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Summary

Summary

Within the transition towards a circular bioeconomy, this study is focused on obtaining
value-added products from agricultural wastes through pyrolysis and torrefaction treatments in

a waste biorefinery context. Thus, in this work, the wastes are considered as by-products.

Specifically, it has been worked with olive mill waste (OMW), grape pomace (GP) and coffee
silverskin (CSS), which are respectively the main solid wastes from olive oil, wine making and
coffee roasting processes. The thermochemical treatments have been performed in an auger
pilot plant (15 kg/h), with the collaboration of ENERG-bas company, that provided the
products, and in a lab size auger reactor (0.3 kg/h), from EBRI institution (Aston University,
U.K.), during a stay abroad. The resulting liquid and solid fractions have been studied to

determine their potential applications.

Pyrolysis liquid from OMW (pilot plan, 400 °C) was composed of two phases, an aqueous
phase (AP) containing acetic acid, monosaccharides and phenolic derivatives, and a non-
aqueous phase (NAP) mainly composed of phenolic derivatives, fatty acids and their methyl
esters. In order to separate the AP and NAP compounds in interesting chemical groups, a
methodology based on acid-base extractions (performed with hexane at pH 12, followed by an

ethyl acetate extraction at pH 6) was successfully developed.

Within these compounds, phenolics were the most interesting ones due to their antioxidant
properties, so the suitability of two methods (Folin-Ciocalteu and DPPH) to quantify them in
thermochemical liquids were studied using GP liquids (pilot plant, 225 °C and 400 °C). The
results showed that phenolics from the 400 °C liquids (AP and NAP) can be successfully
measured by these methods; however, in the 225 °C liquid, phenolics should be measured by
DPPH assay since the high content of reducing sugars that the 225 °C liquid had, might
interfere in the Folin-Ciocalteu measurement. Moreover, 400 °C was considered a suitable
temperature to obtain phenolics, which come not only from the GP composition, but from

lignin devolatilization reactions during the thermochemical process.

In addition, biochars from CSS (pilot plant, 280 °C, 400 °C and 500 °C) showed its potential
use as energy source; on the other hand, CSS pyrolysis liquids were considered as a potential
source of phenolics, mainly the 280 °C one. The research was extended studying the products
from the lab size reactor, performed at the same temperatures and solid retention time. CSS

biochars were studied as absorbent of organic pollutants in water, being potentially useful for

XIX



Summary

cationic and aromatic molecules; at the same time, CSS pyrolysis liquids were contemplated
as a potential source of caffeine, among phenolics, with 400 °C AP phase having the highest
concentration (14.3 g caffeine/L. AP). Moreover, gas fraction was considered as a heat source
for biomass drying before pyrolysis. Thus, it has showed that CSS could be completely
valorised through thermochemical treatments, which would allow to achieve zero-waste in the

coffee roasting industry, being CSS the only waste of the process.

Furthermore, OMW, GP and CSS thermochemical products from both reactors were compared,
since using different size reactors could affect the properties and so, applications, of the
resulting products. No major differences were observed between biochars, making the
biorefinery of these wastes more feasible.; however, in the pyrolysis liquids, the ones from the
pilot plant were richer in 2,6-dimethoxy-phenols and phenolics para-substituted by carbonyl

groups.

Thus, this thesis has been focused on the valorisation of OMW, GP and CSS, through
thermochemical treatments, within an integrated biorefinery context. Specifically, pyrolysis
liquids have shown to be a potential source of chemicals, while biochars can be used as solid

biofuel, among other potential high-valued applications.



Preface

Preface

This dissertation is presented as a compilation of peer-reviewed articles, following the

guidelines of the Universitat Autonoma de Barcelona.

In addition, this thesis has been performed with the collaboration of ENERG-bas company,

and Energy and Bioproducts Research Institute (EBRI), at Aston University (U.K.), the latter

one during a stay abroad.

The contents of the present thesis have been organized in the following main chapters:

I.  Introduction

II. Compendium of publications
III. Submitted article

IV. Discussion

V. Conclusions

VI. Annex

Chapter I provides an overview of circular bioeconomy, together with pyrolysis and

torrefaction treatments as the context of this thesis, followed by the motivation and objectives

of the dissertation.

Chapter II comprises the articles that are part of this thesis.

1.

del Pozo, C., Bartroli, J., Puy, N., Fabregas, E., 2018. Separation of value-added
chemical groups from bio-0oil of olive mill waste. Ind. Crops Prod. 125.

https://doi.org/10.1016/j.indcrop.2018.08.062

del Pozo, C., Bartroli, J., Alier, S., Puy, N., Fabregas, E., 2021a. Production,
identification, and quantification of antioxidants from torrefaction and pyrolysis of
grape pomace. Fuel Process. Technol. 211, 106602.
https://doi.org/10.1016/j.fuproc.2020.106602

del Pozo, C., Bartroli, J., Alier, S., Puy, N., Fabregas, E., 2020. Production of
antioxidants and other value-added compounds from coffee silverskin via pyrolysis

under a biorefinery approach. Waste Manag. 109, 19-27.

XXI



Preface

4. del Pozo, C., Rego, F., Yang, Y., Puy, N., Bartroli, J., Fabregas, E., Bridgwater, A. V,
2021b. Converting coffee silverskin to value-added products by a slow pyrolysis-
based biorefinery process. Fuel Process. Technol. 214.

https://doi.org/10.1016/j.fuproc.2020.106708

Chapter III contains a submitted article as also part of the work performed during this thesis.
Chapter IV consists in a general discussion of the results exposed in Chapters II and III.

Chapter V addresses the main conclusions of the thesis, as well as a brief description of the

future perspectives.

Finally, Chapter VI presents the contributions to congress and seminars performed during this

thesis.

XXII



Introduction






Introduction

1.1 Introduction

1.1.1 Towards a circular bioeconomy

1.1.1.1 From linear economy to circular economy

Since the industrial revolution, economies have developed a ‘take-make-consume and
dispose’ pattern of growth known as linear economy (Lieder and Rashid, 2016). However, it’s

unsustainability makes it no longer an available model.

On one hand, linear economy is based on the assumption that natural resources are abundant,
available, easy to source and cheap to dispose of, a fact that has brought to an unprecedented
increase in natural resource use, exerting great pressure on the environment and even
exceeding, in some cases, planetary boundaries (which include the biosphere's integrity,
nitrogen and phosphorus cycles, climate change and land system changes) (EEA, 2016;
European Commission, 2014; Steffen et al., 2015). This situation has led planet Earth to
struggle to meet humanity's demands for land, food, and other natural resources, as well as, to
absorb its wastes (Steffen et al., 2015). In fact, the demand for finite and sometimes scarce
resources will continue to increase worldwide along with its growing population (European
Commission, 2014), being global economic output projected to triple between 2020 and 2060
(OECD, 2021).

On the other hand, linear economic model also generates large number of wastes. Within the
era of fashion and style, some of products are even provided with the explicit purpose of being
discarded after use (planned obsolesce), stimulating throwaway-mindset which is today known
as linear consumption behaviour (Lieder and Rashid, 2016). An important part of the wastes
is, in addition, landfilled or incinerated. This generate harmful environmental impacts, apart
from representing a loss of potential valuable products (present in some wastes), which also

results in economic losses (European Commission, 2017a).

As problems of environmental pollution and landfill became severe, governments around the
world have initiated more sustainable policies, based on waste reduction and recycling
programs, with the aim to move away from the current linear economic model, and approach

towards a green economy (Lieder and Rashid, 2016). This is the case of the 7th Environment
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Action Programme, performed by the European Union, that set out 2050 vision of ‘living well

within the limits of the planet’ (European Union, 2013).

From the past half-decade, circular economy has been gaining attention since it addresses the
social, economic, and environmental concerns brought by the linear economic model (Ubando
et al., 2020). Initially, the concept was formally accepted by the government of China as a new
development strategy in 2002, and in January 2009, the first law ‘Circular Economy Promotion
Law of the People's Republic of China’ took effect (Lieder and Rashid, 2016). At the end of
2015, European Commission also adopted the concept within the ‘EU Action Plan for the
Circular Economy’ (European Commission, 2015a), being nowadays the current business

model of Europe and China (Sharma et al., 2020).

1.1.1.2 Circular economy

The goal of circular economy has been to remodel the life cycle of a product,
minimizing the resource consumption (both materials and energy) and waste generation,
through maintaining the value of products, materials and resources in the economy for as long
as possible, seeking to respect the ecological boundaries of our planet (European Commission,
2015a). Circular economy can be then represented as the core of a green economy perspective

(EEA, 2016).

Benefits of a circular economy

By helping to decouple economic growth from resource use and its impacts, circular
economy can offer the prospect of sustainable growth that will last, bringing resource,

environmental, economic, and social benefits (European Commission, 2014).

a) Resource benefits

Circular economy seeks to increase the efficiency of primary resource consumption
and so, reducing its demand (EEA, 2016). This would help to reduce countries high
and increasing dependence on imports, making the procurement chains for many
industrial sectors less subject to the price volatility of international commodity markets

and supply uncertainty due to scarcity and/or geopolitical factors (EEA, 2016). As
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more regions develop, international competition for resources increases and the
dependence on imports become more vital. This is the case of Europe's economy, that
depends on an uninterrupted flow of natural resources and materials (including water,
crops, timber, metals, minerals and energy carriers) and where imports provide a
substantial proportion of these materials, making this a source of vulnerability (EEA,
2016). Even if not scarce in absolute terms, many natural resources are unevenly
distributed globally, exacerbating the potential for conflict (EEA, 2015). Moreover,
uncertain and unstable prices can also disrupt the sectors that are dependent on these
resources, forcing companies to lay people off, defer investment or stop providing
goods and services (EEA, 2016). Therefore, circular economy could be the means by
which companies and countries rise to the current and future challenges of global

pressure on resources (EEA, 2016).

b) Environmental benefits

Reduction of resource demand also helps to enhance both ecosystem resilience and
environmental impacts. The rapid increases in extraction and exploitation of natural
resources are having a wide range of negative environmental impacts mainly due to
using up resources at a rate that exceeds the Earth's capacity to renew them (EEA,
2014). This has led to air, water and soil pollution, acidification of ecosystems,
biodiversity loss, climate change and waste generation, putting immediate, medium-
and long-term economic and social well-being at risk. (EEA, 2016). A drawdown in
extraction and imports also lead in parallel to a reduction in the emissions to the
environment, caused in large part by the decrease of the transport involved in (EEA,
2016). In addition, circular economy seeks to reduce solid waste, landfill and
greenhouse gases emissions through waste prevention, reuse, remanufacturing and/or

recycling (Lieder and Rashid, 2016).

Economic benefits

The industry has recognised the strong business case for improving resource
productivity (already discussed in the first point, a). In fact, it is estimated that resource
efficiency improvements all along the value chains could reduce material inputs needs
by 17%-24% by 2030 (Meyer, 2011). In this regard, circular economy pursues to create

more economic value from fewer natural resources through innovative approaches,
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d)

such as technologies and business models, increasing opportunities for economic

growth and innovation (EEA, 2016).

Social benefits

The implementation of a circular economy, and so, the creation of new business and
market models (based on more efficient ways of producing and consuming), leads also
to the creation of job opportunities, for instance, in the reuse and repairs sectors.
Specifically, it is estimated that up to 178 000 new direct jobs (related to circular

economy) could be create by 2030 (European Commission, 2015b).

The transition to a more circular economy would allow then to develop a sustainable, resource

efficient, more resilient and competitive economy, creating new value chains and greener, more

cost-effective industrial processes, while protecting biodiversity, reducing environmental

pressures and delivering benefits in terms of job opportunities (EEA, 2016; European

Commission, 2015a).

levels.

Implementation of a circular economy

Making the circular economy a reality requires however long-term involvement at all

In the first place, authorities (countries, regions, cities) should promote circular
economic models through their policies. Economic measures, for instance, have
proved instrumental in improving national waste management, in particular through
landfill and incineration taxes. One example of this is ‘pay-as-you-throw’, where
households (or whom it concerns) pay according to the amount of non-recyclable waste
that they throw away (European Commission, 2014).

In the second place, circular economy has to be economically viable and present
advantages (economic benefits) for the industry and business (Lieder and Rashid,

2016).

iii) Finally, civil society is also a key factor in promoting products from a sustainable

economy, such as the ones made with a certain level of recycled content, by means of

a sufficient demand from consumers (European Commission, 2015a).
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Moreover, the implementation of a circular economy also requires, as shown in Figure 1,

changes throughout each step of the value chain (European Commission, 2015a).

LINEAR ~ A~
ECONOMY P ~ ——
e ~./
S ECO-DESIGN |
AW /) PRODUCTION AND
MATERIALS Y A DISTRIBUTION
(take) y )
PRODUCTION - \ O\
(make) rawmMaTERIALs ~ CIRCULAR
(biological and ECONOMY J L
technical material) o
USE (consume) CONSUMPTION
‘ AND STOCK
WASTE 2 O\ — /
5 \ b ~A 5
(dispose: . I
landfill, A 4 |- >
incineration) WASTE ¢ 0O
MANAGEMENT
(based on recycling)

Figure 1. Linear economy vs circular economy.

Specifically, this thesis is focused on the waste management, which seeks to capture the value
of the materials as far as possible, reducing losses and wastes (EEA, 2016). This step plays a
central role in the circular economy, as it is based on transforming the wastes in value added
products (or energy), feeding the products back into the economy as secondary materials. A
reduction on products demand would also imply a reduction in emissions and environmental
impacts, being most of natural resources extracted and imported (including the energy carriers)
(EEA, 2016). Thus, actions to improve the waste management practices are crucial to promote
the use of secondary materials, since they have a direct impact on the quantity and quality of

these materials (European Commission, 2015a).

In this context, research and innovation play a key part in this systemic change, where new
technologies, processes, services and business models are needed to rethink the way of

producing and consuming, shaping the future of the economy and society.
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Priority areas of a circular economy: biomass and bio-based products

The circular economy has been focused specifically on the following priority areas:
plastics, food waste, critical raw materials, construction and demolition, and biomass and bio-

based products (European Commission, 2015a), the latter one being the centre of this thesis.

Biomass and bio-based products are those coming from biological resources, such as wood,
crops or fibres. These products can be used as raw materials in a wide range of areas, including
construction, furniture, paper, food, textile, chemicals and plastics, or for energy purposes, such
as biofuels (European Commission, 2015a). In particular, surfactants and cosmetics products
already enjoy a large bio-based share; bio-based platform chemicals, on the other hand, are
expected to grow rapidly in the coming years, while bio-based solvents are expected to grow
much less (European Commission, 2018). Due to its biological origin, the biomass and bio-

based products are also framed within the bioeconomy.

1.1.1.3 Bioeconomy

The bioeconomy is based on using renewable biological resources from land and sea,
(like crops, forests, fish, animals and micro-organisms) in order to produce food, bio-based
materials and bio-energy (European Commission, 2015a). Specifically, the European Union
uses annually more than 1 billion tonnes of dry matter of biomass, 60% of which is used in the
feed and food sector, followed by bioenergy (19.1%) and biomaterials (18.8%) (Camia et al.,
2018).

The bioeconomy provides then alternatives to fossil-based energy and products, thus reducing
dependence on non-renewable and unsustainable resources, apart from being potentially
crucial to meet the increasing demand for food, jobs and income, caused by a rapidly growing
world population, as well as, mitigate the effects of climate change (Camia et al., 2018; Ubando
et al., 2020). Therefore, economic prosperity, society, resource and the health of the
environment can be reinforced by each other through a sustainable circular bioeconomy, which
adopts the circular economy framework, utilizing biomass as an integral component for the
generation of biochemicals and bioenergy within a biorefinery (European Commission, 2018,

2017a; Ubando et al., 2020; Zabaniotou et al., 2018).
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However, using biological resources also requires attention to their lifecycle environmental
impacts and sustainable sourcing, since the multiple possibilities for their use can generate
competition for them and create pressure on land-use. Hence, the natural/biological resources
have to be managing in an efficient and sustainable way against the backdrop of an increasing
demand for biomass (European Commission, 2018), avoiding negative impacts on biodiversity

or ecosystem services (Camia et al., 2018).

The main sectors supplying biomass are specifically agriculture, forest-based sector and marine
sector (fisheries, aquaculture and algae) (Camia et al., 2018). In the European Union, the
agriculture sector occupied about half of the land area in 2015, generating 514 Mt of crop
economic production and 442 Mt of residues' (Camia et al., 2018), agricultural wastes being
therefore a potential source of sustainable biomass to be used in biorefineries (Cardoen et al.,
2015; European Commission, 2018), and the focus of this thesis. In addition, the use of
agricultural wastes can directly address the issue of environmental pollution, aside from
avoiding pressure on land-use, and not necessarily adding the cost of producing feedstock as
they are readily available (Ubando et al., 2020). Thus, the biorefinery of bio-based wastes

should be considered as an integral part of the circular bioeconomy.

1.1.1.4 Biorefinery of bio-based wastes

A biorefinery is a facility wherein various conversion technologies are integrated to
efficiently produce sustainable bio-based product streams, such as biochemicals or bioenergy,
from biomass (Cherubini, 2010; Ubando et al., 2020). Therefore, biorefinery acts as a platform
for biomass valorisation and so, as a strategic mechanism to achieve a circular bioeconomy,
especially through the valorisation of bio-wastes (European Commission, 2017b; Ubando et
al., 2020). Waste biorefineries allow then to convert bio-based wastes, which are considered
renewable feedstock, into value-added products, maximizing the use of biomass and
holistically integrating waste remediation and resource recovery (Mohan et al., 2016; Ubando
et al., 2020). In the same way, the closed loop, which is one of the aims of the circular
bioeconomy, is also a characteristic of the waste biorefinery, where the resulting biorefinery

products are fed back into the economy (Mohan et al., 2016).

' EU-28 annual biomass production from land-based sectors, excluding pastures (10-year average 2006-2015, in
megatons dry matter)
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Furthermore, the concept of a circular economy has significantly changed the direction of waste
management, now being moving towards the ultimate goal of a zero-waste economy (Mohan
et al., 2016). This goal could be achieved through an integrated biorefinery, where all biomass
could be transformed for different end-uses (del Pozo et al., 2021, 2020; Ubando et al., 2020).
In addition, multi-product biorefineries can improve the efficiency of biomass utilisation by

increasingly parallel exploitation of side flows (European Commission, 2018).

Biorefinery conversion

Biorefinery platforms processes

Torrefaction ]

Thermochemical Pyrolysis ]

conversion Gasification 1

Combustion ]

Separation ]

Mechanical -
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conversion
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Biorefinery
Acid hydrolysis
Chemical Superecritical
conversion conversion of biomass
Solvent extraction

Anaerobic digestion ‘

Biological ]

8 . Enzymatic hydrolysis]
conversion
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Figure 2. Biorefinery platforms and conversion processes (Ubando et al., 2020).

Different valorisation technologies have been investigated in order to carry out the biorefinery
processes (see Figure 2), being pyrolysis and torrefaction (thermochemical conversion) the
centre of this thesis. These thermochemical treatments consist in a thermal decomposition of
biomass, performed at elevated temperatures under oxygen-limiting conditions, to give rise

different value-added products. Pyrolysis is performed from around 300 °C to over 500 °C,
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while torrefaction take place at 200-300 °C (Basu, 2018; Brassard et al., 2017; del Pozo et al.,
2018).

One of the main advantages of these treatments is that many types of raw materials can be used,
being able to address the seasonality of various feedstocks, including agricultural wastes, and
therefore reducing the downtime period of biorefineries (Czajczynska et al., 2017; EEA, 2020;
Ubando et al., 2020). Another advantage is their potential to perform an integrated biorefinery,
as each fraction resulting from the thermochemical process could have different applications,

thus also contributing to zero-waste economy (del Pozo et al., 2021).

Therefore, the present thesis is focused on obtaining value-added products from agricultural
wastes, that otherwise would be landfilled or incinerated, through thermochemical processes
(pyrolysis and torrefaction), being framed within a waste biorefinery and a circular

bioeconomy context.
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1.1.2 Thermochemical treatments: pyrolysis and torrefaction

1.1.2.1 Thermochemical degradation of biomass

Biomass is mainly composed of three biopolymers, hemicellulose (20-35 wt.%),
celluloses (35-50 wt.%) and lignin (10-25 wt.%) (Ma et al., 2019) (see Figure 3), that degraded

during the thermochemical process, giving rise different value-added products (see Figure 4).
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Figure 3. Main components of lignocellulosic biomass. Figure adapted from Jensen et al.,

(2017) and Hasanov et al., (2020).

12



Introduction

HyCOr \;“3’T 0. o] o
HO. ) WC. 0 o
. ) ¢
[ s Hemicellulose q g, oH @

o -:/ \/f_\ L y/ T ? )J\ ' &'\ 2 14 15
q \CH J 1 11 o no\x\"' :3 o
H e on
a /[k/OH HO\/k/ Q/”
HOu,,,,
Cellulose mwo 25
7-\0 > > —_— | Ho)k/
%é% 5‘ % T T H/J\H
2.1 2.8
23 2.6

ocHy
Lgnin c-_‘
vo.
wo_ oL ) 4D o oH
! .QC."z P ‘ 2 ,ﬂh \ ] /O O\
¥ S—ocw, N
Va W Y Y wod 36
= 6 o \ Lignin on g OH
0~ > A\ | ]
reo L on Ho—" N O NProo oH Py
[ w. ok, 9 I as
HO' T—OH
Lgnin Ho— / [
Hyeo—{ p: *
Lignin-0 H_‘DO‘ oH OM

Figure 4. Thermochemical degradation of hemicellulose, cellulose and lignin.

1.1) Actic Acid; 1.2) furfural; 1.3) 1,4;3,6-dianhydro-a-d-glucopyranose; 1.4) 1-hydroxy-2-
propanone, 1.5) furanone; 2.1) levoglucosan; 2.2) 1-hydroxy-2-propanone; 2.3) 5-
hydroxymethyl-furfural; 2.4) glyceraldehyde; 2.5) furfural; 2.6) formaldehyde; 2.7)
acetaldehyde; 2.8) propanoic acid; 3.1) p-coumaryl alcohol; 3.2) coniferyl alcohol; 3.3) sinapyl
alcohol; 3.4) 2-methoxyphenol; 3.5) catechol; 3.6) 2,6-dimethoxyphenol; 3.7) trans-
isoeugenol; 3.8) 2,6-dimethoxy-4-(2-propenyl)-phenol.

Hemicellulose consists of a short-chain of heteropolysaccharides, mainly glucose and pentoses
(xylose, galactose, rhamnose and arabinose), being xylose the most abundant monomer (Ma et
al., 2019; Ubando et al., 2020). In addition, it is also composed of some uronic acids and acetyl
groups (see Figure 3). Therefore, hemicellulose presents an amorphous and branched structure,
that is easy to degrade at low temperatures due to weak chemical bonds (Zhao et al., 2017).
Acids are one of the main products from the degradation of hemicellulose, especially acetic
acid, which is formed by deacetylation reaction at the initial stage of the thermochemical
process (see Figure 4, compound 1.1) (Mohan et al., 2006; Zhao et al., 2017). Other important
products are furans (mainly furfural), ketones and anhydrosugars, the latter one being easily
ring-opened and cracked, resulting in the formation of 1-hydroxy-2-propanone, furanone, and

other small molecular compounds (see Figure 4) (Wang et al., 2017).

In contrast to hemicellulose, cellulose is composed of a long well-ordered linear polymer of

glucose (D-glucose units connected with 1,4-glycosidic bond) with high structural stability,

13



Chapter 1

requiring higher temperature to degrade it (Ma et al., 2019; Polidoro et al., 2018; Zhao et al.,
2017). Initially, the thermal degradation of cellulose consists on a depolymerization that forms
anhydrosugar derivatives, mainly levoglucosan (see Figure 4, compound 2.1) (Mohan et al.,
2006; Shen and Gu, 2009). These dehydrated carbohydrates have low heat stability, so they
easily degrade at higher temperatures (Zhao et al., 2017), resulting in 4-6 carbon atoms
products, including the ones shown in Figure 4 (1-hydroxy-2-propanone (compound 2.2), 5-
hydroxymethyl-furfural (compound 2.3) and glyceraldehyde (compound 2.4)) (Shen and Gu,
2009). At the same time, some of these compounds also degrade forming furfural (compound
2.5) from 5-hydroxymethyl-fufural, formaldehyde and acetaldehyde (compounds 2.6 and 2.7)
from 1-hydroxy-2-propanone, and propanoic acid (compound 2.8) from glyceraldehyde,
among others (see Figure 4) (Shen and Gu, 2009).

Lignin, on the other hand, is mainly composed of three aromatic basic units, p-coumaryl,
coniferyl and sinapyl alcohols (see Figure 4, compounds 3.1, 3.2 and 3.3), that form an
amorphous tridimensional structure difficult to degrade (Wang et al., 2017). Thus, and as
shown in Figure 4, the thermal decomposition of lignin drives to the formation of phenolic
derivatives from its principal units (Mohan et al., 2006). Specifically, the aliphatic hydroxyl
groups can be easy removed through dehydration at low temperature leading to the formation
of an unsaturated side chain structure; moreover, the methoxyl groups can also decompose to

monophenols or catechols (Wang et al., 2017).
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Figure 5. Pyrolysis curves of hemicellulose, cellulose and lignin from

thermogravimetric analysis. Figure adapted from Yang et al., (2007).

Therefore, the thermal decomposition of biomass depends on the individual roles of its main
components, hemicellulose, cellulose and lignin, which are thought to react independently and
as such, they do not show synergetic effect (Chen and Kuo, 2011; Zhao et al., 2017). The
degradation of biomass during the pyrolysis process can be studied through thermogravimetric

analysis (Polidoro et al., 2018), and as shown in Figure 5, it involves 4 main stages:

- The first stage, that take place until approximately 130 °C, is where moisture
elimination occurs; hence, the weight loss is attributed to water, and to a lesser extent,
extractives removal (Polidoro et al., 2018).

The second stage, with maximum loss weight rate around 250 °C, mainly refers to the
degradation of hemicellulose, the first polymer to decompose (Polidoro et al., 2018).

- The third stage (from approximately 300 °C to 400 °C) is related to the decomposition
of cellulose, that as hemicellulose, occurs quickly.

- Finally, the last stage represents the degradation of lignin, that take place in a wide
range of temperatures since its branched structure is difficult to decompose (Polidoro
et al., 2018; Yang et al., 2007). Moreover, after the pyrolysis process, a solid residue
remains, consisting of mainly fixed carbon and inorganic materials (ash) from the

starting material, which not decomposes (Polidoro et al., 2018).
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The range of temperatures where biopolymers degrade may differ from one author to another.
Mohan et al., (2006) reported that hemicellulose, cellulose and lignin decomposes when heated
at 200-260 °C, 240-350 °C and 280-500 °C, respectively; Zhao et al., (2017) found that the
thermal decomposition occurs at 203-386 °C for hemicellulose, 286-426 °C for cellulose and
215-585 °C for lignin; on the other hand, Yang et al., (2007) described it between 220-315 °C
and 315-400 °C, in the case of hemicellulose and cellulose, and 160-900 °C for lignin; and
Uzun et al., (2010) reported hemicellulose degradation at 150°C-350°C, cellulose at 275°C-
350°C, and lignin, at 200°C-700°C.

From the decomposition of biomass, three main products (gas, liquid and solid) are always
produced, but the yield and characteristics of each fraction varies over the thermochemical

treatment used.

1.1.2.2 Pyrolysis and torrefaction

Pyrolysis and torrefaction, which are both thermochemical treatments performed at
elevated temperatures under oxygen-limiting conditions, decompose biomass originating three
different fractions: a solid fraction (biochar), non-condensable gases, and a liquid fraction
mainly composed of condensable products from the degradation of hemicellulose, cellulose

and lignin.

The type of thermochemical treatment is mainly defined by the temperature of the process and
the residence time inside the reactor, since they both have a large impact on the properties and
proportion of the resulting fractions (see Table 1 and Figure 6). It is observed that with the
increase of the heating temperature, the yield of solid decreases, increasing the yield of liquid
and gas fractions (see Table 1) (Yu et al., 2016). Regarding the retention time, it has been fixed

at 10 min for the pyrolysis and torrefaction experiments of this thesis.
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Table 1
Characteristics of pyrolysis and torrefaction process. Table adapted from Balat et al., (2009);
Basu, (2018); Bridgwater, (2012); Jahirul et al., (2012); and Mohan et al., (2006).

Operational conditions Typical product weigh yield!
Temperature Solid Solid Liquid  Gas
residence time
. 50% in
Conventional 577 _ g7 0 5 -30 min 25% T 25%
pyrolysis 2 phases
Torrefaction 200 - 300 °C 10 - 60 min 80% 0%? 20%

"on dry basis

2 unless condensed, then up to 5%

Pyrolysis
400°C)
e 'n ?
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Figure 6. Pyrolysis and torrefaction products. Pyrolysis was performed on olive mill
waste biomass, and torrefaction, on grape pomace biomass, which are respectively, the

main solid wastes from olive oil and wine making process.

Conventional pyrolysis, also named slow, intermediate, or just pyrolysis in the present thesis,
is characterised by the depolymerization of the main components of the biomass
(hemicellulose, cellulose and lignin) due to the high temperature of the process, originating a

principal liquid fraction, known as pyrolysis liquid or bio-oil (see Table 1). As shown in Figure
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6, the liquid fraction usually comprises two phases since during the pyrolysis process high
amount of reaction water is produced, driving to separate the hydrophilic and hydrophobic
compounds in an aqueous and organic phase (del Pozo et al., 2018; Torri and Fabbri, 2014).
The hydrophilic products are mainly related to the degradation of hemicellulose and cellulose,

while the hydrophobic ones come mostly from lignin decomposition.

Torrefaction, on the other hand, takes place at a lower temperature (200-300 °C), giving rise
to a main solid fraction and, to a lesser extent, a torrefaction liquid (see Table 1 and Figure 6).
The liquid fraction is mostly composed of water from biomass moisture, and hemicellulose and
lignin degradation products, as they are the first polymers to start to degrade (Basu, 2018;
Bridgwater, 2012). In this case, liquid fraction only has one phase since at torrefaction
temperatures lignin is not degraded enough to have enough hydrophobic compounds for the

phase separation to take place.

Each of the resulting solid, liquid and gas fractions has potential to be used in different
applications. Liquid and gas fractions have been reported as chemical and energy sources
respectively, whereas the solid fraction can be considered as a value-added product itself due
to the broad range of potential applications it has (del Pozo et al., 2021). Thus, this thesis is
focused on pyrolysis and torrefaction treatments as the means to transform agricultural wastes

into value-added products.

1.1.2.3 Thermochemical products

Pyrolysis and torrefaction processes always produce solid, liquid and gas fractions, with

different potential uses.

The solid fraction, or biochar, consists in the solid product of the incomplete combustion of
biomass under oxygen-limiting conditions. It is characterised by a stable and porous structure,
large specific surface area and abundant surface functional groups (see Figure 7) (Chen et al.,
2016). Biochar is also rich in ash and mineral content, such as N, P, K, and Ca, since inorganics
from the original feedstock remains in this solid fraction. The main applications of biochars
have been as soil amendment, thus returning to soils as fertilisers to increase crop yields

(Rehrah et al., 2014; Tan et al., 2015; Wang and Liu, 2017), and as energy source for
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combustion process, since they show better fuel qualities, and are better heat carriers, than raw
biomass (Chen et al., 2016; Liu and Han, 2015; Ubando et al., 2020). However, both fertilizer
and energy purposes imply a low valorisation of biochars (Ubando et al., 2020). Recently, they
have increased attention due to their potential role in valued-added applications, including
carbon sequestration and pollutants removal (Wang and Liu, 2017). Carbon sequestration are
related to the reduction of greenhouse gas emissions (Brassard et al., 2016) and so, to the
mitigation of global warming and climate change (Chen et al., 2016). On the other hand, several
authors reported the role of biochars as adsorbents of organic and inorganic contaminants, such
as heavy metals and pesticides, in soil and water mediums (Cabrera et al., 2014; Tan et al.,
2015; Wang and Liu, 2018, 2017; Xie et al., 2015). Therefore, biochar shows high versatility

in its applications, aside from environmental benefits (Dai et al., 2019).

H

H OH COO

O

Figure 7. Biochar structure.

Figure adapted from Jouiad et al., (2015), Purwanto et al., (2018) and Tomczyk et al., (2020).

