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UDT
UDT was inaugurated in 1996 as a specialized organization within the University of Concepción dedicated to science, technology 
and innovation. Since 2008 the UDT has been recognized by CONICYT, within the framework of its Basal Funding Program, as 
one of the thirteen centers of excellence in Chile.
The UDT approaches the development of knowledge in the field of forest biorefineries understood as a set of technological 
processes that generate valuable products from lignocellulosic raw materials. It has good analytical and laboratory facilities, 
as well as a wide range of pilot plants, whose combination can produce proof-of-concept results at demonstration scale.

BIOTECHNOLOGY CENTER UDEC
The Biotechnology Center is a regional center for R+D+i focused on five main research areas: Forest Genomics; Second 
generation biofuels; Aquaculture Biotechnology; Environmental microbiology; Phytochemistry. Much of this research, 
particularly in forestry and biofuels, fits on the Bioeconomy concept, a sustainable approach seeking a better use of renewable 
resources.

BIOREN
The mission of the Scientific and Technological Bioresources Nucleus BIOREN (University de la Frontera, Chile) is to strengthen 
multidisciplinary research and development in biological resources and bioprocesses associated with food production, 
environmental sustainability and human health; and further, to strengthen education, dissemination and outreach in the 
field of bioresources. BIOREN has a multidisciplinary research team including chemists and biochemists, molecular biologists, 
cellular biologists, microbiologists, agronomists, chemical and biochemical engineers, and medical and biomedical scientists 
to develop innovative products from biological resources and bioprocesses which can be introduced by industrial partners 
for the production of useful bio-compounds.
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EDUARDO FALABELLA SOUSA-AGUIAR
FEDERAL UNIVERSITY OF RIO DE JANEIRO, BRAZIL

Prof. Eduardo Falabella Sousa-Aguiar, Chemical Engineer, MSc, DSc, has 40 years experience 
in the field of catalysis and catalytic processes. He has worked in the Federal University of 
Rio de Janeiro for 38 years, where he is currently Full Professor of the Department of Organic 
Processes. He has also been a Senior Advisor in Petrobras Research Centre (CENPES), where 
he was the manager of the XTL cell, a group devoted to the development of XTL technologies 
in Petrobras.

He has been involved in many research projects and activities and spent quite some time 
as member of the team that has transferred the technology of cracking catalysts from 
AKZO Nobel to FCCSA. He has also worked some time as a research fellow in the AKZO 
Research Centre in Amsterdam, in the University of Brunel, UK, in the Technical University of 
Vienna and in the Texas Ketjen Plant in Houston, USA.

Prof. Falabella is a prolific writer and has authored over 300 scientific papers, two books and 
several patents. He has also advised over 40 MSc and PhD theses. He has been the focal 
point in Brazil for the international program CYTED, subprogram “Environmental Catalysis”. 
In 2011, as recognition of his contribution to the Catalysis Community, he was invited to 
become a member of the Scientific Committee of ICS-UNIDO. Also, in 2010, he was elected 
a member of the Council of the prestigious International Zeolite Association, being the first 
South American to occupy such position.

He has been awarded several times, deserving special attention the Plinio Cantanhede 
Award, in 1994 (the best scientific contribution to the Brazilian oil and Petrochemistry 
Industry), the Governador do Estado Award, in 1998 (the best international patent) and 
the Golden Retort, in 2000, for his contribution to Brazilian Catalytic Community and Life 
Achievement. Moreover, he was given in 2005 the award “Catalysis and Society”, for the 
creation of the Brazilian Network on Chemical Transformation of Natural Gas. In 2008, he was 
given the prestigious Brazilian National Technology Award for his developments in the field 
of dimethyl ether. In 2012, he was the recipient of the James Oldshue Award of the American 
Institute of Chemical Engineers for his contribution to the development of Chemical 
Engineering in Latin America. Finally, in 2014, he has received the FISOCAT Award, as senior 
investigator. In 2016, he has been nominated Honorary Professor of the China University of 
Petroleum. He is frequently invited as speaker in many congresses and seminars. Indeed, he 
has been plenary lecturer in international congresses in 21 countries.

PLENARY SESSIONS
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BIOMASS CO-PROCESSING IN EXISTING REFINERIES: 
THE FUTURE OF REFINING

EDUARDO FALABELLA
FEDERAL UNIVERSITY OF RIO DE JANEIRO, BRAZIL

The survival of the oil industry will depend on many factors. Indeed, the refiner of the future 
will have to face multiple challenges. Among such challenges, the following ones deserve 
special attention.

• Increasing stringent environmental regulation 
• Growing demand for cleaner fuels
• Globalisation
• Increase in the production of derivatives from declining quality oil
• Uncertainty about the consumer’s choice 
• Growing pressure of several segments of the society aiming at the reduction of GHG
• Maintenance of its profitability.

The refinery must search for intelligent alternative solutions to meet all those requirements. 
The search for alternative feedstock such as biomass has become a must in order to cope 
with more stringent regulations. Also, alternative refining routes such as synthetic fuels are 
striking back.

The concept of Integrated Biorefinery must be applied.  An integrated biorefinery is capable 
of efficiently converting a broad range of biomass feedstocks into affordable biofuels, 
biopower, and other bioproducts. The integrated biorefinery must cope with the problem 
of residues.

Integrated biorefineries imply the use of innovation, or rather, new chemical routes must 
be developed in order to reduce costs, improve competitiveness and, above all, explore 
the potential of residues. Furthermore, aiming at having a better utilisation of the existing 
facilities, co-processing is often indicated. 

In the present work, one discusses co-processing of different types of bio-oils, resulting from 
both catalytic and non-catalytic pyrolysis of lignocellulosic biomass. Bio-oils can undergo 
processing in different units of the refinery, hence different schemes of co-processing will 
be assessed. Since the problems of co-processing bio-oils are often related to the instability 
thereof, bio-oils stability will be also discussed.

ABSTRACT
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LUDO DIELS
FLEMISH INSTITUTE FOR TECHNOLOGICAL RESEARCH (VITO), BELGIUM

Prof. Ludo Diels, Dr. in chemistry & biotechnology, works at the University of Antwerp, and 
is research manager Sustainable Chemistry for the Flemish Institute for Technological 
Research (VITO) in Mol, Belgium. 

During 15 year he managed the Environment and Process Technology Business Unit and 
is now responsible for the transition toward sustainable chemistry and clean technology. 
He is responsible for the organisation of collaboration with the academic and industrial 
world and for co-financing projects. He coordinated and is involved in many international 
research projects. Ludo Diels is strongly involved in the set up of a biobased economy in 
Flanders. 

He is also responsible for the collaboration between VITO and India and he is managing the 
creation of a road map and Strategic Research Agenda for R&D on biomass and biowaste 
between India and Europe. He is a founding father of the Shared Research Centre on 
Bio-aromatics (BIORIZON) between the Netherlands and Flanders. He is also founder and 
Flanders coordinator of the BIG-C trilateral alliance between Flanders, the Netherlands 
and NordRhein Westfalia (Germany), focusing on a border denying collaboration for the 
chemical industry with focus on waste gases and biomass as renewable resources. He 
is case leader for bio-aromatics in the Vanguard Initiative, pilot Bio-economy, leading to 
smart specialisation of interregional collaboration.

Process intensification and the partial replacement of fossil based resources by biomass-
based and renewable resource form the basis for the Sustainable Chemistry Development. 
The integration of waste (including also waste gases as CO2 and H2) and wastewater 
management and technologies are key in the development of a sustainable World. 
In this way he also was on the basis of the ANDICOS™ concept, a combined waste and 
wastewater treatment system leading to reduced energy consumption in water treatment 
and production. He is the chairman of the working group FEED in the Energy and Resources 
(PPP-SPIRE between 8 industrial sectors and the European Commission) and member of the 
SPIRE-BBI working group.
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BIOBASED AROMATICS – CHALLENGES, HURDLES AND OPPORTUNITIES
LUDO DIELS

VITO (FLEMISCH INSTITUTE FOR TECHNOLOGICAL RESEARCH) & ANTWERP UNIVERSITY, BELGIUM

Aromatics are among the most important resources for the chemical industry. Many 
materials are made from aromatics and lead to higher or better performance. Brand 
owners are on the search for more sustainable molecules (e.g. bio-based). But also the 
introduction of higher performance and safety issues can be seen as the most important 
driver for this development. 

Currently virtually all aromatic building blocks are made from fossil oil. This presentation is 
anticipating the expected growing shortage of aromatics from the petrochemical industry 
and the widely shared ambition to green the chemical industry. On top of that one of the 
main drivers is to develop innovative molecules that are safer and more performing.  
This lecture will give an overview of the problems linked to wood-based refineries and 
the availability of lignin sources. Next, it will give an overview of the different approaches 
worldwide to valorize lignin and to produce bio-based aromatic molecules. It will indicate 
the hurdles, challenges and needs for value chain approaches.
 
A nice example in integrated approach is the The Shared Research Center, Biorizon. Biorizon, 
an initiative of TNO, ECN, VITO and the Green Chemistry Campus, develops technologies 
to produce aromatics derived from plant-based (waste) streams. Biorizon brings together 
global leaders (large industry and SMEs) in the fields of feedstock, conversion, equipment, 
building blocks, materials and end-products.  Biorizon aims to be a world leader in the 
development of biobased aromatics to provide the chemical megacluster around the 
Netherlands, Flanders (Belgium) and Nordrhein Westfalia (Germany) with innovative, 
sustainable building blocks leading to many different applications in the products marketed 
by brand owners and small companies. The objective is to make commercial production 
feasible for industrial partners by 2025 at the latest.

Biorizon utilizes plant-based streams such as wood or its fractions lignin and sugars to 
develop functionalized biobased aromatics for performance materials, chemicals & 
coatings. 

Biorizon is based on the open innovation methodology, bringing together collective 
intelligence of various industries, companies and knowledge organizations. The multi-
disciplined technological need, as well as the long term roadmaps based on thermochemical 
conversion, sugar chemistry for furanes and lignin depolymerisation-based chemicals for 
functionalized aromatics lead to a large network of applied research projects with more 
than 40 industrial partners, sharing research, intelligence, investments, risks and workload 
in different projects.

For partners and companies that are interested in the Shared Research Center, please join 
at: www.biorizon.eu/community

PLENARY SESSION 2



Bioplastics – Facts and Myths 
Kabasci, Stephan 

 

Fraunhofer Institute for Environmental, Safety, and Energy Technology UMSICHT,  
Department Bio-Based Plastics, Osterfelder Str. 3, 46047 Oberhausen, Germany, 

Stephan.kabasci@umsicht.fraunhofer.de 

 
Plastics are ubiquitous. They are present in almost all products humans manufacture: from small 
parts like micro SSDs to large items like airplanes: from single-use applications in packaging 
to long-lasting parts in buildings and infrastructure. It is hard to imagine prosperous economy 
and healthy life without plastics. On the other hand, we are becoming more and more aware of 
problems associated with the tremendous increase in plastics production since the 1950s. 
Plastics waste and fragments pollute almost all ecosystems. We can find them in soil, fresh 
water, the oceans, and in a multitude of living organisms including humans. Amongst the wide 
range of possible solutions put forward to solve this problem: from improving plastics waste 
management to completely ban plastics from our lives, an increased use of bioplastics 
sometimes is also mentioned. Before looking at this proposal in more detail, we should make 
sure to know the basic facts about this type of materials. 
According to the definition of industrial associations like European Bioplastics or the U. S. 
Plastics Industry Association, bioplastics are either bio-based or biodegradable or both1,2. 
However, other definitions restricting bioplastics to plastics derived from biomass are also in 
use3. According to estimates by European Bioplastics, the worldwide production capacities of 
bio-based and biodegradable plastics will continue to increase in the coming years. Bio-based, 
non-degradable plastics make up around half of all bioplastics. These are primarily so-called 
drop-in solutions, which have the same chemical structure as fossil-based plastics already on 
the market, e.g. bio-polyethylene (bio-PE), bio-polyethylene terephthalate (bio-PET) and bio-
polyamides (bio-PA). Today, most of the latter two types of plastic are partially bio-based 
materials. Bio-PET for instance currently contains 20 percent bio-based carbon. Polylactic acid 
(PLA) and polyhydroyalkanoates (PHA) are the most common biodegradable bio-based 
plastics, additionally there are also biodegradable starch blends. Forecasts indicate that the 
production capacities of bioplastics will grow significantly in the forthcoming years.  
So far, the share of bioplastics in the overall plastics market has been very low. 348 million tons 
of plastic were produced worldwide in 2017. Bioplastics account for about 0.6 percent of this, 
with the drop-in plastics bio-PE and bio-PET alone covering more than one third. The main use 
of bioplastics with more than 60 percent is packaging, including plastic bags.  
Biodegradation means the breakdown of polymeric materials to small molecules (under 
presence of oxygen mainly CO2 and H2O) accelerated by enzymatic processes resulting from 
the action of living cells. The rate with which this process commences largely depends on the 
environmental conditions, especially temperature, moisture, oxygen availability and biological 
activity. In practice, several test schemes simulating environments like freshwater, seawater, 
soil, compost, anaerobic digestion etc., have been developed and agreed upon by international 
and national standardization organizations (ISO, CEN, ASTM, DIN etc.). Biodegradation has 
to be proven by measuring carbon dioxide (or methane under anaerobic conditions) production, 
since this is the final product of microbial plastics degradation. These biodegradation tests are 
carried out under laboratory conditions in order to control environmental parameters and to 
detect the degradation products properly. In addition to degradation of the plastic material it is 
comprised of, the plastics product in its final form (extruded sheet, blown film, injection molded 
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part etc.) also has to reveal that it disintegrates under conditions resembling the environment in 
which biodegradation is checked. Disintegration in general is checked by recording mass loss 
or by visual inspection of (the absence of) remaining fragments of the test specimens. Products 
will only receive a certificate for biodegradation, if it passed the disintegration test, and the 
material it is made of showed proven biodegradability. It is important that these certificates 
have to denote the environmental conditions under which testing was performed. 
Now, what are the consequences of these tests. Will a product with certified industrial 
compostability degrade after passing an industrial composting facility? Will it degrade after 
being thrown away into a river? The answers are: ‘Yes, most likely’ and: ‘No, most likely not!’ 
respectively. Under the conditions in which degradation was checked and proven in the lab, it 
will also take place in large scale. Sometimes, depending e.g. on the treatment conditions in the 
composting plant (temperatures, residence times) degradation might not proceed up to 
completion. However, that should rather be the exception, and optimizing treatment conditions 
would improve biodegradation. In natural environments, like in rivers, on meadows, in forest, 
or in the sea, on the other hand, conditions are far from industrial composting. That is why we 
cannot expect these materials to degrade after several weeks or a few months in these natural 
environments.  
On the other hand, manufacturers and researchers dealing with biodegradable plastics often 
have to face such statements: ‘Biodegradable plastics are not the solution for problems with 
plastics litter’. Of course, most of them are not. Certified compostable plastics have not been 
developed to be thrown away anyplace! They should be collected separately together with 
organic waste and be treated in an industrial composting plant. This waste management option 
can be a good solution for some products like organic waste collection bags. Mulch films that 
are certified degradable on and in soil can help to reduce environmental pollution originating 
from fragments of non-degradable plastic films in agriculture.  
Looking at the bio-based drop-in materials bio-PE and bio-PET, it is obvious that products 
made thereof will not help solving the plastics pollution problem. Just as their fossil-based 
counterparts, they do not degrade in the environment at all. We have to reduce plastics usage 
where possible and improve plastics waste management worldwide – especially in the fields of 
collection, re-use and recycling –to fight plastics in the environment.  
The advantages of bio-based plastics are the reduced use of fossil resources and smaller carbon 
footprints. Of course, their production needs agricultural area. However, with less than 1 million 
hectares bio-based plastics are responsible for just 0.02 percent of the global agricultural land 
use. A 50-fold increase in their production – to approximately 100 million t/a – was possible 
with a land use of merely 1 percent, which is the share that nowadays biofuels originate from.  
Biodegradable products should be used preferably for assisting in the collection of organic 
waste, which is needed for closing plant nutrient cycles (nitrogen, phosphor etc.), or for 
applications in agriculture and forestry, where product losses into the environment are likely.  
 

  
1 https://www.european-bioplastics.org/bioplastics/        
2 https://www.plasticsindustry.org/advocacy/bioplastics 
3 Vert, M. et al. Pure and Applied Chemistry, 84(2), p. 377–410 
 

17 KEYNOTE SPEAKER

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

1



	

Carbon-based photocatalysts to produce solar fuels and chemicals from 
biomass-derived molecules 

 
Juan Matos1,*, José Ocares-Riquelme1, Ricmary Montaña1, Po S. Poon1, Maria M. Titirici2, 

Conchi. O. Ania3 
 

1Hybrid and Carbon Materials Group, Bioenergy Department, Technological Development 
Unit, University of Concepcion, Concepcion, Chile. 

2Queen Mary University of London, School of Engineering and Materials Science, London, 
United Kingdom. 

3POR2E Group, CEMHTI CNRS (UPR3079), Univ. Orleans, Orleans, France.   
 

*Corresponding author. Email: j.matos@udt.cl 
 
Introduction 
Solar fuels produced from simple and abundant molecules are a promising strategy for the 
utilization of a renewable energy source such as sunlight. However, the efficiency of 
current photocatalysts is still low and far for the practical application. The H2 production by 
direct water splitting1 and the CO2 reduction2 are the two main reactions concerning with 
solar fuels. In this context, it has been widely showed that noble metal/graphene-based 
catalysts are suitable for these reactions1,2. Another strategy for fuels production is the 
photo-assisted valorization of subproducts of the biorefinery3 and biodiesel4,5 industries 
(e.g., furfuryl alcohol, 5-hydroximethyl furfural, glycerol). The valorisation of these 
molecules through their chemical transformation into aldehydes or ketones is an important 
strategy to obtain valuable compounds such as five or six-member dioxane-based 
carbocycles. In this sense, the objective of this work is to explore a photocatalytic approach 
using carbon and copper-doped TiO2-based catalysts for the valorization of furfuryl 
alcohol, 5-hydroximethyl furfural using solar light. 
 
Materials and Methods 
C-doped TiO2 photocatalyst was prepared by solvothermal synthesis of furfural and 
titanium isopropoxide in ethanol. The solution was sealed in an autoclave and heated at 
180 ºC for 16 h. The solid was filtered, washed in absolute ethanol and dried in air at 
100 ºC for 2 h. The material was denoted as TiO2-C. A Cu-containing photocatalyst was 
prepared by adding ca. 5wt.% of Cu(acac)2 to the mixture of furfural and titanium 
isopropoxide before the hydothermal treatment. The sample was denoted as Cu@TiO2-C. 
The catalysts were characterized by XRD, TEM, gas adsorption, and surface pH. The 
photocatalytic tests were performed using a Pyrex open-to-air photoreactor with 125 mL of 
furfuryl alcohol (FA) or glycerol (Gly) solution and 125 mg of catalyst. Irradiation was 
provided by a solar simulator (250 W Xe-lamp). FA and 5-hydroximethyl furfural (5-HMF) 
solutions were used from the remnant liquid from the solvothermal synthesis. For the Gly 
photocatalytic tests, a solution of 20 % v/v was prepared in distilled water. UV-vis 
spectroscopy and FTIR were used to follow the extent of the photocatalytic reaction. 
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Results and Discussion 
Table 1 compiles selected physicochemical properties of the catalysts. Regarding 
composition, the carbon content was quite similar in both catalysts. Also, it is important to 
note that the amount of Cu incorporated to the catalyst was ca. 4.3 wt.%, very close to the 
nominal value. The incorporation of copper also lead to a remarkable increase in the 
surface pH, from 3.8 up to 6.2. 
 
Table 1. Chemical composition, surface pH and selected textural parameters the 
photocatalysts evaluated from N2 adsorption isotherms at 77 K. 

Sample SBETa  
(m2 g-1) 

Vtotalb 
(cm3 g-1) 

Vmicroc 
(cm3 g-1) 

Ti + O d 
(wt.%) 

C d 
(wt.%) 

Cu d 
(wt.%) 

pH e 

TiO2-C 145 0.162 0.032 79.8 20.2 --- 3.8 
Cu@TiO2-C 127 0.117 0.033 78.2 17.5 4.3 6.2 

a BET surface area; b Total pore volume evaluated at p/po @ 0.99; c Micropore volume, Dubinin-Raduskevich 
equation; d TiO2, C and Cu content; e Surface pH. 
 
Fig. 1A shows the N2 adsorption-desorption isotherms at 77 K of the synthesized catalysts. 
As seen, both materials showed quite similar porous features, with a type IV isotherm6 
characteristic of mesoporous materials, and a moderate surface area, slightly lower for the 
copper-doped catalyst. The contribution of microporosity to the total pore volume was also 
quite similar, with values of ca. 20 and 28% for TiO2-C and Cu@TiO2-C, respectively. 
TEM images (Fig. 1B and 1C) show that the catalysts are constituted by micrometric 
spheres which distribution of sizes increased in the presence of Cu (from ca. 4.0 to 5.2 µm). 
No isolated aggregates of copper species were observed, which suggests that small Cu 
nanoparticles are intercalated within the TiO2-C matrix. The XRD patterns (Fig. 1D) show 
that anatase is the main crystalline phase of TiO2 (ca. 90%), with a mean crystal size of 
9.3 nm in both samples. In addition, XRD pattern of Cu@TiO2-C sample presents two 
peaks at 43.2° and 50.6°, attributed to elemental Cu nanoparticles -mean size of ca. 
9.7 nm-.  
Fig. 1E and 1F show the differential transmittance data obtained from the FTIR spectra 
after 120 min irradiation of Gly. As seen, carboxylic acids are formed on TiO2-C sample 
while ketones and aldehydes along with carboxylic acids, are formed on Cu@TiO2-C. The 
more acidic surface pH of sample TiO2-C is responsible of the formation of carboxylic acid 
upon the photooxidation of Gly. On the other hand, the neutral surface pH of sample 
Cu@TiO2-C would be responsible of the reduction of alcohols groups on Gly. Also, the 
high electron affinity of Cu would also be the driving force for reduction reactions. Fig. 1G 
and 1H show the photoconversion of the FA and 5-HMF mixture. In the case of sample 
TiO2-C, the absorbance peaks in the UV-vis spectrum decreased as function of time, 
indicating the photomineralization of both compounds in the mixture. On the other hand, 
for the Cu-containing catalyst (sample Cu@TiO2-C), an increase in the absorbance below 
217 and 268 nm, the main peaks of FA and 5-HMF, respectively, suggest a different 
reaction mechanism via the formation of short-chain ketones and aldehydes. A quantitative 
study is currently ongoing to elucidate the reaction mechanisms for the photocatalytic 
valorization of Gly, FA, 5-HMF. 
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Fig 1. N2 adsorption/desorption isotherms at 77 K (A), TEM images (B,C) and XRD 
patterns (D) of the studied catalysts. Differential transmittance from FTIR spectra after 120 
min irradiation of Gly on TiO2-C (E) and Cu@TiO2-C (F) catalysts. Photocatalytic 
conversion of FA on TiO2-C (G) and Cu@TiO2-C (H) catalysts. 
 
Conclusions 
These preliminary results open up new perspectives for the development of low cost and 
selective carbon-titania catalysts for the photoassisted valorization of biomass derived 
molecules. The catalysts showed activity for the photoconversion of FA and Gly under 
solar light. The incorporation of Cu in the catalyst resulted in higher selectivity for 
electron-donor involved reactions. 
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Abstract 
Biorefineries have emerged as a promising and central element in bioeconomy. However, its 
industrial development has been slower than expected. Therefore, trustable studies providing 
information related to project constraints and opportunities, technology to be used, structural 
and labor requirements, are needed in order to reasonably decide whether the project could 
be implemented or not. In addition, a sustainability assessment should be carried out to 
evaluate the project performance. In this research, the challenge to integrate the sustainability 
assessment in the biorefinery design is addressed by the formulation and solution of a many-
objective optimization model, where sustainability criteria are included in the formulation of 
twenty-four objective functions. In order to illustrate the proposed approach, a case study 
was developed for the Colombian context. Including the evaluation of palm oil and jatropha 
curcas oil as raw materials; and the production of biodiesel, aliphatic polymer and glycerol. 
The resulting Pareto fronts showed that biorefineries integrating different types of raw 
materials, even non-food crops, are economically feasible in North Colombia under particular 
conditions of sustainability. 
 

1. Introduction 
Bioeconomy has gained importance during the last decade as a frame of reference for the 
design and implementation of policies to foster sustainable development and innovation. 
Nowadays, given the urgent need of our society to move toward forms of production in which 
the generation of waste and the use of fossil fuels are minimized or eliminated [1], 
biorefineries have emerged as a promise and central element in bioeconomy. A biorefinery 
is a project that must be considered in its territorial context as a part of a sustainable 
development strategy. Indeed, it concerns at the same time, the valorization of a local 
available biomass and the integration of a new industrial activity within the targeted territory 
[2]. However, the development of biorefineries has been slower than expected, especially 
when non-food crops are employed as feedstock. In 2016, among the 423 existing 
biorefineries worldwide, only 84 were using non-food feedstock. Additionally, only a third 
of these (26) were operating on commercial scale [3]. This low implementation can be 
explained by the perception of the investors who believe that this type of project implies 
highly technological risk with low profitability, due to a lack of well-defined logistical 
models related to the raw material collection, transport and storage, as well as the requirement 
of the development of new technologies to transform biomass in the desired products [4]. 
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Additionally, any type of biorefinery project at industrial scale needs large investments [5]. 
Therefore, trustable studies providing information related to project constraints and 
opportunities, technology to be used, structural and labor requirements, are needed to 
reasonably decide whether the project could be implemented or not.  
To avoid the exhaustion of natural resources ensuring the attainment and continued 
satisfaction of human needs for present and future generations, a number of factors have to 
be considered, including the need for maintaining life support systems such as water services, 
essential biodiversity needs and potential competition for land between different sectors of 
primary biomass production, among others [6]. The performance evaluation integrating these 
aspects is known as sustainability assessment [7]. However, a recent literature review [8] 
shown that very few investigations have considered the whole sustainability dimensions 
when designing the strategic planning of biorefineries in a territory. Thus, despite the 
growing scientific literature in this field, sustainability considerations on this type of studies 
are still partial. 
This research aims to develop an optimization model to design a biorefinery integrating the 
sustainability assessment, based on two sustainability guidelines, and the SC decisions from 
feedstock supply to the product distribution and consumption. Besides, it considers multi 
biomass sources to produce multiple types of bio-based products, by different production 
technology options, i.e. a Phase III biorefinery. To achieve this objective, a multi-objective 
mixed integer non-linear programming model was developed and a set of optimal solutions. 
In addition, computational experiments were performed on a case study aiming to illustrate 
the applicability of the proposed model: biodiesel and biopolymer production from 
alternative vegetable oils as raw material, in the Colombian context. 
 

2. Experimental 
This section presents the problem description and the corresponding model formulation in 
order to design a sustainable supply chain for the Phase III biorefinery. 
 
2.1. Problem description 
The strategic decision-making level on SC is the most important to assess in a biorefinery 
project, in terms of large investments amounts required, long-term decisions and uncertainty. 
Thus, this level should be the first to be integrated in the optimization model.  
Therefore, the SC network for a Phase III Biorefinery integrated the following elements: 

1. Biomass source sites to supply multiple types of feedstock 
2. Pretreatment facilities processing biomass to accomplish better yields in principal 

transformation process assessing several potential production technologies and 
capacities  

3. Conversion plants assessing several potential production technologies and capacities 
4. Demand nodes for multiple types of biobased products produced in the pre-processing 

and conversion facilities 
 
In addition, due the nature of this research related to biobased products and biofuels, the 
sustainability assessment presented by [9] and [7] were analyzed.  
 
2.2. Model Formulation 
The developed model includes the supply chain decisions related to the strategic decision-
making level, in addition to the sustainability components. 
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2.2.1. Supply chain design: Model components 

The SC model related to the strategic decision-making level is characterized by a set of 
decision variables and parameters. Including suppliers, pretreatment plants, principal 
production plants and costumers for marketable products obtained in pretreatment (for 
example refined oils) and principal production plants. 
The SC restrictions correspond to mass balances, raw material availability, production 
capacity limits, selection of capacity and production technology, demand limitations and 
variable restrictions. 
There exists a mass balance for each pretreatment plant and for the main production plants. 
These balances have to be made by differentiating the type of product obtained, as a 
consequence of the different transformation rates, which depend on income materials type 
and the applied transformation technology. Raw materials to be consumed in biorefineries 
are limited by its availability at each supplier location. Constraints related to production 
capacity at pretreatment plants and principal plants means that the amount of incoming 
materials is limited by the processing capacity. And the installations can only receive 
materials if the plant has been installed with a specific technology and capacity. 
Also, only one production capacity and one transformation technology can be selected for 
each plant location. Decisions related to strategical decision-level SC does not include 
inventory decision. Thus, in the developed model, it is not possible to transport more products 
than the demanded amount at each final selling point. However, in models including tactical 
and operational decisions, inventory management is a key decision. Finally, some variable 
restrictions have been included because the products to be sold only can be produced in a 
plant if this plant is already installed. 
 

2.2.2. Sustainability model components 
In order to determine the quantitative measures that can be represented as mathematical 
expressions for the optimization model, the framework developed by [7] and [9] were 
analyzed from the point of view of the strategical SC decision-making level. It means, 
considering if each indicator or measure can be estimated before the implementation of the 
biorefinery. The results of this analysis and modeling are: (i) five decision variables 
description; the amount of government incentives for setting up a pretreatment plant at each 
location; the amount of government incentives for setting up a production plant at each 
location; the amount invested by the government in each production technology for 
pretreatment plants; the amount invested by the government in production technology for 
principal plants; the governmental investment in electricity infrastructure; (ii) 97 parameters 
definition; (iii) six constraints inclusion, and (iv) twenty-four mathematical expressions. 
To evaluate the performance of the developed model, a case study of the development of 
industrial biorefineries in Colombia is developed. Indeed, since the early 2000 Colombian 
government has decided to invest in a biodiesel sector. Today more than 450 000 tons of 
biodiesel are produced from palm oil under traditional conditions [10]. So the aim of this 
study is to explore conditions for a more sustainable and higher added value sector through 
a Phase III Biorefinery SSC. 
 
2.3. Colombian case study 
More precisely this country was selected because: (1) there are Phase II Biorefineries 
currently in production; (2) there is a market regulation for biobased products, such as 

26 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

21ENVIRONMENT



 
 

biodiesel [11]; (3) the biofuel industry is mainly funded by government subsidies; (4) the 
principal raw material used to produce biodiesel is the food crop palm oil, producing conflicts 
for soil use and crops use [11], (5) enterprises consider in very rare cases the possibility of 
selling products with high added value [12].  
The idea pursued in the case study is to diversify the raw materials to be used, comparing 
palm and jatropha oil [13]. Also, diversifying the final products to be obtained [14], assessing 
biodiesel, glycerol and aliphatic polyester production. In addition, different production 
technologies are assessed [15], considering the industrialized alkaline transesterification, but 
also emerging technologies such as the transesterification counter-current and co-current in 
development for the biodiesel production [16], and the production technology in 
development that allows to transform glycerol into bio-based polymer [14]. The selected 
geographical area for the case study is the northern region of Colombia, which represent one 
of the most important palm crops areas. Nine locations are proposed for the installation of 
production plants and eight locations are proposed for the pretreatment plants in order to 
refine the oil.  
 

3. Results and discussion 
The proposed model applied to the Colombian case study is integrated by 3,459 decision 
variables, including 186 binary variables. In addition, there are 43 equality constraints, 287 
inequality constraints and twenty-two objective functions. There are some objective 
functions that could not be represented because production technologies assessing water 
recycle and production technologies assessing waste recovering were not included. Besides, 
there is not raw material recycled defined in the case study and there are no data available to 
apply constraints related to water availability. 
The multiobjective model was implemented in MatLab® to compare objective functions. The 
case study was solved using the algorithm NSGA-II in an Intel Core i7-6700HQ, 2.6 GHz 
computer in 16 GB RAM. 
 
3.1. Pareto fronts 
In order to develop a first analysis, the objective function that maximizes the net present 
value (NPV), was chosen to be compared to the remaining objective functions. Thus, with 
the purpose of facilitating the interpretation of each chart; Figure 2 shows the Pareto fronts 
in the interval [-75; 75] million dollars for NPV. Given the amount of information offered 
through the developed optimization model, a detailed discussion of the results is not possible 
to be presented in this paper. Instead, the most interesting results are discussed, highlighting 
the core contributions of this work. 
 
Phase III biorefineries are economically feasible in North Colombia integrating different 
types of raw materials and obtaining several bio-based products. In order to obtain a better 
economic performance the high-value products demand (aliphatic polymer) is completely 
satisfied. It shows that the high-value products contribute to reach higher economic 
performance. In addition, it is noted that governmental expenses by tax reductions will 
represent an important value each year, reaching 22 million dollars (Figure 2.a). Figure 2.b 
shows that diversification of raw materials with non-food crops can be economically feasible 
in the presented case study. However, in order to maximize the NPV lower amounts of non-
food crops should be used in the production process. This is mainly because transformation 
rates are lower in the case of jatropha. It shows the high impact of production technologies 

27 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

31 ENVIRONMENT



 
 

in the phase III biorefinery development. Moreover, the risk related to the use of non-
industrialized technologies should be integrated in further researches. In Figure 2.c the 
number of required hectares increases when economic results improve, because it is linked 
to the production amounts. The same behavior was presented in the use fuel, water 
requirements, wastewater and solid waste production.  
If more plants are installed and more suppliers are selected to obtain good economic 
performance, areas with higher GINI index of land will be selected as shown by Figure 2.d, 
reaching an average GINI 0.75 (related to the degree of inequality degree of wealth in a 
geographical region). However, despite the fact that it is a high value for the index, it must 
to be considered the special local conditions in the Colombian case, where the average GINI 
index for the country is 0.734. 
 

  
(a) (b) 

  
(c) (d) 

Figure 2. Pareto fronts for the case study 
 
Finally, since Pareto fronts exist, there are optimal configurations for phase III biorefineries 
SC that equilibrates objective functions for the case study. Thus, further studies should be 
made to select the optimal configuration based on decision-maker preferences. In order to 
determine how important is each sustainability aspect represented by the objective functions. 
 

4. Conclusions  
The proposal developed helps to improve decision-making for the design of the biorefinery 
SC. It allows industrial policy decision makers and investors to consider, from the beginning 
of the project, objectives and restrictions (mainly environmental and social) that are 
traditionally not taken into account, but which are becoming increasingly important. 
Likewise, working with a multiobjective optimization model allows stakeholders to know 
the boundaries of each objective. It means, knowing the potential impact of the project on 
each aspect of sustainability. Thus, the vision of the different stakeholders could be integrated 
from the beginning of the project to restrict the Pareto zones in which the optimal 
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configurations for the biorefinery SC could be selected, minimizing the risks of rejection of 
the project. 
Although the important step was taken on the definition of Phase III Biorefinery SSC, future 
work should still be done. Namely, the integration of the dynamic nature of SC, including 
multiperiod aspect, tactical and operational decision-making levels, as well as, the degree of 
uncertainty involved in internal and external parameters 
 
Acknowledgements 
The authors would like to thank the Chilean scholarship (Becas Chile) from the National 
Commission for Scientific and Technological Research (CONICYT, Chile) program for their 
support to Andrea Espinoza in this research work 
 
References 
[1] A. G. Rodríguez, A. O. Mondaini, and M. A. Hitschfeld, “Bioeconomía en América 

Latina,” 2017. 
[2] I. L. Ceapraz, G. Kotbi, and L. Sauvee, “The territorial biorefinery as a new business 

model,” Bio-based Appl. Econ., vol. 5, no. 1, pp. 47–62, 2016. 
[3] Q. Nguyen et al., Global production of second generation biofuels: trends and 

influences. 2017. 
[4] M. Valdivia, J. L. Galan, J. Laffarga, and J. L. Ramos, “Biofuels 2020: Biorefineries 

based on lignocellulosic materials,” Microb. Biotechnol., vol. 9, no. 5, pp. 585–594, 
2016. 

[5] J. Tsagkari, M., Couturier, J., Kokossis, A., & Dubois, “Early‐Stage Capital Cost 
Estimation of Biorefinery Processes: A Comparative Study of Heuristic Techniques,” 
ChemSusChem, vol. 9, no. 17, pp. 2284–2297, 2016. 

[6] T. Ronzon et al., “Bioeconomy Report 2016,” Brussels, 2017. 
[7] Global Reporting Initiative, “Consolidated set of GRI sustainability reporting 

standards,” 2016. 
[8] A. T. Espinoza Pérez, M. Camargo, P. C. Narváez Rincón, and M. Alfaro Marchant, 

“Key challenges and requirements for sustainable and industrialized biorefinery 
supply chain design and management: A bibliographic analysis,” Renew. Sustain. 
Energy Rev., vol. 69, no. September 2016, pp. 350–359, 2017. 

[9] S. Bautista, P. Narvaez, M. Camargo, O. Chery, and L. Morel, “Biodiesel-TBL+: A 
new hierarchical sustainability assessment framework of PC&amp;I for biodiesel 
production – Part I,” Ecol. Indic., vol. 60, pp. 84–107, Jan. 2016. 

[10] (Federación Nacional de Biocombustibles de Colombia) Fedebiocombustibles, 
“Producción y Venta de Biodiesel,” 2017. [Online]. Available: 
http://www.fedebiocombustibles.com/estadistica-produccion-titulo-Biodiesel.htm. 
[Accessed: 01-Apr-2018]. 

[11] Y. Costa, A. Duarte, and W. Sarache, “A decisional simulation-optimization 
framework for sustainable facility location of a biodiesel plant in Colombia,” J. Clean. 
Prod., 2017. 

[12] L. Bueno, C. Toro, and M. Martín, “Techno-economic evaluation of the production of 
polyesters from glycerol and adipic acid,” Chem. Eng. Res. Des., vol. 93, pp. 432–440, 
2015. 

 
 

29 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

1 ENVIRONMENT



 
 

[13] Á. Hernández Castiblanco and I. C. Amórtegui Gómez, “Estudio de factibilidad para 
el establecimiento de un proyecto productivo de jatropha en territorio colombiano,” 
universidad distrital francisco josé de caldas facultad del medio ambiente y recurso 
naturales especialización en gerencia de recursos naturales, 2015. 

[14] L. Bueno, C. Toro, and M. Martín, “Scale-up and Techno-economical study for the 
production of polyesters from glycerol,” in 24th European Symposium on Computer 
Aided Process Engineering, 2014, pp. 43–48. 

[15] M. del P. Basto Aluja, “Simulación y evaluación económica del proceso de producción 
de biodiésel a partir del aceite de palma, empleando reactores de película líquida-
líquida operados en contracorriente y co-corriente.,” Universidad Nacional de 
Colombia Facultad de Ingeniería, 2016. 

[16] J.G.Cadavid, R.D.Godoy-Silva, P.C.Narvaez, M.Camargo, and C.Fonteix, “Biodiesel 
production in a counter-current reactive extraction column: Modelling, parametric 
identification and optimisation,” Chem. Eng. J., vol. 228, pp. 717–723, 2013. 

30 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

1ENVIRONMENT



Novel and sustainable biorefinery concept based on green technologies for 
corn, wheat, and rapeseed residues 

María E. Martínez1, Arturo Bejarano1, Freddy Urrego1, René Navarro1, Henrikki 
Liimatainen4, César G. López2, Gianluca Ottolina3, Terhi Suopajärvi4, Robin J. White5, 

Lothar Driller1, Caroline Sigfield1, Franko Restović1. 
 

