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catalysts: Effects of P addition and Mo/(Mo + W) ratio
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h i g h l i g h t s

� HDS activity of CoMoW/SBA-16
sulfide catalysts depends strongly on
the Mo/(Mo + W) atomic ratio.

� CoMoW catalyst prepared with Mo/
(Mo +W) atomic ratio of
0.4 and supported on SBA-16
modified with P was the most active.

� The most active catalyst exhibited the
highest surface exposure and
sulfidation degree of W species.
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a b s t r a c t

Two series of SBA-16-supported CoAMoAW ternary sulfide catalysts with atomic ratio r = Mo/(Mo + W)
ranging from 0.3 to 0.7 were prepared by the simultaneous impregnation of SBA-16 and phosphated-
SBA-16 substrates with metal precursors. The samples were characterized by a variety of techniques
(chemical analysis, N2 physisorption, SEM, XRD, DRS UV–vis, TPR, TPD-NH3, Raman spectroscopy,
HRTEM, XPS and coke burning). The catalytic performance was evaluated in the hydrodesulphurization
(HDS) of dibenzothiophene (DBT), carried out in a batch reactor at 350 �C and 3.1 MPa of total H2 pres-
sure. The maximum activity at the same atomic ratio r = 0.4 was observed for the catalysts supported
on SBA-16 modified with phosphorous (r = 0.4(P)). HRTEM evidenced that this was because different
MoS2 crystalline structures were formed: the P-free sample prepared with Mo/(Mo + W) atomic ratio
of 0.6 (r = 0.6) exhibited the MoS2-2H crystalline structure whereas the P-containing samples prepared
with Mo/(Mo +W) atomic ratio of 0.4 (r = 0.4(P)) exhibited the interplanar distance corresponding to
(003) planes of MoS2-3R crystalline structure. Additionally, the best activity of the r = 0.4(P) sulfide cat-
alyst was linked with the enhancement of the WS2 species surface exposure accompanied with a larger
sulfidation degree of W species (from XPS).

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Typically, the catalysts employed in refineries for hydrodesul-
phurization (HDS) of gasoline and diesel fuels are based on the
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a  b  s  t  r  a  c  t

In  this  work  mesoporous  Al-SBA-15  was  synthesized  by the  sol-gel  method  and  used as  a  solid  acid
catalyst  for  the  conversion  of  a model  mixture  of  tricaprylin  with  20 wt%  of  palmitic  acid  at  T =  175–215 ◦C.
The  incorporation  of  aluminum  to  the  SBA-15  through  the  sol-gel  method,  gives rise  to  mesoporous
materials  with  the typical hexagonal  arrangement  of  SBA-15  (XRD).  In  addition,  these  materials  possess
Lewis  and Brönsted  acid sites  (pyridine  adsorption),  large  surface  area  and  wide  pore  diameter  (N2

physisorption)  being  capable  of catalyzing  simultaneously  transesterification  of  triglycerides  (tricaprylin)
and  esterification  of  palmitic  acid  (up  to 20 wt%)  resulting  in  FAME  yields  of  40–87%.  A  detailed  analysis
of  the  reaction  products  indicates  that  the  conversion  of triglyceride  to  diglyceride  is  the  limiting  step
during  the acid  transesterification  over  Al-SBA-15  catalysts,  which  results  from  the  difficulty  to protonate
triglycerides  followed  by methanol  addition.  A simplified  lumped  first order  reaction  model  reproduces
well  the  experimental  data  for the  acid  transesterification  of tricaprylin  in  the  presence  of  a  high  content
of  free  fatty  acids  (palmitic  acid).  The  calculated  activation  energy  was  64.7 kJ  mol−1 which  is  in  the  range
of  45–120  kJ  mol−1 previously  reported  for  acid catalysts.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Traditional homogeneous basic catalysts, even with large
reaction rates, are unable to perform simultaneously esterification
and transesterification reactions because of the presence of free
fatty acids (FFAs) and water [1]. The presence of water favors
the formation of FFAs by hydrolysis of triglycerides (TGs) [2],
besides FFAs with homogeneous basic catalysts also gives rise to
soap formation, making difficult the separation of products and
diminishing the activity of the catalysts [1].

