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Abstract 

 

Spent coffee grounds (SCG) are a lignocellulosic waste product that are amenable for 

valorisation into a portfolio of products. As a wet biomass, subcritical water is a suitable, 

energy efficient, medium for extraction of high value bioactives from SCG. The subcritical 

conditions of hydrothermal carbonisation (HTC) can also transform SCG into porous, 

carbonaceous solids for energy, catalysis, remediation and sequestration purposes. 

Though the potential of SCG within the circular economy is well established, limitations 

to the techno-commercial feasibility of products derived from SCG remain, such as the 

presence of allelochemicals and high nitrogen content in fuel products. This work sought 

to address these barriers: first within the biorefinery concept and through subsequent 

development of the hydrothermal carbonisation platform.  

An initial exploration of the literature highlighted only a few examples of SCG based 

biorefineries where three product classes dominated:  high value aqueous extracts, 

biofuels and biochars. Economic and environmental implications of the types of 

processes and/or their output, which invariably influence the commercial viability of 

operations, was largely neglected. Therefore, in this thesis, promising ‘green’ 

technologies to generate value from SCG were used, resulting in the novel integration of 

subcritical water extraction (SWE) and HTC platforms for express isolation of bioactives 

and production of hydrochars suitable for combustion as solid fuels.  

However, critical evaluation of the hydrothermal biorefinery highlighted that the nitrogen 

content of hydrochar was prohibitively high for compliance with fuel regulations, whereas 

the inclusion of SWE generated low yields of bioactives and hydrochars, as well as 

reducing fuel quality. To address this issue, the SWE stage was replaced with an alkaline 

pre-treatment, whereby hydrolysis simultaneously conferred lower nitrogen and superior 

fuel performance in the hydrochars, whilst the protein isolate product, retained in higher 

quantities than the bioactive extract, gave a potentially higher value product stream.  

Influence of process parameter, pre- and post- treatments on solid fuel composition and 

performance was explored in a subsequent investigation of the HTC platform- whose 

biorefinery settings were previously optimised for production of a hydrochar with both 

maximal calorific value (HHV) and yield (so-called ‘moderate’ regime). Mild (T = 217 °C, 

t = 1 h), moderate (T= 223 °C, t = 2.75 h) and severe (T = 260 °C, t = 4.5 h) regimes 

were used to generate hydrochars from alkaline pre-treated SCG and raw SCG in 
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maximum yield (mild) or calorific value (severe) or their composite (moderate regime). 

Unextracted hydrochars from the severe regime displayed the highest degree of 

carbonisation, fuel ratio and HHV for both feedstock types. A downstream polar 

extraction of the hydrochars, to remove the volatile secondary char phase, gave primary 

chars with upgraded thermal stability as indicated by higher ignition temperatures. For 

primary chars derived from the alkaline pre-treated SCG feedstock, greater combustion 

efficiencies were obtained through lower burnout temperatures and higher combustion 

reactivities. Thus, thermal behaviour and composition are tuneable aspects of 

hydrochars derived from SCG, with alkaline pre-treatment improving the commercial 

viability through near removal of nitrogen and upgrading fuel combustion performance.  

The liquid phase of the HTC platform was addressed in process water recirculation 

experiments, with the aim to reduce process effluence whilst maintaining or even 

improving fuel quality. HHV, energy and hydrochar yield were slightly increased for both 

feedstock types, with the superior primary char fuel product maximally enriched after 2 

cycles for the raw feedstock and 1 cycle for the alkaline pre-treated SCG. High total 

organic content of the process water, which increased with cycles, necessitates 

treatment prior to eventual environmental discharge, or valorisation into fertilizer 

products for example. Techno-economic analysis of the energy and time expended to 

heat the water vs costs associated with water supply and environmental release is 

needed to further inform the value of process water recirculation on an industrial scale.  

Finally, an alternative application of SCG hydrochars as soil amendments was 

investigated in Arabidopsis Thaliana (Arabidopsis) growth trials. As observed for the 

fuels, removal of the volatile secondary char phase enhanced performance, here due to 

a reduction in phytotoxicity. Highly carbonised primary chars from the severe regime 

exceptionally supported plant growth under soil stress conditions at higher loadings (100 

t ha-1), promoting a rarely reported increase in biomass yield. Inclusion of a bioprocessing 

platform in the SCG based biorefinery to produce enzymatic protein hydrolysates as 

potential biostimulants, demonstrated their efficacy in yeast growth, Arabidopsis 

germination and auxin-activity trials. Further process development and advanced growth 

trials are expected to establish the merit of SCG-based horticultural amendments. 

SCG’s composite physicochemical and chemical properties requires a cascade 

approach to fully utilise the feedstock. This work has exemplified the amenability of SCG 

towards a versatile array of products within the circular economy. 
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Chapter 1 Introduction  

 

  Context 

The three principles at the centre of the European Union’s energy policy involve 

sustainability, competitiveness and security of supply. This is reflected in a 2030 

objective, which aims for 27 % of total energy consumption to be derived from renewable 

sources [1, 2]. To this end, legislation has been put in place to promote the growth of an 

internal renewable energy market- targeted at improving the efficiency of the European 

energy grid, as well as the supply and demand within an international context [3]. Such 

policy reflects the shift from non-renewable fossil fuel sources, in order to mitigate 

against their dwindling supply as well as to ameliorate the greenhouse effect caused by 

the release of CO2 and other greenhouse gases.  

The development of renewable energy technologies such as solar, wind and small-scale 

hydropower has increased their economic viability and cost competitiveness in 

applications such as electricity generation [4]. However, scenario modelling expresses 

the need for energy derived from biomass (bioenergy) to fill the remaining demands in 

transportation and industrial sectors after use of other renewable sources. This is due to 

intrinsic properties, such as energy storage density, stability in high temperature 

applications as well as physical form, e.g. gas or solid fuel, which other renewable energy 

carriers cannot easily fulfil [5]. Bioenergy is the fastest growing renewable energy sector 

in Europe, with biomass utilised in over 60 % of renewable energy production in the 

EU28 in 2017 [6, 7]. Biomass is therefore central in the transition to a global, sustainable 

renewable energy system [5]. 

Biomass can be defined as organic matter, derived from plant and/ or animal sources, 

that is available on a renewable or recurring basis for industrial processing. Typically, 

biomass feedstocks can be classified as: 

1 first generation- which includes arable (e.g. cereals) and dedicated biomass 

crops (e.g. lignocellulosic crops) 

2 second generation- consisting of non-edible biomass and biowastes (e.g. 

from agro-forestry industries, food and municipal waste) 

3 third generation- biomass, such as macro and micro algae, that is non-

competing with food and feed for resources 
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To exploit biomass, a similar concept to a crude oil refinery is needed (a so-called 

biorefinery), where the majority of the feed is converted to an array of higher and medium 

value products that subsidise the biofuels.  

1.1.1 Biorefineries 

Biorefineries are direct analogues for traditional oil refineries, where well-defined, easy 

to handle substances are produced from hydrocarbon-rich biomass feedstocks via 

various fully integrated processes. Traditional petroleum refineries produce multiple 

products such as fuels, energy and petrochemicals. Biorefineries produce a portfolio of 

products that include biofuels, functional materials, bioactive and platform chemicals. 

However, the variable, complex and intrinsically high O/C atomic ratios of biomass 

requires involved treatment and conversion processes. The process chain typically 

involves the extraction and isolation of precursors contained within the biomass- 

industrial intermediates, which serve as a source of valorisation, maximising the 

economic output of the biorefinery. 

Different types of biorefineries have developed for the comprehensive utilization of 

biomass feedstocks, namely Phase I, Phase II and Phase III biorefineries [8, 9]. 

Phase I Biorefineries 

Phase I Biorefineries process a fixed type of feedstock in a fixed capability system (single 

process). Products include biodiesel and glycerine from the transesterification of free 

fatty acid building blocks of the vegetable oil (e.g. palm and rapeseed oils) feedstock. 

Other examples include paper/pulp mills. Due to their static nature, Phase I biorefineries 

are vulnerable to external forces such as fluctuating market prices, product demand or 

feedstock supply.  

Phase II Biorefineries 

Phase II biorefineries similarly process a single type of feedstock, however, unlike their 

phase I analogues, Phase II plants feature integrated processes that are capable of 

producing a portfolio of chemicals, fuels and materials. The value-added products 

generated by Phase II biorefineries and the ability to respond to ever-changing market 

demands leads to increased economic and ecologic tenacity compared to Phase I 

equivalents. In this regard, if suitable methods for upgrading side streams are identified, 

Phase I biorefineries can be converted to their Phase II counterparts. For example, a 

biodiesel production plant could be upgraded to a Phase II biorefinery if the glycerol by-

product was utilized and transformed into energy and/or further useful building blocks. 
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Phase III Biorefineries       

Phase III biorefineries have the most advanced processing capacities that are capable 

of converting various types of biomass into a diverse range of products. The multifaceted 

nature of Phase III plants offers additional security against changing feedstock 

availability and market demands, whilst the various and diverse streams anticipate future 

opportunities for maximising profitability. 

There are five types of system discussed in the literature, forming the focal points of 

research and development, namely: 

1. Lignocellulosic feedstock biorefinery 

2. Whole crop biorefinery 

3. Green biorefinery 

4. Two platform biorefinery 

5. Marine biorefinery 

Relevant to the scope of this project is the lignocellulosic feedstock biorefinery. 

 

1.1.1.1 Lignocellulosic feedstock biorefinery 

As the most abundant and renewable resource available, lignocellulosic biomass has 

been extensively employed as a feedstock for the sustainable production of energy, 

chemicals and materials [8]. Lignocellulosic feedstock (LCF) biorefineries are the most 

developed and successful systems currently in operation, due in part to the low cost and 

availability of the raw material. In LCF biorefineries, biomass which include wood, straw, 

grass, and reed, are fractionated into their hemicellulose, cellulose and lignin building 

blocks by a pre-treatment. Subsequent biotechnological, thermochemical, mechanical 

and chemical processes generate an array of products, as shown in fig 1,1-1. 
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Fig 1.1-1 Possible products of a lignocellulosic feedstock biorefinery. Adapted from 
Kamm and Kamm [9] 

 

1.1.2 Major Processing technologies 

In order to release chemical energy in biomass, the chemical bonds within the material 
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forms of energy, specialty chemicals and materials (fig 1.1-2). These conversion 

technologies form two main platforms: thermochemical and biological. Through 

technologies including hydrothermal carbonisation (HTC), (hydrothermal) liquefaction, 

pyrolysis, combustion and gasification, thermochemical processing brings about the 

thermal decomposition of biomass into heat, power and biofuels. Bioprocessing on the 

other hand involves the action of microorganisms such as fungi and bacteria on biomass, 

converting (via fermentation or anaerobic digestion) fermentable sugar into an array of 

chemical building blocks and biofuels such as bioethanol ad biomethane. 

 

Fig 1.1-2 Overview of technologies within a biorefinery
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1.1.2.1 Pre-treatment of biomass 

Pre-treatment increases the conversion efficiencies of biomass into products by altering 

the physical properties and chemical composition of the raw feedstock. These initial 

steps rupture the recalcitrant structure of lignocellulosic feedstock by degrading 

hemicellulose, disrupting the crystallinity and degree of polymerization of cellulose and 

removing or modifying lignin [10]. Pre-treatments may also be used as an extraction step, 

for isolation of valuable components liable to decomposition under subsequent process 

conditions. 

For biorefineries processing second generation LCF, pre-treatment accounts for 20 – 48 

% of total operation costs [11]. Therefore, the development of robust regimes with a low 

energy consumption, increased recovery of products from biphasic systems, low 

operational costs and compatibility with an array of feedstock types is vital for the overall 

profitability of a plant [12]. 

Pre-treatment can be divided into four methods: mechanical, chemical, physicochemical 

and biological. Relevant to the scope of this project are subcritical water treatment, 

alkaline and enzymatic hydrolysis. 

  



7 
 

 

Subcritical Water Treatment 

Subcritical water degrades the structure of LCF through hydrolysis of hemicellulose and 

disruption of the cellulose and lignin matrices. The acidic medium of subcritical water 

aids the destruction of carbohydrates, polysaccharides and proteins into organic acids, 

simple sugars, smaller peptides and amino acids. Mass transfer of organic components 

such as lipids and bioactive polyphenols from biomass into the aqueous phase also 

occurs under hydrothermal conditions [13]. 

Advantages of hydrothermal treatments include compatibility with wet biomass (thus 

avoiding energy intensive drying processes), relatively low process costs and to provide 

an environmentally friendly alternative to organic solvents. Hydrothermal platforms are 

particularly suitable for the production of food, cosmetic and pharmaceutical goods- with 

current EU legislation permitting the use of the term “natural” in the classification of 

compounds extracted in this manner [14]. 

Subcritical water is water above its boiling point (100 °C, 0.1 MPa) and below its critical 

point (374 °C, 22.1 MPa). The critical point is defined by the critical temperature (Tc) and 

pressure (Pc) at which the vapour and liquid intensive properties of a substance, such 

as heat capacity and density, become indistinguishable, thus a liquid and its vapour 

coexist (fig 1.1-3). As water approaches and exceeds its critical point its physicochemical 

properties take on an exotic nature. 

 

 

Fig 1.1-3 Phase diagram of water. Adapted from Meireles et al. [19] 
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Under subcritical conditions, the dielectric constant which measures the solvent’s ability 

to insulate charge and therefore the polarity of the medium, decreases from 78 F m−1 (at 

25 °C, 0.1 MPa)  to 14.07 F m−1 (at 350 °C, 20 MPa) [15]. This change brings about 

solvating behaviour similar to that observed for more hydrophobic, organic solvents at 

room temperature (e.g. DMSO, c.f. fig 1.1-4). As a result, non-polar organics are 

increasingly solubilised, whilst the inverse is observed for polar organic substances [16].  

Another phenomenon observed as water approaches its critical point is an increasing 

ionic product. The ionic product is the equilibrium constant, Kw, between water 

molecules, hydroxonium (H3O+) and hydroxide ions which, under subcritical conditions, 

increases from 10-14 to 10-12. The high concentration of H3O+ ions establishes an acidic 

medium that is suitable for catalysis of acid-base reactions such as the hydrolysis of 

biomass. Interestingly, whilst reduced in comparison to water at ambient conditions, the 

density of subcritical water is reduced by a far lower magnitude than the significantly 

increased ionic product. As a result, subcritical water exhibits less compressibility, 

facilitating ionic reactions such as the dehydration of carbohydrates. As corrosion of the 

reactor vessel also occurs as water nears its critical state, vessels composed of resistive 

materials such as Ni-alloys are recommended for sub- and supercritical systems [15].  

 

 

Fig 1.1-4 Temperature-Dielectric constant curve of water, with data for organic solvents 
at room temperature. Reprinted from Carr  [21] 

 

  

Supercritical Water 

Tc = 374 °C,  

Pc = 22.1 MPa 



9 
 

Alkaline Hydrolysis 

Sodium, potassium, calcium and ammonium hydroxides facilitate the disruption of the 

structure of lignocellulosic biomass. Under basic conditions, the swelling of cellulose 

occurs leading to partial depolymerisation and reduced crystallinity in regions. This 

effectively increases the surface area of cellulose for subsequent conversion processes. 

Saponification, whereby cleavage of intermolecular ester bonds between hemicellulose 

and lignin, also brings about biomass fragmentation through the solubilisation of  both 

components [10].  

Additionally, the digestibility of other biomass components can be improved by alkali pre-

treatment. For lipids, saponification of fatty acids under basic conditions can improve 

conversion efficiencies of biotechnological processes by increasing feedstock solubility 

and contact with micro-organisms [17]. Cleavage of peptide bonds by base hydrolysis 

degrades the protein fraction of biomass, releasing peptides and amino acids from the 

matrix. Finally, phenolic acids of lignocellulosic feedstock are also recovered through 

base hydrolysis of ester linkages with lignocellulose, proteins and large molecular weight 

components such as melanoidins and flavonoids [18]. 

Enzymatic hydrolysis 

Enzymes can disrupt the recalcitrant nature of the lignocellulosic feedstock and are 

preferentially selected over chemical hydrolysis as pre-treatments of bioprocesses to 

avoid formation of inhibitor by-products. Enzymes such as cellulases and proteases 

selectively hydrolyse glycosidic and peptide linkages, whilst lignin modifying enzymes 

catalyse the breakdown of lignin.  

 

1.1.2.2 Thermochemical Processing 

Thermochemical processing technologies are broadly classified as: pyrolysis, 

gasification, liquefaction and direct combustion (thermal). Relevant to the scope of this 

study is hydrothermal carbonisation (HTC).  

Hydrothermal Carbonisation (HTC) 

HTC employs subcritical water, under relatively mild pyrolysis conditions (180 – 260 °C, 

autogenic pressures to 5 MPa) to convert biomass into a predominantly solid 

hydrophobic, coal-like fuel, so-called ‘hydrochar’. The carbonisation of biomass 

effectively increases the fixed carbon content, (reducing the H/C and O/C atomic ratios) 

relative to the feedstock, thereby increasing the calorific value (or higher heating value – 
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HHV) for higher combustion efficiencies. HTC also reduces the char reactivity and 

volatile matter content of biomass, resulting in physicochemical properties approaching 

that of bituminous coal (fig 1.1-5). The hydrochar product of HTC can also be utilised in 

soil amelioration, adsorbent, energy storage and catalytic applications [19]. 

.  

Fig 1.1-5 Varying elemental composition of cellulose, wood and manure through HTC 
treatment. Charcoal and typical compositions for lignite and bituminous coal are also 
included for comparison. Reprinted from Libra, Ro, Kammann et al.[19] 

 

The advantage of HTC over the similar pyrolytic treatment of torrefaction, is the flexibility 

in feedstock type: sewage sludge, animal manure, municipal waste and algal residues 

can be directly processed, unlike torrefaction which requires dry and high quality 

feedstock [20]. Combustion of torrefied biomass also leads to the fouling and slagging of 

pulverised fuel combustion boilers [21]. HTC effectively removes alkali and alkaline earth 

metals within the biomass via mass transfer into the aqueous phase, thereby 

circumventing this process problem [22].    
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1.2 Thesis scope and general objectives 

This thesis was funded through an EPSRC CASE award with bio-bean Ltd, a coffee 

recycling and coffee-based bioproduct firm (Huntingdon, Cambridgeshire, UK). The 

collaboration aimed to valorise spent coffee grounds on the lab-scale, using green 

technologies in an integrated approach to generate commercially viable products. This 

would be broadly approached via the following objectives:  

1. Evaluate the state-of-the-art in SCG valorisation, identifying key processing 

technologies and present themes in product development 

2. Develop and optimise hydrothermal platforms for the integrated conversion of 

SCG into a range of high- low value products 

3. Characterise and investigate the efficacy SCG-based biorefinery products in 

laboratory trials  

The literature review of the second chapter addresses the first objective, providing a 

comprehensive outlook on the evolution of the SCG research field. This highlighted the 

increasing popularity of the area, the precedence of green technologies in future 

research directions and a gap in the literature regarding cascade processes and 

development of SCG-based products. Investigations based on these findings are 

denoted in the remaining chapters of this thesis, with a conclusive summary and future 

work given in the final chapter.  
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Chapter 2   Literature review: Conceptualization of a 

spent coffee grounds biorefinery: A review of existing 

valorisation approaches 

 

In the following chapter a critical analysis of the literature addresses the underlying 

themes and directions of the spent coffee grounds research area. The overview collates 

published examples of SCG-based products, process technologies and potential 

applications, with the concluding consensus of generating added value through an 

integrated approach to valorisation.  

A supplemental update of the literature, since publication of this chapter as a review 

paper and the submission of the present thesis manuscript, is provided along with 

specific research objectives emanating from the literature study. 

 

This chapter is submitted in an alternative thesis format in line with Appendix 6A of the 

“Specifications for Higher Degree Theses and Portfolios” as required by the University 

of Bath. This literature review was published in Elsevier’s Food and Bioproducts 

Processing (November 2019). 

J. Massaya, A. Prates Pereira, B. Mills-Lamptey, J. Benjamin, and C. J. Chuck, 

"Conceptualization of a spent coffee grounds biorefinery: A review of existing valorisation 

approaches," Food and Bioproducts Processing, vol. 118, pp. 149-166. doi: 

https://doi.org/10.1016/j.fbp.2019.08.010. 
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Abstract 

 

The valorisation of food waste is an increasingly practical and sustainable solution to the 

problem of a growing demand for chemicals, fuels and materials and the rising tonnage 

of municipal waste sent to landfill. Spent coffee grounds (SCG) are the end product of 

the coffee processing industry, generated after beverage preparation, and have been 

exploited as a valuable source of polysaccharides, lipids, protein, minerals and bioactive 

secondary metabolites including diterpenes, sterols, chlorogenic acids, flavonoids and 

caffeine. Within the biorefinery paradigm, where renewable resources are converted into 

a range of high, medium and low value products, in an analogous manner to fossil fuels 

in a petrochemical refinery, SCG have been established as an amenable lignocellulosic 

feedstock through numerous research efforts. In this critical review, we give an extensive 

overview for the first time of the primary and secondary product suites that can be 

generated from SCG, along with their potential applications. The handful of preliminary 

technoeconomic and lifecycle assessment of using SCG for bioenergy is discussed, 

highlighting the economic limitations of a single capability, phase one biorefinery 

operating under the current scale and logistics of SCG collection. A concluding 

perspective towards future SCG-based biorefineries is presented, where isolation and 

production of higher value bioactive products is expected to be integral to the economic 

feasibility of the process.  
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  Introduction  

Global coffee production in 2017/18 totalled 160 million 60 kg bags, an increase of 36 % 

from 116.5 million bags that were produced in 2007/8 [1, 2]. This growth in coffee trade 

reflects a rise in global coffee consumption, where coffee has become an everyday 

commodity that is firmly entrenched in the daily routines of people worldwide. With rising 

rates of consumption, waste residues from the coffee industry (by-products from 

harvesting, processing, roasting and brewing stages of coffee production and 

processing) represent a challenge to EU directives aims of reducing landfill [3]. The 

inherent toxicity of several constituents within coffee also present an environmental 

contamination concern [4]. Research efforts are therefore focussed on valorising coffee 

industry residues within the circular economy paradigm, reducing the tonnage sent to 

landfill by exploiting the biomass as a potential feedstock [5]. 

In the last decade, a large body of research has been published to this effect, suggestive 

of the suitability of using SCG as a feedstock for bioprocessing. For example, in depth 

reviews have focussed on the compositional analysis of spent coffee grounds [6], the 

suitability of the feedstock for fermentation [7], for bio-gas manufacture [8], for bioenergy 

products [9], and more recently using spent coffee grounds as a basis for a biorefinery  

within the circular economy [10]. Such biorefineries typically  integrate chemical and 

bioprocessing platforms yielding concentrates of saccharide and antioxidant mixtures 

and ethanol [11] or alternative further products are combined into this paradigm [5]. 

However, whilst reviews [12, 13] and a number of further research articles [14] have 

established some of the potential products available from SCG, the pertinent issue of 

what can be completely extracted from SCG and the economic and practical feasibility 

of a coffee based biorefinery remains to be addressed.  

Spent coffee grounds are an ideal substrate for the bioeconomy. While coffee is one of 

the most highly consumed beverages worldwide, only about 30% of the grounds will be 

solubilised in the coffee. This creates a large waste stream that typically is disposed of 

into water courses and landfills, leaching active biochemicals into the environment [4]. 

However, with collection and valorisation, this waste stream can be used to produce fine 

chemicals and energy displacing a small fraction of current fossil feedstocks.  

Accordingly, this paper aims to explore the potential of SCG as a commercial feedstock 

for sustainable processes. We begin by outlining the main stages within the coffee 

process chain, highlighting the physicochemical properties of the coffee cherry at each 

step. We then review the literature on the composition of SCG (and therefore the possible 
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primary products), the secondary product systems that have been developed to exploit 

the composition, and the various end-product applications reported for SCG. 

Subsequently, we consider the issues concerning the logistics and supply chain of a 

SCG biorefinery, both of which are intrinsic components of process operations. We then 

conclude with a critical evaluation of published technoeconomic assessments and a 

perspective on the viability of a SCG based biorefinery beyond the lab bench - is it truly 

possible to generate value on an industrial scale?  

 Composition of the coffee bean 

Coffee is the generic term (genus Coffea) for a group of flowering plants of the Rubiaceae 

family. The seeds of coffee plants are referred to as coffee beans, which are cultivated 

and harvested for human consumption. Coffee grows in a region between the tropic of 

Cancer and Capricorn, taking up to five years for a tree to bear its first crop [15]. Two 

species of the Coffea genus are important in the international trade of coffee: Coffea 

Arabica L. and Coffea Canephora P. widely referenced as Arabica and Robusta, 

respectively.  

The cherry is comprised of two main parts: the pericarp and the seed. The pericarp 

includes the three outermost layers of the fruit, the skin (exocarp), mucilage (mesocarp) 

and parchment (endocarp). In coffee processing, the pulp often refers to the mucilage 

and part of the skin and is a waste stream in the post-harvest stage. The parchment is 

also known as the hull, a thin layer surrounding the coffee bean. There are two seeds at 

the heart of the coffee cherry. Each is comprised of a silver skin, endosperm and embryo. 