1 Fraunhofer Chile Research Foundation – Center for systems biotechnology, Av. del 
Cóndor 844, Huechuraba, Santiago, Chile. 

2 Facultad de Ciencias Agrarias, Universidad de Lomas de Zamora, IIPAAS-CIC, Ruta 4 
Km 2, Lavallol 1836, Prov. de Bs. As., Argentina 

3 Istituto di Chimica del Riconoscimento Molecolare (ICRM), Consiglio Nazioneale delle 
Ricerche (CNR), Via Mario Bianco 9, 20131 Milano, Italy 

4 Fiber and Particle Engineering Unit, P.O. Box 4300, FI-90014 University of Oulu, 
Finland 

5 Sustainable Catalytic Materials Group, Fraunhofer Institute for Solar Energy Systems, 
Heidenhofstraße 2, 79110 Freiburg, Germany 

Abstract 
Corn, wheat and rapeseed are three crops from which notable quantities of residual biomass 
are obtained worldwide every year, e.g., corn stover is the most plentiful source of 
lignocellulosic biomass in the U.S., with only a portion removed from the field. These 
residues are a potential unexploited biomass resource, and contain cellulose, hemicellulose, 
and lignin as major components, but also contain wax compounds, and bioactive compounds 
such as vitamin E, phenolics, and carotenoids. However, since the composition of these 
residues is complex, the separation and fractionation are key issues for the efficient use of 
these materials. For this purpose, we propose using green techniques such as Supercritical 
Fluid Extraction (SFE) for extraction of several valuable compounds; hydrothermal treatment 
(i.e. the organosolv process) to obtain Lactic Acid (LA), and separate fractionations of 
cellulose, hemicellulose and lignin; Deep Eutectic Solvents (DES) to selectively separate 
lignin form cellulose and to modify cellulose to e.g. nanocelluloses; and Hydrothermal 
Carbonisation (HTC) of lignin fractions to produce a polyaromatic/phenolic carbonaceous 
products. In this work different genotypes of corn, rapeseed, and wheat were evaluated. There 
were significant differences (p-value <0.05) among genotypes for biomass dry weight, 
cellulose, hemicellulose and lignin yields. The best genotypes for further processing showed 
cellulose and hemicellulose yields of 2.4 ton/ha for corn stover, and 5.9 ton/ha for wheat, and 
low lignin yields of 0.43 ton/ha for corn, and 1.4 ton/ha for wheat. Optimal parameters for 
the SFE of wheat straw and germ, corn stover and rapeseed cake were determined. In all 
cases, it was possible to extract >88% of the extractable material. Through the organosolv 
process and DES it was possible to obtain separated fractions of sugars, cellulose and lignin. 
Further fermentation of the sugars fraction (83% xylose) showed high yield of lactic acid 
(90%). DES treatment was also used to produce nanofibrillated celluloses. Strength 
properties of fibrillated Acid-DES-treated corn stover were measured and best results were 
obtained for LA-base DES treated samples with tensile strengths in the range of 92.0–99.2 
MPa. The HTC at 240 ºC of the lignin fraction from the organosolv process yielded 65% of 
solid material. 

31 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

2 ENVIRONMENT



Introduction 
Lignocellulosic biomass is considered as a renewable feedstock (either woody species or 
grasses) that can be converted into energy, chemicals, and fuels through various biorefinery 
concepts. Specifically, the “Lignocellulosic Feedstock Biorefinery” allows the production of 
a variety of compounds, including biofuels, biomolecules, and lignin derivatives by its 
fractionation into its three main compounds (i.e. cellulose, hemicelluloses and lignin) [1,2].  
Production of value-added co-products alongside biofuels during integrated biorefinery 
processes requires selectivity during pretreatment, frequently established as a compromise 
between minimizing the degradation of the hemicellulose and cellulose to acetic acid, 
furfural, and 5-hydoxymethylfurfural, while maximizing the ease of subsequent hydrolysis 
of the cellulosic substrate by a cocktail of cellulolytic enzymes [2]. 

Among lignocellulosic crops available as a source for biorefinery, corn, wheat, and rapeseed 
produce notable quantities of residual biomass worldwide every year [3]. Rapeseed cake is 
the by-product of the oil extraction from rapeseeds (Brassica napus L., Brassica rapa L. and 
Brassica juncea L. and their crosses), which is a protein-rich ingredient and widely used to 
feed all classes of livestock [4]. Wheat straw is an agricultural by-product obtained after the 
grain and chaff have been removed. It makes up about half of the yield of wheat crops, and 
it is used as fuel, livestock bedding and fodder, thatching and basket making. The isolation 
of the lipophilic extractives of wheat straw is of particular interest because it contains at least 
five main lipid classes (free fatty/resin acids, sterols, waxes, steryl esters, triglycerides), in 
which palmityl palmitate and oleyl palmitate were identified as the major components in 
waxes [5] with potential use in the cosmetics industry. Also, the cellulose present within 
wheat straw could be used as a raw material for the paper industry, where lipophilic 
extractives are renowned to cause production and environmental problems [6]. Finally, corn 
stover is an agricultural by-product obtained after the grain and chaff have been removed. It 
makes up about half of the yield of wheat crops and it has been also studied as a potential 
source of waxes [7] prior to the utilization of its residues as material for fermentation, fuel 
and char as part of an integrated holistic biorefinery.  
Based on the potential use of lignocellulosic materials, it is proposed to extract high-value 
compounds (e.g. protein, oil, waxes, and carotenoids), cellulose and hemicellulose products 
(nanocelluloses, soluble cellulosic macromolecules, sugars and lactic acid) and lignin-based 
materials (biochar, soil additives, chemicals) from these crop residues. For this purpose, 
several green techniques were applied: Supercritical Fluid Extraction (SFE) for extraction of 
several valuable compounds [8]; hydrothermal treatment (i.e. the organosolv process) to 
obtain Lactic Acid (LA) and separate fractionations of cellulose, hemicellulose and lignin 
[9]; Deep Eutectic Solvents (DES) to selectively separate lignin form cellulose and to modify 
cellulose to e.g. nanocelluloses [10]; and Hydrothermal Carbonisation (HTC) of lignin 
fractions to produce a polyaromatic/phenolic carbonaceous products [11]. The objective of 
this work is to demonstrate the feasibility of obtaining different valuable compounds from 
these crops by using green technologies in an integrated way. 
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Material and methods 
A sequential fractionation concept was applied based on: fractionation of minor components 
with an extraction pre-treatment; followed by fractionation of major components by 
hydrothermal destructuration, integrated with conversion techniques based on lactic acid 
production for hemicellulose hemicellulose valorisation; a deep eutectic solvent procedure 
for cellulose valorisation; and finally, hydrothermal carbonisation for lignin valorisation. 
Crops were provided by Universidad Nacional de Lomas de Zamora (Argentina), 
Supercritical Fluid extraction was performed by Fraunhofer Chile Research Foundation 
(Chile), Organosolv and Deep Eutectic Solvent processes were carried out by Istituto de 
Chimica del Riconoscimento Molecolare (Italy) and the University of Oulu (Finland), 
respectively. Hydrothermal carbonisation was performed at the Fraunhofer Institute for Solar 
Energy Systems (Germany). 
Lignocellulosic raw materials (Corn stover, wheat straw, raps) were collected from different 
regions in Chile and Argentina. All raw materials were subjected to a homogenization pre-
treatment (reduction of particle size) and storage (vacuum-packed). The reduction of particle 
size was achieved by grinding the raw material using a manual shredder. The resulting dust 
was sieved and the fraction with particles less than 25-mesh (710 µm) was selected for 
extraction of the compounds of interest. Water content of the samples was 9.3% in average. 
 

Supercritical Fluid Extraction. The process was carried out on a laboratory-scale high-
pressure SFE-100 Waters extraction plant. 20 – 25 g of sample was placed into a 50 mL 
extractor vessel. Operation conditions of pressure and temperature varied between 100-500 
bar and 40-90°C, respectively, varying between crops. Superficial velocity of the solvent was 
set ~ 1 mm/s, and specific solvent consumption varied up to 100 kg CO2/kg raw material. 
Extraction yield was calculated as the mass of the extract and expressed as a percentage of 
the mass of dry raw material fed to the extractor. Ethanol was used as co-solvent (5-10%) for 
the extraction of corn stover.  

Organosolv (OS). The organosolv fractionation was conducted in batch at laboratory scale. 
The reactor was loaded with 10% w/v of biomass with organosolv solvent in acidified water, 
with a final concentration of 2.5 w/w H2SO4. Methanol 65% v/v was selected as the organic 
solvent. Reaction was carried out for 40 min at 165ºC and 4 bar of pressure. The temperature 
of the reactor was kept constant (±2 °C) during the reaction time, and subsequently cooled 
down to below 30 °C. After filtration under rotary evaporator, the solid residue was washed 
with distilled water, oven dried and weighed to determine the solid residue yield. Sugars were 
identified and quantified by HPLC-ELSD using a Rezex RPM-Pb column at 80ºC, using 
water as eluent. 
Liquor fermentation. Bacillus coagulans ZXL4 were selected as an appropriate strain to 
ferment the black liquor derived from Organosolv treatment. Sugar concentration was set at 
100 g/L, yeast extract (10 g/L) and CaCO3 (10 g/L) were added. Fermentation temperature 
was set at 50ºC, agitation at 130 rpm and the total process time was 144 h. Lactic acid was 
identified and quantified by HPLC-UV at 210 nm using a Rezex ROA-H+ column at 80ºC, 
using acid water (H2SO4 5mM) as eluent. 
Deep Eutectic Solvent. Briefly, DES solvents considered were Lactic acid (Lac), Levulic acid 
(Lev), Oxalic acid (Ox), Malonic acid (Mal), Malic acid (Malic) and Glutaric acid (Glu), all 
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mixed with Choline chloride (ChCl). The mixtures at specific molar ratios were heated at 
100°C  with stirring until clear solution was obtained before corn samples were added. 
Samples were treated with Acid-DES at three temperatures (100°C, 120°C and 140°C) for 3, 
6, and 8 h at the consistency of 3%. After DES treatment, ethanol was added and samples 
were filtrated and washed. Precipitation of lignin with water from the solution and washing 
with water-ethanol solution (95:5) were carried out. Solid pulp residues were treated with 
another DES before nanofibrillation using Choline Chloride-Urea (2:1) at 100 °C for 2 h (Cs: 
2%). After this, samples were filtrated and washed with water, and finally were left soaking 
in water over night and mixing with Ultra turrax.  

Hydrothermal Carbonization (HTC). Prior to HTC, samples were vacuum dried for 15 h at 
80°C to determine moisture content (ca. 5 – 7 wt % for all samples). The reactor consists of 
a body, a heater, and a steam condenser and is operated under a N2 atmosphere. During the 
experiments, a known quantity of raw material was supplied to the reactor with an equal 
amount of water. The operating conditions were temperatures from 160 to 240ºC and pressure 
of 50 bar, with reaction time from 1 to 24h. Analysis of the respective lignin and their 
corresponding solid phase products were also analysed through the use of Fourier-Transform 
Infra-Red Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM). 

Results and discussion 
Sc-CO2 extraction of corn stover. Only pressure and temperature showed a significant and 
positive effect on extraction yield as they increased from (200 to 300) bar and from (40 to 
90) ºC, respectively. The conditions that maximize the extraction yield were 30 MPa and 90 
ºC. The predicted extraction yield at those conditions is 2.4%, which represents a recovery 
of 88% of the extractable material.  
 
Sc-CO2 extraction of wheat straw. The variables that showed greater impact on extraction 
yield were the combined effect of temperature and co-solvent concentration, co-solvent 
concentration, pressure, and the combined effect of pressure and co-solvent concentration. 
Pressure and co-solvent concentration showed a positive effect on extraction yield as they 
increased from (200 to 300) bar and from (5 to 10) %w/w, respectively. The conditions that 
maximize the extraction yield were 300 bar, 40 ºC and 10% w/w ethanol as co-solvent. The 
predicted extraction yield at those conditions is 4%, which represents a recovery of the 71% 
of the extractable material. 
Sc-CO2 extraction of rapeseed cake. It was observed that pressure has a directly proportional 
influence on the extraction efficiency. At 400 (bar) and about 48 (g/g rapeseed cake) the oil 
extraction efficiency of raps is maximized at around 15%. With the extraction process, 95% 
of the residual oil of the rapeseed cake is recovered; Sc-CO2 extracted rapeseed cake showed 
<2% of rapeseed oil. By increasing the pressure from 300 to 400 bar an increase in carotene 
content occurs. In the case of the specific consumption of solvent, by reducing the specific 
consumption of solvent from 45 to 24 (g/g rapeseed cake) there is an increase in carotene 
concentration, reaching a maximum of 3.1 (mg/100g). 
Organosolv. After samples were extracted, and waxes and oils were removed, organosolv 
process was carried out. The best results were obtained for wheat straw material, in which 
pH of the samples were near 2.6 pH units after organosolv treatment, showing a process 
severity of 1.2. The process yielded a cellulose fraction of 45.4% ODW and lignin fraction 
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of 5.13% (176 ±5.9 mg/g ODW), in which was observed a high recovery of glucan (699.4 
±23.7 mg/g ODW) and xylan (75.4 ± 2.0 mg/g ODW). After the lignocellulosic biomass was 
fractionated into its major constituents, liquid fraction was subsequently processed into 
lactate as main target. It has been stated that the organic compounds present in black liquor 
are not completely destroyed, which can be further converted to valuable compounds [12]. 
In this study, the black liquor obtained after lignin separation were characterized as follows: 
glucose 12.3%, xylose 83.7%, galactose 1.9% and arabinose 2.1%. In xylose equivalents, 
5.28 g/L were quantified. Fermentation of the black liquor by B. coagulans gave a lactate 
yield above 90%.  
DES treatment? As in OS, pretreated material using DES may be utilized to produce cellulose 
and lignin fractions, and further fabricate nanocelluloses. Considering DES process for the 
same lignocellulosic material, the optimal treatment was obtained using Mal + ChCl at 140ºC 
for 3h, while no clear difference between the treatment at 120°C (6h) and 140°C (3h) was 
obtained. However, increasing the temperature involved a higher glucan recovery in all cases 
and a lower xylan recovery. AIL (acid insoluble lignin) and ASL (acid soluble lignin) were 
138.2 ±3.0 (13.8%) and 15.3 ±0.2 (1.5%) mg/g ODW, respectively. On the other hand, values 
for lignin, glucan and xylan were153.5 ±3.0, 725.9 ±8.8 and 34.4 ±0.3 mg/g ODW, 
representing 15.3%, 72.6% and 3.4%, respectively. Losses were quantified in 3.6%., The 
easiest samples in nanofibrillation step were all lactic acid-treated samples and most difficult 
were malic acid-treated samples. Moreover, glutaric acid-treated samples formed the most 
viscous nanocellulose gels. Specifically for corn-stover, strength properties of fibrillated Acid-
DES-treated were measured and the best results were obtained for LA treated samples with 
tensile strengths in the range of 92.0–99.2 MPa. When DES (Mal + ChCl 1:1) and OS (2.5% 
H2SO4) processes were compared, results were similar in terms of consistency and severity 
factor. 
HTC. The HTC process of the lignin fraction from the organosolv process yield 64% of solid 
material at 180 ºC and 200 ºC, while 60% and 65% of solid material were yield at 220 ºC and 
240 ºC, respectively.  With regard to organosolv lignin, there is clear change in the material 
morphology as observed through SEM as presented in Figure 1. Furthermore, as observed 
through the use of the coupled EDX technique, the HTC processing effectively “cleaned” the 
lignin and removed any inorganics from the residues. Elemental analysis before HTC 
indicated the presence of C, O, Na, Si, S and C, while after HTC-240ºC, only C and O were 
detected. This is an important information regarding the potential use of the HTC product as 
a fuel. For all solid samples investigated, the impact of increasing HTC processing 
temperature resulted in the removal of spectral bands associated with oxygen-containing 
functionality namely hydroxyls, carboxyl, carbonyls and lactones. 
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Figure 1: SEM images of the lignin derived from organosolv process (a) before and (b) after                 

HTC-240ºC. 
 
Conclusion 
 
Successful extraction of waxes and oleoresins from rapeseed cake, corn stover and wheat 
straw was carried out by using sc-CO2 extraction prior to the application of lignin-destructive 
technologies, as a first stage in an integrated biorefinery. Further fractionation using OS and 
DES processes gave a cellulose fraction and hemicellulose containing liquid fractions 
suitable for lactic acid fermentation and lignin recovery. Finally, HTC of the lignin fraction 
was promising in terms of its use as biofuel. Thus, the application of the biorefinery concept 
on these selected lignocellulosic biomasses is favourable under the proposed conditions. 
However, final integrated process is still under development and more studies on the 
characteristics of the products are needed. This will allow targeting the best application for 
these high-valuable compounds. 
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Abstract 
The general potential applicability of the medium condensing fraction of fast pyrolysis 
vapors as substitute for phenol in Phenol-Formaldehyde-resins in wood glue application was 
described in an earlier study. For the present study the focus was on recipes with high degree 
of substitution (> 60 %). The threshold value for minimum tensile strength of 10 N/mm² for 
its application as glue in non-load-bearing wooden materials such as ply wood was exceeded 
for half of the tested recipes, but without clear dependence on degree of substitution. The 
results from DSC measurements characterizing the curing behavior of the resins showed no 
dependence of peak temperature on degree of substitution, so the substituted resins can be 
applied with a pressing temperature of about 130 °C, regardless of share of pyrolysis 
condensate in the resin. On the other hand, the reactivity represented by released heat of 
reaction clearly drops with increasing degree of substitution, which indicates a necessary 
increase in pressing time for the production of ply wood with highly substituted resins. 
 
Introduction 
Phenolic resins are used worldwide in large quantities either as thermosetting plastic material 
(novolaks, acid catalyzed phenol-formaldehyde plastics) or glue (resols, base catalyzed 
phenol-formaldehyde resins) in the engineered wood industry. In 2008, 8.7 Mio. metric tons 
of phenol were produced, of which 40 % was used for the production of Phenol-
Formaldehyde resins (PF resins or resol) [1]. A share of 36.5 % of PF resins was applied as 
wood adhesives/glue in 2004 [2]. Currently, industrial production of phenol requires either 
mineral oil or coal tar as feedstock resulting in a non-renewable and relatively expensive 
process. 
Biomass, especially lignocellulosic material, contains chemical structures which resemble 
phenol; these are the building blocks coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, 
which polymerize to build lignin. After heat treatment, e.g. in pyrolysis, these components 
are decomposed to phenol, guaiacol and syringol (see Figure 1). 
As lignin and pyrolysis oil are cheaper than phenol, the idea of substituting phenol with either 
lignin or pyrolysis oil is obvious; first attempts at this were reported already in 1980 [4]. 
Since then, many different methods to recover a liquid with a high concentration of phenolic 
monomers and several recipes for the production of lignin or pyrolysis condensate substituted 
PF resins have been suggested [5]. As the majority of these suggestions focus on wood as the 
biomass source with the degree of substitution primarily in the range of 30 – 50 % after a 
more or less intensive pretreatment, it was the intention of this work to directly produce a 
suitable fraction of pyrolysis condensate based on an agricultural residue like straw and to 
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increase the degree of substitution to above 50 % for a PF resin applicable for instance as 
glue in plywood production. 
 

 
Figure 1: Building blocks of lignin and decomposition products from lignin pyrolysis [3] 
 
Experimental 
To produce pyrolysis oil a mixture of about 50 wt.-% wheat straw and 50 wt.-% barley straw 
with a moisture mass fraction of 6 wt.-about %. The straw was briquetted and pyrolyzed in a 
laboratory plant based on the principle of ablative fast pyrolysis. In a slip stream installed in 
parallel to the main condensation unit, the primary vapors fractionated according to the 
individual dew point of compounds. Three subsequent units composed of an intensive cooler 
and an electrostatic precipitator each, both operated at the same temperature, were operated 
at 120 °C, 90 °C and 2 °C, respectively. The second unit produced the fraction with the 
highest concentration of phenolic components and was therefore used to produce the PF 
resins. 
The base recipe for the production of phenolic resins consists of phenol (VWR Chemicals, 
Ph.Eur.), aqueous formaldehyde solution (formalin 37 %, VWR Chemicals) and sodium 
hydroxide (Merck Millipore, pure), applied typically as aqueous solution with 50 wt.-% 
NaOH concentration. For recipes with the addition of the middle fraction of pyrolysis 
condensates from staged condensation, phenol was replaced to a certain amount simply by 
weight; no correction was made for the real content of phenolic components in the pyrolysis 
condensate fraction; only the water mass fraction in the pyrolysis oil was taken into account, 
measured by Karl-Fischer titration. This means that the recipes were calculated on mass basis 
of 100 % phenol, but a mixture of x wt.-% pyrolysis condensate (dry basis) and (100-x) wt.-
% phenol was applied in the reactor and the water mass fraction in the sodium hydroxide 
solution was reduced by the amount of water present in the applied pyrolysis oil. No 
compensation of differing functionality of phenol and pyrolysis oil was done. However, to 
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keep the NaOH concentration in the reacting solution comparable to unsubstituted recipes 
some additional NaOH solution was added to the flask to neutralize the organic acids, acetic 
and propionic acid, which are present in pyrolysis condensate. 
For the production of PF-resins, an automated synthesis system with 2 parallel reactors was 
used (Mettler Toledo EasyMax 102 Advanced Synthesis Workstation). This allowed to 
produce two replicates per recipe under the same conditions. Phenolic components and 
sodium hydroxide solution were mixed in the flasks and Formalin was slowly added. The 
reaction solution was stirred under reflux and constant temperature of 80 °C for some time 
and then the flasks were cooled down quickly to stop the reaction. The process of ablative 
fast pyrolysis, staged condensation and the production of PF-resins were described in detail 
in other publications [6-9]. 
Resins from the automated synthesis system were then characterized in the laboratory. The 
dynamic viscosity, remaining free formaldehyde and characteristic temperatures from 
differential scanning calorimetry were determined (details in [9]). The bond strength of the 
PF-adhesives were tested similarly to the procedure described in [9]. Slats from beech wood 
(LxWxH 80x17x5 mm; some of the slats only had a width of 15 mm) were stored in 
controlled climate for a week, then prepared for the test by sanding down the adherent surface 
and brushing the respective PF-resin to it. In contrary to the earlier study [5-9], the specimen 
were joint in a heated press instead of being pressed together by a screw clamp and storing 
them in an oven and like in the previous study 5 specimen were produced per resin. To 
improve the statistical relevance of the measurement two replications per recipe were 
produced, resulting in 10 specimen per recipe (with identical degree of substitution, NaOH-
Phenol-ratio and reaction time). After at least one week of storage under controlled climate 
the tensile strength was measured using a tensile testing machine. 
 
Results and Discussion 
For the parametric study of the production of Phenol-Formaldehyde-resins the molar 
Formaldehyde-Phenol-ratio in substituted recipes was kept constant at 1.3 while for pure 
phenol a F/P-ratio of 2 was applied. The molar NaOH-Phenol-ratio (calculated without the 
necessary amount of NaOH to neutralize the acids present in the pyrolysis condensate) was 
varied between 0.3 and 0.5 and the reaction time between 0.75 h and 4 h. As main parameter 
the degree of substitution accounted for values between 60 wt.-% and 100 wt.-% and some 
samples were produced with pure phenol (degree of substitution 0 wt.-%) for comparison. 
The results from analytical resol characterization and bonding strength testing are 
summarized in table 1. The columns “Minimum value” and “Maximum value” refer to resols 
with (partly) substituted phenol. 
 
Table 1: Results of resin characterization and bonding strength testing 
 Commercial 

resol 
Pure 
phenol 

Minimum 
value 

Maximum 
value 

Kinematic viscosity [mm2/s] 202.2 103-236 58.0 > 2,200 
Free Formaldehyde [wt.-%] 0.2 0.05 0.33 0.99 
Peak area [J/g] nd 180 59.1 126 
Individual tensile strength [N/mm2] 3.2-11.1 8.56-12.4 0.44 > 16.7 
Average tensile strength [N/mm2] 8.3 11.3 2.12 13.2 

nd: not determined 
 

3ADHESIVES



41 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

The viscosity of the resol is not a direct parameter for its quality, but it has implications on 
its applicability as wood glue for ply wood, for instance. The variation of the kinematc 
viscosity observed in this study is very broad and no clear trend can be observed with any of 
the process parameters, despite the fact that it generally increases with reaction time. In 
particular, even for the production of resol using pure phenol and the same parameters in the 
process (for replication) the value for viscosity varies by a factor of about 2. In commercial 
resol production, the time of reaction is not a set value. Typically, the viscosity is measured 
online and the reaction is stopped at a certain predefined value of viscosity to allow ideal 
application of the resol. There was no space to install an online viscosity measurement probe 
to the automated twin reactor, but for larger sample production this procedure should be 
applied in future studies. 
The amount of free Formaldehyde present in the resol (which gives indicative values for the 
emissions of Formaldehyde to be expected from the finished wood products) clearly 
increases with increasing degree of substitution. Clearly, the amount of reactive phenolics in 
the pyrolysis condensate is lower than in recipes with pure phenol. Therefore, the F/P-ratio 
was reduced compared to typical commercial resol recipes. The value of free Formaldehyde 
stays below 1 wt.-% (at 100 % substitution), but with further decreased Formaldehyde 
amount in the recipe this value could be further reduced in future research. 
The curing process of the resols can be characterized by DSC measurements. The onset 
temperature, the end temperature and the peak temperature – all being characteristic values 
– are more or less identical for all recipes, from pure phenol to 100 % substitution. With the 
peak temperature at around 130 °C. So, in application as glue for plywood for instance, the 
same pressing temperature can be applied regardless of degree of substitution. The only 
difference going along with increasing degree of substitution is a decreasing heat of reaction, 
which is determined as the area below the heat release curve. The heat of reaction is a measure 
for the reactivity of the resol. Reduced reactivity indicates that a longer pressing time during 
production of ply wood should be applied to allow full reaction. 
After application of the resol for the production of specimen for tensile strength testing three 
overall failure patterns could be observed. Figure 2 depicts them from left to right: the rupture 
occurred within the glued joint, which is called cohesion failure in the glue, within one of the 
wooden slats, which is called adherend cohesion failure, or no rupture occurred at all up to 
the maximum tensile force of 2,250 N (equivalent to 13.2 N/mm2 for specimen with 17 mm 
width and 16.7 N/mm² for specimen with 15 mm width) attainable with the used testing 
machine. 
 

 
Figure 2: Examples for failure patterns observed in tensile strength measurements 
 
The tensile strength did not reveal a clear trend along with the degree of substitution. Many 
batches are above the threshold value of 10 N/mm² (20 recipes out of 42), but further research 
is necessary on additional parameters potentially influencing tensile strength that are not 
revealed and therefore not investigated in this study. 
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Figure 3 shows the variation in characterizing parameters with increasing degree of 
substitution for fixed values of other parameters (NaOH-Phenol-ratio set to 0.453, reaction 
time set to 2.25 h). For this set of experiments, viscosity and free Formaldehyde increase 
with degree of substitution while the reactivity, expressed as peak area, decreases with 
increasing degree of substitution. The value for tensile strength is in the vicinity of the 
threshold value, below and above without clear trend. 
 

 
Figure 3: Viscosity, Peak Area, Free Formaldehyde and Tensile Strength as a function of 
Degree of Substitution (NaOH-Phenol-ratio = 0.453 and time of reaction = 2.25 h) 
 
Conclusions 
Following an earlier study [9], the production of Phenol-Formaldehyde-resins (resol) and 
there application as glue in non-load bearing wooden material like ply wood was 
investigated. This study concentrated on recipes with high degree of substitution (≥ 60 %). 
Unfortunately, the measurement of tensile strength did not follow a clear trend along with 
the degree of substitution, but the threshold value for its application, 10 N/mm², was achieved 
for nearly half the tested recipes over the whole range of variation. Additional hints for 
applicability could be gained from the characteristic parameters also analyzed: the production 
process should be monitored by an online viscosity probe to stop the reaction at a certain 
value of viscosity, which would ease the application of the resol. The amount of free 
Formaldehyde is low (< 1 %) for all recipes, increasing with increasing degree of 
substitution. A small reduction in formalin content in the process could reduce this value to 
typical amounts of commercial products (< 0.5 %). Finally, the characteristic curing 
temperatures were quite the same for all recipes and the heat of reaction decreases with 
increasing degree of substitution. This implies a constant operating temperature around 
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130 °C for the application of substituted resols and an increased pressing time for higher 
degrees of substitution. 
These promising results impose the production ply wood samples as next step in process 
development to test the applicability not only on specimen for a single characteristic 
parameter but also on the final target product itself. 
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Abstract 

Modeling is a crucial tool to understand and describe many phenomena in biotechnological 
processes. It provides relevant contributions in the areas of design, operation, optimization, 
monitoring and / or control of processes. The study of kinetic models is crucial to understand 
and describe many phenomena in biotechnological processes. In many biological systems, 
there may be a delay between a large change in environmental conditions and the response 
of the activity of a microbial population. However, traditional models do not account for this 
phenomenon. This study evaluates the effect of energy source (light) on the growth response. 
Specifically, the existence of a delay in the response of a microbial population, subjected to 
disturbances in the carbon source, energy and the presence of inhibitors, during a semi-
continuous culture. Chlorella Vulgaris UTX 2714 was use as model microorganism. Cultures 
were carried out in a flat panel photobioreactor, monitoring the microbial activity. Results 
obtained indicate that changes in the availability of the energy source (light) produce an 
instantaneous response. 

 

Introduction 

The growth of microalgae has created a growing interest during the last years, due to its 
potential as an alternative to cropland. Within its advantages, we can highlight the efficient 
use of solar energy, which results in higher biomass productivity than traditional cops. 
Moreover, many strains can build up high concentrations of compounds of commercial 
interest, such as proteins, lipids, carbohydrates, glycerol, pigments or biopolymers ( 
Raslavičius  et. al., 2014). 

Microalgae biomass has a wide variety of uses and applications that go from its use as food 
for animal or human consumption, to its use for biofuel production. Some of the biofuels that 
can be produce from microalgae are methane, hydrogen, ethanol, biodiesel, among others. 
Moreover, microalgae can be used to obtain biotechnological products for medical purposes, 
and for cosmetics and adhesives production. 

Modelling of microbial growth is normally based on models that were published between 
1940 and 1950. The study of these models is crucial to understand and describe many 
phenomena involved in biotechnological processes.  Models are nowadays used to predict 
growth rates, production of pigments and metabolic products, response to changes in light, 
effect of temperature and available substrates. When microorganisms are exposed to 
unbalanced conditions, as sudden changes in environmental concentration, they go through 
cellular stress phase, forcing microorganism to redistribute metabolic fluxes. This can result 
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in a delayed growth rate (DGR) (Weber et al., 2005; Xiu et al., 2002; Russell & Cook, 1995). 
Regardless of the system being studied, a delayed growth rate can be observed and depending 
on the studied microorganism, the delay can go from some minutes in the case of bacteria, to 
several days in the case of fungi. 

The general idea of delay in the microorganisms response attributed to a DGR has not been 
so far widely studied. Moreover, it can make growth rate predictions based on traditional 
models inaccurate when applied in a transient state. Various studies have reported this 
phenomenon. Caperon, (1969) half a century ago already proposed that these delays exist, 
when studding the growth response of a population to the changes in the environment. He 
conducted continuous culture studies for Isochrysis galbana. and was able to successfully 
predict the growth of the population under a variety of conditions of dynamics growth and of 
steady state that the traditional models did not represent.  Ellermeyer et al. (2003) studied the 
delayed growth response in Escherichia coli 23716 bacteria determining a 20 minute delay. 
Kelly et al. (2008) report a delay of 300 minutes as a consequence of products that inhibit 
Candida guilliermondii batch culture growth. Munna et al. (2015) studied the influence of 
high temperatures on Saccharomyces cerevisiae SUBSC01 growth, observing a delay of to 
360 minutes. Segura et al.  (2017) identified the existence of a delay in the response for 
Chlorella sorokiniana CCAP 211/8k in presence of ammonia as growth inhibitor. He 
reported a delay of 60 hours before the activity to reach a steady level. 

This study analyzes the effect of environmental conditions on the growth response. As a first 
step, the effect of dynamic effect of light intensity is studied and reported. 

  

Methodology  

Microorganism and culture medium 

The microorganism selected for this study was microalgae Chlorella vulgaris UTX 2714. It 
was cultured in a modified BG-11 medium (Lam & Lee, 2012), using sodium bicarbonate as 
carbon source. The medium composition was  100 mg L-1 de Na2EDTA; 600 mg L-1 ferric 
ammonium citrate, 600 mg L-1 citric acid; 3.6 g L-1 CaCL2 ·2 H2O; 7.5 g L-1 MgSO4 ·7 H2O; 
4.0 g L-1 K2HPO4; 2.86 g L-1 H3BO3; 1.80 g L-1 MnCL2 4 H2O; 222 mg L-1 ZnSO4 ·7 H2O; 
79 mg L-1 CuSO4 ·5 H2O; 50 mg L-1 CoCl2  6 H2O; 40 mg L-1 NaMoO4 · 2 H2O; 1.5 g L-1 
NaNO3; 1.5 g L-1 NaHCO3.    

Photobioreactor 

A flat panel photobioreactor was used at lab-scale (Figure 1). Light was supplied by a LED 
lamp of 50 W. The system was operated as a turbidostat, keeping the cellular concentration 
constant, through of the online measurement of intensity of transmitted light. This was done 
through of a lux meter (Rixen, LXT-401A, Taiwan) that determine the control of the pump 
that fed medium, diluting the culture and maintaining intensity of transmitted light constant. 
The signal of the lux meter was processed by a data acquisition system (USB 6008 National 
Instrument). The control software of the turbidostat was implemented using LabView 
software (National Instrument Company). pH was controlled online using a pH controller, 
that switched on a peristaltic pump dosing a HCL 0.1M solution  (Segura et al., 2017).  
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Figure 2: Evolution of microbial activity measured as the rate of volumetric oxygen production rate, when light 
intensity is reduced 50%.  

 

Figure 3 presents the system behavior when light intensity is reduced to 0. Biomass 
concentration in this case was 0.54 ± 0.04 gDCW/L. Again, 3 phases are presented, delimited 
by dotted lines. During first phase OPR was 0.52 ± 0.01 mg O2 L-1 min-1. Immediately after  
light was turn off, OPR decrease 117 %. If no illumination id provided, culture consumes 
oxygen as a result of the Calvin-Benson cycle of the photosynthetic organisms (Masojídek 
et. al., 2004). This creates a negative OPR. This profile was maintained during the 50 minutes 
that lasted the absence of light. When light was turn on again, the OPR increased to 0.50±0.01 
mg O2 L-1 min-1. Again, analysis of data showed that OPR before and after disturbance were 
not statistically different.  

 

 
Figure 3: Evolution of microbial activity measured as the rate of volumetric oxygen production rate, when light 
is turned off.  
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The last assay evaluates the response of microorganism activity, when an increase of 50 % 
in intensity of incident light is applied. Biomass concentration was 0.57 ± 0.04 gDCW/L. 
Results are presented in Figure 4. Before disturbance, OPR was 0.56±0.01 mg O2 L-1 min-1. 
After increasing light intensity, a 20% increases in OPR was observed. When returning to 
initial light condition, the OPR increased to 0.58±0.01 mg O2 L-1 min-1. Again, analysis of 
data showed that OPR before and after disturbance were not statistically different.  

 

 
Figure 4: Evolution of microbial activity measured as the rate of volumetric oxygen production, when is 
undergo to increase of 50% of intensity of incident light disturbance. 

Conclusions 

Based on the assays performed it can be concluded that microalgae presets no appreciable 
delays in activity response, when facing a light disturbance. Moreover, after disturbance in 
light intensity was removed, activity came back to its original value.  
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Abstract 
The production of nanofibrils starting from agricultural waste is a valuable opportunity. 
Wheat straw is an interesting biomass to be utilized. Two different pretreatment method, 
Organosolv and DES (Deep Eutectic Solvents), were compared for the production of CNF.   
 
Introduction 
Over the past few years, research on nanocellulose has extremely increased because this 
material has many potential applications thanks to its attractive properties. It can be used to 
produce porous materials, functional surfaces, coatings. 
In this study, agriculture residues as wheat straw were used like starting material to produce 
cellulose nanofibrils (CNFs). 
A preliminary delignification step is necessary to enhance following process [1]. Previous 
studies have shown that organosolv (OS) pretreatment catalyzed by H2SO4 easily allows 
deconstruction of lignocellulosic biomass in its three main components: cellulose, 
hemicellulose and lignin, making then the process suitable for CNFs preparation [2]. 
 
Starting from these results we made a comparison between OS pretreatment and a new type 
based on eutectic mixtures (Deep Eutectic Solvents – DES) [3]. Over the past few years, 
research on nanocellulose has extremely increased because this material has many potential 
applications thanks to its attractive properties: renewability, widespread availability, 
excellent mechanical properties, economic value, biocompatibility and biodegradability. 
 
In this study, wheat straw was used as agriculture residue starting material to produce CNFs. 
 
Experimental 
The grounded wheat straw was subjected to Soxhlet extraction with methanol for 8 hours, 
then dried at 105 °C overnight. OS pretreatments were done in a high pressure reactor using 
a solids loading of 10% (w/v) and 2.5 % (w/w) of H2SO4. The reactor was pressurized with 
nitrogen and set to a temperature ranging from 145 to 160 °C. After a fixed time period, 20 
to 60 minutes, the reactor was quickly cooled to room temperature. The mixture obtained 
was separate by vacuum filtration in solid and liquid fractions. The solid fraction was 
extensively washed with methanol/water and then water and then dried at 105 °C overnight. 
A fraction of the residual OS biomass was subjected to Soxhlet extraction with methanol, 
then dried at 105 °C.  
 
DES mixtures were prepared by mixing choline chloride with different carboxylic acids: 
lactic, levulinic, malic or glutamic acid at different ratio. To the preformed DES were added 
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the grounded wheat straw using a solid loading of 3% (w/v). Multiple tests were performed 
using different temperatures and reaction times. The residual biomass was then recovered, 
washed with ethanol and dried overnight. 
 
The severity of the process has been measured according to the following equation: 
 

log(𝑅𝑅&) = log )𝑡𝑡 × 𝑒𝑒-
./.012
34.67 89 

 
Where t is the cooking time, T is the temperature, TRef is 100 °C [4]. 
Composition analysis has been performed according to NREL/TP-510-42618. 
The nanofibrillation of the biomass were performed according to the usual steps: soaking, 
homogenization and microfluidization. 
Rotational viscosity analyses were conducted with a DV-II+Pro EXTRA viscometer 
(Brookfield, USA). 
The tensile tests were performed with a universal material testing machine (Instron 5544, 
USA). TEM images were collected with a Tecnai G2 Spirit device equipped with Quemesa 
CCD camera. 
 
Results and discussion 
Wheat straw has been used as a target biomass for the transformation in CNF within the 
framework of the project BIOCODE granted by ERANet –LAC. In this proceedings we are 
showing some of our results obtained so far. In Figure 1, is depicted the process scheme used 
for the destructuration of the lignocellulosic biomass in their main components: cellulose, 
hemicellulose and lignin.  
 