In this context, heterogeneous acid catalysts represent
an interesting option, because both esterification and
transesterification reactions could occur through an acid route [3].
Therefore, several types of heterogeneous acid catalysts have been
investigated for the transesterification of different vegetal and
animal lipids. These catalysts include zeolites, which are materials
whose surface acidity can be modulated with the addition of
different atoms to the aluminosilicate structure [4]; despite of
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that, zeolites have exhibited low catalytic activity, which has been
mainly associated with the restricted transport of TGs into their
cavities [5]. Supported heteropoly acids are also materials with
strong Brönsted acidity, but their solubility in methanol limits
their use for several reaction cycles [6]. Additionally, some resins
as Amberlyst 15 have provided good yields for esterification under
mild conditions because of their open structure; however, they
exhibited low activity for transesterification due to their poor
thermal stability at high temperatures [6]. Some other catalysts
like superacids, which are materials that use zirconium, titanium
and tin oxides as supports, and sulfate or tungsten compounds
as active phases [7–9], have been also used for the simultaneous
esterification and transesterification, however the leaching of the
sulfate compounds from the catalyst was commonly observed
[9]. Analyzing these previous works, it can be concluded that
large pore diameter, strong acidity, thermal stability and surface
hydrophobicity are desirable properties for acid catalysts in order
to improve the diffusion of reactants and products and to repel the
water, which is formed during the esterification reaction [10].

Therefore, an interesting alternative is the use of amorphous
silica with ordered mesoporous structure, such as SBA-15.
These materials exhibit a large pore size, high thermal stability
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A B S T R A C T

This study shows that ternary Ni-Mo-W sulfide catalysts supported on hexagonal mesoporous silica modified
with Ti (HMS-Ti) showed a high enhancement of dibenzothiophene (DBT) transformation via hydrogenation
route with respect to their Ti-free counterpart. The reaction of hydrodesulphurization (HDS) of DBT was carried
out at in a batch reactor at 320 °C and 5.5 MPa of total H2 pressure. The catalysts were characterized by a variety
of techniques (chemical analysis, N2 adsorption-desorption isotherms, low- and wide-angles XRD, TPR, TPD-
NH3, DRS UV–vis, TPO/TG and HRTEM). At reaction time of 5 h, all synthetized catalysts exhibited higher DBT
conversion (84–100%) than both commercial NiMo/γ-Al2O3 and NiW/γ-Al2O3 catalysts (59 and 69%, respec-
tively). For all catalysts, the DBT transformation occurs via direct desulfurization (DDS) and hydrogenation
(HYD) pathways. The DDS was the main reaction route for Ti-free sample whereas for both Ti-containing
samples the DBT transformation occurs mainly via HYD reaction route. At a reaction time of 5 h, the best catalyst
(NiMoW/HMS-Ti1) exhibited 100% of DBT conversions and the highest yield of hydrogenation route products.
From the activity results, it is concluded that only the structure of Ti species is relevant for the catalyst activity,
but not the amount of Ti incorporated in the HMS framework. The superior activity of sulfide NiMoW/HMS-Ti1
is linked with the best properties of its oxide precursor: a lowest band energy gap and a large amount of Mo
(W)6+ ions having octahedral coordination. After sulfidation, the best catalyst exhibited the “onion-type”Mo(W)
S2 structures which offer the best conditions for the formation of “bright rim” Mo edge sites, which are known to
be active sites for DBT transformation via HYD reaction route.

1. Introduction

To reduce the air pollution by S produced from the combustion of
transportation fuels, nowadays, there are more stringent environmental
regulations on the S content for diesel fuel and gas-oil. This is a tech-
nological challenge for current commercial hydrotreatment process
because the most of the sulfur compounds present in middle distillates
are dibenzothiophene and alkyl-substituted dibenzothiophenes, which
are highly refractory for the S-removal by catalytic hydro-
desulphurization (HDS) reaction [1,2]. The difficult S removal from
those molecules is believed to be due the steric hindrance of the C-S
bond scission in the partially hydrogenation intermediates leading to
inhibition of the direct desulfurization (DDS) reaction route [1,2]. In
order to solve this problem, the catalysts with improved hydrogenation
function are needed.

Nowadays, the world’s most active hydrotreating catalyst is

considered to be a bulk-like catalyst, called as NEBULA, which was
developed in 2001 by Akzo Nobel, ExxonMobil and Nippon Ketjen
[3,4]. The NEBULA catalyst has a NiMoW formulation and its porous
structure is formed during decomposition of metal’s precursors [3,4].
As compared with classical alumina-supported catalysts, the bulk-like
catalysts are more expensive due to the elimination of support from the
catalyst formulation. Thus, the challenge is to development trimetallic
catalysts, which can be more cost effective than unsupported ones.

