction is thermodynamically more favourable than the attack to C-3/5.
Depending on if the nucleophile is methanol, isoeugenol or 2-methoxy-4-propylphenol the three different
species (1), (2), (3) respectively shown Figure 4.4 can be formed. In the case of being isoeugenol, the
molecule can keep reacting following the same concept.

Figure 4.4: Proposed mechanism for the isoeugenol degradation reaction
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4.1.4

Kinetic study of degradation reactions

The objective of this kinetic study is to provide a complete intrinsic kinetic parameters able to describe the
behaviour of the degradation reactions. Hence, the reaction order, kinetic constant, pre-exponential factor,
and activation energy were intended to provide.
The non-catalytic homogeneous reaction took place in the liquid phase in a flow-through reactor. The reactor
behaviour was assumed as an ideal plug flow which is mathematically described by equation 1. Equation 1
can be solved analytically for a first or other reaction order according to equations 2 and 3 where A
represents isoeugenol.
V

C

= Q = ∫C A,0
A

dCA
-r
CA,0

(Eq. 1)

n=1

ln [

] =·k

(Eq. 2)

n1

1-n
C1-n
A,0 -CA =(1-n) k·

(Eq. 3)

CA

In order to calculate the reaction order, experiments were carried out at temperature of 200ºC, to ensure
high conversion, and different residence times corresponding to liquid flow rates varying from 0.2 to 0.8
mL/min. The fit to the experimental data and the kinetic constant at 200ºC are shown Figure 4.5

.
Figure 4.5: Fit of the experimental data to a first order reaction at 200ºC for the no-catalytic reaction
k= 4.47 0.5 ± 0.52 · 10-5 (s-1) R=0.98

As shown in Figure 4.5, the experimental data are well fitted to a first order reaction, thus it can be concluded
that the degradation is first-order reaction respect isoeugenol. The reaction order is related to the number
of molecules involved in the limiting elemental step of a mechanism. Data was reasonably well fitted by first
order kinetics. Thus, assuming that the proposed mechanism for isougenol degradation (Figure 4.4) are
elemental steps, would mean that the addition of one isoeugenol molecule is the limiting step.
To study the dependence of the degradation reaction with the temperature, the experiments were carried
out at constant flow of 0.5 mL/min and different temperatures from 50 to 200 were performed. The kinetic
constants at each temperature were calculated with the equation 2, and this data were fitted into the
Arrhenius equation (equation 4).
𝑘𝐷𝑃 =kDP,0 eEa⁄RT

(Eq. 4)

The fit of the Arrhenius equation with the experimental data besides the pre-exponential factor and activation
energy are shown in Figure 4.6. Since the conversion at 50ºC was zero, this data was not considered.
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Figure 4.6; Arrhenius plot for the no catalytic reaction at 0.5 mL/min liquid flow
kDP,0= 2.49 ± 1.86 · 10-5 (s-1) Ea=42.7 ± 21.9 (kJ) R=0.89

The summary of the kinetic parameters are displayed in Table 4.1. From this data, it can be concluded that
the activation energy is relatively low. To have an idea, the activation energy of depolymerization calculated
with a -O-4 model compound is 164 kJ/mol [34]. That would mean that depolymerization step is more
sensitive to the temperatures. In other words, depolymerization would be more favourable at high
temperatures than degradation. Therefore, although degradation is enhanced at high temperatures,
depolymerization is more favoured that degradation. However, depolymerization and degradation are serial
reaction, thus at long residence times, the degradation products would be favourable.
Table 4.1: Summary of the kinetic parameters for the degradation reaction

n (-)
1

k0 (s-1)
2.49 ± 1.86·
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Ea (kJ/mol)
42.74 ± 21.9

4.2 Catalytic stabilization of isoeugenol
From non-catalytic reaction section, it was concluded that isoeugenol reacts to degradation products.
However its saturated product, 2-methoxy-4-propylphenol, is stable, therefore, by hydrogenating isougenol,
degradation products could be reduced. For this reason, in this section the catalytic reaction of isoeugenol
towards 2-methoxy-4-propylphenol was studied. This reaction was studied in two different media, on one
hand, the reaction was studied with addition of external hydrogen, to reproduce isoeugenol hydrogenation
with hydrogen excess. On the other hand, the reaction was studied without addition of external hydrogen,
to study the effect of methanol as a hydrogen donor.

4.2.1

Catalyst stability

To study the intrinsic kinetics of a catalytic reaction it is important to ensure the stability of the catalyst. In
case there is a deactivation of the catalyst during the reaction, the results are not reliable for a kinetic study.
For this reason, the stability of the catalyst was studied. One of the main advantages of using a continuous
flow reactor is the possibility of easily studying the stability of the catalyst.
To ensure the stability of the catalyst, an experiment was carried out during 14 h. During the first 8 hours
the experiments were running in continuous and the following 6 h the experiment was running after stopping
the system. The experiment was carried out at 200ºC and 0.15 gPd/C and 0.5 mL/min and without the
addition of external hydrogen. From the results shown in Figure 4.7 it can be concluded that the reaction
could work without an apparent deactivation for 8 h. As a result, after this period of time, the catalyst was
refreshed again.