	
 

Figure 1.  Schematic representation of the destructuration process using the Organosolv 
pretreatment or the Deep Eutectic Solvent 
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The severity of the process, calculated as log(R0), has been taken into account to maximize 
the deconstruction of the biomass and preserve the integrity of the cellulose fraction and was 
kept around 3.5 for both types of pretreatment. 
The results of delignification in term of composition analysis of the biomass are depicted in 
Figure 2. 
 
	

	
 
Figure 2. Composition analysis of wheat straw before and after the pretreatment 
 
Evaluation of the delignification degree 
The figure shows a comparison among the composition analysis of cellulose fraction 
obtained after OS (dark gray, A and white bars, B), DES treatment (light gray bars) and wheat 
straw as it is (black bars). The component analyzed are in agreement with the data reported 
for the raw biomass [5]. The extensive removal of lignin for this biomass is rather difficult 
and require very harsh condition (log(R0)>>3.5), then we used a milder condition to preserve 
cellulose integrity. The amount of lignin decreased reaching values around 129 to 176 
mg/gODW, is worth to note that the second Soxhlet extraction is a capable to remove the 
redeposited lignin from the OS-cellulose-B. 
All the pretreatment gave a high content of cellulose (glucans) for the residual biomass 
reaching over 700 mg/gODW, and low content in hemicellulose (xylans) well below 100 
mg/gODW. The composition of the biomass referred to the main components is similar for the 
two types of treatments using the same severity of the process. 
The major difference lies in the productivity of the two processes since the consistency is 3 
time higher in OS than in DES.  
 
Properties of nanofibrillated cellulose 
The CNFs are produced by passing through the homogenizer 3 times. Since the complete 
characterization of all CNFs is ongoing, only those produced by OS-cellulose-A, and OS-
cellulose-B are reported. 
The TEM image presented in Figure 3 shows the formation of nanofibrous structures, this 
suggest that the pretreatment condition, even if are mild, satisfy the requirement to form 
CNF. 
The rotational viscosity of CNF-A and CNF-B is shown in Figure 4. Nanopapers made of 
CNF-A and CNF-B have stress strain curve depicted in Figure 5 and some mechanical 
properties listed in Table1. 
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Figure 3. TEM image of 
fibrillated OS-cellulose-B 

Figure 4. Viscosity of CNF-
A and CNF-B 

Figure 5. Stress curve of 
CNF-A and CNF-B 
nanopaper 

 
Table 1. Mechanical properties of the nanopaper 
 Maximum tensile strength Strain at break Thickness of the film A0 
Sample MPa s ν [%] % s ν [%] μm mm2 
CNF-A 94.72 4.90 5.18 4.12 0.39 9.34 70.05 0.35 
CNF-B 101.43 5.72 5.64 4.59 0.41 9.00 69.43 0.35 

 
Conclusions 
In the present study wheat straw was used as an example of lignocellulosic biomass having 
the possibility to be recycled in a green pathway.  We demonstrated to be able to realize a 
delignification process in two different ways with a very high glucans/cellulose recovery (up 
to 70%). After, nanofibrillation process was realized with cellulose derived from both 
processes. Both OS cellulose (A and B) fibrillated very easily and formed gel like suspension. 
Mechanical properties of suspensions and films produced were investigated. The full set of 
data of CNF DES is still to be collected and elaborated. 
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Biorefinery: Micro and nanocelullose fibers from forest and agro-industrial 
waste 

Lourdes M. Orejuela Escobar, PhD. 

Chemical Engineering Department, Universidad San Francisco de Quito,Quito, Ecuador 

Abstract 

Globally, the industry has an increasing need to replace fossil raw materials with renewable 
ones. On the other hand, the generation of by-products in large volumes in agro industries 
causes environmental problems. These two factors have led to the development of integrated 
biorefinery, with multiple processes and products that plays a central role in sustainable 
development and in the bioeconomy. Residual biomass, (by-products) generated in the 
brewing, oil, banana, cacao, coffee, rice, roses, etc.; both in the field during the harvest and 
in the industrial plant during its processing, it is constituted as a renewable raw material that 
contains valuable chemical components, which are potential sources of bioenergy, 
biomaterials and bioproducts. Countries such as Ecuador must stop exporting raw materials 
and export products with high added value, for this reason research and development of new 
processes and products is essential. Universities, research institutes and private companies 
must form multidisciplinary work teams that promote innovation and development of new 
technologies that are friendly to the environment and have their own markets. Biomass is a 
complex material due to its structure and chemical composition and requires physical, 
chemical, physical-chemical and biotechnological processes that facilitate the fractionation 
of the plant cell wall, the isolation and characterization of its biopolymers for potential 
industrial applications. Fig. 1 schematizes the deconstruction of the cell wall to access 
cellulose, isolate and purify it to obtain macro, micro or nano fibers or depolymerize it in 
glucose and then ferment it to obtain bioethanol. In general, biorefinery facilitates the 
procurement of bioenergy and bioproducts. 

 

Fig. 1 Deconstruction of the plant cell wall in its structural biopolymers cellulose, 
hemicellulose and lignin 

In the last 20 years organosolv technology has been developed, as pretreatment organosolv 
uses organic solvents therefore solubilizes or extracts one or two of the biopolymers that 
make up the plant cell wall. These organic solvents are volatile, toxic and require careful 
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handling. Additionally, treatments that separate the fractions of cellulose, hemicellulose and 
lignin without altering them are needed.  In the previous decade, ionic liquids were developed 
as solvents of cellulose, these have advantages over traditional organic solvents such as not 
being volatile and being less toxic; its disadvantage is the cost and its difficult handling. The 
last generation of solvents used in the conversion of biomass are deep eutectic solvents, 
which are non-volatile, selective, more environmentally friendly, more economical and easier 
to handle. Agribusiness, the forestry industry and industry in general could incorporate 
biorefinery into their facilities and obtain greater added value, making them more profitable 
and more competitive. Three case studies are presented: 1) Nanocellulose fibers from agro 
industrial waste of apples and pea stalks; 2) Obtaining microcrystalline cellulose MCC from 
by-products of oil extraction from African palm; and 3) Obtaining better quality of cellulose 
fibers via extraction of lignin and hemicellulose from the lignocellulosic matrix. These are 
examples of biorefinery to produce macro, micro and nanocellulose fibers with potential 
applications in the textile industry, pulp and paper, packaging, cosmetics; and for an efficient 
use of the biomass, valorization of the by-products of the agroindustry and improve its 
profitability. All this will improve the trade balance and allow sustainable development 
within the concept of bioeconomy. 

Key Words – Biorefinery, waste valorization, deconstruction, deep eutectic solvents, high 
value-added products.  

Introduction 

Globally, forest, agricultural, food and chemical industry are facing two concerns: 1) an 
increasing need to replace fossil raw materials with renewable ones, and 2) generation of 
residual biomass in large volumes causing environmental problems. These two factors have 
led to develop the biorefinery concept as a possible solution for an efficient use of biomass 
into an integrated process in which biomass components can be converted into useful 
products with near neutral carbon emission [1]. An integrated biorefinery of residual biomass 
with multiple processes and products, plays a central role in sustainable development and in 
the bioeconomy. The residual biomass contains valuable chemical components, which are 
potential sources of bioenergy, biomaterials and bioproducts; converting it in valuable 
renewable non edible low cost resource [2, 3]. To stop exporting raw materials and export 
high value-added products, Latin American countries need to develop new processes and 
products, therefore, and universities play a central role in this issue since multidisciplinary 
work teams are essential to promote the innovation and development of new environmentally 
friendly technologies, with their own markets that encourage enterprises in rural and urban 
areas and that stimulate the bioeconomy. 

The plant cell wall is constituted by two polysaccharides: cellulose and hemicellulose, and 
lignin – a polyphenolic polymer, tightly associated (Fig. 1). To get access to cellulose, 
biomass needs a pretreatment that unlocks this structure so the polysaccharides such as 
cellulose can be hydrolyzed chemically to high quality cellulose (micro and nanocellulose 
crystals or fibrils) or enzymatically or chemically into sugars and fermented to bioalcohol; 
hemicellulose can be depolymerized to oligomers or C5 and C6 sugars; and, lignin  can be 
isolated in oligomers or monomers (phenolic compounds) and converted into value-added 
chemicals [4, 5] (Fig. 2).  
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Fig. 2 Biorefinery Approach: Flow Diagram for biomass fractionation to produce biofuels 
and high value-added bioproducts 

 

Cellulose is the most abundant biopolymer in nature and it has been extensively used by 
humankind for fire, housing, clothing, food, and animal feed. The cellulose boom started 
with the pulp and paper industry development at the end of the 1800’s and continued 
throughout the 20th century. However, the need of new materials with better physical, 
mechanical, chemical and biological properties is taking place now in the 21st century due to 
a better understanding of its structure and properties [6]. The advancement on lignocellulosic 
biomass pretreatment technologies [7], novel green solvents such as deep eutectic solvents 
[8], new techniques such as high pressure homogenizers, ultrasound and microwave covert 
pretreatments in green and eco-friendly technologies for industrial scale use and are 
promising methods to pretreat almost any kind of lignocellulosic biomass and obtain a variety 
of  products such as bioactive phytochemicals; cellulose and cellulose derivatives (micro and 
nanocellulose crystals) and fibers; hemicellulose and its derivatives; as well as lignins and 
phenolic compounds resulted of lignin depolymerization, as materials for novel  applications 
in almost all industrial fields (Fig. 2). 

 

This study intends to highlight the valorization of residual biomass: horticultural and 
herbaceous residues, industrial crop by-products (oil palm residues from oil palm extraction) 
and forest wastes through the production of cellulose crystals or fibers of different sizes, due 
to their exceptional properties and their potential industrial applications.  

 

Cellulose solid 
fraction
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1. Nanocellulose crystals from apple tree trimmings and pea stalks 

 

Introduction - Horticultural woody waste such as tree trunks, branches and trimmings 
resulted from pruning of fruit trees, as well as herbaceous residues (stems and stalks) of edible 
vegetables such as peas or beans left after harvest usually are of an extensive volume. Even 
though these two agricultural wastes are different in physical characteristics and chemical 
composition, this renewable biomass can be converted into value-added products via 
biorefinery concept, which consist in biomass fractionation into different streams in which 
biomass secondary metabolites and structural biopolymers: cellulose, hemicellulose and 
lignin can be isolated, characterize, and converted into a variety of value-added products 
(nutraceuticals, dyes, foods, perfumes, flavors, sugars, cellulose derivatives, etc. ) and 
biofuels (bioethanol, biobutanol) [9].  

Experimental - Garcia et al. [9] have developed a process in which agricultural waste can be 
converted in nanocellulose crystals (NCCs) with an homogenous size, good chemical surface 
characteristics and good thermal stability. This research group followed the block diagram 
described in Fig. 3. Three different pretreatments were used: auto hydrolysis, alkali 
hydrolysis and acetosolv pretreatment using acetic acid, then pretreated biomass was 
bleached and washed and subjected to an acid hydrolysis using concentrated sulfuric acid to 
obtain cellulose nanoparticles (for experimental methodology refer to Garcia et al. 
publication). Characterization of the cellulose nanocrystals was performed by DLS analysis 
to evaluate nanoparticle size and distribution. Hydrodynamic diameter and polydispersity 
index were also measured and the morphology was evaluated via atomic force microscopy 
analyzing 50 nanoparticles. Individual particles were analyzed with the Nanoscope software 
to obtain average dimensions. To evaluate the total acid content, conductivity titration was 
used as analysis method using a 0.01 M NaOH solution, each sample was measured by 
triplicate. Crystallinity Index (CrI) was determined for each nanocrystal sample by X-Ray 
diffraction (by duplicate) and using the empirical method described by Seagal. Fourier 
Transformed –Infrared (FT-IR) spectra were also analyzed by duplicate to evaluate changes 
in functionality during the pretreatment and the production of NCCs. The thermal behavior 
of NNCs was determined by Thermal Gravimetric Analysis under constant flow of 20 
mL/min, using a heat rate of 10oC/min from 30 to 900oC.  

Results and Discussion – Best result were obtained for the NCCs obtained with the acetosolv 
pretreatment, a summary of the main physicomechanical properties are presented in Table 1. 
NCCs from residual biomass pretreated with the acetosolv protocol resulted in smaller and 
less polydisperse cellulose nanoparticles, NCCs prepared with soda pretreatment presented 
the longest crystals. 
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Fig. 3. Nanocellulose crystal production, adapted from reference [8] 

Table 1. Physicomechanical properties of NCC samples from horticultural and herbaceous 
biomass residues pretreated with different methods 

 

Conclusion – Experimental evidences led to the conclusion that source of cellulose and 
pretreatment method played an important role in the properties of the NCCs. Agricultural 
residues pretreated with alkaline method have bigger sizes suitable for reinforcing uses of 
composites. Organo – acetosolv and auto hydrolysis pretreatments afforded smaller and more 
homogenous nanoparticles suitable for functionalization and chemical modification, due to 
presence of carboxyl groups that made a more active surface sites. Therefore, authors 
concluded that the pretreatment method is decisive to taylor NCCs production and properties. 
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2. Microcrystalline cellulose fibers from Oil Palm residues 

Introduction – Valorization of agricultural waste has been of great concern of the scientific 
community, one of the most useful applications of cellulose in under the form of 
microcrystalline cellulose (MCC). MCC is a purified odorless powder of hydrolyzed 
cellulose useful as a filler or reinforcement in polymer matrices. Its isolation from orange 
peel mesocarp was reported as early as 2006 [10]. In this work ground orange peels were 
subjected to a soda pretreatment and α-cellulose and MCC were isolates, particle size of 
MCC was less than 600 μm. MCC was isolated also from agricultural, sugar cane bagasse, 
rice straw, and cotton stalks bleaching pulps were acid hydrolyzed with 2N HCl and 2N 
H2SO4 for 45 minutes, and S/L ratio of 1:10, resulting white crystals of a particle size between 
3 – 6 μm, a decomposition temperature around 250 – 500 oC. Haafiz et al. [11] isolated and 
characterized MCC from oil palm biomass waste. This group used the oil palm empty fruit 
bunch (OPEFB) using acid hydrolysis method for pulping purposes and then washed with a 
sol. of NH4OH, dried and ball milled to obtain MCC. MCC morphology was evaluated by 
SEM technique, and FT-IR and X-Ray Diffraction were also used for MCC characterization. 
The increasing importance of OP crops and extraction of crude oil to produce lipids and 
proteins and the increased volume of the residues augmented the attention of researchers so 
that several studies on conversion of oil palm residues into NCC and NCF [12] and MCC 
[13] and its application in adsorbents and bio-composites have been reported.  

Experimental - Owolabi et al. [13] in 2017 isolated MCC from OPEFB biomass. The flow 
diagram followed in this study is shown in Fig. 4. 

 

 

Fig. 4 Flow Diagram for Microcellulose Production from Oil Palm Fronds 
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Ground oil palm fronds are pretreated with an alkaline hydrogen peroxide solution in 
different concentrations (1) 1.5:1 % w/v, (2) 2.5:2 % w/v; and (3) 5.0:4.0 % w/v to remove 
hemicellulose and lignin. Then, the oil palm pulp is bleached with an acidified sodium 
chlorite solution. The next step is to perform the acid hydrolysis with a HCl solution. MCC 
from oil palm fronds was characterized by FT-IR, TGA, FE-SEM, TEM and XRD 
techniques. 

 

Results and Discussion – The AHP pre hydrolysis of biomass led to MCC with higher 
decomposition temperature due to the absence of amorphous compounds such as 
hemicellulose, lignin and pectin in the chemical constituents of MCC fibers. Removal of 
amorphous materials enhances thermal stability. These properties makes the MCC suitable 
as reinforcing materials and bio composites over majority of thermoplastic polymers are 
processed between 150 and 250 oC. FT-IR spectra analysis showed that AHP treatment and 
acid hydrolysis did not modify cellulose configuration during the pretreatment. The FE SEM 
microgram images of the OPF show structure modifications with the pretreatment (Fig 5).  

 

Fig. 5 FE-SEM Micrograph of a raw oil palm fiber (a), a AHP OP MCC (b), 

AHP MCC x100 (c), and AHP MCC x1000 (d). Taken from ref. 13.  

 

The AHP pretreatment separated cellulose into individual fibers as its concentration 
increased. The surface of the OPF biomass was separated into individual micro sized fibers 
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after AHP pretreatment with irregular shape and size. Table 2 summarizes the main 
properties of MCC fibers produced by using AHF prehydrolysis followed by acid hydrolysis.                                                                                                                                         

Table 2. Physicomechanical Properties of the OPF samples pretreated with acid hydrogen 
Peroxide method 

 

Conclusions – Isolation of MCC fibers from OPF using AHP pre hydrolysis and the acid 
hydrolysis was successfully attempted. The concentration of AHP influenced the quality of 
the isolated MCC. The MCC diameters ranged from 7.55 to 9.11 nm. The highest CrI (62.3%) 
was presented by cellulose pretreated with the highest concentration of AHP (OPF MCC 3). 
The samples APF MCC 1 and 2 presented the cellulose I configuration, meanwhile the 
sample OPF MCC 3 presented the cellulose II configuration, a better thermal stability 
(300oC) in comparison with the OPF – raw which presented a decomposition temperature of 
245 oC. The MCC produced by APF residues can have applications as adsorbent or in bio 
composites, as fillers or reinforcing agents, optically hydrophobic transparent films and 
leaching media. 

 

3. Microcrystalline and nanocellulose from wood and wood pulps and 
potential applications on nanofibrillated cellulose films 
 

Introduction – In 1956, Battista et al. [14]reported the limiting degree of polymerization of 
cellulose hydrolyzed under acidic conditions, which was reduced to a relatively constant 
value. Battista et al. findings resulted as commercially available forms of MCCs. MCC is 
extensively utilized in industrial applications due to their good properties as rheology 
modifiers, thickeners, emulsion stabilizers, pharmaceuticals, and chromatography [15-21]. 
MCC has been defined by several organizations as partially depolymerized purified cellulose, 
produce from α-cellulose using mineral acids (U.S, Pharmacopeia Convention, European 
Commission, Joint Food and Agriculture Organizations of United Nations, World Health 
Organization Expert Committee of Food Additives). Quality requirements have been defined 
as follows: DP of 400, at least 10% of the MCC must have a particle size of 5 μm, and the 
carbohydrate content should be more than 97%, calculated on the basis of anhydrous 
cellulose (JEFFA 200, USP 2005, EC 231 2012) [22].  
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Based on the Tempo oxidized developed by Saito for cotton linters [23] and combining with 
ultra sonication, Li and Renneckar [24] isolated nanostructures from never-dried cellulose 
wood pulp, in sheet form, Using atomic force microscopy, this researchers determined that 
cellulose microfibrils were tenfold thinner than previous reports on nanoscale celluloses. 
These nanostructures had big specific surface area with extensive chemical functionality for 
potential novel applications. Vanhatalo et al. [22]  isolated from bleached and unbleached 
softwood kraft pulp, a wood-based product: lignin-containing (L-MCC) with similar 
properties to the commercial Avicel MCC. The physical, chemical, thermogravimetric and 
molecular properties of this material were determined. Presence of lignin significantly 
influenced on the thermogravimetric and chemical properties of the obtained MCC and its 
surface characteristics. The presence of lignin was determined by UV Raman spectra, the 
temperature decomposition was lower for lignin-containing MCC determined by TGA. X-
Ray photo electron microscopy showed a high surface lignin coverage (40%). The 
crystallinity index of MCC samples were determined by XRD technique and showed high 
values (0.82 – 0.84). Particle size and BET surface area were also measured. In 2012, Tonoli 
et al. [25] prepared cellulose micro/nano fibers from Eucalyptus kraft pulp by sonication, 
refining, and acid hydrolysis. Refining technique had the lowest efficiency of isolated 
nanofibrils, sonication presented slightly better results than sonication, and however, best 
results were obtained for acid-hydrolyzed nano whiskers with lower diameter and length, and 
high crystallinity. Thus, micro and nanocellulose as part of biofilms and biocomposites have 
been also studied. The influence of the cellulose viscosity and residual lignin on water 
absorption of nanofibril films of bleached and unbleached pulps of four hardwood species 
(Eucalyptus grandis, Brossimum parinarioides, Parkia gigantocarpa, and Cordia goeldiana) 
was studied by Vanoli et al. [26].  

Experimental – Vanoli et al., followed the diagram experimental flow described in Fig. 6.  
Woody raw materials were harvested in the Amazonian region of Brazil and converted to 
sawdust sieved to pass 60 mesh (0.250 mm). Ground wood was pretreated in a digestor with 
a sol. 5% NaOH, at a ratio S/L 1:6, at 150oC for 30 min, pressure ranged between 0.68 and 
1.22 MPa.  Then, pretreated woody biomass was bleached with a mixture of NaOH 4% and 
H2O2 24% (1:1 v:v). After bleaching the fibers were subjected to mechanical stirring at 50 - 
60 oC for 2 h. Subsequently, fibers were nanofibrillated (10, 20, 30 and 40 passages) and 
films were prepared by casting method (Fig. 7). Stabilization of films was performed by 
keeping them in an acclimated chamber at 20oC and 65% humidity, until water was 
completely evaporated. Samples were characterized determining holocellulose and lignin 
content and physical tests (thickness, grammage, apparent density, water vapor absorption, 
degradation in water, water vapor permeability). NCF films morphology was determined by 
SEM/TEM techniques. 
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Fig. 6 Flow Diagram of production of micro-nanocellulose fibers and films from woody 
biomass 

 

Fig. 7 Microstructures of sheets and CNF of woody samples. Taken from ref. [26]  

Results and Discussion – The quality of the bleached fibres and CNFs was determined by 
cellulose, hemicellulose and lignin content. With the analytical method used in this study, 
lignin could not be detected for E. grandis and P. gigantocarpa fibers, only for C. goeldiana 
and B. parinarioides showed low percentages of lignin content, 6% and 3%, respectively. 
Enhanced analytical and modern methods should be used to detect lignin content in these 
films due to the importance of this parameter in biofilms from woody biomass, as the their 
performance and appearance would change with lignin content due to oxidation. If the lignin 
content is high, these films can be used for paperboard or newspaper. Even though, low 
content of lignin and hemicellulose did not prevent the formation of NFC (TEM), as 
hemicelluloses could inhibited the coalescence of microfibrils and could enable the formation 
of NFC [26]. Regarding the apparent density measurements, microstructured sheets (zero 
passages) were lower comparing to CBF films. Microstructured sheets presented higher 
thickness and grammage. Regarding the water vapor absorption (WVA) a decrease in WVA 
values was observed with more passages through the Super masscolloider grinder, only for 
E. grandis CNF films was the opposite, this was due to the more contact structure and low 
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porosity of NCF films, which reduce the WVA. Degradation in water was measured 
submerging directly the sheets and films in water, microstructured sheets (produced with no 
nanofibrillation) were completely degraded in water, whereas all samples of NCF films 
presented a degradation of water below 7.5%. Water vapor permeability of packaging and 
coatings is an important parameter as it influences the shelf life of a product due to moisture 
absorption or moisture loss, loss of volatile compounds and gas losses. In general, WVP 
presented close values for CNF films produced by different passages through the Super 
Masscolloider (Fig. 8). A significant decrease of WVP from microstructured sheets (0 
passages) to the NFC films. These results are related to the denser structure and lower 
porosity of the NFC films, resulting as a barrier. 

 

Fig. 8 Water vapor permeability of microstructured sheets (zero passages) and NCF films. 
Taken from ref. [26] 

Conclusions  

This study evaluated the use of Amazonian wood waste into CNFs films and their potential 
use for food packaging. The quality of microstrutured sheets and NCF films presented 
variations depending on woody species, which in turn was dependent on the chemical and 
mechanical treatments applied to woody biomass. CNF films were more stable and did not 
degrade after water immersion. Films of Eucalyptus grandis exhibited lower values for WVP 
and WVA, C. goeldiana had lower values of water degradation, P. gigantocarpa CNF films 
presented lower values of WVP. It was recommended 10 – 30 passages in grinder on required 
strength of NCF films. 

Perspective 

Micro and nanometer scale cellulose fibers are promising materials for advanced 
applications. Lignocellulose biomass is the most abundant renewable nonedible material on 
earth, human activities such as agriculture, horticulture, industrial crops, and forest practices 
generate substantial amounts of residual biomass which nowadays are underutilized. Modern 
techniques such as sonication, microwave, high pressure homogenizers or stone grinders help 
to reduce particle size to the nanoscale. The valorization of residual biomass into high value-
added microcrystalline and nanofibrillated cellulose as chemical platforms to obtain other 
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valuable products such as nanocellulose membranes for water purification, nanocellulose 
films for packaging and coatings, paperboard, optically transparent papers, transparent and 
conductive paper, nanofilters, nanocellulose aero-gels, cellulose nano paper structures of 
high toughness, electrospun nanocellulose for biomedical applications, reinforcing agents for 
polymers are some examples of the numerous industrial applications. The perspectives for 
the implementation of the "Zero Waste" technology in the residual biomass biorefineries are 
remarkable since they open the possibility of developing sustainable green products with 
great industrial potential and contribute to the bioeconomy of any country. 
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Abstract 
The outlet of a mechanical biological treatment plant for mixed municipal solid waste was 
further processed to produce RRBF (Refined Renewable Biomass Fuel) within the frame of 
the EU Life+ project MARSS (Material Advanced Recovery Sustainable Systems). The input 
for the MARSS processing was “dry” and had small particle sizes below 40 mm, the latter 
one made it impossible to be burnt in standard grate firing systems. The main purpose was 
to examine whether RRBF could be a suitable fuel for bubbling fluidized bed combustion for 
the decentralized combined production of heat and power. 
RRBF was fed into a bubbling fluidized bed combustion plant with a nominal fuel input of 
100 kW in 3 combustion tests. Proximate and ultimate analyses were performed for original 
RRBF and fly ash. 
The fuel analyses showed high ash contents between 25 and 37 weight-%, while the lower 
heating value lay in the range of 10.5 – 12.9 MJ kg-1. The ash softening temperature was 
above 1,150 °C and therefore no bed agglomeration was observed. Combustion at around 
900 °C could be maintained without preheating of the combustion air. The carbon content of 
the fly ash was about 1 weight-%, which indicates complete combustion in the bubbling 
fluidized bed with sufficient residence time. The content of phosphorous in the fly ash was 
above 1 weight-% and therefore this is an interesting material for prospective phosphorous 
recovery, potentially together with sewage sludge or ash from sewage sludge combustion. 
RRBF turned out to be a suitable solid fuel for fluidized bed combustion. 
 
Introduction 
As waste incineration, which is one possible and technologically highly sophisticated option 
for disposal of biodegradable municipal waste (BMW), is quite expensive, alternative waste 
treatment processes including mechanical biological treatment (MBT) have been developed. 
Such MBT processes can either treat mixed municipal solid waste (MMSW) to such an extent 
that the remaining part is considered suitable for landfill disposal [1]. This means that the 
biological degradation of the majority of the BMW contained in the MMSW has taken place 
to an adequate level. Alternatively, the MMSW is only dried and stabilized by the MBT 
process leaving the majority of the biomass contained in MMSW in the product. With such 
a MMSW pre-treatment it is possible to produce a solid fuel for energy recovery and 
replacement of fossil fuels in power stations and other applications [2]. The EU-Life+ project 
Material Advanced Recovery Sustainable System “MARSS” aimed at developing an 
innovative process for the production of Refined Renewable Biomass Fuel (RRBF) from the 
output of an existing MBT-plant based on the Herhof Stabilat® process [2, 3]. It was first 
discovered from screening analyses that the majority of the biogenic part is contained in the 
fraction with particle size below 40 mm. In order to further increase the calorific value and 
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to reduce and recover the minerals and metals, a process of sieving and density sorting (air 
sifting) was developed. After this processing the streams containing mainly biogenic material 
were mixed to form the final RRBF fuel product. 
As solid fuels with such small particle sizes below 40 mm containing a high amount of fines 
cannot be combusted in classical grate stoker furnaces, its combustion should be tested in a 
bubbling fluidized bed reactor. The solid fuel had to be characterized regarding heating value 
and ash melting behavior as well as an assessment of its suitability for use in power stations 
based on fluidized bed combustion testing campaigns had to be made. 
 
Experimental 
The combustion of RRBF was tested in a small-scale bubbling fluidized bed gasification/ 
combustion test rig at Fraunhofer UMSICHT. The reactor with a diameter of 400 mm in the 
fluidized bed and 600 mm in the freeboard is equipped with 8 thermocouples and pressure 
difference transducer, 4 in the fluidized bed and 4 in the freeboard. The nominal capacity of 
the test rig is 100 kW fuel input. The dosing of the feedstock is performed by a frequency 
controlled screw conveyor from the dosing hopper followed by a rotary valve as pressure 
lock and a screw feeder into the lower third of the fluidized bed. The flue gas from 
combustion leaves the reactor through a cyclone, where most of the fly ash is separated and 
collected in a small bin. Figure 1 shows a schematic of the combustion test rig, which can 
also be used in gasification mode. For the combustion tests of RRBF the depicted heat 
exchanger module was not installed. Further details on the setup and experiments are 
published in [4]. 
 

 
Figure 1: Schematic drawing of combustion plant [4] 
 
3 batches of RRBF were delivered to cover changes in composition and ash/water-contents 
occurring over the year in the original mixed municipal waste. The fuel was tested prior to 
the combustion experiments concerning proximate and ultimate analyses, as well as the bed 
fly ash and bottom ash after the combustion trials. During the combustion trials the feeding 
rate, air supply rate, temperature and pressure profile over the combustor height and the flue 
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gas composition with respect to main constituents H2O, CO2, CO, CH4, C2H4, H2 and O2 
were recorded continuously.  
 
Results and Discussion 
The results of proximate and ultimate analyses of three batches of RRBF are given in table 
1. The composition of the material does not vary much based on dry, ash-free basis. But ash 
content (ranging from 21.74 wt.-% to 31.88 wt.-%) and moisture (ranging from 13.2 wt.-% 
to 24.5 wt.-%) vary widely from batch to batch, resulting in a fairly low lower heating value 
(10.45 MJ kg-1 to 12.88 MJ kg-1). 
 
Table 1: Proximate and ultimate analysis of RRBF [4] 
 Original matter Dry matter Dry ash-free matter 
Batch 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 
Water [%] 13.2 14.99 24.5       
Ash [%] 23.3 31.88 21.74 26.84 37.5 28.8    
C [%] 33.18 29.58 29.07 38.23 34.8 38.5 52.26 55.68 54.07 
H [%] 5.55 5.58 5.89 4.7 4.6 4.2 6.42 7.36 5.9 
N [%] 1.56 1.19 1.43 1.8 1.4 1.9 2.46 2.24 2.67 
O [%] 35.23 29.39 41.86 27.08 18.9 26.6 37.01 30.24 37.36 
S [%] 0.38 0.48 0.3 0.43 0.56 0.4 0.59 0.90 0.56 
Cl [%] 0.8 0.71 0.91 0.92 0.84 1.2 1.26 1.34 1.69 
Na [ppm] 6,290 5,326 5,616 7,250 6,265 7,439    
K [ppm] 864 5,728 4,938 996 6,738 6,541    
P [ppm] 2,150 1,471 2,103 2,480 1,730 2,786    
LHV [MJ kg-1] 12.88 10.45 11.1 15.21 12.7 15.5 20.79 20.32 21.77 
 
In addition, the first batch of fuel delivered to Fraunhofer UMSICHT contained many 
particles with oversize in one direction, so-called fishes. These particles would block the 
feeding system and also resulted in inhomogeneous material flow. Therefore, secondary 
milling was installed in the preparation process to assure particle sizes below 40 mm in all 
directions. After that change in pretreatment the material flow through the feeding system 
was homogenous and the mass flow rate could be correlated with the rotational speed of the 
screw feeder. 
The combustion test rig was hated up to the desired operating temperature in three steps: 
firstly the reactor and the bed material was heated by electrically heated air of 500 °C. This 
approach increased the reactor bed temperature to about 225 °C. Propane was added to the 
preheated air to generate heat of combustion. The flue gas entered the reactor with 900 °C 
and further increased the bed temperature to approximately 425 °C. After that, wood pellets 
were fed to the reactor and propane flow was shut down. After about 107 h the bed tempe-
rature reached 900 °C and the fuel was switched from wood pellets to RRBF. With RRBF 
fuel the temperature of the bed zone was increased to 950 °C and kept constant for the rest 
of the experiment. Figure 2 shows the temperatures in the bed and freeboard for the time with 
RRBF fuel feeding for the third batch of fuel delivered. Although the temperatures reached 
steady state at about 113 h, the temperatures in the freeboard were still increasing until 128 h 
(see graphs for T4.35 and T4.40). This clarifies that the whole reactor was only at steady 
state very close to the end of the experiment. 
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Figure 2: Temperature profile in fluidized bed for combustion period, 3rd test run [4] 
 
Figure 3 depicts some characteristic parameters during the heating period with wood pellets 
and the combustion period with RRBF as fuel. The feeding rate of fuel was increased in steps 
over time from 76 kW to 107 kW to raise the temperature in the fluidized bed up to 900 °C. 
After the change in fuel to RRBF the fuel feeding rate must be reduced with the approach to 
steady state in the fluidized bed zone down to about 85 kW at 118 h and could be kept 
constant until the end of the combustion test run. Further reduction in heat input necessary 
due to the approach to steady state conditions also in the freeboard was achieved by reduced 
air preheating, which finally was shut down completely. 
It can be seen clearly that the bed pressure drop (equal to bed material inventory) decreased 
during the combustion of low ash wood pellets. With longer operation on wood pellets, bed 
material would need to be fed additionally to the fuel, as part of the bed material is attrited 
and the fines are blown out of the reactor. Feeding ash-rich RRBF completely changes the 
behavior. Now the mineral content of the fuel is larger than the amount of bed material lost 
as fines to the cyclone. To prevent the reactor from overflowing bed material needed to be 
removed at the bottom of the reactor from time to time, which can be noticed from steep 
reduction in bed pressure drop at 112 h, 120 h, 126 h, 130 h, 132 h and after 133 h. 
Towards the end of the combustion test operational difficulties occurred. On one hand the 
fines not removed by the cyclone accumulated in the long pipe to the post-combustion 
chamber and by that increased the reactor head pressure (to be noticeable in figure 3 after 
125 h). On the other hand larger particles accumulated in the lower part of the fluidized bed 
resulting in a partial breakdown of fluidization. This can be noticed from figure 2 at appro-
ximately 124 h, where the temperature at T4.0, which is the lowest measurement point in the 
bed, starts to deviate from the other bed temperatures and decrease. This could be remedied 
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with removal of bed bottom ash, but it became even more pronounced towards 130 h. At 
approximately 132 h, also T4.10 starts to deviate from the other bed temperatures, indicating 
breakdown of fluidization even at the second measurement point from the bottom. At this 
level the fuel is introduced into the reactor. Release of bottom ash could not cure this 
observation. This breakdown of fluidization together with the increased reactor head pressure 
forced the shut-down of the combustion test after 27 h of continuous operation with RRBF. 
 

 
Figure 3: Characteristic parameters during combustion period, 3rd test run [4] 
 
Table 2: Proximate and ultimate analysis of fly ash from RRBF combustion tests [4] 

Batch 1st 2nd 3rd 
Ash [%] 95.1 97.3 n.a. 
C [%] 0.77 0.6 1.9 
H [%] 0.05 0.1 <0.1 
N [%] 0.52 n.d. 0.1 
S [%] 0.41 1.08 0.75 
Cl [%] 2.03 3.23 2.0 
Na [ppm] 21,600 24,600 22,300 
K [ppm] 36,400 39,700 16,400 
P [ppm] 11,100 14,500 10,900 

 
The results of fly ash analyses are given in table 2. It is a mixture of original bed material 
silica sand, which is attrited and blown out of the combustor, and ash from the fuel. The low 
amount of residual carbon below 2 wt.-% shows good burnout of the fuel. For the first two 
batches the burnout is even better (residual carbon below 1 wt.-%), and the higher carbon 
content in the fly ash of the third test run is connected with the operability issues at the end 
of the campaign, as the increased reactor head pressure resulted in reduced air flow rate due 
to compressor limitations, thus leading to lower air-fuel-ratio. 
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The high amount of phosphorus in the fly ash of above 1 wt.-% makes this material very 
interesting for phosphorus recovery in future, potentially together with sewage sludge or ash 
from sewage sludge combustion. 
 
Conclusions 
The fuel analysis of the 3 different batches revealed a broad variation especially in ash and 
moisture content of the material, but the combustion behaviour showed no significant 
difference. Fluidized bed combustion of RRBF was not only able to fully combust material 
with small particle sizes that would fall between classical grate furnaces, but also enables the 
combustion of material with a lower heating value between 10.5 and 12.9 MJ kg-1 without 
the necessity for additional high calorific fuel or air preheating due to the high heat capacity 
of the bed inventory. Furthermore, for an industrial implementation of RRBF fluidized bed 
combustion it is possible to produce steam from the flue gases leaving the combustor. This 
steam can either be used to supply process heat or via turbine produce electricity. The 
operability of such an installation will not be threatened by the risk of bed agglomeration, as 
proven by the combustion tests. The fly ash collected with a cyclone contains considerable 
amounts of phosphorus (above 1 %), which make this material interesting for later 
phosphorus recycling maybe together with sewage sludge. 
The RRBF produced with the MARSS pilot plant was proven to be a suitable fuel for 
fluidized bed combustion in industrial scale. Special care must be taken with respect to the 
content of large particles in the fuel material. Due to their presence a higher amount of bed 
ash removal needs to be performed with subsequent sieving and re-injection of the fine 
particles below 1 mm to the fluidized bed combustion reactor to insure continuous operation. 
Also fly ash removal from the flue gas needs some attention, although the unfortunate 
blocking of the flue gas pipe at the end of the 3rd combustion test run was a peculiarity of the 
pilot plant (long flue gas pipe with several 90° bends) and would not occur to this extent in 
industrial plants. 
 
References 
[1] European Council. (1999). Council Directive 1999/31/EC of 26 April 1999 on the 

landfill of waste. Official Journal of the European Communities, L 182/1-19, July 16th. 
[2] A. Clausen, H. Giani, T. Pretz (2013) Production of Biomass Fuel from Mixed Municipal 

Solid Waste by MBT. Proceedings Sardinia 13. 14th International Waste Management 
and Landfill Symposium, Forte Village, S. Margherita di Pula, Italy, September 30th – 
October 4th. 

[3] H. Giani, B. Borchers, S. Kaufeld, A. Feil, T. Pretz (2014) Fine Grain Separation for 
the Production of Biomass Fuel from Mixed Municipal Solid Waste. Proceedings 
Venice2014. 5th International Symposium on Energy from Biomass and Waste, San 
Servolo, Venice, Italy, November 17th - 20th. 

[4] T. Schulzke, J. Westermeyer, H. Giani, C. Hornsby (2018) Combustion of Refined 
Renewable Biomass Fuel (RRBF) in a Bubbling Fluidized Bed, Renewable Energy 124, 
pp. 84 – 94, DOI: https://doi.org/10.1016/j.renene.2017.07.087 

73 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

7 RESIDENTIAL WASTE



	
	

Pyrolysis of municipal solid waste in Chile: An economic and environmental 
assessment 

 
Tobias Zimmer1, Simon Glöser-Chahoud1, Frank Schultmann1. 