The endosperm is the tissue of the bean, containing holocellulose, sugars, lignin, 

proteins, oils, bioactives (including chlorogenic acids, trigonelline, nicotinic acid, caffeine) 

alkaloids and minerals. Flavour and all its complex determinants (including taste and 

aroma) are derived from the endosperm, whose composition varies according to 

environmental factors, such as origin, climate, altitude, fertilizer use, processing 

techniques, degree of roasting, and finally brewing method [16]. The silverskin 

surrounding the endosperm is lost from the bean during the roasting process as “chaff”- 

a waste residue [17]. 

The aims of coffee harvesting are traditionally coupled with the post-harvest process. 

Wet or semi-dry method post-harvesting maximises the quantity of ripe cherries, whilst 

dry method post-harvest processing prioritises harvest of all cherries (ripe, over-ripe, 

unripe), minimising the proportion of unripe. Product quality and costs also heavily 

influence the mode of harvest, which can be carried out manually or mechanically. 

Manual harvesting is conducted by selective handpicking, using the colour of the cherry 
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as an indicator of ripeness, hence its readiness for harvest, or stripping which 

indiscriminately removes all cherries from a branch. Mechanical harvesters are typically 

on wheels or hand-held, using shaking and vibrations, respectively, to initiate cherry fall.  

Beans with physical defects result from processing unripe, overripe or partially dried 

cherries along with fresh crop. Defective beans (such as “black-beans”) bestow 

unwanted qualities to the final beverage such as harshness, a ‘green’ or even alcoholic 

taste. Therefore, a separation process usually precedes post-harvest processing to 

minimise the presence of unsuitable cherries [18].  

Two main methods transform the harvested crop into a green bean that is ready for 

storage and export: wet-method (or washed) and dry-method (unwashed). Related semi-

dry and mechanical methods have emerged to resolve problems of processing immature 

fruit or water scarcity [19]. The objective of each method is to remove the pulp (mucilage 

and skin) surrounding the parchment, to enhance cup quality (and therefore market price 

of the green bean).  

The beans are then stored for several months before roasting. Storage of green and 

roasted coffee beans can significantly promote growth of Ochratoxin A (OTA), a 

mycotoxin produced by Aspergillus and Penicillium species [20]. OTA is a known 

nephrotoxin and hepatotoxin, with potential mutagenic, carcinogenic, teratogenic 

activity- and current EU regulation limits its concentration at 5 and 10 μg/ kg for roasted 

and instant coffee beans respectively [21].  

During roasting, thermal convection of hot gases flowing over a moving bed of green 

beans initiates pyrolytic reactions and the release of carbon dioxide. The process is 

initially exothermic from 190 – 210 °C, yet the release of volatile compounds from the 

bean matrix transitions the process to be endothermic. After the loss of volatiles, the 

temperature increases again, after which cold air or water is used to quench the roasting 

process [19, 22]. Roasting dramatically alters the chemical composition of coffee, 

determining the organoleptic qualities and colour of the roasted bean. 

Over 800 volatile compounds that are responsible for the aroma (flavour and fragrance) 

cup quality have been identified in roasted and ground coffee. These include acids, 

aldehydes, alcohols, sulfur compounds, phenolics, pyrazines, pyridines, thiophenes, 

pyrroles and furans [23].  Reaction pathways that lead to the formation of volatile and 

non-volatile compounds during roasting remain to be defined but are known to include: 

• Strecker Degradation: transforming alpha-amino acids into aldehydes or ketone 

meat flavour related compounds and releasing carbon dioxide 
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• Maillard reactions: carbonyl groups of reducing sugars and amino groups of 

proteins and amino acids react to form compounds of various molecular weight, 

including melanoidins, aldehydes, ketones, dicarbonyls, acryl amides and 

heterocyclic amine moieties and advanced glycation end products (AGEs). 

Maillard reaction products (MRPs) impart the characteristic brown colour to 

coffee, exhibit antioxidant activity and modest cytotoxicity and genotoxicity [24] 

 

• Caramelization: a series of sugar decomposition reactions releasing brown-

coloured volatile and non-volatile compounds. These compounds are associated 

with a sweet, nutty, caramel  flavour [25] 

Important metabolites such as caffeine are not altered under roasting conditions, yet 

partial degradation of trigonelline into nicotinic acid (vitamin B3) and N-

methylnicotinamide derivatives, and isomerization, epimerization, degradation and 

lactonization of chlorogenic acids (esters of hydroxycinnamic and quinic acids) occurs 

[16, 20, 26]. Neoformed toxic components of roasted coffee include acrylamide (ACR) 

and hydroxymethylfurfural (HMF), with known carcinogenic and cytotoxic properties [27]. 

Duration and temperature of roasting (typically 8 to 15 minutes, 180 – 240 °C, 

respectively) are therefore controlled to tune the complex array of reactions that 

ultimately lead to desired aroma and colour characteristics of the bean [16]. Bean colour 

directly correlates with degree of roast: darker beans are associated with longer and/or 

high temperature (dark) roasts, lighter beans are derived from shorter and lower 

temperature roasts.  

A major by-product of roasting is silverskin (thin layer surrounding the bean), which is 

lost as chaff. For approximately 4 tons of industrially roasted coffee, 30 kg of chaff is 

produced-which is primarily sent to landfill. Silverskin is therefore a waste-stream of the 

coffee processing industry that is produced in considerable quantities [19]. 
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Brewing 

Upon roasting, a beverage may be prepared (brewed) from hot water and roasted coffee 

beans that have been ground to a size appropriate for the extraction method. Typical 

brewing methods involve pressure (espresso), infusion (“French-press”) or gravity 

filtration (filter), with grind-size, water/solid ratio, temperature and extraction time 

additionally influencing the final brew composition for a given technique.  

Brewing only partially extracts components found in coffee, leaving many secondary 

metabolites, carbohydrates, lipids, proteins, minerals and other chemical compounds of 

interest in the residual solids, referred to as spent coffee grounds (SCG). SCG are 

thought to be produced globally at a rate of 6 million tons per year [7, 17, 27]. However, 

considering the growing consumption rates since the figure first appeared in the literature 

(2005), it is most likely that SCG are generated in much larger quantities, presenting a 

major by-product of the coffee processing industry. 

The instant/soluble coffee industry further processes roast grounds by aqueous 

extraction, obtaining a freeze-dried soluble fraction after concentration and dehydration 

of the water [19]. These grounds (sometimes referred to as exhausted coffee residues 

or SCG) are thought to be produced at a 1:2 ratio of wet SCG: soluble coffee, again 

presenting another challenge for waste management [28]. 

 

 Primary product suite from spent coffee grounds 

Coffee is a natural composite, comprised of crude fibre (lignin, hemicellulose, cellulose, 

poly- oligo- and monosaccharides), lipids (triacylglycerides, free fatty acids and sterols), 

nitrogenous compounds (proteins, peptides free amino acids, melanoidins) and 

minerals. Coffee also contains minor quantities of biologically active species namely, 

alkaloids (caffeine, trigonelline), diterpenes (cafestol and kahweol), polyphenols 

(chlorogenic acids (CGA), tannins, tocopherols and anthocyaninins), which are 

responsible for the observed antioxidant, antimicrobial and anticarcinogenic activity of 

coffee brews [29-33]. 

The chemical composition of coffee varies along its process chain - for example 

melanoidins formed during the roasting process are not present in green coffee [22]. In 

addition, factors associated with the harvest (climate, soil quality, species, variety, 

maturity at harvest etc.), post-harvest (depulping method, storage etc.), roasting 

(temperature, time etc.) and brewing method determine the identity and quantity of 
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components found within the matrix of coffee [19]. Finally, extraction and characterisation 

methods used to isolate and identify the constituents of coffee are similarly influential to 

its chemical profile [34]. Table 2.1-1 displays a compilation of reported values for the 

components of green and roasted coffee, as well as the major-by products of the coffee-

processing industry: coffee husks, pulp, silverskin and spent coffee grounds (SCG). 

 

Table 2.1-1 Collation of literature values reported for components of green, roast coffee 
and by-products of coffee processing.  

 Componenta Green 
Coffee 

Coffee 
Pulp 

Coffee 
Husk Silverskin Roasted 

coffee 

Spent 
Coffee 
Grounds 

Hemicellulose 3 – 10 2 – 66 4 – 10 4 – 22 b 32 – 42 
Cellulose 32 – 43 1 – 18 35 – 51 12 - 24 b 7 – 13 
Lignin 1 – 3 13 – 20 7 – 11 1 – 3 3 0 – 26 
Lipids 8 – 18 2 – 5 0.5 – 6 0.3 – 4 10 – 16 2 –24 
Proteins 9 – 15 10 – 14 3 – 13 15 – 23 8 – 17 10 – 18 
Ash 3 – 5 2 – 15 b 5 – 8 4 – 6 1 – 2 
Caffeine 1 – 3 0.5 – 3 0.5 – 2 0 –1 1 – 3 0 – 0.4 
Chlorogenic 
Acids 

1 – 12 1 – 6 2 – 3 3 – 4 2 – 9 1 – 3 

Moisture 9 -10 8 – 77 b 5 -7 1 50 – 60 
Pectins 2 5.5 –7.5 0.5 – 3 1 2 0 
Total sugars b 14 –15 48 – 68 7 – 17 b 7 – 14 
Total Amino 
Acids 

7 – 11 b b b 5 - 6 b 

Total dietary 
fibre 

b 58 – 64 18 – 30 56 – 63 47 - 50 21 - 59 

a Values in %, obtained from [15, 17, 20, 34-50] 

b Component not determined 
 

SCG contain hemicellulose (32 – 42 % w/w), cellulose (7 – 13 % w/w), lignin (0 – 26 % 

w/w), protein (10 – 18 % w/w), lipids (2- 24 % w/w), CGAs (1- 3 % w/w), caffeine (0 – 2 

% w/w) and ashes (1 – 2 % w/w), (Table 2.1-2). The inorganic fraction contains abundant 

microelements including potassium, magnesium, calcium, iron and phosphorous [51]. 

Within the biorefinery paradigm then, SCG are a pertinent lignocellulosic feedstock. The 

considerable quantities of bioactive chemicals in SCG are suitable for recovery and 

valorisation within nutraceutical, pharmaceutical, food or fine chemical industries. Their  

associated ecotoxicity, where coffee waste extracts have been demonstrated to be toxic 

to aquatic organisms and even induce mutagenicity and genotoxicity, presents a further 

research motivation to prevent their accruement in landfill [4]. However, it must be noted 

that the recovery of toxic sugar degradation products, such as furfural, which can 
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accumulate in the wastewater and/or sludge effluents of biorefineries, remains 

imperative to minimising the environmental impact of operations.  

With such a complex feedstock, research has traditionally focused on the 

characterisation of components present in SCG- referred to in this paper as primary 

products. Under the current trend of sustainability, transforming the biomass into a 

plethora of value-added material, energy and chemical products along the process chain 

is at the forefront of research efforts. The development of integrated technologies to 

fractionate SCG, isolating valuable bioactives and/or platform precursor molecules as 

well as demonstrating the efficacy of the resultant product and process is the typical 

mode of study. With this in mind, it is useful to examine the compound class present in 

SCG inherent properties and potential to generate value through studies in the literature.  

 

 Carbohydrates and fibre: hemicellulose, cellulose and lignin 

SCG contain cellulose and lignin, though the amount of lignin reported varies between 

studies and is heavily reliant on the method of analysis. The hemicellulose fraction of 

SCG is comprised of mannose, galactose and arabinose monomers. SCG also contains 

minor quantities of sugar breakdown products including 5-HMF, furfural, levulinic and 

acetic acids [35, 52]. Despite their classification as platform molecules, 5-HMF and 

furfural have measured genotoxicity, cytotoxicity and carcinogenic activity in preclinical 

studies- yet in-vivo investigations have disputed this claim [46, 53-55].  

Galactomannans and type II arabinogalactans are the main polysaccharides of SCG. 

Galactomannans are high molecular weight β-1-4, linked mannose residues with various 

C6- linked galactose side chains and are thought to be closely associated with cellulose 

within the cell wall matrix. Arabinogalactans have a β-1,3 linked galactose backbone with 

side chains of galactose and arabinose residues. The higher degree of branching in 

arabinogalactans is thought to contribute to a lower thermal stability than 

galactomannans during roasting, leading to lower recoveries of the corresponding 

monomers upon acid hydrolysis of SCG [20, 56-58]. Utilisation of the SCG 

polysaccharide fraction as antioxidant dietary fibre and a prebiotic is further discussed in 

section 2.1.5 
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 Lipids from Spent coffee grounds 

A wide range of literature has examined the lipid profile and achievable yields from SCG 

(table 2.1-2, fig 2.1-1). The oil derived from SCG consists of tri- di- and monoglycerides, 

free fatty acids (FFA) and unsaponifiable compounds: mainly diterpenes, sterols and 

tocopherols. In general, coffee oil contributes 10-15 % w/w of dry SCG, and contains up 

to 80-90 % of glycerides and FFA [34]. However, multiple studies noted variance in the 

oil yield and retention of FFA related to extraction regime, brew technique and feedstock 

type respectively [34, 59]. 

 

Fig 2.1-1 Amino acid range composition compiled from various sources [41, 71] 

 

Using n-Hexane Soxhlet extractions, Efthymiopoulos et al. established the highest oil 

recovery (30.4 % w/w) after 8 h. The presence of FFA in the lipid fraction was dependent 

on the duration of extraction, with decreased FFA observed for longer extractions. The 

same study noted higher yields from industrial (soluble) SCG versus retail grounds (30.4 

vs 13.4 % w/w) [59]. 

Al-Hamamare et al. similarly noted higher yields for n-Hexane (15.83 %) vs chloroform, 

pentane, toluene (8.60, 15.18, 14.32 %w/w respectively) and other polar solvents for 

Soxhlet extractions of the same duration (30 min). Time and oil yield were shown to have 

a non-linear relationship (e.g. 14.57, 11.20 and 15.28 % w/w at 20, 25 and 30 min for the 

n-Hexane regime), with fluctuations attributed to hydrophobic interactions between 

moisture bound to the SCG matrix and non-polar solvents, impacting extraction 

efficiencies. The presence of water-soluble extractives was also suggested as a potential 

source of yield inflation. Though, the authors noted in general, increased extraction time 
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led to slight increased yields. Highest proportions of FFA were extracted using 

isopropanol (6.4 g/ 100 g SCG oil), yet a loose trend of increased FFA yield with 

increased carbon chain length can be inferred from their results (e.g. FFA yield = 3.55 

and 3.65; 3.85 and 6.40 g/ 100 g SCG oil for pentane and hexane; ethanol and 

isopropanol respectively) [60]. 

Jenkins et al. demonstrated that there was no relationship between the origin, species 

and brew technique and the quality of biodiesel produced from retail SCG. However, 

despite higher oil yields from fresh grounds, lower concentrations of unsaponifiable 

material in SCG gave similar biodiesel quantities. Brew technique was also shown to 

impact oil yield, with coffee oil collected from filter, espresso, cafetière and aeropress 

SCG in decreasing order of mass percentage (13.3 –10.3 %). This was rationalised using 

pressure in aeropress and cafetière regimes, which led to higher oil extraction 

efficiencies during brew preparation. Resultant lower yields and a relatively higher 

number of unsaponifiables were then observed for coffee oil derived from aeropress and 

cafetière SCG. The same study demonstrated higher oil quantities for Robusta SCG 

versus Arabica (11.0 – 14 vs. 9.5 – 13.2 % w/w, respectively). Absence of caffeine in 

biodiesel prepared from SCG (and its presence in biodiesel produced from fresh coffee 

grounds) was deemed favourable in reducing potential NOx emissions [34].     
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Table 2.1-2 Published regimes for the extraction of coffee oil from SCG 

Feedstock Extraction technology 
(solvent) Parametersa Product Yield Ref 

Various SCG: retail 
and industrial 

Soxhlet 
 (n-Hexane) 

S/L = 22.5/ 100 -200 
g/mL 

 
SCG oil 

Retail = 13.4 – 14.8 
Industrial = 24.2 – 30.4 %w/w 

[59] 

Commercial and 
industrial SCG 

Supercritical CO2 (ScO2) S/ CO2 = 1/35 kg/ kg CO2, 
250 bar, 1.5 h  

SCG oil 
(triglycerides = 7.13, 
FFA = 1.6 5w/w) 

>12.6 %w/w 
(>90 % of total Soxhlet 
extracted SCG oil) 

[61] 

Commercial SCG Ultrasonication S/L = 10/30 g/mL 
60 min 

SCG oil >75 % total Soxhlet extracted 
oil 

[62] 

aS/L = solid-to-liquid ratio 
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 Sterols, tocopherols and diterpenes 

The unsaponifiable fraction of SCG oil, usually isolated during transesterification, 

contains diterpenes, phytosterols and tocopherols. Diterpenes exist esterified with fatty 

acids, with a small amount present in free form. Due to the bioactivity of these minor 

components “green” extraction techniques such as supercritical fluid extraction (SFE) 

using ScCO2 and various co-solvents are often employed, for compatibility with 

medicinal, nutraceutical and cosmetic applications. 

Diterpenes Kahweol, Cafestol and 16-O-methyl Cafestol (only present in the Robusta 

species) have physiological activity with beneficial and adverse effects on human health. 

Kahweol and Cafestol have been shown to increase serum cholesterol levels in humans, 

yet favourably reduce the genotoxicity of carcinogens [29, 63-66]. Diterpenes have been 

isolated directly from saponified SCG by ether extraction and from saponification of SCG 

oil derived using SFE (40 °C, 98 bar and 80 °C, 379 bar), Soxhlet and solid-liquid 

extraction. Acevedo obtained the highest yields for direct saponification (Kahweol = 

0.21% w/w, Cafestol = 0.47 % w/w), yet a subsequent optimization study obtained higher 

total yields of diterpenes using SFE (1.27 %w/w, ScCO2, 140 bar, 55 °C) [39, 67].  

The serum cholesterol lowering effects and antioxidant activity of sterols and 

tocopherols, respectively, has motivated research into their isolation from SCG. A study 

by Akgün et al. found SCG to contain 7.57 - 15.60 % w/w sterols: stigmasterol (2.90 – 

6.04 % w/w), campesterol (1.19 – 2.44 %w/w) and sitosterol (3.48 – 7.12 %w/w), with 

highest yields obtained using ScCO2 (33.18 °C, 284 bar, 220.90 min) vs n-Hexane and 

dichloromethane Soxhlet extractions. α-tocopherol and β-tocopherol were found to be 

present in 0.06 – 0.28 and 0.84 – 2.09 %w/w respectively, with the absence of ϒ-  and 

δ-tocopherols attributed to losses during roasting, brewing or storage [68]. 

 Protein content  

SCG contain 6.7 – 16.9 % w/w protein, a higher concentration than green coffee due to 

non-extraction during brewing [6, 41, 69, 70]. Commonly employed quantitative methods 

such as Kjeldahl and Dumas do not determine the true protein content. Rather, by 

measuring the concentration of total nitrogen within a sample and converting to crude 

protein content (using a conversion factor, typically 6.25 for SCG) the quota includes 

contributions from non-protein nitrogenous compounds. As SCG contains melanoidins, 

alkaloids (including caffeine and trigonelline), free amino acids, and peptides, literature 

values derived by these techniques are presumably an overestimate. 
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Other methods to determine protein content are based on colorimetric assays such as 

Bradford, Bicinchoninic and Lowry. Interferants within the sample matrix (e.g. reducing 

sugars), incomplete extraction and/or exclusion of non-soluble protein are sources of 

potential error in quantitation using these methods [71].  

Amino acids  

Studies by Lago et al. and more recently Castillo et al. have characterised SCG amino 

acids (AA, fig 2.1-2), revealing that 42 – 49 % of total AA are comprised of essential AAs. 

Branch chained AA (BCAA = leucine, valine, isoleucine) and aromatic AA (AAA = 

phenylalanine and tyrosine) were present in high and low quantities (5.12- 21 and 0.9 – 

1.51 % total protein) respectively. The corresponding Fischer ratio range (BCAA/AAA, 

3.4 – 24.1) indicates the applicability of SCG derived protein in functional foods, where 

proteins with Fischer ratios > 20 and AAA content <2 % have been used to treat patients 

with hepatic encephalopathy [41, 70, 72].  

 

 

 

Fig 2.1-2 Amino acid range composition compiled from various sources [41, 70] 
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 Bioactive components 

Phenolic compounds of SCG are mainly comprised of melanoidins, CGA protocatechuic 

acid (PCA) and tannins including gallic acid. Along with nitrogenous compounds (such 

as caffeine and trigonelline), these minor components have great pharmacological value, 

due to positive physiological effects such as antioxidant, antiaging, antimicrobial, 

antidiabetic, anticancer, anti-fatigue anti-allergic, anti-inflammatory and organo-

protective activity [73-78]. As for bioactives within the lipid fraction of SCG, use of non-

toxic solvents to isolate these compounds is imperative for their use in food and 

medicinal applications.  

Total Phenolic Content (TPC) and Antioxidant Activity 

There are several in-vitro colorimetric radical scavenging assays used to determine the 

total phenolic content (TPC) and antioxidant activity of SCG extracts, based on hydrogen 

atom transfer (HAT) and/or single electron transfer (SET) mechanisms. HAT assays 

measure the ability to quench a reactive oxygen species (e.g. peroxyl radical (ROO˙)) by 

hydrogen donation and include oxygen radical absorbance capacity (ORAC). SET 

assays measure the electron transfer ability to reduce radicals, pro-oxidant metals (e.g. 

Fe2+) and carbonyls. SET assays commonly used in the SCG literature include ferric 

reducing ability of plasma (FRAP), Folin-Ciocalteu’s phenol reducing reagent ability, and 

scavenging of stable 1,1-diphenyl-2-picyrlhydrazyl (DPPH) and 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulphonic) acid (ABTS)  radicals [79].  TPC and antioxidant 

activity are calibrated against a standard - Gallic Acid (TPC) and Trolox (Antioxidant 

Activity) by use of a standard curve, generated over a range of concentrations.  

Whilst useful in gauging the antioxidant potential, the lack of specificity of these methods 

(any reducing agent present in the sample matrix can give a positive response), absence 

of standard protocols, and incomparability (due to different mechanisms, redox 

potentials, susceptibility to pH, solvent and sample matrix) of the assays limit their 

analytical value [80]. Furthermore, in-vitro activities may not translate to in-vivo behaviour 

(e.g. low bioavailability, reactions with other species)  and may be appropriated for 

product marketing purposes [81].  A recent shift in the credibility of these assays is 

evident- according to a recent Food Chemistry paper, manuscripts with data derived from 

colorimetric assays need additional quantitation techniques (such as chromatography) 

as wells as in-vitro biological tests and/or in-vivo studies to avoid rejection from the 

Journal. These sentiments are also echoed in an editorial by the Journal of Food 

Composition and Analysis [79, 81]. 
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 Chlorogenic acids (CGA) 

The major CGAs present in SCG are mono and di- acyl quinic acids, substituted with 

either one ferulic acid moiety (ferulolylquinic, FQA) and up to two caffeic acid moieties 

((di)-caffeoylquinic acids CQA). CGAs also contain minor quantities of p-coumaroylquinic 

and caffeoyl-feruloylquinic acids, with concentrations dependant on the species, degree 

of roast, brewing, storage, extraction methods [82]. CQAs account for nearly 80 % of 

total CGA content- of which 3-CQA accounts for almost 60 %, followed by 4- and 5-CQA 

structural isomers. For this reason, 3-CQA is often referred to as chlorogenic acid, CGA, 

and is widely used as an analytical standard for CGA quantitation [20]. CGAs are present 

in SCG up to 5 mg CQAE/g SCG [39].  

 

 Secondary product classes 

Biotechnological, thermochemical and chemical transformations of primary SCG 

products have resulted in the isolation of platform molecules, bioplastics, fuels and smart 

materials. Along with use of SCG for soil amendment and animal feed, this review 

classifies these energy, materials and chemical products as secondary products. Such 

nomenclature signifies both the medium to low market value of these products and the 

secondary conversion processes required for their isolation. This section proceeds with 

an overview of the secondary products that have been reported in the recent literature.  

 

 Bioprocessing products  

Lactic acid 

A recent study by Hudeckova et al. has utilised reducing sugars in SCG hydrolysates 

(SCGH), derived from dilute acid hydrolysis to culture lactic acid producing bacteria. The 

SCGH underwent cellulase hydrolysis before batch inoculation with bacterial strains 

including Lactobacillus rhamnosus. It was found that, despite presence of antimicrobial 

5-HMF, levulinic acid and polyphenol components, 25.69 g/L of lactic acid was produced 

using SCGH substrate (Yp/s = 0.98), a similar productivity to other lignocellulosic 

biomass [83]. Lactic acid is a highly valuable platform molecule with its main application 

as a monomer in the production of polylactic acid (PLA) - a biodegradable polymer in 

wide use [84].  
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Poly-(3hydroxybutryate) (PHBs) 

SCG oil can also be used as a fermentation broth to produce PHB, a biodegradable 

alternative to polyethylene and polypropylene. Using fed-batch mode cultivation, Obruca 

et al. observed high biomass and PHB yields (89.1 % w/w and 49.4 g/L, respectively) for 

PHB production by Cupriavidus nectar using SCG oil substrate. Preliminary experiments 

established higher cultivation and PHB yields for SCG oil versus waste rapeseed, palm, 

sunflower and crude rapeseed oils. The higher free fatty acid content of SCG oil, 

undesirable in the production of biodiesel, was beneficial in promoting accumulation of 

PHB [85]. PHB has also been previously produced from scCO2 derived SCG oil [61].    