One of the current strategies for the design of heterogeneous cata-
lysts is the variation of the support. In the selection of support, the
important factors to be considered are: surface area, pore size dis-
tribution, acidity and stability during on-stream reaction. In most re-
ports in the literature, hybrid supports were used because a major
drawback of the use of mesoporous alumina as support is the strong
metal-support interaction leading to the loss of active phase due to the
formation of spinel-like structures (NiAl2O4). Taking into account the

http://dx.doi.org/10.1016/j.cattod.2017.10.005
Received 18 April 2017; Received in revised form 29 September 2017; Accepted 4 October 2017

⁎ Corresponding authors.
E-mail addresses: rafael_huirache@yahoo.it (R. Huirache-Acuña), bgarcia@icp.csic.es (B. Pawelec).

Catalysis Today xxx (xxxx) xxx–xxx

0920-5861/ © 2017 Elsevier B.V. All rights reserved.

Please cite this article as: Vazquez Salas, P.J., Catalysis Today (2017), http://dx.doi.org/10.1016/j.cattod.2017.10.005

http://www.sciencedirect.com/science/journal/09205861
https://www.elsevier.com/locate/cattod
http://dx.doi.org/10.1016/j.cattod.2017.10.005
http://dx.doi.org/10.1016/j.cattod.2017.10.005
mailto:rafael_huirache@yahoo.it
mailto:bgarcia@icp.csic.es
http://dx.doi.org/10.1016/j.cattod.2017.10.005


The Role of Composition for Cobalt Molybdenum Carbide in
Ammonia Synthesis
Ihfaf AlShibane,† Angela Daisley,† Justin S. J. Hargreaves,*,† Andrew L. Hector,‡ Said Laassiri,†

Jose L. Rico,§ and Ronald I. Smith∥

†WestCHEM, School of Chemistry, University of Glasgow, Joseph Black Building, Glasgow G12 8QQ, United Kingdom
‡Chemistry, University of Southampton, Southampton SO17 1BJ, United Kingdom
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ABSTRACT: The performance of Co3Mo3N, Co3Mo3C, and Co6Mo6C for
ammonia synthesis has been compared. In contrast to Co3Mo3N, which is
active at 400 °C, a reaction temperature of 500 °C, which was preceded by an
induction period, was necessary for the establishment of steady state activity for
Co3Mo3C. Co6Mo6C was found to be inactive under the conditions tested.
During the induction period, nitridation of the Co3Mo3C lattice was found to
occur, and this continued throughout the period of steady state reaction with
the material transforming in composition toward Co3Mo3N. Taken together,
these observations demonstrate that ammonia synthesis activity in ternary
cobalt molybdenum systems is associated with the presence of N in the 16c
Wyckoff lattice site.

KEYWORDS: Ammonia synthesis, Mars-van Krevelen, Co3Mo3N, Co3Mo3C, In situ neutron diffraction

■ INTRODUCTION

The development of the Haber−Bosch Process for the
industrial-scale synthesis of ammonia from N2 and H2 feedstock
was a landmark 20th century achievement.1 This process
employs an iron-based catalyst and is operated at very high
pressure (>100 atm) and moderate temperatures (ca. 400 °C)
to accomplish acceptable process yields. It is also necessary to
use highly pure feed gases. Taking the whole process into
consideration (including the generation of feedstock), as
operated on the industrial scale, the process is currently
responsible for ca. 1−2% of global energy demand producing
more than 1.5 tonnes of CO2 per tonne of NH3 made.2 While
the process is well integrated and iron is a widely abundant and
cheap catalyst which exhibits, under the correct conditions, a
significant lifetime, the search for new catalytic materials and/or
processes for ammonia synthesis is an area of topical interest. A
strong driver for this is the development of routes with
enhanced sustainability and/or facilitating more localized
production requiring smaller distribution networks. On the
industrial scale, a more highly active carbon-supported
ruthenium-based catalyst was developed, and it forms the
basis of the Kellogg Advanced Ammonia Process (KAAP). To
date, while there has been some industrial uptake of this
system, this has been limited. The development of this
ruthenium catalyst has recently been outlined.3 Given the fact
that thermodynamically ammonia synthesis is favored by lower
reaction temperatures, the development of more active catalysts

which could lead to exploitation of this thermodynamic window
and a concomitant reduction in the severity of the conditions
required for operation of ammonia synthesis continues to be a
major focus of attention. The performance of a number of
different materials has been reported in the literature including
Co3Mo3N,