 
1Karlsruhe Institute of Technology (KIT), Institute for Industrial Production (IIP), 

Hertzstrasse 16, 76187, Karlsruhe, Germany 
 
 
Abstract  
In this article, an economic and environmental assessment of MSW treatment via 
intermediate pyrolysis in Chile is carried out. To this end, a simulation model is developed 
which represents the mass and energy balances of the pyrolysis plant, the required capital 
investments and the resulting operating costs. Carbon dioxide emissions along the value 
chain are compared to fossil-based reference processes to analyze the ecological benefit of 
pyrolysis in comparison to incineration. The model is applied to evaluate the profitability of 
a potential pyrolysis plant with respect to the income from gate fees, electricity generation 
and fuel production. A Monte-Carlo simulation is carried out to explore the impact of 
uncertain framework conditions, such as the electricity price. In particular, economies of 
scale, minimum plant capacities and the associated financial risk are examined. The results 
indicate that intermediate pyrolysis could offer economic and ecological advantages over 
the incineration of MSW in Chile. 
 
Introduction 
Chile’s waste volumes have increased steadily in recent years as its population and 
prosperity have grown. Per capita waste production is now the highest in Latin America, 
while recycling rates are still low [1]. About a quarter of municipal waste is currently stored 
on improper or open landfills. Moreover, the generation of municipal waste is expected to 
double by 2025 compared to 2012. As a result, there is a need for the reduction of waste 
volumes as well as for efficient technologies to valorize municipal solid waste (MSW). 
 
Various technologies for the utilization of MSW exist, but they all have specific 
disadvantages. Anaerobic digestion of the organic fraction of MSW has been increasingly 
applied in Europe and California [2]. However, anaerobic digestion requires source 
separated waste fractions since different components such as plastic waste cannot be 
degraded by microorganisms. Apart from individual pilot projects, waste separation is not 
yet widespread in Chile. Since domestic waste often has a high moisture content, it is also 
not an ideal feedstock for incineration or other thermal processes such as gasification. 
These problems could be overcome via intermediate pyrolysis, a thermo-chemical process 
to convert MSW into different energy-dense products (gas, char and oil). Compared to 
direct incineration, the combustion of pyrolysis gas in an engine generator is more efficient 
at smaller capacities and therefore better suited for a decentralized implementation.  
In comparison to anaerobic digestion, intermediate pyrolysis accepts a broader range of 
feedstock materials. For instance, food waste and packaging can be processed together 
without further separation [3]. Moreover, the pyrolysis pathway allows for the production 
of fuels and other value-added products in addition to electricity. With regard to the 
predicted cost reductions for solar and wind power in Chile, alternative sources of income 
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besides power generation could be advantageous for a waste-to-energy (WTE) project. 
 
This article therefore investigates the economic and environmental benefits of a MSW 
pyrolysis plant in Chile. To this end, a simulation model is developed which represents the 
mass and energy balances of the process, the costs of the pyrolysis plant and the revenues 
from electricity, char and bio-oil. It is assumed that the pyrolysis plant would be integrated 
in a larger waste treatment facility in which mechanical pre-treatment steps such as sorting, 
shredding and separation into fractions would take place. During intermediate pyrolysis, the 
organic feedstock decomposes into solid, liquid and gaseous components. In the considered 
scenario, the gas is used to provide the energy required for the process and to generate 
electricity which is fed into the grid. Bio-oil and char, the liquid and solid product, are 
stored, delivered to a power plant and co-fired with coal and fuel oil. 
 
Method 
In this article, the economic feasibility of MSW treatment via intermediate pyrolysis in 
Chile is analyzed. The chosen approach consists of three steps: First, mass and energy 
balances of the pyrolysis plant are modelled. Second, the equipment cost is estimated using 
scaling factors representing economies of scale. Third, production costs are calculated 
based on a factorial method and analyzed following a Monte-Carlo approach. 
 
The mass and energy balance of the pyrolysis plant is modelled based on the efficiency of 
intermediate pyrolysis reported in the literature. In particular, Thermo-Catalytic Reforming 
(TCR), which combines intermediate pyrolysis and catalytic reforming, is chosen as the 
reference process for the assessment [3,4]. Based on the mass and energy balance, required 
equipment sizes and costs are calculated. In order to estimate the cost for an arbitrary 
capacity, a scaling approach is used which is expressed as follows: 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶%&'()
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶%&'(*

= ,
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆1
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆2

3
4

 
with τ as a scaling factor ranging between 0 and 1. For a wide 
range of equipment, the scaling factor τ is close to 0.7 [5]. 
 

The delivered-equipment cost is determined on the basis of market prices and cost 
functions. Other items included in the total capital investment are estimated as percentages 
of the delivered-equipment cost. Methods based on ratio factors come with an expected 
accuracy of 20–30% [5]. Following [5], the total capital investment (TCI) is estimated 
using ratio factors for direct plant costs, indirect plant costs and working capital: 
 

𝑇𝑇𝐶𝐶𝑇𝑇 = 	 𝑇𝑇( 91 +<𝑓𝑓&
&

+<𝑓𝑓>
>

+ 𝑓𝑓?@A 
with the delivered-equipment cost IE and ratio 
factors fi, fj and fWC for direct/indirect capital 
investment and working capital. 

 
 
 
Direct costs include installation, instrumentation and controls, piping, electrical systems, 
buildings, yard improvements and service facilities. Indirect costs include engineering and 
supervision, construction expenses, legal expenses, contractor fees and contingency. The 
total of direct and indirect plant costs gives the fixed capital investment which is used to 
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derive the annuity factor 𝑓𝑓BC and the fixed charges of the plant: 
 

𝑓𝑓BC =
(1 + 𝑖𝑖)F ∙ 𝑖𝑖
(1 + 𝑖𝑖)F − 1 with the depreciation time 𝑛𝑛 and the interest rate 𝑖𝑖 [6]. 

 
Having determined the total capital investment for a given capacity, the total costs per year 
can be estimated using another set of ratio factors. The cost items of raw materials, 
operating labor, utilities, financing and depreciation are estimated directly using the 
respective cost drivers, for instance the operating hours per year. Personnel costs are 
adjusted with representative Chilean salaries obtained from [7] and then updated with the 
Chilean labor cost index ICMO [8]. 
 
The economic assessment is based on a large number of input parameters which cannot be 
presented in total, but are subject to uncertainty. To take this uncertainty into account, a 
Monte-Carlo simulation was carried out. In this approach, the parameters are randomly 
drawn from a specified range (examples in Table 1) for a large number of iterations. 
 
Table 1: Examples of uncertain parameters 
Parameter Range 
Interest rate 5 – 8% 
Depreciation period 17 – 22 years 
Operating hours 6000 – 8000 hours/year 
Fuel oil price 440 – 970 EUR/ton 
Coal price 40 – 90 EUR/ton 
Electricity price industry 80 – 110 EUR/MWh 
Scaling factor drum dryer cost 0.65 – 0.72 
Scaling factor bio-oil storage 0.33 – 0.42 
 
WTE projects provide renewable heat and power and contribute to a reduction of 
greenhouse gas emissions in the energy sector. It has therefore been examined whether 
pyrolysis is beneficial compared to waste incineration in terms of carbon dioxide emissions. 
The total CO2 emissions result from the electricity and heat demand of the pyrolysis plant 
as well as the transport of the products to a co-firing location. It is assumed that the heat 
demand is met by the combustion of pyrolysis gas. 
 
The approach for estimating the emissions follows the methodology formulated in [9] and 
its exemplary application in [10]. Long-lasting greenhouse gases such as CH4 and N2O are 
converted into CO2 equivalents in accordance with current conventions [9,11]. In the 
investigated concept, the solid and liquid pyrolysis product are co-fired with coal and fuel 
oil in existing power plants. The efficiency of the coal and diesel power plants is assumed 
to be 37% and 30% respectively [12]. For electricity generation, the average emission 
factor of 450 CO2eq/kWel of the integrated Chilean grid was used [13]. 
 
Results and discussion 
The described cost model was used to analyze the economic feasibility of a pyrolysis plant 
in Chile. First, economies of scale have to be considered, as WTE projects usually require 
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large capacities. For waste incineration, it has been suggested that plant capacities should 
not be below 150 to 200 kton per year [14,15]. The economic feasibility of a WTE plant 
depends on the gate fee, the payment per ton of MSW delivered to the plant. Gate fees in 
Chile currently vary between 10 and 20 USD/ton. This is significantly less than in Europe 
or the United States where gate fees of 60-150 USD/ton are common [14,16]. As a result, 
large capacities would be needed for WTE projects in Chile without additional financial 
support. A techno-economic analysis of a potential WTE facility in Santiago de Chile was 
carried out in [17]. It was estimated that with a gate fee of 15 USD/ton, a capacity of 900 
kton per year would be required. 
 

 
Figure 1: Economies of scale and minimum gate fee of the pyrolysis plant 
 
Economies of scale of the studied 
pyrolysis plant are shown in Figure 1. It 
can be seen that the plant capacity has a 
significant impact on the required gate 
fee. In addition, a Monte-Carlo 
simulation with 10,000 iterations was 
carried out to analyze the reliability of 
the assessment (Table 2 and Figure 2). 
Based on the described economies of 
scale, a capacity of 7.5 MWth tons of 
MSW per year was chosen. As the 
simulation shows a considerable 
uncertainty regarding the required gate 
fee, the minimum plant capacity would 
probably have to be higher than the 
deterministic estimate (Figure 1). 

Table 2: Revenues and costs of a potential 
MSW pyrolysis plant (7.5 MWth input) 

 

EUR/ton MSW Mean SD 
Capital cost 35.36 3.76 
Personnel 19.90 0.74 
Utilitities 4.76 1.12 
Other 34.46 1.37 
Product transport 1.67 0.71 
Total delivered cost 96.16 5.35 
Revenue electricity 24.29 5.72 
Revenue char 17.74 3.46 
Revenue bio-oil 34.23 6.82 
Total revenues 76.26 9.47 
Required gate fee 19.95 10.18 
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Figure 2: Distribution of the estimated required gate fee 

The ecological assessment 
indicates that approximately 
0.6 kg of CO2 can be 
mitigated for each kg of MSW 
treated via intermediate 
pyrolysis. In contrast, only 
0.4 kg of CO2 would be 
avoided by a waste 
incineration plant under the 
same economic framework 
conditions. This is because co-
firing of pyrolysis products 
allows for replacing 
particularly emission-intensive 
fossil fuels, especially heavy 
fuel oil.  
 

The results of the ecological analysis are in line with the life cycle assessment in [18] which 
concluded that pyrolysis of MSW is more environmentally friendly than anaerobic 
digestion, incineration and landfilling. 
 
Conclusions  
In this article, the economic feasibility of MSW treatment via pyrolysis in Chile is 
investigated. A simulation model for estimating the costs of the pyrolysis plant and the 
revenues from electricity, char and bio-oil is presented. The model is used to study the 
minimum capacity required for profitability at a given gate fee. The results indicate that 
with Chilean gate fees of 8–18 EUR/ton, the capacity should not be less than 25,000 tons of 
MSW per year. Pyrolysis would require a lower minimum capacity than waste incineration 
which would be economically viable at more than 100 ktons per year. Compared to 
combustion, more than 50% more CO2 can be avoided via pyrolysis if char and bio-oil are 
co-fired with coal and diesel. 
 
It was assumed in this article that the pyrolysis products would be used for co-firing with 
coal and fuel oil. However, other applications might be more profitable, if technically 
feasible. For instance, it has been suggested to use pyrolysis char for soil amendment, 
thereby reducing the needed amount of fertilizer. However, char from MSW might contain 
high levels of heavy metals such as mercury and lead and therefore be unsuitable for 
agricultural applications. Both oil and gas from the TCR process could also be directed at 
value-added applications. The oil could be upgraded to transportation fuels via hydro-
deoxygenation. The pyrolysis gas is rich in hydrogen which could be recovered for the use 
in fuel cells or for upgrading the oil [4]. 
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Abstract 
 
Poly-3-hydroxybutyrate (PHB) is a hydrophobic polyester produced by a wide variety of 
bacterial under nutrient limiting conditions and an excess of carbon source. Burkholderia 
xenovorans LB400 has been described as a PHB producer under nitrogen limiting conditions 
using glucose, xylose and mannitol as sole carbon source. The objective was to characterize 
the PHB produced by B. xenovorans LB400 grown in medium supplied glucose, xylose, or 
mannitol as the sole carbon source. 
The LB400 strain was grown in M9 minimal medium using xylose (PHBx), mannitol (PHBm) 
or glucose (PHBg) (10 g . L−1) as the sole carbon sources, and 1 g . L−1 of NH4Cl as the sole 
nitrogen source at 30°C. The polymer was extracted with chloroform at 30°C and the solvent 
evaporated.The polymers were characterized by FT-IR, TGA-DSC and their molecular 
weight (MW) was calculated by gel permeation chromatography.. commercial PHB (PHBc) 
was used as control. 
The FT-IR spectrum showed that the PHB produced from the strain LB400 possesses the 
same characteristic bands as the PHBc. However, the intensity of bands was different, proving 
that crystallinity is different in each polymer, which could be associated with the drying 
environmental conditions. The thermogravimetric analysis showed a two-step degradation 
process. The PHBm showed a previous loss of mass as high as 10%, which could be 
associated with impurities or higher content of volatile compounds compared with other 
polymers produced by the strain LB400 [1]. The PHBc lost 50% of mass (TD50) at 293.40°C, 
while PHBg, PHBx, and PHBm reached TD50 at 292.70, 295.70, and 297.42°C.  Between 300 
and 380°C, it is possible to observe a decrease of the degradation rate for the three PHBs 
produced by the strain LB400.  The melting temperature (Tm) and the degradation 
temperature (Td) were calculated from the maximum of the first and the second endothermic 
peak in the DSC, respectively. The Tm was 174.18°C for the PHBc and 175.34, 179.82, and 
171.37°C for PHBg, PHBm and PHBx, respectively. The molecular weight of each polymer 
was 694, 800, 1,724 and 262 g/mol for PHBg, PHBm, and PHBx, respectively. A linear 
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correlation was observed between the polymers molecular weight and the Tm with a R-value 
of 0.9930.  
The use of different carbon sources to produce PHB from B. xenovorans LB400 showed to 
affect on the molecular weight changing slightly their physicochemical properties. 
 
Introduction  
 
Polyhydroxybutyrate (PHB) is a natural hydrophobic polymer derived from 
Polyhydroxyalkanoates (PHA). It is synthesized by a wide variety of bacteria from renewable 
carbon sources, generally under conditions of a nutrient limitation in the presence of excess 
carbon source, and may account for up to 80% of the cost [2, 3]. The PHA monomer 
composition depends highly on the host microorganism metabolic capability and on the PHA 
synthase substrate specificity. Subsequently, it determines PHA physicochemical properties. 
B.  xenovorans LB400 is a bacterial strain that produces PHB and is able to grow in glucose, 
mannitol, and xylose as sole carbon source, under limited-nitrogen conditions [4]. It is known 
that the carbon source affects not only in PHA yields, but also PHA chemical structure, such 
as molecular mass [5]. However, there is no information about how carbon source changes 
the structure of PHAs in these bacteria and how their physical and chemical properties 
change. 
The main of this study was to characterize PHBs produced from B. xenovorans LB400 using 
xylose, mannitol and glucose as sole carbon source. 
 
Experimental  
 
PHB production 
 
B. xenovorans LB400 strain was grown in M9 minimal medium using xylose, mannitol and 
glucose (10 g.L−1) as the sole carbon sources, and 1 g.L−1 NH4Cl as the sole nitrogen source 
at 30°C. LB400 strain cells grown until stationary phase were harvested, centrifuged and 
freeze-dried. PHB was extracted with chloroform (CF) at 30°C. The solvent was evaporated 
to a small volume with a rotary evaporator. Finally, the solution was transferred to a Petri 
dish and dried at room temperature to obtain a PHB film [1]. 
 
PHB characterization 

 
The PHB chemical structure was assessed using Fourier transform infrared (FTIR) 
spectrometer (Cary 630 FTIR Spectrometer, Agilent Technologies Inc., Danbury, CT, USA) 
with software Resolution Pro. A scanning range of 4,000–600 cm−1 was used, with a 
resolution of 4 cm−1. Each spectrum was acquired from 40 scans. Thermograms of the 
nanofibers (≈20 mg) were recorded from 25 to 600°C at a heating rate of 15°C.min-1 (nitrogen 
atmosphere, 40 mL. min-1) in a differential scanning calorimeter (DSC, STA 6000 Perkin 
Elmer Inc., Waltham, MA, USA). The Molecular weight determination was done by gel 
permeation chromatography using a GPC/RID-UV Shimadzu. The oven was fixed at 40°C 
and CF was used as mobile phase.  
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Results and discussion  
 
PHB is a semicrystalline polymer, although when the polymer is inside the granules it is 
completely amorphous. So, the polymer crystallinity is affected by the environmental 
conditions and the used extraction method [6]. B. xenovorans LB400 is capable to use 
xylose, mannitol and glucose as sole carbon sources. In addition, under limited-nitrogen 
conditions and an excess of carbon source, it is capable of producing PHB. The polymers 
produced by the LB400 strain using xylose (PHBx), mannitol (PHBm), or glucose (PHBg) as 
the carbon source were characterized by FTIR and TGA-DSC. 
The three polymers produced by the LB400 strain shown a strong band at 1,720 cm-1 
corresponding to the ester C=O stretching vibration bond, which is a characteristic of poly-
hydroxyalkanoates and related with the polymer backbone conformation (Fig. 1). However, 
this band showed a higher intensity for the commercial PHB (PHBc) followed by the PHBg. 
This fact is related with the presence of highly ordered crystalline structures. On the contrary, 
the band at 1,720 cm-1 displays less intensity in PHBm and PHBx, which is indicative of a 
greater proportion of amorphous structures. The crystallinity difference between the 
different polymers is given mainly by the drying environmental conditions that the polymers 
were exposed to after the extraction process.  

 
Fig. 1 FTIR of the different PHB produced by B. xenovorans LB 400. PHBg (blue); PHBx 
(red), PHBm (green) and PHBc (black). 
 
The IR spectrum of PHBc, PHBg and PHBm showed crystalline-sensitive bands at 980, 
1,230, 1,278 and 1,724 cm-1 [8]. On the other hand, bands at 1,186 and 1,741 cm-1 are 
amorphous-sensitive band [9].  
The PHBg, PHBm and PHBx were characterized by thermogravimetric analyses (TGA) and 
Differential scanning calorimetry (DSC) (Fig. 2a and 2b). Polymers showed a two-step 
degradation process. PHBm showed a previous loss of mass as high as 10%, which could be 
associated with impurities or a higher amount of volatile compounds. PHBc lost 50% of mass 
(TD50) at 293.40 °C, while PHBg, PHBx and PHBm reached TD50 at 292.70, 295.70 and 
297.42°C.  Between 300 and 380°C, it is possible to observe a decrease on the degradation 
rate in the three PHBs produced by the LB400 strain.   
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Fig. 2 a) TGA and b) DSC of PHBg (blue); PHBx (red) and PHBm (green). PHBc was used 

as control (black). 
 
Fig. 2b shows DSC results for each PHB produced by the LB400 strain. The melting 
temperature was obtained from the maximum of the first endothermic peak. The melting 
enthalpy was calculated as the area under that peak (∆𝐻𝐻#). DSC results are expressed in 
Table 1. The crystallinity degree of the PHB film depends mainly on the extraction and 
drying conditions. According with these results, PHBm is the most crystalline, while PHBg is 
the least crystalline. This fact contradicts the results obtained in the FTIR spectrum. 
However, as the PHB is a semi-crystalline polymer, the crystallinity is not homogeneous in 
the film. 
 
Table 1. Thermodynamic characterization of PHBs produced from B. xenovorans LB400. 
 

  ΔCp 
J*g-1 deg 

Tm  
°C 

ΔHm 
J*g-1 

Td 
°C 

Crystallinity 
% 

PHBc 0.284 174.18 50.369 305.53 34.5 
PHBx 0.210 171.37 36.031 297.89 24.7 
PHBm 0.132 179.82 56.271 297.17 38.5 
PHBg 0.161 175.34 28.309 296.12 19.3 

ΔCp: Heat capacity; Tm: Melting temperature; ΔHm: Melting enthalpy 
 
The molecular weight of each polymer was 694, 800, 1,724 and 262 g/mol for PHBc, PHBg, 
PHBm, and PHBx, respectively. The polydispersity indexes calculated were 715.89, 60.52, 
81.71 and 3.03 for PHBc, PHBg, PHBm, and PHBx, respectively. The differences in the 
molecular weight between the polymers are associated with the complexity for the bacteria 
metabolizing each substrate. 
 
Conclusions  
 
It was possible to observe that the PHB produced by the LB400 strain, supplied with different 
carbon sources, possess a similar profile to the PHB obtained commercially, according with 
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FTIR spectrum results and the thermogravimetrical characterization. However, the molecular 
weight is affected by the different carbon sources studied. Futhermore, future studies are 
necessary to explain deeper these results. 
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Abstract 
 
 This work explored the utilization of glycerol based polyesters as toughness 
enhancers for commercial biobased and biodegradable polymers, namely poly(lactic acid) 
(PLA) and poly(butylene succinate) (PBS). Increasing the toughness of these commercial 
biobased materials through industrially applicable melt blending strategies could contribute 
in widening their suitability for applications where higher tensile and impact toughness is 
required. In a first section, synthesis conditions for the glycerol-based polyesters were 
explored and a tensile toughness increment for PLA was achieved using a reactive extrusion 
technique. In a second stage, the addition of PBS to the system was studied and statistical 
linear regression models were used for modelling tensile and notched Izod properties of the 
ternary system. Through this approach, biobased materials displaying a tensile strength, 
tensile modulus and notched Izod impact comparable to some commercially available non-
biobased poly(propylene) products were formulated. 
 
Introduction 
 

Glycerol is an abundant and cheap biobased molecule, mainly obtained as a co-
product of biodiesel production at industrial level. This biobased molecule, which worldwide 
production from biodiesel industry reached over 30 million cubic meters in 2016 [1], is a 
very good example of a biobased chemical that has disrupted the market and virtually 
eliminated the production of petroleum based glycerol. Glycerol needs the development of 
new alternatives for its industrial usage to support a sustainable growth of the biodiesel 
sector. Ideally, new diverse products which could be fabricated through simple chemical 
processes, using biobased molecules and adaptable to existing chemical plant equipment 
should be developed to facilitate a gradual introduction of these biobased products both to 
large scale production and to market applications. 

Numerous alternatives for the utilization of crude and purified biobased glycerol have 
been proposed including the development of glycerol-based materials. An emerging field of 
application for glycerol is the synthesis of poly(glycerol-co-diacids), which can be 
synthesized through simple and industrially feasible polycondensation routes [2]. The 
synthesis of glycerol based polyesters has been researched mainly as biobased and 
biocompatible materials for biomedical applications since the report of the biocompatibility 
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and biodegradability characteristics of poly(glycerol sebacate), the polycondensation product 
of glycerol and sebacic acid [3]. Remarkable scientific success has been achieved in the 
development of biomedical engineering using poly(glycerol sebacate) scaffolds in the last 
decade [2]. These findings encourage the search for new applications of poly(glycerol-co-
diacids) exploiting its potential as a biobased elastomeric material. 

A common practice in polymer engineering is the blending of rigid thermoplastic 
polymers with tough elastomeric ones, to reach a balanced performance in terms of stiffness 
and toughness. This practice could be extended to biobased thermoplastic polymers enabling 
the tuning of their mechanical properties for specific application requirements. The 
elastomeric nature of poly(glycerol-co-diacids) materials could be exploited in this regard 
and biobased rigid thermoplastics could be toughened by melt blending with glycerol-based 
polyesters. For example, poly(lactic acid) (PLA) is a rigid biodegradable polymer currently 
holding the largest industrial scale production among biobased thermoplastics. Toughening 
of PLA by melt blending with elastomers has been the focus of scientific attention recently, 
yet the utilization of glycerol-based elastomers to this end has been scarcely researched so 
far. Thus, the aim of this research was to explore the utilization of poly(glycerol succinate) 
as a toughening agent for PLA by melt blending. Poly(glycerol succinate) has been selected 
given that its second monomer component, succinic acid, is also a molecule currently 
produced from biobased resources [4]. The synthesis conditions for the glycerol-based 
material and the processing conditions for the melt blending process have been studied 
aiming to produce biobased thermoplastic materials with mechanical performance 
comparable to petroleum based thermoplastic poly(propylene) (PP), one of the most widely 
used thermoplastic materials with a large number of market applications. 

 
Experimental 
 
Materials 
 

Purified glycerol with an average glycerol content of 95 wt% was obtained from a 
local biodiesel producer (BIOX Corporation, Canada). Succinic acid (99+ wt%, KIC 
chemicals, UK), maleic anhydride (MA) (99 wt%, Sigma Aldrich, Canada) and free radical 
initiator (2,5-Bis(tert-butyl-peroxy)-2,5-dimethylhexane Luperox 101, technical grade 90%, 
Sigma Aldrich, Canada) were purchased and used as received. Injection grade PLA (Ingeo 
3251D, Natureworks, USA).  was purchased in the form of pellets with an MFI of 35 g/10 
min (190 °C, 2.16 kg). Partially biobased film grade PBS (FZ91PM, PTT MCC Biochem, 
Thailand) with an MFI of 5 g/10 min (190 °C, 2.16 kg) was kindly donated by CGTech 
(Canada). 
 
Synthesis of poly(glycerol succinate) (PGS) and poly(glycerol succinate-co-maleate) 
(PGSMA) 
 

The synthesis of poly(glycerol-co-diacids) was performed through bulk 
polycondensation as reported earlier (ref). Briefly, selected amounts of glycerol, succinic 
acid and maleic anhydride were charged in a 1 l glass reactor equipped with a heating system, 
mechanical stirrer and a Dean-Stark apparatus to collect water produced in the reaction. The 
reactor was purged with nitrogen to maintain an inert atmosphere and help carrying out the 
water produced. At regular intervals, samples were taken from the reactor and viscosity was 

86 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

10BIOPLASTICS



measured in a cone-plate rheometer at 100 °C and 100 s-1 (CAP 2000+, Brookfield, USA). 
The reaction was continued until a viscosity value of 200 – 300 Poise was obtained to avoid 
gelation of the product as reported in our earlier work [5]. The obtained product was kept in 
a plastic syringe until processing. 

 
Melt blending 
 
 The blending of polymers was performed by extrusion followed by injection molding 
using a laboratory scale twin screw extruder (Xplore, DSM, Netherlands). Prior to extrusion, 
PLA and PBS pellets were dried overnight at 80 °C to remove residual moisture. The 
extrusion was carried at 180 °C with a screw speed of 100 rpm for 2 min. PLA and PBS 
pellets were charged directly to the extruder chamber. PGS and PGSMA were injected to the 
extrusion chamber by using a syringe heater at 80 °C to allow melting of the product. In 
reactive extrusions, the free radical extruder (0.2 phr) was charged simultaneously to the 
extruder by means of a micropipette.  
 
Mechanical testing 
 
 Tensile testing was performed in an Instron universal testing machine at a cross speed 
of 5 mm/min for the PLA/PGS or PLA/PGSMA blends and a cross speed of 50 mm/min for 
PLA/PBS/PGSMA blends following the procedure from ASTM D638 standard. Notched 
Izod impact testing was performed on an impact testing machine using a hammer of 0.5–5 ft 
lbs according to the procedure described on ASTM D256 standard. The samples were 
notched 48 h prior to the test. 
 
Results and discussion 
 
 PLA is a brittle biodegradable thermoplastic with an elongation at break of about 5%. 
The melt blending of PLA and PGS did not produce a satisfactory increment of tensile 
toughness of the material, evidenced by a low increase of elongation at break (Table 1) which 
was attributed to a poor distribution of the secondary PGS phase on the PLA matrix. For this 
reason, a reactive extrusion approach was employed. Maleic anhydride was introduced as a 
third monomer in the synthesis of the glycerol based materials to yield PGSMA polyesters 
containing C=C double bond on their backbone. These reactive C=C bonds are susceptible 
of further polymerization by means of free radical initiation. PLA/PGSMA blends were 
reactively extruded in presence of a free radical initiator, using the same processing 
techniques than for the PLA/PGSMA case. A significant increase in elongation at break was 
observed upon utilization of PGSMA in reactive extrusion mode. This increase in elongation 
at break was not realized for PLA/PGS blends fabricated using the same reactive extrusion 
approach. This suggested that the presence of the C=C bonds on PGSMA allows for the 
crosslinking of PGSMA upon extrusion. Furthermore, nuclear magnetic resonance studies 
demonstrated the formation of PLA-g-PGSMA species which acted as in situ formed 
compatibilizers [6]. The overall result was a distribution of PGSMA as smaller particles into 
the PLA matrix, as compared to the PGS case. The smaller PGSMA domains allowed for a 
better distribution of stress across the elongated specimens, facilitating stress dissipation 
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before reaching failure stress levels, which ultimately leaded to a higher elongation of the 
material and higher tensile toughness (Table 1) 
 Impact toughness was not satisfactorily improved by the addition of PGSMA to PLA. 
PP commercial products display notched Izod impact properties in the range of 30 to above 
300 J/m. Previous research demonstrated that impact resistance of a third biodegradable 
polymer, PBS, was largely improved by the addition of PGS by melt blending [7]. For this 
reason, PBS was introduced as a third component on the blends, aiming to increase the impact 
toughness of the final material 
 
Table 1. Mechanical properties of selected PLA/PGS and PLA/PGSMA blends (80/20 wt% 
PLA/PGS or PLA/PGSMA) 
 

Blend Type of 
extrusion 

Tensile 
strength 
(MPa) 

Tensile 
Modulus 

(MPa) 

Elongation 
at break 

(%) 

Notched Izod 
Impact (J/m) 

PLA Unreactive 67.1 ± 0.8   3114 ± 21 4.3 ± 0.3   20.7 ± 0.9   
PLA/PGS Unreactive 39.4 ± 1.3   2030 ± 54 10.2 ± 1.8   34.9 ± 1.1   
PLA/PGS Reactive 41.5 ± 0.5  2350 ± 22 7.7 ± 0.3  34.9 ± 1.6  

PLA/PGSMA Unreactive 45.5 ± 2  2129 ± 56  5.8 ± 1.3  27.6 ± 7.8  
PLA/PGSMA Reactive 47.6 ± 0.8  2125 ± 32  58.6 ± 5.9  24 ± 8.5  

 
 
 Upon addition of PBS to the PLA/PGSMA system, both tensile and impact toughness 
was largely improved. In order to select adequate compositions for the blends displaying 
mechanical performance comparable to PP products, an experimental design approach was 
employed [8]. Table 2 displays selected compositions whose mechanical performance in 
terms of tensile properties and notched Izod impact is comparable to some commercial PP 
products. An advantage of these biobased materials is that they contain high levels (> 40 
wt%) of PGSMA. Thus, they represent an alternative for the utilization of high amounts of 
glycerol in the fabrication of thermoplastic polymers with mechanical properties which could 
allow their utilization in some selected PP applications where durability is not an issue. 
 
Table 2. Mechanical properties of PLA/PBS/PGSMA blends fabricated using reactive 
extrusion in presence of a free radical initiator. 
 
PGSMA 
(wt%) 

PLA 
(wt%) 

PBS 
(wt%) 

Tensile 
strength 
(MPa) 

Tensile 
modulus 

(GPa) 

Elongation 
at break (%) 

Notched 
Izod impact 

(J/m) 
0 100 0 81.1 ± 0.5 4.08 ± 0.18 3.6 ± 0.3 20.4 ± 1.4 
0 0 100 49.5 ± 4 0.77 ± 0.02 235.7 ± 42.5 22.5 ± 4.2 
40 35 25 28.4 ± 3.8 1.45 ± 0.25 82.4 ± 0.8 172.9 ± 1.7 
45 40 15 21.8 ± 1.2 1.1 ± 0.11 30.8 ± 10.2 211.1 ± 2.8 
40 40 20 30.7 ± 1.5 1.43 ± 0.06 146.8 ± 12.6 198.8 ± 1 
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Conclusions 
 
 Biobased thermoplastic materials containing high amounts of glycerol-based 
polyesters were fabricated through simple and industrially feasible methods. These materials 
displayed tensile and impact properties comparable to commercial poly(propylene) products. 
The successful fabrication of these materials demonstrated the potential of glycerol-based 
elastomers as toughness enhancers for commercial biodegradable thermoplastics, similarly 
to the usage of rubbers for the toughening of non-biobased thermoplastics. This new area of 
application for poly(glycerol-co-diacids) could contribute in efforts towards creating 
awareness of the usefulness of these materials in diverse fields, ultimately leading to their 
adoption at industrial production level. 
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The production of bio-based and biodegradable plastics is one important part of the bio-
economy. Bioplastics use saves fossil resources and, in most cases, helps in reducing 
greenhouse gas emissions. A prominent representative of these materials is poly(lactic acid) 
(PLA). High strength and elastic modulus makes this material excellent for medical or rigid 
applications. However, several drawbacks have to be overcome regarding the use of pure 
PLA or blends with PLA as major component in flexible thin films. Commercially available 
PLA in general comprises of the L-lactic acid monomer and thus will further on be designated 
as PLLA, poly(L-lactic acid).  
Due to the brittle nature of PLLA many attempts were made to flexibilize this polyester [1]. 
However, low molecular weight plasticizers do not provide substantial improvements, 
primarily due to a high reduction of glass transition temperature (Tg) and migration  
phenomena [2,3].  
Another way of toughening PLLA is blending it with other polymeric components, such as 
polyethylene glycol (PEG) [4] or polycaprolactone (PCL) [5]. However, due to complex  
(co-)crystallization aging and separation effects are described for these systems. 
 

  
Figure 1: Trapping PCL-blocks via stereocomplex crystallization 

 
Aim of the research presented here was to develop a non-migrating plasticizer for PLLA, 
which is especially suitable for film applications. Our hypothesis was that oligomers could 
be trapped within the PLLA-matrix via stereocomplex crystallization, so that migration and 
solubility problems will be overcome, cf. figure 1. As plasticizing unit, PCL-oligomers were 
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grafted with compatibilizing poly(D-lactic acid)-blocks (PDLA). The generated block co-
polymers were added to the poly(L-lactic acid)-matrix (PLLA), in which the so called 
stereocomplex crystals were formed. These are thermodynamically more stable than PLLA 
homo-crystals and thus exhibit a higher melting point. Therefore, compatibilizing of PCL 
units does not only take place due to an adjustment of surface properties of two incompatible 
domains, but because of an actual physical bonding. 
 
Linear PCL-oligomers were synthesized by ring-opening polymerization of ɛ–caprolactone 
and 1-octanol as starting point. With various monomer to initiator ratios, the molecular 
weights of these oligomers range from 800 – 10.000 g/mol. According to Flory-Huggins 
calculations, all of these PCL-oligomers should be miscible with a PLLA-matrix in 
proportion of 10 % by weight. However, differential scanning calorimetry (DSC) analyses 
showed a dependence of Tg reduction and molecular weight of PCL-oligomers, indicating 
that the two components are partly incompatible. Furhermore, analysis of the blend behavior 
upon cooling revealed a fast crystallization process of the PCL-oligomers. This led to a phase 
separation and, therefore, to a less efficient Tg reduction of the PLLA phase than theoretically 
predicted. 
Besides that, pronounced migration of PCL-oligomers took place. Gravimetric 
measurements revealed that it was possible to remove all of the PCL-oligomers from the 
PLLA-matrix by treating the blends with toluene, which was applied to simulate an 
accelerated aging. This strong migration tendency could also be seen from SEM-microscopy 
photos. After the toluene treatment, a large number of pores of 2-3 µm diameter could be 
seen on the surface of the PLLA / PCL-blend material, figure 3 a.  

 
Linear PDLA-b-PCL-block copolymers were prepared by ring-opening polymerization of 
D-lactide using linear PCL-oligomers as starting points. Above a certain minimum chain 
length of compatibilizing PDLA segments, a second melting point can be observed in the 
DSC thermogram of PLLA blended with the block copolymers. This melting point indicates 
the formation of stereocomplex-crystals. 
In addition, the formation of stereocomplex bonding between the PDLA-b-PCL-block co-
polymers and the PLLA-matrix could also be confirmed from XRD-analysis and polarized 
optical microscopy. Pictures taken using the latter method show a considerable difference 
between the morphology of stereocomplex-crys tals formed of pure PDLA and PLLA blends 
and those formed of PLLA and the synthesized PDLA-b-PCL-block copolymers, cf. figure 
2. Neat PLLA did not show any crystals under the conditions applied (fig. 2 a). In the case 
of PLLA and oligomeric PDLA, highly ordered and symmetric spherulites were observed 
(fig. 2 b). The crystallization process was very fast and crystalline domains were rather large. 
In comparison, stereocomplex-crystals formed of blends with PLLA and PDLA-b-PCL-
block copolymers crystallized in a less ordered way. The crystallization rate was by an order 
of magnitude smaller, and big gaps between individual lamellas could be observed. These 
gaps might indicate interlamellar soft phases of PCL segments. 
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PLLA 

 
Figure 2: Polarized optical microscopy pictures of (a) PLLA; (b) blends of PLLA with 

PDLA-oligomer; and (c) PLLA with PDLA-b-PCL-block copolymer 

 
Furthermore, the bonding of PCL segments via stereocomplex crystallization lead to a 
different behavior of the blends regarding thermal properties and migration tendency. In 
comparison to unbound PCL, the PCL-PDLA-blocks showed a lower migration tendency 
according to the solution test in toluene. Blends with a stereocomplex formation did not 
exhibit a significant weight-loss after toluene treatment and retained a plain surface in the 
SEM pictures taken afterwards, figure 3 b. 

   
Figure 3: SEM pictures of PLLA blends after toluene treatment, (a) PLLA with PCL-

oligomer, and (b) PLLA with PDLA-b-PCL-block copolymer 

(a) 

(b) (c) 

(b) (a) 
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Besides that, trapping the PCL units via stereocomplex bonding also improved their 
plasticizing efficiency. In comparison to polymer blends with the same amount of PCL-
oligomers of the same molecular weight, block copolymers with PDLA and PCL shift the 
glass transition temperature to lower values. This effect can be explained by the modulated 
crystallization of the PCL-blocks trapped within the matrix. Formation of stereocomplex-
crystals leads to a decreasing crystallization affinity of the PCL-segments, so that a higher 
amount can effectively interact with the PLLA-matrix.  
A direct correlation of crystallinity of the PCL domains in the PLLA / PDLA-b-PCL-block 
copolymer blends was observed, figure 4. Based on these insights on the cause-effect 
relationship, a modification of the plasticizing polycaprolactone-block regarding its 
crystallization will be further examined. 

 
Figure 4: Correlation of crystallinity of PCL-phase and Tg of the blend 

References: 
[1] Liu, Hongzhi; Zhang, Jinwen (2011): Research progress in toughening modification 

of poly(lactic acid). In: J. Polym. Sci. B Polym. Phys. 49 (15), S. 1051–1083. 
[2] Labrecque, L.V.; Kumar, R.A.; Dave, R.; Gross, R.A.; McCarthy, S.P (1997): Citrate 

esters as plasticizers for poly(lactic acid). In: J. Appl. Polym. Sci. 66, S. 1507–1513. 
[3] Ljungberg, Nadia; Wesslen, Bengt (2002): The effects of plasticizers on the dynamic 

mechani-cal and thermal properties of poly(lactic acid). In: J. Appl. Polym. Sci. 86 
(5), S. 1227–1234. 

[4] Baiardo, Massimo; Frisoni, Giovanna; Scandola, Mariastella; Rimelen, Michel; Lips 
David, Ruffiex, Kurt; Wintermantel, Erich (2003): Thermal and mechanical 
properties of plasticized poly(L-lactic acid). In: J. Polym. Sci. A Polym. Chem. 90, S. 
1731–1738. 