Figure 4.7: Experimental study of catalyst stability

4.2.2

Study of mass transfer limitation with addition of external of hydrogen

The introduction of hydrogen gas besides the catalyst turns out the system into a three-phase reactor. As a
result, the external mass transfer can be present from gas to liquid (GL) and from liquid to solid (LS). In
addition, there can be also internal mass transfer limitation. One of the targets of this master thesis is to
provide an intrinsic kinetic for isoeugenol reactions. To accomplish this objective the possibility of the
presence mass transfer limitation is studied.
Theoretical study of external mass transfer from gas to liquid
One of the main problems of introducing the gas phase in the reactor is the possibility of external mass
transfer limitation from gas to liquid. The mass transfer coefficient, kGL, was calculated theoretically. Since
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pure hydrogen was flowed, the film in the gas phase is null, and the film coefficient in the gas side can be
considered very fast. Hence the mass transfer coefficient, kGL, is equal to the film coefficient in the liquid
side, kL [56]. The external mass transfer coefficient kGL(kL) and the interfacial area aGL were calculated with
the correlations of Wild et al. [56], [57], [58] and their product value, kGL·aGL was calculated to be 1.52·10-4
s-1.
The external mass transfer coefficient for hydrogen from gas to liquid, kGL·aGL,, was used to calculate the
rate-limiting step considering the hydrogen concentration in the liquid phase the saturation concentration.
sat
The value for kGL·aGL·CH2 is 0.01424 [mol⁄s m3R ]. This value is compared afterwards in section 4.2.4 with
the intrinsic kinetic constant. Here it is anticipated from section 4.2.4 that the rate-limiting step is the kinetic
reaction, and it can be concluded that the external mass transfer from gas to liquid does not limit the reaction.
Theoretical study external mass transfer from liquid to solid
Similarly to the external mass transfer from gas to a liquid, the external mass transfer from liquid to solid
was calculated theoretically. The external mass transfer coefficient from liquid to gas, kLS and the interfacial
area, aLS, were calculated using the correlation from Lakota and Levee [59]. The product, kLS aLS was
calculated to be 1.47 s-1 and the external mass transfer rate in the liquid phase, kLS aLSCA, was 3.36
[mol⁄s m3R ]where A represents isoeugenol. The value of the coefficient and rate for the external mass
transfer limitation were much higher, in the case of the gas phase. As it is shown in section 4.2.4, the external
mass transfer from liquid to solid doesn’t limit the reaction rate.
Experimental study of external mass transfer
The external mass transfer rate can be studied experimentally, by studying the effect of the liquid velocity
at constant weight residence time. With this goal, experiments were performed in a range of different weight
residence time, with two different catalyst amount. The first type of experiments was carried out with 0.15 g
of Pd/C catalyst, 2mL/min of hydrogen flow and liquid flow from 1 to 8 mL/min (circle in Figure 4.8). The
second type of experiments was performed 0.075 g of Pd/C catalyst, 2mL/min of hydrogen flow and liquid
flow from 0.5 to 4 mL/min (asterisk in Figure 4.8).
If the external mass transfer is not limiting, at the same weight residence time, the conversion should be the
same. Looking at the Figure 4.8 the mentioned pattern is not followed. The main reason can be the gas/liquid
relation is not constant. That was a mistake during the experimental procedure, since to study experimentally
the external mass transfer in a three-phase reactor, the relation gas/liquid should be kept constant. However,
some information can be obtained from these experiments
At low weight residence time, where the gas/liquid relation is lower, the conversion is lower, then, increasing
the gas/liquid relation, the conversion sharply increases. That can be due to an increase in liquid hydrogen
concentration, although it only depends on pressure and temperature, it is possible the injected hydrogen is
not enough to reach this concentration. Comparing the experiments performed with 0.15 and 0.075 g of
Pd/C catalyst, for the same weight residence time, the gas/liquid relation is lower in the case of using 0.15
g of Pd/C (circle Figure 4.8). At high liquid velocities (low weight residence time) the conversion is lower for
lower gas/liquid relation. That reinforces the idea that at high liquid velocity, the hydrogen concentration in
the liquid phase is lower. On the other hand, at low liquid velocities (high weight residence time) the
conversion is higher for lower gas/liquid relation. Since the reaction takes place in the liquid phase, a reason
can be that the catalyst is not fully wetted, thus the conversion is lower at higher gas/liquid relation.
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Figure 4.8: Experimental study of external mass transfer limitation for the catalytic reaction with hydrogen excess

Experimental study of gas/liquid relation
As a result of previous experiments in “Experimental study of external mass transfer”, the effect of relation
gas/liquid was studied. To do so, experiments were performed at 200 ºC 0.15 g of Pd/C liquid flow of 0.5
mL/min and hydrogen flow from 0 to 50 mL/min. The results are shown in Figure 4.9.

Figure 4.9: Study of gas/liquid relation at 200ºC 0.15 g of Pd/C liquid flow of 0.5 mL/min

As can be seen in Figure 4.9, the conversion reaches 100% in all cases. Regarding the selectivity towards
2-methoxy-4-propylphenol, it is 100 % at 0 and 10 mL/min hydrogen flow, then decreases when hydrogen
flow decreases. These samples were analysed in the GC-MS, and it was found that under these conditions
not only the double bond is hydrogenated but also the aromatic ring.
The fact that a higher hydrogen flow rates the ring is hydrogenated are an interesting phenomenon. When
hydrogen is in excess, the hydrogen concentration in the liquid phase is given by the partial pressure of
hydrogen and temperature (hydrogen saturation). The pressure was always the same, and only the amount
of hydrogen was changed, in other words, the gas and liquid holdups were changed. There can be two
possible reasons to explain it, first, at low hydrogen flow rates, the amount of hydrogen is not enough to
reach the saturation concentration in the liquid phase. Second, increasing the hydrogen flow rate, the gas
holdup increases, which change the phase balance. Thus, the reaction can take place in the gas phase
instead of in liquid phase. In these conditions, the hydrogen concentration is much higher, and maybe it
makes possible to hydrogenate the aromatic ring. Although these reasoning seems to agree with the results,
it cannot be confirmed.
Working at high amount of hydrogen the aromatic ring is hydrogenated. This scenario, in principle, is not
convenient. Lignin is a natural source of aromatic compounds, which otherwise can be obtained after a
complex downstream refinery process. Hydrogenate the aromatic ring of lignin monomers would highly
decrease lignin value. It is important to point out that the objective of this project is to provide the first step
20

towards a better understanding of the process to develop optimal conditions of RCF in the future. For this
reason, no aromatic products are not considered the target product, thus, the described conditions were
avoided.
Experimental study of internal mass transfer
The internal mass transfer was tried to study experimentally by changing the catalyst diameter. If changing
the catalyst diameter, the conversion does not change, then the reaction is not limited by the internal mass
transfer. The catalyst was intended to pelleted the catalyst in order to control the catalyst diameter. However
the pellets were not cohesive, and the particle came back to the original diameter. Consequently, it was not
possible to carry out the experiment and it could not be concluded whether the reaction is limited by the
intrinsic reaction or internal mass transfer. After calculating the kinetic constant, the existence of internal
mass transfer limitation can be calculated theoretically with the Thiele modulus and the efficiency.

4.2.3

Study of the mass transfer in catalytic reaction without addition of external
hydrogen

Experimental study of external mass transfer from liquid to solid
The existence of internal mass transfer limitation without addition of external hydrogen added was also
studied experimentally. These experiments were performed in a range of temperatures from 50 to 200ºC,
with a catalyst amount of 0.15 and 0.3 grams and liquid flowrate of 0.5 and 1 mL/min respectively. The
results are shown in Figure 4.10. As explained in section 4.2.2, when external mass transfer is limiting, the
higher the velocity (at same weight residence time), the higher the conversion. However this effect is not
observed. In fact, the higher conversion and selectivity is observed for lower liquid flowrates. Furthermore,
external mass transfer limited reaction do not depend on temperature. From the Figure 4.10 it can be seen
that the conversion increases with the temperature, therefore, it is concluded that the reaction is not limited
by the external mass transfer.