4,5 Ni2Mo3N,
4,6 Co-Re,7,8 BaH2/Co,

9 Ru/electride,10

and lithium hydride−transition metal (nitride) combinations.11

In making an activity comparison between the Fe-K2O-Al2O3
and Co3Mo3N catalysts at atmospheric pressure and 400 °C,
Kojima and Aika have reported rates of 330 and 652 μmol h−1

g−1, respectively,5 and in a study at elevated pressure and with a
feed containing ammonia, Jacobsen has also reported the
Co3Mo3N to exhibit better ammonia synthesis performance
than a commercial multipromoted iron catalyst.4

Among the different systems investigated, we have been
interested in the possibility that Mars−van Krevelen mecha-
nisms may be operative for metal nitrides.12 To this end, the
reactivity of lattice N in Co3Mo3N with hydrogen has been
investigated where it was found that some NH3 could be
produced in the absence of gas-phase N2.

13,14 Furthermore, at
elevated reaction temperature, 50% loss of lattice N occurred
resulting in the η-12 carbide-structured Co6Mo6N phase, which
was previously unprecedented.15 The residual lattice N was
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a  b  s  t  r  a  c  t

In  this  work  mesoporous  Al-SBA-15  was  synthesized  by the  sol-gel  method  and  used as  a  solid  acid
catalyst  for  the  conversion  of  a model  mixture  of  tricaprylin  with  20 wt%  of  palmitic  acid  at  T =  175–215 ◦C.
The  incorporation  of  aluminum  to  the  SBA-15  through  the  sol-gel  method,  gives rise  to  mesoporous
materials  with  the typical hexagonal  arrangement  of  SBA-15  (XRD).  In  addition,  these  materials  possess
Lewis  and Brönsted  acid sites  (pyridine  adsorption),  large  surface  area  and  wide  pore  diameter  (N2

physisorption)  being  capable  of catalyzing  simultaneously  transesterification  of  triglycerides  (tricaprylin)
and  esterification  of  palmitic  acid  (up  to 20 wt%)  resulting  in  FAME  yields  of  40–87%.  A  detailed  analysis
of  the  reaction  products  indicates  that  the  conversion  of triglyceride  to  diglyceride  is  the  limiting  step
during  the acid  transesterification  over  Al-SBA-15  catalysts,  which  results  from  the  difficulty  to protonate
triglycerides  followed  by methanol  addition.  A simplified  lumped  first order  reaction  model  reproduces
well  the  experimental  data  for the  acid  transesterification  of tricaprylin  in  the  presence  of  a  high  content
of  free  fatty  acids  (palmitic  acid).  The  calculated  activation  energy  was  64.7 kJ  mol−1 which  is  in  the  range
of  45–120  kJ  mol−1 previously  reported  for  acid catalysts.
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1. Introduction

Traditional homogeneous basic catalysts, even with large
reaction rates, are unable to perform simultaneously esterification
and transesterification reactions because of the presence of free
fatty acids (FFAs) and water [1]. The presence of water favors
the formation of FFAs by hydrolysis of triglycerides (TGs) [2],
besides FFAs with homogeneous basic catalysts also gives rise to
soap formation, making difficult the separation of products and
diminishing the activity of the catalysts [1].

In this context, heterogeneous acid catalysts represent
an interesting option, because both esterification and
transesterification reactions could occur through an acid route [3].
Therefore, several types of heterogeneous acid catalysts have been
investigated for the transesterification of different vegetal and
animal lipids. These catalysts include zeolites, which are materials
whose surface acidity can be modulated with the addition of
different atoms to the aluminosilicate structure [4]; despite of
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that, zeolites have exhibited low catalytic activity, which has been
mainly associated with the restricted transport of TGs into their
cavities [5]. Supported heteropoly acids are also materials with
strong Brönsted acidity, but their solubility in methanol limits
their use for several reaction cycles [6]. Additionally, some resins
as Amberlyst 15 have provided good yields for esterification under
mild conditions because of their open structure; however, they
exhibited low activity for transesterification due to their poor
thermal stability at high temperatures [6]. Some other catalysts
like superacids, which are materials that use zirconium, titanium
and tin oxides as supports, and sulfate or tungsten compounds
as active phases [7–9], have been also used for the simultaneous
esterification and transesterification, however the leaching of the
sulfate compounds from the catalyst was commonly observed
[9]. Analyzing these previous works, it can be concluded that
large pore diameter, strong acidity, thermal stability and surface
hydrophobicity are desirable properties for acid catalysts in order
to improve the diffusion of reactants and products and to repel the
water, which is formed during the esterification reaction [10].

