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a b s t r a c t

Total hydrogenation of vegetable oils to yield hydrocarbons is an emerging process for production of bio-
fuels. Tristearate was chosen as a model compound to represent vegetable oils in the calculations. As its
thermodynamic data were not available in literature, their values were estimated by using the Joback’s
eywords:
hermodynamic balance
ata estimation
atalytic hydrogenation
egetable oils

contribution method. Based on the comparison to a relevant known system (butyl stearate) it was con-
cluded that the chosen method is suitable for the assessment of thermodynamic data of triglycerides. A
basic thermodynamic analysis of the reaction system was performed and the predictions of the derived
thermodynamic model were compared to the experimental observations of rape-seed oil total hydrogena-
tion into hydrocarbons. The model predictions were found to be in good agreement with experimental
data. The estimations suggested that the reaction was limited by hydrogen diffusivity through the liquid
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iofuels film on catalyst particles.

. Introduction

Partial hydrogenation of vegetable oils with the aim to improve
heir functional behaviour is a well-known and proven process
1–4]. It is performed under strictly defined reaction conditions
nd only non-saturated bonds of triglycerides, i.e. the almost exclu-
ive compounds of vegetable oils, are hydrogenated. Typically, Ni
r noble metals supported on silica support are used under mild
eaction conditions (100–180 ◦C, 0.15–0.3 MPa) [4]. Other chemical
rocesses using vegetable oils include hydrolysis, interesterifica-
ion, transesterification, isomerization and polymerization [4]. In
he recent years, particularly transesterification has become very
mportant due to the environmental concerns that are major driv-
ng force of biofuels implementation. Biodiesel (methylesters of
atty acids, FAME) is the most common biofuel in Europe [5]. The
hysico-chemical properties of biodiesel are, however, not optimal
or its use as diesel fuel. The main problems are caused by its low
xidation and storage stabilities and poor cold-flow properties [4].
herefore, alternative routes for the production of diesel fuel com-
onents from vegetable oils are sought. A promising route appears

o be the direct conversion of vegetable oils into hydrocarbons by
heir total hydrogenation [6–10].

Total hydrogenation of triglycerides yields hydrocarbons (n-
lkanes) as the main products and propane, water, CO and CO2
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s by-products [7–10]. The hydrocarbons are produced by two
eaction pathways: (i) hydrodeoxygenation (HDO) and (ii) hydrode-
arboxylation (HDC). n-Alkanes originating from HDO have the
ame carbon number as the original fatty acid chain, i.e. even carbon
umber, typically 16 or 18. The main reaction by-products of this
oute are water and propane. On the other hand, HDC yield hydro-
arbons with an odd carbon number; they have one carbon atom
ess in the molecule than the original fatty acid chain. The dominant
y-products are CO, CO2 and propane [8,9]. A process for produc-
ion of diesel fuel components based on the total hydrogenation of
egetable oils has been recently developed and commercialized by
he Finnish company NesteOil [10].

The prime motivation of this contribution is to investigate
eaction pathways of rape-seed oil transformation into hydrocar-
ons and the effects of reaction parameters, such as temperature
nd pressure, on hydrocarbon distribution in the final product.
he conversion of rape-seed oil into hydrocarbons was previously
xperimentally verified and a reaction scheme was proposed [14].
ape-seed oil consists of triglycerides of fatty acids having pre-
ominantly 18 carbon atoms in the molecule (ca. 93%, m/m). Some
16 (ca 5%, m/m) and C20 (ca. 2%, m/m) fatty acids are found in
he triglycerides in rape-seed oil as well. The major hydrocarbons
roduced by rape-seed oil conversion are n-octadecane and n-
eptadecane; C16 and C15 alkanes are found only in low quantities

11–13,39]. The concentrations of C17 and C18 hydrocarbons, and C16
nd C15 hydrocarbons correspond to the concentrations of C18 fatty
cids and C16 fatty acids, respectively, in the triglycerides that make
p rape-seed oil [14]. The formation of hydrocarbons with two dif-

erent chain lengths suggests that two different reaction pathways

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:info@quido-engineering.com
mailto:david.kubicka@vuanch.cz
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Nomenclature