Anaerobic digestion   

SCG were first utilized for anaerobic digestion (AD) in the 1980s, where gas yields of 

0.54 m3 kg-1 (56 – 63 % methane) were obtained in the co-digestion of activated 

municipal sewage sludge and SCG at a rate of 3 kg/m3·day [86]. However, in recent 

batch biomethane potential (BMP) tests using waste activated sludge (WAS) and SCG 

as co-substrates, Kim et. al observed a deleterious effect in the yield and production rate 

of methane with increasing percentage composition of SCG [87]. As commonly used co-

substrates, the observed antagonistic relationship questions the efficacy of inoculating 

SCG with WAS in anaerobic digestion systems. A reverse trend was observed in the co-

digestion of SCG with food waste, Ulva and whey, where methane was produced at an 

enhanced reaction rate without significant loss in BMP. Co-digestion of food waste and 

SCG at 75/25 %w/w composition increased both the cumulative methane potential 

(0.355 L CH4/g VSin) and BMP (0.344 L CH4/g VSin) by 13.1 and 13.5 % with respect to 

the AD of SCG alone. 

SCG-hydrochar, derived from the hydrothermal carbonisation (HTC) of SCG at 180 – 

250 °C for 1 h, was recently inoculated with cow manure for the AD production of 

biomethane. The novel coupling of thermochemical and biochemical processes was 

found to increase biomethane energy conversion efficiency up to 32 % for hydrochar 

produced at 180 °C (R_180), over raw SCG. The hydrophilicity of R_180 led to maximum 

BMP of 0.491 L CH4/gVSin, shorter lag phase (λ = 11 days) and the highest biomethane 

production rate (k = 46 mL CH4/gVSin) [88]. 
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Triglyceride oils from oleaginous yeast 

Oleaginous yeasts have been utilised for microbial oil production from defatted SCG. 

After dilute acid hydrolysis and enzymatic saccharification pre-treatment to release 

reducing sugars (563 mg/g SCG), SCGHs were cultured with Lipomyces starkeyi, giving 

total consumption of sugars after 3 days, without inhibition to microbial growth [89]. Total 

lipid concentration after 7 days was 1.5 – 2 mg/mL - a conversion rate consistent with 

other lignocellulosic feedstocks [90, 91].  

UV-C irradiated Yarrowia lipolytica, for the enhanced production of triglycerides and 

ammonia, were cultured with Kluyveromyces marxianus treated simulated coffee waste 

medium (60 % pulp, 40 % mucilage). The fatty acid composition of oil shifted towards 

linoleic acid in oil produced from the Y. lipolytica fermentation of simulated coffee waste 

dosed with 20 % SCG (36.7 % linoleic, 27.1 % palmitic and 20 % stearic) vs simulated 

coffee waste alone (26.5, 28.5 and 30 %, respectively). Such fatty acid compositions are 

amenable for the production of biodiesel [92]. 

Bioethanol 

Saccharomyces cerevisiae has been used for the bioconversion of SCG derived sugars 

into bioethanol. Inoculation of defatted and non-defatted SCG hydrolysate (SCGH) with 

10 % (w/w) S. cerevisiae at 30 °C for 40 h produced bioethanol yields of 0.43 and 0.46 

g/g SCGH,  from 50 and 58 g/L of total sugars, respectively [93].  GC-MS characterisation 

of volatile compounds present in beverages produced by the S. cerevisiae fermentation 

of antioxidant phenolic extracts of SCG was conducted in a recent study. Higher alcohols 

(isobutanol, isoamylic alcohol), esters and minor quantities of volatile acids were 

identified and quantified in fermented and subsequently distilled beverages, imparting 

positive organoleptic qualities such as a fruity flavour and floral aroma [94]. Possibilities 

for increased productivity and bioethanol yield by augmented fermentation of galactose 

have been highlighted in a recent report of a bioengineered strain of S. Cerevisiae PE-

2. Expression of CEN.PK113-5D GAL 2 by the new strain led to increased galactose 

transport activity, resulting in the consumption of all available sugars within the SCGH, 

promising for increased conversion efficiencies [95].  
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 Biodiesel  

Biodiesel is prepared from alkali or acid catalysed transesterification of fatty acid 

triglycerides with alcohols, most commonly methanol. The reaction produces 3 moles of 

biodiesel (fatty acid monoalkyl esters (FAAE)) and 1 mole of glycerol, a platform 

molecule with chemical feedstock, feedstuff, and energy applications [96]. The FAAE 

composition of biodiesel is identical to that of the feedstock from which the biodiesel was 

produced [97].  

Currently, the majority of biodiesel is derived from rapeseed (47 % of EU, and 68 % of 

world feedstock input In 2016) and soy bean (67 % of US feedstock input in 2016) oils, 

with animal fats, used cooking, sunflower and palm oil comprising the remaining 

feedstocks [98, 99]. The physicochemical properties of biodiesel are influenced by the 

fatty acid methyl ester (FAME) composition [100-103]. The fatty acids of coffee oil are 

mainly comprised of linoleic (40-50 %), palmitic (30 – 40 %), oleic (6 – 10 %), stearic (7 

– 9 %), Arachidic (1 – 4 %) and linolenic (0.5 – 2 %) acids, illustrating the direct 

applicability of SCG to produce biodiesel. A major issue affecting the widespread use of 

biodiesel is poor oxidative stability, arising from factors including autoxidation of 

unsaturated fatty acids (UFA). The rate of degradation of UFA is influenced by the 

position and number of double bonds and it can be generally noted that fuels with a lower 

degree of polyunsaturated components (hence a low iodine number) display greater 

stability. Table 2.1-3 displays selected properties of diesel and biodiesel derived from 

SCG and other biomass feedstocks, which are included for comparison. From the data, 

it is evident that all biodiesels failed to reach the EN 14112 test limit, requiring antioxidant 

additives to improve performance. Suitable additives include butylated hydroxytoluene 

(BHT) or even SCG extracts - a recent study has improved the oxidative stability of waste 

rapeseed oil by blending with an antioxidant rich - SCG-oil extract [104, 105].  
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Table 2.1-3 Fuel Properties of diesel and biodiesel derived from SCG and selected biomass feedstocks 

 

 

 

 

Fuel Property Test Method Limits Diesel Rapeseed Soybean Sunflower 
seed 

Palm Jatropha Algae SCG 

Kinematic Viscosity EN ISO 3104 3.5 - 
5.0 

2.6 4.4 4.2 4.2 4.5 2.6 4.15 - - 

Flash point (°C) EN ISO 3679 >120 68 170 171 177 176 135 - - - 

Cetane number - >51 - 55 49 50 61 - - - 60.
1 

Oxidative stability, 110 
°C 

EN 14112 >6.0 - 2 1.3 0.8 4 - 5.42 - 0.2 

Acid Value (mg KOH/ 
g) 

EN 14104 <0.50 - 0.16 0.14 0.15 0.12 0.4 0.52 1.8
5 

0.1
1 

Iodine Value g I2/ 100 g EN 14111 <120 
 

109 128 132 57 - 39.76 70 - 

Higher Heating value GB/T 384-81 >35 42 - - - - 39.23 
 

- 39.
6 

Reference - 
 

[125] [102] [102] [102] [102] [125] [126] [49] [40] 
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 Fertiliser  

When used as a soil amendment, SCG exhibit deleterious effects on the growth of 

horticultural plants [108-110]. Despite initial mineralisation, the immobilisation of nitrogen 

and phosphorous in soils incubated with SCG has been attributed to reduced plant 

growth, for application volumes as low as 2.5 % (v/v) [108] . Phytotoxins present in SCG, 

such as caffeine, tannins and chlorogenic acid, are also inhibitive to yield, with 

composting and vermicomposting employed to reduce their concentrations relative to 

fresh SCG [111]. 

Beneficial attributes in crop grown from soil treated with composite SCG composts have 

been reported. Pepper plants grown in the presence of functional composts derived from 

varying compositions of SCG (78 – 85 %), tomato stalk based biochar (0 – 2.6 %) and 

poultry manure (15 - 20 %), displayed enhanced DPPH radical scavenging activities (up 

to 14 %), and increased total phenolic content (TPC) by 68 % with respect to the control 

[112]. Suppression of weed growth, enhanced organic carbon, N, K, P and Na 

concentrations as well as increased chlorophyll and carotenoids in SCG treated soils, 

additionally highlight the potential application of SCG as nutrient-rich fertilisers [109, 

113]. Further research, however, is required to increase the bioavailability of 

micronutrients and improve the viability of SCG as a soil amendment. 

 Animal feed 

Early reports of SCG as a ruminant feed (250-260 g dry matter (DM) a day) observed 

low digestible energy (0.5 – 4.3 MJ/kg DM) and negative metabolisable energy content, 

leading to the rejection of their use as a feed ingredient [114]. Subsequent investigations 

involving a microbial fermentation pre-treatment of SCG for improved palatability, crude 

protein digestibility and utilisation of nitrogen in livestock, relative to those fed non-

fermented SCG have since been reported. However, whilst leading to a reduction in 

costs, reduced digestibility of crude protein, acid detergent fibre, neutral detergent fibre, 

relative to the control diet, was observed with increasing concentrations of Lactobacillus 

spp. treated SCG in silage, hay, corn and soybean meal total mix ratio [115-117]. A 

maximum limit of up to 10 % (w/w DM) fermented SCG in feed has been established, yet 

increased production costs of a fermentation pre-treatment negates the economic value 

of using SCG in animal feed [116].  
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 Thermochemical conversion products 

 Pyrolysis derived bio-oil 

SCG have been investigated as a suitable feedstock for pyrolysis - the thermal 

decomposition of biomass in the absence of oxygen, under temperatures up to 500 °C. 

Pyrolysis of biomass produces condensable liquids (pyrolytic or biocrude oil), non-

condensable gases and a residual biochar. Bio-oil yields of up to 55% can be achieved 

through high temperature flash pyrolysis, with high char yields also observed [118]. The 

pyrolysis of SCG has been demonstrated on the pilot scale in a screw conveyor reactor, 

yielding up to 60% bio-oil. As the SCG was not defatted prior to use, the oils contained 

predominantly fatty acids, esters as well as olefins and oxygenated species from the 

polysaccharides [119]. In further studies, the energy efficiency of the pyrolysis has been 

estimated between 77 - 85 % depending on the moisture content of the coffee [120]. A 

similar study demonstrated the suitability of spent coffee grounds as a feedstock in slow 

pyrolysis producing a bio-oil and bio-char with similar properties to other lignocellulose 

feedstocks [40].  

 Hydrothermal conversion products: Bio-oils and solid chars 

Energy expenditure on drying feedstocks, comparatively lower energy efficiencies and 

higher tar yields are major barriers against the implementation of pyrolysis for wet 

biomass such as algae [121, 122]. To circumvent these issues, hydrothermal liquefaction 

(HTL), an emerging technology, has been employed, where biomass is thermally 

converted into a carbonaceous material using 5-35% solid loading in water. The 

reactions are heated to between 280 - 350 °C, under pressures of up to 180 bar. The 

resulting biomass breaks down into a biocrude oil, an aqueous phase, solid residue 

(referred to as a ‘hydro ‘- or ‘bio’- char) and gas, comprised mainly of CO2. Under rapid 

reaction times, the predominant product is the biocrude oil. 

SCG, with a typical moisture content of 50 - 60 % (table 2.1-1), are viable feedstocks for 

hydrothermal processes. For the conversion of SCG, just under 47% biocrude oil, with 

31 MJ kg-1 HHV, was produced at 275 °C. Similar to pyrolysis products, the HTL derived 

biocrude comprised of long chain acids and esters [123]. Lower temperatures (200 - 250 

°C) and longer reaction times yield a carbon rich major solid product through a process 

termed hydrothermal carbonization (HTC). Biochars have been reported in 60% yields 

from SCG. One study reported the reduction of the O/C ratio from 0.64 in the SCG 

feedstock to 0.17 in the hydrochar product (HTC parameters: 350 °C, 1 h), with the 
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material obtained under optimum conditions (210 - 240 °C, 1 h) exhibiting a  HHV of 26-

27 MJ kg-1 - similar to coal [124].  

 

 Product applications and formulations 

 Formulated applications of polysaccharides  

Published extraction regimes for isolating polysaccharides from SCG are given in table 

2.1- 4. Recent interest in the polysaccharide extracts of SCG has determined 

antimicrobial, antioxidant and thermal stability properties. After an alkali pre-treatment of 

defatted SCG Mussatto et al. measured a higher antioxidant activity in the DPPH radical 

scavenging assay of the retained SCG polysaccharides (concentration needed to inhibit 

50% of radical activity, IC50 = 0.7 mg/mL) than polysaccharide extracts from edible 

mushrooms (4 – 7.2 mg/mL) [51]. Despite providing a source of carbon to promote 

microbial growth, the same study observed growth inhibition of fungal strains at low 

concentrations of the polysaccharide extracts (41.3 and 48.6 % inhibition of P. violacea 

and C. cladosporioides, respectively at 3.9 µg/mL of extract). Such behaviour was 

postulated to arise from residual phenolics present in the extracts, corroborated by the 

observed antioxidant activity and higher results in the total phenolics assay (230 mg 

GAE/g SCG) than other studies on conventional solid-liquid SCG extracts. The 

competition between anti-microbial components and the polysaccharide carbon source 

within the extracts was concentration dependent, with fungal growth favoured at higher 

concentrations [125]. 

A valuable application of SCG polysaccharides then is as a source of antioxidant 

insoluble dietary fibre ingredient in functional foods. A recent study by Castillo et al. 

incorporated instant coffee SCG into biscuit formulations. The group demonstrated that 

at 4% w/w in biscuits, SCG didn’t affect the food preparation or product quality. The 

extracts were found to contain essential amino acids (42 % w/w total amino acids), 

displayed thermal and gastrointestinal digestion resistance and analysis of the soluble 

fraction revealed it contained nearly 18 % of the total antioxidant activity of SCG. From 

this it was concluded that the insoluble fraction could therefore possess the majority of 

the antioxidant activity. The group noted that microbial regulations for SCG in foodstuffs 

are yet to be established yet confirmed less than 10 CFU/g in total aerobic, endospore-

forming, mould and yeast microbial assays on thermally stabilized SCG (dried at 40 and 

70 °C). The food safe conclusion was corroborated with the absence of moulds, 

preventing growth of OTA and low concentrations of 5-HMF and ACR (61.3 mg/kg SCG 
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and 37.2 µg/ kg SCG, respectively), regulated contaminants with potential carcinogenic 

activity in humans [41]. A similar study by Hussein et al. found at 6 % w/w SCG 

enrichment, biscuits passed organoleptic (taste, colour, texture, flavour, appearance and 

overall acceptability) tests with minimal modifications of the dough’s rheological 

properties. Both studies suggested a suitable market for these products: for patients with 

obesity-related diseases, diabetes or diet (reduced energy intake) goals [126]. 

SCG also contain a diverse array of oligosaccharides, shorter chain (n = 2 - 20) sugar 

residues. A recent study has identified mainly hexose (tentatively manno-

oligosaccharides (MOS) and galacto-oligosaccharides) oligomers containing a mixture 

of glucose, rhamnose, xylose, arabinose residues in coffee brews and their respective 

SCG. The study demonstrated variability in the abundance, structure and composition of 

obtained oligosaccharides according to brewing techniques, with their diverse 

composition suitable for novel prebiotic and symbiotic applications [127].  

A preceding study demonstrated an improvement of defecation behaviour and the 

dominant presence of Bifidobacterium in the faeces of people ingesting 1 and 3 g/day of 

MOS. Bifidobacterium produce lactic acid and short chain fatty acids (SCFA), 

establishing a lower pH in the intestine that inhibits growth of harmful bacteria [128]. This 

beneficial gut activity has been corroborated in other studies, highlighting the value of 

MOS and other sugar residues derived from coffee as prebiotics [129-132]. MOS from 

coffee extracts was also demonstrated to have visceral and sub-cutaneous fat reducing 

properties and blood pressure suppression in Dahl-salt sensitive (hypertensive) rats 

[133-136]. A commercial launch of food products containing thermally derived coffee 

MOS in Japan 2007, indicates the lucrative potential of the carbohydrate fraction of SCG 

[137]. 
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Table 2.1-4 Published regimes for the isolation of polysaccharides from SCG 
 

a
Y1 = total extraction yield (g / 100 g SCG), Y2 = quantity of sugars extracted (g/ 100 g SCG), Y3 = quantity of sugars extracted/ total sugars in 

SCG (g/100 g total SCG sugars); 
b
S/L = solid-to-liquid ratio

Entry Feedstock Extraction technology (solvent) Parameters
b 

Product Yield Ref 

1 Defatted 

industrial 

SCG 

Alkali Pre-treatment 

 

4M NaOH + 0.02M 

NaBH4, 25 °C, 

Polysaccharides (Gal = 60.27, 

Ara = 19.93, Glu – 15.37,  

Man = 4.43 %mol) 

Y1 = 6.05, Y2 = 

2.38, Y3 = 4.57 

Total sugars = 39 

%
a 

[125] 

2 Commercial 

Espresso 

SCG 

Microwave assisted extraction 

(MAE) (water) 

MAE 1: S/ L = 1/10 g/ mL, 

200 °C, 40 bar 

MAE 2: 18 bar 

MAE 1 = Mainly 

arabinogalactans 

MAE 2 = Mainly 

galactomannans 

MAE 1 = 0.57 

MAE 2 = 0.34 g/ 

batch 

MAE 1 + MAE 2= 

55 % sugar 

recovery 

[138] 

3 Commercial 

and industrial 

SCG 

Autohydrolysis, (water) S/L = 1/ 15 g/mL 160 °C, 

10 min 

Polysaccharides (Gal = 47.74, 

Man = 31.88, Glu = 10.35,   

Ara = 10.02 %mol) 

Y1 = 3.59,  

Y2 = 1.07, 

Y3 = 2.06 

Total sugars = 

29.29 %
a 

[56] 

4 Defatted 

Arabica SCG 

Ultrasound pre-treatment 

followed by SWE (water) 

S/L = 6/ 160 g / mL, 179 

°C, 20 bar, 

5 min 

Polysaccharides (Gal = 64.13, 

Man = 29.82, Ara = 3.33, Glu = 

2.33 %mol) 

Total sugars 

 = 47.72 % 

 

[139] 

5 Dark roast 

Arabica SCG 

Solid-Liquid Extraction (SLE) 

(Hot water) 

S/L = 1/20 g/ mL, 100 °C, 

20 min 

Oligosaccharides (Man = 

54.08, Gal = 34.67, Ara = 5.73, 

Glu = 4.08,  Xylem = 0.75, Rha 

= 0.69 %mol) 

0.05 % w/w [127] 

 

6 Commercial 

Espresso 

SCG 

Strong acid hydrolysis S/L = 3/70 

g/ mL, 100 °C, 16 h 

SCG solid hydrolysate, with 

30x antioxidant capacity of 

original SCG 

31 % w/w [140, 

141] 

7 Commercial 

SCG 

Dilute acid hydrolysis then 

enzymatic hydrolysis 

S/L = 10.5/ 90 g/ mL 

121°C, 20 min 

SCGH (Man + gal = 39.62, Ara 

= 3.39, Glu = 10.01 % w/w) 

61.9 w/w 

 

[83] 
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Similarly, recent studies by Panzella et al. have demonstrated antioxidant and prebiotic 

activity in solid SCG hydrolysates (SCGH) and digestion-fermentation treated SCGHs 

[140, 141]. Oxidatively stressed human hepatocellular carcinoma HepG2 cells with 

increased presence of reductive oxygen species (ROS) were protected from stress-

induced death by SCGH ROS scavenging action. Their findings also validated with the 

above reports as SCGH increased the production of Lactobacillum spp. and 

Bifidobacterium spp (and release of short chain fatty acids) after fermentation. The group 

claim the solid residues from acid hydrolysis are a multifunctional material with 

biomedical, industrial and technological applications.  

 

  Antioxidant formulations 

Recent research by Mussatto et al. and Riberio et al. explored preservation of antioxidant 

activity by encapsulation and incorporation of bioactive SCG into skin care products, 

using subcritical water (SWE) to derive phenolic SCG extracts.  

Mussato et al. determined the optimum storage conditions for SCG phenolics, which are 

susceptible to degradation under oxidising conditions commonly induced by light, 

oxygen, moisture. The study established that freeze drying with a maltodextrin coating 

preserved 73-86 % of the original antioxidant activity of the SCG extract as well as 

retention of 62 and 73 % of TPC and flavonoids respectively [51]. By highlighting storage 

as a potential driver in the value chain of SCG, this work complements a considerable 

body of research that has exhaustively demonstrated the bench isolation of these high 

value components (table 2.1 5) [142].   

Similarly, Ribeiro et al. demonstrated the application of bioactives in cosmetic products. 

Extracts with EC50 of 21 μg/mL were incorporated in hydrogels, and resultant inhibition 

of elastase and tyrosinase (99 and 79 % inhibition of enzyme activity, respectively) 

conveyed their efficacy in antiaging and skin lightening topical applications [143].  
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Table 2.1-5 Published “green” extraction regimes for the isolation of SCG bioactives  

Feedstock Extraction technology 

(solvent) 

Parameters Products, Yield, Antioxidant activity 

 

Ref 

Commercial SCG Deep Eutectic Solvents 

(DES) 

and Ultrasound (UAE) 

S/L = 100/2.6 mg/mL, 

 67.5 % DES w/w   

(DES = 1,6 Hexanediol and 

Choline Chloride, 7:1 molar ratio), 

60 °C, 10 min 

TPC = 17mg GAE/ g SCG 

DPPH = 26.2 TE/ g SCG 

FRAP = 32.9 TE/ g SCG 

(recovery of 93 % total extracted compounds 

on SP-207 resin) 

 

[73] 

Commercial 

espresso SCG 

Solid Liquid Extraction 

(water) 

S/L = 1/20 g/mL, 

~100 °C, 5 min 

Total CGA = 478.9 mg/ 100 g SCG 

3-CQA = 140.8 mg/ 100 g SCG 

[69] 

SCG capsules SWE (water) Semi-continuous batch: 3 g SCG, 

1mL/min H2O, 90 min, 0- 140 °C 

(S1) and 140 – 220 °C (S2) 

S1: Yield = 15 % w/w 

TPC = 19 mg GAE/ g SCG 

3-CQA = 1.9 mg/ g SCG 

PCA = 0.7 mg/ g SCG 

Trigonelline = 2.1 mg/ g SCG 

Caffeine = 6.1 mg/ g SCG 

DPPH: EC50 = 20.6 ug/mL 

[143] 

Defatted Arabica 

SCG 

SWE + UAE S/L = 6/ 160 g / mL, 179 °C, 20 

bar, 5 min 

TPC = 2.2 % w/w 

 

[139] 
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  Biosorbents 

SCG are natural adsorbents due to the chelating and coordinating properties of 

polyphenolic[144], lactone and amino-containing components [145], and the matrix itself 

can be further exploited for contaminant uptake through thermochemical processing, 

leading to increased porosity and surface area of the biochar products [146-150]. SCG 

and SCG composites have been utilised for removal of dyes [151-153], antibiotics [154] 

and heavy metals [155, 156] in the treatment of wastewater and similar effluent 

decontamination applications [157]. Recently SCG, chitosan and poly(vinyl alcohol) 

composite films were examined for their suitability in removing a range of 

pharmaceuticals and bioactive species including caffeine. High recovery rates were 

feasible, and the material could be reused with little drop in performance [158]. A similar 

study utilised  SCG to remove Hg(II) from aqueous solutions at a maximum capacity of 

32 mg/g [159].    

 Biodegradable Films for Food Packaging 

Through incorporation of polysaccharide rich SCG extracts (entries 1 and 3, t 2.1-5), 

Mussatto et al. greatly enhanced the light barrier of carboxymethyl cellulose (CMC) films 

for food packaging. Films were produced with up to 0.20 % (w/v) of alkali pre-treatment 

derived (PA) or autohydrolysis derived (PB) extracts, where the greater opacity of PB-

CMC films was attributed to the relatively higher concentration of Maillard reaction 

products, formed under the high temperatures of autohydrolysis. Physicochemical 

properties including tensile strength and surface hydrophobicity were also improved by 

addition of PA and PB, whilst supplementary antioxidant and antimicrobial qualities (due 

to the presence of polyphenolic components in the extracts) demonstrated the efficacy 

of SCG-extracts in improving the function of materials for food packaging applications 

[160]. This work follows an earlier example of biocomposite SCG packaging, reported by 

Dufresne et al. where HTC derived biochar (250, 270  °C, 2 h ) was extruded with 

poly(butylene adipate-co-terephthalate) (PBAT, 10 – 30 %w/w SCG) to similarly enhance 

the thermo-mechanical properties of the biodegradable film [161]. More recently, the 

continuous casting of SCG (5 - 20 %w/w SCG) with pectin also modified the 

physicochemical properties of the pectin-based films (HDM). Increased colour, thermal 

stability and a reduction in the water vapour permeability rate was observed in the SCG-

pectin composites, yet adversely, the water vapour permeability rate of the films 

increased from 1.8 g m-1 s-1 Pa-1 to 3.0 g m-1 s-1 Pa-1 at 0 and 20 %w/w SCG, respectively 

[162]. 
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 Construction materials 

SCG have been used to stabilize alkali activated fly ash and slag geopolymeric subgrade 

construction materials [163-168]. Increasing proportions of SCG have been reported to 

reduce thermal conductivity of bricks, bestowing superior insulating properties relative to 

the plaster composite control [169]. Velasco et al. reduced thermal conductivity by up to 

50 % (0.74 to 0.36 W m-1 K-1) by firing clay with incremental additive concentrations (0 to 

17 % w/w SCG respectively). Yet, increased water absorption limited the recommended 

incorporation at 11 % w/w SCG, with higher concentrations requiring coating to protect 

against weathering [170]. A recent study by Allouhi et al. demonstrated through the 

incorporation of 6 % w/w SCGs with industrial plaster powder, a reduced thermal 

conductivity (0.31 W m-1 K-1). Using a residential building in Morocco as a basis for 

simulation, utilisation of the 6 % w/w SCG plaster composites afforded energy savings 

of 24 %, mitigating yearly CO2 emissions by up to 1505.62 kg CO2 eq /y [171].    