Figure 4.10: Study of external mass transfer limitation at 0.15 and 0.3 g of Pd/C and liquid flow 0.5 and 1 mL/min for the catalytic
reaction without addition of external hydrogen

Experimental study of internal mass transfer
As it was explain in section 4.2.2, to ensure experimentally the absence of internal mass transfer limitation
was not possible. Thus it will be studied after calculating the kinetic constant with the efficiency.
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4.2.4

Kinetic study of catalytic reaction with addition of external hydrogen

Reductive Catalytic Fractionation is often carried out with hydrogen in order to ensure maximum production
of monomeric products, avoiding as much as possible the degradation reactions [38], [34]. For this reason,
in this section, the hydrogenation of isoeugenol was studied a scenario where hydrogen is not limiting
reactant.
All the experiments performed in this section were carried out providing enough hydrogen to the system
considering that one mol of isougenol reacts with one of hydrogen. In other words, the condition described
by equation 5 was met in all the cases which in the worst case 20 times higher.
PH 2
RT

(Eq. 5)

Q gas ≫ CA Q Liq

Effect of weight residence time and temperature in isoeugenol stabilization with hydrogen excess
To evaluate the effect of hydrogen excess, firstly the experiments were carried out at constant weight
residence time using 0.5 mL/min of liquid flow and 0.15 g of Pd/C and in a range of temperature from 25 to
200 ºC. The results, which are shown in Figure 4.11, expose that the conversion is 100 % in all cases.
Regarding the products, at low temperatures from 25 to 75 ºC the yield to 2-methoxy-4-propylphenol is not
100 % although is higher than 95 %. According to the experiments shown in the non-catalytic section (4.1),
the production of degradation products at 0.5mL/min and 50ºC was 0. Therefore, the production of this
degradation products at 25, 50 and 75 ºC is not probable to occur.

Figure 4.11: Isoeugenol conversion and yield to 2-methoxy-4-propylphenol vs temperatures at 0.5 mL/min liquid flow rate and 0.15
g Pd/C for the catalytic reaction with hydrogen excess

The conversion was almost complete using 0.15 g Pd/C and 0.5 mL/min of liquid flow in the whole range of
temperatures. Therefore experiments were carried out at 25ºC and lower weight residence times. From the
results displayed in Figure 4.12, it can be seen that at low weight residence time, the conversion increases
up to reach the complete conversion. The yield to 2-methoxy-4-propylphenol is almost the same than the
conversion in all the cases. The small differences, less than 5 % and the the selectivity was calculated to be
almost 100% in all cases.
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Figure 4.12: Isoeugenol conversion and yield to 2-methoxy-4-propylphenol vs weight residence time at 25 ºC for the catalytic
reaction with hydrogen excess

The hydrogenation of isoeugenol seems to be a very fast reaction since the selectivity to the saturated
product is almost 100%. In addition, since selectivity to 2-methoxy-4-propylphenol was that high, the
desorption also seem to be fast compare to the adsorption of isougenol.
Mechanism with hydrogen exces
When hydrogen is in excess, the reaction towards 2-methoxy-4-propylphenol is very fast. Therefore, under
these conditions, the mechanism can be simplified as shown in Figure 4.13. Isoeugenol is hydrogenated
and degradation products are avoided. For the kinetic study, this mechanism was considered.

Figure 4.13: Proposed mechanism for isoeugenol hydrogenation in case hydrogen excess.

The hydrogenation of isoeugenol with hydrogen excess seems to be a very fast reaction compare to
degradation reaction. In addition the hydrogenation of isoeugenol takes place at room temperature while
degradation reaction is very slow. Therefore, carry out the stabilization at lower temperatures in case of
hydrogen excess seems to be convenient to avoid degradation reaction.
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Kinetic study of isoeugenol hydrogenation in presence of hydrogen excess
In this catalytic reaction, the reaction rates are described by equation 6 and 7 taking into account external
mass transfer from gas to liquid phase and from liquid to solid [60] 1.
1

r''''H2 =
r''''Al =

HH
HH
H
1
2 +
2 + H2
+
KGaGL KH L aGL KH S aLS k'''CA εs
2
2

1
1
1
+
KS aSL k'''CH εs
2

1

1

P H2

(Eq. 6 )

CA

(Eq. 7 )

1

= [
- ]
ɸ tanh(3ɸ) 3ɸ
R

(Eq. 8 )

k' Ldρcat

ɸ= 3 √ 𝐷

(Eq. 9 )

𝑒𝑓𝑓

The concentration of hydrogen in liquid phase was calculated following equations 10 and 11 and the
calculated hydrogen concentration at 25 and 200ºC were 0.09394 and 0.7723 mol/L respectively being
isoeugenol concentration 0.0244 mol/L. The hydrogen concentration in the liquid phase can be considered
in excess if it is 2 or 3 times larger than isoeugenol concentration [60] thus hydrogen concentration in liquid
phase can be considered in excess. In addition the external mass transfer from gas to liquid was assumed
to be very fast.
HH2 =

𝐺𝐴𝑆
𝑃𝐻
2

(Eq. 10)

𝐿𝑖𝑞

𝑥H

2

Ln(H(MPa))=122.3-

4815.6
-17.5Ln(T(K)-1.4·10-7 ·P(Pa)
T(K)

(Eq. 11)

Consequently the reaction rate can be described by equation 12. Changing the units from reactor volume
𝑠𝑎𝑡
to weight of the catalyst, equation 11 can be re-wrote as equation 12, where CH2 is constant if the
temperature and pressure are constant.
𝑠𝑎𝑡
r''''A =k ′′′′
hyd CH2  εs C𝐴

(Eq. 12)

rA' =k 'hyd CH𝑠𝑎𝑡
C𝐴
2

(Eq. 13)

The behaviour of the flow through reactor is considered as an ideal packed plug flow reactor whose
behaviour is given by equation 13.
dCA
=k 'hyd CHsat2 CA
d'

(Eq. 14)

In this case, the reaction is a heterogeneous reaction instead of homogeneous. Since it was not possible to
ensure that the internal mass transfer did not limit the reaction, is necessary to take it into account the
efficiency. For this reason, equation 18 was not solved analytically and it was solved numerically, fitting the
experimental data to obtain the kinetic constant k'hyd . The experiments to solve this equation were performed
at 25 ºC with a catalyst weigh of 0.15 Pd/C g at different liquid flows. The reaction was calculated at 25 ºC

Note by the reaction rate as well as are kinetic constant are determined in different ways (e.g. k’, k’’’’). The
reason is that although they represent the same concept, the units are different. The definition is given in
nomenclature section 7 and they are defined according to Levenspiel [60].

1
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since at higher temperatures the conversion was very close to 100% which would make not possible the
kinetic study. The fitting to the experimental data, as well as the value of the kinetic constant, are shown in
Figure 4.14.