Symbols
a, b, c, d constants for cp calculation (–)
cp thermal capacity (kJ/(mol K−1))
Da,×Dd atomic contribution groups for cp calculation (–)
G Gibbs free energy (kJ/mol)
H enthalpy (kJ/mol)
K equilibrium constant (–)
N atomic group contribution (–)
p pressure (bar)
R gas constant (kJ/(kmol K−1))
S entropy (kJ/(kmol K−1))
t temperature (◦C)
T temperature (K)
� stoichiometric coefficient (–)

Prefix
� difference of thermodynamic parameter

Subscripts
E equilibrium
f formation
I component number, products
j component number, reactants
r reaction

Superscripts
◦ standard conditions
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re involved in the total hydrogenation of rape-seed oil. It was pro-
osed [14] that these are hydrodeoxygenation, leading to C18 and
16 hydrocarbons, and hydrodecarboxylation, forming C17 and C15
ydrocarbons. The product distributions (C18 vs. C17 and C16 vs. C15)
re significantly affected by reaction temperature and pressure.

The aim of this paper is therefore to elucidate basic thermo-
ynamic limitations in the reaction system of total vegetable oil
ydrogenation. Principally this complex task can be divided into
wo basic steps – (i) saturation of double bonds and (ii) elimination
f oxygen atoms. Since the first step is known from the industrial
ractice to be quantitative and selective, saturated triglycerides
ere considered to be raw materials in the thermodynamic study.
s the vast majority of triglycerides in rape-seed oil contains C18

atty acids, the thermodynamic study of the system was limited to
he investigation of tristearate, i.e. triglyceride of stearic acid.

The role of thermodynamic prediction of the chemico-physical
ehaviour of the reaction system is unfortunately limited. The ther-
odynamic balance in the system can neither predict the process

n the thin film on the catalyst contact, nor discuss the insuffi-
iency of the hydrogen (or another reactant) in the system. The
nly benefit of thermodynamic approach is to define the boundary
onditions of studied complex reactions with respect to idealised
eaction conditions, if thermodynamic equilibrium is established.
herefore, predicted behaviour of the reaction system was a priori
onfronted with measured lab-scale data. The study should answer
he basic question of the system balance – how far is the real system
rom the thermodynamic (idealised) equilibrium.
Presented paper is divided into two parts. In the first one, a ther-
odynamic model of the reaction system will be derived and an

verview of the relevant thermodynamic data will be given. Due to
he absence of almost all thermodynamic data of triglycerides in

�
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pen literature and chemical databanks, a methodology of ther-
odynamic data estimation will be presented and the relevant

ata will be estimated. In the second part, a thermodynamic model
ill be derived and applied for the prediction of thermodynamic

ehaviour of the investigated hydrogenation system. Finally, the
odelling results will be compared with the experimental results.

. Thermodynamic balance of total triglyceride
ydrogenation

A thermodynamic model for the total hydrogenation of tris-
earate was derived for temperatures between 250 and 450 ◦C
nd hydrogenation pressures ranging from 7 to 70 bar. Dilution
f roughly 100:1 (mol/mol) for the reaction mixture with either
ydrogen or an inert gas was assumed to enable isothermal reac-
ion conditions. Phase equilibrium liquid–gas was considered in the

odel, too (Peng–Robinson and Ideal EOS = Equation of State) [15].
The basic reaction mechanism of the proposed catalytic trans-

ormation is summarised in Eqs. (1–4) and consists of two main
eactions [5,16,17]: hydrodecarboxylation (1) and hydrodeoxygena-
ion (2), completed by water–gas-shift reaction and CO formation.