On the other hand, the liquid fraction is composed of the pyrolysis and torrefaction products
from the degradation of the biomass that condense. These products consist in low molecular
weight oxygenated compounds, such as carboxylic acids, esters, alcohols, ketones, aldehydes,
phenols, 2-methoxy-phenols, 2,6-dimethoxy-phenols, alkenes, aromatics, nitrogen

compounds, furans, sugars and other miscellaneous species (Goyal et al., 2008). As shown in
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the previous section (Section 1.2.2), the hydrophilic products are concentrated in an aqueous
solution, while the hydrophobic ones can be separated in an organic phase. Some of these
compounds have industrial interest, thus liquid fraction can be considered as a potential source
of value-added chemicals. Specifically, liquid fraction is usually rich in acetic acid, that is a
chemical platform with high industrial demand (Zhao et al., 2017); sugars, that could be used
in biogas/bioethanol production (del Pozo et al., 2018); and phenolics, which its antioxidant
properties make them highly valued in nutraceutical and cosmetic industries (Kim, 2015).
Moreover, liquid fraction has been also described as liquid fuel; however, its high water,
oxygen and acid content makes necessary an upgrading (Brassard et al., 2017). In addition,
Ubando et al., (2020) considers that its use as fuel are deemed to be of lowest valued product

from an economic point of view.

Regarding the gas fraction, it is composed by the non-condensable gases released from the
thermochemical process, consisting of carbon dioxide (CO3), carbon monoxide (CO),
hydrogen (H»), methane (CH4), ethane (C>Hs), ethylene (CoHs), and small amounts of other
gases, such as propane (C3Hs), ammonia (NH3), nitrogen oxides (NOx), sulphur oxides (SOx)
and alcohols of low carbon numbers (Kan et al., 2016). Taking advantage of the hot
temperature of the gas, one of the potential applications of this fraction could be its use as a

heat source to dry biomass before the thermochemical process (del Pozo et al., 2021).

The properties, and so applications, of each fraction will be, however, highly influenced by the
biomass feedstock, the operating parameters (mainly retention time and temperature) and the

pyrolysis technology (reactor type) (Brassard et al., 2017; Wang and Liu, 2017).

1.1.2.4 Pyrolysis and torrefaction reactors

The pyrolysis and torrefaction products analysed in this thesis have been performed in
two different auger reactors: a pilot plant (15 kg/h) and a lab size reactor (0.3 kg/h). Among
the available pyrolysis units, auger reactor is a polyvalent and promising technology for
producing both solid and liquid fractions (Brassard et al., 2017). Apart from that, auger reactors
are simple to operate, can be mobile, require little or no carrier gas, and needs low energy to

run (Brassard et al., 2017).
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Pilot scale reactor

The thermochemical products from the pilot plan were provided by ENERG-bas
company, headquartered in Catalonia, Spain. This company designed and developed the
technology of the reactor, registering in 2016, two European patents: EP3048161A 1-Industrial
plant for biomass thermochemical treatment and EP3470386B1-Method for treating the
biomass of lignocellulosic agricultural waste and/or waste containing phenolic functional
groups. As shown in Figure 8, this is a mobile plant that was designed to be moved close to
harvests, as well as to be robust and flexible enough to be fed by different types of biomasses.
The plant was therefore intended to address the seasonality of the feedstocks, thus reducing the
downtime period of the biorefinery. Moreover, locating the reactor close to the primary
production sites, it can be avoid the transportation of the biomass, that is bulky and so,
expensive to move, together with bringing new added value generation into rural areas

(European Commission, 2018).

I8l ENERG-bas

Figure 8. Pilot plant from ENERG-bas company.

The pilot scale reactor has a capacity of up to 100 kg/h of biomass, in a size range of 1-10 mm,
and it is capable of operating at temperatures of up to 600 °C with low electricity consumption
(10 kWh) (Recari et al., 2017). In this case, the working temperatures were settled between 225
and 500 °C, and the feeding rate was fixed at 15 kg/h. Moreover, the residence time of the

experiments was 10 min, and they were carried out without a previous nitrogen purge.
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The pilot plan comprises five main parts: the feeding system (1), a drying reactor (2), the
torrefaction/pyrolysis reactor (3), a cooling screw, together with the vessel for solids collection

(4), and the condensing system (5) (see Figure 9) (Recari et al., 2017).

After a natural drying and be crushed with a hammer crusher, biomass is introduced into the
feeding system (1) and moved along the drying reactor (2). The drying reactor (electrical
heating; internal diameter: 160 mm; length: 3000 mm) allows to dry the biomass, increasing
the efficiency of the thermochemical process without the need for an oven, since it is already
incorporated in the pilot plant, besides working continuously. Biomass is then driven to the
torrefaction/pyrolysis reactor (3) (electrical heating, internal diameter: 160 mm; length: 4000
mm) where the thermochemical conversion take place. The temperature profiles along the
different conveyors are measured and recorded by thermocouples (Recari et al., 2017). In this
part (3), biomass decomposes in solid and gas fractions. The solid fraction is conducted into
the cooling screw (4) (water jacket; internal diameter: 160 mm; length: 3000 mm), where it is
cooled to avoid spontaneous combustion, and collected in the vessel. The gas fraction is led to
the condensing system (5), which comprises a cyclone to remove particles, and a condenser,

where the condensable gas is collected as the liquid fraction (Recari et al., 2017).
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Figure 9. Detailed scheme of the pilot scale reactor from ENERG-bas company. Figure adapted from Recari et al., (2017).

23



Chapter 1

Lab scale reactor

The lab scale reactor was designed and constructed at the Energy and Bioproducts

Research Institute (EBRI), at Aston University, U.K. (see Figure 10).

Figure 10. Lab scale reactor from EBRI.

The system consists in a compact stainless-steel bench-scale auger, that does not use a heat
carrier, and operates continuously (Yu et al., 2016). The experiments were performed using a
feeding rate of 0.3 kg/h and, as in the case of the pilot plan, the residence time was fixed at 10

min.

The lab scale reactor consists of the following main components: biomass feeding subsystem
(1), auger reactor (2), solid (3) and liquid (4) collection subsystem and control subsystem,
comprising a gas flow meter (5) and a micro-gas chromatography (MicroGC) (6) (see Figure

11) (Yu et al.,, 2016).

The main component of the biomass feeding subsystem (1) is a volumetric screw feeder, where

biomass is fed manually through a vertical pipe (1.5”, stainless steel) with a small feeding
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hopper, a ball valve to allow isolation from outside air, and a gas inlet with a rotameter, to
inject inert carrier gas into the system. The biomass feedstock should have a maximum
moisture content of 10%, and a homogeneous particle size of about 1 cm. Moreover, before
the thermochemical process, the system is purged with nitrogen to remove the inside air. The
biomass from the feeding system is then passed to the auger reactor (2) (diameter: 26 mm;
length: 500 mm), which is electrically heated by a Carbolite VST 12/400 2 kW furnace (Yu et
al., 2016). The temperature is monitored using four K-type thermocouples placed at the
beginning (T1), at the middle (T2) and at the end (T3) of the reactor, and also closely to the gas
outlet (next to the char pot) (T4), and recorded with a data logger. The auger rotation moves
the product along the axis until the end of the heating zone, decomposing the biomass. The
gases and organic volatiles leave the reactor, and the biochar is collected by gravity in the char
pot at the bottom (3). As shown in Figure 11, the char pot and gas outlet are also heated through
electric heating tapes to avoid the condensation of gases inside this section. The char is
collected once the reactor is cooled at room temperature. On the other hand, the condensable
vapours are collected from the cooling and liquid collection system, comprised of a water-
cooled condenser, fixed at 20 °C, and two ice-fingers filled with dry ice and acetone (4) (del
Pozo et al.,, 2021). The non-condensable gases are filtered by a cotton filter to remove
remaining particles and aerosols, and pass through a gas meter (5) that measures the volumetric
flow. The gases are then directed to a vent, sending a small fraction to online MicroGC (6)

(GC; VARIAN CP-4900, USA) (del Pozo et al., 2021).
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1.2 Motivations and objectives

1.2.1 Motivations

Within the transition towards a circular bioeconomys, this thesis is focused on obtaining
value-added products from agricultural by-products, also known as wastes in this work,
through pyrolysis and torrefaction treatments. The present work is then framed within a waste

biorefinery context, holistically integrating waste remediation and resource recovery.

Specifically, this thesis has worked with olive mill waste (OMW), grape pomace (GP) and
coffee silverskin (CSS), which are respectively the main solid wastes from the olive oil
production, wine making and coffee roasting processes. Olive oil and wine production
industries are important economic sectors of Mediterranean countries, thus amounting to large
amounts of wastes. Regarding the coffee, it is one of the most commonly consumed beverages
worldwide. Although coffee is cultivated in tropical areas, the roasting process is performed in

the consuming countries, so CSS is also considered a local waste.

Most of these residues are disposed of as industrial waste, representing serious environmental
problems due to their phytotoxicity, mainly caused by phenolic compounds (Polidoro et al.,
2018; Volpe et al., 2015). At the same time, their rich content in phenolics makes them a
potential source of value-added compounds, since phenolic antioxidant properties are highly

valued in cosmetic and nutraceutical industries.

The present thesis has based on auger reactor technology to transform the agricultural wastes
into a resource. This technology is used for producing both solid and liquid fractions (Brassard
et al., 2017), both of them having different potential applications. Liquid fraction can be a
potential source of not just phenolics, but also other value-added compounds as acetic acid,
which has high demand. On the other hand, solid fraction can be used as solid biofuel, apart
from having other potential higher value uses, such as pollutant adsorbent. The integrated
biorefinery of the wastes permits therefore coming closer to the ultimate goal of a zero-waste

economy.

27



Chapter 1

1.2.2 Objectives

The aim of the present thesis is to study the products resulting from the pyrolysis and
torrefaction of OMW, GP and CSS agricultural wastes, performed in auger reactors at different
temperatures, in order to determine their potential applications within a waste biorefinery and

circular bioeconomy context.

For this purpose, the following goals have been defined:

To analyse the composition of the torrefaction and pyrolysis liquids.

- To develop a procedure to separate the compounds of pyrolysis liquid in value-

added chemical groups.

- To study the suitability of Folin-Ciocalteu (FC) and 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) methods to quantify the phenolic compounds in torrefaction and pyrolysis
liquids.

- To analyse the properties of biochar for energy purposes.

- To analyse the properties of CSS biochar as an absorbent of organic pollutants in

aqueous media.
- To determine which temperatures are suitable to valorise each agricultural waste.

- To compare the thermochemical products obtained from different size auger
reactors to understand the fundamental difference and create correlations on

pyrolysis runs at different scale.
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ARTICLE INFO ABSTRACT

Keywords: The sector of ollve oll (Olea ewropaed) produces a large quantity of waste per year which & usually dried and
Olive mill waste deolled resulting In a by-product known as Ollve Mill Wastes (OMW). This waste can be used as a source of
Pywolysk energy; however, Its composition also Indkcates a potential use as a source of chemicals. Intermed late pyrolysis of
Bio-dll OMW resulted in a blo-oll composed of value-added products divided In two phases an aqueous phase (AP)
Antireldants containing acetic acld, monosaccharides and phenolic derivatives, and a non-aqueous phase (NAP) composed of
Bi phenolkc derivatives and fatty aclds and thelr methyl esters. The main purpose of the study was to separate these
compounds In Interest chemical groups to Increase the value of the residue Inside blorefinery concept. Two
liquid-liquid extraction methods, an extraction at original pH and an acld-base extraction, were studled. The
results showed that acld-base extraction method, performed with hexane at pH 12 followed by an ethyl acetate
extraction at pH 6, was the best method to extract value-added chemical groups in both AP and NAP blo-oll
phases. Acetlc acld used as chemical platform was found together with monosaccharides, that could be used to
study Its viabllity In blogas/bloethanol production, In AP aqueous phase. Phenollc derlvatives, potentially useful
In food, pharmaceutical and /or cosmetic Industry, were found In both AP hexane and NAP ethyl acetate phases.
Finally, methyl esters of fatty ackds which could be directed to produce blodlesel were found In NAP hexane
phase. As a result, this study allows the revaluation of OMW as a first step towards clrcular economy and
bloeconomy.
1. Introduction Despite the advantages, the new extraction system also generates

The global industry of dlive oil (Olea europaea) has grown con-
siderably over the past twenty-five years. In 2016/17 season, the clive
oil sector produced over 2.5 Mt of olive oil. In Europe Union, olive oil
production was accounted as 68.8% of the worldwide production
(1.7 Mt). Concretely, in Spain, this production represented the 50.7% of
the total world manufacturing (1.3Mt) (Internationzl Olive Council,
2015).

The olive oil extraction process generates large amounts of by-
products and wastes that require a specific management regarding
minimisation, valorisation and mitigation of their environmental im-
pact (Benavente and Fullana, 2015). As a result, at the end of 1991,/92
season, a new olive oil extraction system, called two-phase cen-
trifugation system (TPCS), was introduced in order to replace the three-
phase old ane, reducing by 75% the olive mill wastes (Roig et al., 2006)
and specially, water and energy consumption. Nowadays, 90% of
Spanish olive mills are using TPCS (Dermeche et al,, 2013).

huge quantities (800-950 kg/1 tan of alives) of a solid with doughy
texture and high moisture content (65%) by-product called two phase
olive mill waste (TPOMW) or alperyjo in Spanish (Roig et al., 2006).
TPOMW is a mixture of water, bane, pulp and skin of the olive rich in
lignocellulosic matter (75 wt%), fatty remains (11 wt%), proteins (6 wt
%) and hydrosoluble carbohydrates (7 wt%) and phenclic substances
(1 wt%6) (Alburquerque et al., 2004). However, compasition and water
content of TPOMW make it a high polluting waste difficult to treat. On
one hand, moisture content cause low energy density hampering
transport, management and disposal; on the other hand, phenal, or-
ganic and fatty acid content turns it into phytotoxic material compli-
cating its use in current methods as composting (Valpe et al,, 2015).
Nowadays, TPOMW is usually revalorised by drying and extracting the
fatty remains with hexane obtaining an extra yield of cil and a waste
known as olive mill wastes (OMW) (Williams et al., 2017) or orujillo in
Spanish (Alburquerque et al., 2004).

The resulting dried and deoiled waste has a calorific value of

Abbreviations: OMW, ollve mill waste; TPCS, two-phase centrifugatlon system; TPOMW, two phase olive mill waste; AP, aqueous phase of blo-oll; NAP, non-aqueous

phase of blo-oll; EtAc, ethylacetate
= Corresponding author.
E-mail address: Cristina DelPozo@uab.eat (C. del Pozo).

https://dolorg/10.101 6/). Inderop. 2018.08.062

Recelved 27 Aprll 2018; Recelved In revised form 17 July 2018; Accepted 22 August 2018

0926-6690/ & 2018 Elsevier B.V. All rights reserved.

41



Chapter 11

C dd Pozo etal

approximately 3500kcal/kg (Generalitat de Catalunya. Departament de
Medi Ambient, 2002) and it is being used as a source of energy in
combustion and gasification processes to generate electrical energy or
cogeneration (simultaneous steam and electricity production) (Negro
et al, 2017) and syngas (H, - CO) (Roig et al,, 2006), respectively.
However, composition of OMW (lignocellulosic biomass, fatty acids and
methyl esters of the fatty acids) also indicates its potential use as a
source of chemicals, which would allow increasing the value of the
residue inside biorefinery concept.

This study uses pyrolysis as a thermochemical treatment to obtain
the high-added value compounds from OMW. Pyrolysis is a thermal
decomposition performed at elevated temperatures in absence of
oxygen where the main compounds of biomass, hemicelluloses, cellu-
lose (carbohydrate polymers) and lignin (aromatic polymer), depoly-
merize and fragment originating three different fractions: a solid frac-
tion (biochar), noncondensable gases and a liquid fraction (bio-oil)
that is a mixture of highly oxygenated organic compounds (Mohan
et al, 2006) representing the richest fraction in high-added value
products. The type of pyrolysis process, mainly temperature and re-
sidence time in the reactar, conditions the properties and proportion of
the fractions.

Biooil, produced at temperatures around 500°C (Bridgwater,
2012), is typically composed of acids, esters, alcohols, ketanes, alde-
hydes, phenocls, alkenes, aromatics, nitrogen compounds, furans,
guaiacols (2-methoxy-phenols), syringols (2 6-dimethoxy-phenols), su-
gars and miscellaneous oxygenates (Goyal et al., 2008). Some of these
compounds have industrial interest and could be directed to different
applications in the chemical industry, bioethanol and biogas produc-
tion, or as raw materials in food, pharmaceutical and/ar cosmetic in-
dustry. Spedifically, phenalic compounds could be of particular interest
because of its antioxidant properties which make them highly valued
products in the market (Kim, 2015).

The objective of the present wark is to study a procedure to separate
the interest fractions from OMW bio-oil as a first step in biorefinery
process. Applying intermediate pyrolysis, a two-phase bio-il is ob-
tained, allowing more “efficiency” in the separation process. Chemical
characterisation by GC-MS analysis was first performed in order to
determine the composition of each phase of bio-oil; then, liquid-liquid
extraction method was proposed as a suitable separation procedure to
obtain the interest fractions. Considering the affinity of bio-oil com-
pounds for the different solvents and its acid-basic character, two ex-
traction procedures were studied; an extraction at original pH and an
acid-base extraction.

2. Materials and methods
2.1. Materials

All chemicals were commercially available and were used without
further purification.

Karl-Fischer reagents (Aquametric titrant 5 and Aquametric solvent
for volumetric analysis) were purchased from Panreac; hexane
(=295%), ethyl acetate (EtAc), sodium hydroxide pellets (NaOH)
(=98%), trifluoroacetic acid (TFA) (=99.0%) and methanol (MeOH)
(99.8%), fram Sigma Aldrich.

2.2 Bio-oil production

The bio-oil used in the study is produced from the intermediate
pyrolysis of OMW, the dried and deoiled by-product of TPCS in olive oil
production. The mentioned organic waste was supplied by a co-
operative fram Catalonia, located in the north-east of Spain.

OMW were pyrolysed at 400 °C with a residence time of 10 min
under low oxygen atmosphere in an auger reactor industrial plant by
ENERG-bas company described elsewhere (Recari et al., 2017).

The obtained bio-oil was compased of two phases: an aqueous phase
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(AP) containing a wide variety of low malecular weight organo-oxygen
compounds and a non-aqueous phase (NAP), tarry phase containing
insoluble heavy organic species (Calonad et al., 2010). Two-phase bio-
oil is usually obtained in this type of pyrolysis where high amount of
reaction water is produced and so, phase separation can occur (Torri
and Fabbri, 2014).

2.3 Extraction method

Two different extraction methods were tested in order to separate
the value-added chemical groups fram bio-oil phases, AP and NAP.
Extractions were performed using a rotary mixer Model LD 79 from
Labinco, to shake the solvents, and a separating funnel, to separate the
two immiscible phases. Hexane and EtAc were used as non-polar and
polar organic solvents, respectively.

2.31. Extraction method at original pH (A)

NAP was dissolved in methanal (1:50) and the obtained solution
was then dissolved in water (1:4). 20mL of NAP and AP solution re-
spectively were extracted with 5mL of hexane for 30 min at 30rpm.
This step was repeated three times. The aqueous phase was then ex-
tracted with 10 mL of EtAc following the same extraction procedure. All
phases were analyzed by GC-MS technique.

2.3.2. Acid-base extraction method (B)

Acid-base extractions were performed at pH 12 and 6 based on the
pKa of the main bio-oil compounds. AP and NAP were basified to pH 12
with NaOH (4 M). At this pH, NAP was properly dissolved in the aqu-
eous NaOH solution, so addition of MeOH was not required. 20 mL of
the resulting solutions were then extracted with 15 mL of hexane for1h
at 30 rpm. This step was repeated twice. After separating the two
phases, pH of the AP and NAP aqueous phase was acidified to pH 6 with
TFA (=99.0%). AP aqueous phase was then extracted with hexane as it
is described above. Finally, AP and NAP aqueous phases at pH 6 were
extracted with EtAc (20:15) following the same procedure. Hexane and
EtAc phases were analyzed by GC-MS technique.

2.4. Analytical methods

2.41. Karl-Fischer titration

Water content of each phase was measured by triplicate by volu-
metric Karl Fischer titration (ASTM E 203) wsing 716 DMS Titrino
(Metrohm) with Pt electrode.

2.4.2. pH determination

pH was determined using a salvotrode electrode with LiCl (2 mal/L)
for non-aqueous media purchased by Metrohm. All measures were
performed by triplicate.

2.4.3. GC-MS analysis

Two different chromatographic methods were performed in order to
optimise the analysis time. The longest method was used in samples
compased of fatty acids and their corresponding methy! esters (mole-
cules with the highest retention time); the shortest one was applied for
the rest of the samples. The methods were adapted from previous ex-
perience (Artigues et al., 2014; Martinez et al., 2014; Puy et al., 2011).
GC-MS was performed with a HP 6890 Series 11 gas chromatograph
coupled to a HP 5973 mass selective detector and equipped with a
capillary DB-Petro column (100m x 0.25mm inner diameter X 0.50
pm film thickness). Before injection, samples were filtered (0.45pm
Millipore filter) to avoid obstruction of liner due to some ashes can rest
after pyrolysis. A volume of 1 pl was then injected, applying 1:7 split
mode with the injection part at 300 °C and a syringe of 10 pL. Helium
was used as carrier gas with a flow of 2.3L/min for 110 min. The oven
temperature was as follows: 60 °C for 1 min, 1 °C/ min to 55°C, 2°C/
min to 175°C, 5°C/min to 300°C and 300°C for 20 and Omin
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depending on the method used. The total run time was 111 and 91 min
respectively.

Compounds were identified by computer matching of mass spectra
analysis of the peaks with the National Institute of Standards and
Technology (NIST) library.

3. Results and discussion

Intermediate pyrolysis of OMW resulted in a bio-cil, with a pH of
3.2 + 0.1, composed of two phases, AP and NAP, easily separated by
decantation. AP was a red wine colour solution with a water content of
67 * 4wt% and soluble in aqueous and polar organic solvents; NAP
was a tarry phase with a low water content, 14 % 3 wt%, which could
be dissolved in water at pH > 12 and in polar organic solvents.

The data on pH, water content and solubility of OMW bio-ail did not
show significant differences to the literature. In the first place, pH of
bio-oil usually exhibits acidic values of 2.0-3.0 (Mohan et al., 2006);
however, depending on the feedstock and pyrolysis conditions, pH can
vary, as is the case for Garcia-Pérez et al. (2002), which found a bio-oil
pH range of 2.0-3.8 in its comparative study between bio-cils. In the
second place, the water content values of AP and NAP were in agree-
ment with those reported by Conrad et al. (2017) for barley/wheat
straw fast pyrolysis bio-oil, where the aqueous phase had a water
content of 72.3 wt.% and the tarry phase of 19.6 wt.%. Finally, Oasmaa
and Peacocke (2001) reported as good sol vents for bio-ail, alcohols and
acetone, but not hydrocarbons, Mareover, Wang et al. (2014) described
similar behaviour between the two phases of bio-oil with water.

3.1. Chemical characterisation of AP and NAP

Chemical characterisation of AP and NAP was performed by GC-MS
to identify non-ionic compounds with beiling temperatures below
300°C.

The OMW bio-oil derived from the pyrolysis of the dried and deoiled
TPOMW, residue from alive oil production. TPOMW is mainly com-
posed of lignocellulosic matter, lignin (34 wt%), hemicellulases (26wt
%) and cellulose (15 wt%), and, to a lesser extent, of fats (11 wt%),
proteins (6 wt%%) and water-soluble carbohydrates and phenols (8 wt3)
(Alburquerque et al., 2004), which determine the chemical composition
of the OMW bio-ail.

Hence, OMW bio-cil was mainly composed of products from the
decompasition of lignocellulosic matter, but also of compounds from
bio-cil aged reactions and some fatty acids from the raw material. These
compounds were distributed in the two phases of bio-cil, AP and NAP,
according to its hydrophilicity and hydrophabicity, respectively, having
AP a larger number of compounds than NAP due to the organic-matter
fragmentation which derives in many different oxygenated low mole-
cular weight aqueous-soluble compounds.

3.1.1. Chemical characterisation of AP

AP was mainly composed of the aqueous soluble organic species of
bio-il, being acetic acid the most abundant product and, therefore, the
main responsible of the acid pH of bio-ail, which is usually attributed to
the presence of low molecular weight carbaxylic acids (Diebold, 2002;
Garcia-Pérez et al., 2002; Mohan et al., 2006).

Results of the GC-MS analysis, Fig. 1, indicate that AP was com-
posed of a wide variety of oxygenated organic compounds with low
malecular weight that can be divided into the following categories:
miscellaneous oxygenated compounds, which incdudes acetone (1),
methyl acetate (2), acetic acid (3), 1-hydroxy-2-propanone (4), propa-
noic acid (5), 1-hydroxy-2-butanone (6), butanoic acid (7), butyr-
olactone (8), 2-methyl-2-cyclopenten-1-one (9), 3-methyl-1,2-cyclo-
pentanedione (11), 3-ethyl-2-hydroxy-2-cyclopenten-1-one (13) and
levoglucosan (22); nitrogen compounds, referred to 3-ethyl-pyridine
(10) as the most abundant in its category, and phenol derivatives as
compounds 2-methoxy-phenol (12), Creasol (14), Catechal (15), 3-
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methoxy-1,2-benzenediol (16), 4-ethyl-2-methoxy-phenol (17), 2,6-di-
methoxy-phenol (18), 4-hydroxy- benzeneethanal (19), 2,6-dimethoxy-
4-methylphenol (20), trans-isoeugenol (21), 1-(4hydroxy-3-methox-
yphenyl)- 2-propanone (23), S-tert-butylpyrogallol (24), E)-26-di-
methoxy-4-(prop-1-en-1-yl)-phenol (25), 1-(4-hydroxy-3,5-dimethox-
yphenyl)- ethanone (26) and 1-(2,4,6-trihydroxyphenyl)-2-pentanone
(27). Full information regarding the chromatograms are available in
data in brief.

The presence of miscellaneous oxygenated compounds is related to
decompasition of hemicelluloses and cellulose which give rise mostly to
sugars and acetic acid, and anhydrocellulose and levoglucosan, re-
spectively (Diebold, 2002). Moreover, Wu et al. (2009) also identified
acetone (1), acetic acid (3), 1-hydroxy-2-propanone (4), 3-methyl-1,2-
cyclopentanedione (11) and levoglucosan (22) in their study of main
pyrolysis products from hemicelluloses and cellulose.

Esters of carboxylic acids were also present in the OMW bio-oil
compaosition; however, these products could be derived from bio-oil
aging reactions, specifically, from esterification between an add with
an alcohol as methanol ar ethanol (Diebold, 2002; Garcia-Pérez et al.,
2002).

Nitrogen compounds of bio-oil could be related to the presence of
proteins in raw material (Diebold, 2002), as is the case with OMW bio-
oil.

Finally, phenol derivatives were mainly composed of 2-methox-
yphenols (guaiacols) and 26-dimethoxy-phenols (syringols), mostly
para-substituted by short aliphatic chain (C1-C3) or ketone substituent
(C2-C3). The presence of these phenol compounds is related to the
pyrolysis of lignin, which decompases giving rise to phenol derivatives
from its princdpal monomers: p-coumarly, coniferyl and sinapyl alco-
hols (see Fig. 2) (Mohan et al., 2006).

The potential use of AP compounds such as acetic acid, levoglucosan
(monosaccharide) and phenol derivatives, as raw materials in chemical,
bioethanol /biogas and food/pharmaceutical/cosmetic industries, re-
spectively, allows to consider AP as a feedstock for the biorefinery and
drives to study a method to obtain the value-added chemical groups
from it.

3.1.2. Chemical characterisation of NAP

NAP mostly contained the non-aqueous soluble arganic species of
bio-cil. Specifically, data from GC-MS analysis (Fig. 3) shows that NAP
was mainly composed of 2-methoxy-phenals and 2,6-dimethoxy-phe-
nols, mostly para-substituted by short aliphatic chain (C1-C3),and, to a
lesser extent, of acetic acid, ethyl acetate and fatty acids and their
methyl esters. The complete information about NAP compasition is
shown in data in brief.

Phenol compounds and acetic acid are related to the pyrolysis of
lignocellulosic matter; methyl and ethyl esters from carboxylic acids
could be attributed to an aged bio-cil reaction, the esterification be-
tween the acids and alcohols, as mentioned above.

Although acetic add shows a high affinity for aqueous solvents, its
high abundance could be the reason of finding remains of the acid in
NAP. In the same way, fatty acids were also identified as remains of raw
material.

Compasition of NAP in phenol derivatives, fatty adds and methyl
esters of the fatty acids leads to study a method to separate them due to
the possible use of these chemical groups in food / pharmaceutical /
cosmetic industries and to produce biodiesel, respectively. This wark
proposed two liquid-liquid extraction methods: at original pH and an
acid-base extraction.

3.2 Separation of the value-added chemical groups of AP and NAP
Intermediate pyrolysis of OMW resulted in a two-phase bio-oil,

where each one of the phases, AP and NAP, were compased of high-
added value products. Chemical characterisation of AP and NAP shows

a partial separation, where the hydrophilic compounds were mostly
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Fig. 1. Most abundant compounds of the aq phase (AP) of OMW bio oll determined by GC-MS analysis 1) acetone (Rt: 6.8); 2) methyl acetate (Rt 7.3); 3)
acetlc acld (Rt: 8.7); 4) 1-hydroxy-2-propancne (Rt: 10.4); 5) propanok acld (Rt: 134); 6) 1-hydroxy-2-butanone (Rt: 15.27); 7) butanolc acld (Rt: 18.3); 8)
butyrolactone (Rt: 24.6); 9) 2-methyl-2-cyclopenten-1-one (Rt: 25.5); 10) 3-ethyl-pyridine (Rt 30.7); 11) 3-methyl-1,2-cyclopentanedione (Rt 3535); 12) 2-
methoxy-phenol (Rt: 40.8); 13) 3-ethyl-2-hydroxy-2-cyclopenten-1-one (RT: 4285); 14) Crecsol (Rt: 48.9); 15) Catechol (Rt 49.1); 16) 3-methoxy-1 2-benzenediol
(Rt: 53.7); 17) 4-ethyl-2-methoxy-phenol (Rt: 55.3); 18) 2,6-dimethoxy-phenol (Rt: 59.4); 19) 4-hydroxy- benzeneethanol (Rt: 64.2); 20) 2,6-dimethoxy-4-me-
thylphenol (Rt: 65.9); 21) trans-isceugenol (Rt 66.65), 22) levoglucesan (Rt: 68.5); 23) 1-(4-hydroxy-3-methoxyphenyl)- 2-propancne (Rt: 70.3); 24) S-terebu-
tylpyrogallol (Rt: 70.4); 25) E)-2,6-dimethoxy-4{prop-1-en-1-yl)-phenol (Rt: 77.2); 26) 1-(4-hydroxy-3,5-dimethoxyphenyl)- ethanone (Rt: 77.9); 27) 1-(24,6-trl-

hydroxyphenyl)-2-pentanone (Rt: 78.9).

placed in AP and hydrophobic ones to NAP. This fact represents an
advantage in comparison to the usual one-phase bio-oil, facilitating the
separation process.