Figure 4.14: Fit of experimental data to first order reactionrespect to isoeugenol with hydrogen excess at 25 ºC.
k=0.4491 ± 0.027 (LL/gPd/s LL/mol·)

The experimental data fitted suitable to a first order reaction respect to isoeugenol, as a result, this
assumption can be considered corrects.
In a further step into the understanding of this heterogeneous catalytic reaction, an adsorption mechanism
is proposed. The mechanism was based in literature considering that hydrogen adsorption is usually a
dissociative one while alkenes adsorption is often associative [61]. Here A and AH2 represent isoeugenol
and 2-methoxy-4-propylphenol respectively.
H2 + Pd 2H-Pd

Reaction (1)

A + Pd A-Pd

Reaction (2)

2H-Pd + A-Pd  AH2-Pd + Pd

Reaction (3)

AH2-Pd  AH2 + Pd

Reaction (4)

Furthermore, also in this section, intrinsic kinetic reaction (Reaction 3) was assumed to be limiting step [61].
Therefore the kinetic rate is given by the equation 15.
r'=

k'3 KH2 KA CH2 CA
3
1/2 1/2
-1
(1+KH CH +KA CA +KAH CAH2 )
2
2 2

(Eq. 15)

The desorption of 2-methoxy-4-propylphenol (AH2) was consider very fast, hence the equation 14 was rewrote as equation 16.
r'=

k'3 KH2 KA CH2 CA
1/2 1/2
2 2

(1+KH CH +KA CA )

(Eq. 16)

3

The same experimental data at 25 ºC and different weight residence time were fitted to equation number
15. The fitting to the experimental data, as well as the value of the intrinsic kinetic constant, equilibrium
constant are shown in Figure 4.15 and Table 4.2.
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Figure 4.15: Fit of the experimental data for the proposed adsorption mechanism in case of hydrogen excess
k’hyd=1.7± 0.13 · 10-2 mol/gPd/s KA =26.88 ± 18.2 L/mol  =0.16

Table 4.2: Summary of the kinetic parameters for the catalytic reaction with hydrogen excess at 25 ºC

n(-)
2

K25ºC
I𝑯𝟐 (L/mol)
1.45

K25ºC
Al (L/mol)
26.89 ± 18.2

k'25ºC
reaction ( mol/gPd/s) ·
1.7± 0.2 10-2


0.16

As can be seen from Figure 4.15, the experimental data fit slightly better than in Figure 4.14. From Table
4.2 it can be observed that the equilibrium adsorption constant of isougenol is much higher than the rest of
the terms. Consequently, isoeugenol adsorption plays an important role in the reaction at least at 25ºC.
After obtaining the kinetic constants the rate limiting step is calculated to verify if the external mass transfer
limits the reaction.
sat

𝑚𝑜𝑙

Rate of external Mass Transfer from gas to liquid =kGLaGSCH2 s =0.014[𝑠𝑚3 ]
𝑅

𝑚𝑜𝑙

Rate of external Mass Transfer from liquid to solid =kLaLSCAs =3.63 [𝑠𝑚3 ]
𝑅

Rate of intrinsic kinetic = 

k'3 KH2 KA CH2 CA

3
1/2 1/2
(1+KH CH +KA CA )
2 2

w··s =0.004 [

𝑚𝑜𝑙
3]
𝑠𝑚𝑅

The rate of external mass transfer from liquid to solid is much faster thus it is not limiting step. The external
mass transfer rate from gas to a liquid, is quite lower than from liquid to solid, but still, it is more than three
times higher than intrinsic one, which can be considered enough faster. As a result, the assumption of
considering an external mass transfer faster than intrinsic kinetic is correct and the previous calculation is
also correct.
Isoeugenol hydrogenation with hydrogen excess was attempted to study at different temperatures with the
aim of representing the Arrhenius plot and obtain the activation energy. However, the hydrogenation was
very fast at higher temperatures and the obtained conversion was close to 100%, which make not possible
a kinetic study. The activation energy for isoeugenol hydrogenation was provided in the following section.
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4.2.5

Catalytic reaction without addition of external hydrogen

The addition of hydrogen has demonstrated being able to hydrogenate isoeugenol and reduce its
degradation significantly.
Methanol, which was the used solvent in this reaction, can decompose to provide hydrogen in situ. For this
reason, in this section, the effect of methanol as hydrogen donor was studied.
Methanol decomposition reaction
Methanol can decompose to produce hydrogen through the reaction 5 and 6 [62] [63] [64]. In turn,
formaldehyde can decompose through reaction (7) and (8). The formaldehyde decomposition to provide CO
and H2O (7) is not favourable in the presence of Pd [62], thus it is assumed not to occur. Therefore, there
are two possible options for hydrogen production, reaction (5) or reaction (6) follow by (7) [62] [63] [64]. In
order to verify this hypothesis, the gas phase was analysed to find CO peak which would confirm route (1)
or CO2 would confirm route (2). A peak of CO was found, hence methanol, under the reaction condition
decomposes to provide CO and H2 in situ.
CH3OH  H2 + CO

Reaction (5)

CH3OH  CH2O + H2

Reaction (6)

CH2O  CO2 + H2

Reaction (7)

CH2O CO + H2O

Reaction (8)

The decomposition of methanol towards H2 and CO over palladium catalyst have been studied in literature
[63], [64]. The activation energy belong to a rage from 40 to 80 kJ/mol. The behavior of methanol highly
depends on the catalyst support which make difficult to compare kinetics [63], [64]. In addition palladium
with carbon support is barely used. For this reason, the kinetic parameters were calculated with the
experimental data. Afterwards they were compared with the literature.
Effect of temperature in isoeugenol stabilization without addition of external hydrogen
With the aim of studying the reaction without adding hydrogen and to elucidate a reaction mechanism
several experiments were carried out. The conditions were 0.15 g of Pd/C catalyst, 0.5 mL/min of liquid
flowrate and a range of temperatures from 50 to 200ºC. The results are shown in Figure 4.16 as well as the
yield to degradation products from the no catalytic reaction.

Figure 4.16: Conversion of isoeugenol and yield to products VS T with catalyst and without addition of external hydrogen
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Looking at the Figure 4.16 it can be observed that there is a production of 2-methoxy-4-propylphenol
(hydrogenated product of isoeugenol). Moreover, there is also a mass unbalance that, as the previous
sections, is assumed to be due to formation of degradation products. From these experiments it can be
concluded that isoeugenol hydrogenation and degradation are parallel reactions.
Moreover, methanol decomposes to carbon monoxide and molecular hydrogen under specific conditions.
In this case, no external hydrogen is added, thus the only available source of molecular hydrogen is from
methanol decomposition. Hence, the production of hydrogen is followed by isoeugenol saturation, and they
are two serial reactions.
From the experiment performed with addition of external hydrogen, it was deducted that isoeugenol
hydrogenation with hydrogen excess is very fast, even if they take place at 25ºC. Looking at the results
shown in Figure 4.16it can be seen that there is not total selectivity to 2-methoxy-4-propylphenol. In addition,
the yield to the hydrogenated product is zero at 50 and 100 ºC, then it increases up to overcome the yield
to degradation products. Thus, it can be concluded that the limiting step for isoeugenol hydrogenation
(without adding external hydrogen) at low temperatures is the decomposition of methanol. Moreover, it can
be deducted that isoeugenol degradation can be minimized (but not avoided) at high temperatures without
addition of external hydrogen.
Mechanism of isoeugenol stabilization without addition of external hydrogen
The proposed mechanism shown in Figure 4.17 is based on the results discussed from Figure 4.16. The
degradation reaction mechanism is assumed to be the same than in case of no catalyst presence. As it is
indicated previously, isoeugenol hydrogenation and degradation reactions are parallel reactions. In turn,
methanol decomposition and isoeugenol hydrogenation are a serial reactions.
It is important to point out that, in this case, both degradation and hydrogenated products, are formed
simultaneously. The hydrogenated product, 2-methoxy-4-propylphenol can, in principle, nucleophilically
attack the quinone producing a dimer.
Molecular hydrogen would be able to act in two different steps. During the degradation, the quinone can be
attacked by hydrogen instead of a nucleophilic. Following this route, the saturated quinone can be easily
leaded to the aromaticity in an acid media producing 2-methoxy-4-propylphenol. Furthermore, the
degradation pathway can be completely avoided by directly saturating isoeugenol.