CH2)2CH[(CH2)16]3(COO)3(CH3)3 + 3H2 = 3 C17H36 + C3H8

+ 3CO2 (1)

CH2)2CH[(CH2)16]3(COO)3(CH3)3 + 12H2 = 3 C18H38 + C3H8

+ 6H2O (2)

O2 + H2 = CO + H2O (3)

O2 + 4H2 = CH4 + 2H2O (4)

Both C17 and C18 hydrocarbons were present in the products
f rape-seed oil total hydrogenation and their concentration var-
ed significantly with reaction temperature and/or pressure. That

eans that reaction conditions favour either hydrodecarboxylation
f triglycerides, leading to formation of C17 hydrocarbons + CO2 (Eq.
1)), or hydrodeoxygenation, characterised by the production of C18
ydrocarbons and water (Eq. (2)). These two parallel reaction steps
nd their extents are crucial for the final product distribution. In
ddition, the formed CO2 (Eq. (1)) is converted under reaction con-
itions by consecutive reactions into CO (Eq. (3)) and methane (Eq.
4)). A by-product of both Eqs. (3) and (4) is water.

Description of the proposed reaction scheme from a thermody-
amic point of view includes, besides the fairly simple description
f the phase equilibrium, the definition of the chemical equilibrium
17–19,40]. The relation between equilibrium reaction (or system
f equilibrium reactions) and predictive equilibrium model is the
opic of next discussion, see Eqs. (5) and (6).

Chemical equilibrium in a reaction system is generally defined
y the minimisation of Gibbs free reaction energy (5):

GT
r = −RT ln KE(T) (5)

here KE represents a dimensionless equilibrium constant of the
hosen reaction system (mass/mass) and T is the reaction temper-
ture (K).

Additionally, Gibbs free reaction energy for any reaction system
s defined by superposition of reaction enthalpy and the multipli-
ation of temperature and entropy of the system (6):
G◦
r = �H◦

r − T�S◦
r (6)

Eq. (6) allows a simple recalculation between Gibbs free ener-
ies and other basic thermodynamic data. If Eqs. (5) and (6) are
ombined, it is possible to predict an equilibrium of the chosen
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eaction system from tabulated enthalpies and entropies at a given
eaction temperature. This algorithm is well-known and applied
n almost all standard simulation machines like ASPEN+, PRO and
YSYS [20,21]. The only problem is the recalculation of �H and �S

o the desired (reaction) temperature and, of course, the acquisition
f the thermodynamic data if not tabulated.

.1. Recalculation of basic thermodynamic data to reaction
emperature

The Gibbs free energy is recalculated according to Eq. (6). Reac-
ion enthalpy �HT

r at temperature T is coupled with standard
eaction enthalpy �H0

r by heat capacity (Eq. (7)):

HT
r = �H◦

r +
T∫

298

cp,T dT → �HT
r = �H◦

r + cp,T (T − 298) (7)

here cp,T is an average thermal capacity, calculated as the
rithmetical average of thermal capacities at higher and lower
standard) temperature.

For entropy of the reaction system, similar dependence can be
efined (8).

ST
r = �S◦

r +
T∫

298

cp,T

T
dT → �ST

r = �S◦
r + cp,T ln

(
T

298

)
(8)

Thus, to calculate �H and �S at desired (reaction) tempera-
ure where standard enthalpies and entropies are supposed to be
nown, “only” thermal capacities of the components are needed to
olve Eqs. (7) and (8).

Generally, the enthalpies and entropies of many basic organic
ompounds are given in relevant chemical handbooks [20–23]. If
ot tabulated, two of the three already introduced thermodynamic
arameters, i.e. �G, �H and �S, need to be estimated by a reliable
nd statistically proven method (see Eq. (6)). Moreover, the ther-
al capacities of unknown components need to be estimated as
ell to describe the reaction system at other temperature than the

tandard one.
The assessment of not-tabulated parameters is the most impor-

ant task of this contribution, as the thermodynamic data for
ristearate and their temperature dependencies are not readily
vailable. Their estimation was also topic of several scientific con-
ributions [24–30].