[5] López-Rodríguez, N.; López-Arraiza, A.; Meaurio, E.; Sarasua, J. R. (2006): 
Crystallization, morphology, and mechanical behavior of polylactide/poly(ɛ-
caprolactone) blends. In: Polym. Eng. Sci. 46 (9), S. 1299–1308. 

93 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

11 BIOPLASTICS



Graphite Formation Kinetics of Loblolly Pine Wood and Bio-Choice Lignin 
investigated by in situ X-ray Diffraction Technique 

Seunghyun Yoo, 1 Ching-Chang Chung, 2 Sunkyu Park, 1 and Stephen S. Kelley.1* 
1 Department of Forest Biomaterials, North Carolina State University, Raleigh, North 

Carolina 27695, United States 
2 Department of Materials Science and Engineering, North Carolina State University, 

Raleigh, North Carolina 27695, United States 

**E-mail: sskelley@ncsu.edu. 

 

1. Introduction 

Graphitic structure can be formed from most materials containing carbon atoms. 
However, depending on the source of materials, some precursor materials can form a highly 
crystalline graphitic structure, while other precursor materials can only form a short range 
ordered graphitic structure. In the early 1950’s Rosalind Franklin defined non-graphitizing 
carbon and graphitizing carbon based on physical morphologies of materials after thermal 
treatment.1 From Franklin’s definition, biomass graphite is classified as the non-graphitizing 
carbon source because they are typically a disordered and narrowly stacked graphitic 
structure. Thus, there has been limited interest in biomass-derived graphite for value-added, 
high performance applications. 

The development of nanoscale analytical techniques is adding new insight and detail 
to the classification of non-graphitizing and graphitizing carbon. Although non-graphitizing 
carbon has a disordered structure from a macroscopic view, but it still has a locally 
distributed, highly ordered graphitic stacking. Analytical techniques such as scanning 
transmission microscopy and electron energy loss spectroscopy (EELS) can trace the 
formation of nano-graphitic stacking and quantitatively analyze its structure. As a result, 
recent research focuses on separation of nano-crystalline materials in the presence of 
disordered, bulk materials. For example, carbonized camphor leave is now used as a source 
of green-graphene.2 

Until recently, utilizations of biomass derived carbon materials were confined to the 
low value products such as a solid fuel for heat generation or porous activated carbon for 
filtration of contaminants in water or air. However, there is a new interest in value-added 
materials derived from renewable precursors, and biomass-derived graphite has shown 
potential. From biomass-derived graphite, green-quantum dot, green-graphene, and green-
carbon nanotube can be synthesized. There is a huge economic potential to create high value 
materials from low cost, renewable precursors.  

To yield a quality product, an understanding into the detailed chemical and physical 
mechanism for graphite formation is required. However, there are few detailed investigation 
into graphite formation from biomass starting materials. Babassu nut graphitization behavior 
has been investigated using X-ray diffraction (XRD) and electron spin resonance (ESR) 
spectroscopy as reported by Emmerich et al.3-4 Other than that, no systematic analysis was 
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done. From our previous work on loblolly pine graphitization, we have advanced a new 
theory for the graphitization process as a non-continuous process.5 Prior support for 
continuous biomass to graphite conversion model was based on ex situ observation.6 In our 
work we performed in situ XRD measurements at high temperature and detected a new phase 
transition during the thermal treatment of biomass. The new phase transition cannot be found 
from ex situ observation. To better understand the process we have recently focused on the 
graphitization formation of biomass-derived graphite. Using loblolly pine wood and pine 
derived BioChoice lignin, two different systems are quantitatively analyzed.  

 

2. Experimental 

2.1. High temperature in situ X-ray diffraction analysis 

20-mesh size loblolly pine (Pinus taeda, LB pine) particles and BioChoice lignin 
(BCL) fine powder were pre-carbonized at 800℃ for 15 minutes under nitrogen gas flow 
(1L/min) by using OTF-1200X quartz tube furnace (MTI Corporation, Richmond, CA, 
USA). BCL is a newly commercialized pine kraft lignin isolated from black liquor by 
Domtar. The pre-carbonization of biomass prevents an intense mass loss during the high 
temperature treatment that decreases the intensity of XRD pattern. The pre-carbonized LB 
pine and BCL are named as LB pine biochar and BCL biochar  

The graphitization of pre-carbonized biomasses was done by using an Empyrean X-
ray diffractometer (PANalytical, Westborough, MA, USA) with a HTK2000N heating stage 
(Anton Paar, Graz, Austria) and a Cu-Kα X-ray source (0.15418 nm). To avoid chemical 
reaction between biochar and tungsten heating stage, a thin platinum foil was placed on top 
of tungsten heater. Overall atmospheric environment was remained in vacuum using a turbo 
pump. Thermal treatment conditions for each biomass sample are given below. Instrumental 
broadening impact was considered as minimal. 

After cooling the sample to room temperature, powder XRD patterns were taken 
again. These samples are labeled LB pine graphite and BCL graphite. A synthetic graphite 
sample (Asbury Carbon Inc., Asbury, NJ, USA) was used to compare graphitic structure of 
biomass derived graphite samples. 

LB pine thermal treatment conditions included three maximum thermal treatment 
temperatures, e.g., 1,400 oC, 1,438 oC, and 1,450 oC. The overall temperature profile included 
three steps,  

1) Fast heating step: samples were heated from room temperature to 1,375 oC, 1,413 

oC, and 1,425 oC at 30 oC/min of heating rate,  

2) Slow heating step: from 1,375 to 1,425 oC, 1,413 to 1,438 oC, and 1,425 to 1,450 

oC, samples were heated at 2 oC/min of heating rate,  

3) Hold step: after reaching the target temperature, samples remained at the maximum 
thermal treatment temperature for 2 hours. XRD patters were collected every 2 
minutes. 
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BCL thermal treatment conditions also included three maximum thermal treatment 
temperatures, e.g., 1,438 oC, 1,475 oC, and 1,450 oC. The overall temperature profile included 
three steps, 

1) Fast heating step: samples were heated from room temperature to 1,413 oC, 1,450 

oC, and 1,475 oC at 30 oC/min of heating rate. 

2) Slow heating step: from 1,413 to 1,438 oC, 1,450 to 1,475 oC, and 1,475 to 1,500 

oC, samples were heated at 2 oC/min of heating rate 
3) Hold step: after reaching the target temperature, samples remained at the maximum 
thermal treatment temperature for 2 hours. XRD patters were collected every 2 
minutes. 

 

3. Results and Discussion 

3.1. Graphite formation kinetics investigated by in situ X-ray diffraction analysis 

Figure 5.1 and Figure 5.2 show in situ XRD patterns of LB pine and BCL hold at 
various thermal treatment temperatures collected over a 2 hours period. Lattice parameter of 
graphite c-direction was by Bragg’s law and Scherrer equation.7-10 where dhkl is the interlayer 
spacing of (hkl), λ is the wavelength of X-ray radiation, θ is the Bragg angle, and β is the 
FWHM (in radians of theta) of each d spacing.  

d"#$ =
λ

2 sin(𝜃𝜃)																											(1) 

𝐿𝐿1 =
0.91𝜆𝜆
𝛽𝛽cos	(𝜃𝜃)														(2) 

 

Starting from loblolly pine, the graphitic (002) reflection is not detected until the 
samples were treated at 1,438 oC. Samples held for 30 minutes at 1,438 oC show a tiny 
graphitic (002) reflection appeared. At 1,450 oC of the highest thermal treatment temperature, 
the graphitic (002) appeared immediately after reaching the treatment temperature. Over time 
the (002) peak intensity grows rapidly. 

Compared to loblolly pine, the graphitic (002) reflection of BCL is found to require 
a higher treatment temperature. At 1,438 oC, no XRD pattern is observed after 2 hours of 
hold time. The formation of graphitic (002) reflection was only seen after the temperature 
increased to 1,475 oC. 
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Figure 5.1. Simultaneously collected XRD patterns of LB pine hold at 1,400 oC (top), at 
1,438 oC (middle), and at 1,450 oC (bottom) of graphitization temperatures for 2 hours under 
a vacuum condition. 

 

 

Figure 5.2. Simultaneously collected XRD patterns of BCL at 1,438 oC (top), at 1,475 oC 
(middle), and at 1,500 oC (bottom) of graphitization temperatures for 2 hours under a vacuum 
condition. 
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3.2. Room temperature powder X-ray diffraction analysis 

Differences between the in-situ (high temperature) and the ex-situ (cooled) samples 
were also investigated. Figure 5.3 shows room temperature powder XRD patterns of LB pine 
graphite (top), BCL graphite (middle), and synthetic graphite (bottom). A clear (002) XRD 
reflection is found from all samples. The exact 2θ angles of each (002) reflection peak are 
26.48 o for LB pine graphite, 26.47 o for BCL graphite, and 26.20 o for synthetic graphite. 
Calculated c-direction lattice parameter of each graphite sample is given at table 5.1. 
Calculated d002 interlayer spacing distance of LB pine graphite and BCL graphite is 0.337 
nm which is close to the ideal graphite d002 interlayer spacing distance as 0.335 nm. The size 
of vertical graphitic stacking length (Lc) of LB pine is 62.944 nm and Lc of BCL graphite is 
52.937 nm. Both LB pine graphite and BCL graphite have a bigger graphitic crystallite than 
synthetic graphite. 

 

Figure 5.3. Powder XRD patterns of LB pine (top, brown), BCL (middle, green), and 
synthetic graphite (bottom, orange). 

 

4. Conclusions 

We systematically performed in situ XRD measurements on LB pine and BCL to 
analyze the graphite formation kinetics. For LB pine, 1,400 oC, 1,438 oC, and 1,450 oC were 
set as the highest thermal treatment temperature. The graphitic (002) reflection first appeared 
at 1,438 oC from LB pine and as the highest thermal treatment temperature went up, the 
intensity of (002) reflection increased rapidly. For BCL, 1,438 oC, 1,475 oC, and 1,500 oC 
were set as the highest thermal treatment temperature. The graphitic (002) reflection of BCL 
first appeared at 1,475 oC which was higher than that of LB pine. Different biomass has 
different activation energy and formation kinetics.  
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Abstract  
 Preparation of luminescence carbon dots were explored using macroalgal biomass 
derived bio-oil by simple hydrothermal process in aqueous medium. In presence of 
ultraviolet, aqueous solution of the prepared graphene oxide-carbon dots composite 
exhibited green emission. Various physiochemical characterizations such as Raman 
spectroscopy, high resolution transmission electron microscopy, X-ray diffraction, UV-Vis 
and photoluminescence analyses indicated the formation of graphene oxide-carbon dots 
(GO/CDs) composite. Further study is going on to use various renewable liquid sources as 
active source for the preparation of carbon dots.  
 
Introduction 

In last few decades, renewable biomass sources were accepted as effective raw 
materials for the preparation of numerous bio-based products due to their plenty availability 
and eco-friendly nature [1]. Apart from fuels production, utilization of biomass sources for 
the making of materials is an interesting research area. Due to their high carbon contents, 
biomass can be effectively used for the preparation of carbon materials with diversified 
properties. Algal sources are also categorized as renewable biomass and various studies 
were reported for the preparation of carbon materials from different algal biomasses [2, 3].    

Thermal conversion processes such as fast pyrolysis or hydrothermal liquefaction 
(HTL) of biomass sources results in liquid products called as bio-oil which is nothing but 
hydrocarbons and shows high viscosity, high acidity and high carbon content [4, 5]. In 
general, bio-oil contains considerable amount of oxygen and in some extends nitrogen 
contents and so upgradation process (removal of oxygen and/or nitrogen) is needed to use 
them as a fuel additives. Because of their exceptional chemical compositions and physical 
properties, bio-oil can be considered for the numerous value additions as per the 
requirements.    

Carbon dots (CDs) are under the category of carbon materials that are fluorescent in 
nature and have sizes below 10 nm [6]. In recent years, CDs have received immense 
attention due to their exciting structural, morphological and physicochemical properties as 
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well as flexibility in the synthesis towards various applications. Here we aimed to 
synthesize CDs from macro algal biomass derived bio-oil as active carbon source by simple 
hydrothermal process in water medium. Also, our aim was to extend the study for various 
liquid renewable sources for the preparation of CDs.  
 
Experimental: 

A specific macro algal biomass was cultivated in a coastal region of Southern Chile. 
The collected biomass was dried well and further subjected to pyrolyzer unit under nitrogen 
atmosphere to get a bio-oil at University of La Frontera, Temuco, Chile. Further, a known 
amount of bio-oil (renewable source) and deionized water were taken in a teflon lined 
autoclave reactor. The mixture was heated at different temperatures for different times. 
After the reaction was completed, the auto-clave was cooled down to room temperature. 
The collected reaction medium was centrifuged and the CDs were obtained as supernatant 
and showed green emission under UV light (Figure 1).  

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 1. As-synthesized CDs under normal conditions (left) as well as under UV light 
exposure (right) 
 
Results and discussion  

Morphological analysis using high resolution transmission electronic microscopy 
(HR-TEM) confirmed the presence of well dispersed spherical sized CDs on graphene 
oxide multi-layer sheets (Figure 2).  It was identified that in the formed GO/CDs composite 
the ordered lattice fringes having the d-spacing value of 0.2-0.3 nm which may correspond 
to graphite carbon of the CDs [7]. Further investigation by employing X-ray diffraction 
(XRD) technique recognized the particle with well crystalline size in 1.07 nm distribution 
along with the presence of graphitic at sp2. Additionally, Raman spectrum showed the 
broad peaks corresponds to the characteristic D and G bands of disordered and graphitic 
carbon archistructures along with the second-order allowed Raman mode Eg2 of graphene 
oxide. 
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Figure 2. HR-TEM image of bio-oil derived GO/CDs composite 
 

Further, the prepared CDs were analyzed by UV-vis absorption as well as 
photoluminescence (PL) technique. From UV-vis absorption spectrum, it was found that 
the peak at 272 nm attributes to π-π* transition that corresponds to aromatic sp2 domains. 
The photoluminescence (PL) technique revealed that increase in the excitation wavelength 
from 300 nm to 340 nm resulted a drop in the fluorescence intensities without any change 
in the shift and thus indicating CDs were excitation-independent. 

Further studies are under progress for the preparation of CDs from different 
renewable liquid sources by hydrothermal process. Also, by using the prepared CDs, 
different applications are under investigation and the detailed results will be presented in 
the conference. 
 
Conclusions 

Novel graphene oxide-carbon dots (GO/CDs) composite was synthesized by using 
macroalgal biomass derived bio oil as an active liquid renewable carbon source. HR-TEM 
analysis reveals the morphological features of spherically shaped CDs composites along 
with the graphene oxide matrix. Characterization techniques such as UV-Vis absorption 
spectra, X-ray diffraction, Raman spectra supported the presence of graphene oxide as well 
as carbon dots in composite structures.   
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Abstract  
 
The main objective of this work was to produce carbon nanostructures from beet molasses 
derived from Chilean sugar industry using microwaves assisted hydrothermal carbonization- 
It was considered in a first stage evaluate the effect of time, power irradiation, temperature 
and water content during the microwave assisted hydrothermal carbonization process using 
synthetic molasses. Obtained products were characterized by morphology (SEM-EDX), 
elemental composition (Eurovector EA 3000), proximal composition (TGA), functional 
groups (FTIR), surface area and porosity (NOVA 1000e). Preliminary results shown the 
formation of hydroxymethylfurfural (HMF) which is the main precursor of nanostructures. 
The HMF concentration increases until the first five minutes, reaching a maximum value 
and, the decrease within the reaction time leading to the formation of hydrochar. The obtained 
hydrochar presented a morphology similar to carbon foams. Furthermore, liquid phase 
presented micro and nano carbon spheres. Carbon spheres yield decreased at higher residence 
time from 20% at 1 minute to 4% at 60 minutes. Moreover, higher power irradiation (300 
W), decrease particle size. FTIR spectra showed vibrations bands between 1450 - 1750 cm-1 
due to the C=C bonds, which refers to cyclic aromatic hydrocarbon-like structure and C=O 
bonds characteristics of carbon spheres.  
 
Introduction  
Molasses is the final product of the sugar factories value chain and raw material to different 
process to obtain added-value product. Actually, molasses is used for industrial purposes, 
approximately 48% of molasses is used to industrial food processing, beverage and fuel 
production (bio-ethanol and bio-butanol) and 26% is used for animal feed production [6]. 
Molasses is defined as dark brown and viscous liquid with high content of carbohydrates 
(40%-70%) and relative high water content (20%-40%) [2]. In another hand, hydrothermal 
carbonization of carbohydrates includes several reactions to finally obtain nanostructured 
materials. Polymerization, aromatization and condensation reaction generate the final 
structure of carbonaceous material like graphene or carbon spheres [7]. HMF is a carbon 
nanostructures precursor obtain by hydrothermal carbonization from biomass and 
saccharides [4]. Carbon spheres are classified by their morphology in solid, core-shell and 
hollow carbon spheres and for nanometric size in graphitized (2-20 nm), less graphitized (20-
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1000) and carbon beads (>1000 nm) [8], [9]. Microwave irradiation improve decomposition 
of different biomass at low temperature and short residence time [5], [10]. Considering this 
information, the main objective of this work was to produce carbon nanostructures using 
microwaves assisted hydrothermal carbonization from beet molasses derived from Chilean 
sugar industry. 
 
Experimental Section 
Characterization of beet molasses 
Carbon, Hydrogen, nitrogen and Sulfur in feedstock were determined using an elemental 
analyzer (Eurovector EA 3000), oxygen content was calculated by difference. Moisture 
analysis was fulfilled by gravimetrically drying of biomass at 105°C during 3 hours until 
getting constant weight. Similarly, ash was quantified at 550° +/- 25°C during 8 hours. Total 
carbohydrates were measured using the phenol- sulfuric method according  [11] and reducing 
sugar were determinated using DNS method according [12]. Glucose content was determined 
using a colorimetry according [13]. Fructose content was determined by RS – G = F and 
sucrose was determined by TS – RS = S. Where S: Sucrose (%), G: Glucose (%), F: Fructose 
(%), RS: Reducing Sugars (%) and TS: Total Sugars (%). 

Carbon nanostructures synthesis  
First stage of this work contemplated the use of synthetic molasses (mixture of sucrose, 
glucose and fructose) to evaluate the effect of time, power irradiation applied, temperature 
and water content in microwave assisted hydrothermal carbonization process to obtain 
carbon nanostructures. In addition, a synthetic molasses was fabricated using sucrose (72%), 
glucose (2%), fructose (4%) and water (20%) according the results obtained for 
characterization beet molasses. 
To study the time and mechanism for carbon nanostructures formation was used a microwave 
reactor (CEM discover). Residence time ranged from 1 to 60 minutes and operational 
condition were setting up in 180°C, 75% water content and 200 W for microwave irradiation 
power. The second stage to evaluate effect of operational conditions and combination of there 
(power irradiation, water content, temperature and time) was performed a 2-levels factorial 
design with 3 center points. Table 1 show the levels for operational conditions. 
 
Table 1: Factorial design to evaluate operational conditions effects in carbon 
nanostructure production by microwave assisted hydrothermal carbonization. 

Factor Levels 
-1 0 +1 

Reaction Temperature (°C) 150 165 180 
Reaction time (min) 5 22,5 40 

Microwave Power irradiation 
(W) 200 250 300 

Water content (%) 60% 75% 90% 
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Products characterization  
A characterization of the obtained liquid phase of hydrothermal carbonization process was 
done using a GC-MS Clarus 600, PerkinElmer). HMF was corroborated by HPLC according 
[14]. Morphology of the products was evaluated using a scanning electron Microscope 
(HITACHI SU3500) in STEM mode for liquid phase. Additionally, particle size was 
measured using a Zetasizer Nano ZS (Malvern Panalytical). Plasmon band was evaluated 
using a spectrophotometer Genesys 10S UV-Vis in scanning mode and fluorescence was 
measured using a synergy h1 microplate reader. Morphology of solid fraction was evaluated 
using Scanning Electronic Microscopy (SEM). Specific surface area, porous volume and 
diameter was determined by NOVA 1000e equipment (Quantachrome Instruments). Thermal 
stability and proximate analysis was determined using thermogravimetric analyzer TGA-
STA_6000 (Perkin Elmer). Elemental composition of solid product include suspended 
particles in liquid product was measured using an elemental analyzer (Eurovector EA 3000). 
Yield for liquid and solid fraction was determined gravimetrically. Surface reactivity 
(functional groups) was evaluated using Fourier transform infrared (FTIR). 
 
Results and discussion  
Characterization of beet molasses 
For characterization of beet molasses a representative sample was taken. Table 2 summarizes 
proximate and elemental composition of beet molasses. Density of beet molasses was 1.28 ± 
5 g/mL due to of high carbohydrate content and low moisture. Carbohydrate content was in 
average 63.2%. Sucrose content was 58.2% while glucose and fructose were 1.9% and 3.2% 
respectively and ash content was 14.8%.  
The obtained results are in accordance with those obtained by several researcher except for 
ash content. Noukeu and co-workers (2016) described that ash content in beet molasses is 
related with cultivation, soil properties, territory, among others factors. Razmovski and V. 
Vuc (2012) mentioned the same idea.  
 
Table 2: Characterization of beet molasses. 

Analysis Parameter This work [16] [2] 

Proximate 
analysis 

Moisture 15.56 13.98 19.60 
Total dry mass 84.44 86.02 80.4 
Volatile matter 69.60 77.66 - 

Ash 14.84 8.36 - 

Sugar Analysis 

Total Sugar 63.24 61.67 60.70 
Sucrose 58.17 59.19 58.83 
Fructose 3.22 - 1.37 
Glucose 1.85 - 0.50 

Elemental 
Analysis 

Carbon 42.05 - - 
Hydrogen 6.42 - - 
Nitrogen 1.49 - - 

Sulfur n.d. - - 
Oxygen 35.21 - - 
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Carbon nanostructures synthesis  
Two forms of carbon nanostructures were obtained by this process, carbon spheres and 
hydrochar like a carbon foam. Carbon foam was obtained product of agglomeration of carbon 
spheres because the long residence time. Respect to the time effect, carbon spheres started to 
be generated at 3 minutes with a defined nucleus. The Figure 1 show structural changes of 
carbon spheres suspended in liquid phase for 1, 3 and 5 minutes. Respect to the solid phase, 
begings the formation at 10 minutes. Hydrochar formation could be related with intermediate 
products generated as hydroxyl methyl furfural (HMF). HMF and others furans have been 
mentioned like precursors of nanostructures derived of hydrothermal carbonization using 
biomass [4], [17].  
 

	
Figure 1: Carbon spheres formation mechanism. Time study using Temperature: 200°C, 
Power irradiation: 200 W, Water content: 75%. A. 1 minute. B. 3 minutes. C. 5 minutes. 

For carbon foams Figure 2 show the morphology at different residence time. 
Morphologically, the hydrochar structure does not seem to change. However, exist changes 
in size of spheres that generate the large structure. Long resident time increase size foams 
and transform spheres in amorphous structure.  
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Figure 2: Hydrochar obtain by microwave assisted hydrothermal carbonization. Time study 
using Temperature: 200°C, Power irradiation: 200 W, Water content: 75%. A. 10 minute. B. 
25 minutes. C. 40 minutes. D. 60 minutes. 

By another hand, factorial design show that power irradiation and water content were very 
important factors to obtain carbon spheres with small particle size. In addition, microwave 
assisted hydrothermal carbonization reaction could be related with stability of particles. 
These reactions generate several acid compounds diminishing the pH value. 
Finally, factorial design generated a model to obtain carbon spheres with small particle size, 
about 5 nanometers. Model is AS=17586.436 – 98.548*T – 22.800*PI – 117.783*WC – 
77.511*t + 0.118*T*PI + 0.716*T*WC + 0.4122*T*t. Where AS: Averge size; T: 
Temperature; PI: Power Iradiation; WC: Water Content; t: time. 
 
Conclusions and future work 
1. It is possible to generate two different carbon structures by using microwave assisted 

hydrothermal carbonization from synthetic molasses, but is necessary more studies to 
obtain stable particles. 

2. Time is an important factor that influences the formation or carbon nanostructures. 
3. According to the above, it is necessary to focus the guidelines of this work on the 

formation mechanism of nanostructures, the influence of the different parameters of 
operation, reaction medium, catalyst and different compounds in raw materials. 
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Abstract 
Maintaining our limited soil resources fertile for the feed and food production for a rapidly 
growing global population is an important issue. Therefore, sustainable soil management is 
crucial and limited sources of nutrients lead to the necessity to recover plant nutrients such 
as phosphorus, nitrogen, potassium, and silicon from residues and waste materials. Thermo-
chemical conversion techniques (pyrolysis, gasification, hydrothermal carbonisation, 
combustion) offer opportunities to convert waste into marketable fertilizers and soil 
amendments targeting multiple functionalities: carbon stabilization for mid to long-term 
storage in the soil, nutrient recycling, dewatering, logistic of storage and distribution, and 
tailoring products for diverse applications and markets. Promising input materials include 
sewage sludge, green waste, residual wood, food processing residues, cellulosic fiber pulp, 
landfill material and others. 
 
Utilization of a carbon-based product with recovery of phosphorus and silicon as additional 
benefit is investigated. Data on pyrolysis and hydrothermal carbonization process 
engineering by varying feedstocks and process parameters (temperature, pressure, time, 
water content, additives etc.) are presented. The development of fertilizer and soil 
amendment products optimized for multiple purposes is aimed. The feedstock materials as 
well as the products are analysed with regard to elemental composition (C, H, N, P), moisture, 
heating value, plant availability of the nutrients, etc. A mass balance on the char constituents 
as well as on storage in soil is given. 
 
The presented, innovative strategies primarily aim at recovering carbon from biomass 
residues and waste materials. Additionally, the closure of nutrient cycles and protection of 
the diminishing rock phosphate resources are pursued. Moreover, negative emissions apply 
due to long-term storage of stabilized carbon in the soil. This multiple purpose approach will 
increase the value of the products and thus facilitate the carbonization of feedstock materials 
at industrial scale. 
 
Introduction 
Sustainable soil management is crucial to maintain our limited soil resources fertile for the 
food production for a rapidly growing global population. Phosphorus is one of the most 
important essential plant nutrients with typically low availability in soil. Natural P deposits 
are rapidly vanishing while large amounts of P are annually deposited with waste materials 
in landfills or cause the eutrophication of surface waters. 
Thermo-chemical conversion techniques (pyrolysis, gasification, hydrothermal 
carbonization HTC, combustion) offer opportunities to convert waste into marketable 
fertilizers and soil amendments. HTC is a thermo-chemical conversion process to convert 



15 CARBON MATERIALS 111 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

	
	

organic materials into carbon rich products called hydrochar. This processes are performed 
targeting multiple functionalities: carbon stabilization for mid to long-term storage in the 
soil, nutrient recycling, dewatering, logistic of storage and distribution, and tailoring products 
for diverse applications and markets. A broad range of organic residues like green waste, 
residual wood, food processing residues, cellulosic fiber pulp, sewage sludge or landfill 
material are useful feedstocks for carbonization. The final products are developed as shown 
in Figure 1. Residues and wastes are carbonized with different conversion methods and the 
products are analyzed with plant tests as well as with chemical analyses in the laboratory. A 
feedback loop is used to improve the conversion processes with regard to heating rate, 
temperature, residence time, additives, feedstock mixtures, etc. Generally, dry feedstocks 
(with a dry matter content > 70 wt%) are processed via pyrolysis and wet feedstocks (dry 
matter < 50 wt%) such as sludges (animal slurry, sewage sludge, biogas slurry, etc.) are 
processed via hydrothermal carbonization (HTC). 
 

 
  Figure 1: Process development scheme 
 
The latest IPCC special report [1] explicitly mentioned biochar as possible part of the solution 
to limit the global warming: Biochar sequestration provides an additional route for terrestrial 
carbon storage. As plant biomass-derived biochar consists of 70-80 % of organic C with a 
residence time of centuries and a high cationic exchange capacity, this amendment supports 
soil carbon sequestration and leads to improved soil fertility properties. [2-4] 
 
Experimental  
Carbonization experiments for this study focused on pyrolytic biochar production and 
hydrothermal carbonization.  
Pyrolysis experiments were performed in a 2 kg/h continuous reactor (PYREKA, Pyreg 
GmbH, 56281 Dörth / Germany) with a screw feeder for feedstock input. The screw-type 
reactor was heated indirectly by electric heating coils and could be operated at temperatures 
of 300-900 °C and residence times of 10 minutes or longer. Nitrogen was used as flush gas; 
the nitrogen inlet could also be used for water vapor activation of biochar. The volatile 
carbonization products were burnt by a propane flame in a combustion chamber to avoid the 
release of unpleasant emissions (Figure 2). Depending on the input material, pyrolysis 
temperature and residence time, about 20-30 % of feedstock dry mass were converted to 
biochar and the rest to volatiles. 
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For hydrothermal carbonization a 600 ml and a 2 l batch reactor were deployed (Figure 2). 
The process is performed for about 10 minutes to several hours at a temperature of about 
180-270°C and autogenic pressure under the vaporation pressure of water of about 10 to 55 
bar. The process is carried out under the presence of water (about 80 wt% water, 20 wt% dry 
mass of feedstock) and therefore offers the advantage that no drying of the feedstock is 
needed. 
 
 
 

 
Figure 2: Experimental facilities: (left) pyrolysis pilot plant; (right) HTC laboratory plant 
 
For product evaluation in terms of nutrient availability and suitability for fertilizer 
formulation standard methods are typically applied: (i) germination tests with garden cress 
seeds (ii) Neubauer tests – Rye grown in sand with necessary macro- and micro nutrients and 
depending on the applied fertilizer different amounts of e.g. Phosphorus can be measured in 
the whole plant after 17 days of cultivation (iii) extractions tests of fertilizers in different 
extraction media (e.g. water, formic acid, citric acid). At the Institute of Soil Research a tool 
box of complementary methods [5] was developed. The approach included methods for 
characterization of fertilizer products in the absence of soils and approaches that assess 
nutrient availability after addition to standard test soils. It was established by calibration in 
plant experiments that infinite-sink methods generally predict nutrient (P) uptake better than 
conventional equilibrium-based techniques. This can be explained by the fact that extraction 
in infinite-sink methods resembles that of plant uptake thus providing a mechanistic surrogate 
of nutrient uptake in plants. Moreover, infinite sink approaches are also superior to 
equilibrium-based methods regarding their applicability to a wide range of diverse recycling 
products as they depend much less on the chemical composition of the products or fertilized 
soils. [5] 
 
Results and Discussion 
In different experimental series different biochars as well as hydrochars (via hydrothermal 
carbonization) were produced from animal manures, animal meal and sewage sludge. 
Different process parameters (time, temperature, pressure, pH, residence time, etc) were 
applied. 
The plant availability of the biochars was tested, considering that they differed in their P 
content (mainly determined by the P concentrations in the feedstock). Figure 3 shows the 
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reaction of test plants that were grown in a substrate supplied at the same level with essential 
plant nutrients but without P. The supply of P should be provided by the tested biochars 
which varied in P content. The biochars with the lowest P content affected the growth of the 
test plants negatively. Plant growth did not increase linearly with higher biochar P 
concentrations but levelled off at 15-20 mg P/g biochar because apparently other nutrients 
became limiting when the P demand of the plants was satisfied.  
This experiment showed that P from the biochars has a good ability to nourish P-deficient 
plants. If biochar-based fertilizers will be produced, the P from the char becomes available 
to the plants and the fertilizers additionally provide degradation-resistent organic C to the 
soil. The use of such fertilizer would on the one hand help to recycle P from secondary 
resources and on the other hand help to sequester C in agricultural soils, providing a low (or 
even negative) carbon footprint to the process of fertilizer production and application.   
 

 
Figure 3: Relationship between Ptot in biochar and plant 
growth in a standardized test with rye (Neubauer test). 

 
Finally, the produced biochars/hydrochars were analysed by applying the complementary 
toolbox as described above. A large variety of carbonized recycling products were compared 
to mineral fertilizers such as super phosphate and other recycled products such as struvite 
and ashes. The results clearly show that a number of biochars and hydrochars from different 
feedstocks, including pig manure and biogas slurry, have favorable nutrient release properties 
as most of the total P content can be supplied to an infinite sink such as plant roots) over time 
while water solubility and thus the risk of loss and leaching is very low, opposite to the high 
water solubility of most mineral fertilizers (see Figure 4). [5] 
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Figure 5: Product assessment for P availability using a combination of infinite sink 
(iron bag) and water-extractable fraction [5] 

 
Additionally, to the positive effects as described above negative CO2-emissions can be 
accounted if biochar is stored in the soil. Estimated half-life times of several decades up to 
more than 1,000 years can be expected. [6] About 50% of the carbon in biomass feedstock is 
stored as carbon in the biochar. [7] 
 
Conclusions 
Sustainable biomass utilization involves nutrient cycles and soil management. Biochar 
respectively hydrochar from organic feedstocks as well as residues/wastes provides positive 
effects on soil fertility, water retention and therefore increased plant and crop production. 
Depending on the feedstock quality, i.e. water content, pyrolysis is favoured for dry 
feedstocks (>50 wt% d.m.) and hydrothermal carbonization for wet feedstocks (<50 wt% 
d.m.). Additionally, application of biochar/hydrochar can serve as long-term carbon storage 
whereas approximately 50 % of the carbon in the feedstock is stored in the biochar/hydrochar 
and thus finally in the soil for at least several decades. 
Summarizing, closed nutrient cycles are important to sustain the quality of soils. Although 
the priority is given to the production of food and feed, followed by industrial products, the 
utilization of residual streams will play a major role in future biorefinery concepts. 
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Abstract  
A comprehensive study of carbon aerogel-supported nickel (Ni/CAG) in the catalytic fast 
pyrolysis (CFP) of torrefied Eucalyptus globulus was performed in a micropyrolysis unit (Py-
GCMS). Catalysts were characterized by N2 adsorption-desorption at 77K, X-ray diffraction 
(XRD) and Transmission Electron Microscopy (TEM). Regardless the use of catalysts, the 
pyrolysis vapors produced from torrefied biomass were depleted in carboxylic acids 
(selectivity<7%). Furthermore, the CFP decreased the selectivity to furans and ketones by 
almost 50%, while phenols increased in a similar proportion. Ni/CAG was active for 
hydrogenation under H2-depleted atmosphere, presumably by a synergistic effect between 
water gas shift and reforming reactions with transalkylation and decarbonylation of phenolics 
and furanics. It was demonstrated that metal cluster sizes influenced the reaction routes by 
favoring hydrogenation on metal facets and deoxygenation on step/corners sites.  
1. Introduction 
Fast pyrolysis, is a non-selective and simple liquefaction technique that allows converting 
different feedstocks into gas, liquid (bio-oil) and solid (biochar) [1]. Specifically, bio-oil is 
considered a fuel or a feedstock for the separation/synthesis of more valuable products, 
including platform chemicals. Despite its demonstrated applications for heating (boilers and 
turbines) and blending with petroleum fractions, the high heterogeneity and poor fuel quality 
of crude bio-oil (i.e. high oxygen (>30 wt. %) and water contents (15 – 30 wt. %), acidity 
(2<pH<3), high viscosity (0.04 – 0.1 Pa·s)); impose the need for upgrading processes [1]. 
The integration of catalytic fast pyrolysis (CFP) and biomass pretreatments 
(demineralization, torrefaction, drying, etc.), is an effective way for controlling the 
composition of pyrolysis vapors to obtain upgraded bio-oils. In this sense, several authors 
have recently reported on the advantages of producing bio-oil by combining CFP with 
torrefaction [2,3]. Torrefaction is a mild pyrolysis process, as it occurs at relatively low 
temperatures (200–300 ºC), in a non- or low- oxidizing atmosphere [4–6]. During such 
treatment, some O-containing groups are removed from individual polymers – mainly 
hemicellulose –, in the form of light volatiles such as acids and alcohols. The removal of 
carboxylic acids is of paramount importance for bio-oils stability, thus removing them during 
pretreatment, CFP or by ex-situ catalytic upgrading (e.g., ketonization) is highly desirable 
[7]. 
Therefore, in this study the effectiveness of CAG-supported Nickel for upgrading pyrolysis 
vapors from torrefied biomass is assessed. Particularly, the study is focused on the effect of 
Ni cluster sizes, reaction temperature and C-to-B ratio on the reaction routes for converting 
phenols and furans. The catalysts are analyzed by N2 adsorption-desorption at 77 K, XRD, 
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compositional analysis and TEM. Finally, the possible reaction schemes are postulated on 
the basis of micro pyrolysis (py-GC/MS) analysis and equilibrium data. 

2. Experimental  
2.1 Torrefaction 
Biomass samples (Eucalyptus globulus) were provided by a local producer as chips and were 
pretreated according to the procedures previously reported [8]. After that, biomass was 
torrefied considering the maximum devolatilization rate defined by Arteaga et al. [8]. Results 
of fdstocks characterization are presented below: 

Table 2. Characterization of crude and torrefied Eucalyptus globulus. 

Proximate 
wt.% (a.r) 

Ultimate 
wt.% (d.a.f.) 

Proximate Crude Torr. Element Crude Torr. 
Moisture content 2.28 1.92 C 47.2 52.3 
Volatile matter) 83.44 76.02 H 6.2 5.54 

Fixed carbon  13.89 21.3 N 0.2 0.31 
Ash 0.40 0.76 S 0.06 BDL 

HHV (MJ/kg)d.b. [9] 18.7 20.1 O* 46.34 41.85 
*. Oxygen is calculated by difference from C,H,N,S 

2.2 Catalysts preparation 
Both catalysts were prepared at the same Ni loading (10 wt%d.b), via incipient wetness of 
nickel nitrate ((Ni(NO3)2 • 6H2O, >99% purity, Merck) on carbon aerogel. After 
impregnation, the samples were dried at 105 °C for 4 h and ground again prior to reduction. 
The metal loading was corroborated by measuring the Ni content through inductively coupled 
plasma optical emission spectrometry (ICP-OES) using a PerkinElmer Optima 7000 DV 
ICP-OES series instrument. Reduction conditions were controlled to obtain different cluster 
sizes: 
Cluster size 1 (D1): Reduction was performed in a fixed bed reactor under a constant flow of 
40 mL/min H2  using 2°C/min heating ramp from room temperature up to 400°C and keeping 
the sample at this temperature for 2h.  
Cluster size 2 (D2): Reduction was performed in a fixed bed reactor under a constant flow of 
40 mL/min H2 by increasing the temperature up to 700°C at 5°C/min  and holding the sample 
at 700ºC for 2h.  
2.3 Catalysts characterization 
The catalysts were characterized byseveral techniques in order to obtain its structural, textural 
and morphologic properties. Main techniques were: X-ray diffraction (XRD), transmission 
electron microscopy (TEM) and N2-adsorption. Mean cluster sizes were obtained from TEM 
measurements and compared to that calculated from Scherrer´s equation (using XRD 
pattern).  
2.4 Micropyrolysis (Py-GC/MS) 
The Py-GC/MS experiments were carried out in a micropyrolysis system (EGA/PY-3030D, 
Frontier Laboratories) interfaced with a gas chromatograph (GC-2010 Plus, Shimadzu) 
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equipped with a single quadrupole mass spectrometry detector (QP 2010 Ultra, Shimadzu). 
The interface line was kept at 300°C in all the experiments and the pyrolysis products (1:50 
split ratio) were separated in a BP10 capillary column (30 m x 0.25 mm) with 14% 
Cyanopropylphenyl polysiloxane as stationary phase. The GC thermal program was specified 
according to a procedure reported elsewhere [4] and, once separated, the pyrolysis products 
were analyzed in a MS detector (70 eV ionization) within a m/z range of 2-600. The 
identification of compounds in the py-GC/MS spectra was carried out by considering a 
minimum cut-off score of 80%, with respect to the National Institute of Standards and 
Technology (NIST) mass spectral database. 