The interest fractions of bio-oil were divided into four main groups:
(i) acetic acid and (ii) monosaccharides, located in AP; (iii) phenolic
compounds, that were present in both phases; and (iv) fatty acids and
their methyl esters, placed in NAP. Acetic acid (i) is a low molecular
weight carboxylic acid, with a pKa of 4.75 and soluble in aqueous and
polar organic solvents. Manosaccharides (i) do not have acid-base
properties and are only soluble in water. The phenolic compounds (iii)
have a pKa of 7.5-10.4 (Javar et al., 2000) and can be dissolved in

different types of solvents depending on the phenol substituent which
influenced to the polarity of the malecule and so, to its affinity with
solvents. Finally, fatty remains of olive cil (iv) were mostly compased of
oleic acid, with a pKa of 5.02. The fatty acids and their methyl esters,
without acid-base properties, were soluble in non-polar and polar or-
ganic solvents; however, fatty acids were also soluble in water at pH
> 9 due to the passible formation of stable micelles (Small, 1992).
The affinity of compounds for the different solvents and its acid-
basic properties led to propose two liquid-liquid extraction methods as
a way to obtain the interest chemical groups: an extraction at original
PH (A) and an add-base extraction (B). The extraction at original pH
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Fig. 2. Pyrolysis phenol derlvatives from primary lignin monomers.
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(A) was based on extracting solvents, which separated the compounds
according to its polarity. The solvents used in the separation process
were hexane and EtAc. Other solvents as dichloromethane, pentane or
diethyl ether were also used by different authors (Garcia-Pérez et al.,
2002; Murwanashyala et al., 2001; Sipilé et al., 1998; Wang et al.,
2014); however, the final purpose of phenolic extracts led to use sol-
vents allowed for EU legislation in the production of foodstuffsand food
ingredients (Directive 2009/32/EC), as in the case of hexane and EtAc.
The acid-base extraction method (B) was based on both extracting
solvents and pH of solution. The acid-base extractions intended to se-
parate the acidic compounds deprotonating them and therefore, in-
creasing its affinity with aqueous solvent. The pHs used at the extrac-
tion procedure were 12 and 6. At pH 12 all acidic compounds were in
ionic state; at pH 6, phenalic compounds were in neutral state, but
carboxylic adds were deprotonated. Hence, it seemed possible to in-
duce the acidic species to one phase or another depending on the pH of
the solution.

Compasition of extraction phases were analyzed by GC-MS and the
full results are available in data in brief.

3.21. Separation of the value-added chemical groups of AP

AP was composed of a wide variety of low molecular weight oxy-
genated compounds being acetic add, monosaccharides (as levoglu-
cosan) and phenclic compounds the mast interesting anes due to their
potential use in different industries.

In order to obtain the interest chemical groups, the extraction
methods A and B were studied.

Extraction method A, performed at original pH of 3.2, was based on
the affinity of AP compounds with solvents: hexane, EtAc and water.
Hexane would separate the non-polar species from AP and EtAc, the
polar organic anes, keeping the rest of compounds in aqueous phase.
Results exposed in Fig. 4 show that hexane phase wasmostly composed
of 2-methoxyphenols and 2 6-dimethoxy-phenols para-substituted by
short aliphatic chain (C1-C3) (compounds 14, 17, 20, 21 and 25),
where 2-methoxyphenols and phenolic compounds para-substituted by
more than one carbon chain showed a higher non-polarity than the
other ones which were also found in EtAc phase. On the other hand,
EtAc phase was composed of phenol derivatives (i) and miscellaneous
oxygenated compounds (ii), being the phase with more spedies. Phenol
derivatives (i) were mostly 2-methaxyphenol/2,6-dimethoxy-phenol
para-substituted by ketones (C2-C3) (compounds 23 and 26) and
palyphenols, understood as phenols with more than one alcohol in the
aromatic ring (compounds 15, 16, 24 and 27). Miscell aneous species (ii)
were composed of low molecular weight ketones (cyclic and alcohols
ketones: 1, 4, 6,9, 11 and 13), esters (2), acids (3, 5, 7) and lactones (8),
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Fig. 3. Most abund: pounds of the q phase
(NAP) of OMW bio-oll determined by GC-MS amlym. 1
acetlc acld (Rt 8.7); 2) ethyl acetate (Rt: 9.2); 3) 2-methoxy-
phenol (Rt: 40.8); 4) Creosol (Rt: 48.9); 5) 4-ethyl-2-methoxy-
phenol (Rt: 55.3); 6) 26-dimeth ethylphenol (Rt

65.9); 7) trans-Isoeugenol (Rt: 66.65); 8) S-tert-butylpyrogallol

\ (Rt 70.4); 9) 26-dimethoxy-4-{2-propenyl)- phenol (Rt

\ 73.65); 10) E)-26-dimethoxy-4-{prop-1-en-1-yl) phenol (Rt

| 77.2) 11) olelc acld, methyl ester (Rt: 87.4); 12) olelc acld
) messa).

where some of that compounds, acetone (1), acetic acid (3), 1-hydroxy-
2-propanone (4) and butyrolactone (8) were also found in water phase.
Moreover, the aqueous phase was also composed of monasaccharaides
(22) and nitrogen compounds (10) which at acid pH (3.2) were pro-
tonated and so, soluble in water phase.

Extraction method B was carried out to study the effect of pH be-
sides the solvents one. Firstly, AP was basified to pH 12 to ionize all
acidic compounds, followed by an hexane extraction in order to sepa-
rate the non-ionic spedes. Next, pH of solution was acidified to pH 6
and a second hexane extraction was performed to obtain the less palar
phenal derivatives. Finally, EtAc extraction was carried out with the
aim of separating the mare polar phenolic compounds from aqueous
phase which would be composed of deprotonated low molecular car-
boxylic acids and other water-soluble compounds. Results exposed in
Fig. 5 show similar composition between hexane phase of extraction
method A and B at pH 12, which was also composed of the less palar
phenal compounds, 2-methoxyphenols and 2,6-dimethoxy-phenols
para-substituted by aliphatic chain (14, 17, 20, 21 and 25) and, to a
lesser extent, of 2-methyl-2-cyclopenten-1-one (9) and 5-tert-butylpyr-
ogallol (24). Nitrogen compounds (10), which are in non-ionic form at
PH 12, were also observed in this phase. On the other hand, pH 6
hexane extraction only separated 2-methoxyphenol (12), 2,6-di-
methoxy-phenol (18) and its para-methyl derivate (20), which was
identified in both pH 12 and 6 phases. Finally, EtAc phase was com-
posed of ketones (cyclic and alcohols ketones: 4, 6, 11, 13), polyphenols
(compounds 15, 16, 19, 27), and 2-methoxyphenols and 2,6-dimethoxy-
phenals para-substituted by C2-C3 ketones (23, 26). Hence, part of the
miscellaneous species found in EtAc phase of the previous extraction
method A, low molecular carboxylic acids and lactones, seems to be in
aqueous phase together with monosaccharides and the other water-
soluble compounds.

The extraction methods studied to separate the interest chemical
groups of AP showed similar results between hexane phases, which
were composed of aliphatic chain para-substituted phenolic com-
pounds. At the same time, significant differences between EtAc phases
were observed; on one hand, EtAc phase from extraction method A was
compaosed of a wide variety of miscellaneous oxygenated compounds
and phenol derivatives; on the other hand, B was composed of phenol
derivatives and ketones, being the rest of the miscellaneous compounds
in water phase. Consequently, aqueous phase also presented important
differences where extraction method A was mostly composed of
monosaccharides, and B was also composed of low molecular car-
baxylic acids. These results led to consider acid-base extraction method
the best option.

Therefare, liquid-liquid extractions of AP allowed obtaining value-
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added chemical groups as acetic add and monosaccharides in water
phase, and phenolic compounds in hexane and EtAc phases. The first
one could be used to study its viability in biogas / bioethanal produc-
tion due to the absence of phenals, a limiting factor which reduce yield
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of the process (Roig et al, 2006); this phase could also be employed as a
chemical platform because of acetic add high abundance. The other
phases, hexane and EtAc, were rich in phenalic compounds which are
appreciated in food, pharmaceutical and cosmetic industry as
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. l-(d-hydtm)\-l.ﬁ-dhua;twmﬁ- cthanone (26)
- 1-(24,6-trihydroxyphenyl)-2-pentanons (27)

3)

Fig. 5. Acki-base extraction method (B) of the value-added chemical groups of AP from OMW bio-oll and Its most abundant compounds analyzed by GC—MS.
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NAP of OMW bio-oil I

McOH (1:50) + H20 (1:4)

Hexane extraction

| Hessutls’ |

* 2-methoxy-phenol (3)

+ creasol (4)

* 4-cthyl-2-methoxy-phenol (5)

+ 2,6-dimmethoxy-4-methyiphenol (6)

+ trans-isocugenol (7)

- 5-tert-butylpyrogallol (§)

- 2,6-dimethoxy-3-(2-propenyl)-phenol (9)

* E)-2,6-dimethoxy-4-(prop-1-en«l-yl)-phenol (10)
+ aleic acid, methyl ester (11)

- oleic acid (12)

| Water - MeOH soluble I

EtAc extraction

| Eracsotubic | [ Water-MeOH soluble

Fig. 6. Extraction method A (at original pH) of the value-added chemical groups of NAP from OMW bio-oll and Its most abundant compounds analyzed by GC-MS.
The numbers In parentheses indkcate the chronological order of compounds In the chromatogram.

EXTRACTION

METHOD B

| NAPof OMW bio-oil |

pH 12 + Hexane extraction

|
Hexane soluble (pH 12) |W

- oleic acid, methyl ester (11)

I Water soluble I

pH 6 + EtAc extraction

I EtAc soluble (pH 6) |

- 2-methoxy-phenol (3)

Water soluble

- creosol (4)
- 4-cthyl-2-methoxy-phenol (5)
* 2,6-dimethoxy-4-methylphenol (6)

- trans-isocugenol (7)

* S-tert-butylpyrogallol (8)

- 2,6-dimethoxy-4-(2-propenyl)-phenol (9)

« E)-2,6-dimecthoxy-4-(prop-1-en-1-yl)-phenol (10)

- oleic acid (12)

Fig. 7. Acld-base extraction method (B) of the value-added chemical groups of NAP from OMW blo-oll and Its most abundant compounds analyzed by GC—MS.
The numbers In parentheses indkcate the chronologlcal order of compounds In the chromatogram.

antioxidants. Hence, separation of value-added chemical groups from
AP could revalorise OMW as a first step towards bioeconomy.

3.22. Separation of the value-added chemical groups of NAP

To separate the interest chemical groups of NAP, phenolic com-
pounds, fatty acids and acetic acid, extraction procedures similar to AP
ones were studied.

Extraction method A, performed at original pH of 3.2, intended to
separate the NAP compounds based on its solubility with the different
solvents: fats with hexane, phenol derivatives with EtAc and acetic acid
with water. To carry out the extraction procedure, NAP was firstly
dissolved in MeOH and then with water; after that, extraction method
was developed in the same way as AP. Results summarised in Fig. 6
show that almost all compounds were extracted with hexane. These
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results could be related to the acid pH of the solution (3.2) where
phenalic compounds were in non-ionic state and so, had more affinity
with hexane phase than aqueous one. This makes it necessary to study
acid-base extractions (extraction method B).

Extraction method B intended to separate the NAP value-added
chemical groups considering the acid-basic character of compounds.
First, NAP was basified to pH 12 with NaOH solution which dissolved
the tarry phase due to the basic pH. Then, hexane extraction was car-
ried out to separate fats from ionic phenol compounds and finally, so-
lution was acidified to pH 6 to return phenols to neutral state and then,
extracted them with EtAc. Fig. 7 shows that methyl esters of fatty acids
were separated with hexane: however, fatty acids and phenal com-
pounds still remained in the same phase. Behaviour of fatty acids could
be explained with the formation of stable micelles at pH > 9 (Small,
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1992) which increase the solubility of fatty acids in water phase. De-
creasing pH, stability of micelles also decreased, being extracted by
EtAc as phenol compounds. On the other hand, acetic acid remained in
the aqueous phase.

Extraction method B allowed to obtain three different interesting
fractions from NAP: (1) one composed of methyl esters of fatty acids
that would be direct to biodiesel; (2) other one rich in phenolic com-
pounds, natural antioxidants highly appreciated in different industries;
and (3) the last one, composed of acetic acid, a raw material in the
chemical industry.

4. Conclusions

Two-phase bio-oil from intermediate pyrolysis of OMW was ex-
tracted by different methods: at original pH (A) and by an acid-base
extraction (B). The acid-base extractions were determined as the best
separation method to obtain the interest chemical groups in both AP
and NAP bio-oil phases. This method, based on the polarity and acid-
base properties of the extracted compounds, was perfarmed by a first
hexane extraction at pH 12 followed with EtAc extraction at pH 6, al-
lowing to separate families of compounds in different solvents. AP
hexane phase was mastly composed of phenalic derivatives (2-methoxy
and 2,6-dimethoxy-phenols para-substituted by short aliphatic chain);
EtAc phase was a mixture of phenolic derivatives with miscellaneous
compounds as ketanes; and the resulting aqueous phase was composed
of acetic add as the main compound, monosaccharides and other
miscellaneous species such as low molecular weight carboxylic adds or
lactanes, Moreover, NAP hexane phase comprised methyl esters from
fatty acids; EtAc phase, the phenal derivatives and, to a lesser extent,
fatty acids; and aqueous phase, the acetic acid remains. The obtained
fractions could be a first step towards biorefinery process due to its rich
composition in high-added value compounds. Phenclic derivatives,
found in AP hexane phase and NAP EtAc phase, present antioxidant
properties which make them valued products in food, cosmetic and
pharmaceutical industries. Acetic acid, a chemical platform, was highly
abundant in AP aqueous phase, as well as monosaccharides, which
could be used to produce biogas or bioethanol. Methyl esters of fatty
acids, identified in NAP hexane phase, could be directed to biodiesel
production.

As a result, this study allows an approach to olive oil waste man-
agement based on pyrolysis treatment which could revalorise OMW by
obtaining rich value-added chemical groups from OMW bio-ail extrac-
tions as a first step towards circular economy and bioeconomy.

Declarations of interest
Naone.
Acknowledgements

This work was elaborated with the collaboration of ENERG-bas
company which provided the bio-cil. We also would like to thank the
Montebre SCCL cooperative for the supply of the biomass. N. Puy is
grateful for the funding from the Torres Quevedo subprogram from the
Spanish Ministry of Economy and Competitivity (PTQ-15-08063). C. del
Pozo expresses her gratitude to the Universitat Autdnoma de Barcelona
for funding her PhD contract through PIF grant.

References

Abwquerque, J.A, Gorzélvez, J, Garcia, D, Cagarma, J., 2004. Agrochemical char
aceriation of “alperujo”, asalid by-product of the two-phass centrifugation method

Industrial Crops & Products 125 (2018) 160-167

Artigues, A, Puy, N, Bartrali, J, Fébregas, E,2014. Comparative awessment of intermal
Jards for quantitati ysis of bio-al . 2 o= b )
mass spectrametry using statistical criteria. Energy Foels 28, 3908-3915. hitps //dal.
org/10.1021 /e5005545.

Benavente, V_, Fullana, A, 2015. Torrefaction of olive mill waste. Biomass Bioenergy 73,
186-194. hetys://dai arg /10.1016/j biambioe 201 4. 12 020.

Bridgwater, AV, 2012. Review of fast pyralysis of biomass and product ng.
Biamass Bioenergy 38, 68-94. htips //doi arg /10.1016/j biombio= 2011.01 048,

(Hmd, M, Grana, R, h‘lﬂ'llm&, Bozzano, G, Demnte, M., Ranzi, £, 2010.

nprehensive kinetic mod lhdydlio-dlﬁnlﬂmﬁmf‘pynlyﬂsd
hm—. Energy Pueks 24, 5727-8734. https//doiorg/10.1021/ef1008902.

Comwrad, S, Blajin, C, Schulzke, T, 2017. Prodocing single phase &t pyrolysk odls from

'nnw by staged condensation. 25th European Biomass Conference and Exhibitian.

8, Nadi l‘ L ch C.,lhlli-&i?)&!md,l’ 2013 Olive mill
wastes: biochemical and Process Biochem.

48, 15321552, h:p.\//dowrylO,IOIM),pnxanOl awola

Diehald, J.P., 2002 A review of the chemical and physical mechanisms of the storage
stahility of St pyrolysis bio-alls. In: Bridgwater, AV. (Ed.), Fast Pyrolysis of
Biamaszs: A Handbook CPL Press, Newbary, UK p. 424

Garcla Pérez, M., Chaala, A, Raoy, C, 2002. Vacuum pyralysis of sugarcane bagasee J.
Anal Appl Pyralysis 68, 111-136. htyps//doi arg/ 10.1016/801652370(01)
00184.X

Generalitat de Catalunya. Departament de Medi Ambient, 2002 Prevend6 de ks
contaminacit en b produacié d'dli d’aliva. Manuals d'emgestia. pp. &

Gayal, LB, Seal, D, Saxer, RC., 2004 Bio-foels fram thermochemical conversion of
ren=wable resowrces: a review. Renew. Sustain. Energy Rev. 12, 504-517. hugs//
doiorg/10.1016&/j mer 2006 07014

Internatianal Olive Coundl, 2015 The Warkd Market in Figures. (Accessed 9 April 2018).
hety //wwwintematianaloli veoil arg /estaticos/view/1 31 .workl-dlive-ail figures.

.hvcr,'l' mx-pwrmlzooo“ ination of | lecuk phe-
Eignin d by

D

ds in woad digest P
quhlyeh:mgbmdt Mikrochim. Acta 135 45-53 hrtps:, '/dmwg 10,1007/
006040070017

Kim, JS., 2015 Products lications of ic-rich bio-aila re-
vkw Bioresowr. Technal. XTS,M le]’l //dai arg/10.1016/] hiartech 2014.08.
121

Martinez, J.D., Veses, A, Mastral, AM. Murilla, R, Navamro, M.V., Puy, N, Artigues A,
Bartrali, J., Garcia, T, 2014. Co-pyralysis of biomass with waste of
liquid bio-fuel Fuel Process. Technal. 119, 263-271. Intps//dai 0rg/10. 101675,
fuproc2013.1 1015

Molan, D, Pitman, C.U, Steele, PH_, 2006 Pyralysis of wood /hiomass for biooit a
critical review. Energy Fuels 20, 848-889. hipe/ /doiong/10 1021/ 0502997

Murwanashyaka, J.N, Pakdel, H., Roy, C, 2001. Seperation of syringol from birch wood-
derived vacuum pyrolysis odl. Sep. Purif Technal. 24, 1585-165. hepa//dalorg/10.
1016/51383.5866(00)00225-2.

quMJ Ih-:-'u,l’ Castro, E, Ballesteros, M, 2017. The hiarefinery concept for
the i o i of resid: fmnd\eolilﬂmy[n.&hﬂn,(‘.l
(Ed), Olive Mill Waste. Recent Ads for Sustad
Press. hitps //doiong/10.1016/8978.0-12 805314.0/00003-Q. pp. 87-79.

Oasmaa, A, Peacocke, C, 2001 A Guide to Physica] Property Characterisation of
Biama s Derived Fast Pyrolysi Liquids. Technical Research Centre of Finland, Espoo.

Puy, N, Murillo, R, Navarro, M.V, Lapez, .M., Rieradevall, ], Fowler, G, Amangwen, I,
Garda, T, Bartrald, J., Mastral, AM,, 2011. Valarimstion of forestry waste by pyn
olysis in an auger reactor. Waste Manage 31, 1339-1349. Intps//dal arg/10.1016/]
wasman2011.01.020.

Recari, J,, Berruecn, C, Puy, N, Alier, S, Bartroli, J, Farriol, X, 2017. Torrefaction of a
salid recovered foel (SRF) © improve the fosl properties far gasification processes.
Appl. Bnergy 203, 177-188. https//dai.arg/10.1016/] apenergy 2017 06.014.

Roig, A.,&ywh,lu. Sinchez-Monedero, MA_, 2006. An overview on alive mill wastes
and their val thods. Waste M age 26, 960-969. hups//doiarg/10
1016/} wasman 200507.024.

Sipis, K, Kuoppala, E, Fagemax, L, Oasmaa, A, 1998. Characterization of biomass-
based flash pyrolysis aiks. Biomass Bioenergy 14, 103-113. hups //doiarg /10.1016/
S0140-6701(99)y2423.2.

Small, DM, 1992 Physical properties of Sty acids and their extracellular and in
tracelinlar distribution. In: Bracen, U, Deckellmmn, R (Ed<), Palyunssturated
Fatty Acick in Human Nutrition, pp. 25-39.

Tarri, C., Fabbri, D, 2014. Biochar of phase fram
inermediate pyralysis of biomass Bioresowr. 'l'u:lnd 177., :as-:m httpx//dai.
org/10.101 6/ biortech 2014.09.021.

Vadipe, R, Messinea, A, Millan, M, Valpe, M., Kandiyoti, R, 2015 Assessment of olive
wastes a5 energy sowra= pyrolysis, Dmefaction and the key role of H loss in thermal
breskdown. Energy 82, 119-127. hitgm //dol arg /101016 /] energy 201501011

Wang, 8, Wang, Y., Cai, Q, Wang, X, Jin, H, Luo, Z, 2014 Multi-step separation of
monaphenadls and pyrolytic lignins fom the watrinaluble plase of bhio-all Sep.
Purif Technol 122, 248-288 hitps //doiarg /10,1016 /jseppur2013.11.017.

wn-,o Fsmﬂ C,lﬁn,_t,S,Gi(th D, Lormar, S, Lester, E, 2017.

Qledilg lnolvenilunslnl.&wakdml
92-101 }mp”/da\ org/10.1016/j indecrap 2017 02036

Wy, ¥., Zhaa, 2, Li, H, He, F.,2009. Low pyralysisch ics of major

of bi

22 3

for dlive odl extraction. Biaresour. Technol 91, 195-20Q. hitpe //doiarg /10.1016/
S0960-8524(03)00177-9.

48

167

1. Fuel Chem. Technal. 37, 427 -432. heps//daiorg/10
lO]oAlWi S813(10060002.3.



Compendium of publications

2.2 Atrticle 11

Production, identification, and quantification of antioxidants from

torrefaction and pyrolysis of grape pomace
Cristina del Pozo **, Jordi Bartroli ¢, Santi Alier ®, Neus Puy *¢, Esteve Fabregas *

@ Department of Chemistry, Universitat Autonoma de Barcelona (UAB), Edifici Cn,
Campus de la UAB, 08193 Cerdanyola del Valles, Barcelona, Spain.

b Energies Térmiques Basiques SL. C/Maé 22, 2-1, 08022 Barcelona, Spain.

¢ Forest Science and Technology Centre of Catalonia (CTFC), Crta. Sant Lloreng de
Morunys, km 2, 25280 Solsona, Lleida, Spain

* Corresponding author: Cristina.DelPozo@uab.cat; crisdelpozol9@gmail.com

' a - Valued products:
225°C | Torrefaction o Acetic Acid
¥ | liquid Sugars
Biochar TR
By-product Thermo- Gas j—p
chemical
.& P‘ [dentification:
400°C GC-MS
» | Bio-oil | =——= : isens
Grape . Quantification:
Pomace Biochar FC method /
Gas DPPH assay

Figure 12. Graphical abstract of the article II.

Journal: Fuel Process. Technol.

Volume 211, 106602
https://doi.org/10.1016/].fuproc.2020.106602
January 2021

49



Chapter 11

Production, identification, and quantification of antioxidants from
torrefaction and pyrolysis of grape pomace

Author: Cristina del Pozo,Jordi Bartroli,Santi Alier,Neus Puy,Esteve Fabregas
Publication: Fuel Processing Technology

Publisher: Elsevier

Date: January 2021

© 2020 Elsevier B.V. All rights reserved.

Journal Auther Rights

Please note that, as the author of this Elsevier article, you retain the right to include itin a thesis or dissertation, provided
it is not published commercially. Permission is not required, but please ensure that you reference the journal as the
original source. For more information on this and on your other retained rights, please

visit; https://www.elsevier.com/about/our-business/policies/copyright#Author-rights

m CLOSE WINDOW

© 2021 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions
Comments? We would like to hear from you, E-mail us at customercare@copyright.com

50



Compendium of publications

Fuel Processing Technology 211 (2021) 106602

Contents lists available at ScienceDirect

Fuel Processing Technology

journal homepage: www.alsavier.com/locate/fuproc

Production, identification, and quantification of antioxidants from
torrefaction and pyrolysis of grape pomace

Cristina del Pozo™", Jordi Bartroli®, Santi Alier”, Neus Puy**, Esteve Fabregas®

*Dep of Chemistry, Universitat Ausbnoms de Barcelona (UAB), Edifici Cn, Campus de iz UAB, 08193 Cerdanyola del Vailds, Barcelons, Spain

® Energies Termiques Basiques SL, C/Maé 22, 2.1, 08022 Barceona, Spain

© Forest Science and Technology Centre of Catclonia (CTFC), Criz. Sant Lloven; de Morunys, km 2, 25280 Solsona, Lieida, Spain

ARTICLEINFO ABSTRACT

Keywords: Wine pmdumon generates huge amounts of residues, with grape pomace (GP) being the main solid waste. This

Grape pomace work attempted to d vhether the use of th h 1 treatments (pyrolysis (400 °C) and torrefaction

Fyrolysis (2?5 *C)) are sultable processes to transform GP to a value-added compounds source, paying special attention to

Torrefaction lics. GP manag, through thermochemical treatments could then provide ecological and economic

Rooll benefits. Composition of the liquid fractions was determined by GC-MS. Phenolic quantification was performed

Phenolic compounds using Folin-Clocalteu (FC) and DPPH assay. Firstly, the sultabllity of these methods was discussed: DPPH assay
was used to quantify phenolics In all the samples; however, in FC method, reducing sugars could interfere in the
measurement. The results showed that phenolics were malnly concentrated in the non-aqueous phase of blo-ofl
(pyrolysis process). It was also observed that these compounds not only came from the GP composition, but from
lignin devolatilization during the thermochemical process. Apart from phenolics, blo-oll was also composed of
other products, such as acetic acld or levoglucosan. Therefore, this study showed that Intermediate pyrolysisis a
sultable treatment to add value to GP within a blorefinery concept, turning the winemaking waste into a po-
tential source of antloxidants, together with other value-added compounds.

1. Introduction sustainable winemaking process [2,9]. GP is mostly composed of fiber

Wine is one of the most important alcoholic beverages worldwide.
The global wine industry has increased over the last decades, and
currently accounts for 29.2 billion liters. Although there is currently
significant n of wine prod countries nowadays, the sector
continues to be dominated by Italy, France, and Spain, representing
18.8%, 16.6%, and 15.2% of the global production, respectively [1].

The winemaking sector also generates huge amounts of waste that
need to be treated to prevent contamination of the environment. The
main solid waste from winemaking is grape pomace (GP), the residue
left after the juice is extracted from the grapes (skin, seeds, residual
pulp, and stalks) [2]. This residue is composed of phytotoxic chemicals
[2] and represents approximately 20-30% of the original grape weight
[4], reaching nearly 9 million tons per year [5]. In the last few years,
most of the wi king comp have tended to dispose of the waste
in landfills or by incineration, with it being necessary to look for
greener waste management alternatives [6,7]. In this regard, several
studies have been performed based on recovering compounds of in-
terest from GP as a way to reduce the waste and achieve a more

* Comresponding author.

(up to 409), sugars (15%), phenolics (0.9%), and oils (16%) [4,9] from
its principal components, seeds and skin, which represent 38-52% and
5-10% of GP, respectively, of dry winemaking residue [10]. The rich
composition of GP means it can be used as a source of compounds that
could be applied in many different fields, including functional foods
(dietary fiber and polyphenols), food processing (biosurfactants),
pharmaceutical and cosmetics (grape seed oil and phenolics) [2,4,11].

Within the GP value-added compounds, phenolics could be con-
sidered the most interesting ones due to their antioxidant properties.
These antioxidant properties are able to protect living systems from
oxidative damages and to prevent severe diseases, such as cardiovas-
cular pathologies [8,12].

Most of phenolics, approximately 709, remain in the GP after the
winemaking process [4], so recovery of them would be of great interest.
However, traditional extraction methods, such as mechanical agitation
using aqueous-organic solvents, can be inefficient because some of the
phenolic compounds remain linked to the dietary fiber matrix [10].
This is because the aromatic rings and hydroxyl groups of phenolics are
able to bind to polysaccharides, protein, and cell walls through covalent
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bonds (esters and ether), hydrogen bonding, and hydrophobic and hy-
drophilic interactions [13]. To separate the phenolic compounds, it is
then necessary to break these bonds and interactions.

Thermochemical treatments, such as torrefaction or pyrolysis, could
be potential methods to obtain some of the value-added products from
GP. These treatments, performed at elevated temperatures in absence of
oxygen, decompose biomass in solid (biochar), gas, and liquid fractions,
with the latter being the richest fraction in high-added vahie products
[14,15]. During the thermochemical treatments, bonds between phe-
nolics and fiber break, concentrating some of the GP phenolics in this
liquid fraction. The type of thermochemical process has a large impact
on the properties and proportion of the fractions. Pyrolysis is performed
at 300-500 °C, where the main components of biomass (hemicelluloses,
cellulose and lignin) depolymerize, from which originates a principal
liquid fraction, known as bio-oil [16]. On the other hand, torrefaction
takes place at 200-300 °C, giving rise to a main solid fraction and, to a
lesser extent, a torrefaction liquid (TL), mostly composed of hemi-
cellulose degradation products [16,17].

Several authors have studied the pyrolysis of grape residues under
different experimental conditions [1 5-20]. Their work has been focused
on increasing the yields of the products in order to mainly use them as a
source of energy. In this case, liquid and solid fractions from the tor-
refaction and intermediate pyrolysis of GP have been studied to de-
termine the suitability of these processes to obtain value-added pro-
ducts from GP, paying particular attention to phenolic compounds. The
thermochemical treatments, torrefaction (225 °C) and intermediate
pyrolysis (400 °C), have been performed under low air atmosphere. This
makes it a more economic process than conventional treatments, which
commonly use nitrogen gas. Bio-oil is typically composed of phenolic
derivatives, such as 2-methoxy-phenols and 2,6-dimethoxy-phenols,
together with other low molecular weight compounds, such as acids,
esters, alcohols, ketones, aldehydes, alkenes, aromatics, nitrogen com-
pounds, furans, sugars, and miscellaneous oxygenates [21]. On the
other hand, TL contains water, lipids and organics such as alcohols,
furans and acetic acid [16]. This means that both bio-oil and TL may
not only be composed of phenolics, but other interesting products such
as acetic acid, which has a significant market demand [22]. Apart from
liquid fractions, biochars also have potentially interesting applications.
Casazza et al. [12] considered that GP biochar is a good source of
graphitic carbon with higher calorific value with respect to the initial
grape waste, and applicable for energy production. GP biochar has also
been considered as a potential biofertilizer or for undergoing direct and
efficient gasification [20,23]. Moreover, Brachi [24] has recently in-
vestigated the synthesis of fluorescent carbon-based quantum nanodots
(CQDs) through GP slow pyrolysis in the presence of a catalysis, with
successful results. Torrefaction and intermediate pyrolysis could then
become promising processes to valorize GP inside a biorefinery concept,
transforming GP into a value-added product source.

Chemical characterization of bio-oils is generally performed by gas
chromatography-mass spectrometry (GC-MS). However, the com-
plexity of bio-oil matrix hampers the quantification of its vale-added
products using GC-MS. This fact requires finding complementary
methods that particularly focus on phenolic compounds. The Folin-
Ciocalteu (FC) method is widely used in the wine industry to determine
the total phenolic content of their products [25]. Rover and Brown [25]
also reported that it could be used for quantifying total phenolic com-
pounds in bio-oils poor in aromatic amines, proteins, and sulphur. This
method is based on the ability of antioxidant molecules to reduce the FC
reagent (a mixture of phosphomolybdic and phosphotungstic acid) to
complexes that are detected spectrophotometrically [25]. Another
method that could be usad to quantify phenolics is the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, which evaluates the radical scavenging
ability of antioxidant substances towards DPPH- radical [27]. The FC
method and DPPH assay measure then two properties that are closely
related to antioxidant capacity of the samples, and that can be mainly
attributed to the presence of phenolic compounds.
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The aim of the present work is to study the potential use of GP bio-
oil and TL as a source of value-added products, with a particular focus
on phenolic derivatives, in order to transform the winemaking residue
into a resource. Both GP and the resulting solid fraction from the
thermochemical treatment have also been analyzed. The suitability of
FC and DPPH methods to quantify the phenolic compounds of the
samples were also studied.

2. Materials and methods
2.1. Materials

All chemicals were commercially available and were used without
further purification.

Gallic acid; FC's phenol reagent (2 N), DPPH, trifluoroacetic acid
(=99.0%), and methanol (99.8%) were purchased from Sigma Aldrich;
acetone (99.0%), and sodium carbonate anhydrous (Na;C0a.) (99.5%)
from Alco. Furthermore, the GP was supplied by a wine company from
Spain. The GP was air dried (10% (w/w) moisture) and ground with a
hammer crusher to about 3 mm particle size before thermochemical
treatments.