 Energy Storage Devices 

Recent preparation of a non-porous carbonaceous lithium-ion battery (LIB) using 

pyrolysed SCG (800 °C, 2 h) and poly(vinylidene fluoride) (PVDF) binder, with carbon 

black P conducting agent, resulted in a novel anode material with a high-capacity 

retention. A considerable reversible capacity of 285 mA h g−1 at a current density of 

0.1 A g−1 was also measured, signalling the eminence of SCG in the development of high 

performing sustainable energy storage devices [172]. Similar incorporation of pyrolysed 

SCG into sodium-ion batteries gave a reversible capacity of 154.2 mA h g−1 at a current 

density of 200 mA/g[173]. SCG have also been utilised as electrode materials in 

vanadium redox flow batteries [174], fuel cells [175], lithium-sullfur batteries [176] and 

supercapacitors [177, 178].  

 

 SCG as a feedstock in biorefineries 

Biorefineries, where biomass is converted into energy, chemicals and materials through 

a series of integrated conversion technologies, aim to maximise the value generated 

from the biomass feedstock through the co-production and isolation of high, medium 

and/or low value products [179-182]. For operations utilising waste streams as 

feedstocks, the tenets of the circular economy can be realised through the recovery and 

transformation of waste in this manner.  
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The concept of valorising SCG in a system of stepwise, integrated processes is still 

nascent in the literature. Several articles have been published in the recent literature, in 

which conversion technologies that have been applied to SCG are surveyed and 

integrated as potential biorefineries. Assessment of technology readiness, economic 

viability, environmental impact and conceivability of processes on the large scale is then 

made, giving credence to the SCG based biorefinery concept [5, 7-11, 183]. 

Published examples of SCG biorefineries separate the starting material into two streams 

by aqueous/polar solvent extractions of bioactives and/or carbohydrates and a non-polar 

lipid extraction (fig 2.1-3). Downstream processes along the aqueous stream include 

biotechnological conversion of the reducing sugars to bioethanol, lactic acid and other 

platform molecules [11, 184]. The lipid stream utilises the oil for the coproduction of 

biodiesel and glycerol or undergoes biotechnological conversion into PHAs. Glycerol can 

be further converted to biohydrogen through steam methane reforming or purified to high 

value chemicals. The residual solids from both streams as well as the raw SCG can 

undergo thermochemical conversions into solid, gaseous and liquid fuels [40, 185], 

composite materials and energy, or be used as a substrate for mushroom cultivation, 

aerobic or anaerobic microbial digestion [186]. Table 2.1-6 shows the market prices for 

some of these potential products.  

 

Fig 2.1-3 Scheme for a potential SCG based biorefinery   
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Table 2.1-6– Typical market prices for the products, from conventional sources, listed in 
fig 2.1-3 

Bioproduct Cost [£/kg] 
Biohydrogen 1.17 
Biodiesel 0.59 
Bioethanol 0.42 
Sterols 10-100 
Nutraceuticals  1-100 
Crude glycerol  0.5-0.20 
Caffeine 10-175 
PHA 3.9-4.7 

 

  Supply chain and techno-economic considerations  

One of the key issues in industrial bioprocessing is ensuring the availability and 

continuous supply of the feedstock, and one of the key limitations of an SCG biorefinery 

will be the upstream supply chain which entails the collection and transportation of the 

SCG from individual coffee shops or an instant coffee manufacturing site. Little research 

has been conducted in this area and aspects like the collection points, quantities 

available for collection, seasonality, type and costs of transportation are 

parameters/variables that need to be comprehensively assessed. 

The consumption of coffee has been increasing worldwide and is now estimated at just 

under 10 million tonnes per annum [187]. One major positive aspect of a SCG biorefinery 

is the lack of seasonal behaviour from the feedstock and the ready availability all year 

round. The higher consumption of coffee has led to a large increase in the number of 

coffee shops, mainly in large metropolitan areas. Hence, this presents a challenge to the 

SCG industry as there are a large amount of collection points, widely dispersed 

throughout a city. For transportation, trucks appear to be the only reasonable method for 

collection. There is a lack of literature data on the transportation costs of SCG, however, 

it can be assumed that its costs are similar to other types of biomass with similar density. 

The wet density of SCG is approximately 720 kg m-3 and is therefore similar to corn grits, 

where the transportation cost is approximately $10.25/metric tonne [188]. Several 

arrangements for truck transportation are possible, for example, a biorefinery can use 

the logistics already in place by the major coffee companies for collection. Alternatively, 

the company themselves could invest upstream, to perform the collection and 

transportation allowing more control and increased competition over the feedstock 

pricing. 
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If a SCG biorefinery project is to be executed at a national level, the optimal number and 

capacity of biorefineries to be implemented would be reasonably small. A few 

biorefineries located near large metropolitan areas with larger capacities would seem to 

be the optimal. However, further research is necessary to determine this optimal design. 

Few reports exist on the upstream supply chain or the potential techno-economics of a 

process, with Mata et al. highlighting the lack of literature and the need for this type of 

analysis [5]. Giller et al. published a comprehensive technoeconomic assessment (TEA) 

study of a coffee biorefinery to produce biodiesel and a solid fuel. The authors estimated 

that the capital costs for a SCG 10,000 t y-1 facility, would be approximately $4M, 

including the requisite fleet of trucks to deliver the coffee from the 875 coffee shops in 

the New Jersey area [189]. However, the authors found that despite the relatively low 

CAPEX, a biorefinery producing biodiesel and a solid fuel was simply not economic at 

this scale.  

Similarly, a recent techno-economic analysis of biodiesel production from SCG in Europe 

highlighted that at the current price of biodiesel (~ 0.8 $ kg-1 in 2018), an operation 

producing 1000 t y-1 cannot be profitable and in fact the minimum selling price (MSP) 

required is 3.6 $ kg-1 at this scale [190]. The authors established from modelling MSP as 

a function of production capacity, that the current market price of biodiesel requires 

production of 42 000 t y-1 for profitability. Centralized collection of SCG could improve 

the economic feasibility, yet sufficient transport and logistical infrastructures in countries 

currently valorising SCG are yet to be put in place[183]. Considering these results and 

the current market prices, decentralized processing cannot be considered an option, as 

such would mean smaller scattered units which would not have suitable economy of 

scale.  

A potentially more feasible biorefinery model would therefore need to be based around 

recovery of the bioactive metabolites of SCG. The high market value (estimated at $40 

kg-1) of CGA is an economic driver that warrants its extraction prior to deteriorating heat 

and chemical processes [11, 183]. The latent toxicity of SCG phenolics could also inhibit 

microbial growth, reducing efficiencies of downstream fermentation processes, as well 

as limiting the application of the solid cake in animal feeds, so would potentially need to 

be extracted anyway prior to further valorisation [5, 7, 184, 191]. The global market size 

of CGA in 2015 was $122.16 million and is expected to have an increase of 17% until 

2021 to $143.50 million.  

Methods for minimising the cost of operations include efficient solvent recovery and 

generation of combined heat and power (CHP) by combustion of SCG (HHV = 39.6 
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MJ/kg) [40]. The thermal and electrical energy generated by CHP can increase process 

sustainability, when used for drying wet feedstocks and providing electrical power to the 

plant, with the potential of selling surplus electricity to the grid [183]. However, centralised 

collection and sufficient separation of SCG are major obstacles to profit margins and 

process efficiencies. Ensuring sufficient quantities of feedstock for maximum output, with 

minimal contaminants (such as plastics) and sources (e.g. industrial vs commercial) is 

inherent to the economic worth of future SCG Biorefineries [5, 183]. 

A handful of studies have investigated the potential environmental impact of products 

produced from SCG. Santos et al. showed that if SCG was used for compost alone then 

while production of methane and NOx was observed this was typically low compared to 

other fertilisers [192]. 

While Kookas et al determined that the cost of manufacture of biodiesel was extremely 

high, the environmental aspects were acceptable and could be considered sustainable. 

Overall, the authors calculated that biodiesel production from SCGs had a GHG 

production of −2.1 kg CO2-eq per kg of biodiesel produced, similar to other biodiesel 

processes from soybean and rapeseed. Though also suggested that further research 

was vital into higher value bioactive compounds to add value and make the process 

economically attractive [183]. Attempts have been made to increase the environmental 

impact of the SCG biodiesel process, including in removing hexane and producing the 

oil in situ without oil extraction [193]. However, the in-situ process used more energy and 

created a greater GHG impact than the traditional process. Though the authors also 

reasoned that the energy content of the defatted SCG would be enough to process the 

biodiesel, without additional product recovery.  

  Further necessary research and development  

Rather than single instances of valorisation, research now needs to focus on qualifying 

possible scenarios for SCG biorefineries. Limitations to process efficiencies from 

inherent components within SCG (such as secondary metabolites) and co-contaminants 

within the feedstock should be addressed and accounted for in studies. Furthermore, 

there is a dearth of investigations into the reduction of nitrogen and sulphur as well as 

the enrichment of O/C and H/C ratios along the process chain. Such work is critical for 

the development of SCG derived solid fuels - which need to be blended with other LCFs 

(such as pine sawdust) in order to mitigate particulate matter, NOx and SOx emissions 

from their combustion [124, 194]. 
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It seems likely however that economic SCG biorefineries cannot be solely based on 

energy production. Recent work has suggested the limitations of processes designed to 

produce predominantly fuels, especially the scale needed to be economic. However, as 

we have demonstrated in this review article, there are over 40 novel higher value 

components and alternative products that could be produced from coffee - all of which 

have existing markets that could be entered with few regulatory issues. Establishing 

processing methods for the extraction and isolation of antioxidant fractions, proteins, 

peptides and amino acids from the SCG matrix needs to be developed further but it is 

this type of processing and further valorisation of these compounds that holds the key to 

an economic biorefinery from spent coffee grounds.  
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 Literature update 

In the interim between publication of the review article in 2019, and submission of this 

thesis manuscript, advances in the SCG research area have been made. Updates to the 

single platform valorisation of SCG into fuels, antioxidants and biomaterials (fig 2.2-1) 

will be discussed, followed by an overview of cascade processes, technoeconomic and 

lifecycle assessments of SCG based biorefineries. A closing outlook on the direction of 

research will be given. 

 

 

Fig 2.2-1 Product classes and extraction technologies (bold) from the valorisation of SCG 
in the recent literature 

 

Whilst experimental proof of concept continues to prevail, critical assessments of product 

viability through evaluation of process economics, compliance with product regulations 

or field testing signify the advancement in research. 

Research on SCG based fuels are as follows. SCG-sawdust fuel pellets, already a 

commercial product, complied with European quality standards for CO emissions. Pellets 

comprised of 100 % SCG advantageously produced lowest NOx emissions but highest 

CO emissions, lower boiler power and durability led to the recommendation of a 30:70 
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(SCG : sawdust) mixing ratio [1]. Korean Bio-SRF (solid refuse fuel) standards were met 

by 100 % SCG pellets, whilst SCG-sawdust in 10:90 ratios conformed with wood pellet 

quality standards [2]. High moisture content SCG pellets (90 % SCG) with 2 % starch 

binder were also noted for desirable calorific content and low ash contents [3]. 

Interestingly, unconventional pelleting of SCG with waste utensils (50 % SCG) gave solid 

fuels with a calorific value (HHV) of 26.21 MJ kg-1 [4]. 

SCG-based briquettes are another market available product, and recent reports 

highlighted xanthan and guar gum as effective additives in their low pressure/low 

temperature manufacture [5]; good mechanical properties were reported for SCG-

sawdust briquettes (25 – 50 % SCG; mechanical durability > 90 %) [6] and adequate 

calorific values were exhibited by SCG- sugarcane bagasse fibre briquettes (40 -60% 

SCG; HHV = 20.32 – 21.92 MJ kg-1) [7]. Drying of SCG prior to briquetting, necessary 

for combustion efficiencies, fuel quality and limiting flue gas emissions was explored, 

where microwave drying efficiencies were enhanced when sodium sulfate/chloride were 

added to SCG [8]. Removal of oil increased briquette stability (compressive strength, 

abrasion resistance and raw density) but optimal composition was obtained through 

pyrolysis of SCG and binding with 10 % tapioca starch [9]. 

Biodiesel production has continued to drive research interest despite problematic 

economic and environmental repercussions (noted below), with yields and fuel 

properties enhanced by:  in-situ co-transesterification of SCG oil with wet microalgae 

[10], in-situ transesterification with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) [11], 

formulating in binary and ternary blends with Euro diesel and/or higher alcohols [12, 13] 

and/or waste cooking oil [14] and dilute acid pre-treatment of SCG prior to coffee oil 

extraction [15]. Production of a “renewable” diesel from the in-situ hydrotreatment of SCG 

oil derived from continuous hydrothermal liquefaction beneficially enhanced yield and 

calorific value (15.8 %, 46.2 MJ kg-1), vs enzymatic transesterification of  hexane 

extracted SCG oil [16]. 

More proof of concept studies pertaining the suitability of hydrochars from the 

hydrothermal carbonisation of SCG as an energy-dense coal substitute hydrochars have 

been published [17] [18] [19]: under relatively mild conditions (216 °C, 1 h) a hydrochar 

with a HHV of 31.6 MJ kg-1, low ash content (2 %) and acceptable concentrations of 16  

tested polyaromatic hydrocarbons [20]. SCG biochar have also been noted as efficient 

fuel alternatives [21]. 

Research on the isolation and potential application of SCG bioactives has continued to 

advance novel and/or green techniques and establish their therapeutic properties. 
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Increasingly, attention has been turned towards green extraction technologies including 

subcritical water (SWE) [19] [22] [23], high hydrostatic pressure-assisted extraction 

coupled with ultrasound assisted extraction [24], microwave assisted extraction  [25, 26], 

supercritical CO2 coupled with high pressure ethanol [27-29], enzymes coupled with 

microbial fermentation [30]  and deep eutectic solvents (DES). The first supramolecular 

solvent extraction (using colloidal suspensions of decanoic acid or hexanol) yielded 3.32 

and 4.3 mg/g SCG of caffeine and chlorogenic acid (CGA) respectively, with extracts 

exhibiting antioxidant activity. Advantages of this system included rapid extraction time 

(1 min), and simple process parameters (stirring at room temperature and centrifugation) 

[31].  Studies have established betaine-based DES as superior mediums. A  betaine: 

triethylene glycol (1:2 v/v) extracted CGA at 4.64 mg/ g SCG- higher than the yield of the 

conventional 70 % MeOH system  [32]. High antioxidant activity was determined in 

betaine-1,2-butanediol DES extracts, where total phenolic content of 31.67 mg GAE/ g 

SCG was recorded [33]. The innovative preservation of bioactives through combination 

of high temperature-high pressure extraction in 54% ethanol with liposome 

encapsulation, yielded liposomes with 16 mg CAE/ g liposome antioxidant activity [34]. 

Combination of the same system with electrospinning and solvent casting techniques 

generated biodegradable zein films for functional food packaging [35]. 

Studies have furthered the pharmacological potential of SCG bioactives. The first in silico 

gastrointestinal study of SCG peptides recorded angiotensin-converting enzyme  

inhibitor and antioxidant activity in 11S coffee globulin, which is released after digestion, 

showing potential anti-hypertensive and glycaemic control properties [36]. Anti-

inflammatory and anti-proliferative metabolites were identified in a methanolic [37] and 

ethanolic SCG extracts respectively [38]. Antioxidant SCG dietary fibre improved 

circadian rhythm of young adults [39], whilst galactomannans exhibited prebiotic activity 

[40, 41]. Phytosterols, associated with cholesterol reduction, were also profiled in SCG 

from different origin [42].  

More reports on SCG-based biomaterials have established their application as 

adsorbents for CO2 [43], ozone capture [44], and pollutant removal [45-48]. SCG 

galactomannans have been utilised for composite films that may have engineering 

applications [49]. Biocides have been produced using SCG polysaccharide [50] and 

hydrolysate [51] macromolecular supports for the immobilisation of silver nanoparticles. 

Composite filaments of micro/nano-structured decolorized SCG and polylactic acid have 

demonstrated efficacy in 3D printing [52]. SCG and epoxy-resin or SCG cellulose 

nanofibers and poly(vinyl)alcohol composites have potential application as materials for 

sustainable furniture [53, 54]. SCG-based horticultural amendments have also enhanced 
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nutritional profile of lettuce [55], suppressed growing media pathogens [56] yet still exert 

a deleterious effect on plant yield due to phytotoxic polyphenolic components [57, 58].  

Research has taken an increasingly integrated approach to SCG valorisation, where 

SCG bioactives and fuels are generated in tandem. Reports feature the co-production of 

antioxidants with biobutanol [59]; biocrude [60]; biocrude and biodiesel [61]; lignin, 

biodiesel and biogas [62]; and biodiesel and briquettes [63]. 

Several biorefinery scenarios have been published. Proposals predicate economic and 

environmental sustainability on: co-production of combined heat and power (CHP) to 

meet operational energy demands; techno-economic, life cycle and logistical 

assessments prior to the development of integrated technologies [64]; production of SCG 

oil as a source of platform molecules prior to conversion of SCG into fuel pellets [65], or 

the cascade production of bioethanol and biogas [66]. 

To circumvent the decentralized collection of SCG, integration of a ‘superstructure’ of 

cascade processes with the soluble coffee industry has been proposed (Fig 2.2-2). 

Mathematical modelling identified high economic potential of a process using 

nanofiltration to isolate low and high molecular weight extracts (so-called natural extract 

and natural pigments respectively) with the residual solids used to generate biogas and 

digestate. This arose from the high value market price of natural extract and pigment, 

each generating 20 and 80 % of total revenue respectively. Although drying of the solids 

to produce electrical energy from integrated gasification and combined cycle systems 

was the other economic viable option, 40-fold lower profits than the aforementioned 

process led to its deselection. Production of biodiesel was rejected due to the 

uneconomical drying pre-treatment [67]. 
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Fig 2.2-2 Superstructure proposed for integrated valorisation of SCG into natural 
extracts, natural pigments, biogas and digestates. Reprinted from Taifouris et al. [67]. 

 

Biodiesel was further exemplified as an undesirable recovery strategy due to negative 

environmental and health impacts. The first life cycle assessment of SCG waste 

management and valorisation routes (incineration, landfill, direct application to land, 

composting, biodiesel production and anaerobic digestion) in the literature highlighted 

biodiesel as the least environmentally sustainable option, due to the use of fossil-based 

methanol in the in-situ transesterification of SCG oil. This is despite net-negative impacts 

on climate change resulting from the avoidance of the CO2 emissions from fossil derived 

diesel and the energy efficiency of the process: incinerating defatted SCGs could provide 

heat and electricity to pre-treat SCG (dry and grind) and recover methanol, with the 

excess sent to the grid. Incineration, anaerobic digestion and landfill for biogas 

production, so-called ‘waste-to-energy’ options, were identified as the most sustainable 

[68]. 

SCG valorisation has continued to captivate the interest of researchers with 

investigations adopting a more holistic approach to consider process economics and 

environmental impact alongside novel technologies. Innovation of green conversion 

technologies and cascade processes to fully utilise the feedstock will continue to 
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advance the field and validate SCG as a versatile and valuable resource within the 

bioeconomy.   
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 Concluding Remarks 

Completion of the literature review highlighted the novelty and increasing popularity of 

producing suitable products from the valorisation of SCG. Several review articles 

included theoretical biorefinery scenarios, but few experimental examples of cascade 

processes have been reported to date. The evaluation of process viability and actual 

product capability are also lacking. Recently, hydrothermal technologies have been 

gaining traction, though mainly for the retention of SCG bioactives and not for fuel 

generation.  

Specifically, at the time of inception, one instance of the hydrothermal carbonisation 

(HTC) of SCG to produce solid fuel was published in the literature. High calorific values 

and fixed carbon content indicated the potential of SCG hydrochars as sustainable fuel 

alternatives. Yet determination of the influence of temperature, time and liquid-to-solid 

ratio on yield, composition and calorific value (and subsequent optimisation of significant 

determinants) was missing. Post treatment extraction of the hydrochar product into 

primary and secondary chars, in depth analysis of their respective composition and 

combustion behaviour as well the influence of reaction parameters on these properties 

and the yield of each char type was also lacking. This represents an exciting opportunity 

to integrate the latest HTC research with this novel feedstock.  
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 Aims and objectives 

The overall aim of this thesis was to demonstrate an effective cascade biorefinery, 

producing a range of high-low value products, through the valorisation of SCG using 

hydrothermal technologies. To achieve this aim the following objectives were defined: 

1. Design a hydrothermal SCG based biorefinery (Chapter 3) 

a. Generate a process diagram illustrating all possible scenarios and 

sequences for retention of SCG bioactives and hydrochar 

b. Optimise the 300mL batch reactor for isolation of SCG bioactives using 

subcritical water extraction and retention of hydrochar via hydrothermal 

composition. 

c. Characterise and assess feedstock and product composition and yield to 

determine best performing scenarios 

 

2. Develop the hydrothermal carbonisation platform (Chapter 4 Enhanced 

Hydrothermal Carbonisation of Spent Coffee Grounds for the Efficient Production 

of Solid Fuel with Lower Nitrogen Content) 

a. Optimise the batch reactor for generation of chars with maximum calorific 

value, yield and the composite of both responses 

b. Explore the strategy of process water recirculation as a possible route to 

increase process efficiency. Determine the influence on hydrochar 

composition and yield. 

3. Identify a pre-treatment for reduction of nitrogen content in SCG hydrochars and 

determine the effect of the pre-treatment on fuel composition and quality 

(Chapters 3 and 4) 

 

4. Explore alternative product applications, namely horticultural amendments, for 

SCG hydrochars and other process outputs (Chapter 5) 
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Chapter 3 Developing a biorefinery from 

spent coffee grounds using subcritical water 

and hydrothermal carbonisation 
 

The aim of this study was to conceive of a hydrothermal SCG-based biorefinery through 

exploration and optimisation of process parameters, sequence and product composition, 

as part of a novel proof of concept study.  

Subcritical water extractions (SWE) and hydrothermal carbonisation (HTC) experiments 

were carried out using 300 mL Parr reactor (batch), therefore observations were made 

on a small pilot scale.  

Enrichment of nitrogen in the downstream hydrochar product became apparent and was 

problematic for fuel viability. SCG’s protein content and the prevalence of alkaline 

hydrolysis for extracting proteins soon presented a strategy for nitrogen reduction whilst 

also generating additional value. It was imperative to optimise base concentration and 

assess the effect of the alkaline pre-treatment on fuel composition as well as overall 

yields. 

Similarly, the HTC platform was originally optimised for defatted SCG, as SCG oil was 

initially planned as a biorefinery platform. Yet as the saponification of fatty acids was 

experimentally determined as vital to the solubilisation of N-containing components 

(3.5.1 NaOH pre-treatment of SCG), extraction of SCG oil for further valorisation was 

rejected. 

Retention of an SCG protein hydrolysate also presented an opportunity to characterise 

and quantify the total amino acids of SCG via Hydrophobic Interaction Liquid 

Chromatography (HILIC Q-TOF-MS). Prior to the investigation, protein content was 

commonly reported using elemental determination of nitrogen content and nitrogen to 

protein conversion factor (NPCF) or colorimetric assays (e.g. Bradford and Lowry for 

soluble protein content). The standard NPCF of 6.25 approximates 16 % nitrogen content 

in proteins- determination of the total amino acid profile of SCG would allow for 

calculation of an SCG specific NPCF. The presence of interferants and SCG protein’s 

dissimilarity with bovine albumin serum standard raised uncertainties of validity of 

colorimetric soluble protein determinations. 
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Optimisation of the HTC platform was in collaboration with K H. Chan, who conducted 

some of the HTC experiments as part of his 3rd year MEng research project.  

 

This chapter is submitted in an alternative thesis format in line with Appendix 6A of the 

“Specifications for Higher Degree Theses and Portfolios” as required by the University 

of Bath. This work was published as Open Access in Springer’s Biomass Conversion 

and Biorefinery.  