.2. Thermodynamic data estimation of organic compounds by
sing the contribution method

The estimation of thermodynamic behaviour of organic com-
ounds related to ideal gas state is mostly based on the molecular
tructure of the unknown component [31,32]. The contribution
ethod by Joback [32] belongs to the most reliable and statistically

roven methods due to its simplicity and high precision of the esti-
ations for molecules with higher enthalpies [22,31,32]. According

o Jobackı̌s method, the reaction enthalpy of organic compounds
an be estimated by Eq. (9):

H298,15
r = 68.29 +

n∑
Ni�H,i (9)
i=1

The atomic contribution parameter �H,i is tabulated on the basis
f statistical evaluation of large sets of experimental data [32] and
an be used for data estimation for a wide range of organic com-
ounds.

m
m
m
n
t
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The same method enables the calculation of free Gibbs energy
Eq. (10)):

G298,15
r = 53.88 +

n∑
i=1

Ni�G,i (10)

In Eq. (10), the �G,I represents atomic contributions of the indi-
idual chemical groups. The values for selected atomic groups, used
n this paper, are listed in Table 1.

For solving Eqs. (9) and (10), a set of atomic contributions,
hich is usually tabulated, is needed. The same approach with

ther contribution parameters is used also by other authors, work-
ng on similar topics [24,31]. However, not the basic estimation
f �G and �H for unknown components, but in many cases
he assessment of thermal capacities is crucial for a proper cal-
ulation of the thermodynamic balance of the overall reaction
ystem.

The most important scientific contributions to the prediction of
hermodynamic data of vegetable oils, fatty acids and their deriva-
ives have been given by Benson [19], Avaullée et al. [1] and Zhenyi
t al. [31]. Zhenyi applied the Joback’s contribution method for
ata prediction at standard conditions. However, the authors [31]
sed their own algorithm, based on the characteristic group val-
es, for the recalculation of thermal capacities at higher reaction
emperatures. Application of the Zhenyi’s algorithm for the total
ydrogenation of tristearate resulted in severe discrepancies in the
stimated �G and �H at high reaction temperatures (up to 450 ◦C)
ostly due to another recalculation of cp values. Therefore, the

tandard Joback’s method for cp estimation was used.
Thermal capacity of organic compounds is according to ref. [32]

alculated by using Eq. (11):

T
p = a + bT + cT2 + dT3 (11)

here T represents the reaction temperature in K and constants a,
, c and d are further defined by individual atomic contribution.

.3. Accuracy of the presented thermodynamic balance model

The accuracy of the chosen estimation method was tested on
similar reaction system, total hydrogenation of butyl stearate.

his reaction system is well-known and all thermodynamic data
re listed in many databanks, e.g. [19–23,33]. The comparison of
abulated data for butyl stearate and the results obtained by the

ethod described by Zhenyi et al. [31] showed large deviations
nd, therefore, the use of this method was rejected for the calcu-
ation of the thermodynamic data of tristearate. On the contrary,
he thermodynamic data calculated for butyl stearate by using the
obackı̌s method were in very good agreement with the tabulated
nes. The standard reaction enthalpy of butyl stearate at 298 K gives
814.7 kJ/mol employing the Jobackı̌s method. For the same com-
ound the DECHEMA Databank [20] gives a value of −818.6 kJ/mol.

The discrepancy between the value obtained by using the contri-
ution method of Joback and a reliable data source is in this example

ower than 0.5%.
The calculated and tabulated thermal capacities remain almost

he same in the investigated temperature range, i.e. up to 370 ◦C.
he standard deviation varies between 0.1% and 0.4%. Even
hough higher deviations between “real thermodynamic data”
nd the predicted ones can be expected for tristearate, as it is
more complex molecule than butyl stearate, the good agree-

ent of thermodynamic data predictions for butyl stearate with
easured (tabulated) data suggests that the chosen estimation
ethod (Joback) is suitable for the assessment of thermody-

amic data of esters of fatty acids. Moreover, it will be shown
hat in a real system, only thermodynamic data of tristearate



158 Q. Smejkal et al. / Chemical Engineering Journal 146 (2009) 155–160

Table 1
Atomic contribution values for the estimation method according to Joback [32], extended by values for calculation of thermal capacities.