Figure 4.17: Proposed mechanism for the catalytic reaction without external hydrogen added
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Study of reaction kinetics without addition of external hydrogen
Based on previous results and the proposed mechanisme, the set of reaction which take place are the
following, where A represent isoeugenol and AH2 represent 2-methoxy-4-propylphenol.
CH3OH  H2 + CO

Reaction (9 )

A + H2  AH2

Reaction (10)

ADegradation products

Reaction (11)

A + AH2  Degradation products

Reaction (12)

Since reaction 12 doesn’t provide further degradation products, it was neglected.
From previous section (addition of external hydrogen) it was concluded that the hydrogenation is a first order
respect isoeugenol. In addition, since the external mass transfer is not limiting the equations 17 to 19
describe the reaction system.
𝑑𝐶𝐴
𝑑𝜏′

= −𝑘′𝐷𝑃 𝐶𝐴 − 𝑘′ℎ𝑑𝑦 𝐶𝐴 𝐶𝐻2

𝑑𝐶𝐴𝐻2
𝑑𝜏′
𝑑𝐶𝐻2
𝑑𝜏′

Eq. (17)

= 𝑘′ℎ𝑦𝑑 𝐶𝐴 𝐶𝐻2

Eq. (18)

= 𝑘′𝑀𝑒𝑂𝐻 𝐶𝑀𝑒𝑂𝐻 − 𝑘′ℎ𝑦𝑑 𝐶𝐴 𝐶𝐻2

Eq. (19)

To calculate the kinetic parameters, the equations from 16 to 18 were solved using the Euler method, and
the parameters were fitted to the experimental data. Experiments were performed at 175 ºC with 0.15 g of
Pd/C and a liquid flow from 0.5 to 2 mL/min. The degradation constant is the one calculated in the no catalytic
reaction, but in order to have all the terms from equation 16 to 18 with the same units, the equation 19 was
used.
 ⁄𝑠

Eq (20)

𝐿
𝑘′𝐷𝑃 = 𝑘𝐷𝑃 𝑊𝜌

𝑐𝑎𝑡

The fitting with the experimental data as well as the kinetic parameters at 175 ºC are shown in Figure 4.18.

Figure 4.18: Fit of the experimental data at 175 ºC for the case of catalytic reaction without external hydrogen added
k’hyd=2.9 10-2 (LL/gPd/s LL/mol·)hyd= 0.27; k’MeOH=4.29 · 10-6 LL/gPd/s MeOH >0.99

As can be seen in Figure 4.18, although the experimental data does not completely fit with the model, they
follow the same pattern. The experimental data are considered good fit for a first reaction order respect
isoeugenol which confirm the results from previous section. The differences can be due the numerical
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method. In order to have a better fit, more experimental data would be required. In this way, the probability
of error would decreases.
In order to calculate the hydrogenation constant, k’hyd, and methanol decomposition constant, k’MeOH, at
different temperatures, the equations 16 to 18 were solved at four more temperatures (50, 100, 150 and 200
ºC). The experiments performed with this goal were carried out at constant weight residence time using 0.15
g Pd/C and 0.5 mL/min. These experimental data were fitted according to the model (equations from 17 to
19) and the fit is shown in Figure 4.19.

Figure 4.19: Fit of the experimental data with the model at constant weight residence time for the case of catalytic reaction without
external hydrogen added

From the fitting shown in Figure 4.19. k’hyd and k’MeOH were obtained from at the five different temperatures
and the values are displayed in Table 4.3.
Table 4.3: Kinetic constant of methanol decomposition and hydrogenation at different temperatures

T (ºC)
25
50
100
150
175
200

k'MeOH (LL/gPd/s ·)
5.80·10-8
4.23·10-7
3.90·10-6
2.14·10-5
2.20·10-3

MeOH
>0.99
>0.99
>0.99
>0.99
>0.99
>0.99

k'hyd (LL/gPd/s LL/mol·)
2.
6.81·10-1
1.74·10-1
2.77·10-4
1.89·10-3
2.91·10-2
3.07·10-1

Hyd
0.016
0.079
0.94
0.57
0.26
0.06

Study of the kinetic parameters of methanol decomposition
The values of methanol decomposition constant are plotted according with the Arrhenius plot. The fit as well
as the kinetic parameters are shown in Figure 4.20.

2

Data calculated in section “Kinetic study of isoeugenol hydrogenation in presence of hydrogen excess”
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Figure 4.20: Arrhenius Plot for methanol decomposition k’MeOH,0=6.0 ±3· 104 LL/gPd/s Ea=76.97 ±40.8 kJ/mol R=0.90

The activation energy calculated experimentally belong to a range between 40 and 80 kJ/mol which agrees
with literature [63], [64]. To obtain a better value of the kinetic parameters, it is recommended to study
methanol decomposition independently. Probably the values would be more accurate, and also the effect of
methanol adsorption could be studied.

Study of the kinetic parameters of isoeugenol hydrogenation
The global hydrogenation constants of isoeugenol at different temperatures are plotted Figure 4.21.

Figure 4.21: Kinetic hydrogenation constant at different temperatures

Figure 4.21.shows the global hydrogenation constant at different temperatures. These result do not follow
the expected pattern for an intrinsic kinetic constant which increases with the temperature. In this case, the
kinetic constant decreases with the temperature from 25 to 100ºC and between 100 and 200 ºC the constant
increases with the temperature. This behaviour can be explained based on adsorption effect. As it was
demonstrated in the section of catalytic stabilization with addition of external hydrogen, the adsorption
equilibrium constant for isoeugenol was very high and it has a big effect over the global kinetic constant.
The definition of the global adsorption kinetic constant for isoeugenol hydrogenation is given equation 20.
At low temperatures, KH2 KA have higher values which increases the global constant. At high temperatures
KH2 KA values decrease, decreasing also the global kinetic constant. In addition, at high temperatures
KH2 KAcan be considered small enough to re-write the global hydrogenation constant as shown in equation
21.
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k' K K