 J. Massaya, K. H. Chan, B. Mills-Lamptey, and C. J. Chuck, "Developing a biorefinery 

from spent coffee grounds using subcritical water and hydrothermal carbonisation," 

Biomass Conversion and Biorefinery, 2021, doi: https://doi.org/10.1007/s13399-020-

01231-w 
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Abstract 

Spent coffee grounds (SCG) have been extensively investigated as a feedstock to 

produce fuels, specialty chemicals and materials. While a few reports have used cascade 

processes to generate several products from SCG, this work takes the novel approach 

of using integrated subcritical water extraction (SWE) and hydrothermal carbonisation 

(HTC) to derive three products: a bioactive extract, a protein isolate (SCG PI) and solid 

fuel. SWE and HTC processes were optimised producing an antioxidant rich extract, with 

the chlorogenic acid (CGA) content and antioxidant activity determined. The protein 

content was quantified via total amino acid analysis, giving the first SCG specific 

elemental nitrogen-to-protein conversion factor of 7.90. HTC was then performed on the 

residual solids from SWE, the protein extraction and the raw feedstock. This biorefinery 

approach gave higher quality products than previously reported in single product 

systems. For example, pre-treatment reduced nitrogen in the hydrochar (N = 0.23 % wt, 

HHV = 33.30 MJ/kg) relative to the control (3.03 %wt, HHV = 31.31 MJ/kg), reducing N 

in the solid fuel. Limiting biorefinery processes to the pre-treatment and HTC 

preferentially increased protein content (33 % vs 16.92 % wt) and yield (53 vs 23.89 %) 

of the protein isolate, rendering a hydrochar with a higher yield and HHV compared with 

hydrochar derived following upstream SWE process (33.30 vs 26.92 MJ/kg, 16.34% vs 

14.69% respectively). This work goes towards the complete utilisation of SCGs within a 

biorefinery, highlighting the potential of sub-critical water processing to produce 

commercially viable products across the value chain. 

Keywords: Coffee, spent coffee grounds, hydrothermal, antioxidant, CGA 
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 Introduction 

Spent coffee grounds (SCG) are the solid residues often discarded after brew 

preparation. SCG are comprised of 50 – 70 % lignocellulose and are a readily amenable 

feedstock for the production of biofuels, chemicals and functional materials [1]. Indeed, 

a significant body of work has established the potential of SCG in the production of 

biomethane [2], bioethanol [3, 4], hydrochar (a carbon-rich biomass alternative to coal) 

[5, 6], and biodiesel [7, 8] through biological, thermochemical and chemical conversion 

processes. SCG also serve as a reservoir for bioactive and platform chemicals through 

extraction and further processing of the secondary metabolite, cellulose and 

hemicellulose constituents of its matrix [9-12].  

European coffee consumption in 2018/2019 generated an estimated 6.5 million tonnes 

of SCG [13]. With the continual growth of the coffee processing industry, amassment of 

SCG is challenging for municipal waste management services. Exploitation as a 

feedstock for fuels, chemicals and materials is therefore an effective circular economy 

strategy to prevent the accumulation of SCG in landfill, bringing about a reduction of 

methane emissions (released through microbial decomposition processes) and 

increasing the overall sustainability of the coffee processing industry. Averting the 

potential leaching of ecotoxic polyphenolic and alkaloid components of SCG into the 

environment additionally merits the valorisation of SCG [14].  

To this end, recent research efforts have established SCG as a viable feedstock within 

the biorefinery concept [1]. Direct examples of integrated processes utilise SCG  for 

coproduction of bioethanol and biodiesel [15]; bioactive extracts and bioethanol [16]; 

biodiesel, biomethane and biogas [8]; polyhydroxyalkanoates (PHA) and carotenoids 

[17] and lignin, biodiesel and biogas [18]. In general, the initial step of process 

schematics is extraction or hydrolysis, establishing polar and/ or lipid streams. Polar 

solvents and/or mild acid hydrolysis isolate high value phenolic and/ or saccharide 

containing extracts that exhibit antioxidant, antimicrobial and prebiotic properties. 

Bioprocessing platforms further downstream convert reducing sugars into bioethanol and 

further platform molecules. For the lipid stream, organic solvents derive coffee oil from 

SCG, which is then converted to biodiesel and glycerol via transesterification or 

transformed into PHA via bioprocessing. Thermochemical platforms can convert the 

solid residues from either stream or the raw feedstock directly into solid, liquid and 

gaseous fuels, functional materials and energy. A final biotechnological conversion of 

the solid fuel affords the production of biomethane. 
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Several studies have used subcritical water extraction (SWE) to selectively isolate 

antioxidant, polysaccharide extracts from SCG [9, 19-22]. As a cheap, readily available, 

non-toxic, non-flammable, solvent, water is an attractive medium that preserves the 

“food-grade” quality of extracts destined for nutraceutical, pharmaceutical, cosmetic 

uses. The relatively high moisture content of SCG (50-60 %), which is complementary to 

aqueous media, advantageously dispenses of the need for a drying pre-step [1]. 

Incorporation of these extracts into cosmetic formulations [12], packaging [23] and 

nutraceutical bakery products [24, 25] to confer properties deemed attractive for 

consumers (such as skin lightening, anti-ageing, fat-reduction and increased prebiotic 

activity) demonstrates the lucrative potential of SCG antioxidants.   

Subcritical conditions (100 – 374 °C) have also been used to convert SCG into energetic 

hydrochar and bio-oil products, via hydrothermal carbonisation (HTC) and liquefaction 

(HTL) respectively. Heating SCG-water slurries between 180 – 260 °C  for 1 – 5hr at 

pressures above the vapour pressure of water gives a carbonaceous solid hydrochar 

major product [26]. SCG hydrochar is amenable for soil amendment as a bio-char, 

enhancing biomethane yields as a co-inoculant [2], combustion as a bio-coal substitute 

exhibiting an augmented calorific value [5, 6] or dye removal[27] and carbon capture as 

a bioadsorbent [28].  

However, for solid fuel production, mass reduction through migration of oxygen and 

hydrogen from the biomass to the liquid and gas phase confers higher N/C ratios in the 

SCG hydrochar relative to the feedstock. As a result, the potential to exceed regulatory 

limits for NOx emissions during combustion may limit the commercial viability of SCG 

hydrochar [29]. This issue has yet to be addressed in the few examples of SCG 

hydrochar in the literature where reported N content increases from 1.50 – 2.29 % wt in 

the raw feedstock to 2.98 – 3.60 % under investigated carbonisation regimes [5, 6]. 

However, as NOx emissions derive mostly from fuel bound N species, a major problem 

with this utilisation technology is that SCG hydrochar is currently unsuitable for 

commercial use [29, 30].  

Consequently, while extracting a bioactive fraction has been demonstrated on SCG, and 

the HTC of SCG has also been demonstrated, by linking these two stages together for 

the first time, with a protein extraction stage as well, multiple value products can be 

gained from the SCG with potentially higher performance due to a more targeted 

distribution of the elements in the appropriate phases. As such we present a stepwise 

valorisation of SCG via integrated hydrothermal conversion and chemical pre-treatment 

processes (fig 3.1-1).  
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Fig 3.1-1 Proposed hydrothermal biorefinery for valorisation of SCG. SCG undergo 
subcritical water extraction to obtain high value antioxidant aqueous extract containing 
chlorogenic acids, polyphenolic and polysaccharides. A protein extraction of the residual 
solid cake (SWE SCG) reduces the nitrogen content in the solids (PE SWE SCG) and 
retains a protein concentrate (SWE SCG PI). Hydrothermal carbonisation converts PE 
SWE SCG into a hydrochar for combustion and yields an aqueous phase enriched with 
micronutrients 

 

 

 

 Materials and Methods 

 Raw materials and chemicals 

Spent coffee grounds (SCG) and defatted SCG (DSCG) were supplied by bio-bean and 

stored at 4°C until extractions. Moisture content of solids were determined using a 

thermogravimetric mass analyser (TGA, Setaram Setsys Evolution TGA 16/18), where 

samples were heated to 105 °C (20 °C/ min) and held for 35 min under argon 

atmosphere. Mass loss during this time was attributed to evaporation of water held within 

the matrix and expressed as a percentage of the starting material. Analyses were 

conducted in duplicate.  

All chemicals were reagent grade or analytical (HPLC) grade and supplied by Sigma 

Aldrich and Fisher Scientific. 
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 Hydrothermal Experiments 

Subcritical Water Extractions and Hydrothermal Carbonisations 

Subcritical water extractions (SWE) were first performed as part of a 23 central composite 

design, under different temperatures (110 – 200 °C), residence times (1 – 30 min) and 

liquid-to-solid ratio (5 – 25 ml/ g SCG). Preliminary hydrothermal carbonisation of SCG 

was conducted as part of a 23 full factorial design of experiment, over varying 

temperature (190 – 260 °C), time (1 – 6 h) and liquid-to-solid ratio (2 – 5 ml/ g).  

For each SWE and HTC reaction a high-pressure bench top stirred reactor (Parr 

Instruments Company, Illinois, USA), with a 300mL Hastelloy reaction vessel was used. 

A thermocouple in the centre of the reactor head and PID temperature controller were 

used to control the reaction temperature. For each experiment 5 g of SCG (SWE) or 10 

g of defatted SCG (HTC) (both as received) along with the requisite quantity of deionised 

water was loaded into the vessel, which was sealed and heated to desired run 

temperatures. Residence time was recorded from when the internal temperature of the 

vessel reached the desired run temperature until the required duration of the run. After 

cooling, extracts were separated by filtration (Fisherbrand® QL100 papers), and masses 

of the aqueous phases were recorded, where the volume of liquid extract was used to 

calculate extraction yield (g / 100 g SCG) The liquid phase was then stored at -21°C until 

analysis and the solids were dried at 60 °C for 48 h, weighed and stored at room 

temperature until analysis or use in protein extractions or HTC. 

Defatted SCG was used to establish optimal HTC conditions in the event of inclusion of 

an oil extraction platform, for preparation of biodiesel. However, this scenario was 

subsequently omitted from the proposed SCG biorefinery. 

 

  Experimental design and statistical analysis 

The effect of temperature, (X1.)  extraction time (X2) and liquid-to-solid ratio (X3) process 

parameters on SWE responses: antioxidant activity (determined by FRAP, DPPH 

assays) CGA yield and total phenolic content (TPC) and HTC responses: calorific value 

and energy recovery efficiency were studied using 23 central composite and 23 full 

factorial designs respectively.  

Table 3.1-1 and table 3.1-2 display the real and coded values of the parameters explored 

for SWE and HTC respectively, where statistical significance was determined at 5 % 

probability level (p <0.05).  
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For process optimisation, quadratic models of the relationship between response and 

process parameters were obtained by fitting data for each response to x order polynomial 

equations. Statistically non-significant parameters (p > 0.05) were eliminated from the 

models. Statistical significance of the model coefficients was determined by analysis of 

variance (ANOVA) and the coefficient of determination (R2) gave the variability of the 

response accounted for by the model. Statistical analysis of data and optimisation was 

conducted using Minitab software (version 18.0). 
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Table 3.1-1 Parameters (coded value) and corresponding results from the SWE of SCG using a rotatable 23 central composite design (a = 1.633). 
Duplicate analyses performed, average ± standard deviation reported 

 Parametersa Responsesb  
Run  X1 X2 X3 CGA TPC  FRAP DPPH 
1 127 (-1) 24.38 (+1) 25.15 (+1) 2.21 ± 0.05 14.79 ± 1.92 0.25 ± 0.01 55.89 ± 3.44 
2 155 (0) 15.50 (0) 17.50 (0) 2.47 ± 0.01 17.77 ± 1.94 0.19 ± 0.01 36.08 ± 0.81  
3 155 (0) 30.00 (+1.63) 17.50 (0) 3.24 ± 0.04 19.94 ± 1.56 0.19 ± 0.01 55.19 ± 0.20 
4 155 (0) 15.50 (0) 17.50 (0) 2.95 ± 0.01 20.61 ± 1.31 0.19 ± 0.01 56.05 ± 1.89 
5 155 (0) 1.00 (-1.63) 17.50 (0) 2.76 ± 0.01 12.42 ± 0.45 0.19 ± 0.01 49.01 ± 0.61 
6 110 (-1.63) 15.50 (0)  17.50 (0) 2.00 ± 0.02 8.09 ± 1.49 0.18 ± 0.01 55.61 ± 0.44 
7 155 (0) 15.50 (0) 17.50 (0) 3.07 ± 0.02 13.36 ± 0.55 0.19 ± 0.01 46.82 ± 1.15 
8 183 (+1) 6.62 (-1) 9.85 (-1) 2.85 ± 0.04  13.68 ± 0.57 0.12 ± 0.01 37.70 ± 1.63 
9 183 (+1) 24.38 (+1) 25.15 (+1) 2.85 ± 0.00  26.13 ± 2.00  0.28 ± 0.01 62.92 ± 1.01  
10 200 (1.63) 15.50 (0) 17.50 (0) Below LODc 14.74 ± 0.62 0.20 ± 0.01 56.01 ± 1.50 
11 127 (-1) 6.62 (-1) 9.85 (-1) 1.97 ± 0.00  10.84 ± 0.77 0.11 ± 0.01 28.30 ± 2.02 
12 183 (+1) 6.62 (-1) 25.15 (+1) 3.32 ± 0.03 19.28 ± 1.50 0.26 ± 0.01 62.95 ± 2.48 
13 155 (0) 15.50 (0) 17.50 (0) 3.01 ± 0.01  16.97 ± 2.10 0.19 ± 0.01 44.43 ± 0.41 
14 183 (+1) 24.38 (+1) 9.85 (-1) 2.05 ± 0.02  12.86 ± 0.29 0.11 ± 0.01 36.60 ± 0.58 
15 155 (0) 15.50 (0) 30.00 (+1.63) 3.01 ± 0.01  11.33 ± 0.56 0.28 ± 0.01 56.01 ± 1.50 
16 155 (0) 15.50 (0) 17.50 (0) 2.86 ± 0.01 15.47 ± 0.47 0.19 ± 0.01 38.56 ± 0.83 
17 127 (-1) 6.62 (-1) 25.15 (+1) 2.35 ± 0.03 12.41 ± 0.51 0.24 ± 0.01 56.76 ± 2.02 
18 127 (-1) 24.38 (+1) 9.85 (-1) 2.10 ± 0.04 10.53 ± 0.80 0.13 ± 0.01 36.08 ± 0.81 
19 155 (0) 15.50 (0) 17.50 (0) 3.27 ± 0.02 21.31 ± 0.38 0.20 ± 0.01 49.98 ± 0.56 
20 155 (0) 15.50 (0) 5.0 (-1.63) 1.96 ± 0.00 7.53 ± 0.31 0.06 ± 0.01 20.39 ± 0.59 

a X1 = temperature (°C); X2 = time (min); X3 = liquid-to-solid ratio (ml/ g). Real and coded values  
bCGA = chlorogenic acid (CGA mg / g SCG). Determined by summation of chromatographic peak areas for 3-, 4-, and 5-, CQA; TPC = total 
phenolic content (mg GAE/ SCG); FRAP = ferric reducing antioxidant power assay (mmol Fe(II)/ g SCG); DPPH = 2,2-diphenylhydrazyl assay 
(µmolTE/g SCG) 
cLOD = analyte concentration below limit of detection of the instrument 
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Table 3.1-2 Parameters and corresponding results from the HTC of DSCG using a 23 full 
factorial design. Values given is the average of duplicate measurements ± standard 
deviation. 

 Parametersa Responsesb Energy 
Yield (%) Run  X1 X2 X3 HHV MJ/kg Hydrochar 

yield (%) 
1 225 (0) 3.50 (0) 3.50 (0) 28.97 ± 0.15 44.89  69.98 ± 1.04       
2 225 (0) 3.50 (0) 3.50 (0) 29.17 ± 0.16 48.60 76.47 ± 1.05 
3 260 (+1.63) 3.50 (0) 3.50 (0) 31.45 ± 0.17 37.79 63.94 ± 1.05 
4 225 (0) 3.50 (0) 5.00 (+1.63) 29.44 ± 0.16  44.80 71.15 ± 1.04 
5 225 (0) 1.00 (-1.63) 3.50 (0) 27.87 ± 0.15 54.00 81.15 ± 1.05 
6 225 (0) 6.00 (1.63) 3.50 (0) 31.01 ± 0.17 44.51 74.43 ± 1.07 
7 190 (-1.63)) 3.50 (0) 3.50 (0) 25.46 ± 0.13 59.61 49.44 ± 1.03 
8 225 (0) 3.50 (0) 2.00 (-1.63) 29.29 ± 0.16 43.33 68.44 ± 1.05 
9 246 (+1) 2.00 (-1) 2.58 (-1) 31.15 ± 0.17 43.65 73.32 ± 1.07 
10 225 (0) 3.50 (0) 3.50 (0) 29.73 ± 0.16 49.33 79.08 ± 1.06 
11 204 (-1) 2.00 (-1) 2.58 (-1) 26.17 ± 0.14 57.14 80.64 ± 1.04 
12 225(0) 3.50 (0) 3.50 (0) 29.79 ± 0.16 47.93 76.98 ± 1.05 
13 204 (-1) 5.03 (+1) 2.58 (-1) 26.73 ± 0.14 52.52 75.69 ± 1.05 
14 204 (-1) 5.03 (+1) 4.42 (+1) 27.81 ± 0.15 48.71 73.04 ± 1.05 
15 246 (+1) 5.03 (+1) 2.58 (-1) 31.96 ± 0.18 47.08 81.12 ± 1.07 
16 204 (-1) 2.00 (-1) 4.42 (+1) 26.71 ± 0.14 57.11 82.26 ± 1.04 
17 246 (+1) 2.00 (-1) 4.42 (+1) 30.76 ± 0.16 43.02 71.34 ± 1.05 
18 225 (0) 3.50 (0) 3.50 (0) 29.98 ± 0.16 49.22 79.58 ± 1.06 
19 225 (0) 3.50 (0) 3.50 (0) 30.30 ± 0.17 49.75 81.28 ± 1.06 
20 246 (+1) 5.03 (+1) 4.42 (+1) 30.70 ± 0.17 44.22 73.19 ± 1.05 
Defatted SCG Feedstock 19.77 ± 0.10   
a X1 = temperature (°C); X2 = time (h); X3 = liquid-to-solid ratio (ml/ g). Real and coded 

values 

 

 Protein hydrolysis  

Protein was extracted according to a standard literature method at 95 °C using caustic 

soda [31]. Hydrolysis of SCG- PI was conducted using 6M-HCl and 0.4 % (w/w) 2-

Mercaptoethanol (β-ME), as described elsewhere [32]. Each hydrolysis took place for 24 

h at 110°C, using 0.5 g of sample and 5 mL of 6M HCl & 0.4 % β-ME. After cooling, 

solids were filtered off, the supernatant was stored at -21 °C until analysis. Hydrolyses 

were conducted in duplicate and an amino acid standard (Sigma) was used to correct 

for losses.  

 



91 
 

 Analysis  

It is important to note that total antioxidant activity cannot be determined by a single in-

vitro antioxidant assay, due to the influence of the sample matrix and antioxidant on the 

thermodynamics and kinetics of radical scavenging. Determination of structure-activity 

relationships can be achieved via HPLC/LC-MS identification and quantification of active 

species [33, 34]. Accordingly, three antioxidant assays (Folin Ciocalteu total phenolic 

content (TPC), ferric reducing antioxidant power (FRAP) and DPPH) and HPLC 

quantification of chlorogenic acid, CGA, were used to characterise the antioxidant 

properties of extracts derived from the SWE of SCG. 

Total Phenolic Content (TPC) Determination 

TPC was determined using the Folin-Ciocalteu method by Panusa et al.[35] 

Absorbances at 525 nm were monitored using  a spectrophotometer (SPECTRONIC™ 

200). 

Ferric Reducing Antioxidant Power (FRAP) Assay 

FRAP assays were conducted according to the method of Choi and Koh.[36] 

 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Scavenging Assay 

Antioxidant activity was measured using a DPPH assay of Ballestros et al. with some 

modifications.[37] A dilution series of four concentrations was prepared for each sample 

and 2mL of 50 uM DPPH solution (in 80 % methanol) was added to 250 uL of sample. 

The reaction was left in the dark for 1 h. The absorbance at 515 nm was then measured 

using a spectrophotometer (SPECTRONIC™ 200), with a methanol blank and distilled 

water control. DPPH percentage inhibition was calculated using equation 1, where As 

and Ac are the absorbances of the sample and control respectively. A calibration curve 

was constructed using 50 – 600 µM standard solutions of Trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid) in methanol. DPPH percentage inhibition was 

plotted against sample concentration to determine the concentration at 50 % inhibition 

(IC50). The data was expressed as micromoles of Trolox equivalent (TE) per gram of 

SCG (µmol  TE/ g SCG).  

!""#	%&'(&)*+,&	-)ℎ-/-*0) = 	21 − !!
!"
5 ∗ 100%  (1) 
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High Pressure Liquid Chromatographic Quantification of Chlorogenic Acid 

3-CQA, 4-CQA and 5-CQA were quantified using an Agilent HPLC 1260 Infinity system 

equipped with a Phenomenex Gemini 5µ C18 column (250 x 4.60 mm) and a multiple 

wavelength detector. The mobile phase consisted of acetonitrile and water (1/8 v/v) with 

10 g/l of glacial acetic acid (pH ~2.5).The flow rate was 1.0 mL/min, injection volume was 

5 µL, column temperature 20 °C and the detector was set at 325 nm for detection of the 

3-CQA, 4-CQA and 5-CQA isomers.  

A standard curve was calibrated using a 3-CQA analytical standard (Sigma Aldrich, 95 

% purity) and total CGA concentration (3-CQA, 4-CQA and 5-CQA) was calculated in 3-

CQA equivalents using the regression equation of the standard curve and respective 

peak areas. The limit of detection and quantification (LOD and LOQ respectively) was 

calculated as 3 or 10 x [the residual standard deviation in the regression line/ slope of 

the regression] respectively. LOQ = 0.02 mg/ ml. Measurements were taken in duplicate, 

unless otherwise stated.  

 

Hydrophobic Interaction Liquid Chromatographic Analysis of Amino Acids 

Amino acids were quantified using an Agilent QTOF 6545 with Jetstream ESI spray 

source coupled to an Agilent 1260 Infinity II Quat pump HPLC equipped with an Agilent 

InfinityLab Poroshell 120 HILIC-Z 2.1 x 100 mm, 2.7 µm column, with 1260 autosampler 

and variable wavelength detector (VWD). A gradient elution program was used: mobile 

phase A (H2O with 0.1% formic acid) and mobile phase B (20 mM ammonium formate 

(pH 3) in 90% acetonitrile). Initially gradient mode was set at 100% B, decreasing linearly 

to 70% A at 11.5 min, back to 100% B at 12 min until a total run time of 15 min. Sample 

injection was 5 µL and flow rate was 0.5 mL/min. The MS was operated in positive 

ionization mode with the gas temperature at 300°C, drying gas flow at 13 L/min and 

nebulizer gas flow at 30 psi (2.06 bar). Sheath gas temperature was 350°C at a flow rate 

of 12 L/min. For All ions MS/MS the three scan segments were set with collision energies 

of 0, 20 and 40 eV. Data analyses were performed in MassHunter Quantitative analysis 

B0.10. 
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 Char Characterisation  

HTC solids were characterised via proximate and ultimate analysis. Ultimate analyses of 

carbon, hydrogen, nitrogen content was conducted externally by Elemental Labs in their 

UKAS 17025 accredited laboratory. Proximate analysis of fixed carbon, volatile matter 

and  ash content, was conducted using a Setaram  Setsys Evolution TGA 16/ 18 analyser 

according to methodology published elsewhere [38]. Higher heating value, HHV, was 

calculated using elemental composition and equation 2 [39].  

##9 = 	3.55=" − 232= − 2230# + 51.2=	 × 	# + 131A + 20,600	 (2) 

Hydrochar yield was estimated using equation 3: 

#DE'0(ℎ+'	F-&GE = 2H+II	0J	#DE'0(ℎ+' H+II	0J	K=L	J&&EI*0(M	N 5 	× 100%	 (3) 

Energy recovery for each hydrochar was calculated using equation 4: 

O)&',D	F-&GE = 	2##9#$%&	 	#DE'0(ℎ+'	D-&GE	 × 	##9&%(	)#*	N 5 	× 100	%     (4)  
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 Results and Discussion 

 

 Optimisation of the subcritical water extraction of SCG 

A preliminary 23 central composite design established the significance of temperature, 

time and liquid-to-solid ratio process parameters on the following responses: CGA yield, 

TPC and antioxidant activity measured by FRAP and DPPH assays (table 3.1-1). The 

design consisted of 20 runs, where for each response, the largest value was obtained at 

run temperatures of 183 °C (CGA: 3.32 mg CGA/ g SCG (run 12); TPC: 26.13 mg GAE/ 

g SCG (run 9); FRAP: 0.28 mmol (Fe (II)/ SCG (run 9); DPPH: 62.92 µmol TE/ g SCG 

(run 12). For CGA, the highest setting of the temperature axial point (200 °C, run 10) 

gave quantities below the limit of detection of the instrument, demonstrating the thermal 

instability of CGA [40]. As previously reported, the significance of liquid-to-solid ratio is 

evident in the data in Table 3.1-1: the lowest values observed for CGA, TPC, FRAP and 

DPPH were obtained at the lowest axial setting for this parameter (5.0 ml/g SCG, run 20: 

1.96 mg CGA/g SCG, 7.53 mg GAE/g SCG, 0.06 mmol Fe (II)/g SCG and 20.39 μmol 

TE/g SCG, respectively) [20].  