2.2, Thermochemical treatment

2.2.1. Thermogravimetric anclysis (TGA)

TGA was performed using a Netzsch STA 449 F1 thermobalance.
The sample (approximately 6 mg) was inserted into an alumina crucible
and heated from room temperature to 1000 °C. The measurement was
performed under inert atmosphere (nitrogen) with a heating rate of
10 °C/min.

2.2.2. Pyrolysis and torrefection

Thermochemical treatment of GP was performed at 400 “C (pyr-
olysis) and 225 “C (torrefaction), obtaining the bio-oil, TL, and biochars
of the study (see Fiz. 1). The temperatures of the processes were chosen
based on TGA data (see Section 3.1.1) to ensure a proper devolatiliza-
tion of GP compounds. Pyrolysis and torrefaction experiments were
performed in an amger reactor semi-industrial plant described else-
where [25], continuously operated, and under a low air atmosphere.
The mass flow rate was of 15 kg/h, with a biomass residence time of
10 min. Once the stationary state was achieved, solid and liquid sam-
ples were taken for analysis; TL and bio-oil were stored at 4 “C to avoid
aging [29,30].

As shown in Fig. 1, torrefaction liquid was composed of a single
aq phase, the bio-oil consisted of two phases: an aqueous
phase (AP), and a non-aqueous phase (NAP).

2.3. GP and biochars extraction

Phenolic derivatives, together with other organic molecules, were
extracted from the GP and biochars in order to obtain a liquid fraction
to be analyzed by GC-MS, FC, and DPPH methods.

Briefly, 1 g of solid sample was extracted with 20 mL of 80%
acetone at pH 2, acidified with trifluoroacetic acid using a pH electrode
(Solvotrode®) with LiCl (2 mol/L) for non-aqueous media, purchased
from Metrohm. Extraction was performed at 30 rpm for 3 h using a
rotary mixer. The solid was then filtered, and the resulting filtrate was
added to a 25 mL volumetric flask and made up to the mark with 809%
acetone. The extraction method was adapted from the described by
Marina [27].

2.4. Analytical methods for liquid cheracterization
2.4.1. GC-MS analysis

GC-MS was performed with a HP 6890 Series II gas chromatograph
coupled to a HP 5973 mass selective detector and equipped with a
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decomposition (3), and the end of lignin decomposition (4). (TG, thermogravimetry; DTG, derivattve thermogravimetry ).

capillary ZB-5 column (30 m X 0.25 mm inner diameter X 0.25 pm
film thickness). TL, AP, and GP and biochar extracts were analyzed
without diluting; NAP, on the other hand, had to be dissolved in me-
thanol (1:50) due to its tarry condition. Before injection, ples were

mixed with 2.5 mL of distilled water. Then, 0.25 mL of FC reagent was
added, and the contents were mixed and allowed to react for 3 min.
After this time, 1.75 mL of Na,COjg (2 g/L) was added. The mixture was
incubated at room temperature for 90 min and the absorbance was then

filtered (0.45 pg Millipore filter) to avoid obstruction of liner due to
some ashes can remain after the thermochemical treatment. A volume
of 1 pL of sample was injected into the GC-MS, using a 1:7 split mode
and with the injection port at 300 °C. Hellum was used as carrier gas
with a flow of 0.9 mL/min. The oven temperature was as follows: 45 °C
for 1 min, 8 °C/min to 200 °C, 15 “C/min to 310 °C, and 310 °C for
10 min. The total run time was 37.71 min. This method was adapted
from that described by Artigues [21]. Compounds were identified from
the chromatograms by computer matching of the mass spectra of the
peaks with the NIST 17 mass spectral library.

2.4.2. FC method

Total phenolic content of the samples was determined using the FC
method, adapted from that described by Ivanova [32]. This method,
based on spectrophotometry, was performed using a Lambda 45 UV/Vis
Spectrometer from Perkin Elmer. TL, AP and NAP were first diluted in
809% acetone (1:50, 1:30 and 1:500, respectively) in order to have a
suitable concentration for the measurements; GP and biochar extracts
were analyzed without further dilution. In brief, 0.5 mL of sample was

measured at 765 nm using distilled water as blank. Total phenolics
content was calculated from a calibration curve prepared with gallic
acid (25-250 mg/L). The results were expressed as mg of gallic acid
equivalents (GAE)/g of GP, biochar, TL, or bio-oil. All samples were
prepared in triplicate.

2.4.3. DPPH assay

The radical scavenging ability of samples was analyzed according to
the method described by Marina [27], with some modifications. As in
the FC method, the samples were previously diluted in 80% acetone as
follows: GP and biochar extracts (1:30), TL (1:278), AP (1:587), and
NAP (1:3237). Briefly, 2.5 mL of sample was mixed with 2.5 mL of a
freshly prepared DPPH solution (500 uM in 80% acetone). The mixture
was then allowed to react away from light for 30 min at room tem-
perature. After this time, absorbance was read at 520 nm against 80%
acetone as the blank, using a Lambda 45 UV/Vis Spectrometer from
Perkin Elmer. Results were expressed as mg of gallic acid equivalents
(GAE)/g of GP, biochar, TL, or bio-oil by interpolation of the gallic acid
standard curve (10-150 pM in 80% acetone). All samples were
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Fig. 3. Grape pomace and the products obtalned from torrefaction (225 ‘C) and Intermediate pyrolysis (400 “C): biochar 225 “C; TL 225 °C (filtered and original);
blochar 400 “C; AP bio-oil 400 *C (filtered and original) and NAP blo-ofl 400 *C. The unit of the ruler is in cm. (AP: aqueous phase of blo-oll; NAP: non-aqueous phase

of blo-oll).
prepared in triplicate.
3. Results and discussion

3.1. Thermal decompasition of GP

3.1.1. TGA

Fig. 2 represents the GP degradation process, as the loss of weight of
GP vs temperature. GP, as any type of biomass, consists of the main
biopolymers, cellulose, hemicellulose, and lignin [32] that are thought
to decompose independently, and as such they do not show a synergetic
effect [22,24]. The mass loss of GP thus corresponds to the sum of the
individual mass loss of the components that make it up [16]. However,
as shown in Fig. 2, some weight loss could be mainly attributed to
decomposition of a particular compound. The main GP loss of weight
takes place between 150 °C and 550 °C, as also observed by Torres-
Garcia and Brachi [35]. Moreover, these data are similar to that re-
ported by Zhao [22], who found that hemicelluloss and cellulose
achieved the maximum mass loss rate at 295 °C and 335 °C, respec-
tively. In the case of lignin, it decomposes slower, over a broad range of
temperatures, starting to degrade at 200 °C up to 500 “C (see Fig. 2).
The derivative thermogravimetric (DTG) curve of lignin decomposition
then shows a wide and flat peak with a gently sloping baseline, which
differs from the sharper DTG peaks of cellulose and hemicellulose.

In this work, thermochemical treatment was performed at 225 °C
(torrefaction) and 400 “C (pyrolysis) to study the early, and more ad-
vanced degradation of GP, as well as the products obtained from it. As
seen in Fig. 2, GP torrefaction was mainly characterized by the de-
composition of hemicellulose, and the partial decomposition of cellu-
lose and lignin. In the pyrolysis process, on the other hand, both
hemicellulose and cellulose were decomposed, while lignin was only
partly degraded.

According to TGA data (see Fig. 2), it is expected to obtain about
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88% (w/w) and 49% (w/w) of solid fraction at 225 “C and 400 °C,
respectively.

3.1.2. Products obtained from the thermochemical treatments of GP
Torrefaction (225 °C) of GP resulted in brown biochar 225 °C and TL
that, as shown in Fig. 3, consisted of an orange-brown aqueous phase
with suspended solids. Intermediate pyrolysis (400 °C), on the other
hand, resulted in black biochar 400 °C and a bio-oil composad of two
phases: AP and NAP (see Fig. 3). This type of bio-oil is usnally produced
in the pyrolysis processes that generates a high amount of reaction
water, favoring the phase separation to take place [14,37]. As shownin
Fig. 3, AP was a red-brown aqueous phase, with suspended solids,
composad of the hydrophilic species of bio-oil. NAP, on the other hand,
was a tarry phase containing insoluble heavy organic species [38].

3.2. Chemiccl characterization of GP and its torrefection and pyrolysis
products

Chemical composition of GP extract, together with GP torrefaction
and pyrolysis products, was analyzed by GC-MS. The obtained results
are discussed and summarized in the following sections, although full
information regarding the chromatograms and the compounds identi-
fied in them are available in supplementary material.

3.2.1. Chemical cheracterization of TL and bio-oil (AP cnd NAP)

During the thermochemical treatments, the main biopolymers of GP
are degraded into a large number of low molecular weight oxygenated
products that condense in a liquid fraction (TL and bio-oil). As de-
scribed in the previous Section 2.1.1, torrefaction (225 °C) involves
hemicellulose degradation and the very partial decompasition of cel-
hlose and lignin. By contrast, GP pyrolysis process (400 °C) is char-
acterized by the decomposition of hemicellulose and cellulose, and to a
lesser extent, lignin. The resulting bio-oil is composed of two phases, AP
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Fig. 4. Most abundant compounds of the torrefaction liquid (TL) and the aqueous phase (AP) of blo-ofl from the thermochemical treatment of GP at 225 °C and

400 °C, respectively, determined by GC-MS analysis.

and NAP. AP and TL consisted of an aqueous fraction mostly made up of
the hydrophilic thermochemical products, while NAP mainly contained
the hydrophobic ones. The use of thermochemical treatments could also
lead to breaking the bonds between phenolics and fiber, releasing the
phenolics linked in it.

The results from GC-MS analysis showed that TL and AP were
composed of similar products. This composition was also similar to that
presented by bio-oil from classic forest bio-mass [39,40]. TL and AP
mainly consisted of alcohols, ketones, ethers, carboxylic acids, esters,
furans, 2(5H)-furanones, 2-cyclopenten-1-ones, pyridines, sugars, and
phenols, with the most abundant ones being shown in Fig. 4. These
products were divided into three main groups: acetic acid (i), sugars
and other derivatives (ii), and phenolics (iii). As can be seen from Fig. 4,
acetic acid (2) (i) was the major compound in both samples. Its pre-
sence is related to the decomposition of hemicellulose which gives rise
to the acid as main product [41]. The higher abundance of the acid in
AP compared to TL, could be attributed to an almost complete de-
gradation of hemicellulose during the pyrolysis process (400 °C), which
could not be fully accomplished in torrefaction (225 °C). Hemicellulose
and cellulose degradation also resulted in sugars (ii), such as 1,4:3,6-
dianhydro-a-p-glucopyranose (11), p-allose (19), and levoglucosan
(23), the latter being the second most abundant product in both TL and
AP (see Fig. 4). As can be observed, monosaccharides were more
abundant in TL than AP, due to its low heat stability [22], that lead to
the formation of compounds such as 1-hydroxy-2-propancne (1) [42]
and water, the aqueous medium of TL and AP. Other cellulose derived
compounds were 2-hydroxy-3-methyl-2-cyclopenten-1-one (5) and 5-
hydroxymethylfurfural (12), the latter also being decomposed ther-
mally [43], and thus was only found in TL. Phenolics (iii) was the major

group of products in both TL and AP fractions. This was related to the
degradation of fiber in the pyrolysis process (400 °C), which released
the phenolics linked in it. Moreover, the degradation of lignin also re-
sults in phenolic derivatives from its principal monomers: p-coumaryl,
coniferyl, and sinapyl alcohols [41]. As shown in Fig. 4, this group was
mainly composed of phenols, 2-methoxyphenols, and 2,6-dimethoxy-
phenols, most para-substituted by C1-C3 carbon atoms aliphatic chain
(A) or carbonyl substituent (aldehydes or ketones) (B). Alkylated and
bstituted phenols (A) mostly consisted of 2-methoxy-phenol (6),
creosol (8), catechol (9), 3-methoxy-1,2-benzenediol (13), 4-methyl-
1,2-benzenediol (14), 2,6-dimethoxy-phenol (15), 2,6-dimethoxy-4-
methylphenol (17), and (E)-2,6-dimethoxy-4-(prop-1-en-1-yl)-phenol
(26). The mgjor presence of alkylated and non-substituted phenols (A)
in AP was related to the higher decomposition of lignin in the pyrolysis
process (400 °C). These species (A) have some non-polar character, with
them also being found in NAP (see Fig. 5), except for 3-methoxy-1,2-
benzenediol (13) and 4-methyl-1,2-benzenediol (14), where their diol
condition make them more hydrophilic. On the other hand, carbonyl
phenols (B) mainly consisted of vanillin (16), apocynin (18), 1-(4-hy-
droxy-3-methoxyphenyl)-2-propanone (22), 4-hydroxy-3,5-dimethoxy-
benzaldehyde (25), and 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone
(27). In contrast to alkylated phenols (A), carbonyls (B) were only
found in the AP fraction, due to its higher polarity and so, affinity for
aqueous fraction. As seen from Fig. 4, TL was richer in carbonyl phenols
(B) than AP. Zhao [22] described a similar behavior in their hemi-
cellulose, cellulose and lignin bio-oils study, where ketones, such as 1-
(4-hydroxy-3,5-dimethoxyphenyl)-ethanone (27), decreased as tem-
perature increased. Moreover, most of the compounds (1, 2, 5, 6, 8, 9,
11, 13-15, 19, 23, and 27 were also identified by the author [22]. The
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Fig. 5. Most abundant compounds of the non-aqueous phase (NAP) of blo-otl from the pyrolysis of GP at 400 “C, determined by GC-MS analysis.

described results are summarized in Fig. 6.

NAP, on the other hand, consisted of the GP bio-oil hydrophobic
compounds, which were mainly obtained from the degradation of lignin
during the thermochemical process. The decomposition of lignin in-
creases at high temperatures, so the separation between hydrophilic
and hydrophobic compounds only took place at pyrolysis process
(400 °C), but not in torrefaction (225 “C), where lignin only degraded to
some extent. Consequently, only bio-oil had two phases. As discussed
earlier, lignin degradation mainly results in phenol, 2-methoxyphenol
and 2,6-dimethoxy-phenol derivatives. This fact was reflected in NAP
phenolic composition, which mainly consisted of phenol (1), 3-methyl-
phenol (2), 2-methoxy-phenol (3), creosol (4), catechol (5), 4-ethyl-2-
methoxy-phenol (6), 2-methoxy-4-vinylphenol (7), 2,6-dimethoxy-
phenol (8), 2-methoxy-4-propyl-phenol (9), 2,6-dimethoxy-4-methyl-
phenol (10), trans-isoeugenol (11), 2 6-dimethoxy-4-(2-propenyl)-
phenol (13), and E)-2,6-dimethoxy-4-(prop-1-en-1-yl)-phenol (14) (see
Fig. 5). As observed, most of the NAP phenolic compounds were para-
substituted by aliphatic side chains that made them quite non-polar.
Therefore, this type of phenolic was mainly concentrated in the hy-
drophobic NAP phase. The formation of an unsaturated chain in pro-
ducts such as 2-methoxy-4-vinylphenol (7), trans-isoeugenol (11), 2,6-
dimethoxy-4-(2-propenyl)-phenol (13), and E)-2,6-dimethoxy-4-(prop-
1-en-1-yl}-phenol (14) was related to dehydration of the aliphatic hy-
droxyl group from the main lignin monomers [42]. In the same way, the
decomposition of methoxy groups led to the formation of monophenols
(phenol (1), 3-methyl-phenol (2)), and catechol (5) [42]. The results
obtained were similar to those described by Zhao [22] (compounds 1,3,
4,5, 6, 8 and 15), and Wang [42] (compounds 7, 11 and 14) in their
respective lignin pyrolysis studies. Moreover, part of phenolics could
also come from the GP phenolics released from the breakdown of fiber
and phenolic bonds in the pyrolysis process (400 °C). Fatty acids and
esters of fatty acids were also found in the NAP fraction. Zhao [22]
reported on the formation of products such as palmitic acid [15] from
the fracture of the ether bond and side chain in lignin samples.
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However, most of these acids (palmitic acid (15), oleic acid (17), ethyl
¢linolate? (18)), could also be associated with feedstock (see Fig. 7).
The presented results are summarized in Fig. 6.

As seen in Fig. 6., chemical characterization of TL and bio-oil
showed their composition in value-added products. Some of these
compounds included acetic acid that can be used as chemical platform,
and sugars that can be considered as potential feedstock to biogas /
biocethanol production. Fatty acids and esters of fatty acids from NAP
could also be applied in cosmetics and to produce biodiesel, respec-
tively. From all these products, phenols were one of the most abundant
chemicals, especially for NAP, and one of the most interesting ones due
to their antioxidant properties that conld be usaed for food, cosmetic,
and pharmaceutical purposes. The application of some of the GP TL and
bio-oil phenolic compounds are described below. Catechol (Figz 4,
compound 9 — Fig. 5, compound 5) is an important chemical inter-
mediate, which can be used to manufacture rubber hardeners, a plating
additive, skin antiseptics, fungicides, hair dyes, insecticides, and so on,
and as well as, to make spices. Other interesting phenolics are creosol
(Fig. 4, compound 8 - Fig. 5, compound 4), which is an intermediate for
manufacturing pharmaceutical products; 2-methoxy-4- (1-propenyl) -
phenol (Fig. 5, compound 11), which is applied to dental drugs; 4-
ethyl-2-methoxy-phenol (Fiz. 5, compound 6), which is usad as food
additive and fragrance bodies; 2-methoxy-4-vinylphenol (Fig. 5, com-
pound 7), and 2,6- dimethoxy-phenol (Fiz. 5, compound 8), which can
be usaed in the food additive and spices industry; 4-methyl-1,2-benze-
nediol (Fig. 4, compound 14), which is used to make apple flavors, and
2-methoxyphenol (Fig. 4, compound 6 — Fig. 5, compound 3), which is
also used in flavors such as coffee, vanilla, and tobacco, as well as in
medicine to make calcium guaiacol sulfonate [44]. Apart from the in-
dividual applications of phenolics, Garcia et al. [45] described the use
of bio-oil phenolic set, extracted with acetate esters, as antioxidants
(preservatives) in biodiesel.
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bto-oll; NAP: non-aqueous phase of bio-ofl).

3.2.2. Chemical cheracterization of GP extract and biochars extracts

GP and the remaining solids fractions from the thermochemical
treatments were also chemically characterizad in order to identify their
value-added products. Due to its solid condition, previous extractions of
the 1 ds (phenols) were performed in order to obtain a
liquid fracnon tlmt allowed them to be analyzed by GC-MS. Although
phenolic compounds, together with other organic molecules, were se-
parated from GP and biochars, part of them could still remain linked to
the solid fiber [10].

The results from GC-MS analysis showed a quite similar composi-
tion between GP and torrefaction biochar (225 °C) extracts. However,
almost no compound was detected in pyrolysis biochar (400 “C) sample,
where most of the products degraded or remained in bio-oil (com-
pounds 1, 4, 5, 7, 10, 12, and 13). As seen from Fig. 7, fatty acids and
ethyl esters of fatty acids were the most abundant compounds in both
GP and biochar 225 °C extracts. These acids were indeed part of the oil
from grape seeds, one of the main components of GP [4,5,10]. Apart
from fatty acids, GP extract was also composad of acetic acid (1), gly-
cerin (3), and phenolics, such as catechol (4), 2,6-dimethoxy-phenol
(5), and 1,2 3-benzenetriol (6). Some of these GP compounds (4, 5, and
acid acetic) were also found in TL and AP liquid fractions. Therefore
their presence was related to both the decomposition of lignocellulosic
biomass and feedstock. As regards torrefaction compounds, part of the
biochar hydrophilic products (acetic acid (1), catechol (4), and 2,6-di-
methoxy-phenol (5), levoglucosan (7), and ethyl a-p-glucopyranoside
(9)) were also found in TL. However, the hydrophobic ones (fatty acids
and their esters) were only detected in biochar 225 °C due to the dif-
ficulty of separating them in the aqueous TL in the volatilization and
condensation steps of torrefaction. This was not the case for pyrolysis,

where the higher temperatures of the process made it possible to vo-
latilize and then separate these products by condensing them in NAP.
Furthermore, as the torrefaction process partially degrades the biomass,
composition of biochar 225 °C and GP feedstock was very similar (see
Fig. 7).

Therefore, GP is composed of value-added compounds such as grape
seed oils, acetic acid, or phenols. In the pyrolysis process (400 °C), these
compounds were successfully separated in bio-oil, finding almost no
products in biochar sample. As has been observed, intermediate pyr-
olysis not only enabled the separation of thess compounds from GP, but
also formed new ones by decomposing the lignocellulosic biomass,
especially phenols. On the other hand, in the torrefaction process
(225 °C), the biomass was also degraded, although to a lesser extent.

3.3. Measurement of phenolic content in GP extract end its torrefaction and
pyrolysis products

As seen in the previous Section 2.2, phenols were one of the most
abundant products from GP thermochemical treatments, especially in
pyrolysis (400 °C) where its quantity increased through lignin de-
gradation. Antioxidant properties and radical scavenging ability of
phenols endowed them with potential health benefits [2], being highly
valued products. Quantification of the phenolic content in the study
samples could then provide information about the valorization of GP
through these thermochemical treatments. Therefore, it is necessary to
apply complementary methods to measure the phenolic compounds ina
simpler way than GC-MS. To achieve this, a study was made of the
suitability of FC and DPPH assays in these samples.

The values obtained from the analysis of GP pyrolysis products (AP,
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Fig. 7. Most abundant compounds of the extracts of GP and blochars from the thermochemical treatment of GP at 225 °C and 400 ‘C, determined by GC-MS analysis.

Table 1

Total phenolic content (TPC) and radical scavenging ability determined by FC
method and DPPH assay, respectively, for GP and blochars (225 “C and 400 *C)
extracts, TL, AP, and NAP from the thermochemical treatments of GP at 225 °C
and 400 “C. Results were expressed as mg of gallic acld equivalents (GAE)/g of
GP, blochar, TL, or blo-oil. The mean values and standard deviations are shown
asX and s, respectively.

TPC (PC method) DPPH:
x s x s
GP extract 3.04 018 7.26 0.66
Biochars extracts 225°C 327 0.16 590 015
400 °C 0.182 0.090 -
Liquid fraction TL (225 *C) 7.30 0.25 323 011
AP (400 *C) 521 0.09 5.09 078
NAP (400 *C) 26.67 039 320 0.39

NAP and biochar 400 °C), were in accordance with those observed in
GC-MS chromatograms. As seen in Table 1, phenolic compounds were
mainly found in NAP, although part of them were also identified in AP.
As regards the solid fraction, almost no product was extracted from
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biochar 400 °C (see Figs. 4, 5, and 6). As shown in Table 1, the results of
GP pyrolysis products from both FC and DPPH methods were similar, so
it could be assumed that these values were directly related to the pre-
sence of phenols. Moreover, values from GP extract were significantly
lower than the pyrolysis products (see Table 1), demonstrating that
intermediate pyrolysis (400 °C) can be considered as a suitable method
to obtain phenolics from GP.

The results from GP and torrefaction biochar (225 °C) extracts were
also in accordance with the information provided by GC-MS analysis,
where both samples showed similar composition and trend. In reference
to TL values, some discrepancies were noted, as results from DPPH
assay and GC-MS chromatograms seemed to indicate that phenols were
more abundant in AP than in TL. However, results from the FC method
showed that the TL valie was higher than AP. This could be explained
by the fact that the FC method is non-specific and can be affected by
other non-phenolic reducing molecules that do not have radical
scavenging ability, with sugars being the most problematic ones
[25,46]. Hence, the higher presence of monosaccharides in TL would
act as interferents, increasing the value of the measurement, making it
necessary to quantify the target TL compounds by DPPH assay. This was
not the case for AP, where most of sugars thermally degraded [22,42].
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Furthermore, data from DPPH assay indicates that, in the torrefaction
process (225 °C), most of phenolics were not volatilized and remained
in biochar.

Overall, the results showed that FC and DPPH assays were suitable
methods to quantify antioxidants in GP bio-oil. In torrefaction products,
the analysis should be performed by DPPH assay as the FC measure-
ment could be affected by reducing sugars and other interferents. On
the other hand, both FC and DPPH methods were able to confirm in-
termediate pyrolysis as a suitable process to separate and produce
phenolic compounds. It was also clarified that phenolics were mainly in
NAP.

4. conclusions

Intermediate pyrolysis (400 °C) and torrefaction (225 °C) products
of grape pomace (GP) were studied in order to evaluate these methods
as potential processes to obtain value-added compounds from GP, with
particular attention to phenolics. Data from GC-MS, Folin-Ciocalteu
(FC), and DPPH assays showed that intermediate pyrolysis (400 °C) can
be a good option to valorize GP inside a biorefinery. The resulting bio-
oil was especially rich in phenolics that came from both GP feedstock
and lignin decomposition. In particular, phenolics were mainly con-
centrated in the non-aqueous phase (NAP) of bio-oil. It was also shown
that the number of phenolic compounds from pyrolysis process was
significantly higher than that obtained from traditional solid-liquid
extractions. Apart from phenolics, bio-oil also contained other value-
added products, such as acetic acid, levoglucosan, and fatty acids and
esters of fatty acids. In the torrefaction process (225 °C) on the other
hand, most of phenolic compounds were not volatilized and remained
in biochar.

This work also evalated the use of Folin-Ciocalteu (FC) and DPPH
methods for quantifying phenolics from GP intermediate pyrolysis
(400 °C) and torrefaction (225 °C) products. The results showed that the
DPPH assay was a successful method to quantify phenolic compounds
in all the samples. The FC method was also used in GP bio-oil. However,
in torrefaction products, the high content of reducing sugars interferes
in the measurement.

Therefore, this study conchides that pyrolysis can be used to va-
lorize the winemaking waste by turning it into a potential source of
value-added products and so, taking a first step towards a circular
economy and bioeconomy in the wine industry.
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The coffee roasting industry produces about 0.4 Mt of coffee silverskin (CSS) per year, the only residue
generated from the roasting process that is mostly disposed as industrial waste. The aim of this study
is to convert CSS into value-added products by intermediate pyrolysis, transforming the waste into a
resource within an integrated biorefinery perspective. To this end, bio-oils and biochars from the inter-
mediate pyrolysis of CSS at 280 “C, 400 °C and 500 °C have been studied. GC-MS analysis showed that
bio-oils were composed of value-added products such as caffeine, acetic acid, pyridine and phenolics,
the latter being the most interesting due to their antioxidant properties. Total phenolic content and
antioxidant capacity of the samples were determined through Folin-Ciocalteu (RC) and DPPH methods,
revealing an increase in phenolics in bio-oils compared to CSS extract directly from the feedstock. The
bio-oil with the highest phenolic content and antioxidant properties was produced at 280 *C and con-
tained 6.09 and 3.02 mg of gallic acid equivalents /g of bio-oil determined by FC and DPPH methods,
respectively. This represents a global potential of up to 487 and 242 tones of gallic acid equivalents
per year, considering the FC results and DPPH respectively. The resulting 280 °C biochar presented signif-
icant calorific values (22 MJ/kg), indicating its potential use as an energy source. Hence, CSS pyrolysis
converts a waste into a by-product and a resource, increasing the environmental benefits and contribut-

ing to the circular economy and bioeconomy.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Coffee is one of the most commonly consumed beverages
worldwide, approximately 168.1 million 60 kg bags being con-
sumed in the 2018/19 season (International Coffee Organization,
2020). Such large coffee production also generates large amounts
of residues, such as coffee silverskin (CSS), amounting to about
04 Mt per year (International Coffee Organization, 2020;
Polidoro et al, 2018). This waste is the only by-product from the
coffee roasting process, generated when the protective skin of
beans is shed (Narita and Kuniyo, 2014). To this day, few studies
have addressed the reuse of CSS, most of which is disposed of as
industrial waste (Polidoro et al, 2018) This represents serious

Abbreviations: CSS, coffee sflverskin; RC, Falin-Clocalteu; DPPH, 2 2-diphenyl-1-
ploaylhydrazyl; 1CP-MS, inductively coupled plasma - mass spectrometry; TGA
thermogravi lysts; LHV, Lower Heating Value; GC-MS, gas
chromatography-mass spectrometry.

* Corresponding author.
E-mail address: Cristina DelFozo@uab cat (C del Pozo).

hups://dol.org/101016/) wasman 2020.04 044
0956-053X© 2020 Elsevier Ltd. All rights reserved.

environmental problems due to the phytotoxicity of CSS
(Polidoro et al, 2018), and there is a need for greener waste man-
agement alternatives.

Within the wider Bioeconomy transition, solutions must be
designed and implemented to ensure sustainable use of biomass
(Zabaniotou et al., 2018), hence the biorefinery of unexploited solid
wastes from industrial food and drink processes, including the cof-
fee roasting sector, would enhance environmental, economic and
sustainable management of waste (Zabaniotou et al, 2018)

Several studies indicate the potential use of CSS as a source of
mainly dietary fibre and phenolics, the latter being functional com-
pounds that could be used as natural antioxidant sources,
nutraceuticals, and preservatives in food formulations (Borrelli
et al, 2004; Bresciani et al, 2014; Murthy and Madhava Naidu,
2012; Narita and Kuniyo, 2014). Obtaining phenolics from CSS
would therefore not only improve the revenue of the roasted coffee
industry, but would also help the environment by reducing waste
(Murthy and Madhava Naidu, 2012). However, some phenolics
cannot be extracted by traditional methods because they are linked
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to the dietary fibre matrix (Brenes et al, 2015), and these bonds
must be broken in order to obtain them.

CSS could also be a potential energy source, as biomass has been
used for energy purposes for ime immemorial (Nisar et al, 2019).
In contrast to fossil fuels, biomass is a readily available renewable
resource that may be produced and consumed on a COz-neutral
basis (lakovou et al, 2010). Biofuels obtained from waste biomass
also helps to avoid the economic, environmental and social
impacts associated with the production and utilization of energy
crops, such as sugar cane, corn and palm oil (Digman and Kim,
2008; lakovou et al, 2010), whereby the residue from the coffee
roasting process can be considered a resource to be used as solid
biofuel or as a source of value-added products.

This study uses intermediate pyrolysis to valorise CSS under the
integrated biorefinery concept. Through pyrolysis, CSS could be
valorised via multi- product pathways instead of mono-product
pathways, integrating pyrolysis in a cascade biorefinery.

Pyrolysis is a thermochemical treatment that is widely used to
transform biomass into a chemical and energy source. This treat-
ment, performed at high temperatures in absence of oxygen,
decomposes the main polymers of biomass (hemicellulose, cellu-
lose and lignin) in liquid (bio-cil), solid (biochar) and gas fractions,
temperature being one of the main factors of the properties and
proportion of the fractions. Apart from temperature, type of feed-
stock and global experimental conditions also affect the yield and
composition of pyrolysis products (Nisar et al, 2016). Bio-oil is the
richest fraction in value-added compounds and hence a potential
source of chemicals (del Pozo et al., 2018). This fraction is typically
composed of phenolic derivatives, acids, esters, alcohols, ketones,
aldehydes, alkenes, aromatics, nitrogen compounds, furans, sugars
and other low molecular weight oxygenate compounds (Goyal
et al, 2008). Part of these compounds, such as phenolics and acetic
acid, are of particular interest in industry. Biochar, on the other
hand, can be used as a solid biofuel. The use of biochar instead of
raw biomass in combustion processes helps to increase the ther-
mal efficiency of the process (Santos et al., 2015).

In this study, pyrolysis has been performed at different temper-
atures under a limiting oxygen atmosphere, representing a more
economic process than conventional pyrolysis. Pyrolysis of CSS
could be used to obtain phenolic rich bio-oils by breaking the
bonds between phenolics and fibre, which degrade in the thermo-
chemical process. At the same time, CSS biochar could be a poten-
tial solid biofuel to be used in the roasting process itself (see Fig. 1).

The aim of this study is focused on studying and characterising
CSS bio-oils and biochars in order to determine their potential
applicability as a chemical and energy source. It is framed within
a novel integrated coffee roasting waste valorisation pathway,
based on intermediate pyrolysis (see Fig. 1), o bring about an
increase in resource efficiency and environmental benefits. The
study is therefore performed to transform CSS industrial waste into
biorefinery feedstock.