3 H2 A
3
1/2 1/2
(1+KH CH +KA CA )
2 2

𝑔𝑙𝑜𝑏𝑎𝑙

=

𝑔𝑙𝑜𝑏𝑎𝑙

≈  k'3 KH2 KA

𝑘′ℎ𝑦𝑑
𝑘′ℎ𝑦𝑑

Eq. (20)
Eq. (21)

The activation energy of the global hydrogenation reaction, was calculated in a range of temperatures where
the adsorption effect could be considered negligible. In other words, where it can be defined as equation 14.
This corresponds to a range of temperature between 100 to 200 ºC, according to Figure 4.21. In addition,
RCF is carried out at high temperatures. Therefore, study the kinetic constant at high temperatures would
provide more representative data for RCF. The Arrhenius plot together with the kinetic parameters for
isoeugenol hydrogenation are shown in Figure 4.22

Figure 4.22: Arrhenius Plot for methanol decomposition k’hyd,0 =1.32 ±0.7 1010 (LL/gPd/s LL/mol·)Ea=99.45 ±64.7 kJ/mol R=0.95

The calculated activation energy was 99.5 kJ/mol. Typical activation energies for styrene hydrogenation was
between 23- 42 kJ/mol [61],[65]. In addition, hydrogenation of isoeugenol take place at room temperature
hence a lower activation energy would be expected. However, this fact can be explained with the preexponential factor which is very high.
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4.2.6

Conclusion of catalytic isoeugenol stabilization

From all previous results, the complete proposed mechanism is shown in Figure 4.23. The undesirable
degradation reaction of isoeugenol take place via quinone formation. This reaction can be reduced in
presence of hydrogen or hydrogen donor as methanol. In the presence of excess molecular hydrogen,
isougenol hydrogenation is very fast and degradation products can be avoided. In the presence of methanol,
which provide molecular hydrogen in situ, the degradation product can be reduced, but not avoided at high
temperatures. A probably reason is that methanol decomposition is the rate limiting step for isoeugenol
saturation.

Figure 4.23: Proposed total mechanism

Comparing both catalytic reactions, it can be concluded that they are able to minimized isoeugenol
degradation. However, they present some advantages and disadvantages.
The catalytic stabilization with addition of external hydrogen can completely avoid degradation reactions.
Furthermore, it is fast even at low temperatures since isoeugenol hydrogenation take place at room
temperature. This, would allow not have to work at high pressures (and temperatures). In addition, the
reaction is much faster and a lower amount of catalyst that without adding externally hydrogen would be
necessary.
The main advantage of the catalytic reaction without addition of external hydrogen, in the lack of use an
external source of hydrogen. However, the degradation reaction is not completely avoided. In addition, the
reaction should take place at high temperatures around 200ºC to really avoid degradation reactions.
Consequently, the working pressure should be at least 45 bar in order to keep the liquid phase. Moreover,
through the methanol decomposition, the solvent is lost to form hydrogen and CO, which is a very hazardous
compound.
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A summary of all kinetic parameters for non-catalytic and catalytic reactions are shown in Table 4.4. As it
can be seen, the activation energy of isoeugnol hydrogenation and methanol decomposition are higher than
isoeugenol degradation. Thus, degradation could be avoided at high temperatures. Looking at the preexponential factor, isoeugenol hydrogenation is extremely big compared with the rest. That can explain that
isoeugenol hydrogenation is fast even at low temperatures. It is important to point out that in all cases the
Arrhenius plot regression coefficient, R, was equal or higher than 0.89, however the absolute error was quite
high in all the cases.
Table 4.4: Summary of all kinetic parameters of isoeugenol reaction

Degradation reaction (no catalytic)
Isoeugenol saturation
Methanol decomposition

nisoeugenol (-)
1
1
1

k0
2.49 ± 1.86
1.32·± 0.7 1010
6.0·± 3.1 104
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k Units
(s-1)
(LL/gPd/s LL/mol·)
( LL/gPd/s)

Ea (kJ/mol)
42.74 ± 21.9
99.96 ± 64.7
76.96± 40.8

5 Conclusions
Isoeugenol was studied at different conditions under the hypothesis that it degrades during RCF conditions,
however, degradation can be reduced through catalytic stabilization. The experiments were divided
according to this hypothesis into the non-catalytic and catalytic reaction to study degradation and
stabilization of isoeugenol respectively. In turn, catalytic reactions were divided into catalytic reaction with
external hydrogen added and catalytic reaction without external hydrogen added
Isoeugenol degradation (non-catalytic and homogenious reaction)
From the non-catalytic reaction, it was concluded that isoeugenol is degraded, even it was not possible to
identify degradation products.
The degradation reaction was found to be first order reaction which pre-exponential factor and activation
energy were calculated 2.49 ± 1.86 (s-1) and 42.74 ± 21.9 (kJ/mol) respectively
In contrast, 2-methoxy-4-propylphenol, didn’t react under RCF conditions.
As a result, it was concluded that if isoeugenol was saturated towards 2-methoxy-4-propylphenol,
degradation products would not be formed. In other words, isoeugenol could be stabilized through its
saturation.
Catalytic isoeugenol stabilization
The catalytic reaction with external hydrogen added was performed with hydrogen excess in the liquid
phase. Under this condition, the yield of isoeugenol towards 2-methoxy-4-propylphenol was almost complete
in the whole range of temperature (from 25-200) and weight residence time.
During the catalytic reaction, methanol can decompose to provide hydrogen in situ. It was found that the
main route for methanol decomposition was through H2 and CO production.
Isoeugenol was hydrogenated without addition of external hydrogen, therefore, the produced hydrogen from
methanol decomposition is able to hydrogenate isoeugenol. isoeugenol saturation, in this case, is not
complete, hence it is not very fast.
Methanol decomposition is a first-order reaction, where pre-exponential factor and activation energy were
found 6.0·± 3.1·104 (LL/gPd/s LL/mol·) and 76.96± 40.8 (kJ/mol) respectively.
The hydrogenation reaction was found to be a second-order reaction: first-order reaction respect hydrogen
and first order reaction respect isoeugenol. The pre-exponential factor and activation energy were calculated
1.32·± 0.7 1010 (LL/gPd/s LL/mol·)and 99.96 ± 64.7 (kJ/mol) respectively.
In conclusion, isoeugenol can be quickly stabilised under RCF condition and hydrogen excess even at room
temperature. Furthermore, isoeugenol can be stabilised without addition of external hydrogen due to
methanol decomposition, however, stabilization is not fast enough to completely avoid isoeugenol
degradation.
Extrapolation to Reductive Catalytic Fractionation
Although more experiments with other reactive intermediate from RCF would be convenient to perform, the
following can be extrapolated to RCF:
Isoeugenol was chosen as a model compound because according to literature the unsaturation in the
aliphatic chain of reactive intermedia in RCF is one of the main caused of degradation products. Isoeugenol
degrades under RCF condition, however, the saturated product, 2-methoxy-4-propylphenol, doesn’t
degrade under the same conditions. Therefore, effectively, the unsaturation in the aliphatic chain of the
reactive intermediate is a cause of degradation products, and it can decrease the yield to monomers.
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Isoeugenol can be stabilised under a reductive media with and without external hydrogen added. Hence, in
principle, reactive intermediate in RCF could be stabilised under the same conditions.
In the case of hydrogen excess, reactive intermediates would be quickly stabilised. Moreover, the
stabilization could take place at room temperature. Therefore, RCF could be performed in two steps, where
the stabilization step would be carried out at room temperature and consequently low pressure.
In case of performing RCF without external hydrogen in presence of Pd and methanol as a solvent, reactive
intermediate could be also be reduced at high temperatures without the necessity of adding molecular
hydrogen.
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6 Recommendations
6.1 Analysis
The initial concentration during the experiments was 4 g/L, which was chosen according to the previous
experiment where model compound was used. However, to analyse this concentration in the HPLC, it was
highly diluted (more than 4 times). It is not necessary to use high concentration during the reaction, and its
dilution is a source of experimental error. Therefore it is suggested to use a concentration of model
compound 0.5 g/L. Regarding the concentration of internal standard, it should be also lowered. The peak in
the HPLC was slightly wider than it should be. Since the model compound concentration is recommended
to decrease 8 times, the concentration of internal standard is recommended to dilute 10 times.
The samples took from the reactor, were prepared to analyse in the HPLC. However, this preparation and
the associated experimental error can be avoided if the internal standard is already in the stock dissolution.
Therefore, if it possible, use the internal standard before the experiment. Biphenyl is a compound with two
aromatic rings, without any functional group or double bond, it should not react under the experimental
conditions. However, to verify if it is possible to use it in this way, a blank experiment can be performed.
Prepare a solution only with an internal standard, and carry out the reaction at the highest temperature and
lowest residence time. Repeat the same experiment but with the model, compounds to check if biphenyl
reacts with them. If the internal standard concentration in the same in the stock and the samples of all
experiments, then it can be used as an internal standard in the stock solution. The analysis in the HPLC
should be repeated several times in the same sample in order to avoid the error in the analysis method.