The responses were then fitted to second-order polynomial equations, to obtain 

quadratic functions that describe the dependence of response on the parameter settings 

of the design. ANOVA was undertaken to identify terms with significant influence on 

values obtained for each response (p < 0.05) and these terms were included in the 

models. Table 3.1-3 displays the models generated for each response, and the 

corresponding coefficient of determination R2, giving the variability of the data accounted 

for by each model. Strong correlation was observed for the models (R2 ranged from 0.84 

to 0.99) demonstrating the efficacy of the model agreement with the experimental 

observations. 
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Table 3.1-3 Polynomial equations and corresponding regression coefficient fitted to 
experimental data obtained in 23 central composite design describing the variation in 
response (CGA, TPC, DPPH and FRAP) as a function of SWE process parameters 
(temperature, time and liquid-to-solid ratio). 

Response Model Equationa R2 

CGA (mg/ g SCG)b CGA    = -14.87 + 0.2342 X1 - 0.1348 X3 – 0.000804 
X1

2 + 0.001158 X1X3 

0.84 

TPC  
(mg GAE/ g SCG)c 

TPC     = 19.325 + 7.58 X3 + 0.226 X3
2

 - 1.288 X1X3 
+ 0.285 X2 X3 

0.93 

DPPH  
(µmol TE / g SCG)d 

DPPH  = 170.8 - 0.290 X1 + 0.1557 X3 + 0.0007 X1
2 0.90 

FRAP (mmol Fe(II)/ 
g SCG)e 

FRAP  = 0.0578 - 0.000419 X1 + 0.000529 X2 
+ 0.00758 X3- 0.000109 X3

2 + 0.000034 X1X3 

0.99 

aX1  = temperature, X2 = time, X3 = liquid-to-solid ratio 
bCGA = Chlorogenic Acid 
cTPC = Total phenolic content 
dDPPH = 2,2-Diphenyl-1-picrylhydrazyl 
eFRAP = Ferric reducing antioxidant power 
 

 

To identify the optimal settings for maximum retention of CGA, TPC and antioxidant 

activity (as determined by DPPH and FRAP assays), a plot overlaying the models for 

each function was constructed (fig 3.1-2) The following limits for each response were 

used: CGA: 3.0 – 3.5 mg CGA/ g SCG; TPC: 20 – 30 mg GAE/ g SCG; FRAP: 0.21 – 

0.31 mmol Fe(II)/ g SCG and DPPH: 65 – 75 µmol TE/ g SCG. The unshaded region of 

the chart illustrates the temperature and liquid-to-solid ratio settings (time held at 30 min) 

at which values for each response are obtained within the required range. The optimum 

point was identified at 180 °C, 30 min, 30 ml / g SCG, giving values for CGA, TPC, FRAP 

and DPPH of 3.4 mg CGA/ g SCG, 22.45 mg GAE/ g SCG, 0.31 mmol Fe (II) / g SCG 

and 69.31 µmol TE / g SCG respectively. Subsequent runs at the optimal setting 

validated the model’s predicted values, where response values were obtained within the 

95 % prediction interval (PI) range (table 3.1-4). Under similar SWE conditions (T = 180 

°C, t = 30 min, L/S = 15 ml/g), Ballesteros et al. reported TPC, FRAP and DPPH values 

of 36.88 mg GAE, 1.0 mmol Fe(II)/g SCG, and 119.02 µmol TE/g SCG respectively [22]. 

The lower values obtained for the optimised analogues of this study may be due to the 

influence of L/S ratio on antioxidant activity of extracts, as evident in the model equations 

(table 3.1-3). Nonetheless, values for antioxidant activity and CGA remain within the 

range reported for SCG extracts derived from SWE, and solid-liquid extractions using 

organic solvents [11, 12, 35, 41, 42]. 
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Fig 3.1-2 Overlay of the models describing the relationship between process parameters 
(temperature, time and liquid-to-solid ratio) and responses (TPC (green), CGA (brown), 
FRAP (purple) and DPPH (blue)). The unshaded region illustrates the optimum 
temperature and liquid-to-solid-ratio settings for retention of responses within acceptable 
criteria range with a fixed time of 30 min. TPC = total phenolic content (mg GAE/ SCG); 
FRAP = ferric reducing antioxidant power assay (mmol Fe(II)/ g SCG); DPPH 1,1-
diphenyl-2-picrylhydrazyl assay (µmol TE /g SCG) 
 
 

Table 3.1-4 CGA, TPC, antioxidant activity (DPPH and FRAP) response data obtained 
in validation of the optimal conditions fitted for the SWE of SCG. 

Optimal parameter settingsa Responsesb  

Run  X1 X2 X3 CGA TPC  FRAP DPPH 
1 180  30 30 3.03  30.27  0.32 54.88 
2 180   30 30 3.18   30.33  0.29  69.77 
3 180 30 30 3.22  30.28  0.30  66.94  
Average    3.14  30.29  0.30  63.87 
Model predictions 3.38 23.53 0.31 69.31 

95% Prediction interval 
2.56 – 
4.18 

15.79 – 
31.27 

0.30 – 
0.33 

58.50 – 
80.11 

a X1 = temperature (°C); X2 = time (min); X3 = liquid-to-solid ratio (ml/ g)  
bCGA = chlorogenic acid (CGA mg / g SCG). Determined by summation of 
chromatographic peak areas for 3-, 4-, and 5-, CQA; TPC = total phenolic content (mg 
GAE/ SCG); FRAP = ferric reducing antioxidant power assay (mmol Fe(II)/ g SCG); 
DPPH 1,1-diphenyl-2-picrylhydrazyl assay (µmol TE /g SCG) 
 
 

TPC: 20  

TPC: 30  

FRAP: 0.21 

DPPH: 65 DPPH: 75 
CGA: 3.5 

CGA: 3.0 

FRAP: 0.31 
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 Optimisation of the hydrothermal carbonisation of SCG 

In order to establish the optimal reactor settings for the HTC conversion of SCG into a 

maximally energy dense and yielding solid fuel, a 23 full factorial design of experiments 

was conducted using defatted SCG feedstock (HHV = 19.77 MJ/ kg, table 3.1-2). 

Variance in calorific value (HHV MJ/ kg) and hydrochar yield (%) in response to 

temperature, time and liquid-to-solid ratio variables were then statistically analysed by 

ANOVA at (p<0.05) significance level. 

According to the data of table 3.1-2, highest calorific values (HHV) were recorded for 

hydrochars produced at the highest temperature settings (run 15: 246°C, 31.96 MJ/ kg; 

run 3: 260 °C, 31.45 MJ/kg), whilst  the lowest HHV (25.36 MJ/ kg) was observed at the 

lowest temperature of the design (190°C, run 7). Time was observed to increase HHV, 

where for a given temperature and liquid-to-solid ratio, a higher HHV was exhibited by 

the hydrochar produced during runs with longer residence times (27.87  vs  31.01 MJ/kg, 

run 5 vs 6; 26.17 vs 26.73 MJ/kg, run 11 vs 13;  31.15 vs 31.96 MJ/kg, run  9 vs 15 

respectively). Increasing liquid-to-solid ratio was observed to exert a negative or positive 

effect on the HHV of hydrochars produced at a given temperature and residence time 

(29.44 vs 29.66 MJ/kg, run 4 vs average of centre point runs 1, 2, 10, 12, 18 and 19; 

31.96 vs 30.70 MJ/kg, run 15 vs 20; 26.73 vs 27.81MJ/kg, run 13 vs 14 respectively).  

Conversely, for hydrochar yield (HY), the lowest and highest HY were achieved at the 

highest and lowest temperature settings respectively (37.79 %, run 3; 59.61 %, run 7). 

For a given temperature and liquid-to-solid ratio, HY decreased with increasing residence 

time (54 vs 44.51 %, run 5 vs 6 respectively). Increase of liquid-to-solid ratio was 

observed to decrease HY (44.80 vs 48.40 %, run 4 vs average of centre point runs 1, 2, 

10, 12, 18 and 19; 47.08 vs 44.02 %, run 15 vs 20; 52.52 vs 48.71 %, run 12 vs 13). 

Second order polynomial equations were then generated to fit the responses to the 

studied settings of the process parameters (table 3.1 5).Terms that were found to be 

statistically significant (p < 0.05) were included for each response, giving models in close 

agreement with the data observations (R2-= 0.96 and 0.87, for HHV and HY respectively). 

Temperature and time were shown to significantly positively and negatively influence 

HHV and HY respectively, in agreement with published observations [5, 6]. For both 

responses, liquid-to-solid ratio had a non-significant influence on the variation displayed 

in the response data, supporting the observations of similar studies  [43-45]. 
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Table 3.1-5 Polynomial equations and corresponding regression coefficient fitted to 
experimental data obtained in 23 full factorial design describing the variation in 
response (HHV and HY) as a function of HTC process parameters (temperature and 
time). 

Response Model Equationa R2 

HHV (MJ/kg) HHV = -31.3 + 0.426 X1 + 1.315 X2 – 0.000744X1
2 - 

0.1528X2
2 

0.96 

Hydrochar Yield 
(%) 

HY   = 170.4 - 0.5225 X1 -19.21 X2 + 0.0792X1X 2 0.87 

 

An overlay plot of both models (fig 3.1-3) displays the optimum region (unshaded area) 

where hydrochars with desired HHV and HY values can be obtained as a function of 

temperature and time. In constructing the graph, the following criteria were set according 

to experimental data: HHV: 26 – 30 MJ/kg and HY: 50 – 65 %. These criteria are fulfilled 

for HTC at 223 °C, for 2h 45 min, giving hydrochar with predicted HHV and HY of 29.14 

MJ/ kg and 49.56 % respectively (table 3.1-6). Subsequent runs at these settings 

validated the predictions of the model (HHV: 28.66 MJ/ kg, HY: 41.89 %, table 3.1-6). 

 

 

Fig 3.1-3 Overlay of the models describing the relationship between process parameters 
(temperature, and time) and responses (calorific value, HHV, and hydrochar yield, HY) 
The unshaded region illustrates the optimum temperature and time settings for retention 
of responses within acceptable criteria range. 

 

Table 3.1-6 Predicted and actual calorific value (HHV) and yield (HY) for hydrochars 
obtained at optimal HTC temperature and time settings 

HHV: 28  HHV: 31  

HY: 45  HY: 65  
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 Optimal parameter settingsa Response 
Run  X1 X2 HHV (MJ/kg) HY (%) 
1 223 2.75 28.56 41.79 
2 223 2.75 28.69 42.31 
3 223 2.75 28.72 41.58 
Average   28.66 41.89 
Model predictions   29.14 49.56 
95 % Prediction 
interval  

 28.20 – 30.08 44.28 - 54.83 

a X1 = temperature (°C); X2 = time (h) 

 

 Characterisation of the N fraction  

Due to the mass reduction typical of the HTC process, the relative nitrogen content of 

SCG-hydrochars is greater than that measured in the raw feedstock. Kim et al reported 

1.5 % nitrogen content in the exhausted coffee residue feedstock, which increased to 

2.5 – 3.5 % in hydrochars produced under different temperature regimes of HTC [6]. 

Similarly, elemental composition of hydrochars investigated by Afolabi et. al determined 

nitrogen in the range of 2.29 – 2.98 %, greater than or equal to the 2.29 % reported in 

the raw feedstock [5]. 

N content in hydrochar is dependent on the severity (temperature and time), and type of 

N-compounds in the feedstock [29]. For proteinaceous feedstocks such as SCG, N 

migration from the solid to the oil and aqueous phase occurs. This is due to the release 

of ammonia and intermediates including amines, amides, and inorganic N-compounds 

as proteins are hydrolysed into amino acids and further decomposed via deamination 

and hydrolysis pathways. Further degradation, cyclization and condensation via 

dehydration and Malliard–type reactions result in aromatic heterocyclic, quaternary-N, 

pyrrole- N and pyridine-N species that are distributed between the aqueous phase, bio-

oil and hydrochar [46].  Critical for SCG is the presence of protein and alkaloids such as 

caffeine, trigonelline, nicotinic acid and tannins, which may also compound the 

sequestration of organic-N in SCG- hydrochars [38, 47]. 

 

 

 Amino acid composition of SCG, RAW SCG-PI and SWE SCG-PI 

Precipitation of proteins from the liquor of the protein extractions was achieved and were 

subsequently hydrolysed (6M HCL + 0.4 % w/v β-ME) into constituent amino acids for 
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HILIC-MS chromatographic separation and analysis. Table 3.1-7 displays the quantities 

and type of amino acids identified in the raw feedstock and each protein isolate (SCG PI 

and SWE SCG PI) where a protein extraction was undertaken on the raw feedstock and 

the solid residues from the SWE of SCG.  
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Table 3.1-7 HILIC-QTOF-MS identification and quantification of the amino acid 
composition of 6M HCl hydrolysed extracts of raw SCG and protein isolates from the 
SCG (SCG PI) and subcritical water (SWE)  pre-treated SCG (SWE SCG PI).  

Amino Acid (AA) SCG SCG PI SWE SCG PI 
AA mg/ g SCG AA mg/ g SCG PI AA mg/ g SWE SCG 

PI 
Phenylalanineab 10.49 ± 0.85 16.82 ± 2.77 12.70 ± 0.48 
Leucineac 13.66 ± 3.75 18.78 ± 6.83 13.68 ± 1.03 
Isoleucineac 9.64 ± 0.53 15.46 ± 2.16 11.58 ± 0.33 
Methioninea 2.09 ± 0.18 2.45 ± 0.31 1.34 ± 0.11  
Valineac 17.04 ± 2.83 28.18 ± 7.51 18.72 ± 1.40 
Proline 11.29 ± 0.55 14.12 ± 2.14 9.64 ± 0.61 
Tyrosine 4.51 ± 0.43 13.94 ± 2.91 10.15 ± 1.10 
Alanine 11.96 ± 0.90 15.16 ± 3.30 9.59 ± 0.62 
Threoninea 10.05 ± 1.34 1.71 ± 0.54 0.83 ± 0.15 
Glycine 11.24 ± 1.42 10.82 ± 2.73 6.15 ± 0.92 
Glutamic Acid 54.33 ± 13.06 96.06 ± 45.24 35.78 ± 5.95 
Serine 6.89 ± 1.44 1.54 ± 0.41 0.83 ± 0.12 
Argininea 1.70 ± 0.09 0.98 ± 0.24 0.18 ± 0.00 
Lysinea 24.87 ± 2.72 42.23 ± 8.60  31.23 ± 1.88 
Ornithine 0.46 ± 0.02 1.06 ± 0.10 0.98 ± 0.03 
Aspartic Acid 23.56 ± 0.08  43.61 ± 22.80 3.05 ± 0.52 
Histidineab 4.18 ± 5.10 4.56 ± 0.87 2.80 ± 0.22 
Sum 217.94 ± 15.30 327.47 ± 52.81 169.24 ± 6.74 
% solid material 21.79 ± 1.53  32.75 ± 5.28 16.92 ± 0.67 
Essential Amino 
Acids  
(% protein) 

43.00 ± 0.07 40.00 ± 0.16 55 ± 0.04 

Branched Chain 
Amino Acids 
(% protein) 

18.51 ± 0.11 19.06 ± 0.21 25.99 ± 0.05 

Aromatic Amino 
Acid 

6.88 ± 0.09  9.39 ± 0.18 9.16 ± 0.05 

Fisher Ratio 2.69 ± 0.01 2.03 ± 0.01 2.84 ± 0.00 
Results expressed as mean ± standard deviation (n = 6) on a dry basis 
a Essential amino acid 
bAromatic Amino Acid (AAA) 
cBranched Chain Amino Acid (BCAA) 
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Fig 3.1-4 Amino acid percentage composition of 6M HCl hydrolysed extracts of raw SCG, 
and protein precipitates from the extraction of SCG (SCG-PI) and subcritical water 
(SWE) pre-treated SCG (SWE SCG PI). 

 

The dominant amino acids of SCG are glutamic acid, lysine and aspartic acid and (54.33, 

24.87 and 23.56 % total amino acids, SCG table 3.1-8 and fig 3.1-4). Essential and 

branched amino acids constitute 43 and 18.51 % respectively of SCG amino acids, 

indicating their potential for utilisation within nutraceutical applications. For animal feed, 

limiting amino acids lysine, methionine and valine are present in the highest quantities in 

SCG PI (22.25 % total SCG PI amino acids, table 3.1-9). Presence of tannins, caffeine 

and polyphenols in SCG are deleterious to animal [48] and plant growth [49, 50], limiting 

the incorporation of SCG in feed and fertilisers to 10 % w/w  [51]. It is expected that under 

the conditions used in this study, these species are destroyed and/or removed, 

presenting an opportunity for a more commercially viable product than SCG alone.  

Evident is the lability of threonine and serine to the alkali pre-treatment, identified in lower 

quantities in both protein isolates with respect to the raw feedstock destruction in protein. 

The protein isolate derived after alkali extraction of subcritical water pre-treated SCG, 

SWE SCG PI, exhibited the lowest overall quantities of amino acid residues (16.92 % 

w/w). This result is unsurprising and is likely due to the severity of the SWE, where the 

high temperatures promote the decomposition of amino acids via the Malliard reaction 

[52]. 

Conventionally, the crude protein content of biomass is indirectly determined by 

conversion of total nitrogen content using nitrogen-to-protein conversion factors (NPCF). 
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For food, an NPCF of 6.25 is used based upon the approximation that proteins contain 

16 % nitrogen (100/16 = 6.25). For SCG, crude protein calculated in this manner is  

15.94 %, using N content measured by ultimate analysis (2.55 %, table 3.1-9). 

Quantifying total amino acids is an alternative method for the determination of total 

protein content, which, to the best of our knowledge, has not been applied to SCG for 

the specific purpose of total protein determination. It is important to note, however, that 

this technique is susceptible to inaccuracies arising from incomplete protein hydrolysis, 

hydrolysis of labile amino acids and conflation of free amino acids with residues derived 

from protein. Sample preparation, chromatographic separation and resolution of the 

individual amino acids are also potential sources of error which, when compared with the 

relative reproducibility and ease of measuring the elemental composition of samples, is 

suggestive of the popularity behind nitrogen-to-protein conversion factor as the preferred 

method of determining crude protein. 

Protein content, determined by the summation of SCG amino acid residues, is 21.79 % 

SCG (table 3.1-9). This result, which is higher than the indirect NPCF calculation, can be 

rationalised by considering the relative percentage composition of nitrogen in each SCG 

amino acid residue. A lower N content (12.66 % of total amino acids) than the 

conventional 16 % was measured, arising from relatively low quantities of amino acids 

with a high proportion of nitrogen (e.g. arginine, histidine, ornithine). Accordingly, with 

lower nitrogen present in SCG protein, a higher NPCF of 7.90 (100/ 12.66 = 7.90) is 

required to convert ultimate nitrogen to crude protein. This method, which has been used 

in the determination of specific NPCF for algae, gives 20.15 % - in close agreement with 

the result from the summation of amino acid residues [53]. 

The protein content of the SCG protein isolate SCG PI is greater than the raw feedstock 

(32.75 % total amino acid residues, 28.49 % NPCF crude protein table 3.1-9). This can 

be explained as follows. As previously discussed, the removal of components from the 

SCG matrix during the alkali pre-treatment results in an increased relative proportion of 

the remaining constituents, including protein. This is reflected in the higher total nitrogen 

of SCG PI (3.47 %), of which a greater quotient than the raw feedstock originates from 

the protein fraction. In addition, it is expected that the liberation of protein from the SCG 

matrix increases the retrieval of amino acid residues in the consequent acid hydrolysis, 

giving higher net amino acids (327.47 vs 217.94 mg / g solid material, table 3.1-8). 

Therefore, whilst the specific NPCF of the protein isolate from SCG is similar to the raw 

feedstock (12.18 vs 12.66), the higher ultimate result gives a greater crude protein in 

alignment with the measured total amino acids. 
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Table 3.1-8 N composition of amino acids and amino acid residues from the acid 
hydrolysis of SCG and SCG protein isolates (SCG PI). 

Amino Acid (AA) N % 
composition 

SCG SCG PI 

N mg/ g SCG N mg/ g SCG 

Phenylalanineab 8 0.89 ± 0.07 1.43 ± 0.23 
Leucineac 11 1.46 ± 0.40 2.00 ± 0.73 
Isoleucineac 11  1.03 ± 0.06 1.65 ± 0.23 
Methioninea 9  0.20 ± 0.02 0.23 ± 0.03 
Valineac 12  2.04 ± 0.34 3.37 ± 0.90 
Proline 12  1.37 ± 0.07 1.72 ± 0.26 
Tyrosine 8  0.35 ± 0.03 1.08 ± 0.23 
Alanine 16  1.88 ± 0.14 2.38 ± 0.52 
Threoninea 12  1.18 ± 0.16 0.20 ± 0.06 
Glycine 19  2.10 ± 0.27 2.02 ± 0.51 
Glutamic Acid 10  5.17 ± 1.24 9.14 ± 4.31 
Serine 13  0.92 ± 0.19 0.20 ± 0.05 
Argininea 32 0.55 ± 0.03 0.32 ± 0.08 
Lysinea 19 4.76 ± 0.52 8.09 ± 1.65 
Ornithine 21 0.10 ± 0.00 0.22 ± 0.02 
Aspartic Acid 11 2.48 ± 0.49 4.59 ± 2.40 
Histidineab 27 1.13 ± 0.36 1.23 ± 0.24 
Sum  

 27.59 ± 1.62  39.87 ± 5.40 
N (% solids)  2.76 ± 0.16 3.99 ± 0.54  
Total Amino Acids (% 
solids)  21.79 ± 1.52 32.75 ± 5.28 
N %  Amino Acid  12.66 ± 0.08  12.18 ± 0.14 
Corrected Protein 
conversion Factor  

 
7.90 ± 0.05  8.21 ± 0.09 

N % ultimate  2.55 ± 0.20 3.47 ± 0.29 
Calculated Crude Protein 
(%) 

  20.15 ± 0.23 28.49 ± 2.41  

Results expressed as mean ± standard deviation (n = 6) on a dry basis 
a Essential amino acid 
bAromatic Amino Acid (AAA) 
cBranched Chain Amino Acid (BCAA) 
 

 Ultimate analysis of protein extraction products 

The ultimate composition of the raw feedstock, protein extraction solid residues (PE 

RAW, PE SWE) and precipitated protein isolates (SCG PI, SWE SCG PI) from the alkali 

pre-treatment is displayed in fig 3.1-5. Migration of nitrogen and oxygen from the raw 

feedstock to the protein isolates is apparent, along with a relative decrease in carbon 

and hydrogen. Importantly, the extraction solid residues PE RAW and PE SWE exhibit 

the lowest relative quantities of nitrogen (0.06 and 2.00 % respectively) with only a slight 

decrease and increase in the proportion of carbon in PE RAW and PE SWE relative to 
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the SCG and SWE feedstocks  (46.48 vs 53.01 and 59.39 vs 58.57 % respectively). This 

demonstrates the effectiveness of the alkali pre-treatment in reducing nitrogen whilst 

maintaining sufficient carbon stocks for HTC.  

 

 

Fig 3.1-5 Ultimate composition of protein extraction products and precursors. PE RAW 
= alkali pre-treated SCG, SCG PI = protein isolate product from alkali extraction of SCG, 
SWE = subcritical water pre-treated SCG, PE SWE = solid residues from alkali extraction 
of subcritical water pre-treated SCG, SWE SCG PI = protein isolate product from alkali 
extraction of subcritical water pre-treated SCG 

 

 The Hydrothermal SCG Biorefinery 

The following section presents the composition of the hydrochars produced from the HTC 

of raw SCG, SWE-SCG, PE-RAW and PE-SWE SCG under the process conditions 

optimised for maximal calorific value and energy yield. The fuel properties of the different 

hydrochars are determined in order to establish the merit of the cascade processes 

within the proposed hydrothermal SCG biorefinery. 

Hydrochar composition and fuel properties 

Three solid products were formed from the HTC process: the crude unextracted 

hydrochar, primary char (PC) and secondary char (SC). SC, sometimes referred to as 

coke, are carbonised spherical deposits of condensed polymerisation and aromatisation 

products from the hydrolysis, dehydration and dissolution of the feedstock. The 

remaining solids constitute PC, or char, and result from the solid-to-solid conversion of 
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the biomass [54-56]. Tar-like SC was obtained via a methanol/acetone extraction of the 

crude hydrochar, with PC forming the non-extractable solid residues.  

The ultimate and proximate analysis results are displayed in table 3.1-9. Overall, HTC 

increased the elemental carbon weight percentage and fixed carbon content whilst 

lowering volatile matter and ash content relative to the respective SCG feedstocks.  

More specifically, all secondary char exhibited higher carbon and hydrogen percentage 

compositions, and lower oxygen and nitrogen content relative to the parent crude 

hydrochar, PC and feedstock. Correspondingly, secondary char HHVs were the highest 

determined and consistent with lignite and sub-bituminous coal (>37 MJ/kg). This result 

can be attributed to the energetic chemical bonds within the aromatic and polymeric 

products of the hydrothermal reactions, which condense from the liquid phase onto the 

solid matrix as secondary char. Lucian et al reported similar findings for the primary and 

secondary char HTC products of the organic fraction of municipal waste and olive mill 

waste  [38, 57, 58].  

Although carbonisation was evident in primary char in terms of an increased weight 

percentage of carbon and HHV with respect to the feedstock, higher nitrogen and oxygen 

content with respect to the biomass, parent and secondary chars was determined for all 

PC, which also exhibited the lowest calorific values of the char products.  