2.5 Data processing 
Py-GC/MS cannot provide an accurately quantitative absolute analysis of the compounds formed 
during pyrolysis, because it does not allows collecting the reaction products. Nevertheless, a linear 
proportionality between the chromatographic peaks area corresponding to a particular compound and 
their concentration could be established. The area% count was normalized with respect to (100 – char 
wt.%): 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎	(𝑤𝑤𝑤𝑤.%),.- = 100 × 2(𝑀𝑀456 −𝑀𝑀89:)
;𝑀𝑀<=

𝐶𝐶 − 𝑤𝑤𝑡𝑡 − 𝐵𝐵A B
C D                                         (1) 

the following criteria were defined to discuss the effect of catalysts and operational parameters: 

Selectivity of the ith compound: 

𝑆𝑆< = 100 × F𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃	𝐴𝐴𝑎𝑎𝑃𝑃𝑎𝑎< ∑ 𝑃𝑃𝑃𝑃𝑎𝑎𝑃𝑃	𝐴𝐴𝑎𝑎𝑃𝑃𝑎𝑎<=
<LM

C N                                                                   (2) 

3. Results & Discusion  
3.1 Catalyst characterization 

3.2.1 Textural properties and structure 
The catalyst support had an elemental composition typical of a carbon aerogel (C:92%, 
N:1.8%, H2:0.6%, O2:5.6%) [10,11]..  

Table 1. Textural and compositional data of catalysts 
Catalysts Mass fraction  

wt. % 
Surface 

SBET 
(m2/g) 

Pore 
diam. 

dP. (nm) 

Pore volume 
VP. (cm3/g) 

Cluster Sizes 
Dp (nm) 

Mass 
balance* 

ICP-
OES 

    

CAG - - 520 14.0 0.21 - 
Ni/CAG (D1) 10 9.5 464 11.2 0.19 9.8 
Ni/CAG (D2) 10 9.6 452 11.3 0.21 21.8 
*Theoretical concentration based on mass balance 

The Ni loading on the support via impregnation and followed by treatment in pure H2, did 
not significantly affect the textural properties of the support, as evidenced by the slight 
variations of SBET, VP and dP. This allows inferring that after impregnation, the resulting 
clusters did not plug the pores. Furthermore, pore sizes are at least one order of magnitude 
higher than the kinetic diameter (σ) of the oxygenated compounds derived from biomass 
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pyrolysis (0.4<σ (nm)<0.8) [12]. 

  
Figure 1. XRD patterns of catalysts and support 

The XRD pattern of the support presents two broad reflections at 24º and 43º, which are 
commonly associated to the (002) and (100) graphitic planes in turbostratic carbons [13,14]. 
Similarly to previously reported by Arteaga-Pérez et al. [8], the signal at 24º was also visible 
in the catalyst´s patterns. Both Ni/CAG (D1) and Ni/CAG (D2) exhibited three diffraction 
peaks at 44.5º, 51.7º and 76.45º, respectively. These peaks are typical of the (111), (200) and 
(222) planes in a face centered cubic structure (fcc) of Ni0 and their presence indirectly 
demonstrate that the passivation avoided the bulk re-oxidation of metal particles [15]. The 
mean Niº cluster size calculated by Scherrer`s equation for Ni0 in Ni/CAG (D1) was 11 nm, 
while for Ni/CAG (D2) it was almost double (20.7 nm).  
3.2.2 Pyrolysis of torrefied Eucalyptus. Effect of catalysts 
Pyrolysis vapor is a mixture of hundreds of organic species, thus analyzing the effect of 
operational parameters and/or catalyst properties –in the case of CFP– on product distribution 
is a challenge. Therefore, seeking for simplicity in the interpretation of py-GC/MS results, 
the compounds detected during py-GC/MS assays of torrefied biomass are first classified 
into eleven groups (Figs. 3a,b,c), following the IUPAC´s naming rules for organic molecules 
[16].  All the experiments were replicated twice and the average standard deviations ranged 
between 8 and 11%.  
When torrefied Eucalyptus globulus was subjected to CFP a significant change in product 
distribution was observed (Figs. 3a, 3b and 3c). The larger changes after CFP on Ni/CAG 
catalysts –regardless the Ni cluster sizes–, were observed for phenols (increased by ca.50%), 
furans (reduced by ca.50%), ketones (reduced by ca.50%) and gas (increased by 60%). 
Roughly, it could be inferred that the Ni0 sites have promoted the upgrading of product vapors 
[17]. In the case of ketones, the selectivity reduction was due to decarbonylation, as can be 
inferred from the proportional increment in gas (mainly CO/CO2) production. 
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Figure 2. a) Non-catalytic pyrolysis b) Ni/CAG (D1) CFP, c) Ni/CAG (D2) CFP. 
T=550ºC. C-to-B= 10:1.  

On the other hand, for phenols, there exist several alternative reaction routes (i.e. 
transalkylation, hydrogenolysis with subsequent C-O rupture, demethylation, etc.). A 
relatively accepted hypothesis is that oxy-compounds (i.e. phenols and furans) undergo direct 
deoxygenation or hydrogenation, which are strongly promoted by oxophilicity and 
hydrogenating sites (Ni0). Despite some hypothetical conclusions, these global results do not 
allow interpreting the effect of catalyst properties nor operational parameters on the 
composition changes occurring within functional groups. However, a comprehensive 
analysis of these effects is mandatory to understand how the catalysts does interact with the 
biomass and biomass pyrolysis vapors to control the selectivity during a larger-scale process. 
4. Conclusions  
The catalytic fast pyrolysis of torrefied Eucalyptus globulus, over Ni/CAG favors the 
selectivity to more valuable fractions such as phenolics. While the production of furanics and 
ketones was reduced by 50% as compared with the regular pyrolysis (without catalysts). 
Furthermore, pyrolysis vapors from CFP were depleted in carboxylic acids, which allows 
inferring a better stability of corresponding bio-oils. Main changes in the composition of 
phenolics and furanics were correlated to Ni/CAG mean cluster sizes, temperature and C-to-
B. Accordingly, the use of Ni/CAG (at 550°C and C-to-B>5:1) promoted the formation of 
furanics and phenols with a lower substitution degree, owing to the hydrogenating properties 
of Ni0 sites.  
5. Acknowledgments  
This work has been financially supported by the project CONICYT-FONDECYT [grant 

Sugars
Phenols
AldehydeAromatics

Others
Carboxylic Acid
Ketone

Furans
Alcohols

Gas
Esther

16CARBON MATERIALS120 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile



	
	

11150148, 2015], CONICYT-PCI [grant REDI170008, 2017] and Proyecto Basal [grant: 
Proyecto Basal AFB 170007]. 
6. Referencias  
[1] A. V. Bridgwater, Review of fast pyrolysis of biomass and product upgrading, 

Biomass and Bioenergy. 38 (2012) 68–94. doi:10.1016/j.biombioe.2011.01.048. 
[2] V. Srinivasan, S. Adhikari, S. Chattanathan, S. Park, Catalytic Pyrolysis of Torre fi ed 

Biomass for Hydrocarbons Production, Energy & Fuels. 26 (2012) 7347–7353. 
[3] A. Zheng, Z. Zhao, Z. Huang, K. Zhao, G. Wei, X. Wang, F. He, H. Li, Catalytic fast 

pyrolysis of biomass pretreated by torrefaction with varying severity, Energy & Fuels. 
28 (2014) 5804–5811.  

[4] P. Basu, Biomass Gasification, Pyrolysis and Torrefaction. Practical design and 
Theory, 2nd ed., Elsevier Ltd, New York, 2013. 

[5] W.-H. Chen, J. Peng, X.T. Bi, A state-of-the-art review of biomass torrefaction, 
densification and applications, Renew. Sustain. Energy Rev. 44 (2015) 847–866.  

[6] A.L.M.T. Pighinelli, A. a. Boateng, C. a. Mullen, Y. Elkasabi, Evaluation of Brazilian 
biomasses as feedstocks for fuel production via fast pyrolysis, Energy Sustain. Dev. 
21 (2014) 42–50. doi:10.1016/j.esd.2014.05.002. 

[7] A.M. Robinson, J.E. Hensley, J. Will Medlin, Bifunctional Catalysts for Upgrading of 
Biomass-Derived Oxygenates: A Review, ACS Catal. 6 (2016) 5026–5043.  

[8] L.E. Arteaga-Pérez, C. Segura, V. Bustamante-García, O. Gómez Cápiro, R. Jiménez, 
Torrefaction of wood and bark from Eucalyptus globulus and Eucalyptus nitens: Focus 
on volatile evolution vs feasible temperatures, Energy. 93 (2015) 1731–1741.  

[9] A. D5865-13, Standard Test Method for Gross Calorific Value of Coal and Coke., 
(2013). 

[10] M. Aegerter, N. Leventis, M. Koebel, Aerogels handbook (Advances in Sol-Gel 
Derived Materials and Technologies), Springer, New York, 2011.  

[11] C. Moreno-Castilla, F.J. Maldonado-Hódar, Carbon aerogels for catalysis 
applications: An overview, Carbon N. Y. 43 (2005) 455–465.  

[12] J. Jae, G.A. Tompsett, A.J. Foster, K.D. Hammond, S.M. Auerbach, R.F. Lobo, G.W. 
Huber, Investigation into the shape selectivity of zeolite catalysts for biomass 
conversion, J. Catal. 279 (2011) 257–268.  

[13] Z.Q. Li, C.J. Lu, Z.P. Xia, Y. Zhou, Z. Luo, X-ray diffraction patterns of graphite and 
turbostratic carbon, Carbon N. Y. 45 (2007) 1686–1695.  

[14] L.E. Arteaga-Pérez, O. Gòmez-Capiro, A. Delgado, S. Alejandro, R. Jímenez, 
Elucidating the role of ammonia-based salts on the preparation of cellulose-derived 
carbon aerogels, Chem. Eng. Sci. 161 (2017) 80–91. 

[15] R. Wojcieszak, M. Zieliński, S. Monteverdi, M.M. Bettahar, Study of nickel 
nanoparticles supported on activated carbon prepared by aqueous hydrazine reduction, 
J. Colloid Interface Sci. 299 (2006) 238–248. doi:10.1016/j.jcis.2006.01.067. 

[16] G. Yildiz, F. Ronsse, J. Vercruysse, J. Daels, H.E. Toraman, K.M. Van Geem, G.B. 
Marin, R. Van Duren, W. Prins, In situ performance of various metal doped catalysts 
in micro-pyrolysis and continuous fast pyrolysis, Fuel Process. Technol. 144 (2016) 
312–322.  

[17] N. Koike, S. Hosokai, A. Takagaki, S. Nishimura, R. Kikuchi, K. Ebitani, Y. Suzuki, 
S.T. Oyama, Upgrading of pyrolysis bio-oil using nickel phosphide catalysts, J. Catal. 
333 (2016) 115–126. doi:10.1016/j.jcat.2015.10.022. 

16 CARBON MATERIALS 121 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile



	

From wheat straw to lactic acid: organosolv pretreatment 
of agriculture waste followed by homolactic fermentation 

	
Pierfrancesco Ricci, Gianluca Ottolina 

Istituto di Chimica del Riconoscimento Molecolare (ICRM), 
National Research Council, Via Mario Bianco 9, 20131 Milano, Italy 

 
Abstract 
 
Lignocellulosic biomass-derived sugars are considered nowadays to be an economically 
attractive carbohydrate feedstock for large-scale fermentations of bulk chemicals such as 
lactic acid (LA). In the present study, organosolv (OS) pretreatment of wheat straw (WS) 
residue produced a cellulose fraction (glucan recovery of 70%), a lignin fraction and a 
liquid fraction (named “black liquor”) rich in C5 sugars monomers. Hemicellulose (C5) 
fraction has reached a high xylose concentration (recovery of ~ 40%) and it was fermented 
to lactic acid (LA) by Bacillus coagulans strains XZL4 and DSM 2314. High yield of LA 
was obtained from WS in batch fermentation. This study provides an encouraging means of 
producing lactic acid from lignocellulosic resource such as the low cost WS residue. 
	
Introduction 
 
Aim of the biorefinery approach is to depolymerize and deoxygenate all the biomass 
components to obtain a number of platform chemicals via fermentations or chemical 
synthesis. (1) 
This study is placed in a green path based on organosolv pretreatment of agriculture 
residue, as WS, to produce cellulose nanofibrils (CNFs). The challenge of this work is to 
improve the total process by valorization of the main components of lignocellulosic 
biomass (cellulose, hemicellulose and lignin).  
Previous studies in our laboratory have shown that organosolv (OS) pretreatment, using 
H2SO4 as catalyst, is functional because it easily allows deconstruction of lignocellulosic 
biomass in its three main components: cellulose, hemicellulose and lignin. (2) 
In order to valorize every single fraction obtained from OS, sugar streams C5 was 
fermented to LA.  
Currently, LA is obtained on an industrial scale by fermentation of pure sugars or edible 
crops by lactic acid bacteria, which tipically have complex nutritional requirements. (3) The 
increase of LA demand is related to the use of LA as building block for the synthesis of the 
biodegradable polymer polylactic acid (PLA).  
Lactic acid-producing bacteria include wild-type and engineered producers. These 
organisms can be divided into 4 main producers: lactic acid bacteria (LAB), Bacillus 
strains, Escherichia coli, and Corynebacterium glutamicum. (4) 
Bacillus coagulans has been reported to possess many valuable fermentation features, such 
as thermophilic trait, simple nutrition requirements and high carbon-efficiency. (2) 
Moreover, B. coagulans strains XZL4 and DSM 2314 fermentation conditions were 
investigated and an efficient non-sterile process for LA production was developed. The 
choice of using B. coagulans (instead of other bacteria such as Lactobacillus) is explained 
by the ability of this microorganism to convert xylose in lactate with a high theoretical 
value of lactate yield (> 90%). (Fig. 1) 
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Figure 1 A schematic representation of pathways involved in lactic acid production by 
Lactobacillus and Bacillus.  
 
Experimental 
	
Pretreatment of biomass 
 
The grounded WS was subjected to Soxhlet extraction with methanol for 8 hours, then 
dried at 105 °C overnight. OS pretreatments were done in a high pressure reactor using a 
solids loading of 10% (w/v) and 2.5 % (w/w) of H2SO4. The reactor was pressurized with 

nitrogen and set to a temperature 
ranging from 145 to 160 °C. After a 
fixed time period, 20 to 60 minutes, 
the reactor was quickly cooled to 
room temperature. The mixture 
obtained was separate by vacuum 
filtration in solid and liquid fractions. 
The solid fraction was extensively 
washed with methanol/water, then 
water and then dried at 105 °C 
overnight. 
The resultant aqueous fraction was 
neutralized and analyzed for 
quantification of sugars; then 
concentrated by rotary evaporation 
and used as carbon source for LA	
fermentations.	 (2) Total process is 
shown in Fig.2. 
 

 
 Figure 2 A schematic representation of OS pretreatment and homolactic fermentation 
Microorganism strains, culture medium and fermentations 
 
The microbial strains were cultured in PYPD medium composed of [g/L]: sugar (glucose or 
xylose) 20, yeast extract 5, peptone 10, BIS TRIS 10. Pre-cultures were grown under 
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aerobic conditions in 5 ml of medium in a thermostated shaker at 130 rpm and 50°C. Cells 
used as inoculum for LA fermentation experiments were collected at mid-exponential phase 
(8 h growth cultures). Medium used for LA production and for parameters optimization 
(initial sugar concentration) contained 40-180 g/L of sugar (glucose and/or xylose) and 10 
g/L yeast extract. CaCO3 was added as 60% (w/w) of sugar, as buffer agent to maintain the 
pH around 5-6. All fermentation experiments were performed in triplicate in non-sterile 
medium. The inoculum volume was 10% (v/v) and fermentations were carried out in a 
thermostated shaker for 96-144 h at 130 rpm. Samples were collected periodically to check 
cell growth (OD660) and LA. 
	
Analytical methods 
 
Identification of monomeric sugars in black liquor after OS treatment was carried out by 
HPLC using a Rezex ROA-H+ (Phenomenex) at 80°C and an evaporative light-scattering 
ELS-2041 detector (Jasco). The mobile phase was ultrapure H2O with a flow rate of 0.6 
ml/min. 
Quantification of xylose equivalents was spectrophotometrically determined by DNS assay: 
this colorimetric assay is used to quantify the total reducing sugars present in black liquor. 
LA analysis was performed by HPLC using a Rezex ROA-H+ (Phenomenex) at 80°C and a 
diode array detector MD-910 (Jasco). The mobile phase was 0.005 M H2SO4 with a flow 
rate of 0.6 mL/min (Fig. 3) 
Identification and quantification of the compounds were done via calibration curve to 
correspondending standards. 
 

	
Figure 3 The chromatogram shows the lactic acid peak obtained after fermentation 
 
Results and discussion 
	
Effect of OS pretreatment 
 
Process parameters (e.g. temperature, reaction time and solvent concentration) were 
selected considering previously described results (2). Since the aim of the work was to use 
the minimum amount of H2SO4 and be able to maximize biomass delignification and 
recovery of fermentable sugars, the OS was performed with 2.5 % (w/w) of H2SO4 and a 
solids loading of 10% (w/v). 
The process harshness was evaluated by the combined severity factor (CSF) value (5), and 
the optimal severity was found at ~1 CSF. Xylans decreased from 18% to 7.5%: 78% of 
total xylans was lost in black liquor (potentially fermentable); lignin was reduced from 22% 
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to ~17%. In contrast the glucan content increased from ~40% to 70% and over 91% of 
glucan recovery in the residual was obtained. 
Xylose was found to be the most abundant monomeric sugar in the black liquor (with small 
amounts of glucose, arabinose and galactose). (Fig. 4) 

	
	
Figure 4 The chromatogram shows the presence of the main 4 sugars in black liquor 
 
Low glucose concentrations were found in the process liquor. These results indicate that 
cellulose was hardly hydrolyzed; this was expected as acidic pretreatments typically result 
in a selective removal of the hemicellulosic component. 
	
Lactic acid fermentation 
 
OS pretreatment conditions were selected to obtain sugar-rich streams for LA fermentation. 
DSM 2314 strain, compared with XZL4 strain had the best ability to produce high 
concentration of LA from xylose. To investigate the utilization of glucose/xylose by 
B.coagulans, different initial concentrations of both sugars and a mixture of 4 sugars (Glu, 
Xyl, Ara, Gal) were used for fermentation. Since both strains were naturally prone to 
growth in glucose medium, the microorganisms were growth in different medium 
increasing gradually the amount of xylose (up to 100% xylose).  
 
Effect of initial sugar concentration on LA production 
 
Optimum fermentation conditions were tested by batch fermentations of authentic sugars 
samples. 
The thermophilic character of the selected strains enables non-sterile processes to be carried 
out, thus all fermentations tests were performed in non-sterile conditions.  
To evaluate the influence of initial sugar concentration, fermentations were carried out 
using different concentrations of sugars (40-180 g/L). When glucose or xylose 
concentration was below 130 g/L, strains XZL4 and DSM 2314 reached a very high value 
of LA yield. 
 
OS sugars fermentation 
 
Black liquor fraction derived from OS was used in batch fermentation tests. The medium 
was composed by OS sugars, yeast extract and CaCO3. The first results are promising and 
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in line with previous work. The presence of other sugars (present in small amounts) in 
black liquor seems not to affect fermentation process and value of LA yield was very high. 
 
Conclusions 
 
In the present study agriculture waste (WS) was used as example of lignocellulosic biomass 
having the possibility to be recycled in a green pathway. 
A delignification process using an OS pretreatment was realized with a very high 
glucans/cellulose recovery (70%). Moreover, the total process was optimized to maximize 
the recovery of fermentable sugars. High LA yields were achieved by non-sterile 
fermentations of C5 streams. This work could be the platform for a future industrial scale 
up of the total process. 
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Abstract  
In this study the effect of re-use the spent liquor obtained after the wheat straw pre-
treatment with an ethanol-water mixture has been studied. The approach is to reduce, as 
much as possible, the energy costs associated to the recovery of ethanol and make the 
global process more sustainable and competitive. The results obtained showed that as the 
number of re-uses increases, the cooking liquor produces a solid with less cellulose but 
with a better enzymatic digestibility, while the effect on xylans removal and delignification 
is not relevant. The increasing cooking capacity of the liquors has been explained by the 
accumulation of chemicals (acetic acid) in the re-used liquors what generate a less selective 
medium towards the cellulose. By limiting the number of re-uses, the ethanol-water pre-
treatment maintain a good selectivity and reduces the energy involved in the ethanol 
recuperation. 
 
Introduction  
Lignocellulosic biomass (LCB), composed mainly of cellulose, is a promising raw material 
for producing energy, chemical products and alternative materials, within the biorefinery 
concept, due to its high content of polysaccharides, a very high volume of potential and a 
high cost reduced (1). However, due to its recalcitrant structure, its transformation into 
glucose by cellulolytic enzymes is inhibited (2), so it is necessary to increase its 
accessibility by pre-treatment (3). 
Organosolv (ethanol) is a typical pre-treatment for the deconstruction of LCB with organic 
solvents (with or without catalysts), that allows the separation of high purity cellulose, the 
isolation of high quality lignin, a greater efficiency of fractionation of hemicellulose 
compared to conventional treatments and the recovery of organic solvents, therefore they 
can be recycled. In addition, the recovered cellulose (pulp) shows an excellent enzymatic 
digestibility due to the recalcitrance was eliminated (1). In an environmentally sustainable 
process, the use of fresh water, the amount of wastewater and the consumption of energy 
should be minimized, which could be achieved by re-circulating the process streams (4). 
However, it leads to an accumulation of substances in the process, which can adversely 
affect subsequent stages. As the reuse of the pre-treatment liquors, as well as their capacity 
to hydrolyze the LCB and the resulting solid quality in terms of its saccharification yield 
has been little explored, the objective of this work is to evaluate the liquor reuse strategy in 
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the stage of fractionation of wheat straw (WS) by means of a mixture of ethanol and water 
(pre-treatment EW). 
 
 
Experimental  
Raw material and pre-treatment conditions 
The raw material used was weath straw (WS) from the region of Castilla-La Mancha, Spain 
and its preparation, chemical analysis and the selection of the pre-treatment condition are 
described in a previous work (5). We have used a tank reactor (6 L) provided with liquor 
re-circulation, temperature control and sampling, loaded with 100 g of WS (dry basis) and 
the solvent at a liquid/solid ratio of 20 L/kg, at 160 ºC for 60 min (H Factor of 415), with an 
ethanol-water (EW) mixture with 28.8% w/w of ethanol and a 1% (w/w) of H2SO4. After 
each cooking, the spent liquor was filtrated and re-used in the next pre-treatment, up to a 
total of six times. Additional makeup with ethanol-water was necessary to replace the 
liquor losses. After each cooking, the solid material was separated from the spent liquor by 
vacuum filtration and subsequently washed with 2 L of tap water and homogenized in a 
laboratory disintegrator (5 min). Finally, it was conditioned and characterized chemically. 
The spend liquor´s volume after solid separation was accounted, cooled and filtrated to 
remove precipitated solid-containing lignin. Ethanol concentration in the re-used liquor was 
measured by HPLC.  
 
Enzymatic hydrolysis (EH) 
Un-pretreated WS and pre-treated solid fractions were enzymatically hydrolyzed to 
evaluate cellulose digestibility. EH was performed in a 100 ml Erlenmeyer flask, using 0.05 
M citrate buffer (pH 4.8) at 50 °C and 150 rpm for 72 h, with substrate consistency of 10% 
(w/v, dry basis). Celluclast 1.5 L (20 FPU·g-1) supplemented with Novozyme 188 (40 IU·g-

1) (Sigma–Aldrich Co., Ltd, USA) was employed. All runs were performed in duplicate. 
During the EH, an aliquot of 1 mL hydrolyzate was periodically sampled (3, 6, 24, 48 and 
72 h) and centrifuged at 1.3∙105 rpm for 5 min to separate the hydrolyzate from the solid. 
The supernatant was then filtered through 0.45 µm filter and the liquid analyzed by HPLC 
to measure the sugars concentration. The glucose concentration was used to calculate the 
EH yield, as described by Rocha et al. (6). 
 
Analytical methods 
After the pre-treatment the solid recovery was determined gravimetrically by oven drying 
for 24 h at 105 ºC. The chemical analysis (polysaccharide and lignin content) of the raw 
material and pre-treated solids was carried out using NREL (National Renewable Energy 
Laboratory-Golden, CO) methodology (7). Finally, the effect of the pre-treatment of the 
raw material was measured in terms of solid recovery (SR), glucan recovery (GR), 
hydrolysis of xylans (HX), degree of delignification (DD) and digestibility of the material 
from the cellulose fraction to glucose (EH). 
To determine the glucose concentration in the EH samples and the composition of the 
liquid fractions (monosaccharides, acetic acid (AA), furfural and hydroxymethylfurfural 
(HMF)) an aliquot (1 ml) was filtered through of a 0.45 mm membrane and was used for 
the direct determination of HPLC. The analyzes were carried out on Agilent Technology 
1260 using an Aminex HPX-87H column, at 50 °C, using an aqueous mobile phase 
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containing 5 mmol/l of H2SO4 at a flow rate of 0.6 ml/min and index detector of refraction 
(RID). All the analytics were done in duplicate. 
 
Results and discussion  
Chemical characterization of pre-treatment solid materials and liquors obtained 
The SR, polysaccharide composition and AIL were determined and shown in Table 1. The 
pre-treatment of EW (catalyzed by acid) solubilises considerable parts of the raw material, 
resulting in a decrease in the final solids content (SR), which in this study ranged from 
52.23 to 42.61%. These SR results are in agreement with what was reported (5) when 
similar conditions of pre-treatment (energy) are used. After the first pre-treatment (S1) a 
decrease in the content (% on WS dry weight) of the three main components of the WS was 
found. The content of cellulose (as Gln), hemicellulose (as Xln) and lignin (as AIL) was 
28.12, 4.58 and 5.59%, which represents a decrease of 14.38, 82.59 and 57.31%, 
respectively. On the other hand, the content of Ara and AG decreased considerably, 
reporting a decrease of 84.14 and 76.56%, respectively. These results reveal that the 
fraction of hemicellulose is the most reactive main constituent. As we re-use the liquor 
obtained from each pre-treatment, we observe a tendency to recover small amounts of 
cellulose and hemicellulose in the solid fraction. This trend is repeated in the other 
components of the raw material evaluated. 
 
Table 1. Chemical characterization of the wheat straw (WS) and solid fractions obtained 
after the EW pre-treatment (% on dry weight of WS). 

Run SR (%) Gln (%) Xln (%) Ara (%) AG (%) AIL (%) 
WS - 32.84±0.44 26.31±0.31 3.58±0.04 2.39±0.06 13.10±0.21 
S1 52.23±0.12 28.12±0.14 4.58±0.20 0.57±0.01 0.56±0.01 5.59±0.19 
S2 52.15±0.08 28.14±0.23 4.38±0.08 0.56±0.01 0.49±0.01 5.88±0.19 
S3 48.15±0.06 26.29±0.27 4.10±0.07 0.51±0.01 0.30±0.01 5.58±0.10 
S4 45.66±0.06 26.13±0.42 3.91±0.04 0.46±0.01 0.22±0.01 5.67±0.16 
S5 45.72±0.01 25.27±0.16 3.55±0.04 0.43±0.01 0.23±0.01 5.81±0.11 
S6 42.61±0.11 23.39±0.04 3.50±0.10 0.37±0.01 0.20±0.01 5.62±0.02 

 
In Figure 1, the effect of the EW pre-treatment on WS (S1) and the successive re-use of the 
liquors (S2-S6) in terms of recovery or hydrolysis of the main structural components based 
on the chemical characterization of the solids obtained are shown.  
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Figure 1. Experimental results for fractionation process, expressed as the glucan recovery 
(GR), hydrolysis of xylans (HX), hydrolysis of arabinans (HA) elimination of acetyl groups 
(EAG), and degree of delignification (DD). 
 
The GR decreases from 85.62 (S1) to 70.88% (S6), while the elimination of hemicelluloses 
presents a smaller variation to the sixth re-use; HX varies from 82.59 to 86.68% and HA 
varies from 84.14 to 89.71%. Vergara et al. (5) observed that when applying an EW 
fractionation to WS, from an H Factor close to 400 there are no important variations in this 
parameter. In addition, the elimination of AG (EAG) increased from 76.56 to 91.52%. We 
can also observe that the content of lignin (DD) decreased by 57.31% in S1, but that it is 
not affected by the successive re-use of the pre-treatment liquor. 
 
Chemical characterization of the liquid fractions   
The composition (g/L) of liquors obtained after each pre-treatment is presented in Figure 2. 
It is observed that as the liquor is re-used; it becomes more concentrated, evidencing a 
constant increase in the amount of all the compounds evaluated. The xylose, result of the 
solubilization of xylan, the main component of the hemicelluloses of the WS, was the 
monosaccharide found in higher concentration (0.84-11.66 g/L), while glucose released 
from cellulose was found in low concentrations (0.03-0.78 g/L).  
 

 
Figure 2. Chemical characterization of the liquid fractions (g/L) obtained after the pre-
treatment of wheat straw (WS) with re-use of the obtained liquors. 
 
During the fractionation, the degradation of the structural components of the LCM occurs 
when the conditions are severe (high temperature, high pressure, acidic environment, long 
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times, etc.), generating a wide range of compounds with inhibitory effects on the following 
stages, which are mainly concentrated in the liquor, but which are also retained in the solid 
fraction and which are not eliminated in their entirety despite the washing stage. The 
inhibitory compounds are divided into three main groups: weak acids (such as AA), furan 
derivatives (HMF and furfural) and phenolic compounds (8). In this work, only the 
concentration of the first two was measured. It was observed that the concentration of 
degradation products of sugars (furfural and HMF) also increased with the re-use of liquors. 
Furfural was obtained in higher concentrations than HMF, which is related to the more 
labile nature of the pentoses and their higher concentrations (8). The highest concentration 
of furfural and HMF was found in S6 and was 1.40 and 0.11 g/L, respectively. The 
concentration of AA in the hydrolyzates constantly increased with the re-use of pre-
treatment liquor from 0.14 to 1.29 (g/L), this can be explained by de-acetylation of 
hemicelluloses.  
 
Enzymatic hydrolysis (EH) of the raw material and pre-treated solids 
Enzymatic digestibility is one of the main criteria to evaluate the effectiveness of a pre-
treatment, and the results obtained in this work are shown in Figure 3. For WS a yield of 
13.77% was obtained after 72 h of reaction and upon applying the first pre-treatment (S1) 
greater access was obtained (5.6 times) to the cellulose solid residue through the use of 
cellulolytic enzymes, reaching a yield of 76.70%. The results obtained showed that as the 
liquor from the pre-treatment stage was re-used, a greater enzymatic digestibility was 
achieved. The yield of EH obtained for S2 (first re-use) was 82.30% after 72 h of reaction, 
which results in a 1.1 fold improvement with respect to S1. This behaviour is repeated in all 
re-uses made, achieving a maximum of 95.30% of EH for S6.  

 

 
 
Figure 3. Results of enzymatic digestibility for the WS and pre-treatment material obtained 
by EW fractionation with successive re-use of the liquors obtained.  
 
The hypothesis is that, the accumulation of organic substances in the spent liquor (for 
instance acetic acid), could reinforce the capacity of the ethanol-water liquor to deconstruct 
the wheat straw and create synergistic effects acting on the mechanism of deconstruction. 
So, the un-branched hemicelluloses are bound to the cellulose surface by hydrogen 
bonding, while the branched ones and their side chains can be bound covalently to lignin to 
create cross-links (lignin–carbohydrate complex) impenetrable for cellulolytic enzymes, so 
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that their cleavage can open the structure of the cell wall of the plant and, therefore, 
improve the performance of the EH stage (9). For other hand, AG can increase the size of 
the cellulose chain, which increases the steric hindrance for enzymatic binding (10), so its 
elimination is also recognized as a favorable point to obtain a better performance of the EH, 
as observed when reusing the pre-treatment liquids, where a gradual increase was observed, 
of the EAG parameter and of the enzymatic digestibility. The results obtained by Chang 
and Holtzapple, Kim and Holtzapple and Pan et al. (11, 12, 13), show how by decreasing 
the content of AG, the swelling capacity of the material increases and its digestibility 
improves, for poplar wood, WS and corn stubble, respectively.  
 
Conclusions  
The pre-treatment of EW (catalyzed by acid) used, and the successive re-use of the 
obtained liquors (up to a total of six times) is a good method for the fractionation of WS 
with water saving in this stage, due to that allows to obtain a solid that in spite of 
diminishing its content of glucans, shows an improvement in its digestibility, by means of 
the elimination of hemicellulose, the consequent elimination of AG and lignin (AIL and 
ASL). 
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Abstract.  
Fossil fuels cover 85% of the global energy demand. However, the disadvantages of their use 
have encouraged the search for renewable and sustainable alternative energy sources. 
Hydrogen is a promising alternative; it is a clean fuel with high energetic power. For this 
reason, the main goal of this work was to evaluate the effect of the co-substrates ratio (using 
mixtures of cladodes of Opuntia, rabbit excreta and rancid fats), in the production of 
hydrogen. The substitution of water by leachate and the use of Ca(OH)2 for adjusting pH 
were also evaluated. The fermentations were carried out in Oxitop® reactors per batch at 
23°C for 60 days. The maximum hydrogen production was 39% with the mixture of cladodes 
of Opuntia, rabbit manure, rancid fats, and water. According to the results, the addition of 
rancid fats in the mixtures increased the production of hydrogen, while the substitution of 
water by leachate had the opposite effect. The addition of Ca(OH)2 to adjust the pH was 
sufficient to inhibit methanogenesis and favor the hydrogen production. 
 
Introduction. 
Obtaining biofuels from biomass generates economic-social and environmental benefits, like 
reduction of greenhouse gas emissions. Hydrogen is a promising alternative biofuel because 
of its exceptional chemical properties, it can be also converted to electricity without 
generation of contaminants. Additionally, several low-cost substrates can be used through 
dark fermentation to obtain hydrogen in an economical and sustainable way [1].  
The type of available biomass and their characteristics vary widely from a region to another, 
which make necessary a prior evaluation of their suitability either as substrates sole or 
combined (co-digestion) for biofuels production. In arid and semi-arid regions, plants of 
Opuntia and Agave are abundant, and recently have got attention thanks to their great water 
use efficiency in relation to producing biomass, characteristics that make them ideal 
substrates for anaerobic digestion [2, 3]. In Mexico, the plantations of Opuntia and Agave 
generate an important quantity of wastes which could be digested to obtain biofuels. 
Particularly, Opuntia spp. presents advantages in relation to other species in virtue of its high 
production efficiency, a wide range of adaptation, rapid growth and low input requirements, 
what constitutes it as a viable crop for the production of energy [2]. 
Also fats and manure are potential substrates for anaerobic digestion, both are useful as co-
substrates to increase the biofuel yield. However, when they are digested as sole substrates 
caused some problems. Fats can affect microbial population by inhibition of some groups 
and limiting transport of substrate and products. Sludge flotation, foam in the digester, and 
obstruction of pipes and pumps are other problems that can be generated by fats [4]. On the 
other hand, the presence of pathogens and nitrogen content are the main hurdles that limit the 
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use of manure as sole substrate in the anaerobic digestion. The nitrogen content of manure 
could imbalance the C/N ratio required for anaerobic digestion, for which is necessary to 
combine these wastes with others rich in carbon. 
In order to improve the hydrogen production, reusing abundant wastes in a semiarid region, 
we tested different combinations of cladodes of Opuntia, rabbit manure, and rancid fats. Also, 
the substitution of water for anaerobic digestate in the process was evaluated. 
 
Experimental. 
The co-substrates used were: cladodes of Opuntia, rabbit manure, and rancid fats, with which 
four digestion mixtures were tested: 1) Opuntia cladodes and water, 2) Opuntia cladodes, 
rabbit manure, and water, 3) Opuntia cladodes, rabbit manure, rancid fats and water and 4) 
Opuntia cladodes, rabbit manure, rancid fats and anaerobic digestate. The mixtures were 
formulated to get an initial C/N ratio between 20 – 22, and characterized in terms of pH, total 
organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) content.  Then each 
mixture was tested in triplicate in batch reactors Oxitop® incubated for 60 days. The pH of 
the co-substrate mixtures (≈ 7.5) was adjusted at the beginning of the fermentation to 9.9 ± 
1 with Ca(OH)2 to inhibit methanogenesis. The production of biogas was measured indirectly 
through the pressure recorded in the head of the reactor, and a biogas sample was also taken 
to quantify the hydrogen content. Also, pH, COD, TOC, NT, TP, Fe, Ca, and Mg were 
monitored during the fermentation. 
 
Results and discussion. 
The use of Ca(OH)2 to alkalize the digestion mixture was an economical and efficient way 
to control pH, a key variable to increase the hydrogen production in the dark fermentation. 
At the end of the fermentation pH values were between 5 – 6 (Table 1), interval for optimal 
hydrogen production [5]. The decomposition of TOC varied from 48% to 52%, and it was 
significant greater with mixture 4, indicating the substitution of water by digestate favored 
organic material degradation. The above was confirmed with the behavior of C/N ratio, which 
decreased significantly with mixture 4. The TN degradation was significant different in all 
mixtures, and the number 2 showed the lowest degradation which could be due to the addition 
of nitrogen compounds with rabbit manure (Table 1). The TP was the macroelement that 
showed the smallest decreases in all mixtures. This is important because of the use as 
fertilizer that the digestate obtained at the end of the fermentation can have. Ca, Fe and Mn 
are also important nutrients in a fertilizer, and they were measured because of they are present 
as traces in the Ca(OH)2 added to adjust pH. 
 
 
 
 
 
 
 
 

19 BIOLOGICAL PROCESSES 135 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile



19BIOLOGICAL PROCESSES136 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile



19 BIOLOGICAL PROCESSES 137 ORAL

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile



	
	

Conclusion. 
According to the results, the addition of rancid fats in the mixtures increased the production 
of H2, while the substitution of water by leachate had the opposite effect. The addition of 
Ca(OH)2 to adjust the pH was sufficient to inhibit methanogenesis and favor H2 production. 
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Abstract  
 
Global energy demand has been increasing as a result of the growing trend of 
modernization and industrialization, leading to increased consumption of fossil fuels and 
the depletion of global oil reserves. For this reason, most of the resources are spent on the 
purchase of petroleum products, so the development of alternative fuels with low emissions 
and economically sustainable for the environment is essential. The main objective of this 
research was to compare different methods of cell disruption and the performance of 
biodiesel obtained through the transesterification of oil lipids from sludge from the 
wastewater treatment plant (WWTP). 
The disruption methods used were mechanical, by abrasion with agitation at 360 rpm and 
room temperature; cavitation using ultrasound (at 120, 240 and 360 W power and 20 kHz) 
and microwaves (at 30 and 60ºC and 200W power), using a 1:2 chloroform/methanol 
mixture. In addition, each disruption method was applied for periods of 5, 10 and 15 
minutes to evaluate the performance of extracted lipids, where controls were also carried 
out without being exposed to any treatment and at room temperature. Once the treatment 
and the most efficient time for the extraction of lipids was obtained, we proceeded to make 
mixtures of chloroform, heptane and petroleum ether, all in combination with methanol at 
different proportions to achieve a higher lipid yield. For the production of biodiesel, oil 
extracted from greasy sludge was transesterified, using concentrated sulphuric acid (96%), 
functionalized biochar (acid) and DOWEX (industrial acid catalyst), at a mass ratio of 10% 
catalyst and methanol at a molar ratio of 1:10 was used as the solvent for the reaction. The 
transesterification reaction was carried out with a time of 1, 5, 10, 20 and 30 minutes in a 
microwave reactor at a temperature of 100ºC.  
The most effective extraction of lipids was achieved by means of microwave treatment at 
30ºC and 5 minutes of exposure, in which 37 % of lipids were obtained. As for the different 
mixtures of solvents, the one that obtained the highest content of extracted lipids was 1:1 
chloroform/methanol solution (v/v ratio), with 56% extraction at 30ºC and only when 
exposed to agitation. To obtain biodiesel, the maximum yields of FAME from the 
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degreasing sludge lipids achieved with the different catalysts were: sulphonated biochar 
(9.6% to 5 min.), resin (33% to 20 min.) and H2SO4 (69% to 10 min.). 
The amount of obtained biodiesel (69%) is very close to that perceived by means of dry 
biomass of residual sludge (71%), indicating the feasibility of the lipid extraction method 
and the potential of wet sludge as a raw material for the manufacture of biodiesel. 
 