Atomic contribution Ni �H,i �G,I Da Db Dc Dd

– 1 −3 −4 −8
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CH3 −76.45 −43.96
CH2– −20.64 +8.42
CH-in chain +29.89 +58.36
COO– (ester) −337.92 −301.95

eed to be estimated since the thermodynamic data of the
emaining components (both reactants and products), are read-
ly available from reliable sources (e.g. from databanks or scientific
ournals).

In addition to the validation of the thermodynamic data esti-
ations over the whole studied temperature range, the accuracy

f estimations at elevated pressure was investigated as well. It is
ell-known that the precision of all estimation methods based on
olecular contributions is rather strictly limited to low pressures.
owever, hydrogenations are typically carried out at elevated pres-

ures. In the presented case, hydrogenation pressure of 70 bar was
sed in the experiments. Thus, the dependence of thermodynamic
ata on pressure could not be neglected, as one of the aims of the
ork was to compare the experimental data with the modelled

nes.
To estimate the accuracy of presented thermodynamic model

based on ideal gas approach) at higher pressure, the results were
ompared to calculation using Peng–Robinson EOS and tabulated
ata. The dependence of �G on temperature by Peng–Robinson at
levated pressure can be taken from literature or some standard
alculation machine (ASPEN+). The resulting plot of �G vs. reac-
ion temperature at the highest reaction pressure of 70 bar is given
n Fig. 1. It can be seen that there is a systematic deviation between
he results obtained by the two chosen approaches; the Gibbs
ree energy calculated by the ideal-gas-law approach at 70 bar
s lower compared to the one calculated by Peng–Robinson EOS.
evertheless, the discrepancy remains fairly low, namely 2–4%.
uch accuracy of the predicted thermodynamic parameters is still
cceptable, considering the basic problems with acquisition of all
hermodynamic data of the system.

. Total triglyceride hydrogenation experiments
The experiments were carried out in an electrically-heated
xed-bed reactor (i.d. 17 mm). The reaction temperature and pres-
ure varied in the range of 240–360 ◦C and 0.5–8 MPa, respectively.
he weight-hourly space velocity (WHSV) and the molar ratio of

ig. 1. Comparison of the Gibbı̌s free energies calculated by the Joback’s contribu-
ion method (ideal-gas approach) with tabulated values (by Peng–Robinson EOS) –
emperature dependence at elevated pressure of 70 bar.
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9.5 −8.08.10 1.53.10 −9.67.10
0.909 0.095 −5.44.10−5 1.19.10−8

3.0 0.204 −2.65.10−4 1.20.10−7

4.5 0.0402 4.02.10−5 −4.52.10−8

ydrogen to feedstock were kept constant at values 1 h−1 and 100
mol/mol), correspondingly. Commercial hydrotreating and hydro-
enation catalysts (Ni-Mo/Al2O3 and Ni/Al2O3, respectively) were
sed. In these experiments about 15 g of a catalyst were loaded in
he reactor. Both catalysts were activated in-situ prior to the experi-

ents, either using dimethyldisulfide (DMDS) for the NiMo catalyst
r hydrogen for the Ni catalyst. Refined rapeseed oil was fed into
he reactor.

Samples of liquid as well as of gas phase were analyzed off-
ine by GC techniques. The gas-phase samples were analyzed by
sing the conventional three-column system equipped with both
I and TC detectors (Agilent). The liquid phase samples free from
eaction water were analyzed by using on-column injection and a
re-column (deactivated capillary silica column, 2.5 m × 0.53 mm

.d.) connected to an analytical HP-5 column (10 m × 0.25 mm i.d.,
lm 0.1 �m). The identification of liquid products was confirmed
y GC-MS analysis.