Total extraction yields of SC and PC with respect to the parent hydrochar range from 74 

– 51 % (HTC RAW – HTC PE SWE, table 3.1-9), rendering a mass loss of 26 – 49 %. 

Volatilization of light organics during the work-up of the biocrude product of hydrothermal 

liquefaction has been attributed to mass imbalances of  ~20 % [59, 60]. The similar work 

up for retention of secondary char (removal of extraction solvents under vacuum) likely 

results in the loss of light organics, accounting for mass discrepancies. Interestingly, the 

weight percentage of secondary char derived from the HTC of alkali pre-treated SCG 

(HTC PE RAW) and residues from the alkali extraction of subcritical water pre-treated 

SCG (HTC PE SWE) is greater than the non-protein extracted counterparts. This is likely 

due to increased porosity, surface area and decreased crystallinity of the solids as a 

result of the protein removal, affording a higher overall conversion [61].  
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Table 3.1-9 Compositional and fuel properties of raw SCG, pre-treated SCG feedstock (SWE, PE RAW and PE SWE) and resultant crude, 
primary and secondary hydrochars. HTC runs performed in duplicate. Proximate and ultimate analyses performed in duplicate and quadruplicate 
respectively. Average reported, results within 4 % of each other.  

 Proximate Analysisa Ultimate Analysisa Hydrochar 
Yielda 

HHV 
(MJ/ kg)a 

Energy 
Yield 

 
Volatile 
Matter 

Fixed Carbon Ashb C H N Ob 

RAW 66.33 24.63 9.04 53.01  7.74  2.55 36.70   21.76   
SWE 66.04 28.70 5.25 58.23  7.81  2.51 31.46   25.35   
PE RAW 65.32 27.41 8.38 47.88  7.72  0.19  44.22   19.36   
PE SWE 57.00 25.31 17.69 56.70  7.97  1.54  33.80   24.43   
HTC RAW 65.32 30.88 3.80 69.70  7.12  3.03  20.15  0.40  31.31  0.57  
HTC RAW PCc 63.44 29.02 7.53 66.32  5.44  3.81  24.43  0.44  28.95  0.56  
HTC RAW SCc ndd 73.42  11.65  1.40  13.54  0.30  40.70  0.56  
HTC SWE 66.65 31.09 2.25 69.13  7.73  2.62  20.53  0.11  31.78  0.80  
HTC SWE PCc 63.46 29.02 5.92 63.68  5.66  3.51 27.15  0.38  27.99  0.46  
HTC SWE SCc ndd 74.77  12.22  0.75  12.27  0.31  42.73  0.60  
HTC PE RAW 61.38 36.00 2.62 70.43  8.30  0.23  21.04  0.38 33.30  0.58  
HTC PE RAW PCc 60.59 32.28 7.12 54.93  6.34  0.29  38.44  0.27  23.08  0.28 
HTC PE RAW SCc ndd 73.17  10.57  0.18  16.15  0.38  38.69  0.69 
HTC PE SWE 61.09 30.03 8.88 62.10  8.08  1.93  27.89  0.64  26.92  0.80  
HTC PE SWE PCc 60.04 31.60 8.36 61.83  7.68 2.09   28.40  0.24 26.62 0.29  
HTC PE SWE SCc ndd 70.34  11.51  0.91  17.23  0.27  37.78  0.47  

adetermined on a dry basis 

b calculated by difference 
cYield wrt crude hydrochar 
dnot determined  
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Notably, the highest HHV obtained for the crude parent hydrochar HTC PE RAW (33.30 

MJ/kg, fig 3.1-6) was higher than the calorific value of hydrochars investigated by Kim et 

al. and Afolabi et al (26 – 27 and 31.60 MJ/kg respectively) [6]. The reported hydrochars 

were produced under process conditions that were optimised solely for energy recovery 

efficiencies (T = 210 – 240 °C, t = 1 h, EY = 0.9- 0.94, Kim et al.) or hydrochar yield, 

process energy and cost effectiveness (T = 216.4 °C, t = 1h, HY = 64 %, Afolabi et al.). 

Whilst exhibiting a lower EY and equivalent HY (0.58 and 64 % respectively), the greater 

HHV and lower nitrogen content (0.23 vs <3 % wt in both studies) of HTC PE RAW 

exemplifies the proposed process for conversion of SCG into a maximally energy dense 

solid fuel which can be combusted with comparatively minimal emissions of nitrogen 

oxides [5, 6].  

The highest carbon content and HHV were exhibited by HTC SWE SC (74.77 %, 42.73 

MJ/kg respectively), along with a low composition of elemental nitrogen (0.75 %). 

However, the penalty for the enrichment of carbon, resultant of the loss of oxygen and 

hydrogen from the biomass into the liquid and gas phase, is necessarily lower hydrochar 

yields. Thus, whilst the energy yield of HTC SWE SC is a moderate 0.60 when calculated 

with respect to the extraction yield from the parent crude hydrochar HTC SWE, the 

energy yield with respect to the SWE feedstock is ninefold lower: 0.07.  

 

 

Fig 3.1-6 HHV (MJ/kg) and energy yield of crude hydrochars, primary (PC) and 
secondary chars (SC) produced from raw SCG (HTC RAW), subcritical water pre-treated 
SCG (HTC SWE SCG) and the solid residues from the protein extraction of raw (HTC 
PE RAW) and subcritical water pre-treated (HTC PE SWE) SCG.  
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The effect of the carbonisation process on the feedstock is evident in the van Krevelen 

diagram (fig 3.1-7). Migration from the right upmost portion of the graph towards the 

lower left region illustrates the decrease in atomic O/C and H/C ratios as the elemental 

composition of the hydrochars approaches that of low-ranking coal. Secondary and 

primary chars appear to the upper left and lower right respectively of the parent crude 

hydrochar, reflecting the discussed compositional trend amongst the chars. 

 

 

Fig 3.1-7 van Krevelen’s diagram of atomic O/C versus H/C ratio in SCG, primary (PC) 
and secondary chars (SC) produced from crude hydrochars, primary (PC) and secondary 
chars (SC) produced from raw SCG (HTC RAW), subcritical water pre-treated SCG (HTC 
SWE SCG) and the solid residues from the protein extraction of raw (HTC PE RAW) and 
subcritical water pre-treated (HTC PE SWE) SCG.  

 

 Pyrolysis behaviour 

Characteristic thermogravimetric peak regions in the pyrolysis of SCG and other 

lignocellulosic biomass correspond to the decomposition of hemicellulose, cellulose and 

lignin components. For hydrochars, peak regions compute with the decomposition of 

species remaining after the hydrolysis of the polymeric fractions. Qualitatively, the 

derivative thermogravimetric (DTG) profile of the crude hydrochars in argon atmosphere 

(a, fig 3.1-8) shows mass loss over three stages, representative of a  preliminary (Tpeak 

= 240 - 300 °C) and secondary devolatilization (Tpeak = 310 -335 °C) of  an organic phase, 

and char combustion (Tpeak =  430 - 460 °C). Notably for all primary chars excluding HTC 
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PE SWE PC (b, fig 3.1-8), volatile mass loss is over a single discrete phase (Tpeak = 310 

- 340 °C), with gradual char combustion over a broader temperature range (400 – 800 

°C). The highest peak reactivity of primary char (PC) devolatilization occurs at a higher 

temperature than the parent chars, which may signify increased thermal stability via the 

removal of secondary char (SC) from the matrix of PC. However, this is slightly 

misleading as the relative rates of peak devolatilization upon extraction of SC increases 

0.009 – 0.020 s-1 to 0.011- 0.041 s-1, for crude hydrochars and PC respectively. This 

result, which is contrary to the observations by Lucian et al. for the extracted hydrochars 

of OFMSW, is attributed to the higher ash content of PC with respect to the parent 

hydrochar: inorganic material exerts a catalytic effect on the rate of devolatilization, 

reducing the separation between the holocellulose peaks [57, 62-66]. Therefore, whilst 

the crude hydrochars devolatilize more slowly at lower temperatures, PC exhibit 

increased thermal reactivity at slightly higher temperatures, through a more rapid 

devolatilization.  

Overall, the DTG curves are indicative of the thermal instability of SC, which combined 

with reported oxidative reactivity, likely confers low burnout temperatures and boiler 

efficiencies if utilised as a solid fuel [57, 67]. 

 

 

Fig 3.1-8 DTG devolatilization curves of crude parent hydrochars (left) and extracted 
hydrochars (right) in argon atmosphere. PC = primary char, HTC RAW = char product of 
the hydrothermal carbonisation (HTC) of SCG, HTC SWE = char product of the HTC of 
subcritical water pre-treated SCG, HTC PE RAW = char product of the HTC of alkali pre-
treated SCG, and HTC PE SWE = char product of HTC of residues from the alkali 
extraction of subcritical water pre-treated SCG 

 

a) b) 
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In terms of pre-treatments, the fastest rate of devolatilization was observed for the char 

products from the protein pre-treatment (0.025- 0.041 s-1 for HTC PE SWE/RAW crude 

and PC); the slowest was observed for HTC RAW. This result is unsurprising as pre-

treatments disrupt the SCG matrix through complete or partial degradation of 

hemicellulose, swelling and interruption of cellulose crystallinity and structural linkages 

between holocellulose and lignin [68]. Thus, the extent of hydrolysis is augmented in the 

hydrochars of pre-treated biomass, ultimately resulting in formation of volatile species 

and polymeric fractions that exhibit a greater pyrolytic reactivity [69]. 

These observed differences in the first stage of pyrolysis will influence formation of NOx, 

ignition and flame stability, volatile components and the onset of char combustion, critical 

in the combustion performance of solid fuels [30].  

 

 Evaluation of the cascade processes 

The proposed integrated hydrothermal biorefinery attempts to valorise SCG via three 

product suites:   a high value bioactive extract, a medium value protein extract and bulk 

production of a low value solid fuel.  

Following the schematic (fig 3.1-9), inputting 100 g of SCG feedstock into the subcritical 

water extraction, SWE, platform gives an aqueous phase with antioxidant activity and 

0.31 g of CGA. Protein extraction of the residual solids (PE SWE, 46.85 g) isolates a 

liquor from which a solid (SWE SCG PI, 23.89 g) containing 16.92 % w/w protein can be 

precipitated. The residual solids from the protein extraction (PE SWE, 22.96 g) are then 

carbonised, giving 14.69 g of crude hydrochar (HTC PE SWE).  

Alternatively, in the second scenario, the SWE platform is bypassed, and more than half 

of the raw feedstock (53 g) is directly converted to an isolate (SCG PI) containing 33 % 

proteins. HTC of the solid residues (PE RAW, 43 g) gives 16.34 g of the crude hydrochar 

(HTC PE RAW).  
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Fig 3.1-9 Major products and yields of the integrated hydrothermal and alkaline treatment 
SCG biorefinery.  

 

Whilst the first scenario advantageously isolates an extract containing CGA (market price 

for green coffee extracts containing CGA range from 10 – 100 $/ kg), the low yield and 

necessary work-up to prolong the shelf life of heat, light and oxygen labile bioactives will 

increase process costs [70]. The lower yield and protein content of SWE SCG PI as well 

as the relatively higher ash and nitrogen content (8.88 and 1.93 % respectively) and 

lower calorific value (26.92 MJ kg) of the crude hydrochar ultimately gives a poorer solid 

fuel liable to fouling and higher NOx emissions.  

The second scenario, which limits the output of the two platform SCG biorefinery to 

medium and low value products, necessarily reduces operation costs as well as almost 

doubling the yield of the protein isolate. The performance quality of the solid fuel is also 

enhanced, with lower ash and nitrogen content (2.62 and 0.23 % respectively) and higher 

HHV (33.30 MJ/kg). Higher overall conversion of the feedstock into the solid fuel product 

additionally demonstrates the advantage of the second scenario over the first. 
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 Conclusion 

The aim of this study was to develop a biorefinery that could produce value products 

from spent coffee grounds, utilising the whole biomass while improving the end-product 

requirements. To this end, a series of hydrothermal processes were used, optimally 

producing a bioactive extract (containing 3.14 mg CGA/ g SCG), a protein fraction (21.79 

– 32.75 % wt protein) and a hydrochar with improved calorific value (31.78 MJ/kg). The 

hydrochar, due to the protein extraction, also had a vastly reduced N content, making it 

suitable for commercial combustion. In addition, HILIC Q-ToF-MS total amino acid 

quantification of SCG was performed for the first time, determining a higher than 

previously reported SCG protein content (21.79 % wt). This result led to the proposal of 

a new nitrogen protein conversion factor, 7.9, based on the average nitrogen content of 

SCG amino acids (12.66 vs the conventional 16 %).  

However, low CGA yields (0.31 % wt feedstock) and necessary inclusion of downstream 

processes to concentrate, formulate and preserve antioxidant activity of the bioactive 

stream can negatively impact process margins. It was determined that omission of the 

bioactive stream from the biorefinery gave the highest yields and protein content of the 

protein isolate (SCG PI, 53 and 32.95 % respectively) and hydrochar (HTC PE RAW, 

16.84 %) with respect to SCG feedstock. The hydrochar also exhibited the highest 

calorific value and lowest nitrogen content (33.30 MJ/kg and 0.23 % respectively). In 

comparison, inclusion of the bioactive platform resulted in lower yields of both analogous 

products and inferior fuel qualities. Therefore, limiting the SCG biorefinery output to 

medium and low value products can increase commercial viability through enhanced 

yields, product performance and reduced operational costs.  
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 Supplementary Information 

 NaOH pre-treatment of SCG 

In order to reduce the nitrogen content in the feedstock prior to HTC, an alkaline pre-

treatment was selected (NaOH, 4h, 95 °C, 1/ 10 w/v %) [1]. NaOH has been used to 

extract proteins within green tea, and when applied to SCG resulted in the retention of a 

protein isolate (SCG-PI) and solid residues (PE SCG) with significantly reduced N 

content (entry 2 – 5 vs 7, table s3.5-1). Increasing the molarity of NaOH decreased the 

relative N content and solid yield. Crucially the relative composition of carbon was not 

significantly reduced (48.75 wt % in raw feedstock to 44.36 wt % in 2M PE SCG), thus 

SCG-PE are a suitable carbon source for HTC.  

Interestingly, the defatted feedstock exhibited a negligible or slight decrease in relative 

N propose that SCG lipids contribute to the solubilisation of proteins under the alkaline 

conditions due to the concurrent saponification of fatty acids. The increased polarity of 

the fatty acids salts promotes coordination with proteins, resulting in the solubilisation of 

the lipid- protein assemblies. As the lipid fraction is removed in defatted SCGs, the 

relatively unchanged N content is indicative of the importance of the fatty-acids salts in 

the solubilisation of proteins [2] .  

Table S3.5-1 Ultimate analysis of solid residues from NaOH protein extractions of SCG 
(PE SCG), non-defatted (raw) and defatted feedstock  

Entry NaOH 
Molarity 

SCG 
Type C H N O 

 PE 
SCG 
Yield 
(%) 

1 0.25 Defatted 45.50 ± 0.08 6.91 ± 0.13 2.34 ± 0.15 45.26 34% 
2 0.25 Raw 45.50 ± 0.33  7.22 ± 0.00 0.77 ± 0.11 46.51 58% 
3 0.5 Raw 46.55 ± 0.37 6.82 ± 0.01 0.67 ± 0.16 45.97 50% 
4 1 Raw 46.40 ± 1.49 6.82 ± 0,25 0.22 ± 0.03 46.57 46% 
5 2 Raw 44.36 ± 1.71 6.22 ± 0.14 0.19 ± 0.04 49.23 31% 

6  Defatted 46.09 ± 0.03 6.45 ± 0.01 2.47 ± 0.01 44.99  
7  Raw 48.75 ± 0.18 7.27 ± 0.03 2.32 ± 0.02 41.67  
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Chapter 4 Enhanced Hydrothermal Carbonisation of 

Spent Coffee Grounds for the Efficient Production of 

Solid Fuel with Lower Nitrogen Content 

 

The hydrothermal carbonisation platform was further developed in this chapter, following 

the operational parameters determined in the optimisation experiments of chapter 3. In 

line with the second thesis goal, hydrochars of maximum calorific value or yield were 

produced. Along with the hydrochars of Chapter 3 (which were optimised to fulfil both 

calorific and yield criteria), hydrochars were investigated for fuel quality and performance 

using elemental analysis and thermogravimetric experiments respectively.  

In Chapter 3 it was evident that the pre-treatment beneficially enhanced hydrochar 

composition, in terms of nitrogen deduction, whilst maintaining fixed carbon and yield (70 

and 40 % respectively). This study aimed to assess whether an increase or decrease of 

reaction severity for energy densification or conversion efficiency purposes would impact 

the effectiveness of the pre-treatment. For example, if the system was optimised for 

maximum calorific value, high temperature degradation of the lignocellulosic matrix 

would likely be accelerated by the more porous structure of the pre-treated SCG. As the 

extent of carbonisation is inversely linked with hydrochar yield, this study also aimed to 

determine whether yields of the pre-treated chars would still be sufficient and how fuel 

performance, primary and secondary char composition would vary with pre-treatment 

and process parameters.  

Furthermore, the study explored a possible use for the biorefinery process water: 

recirculation back into the HTC platform. To reduce process costs and the environmental 

impact of effluence, reutilising process water is a useful strategy, particularly for 

continuous or semi-continuous systems where energy and time expenditure on heating 

cool water will necessarily reduce through recycling. Process water recirculation was 

previously unexplored for SCG, therefore the study aimed to assess impact on fuel and 

process water composition for up to five cycles, for pre-treated and raw SCG. Prior to 

environmental discharge it is likely that process water will need treatment such as 
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anaerobic digestion in order to reduce organic pollutants and chemical oxygen demand 

(COD), as both were found to increase across cycles.  

 

Some of the HTC process water recirculation experiments were conducted by G. Pickens 

as part of his 3rd year MEng research project. 

 

This chapter is submitted in an alternative thesis format in line with Appendix 6A of the 

“Specifications for Higher Degree Theses and Portfolios” as required by the University 

of Bath. This work was published in the American Chemical Society Energy & Fuels 

journal.  

 J. Massaya, K. H. Chan, B. Mills-Lamptey, and C. J. Chuck, "Developing a biorefinery 

from spent coffee grounds using subcritical water and hydrothermal carbonisation," 

Biomass Conversion and Biorefinery, 2021, doi: https://doi.org/10.1007/s13399-020-

01231-w 
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Abstract 

As an increasingly abundant lignocellulosic biomass with high moisture content, spent 

coffee grounds (SCG) are an ideal feedstock for hydrothermal carbonisation (HTC). The 

few examples that have converted SCG into a solid fuel hydrochar have yet to address 

the char’s prohibitively high nitrogen content (~3 % wt)- a barrier to commercialisation 

due to NOx emission regulations. In this work an alkaline pre-treatment is presented that 

reduces the N content prior to carbonisation under regimes optimized for maximum 

calorific value (HHV), energy yield, and a conflation of both fuel properties. 

Characterisation of hydrochars and secondary chars, the extractable volatile phase, 

revealed highest calorific value for the secondary chars (max HHV = 40.69 MJ/kg) and 

a minimum N content of 0.1 % wt in hydrochars derived from the alkali pre-treated 

feedstock. Char thermal stability and oxidative reactivity were also determined, with pre-

treated primary chars exhibiting superior combustion reactivities, ignition and burnout 

temperatures. Management of HTC process water is both an environmental and 

operational challenge due to presence of phytotoxic organic components and the energy 

expenditure associated with heating large volumes of water. To this end, the process 

water was recirculated for up to 5 cycles resulting in an increase in HHV, energy and 

solid yield as well as compositional change of the char products. 



127 
 

 Introduction 

Increasing worldwide coffee consumption was 161 million 60 kg bags in 2017/2018, 

generating 9.6 million tonnes of solid waste residues, so-called spent coffee grounds 

(SCG) [1, 2]. As a lignocellulosic source of bioactive phytochemicals, lipids, proteins and 

sugars, research efforts have exploited the potential of valorising SCG as a renewable 

feedstock to produce fuels, commodity chemicals and functional materials within single 

platform and cascade biorefinery processes. For solid fuel production, the relatively high 

moisture content of SCG (50 -60 %) compared with other lignocellulosic biomass is 

disadvantageous for thermochemical processing technologies that require feedstocks 

with a low moisture content (e.g. pyrolysis, gasification and combustion) [3]. To this end 

hydrothermal carbonisation (HTC), a process that converts biomass into a majority solid 

hydrochar product using hot pressurised water has started to gain attention. A major 

advantage of HTC is the wet medium, which disposes of the need for an initial drying 

step of the feedstock. Therefore, biomass that would otherwise be unsuitable for 

pyrolysis, such as those with a high moisture content and undesirably low solid yields 

after drying are readily amenable for HTC. Furthermore, the aqueous phase can be 

recirculated back into the process or used in an additional value-added platform for 

nutrient recovery. Coupled with relatively mild conditions (operating temperatures = 180 

– 260 °C, at autogenous pressures = 2-10 MPa), overall energy expenditure and 

emissions of HTC are comparatively lower than other thermochemical platforms [4, 5]. 

During HTC, degradation of biomass components including the hydrolysis and 

dehydration of hemicellulose and cellulose (and to some extent, lignin) occurs at 

temperatures above 180 °C, releasing extractables, oligomeric and monomeric 

constituents, which partition in the aqueous medium or are condensed back onto the 

solid matrix. Highly reactive intermediates in the aqueous media, upon decomposition, 

undergo a network of polymerization, aromatization and condensation reactions, giving 

the char or “coke” product of HTC (referred to here as the secondary char). For example, 

components such as 5-hydroxymethylfurfural (5-HMF) are further hydrolysed into 

levulinic and formic acid (which can further break down into CO2). The secondary char 

deposits as solid spheres on the surface of the primary char, a network formed by the 

non-dissolved cellulose and lignin fragments of biomass [6, 7]. Hydrochars exhibit 

increased fixed carbon content, lower H/C and O/C molecular ratios relative to the 

feedstock, and are therefore suitable precursors for solid fuels, pollutant removal, soil 

amendment and other activated carbon applications [4]. 
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During the HTC of lignocellulosic biomass, a series of dehydration and decarboxylation 

reactions result in the hydrolysis of hemicellulose and, depending on the severity of 

operating conditions, the partial or complete hydrolysis of cellulose. At higher 

temperatures, cleavage of labile bonds within the lignin structure (e.g. ether, phenolic 

and alcohol) is promoted. Interactions between highly labile fragments from the 

degradation of all three components result in a network of further polymerisation, 

condensation and aromatisation pathways, forming a majority hydrochar solid product, 

bio-oil and gas.  

With lignocellulosic compositions, by-products of the coffee processing industry are 

readily amenable feedstocks for carbonisation. Yet, only a few examples have been 

published, where hydrochars have been used for water remediation and energy 

production. Under optimum conditions (T = 210 °C, t = 243 min, liquid : solid ratio = 3.4:1 

(v:wt)) the HTC of coffee husks produced hydrochars with a well-developed surface area 

for the adsorption of methylene blue [8]. HTC of SCG (T = 200 °C, t = 6h, liquid : solid 

ratio = 5 : 1 ) and subsequent loading with Fe3O4 nanoparticles produced adsorbents for 

the removal of Acid Red 17 [9]. SCG hydrochars have also been reported for use as co-

substrates in anaerobic digestion for biomethane production [10].  

However, to date there are only two published examples of the carbonisation of SCG for 

improved combustion properties. Kim et al conducted HTC at 180 – 330 °C (t =1 h, liquid: 

solid ratio = 1:1) reporting the well-observed trend of increased calorific value with 

increased temperature (maximum HHV = 31 MJ/kg at 330 °C, vs 22 MJ/kg of raw 

feedstock). Characteristic retention of lower solid yields at higher temperatures afforded 

higher energy recovery efficiencies (ERE) for hydrochars produced at lower 

temperatures (210 – 240 °C, ERE = 0.94 and 0.90 respectively) [11]. More recently, 

Afolabi et al, optimised HTC for retention of a maximally calorific hydrochar (31.6 MJ    

kg-1) with an ERE of 64 % [12].   

Yet, to assess the feasibility of SCG hydrochar as a solid fuel for combustion in domestic 

or industrial units, the inorganic (N, Cl, S, K) and volatile organic content must also be 

considered. As a lignocellulosic feedstock with a relatively high nitrogen content (2.4  vs. 

0.1  - 0.7 % in corncob, rice husk and woodchips) [13], release of volatile N species and 

NOx emissions during devolatilization and char-combustion stages respectively in the 

combustion of SCG-hydrochar are likely significant sources of pollution [14, 15]. Whilst 

there are examples of hydrochars exhibiting a lower nitrogen content relative to 

corresponding sewage sludge [16], Miscanthus × giganteus [17], food waste and 

microalgae [18] feedstocks, the carbonisation of SCG results in the converse trend, 
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where the atomic nitrogen composition of the reported SCG hydrochars (2. 8 – 3.6 %) is 

greater than the SCG feedstock (1.5 – 2.3 %) [11, 12, 19]. This enrichment could be 

influenced by mass reduction as well as the formation and chemical bonding of N species 

with the char’s carbon network via Malliard reactions between reducing sugars and 

nascent nitrogen from the hydrolysis of biomass proteins into amino acids and ammonia. 