2. Materials and methods
2.1. Materials

All chemicals were commercially available and were used with-
out further purification. Gallic acid; Folin-Ciocalteu's (FC) phenol
reagent (2 N), 2,2-diphenyl-1-picrylhydrazyl (DPPH), trifiuo-
roacetic acid (>99.0%) and methanol (99.8%) were purchased from
Sigma Aldrich (Spain); acetone (99.0%) and sodium carbonate
anhydrous (NazCOs) (99,5%), from Alco (Spain) and nitric acid
(HNO3), hydrochloric acid (HCI) and hydrofluoric acid (HF) from
Merck (Spain). CSS was supplied by a roasted coffee company from
Spain.
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22. Thermochemical treatment.

CSS was first natural dried, until 5.5% (w/w) moisture, and
crushed with a hammer crusher to 5 mm particle size. CSS was
then pyrolysed at 280 °C, 400 =C and 500 °C, obtaining a bio-oil
and biochar for each temperature. The thermochemical treatment
was carried out under a limiting oxygen atmosphere, with a resi-
dence time of 10 min, in an auger reactor industrial plant by the
ENERG-bas company described elsewhere (Recari et al, 2017).

23. Analytical methods for CSS and biochar characterisation

23.1. Thermogravimetric analysis (TGA)

TGA analysis was performed using a thermobalance Netzsch
STA 449 F1 (Germany). Approximately 4 mg of CSS was inserted
in an alumina crucible and heated from room temperature to
1000 °C. The measurement was performed under inert atmosphere
(nitrogen) with a heating rate of 10 °C /min.

2.32. Moisture content

CSS moisture was measured by heating the sample at 110 °C for
24 hin an oven. The moisture content corresponded to the weight
loss. This method was adapted from the ASTM D4442-07 standard.
The measurement was performed three times.

233. Ash content

Ash content of CSS was measured following a substantially sim-
ilar procedure to the ASTM E1755-01 standard. Briefly, 1.5 g of CSS
was heated in a muffle furnace at 600 °C for 24 h. After this time,
CSS was cooled in a desiccator and weighed. This heating, cooling
and weighing procedure was repeated until constant weight which
is defined as less than £ 0.3 mg change in weight upon one hour of
re-heating the sample (Sluiter et al, 2008). In this procedure, the
same cool time must be maintained. The measurement was
repeated five times.

2.34. Inductively coupled plasma - mass spectrometry (1CP-MS)

Inorganic composition of CSS and CSS ash was determined
semi-quantitatively by ICP-MS. Briefly, 0.5 g of sample was
digested in a mix of concentrated acids (HNO; + HCl + HF) using
a Milestone microwave digester (Italy), Ultrawave model, with
digestion blanks in parallel. The digestion solutions were then
diluted in HNO; 1% (v/v). Inorganic element concentrations were
semi-quantified by ICP-MS Agilent (USA), model 7500cs, from the
molar response curve vs atomic weight.

23.5. Calorific value measurement

Lower Heating Value (LHV) of CSS and biochars were measured
by weighing 0.4-1.0 g of samples and burning in an IKA 5000 bomb
calorimeter (Germany). The measurements were performed twice.

2.3.6. Elemental analysis

Elemental analysis (C, H, N and S) of CSS and biochars was
determined using a Thermo Fisher Scientific EA 1108 Elemental
Analyzer (USA). Briefly, 1000 g of samplewas weighed. The sample
was then analysed using sulphanilamide as patron. A mixture of
vanadium pentoxide and tin powder was also used as additive to
promote combustion. The measurements were performed twice.

24. CSS extraction

Phenolic derivatives and other organic molecules were
extracted from CSS in order to obtain a liquid fraction to be anal-
ysed by Gas Chromatography-Mass Spectrometry (GC-MS), FC
and DPPH methods. Briefly, 1 g of solid sample was extracted with
20 mL of acetone 80% at pH 2, acidified with trifluoroacetic acid.
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Fig. 1. Proposed integrated borefinery.

Extraction was performed at 30 rpm for 3 h using a rotary mixer.
The solid was then filtered and the filtrate was added to a 25 mL
volumetric flask and made up to the mark with acetone 80%. The
extraction method was adapted from the one described by
Marina et al, (2008).

25. Analytical methods for bio-oils and CSS extract characterisation

25.1. pH determination

pH of bio-oils was determined using a pH electrode (solvotrode)
with LiCl (2 mol/L) for non-aqueous media purchased from
Metrohm (Switzerland).

252. GC-MS analysis

Chemical characterisation of bio-oils and CSS extract was per-
formed by GC-MS analysis. GC-MS was carried out in a HP 6890
Series Il gas chromatograph coupled to a HP 5973 mass selective
detector from Agilent (USA) and equipped with a capillary ZB-5
column (30 m x 025 mm inner diameter x 0.25 pm film thick-
ness) from Phenomenex (USA). Before injection, samples were fil-
tered (045 pg Millipore filter) to avoid obstruction of liner due
to some ash resting after pyrolysis. A volume of 1 pL was then
injected, applying 1:7 split mode with the injection port at
300 °C and a syringe of 10 pL. Helium was used as carrier gas with
a flow of 0.9 mL/min. The oven temperatures were as follows: 45 °C
for 1 min, 8 °C/ min to 200 =C, 15 °C/min to 310 °C and 310 °C for
10 min. The total run time was 37.71 min. This method was
adapted from the one described by Artigues et al, (2014). Com-
pounds were identified from the chromatograms by computer
matching of mass spectra of the peaks with the National Institute
of Standards and Technology (NIST) library.

2523. Folin-Ciocalteu method

The FC method was used to determine the total phenolic con-
tent of bio-oils and CSS extract. This method, based on the antiox-
idant ability of phenolic molecules to reduce the FC reagent to
spectrophotometrically detectable complexes (Magalhdes et al,
2008), was performed using Lambda 45 UV/Vis Spectrometer from
Perkin Elmer (USA). Bio-oils and CSS extract were filtrated and
acidified to pH 4 with trifluoroacetic acid. Bio-cils were then

diluted in distilled water to obtain the following concentrations:
0.02 mg/mL for 280 =C bio-oil and 0.05 mg /mL for 400 °C and
500 =C bio-oils. CSS extracts were analysed without further dilu-
tion. In brief, 0.5 mL of sample was mixed with 2.5 mL of distilled
water. Then, 0.25 mL of FC reagent was added, and the contents
were mixed and left to react for 3 min. After this time, 1.75 mL
of Na;C0; (2 g/L) was added. The mixture was incubated at room
temperature for 90 min and absorbance was then measured at
765 nm using distilled water as blank. Total phenolic content
was calculated from a calibration curve prepared with gallic acid
(25-300 mg(L; r = 0.9996) The results were expressed as mg of
gallic acid equivalents /g of CSS or bio-oil. All samples were pre-
pared three times. The FC method was adapted from the one
described by Ivanova et al, (2010)

2.54. DPPH assay

DPPH assay evaluated the radical scavenging ability of antioxi-
dant substances (phenolics) toward DPPHe radical (Marina et al,
2008). Bio-oils and CSS extract were analysed according to the
method described by Marina et al, (2008) with some modifica-
tions. As in the FC method, the samples were previously filtrated
and acidified to pH 4 with trifluoroacetic acid. They were then
diluted in acetone 80% as follows: CSS extract (1:6) 280 °C bio-
oil (1:500% and 400 °C and 500 °C bio-oils (1:300). Briefly,
2.5 mL of sample was mixed with 2.5 mL of a freshly prepared
DPPH solution (500 uM in acetone 80%). The mixture was then left
to react out of light for 30 min at room temperature. After this
time, absorbance was read at 520 nm against acetone 80% as the
blank, using a Lambda 45 UV|Vis Spectrometer from Perkin Elmer
(USA). The results were expressed as mg of gallic acid equivalents/
g of CSS or bio-oil by interpolation in gallic acid standard curve
(10-150 pM in acetone 80%, r = 0.9973 ) All samples were prepared
three times.

3. Results and discussion
3.1. Characterisation of CSS

CSS, the single residue from the coffee roasting process, was
used as feedstock for the pyrolysis process. This waste is mainly

65



Chapter 11

22 C del Pozo et al. /Waste Management 109 (2020) 19-27

composed of cellulose (17.8%), hemicellulose (13.1%) proteins
(18.6%) and, to a lesser extent, lignin (1%) (Murthy and
Madhava Naidu, 2012). CSS has 30.13 = 12% (w/w) moisture
content and 7.78 % 0.12% (w/w) ash content (mean of three
measurements * standard deviation). The high moisture value
implies that feedstock needs to be dried before the thermochemi-
cal process. Water removal also helps to preserve CSS from biolog-
ical degradation.

Inorganic composition of CSS and CSS ash was analysed by ICP-
MS, potassium being by far the most abundant inorganic element,
with a concentration of 27 mg/g in CSS and 316 mg/g in CSS ashes.
This means CSS ash could be used as fertilizer. The high content of
this metal can be related to the fact that the main mineral in green
coffee beans is potassium (Clarke and Walker, 1974). Other metals
with a notable presence in CSS and CSS ash were calcium and mag-
nesium. Specifically, CSS contains 7 mg/g of calcium and 3 mg/g of
magnesium and CSS ashes, 85 mg/g of calcium and 26 mg/g of
magnesium. The concentration of metals, which could be poten-
tially dangerous in their combustion, are therefore low in CSS
and CSS ash. Full ICP-MS results are available as supplementary
information.

3.1.1. Thermogravimetric analysis (TGA)

Thermal decomposition of CSS was first studied by TGA to
determine the operating temperature of the process.

As shown in Fig. 2, TGA analysis presented two main losses of
weight. The first, around 260 °C (2), was mainly attributed to
hemicellulose decomposition, and the second, around 310 °C
(3), to cellulose degradation. These results are in line with those
reported by Polidoro et al. (2018) in their study of CSS pyrolysis.
The loss of weight mainly related to lignin decomposition (4)
was very low due to the low lignin content of the sample (1%,
wiw) (Murthy and Madhava Naidu, 2012). In order to study
the degradation of the main components of CSS and the products
obtained from it, the thermochemical treatment was performed
at 280 °C, 400 °C and 500 °C. The first temperature corresponds
to almost complete degradation of hemicellulose; 400 °C refers
to practically total cellulose decomposition; and 500 =C is attrib-
uted to almost the end of CSS biomass degradation. The bio-oils
and biochars resulting from the thermochemical treatment of
CSS were studied focusing on their respective uses as chemical
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and energy sources, with the aim of valorising CSS under an
integrated biorefinery.

3.2, Characterisation of Bio-oils and CSS extract

Bio-oils from the intermediate pyrolysis of CSS have been stud-
ied and characterised in order to determine their potential use as a
source of chemicals, mainly phenolic compounds. The pyrolysis
treatment was performed at 280 =C, 400 °C and 500 °C, resulting
in bio-oils composed of a single aqueous phase and, in the case
of 400 =C and 500 °C bio-oils, suspended solids. In this type of
pyrolysis, bio-oils usually separate in an aqueous phase and a
non-aqueous phase due to the high amount of reaction water gen-
erated in the thermochemical process (Torri and Fabbri, 2014). The
aqueous phase is mostly composed of hydrophilic products from
hemicellulose and cellulose degradation, while the non-aqueous
phase mainly contains hydrophobic compounds from lignin
decomposition. In this case, the low lignin content of CSS
(1%, wfw) (Murthy and Madhava Naidu, 2012) caused the phase
separation not to take place.

32.1.pH

Bio-oils typically have acid pH (2.0 - 3.0) due to the presence of
low molecular weight carboxylic acids, mainly acetic acid (Diebold,
2002; Garcia-Pérez et al, 2002; Mohan et al, 2006) However, in
400 °C and 500 °C CSS bio-oils, pH was unusually basic (see
Table 1) This could be related to the presence of caffeine and nitro-
gen compounds in the bio-oils. On one hand, caffeine (pKa = 14)
could neutralise the acetic acid of bio-oils, increasing pH. On the
other hand, 400 °C and 500 °C bio-oils are particularly richin nitro-
gen compounds, which are generally basic and, consequently,
increase even more the pH (see Fig. 3). Polidoro et al. (2018) also
observed high content of nitrogen compounds in 560 =C CSS bio-
oil

322. Chemical characterisation of bio-oils and CSS extract
Chemical composition of bio-oils and CSS extract was deter-
mined through GC-~MS.
This method was used to semi-quantitatively identify com-
pounds with boiling temperatures below 300 °C. The obtained
results are discussed and summarized in the following sections,
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Fig. 2. Pyrolysis curves of CSS {n TGA. The numbers correspond to the welght loss mainly associated to water loss (1), and to hemicellulose (2), cellulose (3) and lignin (4)

decompositions, that took place around 260 °C, 310 °C and 400 °C, respectively. (TG, thermogravi
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Table 1

pH data of blo-alks from the Intermediate pyrolysks of CSS at

280 °C, 400 °C and 500 °C.
Bio-oil (AP) pH
280°C 43
400°C 85
500°C 8.1

to CSS extract (see Figs. 3 and 4). This was related to the degrada-
tion of fibre in the pyrolysis process, which released the phenolics
linked in it. Specifically, 280 =C bio-oil presented the highest con-
centration in phenolic derivatives, such as 2-methoxyphenol (13),
catechol (18), hydroquinone (19), 2,6-dimethoxyphenol (20) and
1<{4-hydroxy-3-methoxyphenyl)-2-propanone (22). This can be
explained because, as temperature increases, part of the original

although full information regarding the chromatograms and the
compounds identified in them are available as supplementary
information.

The results of GC-MS analysis showed that 280 °C, 400 °C and
500 =C bio-oils were mainly composed of caffeine, acetic acid and
other low molecular weight oxygenated products, nitrogenated
compounds and phenolic derivatives (see Fig 3). Caffeine (23),
the main product of CSS extract (see Fig. 4), was the major com-
pound in all samples. Acetic acid (2) was the second most abun-
dant product of bio-oils. Its presence is related to the
decomposition of hemicellulose which gives rise to the acid as
the main product (Mohan et al., 2006). The degradation of carbohy-
drates also resulted in compounds such as 1-hydroxy-2-propanone
(1) 2-hydroxy-3-methyl-2-cyclopenten-1-one (12), 1 4:3 6-dianhy
dro-a-d-glucopyranose (17) and water, which was indeed the
aqueous medium of bio-oils. Nitrogenated compounds derived
mainly from the degradation of proteins, which takes place at
around 400 °C (Russell et al, 1974) This group, which included
pyridines (3 ), pyrroles (4) and amides (6, 11), was mostly present
in 400 °C and 500 °C bio-oils, contributing to the basic pH of the
samples (see Fig. 3 and Table 1). Phenolic derivatives were consid-
ered the most interesting compounds of bio-oils due to their
antioxidant properties, making them highly value-added products.
The results showed an increase of phenalics in bio-oils compared
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phenolics can be degraded (Hamamat and Nawar, 1991) This
behaviour differs to richer lignin samples, where at high tempera-
tures, concentration of phenolics increases due to the degradation
of lignin, which results in these antioxidant products (del Pozo
et al, 2018). Phenolic compounds could be used in nutraceuticals
and cosmetic industries as natural antioxidant sources (Murthy
and Madhava Naidu, 2012) Caffeine, acetic acid and pyridine are
also value-added products from CSS bio-oil. Caffeine is used in a
wide array of beverages and pharmaceutical products for thera-
peutic purposes due to its stimulant effects on the nervous, muscu-
lar and cardiovascular systems (Cai et al, 2019; Cliudio et al,
2013; Rahimi et al, 2018); acetic acid is a chemical platform of
high industrial demand (Zhao et al, 2017); and pyridine could be
used as a precursor for many agrochemicals and pharmaceuticals
(Parashar Pandey, 2018). It should be noted that these value-
added products must be first separated and purified. A previous
study by our research group showed that phenolic derivatives
could be separated from bio-oil (del Pozo et al., 2018). This study
consisted of an acid-base extraction with hexane at pH 12 followed
by an ethyl acetate extraction at pH 6, where the phenolic deri-
vates were extracted in the ethyl acetate phase. If the extraction
of antioxidants and other value-added compounds from bio-oil
could not be performed at the time, bio-oil should be stored using
stabilizers to avoid aging (Diebold, 2002; Oasmaa and Peacocke,
2001). On-going work on the separation of bio-oil compounds is
being carried out and will be published in due course.

MAP 400°C mMAPS00°C

Fig. 3. Most abundant compounds of blo-olls from the intermediate pyrolysis of CSS at 280 °C, 400 °C and 500 °C, determined by GC-MS analysis.
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Fig. 4. Most abundant compounds of CSS extract determined by GC-MS analysis.

CSS extract was also analysed by GC-MS in order to compare its
composition with that of the CSS bio-oils. As shown in Fig 4, the
main extracted products from CSS using acetone 80% at pH 2 were
caffeine (6), fatty acids (7, 10, 11,12, 13) and steroids (14, 15, 16).
Phenolic compounds (2, 3, 5) were also extracted from CSS; how-
ever, part of them were linked to the CSS dietary fibre matrix
through ester bonds, hindering their extraction (Brenes et al.,
2015). The increase in phenolics in bio-oils compared to CSS
extract (see Fig. 3) suggested that pyrolysis could be a suitable
method for obtaining them by the degradation of fibre and hence
the release of phenolics linked therein.

323. Measurement of phenolic content in CSS extract and bio-oils

Quantification of the phenolic content in CSS bio-oils is an
essential step to evaluate bio-oils as a potential source of these
antioxidant compounds. The measurement was performed by the
FC method and DPPH assay, as complementary methods to the
semi-quantitative information obtained from GC-MS analysis.
The FC method measures the total phenolic content of the samples;
and DPPH assay, its radical scavenging ability or antiaxidant capac-
ity, so these methods measure two properties that are closely
related to the antioxidant capacity of bio-oils, which is mainly
attributed to the presence of phenolic compounds (Borrelli et al,
2004).

The results obtained from the FC method and DPPH assay were
in line with those observed in GC-MS analysis, revealing bio-oils to
be a potential source of phenolic compounds (see Fig. 2). Moreover,
these analyses corroborated that 280 °C was the best temperature
tested toobwin a larger number of phenolic derivatives. As shown
in Table 2, antioxidant capacity and total phenolic content
decreased in 400 °C bio-oil and then remained quite constant at
500 =C bio-oil, due to the possible degradation of phenols at these
temperatures (Hamamat and Nawar, 1991). It can also be observed
that, in bio-oil samples, both FC and DPPH methods showed the
same tendency, 400 °C and 500 °C bio-oils being at the same pro-
portion between these methods, DPPH:FC (1.7:1).

68

Table 2

Analysis of the total phenoli and antlaxidant capacity of CSS extract and bio-
olks from the intermediate pyralysis of CSS at 280 °C, 400 °C and 500 °C, by FC method
and DPPH assay. Results were expressed as mg of gallic acld equivalents fg of CSS ar
blo-oil. The average values and standard deviatians are shown as X and s, respectively.

FC method DPPH assay

X s x 3
CSS (extract) 123 008 1.00 0.06
Bio-oil 280 °C 6.09 040 3.02 0.18
Bio-oil 400 °C 292 004 1.70 020
Bio-oil 500 °C 307 003 181 021

These results contrast with those obtained by Polidoro et al
(2018) in their study of the valorisation of CSS through pyrolysis.
The researchers based their work on studying the best pyrolysis
conditions to achieve the maximum yield of bio-oil, which was
considered a potential source of phenolic compounds together
with other chemical inputs. The study concluded that 560 °C was
the optimal temperature to obtain the highest bio-oil yield; how-
ever, in the present study, it was observed that above 400 °C, part
of the phenols degraded, 280 °C being the best temperature tested
to obtain these value-added compounds. Bio-oils thus differ from
richer lignin feedstocks, where phenolics also come from the
degradation of lignin, which takes place at high temperatures
(215-585 °C) (Zhao et al., 2017).

3.3. Biochars

The study and characterisation of biochars was focused on
their potential applicability as a source of energy. These solid frac-
tions consisted of 280 =C, 400 °C and 500 °C biochars.

33.1. Elemental analysis and calorific value of CSS and CSS biochars.
Data obtained from the elemental analysis of CSS and biochars
from the intermediate pyrolysis of CSS are shown in Table 3.
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Table 3

Elemental analyss and calorific values of CSS and blochars from the in di

pyrolysis of CSS at 280 °C, 400 °C and 500 °C. The average values and standard deviations are

shown as X and s, respectively. Hemental analysis ks expressed as % (w/w) dry weight. (BC, blochar).

css BC 280 °C BC 400 °C BC 500 °C
X s x s X s x s

%C 4232 028 55.01 a3s 5852 103 58.68 Q06
%H 5.69 020 476 16 2380 Q04 239 006
%0" 4887 as3 3663 049 3571 106 36.12 o2
%N 297 o4 349 002 282 008 265 o7
%S 017 02 013 a0l 0.16 Qo1 017 Qo8
LHV (M)/kg) 16.73 o3 2196 096 2308 16 21.09 as0

*The oxygen content is cakulated by difference.

Moreover, the calorific value of the samples was also measured to
evaluate their potential use as solid biofuel.

Elemental analysis results showed an increase in carbon con-
tent and a decrease in oxygen content in biochars compared to
CSS, indicating increased energy densities of biochars (Liu and
Han, 2015). Table 3 also shows that the hydrogen content of bio-
chars decreased when temperature is increased. This behaviour
was related to dehydration reactions of mainly hemicellulose and
cellulose during the pyrolysis process (Liu and Han, 2015). The rich
hemicellulose-cellulose content of CSS could be corroborated by
the polarity coefficient (O + N)/C, animportant parameter inversely
related with the aromatic character of the sample (Pujol et al,
2013). In this way, the polarity coefficient of CSS (0.93) was closer
to the polarity range of cellulose (0.84-1.94) than to that of some
commercial lignin (0.33-0.65) (Rodriguez-Cruz et al, 2007;
Wang and Xing, 2007; Xing et al., 1994). Comparing biochars from
different biomass, it is shown that carbon, oxygen and hydrogen
content of 280 °C biochar is similar to biochar from orange peel
at 250 °C - 350 °C (Santos et al., 2015), and similar to biochar from
pine wood at 300 °C, regarding carbon and oxygen content (Liu and
Han, 2015)

In reference to nitrogen content, CSS biochars presented higher
%N values than biochars from coconut fibre, orange peel or pine
wood (Liu and Han, 2015; Santos et al, 2015). The high amount
of nitrogen (>2%) compared to other composting materials could
promote the use of CSS biochars as compost (Preethu et al,
2007). It was also observed that nitrogen content decreased as
temperature increased (see Table 3), a fact that was associated
with the volatilisation of the nitrogenous compounds in the

thermochemical process, as already seen in pH and GC-MS analy-
sis of bio-oils. In contrast, sulphur contents remained quite con-
stant with an increase in temperatures (see Table 3). Although
sulphur values were low, the combustion of biochars would pro-
duce sulphur oxide emissions, which would be similar to those
of pine wood biochar (Liu and Han, 2015).

Calorific value analysis showed an increase of LHV in biochars
compared to CSS where, as reported elsewhere, CSS can be used
as solid biofuel (Borrelli et al, 2004) (see Table 3). Biochars also
presented similar heating values in comparison with those of other
fuels such as coal (146 - 26.7 MJ/kg) (Inguanzo et al, 2002;
Sanchez et al, 2009), indicating the potential use of CSS biochars
as solid biofuels. However, no significant differences were
observed between CSS biochars. This can be attributed to the
devolatilization of CSS biomass, which mainly takes place around
300°C,due to it is mostly composed of hemicellulose and cellulose,
having low lignin content that decomposes at higher temperatures
(see Section 3.1.1.). In this way, pyrolysis of CSS could be per-
formed at 280 °C, since working at higher temperatures to increase
the LHV of biochars does not imply a significant improvement
regarding the calorific value, which represents an energy saving
in the pyrolysis process.

3.4, Integrated biorefinery of CSS

This study is focused on the integrated valorisation of CSS, the
only by-product from the coffee roasting process, through
pyrolysis-based biorefinery (see Fig 5).

Sreen coffee Beans -

| Coffee Silverskin (CSS) =

| (4% (wiw)?

Energy source
[22 kdixg]
d coffee Beans
[80-88% (wiw)]'

Biochar [B0% (wiw)? |
Pyrolysis (280 °C) < '
Bio-oil [< 20% (ww)P

Chemical Platform

Agrochemicals, Pharmaceuticals
Nutraceutical/ Cosmetic Industries
Nutraceutical/ Cosmetic Industries

Value-added
compounds
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— Nitrogenated Compounds
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Fig. 5. Integrated blorefinery of CSS. (GAE Gallic Acid Equivalents; RC, Falin-Clocakeu). * Pittia et al | LWT - Food Sd. Technal, 2001, 34, 168-175.7 Polidoro et al_ | Anal Appl

Pyralysis, 2018, 129, 43-52. ? Estimation from TGA data.
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The coffee roasting process generates 80-88% (w/w) of roasted
coffee beans and 4% (w/w) of CSS by-product (Pittia et al., 2001;
Polidoro et al, 2018). Despite this small percentage, CSS produc-
tion is approximately 0.4 Mt per year due to the high worldwide
coffee consumption (International Coffee Organization, 2020;
Polidoro et al, 2018). The remaining loss of weight is attributed
to water and volatile removal during the roasting process (Pittia
et al, 2001).

In the proposed integrated biorefinery (see Fig. 5), CSS is used as
feedstock for the pyrolysis process, generating mainly biochar and
bio-oil. The temperature of the process was determined to be
280 °C, based on the data obtained from bio-oil and biochar char-
acterisation (Sections 3.2 and 3.3). At this temperature, about 80%
(w/w) of biochar and < 20% (w/w ) of bio-oil is expected (estimated
values from TGA data).

As previously discussed (Section 3.3), biochar is a potential
source of energy that could be used in the coffee roasting process
itself (see Fig. 5). As shown in Section 3.3, biochar presented signif-
icant calorific values (up to 21 MJ/kg), as well as low sulphur con-
tent (0.13-0.17% w/w), which would lead to low sulphur oxide
emissions in biochar combustion. Specifically, 280 °C biochar gen-
erates 22 MJ/kg of energy. Apart from solid biofuel, biochar could
also be used as composting material or fertilizer due to its high
amount of nitrogen (>2%) and potassium (316 mg/g in CSS ashes),
respectively.

The resulting bio-oil is shown to be a potential source of chem-
icals, mainly phenolics (see Fig. 5). These compounds are highly
valuated in nutraceuticals and cosmetic industries as natural
antioxidant sources (Murthy and Madhava Naidu, 2012), so their
obtention is of great interest. As discussed in Section 3.2, 280 =C
pyrolysis is a suitable method to obtain them by breaking the
bonds that link phenolics to CSS fibre (Borrelli et al,, 2004). Hence,
this represents a more efficient method than traditional extrac-
tions, such as mechanical agitation using aqueous-organic sol-
vents, which are not able to break these bonds (Brenes et al,
2015). Taking into account the global coffee production per year
and the FC results, polyphenolics have the potential to represent
up to 487 tones of gallic acid equivalents annually. Regarding the
antioxidant capacity, it would represent 242 tones of gallic acid
equivalents per year, calculated from the DPPH results. Caffeine,
acetic acid and nitrogenated compounds are also value-added
products from CSS bio-oil. As shown in Fig 5, caffeine can be used
in nutraceutical industries; acetic acid is a chemical platform; and
nitrogenated compounds could be used in agrochemicals and phar-
maceutical industries (Cai et al, 2019; Cliudio et al, 2013;
Parashar Pandey, 2018; Rahimiet al, 2018). It should be noted that
these compounds must be separated from the bio-oil prior to use
(see Section 3.22).

The present proposal would therefore provide an integrated
biorefinery perspective to the coffee roasting industry, coming clo-
ser to a zero waste concept, as well as contributing to the circular
economy and bioeconomy. This strategy (see Fig. 5) represents
greener waste management of CSS than waste disposal, and also
significant energy savings by revalorising CSS in the coffee roasting
industry itself.

4. Conclusions

This study shows intermediate pyrolysis to be a potential pro-
cess for the integrated valorisation of CSS under a biorefinery
approach. The best pyrolysis temperature tested was 280 °C to
obtain greater value-added products. On the one hand, the result-
ing bio-oil (<20% (w/w)) has been shown to be a potential source of
chemicals. This fraction is composed of value-added products such
as acetic acid, nitrogenated compounds, caffeine and phenolics.
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Phenolics are of special interest due to their antioxidant properties
and, consequently, their high-added value. Considering the global
coffee production per year and the FC results, polyphenolics have
the potential to represent up to 487 tones of gallic acid equivalents
annually. Additionally, the antioxidant capacity would represent
242 tones of gallic acid equivalents per year, calculated from the
DPPH results. On the other hand, biochar (80% (w/w)) represents
a potential energy source that can be used in the coffee roasting
process itself, thus contributing to the circular economy. Biochar
presents significant calorific values (up to21 Mj/kg), together with
low metal and sulphur content (0.13% w/w), involving low envi-
ronmental emissions from its combustion. This study deals with
the use of CSS, a waste produced by the coffee roasting industry,
which can be transformed and reused through a biorefinery
approach. It therefore converts a waste into a by-product and a
resource, which increases the environmental benefits and con-
tributes to the circular economy and the bioeconomy. Future pro-
spects include further work on the separation and purification of
bio-oil compounds and other potential uses of biochar from CSS.
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ARTICLE INFO ABSTRACT

Keywards:
Coffee silverskin
Slow pyrolysis
Pyrolysis liquid

This work aims to transform coffee silverskin (CSS), the only waste from the coffee roasting process, that
worldwide amounts to about 76 million kg/year, into value-added products within an integrated slow pyrolysis
process. The study, performed at 280 °C, 400 °C and 500 °C, determined the potential applications of the
resulting fractions. Biochar has been studied as an adsorbent of organic pollutants in water, using methylene blue

Biocha § P PO A .
Air;::lﬁu" (MB) and methyl orange (MO), which are respectively cationic and anionic aromatic dyes, as model compounds,
Caffeine and with 400 °C biochar giving the highest removal values, at 98% with MB and 40% with MO. Moreover, CSS

biochar could be used to obtain renewable energy from its combustion, with 22.6-24.2 MJ/kg calorific values.
The liquid fraction could be a potential source of caffeine, among phenolics, with 400 °C aqueous phase pre-
senting the highest concentration of caffeine (14.3 g/L). Concerning the gas fraction, it could be used to obtain
heat for biomass drying before pyrolysis. Hence, use of the pyrolysis products as described would allow zero-
waste to be achieved in the coffee roasting industry, thus promoting the green and circular economy and pro-

duction of green chemicals and materials in a biorefinery context.

1. Introduction

Coffee is one of the most commonly consumed beverages worldwide
[1]. The roasted coffee beans are produced in the coffee consuming
countries from the roasting process of green coffee beans [2], which are
cultivated and imported from tropical areas. Specifically, the most cof-
fee consuming regions are EU, USA and Brazil, with around 2.8, 1.6 and
1.3 billion kg consumed in 2018/19 season respectively. From the
roasting process, it is obtained 84 wt% of roasted coffee and around 0.75
wt% of coffee silverskin (CSS), which is the protective skin of beans that
shed during the process [1,3]. CSS is the only by-product from the coffee
roasting process, but it is generated on a large scale [4], amounting to
about 76 million kg per year since at least 2016 [1,5]. CSS is composed
by a high amount of dietary fibre (56-62%); it contains cellulose (18%),
hemicellulose (13%) and it is also rich in protein (19%) and minerals
(8% ash) [6]. Nowadays, most CSS is discarded and often used as fire-
lighters or dispatched to landfills [1,7], representing a serious envi-
ronmental problem due to the phytotoxicity of this waste as a result of its

* Corresponding authors.

high content of caffeine, polyphenols, and tannins [8]. Therefore, it is
necessary to look for greener waste management alternatives, by con-
verting the residue to a resource and complying with green solutions and
circular economy (zero waste approach).

Pyrolysis is a widely used treatment to transform biomass into value-
added products. This treatment, performed at elevated temperatures in
the absence (or limited concentration) of oxygen, decomposes the main
polymersofbiomass (hemicellulose, cellulose and lignin) into liquid, gas
and solid fractions [9]. The pyrolysis liquid and gas fractions could be
used as chemical and energy sources respectively, whereas the solid
fraction (biochar) could be considered as a value-added product itself
due to the broad range of applications it has. Hence, this work uses
pyrolysis to completely valorise CSS, aiming to reach zero-waste in the
coffee roasting industry. Specifically, the treatment performed was slow
pyrolysis in a lab-scale reactor with a capacity of 0,3 kg/h at 280 °C, 400
°C and 500 °C, with temperature being one of the main factors influ-
encing the properties and proportion of the products.