Therefore, an interesting alternative is the use of amorphous
silica with ordered mesoporous structure, such as SBA-15.
These materials exhibit a large pore size, high thermal stability
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Abstract Red mud, an aluminum industry large-scale

waste, was used as a precursor to prepare sodium fer-

rate(VI) and sodium ferrite following different reaction

pathways. Ferrous oxalate extracted from red mud has been

used as an intermediate for the preparation of these com-

pounds. The conversion rate to sodium ferrate(VI) from

ferrous oxalate was as high as 64% in sodium hydroxide

solution with sodium hypochlorite. Furthermore, sodium

ferrite was formed after performing the solid–solid reaction

at 600 �C using a 1:1 weight ratio of iron oxide (prepared

via the ferrous oxalate extraction route from red mud) and

sodium peroxide. In contrast, sodium iron silicon oxides

were formed when red mud was reacted directly, following

similar experimental procedures. These results present an

interesting alternative to convert an environmentally

unfriendly waste to new value-added products. It is

envisaged that sodium ferrate(VI) might be of great interest

in terms of wastewater treatment, whereas sodium ferrite

and NawFexSiyOz might be of interest in the development

of new materials for energy storage.

Keywords Red mud � Ferrate(VI) � Ferrite � Ferrous

oxalate

Introduction

Red mud is an alkaline waste generated in the process of

alumina extraction from bauxite ores by the Bayer process

[1]. Discharge of red mud is damaging to the environment

because of its high alkalinity and heavy metal content [2].

The issues of red mud are a big challenge to the aluminum

industry as well as society as a whole. Typically, red mud

contains 6–8 major constituents and more than 50 trace

elements. The major constituents are Fe2O3, Al2O3, SiO2,

TiO2, Na2O, CaO, and, sometimes, K2O and MgO [3, 4].

The content of each chemical constituent of red mud from

different origins differs significantly because of the varia-

tion in the composition of bauxite ore and the process

parameters, for example, typical compositional ranges are

(wt%) Al2O3 5–30, Fe2O3 5–60, and CaO 2–14 [4]. The

identity and quantity of mineralogical components in red

mud are important for its properties [5], which are diverse

and not easy to examine. It is estimated that less than 4

million tons of the current annual production of 150 million

tons of red mud are used in a productive manner [4]. In

India alone, more than 4 million tons of red mud are

generated annually and the development of its large-scale

utilization is a major area of interest [6].
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Investigación en catálisis en la 
Universidad Michoacana
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RESUMEN: En este trabajo se hace una breve reseña de la investigación y actividades relaciona-
das con la catálisis llevadas a cabo en la Facultad de Ingeniería Química de la Universidad Mi-
choacana de San Nicolás de Hidalgo. Se mencionan los proyectos y las tareas de investigación, 
la infraestructura disponible, así como las colaboraciones con diferentes instituciones. Final-
mente, se mencionan los principales logros.
PALABRAS CLAVE: Catálisis, proyectos de investigación, infraestructura.

Abstract: A brief review of the research activities on catalysis at the Department of Chemical 
Engineering of the University of Michoacan is herein described. The approved research projects, 
the available infrastructure in the laboratory and the collaboration with other institutions are 
also mentioned. The main achievements are finally commented.
KEYWORDS: Catalysis, research projects, infrastructure.