 
Introduction 
Approximately more than 80% of the world's energy used comes from conventional fuels 
such as oil, coal and natural gas. In the same way, 98% of the amount of CO2 produced by 
combustion is attributable to traditional fuels [1], therefore, the economy based on fossil 
fuels is unviable due to negative environmental impacts, economic dependence and energy 
insecurity [2,3]. 
Renewable fuels can be considered an efficient and viable supply option to meet future 
energy demand. Their availability in large volumes, in comparison to other renewable 
energy sources [4], would provide a solution to the problem of fuel shortage and 
environmental efficiency.  
In particular, biodiesel, due to its economy, environmental awareness and technical 
feasibility, may be a promising option for total or partial substitution of diesel (since it does 
not require modifications to internal combustion engines to be used), in addition to being 
biodegradable, non-toxic and environmentally friendly [4]. 
However, the performance in biodiesel production depends on several factors, such as the 
type of raw material, catalyst (alkaline, acid or enzymatic), the proportion of lipids/alcohol, 
temperature and reaction time, amount of water and the content of free fatty acids, among 
others factors. 
Sludge from wastewater treatment has been a matter of interest to the scientific community 
for obtaining clean energy and low level of pollution. Sludge is a by-product of wastewater 
treatment and a raw material with a high potential for resource recovery due to its high 
content of organic compounds, carbohydrates, proteins and lipids [5]. 
The advantages of using wastewater sludge as an energy source its high content of 
microorganisms of fast growth rate (in hours or days) and the high lipid contents that can 
contain up to 70% in dry weight [6]. 
In this sense, this work evaluated the use of wastewater sludge from Aguas Araucanía as a 
potential biomass for microwave-assisted biodiesel production. 
 
Experimental  
 
Cell disruption treatment  
 
Wastewater sludge characterization  
Wastewater sludge was obtained from the degreaser of the wastewater treatment plant 
Aguas Araucanía, S.A. Temuco, Chile.  
Moisture content was determined at 105 C during 24 h., whereas, the ash yield was 
determined by treating the sample at 550 C for 4 h. Also, the elemental composition of 
sludge (C, N, H and S) was determined by an elemental analyzer (Elemental analyzer 
CHNS-O, Eurovector EA 3000). 
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Lipid extraction 
The disruption methods used were mechanical, by abrasion with agitation at 360 rpm and 
room temperature; cavitation using ultrasound (at 120, 240 and 360 W power and 20 kHz) 
and microwaves (at 30 and 60ºC and 200W power), using a 1:2 chloroform/methanol 
mixture. Each disruption method was carried out for periods of 5, 10 and 15 minutes to 
evaluate the performance of extracted lipids, where controls were also carried out without 
being exposed to any treatment and at room temperature. 
In addition, lipid extractions were carried out by means of three different solvent mixtures: 
chloroform, petroleum ether and heptane. Each solvent was mixed with methanol in 
proportions of 0:100, 25:75, 50:50, 75:25 and 100:0 %(v/v). 
 
Biodiesel production 
For the production of biodiesel, oil extracted from wastewater sludge was transesterified, 
using concentrated sulphuric acid (96%), functionalized biochar (acid) and DOWEX 
(industrial acid catalyst), at a mass ratio of 10% catalyst and methanol at a molar ratio of 
1:10 was used as the solvent for the reaction. The transesterification reaction was carried 
out with a time of 1, 5, 10, 20 and 30 minutes in a microwave reactor at a temperature of 
100ºC.  
FAME were identified and quantified using a Clarus 600 chromatograph coupled to a flame 
ionization detector from Perkin Elmer (GC-FID) according to the method described by the 
Comité Européen de Normalisation (EN14103). 
 
Experimental design  
For each catalyst, an unreplicated 2-level factorial design was adopted to evaluate the 
effects of the two main factors, temperature (T) and catalyst concentration, on the FAME 
production. The computational program Design Expert 6.0 (Stat-Ease, Inc., Minneapolis, 
MN, USA) was used to generate the experimental design and to perform the appropriate 
statistical analyses.  
Based upon these coded factors, the list of experiments required for the study with four 
parameters is shown in Table 1.  
 
 
Table 1. Factorial design values for the three catalysts. 
 

Factors Parameter Unit Limits 
Low High 

A Temperature ºC 60 100 

B Catalyst 
concentration % 3 10 
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Results and discussion  
 
Characterization  
Table 2 shows the values obtained for moisture, ash and elemental composition from 
wastewater sludge, as well as the value of the total lipids from the sludge sample (on a dry 
basis). 
 
Table2 . Sewage sludge characterization. 
 

Sample % Moisture % Ash % Lípidos totales 

Sewage sludge 
67.57 7.30 60.56 

%C %N %H %S 
65.34 0.97 9.24 n.d 

n.d. not detected 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Fatty acids present in the extracted oil from wastewater	sludge (dry base). C8:0: 
Caprylic Acid, C10:0: Capric Acid, C11:0: Undecanoic Acid, C12:0: Lauric Acid, C14:0: 
Myristic Acid, C16:0: Palmitic Acid, C18:2n6c: Linoleic Acid, C18:1n9c: Oleic Acid, 
C18:1n9t: Elaidic Acid, C18:0: Stearic Acid, C22:0: Behenic Acid, C20:4n6: Arachidonic 
Acid. 
 
Figure 1 shows the fatty acid profile of the extracted oil, where the greatest fatty acid 
presences were Palmitic (C16:0), Oleic (C18:1n9c) and Stearic acid (C18:0).  
 
Lipid extraction 
Figure 2 shows the extraction efficiency (EE) of the different disruptive treatments used to 
obtain lipids. It is possible to appreciate that microwave irradiation was the treatment that 
produce the highest lipid yield.  
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Figure 2. Efficiency of lipid extraction of wastewater sludge for the different disruptive 
treatments proposed. Cavitation using ultrasound with operating powers of 120, 240 and 
360 Watts for times of 5, 10 and 15 minutes; abrasion at times of 5, 10 and 15 minutes and 
microwave irradiation at temperatures of 30 and 45ºC, with times of 5, 10 and 15 minutes. 
 
Figure 3 shows the FAME yield using three different catalysts (sulphuric acid, sulphonated 
biochar and dowex resin) evaluated over the time. The catalyst that leads to reach the 
highest methyl ester yield was sulphuric acid with 69% of FAME at a reaction time of 10 
minutes, while when biochar and dowex were used, the highest FAME content reached 
were 9.6% at 5 minutes and 33% at 20 minutes, respectively. 
 

 
Figure 3. FAME conversion using sulfuric acid, biochar sulfonated and DOWEX as 
catalysts, in a microwave reactor at a temperature of 100ºC. Transesterification reaction 
times were: 5, 10, 15, 20, 25 and 30 min respectively. The conditions for carrying out the 
transesterification trial were an oil: methanol molar ratio of 1:10, 10% catalyst load relative 
to the oil mass and temperature 100ºC and 200 W.  
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Conclusions  
 
The amount of obtained biodiesel (69%) is very close to that perceived by means of dry 
biomass of residual sludge (71%), indicating the feasibility of the lipid extraction method 
and the potential of wet sludge as a raw material for the manufacture of biodiesel. 
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Abstract 
Pectin is a commonly used in the food industry as gelling and thickening agent, and 
consists in a heteropolysaccharide, mostly composed of galacturoric acid-based units, 
present as free acids, methyl esters or acid amides. Brazil stands out as the largest producer 
and exporter of watermelon (Citrullus lanatus), with more than two million tons of 
watermelon per year, and Goiás, Ceará, São Paulo and Minas Gerais regions comprise the 
largest producers for the Brazilian domestic and foreign market. Even with a high 
productivity, large amounts of agroindustrial waste are generated by the watermelon crop, 
mostly due to inadequate procedures in the production chain. But also from the fact that 
Brazilian producers do not use the fruit rinds.  
Hence, this paper refers to the use of watermelon waste, namely watermelon rind, as a raw 
material for pectin production by acid extraction. A Box-Behnken Design was conducted to 
optimize extraction variables citric acid concentration, time and temperature. 
Physico-chemical analysis of the watermelon rind flour indicated a 6.70% dry weight 
humidity content,  8.87 % ashes, 0.67% lipidic content, total protein content of 4.49%, and 
1.8 Brix soluble solids. Carotenoids content analysis indicated 0.0031 mg 100mL-1 of β-
carotene and 0.0048 mg 100mL-1 for licopene. Chlorophyll results were 0.0142 mg 100mL-

1 for chlorophyll a and 0.0022 mg 100mL-1 for chlorophyll b. Color analysis by CIELab 
system indicated 79.06 (L*), 3.50 (a*) and 18.00 (b*). Higher calorific value of watermelon 
rind flour analyzed by an Ika C200 bomb calorimeter indicated a 14,987 KJ Kg-1 energetic 
content. 
Optimization experiments indicated citric acid concentration and temperature as significant 
variables for extraction yield, while time was not significant. Total error and lack-of-fit 
were low. S value for the model used was 3.29, squared R was 91.08%, adj R2 was 87.06% 
and predicted R2 indicated a value of 78.42%. All of which indicates that the model used 
fits well the data and can be used to generalizations. Normality plot of the residuals analysis 
confirms its normal distribution. Optimization procedures presented two possible solutions. 
Solution 1 indicates citric acid concentration at 1 M, time of 78.6 minutes and temperature 
at 40 oC with a 44.3% yield extraction. Solution 2 use same values for citric acid 
concentration and temperature, but a slightly longer time of 89.8 minutes, with a 44.2% 
yield. Extracted Pectin obtained from watermelon rind waste displayed a ED of 3.76% and 
a pH 2.53. 
 
Keywords: esterification degree, food, agriculture 
 
Introduction 

The watermelon (Citrullus lanatus Thumb, var. Mansf.) belongs to Cucurbitaceae 
family, with origins in the tropical regions of African and Asian continents [1], [2]. 
Currently, market shows 48 cultivars. According to literature [3]. Brazil stands out as the 
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largest producer and exporter of watermelon, producing more than two million tons of 
watermelon a year. Due to this high productivity, large quantities of agroindustrial waste 
are usually generated. 

Pectin refers to a family of complex oligo and polysaccharide chains, mostly as a 
homopolymer of galacturonic acid bound by α (1 → 4) to other sugars of neutral character 
in side chains. Currently, pectin is extracted from fruit pulps such as apples, passion fruit 
and other fruits, as well as other raw materials, with applications in the food industry [4]. 

The objective of the present work was to use residues generated by the fruits of 
watermelon, while in production stage or in market vendors,  such as fruit shops and 
restaurants in the municipality of Rio Verde, GO, minimizing waste and used as raw 
material for the production and evaluation of pectic compounds. 

 
Experimental 
Watermelon Rind Flour Production 

Analytical grade reagents and distilled water were used to conduct all experiments. 
Watermelon external mesocarp were collected in rural units, restaurants and street 

fairs in the municipality of Rio Verde - GO. Watermelon residue was removed and 
mesocarp was sanitized in 1% chlorinated water, subjected to bleaching at 50 ºC in a forced 
air circulation oven for 30 minutes, and then cooled in a water bath at room temperature of 
25 ° C for 30 minutes. Crushed in a domestic blender with 100 mL of water and filtered 
through a thin nylon cloth to remove excess water. The produced mass was dispersed in 
plastic forms and dried in a forced air circulation oven at 60 ºC for 36 hours, till constant 
weight. The material was ground and milled to a "fine" powder, sieved throught 32 mesh 
size. Its was denominated WF (Watermelon Flour) and stored in polyethylene packaging in 
a refrigerator at -8 ºC ± -2 ºC. 

Analyses of moisture content, ash content, pH, ethereal extract [5], b-carotene, 
lycopene, chlorophyll a and b [6], higher calorific value (HCV), colorimetry [7],  total 
protein content [8], Total Soluble Solids [9], and gel formation [10] were conducted on 
produced WF samples. 
Watermelon Pectin Production and Optimization 
For pectin extraction optimization, a Box-Behnken design was used, and variables were 
Citric acid concentration, time and extraction temperature. Samples obtained after 
extraction were stored in a freezer at -8 ± -2 ° C until analysis. The amount of equivalent 
weight, anhydrogalacturonic acid residue and methoxyl content, acid fraction, neutral 
fraction, esterification degree, and pH were determined. The efficiency of pectin extrction 
was evaluated by means of the response surface methodology, to obtain optimum 
conditions to maximize extraction.All analyzes were performed in triplicate.   
 
Results and Discussion  

As indicated in Table 1, moisture content WF was 6.70%, in accordance with values 
of 9.55%. Ash content of 8.87% was quite close to previous reported results (9.97%), 
which indicates WF high mineral content. Total protein content obtained for WF in this 
work (4.49%) was lower than reported results of 11.16% [11]. 
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Table 1. Mean values for Moisture content (Tu), ash content (Tcz), ethereal extract (Tee), 
Total Protein content (Tpb), and total soluble solids (TSS) in WF samples. 

Sample Tu (%) Tcz (%) Tee (%) Tpb (%) TSS (%) 
WF 6,70 ± 0,03 8,87 ± 0,08 0,67 ± 0,10 4,49 ± 0,18 1,8 ± 0,00 

Values are means  ± SD. 
Fresh watermelon pulp lycopene content is reported to range from between 0.0391 

to 0.063 mg 100 mL-1 [12], in values higher than those obtained for WF in the present 
work, as displayed in Table 2.  
 
Table 2. Mean values of b-carotene, lycopene, chlorophyll a and b analysis for WF 
samples.  

Sample b-carotene 
(mg/100 mL-1) 

Licopene 
(mg/100 mL-1) 

Chlorophyll a 
(mg/100 mL-1) 

Chlorophyll b 
(mg/100 mL-1) 

WF 0,0031 ± 0,00 0,0048 ± 0,00 0,0142 ± 0,00 0,0022 ± 0,00 
Values are means  ± SD. 

 
Color measurement of FW was condutected by CIELab system, altough it has a 

wide range and quite influenced by chemical composition and processing of flours (Table 
3).  

 
Table 3. Colorimetry (L *, a *, b *) of FW sample by CIELab system, watermelon 
mesocarp flour (FMM). 

Sample Color Picture 
 L* a* b* 

 
WF 79.06 ± 0,00 3.50 ± 0.00 18.00 ± 0.01 

Where L* stands for lightness, a* green-red and b* blue-yellow components. Values are 
means  ± SD for five different measures.  

 
pH and HCV are indicated in Table 4, where as pH of 4,4 ensures microbiological 

stability of FW. HCV value are in agreement with similar measurements for flours [13]. 
 
Table 4. pH and HCV for WF sample.  

Sample pH HCV 
(KJ Kg-1) 

WF 4.40 ± 0.00 14,987 ± 0 
Values are means  ± SD. 

 
Table 5 indicates flour gelification capacity in several concentrations. The formation 

of a resistant gel is verified by measurement of the minimum amount of flour which in 
contact with a determined volume of water with or without heating will result or not in the 
formation of gel with consistency, being this one characterized like phenomenon of 
gelification [10]. It can be noticed that above 10% (m/v) content all results indicated 
formation of a resistant gel. 
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Table 5. Flour gel formation for WF samples. 
Sample Flour Gel Formation 

WF 2% 6% 10% 14% 18% 22% 26% 
 ± ± + + + + + 

Signs indicate (-) No gel formation, (±) Weak gel formation and (+) Resistant Gel 
Formation. 

For pectin extraction optimization, the variables citric acid concentration (M) and 
temperature (° C) were estatically signiticant, whereas time (min) was not. Such result was 
a surprise. Still, the total error and lack of adjustment were low. S value for the statistical 
model used was 3.29, R2 was equal to 91.08%, adjusted R2 was equal to 87.06%, and 
predicted R2 was 78.42%, all of which indicated that the Box-Behnken design statistical 
model used fits very well the data and can be used as the base model for the study of the 
optimization of pectic compounds. Analysis of the normal distribution of residues also 
indicates that they follow normality, with no anomalous tendencies. 

The optimization procedures presented two possible solutions for maximum 
extration yield. Solution 1 indicates citric acid concentration of citric acid of 1 M with a 
extraction time of 78.6 minutes at 40 ° C, and a predicted mass yield of 44.3%. Solution 2 
uses the same values for acid concentration and temperature, but with a time greater than 
89.8 minutes, with a predicted yield extraction efficiency of 44.2%. 

Chemical analysis of watermelon mesocarp pectin  indicated a 42.6% of 
anhydrogalacturonic acid residue content, a methoxylic degree of 0.3%, acid fraction at 
42.9%, neutral fraction of 57.1%, esterification degree of 3.8%; and pH 2.53. 

 
Conclusions 
Pectin extraction yield from watermelon rind resultred in 48.5% (m/m). 
The physico-chemical analysis of extracted pectin resulted in a low metoxilated type, which 
has several application in the food industry.  
Optimization process ensures citric acid concentration and temperature as significant 
variables. 
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Abstract  
 
The biosurfactants are active compounds, produced by microorganisms, with capacity to 
reduce the surface tension, possessing low toxicity and high biodegradability. These 
substances can be produced from renewable and low cost carbon sources, and vegetable oil 
sludge is a potential source for the production of the same. In this sense, the objective of this 
work is to make a preliminary evaluation of the use of sludge generated in the refining of a 
mixture of soybean and cotton oil as a low cost substrate for the production of biosurfactant. 
In the industrialization of vegetable oils generates three sub-products: the gums, the lees from 
the neutralization step and the condensate [1].  
The methodology consists of: collection of information from a vegetable oil production 
industry located in Bahia, covering the technical visit and data collection on residue 
availability and sample collection for qualitative and quantitative analytical evaluation. 
The industry works on refining the soybean and cottonseed oil blend in a ratio of 1: 1 by mass 
and produces about 8 tons per day of this waste. The material contains fatty acids, sodium 
salts, water, triglycerides, saponifiable material and oil degradation products [1]. 
The lees, separated in the centrifugation, leaves at a temperature of  700C, has viscous 
consistency, color ranging a light brown to dark brown color, and average of 38.0% total fatty 
acid and 38.2% moisture and pH close to 10. In tank where it is stored at ambient temperature, 
between 250C to 300C, water is added to maintain a viscosity that allows pumping. Under 
these conditions the total fatty acid is 35.9% and humidity 43.8%. 
Studies of the production of a type of biosurfactant, the rhamnolipids, by bacteria 
Pseudomonas sp. using oleaginous residues from the food industry, pointed the soybean oil 
sludge as a good substrate [2]. Based on this reference and the preliminary evaluation made 
of this sludge, there is potential to use this residue as a substrate in the production of 
biosurfactant. 
 
Introduction  
 
Brazil stands out in the scenario of vegetable oils. Oils and fats are composed of several 
simple compounds. Chemically, they are esters. The alcoholic component is glycerol (triol, 
three hydroxyl groups) and the acid component is formed by the non-branched 
monocarboxylic acids (fatty acids) [1]. 
Fats are triglycerols formed by saturated fatty acids or fatty acids with only unsaturation 
which gives high melting points, resulting in their solid or semi-solid form at room 
temperature. 
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Long carbon chains provide a good culture medium for microorganisms. In this context. 
Soybean oil, the most abundant in Brazil, contains about 61% polyunsaturated fatty acids 
with 18 carbon long chains (linoleic and linolenic), and the cotton oil contains about 60% 
unsaturated fatty acid and 25% fatty acid saturated with carbon chain ranging from 16 to 18 
carbons [3]. 
Triglycerides, composed of a molecule of glycerol linked to three of esterified fatty acids, 
are the most abundant lipids in nature. Triglycerols can undergo hydrolysis, releasing fatty 
acids and glycerol. If the reaction is carried out in alkaline medium, salts of fatty acids, also 
called soaps, are formed and this process is known as saponification [4]. 
The use of industrial waste or sub-products is an excellent alternative for reducing costs in 
the production of biosurfactants. Especially if this residue has a large carbon source which is 
the main metabolite for the growth of microorganisms. 
In the industrialization of vegetable oils generates three sub-products: gums, lees, originating 
from the neutralization step and the condensate. Sodium soaps are formed in the step of 
neutralizing the chemical refining of crude oil through the reaction with sodium hydroxide 
to remove the free fatty acids. The alkaline neutralization of vegetable oil consists of reacting 
the free fatty acids responsible for the acidity of the oil with a solution of caustic soda. When 
the oil is heated with an alkali solution, glycerol and a mixture of alkali salts of fatty acids 
(soaps) are formed. Free fatty acids also react with alkali resulting in soaps in the 
neutralization reaction.  
These soaps produced are insoluble in the oil and concentrate in the aqueous phase which 
separates from the neutral oil and constitutes the refining slurry, which will be removed from 
the neutral oil by physical process. In this process a removal of non-hydratable phosphatides 
is also achieved. The soaps and most of the non-oily material is separated by continuous 
centrifugation and called soils. The sludge contains fatty acids, sodium salts, water, 
triglycerides, saponifiable material and oil degradation products. The crude dross contains 
between 35 and 50% of total fatty acids [1]. 
  
 Biosurfactant 
The phenomenon of surface tension is present in all nature and is responsible for the spherical 
shape of small drops of liquid. This form is adopted as a function of the smaller ratio of 
surface to volume. The cohesive forces inside the liquid are shared with neighboring 
molecules. The molecules on the surface of the liquid do not have neighboring molecules 
above them and exhibit stronger force on their nearest neighbors on the surface. This increase 
of attractive intermolecular forces at the surface is called surface tension [1]. 
Biosurfactants are compounds of amphipathic nature, excreted mainly by microorganisms, 
which reduce the surface tension of the environment in which they are produced. The 
production of biosurfactants is limited due to its high cost, coupled with low productivity and 
use of expensive substrates. The metabolites produced from inexpensive, renewable 
substrates and through economically viable processes allow to decrease the production costs 
of biosurfactants. These active surface compounds find application in industry, agriculture, 
mining, oil recovery and as emulsifiers in pharmaceuticals and cosmetics [5,6]. 
The biosurfactant molecules are complex and have a hydrophobic moiety with low affinity 
to the aqueous medium and a hydrophilic group, strongly attracted to the aqueous medium 
[7]. 
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Biosurfactants are classified according to chemical composition and microbial origin. The 
main classes include: glycolipids, lipopeptides and lipoproteins, phospholipids and fatty 
acids and polymeric surfactants [8]. 
Strategies such as the choice of low cost raw materials, optimization of fermentation 
processes, reduction of product recovery costs and genetic manipulation of producer strains 
have been evaluated in order to increase the competition of biosurfactants against synthetic 
surfactants [3]. 
 
Experimental 
	
The methodology consists of: collection of information from a vegetable oil production 
industry located in Bahia, covering the technical visit and data collection on residue 
availability and sample collection for qualitative and quantitative analytical evaluation. The 
technical visit to the production area was conducted by the production coordinator and it was 
shown, in the production area, the process of refining the crude oil to the outlet of the sludge. 
At the end of the production visit two samples of the sludge were collected at the exit of the 
centrifuge. The laboratory visit was conducted by the laboratory coordinator, that provided a 
quantitative analysis, through a spreadsheet, containing results of the analysis of total fatty 
acids and moisture for the month of May, 2018.  
The visit to the industry occurred on June 26, 2018. During this visit the productive process 
of refining the mixture of crude oil of cotton and soybean, in a ratio of 1:1, by mass was 
explained. This process consists in heating the crude oil from room temperature (27°C) to 50 
°C in a 1-pass hull type heat exchanger, whereby the steam passes through the case and the 
crude oil through the tubes. After heating a mixture is made with the diluted caustic soda, in 
pre-prepared concentration, which varies from 10 to 20%, depending on the acidity of the 
oil. The heated crude oil and the caustic soda are mixed in a line mixer and proceed to the 
contact tower (Figure 1), where the neutralizing reaction of the free fatty acids occurs. After 
this contact tower, the neutralized oil and the residues are heated to 75°C and then to the first 
centrifuge. In this centrifuge the sludge exits through the upper part (Figure 2). 
 

  
  Figure 1 – Contact Tower        Figure 2 - centrifuge sludge outlet	
	
Physically, the sludge leaves the centrifuge at a temperature of 700C, ranging from a light 
brown to dark brown color, depending on the initial acidity of the crude oil, ranging from 
1.0% to 3.0%. This effluent contains: triglycerides, saponifiable material, salts of fatty acids, 
non-hydratable phosphatides, water and sodium salts [1,10]. 
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At the end of the production visit, two samples were collected at the top of the centrifuge as 
shown in Figure 3, and sent for analysis on  CIMATEC's Integrated Laboratory of Applied 
Chemistry Research (LIPAQ). 
In the Integrated Laboratory of Applied Research in Chemistry, CIMATEC, using reference 
[9] for the analysis procedures, following	 analyzes	 were	 performed: neutral oil 
determination, soap residue content, and pH. 
 

 
                 Figure 3: point of collection of the sludge for analysis 
	
 Determination of neutral oil 
The oil slurry was homogenized with 60 mL of 50% ethanol solution and 25 ml of petroleum 
ether in magnetic stirrer shaker. Thereafter, 60 ml of distilled water and then 50 ml of ethyl 
ether were added. After phase separation, the upper phase (petroleum ether and oil) was 
maintained and the lower (aqueous) phase was transferred to another separatory funnel. One 
more extraction was made. 
The upper phases were placed in the same funnel and washed with 50 mL of distilled water 
until the pH was neutral, (Figure 4). Filtration was then performed with filter paper and 
anhydrous sodium sulfate. The filtrate was collected in a pre-weighed bottom flask. The flask 
was brought to the rotary evaporator at 25°C until all the solvent evaporated. One milliliter 
of acetone was added to the oil in the flask and the drying was done at room temperature. 
Then the balloon containing only oil was weighed, (Figure 5). 
 

  
         Figure 4: Phase separation Figure 5: oil after drying, completely 
	
 Determination of the residue content of soap 
Analysis of the soap residue content was determined in which 0.4 g of slurry was 
homogenized with 60 ml of distilled water and 1 ml of bromotinol blue. The sample was 
titrated with 0.1 N HCl, previously standardized, until turning from blue to yellow. The 
calculation was performed according to Equation: Soap (ppm) = (V * N * 304 * 1000)/m 
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Where: V = titrated acid volume (mL),  N = normality of 0.1 N HCl, 304 = molecular weight 
of oleic acid (282) plus 22, because the soap content refers to other fatty acids besides acid 
oleic in = sample mass (g) 
	
 Determination of pH 
This method determined the alkalinity of the lees by measuring the pH of the aqueous phase 
were done in 3 samples. About 20 g of slurry was weighed and homogenized with 20 ml of 
distilled water, then the pH was measured using potentiometer. 
 
Results and discussion  
 
The average of these results collected in eight different dates in May 2018, when the industry 
was in production were: percentage of total fatty acids: 38.02% and humidity percentage 
38.06%. At room temperature (26 to 280C), the sludge presents pasty appearance (Figure 6). 
 

 
   Figure 6: Appearance of the slurry at room temperature 
 
The analyzes results for the samples collected on June 28, 2018 were: 
For  neutral oil presented in 3 samples were: 
1 = 6,44%;  2 = 6,81%;  3 = 8,13%;  
Average = 7,13% 
 
For the Soap results, in ppm, presented in 3 samples were: 
1 = 33.56;   2 = 31.50;  3 = 31.85;   
Average = 32.30 
Standard deviation = 1.10 
 
pH 1 = 9.29;  pH 2 = 9.36; pH 3 = 9.35;  Average = 9.33   Standard deviation = 0.04 
 
The results of the analyzes show a basic pH and the average percentage of neutral oil of 7%, 
with soap at 30 ppm is considered a substrate suitable for the growth of pseudomonas bacteria 
that are the most adapted to this medium for the production of rhamnolipids biosurfactant.  
 
Conclusions  
 
In the references [10], [11] and [12], soybean oil soap, which is the residue of soybean oil 
refining, is used as a substrate, ratifying the object of this study, and article [12]concludes 
that the substrate with soy soap is more efficient than other substrates studied. This soap or 
soap is the fatty acids that will be removed from the neutral oil by continuous centrifugation, 
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called sludge. This sludge contains fatty acids, sodium salts, water, triglycerides, saponifiable 
material and oil degradation products. Articles [9] and [11] cite the production of 
rhamnolipids biosurfactant, through Pseudomonas aeruginosa bacteria, using this type of 
substrate. 
These three articles show the total alignment with the proposal of the study of the use of this 
sludge as a substrate for the production of biosurfactants. 
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Poly-3-(hexyl thiophene) (P3HT) is currently the benchmark semiconducting polymer for 
organic photovoltaics. Its physical, electrical, photophysical properties are strongly dependent 
on its morphology in the solid state. However, several issues remain unclear, regarding the 
forces that drive the assembly/crystallization of P3HT to form fibrillar nanocrystals (NCs) in 
marginal solvent conditions (anisole) [1,2].  
This work reports the results of a systematic study on the aggregation/crystallization behavior of 
P3HT to NCs under different solution conditions and in the presence of different relative 
contents of either PCBM [3] or poly(ε-caprolactone) PCL. PCBM and PCL confined the 
aggregation/crystallization process of P3HT NCs allowing the formation of extended 
crystallites, on the other hand at high concentrations in solution it hindered the formation of 
NCs slowing down their assembly. The results obtained in this work offer a promising 
perspective for the obtainment of functional all-polymeric NCs.  
 
 

 
Figure 1: AFM phase micrograph of P3HT NCs mixture obtained from a) P3HT:PCBM 1:1, b) 

and c) P3HT:PCL 160:1 relative concentrations (w/w). 
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Agroindustrial, domestic waste and agricultural by-products are viable raw material and use for 
a certain purpose is considered advantageous, since it is available in large quantities, 
characterized as renewable and low-cost resources[1].  
For the processes of digestion and anaerobic co-digestion are known as effective technologies of 
digestion of waste and have been used to treat various types of waste such as: domestic, 
agricultural and agroindustrial, municipal solid waste, effluent pigs and cattle, and sludge of 
wastewater [2].  
Anaerobic digestion is a biological process where organic matter is degraded in the presence of 
a large consortium of microorganisms under anaerobic conditions [3, 4]. The main product of 
the process obtained is biogas rich in methane and an excellent alternative to fossil fuels. [5].  
For the technology of biogas production, it is necessary to determine certain operational 
parameters (temperature, pH, biodegradability, characterization of substrates and C/N etc.). 
The substrates used in anaerobic digestion were residues of Ataulfo mango pulp, coffee pulp 
and as inoculum sludge from wastewater. 
The substrates were characterized physicochemically and bromatologically in accordance with 
Mexican Standards for pH (NMX-AA-008-SCFI-2000A), Chemical Demand for Oxygen 
(NMX-AA-030-SCFI-2001), Total Solids (NMX-AA-034-SCFI-2001) ), Volatile Total Solids 
(NMX-AA-034-SCFI-2001), Moisture (NMX-FF-109-SCFI-2007), Ash (NMX-F-066-S1978), 
Total Nitrogen and Total Carbon were determined by the FLASH equipment 2000 Organic 
Elemental Analyzer. 
As results (Fig. 1), accumulated methane from a single substrate and substrates in different 
mixing proportions during anaerobic digestion is shown. The digestion of mango had a higher 
production of 172.766 mL, compared to the coffee pulp that had a low value of 148.033 mL and 
the mixture of both residues with an average value of 151.433 mL.  
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Fig.1 Production of methane with the domestic and agroindustrial residues of mango and coffee 
pulp and the mixture of both, the experiments were carried out in triplicate. 
 
 
 
 
 
References 
[1] Yi Zheng, Jia Zhao, Fuqing Xu, Yebo Li. 2014 Pretreatment of lignocellulosic biomass for 
enhanced biogás production, Progress in Energy and Combustion Science (42), 35-53. 
[2] Da Ros, C., Cavinato, C., Pavan, P., Bolzonella, D. 2016 Mesophilic and termophilic 
Anaerobic co-digestion of winery wastewater sludge and winw lees: an intregated approach for 
sustainable wine production, Journal of Environmental Management, 1-8. 
[3] Frantseska-Maria Pellera, Evangelos Gidarakos, 2018. Chemical Petreatment of 
lignocellulosic agroindustrial waste for methane production, Waste Management, (71), 689-703.  
[4] Jongkeun Lee, Ki Young Park, Jinwoo Cho, Jae Young Kim, 2018. Releasing characteristics 
and fate of heavy metals from phytoremediation crop residues during anaerobic digestion, 
Chemosphere (191), 520-526. 
[5] Fitamo, T., Boldrin, A., Boe, K., Angelidaki, I., Scheutz, C., 2016. Co-digestion of food and 
garden waste with mixed sludge from wastewater treatment in continuously stirred tank 
reactors, Biores. Technol, 245-254. 
 

0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

120

140

160

M
et

ha
ne

 (m
L)

Time (Days)

 Mango-Coffee

0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

120

140

160

180

M
et

ha
ne

 (m
L)

Time (Days)

 Mango
 Coffee
 Mango-Coffee



3 161 POSTER

5th Latin American Congress on Biorefineries    -    From laboratory to industrial practice
January 7-9,2019 - Concepción, Chile

Bioagregado de caña de colza como aislante térmico insuflado 
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El uso de materiales de aislamiento biobasados en los edificios presenta dos ventajas. Por un 
lado, mejoran el rendimiento térmico de los edificios, reduciendo los impactos ambientales en la 
etapa de uso. Por otro lado, contribuyen a la valorización local de los subproductos de los 
cultivos que son materias primas renovables anualmente y compostables al final de su vida útil. 
En Chile, la estructuración de una cadena de suministro basada en estos materiales puede ser una 
estrategia territorial para hacer frente a la nueva situación derivada de los recientes aumentos de 
exigencias relacionados con al conservación de la energía en la edificación residencial . En las 
zonas rurales, después de la reciente aprobación de la ley que restringe las quemas en el campo, 
los agricultores están exigiendo soluciones innovadoras para deshacerse de los rastrojos a un 
costo razonable. En el presente trabajo se estudiaron las propiedades físicas y térmicas de un 
bioagregado a base de colza. El material se insufló en un prototipo de pared hueca a escala real, 
hecha de madera, con el objetivo de probar la viabilidad técnica para su uso como aislamiento 
térmico insuflado. Durante el proceso de instalación, se optimizó la fluidez y el tiempo necesario 
para la implementación mediante el control de los parámetros del soplador. Se probaron la 
densidad resultante, la conductividad térmica y la sedimentación. Los costos de producción y los 
impactos ambientales fueron comparados con los de la celulosa utilizando un enfoque de análisis 
del ciclo de vida para un estudio de caso en la Araucanía, al sur de Chile. Los resultados 
muestran que el agregado de colza tiene una conductividad térmica ligeramente mayor que la 
celulosa soplada (0.045 W/mK vs 0.042 W/mK). Sin embargo, se encontró que era competitivo 
con la celulosa, lo que fomenta su uso como aislante para aplicaciones en la construcción. 