6.2 Design of experiments
The kinetic parameters were obtained experimentally fitting experimental data to different equations. The
design of experiments during this master thesis was the following:
1) Performing the experiments at constant temperature and different (weight) residence time. Then,
by solving analytically an equation, the reaction order and the kinetic constant at this temperature
can be obtained.
2) Performing the experiments at constant (weight) residence time and different temperature. With
these values, the kinetic constant is calculated according to the reaction order. Then applying
Arrhenius equation the activation energy and pre-exponential factor can be calculated.
The problem of this method is that it is only useful for simple equations (i.e AB). In addition, the external
and internal mass transfer cannot be limiting steps. Moreover, the reaction can be the only model in one
phase.
When these conditions do not happen, the set of reaction should be model as a set of differential equations.
The kinetic parameters can be calculated with the described experiments in1) and 2) as it was done in this
master thesis. However, it is necessary to take assumptions such as the reaction order. In addition, not all
parameters can be calculated in cases more complex reaction. Moreover, since not a lot of experimental
data are available, the fit to the experimental data cannot be very accurate.
For these reasons, it is recommended to change the design of experiments. For each temperature, several
experiments at different (weight) residence time should be performed. At each temperature, all the constant
can be calculated. Once all the kinetic constant are calculated at each temperature, the activation energy
and pre-exponential factor can be calculated with the Arrhenius equation.
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By completing the initial design of experiments, all the kinetic constant as well as adsorption constant could
be calculated at different temperatures. That would provide better values and assumptions would not be
necessary.

6.3 Reactions
After study the reactivity of isoeugenol, there is more reaction involved than expected at the beginning.
Regarding isoeugenol degradation, the possible involved reaction is with isoeugenol, 2-methoxy-4-propyl
phenol and methanol.
Concerning the catalytic reaction, there are two possibilities, adding external hydrogen and without adding
external hydrogen. The reaction adding external hydrogen was studied in case of hydrogen excess and
assuming no external mass transfer limitation from gas to liquid phase. This reaction should be studied
deeply applying the proposed design of experiments. In the case of no adding external hydrogen, the
reaction of methanol decomposition should be studied independently.
In principle with all the described reaction, the system would be already defined (all kinetic parameters would
be known). Here it is proposed used these data to predict the behaviour in case of not add external hydrogen
and compare with experimental data. The kinetic parameters came from experiments not fitted with catalytic
reaction without external hydrogen added. Therefore, if the kinetic parameters are able to predict the
behaviour, would be a very precise way to verify them

6.3.1

Kinetic study of 2-methoxy-4-propylphenol nucleophile attack and mechanism
verification

According to with the proposed degradation mechanism of isoeugenol, the quinone can be nucleophilically
attacked also by the 2-methoxy-4-propylphenol. In order to obtain a complete description of the reaction
system, this reaction should be studied. The kinetic parameters can be calculated by using the proposed
design of experiments.
Furthermore, in this thesis is the degradation of isoeugenol is assumed even it was not possible to identify
degradation products or reactive intermediate. Degradation products maybe were not possible to identify
because the molecular weight was too high, or they have adhered to the reactor walls. Regarding the
possible reactive intermediate, quinone, was neither identified, maybe because the concentration was too
low. Therefore, the mechanism could be confirmed without identifying the products, if 2-methoxy-4propylphenol react in presence of isoeugenol. Moreover, a dimer would be formed which maybe it is possible
to identify in the GCMS or GPC.

6.3.2

Kinetic study of isoeugenol hydrogenation in three phases with hydrogen
externally added

The hydrogenation reaction of isoeugenol was studied adding external hydrogen, however the reaction was
simplified. The hydrogen in gas phase was assumed to be very high, then the hydrogen concentration in
liquid phase reaches the saturation concentration at this temperature and pressure. However the reaction
can be studied in the different phases according to the following equations.
Gas
Gas

𝑑𝑣𝐺
𝑑𝑧
G
dCH

=-k GL a GL (mPH2 -CHL 2 )

2

d

RT

Eq. (15)

PH2

Eq. (16)

=k GL a GL (mPH2 -CHL 2 )
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L
dCH

Liquid

2

d
S
dCH

Solid
rH2 =

2

d

=k GL a GL (mPH2 -CHL 2 )-k LS a LS (CHL 2 -CHS 2 )

Eq. (17)

=k LS a LS (CHL 2 -CHS 2 )+rH2 ηεs ;

Eq. (18)

k'3 KH KA CH CA
2
2
3
1/2 1/2
-1
(1+KH CH +KA CA +KAH CAH )
2 2
2
2

Eq. (19)

If pure hydrogen in introduced in the system the equation in gas phase only provide information about
pressure drop (equation 15). In case the gas phase is not only hydrogen, the equation 16 describe the
behaviour.
The constant can be calculated by fitting, experimental data to the equations 15 to 19. The external mass
transfer coefficient can be calculated theoretically.