However, and to the best of our knowledge, only a few papers have
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been addressed on the pyrolysis of CSS and the valorisation of the
resulting products. Polidoro et al. [8] optimised the pyrolysis process
(slow pyrolysis) focusing on the pyrolysis liquid yield and its use as
source of chemicals. On the other hand, a previous study from our
research group [10] regarded the valorisation of CSS by slow pyrolysis in
a pilot plant with a capacity of 15 kg/h, based mainly on pyrolysis liquid
as a source of phenolics, and biochar as a solid fuel. There is not yet a
detailed study of all CSS pyrolysis products, information that would
allow to determine their potential applications.

In this sense, biochar has been attracting increasing attention due to
its versatility and environmental benefits [11], with large number of
studies highlighting its use in terms of mitigating global warming by
means of carbon sequestration [12], and as a soil amendment to enhance
crop yields [13-15]. Several studies also reported that biochar showed
excellent ability to remove contaminants such as heavy metals and
organic pollutants from water [13,15,16], since it can present large
specific surface area, porous structure, abundant surface functional
groups and mineral components, which suggests its use as a contaminant
adsorbent [11,15,17]. The continuous development of industry and
agriculture in recent years has increased the level of pollutants in the
environment, seriously threatening ecology and human health [11,18].
Of the many ways to remove dissolved water contaminants, adsorption
is widely considered to be superior to other processing technologies in
terms of cost, viability and effectiveness [11,19,20]. Hence, the role of
biochar as an adsorbent has gained attention mainly due to its low-cost,
high-efficiency and renewable characteristics [11]. A large number of
researchers also showed that biochar can have good adsorption of
polycyclic aromatic hydrocarbons [21], herbicides [22], pesticides [17],
antibiotics [23] and dyes [24], recently becoming a research hotspot in
the environmental science field [11].

Based on the above, this work has studied the properties of CSS
biochar as an adsorbent of organic pollutants in aqueous media. The
study has been carried out using methylene blue (MB) and methyl or-
ange (MO) as model compounds [25] in order to assess the adsorption
performance of CSS biochar. MB and MO are respectively cationic and
anionic aromatic dyes that may present same adsorption mechanisms on
CSS biochar as other contaminants with similar structures. Some of these
mechanisms can include electrostatic and aromatic 7— 7 interactions,
hydrogen bonds, and pore-filling [13]. Apart from their function as
model adsorbates, MB and MO are also extensively used in fabric
staining [20,26]. With the rapid development of the textile industry, dye
effluents account for a large proportion of industrial wastewater, and
have become a significant source of pollution [11], organic dyes being
well known as toxic and carcinogenic substances [20]. Hence, the
evaluation of the removal efficiency of MB and MO by CSS biochar is in
itself of great interest. The use of CSS biochar as an adsorbent could
protect the environment by both removing pollutants from water and
improving the waste management of CSS. In order to increase the effi-
ciency of biochars as adsorbents, they are usually activated with KOH,
stem or carbon dioxide, increasing its swrface area and functional
groups. The activation process can be however prohibitively expensive
at alarge scale [16], so in this work, the study has been performed with
the original biochar as it was produced.

Regarding CSS pyrolysis liquid, it has been described as a source of
phenolics and caffeine, among other value-added compounds [8,10].
Phenolics, which have been quantified in our previous study by Folin-
Ciocalteu and DPPH methods [10], are highly valuated in nutraceut-
icals and cosmetic industries [9, 10] due to their antioxidant properties.
Caffeine, on the other hand, presents stimulant effects on the nervous,
muscular and cardiovascular systems, being used in a wide array of
beverages and pharmaceutical products [27-29], and so, making its
quantification interesting. Hence, CSS pyrolysis liquid could be studied
as a potential source of value-added compounds, which may differ from
the previous work [1 0] due to the reactor used in that case (pilot plant)
was different from the one used in the present study (lab-scale reactor).

In reference to gas fraction, it can be composed of CO, H; and CHy,
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which are combustible gases, and so, a potential energy source [12].
The objective of the present work is to study and characterise the
solid, liquid and gas products resulting from the slow pyrolysis of CSS in
a lab-scale reactor at 280 °C, 400 °C and 500 °C, in order to determine
the potential applications of each pyrolysis fraction within an integrated
CSS biorefinery context. In this way, and for the first time, biochar from
CSS has been studied as an absorbent of organic pollutants in aqueous
media; CSS pyrolysis liquids have been considered as a source for
caffeine production with quantitative analysis; and the gas fraction has
been valuated as an energy source. The valorisation of the CSS pyrolysis
products would allow to achieve zero-waste in the coffee roasting in-
dustry and contribute to circular economy and bioeconomy, promoting
the production of green chemicals and materials and representing a
potential improvement for the economy and the environment.

2. Materials and methods
2.1. Feedstock

CSS was supplied by a roasting coffee company from Spain in
briquette format. The CSS briquette was crushed and sieved to homo-
geneous patticle size of 1 mm, before pyrolysis. The moisture of CSS (1
mm) was 10.1 wt% (data obtained from the loss of weight from heating
1.5 g of CSS at 105 °C overnight; 0.15 of standard deviation; measure-
ment performed in triplicate and averaged).

2.2. Reactor system

Slow pyrolysis of CSS was performed at 280 °C, 400 °C and 500 °C in
a bench-scale auger reactor described elsewhere [30]. Nitrogen gas was
used to purge and remove oxygen from the system. The solid residence
time was fixed at 10 min and the feeding rate at 300 g/h. The solid
product was collected from the char collection vessel, after cooling to
room temperature, and placed in a sealed plastic bag for further physi-
cochemical analysis. The condensable vapours were collected from a
cooling and liquid collection system, comprised of a water-cooled
condenser fixed at 20 °C (flask 1) and two ice-fingers filled with dry
ice and acetone (flasks 2 and 3), placed in sealed brown glass containers
and stored at 4 °C for further analysis. The non-condensable gases were
filtered using a cotton filter, passed through a gas meter and analysed
every 3 min by an online MicroGC in order to analyse the gas distribu-
tion (GC; VARIAN CP-4900, USA).

2.3. Product yields

Yields of solid, liquid and gas fractions, from each pyrolysis experi-
ment, were calculated by dividing the mass of the resulting pyrolysis
products by the mass of the feedstock used in the experiment. Data was
expressed as wt% on dry feedstock basis.

Biochar was weighed after cooling and collected from the char
collection vessel. Liquid product weight was obtained from the differ-
ence between the mass of the glassware for liquid collection after the
pyrolysis experiment and before. The 280 °C pyrolysis liquid only pre-
sented one phase. Two-phase pyrolysis liquid was obtained from the
400 °C and 500 °C pyrolysis experiments; these two phases were sepa-
rated by decantation and weighed. The weight of gas product was ob-
tained from the volume of the gas, measured by the gas meter, and its
density (p), calculated from the MicroGC data according to Eq. (1).

vol;%-p,
Pgas = ZT 1)

where vol;% was the volume percentage obtained from MicroGC, and p;
was the density, of each pyrolysis gas product. Losses of the pyrolysis
experiment were calculated by difference.
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2.4. Analysis of feedstock and biochars

2.4.1. Feedstock and biochars characterisation

The bulk density of CSS and biochar was measured by weighing 5 mL
of sample using a graduated cylinder. The measurement was performed
in triplicate.

The ash content was determined following ASTM standards E1755
and D1762 (for biomass and char, respectively), where about 0.5 g of
dried sample (105 °C, overnight) was heated for 30 min at 250 °C, and
then for 6 h at 750 °C for biochars and 575 °C for feedstock. The mea-
surement was performed in triplicate and the results were expressed as
wt% on dry basis.

For subsequent analysis (pH, TGA, FTIR, porosimetry, elemental),
CSS and biochars were ground with a mortar and pestle and then sieved
to a particle size under 425 pm using a mesh sieve. Before the analyses,
the samples were dried at 105 °C, overnight.

The pH of CSS and biochars was determined in 1:100 wt. sample /
distillate water suspension using a pH meter (Sartorius PB-11). The
suspension was stirred overnight at 600 rpm before measurement. pH
analysis was performed 5 times for each sample and the results
averaged.

Thermogravimetric analysis (TGA) of feedstock and biochars was
carried out with a Perkin Elmer Pyris 1 TGA, with each sample analysed
in duplicate. The analysis was performed by heating the sample from 60
“C to 900 °C with a heating rate of 10 °C /min.

Proximate analyses (ash and volatile matter contents) were per-
formed in accordance with the ASTM standards D1762-84 and E1131.
The fixed carbon content was calculated by difference.

Surface functional groups of CSS and biochars were characterised by
Fourier-transform infrared spectroscopy (FTIR, PIKE Technologies
GladiATR and Spectrum software). The scanned wavelengths were 4000
to 400 cm !, with a resolution of 4 cm ™' and using 16 scans. The
measurement was performed in duplicate.

Nitrogen porosimetry was measured with a Quantasorb Nova 4000e.
The analysis was performed only for the 400 °C and 500 °C biochars due
to biochars produced at low temperatures are expected to have low
surface areas [31]. The samples, weighing between 0.20 and 0.35 g,
were outgassed under vacuum at 200 °C overnight and then, placed into
the evacuated sample chamber of the analyser. BET surface area and
pore size distribution output was obtained through the Novawin 11.0
software.

Elemental composition (CHNS) of CSS and biochars was determined
in duplicate using a Thermo Fisher Scientific Flash 2000 Organic
Elemental Analyzer. Oxygen content (on dry basis) was calculated by
difference.

Higher Heating Value (HHV) was calculated by the following for-
mula from Channiwala and Parikh [32]:

HHV = 0.3491C + 1.1783H + 0.1005S —0.10340 — 0.0I5IN

2
—0.0211Ash (MJ /kg) @

C, H, O, N, Sand Ash were expressed in mass percentage on dry basis.

2.4.2. Adsorption tests

Methylene blue (MB) (>82%) and methyl orange (MO) (>85%),
supplied by Sigma-Aldrich, were the dyes chosen to perform the
adsorption tests. These tests were conducted in batch, equally for MB
and MO, using 25 mg of adsorbent (CSS and biochars, with a particle size
under 425 pm) and 10 mL of dye solution (100 mg/L) in a centrifuge
tube. The mixture was placed in a sonicator for 3 h at 50 °C, and then, it
was centrifuged at 3000 rpm for 2 h. The concentration of dye in the
solution was analysed in triplicate using UV- Vis spectrophotometer
(Thermo Scientific Evolution 220), on the basis of a linear calibration
curve (20-100 mg/L). The results, expressed as percentage of dye
removal (%R), were calculated by the following formula [19]:

Fuel Processing Technology 214 (2021) 106708

100(Cy — C)

%R = T
0

3)

Cp (mg/L) was the initial concentration of dye (100 mg/L), and C;
(mg/L) was the concentration of dye after centrifugation step. In order
to avoid deviations to the Beer- Lambert Law due to high values (> 2) of
absorbance, mixtures were diluted 1:10 with distillate water. The
measurements were performed by scanning from 800 nm to 600 nm in
the case of MB (maximum wavelength around 670 nm) [19], and from
550 to 350 nm for MO (maximum wavelength of 464 nm) [20].

2.5. Analysis of pyrolysis liquid

CSS pyrolysis liquid was chemically characterised by gas chroma-
tography — mass spectroscopy (GC-MS). The analysed samples were the
ones collected in the first flask, after the water-cooled condenser (see
Section 2.2). The analysis was carried out in a Shimadzu GCMS QP2010
SE system equipped with a capillary (Rtx-5MS) column (30 m x 0.25
mm inner diameter x 0.25 pm film thickness). Before injection, samples
were diluted in HPLC grade acetone (= 99.9%, purchased from Sigma
Aldrich), and then filtered (0.45 pg Millipore filter) to avoid obstruction
of liner due to suspended ashes/solids after pyrolysis process. A volume
of 1 pL was then injected, applying split mode, with the injection port at
300 °C. Helium was used as carrier gas with a flow of 2 mL/min. The
oven temperature was as follows: 55 °C for 9 min, 20 °C/ min to 125°C,
5°C/min to 325 °Cand 325 °C for 10 min. The total run time was 64.50
min. Compounds were identified from the chromatograms by computer
matching of mass spectra of the peaks with the National Institute of
Standards and Technology (NIST) library; the semi-quantification was
performed relating the total area of the compounds, as shown in pre-
vious publications [9,10,33].

Caffeine from CSS pyrolysis liquids (aqueous fraction) was quantified
by high-performance liquid chromatography system coupled to an
ultraviolet-visible detector (HPLC-UV/Vis) (Series 1100, Agilent Tech-
nologies). The HPLC-UV/Vis was equipped with a binary pump, a DAD
detector and ZORBAX SB-C18 analytical column (4.6 x 100 mm, 1.8 pm
particle size) from Agilent Technologies. Water: methanol (60:40, v/v)
was used as mobile phase, at a flow rate of 0.4 mL/min at room tem-
perature (25 °C). 4 pL of sample was injected and caffeine was deter-
minate at the wavelength of maximum absorbance (% = 273 nm), using
an external standard calibration curve with a concentration range of
100-1000 ppm. Caffeine content was expressed as g caffeine/L of
aqueous phase from the pyrolysis liquid.

2.6. Analysis of gas fraction

Data collected from the MicroGC was processed by the software
provided by the manufacturer of the online gas chromatograph (GGC;
VARIAN CP-4900, USA). The MicroGC used 5 A Molsieve and Portal-
PLOT columns, and Helium as carrier gas. The chemical composition of
gas was obtained by the average of the data corresponding to the py-
rolysis process and expressed as vol%.

The heating value of gas was calculated using the following formula

[30]:
HHV, = ) (voli%/100)-HHV; (MJ/m3) 4)

where vol;% and HHV; were the volume percentage and the heating
value, respectively, for each gas species present in the pyrolysis gaseous
product.
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Fig. 1. Pyrolysis curves of CSS and biochars from the slow pyrolysis of CSS, at 280 °C, 400 °C and 500 °C. Graph A shows the weight loss, and graph B, the rate of
weight loss, on diy basis. The numbers correspond to the weight loss mainly associated to hemicellulose (1), cellulose (2) and lignin (3) decomposition. (CSS, coffee

silverskin; BC, biochar; T, temperature).
3. Results and discussion
3.1. Slow pyrolysis

3.1.1. Thermal degradation of CSS and biochars

TGA of CSS and biochars resulting from the slow pyrolysis of CSS at
280 °C, 400 °C and 500 °C were carried out in order to study the thermal
degradation of CSS during the pyrolysis process. TGA, performed under
nitrogen atmosphere, gave information on how the different polymers of
biomass (hemicellulose, cellulose, and lignin) degrade in function of the
temperature (see Fig. 1).

CSS TGA showed two main losses of weight around 255 °C (1) and
300 °C (2), attributed to hemicellulose and cellulose decomposition
respectively, and a smaller weight loss around 400 °C (3), associated
with lignin degradation (see Fig. 1). This data is consistent with the one
obtained in a previous study carried out by our research group [10]. As
expected from CSS TGA (see Fig. 1), pyrolysis at 280 “C resulted in the
degradation of hemicellulose. This was reflected in 280 °C CSS biochar
TGA, where only cellulose (2) and lignin (3) decomposition peaks were
observed. In the same way, pyrolysis at 400 °C degraded hemicellulose
and cellulose, resulting in a lignin-based biochar. Lignin decomposition
peaks (3) shown in Fig. 1-B were very low due to the low lignin content
of CSS (1 wt%) [34]. It is also shown that lignin from CSS and 280 °C CSS
biochar degraded at around 250 °C to 500 °C, presenting small and wide
peaks with a maximum at 400 °C; however, in 400 °C CSS biochar, part
of lignin had already degraded and the peak (3) narrowed from 400 °C to
500 °C, changing its maximum to 470 °C. This could be due to structural
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Table 1
Product yields from the slow pyrolysis of CSS at the following temperatures.
T(C) Solid (wt%) Liquid Gas (wt%) Losses (wt%)
AP (wt%) NAP (wi%)
280 80.5 4.1 103 5.1
400 40.5 154 18.2 207 5.2
500 31.5 157 22.5 224 79

Data is expressed as wt% on dry feedstock basis. (T, temperature; AP, aqueous
phase of the pyrolysis liquid; NAP, non-aqueous phase of the pyrolysis liquid).

modifications of lignin at elevated temperatures [14]. Concerning the
pyrolysis at 500 °C, all three polymers were decomposed since 500 °C
corresponded to approximately the end of CSS biomass thermal degra-
dation; this is evidenced in CSS and 500 °C CSS biochar TGA (see Fig. 1).
As the resulting CSS biochars presented different hemicellulose, cellu-
lose and lignin compositions, they are expected to have distinct prop-
erties from each other, which would be reflected in different potential
applications.

3.1.2. Product yields
Slow pyrolysis of CSS, at 280 °C, 400 °C and 500 °C, resulted in the
yields shown in Table 1, information that contributes to determine the
best CSS pyrolysis temperature in function of the desired products.
Product distribution trends of CSS, shown in Table 1, are in accor-
dance with the common thermal degradation of biomass: biochar yield
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Fig. 2. CSS and biochars from the slow pyrolysis of CSS at 280 °C, 400 °C and 500 °C. The unit of the ruler is in cm. (CCS, coffee silverskin; BC, biochar).

Table 2
Characterisation of CSS and biochars from the slow pyrolysis of CSS at 280 °C,
400 °C and 500 °C.

Css 280 °C BC 400 °C BC BC 500 °C

Ash (% large oven)  8.34 (0.11)  8.01(0.14) 16.51(0.36)  21.81(0.11)
Density (g/mL) 0.31 (0.01) 0.26 (0.00) 0.20 (0.00) 0.19(0.01)
pH 5.35 (0.03) 6.66 (0.04) 8.9 (0.00) 10.05 (0.05)
Proximate Analysis

VM (%) 76.41(0.05) 70.43 (0.67) 41.80(0.16) 38.53 (1.74)

FC (%)" 16.07(0.18)  20.95(1.22) 41.90(037)  40.74 (0.66)

Ash (%) 7.52 (0.13) 8.62 (0.55) 16.29(0.53)  20.72(1.08)
Ultimate Analysis

N (%) 3.50 (0.07) 3.37 (0.09) 3.10 (0.02) 2.90(0.05)

C (%) 47.69(0.02) 54.23(0.39) 60.10(0.61)  60.78 (0.72)

H (%) 5.61 (0.00) 5.87 (0.02) 4.44 (0.07) 2.59 (0.05)

S (%) 0.24 (0.02) 0.11 (0.01) 0.04 (0.06) 0.15(0.02)

0 (%)’ 34.66(0.02) 28.42(0.49) 1592(0.62) 11.78(0.84)
Molar H/C 1.40 (0.00) 1.29 (0.00) 0.88 (0.02) 0.51 (0.00)
Molar O/C 0.55 (0.00) 0.39 (0.01) 0.20 (0.01) 0.15(0.01)
Molar (O + N)/C 0.61 (0.00) 0.45 (0.01) 0.24 (0.01) 0.19(0.01)
HHV (MJ/kg)' 19.47(0.01) 22.70(0.21) 24.18(021) 22.56(0.39)
N, Porosimeter

BET (m'/g) 3.6 23

Pore size (nm) 39.6 88.8

Data is expressed as mean (standard deviation). Ash, proximate and ultimate
analysis are expressed as wt% on dry basis. (CCS, coffee silverskin; BC, biochar;
VM, volatile matter; FC, fixed carbon; HHV, higher heating value; BET surface
area).

* Fixed carbon and oxygen content are calculated by difference.

b HHV is calculated mathematically from Channiwala and Parikh [32]
formula.

(% solid) decreased with temperature, while liquid (% AP, % NAP) and
gas fractions increased. Biochar yields were also consistent with CSS
TGA, that showed 80.7%, 43.6% and 33.7% of solid weight at 280 °C,
400 °C and 500 °C, respectively (see Table 1 and Fig. 1). The slight
differences between TGA data and biochar yields are mainly related to
the differences between heat transfer of the processes. Regarding the
liquid fraction, and based on TGA data (Section 3.1.1), the aqueous
phase (AP) was mainly composed of the hydrophilic products from
hemicellulose decomposition in the 280 °C case, and hemicellulose and
cellulose degradation in the 400 °C and 500 °C pyrolysis liquids. On the
other hand, non-aqueous phase (NAP) mainly consisted of hydrophobic
products from partial (400 °C) and total (500 °C) decomposition of
lignin [10]. According to the hydrophilicity and hydrophobicity of py-
rolysis liquid compounds, they usually separate in two phases, AP and
NAP, as in the present case [9,35]. The pyrolysis process resulted in a
mass loss of about 5.0-7.9% (see Table 1), which is mainly associated
with the fact that some solid pyrolysis products could have remained

inside the reactor. The obtained losses values are nevertheless accept-
able for the scale of the reactor.

3.2. Feedstock and biochars

3.2.1. Solid product characterisation

Raw CSS and biochars from the slow pyrolysis of CSS (see Fig. 2)
were studied and characterised in order to determine their potential
uses, paying particular attention to their role as adsorbents in aqueous
media.

The analyses performed on CSS and CSS biochars are summarised in
Table 2 and Fig. 3. Proximate analysis shows, as expected, a relative
increase of ash content and fixed carbon with temperature, at the
expense of volatile matter (see Table 2) [15]. This has also been
observed in the previous section (3.1.1), where the number of volatile
compounds removed from CSS increased with increasing the tempera-
ture of the pyrolysis process (see Fig. 1). In the same way, density
decreased with increasing temperature due to the removal of volatile
compounds. Ash data, which were obtained by different methods (oven
and proximate analysis), presented similar results, with the highest
difference between the values being 1%, for the 500 °C biochar (see
Table 2). This biochar also presented the highest ash value (21%) as a
result of the concentration of inorganic compounds with the
temperature.

Regarding pH, it increased substantially at higher temperatures due
to the increased relative concentration of basic surface oxides of alkali
and alkaline earth metals [14,36] (see Table 2). The main metals present
in the CSS are, specifically, potassium (27 mg/g), calcium (7 mg/g) and
magnesium (3 mg/g) [10]. During pyrolysis, the mineral content of
feedstock is largely retained and concentrated in biochars [37], justi-
fying the basic pH of CSS biochars.

In reference to ultimate analysis, pyrolysis performed at high tem-
peratures led to high degrees of carbonisation (see Table 2), that resulted
in the formation of aromatic and graphitic structures on the biochar
[51]. This fact is supported by increasing %C, and %H and %O
decreasing, with increasing pyrolysis temperature. Molar ratios of the
elements have been used to estimate the aromaticity (H:C), polarity (O:
C) and oxygen functionality ((O + N)/C) of chars [38], information that
can be related to their behaviour as adsorbents. The reduction of these
values indicates the removal of polar surface functional groups and the
formation of aromatic structures through a higher degree of carbon-
isation [31]. Specifically, the molar H/C ratio of <0.3 suggests highly
condensed aromatic ring systems, and the lower molar O/C ratio, pro-
duced at higher temperature, indicated the arrangement of aromatic
rings, originating stable crystal graphite-like structures [15]. In this
way, with increasing temperature, biomass underwent dehydration and
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Fig. 3. FTIR spectra for CSS feedstock and CSS biochars from slow pyrolysis at 280 “C, 400 °C and 500 °C. (CCS, coffee silverskin; BC, biochar).

decarboxylation reactions, forming volatile dissociation products of
lignin, cellulose and hemicelluloses, and condensation reactions, form-
ing the graphitic structures [39,40]. Hence, as shown in Table 2, the
more aromatic and less polar biochar was the one produced at 500 °C.
Ultimate analysis also suggests the potential use of CSS biochars as
compost due to their high amount of nitrogen (>>2%) compared to other
composting materials, such as cow dung (1.87%N) [41]. On the other
hand, the carbon content of biochars, which was higher than 50% of the
dry mass, complies with the European Biochar Certificate (EBC) re-
quirements [42]. This indicates that the biochars produced from CSS can
be potentially used in soil applications, although limited by a relatively
high ash content.

Calorific values (HHV) also indicate the use of CSS biochars for
combustion purposes, as already observed in a previous study by our
research group [10] (see Table 2). The heating values of biochars, with
no significant differences between them, were similar to other fuels such
as coal (14.6-26.7 kJ/kg) [43,44], representing an ideal alternative to
renewable energy [11]. The increase of the biochar energy value
compared to CSS feedstock is related to the increase of %C and the
decrease of %0 in biochars [40]. The low sulphur content of biochars
(0.04-0.15 wt%) can also favour their use as energy source due to the
low sulphur oxides emissions that would be released in the combustion
of biochars (see Table 2).

Concerning the role of CSS biochars as adsorbents, porosimetry and
FTIR analysis, shown in Table 2 and Fig. 3, give information about
properties associated to the adsorption capacity of biochars. Nitrogen
porosimetry informs about the surface area (BET) and pore size distri-
bution, which are related to the amount of active adsorption sites and
the size of potential adsorbates, respectively. The analysis was carried
out on the 400 °C and 500 °C biochars since appreciable surface area
values are only expected for the highest pyrolysis temperatures [31].
This is because surface areas typically increase with increasing pyrolytic
temperature due to the escape of volatile substances and the formation
of channel/pore structures [45]. Nevertheless, the obtained surface
areas were extremely low (< 4 m2/g) (see Table 2). This fact can be
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explained due to the relatively low pyrolysis temperature, and the lack
of an activation treatment, which are widely used to increase the surface
area of biochars during the pyrolysis process [46]. Apart from that,
porosity is also related to the lignin content of feedstock. Lignin-rich
biomass, together with high pyrolysis temperature, typically results in
high surface areas because of structural modifications of lignin at
elevated temperature, after the release of volatiles [14]. The role that
lignin plays in porosimetry is not only as a precursor but also as a pore-
size controller [47]. Hence, the low lignin content of CSS (1 wt%) [34]
contributed as well to the low porosity of biochars. Furthermore, bio-
char pores could be plugged by inorganic compounds from ash, tars
(condensed volatiles), and other amorphous decomposition products
which are known to partially block the micropores [14]. In this case,
blocking of the pores could be favoured due to the relatively long vapour
residence time in the reactor during the slow pyrolysis, putting the
vapour in contact with the solid product for longer time.

FTIR, on the other hand, indicated the functional groups located on
the surface of CSS feedstock and CSS biochars, which affects their po-
tential interactions with adsorbates [15]. As observed in Fig. 3, and in
agreement with the ultimate analysis from Table 2, polar functional
groups were removed, and aromatic structures were formed with
increasing pyrolysis temperature. A broad peak around 3300 cm ',
corresponding to O—H stretching for alcohols and phenols, and a
2800-3000 cm ! peak, attributable to aliphatic C—H stretching, were
present in CSS, 280 °C and 400 °C biochars, but not in 500 °C biochar
[31,38]. Similar results were seen by Uchimiya et al. [31] in a study of
cottonseed hulls biochars. Reduction of C=0 (around 1600 cm ]),
related to carboxylate group, and C—0 (1078 cm T for COC and 1000
em ! for acidic CO) were also observed in 400 °C and 500 °C biochars
[30,31]. By contrast, aromatic peaks from C=C stretching (1566 cm 1
as well as C—H bending (874 cm 1) increased in 400 °C and 500 °C
biochars [13,31,38]. The reduction of the polar functional groups, from
dehydration and depolymerisation reactions during the pyrolysis pro-
cess, led to the growth of aromatic and graphitic structures [38], which
can interact with aromatic species. Hence, although the porosity of CSS
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biochars was low, their surface chemical characteristics indicated that
they could be used as potential adsorbents of aromatic organic
pollutants.

3.2.2. Adsorption of MB and MO from aqueous solution

This section is focused on studying the adsorbent properties of CSS
biochars in aqueous media. This would demonstrate their potential use
to remove contaminants from water, increasing the value of the biochar
and promoting a CSS pyrolysis-based biorefinery by using the resulting
solid, liquid and gas pyrolysis products for different purposes.

The study was carried out using MB and MO as model compounds
(see I'ig. 4) which allowed to evaluate the potential removal efficiency of
aromatic ionic pollutants by CSS biochar.

As shown in Fig. 4, CSS biochars were efficient in removing MB and,
to a lesser extent, MO, with 400 °C CSS biochar being the best one in
both cases, reaching respectively 98% and 40% removal. CSS feedstock
also showed high MB removal values; however, with the production of
biochar, it is also obtained liquid and solid products, which could be
used as chemical and energy sources respectively, making pyrolysis a
potential treatment for CSS. The affinity of biochars with MB and MO
can be explained by 7— r dispersion interaction between the aromatic
rings of dyes and the aromatic structure of biochars (see Section 3.2.1,
ultimate analysis) [26,48]. The functional groups present on the biochar

-
280°C
Pyrolysis liquid

400 °C
Pyrolysis liquid

surface (see Section 3.2.1, FTIR analysis) can also play a major role in
MB and MO adsorption, especially by means of electrostatic in-
teractions, electron donor-acceptor and hydrogen bonding mechanisms
[26]. Electrostatic interactions may take place between the negatively
charged carboxylate of biochars and the charged groups of the dyes (See
Fig. 4). In the MB case, there can be an electrostatic attraction between
the nitrogen positive charge of MB and the biochars [26], whereas
concemning MO, there can be a repulsion force between the negatively-
charged sulphonic group of MO and carboxylate anions of biochars,
leading to lower levels of removal of MO compared to MB. The differ-
ences between MB and MO were reflected in Fig. 4, where MB removal
values were substantially higher than the MO ones. Electron donor-
acceptor interactions, on the other hand, could take place between
carbonyl oxygens in the biochar, that would act as an electron donor,
and the aromatic ring of MB and MO, that would be the electron
acceptor [26]. In terms of hydrogen bonds, they could be formed be-
tween hydroxyl groups of biochars and nitrogen from MB and MO [26].
As CSS presents low lignin content [34], most of the hydroxyl groups
originated from hemicellulose and cellulose. The restrictive effect of the
hydrogen-bond network of cellulose molecules leads to hydroxyl groups
having low accessibility on the biomass surface [19]. In this regard, the
main contribution in MB and MO adsorption would be 7— x dispersion
and electrostatic interactions.

500 °C
Pyrolysis liquid

Fig. 5. Pyrolysis liquids from the slow pyrolysis of CSS at 280 °C, 400 °C and 500 °C. (CCS, coffee silverskin; AP, aqueous phase of the pyrolysis liquid; NAP, non-

aqueous phase of the pyrolysis liquid).
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Fig. 6. Most abundant compounds of AP (A) and NAP (B) phases of CSS pyrolysis liquids determined by GC-MS analysis. (CCS, coffee silverskin; AP, aqueous phase

of the pyrolysis liquid; NAP, non-aqueous phase of the pyrolysis liquid).

Based on the MB and MO main mechanisms, CSS biochar could be
used to remove compounds with aromatic rings in their structure from
water, and especially compounds with positive charge. Examples of this
could be aromatic antiepileptic drugs (AED), sulphonamides (synthetic
bacteriostatic antibiotics), thiacloprid pesticide, estrogens, ibuprofen
and paracetamol derivates, apart from the MB and MO dyes themselves
[13,17,48]. Particularly in MB case, CSS biochars, which were per-
formed without any activation treatment, presented similar removal
values as a commercial activated carbon (Norit) (>99% removal) shown
in a previous work [49], with removal rates of 95.5% with 280 °C bio-
char (38.1 mg MB/ g biochar), 98.2% with 400 °C biochar (39.3 mg MB/
g biochar) and 98.5% with 500 °C biochar (39.4 mg MB/ g biochar) (See
Fig. 4). Commercial activated carbons are known to have the highest
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removal efficiency since their large surface area and presence of surface
functional groups facilitate interactions with various compounds [26];
however, their resource- and energy-intensive production process also
makes them expensive products [13]. In this way, CSS biochars could be
a potential sustainable and more affordable alternative to activated
carbon for the adsorption of cationic aromatic compounds, as they
present a similar structure to MB. Apart from organic pollutants, CSS
biochars could be also effective in the removal of cationic heavy metals
by means of electrostatic attraction [13] or complexation with carbonyl
groups of biochar [16], considering that the contamination of water by
toxic metals has become a pervasive problem throughout the world
[13]. Biochars have also significant potential to address not just the
pollutants in water, but also in soil and gaseous media [11].
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Table 3

Content of caffeine in aqueous phase of pyrolysis liquid from the slow pyrolysis
of CSS at 280 °C, 400 °C and 500 °C (CSS, Coffee Silverskin; AP, Aqueous Phase
of the pyrolysis liquid).