Introducción

Las actividades de investigación en el área de catálisis comienzan en la Uni-
versidad Michoacana de San Nicolás de Hidalgo (umsnh) con la incorpora-
ción del autor de esta reseña a la Facultad de Ingeniería Química (fiq), per-
teneciente a esta institución, en 1993. Sin embargo, y debido a las dificultades 
encontradas en todo comienzo, fue hasta el año de 1996 que se realizó el pri-
mer trabajo de tesis relacionado con catálisis. Los primeros temas de inves-
tigación fueron sobre la síntesis de materiales y su caracterización. Cabe 
mencionar que gracias a los apoyos recibidos del Instituto de Investigaciones 
Metalúrgicas de la umsnh, nuestras actividades de investigación fueron po-
sibles y continúan siendo apoyadas en la actualidad. Esto se debe a que dicho 
instituto cuenta con infraestructura muy importante para nuestros fines, 
como son, por ejemplo, los equipos de microscopía electrónica, difracción de 
rayos X, espectroscopía de infrarrojo, entre otros. Asimismo, del 22 al 24 de 
noviembre de 1998, conjuntamente con la Academia de Catálisis A.C., orga-
nizamos por primera vez en nuestra institución, el IV Encuentro Nacional de 
Catálisis Heterogénea, lo cual vino a robustecer el desarrollo de esta área de 
investigación en la región occidente de nuestro país. Actualmente, somos 

www.mundonano.unam.mx | Mundo Nano 
doi: 10.22201/ceiich.24485691e.2017.18.60091 | 10(18), 147-152, enero–junio 2017
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Mesoporous M-SBA-15-SO3H materials with molar ratios of Si/M=10 (M=Al, Ti) and Si/S=10 were synthesized by 
sol-gel. The materials were characterised by SAXRD, nitrogen physisorption, UV-Vis-DRS, FT-IR, using pyridine as 
a probe molecule, and the H+ content was determined by sodium hydroxide titration. The incorporation of -SO3H 
groups resulted in Ti or Al mesoporous materials with the typical hexagonal arrangement of SBA-15. In addition, the 
materials possess Lewis and Brönsted acid sites, large surface areas and wide pores, being capable of catalyzing the 
esterification of oleic acid with high conversions (~97%) at 140oC. It was also demonstrated that the SBA-15-SO3H 
is more resistant to deactivation than Al-SBA-15-SO3H or Ti-SBA-15-SO3H catalysts. A simplified lumped first order 
reaction model reproduces well the experimental data for the acid esterification of oleic acid over SBA-15-SO3H at 
60oC, 80oC, and 100oC. The calculated activation energy was 31.5 kJ mol-1, similar to other values reported for 
analogous systems.  
 
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Biodiesel is an attractive alternative fuel due to the low emission of pollutants after combustion. In fact, it is 
reported that a biodiesel-diesel blend (up to 20% of biodiesel) can overcome the problems associated with biodiesel 
(high viscosity and low calorific value) giving a better engine performance with a reduction in the emissions compared 
to petroleum diesel [1]. Biodiesel is commonly synthesized through the transesterification of vegetable oils using 
homogeneous basic catalysts, such as NaOH, however, the catalyst decreases its efficiency with feedstocks containing 
free fatty acids (FFA) as in cooked edible oils [2]. Esterification of FFA is then required to increase the amount of 
fatty acids methyl esters (FAME). Usually, homogeneous acid catalysts, such as H2SO4, are very active in the 
esterification of FFA, however, the corrosion problems and the high amount of water needed for neutralization, limit 
its industrial application [3]. Heterogeneous acid catalysts have also been investigated, such as zeolites which have 
exhibited low catalytic activity mainly associated with the restricted transport of triglycerides into their cavities [1]. 
Supported heteropolyacids with strong Brönsted acidity have been also used, but their solubility in methanol limits 
their utilization in several reaction cycles [4]. Resins such as Amberlyst 15 have provided good yields for esterification 
under mild conditions because of their open structure; however, they present poor thermal stability during reactivation 
[5]. Heterogeneous acid catalysts with a large pore diameter, strong acidity, thermal stability and surface 
hydrophobicity are desirable to improve diffusion and repel water formed during esterification [6]. SBA-15 is an 
interesting material since its acidity can be tuned by the incorporation of transition metals (Al, Ti, Zr) and organic 
groups like (-C3H6SO3H) [7]. Several previous works have reported the synthesis of mesoporous silica modified with 
transition metals and/or different sulfonic precursors following sol-gel or grafting methods. However, the role of the 
acid sites in the esterification reaction and the possible mechanism of deactivation are not commonly addressed. The 
aim of this work was the synthesis of M-SBA-15-SO3H samples and their characterization in order to study the effect 
of Al, Ti and –SO3H groups on the catalytic activities in the esterification of oleic acid with methanol at 140oC. To 
analyze the effect of deactivation, three reaction cycles were performed with each catalyst. The experimental data was 
fitted by using a lumped first-order reaction model. 