6.3.3

Kinetic study of methanol decomposition

Methanol decomposition over Pd/C can also be studied independently in the reaction system. The reaction
take place in liquid phase, and the pressure is very high. Hence, it could be considered that there is only
reaction in liquid phase unless hydrogen concentration overcome the saturation concentration.
According to bibliography [66] methanol decomposition over palladium catalyst take place throw the
following reactions:
CH3OH + 2Pd CH3O-Pd + H-Pd

Reaction (13)

CH3O-Pd + H-Pd CH2O-Pd + H2 + Pd

Reaction (14)

CH2O-Pd + 2Pd  CO-Pd + 2H-Pd

Reaction (15)

2H-Pd H2 + 2Pd

Reaction (16)

CO-Pd  CO Pd

Reaction (17)

Where reaction 14 is the limiting step. Therefore the reaction rate is described by equation 19
rMeOH =

k'KMeOHCMeOH
2
1/2 1/2
-1/2 1/2
-1
(1+KH CH KMeOH CMeOH +KH CH +KCOCCO )
2 2
2
2

Eq. (19)

The concentration of hydrogen and carbon monoxide can be measure with the gas chromatography.

6.4 Non ideal reactor
The flow-through reactor was assumed to behave as an ideal plug flow reactor. That is maybe not correct,
at least it is not completely correct. Therefore it is proposed to measure the residence time distribution
(RTD). There are two ways to experimentally determine the RTD, with a pulse experiment or with a step
experiment. Due to the limitation of the pump, the chosen method would be step method, since to do a
pulse. In order to do a pulse method, the pump should provide an instantaneous pulse with a tracer, which
would not be possible for this system. For this reason, the step method is chosen. Since the kinetics of the
reactive isoeugenol is not known beforehand (here a kinetic is given, but it is based on assuming that the
reactor is an ideal plug flow), a not reactive tracer is suggested. For example, 2-methoxy-4-propylphenol
has shown not to react under these conditions, therefore it could be used as a tracer since the analytical
method is already implemented. The way to perform the experiment would be, first introduce a constant flow
of the tracer, and represent the concentration with time. Then go to the dimensionless step response curve
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F. I would recommend going from the dimensionless step response curve Fto the dimensionless pulse
response curve E (E= dF ⁄d). With this information, it is possible to know the RTD and it allows to
know the type a real reactor as well as the dead volume.
It would be very convenient to represent the reactor as an N CSTR reactor in series to make easier a
possible simulation. By using this “new” reactor the calculated kinetic would be more accurate. Furthermore,
knowing the equivalent number of CSTR reactor, the reaction could be model in no steady state, which
canbe very usefull for future studies.

6.4.1

Homogenous VS catalytic reactions

It was found that there are two reactions occurring in parallel, one homogeneous and another catalytic. In
this master thesis, the homogenous reaction was studied independently and it was assumed not to be
affected by the catalyst. However, both reaction can be compared according to the Eq. 6. Some experiment
with different catalyst amount (including 0 g) and same flow should be carried out. Then the measured rate
is represented versus catalyst weight divided void volume. They should follow a line where the slope in the
catalytic reaction and the intersection is the homogeneous reaction. If this does not happen because the
rate without a catalyst is not in the intersection then, the “homogeneous” reaction is affected by the catalyst.
There can be two option, 1) the rate is higher than the intersection, then the reaction is avoided by the
catalyst (catalyst acts as a poison), 2) the homogenous rate is lower than the intersection, thus, the
“homogeneous” reaction is catalysed (it is also a catalytic reaction).
(-r)total =(-r)homogeneous +

6.4.2

W
(-r')heterogeneus
Vvoid

(Eq.6)

Acid effect

In RCF an acid media is often used to increase the lignification, however sometimes it is claimed that acid
media increases the degradation reaction [44]. In order to verify it, an experiment in acid media with
isoeugenol can be performed. Since it would an experiment just to verify, only one experiment would be
necessary. Many research have been performed with acid H2SO4 has shown high delignification without
degrade the catalyst with acid concentration between 0.0316 and 0.506 mmol [17][44]. Thus, the proposed
experiment is at the highest temperature al low residence time and H2SO4 concentration of 0.506, which are
the most aggressive conditions (to obtain higher conversions) and 0.5 mmol H2SO4.

6.5 Complete the simulation of degradation/stabilization step
The model compound isugenol was used to study the re-polymerization-stabilization step in RCF. The kinetic
variables were calculated based on experimental. However before extrapolate these results to RCF it would
be necessary to perform reactions with more model compound being the most representative coniferyl
alcohol. The study can follow exactly the same pattern than for isoeugenol. Once the set of reactive
intermediate are study, and potentially would be possible predict re-polymerization-stabilization step, the
results should been compared with RCF.
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7 Nomenclature
G Gas houlup(m3gas ⁄m3Reactor )

k’ intrinsic kinetic constant for r’ (LL/gPd/s LL/mol·)

L Liquid houlup (m3liq ⁄m3Reactor )

k’’’’ intrinsic kinetic
(m3Liq/m3Reac./s)

s solir houlup (m3solid ⁄m3Reactor )

constant

r’’’’

Ld Loading of palladium (gPd/gcatalyst)

ɸ Thiele modulus (-)

L length of the reactor (m)

 efficiency (-)

n reaction order (-)

 density (kg/m3)

Q Liquid flow (mL/min)

 Residence time (V⁄Q ) (s)

r intrinsic kinetic rate (V

’ Weight residence time (𝑊 ⁄𝑄 ) (gPd·s/LLiq)
2
𝑚𝑖𝑛𝑡𝑒𝑟𝑝ℎ𝑎𝑠.

ai Area interphase/volume of phase (

3
𝑚𝑝ℎ𝑎𝑠𝑒

1
Liquid

moles
d moles
) (m3 )
dt
Liq s

1 d moles
moles
) (𝑔 s)
dt
𝑃𝑑
Pd

r’ intrinsic kinetic rate (W

)

r’’’’ intrinsic kinetic rate (V

A isoeugenol

1

R Gas constant (J/K-1mol-1)

Ci Molar concentration (mol/L)

Si selectivity

Deff effective diffusion coefficient (m2/s)

(

d moles

Reactor

AH2 2-methoxy-4-propylphenol

dt

t time (s)

H Henrry constant (bar)

T temperature (K)

Ki equilibrium constant (L/mol)

W palladium weight (g)

kGL Gas liquid external mass transfer coefficient
(m/s)

xH2 molar fraction in liquid phase (-)
Xi conversion (C

kLS Liquid solid external mass transfer coefficient
(m/s)

Yi Yield (Xi · Si)

(s-1)
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)(

moles

m3
Reactor s

Cproduct
stoichometricreactantmol
·
)
stoichometricproductmol Creactant,initial -Creactant

Ea activation energy (kJ/mol)

k intrinsic kinetic constant for r

for

Creactant
reactant, initial -Creactant

)

)
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