Se necesitan más investigaciones para separar mecánicamente la médula de los tejidos vegetales 
fibrosos, ya que la caracterización física muestra que la médula tiene propiedades mejores en 
términos de densidad y conductividad térmica en comparación con la fracción fibrosa. 
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The use of gasification product gases for energy applications or as platform for chemical 
synthesis is very limited because of their tar content, which exceeds the limits allowed for 
energy systems (<50 mg/Nm3) and synthesis applications (<10 ppm) [1]. The catalytic 
decomposition of tars is an effective and energy efficient alternative to clean the syngas, 
provided that an inexpensive and stable catalyst can be used to selectively convert tars into 
simpler molecules, which also increases the heating value of the gas. Novel biomass-derived 
carbon aerogels (CAG), having promising properties as catalyst supports [2], are studied in this 
research project for the cleaning and further upgrading of gasification product gases. The 
objectives are (i) to synthesize CAG-based catalysts with suitable properties for tars 
decomposition and COx hydrogenation into methane, (ii) to propose kinetic models that 
properly describe the reactions studied with model gases, and (iii) to test the long-term use of 
catalysts in a bench-scale reactor, under real gas conditions. An optimized method to synthesize 
cellulose-derived carbon aerogels was developed, resulting in a predominantly mesoporous 
turbostratic carbon with high surface area, low mass density and improved thermal stability. 
Monometallic (Ni and Co) and bimetallic (Ni-Co) catalysts were prepared on CAG and SiO2 
supports. Highly dispersed metal particles with narrow size distribution were formed. These 
materials were tested for tar conversion via steam reforming (using benzene and naphthalene as 
tar model compounds) and methane production via CO hydrogenation, at different temperatures 
and residence times. High and similar tar conversions (95–99%, Fig. 1) were obtained for Ni 
and Co catalysts at high temperatures (>800 °C), and kinetic expressions were proposed for the 
steam reforming of benzene and naphthalene, using a quasi-first order approach. In the case of 
CO methanation at 250–350 ºC, Co resulted more active than Ni, while the highest activity was 
obtained for bimetallic Ni-Co catalysts (Fig. 2). For Co catalysts, the intrinsic rate of methane 
production increased with the size of Co clusters. A hydrogen-assisted CO dissociation model 
properly represents the kinetic data. An integrated system of gasification and syngas 
cleaning/upgrading has been implemented and the catalytic tests will be soon performed. 
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Fig 1. Tars conversion as a function of the temperature 
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Fig 2. Intrinsic rate of CH4 formation as a 
function of Co content in Ni-Co catalysts 
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Cellulose based nanomaterials  synthesis,  demands the production of high mechanical 
performance fibers and films used extensively as textiles, support for particles  and 
composites  materials  in kinetic  and electrochemical  applications,  among other 
applications [1].   On welding process natural fibers are transformed to create a 
congealed network using an Ionic Liquid (IL´s) solvent. This process is intended mainly 
for cellulosic and proteins based fibers with the purpose to improve mechanical 
properties, synthesized composite and functionalized materials [2].  In the present work 
Cellulose Nanofibers Films (CNF), Cellulose Nanofibers Films Tempo Oxidized (CNF-
TO) and Chitin Nanofiber Films (ChNF) are synthesized through filtration and hot 
pressing process.  The  films  are  welded  individually  using  six  Ionic  
Liquids  (ILs):  1-Ethyl-3- methylimidazolium  chloride  [emim][Cl],  1-Ethyl-3-
methylimidazolium  acetate  [emim][OAc], 1,1,3,3-tetramethylguanidinium acetate 
[TMGH][OAc], 1,1,3,3-tetramethylguanidinium propionate [TMGH][CO2Et],  1,5  
Diazabicyclo[4.3.0]non-5-enium  propianate  [DBNH][CO2Et],   1,5 
Diazabicyclo[4.3.0]non-5-enium acetate [DBNH][OAc]. These six ionic liquids have 
shown an impressive potential on cellulose partial dissolution process [3].   
The impregnation and diffusion dynamical behavior of Ils into individual CNF, CNF-
TO and ChNF films was characterized using: Contact Angle (CA), Scanning Electron 
Microscopy (SEM) and X-ray diffraction measurements (XRD).  The mechanical 
performance of individual impregnated films was tested using a vertical tensile tester 
(MTS 400/M, MTS System, USA) and dynamical mechanical analysis equipment( 
Q800 instrument, TA Instruments, USA).   
Previous  results  display a substantial  effect  on mechanical  properties,  increasing 
young modulus  and tensile  strength  of  the  individual  films.  X-ray diffraction 
patterns  shown that individual yarns are quenched without losing the fiber nature, and 
molten parts include a change of cellulose from cellulose I to type II.   
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Blueberries (Vaccinium corymbosum) are round fruits that are typically dark in color and grown 
from medium-sized shrubs with deciduous leaves [1]. Regular consumption of blueberries is 
associated with health benefits [2], [3], [4]. Chile has become a main producer and exporter of 
blueberries, second to the United States [5], [6]. The location of Chile in the southern 
hemisphere makes it possible to ship high quality, fresh blueberries to countries in the northern 
hemisphere during winter [7], [8]. The management of the pruning of bushes influences the 
quality of the blueberries. The average fruit size can be increased if shrub pruning is applied 
systematically to allow for a balance between the annual growth of shoots and fruit production 
[9], [7], [10], [11]. Accordingly, between 3000 kg and 7500 kg (dry weight) of pruning waste 
are generated in a planted hectare [12]. Given the threats of reproduction and growth of pests 
and pathogens from residues that are left on fields after compaction, the only currently viable 
solution is to burn this lignocellulosic biomass [13]. While this is the easiest and least expensive 
practice related to agricultural activities, the impact on the air quality cannot be ignored. It 
contributes to 40% of carbon dioxide, 32% of carbon monoxide, 20% of particulate matter, and 
50% of polycyclic aromatic hydrocarbons emissions released into the environment globally 
[14]. Currently, approximately 10,000 ha are planted in the regions of Maule and Bío-Bío, 
which corresponds to 56% of the total Chilean production [15], generating a large amount of 
underutilized lignocellulosic waste, which in the vast majority of cases is burned, increasing 
CO2 emissions in these regions. As an alternative to the current incineration practices and their 
negative air pollution effects, this study proposed value-added utilization of these agroindustry 
residues. The chemical compositions (cellulose, hemicellulose, lignin, extractives, and ash) of 
the pruning residues from blueberry branches and trunks were analyzed. The cellulose contents 
from the branches and trunks were similar at 52% and 51%, respectively. The characterization 
of the obtained cellulose was carried out, the results are shown in fig.1. The X-ray diffraction 
analysis indicated important differences in their crystallinity index, with 52% and 84%, 
respectively. Due to the higher crystallinity, the isolation of nanocellulose was carried out from 
this residue, obtaining cellulose nanocrystals (CNC) by means of hydrolysis with ionic liquid. 
According to the results, it is expected that the agroindustrial waste from the pruning of the 
Chilean blueberry bushes can be used as a potential platform for bioproducts, with the economic 
and environmental advantages that this implies due to its low cost, high regional availability and 
its capacity to replace some polymers synthetic (non-biodegradable) from fossil sources.  
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Figure 1. Blueberry pruning residues (BPRs). a) Images photograph and SEM micrograph of 
the cellulose; b) FTIR spectra of the alpha-cellulose and holocellulose; c) XRD diffraction 
patterns of the alpha-cellulose; d) Thermal analysis of weight loss vs. temperature. 
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The capture, storage and possibly the exploitation of emitted greenhouse gases is facing 
nowadays as major challenge from an environmental point of view. A particular attention has 
been drawn to carbon dioxide (CO2) as it is the largest produced gas on earth, has a huge impact 
on environment and due to its toxicity. However, CO2 has also potential to be used as building 
block for many applications. The development of efficient and low-cost technologies for the 
capture and recovery of CO2 is therefore of high importance.1,2 

The present work demonstrates a simple and straightforward chemical  modification of cellulose 
nanofibrils (CNF) films in order to produce CO2 adsorbent materials. The CNF films were 
obtained from two agricultural residues, i.e. corn husks and oat hulls. CNF from kraft pulp was 
used for comparison purposes. Controlled surface silylation was conducted on the preformed 
CNF films in aqueous media under mild conditions using three aminosilanes bearing mono, di 
and triamine groups. The success of the grafting of the aminosilanes on the CNF films was 
demonstrated by FTIR and XPS analyses. The results of the contact angle measurements and 
FE-SEM coupled with EDS showed homogenous coverage by the amino-groups on  the surface 
of the modified CNF films, particularly with the diaminosilane N-[3-
(Trimethoxysilyl)propyl]ethylenediamine (DAMO). The adsorption of CO2 in CNF films was 
measured through CO2 adsorption isotherms at 273 and 298 K respectively. The isotherm data 
were analyzed by fitting them to various isotherm models. In this work, the different isotherm 
models such as Langmuir, Freundlich and Dubinin-Radushkevich models were employed for 
testing the experimental equilibrium adsorption  data.  The produced films were thermally stable 
and when subjected to 99.9% CO2 flow at 25°C, these  modified films showed good adsorption 
of CO2. Indeed, after 3h of exposure the adsorbed concentration of CO2 of the CNF films 
modified with DAMO was  0.90, 1.27 and 2.11 mmol CO2 /g polymer for CNF films from corn 
husks, oat hulls and kraft pulp, respectively. 
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Alginate is a polysaccharide that can be secreted by bacteria such as Azotobacter vinelandii. 
Due its viscosity and gelling properties, alginate is used as stabilizer and gelling agent in food, 
beverage and pharmaceutical industries [1,2]. This biopolymer can also be used in the 
production of bioplastics, for example, films for food packaging, paper coating, fibers for 
wound dressing and other medical textiles. These bioplastics show advantages with respect to 
the traditional alternatives because of the alginate mechanical properties [2]. However, the 
production of this compound has some difficulties because the apparent viscosity of the culture 
medium change gradually as the alginate is secreted, which impairs the mass transfer of 
substrate and oxygen inside the reactor medium [1].  
Computational Fluid Dynamic (CFD) is an advanced computational modeling technique that 
allows the numerical resolution of the governing equations of fluid flow, mass transfer and heat 
transfer [3]. This modeling approach is a promising tool to study, predict and optimize 
bioprocesses. CFD modeling can allow the evaluation of different operating conditions of a 
bioprocess without the expense that an experimental procedure requires. Moreover, CFD can 
couple the biochemical reaction dynamic with the fluid dynamics to gain an integral 
representation of the bioreactor [4,5] 
CFD modeling has been applied to study different bioprocesses, such as the baker´s yeast 
production in a bubble column [6], biohydrogen formation in a completed stirring tank reactor 
(CSTR) [7], synthesis of cellulose in a CSTR [8] and the anaerobic digestion in different reactor 
configurations [9], but none CFD model has been implemented to study the alginate production 
so far. Also, despite these studies have enhanced the knowledge about different relevant issues 
for a bioprocess, its results have a limited scope due to key phenomena have been neglected. For 
instance, the rheological changes caused by the bioproduct formation and the biomass 
proliferation have been neglected.  
Based on these findings, this study shows the implemention of a CFD model of the alginate 
production that includes the rheological changes caused by the alginate accumulation in a batch 
culture, enabling an integral analysis, prediction and optimization tool of this bioprocess. A 
three-dimensional domain of a 20 L active volume tank with two Rushton impellers on a central 
axis, an air-sparger and four baffles is used (Fig.1). The apparent viscosity of the non-
Newtonian culture medium is modeled as a dynamic function of the alginate concentration 
which in turn is included as a function of the bacteria kinetics. A simulation of the transient 
dynamic of the system was obtained using the Sliding Mesh technique to simulate the 
mechanical agitation of the reactor. The results show how the oxygen mass transfer and alginate 
production is affected as the alginate accumulate in the medium. Cavitation and dead zones can 
be identified. This first CFD model of alginate production is a useful design tool to improve the 
reactor geometry and study agitation patterns which allows the maximization of the alginate 
production with a low power consumption at different scales.   
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Fig.1 – Different views of the bioreactor. 
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Wood is considered an essential element and a fundamental part as far as the civilization growth 
is concerned. Wood is used in applications such as paper, furniture and construction. Currently, 
among the most representative companies that produce wood in Antioquia region, there are 
more than 400 enterprises of different sizes and production levels which are dedicated to 
obtaining and transformation of wood. In such processes it has been identified that the waste of 
the lase species use is close to 40% of the standing tree [1]. Therefore, it is urgent to search for 
exploitation alternatives that mark an environmental awareness, and that also allow the 
protection and efficient use of natural resources. Wood is commonly used in several 
constructions that require higher demanding for the mechanical properties. Currently, wood 
waste material such as chips and powdered wood is used in co-firing production. There are new 
applications as a result of new processes in the reuse of the wood waste in combination with 
other materials, for example, advanced wood and plastic composites. This study is aimed at 
investigating the alternative use of wood waste (patula pine) in order to obtain wood–polymer 
matrix composites using a mechanical process. The wood particles used as a basis material 
(patule pine) are commercially produced as wood waste. This type of material was characterized 
and several parameters were measured such as aspect ratio, size, shape and density. The 
physical properties of final composites (density, and mechanical properties (modulus of 
elasticity, and modulus of rupture) were determined. The use and requirements of wood–
polymer matrix composites in various applications were discussed. A Design of Experiment 
approach (DOE) [2] was used to conduct experiments and to analyze the effects of particle size 
on mechanical properties.  
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This research presents the production of a film using the electrospininng technique, with a 
potential use as packaging for meat products. It is intended that the main function of this 
packaging is the preservation, inhibition or/and retardation of the microbial multiplication in 
food. As a matrix for the production of the film, two different biopolymer mixtures were used 
from polylactic acid. One mixture was the carrier of the active agents, through the incorporation 
of copper ions supported on zeolite nanoparticles. The other mixture provided mechanical 
support to the film by incorporating nanofibrillated cellulose. The mixture was subjected to an 
electrospinning process in dual configuration at a constant flow of 0.1 mL / h, an electrical 
voltage of 24 kV and with a distance of the injector to the collector of 20 cm. The fibers of the 
new generated film were characterized morphologically by scanning electron microscopy 
coupled with an elemental detector (SEM-EDX). The mechanical properties were determined by 
tensile test. The morphological analysis revealed that the diameter and continuity of the fibers 
were influenced to a large extent by the parameters of the process. The elemental analysis 
confirmed the presence of copper in the fibers of the tissue. The tensile test indicated that the 
incorporation of nanofibrillated cellulose increased the mechanical resistance to traction. 
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Fig.1 – Schematic representation of the manufacture of a 
biofilm, by simultaneous injection of two polymer mixtures 
using an ascending vertical electrospinning in dual 
configuration. 
Adapted from Toncheva et al., 2013 [1]. 
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Every year 208 million liters of dairy whey are produced in Hidalgo State, of which only 20% is 
used for animal feed, and the rest is poured into soil and water bodies, causing severe 
environmental issues. Currently, there are a diversity of alternatives to using the dairy whey; 
however, not all of them are feasible or accessible to be applied by small or medium cheese 
producers. Among the available alternatives, anaerobic fermentation is a good option for our 
case of study, because it is a relatively simple and economical way to transform the dairy whey 
into biogas and electrical energy. Therefore, in this work we evaluated the energetic potential of 
the dairy whey by computer simulation, using the commercial software Biodigestor-Pro v.3.5 
(Grupo AquaLimpia Constructores, Argentina). The input variables were the characteristics of 
the substrate (COD, BOD, pH, T), operation variables (organic volumetric load, hydraulic 
retention time, conversion efficiency, total suspended solids), the volume of dairy whey, the 
hydrological characteristics of the site and the type and configuration of the treatment. The 
simulation was carried out for the three municipalities with the highest generation of dairy 
whey: Atitalaquia (11,932 m3/year), Ixmiquilpan (11,548 m3/year) and Tizayuca (51,184 
m3/year), considering to use of 100% of use of the dairy whey. According to results, if all whey 
produced in the Hidalgo State (208,107 m3/year) were anaerobically digested, 2,071,912 
m3/year of methane or 6,126,890 kWh/year of electric power could be produced, and the 
contribution of the studied municipalities would be as follows: Tizayuca 25%, Atitalaquia 5.5%, 
and Ixmiquilpan 6%, of the state production. If we consider an average consumption of 2484 
KWh/year per house [1], the energy produced from whey could satisfy the energy requirements 
of 2466 houses. Indeed, that energy could be used in the dairy plants, which would amortize the 
cost of the anaerobic digestion plant. On the other hand, the reduction of greenhouse gases by 
CO2eq would be 31,206 tons of CO2eq per year at the state level, and the municipalities would 
contribute with the same percentages that for the energy production. This amount of CO2eq is 
same as 3,511,421 gallons of gasoline consumed or the carbon sequestered by 808,739 tree 
seedlings grown for ten years [2]. The results obtained from the simulation are promising, 
nevertheless, it is planned in near future propose alternative schemes of biorefinery for the use 
of dairy whey. 
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The increasing yearly generation of waste tires, due to the growth of the automotive park in 
Chile, pose technical and environmental burdens for their disposal and treatment. Particularly, 
the national mining industry generates tons of waste tires each year, which due to the lack of a 
conscious and efficient strategy for their treatment, has led to a critical accumulation of this 
polymeric residue. Disposal of waste tires is a challenging task because tires have a long life 
and are non-biodegradable. The traditional method of disposal of waste tires have been 
stockpiling or illegally dumping or landfilling, all of which are short-term solution. In the recent 
years, the use of thermocatalytic degradation processes has emerged as alternative for treating 
waste tires [1]. This strategy can led to the production of petroleum-like liquid fuels, carbon 
black and steel, favoring the establishment of an industrial metabolism for the tire production 
chain.  

With the endeavor of contributing to solve this problem, the present study deals with the 
catalytic pyrolysis of rubber from waste tires over synthetic zeolite (HZSM-5) and zeolite-
supported nickel (Ni-HZSM-5). The effects of catalysts and operation conditions on the 
composition of pyrolysis vapors were assessed by analytical gas chromatography-mass 
spectrometry (Py-GCMS). With that aim the Catalyst-to-Waste mass ratios (1:1–10:1) and 
temperature (450–550 °C) were varied according to a 2k experimental design. Catalysts were 
characterized for textural and structural properties, through N2 adsorption-desorption at 77 K, X-
ray diffraction (XRD), scanning electron microscopy coupled to energy dispersive spectroscopy 
accessory (SEM-EDS) and Transmission Electron Microscopy (TEM). The use of catalysts, 
increased the composition in aromatic compound, regardless the reaction temperature. 
Furthermore, the Ni promoted the formation of aliphatic hydrocarbons, while hindered the 
formation of oxygenated compounds. Effect of intrinsic catalytic properties such as metal 
dispersion and support nature remains a question. The study will be scaled to BENCH scale 
seeking to demonstrate reproducibility of the results. 
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En la actualidad es indispensable que las edificaciones cuenten con una adecuada envolvente 
térmica para disminuir el consumo de energía destinada a climatización y de esta forma 
aumentar la eficiencia energética de los edificios. 
Los materiales biobasados cada vez toman más relevancia en la industria ya que tienen un 
menor impacto ambiental tanto en su producción como al final de su vida útil. 
Por otra parte, las industrias de alimentos generan una gran cantidad de desperdicios orgánicos, 
entre ellos fibras residuales derivadas de la elaboración de sus productos. 
Este trabajo evalúa la posible utilización de este tipo de fibras como materia prima para la 
fabricación de un material aislante térmico de bajo impacto ambiental. Las fibras de origen 
vegetal estudiadas corresponden a las de Apium graveolens, Pisum sativum y Cynara scolymus. 
Junto con la extracción de las fibras, homogenización y posterior secado, se realizó una 
caracterización química, física las diferentes fibras vegetales. 
Los resultados obtenidos de los estudios morfológicos muestran que las tres fibras evaluadas 
poseen una estructura interna porosa, con gran porosidad. Las fibras muestran una baja 
conductividad térmica, lo que da indicios de su posible factibilidad como material aislante. 
La posibilidad de la utilización de fibras de origen vegetal para la elaboración de materiales 
aislantes térmicos aún se encuentra en estudio, pero los resultados preliminares de 
conductividad térmica obtenidos muestran valores que permiten pensar que sería factible el uso 
de estas en una eventual aplicación de este tipo. 
 

 
Fig.1 – SEM fibra de Apium graveolens. 
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Nowadays, the elimination of contaminants that can affect human health and 
ecosystems is one of the great challenges in science. In the case of water treatment, 
heterogeneous photocatalysis has been presented as a solar technology able to mitigate 
water pollution. In addition, it proceeds at room temperature and atmospheric pressure, 
saving costs and energy. At the same time, the activation of the photocatalyst is 
produced by solar radiation, minimizing energy consumption. The high efficiency of the 
process allows to degrade a large number of compounds, even those that can not be 
adsorbed or those that are not biodegradable [1]. 
The main objective of this work is to evaluate the potential use of solar energy for the 
treatment of polluted water. For this, bimetallic photocatalysts based on copper and 
molybdenum were prepared by solvothermal method, from copper acetylacetonate, 
ammonium heptamolybdate and furfural that it is a common waste from the agricultural 
industry (corn, wheat, sawdust, etc.). It is also widely used in the biorefinery industry 
for the production of fuels and chemicals [2]. The pollutant selected was tartrazine, an 
artificial colorant commonly used in several countries in the food industry.  

This work propose the use of solar radiation for the treatment of wastewater, using C-
based materials obtained from agricultural waste and metals relevant to Chile. In 
addition, to reuse water, improving its quality and avoiding its elimination with the 
presence of contaminants that can cause damage to health and ecosystems. 
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The high demand for fossil fuels and their inevitable depletion has promoted the development of 
research involving renewable energy sources while providing economic and environmental 
sustainability. In this context, the objective of this research was to optimize the operating 
conditions for the production of biodiesel using lipids extracted from the microalgae 
Nannochloropsis Gaditana as raw material and a chemical pre-treatment to maximize the 
extraction efficiency. 
Chemical disruption (acid hydrolysis) of microalgae cell wall was performed using sulfuric acid 
with a concentration in the range of 0.1 - 0.5 M, temperatures between 100 and 140 °C and 
reaction times (0 to 30 min.), in order to facilitate the process of solvent extraction of 
intracellular lipids.  Once the lipids were obtained, the transesterification process was carried 
out using methanol as an acyl acceptor, three different catalysts (functionalized biochar 10% 
w/w, sulfuric acid at 10% w/w and the cationic resin DOWEX 10% w/w). At the same time, the 
transesterification process was carried out in situ using microalgae with 93% humidity, 
methanol (10:1 in relation to the dry weight of the microalgae), chloroform (co-solvent), and the 
same catalysts mentioned above. All transesterification trials were microwave assisted. 
The highest proportion of extracted lipids (48%)  after the chemical disruption was achieved by 
applying a hydrolysis time of 10 minutes, 0.5 M sulphuric acid and a temperature of 100 °C. 
The results of in situ transesterification were 7.9, 4.8 and 35.7 %, respectively at 5 minutes 
reaction time when functionalized biochar and DOWEX were used, while when using sulfuric 
acid the maximum FAME was 15 minutes. 
The results obtained were analyzed using a factorial design, which gave a mathematical model 
deducing that in the extraction of microalgae lipids, the most significant variable is the sulfuric 
acid concentration. The extraction process of  lipids is viable since, does not require a high 
energy imput, obtaining higher lipid extraction yields compared to conventional extraction 
methods.   
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During a fermentative process, nutrients are required that contribute to the growth and 
metabolism of the yeast, at the laboratory and industrial level mineral salts derived from the 
chemical industry are used, which present a very high economic value when used at the 
industrial level, increasing the costs of ethanol production. The main objective of this 
investigation was to evaluate a means of fermentation added with leachates of 
vermicompost for alcoholic fermentation, using as a carbon source the Ataulfo mango pulp. 
(Mangifera indica L.).  

A single-factor experimental design (analysis of variance ANOVA) was used to carry out 
the fermentation using sterilized serums of 124 mL with a work volume of 80 mL, 14 g of 
dehydrated mango and 10 mL of vermicompost leachate, were stirred at 150 rpm, at a 
controlled temperature of 30 °C for 48 h. Total soluble solids (SST) were determined, 
reducing sugars (DNS) were quantified, and the evolution of CO2, the ethanol concentration 
was determined by HPLC. A higher ethanol concentration of 43.81 g/L was obtained for 
treatments that were supplemented with lombricomposta leachate, while in the case of 
mango it was only 37.52 g/L. This study shows that it is possible to obtain bioethanol in 
fermentation media added with vermicompost leachates. 
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Residues from wine industry have been the focus of many studies searching for such 
metabolites all around the world. Grape canes, obtained after annual pruning of vines, is a waste 
estimated in more than 120.000 tons per year only in Chile (Gorena et al., 2014). Grape canes 
have a wide diversity of polyphenolic compounds mainly oligostilbenoids and procyanidins 
with potential health benefits (Sáez et al., 2018). Consequently, polyphenols can be used for 
development of additives in functional foods. 
In this work, an extract of grape canes (Vitis vinifera cv. Pinot noir) was produced at pilot-scale 
in a reactor of 750 L. The extract was encapsulated with β-cyclodextrins, and then dried by 
spray drying. Profiles and content of polyphenols were determined by liquid 
chromatography/electrospray ionisation-linear ion trap quadrupole-Orbitrap-mass spectrometry 
(HPLC/ESI-LTQ-Orbi-trap-MS). Change in the phenolics compositions was analysed and 
compared in the laboratory and pilot plant extraction as well as in microencapsulated extract. 
Several changes in the phenolic profile between analytical and pilot extraction were observed 
such a decrease apparent of resveratrol, catechin, epicatechin and dimeric procyanidins, among 
others compounds. On the other hand, oligostilbenoids: (i) viniferin (m/z 453), (ii) hopeaphenol 
(m/z 905) and (iii) ampelopsin A (m/z 469) were successfully encapsulated. 
The phenolic profile change during production and microencapsulation of the extract is relevant 
for evaluating in the future the efficiency and effectiveness of bioproducts as food additives. 
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Fig.1 – Grape cane extract: FTMS chromatogram. (a) Analytical laboratory extraction; (b) pilot plant 
extraction; (c) Microencapsulated extract. 
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Modelling the Production of Dimethyl Ether using Catalytic Distillation 
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Dimethyl ether (DME) is an attractive substitute for liquefied petroleum gas (LPG), gasoline, 
and diesel fuel. DME is a cleaner alternative to conventional fuel because it burns without 
producing any particulates or sulphur dioxides, and only low amounts of nitrogen oxides, as 
well as being non-toxic, non-carcinogenic, and non-corrosive [1]. DME decomposes into CO2 
and water in the atmosphere, making it a very environmentally friendly fuel [1]. These 
properties give it significant potential not only as an automotive fuel, but also for electric 
power generation and domestic applications [2]. DME can be produced from a variety of 
plentiful and renewable resources such as coal, natural gas, forest products, waste from pulp 
and paper mills, agricultural by-products, fuel crops, and municipal waste [2]. This research 
focuses on the production of DME from the dehydration of methanol using catalytic 
distillation. Catalytic distillation, also known as reactive distillation, is the integration of a 

chemical reactor and a distillation column into a 
single unit operation [1]. The traditional method of 
producing DME requires three industrial units: A 
reactor, a distillation column for purification, and a 
second distillation column for purifying and 
recycling methanol [1]. With this new method, only 
one catalytic distillation unit is required, thus 
reducing the overall capital cost. The heat of 
reaction will reduce the energy consumption of the 
single column, allowing for lower operating costs. 
The catalyst will improve mass transfer inside the 
column, resulting in greater product separation. 
Internal recycling of methanol will take place within 
the reboiler at the bottom of the column. Lastly, 
catalytic distillation allows for constant separation 
of products from the reactants within the column, 
preventing the reaction from reaching equilibrium 
and creating better reactant consumption and a purer 
product. With the use of catalytic distillation, a 
higher purity product of DME can be produced with 
significantly less waste at a reduced capital cost and 
energy cost.	 By performing simulations using 
Aspen Plus at varying specifications such as feed 
location, feed rate, catalyst loading, reflux ratio, 
pressure, and reaction zone, we can determine their 
effect on the purity of DME and the optimal column 
specifications.	 

[1]  Lin, Alex. Development and Implementation a Methodology for the Production of 
Dimethyl Ether from Methanol by Catalytic Distillation. MS Thesis. University of 
Alberta, 2013. Web. 19.Oct.2016  

[2]  Singh, Gurmit. Exploit Nature-Renewable Energy Technologies. Delhi: Aditya Books 
Pvt. Ltd, Web. 18 Oct 201 

Figure 1: Schematic of catalytic 
distillation 
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Nano and microfibrillated cellulose (NMFC): a reinforcing additive for thermoset resins. 
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Nano- and microfibrillated cellulose (NMFC) exhibits several properties that makes it interesting 
candidates for reinforcing additives, such as a high tensile strength (even higher than steel), as 
well as an extremely high specific surface area. The latter one, enables high interaction with the 
matrix in which they are inserted, but it is usually restricted to hydrophilic matrices due to 
compatibility limitations. Therefore, we developed a process to produce highly-effective 
acetylated NMFCs, a modified product in which 10 to 30% of the hydroxyl groups of the glucose 
monomers are substituted with acetyl groups. Our product differs from commercial NMFC due 
to its high dispersability, both in hydrophilic and hydrophobic matrices, without regrouping. In 
other words, it increases enables compatibility with a broader range of materials and allows a 
more effective reinforcement.  
 
The present study describes the acetylated NMFC production at pilot-scale using two solvents: 
acetic acid and acetic acid/acetic anhydride (1:1) solution. The process results in a product with 
decreased intermolecular interactions induced by the hydrogen bonds, favoring its compatibility 
with hydrophobic polymers. We tested this by adding acetylated NMFC to thermo-rigid resins, 
such as urea-formaldehyde (UF), and thermoplastic resins, such as polypropylene (PP). 
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Opuntia biorefinery proposal for arid and semi-arid zones 
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Few crops in arid and semi-arid zones have the potential to be used in a biorefinery scheme. 
Opuntia spp. have this potential due to a high biomass production (600-800 ton/ha•year), 
high water content (90%) and compounds with industrial applications as mucilage and 
pectin. Opuntia species are found distributed in North, Center, and South of Latin America, 
Center and South of Africa, Middle Orient, Australia, and India [1]. In Mexico, 3 million of 
hectares are occupied by wild species of nopal and around of 233 000 ha of cultivated, 
which represent an advantage for developing of Opuntia biorefinery. 

In Mexico, the cladodes and prickly pear cactus are used by human consume. As well, 
cladodes of nopal are used as raw material for mucilage and pectin extraction. Every year, 
the scientific studies are increasing about the industry application of mucilage and pectin of 
Opuntia. The mucilage is a hydrocolloid with diverse applications: as a coagulant to 
wastewater treatment, as pills coating and as thickener and waterproofing in construction 
materials. On the other hand, pectin is a complex polysaccharide, used mainly like and food 
additive in products with high and low sugar contents, preserving sensory characteristics.  

Another use of waste of nopal for produce biofuel (biogas rich in methane or hydrogen) 
represents a viable option for the water content that is more than 90%, and its easily 
degradable polysaccharides content (87% of the total solids) [3, 4]. For this reason, in this 
work, we present an experimental proposal of biorefinery scheme for obtaining bioproducts 
with high added value like mucilage and pectin, biogas rich in methane and biofertilizer 
from the cladodes of Opuntia heliabravoana Scheinvar. 
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The oxygen transmission rates, average volumes of free-volume-cavities (Vf) and 

fractional free volume (Fv) values of fully bio-based polyamide 11 (PA11)/poly (vinyl 
alcohol) (PVA) (i.e. PA11xPVA03y, PA11xPVA05y, PA11xPVA08y and PA11xPVA14y) 
blend films reduced to a minimum value, when their PVA contents reached a 
corresponding optimal value. Oxygen transmission rate, Vf and Fv values obtained for 
optimal PA11xPVAzy   blown films were reduced considerably with decreasing PVA 
degrees of polymerization. The oxygen transmission rate of the optimal 
PA1172.5PVA0327.5 blown film was only 1.07 cm3/m2.day.atm, which is about the same 
as those of the most often used high barrier polymers, ethylene-vinyl alcohol copolymer. 
Experimental findings from dynamic mechanical analysis, differential scanning 
calorimetry, wide angle X-ray diffraction and Fourier transform infrared spectroscopy 
of the PA11xPVAzy blends indicate that PA11 and PVA in PA11xPVAzy are miscible to 
some extent at the molecular level when their PVA contents are  the corresponding 
optimal values. The considerably enhanced oxygen barrier properties of the 
PA11xPVAzy blend films with optimized compositions are attributed to the significantly 
reduced local free-volume characteristics. 
 
Keywords: Nylon 11; Poly(vinyl alcohol); Oxygen barrier; Free volume; Miscibility. 
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La corteza de pino (Pinus radiata) generada en Chile tiene altas consecuencias ambientales 
debido a la gran contaminación que genera [1]. Como una estrategia para explorar nuevas rutas 
de valorización de extractivos polifenólicos de corteza, en el presente trabajo se modificaron los 
poliflavonoides de la corteza con anhídridos cíclicos insaturados (maleico, citracónico e 
itacónico) y luego se sometieron a reacciones de co-polimerización via radicales usando como 
co-monómero ácido acrílico e iniciador persulfato de potasio [2]. Se valuó el efecto de la 
temperatura y la relación molar en las características de gelación. Los tiempos de gelación 
transcurrieron entre varios segundos hasta horas, éstos variaron en function del tipo de derivado 
y las condiciones de polimerización. El derivado polifenólicos a base de anhídrido maleico 
mostró la reactividad más elevada, seguido del derivado en base a anhídrido citracónico. La 
gelación del derivado a base de anhídrido itacónico tuvo la polimerización más lenta. Por otra 
parte, tanto la temperature como la relación molar de monómeros influyeron también 
significativamente en la reactividad del sistema. La posición de la insaturación (endo/exo) 
parece ser el factor limitante de mayor asociación en la co-polimerizacion de derivados 
polifenólicos de corteza de pino con el ácido acrílico. Se concluye que las modificaciones 
químicas realizadas fueron altamente efectivas para aumentar la reactividad del tanino. Dicha 
ruta de polimerización conlleva a la preparación de nuevos materiales en base biológica para 
aplicaciones en las ciencias ambientales, la agricultura y la biomedicina. 

 
 
 
 
 
 
 
 

Fig. 1. Reacción de derivatización (funcionalización) de un grupo fenólico con anhídrido 
maleico. 
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Fig.1 – Esterificación del polifenol con 
un anhídrido cíclico. 
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Study of the relationship between intrinsic viscosity and aspect ratio of cellulose 
nanofibers suspensions   
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The relationship between the viscosity of CNFs suspensions and the intensity of mechanical 
treatment or degree of fibrillation has been widely reported. However, the available literature 
has not adequately addressed the relationship between rheological data of suspensions and 
the morphological characteristics of nanofibrils, therefore, it is not possible to establish a 
direct relationship between the viscosity of the suspension and the morphological 
characteristics of different CNFs. This work aims to approach the understanding of how the 
morphological characteristics of CNFs affect the viscosity of their suspensions and, thereby, 
to establish a relationship between both properties. Specifically, the goal is to determine the 
variation of the length and diameter (aspect ratio) of CNFs obtained by enzymatic-
mechanical treatment, with the intensity of the applied treatment, as well as the intrinsic 
viscosity of the suspensions. 

The CNFs suspensions used in this study were obtained from bleached eucalyptus kraft pulp 
with enzymatic treatment, followed by mechanical pre-refining in a PFI mill, to finally 
produce the actual disintegration of the wood fibers in a high-pressure homogenizer, varying 
the intensity of the mechanical treatment by the number of passes through the homogenizer. 

The morphological analysis of suspensions clearly shows that by increasing the intensity of 
the applied mechanical treatment, CNFs are produced with increasingly homogeneous 
distributions of diameters and lengths and centered towards lower values. The mean diameter 
of the CNFs decreases significantly as the number of passes through the homogenizer 
increases; while for the average lengths of the CNFs, the decrease was significant only at the 
firsts numbers of passes (at the beginning of the process). 

From the viscosity analysis of suspensions and their dependence on concentration, a strong 
relationship is observed between the intrinsic viscosity of the CNFs suspensions and their 
aspect ratio, which can be effectively correlated by the modified Mark-Houwink-Sakurada 
equation, obtaining the following expression: 𝜌𝜌[𝜂𝜂]% = 0.0012𝑝𝑝,.-.. By comparing the 
constants obtained in this work to those reported in the literature, it was possible to 
demonstrate that this equation is independent of the flexibility of CNFs. The obtained 
correlation was verified using commercial CNFs from two different suppliers, which 
correspond to CNFs with and without enzymatic pretreatment. These presented the same 
tendency with respect to the model, obtaining a variation of 5.0% for mechanical CNF and 
of 5.2% for CNF with enzymatic pretreatment. 

Finally, it was possible to demonstrate that the morphological characteristics of CNFs, 
represented by their aspect ratio, can be described by the intrinsic viscosity, a rheological 
parameter. 

Keywords: Cellulose nanofibers, Rheology, Morphology, intrinsic viscosity, aspect ratio. 
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Sugarcane (Saccharum spp.) is one of the main crops in the world, grown in more than 100 
countries. World sugarcane production totalizes about 1.9 billion tones, and Brazil is the world 
leader in this crop production. This significant production may be justified by technological 
improvements in both the sugarcane agricultural production process and in the sugar and 
ethanol production processes. Besides its use as feedstock for sugar and ethanol production, 
sugarcane juice in natura is very appreciated in the whole world. It is an energetic drink, not 
alcoholic, whose taste is pleasant, due to its characteristics of refreshment and sweet flavor, 
allowing people from all ages to consume this drink. However, the juice characteristics are also 
one of the main factors that can affect the quality of the final products. It relates with the crop 
maturity, crop variety and type of soil but also to degrading processes occurring during storage 
and processing. In fact, sugarcane juice has to be treated and clarified, because minutes after its 
extraction, it gets a dark color which may negatively influence its composition. There are at 
least four mechanisms that contribute to color formation, namely: (a) melanoidins formed 
during reactions of the reducing sugars-amino acids by the Maillard reaction; (b) thermal 
degradation and condensation reaction of sugar by caramelization; (c) alkaline degradation and 
condensation reactions of reducing sugar; (d) oxidative reaction of phenolic compounds. The 
first three are non-enzymatic reactions, while the oxidative reaction of phenolic compounds to 
chemically reactive quinones is an enzymatic reaction and occurs prior to the milling process, 
when sugarcane is milled to extract juice. Compounds that most affect juice color are those 
naturally found in sugarcane, that is, phenolic compounds and flavonoids, responsible for 60–
75% of juice color. But those compounds represent also an added value in a biorefinery context. 
Therefore, this work aims to present the actual knowledge on the composition of sugarcane 
juice obtained from different varieties and cultivated in different edaphoclimatic conditions and 
also, the variation in the juice composition introduced by storage and processing conditions. The 
knowledge acquired will help to identify options for valorization of the compounds that most 
affect juice color and that can improve the quality of the juice for carbon-based materials 
production. 
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Abstract 
The catalytic activity and selectivity of noble metal-based catalysts supported on C-TiO2 
hybrid materials has been studied in the phenol hydrogenation reaction. Hybrid supports 
were prepared by solvothermal and slurry synthesis and the influence of texture and surface 
pH on the activity and selectivity was verified under eco-friendly experimental conditions 
such as aqueous phase, low H2 pressure and low temperature. Preliminary results on Pd-
based catalysts showed that the chemical nature (hydrophobic/hydrophilic) of the support 
direct the reaction mechanism either to cyclohexanol or to cyclohexanone. Selectivity to 
cyclohexanone is obtained on more polar C-TiO2 supports, while catalyst becomes selective 
to cyclohexanol on hydrophobic C-TiO2 hybrid materials. A mechanism explaining 
difference in selectivity is proposed. It can be concluded that product distribution during the 
selective phenol hydrogenation under eco-friendly conditions is easily controlled by 
controlling the functionalization of the hybrid support which can be extrapolated to the 
study of other types of hybrid materials as catalytic supports. 
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Abstract 
 
In 2015, more than 25 million tons of wood pellets have been consumed worldwide for domestic 
and commercial heating, industrial power generation and co-generation. The European Pellet 
Council stated that the pellet sector should address four key factors to be successful in the future. 
These factors are 1) production efficiency, 2) pellet quality, 3) logistics, and 4) conversion 
efficiency. Feedstock particle size distribution (Fpsd) and water content (WC) affect wood pellet 
properties, transport parameters and combustion emissions in small heating appliances. Four 
feedstocks with different shares of fibers (> 3.15 mm) and fines (< 1 mm) were conditioned at 12 
and 24 % WC. Pellets were produced and their bulk density, durability, length and sorption 
behavior was evaluated. Bulk density and sorption behavior was used to calculate the transport 
parameters. The pellets were combusted in a pellet stove and the combustion properties were 
correlated to the pellet properties. The 24 % WC feedstock pellets (P24) showed a low durability (𝑥𝑥 
= 79 %) and were short (𝑥𝑥 = 6.3mm). The P24 with the highest share of fibers showed the highest 
durability (𝑥𝑥 = 89 %). The 12% WC feedstock pellets (P12) with a high share of fines (< 1 mm) and 
a low share of large particles (6.3 – 16 mm) had a low durability (𝑥𝑥 = 95 %), but the pellets 
produced with a high share of fines (< 1 mm) and fibers (3.15 – 6.3 mm) had a high durability (𝑥𝑥 = 
98.5 %). The P12 had lower transport costs, energy consumption and greenhouse gas emissions than 
the P24 because of a higher bulk density (619 kg×m-3 and 362 kg×m-3, respectively). The 
combustion parameters of the P12 were affected by the length and the density of the pellets. The flue 
gas oxygen content was inversely correlated to the flue gas temperature and affected by both pellet 
length and durability. The carbon monoxide (CO) emissions increased with decreasing durability 
and showed a weak correlation to the organic gaseous carbon emissions (R² 0.467 – 0.621, 
depending on Fpsd). The Fpsd with the highest share of particles in the range of 3.15 – 6.30 mm 
showed the highest durability (𝑥𝑥 = 98.5%) and the lowest CO emissions (𝑥𝑥 = 280 mg×m-3). Based 
on these results it was discussed whether moist large particles in combination with dry fine particles 
can have a positive effect on pellet durability, transport properties and combustion emissions. This 
is a new perspective on pellet production optimization.  
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Figure 1. Feedstock particle size distribution used for pellet production in weight % of size classes. 
Theoretical optimum: recommended feed particle size distribution for high quality pellets (Payne 
2006). WC: wood chips, 6mm screen; SD: untreated sawdust; SD6: sawdust, 6mm screen; SD4: 
sawdust, 4mm screen. 
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