2. Experimental 

2.1. Catalyst preparation and characterization 

M-SBA-15-SO3H materials were synthesized by sol-gel, using a molar ratio of Si/M=10, (M=Al or Ti) and 
Si/S=10. For the synthesis of SBA-15, Pluronic 123 (P123) and NaCl were dissolved in 400 ml of a HCl solution (0.2 
M) at 40oC under stirring. After 3 h, tetraethyl orthosilicate (TEOS) was slowly added into this mixture. The total time 
under stirring was 24 h. The synthesis procedure was similar for other samples. For SBA-15-SO3H, after the addition 
of TEOS, a mixture of mercaptopropyl trimethoxisilane (MPTMS)-H2O2, was gradually incorporated. Similarly for 
Ti-SBA-15-SO3H and Al-SBA-15-SO3H, after the addition of TEOS, the required quantity of titanium or aluminum 
isopropoxide and then that of MPTMS-H2O2 were added into the solution, with a 2 h period between additions. The 
final solution was aged at 100oC for 24 h in polypropylene bottles. The white precipitate was filtered and washed with 
water, and then dried at 70oC. The P123 was removed by ethanol under reflux at 78 oC. All catalysts were dried at 
100oC before being used in the esterification reaction. 

M-SBA-15-SO3H catalysts were characterized by Small Angle X-Ray Diffraction (SAXRD) using a Bruker D8 
Advance equipment, the patterns were acquired in the 2 range from 0.1° to 5° with a Cu Kα X-ray source (λ=1.540 
Å). The surface area and pore size distribution were determined by nitrogen adsorption following the BET method 
and BJH model, respectively. In a typical procedure, the sample (0.2g) was outgassed in vacuum for 10 h at 100° C 
and the nitrogen physisorption experiment was performed on a Quantachrome Autosorb iQ instrument. Diffuse 
Reflectance UV-Vis spectra (UV-vis-DRS) of the Ti-SBA-15-SO3H sample was obtained from 200 nm to 2500 nm 
at room temperature using a UV-Vis-NIR spectrophotometer from Varian, Cary 500 Scan mode. The functional 
groups were studied by FT-IR using discs of 100 mg (97.5% of KBr and 2.5% of catalyst). The surface acidity of the 
prepared samples were studied by pyridine adsorption and their characteristic vibrations were followed by FT-IR. All 
spectra were recorded on a Nicolet 6700 spectrophotometer using pressed discs of pure powder (10 mg), which were 
activated by outgassing the IR cell at 450°C and 110ºC during 2 h, for SBA-15 and M-SBA-15-SO3H materials. 
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

ZnAl hydrotalcite-like compounds were modified through the incorporation of Zr+4 using molar ratios of Zr/Al(X)=0.0, 0.10 and 
0.25. The synthesis of these materials was performed by the co-precipitation method and their physicochemical properties were 
characterized by XRD, UV-Vis-DRS, N2 physisorption, TGA, and finally, the basic properties were analyzed by titration with 
benzoic acid and adsorption of methanol analyzed by FT-IR. It was found that 200ºC is the most appropriate activation temperature, 
since the catalytic activity of ZnAl-Zr(X) materials on the transesterification reaction was enhanced, obtaining FAME yields 
ranging from 68% to 82%. This high catalytic activity at low activation temperature (200ºC) was attributed to the presence of a 
mixture of the active phases: hydrotalcite, zincite, and hydrozincite; as well as the formation of Brönsted and Lewis basic sites 
when the hydrotalcite-type materials are dehydrated. In addition, it was possible to calculate the apparent reaction rate constants 
by means of a simplified lumped first-order reaction model. The reaction rate constant for the ZnAl-Zr(0.25) catalyst was 12.4 x10-

3 L/gcat.min which is 1.5 times greater than that of the catalyst without Zr. 
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1. Introduction 

Biodiesel is a promising alternative energy fuel with lower emissions of exhaust gases and higher cetane number 
than those of conventional diesel. The use of biodiesel-diesel blends (up to 20% of biodiesel) can overcome the 
problems associated with biodiesel and also gives a better engine performance compared to diesel fuel alone [1]. 
Biodiesel is produced by the transesterification reaction of vegetable oils and animal fats, which is typically catalyzed 
by basic homogeneous catalysts, which involves the subsequent neutralization and purification of the main products. 
Heterogeneous basic catalysts such as basic zeolites, some oxides and carbonates containing elements of the group 
IIA, mixed oxides and transition metals such as Zr and Ti are reported to carry out the transesterification of 
triglycerides with a high FAME yield [2]. However, their industrial application has been limited mainly due to 
leaching of the active phase to the reaction medium. It is reported that hydrotalcites are resistant to deactivation with 
the negligible dissolution of the active phase due to its particular framework of layered double hydroxides with the 
general formula: [M2+