Caffeine concentration 280°CAP 400 °C AP 500 °C AP
In aqueous phase (g caffeine/L AP) 11.5 143 10.4
From feedstock (mg caffeine AP/g CSS) 1.75 3.81 2.81

3.3. Pyrolysis liquid

3.3.1. Pyrolysis liquid description

Slow pyrolysis of CSS at 280 °C, 400 °C and 500 °C also resulted in
the pyrolysis liquid shown in Fig. 5. As shown, 280 °C pyrolysis liquid
consisted of a single aqueous phase; on the other hand, 400 °C and 500
°C pyrolysis liquids were composed of two phases, an aqueous phase and
a non-aqueous phase. This is because this type of pyrolysis generates
high amounts of reaction water, separating the hydrophilic and hydro-
phobic compounds of pyrolysis liquid in two phases [9,35]. As hydro-
phobic compounds are mainly from lignin degradation [9,533], the phase
separation only took place at 400 “C and 500 °C, at which a higher
amount of lignin has been decomposed (see Section 3.1.1). On the
contrary, hydrophilic compounds are mostly from hemicellulose, cel-
lulose and part of lignin decomposition [,33,50].

3.3.2. Pyrolysis liquid composition

The chemical composition of the CSS pyrolysis liquids was analysed
by GC-MS (see Fig. 6), showing caffeine as the most abundant com-
pound in all samples. In contrast with pyrolysis liquid from classical
forest biomass [51,52] or other agricultural wastes, such as grape
pomace [33] or olive mill waste [9], CSS pyrolysis liquids showed low
phenolic content. This is due to most of the phenolics originating from
the degradation of lignin, which is low in CSS (1 wt%) [34]. It is also
observed that CSS pyrolysis liquids were particularly rich in nitrogen
compounds, since the amount of nitrogen present in CSS was high (3 wt
%) (see Section 3.2.1, ultimate analysis). This characteristic was detec-
ted as well by Polidoro et al. [8] and in the previous study performed by
our research group [10].

As shown in Fig. 6, 400 °C and 500 °C pyrolysis liquids presented
similar compositions, which were much higher than the one at 280 °C, as
expected from TGA data that showed lower devolatilisation at 280 °C
(see Section 3.1.1). AP (Graphic A) was mainly composed of caffeine
(compound 19) and to a lesser extent, pyridine (2), phenolics (13, 15,
16) and other low molecular weight oxygenated products (1, 5, 7, 8, 9,
11, 12). NAP (Graphic B), on the other hand, mostly contained caffeine
(16), phenolics (5, 7, 8, 9, 10, 11), nitrogenated compounds (1,2,12,13),
hydrocarbon chains (14, 15, 17) and sterols (18, 19). Hence, CSS py-
rolysis liquids seem to be a potential source of caffeine (see Fig. 6),
which is a value-added compound widely used in food and pharma-
ceutical industry [27-29].

In this regard, caffeine concentration from AP samples was quanti-
fied by HPLC-UV/Vis (see Table 3), with AP 400 °C showing the highest
amount of caffeine (14.3 g caffeine /L AP; 3.81 mg caffeine AP/ g CSS).
Specifically, from each tonne of CSS, it was obtained 154 kg of AP (400
°C), which contained 2 kg of caffeine. It is reported that the total content
of caffeine in CSS feedstock is around 4.4-10.0 mg caffeine /g CSS by
Bresciani et al. [53], 8.3-13.7 mg caffeine /g CSS by Napolitano et al.
[54], and 7.7-10.3 mg caffeine /g CSS by Toschi et al. [55], the differ-
ence between these values being attributed to the different methods
used forits measurement [55]. In view of this data, it is assumed that just
part of CSS caffeine was concentrated in the AP liquid fractions, while
the rest should be in the NAP pyrolysis liquids (see Iig. 6, graphic B).
Still, CSS AP pyrolysis liquids, mainly the 400 °C sample, contained an
appreciable concentration of caffeine.

Apart from caffeine, CSS pyrolysis liquids were also composed of
other value-added products, such as phenolics and -sitosterol (19,
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Table 4
HHVs and composition of gas fractions from the slow pyrolysis of CSS at 280 °C,
400 °C and 500 °C.

Gas fraction

280°C 400°C 500°C
HHV (MJ/m?) 1.88 3.79 10.25
Gas composition (vol%)
€O, 8421 74.48 54.42
co 1544 23.07 26.23
CHy 0.07 1.41 9.47
Hy 0.21 0.18 5.16
CzHg 0.02 0.45 2.98
CoHy 0.05 0.25 0.97
CsHg 0.00 0.16 0.77

Data of gas composition is expressed as vol%, obtained from GC analysis. (HHV,
higher heating value; CCS, coffee silverskin).

Fig. 6B). Phenolics are known for their antioxidant properties, which are
highly valuated in nutraceuticals and cosmetic industries [9,10]. Spe-
cifically, our previous study determined the total phenolic content and
the antioxidant capacity of 280 °C, 400 °C and 500 °C CSS pyrolysis
liquids, showing them as potential source of phenolics [10]. On the other
hand, p-sitosterol is usually used in medicine for heart disease, hyper-
cholesterolemia, modulating the immune system, prevention of cancer,
as well as for rheumatoid arthritis, tuberculosis, cervical cancer, hair
loss and benign prostatic hyperplasia [56]. In this way, CSS pyrolysis
liquids could be considered as potential sources of value-added prod-
ucts, in particular caffeine, which amount between 10.4 and 14.3 g/L in
the AP. It should be noted that these products need to be first separated
and purified.

3.4. Gas fraction

CSS pyrolysis gases mainly consisted of CO,, CO, CHy, and, to a lesser
extent, Hy, C;Hg, CoHy and C3Hg (see Table 4), From all gases, CO, was
the most abundant compound, followed by CO. CO, and CO are related
to the pyrolysis of hemicellulose and cellulose [57], the first polymers to
be thermally degraded (see Section 3.1.1). CO3 is mainly released from
the cracking and reforming of carboxyl (C=0) and carboxylic acid
(COOH), mostly present in hemicellulose, whereas CO is mainly ob-
tained from carbonyl (COC) and carboxyl (C=0) decomposition, mostly
concentrated in cellulose [57]. On the contrary, H, gave low percent-
ages, being almost negligible at low pyrolysis temperatures (see
Table 4). Similar results were obtained by Yu et al. [30] in the pyrolysis
of rice husk and corn stalk, performed in the same auger reactor as the
present study, where H, percentage was not significant till pyrolysis
temperatures were above 500-550 °C [30,57]. Regarding CH4 and the
other light hydrocarbons, they are attributed to the reforming and
cracking of methoxyl groups, mainly present in lignin, and heavier hy-
drocarbons [30,57].

Moreover, Table 4 shows that as the temperature of the pyrolysis
process was increased, the proportion of CO; decreased, and the pro-
portions of the other gas compounds increased, as also observed by Yu
et al. [30]. This fact is reflected in the gas calorific values, which
increased with the increase in CH, and light hydrocarbons [58]. In this
way, 500 °C gas gave the highest calorific value (10.25 MJ/m®). The
heat of combustion of the pyrolysis gases could be used for biomass
drying before thermochemical treatment, since the feedstock should
have low moisture content (typically no more than 10 wt% of moisture).
Specifically, the resulting flue gas could be used as a drying medium in a
direct rotary drums and belt conventional dryers, where biomass could
be heated by the hot flue gas directly using the thermal energy in the hot
gas [59]. Hence, the integration of biomass drying to pyrolysis process
could improve the overall efficiency of the process, apart from
contributing to the circular economy and the bioeconomy.
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4. Conclusions

The present work deals with the management of CSS, which is the
only by-product from the coffee roasting process. By employing slow
pyrolysis, it allows closer biorefinery integration of CSS by exploring the
potential uses of the resulting fractions, demonstrating biochar as an
adsorbent of mainly cationic and aromatic organic pollutants from
water; pyrolysis liquid as caffeine source; and gas fraction as a heat
source for biomass drying before pyrolysis treatments. Specifically, py-
rolysis of one tonne of CSS at 400 °C would generate 405 kg of biochar
and could result in up to 2 kg of caffeine to be extracted from the
aqueous pyrolysis liquid fraction. This study promotes the sustainability,
circular economy and zero-waste in the coffee roasting industry.
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Abstract

Several studies have addressed the potential biorefinery, through pyrolysis, of coffee silverskin
(CSS), grape pomace (GP) and olive mill waste (OMW), which are respectively the main solid
residues from coffee roasting, wine making and olive oil production processes. However, not
using the same reactor, especially if they have different sizes, may affect the properties and so,
applications, of the resulting products, hampering the transferability of existing research. The
aim of this study is then to perform pilot scale experiments to compare and verify the results
of analytical study (TGA) and bench scale reactor runs, in order to understand the fundamental
differences and create correlations on pyrolysis runs at different scale. To this end, pyrolysis
liquids and biochars from the slow pyrolysis of CSS, GP and OMW, performed using same
temperatures and solid retention time (10 min), but different scale reactors (15 kg/h and 0.3
kg/h), have been analysed (TGA, pH, density, proximate and ultimate analyses, HHV, FTIR,
GCMS) and compared. The results showed no major differences in biochars; however, in
pyrolysis liquids, the ones from pilot plant were richer in 2,6-dimethoxy-phenols and phenolics
para-substituted by carbonyl groups, than lab reactor liquids. Moreover, GP 400 °C biochars

showed the best properties for combustion; CSS biochars were especially rich in nitrogen, and

Abbreviations: CSS, Coffee Silverskin, GP, Grape Pomace; OMW, Olive Mill Waste; NAP, Non-Aqueous Phase
of the pyrolysis liquid; AP, Aqueous Phase of the pyrolysis liquid
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400 °C GP and OMW pyrolysis liquids showed the highest number of phenolics. Hence, this
study addressed the transferability of CSS, GP and OMW pyrolysis-based biorefinery research,

in a way towards a circular bioeconomy.

Keywords

Biochar; pyrolysis liquid; agricultural wastes; pyrolysis auger reactor; scale-up

1. Introduction

From the past half-decade, circular economy has been gaining attention due to its implication
on sustainability, addressing the social, economic, and environmental concerns brought by the
linear economic model (Ubando et al., 2020). The goal of circular economy has been to
remodel the life cycle of a product, minimizing the resource consumption and waste generation,
for instance, by industrial symbiosis, which consists of reusing the industrial by-products
within the industrial network (Chertow, 2007). Biorefinery, employed to generate bio-
products, biochemicals, and bioenergy from different types of biomass, also acts as a strategic
mechanism for the realisation of a circular bioeconomy, which is based on the use of
bioproducts (European Commission, 2017). The utilisation of agricultural wastes in biorefinery
can additionally address the issue of environmental pollution, managing the mention wastes in
a sustainable way by converting them in a resource (Ubando et al., 2020). Different
technologies have been investigated in order to carry out the biorefinery process, including
pyrolysis.

Pyrolysis consists of a thermochemical degradation, carried out at elevated temperatures under
oxygen-limiting conditions, where the principal polymers of biomass (hemicellulose, cellulose
and lignin) decompose into solid, liquid and gas fractions (Brassard et al., 2017; del Pozo et
al., 2018). The resulting solid fraction (biochar) has been used in a broad range of applications,
including soil amendment to increase crop yields (Rehrah et al., 2014; Tan et al., 2015; Wang
and Liu, 2017), adsorbent of both organic and inorganic contaminants, heavy metals and
pesticides in soil and water mediums (Cabrera et al., 2014; Tan et al., 2015; Wang and Liu,
2018, 2017; Xie etal., 2015), and as a negative emission technology (NET) to sequester carbon
in soil (Smith, 2016) and to reduce greenhouse gas emissions (Brassard et al., 2016), thus
mitigating global warming. Regarding the pyrolysis liquid, it usually contains a multitude of

value-added chemicals, such as phenolics, levoglucosan and organic acids, that can be
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extracted and valorised (del Pozo et al., 2018; Ren et al., 2017). Gas fraction, on the other hand,
is often used to provide heat to the pyrolysis process, which can make the technology
independent of external energy sources (Brassard et al., 2017). The properties, and so
applications, of the resulting pyrolysis products are nevertheless highly influenced by the
biomass feedstock, pyrolysis technology and operating parameters (mainly retention time and
temperature), determining the proportions and characteristics of each product (Brassard et al.,
2017).

The present work analyses the biochars and pyrolysis liquids from slow pyrolysis, performed
in two auger reactors (a pilot plant of 15 kg/h, and a lab size reactor of 0.3 kg/h), at several
temperatures and with a solid residence time of 10 min, of coffee silverskin (CSS), grape
pomace (GP) and olive mill waste (OMW), which are respectively the main solid residues from
the coffee roasting, wine making and olive oil production processes. Previous studies have
shown the potentialities of CSS biochars as adsorbents of organic pollutants in water, apart
from as a renewable energy source from its combustion (del Pozo et al., 2021b, 2020).
Regarding GP and OMW biochars, Jin et al., (2020) evaluated the Pb adsorption from water
by using GP biochars; Hmid et al., (2014) considered OMW biochar as a possible fuel
candidate, as well as, suitable for amendment in agricultural soils and for long term carbon
sequestration; besides, Hanandeh et al., (2016) indicated that OMW biochar can be also a good
adsorbent for treatment of water contaminated with Hg?*. On the other hand, CSS pyrolysis
liquid can be considered as a potential source of mainly caffeine and phenolics, the latter being
highly valued in cosmetic and nutraceuticals industries due to their antioxidant properties (del
Pozo et al., 2021b, 2020). In the same way, GP and OMW pyrolysis liquids have also shown
to be particularly rich in phenolics (del Pozo et al., 2021a, 2018). Hence, the mentioned studies
show promising results for potential biorefinery of CSS, GP and OMW through slow pyrolysis.
Nevertheless, most of the research has been performed in a lab scale, so it is necessary a scale-
up study to implement the research in an industrial level, being reactor capacity, together with
temperature and retention time, the parameters that usually most influence on the properties of
the resulting products (Brassard et al., 2017).

Thus, the aim of this work is to study and compare the biochars and pyrolysis liquids from the
slow pyrolysis of CSS, GP and OMW, performed at same temperatures and solid retention
time, but using different size auger reactors (0.3 kg/h and 15 kg/h), in order to understand the
fundamental difference and create correlations on pyrolysis runs at different scale. This will
give information about the robustness of the pyrolysis process, which would allow to

implement the existing research in different auger reactors, thus making the biorefinery of the
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discussed agricultural by-products more feasible. Moreover, the potentialities of the pyrolysis

products were also justified within a biorefinery perspective.

2. Materials and methods

2.1. Feedstock

CSS, GP and OMW were supplied respectively by a roasting coffee company, wine company
and olive oil cooperative from Catalonia, located in the north-east of Spain.

The pre-treatment performed on the feedstocks before slow pyrolysis consisted of natural
drying and then crushing with a hammer crusher, as described in the following previous
publications: CSS (del Pozo et al., 2020), GP (del Pozo et al., 2021) and OMW (del Pozo et
al., 2018).

2.2 Reactor systems

CSS was processed in a lab scale auger pyrolysis reactor (Fig. I) at heating temperature of 280
°C, 400 °C and 500 °C, GP at 225 °C and 400 °C, and OMW at 400 °C. In order to compare
the resulting products with the ones obtained from a pilot plant (B) (del Pozo et al., 2021a,
2020, 2018), the solid residence time was fixed at 10 min for both reactors.

The detailed operating information of the lab scale reactor shown in Fig. I (A) has been
described elsewhere (Yu et al., 2016). The system was first purged with nitrogen gas to remove
the oxygen, and the feeding rate was fixed at 0.3 kg/h.

On the other hand, the pyrolysis products from the pilot scale reactor were produced and
provided by Energ-bas company, using a pilot plant described elsewhere (Recari et al., 2017).
The pyrolysis process in the pilot plant was carried out without a previous purge, using a

feeding rate of 15 kg/h (see Fig. I, B).
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Fig. I. Schematic diagram of the lab auger pyrolysis system (A) at Aston University, and the
pilot plant (B) at ENERG-bas company.

2.3 Product yields

Product yields from the lab auger experiments were the quotient of dividing the mass of the
solid, liquid and gas pyrolysis products and the mass of the feedstocks in dry basis. In order to
express the data on a dry basis, moisture of CSS, GP and OMW were measured, resulting in
10.05 wt. % (standard deviation (s) = 0.15), 10.86 wt. % (s = 0.13) and 8.89 wt.% (s = 0.13),
respectively. The moisture content measurements, performed in triplicate and averaged, were
calculated as the lost weight after heating 1.5 g of feedstock at 105 °C overnight. Pyrolysis
liquids from up to 400 °C consisted of two phases, an aqueous phase (AP) and a non-aqueous
phase (NAP), which were separated (by decantation) and weighed (del Pozo et al., 2021b). Gas

product weight was calculated using the following formula, based on the ideal gas law:

V-MW-P

m (g) = Lo (1)

V (L) was the gas volume measured by the gas meter; the pressure (P, atm) and the temperature
(T, K) was assumed to be 1 atm and 293.15 K, respectively; R was the ideal gas law constant
(0.0821 atm L/ mol K); and MW (g/mol) was the average molecular weight of the gas

calculated according to Eq. 2.
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Z%Ai-MWi

MW,.. =
gas 100

)

where %A was the area percentage obtained from MicroGC measurement (GC; VARIAN CP-
4900, USA), and MW; was the molecular weight of the gas products. The losses from the

experiments were calculated by difference (del Pozo et al., 2021b).

2.4 Analysis of feedstock and biochars

The bulk density, pH, thermogravimetric analysis (TGA), proximate analyses (ash and volatile
matter contents), surface functional groups (measured by Fourier-transform infrared
spectroscopy, FTIR), elemental composition (CHNS) and higher heating value (HHV)
(calculated from Channiwala and Parikh (2002) formula) of CSS, GP, OMW and the resulting
biochars were measured as described in del Pozo et al., (2021b).

Before the analyses (pH, TGA, FTIR, elemental), CSS, GP and the derived biochars were
ground and sieved to a particle size under 425 pm (del Pozo et al., 2021b). OMW samples were
analysed without being ground due to their relatively higher hardness. All feedstocks and

biochars were then dried at 105 °C, overnight.

2.5 Analysis of pyrolysis liquids

Pyrolysis liquids were analysed by gas chromatography — mass spectroscopy (GC-MS) as
described in del Pozo et al., (2021b). The analyses were carried out in a Shimadzu GCMS
QP2010 SE system equipped with a capillary (Rtx-5MS) column (30 m x 0.25 mm inner
diameter % 0.25 um film thickness). Specifically, the analysed samples were the ones collected
after the water-cooled condenser (first flask) (see Fig. I, A).

The pyrolysis liquids from the pilot plant, on the other hand, were described in the following
publications: del Pozo et al., (2020) for CSS, del Pozo et al., (2021) for GP, and del Pozo et al.,
(2018) for OMW.

3. Results and discussion
3.1. Pyrolysis process
3.1.1 Thermal degradation of feedstocks and biochars

Thermal degradation of CSS, GP, OMW and the biochars resulting from slow pyrolysis using
the lab and pilot auger reactors was studied through TGA analysis (see Fig. 1), which shows
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how the main polymers of biomass (hemicellulose, cellulose, and lignin) decompose in

function of temperature, under nitrogen atmosphere conditions.
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Fig. II. Pyrolysis TGA curves of CSS (A), GP (B), OMW (C) and their respective
biochars from the slow pyrolysis at different temperatures, performed at pilot and lab
auger reactors. The left graphs show the weight loss of feedstocks and biochars, and the
right graphs show their rate of weight loss, on dry basis. (CSS, Coffee Silverskin; GP,
Grape Pomace; OMW, Olive Mill Waste; BC, Biochar; AR, Auger Reactor; T,
Temperature)

Degradation of hemicelluloses takes place around 220-315 °C (Yang et al., 2007); cellulose,
at around 240-350 °C (Mohan et al., 2006), and lignin, which is more difficult to decompose,
between 215-585 °C (Zhao et al., 2017). This is reflected on the derivative weight curves of

feedstock (see Fig. II), that show three main peaks; the first two correspond to hemicellulose
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and cellulose, and the third one, with a wider and flat shape, to lignin. These peaks were
reduced in biochars as the temperature of the pyrolysis process increased (see Fig. I1), showing
how CSS, GP and OMW degraded at the different pyrolysis conditions.

From Fig. II, some differences, although with relatively low significance, were observed
between biochars from lab and pilot reactors in terms of the thermal degradation behaviour.
CSS graph (see Fig. II, Graph A) presented close values to published data (Polidoro et al.,
2018). However, comparing with the previous study of CSS (del Pozo et al., 2020), lignin peak
was in that case almost imperceptible. The difference between these data could be related to a
different composition of CSS, which consists of a mixture from various roasting processes,
performed with different types and proportion of coffees. As shown in Fig. II (Graph A), CSS
biochars from pilot and lab reactors presented same peaks, although in lab biochars, the
intensity of peaks was higher, mostly in 280 °C case. This could be interpreted as a higher
concentration of cellulose in lab CSS samples. Biochars from 280 °C experiments evidenced
the decomposition of hemicellulose during the pyrolysis process, since just cellulose and lignin
peaks were observed; pyrolysis at 400 °C degraded hemicellulose and cellulose, resulting in
lignin-based biochars; at 500 °C, all three polymers were decomposed (see Fig. II, Graph A).
It was also observed that in 400 °C biochars, lignin peak changed its maximum to around 470
°C (see Fig. 11, Graph A, B, C), fact that could be attributed to structural modifications of lignin
at elevated temperatures (Rehrah et al., 2014).

In GP samples (see Fig. II, Graph B), the differences between pilot plant and lab reactor
biochars were most notable. Data from pilot plant biochars was as expected; 225 °C biochar
was very similar to GP feedstock, since at this temperature almost nothing is degraded. 225 °C
lab biochar also showed similar peaks to those of GP, although with different intensity. In
reference to 400 °C biochars, pilot plant data was comparable to the ones obtained from the
other 400 °C biochars of the study, except for GP lab biochar, which seemed to degrade at a
lower temperature, presenting cellulose and lignin peaks in a very similar way as 280 °C CSS
biochars did (see Fig. II, Graph A and B).

OMW biochars, on the other hand, did not show significant differences between biochars (see
Fig. II, Graph C).

Hence, based on TGA analysis, biochar thermal degradation under inert atmosphere seemed to
not be significantly influenced by the reactor scales used (lab and pilot augers) in the slow

pyrolysis of CSS, GP, OMW.
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3.1.2 Product yields

The product yields from the experiments performed at the lab auger plant (see Table I) showed
expected trends: as the temperature of the process increased, solid fraction decreased, and
liquid and gas fractions increased. Product yields are therefore indicators of how biomass
degrades during the pyrolysis process, thus contributing to determine the best operating

temperature in function of the desired pyrolysis products.

Table 1

Product yields from the slow pyrolysis of CSS, GP and OMW at the lab auger reactor. Data is
expressed as wt. % on dry feedstock basis. (CSS, Coffee Silverskin; GP, Grape Pomace; OMW,
Olive Mill Wastes; AP, Aqueous Phase of the pyrolysis liquid; NAP, Non-Aqueous Phase of

the pyrolysis liquid)
CSS GP OMW
280°C 400°C 500 °C 225°C 400 °C 400 °C
Solid residue from
TGA'! 80.7 43.6 33.7 97.5 56.3 47.2
Product yields
Solid 80.5 40.5 31.5 93.5 54.1 38.8
Liquid - AP 4.1 154 15.7 - 14.8 40.3
Liquid - NAP - 18.2 22.6 - 6.3 1.8
Gas 10.5 21.5 24.5 34 17.5 19.9
Losses 49 4.4 5.7 3.1 7.3 -0.8

! Data obtained from the TGA analysis of CSS, GP and OMW feedstocks.

As shown in Table I, solid fraction (wt.%) was consistent with TGA analysis. Due to the
similarity seen in CSS and GP solid yields between lab reactor and TGA data, taking into
account the different heating conditions and amounts used, it could be expected that pilot plant
experiments had similar values. Concerning OMW, the differences observed between OMW
values were probably due to the heterogeneity of the feedstock, which is composed of olive
stones (major proportion), pulp, skin and stalks. Hence, in this case, product yields seemed to
depend mainly on the biomass feedstocks and the temperature of the process. As shown in
Table I, pyrolysis liquids produced at temperatures > 400 °C consisted of an aqueous phase
(AP) and a non-aqueous phase (NAP). Slow pyrolysis usually results in two-phase liquid
because of the high amount of reaction water produced, separating the hydrophilic and

hydrophobic products in AP and NAP (del Pozo et al., 2018; Torri and Fabbri, 2014).
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Hydrophilic products are mainly related to hemicellulose and cellulose degradation, while the
hydrophobic ones come mostly from lignin decomposition. This resulted in phase separation
only occurring for the experiments performed at higher temperatures (400 and 500 °C), where
higher amount of lignin was decomposed. Regarding GP 225 °C, the liquid generated came
mainly from moisture, not being represented in Table I since data is expressed on dry feedstock
basis. Losses, on the other hand, are mainly associated with the fact that mostly CSS and GP
could have remained inside the reactor. In the case of OMW, this did not occur to such a

significant extent due to the greater density of this feedstock compared to the others.

3.2 Characterisation of feedstocks and biochars

In order to compare the products obtained from the slow pyrolysis of CSS, GP and OMW at
the lab and pilot auger reactors, the resulting biochars (and the feedstocks) were analysed
through proximate and ultimate analyses, pH value, and density (see Table II and Fig. III and
IV). In addition, the characterisation of the resulting biochars also provided information about

their potential suitability in different applications.

FEEDSTOCK
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Fig. I11. CSS, GP and OMW feedstocks, and biochars from the slow pyrolysis of these
compounds, performed at the lab and pilot auger reactors, at different temperatures.
The unit of the ruler is in cm. (CSS, Coffee Silverskin; GP, Grape Pomace; OMW,
Olive Mill Waste; BC, Biochar)
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Table 11

Characterisation of CSS, GP, OMW and their respective biochars from slow pyrolysis at different temperatures. Data is expressed as Mean

standard deviation). Ash, proximate and ultimate analysis are expressed as wt. % on dry basis. (CCS, coffee silverskin; GP; Grape Pomace; OMW,
p y

Olive Mill Waste; BC, Biochar; AR, Auger Reactor; VM, Volatile Matter; FC, Fixed Carbon; HHV, Higher Heating Value; BET surface area)

P CSS BC 280 °C CSS BC 400 °C CSS BC 500 °C
Lab AR? Pilot AR Lab AR? Pilot AR Lab AR® Pilot AR
Density (g/mL) 0.314 (0.006) 0.256 (0.005)  0.191 (0.002) 0.197 (0.003)  0.194 (0.003) 0.186 (0.010)  0.161 (0.005)
pH 5.358 (0.029) 6.660 (0.035) 7.10 (0.25) 8.900 (0.000) 8.30(0.19) (109'()0459:2) (109'()11192)
Proximate Analysis
VM (%) 65.78 (0.40) 70.43 (0.67) 59.7 (3.5) 41.80 (0.16)  41.235(0.088) 38.5(1.7) 37.84 (0.71)
FC (%) 26.74 (0.65) 21.0 (1.2) 29.6 (3.1) 41.90 (0.37) 42.17 (0.31) 40.74 (0.66) 38.8 (2.5)
Ash (%) 7.48 (0.25) 8.62 (0.55) 10.75 (0.42) 16.29 (0.53) 16.60 (0.40) 20.7 (1.1) 23.4(3.2)
Ultimate Analysis
N (%) 3.504 (0.072) 3.370 (0.090)  3.646 (0.042) 3.099 (0.018) 3.246 (0.033) 2.897 (0.050)  2.80 (0.14)
C (%) 47.685(0.023) 54.23 (0.39) 55.03 (0.27) 60.10 (0.61) 55.71 (0.25) 60.78 (0.72)  56.53 (0.94)
H (%) 5.611 (0.000) 5.868 (0.024)  4.752 (0.072) 4.442 (0.066) 3.33(0.12) 2.591 (0.047) 2.200 (0.045)
S (%) 0.243 (0.025) 0.110(0.009)  0.142 (0.013) 0.044 (0.062) 0.139 (0.028) 0.148 (0.022)  0.173 (0.020)
0 (%)! 34.657(0.024) 28.42 (0.49) 21.43 (0.38) 15.92 (0.62) 17.57 (0.19) 11.78 (0.84) 12.6 (1.1)
Molar H/C 1.402 (0.001) 1.289 (0.004)  1.029 (0.010) 0.881 (0.022) 0.713 (0.028) 0.508 (0.003)  0.464 (0.002)
Molar O/C 0.546 (0.000) 0.393 (0.010)  0.292 (0.007) 0.199 (0.010) 0.237 (0.004) 0.146 (0.012)  0.167 (0.017)
Molar (O+N)/C 0.609 (0.001) 0.447 (0.009)  0.349 (0.006) 0.243 (0.010) 0.287 (0.003) 0.186 (0.012) 0.210 (0.016)
HHV (MJ/kg) * 19.471(0.009) 22.70 (0.21) 22.24 (0.22) 24.18 (0.21)  21.102 (0.030) 22.56(0.39)  20.46 (0.49)
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GP

GP BC225°C

GP BC 400 °C

Lab AR Pilot AR

Lab AR Pilot AR

OMW BC 400 °C
OMW

Lab AR Pilot AR

Density (g/mL)
pH
Proximate Analysis

VM (%)

FC (%) !

Ash (%)
Ultimate Analysis

N (%)

C (%)

H (%)

S (%)

0 (%)!

Molar H/C

Molar O/C

Molar (O+N)/C
HHV (MJ/kg) *

0.461 (0.019)
3.71 (0.10)

67.98 (0.29)
24.15 (0.35)
7.87 (0.96)

2.30 (0.22)
51.91 (0.91)
6.271 (0.026)
0.103 (0.003)
32.41 (0.66)
1.440 (0.031)
0.469 (0.018)
0.507 (0.022)
21.99 (0.36)

0.484 (0.024) 0.465 (0.011)
3.682 (0.029) 3.394 (0.063)

70.9 (1.8) 70.3 (1.7)
19.7 3.1) 25.8(1.6)
9.4 (1.3) 3.87 (0.10)
1.8 (1.0) 1.33 (0.66)

53.50 (0.49)  52.41 (0.54)
6.28 (0.42)  5.98 (0.50)

0.052 (0.074) 0.035 (0.049)
31.3(2.0) 342 (1.7)
1.399 (0.081)  1.36 (0.10)

0.439 (0.032) 0.491 (0.030)
0.468 (0.016) 0.512 (0.019)
22.67(0.87)  21.66 (0.96)

0.272 (0.002) 0.245 (0.008)
7.790 (0.019)  8.190 (0.050)

70.1 (1.1)  35.10(0.18)
22.0 (1.1) 54.9 (2.0)
7.903 (0.016)  10.0 (1.9)

2.06 (0.62)
65.68 (0.42)
4.92 (0.60)
0.000 (0.000)
16.24 (0.79)
0.89 (0.11)
0.186 (0.008)
0.213 (0.000)
26.78 (0.63)

1.341 (0.041)
66.3 (3.0)
3.175 (0.019)
0.000 (0.000)
17.3 3.1)
0.571 (0.023)
0.197 (0.044)
0.214 (0.044)
24.8 (1.4)

0.628 (0.024) 0.386 (0.015) 0.364 (0.005)
5.328 (0.023) 7.522(0.024) 8.200 (0.029)

68.8(1.9)  33.55(0.60) 35.10(0.18)
25.5 (4.0) 61.7 (4.4) 60.9 (2.3)
57(2.1) 4.8 (5.0) 3.9 (2.5)
1.9 (1.2) 1.4 (1.1) 0.87 (0.49)
51.0 (2.7) 61.3(7.2) 59 (21)
6.69 (0.61)  4.33(0.83)  2.93(0.28)
0.114 (0.089) 0.000 (0.000) 0.000 (0.000)
40.3 (3.8) 32.9(9.2) 37 (21)
1.562 (0.088) 0.837(0.062)  0.63 (0.18)
0.597 (0.083)  0.41(0.16)  0.56(0.33)
0.629 (0.077)  0.43(0.15)  0.57(0.33)
21.4 (2.0) 23.0 (4.4) 20.1 (9.3)

'Fixed carbon and oxygen content calculated by difference.
2HHV calculated from Channiwala and Parikh, (2002) formula.
3 Data obtained from del Pozo et al., (2021)
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The degradation of biomass is related to the temperature of the pyrolysis process (see Section
3.1.1); as the temperature increases, the biomass decomposes removing the volatile compounds
and concentrating the content of fixed carbon and ash (mineral, alkali metals), that remain in
the generated biochar (Chen et al., 2016; Wang and Liu, 2018). In the same way, biochar
density decreases with the increase of the pyrolysis temperature due to the removal of volatiles
(del Pozo et al., 2021b). This trend was reflected in the proximate analysis and density data
from Table II. Regarding the biochars from lab and pilot auger reactors, the information
obtained from these analyses showed some differences, although with relatively low
significance. Specifically, CSS biochars presented similar data in 400 °C and 500 °C lab and
pilot reactor experiments, but it was quite different in 280 °C case, being in agreement with
TGA analysis (see Section 3.1.1), that showed a higher concentration of cellulose in lab
biochar. Concerning GP experiments, it was expected that 225 °C biochars and GP feedstock
had similar values, since at this low temperature almost nothing degraded (see Section 3.1.1).
Nevertheless, as shown in Table II, ash data presented some differences, which were also
translated to fixed carbon data (calculated by difference). 400 °C biochars also showed
significant differences, where, in agreement with TGA analysis (see Section 3.1.1) and Table
II, lab biochar seemed to be degraded at a lower temperature (proximate analysis showed
similar values for 400 °C lab biochar, GP feedstock and 225 °C biochars). In reference to OMW,
lab and pilot plant biochars presented similar values. Moreover, Table II also confirmed that
the effect of feedstock type on ash content is stronger than the pyrolysis condition (Wang and
Liu, 2017), since the higher differences in ash were observed between feedstocks types instead

of biochars from different reactors.