. Results and discussion

The Joback’s contribution method has been demonstrated to
stimate accurately the thermodynamic data of butyl stearate over
he entire range of experimental conditions studied (i.e. up to 370 ◦C
nd 70 bar) and thus it could be safely applied for the assessment
f the relevant thermodynamic data of tristearate. The calculated
hermodynamic data were used to study the total hydrogenation
f tristearate based on the derived thermodynamic model (Eqs.
1–4)) over the whole range of experimental temperatures and
ressures. In Table 2, an overview of calculated standard thermo-
ynamic properties of main reactants and products of the reaction
ystem is presented.

.1. Thermodynamic balance – the influence of temperature and
ressure on the liquid product distribution

The main reactant of the total hydrogenation, tristearate, reacts
ccording to reactions (1)–(4). The liquid phase (experimentally
eparated at 80 ◦C) consists of hydrocarbons and water. After sep-
ration of the water phase, the liquid phase comprises almost
xclusively C15–C18 hydrocarbons.

In agreement with the composition of rape-seed oil, C17–C18

ydrocarbons are the major products and their concentration is
ore than 90%, m/m. Thus, the influence of temperature and pres-

ure on the product distribution will be demonstrated only for these
wo representatives. Nevertheless, it could be shown that the trends
or C15 and C16 hydrocarbons are similar to those of C17 and C18

able 2
asic calculated thermodynamic data of tristearate hydrogenation system, standard
onditions 25 ◦C = 298 K, 1 bar.

omponent Thermodynamic parameter

�Hf
◦ (kJ/mol) �Gf

◦ (kJ/mol)

ristearate −2176.9 −504.5
17H36 −394.2 92.3
18H38 −414.9 100.7
ropane −105.3 −25.6
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ig. 2. Calculated concentration profiles of C17 and C18 hydrocarbons at 70 bar as
function of reaction temperature, reaction extent corresponds to 7 mol hydrogen
er 1 mol tristearate in the feed. Total feed dilution is equal to 1:100 by hydrogen.

ydrocarbons [8,34]. In Fig. 2, the calculated mass concentrations
f formed hydrocarbons are presented as a function of reaction
emperature for the total pressure of 70 bar.

The thermodynamic prediction for 70 bar shows that with
ncreasing temperature, starting at 270 ◦C, the concentration of C18
ydrocarbon rises and finally, at 350 ◦C, reaches almost 80% in the

iquid hydrocarbon product (Fig. 2). That means that, at elevated
ressure of 70 bar and higher temperature, the hydrodeoxygenation
eaction is preferred, resulting in the formation of C18 hydrocar-
ons. A plausible explanation of the product distribution can be
erived from the already presented reaction scheme (Eqs. (1)–(4))
at elevated pressure hydrodeoxygenation (Eq. (2)) will be pre-

erred due to the fact that the number of moles of products is lower
han that of reactants in hydrodeoxygenation (compare Eqs. (1) and
2)).

The hydrodecarboxylation reaction (Eq. (1)) is, on the contrary,
ccelerated by lowering the reaction pressure (as the number of
oles of products is higher than that of reactants). The effect

f reaction pressure is demonstrated on Fig. 3, which depicts
he dependence of product distribution on reaction pressure at a

edium temperature of 310 ◦C. At low pressure (e.g. 0.5 bar) the
oncentrations of C17 and C18 hydrocarbons are most equal, i.e.
he extent of hydrodecarboxylation increases at the expense of
ydrodeoxygenation. Furthermore, a comparison of Figs. 2 and 3

eveals that the effect of the change of reaction pressure on the
roduct distribution is more pronounced than that of reaction tem-
erature in the range of experimental conditions investigated here.

ig. 3. Calculated concentration profiles of C17 and C18 hydrocarbons at 310 ◦C as
function of reaction pressure, reaction extent corresponds to 7 mol hydrogen per
mol tristearate in the feed. Total feed dilution is equal to 1:100 by hydrogen.

p
e
f
s
a

t
s
f
p
F
a
d
h
o
i
d
c
M
p
t

ristearate (calculation) and rape-seed oil (experiments) hydrogenation. Catalyst
sed in experiments: NiMoS on alumina. Reaction extent (calculations) corresponds
o 7 mol hydrogen per 1 mol tristearate in the feed. Total feed dilution is equal to
:100 by hydrogen.