1-xM3+
x(OH)2](An-)x/n.yH2O [3]. Nevertheless, Mg+2 which is commonly used as the divalent 

cation tends to react with glycerol forming salts that reduce their catalytic activity [4]. Therefore, the replacement of 
Mg by Zn is very attractive leading to a more robust catalyst with high tolerance to free fatty acids (FFA) and water, 
but their basic properties decrease when compared with MgAl hydrotalcites [5, 6]. Moreover, the incorporation of tri- 
and tetravalent metal cations such as La+3, Ce+3, and Zr+4  could improve the basic properties of hydrotalcites [7, 8], 
however, the physicochemical properties and catalytic activity resulted from the incorporation of Zr in the structure 
and the activation at relatively low temperature have not yet been assessed. Thus, the aim of this work was to get a 
better understanding regarding the effect of a low activation temperature and the effect of Zr on the textural, basic, 
crystalline and catalytic properties of ZnAl-Zr(X) materials. In addition, the reaction rate constant for each ZnAl-
Zr(X) catalyst was calculated by means of a simplified lumped first-order reaction model.  

2. Experimental 

2.1. Catalyst preparation and characterization 

Layered Double Hydroxides (LDH) were prepared by the co-precipitation method using an aqueous solution of 
Zn(NO3)2·6H2O, Al(NO3)3·9H2O and ZrOCl2·8H2O to accomplish a fixed molar ratio of Zn/Al=2 with a molar ratio 
of Zr/Al(X)=0.0, 0.10 and 0.25. Then, the solution was titrated with a Na2CO3 and NaOH solution to adjust the pH 
9±0.5. The suspension was maintained under reflux at 90ºC during 36 h. The obtained material was washed with 
deionized water and dried at 80ºC during 12 h. The ZnAl-Zr(0.0) catalyst was first activated by thermal treatment at 
100ºC, 150ºC, 200ºC, and 250ºC at 0.5ºC/min and a dwell of 6h at the set temperature to determine a suitable activation 
temperature that showed the best catalytic activity. Then, an activation temperature was selected and used afterward 
as a reference to activate all ZnAl-Zr(X) prior to the synthesis of biodiesel. 

The X-ray patterns of the materials were collected at room temperature from 5º to 80º at 2 with a step of 0.01º s-

1, using a Bruker D2 PHASER equipment with a lynx eye detector and a Cu Kα X-ray source (λ=1.540 Å). The 
identification of the diffraction peaks from the diffractograms was carried out using the JCPDS database. 
Thermogravimetric Analysis (TGA) was performed using a TA Instruments SDT 2960, simultaneous TGA-DTA 
analysis was carried out at a rate of 10ºC/min from 25ºC to 800ºC under N2 atmosphere (100mL/min). Nitrogen 
physisorption experiments were performed on a Micromeritics TriStar instrument, previously the samples were 
outgassed in vacuum for 12 h at 200ºC in a Micromeritics VacPrep 061 Degas System. Diffuse Reflectance UV-Vis 
spectra (UV-vis-DRS) were obtained from 200 nm to 2500 nm at room temperature using a UV-Vis-NIR 
spectrophotometer from Varian, Cary 500 Scan mode. The surface basic properties of the different materials were 
studied by methanol adsorption and their characteristic vibrations were followed by FT-IR. All spectra were recorded 
on a Nicolet 6700 spectrophotometer using pressed discs of pure powder (20 mg), which were activated by outgassing 
the IR cell at 200°C during 2 h. The IR experiments were performed using a homemade glass cell with CaF2 windows, 
connected to a conventional gas-manipulation-evacuation apparatus. The adsorption experiments consisted of 3 min 
contact of the activated sample with methanol vapor (5 Torr), which allows saturation of the available surface. After 
this, the cell was evacuated at room temperature and 200ºC, in each evacuation a spectrum was registered. The total 
basicity of ZnAl(X)-Zr(Y) materials was quantified by titration with benzoic acid [9]. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.12.097&domain=pdf
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