On the other hand, the pH of feedstocks and biochars is related to their mineral content, which
increases with the increase of the pyrolysis temperature (del Pozo et al., 2021b; Wang and Liu,
2018). In this sense, Wang and Liu (2017) observed that biochars produced beyond 300 °C had
a basic pH and that the pH values increased until 600 °C, a fact that was attributed to the
separation of alkali salts from the organic matrix of biochar (Novak et al., 2009; Rehrah et al.,
2014; Wang and Liu, 2017). Thus, the alkalinity of the biochars justifies their potential use as
amendment to neutralize soil acidity (Chen et al., 2016). pH values from Table II also showed
to be consistent with the pyrolysis temperature of biochars, which presented similar values,

regardless of feedstock type and pyrolysis reactor.

Ultimate analysis (CHNO%) and molar ratios were used to estimate the aromaticity (H:C),

polarity (O:C) and oxygen functionality ((O+N):C) of biochars (Lou et al., 2016), providing
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information about how CSS, GP and OMW degraded. During the pyrolysis process, biomass
undergoes dehydration, decarboxylation and decarbonylation reactions, forming volatile
compounds that are released, and graphitic and aromatic structures that condense in the
generated biochar (Keiluweit et al., 2010; Liu and Han, 2015; Uchimiya et al., 2011; Wang and
Liu, 2018). In this way, with the increasing of pyrolysis temperature, %C increased, and %H
and %O decreased, resulting in the decreasing of molar ratios (H/C, O/C, (O+N)/C) (see Table
II). On the other hand, it was also observed that lab scale biochars had higher %H and %C than
biochars from the pilot reactor. This could be due to the formation of secondary chars in the
lab reactor, where volatile organics could condense onto the solid primary char during the
thermochemical process (Lucian et al., 2018). The lower vapor retention time of the pilot plant,
caused by a fan sucking the product vapours and so, removing them quicker than in the lab
scale reactor, makes that, in this case, the secondary reactions took place to a lesser extent.
Moreover, Table II showed that N% content was especially high in CSS samples (3%), a fact

that promotes its use as compost (del Pozo et al., 2021b).

Regarding the calorific values (HHV) (see Table II), they were calculated from ash and ultimate
analysis following Channiwala and Parikh (2002) mathematic formula (see Section 2.4);
therefore, the differences observed in these analyses were also reflected in HHV data. Seen
from Table II, calorific values increased with the increase of pyrolysis temperature; this is due
to HHV data are specially determined by C% content (Chen et al., 2016). Within the different
biochars of the study (see Table II), GP 400 °C were the most suitable for combustion, since
they not just had the highest calorific values (27 MJ/kg), but also presented low sulphur content
(avoiding sulphur oxides emissions) and low ashes (reducing the engine maintenance

associated with the combustion process).
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Fig. IV. FTIR spectra for CSS, GP and OMW feedstocks, and biochars from the slow
pyrolysis of these compounds, performed at the lab and pilot auger reactors, at

different temperatures.
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FTIR spectra, on the other hand, informed about the surface functional groups of the feedstocks
and biochars, showing the decomposition of CSS, GP and OMW. As shown in Fig. IV, and in
agreement with ultimate analysis (see Table II), polar functional groups reduced, and aromatic
and graphitic structures increased with the increase of the pyrolysis temperature (del Pozo et
al., 2021b). A broad peak around 3300 cm™, related to O-H stretching vibrations from alcohols,
phenols and organic acids, and 2800-3000 cm'peaks, corresponding to aliphatic C-H
stretching vibration from methyl and methylene groups, decreased with the increase of the
temperature, showing the aliphatic loss and the depolymerisation and dehydration reactions
that took place during the pyrolysis process (Lou et al., 2016; Uchimiya et al., 2011; Wang and
Liu, 2017). Moreover, reduction of C=0 (1630 — 1750 cm™!), related to carboxylate groups,
and C-O (1000 — 1200 cm™) were also observed in biochars from >400 °C (Uchimiya et al.,
2011; Wang and Liu, 2018; Yu et al., 2016). By contrast, aromatic peaks from C=C stretching
(1400 and 1620 — 1640 cm™!), as well as C-H bending (874 cm™!) and C=H stretching (781—
873 cm™!) were enlarged in 400 °C and 500 °C biochars (Lou et al., 2016; Tan et al., 2015;
Uchimiya et al.,, 2011; Wang and Liu, 2018, 2017). Thus, FTIR spectra demonstrated
qualitative differences in the surface functional groups of biochars as a result of differences in
the original feedstocks as well as pyrolysis temperatures. However, and in line with the
observed in TGA (see Section 3.1.1) and in the analyses in Table II, no major differences were
observed between biochars from lab and pilot auger reactors. In addition, FTIR analysis
justifies the potential use of these biochars as adsorbents (del Pozo et al., 2021b; Hanandeh et
al., 2016; Jin et al., 2020), since the surface functional groups play an important role in their
adsorption capacity, namely the effectiveness of oxygen-containing functionalities for

immobilizing, for instance, heavy metals (Wang and Liu, 2017).

3.3 Pyrolysis liquid
3.3.1 Pyrolysis liquid description

Pyrolysis liquids from lab and pilot auger reactors were also compared, showing similar
aspects, except for CSS 400 °C and 500 °C pyrolysis liquids, that were composed of a single
phase in pilot plant case, and two phases in lab reactor liquids (see Fig. V). This fact could be
related to the different composition of feedstock, being the one from lab reactor richer in lignin
(See Section 3.1.1), thus facilitating the phase separation to take place by increasing the number

of hydrophobic compounds (resulting from the degradation of lignin) in the lab pyrolysis
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liquids. Moreover, the different vapor retention time of the reactors could also affect the
composition of the pyrolysis liquids and so, its appearance, being secondary reactions more

favoured in the lab auger reactor, due to its longer vapor retention time.

LAB AUGER
REACTOR

s
A=
&

PILOT AUGER
REACTOR

o
®

280 °C - CSS 400°C - CSS 500°C - CSS 225°C - GP 400°C - GP 400°C - OMW

Fig. V. Pyrolysis liquids from the slow pyrolysis of CSS, GP and OMW feedstocks,
performed at lab and pilot auger reactors, at different temperatures. (CSS, Coffee
Silverskin; GP, Grape Pomace; OMW, Olive Mill Waste; AP, Aqueous Phase of the
pyrolysis liquid; NAP, Non-Aqueous Phase of the pyrolysis liquid)

3.3.2 Pyrolysis liquid composition

Pyrolysis liquids were composed of a multitude of low molecular weight oxygenated products
from the decomposition of hemicellulose, cellulose and lignin during the thermochemical
treatments, that concentrated in the hydrophilic AP fraction (see Table IIL.I), or in the case of
hydrophobic compounds, in NAP fraction (see Table IIL.IT). Chemical composition of AP and
NAP from lab and pilot auger reactors was analysed by GC-MS, with products from Table III
being a representation of their conformation. AP (see Table IIL.I) mainly consist of phenolics
(compounds 12 - 22) and low molecular weight oxygenated products, such as sugars (3, 4),
cyclopentanones (6 - 8) or furans (10, 11); NAP (see Table III.II) mainly contained phenolics
(2 - 11). As shown in Table III, and reported in previous work (del Pozo et al., 2021a, 2020,
2018), phenolics were one of the main components of the pyrolysis liquids, and also, one of
the most value-added ones, since their antioxidant properties makes them highly appreciated
in cosmetic and nutraceuticals industries (del Pozo et al., 2020, 2018). Apart from the above-
mentioned products, AP was also composed of small molecular weight carboxylic acids (acetic

acid) (del Pozo et al., 2021a, 2018), and in the case of CSS pyrolysis liquids, also of caffeine
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and nitrogenated products (pyridine, pyrrole, 2,4-dimethyl-2-oxazoline-4-methanol, amides
and amines) (del Pozo et al., 2020). NAP, on the other hand, also contained fatty acids and
esters of fatty acids, hydrocarbon chains, and in CSS case, also caffeine, nitrogenated
compounds (pyridine, pyrrole, indoles) and sterols (B-sitosterol) (del Pozo et al., 2021a, 2020,
2018).

GCMS data, together with elemental analysis (see Section 3.2, Table II), indicated that
secondary reactions could be mainly produced in the lab auger reactor, where the vapor
retention time was longer. This can be observed in Table III, where 2,6-dimethoxy-phenols
(compounds 20-22 from Table IIL.1, and 8-10 from Table IIL.IT) and phenolics para-substituted
by carbonyl groups (compounds 19, 22 from Table III.I) were mostly found in the pilot plant
samples. The difference between lab and pilot pyrolysis liquids could be then related to the
secondary reactions, being the products from lab reactor more degraded.

Moreover, it was also observed that OMW and GP pyrolysis liquids showed higher number of
phenolic compounds compared to CSS, since part of those phenolics derives from the

degradation of lignin, which is lower in CSS feedstock (Murthy and Madhava Naidu, 2012).
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Table II1. I

Most abundant compounds of the aqueous phase of the pyrolysis liquid obtained from the slow pyrolysis of CSS, GP and OMW at different
temperatures, determined by GC-MS analysis. Data is expressed as % Area. 1) 1-Hydroxy-2-propanone; 2) L-Lactic acid; 3) 1,4:3,6-Dianhydro-
a-d-glucopyranose; 4) Levoglucosan; 5) Cyclopentanol; 6) 2-Methyl-2-cyclopenten-1-one; 7) 2-hydroxy-3-methyl-2-cyclopenten-1-one; 8) 3-
Methyl-1,2-cyclopentanedione; 9) Butyrolactone; 10) 2-Furanmethanol; 11) 1-(2-Furanyl)-ethanone; 12) Phenol; 13) Hydroquinone; 14)
Catechol; 15) 2-Methoxyphenol; 16) Creosol; 17) 4-ethyl-2-methoxy-phenol; 18) trans-Isoeugenol; 19) Apocynin; 20) 2,6-Dimethoxy-phenol;
21) 2,6-dimethoxy-4-methylphenol; 22) 1-(4-hydroxy-3,5-dimethoxyphenyl)-ethanone (CCS, coffee silverskin; GP; Grape Pomace; OMW,
Olive Mill Waste; AR, Auger Reactor)

Major compounds of the 5 e O
Pyrolysis liquids — %O T
Aqueous phase . z . \ ,7? e
(% Area — GC-MS) I F © \ =

1 11
CSS 280 °C - Lab AR - - - - - - - 0.99 - 6.24 -
CSS 280 °C - Pilot AR 8.92 - 1.15 - 2.69 0.11 2.30 - 0.86 0.20 0.20
CSS 400 °C - Lab AR - - 1.56 - - 0.91 - 1.45 - 1.36 -
CSS 400 °C - Pilot AR - - 1.65 - 1.20 1.12 1.69 - 0.98 0.24 0.18
CSS 500 °C - Lab AR - - 1.03 - - 1.41 - 0.80 - 1.15 0.47
CSS 500 °C - Pilot AR - - 1.80 - 1.02 0.51 1.62 - 0.92 0.18 -
GP 225°C - Lab AR - 29.94 - - - - - - - 2.69 -
GP 225 °C - Pilot AR? 1.55 - 1.34 15.31 6.52 - - 1.10 0.92 0.25 -
GP 400 °C - Lab AR - 10.46 4.01 - - 2.09 1.70 - - 4.16 -
GP 400 °C - Pilot AR? 3.32 - 1.14 9.76 7.08 0.42 4.93 0.31 1.28 0.73 -
OMW 400 °C - Lab AR - - 4.60 - - 1.34 - 3.43 1.43 3.96 -
OMW 400 °C - Pilot AR®  5.66 - - 3.27 - 0.48 - 2.32 1.20 0.21 -
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Major compounds of the
Pyrolysis liquids —
Aqueous phase

(% Area — GC-MS)

OH
OH
OH

O —

OH

OH

12 13 14 15 16 17 18 19 20 21 22
CSS 280 °C - Lab AR 1.56  0.87 1.91 2.40 - - - - 0.75 - -
CSS 280 °C - Pilot AR' 0.33 1.88 1.88 2.38 0.34 0.11 0.12 0.38 1.65 0.25 0.14
CSS 400 °C - Lab AR 1.59 1.33 - 2.15 0.31 1.23 0.38 - 0.25 - -
CSS 400 °C - Pilot AR! 0.96 - - 1.66 - - 0.06 0.85 1.24 0.23 0.20
CSS 500 °C - Lab AR 1.84 - - 0.98 - 0.45 - - - - -
CSS 500 °C - Pilot AR' 0.40 - - 1.76 - - 0.10 0.95 1.27 0.14 0.20
GP 225 °C - Lab AR 1.14 - - 12.23 0.75 2.13 - - 1.56 - -
GP 225 °C - Pilot AR 0.11 0.68 2.72 0.35 0.50 0.26 - 1.51 6.39 2.33 2.06
GP 400 °C - Lab AR 2.30 - 3.54 13.59 4.98 249 - - 1.49 - -
GP 400 °C - Pilot AR 038  0.88 4.23 3.84 1.30 0.87 0.11 0.89 6.97 2.07 1.07
OMW 400 °C - Lab AR 1.90 - 5.98 11.76 3.03 1.57 - - 11.47 2.26 -
OMW 400 °C - Pilot AR * 032 0.13 1.16 4.29 1.21 0.62 0.41 0.31 5.24 1.46 0.40

"Data obtained from del Pozo et al., (2020)
’Data obtained from del Pozo et al., (2021)
*Data obtained from del Pozo et al., (2018)
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Table III. 1T

Most abundant compounds of the non-aqueous phase of the pyrolysis liquid obtained from the slow pyrolysis of CSS, GP and OMW at different
temperatures, determined by GC—MS analysis. Data is expressed as % Area. 1) Toluene; 2) Phenol; 3) 2-Methoxyphenol; 4) Creosol; 5) 4-Ethyl-
2-methoxy-phenol; 6) 2-Methoxy-4-propyl-phenol; 7) trans-Isoeugenol; 8) 2,6-Dimethoxy-phenol; 9) 2,6-Dimethoxy-4-methylphenol; 10) E)-
2,6-dimethoxy-4-(prop-1-en-1-yl)-phenol; 11) 5-tert-Butylpyrogallol (CCS, coffee silverskin; GP; Grape Pomace; OMW, Olive Mill Waste; AR,
Auger Reactor).

OH

OH OH | | OH
Major compounds of the OH OH oH o o) OH T G I 0 o
C e 0 0 | | a o HO OH
Pyrolysis liquids — o} o 0
Non-Aqueous phase
(% Area — GC-MS) # #
6 7 8 10

1 2 3 4 5 9 11
CSS 400 °C - Lab AR 3.07 4.65 5.30 0.98 3.19 0.77 1.52 0.48 - - -
CSS 500 °C - Lab AR 6.28 4.67 - - 1.02 - - - - - -
GP 400 °C - Lab AR 1.70 3.03 14.99 10.05 11.14 4.65 3.04 2.12 - - -
GP 400 °C - Pilot AR 0.15 3.63 8.45 5.10 6.23 1.95 7.62 8.62 4.20 6.24 491
OMW 400 °C - Lab AR 1.00 2.15 11.56 5.08 5.53 1.99 0.80 10.81 - 1.79 5.11
OMW 400 °C - Pilot AR * - 1.07 15.80 8.01 7.78 1.33 7.09 - 5.83 2.81 8.87

"Data obtained from del Pozo et al., (2020)
’Data obtained from del Pozo et al., (2021)
*Data obtained from del Pozo et al., (2018)
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4. Conclusions

This study compared the biochars and pyrolysis liquids from the slow pyrolysis of CSS, GP
and OMW, performed using same temperatures and solid retention time (10 min), but different
scale reactors (15 kg/h and 0.3 kg/h), with the aim to understand the differences and create
correlations on pyrolysis runs at different scale. No major differences were observed between
the properties of biochars, meaning they could be used in similar applications, regardless of
the auger reactor they have been made. However, in the pyrolysis liquids, there were several
differences in their composition, being the ones from the pilot plant richer in 2,6-dimethoxy-
phenols and phenolics para-substituted by carbonyl groups, than lab reactor liquids. This was
related to the longer vapor retention time of the lab reactor, favouring the secondary reactions
and so, a higher decomposition of the pyrolysis products. Moreover, comparing the pyrolysis
products between them, GP 400 °C biochars showed the best properties as solid fuel; CSS
biochars were especially rich in N% content (suitable characteristic for composting), and 400
°C GP and OMW pyrolysis liquids showed the highest number of phenolics (antioxidant
compounds highly valuated in the nutraceutical industry). Hence, this study has addressed the
transferability of CSS, GP and OMW pyrolysis research, performed in auger reactors at
different scale, facilitating the biorefinery of these by-products, and thus the way towards a

circular bioeconomy.
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4.1 Discussion of the results

The present thesis is focused on valorising the agricultural wastes from the production
of olive oil (OMW), wine (GP) and roasted coffee (CSS) through pyrolysis and torrefaction

processes, transforming these wastes into value-added products.

First, it was performed a study to identify and separate interesting compounds from OMW
pyrolysis liquid (400 °C), also known as bio-oil (del Pozo et al., 2018); then, a second study
was carried out to identify and quantify phenolic compounds in GP pyrolysis (400 °C) and
torrefaction (225 °C) liquids (del Pozo et al., 2021a). The thermochemical products of these
studies were provided by ENERG-bas company, which performed the processes in a pilot auger
reactor (15 kg/h). The composition of the liquid fraction was analysed by gas chromatography
— mass spectrometry (GCMS), showing similar results between OMW and GP pyrolysis
liquids, which were composed of two phases: an aqueous phase (AP) that mostly comprised
acetic acid, monosaccharides and phenolic derivatives, and a non-aqueous phase (NAP), that
mainly contained phenolic derivatives and fatty acids and their methyl esters. In the first study,
acid-base extraction, performed with hexane at pH 12 followed by an ethyl acetate extraction
at pH 6, was shown to be a successful method to separate value-added chemical groups from
pyrolysis liquids: acetic acid, which is a chemical platform, and monosaccharides, that could
be potentially used for biogas/bioethanol production, were found in AP aqueous phase;
phenolics, which their antioxidant properties makes them highly valued in nutraceutical
industries, were identified in AP hexane, and AP and NAP ethyl acetate phases; and methyl
esters of fatty acids, that could be directed to produce biodiesel, were located in NAP hexane

phase.

From all these compounds, phenolics were the most interesting ones so, in the second study,
the suitability of Folin-Ciocalteu (FC) and DPPH methods to quantify them in torrefaction and
pyrolysis liquids was studied. FC method is based on the ability of antioxidant molecules to
reduce the FC reagent (Magalhdes et al., 2008), while DPPH assay evaluates the radical
scavenging ability of antioxidant substances toward DPPHe radical (Marina et al., 2008). Both
methods measure then two properties that are closely related to antioxidant capacity of the
samples, which in this case was mainly attributed to the presence of phenolic compounds. The
study showed that both FC and DPPH methods were suitable to quantify phenolics in GP

pyrolysis liquids; however, in torrefaction liquids, it is convenient to quantify them by DPPH
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assay, since the high content of reducing sugars present in the torrefaction liquids could
interfere in the FC measurement (Munoz-Bernal et al., 2017; Rover and Brown, 2013). This
study also showed pyrolysis (400 °C) as a successful method to obtain phenolics, especially
when compared to torrefaction (225 °C). Phenolics, which mostly concentrated in NAP, were
obtained not only from the composition of GP, but from the degradation of lignin during the
thermochemical process. Therefore, pyrolysis process (400 °C) would allow valorising OMW
and GP within a waste biorefinery context, turning them into a potential source of mainly

phenolic compounds.

The third (del Pozo et al., 2020) and fourth (del Pozo et al., 2021b) studies were focused on the
integral valorisation of CSS, the only waste of the coffee roasting process, through pyrolysis.
Thus, in this case, it was not just studied the liquid fraction, but also the solid one, getting closer
to zero-waste approach. In order to determine which is the best temperature to valorise CSS,
pyrolysis was carried out at 280 °C, 400 °C and 500 °C. In the third study, the products were
provided by ENERG-bas company (pilot auger reactor, 15 kg/h); in the fourth one, the
pyrolysis fractions were obtained from the experiments performed in a lab auger reactor (0.3

kg/h), from EBRI (Aston University, U.K.).

In contrast with OMW and GP, CSS pyrolysis liquids showed low phenolic content, which was
associated with its low composition in lignin (1% wt.) (Murthy and Madhava Naidu, 2012).
Moreover, the resulting 400 °C and 500 °C CSS pyrolysis liquids from pilot plant presented a
single phase, while the ones from lab reactor, had two phases. This could be also related to a
different lignin content of feedstocks (which came from different batches), being the one from
lab reactor richer in lignin and so, having higher amount of hydrophobic compounds to form
the NAP phase. Other difference observed in CSS pyrolysis liquids was their high content in
nitrogen compounds, especially caffeine, which resulted in the unusual basic pH of the
pyrolysis liquids. Thus, CSS liquid fractions could be a potential source of caffeine, apart from
phenolics, among others. In the third study (del Pozo et al., 2020), phenolics were quantified
showing 280 °C as the best temperature to obtain them, since in this case, phenolics were the
original ones, instead of also coming from the decomposition of lignin. In the fourth study (del
Pozo et al., 2021b), CSS pyrolysis liquids has shown as a potential source of caffeine, with
400 °C AP phase presenting the highest concentration (14.3 g caffeine/L. AP).

Regarding the solid fraction, the third study (del Pozo et al., 2020) presented them as a source

of energy (with up to 21 MJ/kg), showing no many differences between biochars, regardless
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the temperature of the process. In order to increase the value of the solid fraction, the fourth
study (del Pozo et al., 2021b) was focused on the role of CSS biochars as adsorbent of organic
pollutants in water, being potentially useful for cationic and aromatic molecules, and with

400 °C biochar giving the highest removal values.

Concerning the gas fraction, the fourth study (del Pozo et al., 2021b) argued its use as heat
source for biomass drying before pyrolysis. Therefore, CSS (the only waste of the coffee
roasting process) could be completely valorised through pyrolysis (400 °C), allowing to achieve

zero-waste in the coffee roasting industry.

A last study (see Chapter III. Submitted article) was performed to compare the OMW, GP and
CSS pyrolysis products from the pilot plant (ENERG-bas company, 15 kg/h) and the lab auger
reactor (Aston University, 0.3 kg/h). The study dealt then with the robustness of the pyrolysis
process, since using different reactors, especially if they have different capacity, could affect
the properties and so, applications, of the resulting products (Brassard et al., 2017). Apart from
the reactor type, pyrolysis process is also influenced by the biomass feedstock and the operating
parameters, mainly the solid retention time and the temperature (Brassard et al., 2017; Wang
and Liu, 2017), which remained constant throughout the study. Besides, the properties of
OMW and GP biochars were also analysed, being itself a novelty since there are few studies
that compares biochars from common agriculture wastes, performed in different pyrolysis
conditions (Wang and Liu, 2017). The results showed no major differences between biochars,
regardless the reactor used; however, in pyrolysis liquids, the ones from the pilot plant were
richer in 2,6-dimethoxy-phenols and phenolics para-substituted by carbonyl groups, compared
to the lab reactor liquids. This was related to a longer vapor retention time in the lab reactor,
favouring secondary reactions and so, a higher decomposition of the pyrolysis products. In
addition, GP and OMW pyrolysis liquids (400 °C) showed the highest number of phenolics;
and GP biochar (400 °C), the best properties for energy purposes. This study addressed then
the transferability of CSS, GP and OMW pyrolysis research, using different auger reactors,

thus making the biorefinery of the discussed agricultural by-products more feasible.

Therefore, thermochemical treatments in auger reactors can be a good procedure to transform
agricultural wastes into value-added products (biochar and pyrolysis liquids) within an

integrated biorefinery context, moving towards a circular bioeconomy.
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5.1 Conclusions

The present thesis is focused on the thermochemical treatments (pyrolysis and
torrefaction) of OMW, GP and CSS agricultural wastes, performed in auger reactors, as a mean
to transform these residues into value-added products, within a waste biorefinery and a circular
bioeconomy context. Thus, over this thesis, the resulting liquid and solid pyrolysis and
torrefaction products were studied in order to determine their potential applications, the general

conclusion being summarised as follows:

= Pyrolysis process has shown to be a suitable procedure to transform OMW, GP and CSS
agricultural wastes into value-added products within an integrated biorefinery context.
Pyrolysis liquids have shown to be a potential source of chemicals, while biochar can

be used as solid biofuel, among other potential high-valued applications.

More specifically,

= OMW and GP pyrolysis liquids (400 °C) presented similar composition, and were
composed of the following value-added products:

- The aqueous phase was composed of acetic acid, which is a chemical platform;
sugars, that could be potentially used for biogas/bioethanol production; and
phenolic compounds, which their antioxidant properties make them highly
valued in nutraceutical industries.

- On the other hand, the non-aqueous phase mainly comprised phenolics and, to a
lesser extent, fatty acids and their methyl esters, the latter being able to be used

as biodiesel.

* Intermediate pyrolysis (400 °C) has shown to be a suitable method to obtain phenolics
from OMW and GP. Phenolics, which are the highest valued-added products from the
pyrolysis liquids, came from OMW and GP composition, aside from lignin

devolatilization reactions that take place during the thermochemical process.

=GP biochar (400 °C) showed the best properties for energy purposes (27 MJ/kg, and low
ashes and sulphur content), compared to OMW and CSS biochars.

= (CSS pyrolysis liquids differed from the OMW and GP pyrolysis liquids.
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- CSS pyrolysis liquids had a lower phenolic content, but a rich composition of
nitrogen compounds, especially caffeine, which resulted in an unusual basic pH
of the liquid fraction.

- Compounds from CSS pyrolysis liquid not always separate in two phases, and

s0, not always form a non-aqueous phase (NAP).

CSS could be completely valorised through thermochemical treatments, allowing to
achieve the ultimate goal of a zero-waste economy in the coffee roasting industry
- Biochars could be potentially used to adsorb mainly cationic and aromatic
organic pollutants from water, as well as, as solid biofuel (<21 MJ/kg).
- Pyrolysis liquids can be considered as a potential source of chemicals, mainly
caffeine and phenolics.
- QGas fraction can be used as a heat source for biomass drying before pyrolysis

treatments.

Regarding each particular study, the research findings are addressed at the conclusions section

of each article, being the most relevant ones summarised in the following points:

Article 1. Separation of value-added chemical groups from bio-oil of olive mill waste

A procedure to separate compounds of OMW pyrolysis liquid (400 °C) in value-added
chemical groups was developed. The procedure consisted of a first extraction with

hexane at pH 12, followed by an ethyl acetate extraction at pH 6.

The resulting value-added chemical groups, after the separation procedure, comprised:
acetic acid, monosaccharides and phenolics, concentrated in the AP aqueous phase;
phenolics, identified in AP hexane, AP ethyl acetate and NAP ethyl acetate phases; and
methyl esters of fatty acids, found in the NAP hexane phase.

Article 11. Production, identification, and quantification of antioxidants from torrefaction

and pyrolysis of grape pomace
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Phenolics from GP torrefaction liquid (225 °C) should be quantified by DPPH assay in
order to avoid that the high content of reducing sugars present in the torrefaction liquid

interferes in the Folin-Ciocalteu measurement.

Intermediate pyrolysis (400 °C) has shown to be a suitable method to obtain phenolics
from GP, compared to the torrefaction process (225 °C), due to the degradation of lignin,

that increase with increasing the temperature of the process.

Article II1. Production of antioxidants and other value-added compounds from coffee

silverskin via pyrolysis under a biorefinery approach

CSS can be totally valorised through intermediate pyrolysis.

CSS pyrolysis liquids were composed of different value-added products, such as acetic

acid, nitrogenated compounds (mainly caffeine) and phenolics.

CSS pyrolysis liquids could be a potential source of phenolics, being 280 °C the best

temperature tested to obtain them.

CSS biochars can be used as a renewable energy source (< 21 MJ/kg), showing no many
differences between the studied biochars, regardless the temperature they were

produced.

Article IV. Converting coffee silverskin to value-added products by a slow pyrolysis-

based biorefinery process

CSS pyrolysis liquids could be a potential source of caffeine, with 400 °C AP phase
having the highest concentration (14.3 g caffeine/L AP).

CSS biochars could be used as adsorbent of organic pollutants in water, being potentially
useful for cationic and aromatic molecules, and with 400 °C biochar giving the highest

removal values.

Gas fraction could be a heat source for biomass drying before pyrolysis.
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Submitted article. The effect of reactor scale on biochars and pyrolyvsis liquids from slow

pyrolysis of coffee silverskin, grape pomace and olive mill waste, in auger reactors

= No major differences were observed between biochars obtained at same temperature and
solid retention time, but using different auger reactors: a pilot plant (ENERG-bas

company, 15 kg/h) and a lab size reactor (Aston University, 0.3 kg/h).

= The pyrolysis liquids from the pilot plant were richer in 2,6-dimethoxy-phenols and

phenolics para-substituted by carbonyl groups, than the ones from the lab reactor.

= OMW, GP and CSS biochar existing studies could be replicate, since biochar production
has shown to be pretty robust, making the biorefinery of these agricultural wastes more

feasible.
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5.2 Future Prospects

The research performed within this thesis work opens up some improvements, as well
as new research perspective, on this research field. Some of them, which have been divided in

future prospects related to this work and new lines of research, are listed as follows:

Future prospects related to this work

= To obtain the product yields of pyrolysis and torrefaction experiments at the pilot

plant, and compare them with the product yields from the lab size reactor.

* Further investigation regarding the differences observed between the pyrolysis

liquids from the pilot plant and the lab auger reactor.

New lines of research

» To study how using OMW, GP and CSS agricultural wastes from different

companies and years affects the pyrolysis products.

* To optimise the pyrolysis operating parameters to valorise OMW, GP and CSS,
expanding the research to other temperatures and solid retention times, among

others.

» To improve the separation method to be able to separate target compounds from the
other chemical species of the bio-oil (pyrolysis liquid), for instance, by distillation

or using supercritical COz in the case of phenolics.

* To perform a comprehensive techno-economic and environmental analyses to study

the viability of the OMW, GP and CSS biorefineries implementation.

* To extent the study to other organic residues, such as municipal organic wastes or

other agricultural residues.

* Further studies regarding the potential uses of the OMW, GP and CSS biochars.
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