From the process point of view, the product distribution is sig-
ificantly affected by the choice of reaction conditions and this fact
ould be thus used for tailoring the process to suit different local
onditions.

.2. Thermodynamic balance vs. lab-scale experiment

The ultimate (and most challenging) task is to discuss the
eliability of the presented thermodynamic model by compar-
ng its predictions to the results of lab-scale experiments. Details
f the experimental procedure and of the product analysis are
iven in Section 3 [16,34]. The comparison of the thermodynamic
redictions (based on tristearate) with experimentally performed
onversion of rape-seed oil is given in Fig. 4 for reaction tempera-
ure ranging from 270 to 350 ◦C at total reaction pressure equal to
0 bar.

For both C18 and C17 hydrocarbon concentrations, an acceptable
greement between experiment and model can be observed for
emperatures above 300 ◦C. Below 300 ◦C, the discrepancy of the

easured and predicted hydrocarbons concentration is increased
nd at reaction temperature of 270 ◦C, the deviation of C18 con-
entration amounts to ca. 9.2% (relative). The thermodynamic
redictions show that in excess of hydrogen n-octadecane is the
xclusive hydrocarbon product. In order to account for the observed
ormation of n-heptadecane the H2/oil ratio was varied until rea-
onable agreement with the experimental data was found. It was
t the value of H2/oil ratio equal to 7.

It can be therefore suggested that under the reaction condi-
ions the reaction can be limited by hydrogen diffusion to the active
ites, i.e. by hydrogen mass transfer through the stagnant liquid film
ormed by reactants and/or products on the outer surface of catalyst
articles. The diffusion limitations in similar systems (Ni catalyst,
AME/triglycerides, H2) were studied in detail by Junker [35]. The
uthors have found that the hydrogenation is limited by hydrogen
iffusion as well as by triglyceride diffusion [35]. The vegetable-oil-
ydrogenation-rate limitations by low concentrations of hydrogen
n the catalyst surface, which is caused by low hydrogen solubility
n vegetable oils, were reported by others as well [36–38]. As the

iffusion is affected by temperature, it may also explain the dis-
repancy between the model predictions and experimental results.
oreover, further peculiarities, such as n-alkane isomerization and

ossibly also cracking, have to be considered at elevated tempera-
ures.
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Generally, it can be concluded that the thermodynamic model
escribes rather well the experimental data and that the observed
iscrepancies are due to the complexity of the reaction system

nvolving a heterogeneous catalyst and the mass effects. The model
istribution of both hydrocarbons with temperature (and pres-
ure) reflects the limits of the system from thermodynamic point
f view. Considering the complexity of the system, the accuracy of
he model is relevant for a basic process layout. Hence, the obtained
esults confirmed the basic reaction dependencies observed exper-
mentally.

. Conclusions

A basic thermodynamic model was derived for the total hydro-
enation of tristearate and its predictions were compared to the
xperimental observations of rape-seed oil transformation into
ydrocarbons. As the basic thermodynamic data for tristearate
ere not available in literature, their values were estimated by
sing the Joback’s contribution method. Based on the comparison to
relevant known system (butyl stearate) it was concluded that the

hosen method is suitable for the assessment of thermodynamic
ata of triglycerides. The accuracy of the estimates is within 5% for
levated pressures and temperatures for butyl stearate and it can
e assumed that it is of the same magnitude for, the chemically
imilar, tristearate (there is no relevant measured data to compare
irectly to).

The thermodynamic balance of the system was used to predict
he composition of the liquid phase, namely to predict the distri-
ution of C17 and C18 hydrocarbons. The predictions suggest that
18 hydrocarbons are the main reaction products and that their
oncentration is affected by temperature and particularly by pres-
ure. Moreover, the model predictions are in a good agreement with
xperimental data. Additionally, the estimations suggest that the
eaction is limited by hydrogen transfer. This finding is currently
eing examined experimentally.
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