Heterocyclic N from Diels-Alder reactions may also contribute to the solid phase as 

bound-N. Ammonia, released to the liquid phase from deamination, may adsorb to the 

char surface as free-N, additionally augmenting N in the char [20-22]. 

For microalgae and brewers spent grain, reduction of N was achieved through an alkaline 

removal of protein prior to HTC [21, 23]. With a moderate protein content of 22 %, this 

type of pre-treatment strategy may also be an effective  for reduction of N content in 

SCG-hydrochars [24]. Therefore, the aim of this study was to prepare SCG-hydrochars 

with a lower fuel-N than previously reported, in order to conform with the nitrogen 

composition of solid fuels  such as wood, refuse derived fuels (RDF), peat and coal (0.03 

– 2.5 %) [25]. Utilisation of HTC process water for reduction of process energy, costs 

and environmental effluence was also explored, to increase the efficiency of the overall 

process.  

 

 Materials and Methods 

  Raw materials and chemicals 

Spent coffee grounds (SCG) feedstock was supplied by bio-bean and stored at 4°C until 

use. Moisture content of SCG, pre-treated SCG and hydrochars was determined using 

a thermogravimetric mass analyser (TGA, Setaram Setsys Evolution TGA 16/18): 

samples were heated to 105 °C (20 °C/ min) and held for 35 min under argon 

atmosphere; weight loss during this period was attributed to the evaporation of water 

within the solid matrix, expressed as a percentage of the starting material. Analyses were 

conducted in duplicate.  

All chemicals were reagent grade or analytical (HPLC) grade and supplied by Sigma 

Aldrich and Fisher Scientific 

 Alkaline pre-treatment 

To reduce nitrogen content, 2 M NaOH was used to solubilise SCG proteins : 20 g of 

SCG was loaded with 200 mL of 2 M NaOH and heated at 95 °C for a duration of 4 h 

[26]. After each extraction, solids were washed with 5 volumes of deionised water, dried 
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at 60 °C for 72 h and stored at room temperature until further analysis and use in HTC 

experiments. Ultimate and proximate analysis was conducted on the solids (PE RAW).  

 Hydrothermal carbonisation 

Optimisation of HTC parameters  

A 23 full factorial design of experiments (DOE) using defatted SCG investigated the 

significance of temperature, time and solid-to-liquid ratio on hydrochar yield (HY) and 

calorific value (HHV). Defatted feedstock was used to account for lipid extraction prior to 

the HTC process as part of a proposed SCG biorefinery. ANOVA statistical analysis at p 

<0.05 significance level established the influence of temperature and time on the 

investigated responses; liquid-to-solid ratio was determined to be statistically 

insignificant. Second order polynomial models fitted the temperature and time range of 

the design to hydrochar yield and HHV (table 4.1-1). Optimal regions were then 

generated to retain hydrochar fulfilling the following criteria: maximum hydrochar yield, 

HHV and a combination of hydrochar yield and HHV.  

 

Table 4.1-1 Polynomial equations and corresponding regression coefficient fitted to 
experimental data obtained in 23 full factorial design. Equations describe the variation in 
response (HHV and hydrochar yield) as a function of time and temperature. 

Response Model Equationa R2 

HHV (MJ/kg) HHV = -31.3 + 0.426 X1 + 1.315 X2 – 0.000744X1
2 - 

0.1528X2
2 

0.96 

Hydrochar Yield (%) HY = 116.93 - 0.2950 X1 -0.774 X2  0.92 
a X1 = temperature (°C); X2 = time (h) 

 

HTC experiments  

For each HTC experiment, 10 g of solids (SCG or PE RAW) with 100 mL deionised water 

(liquid to solid ratio = 10:1 mL/g) was loaded into a 300 mL Hastelloy reaction vessel of 

a high-pressure bench top stirred reactor (Parr Instruments Company, Illinois, USA), 

equipped with a thermocouple in the centre of the reactor head and PID temperature 

controller. After sealing, the vessel was heated to desired run temperatures, with 

residence time recorded from when the internal temperature of the vessel reached the 

desired run temperature until the required duration of the run. After cooling, extracts were 

separated by filtration (Fisherbrand® QL100 papers), and mass and pH of the aqueous 
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phase was immediately recorded. The liquid phase was then stored in aliquots at -21°C 

until analysis and/or use in recirculation experiments. The solids were dried at 60 °C for 

48 h, weighed and stored at room temperature until analysis. 

To extract primary and secondary chars, 0.5 g of unextracted char was washed with 3 x 

30 mL acetone followed by 3 x 30 mL methanol [27]. The solids (primary char) were 

filtered and dried at 60 °C for 48 h. The solvent was removed from the filtrate via rotary 

evaporation to give the secondary char, which was subsequently dried at room 

temperature for 48 h. Mass of both char products was recorded after drying.  

For recirculation experiments, process parameters optimised for both hydrochar yield 

and HHV responses were used (HTC 223, table 4.1-2). Non-carbonised feedstock (RAW 

SCG, PE RAW) was used each time with previously stored process water (brought to 

room temperature prior to each experiment). In order to maintain a liquid to solid ratio of 

10:1 mL/ g, the required amount of deionised water was added to the reaction vessel (40 

– 60 % v/v). Process water was recirculated for up five times for each feedstock type. 

All HTC experiments were carried out in duplicate. 

 

 Analysis 

Material characterisation 

SCG, alkali pre-treated SCG (PE RAW) and HTC solids were characterised via 

proximate and ultimate analysis. Ultimate analyses of carbon, hydrogen, nitrogen 

content were carried out according to BS EN ISO 9001:2015, oxygen content was 

determined by difference. Moisture content, proximate analysis of fixed carbon (FC), 

volatile matter (VM) and ash content, was conducted using a Setaram -Setsys Evolution 

thermogravimetric (TGA) 16/ 18 analyser adapted from a previous investigation [27]. 

Argon (moisture content and volatile matter) and air carrier gases at a flow rate of 50 mL/ 

min were used along with a protective gas (argon, 20 mL/min). For each experiment, 10 

-20 mg of sample was loaded into an alumina crucible, and the sample was heated under 

Ar to 105 °C at a rate of 20 °C /min, where it was held for 30 min to allow for the complete 

evaporation of moisture. The sample was then heated to 900 °C at a rate of 16 °C/min 

under Ar, held for 7 min to ensure devolatilization, followed by an isotherm in air at 800 

°C for 30 min.  

For determination of thermal reactivity, each sample was heated to 105°C at 10 °C/ min 

under Ar with 30 min holding time. The carrier gas was subsequently switched to air and 
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ramp rate increased to 50 °C/ min as samples were heated to 900 °C and held for 30 

min. The intersection method (IM) as described in several publications was applied to 

the thermogravimetric (TG) and derivative thermogravimetric (DTG) curves to obtain the 

ignition (Ti) and burnout (Tb) temperatures of each sample [28-31]. Ti was defined as the 

temperature of intersection where a tangent from the point at which a vertical line from 

the highest peak in the DTG curve (	!"!#$%&) meets the TG curve, crosses with a horizontal 

to the beginning of devolatilization in the TG. Similarly, Tf was determined at the 

intersection of a tangent from the point at which a vertical line through the last peak in 

the DTG curve meets the TG, with a horizontal line from when the TG curve is steady.  

The average of duplicate TGA experiments was used to calculate moisture content, for 

proximate, and combustion analysis. 

 

 Process water characterisation 

The pH was measured in duplicate using a HI-2210-02 Bench Top pH Meter with pH 

electrode and temperature probe.  

Concentrations of organic acids (formic, propionic, acetic and levulinic acids), 5-HMF 

and furfural were quantified using an Agilent High Performance Liquid Chromatography 

(HPLC) 1260 Infinity system equipped with an Aminex HPX 87 H column and a diode 

array. Column temperature was set to 65 °C, mobile phase was 5mM H2SO4 and flow 

rate was 0.6 mL/min. Acids, HMF and furfural were monitored at 210 and 280 nm 

respectively.  

TOC and COD were monitored in quadruplicate using LCK387 and LCK014 test kits 

respectively and a Hach Lange DR300 colorimeter.  
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 Calculations 

Higher heating value, HHV, was calculated using elemental composition and equation 

1[32]: 

##$ = 	3.55)' − 232) − 2230# + 51.2)	 × 	# + 1310 + 20,600	 (1)  

Hydrochar yield was estimated using equation 2: 

#34567ℎ95	:;<=4 = >?9@@	6A	#34567ℎ95 ?9@@	6A	B)C	A<<4@D67E	F G 	× 100%	 (2) 

Energy recovery for each hydrochar was calculated using equation 3: 

IJ<5K3	:;<=4 = 	>##$()%*	 	#34567ℎ95	3;<=4	 × 	##$*%,	-(.	F G 	× 100	%     (3) 

Fuel ratio was determined using the following relationship (eq. 4) 

LM<=	59D;6 = 	A;N<4	795O6J P6=9D;=<	Q9DD<5F   (4) 

Combustion reactivity was calculated according to equation 5:  

)6QOM@D;6J	5<97D;P;D3 = 100 ∗	
!"
!#$%&

S/01
T  (5) 

Where !"!#$%&
is the maximum weight loss rate of the sample and TMWL is the peak 

temperature of maximum weight loss. 
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 Results and Discussion 

  Optimal HTC process parameters for hydrochar yield, HHV and a 

combination of both responses  

As established by the 23 DOE, the parameters for the retention of SCG hydrochars with 

maximal calorific value, HHV (HTC 260), hydrochar yield (HTC 217) and both yield and 

HHV (HTC 223) are displayed in table 4.1-2. Validation of the models was attained where 

results were within the 95 % prediction interval range.  

Table 4.1-2 Optimal temperature and time settings for retention of SCG hydrochar 
according to desired response 

 
Optimal parameter 
settingsa Response 

Response X1 X2 Model predictions 
95 % 
Prediction 
Interval 

HHV (MJ/kg) 260 4.5 31.95 31.26 – 32.63 
Hydrochar yield (%) 217 1 52.11 47.80 – 56.42 
HHV and hydrochar 
yield  223 2.75 

HHV: 29.14  
HY: 49.56 

28.20 – 30.08 
44.28 – 54.83 

a X1 = temperature (°C); X2 = time (h) 

 

  Effect of process parameters on char composition, calorific value 

and energy yield  

Overall, HTC created a more energy dense fuel material than the biomass, increasing 

the calorific value by augmenting carbon and reducing oxygen content relative to the raw 

and NaOH pre-treated (PE RAW) SCG feedstocks (fig 4.1-1, Fig 4.1-2 and  table 4.1-3). 

The trend became pronounced with increasing reaction severity, where devolatilization 

and formation of fixed carbon (FC) proliferated under longer times and higher 

temperatures. This is presumably a consequence of the decarboxylation and 

dehydration reactions that dominate HTC, where the loss of water during the degradation 

of the cellulose (and lignin) and evolution of CO2, produced from the hydrothermal 

decomposition of organic acids, furfurals and sugars in the aqueous media,  results in 

the considerable reduction of H/C and O/C ratios in the biomass (fig 4.1-3).  
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Table 4.1-3 Compositional and fuel properties of raw SCG (RAW), alkali pre-treated SCG feedstock (PE RAW) and resultant crude, primary and 
secondary hydrochars (PC = primary char, SC = secondary char). HTC runs performed in duplicate. Proximate and ultimate analyses performed 
in duplicate and quadruplicate respectively. Numbers in labels refer to temperatures of HTC regimes optimised for yield (HTC 217), calorific value 
(HTC 260) or both (HTC 223).  

adetermined on a dry basis; b calculated by difference; cYield wrt crude hydrochar; dnot determined  

 Proximate Analysisa Ultimate Analysisa Hydrochar 
Yield a 

HHV (MJ/ kg)a Energy 
Yield 

 
Volatile 
Matter 

Fixed Carbon Ashb C H N Ob 

RAW 66.33 24.63 9.04 53.01  7.74  2.55 36.70   22.36  
PE RAW 65.32 27.41 8.38 51.26 7.89 0.21  40.64  16.68 0.31 
HTC RAW 217 67.35 29.97 2.68 65.95 7.11 2.86 24.08 0.47 29.27 0.63 
HTC RAW 223 65.32 30.88 3.80 69.70  7.12  3.03  20.15  0.31 31.60 0.45 
HTC RAW 260 62.28 35.09 2.63 75.11 6.75 4.01 14.12 0.30 34.64 0.48 
HTC RAW PC 217 60.85 36.49 2.67 63.29 5.62 3.34 27.74 0.35 26.26 0.42 
HTC RAW PC 223 63.44 29.02 7.53 69.29  5.69  3.98  21.04  0.09 29.58  0.12  
HTC RAW PC 260 55.85 41.64 2.51 72.85 5.88 4.27 16.99 0.21 31.93 0.31 
HTC RAW SC 217 ndd 71.26 9.79 1.75 17.21 0.14 36.20 0.24 
HTC RAW SC 223 73.42  11.65  1.40  13.54  0.09 40.69 0.17 
HTC RAW SC 260 71.92 8.81 2.49 16.79 0.07 35.40 0.12 
HTC PE RAW 217 63.55 32.94 3.51 69.13 8.55 0.20 22.13 0.50 32.74  0.77 
HTC PE RAW 223 61.38 36.00 2.62 70.43  8.30  0.23  21.04  0.31 33.32 0.49 
HTC PE RAW 260 61.27 35.97 2.76 75.87 7.93 0.54 15.66 0.21 36.62 0.36 
HTC PE RAW PC 217 62.22 35.96 2.95 52.96 6.83 0.10  40.11 0.42 21.57 0.42 
HTC PE RAW PC  223 60.59 32.28 7.12 56.90  6.57  0.30 36.23  0.11 23.42 0.12 
HTC PE RAW PC 260 58.29 32.31 7.16 75.47 6.12 0.83 17.58 0.12 33.42 0.19 
HTC PE RAW SC 217 ndd 72.28 9.99 0.14 17.59 0.10 37.09 0.18 
HTC PE RAW SC 223 73.17  10.57  0.12  16.15  0.13 38.67 0.24 
HTC PE RAW SC 260 74.12 9.37 0.35 16.16 0.09 37.61 0.16 
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Fig 4.1-1 Calorific value and energy yield of hydrochar products of the regimes optimised 
for yield (HTC 217), calorific value (HTC 260) and both responses (HTC 223). RAW = 
SCG, PE RAW = alkali pre-treated SCG,  PC = primary char, SC = secondary char 

 

 

Fig 4.1-2 Ultimate composition of hydrochars from HTC of SCG (HTC RAW) and NaOH 
pre-treated SCG (HTC PE RAW) from studied regimes.  
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Fig 4.1-3 van Krevelen diagram of O/C and H/C atomic ratios in SCG, NaOH pre-
treated SCG (PE RAW) and corresponding unextracted, primary chars (PC) and 
secondary chars (SC)  

 

As a result, hydrochar yields are necessarily lowered through migration of oxygen and 

hydrogen to the liquid and gas phase, the extent of which is exacerbated as residence 

times and temperature increase the degree of carbonisation. In addition, the ash 

chemistry observed for SCG was in line with other lignocellulosic biomass, where an 

overall decrease relative to the feedstocks was observed as inorganic components were 

solubilised, under hydrothermal conditions [18]. 

For the most severe setting optimised for HHV (260 °C, 4.5 h), hydrochars exhibited 

increased carbon content (up to 48 %, HTC PE RAW 260) relative to PE RAW feedstock, 

whilst the lowest degree of carbonisation (24 %) was observed in the hydrochar attained 

at the mildest setting for maximum hydrochar yield (HTC RAW 217, 217 °C, 1 h). 

Regarding the correlation observed for HHV and carbon content (R2 = 0.86, Fig S4.3-1 

supplementary information), both the discussed hydrochars exhibited the highest and 

lowest HHVs (36.62 and 29.27 MJ/ kg) respectively. HTC performed at the setting 

optimised for maximum HHV and yield (223 °C, 2 2.75 h) gave intermediate HHVs and 

carbon content.  
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In terms of hydrochar and energy yield (table 4.1-3), a decrease with reaction severity 

was observed as degree of carbonisation increased with temperature and time. The 

hydrochar derived from the pre-treated feedstock (HTC PE RAW 217) was the highest 

yielding (50 %), giving a HHV in the order of anthracite and bituminous coal (32.74 

MJ/kg), and a remarkable energy yield of 77% [33]. HHVs obtained for HTC PE RAW 

217 and HTC RAW 260 (34.64 MJ/kg) improved on values reported for SCG chars by 

Afolabi et al and Arauzo et al (31.6 and 33.2 MJ/kg) at similar process settings, 216 

and260°C1 and 3 hr respectively) [12, 19].  

 Primary and Secondary Chars   

For a given regime, proximate analysis of primary chars (PC) showed a lower volatile 

matter (VM), and HHV relative to the unextracted ‘as-carbonised’ product, suggestive of 

the volatility of the secondary chars (SC), which also exhibited the highest HHVs. This 

was expected as secondary char is the highly energetic amorphous deposition of liquid 

phase condensation, polymerisation and aromatisation products as the solid matrix 

undergoes carbonisation [27]. As observed for the unextracted chars, (UC) calorific 

values for primary char increased with reaction severity, yet a more complicated pattern 

emerged for the secondary chars: the highest HHVs for all char products of both 

feedstocks were obtained at the setting optimised for both hydrochar yield and HHV 

(HTC RAW SC 223 = 40.69 MJ/kg, HTC PE RAW SC 223 = 38.67 MJ/kg). Given that 

the lowest yields of secondary char were recorded at the regime optimised for HHV, 

secondary char composition appears to be influenced by temperature and time, where 

its degradation is proliferated with reaction severity.  

The van Krevelen diagram (fig 4.1-3) shows near identical H/C and O/C atomic ratios for 

HTC PE RAW PC 260 and HTC RAW 260 PC, notably within the region of the graph 

designated for coal. Trends for H/C and O/C were on the order:  

H/C: Primary char < unextracted char < secondary char  

O/C: Secondary char < unextracted char < primary char  

This can be observed in fig 4.1-2, where primary and secondary chars appear to the right 

and left respectively of the unextracted char. 
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 Effect of pre-treatment on char composition and fuel properties  

Volatile-N and char-N are the major sources of NOx and N2O emissions from the 

combustion of biomass [34, 35]. Whilst it is not possible to directly correlate NO with fuel-

N, due to the influence of combustion parameters and functionality of N, reduction of 

fuel-N is one strategy against NO formation upon combustion. NaOH pre-treatment 

significantly reduced nitrogen content of the feedstock by 91.76 % (N content of PE RAW 

= 0.21 % vs 2.55 % for raw SCG), and this result was conferred to the hydrochar products 

of HTC. Yet an overall increase of nitrogen content was observed with increasing 

reaction severity across the three regimes (0.20 – 0.54 % HTC PE RAW 217 – 260 vs 

2.86 – 4.01 % HTC RAW 217 - 260) as the expected shift towards increased 

decarboxylation and dehydration at higher temperatures and residence times  was a 

contributing factor of the  augmentation of  N  in the chars, presumably as more oxygen 

is lost [18, 27].  

For a given regime, hydrochars derived from PE RAW exhibited a higher HHV, fixed 

carbon, carbon content and lower volatile matter and overall yield (table 4.1-3, fig 4.1-1), 

than their untreated analogues. This can be explained by the action of the alkaline pre-

treatment, where swelling and disruption of the SCG matrix through degradation of 

hemicellulose, interruption of the crystalline structure of cellulose and decomposition of 

the structural linkages between the polymeric fractions, aided the extent of carbonisation 

[36]. 

Interestingly for the mildest and intermediate conditions, energy yields for HTC PE RAW 

chars remained higher than their untreated analogues (77 and 49 % vs 65 and 45 % 

respectively). However, this trend was reversed for the char attained at the most severe 

setting optimised for HHV, where a remarkably low hydrochar yield of 21 %, resulted in 

an energy yield of 36 % for HTC PE RAW 260 (vs 48 % HTC RAW 260), despite 

exhibiting the highest HHV of the unextracted chars (36.62 MJ/ kg).  

SEM micrographs of the raw (left, first row fig 4.1-4) and extracted feedstocks (right, first 

row, fig 4.1-4) display significant changes to the surface morphology as a result of the 

alkaline pre-treatment. A highly porous structure, with rough and distinctive surfaces is 

evident in the PE RAW micrograph, in comparison to the raw feedstock. These features 

are conferred to the corresponding hydrochars (right, fig 4.1-4), where smaller spherical 

deposits within the fibrous structure can be observed. Reaction severity increased 

porosity, giving a more defined surface morphology for hydrochars from both feedstocks, 

as previously observed [12]. 
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Fig 4.1-4 SEM Micrographs of alkali pretreated SCG (PE RAW), RAW SCG feedstocks 
and resultant hydrochars at 400 and 1000x magnification respectively. Scale bar is 100 
(feedstocks) and 50 (hydrochars) µm. 

RAW SCG 

HTC 217 PE RAW  HTC 217 RAW  

HTC 223 PE RAW  HTC 223 RAW  

PE RAW  

HTC 260 PE RAW  HTC 260 RAW  
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 Thermal stability and oxidative reactivity of chars 

Derivative thermogravimetric (DTG) curves of the hydrochars, completed under argon, 

show mass loss over three distinct stages (fig 4.1-5). This is representative of a 

preliminary (Tpeak = 235 - 270 °C) and secondary devolatilization (Tpeak = 310 -350 °C) of 

organic components apportioned to the hemicellulose and cellulose structures of SCG 

respectively. A peak observed at higher temperatures (Tpeak = 430 - 550°C) corresponds 

with the degradation of lignin and char combustion [27, 37]. Despite having lower volatile 

matter, alkali pre-treated, PE RAW hydrochars exhibited faster rates of primary 

devolatilization (0.35 – 1.13 % / °C) and char combustion (0.38 – 0.80 % / °C) than their 

untreated analogues (0.29 – 0.51 and 0.39 – 0.43 % / °C respectively). Furthermore, for 

HTC PE RAW 217, 223, the maximum rate of weight loss (MWL) was observed during 

this preliminary volatile release phase, suggestive of a higher thermal reactivity. This 

may be attributed to a greater proportion of a short chain monomers condensed on the 

surface of the PE RAW hydrochars as a result of the comparatively more degraded 

lignocellulosic structure under the alkaline regime [12]. This is confirmed in the pyrolysis 

curves of the parent and extracted chars of the mildest and harshest regimes (fig 4.1-6), 

where the preliminary peaks are significantly reduced or appear as a weak shoulder in 

the maximum weight loss peak, indicating the removal of a more volatile secondary char 

via extraction.  

For HTC RAW 217, a conspicuous maximum weight loss was observed at 353 °C at a 

rate of 1.2 % / °C, indicating a greater retention of cellulosic structures under the mildest 

regime. The corresponding region in the DTG for HTC RAW 260 appears as a weak 

shoulder in a broad coalescence of volatile, lignin and char degradation (270 – 800 °C, 

summitting at 540 °C, 0.39 % / °C), highlighting the proliferation of hydrolysis with 

reaction severity. Given the high nitrogen content of HTC RAW 260 (4.01 %), the broad 

MWL peak may indicate the presence of N-heterocyclic aromatic species incorporated 

into the hydrochar as black nitrogen, whose recalcitrance gives a slower, less reactive 

pyrolysis [20, 38]. Therefore, whilst unsuitable for combustion due to their high nitrogen 

composition, chars derived from raw SCG may be amenable for use as slow-release N-

fertilisers [39]. Two distinct regions of mass loss are similarly observed for HTC PE RAW 

260, yet the sharp nature of the latter (429 °C, 0.80 % / °C) represents a more rapid, 

homogeneous mass loss over a narrower temperature range, reminiscent of the 

pyrolysis behaviour of  pure lignin [40]. 

 



142 
 

 

Fig 4.1-5 Derivative thermogravimetric curves for SCG (RAW) and alkali pre-treated 
SCG (PE RAW) hydrochars pyrolysed under Ar at 16  °C/ min  

  

 

Fig 4.1-6 Derivative thermogravimetric curves for SCG (RAW) and alkali pre-treated 
SCG (PE RAW) unextracted and primary (PC) hydrochar products produced under 
regimes optimised for hydrochar yield (HTC 217) and HHV (HTC 260). 

 

In the combustion profiles of the hydrochars (fig 4.1-7Fig 4.1-8), a decrease of ignition 

temperature (Ti) was observed with increasing HTC reaction severity across both SCG 

and PE RAW feedstocks (table 4.1-4). This corresponds with the devolatilization of low 

molecular weight organics that are liberated from the solids during HTC, the extent of 

which proliferates with degree of carbonisation. Accordingly, both HTC PE RAW 260 and 
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HTC RAW 260 exhibit the lowest Ti as a result of having a greater proportion of this 

volatile phase present. Additionally, both hydrochars gave the lowest combustion 

reactivities, highest burnout (Tf) and maximum weight loss (TMWL) temperatures: 0.61 %, 

575 and 462°C for HTC PE RAW; 0.81 %, 544 and 472 °C for HTC RAW 260 

respectively. This correlates with their high fixed carbon (35 – 36 %,  table 4.1-3) and 

relative thermal stability, as indicated by the lowest MWLR  in the pyrolysis profiles of 

the hydrochars  (fig 4.1-6) – both parameters associated with Tf [41]. The TMWL for the 

chars occurs during the char combustion stage rather than during the region demarked 

for devolatilization, signifying increasing carbonisation with increasing reaction severity.  

 

 

Fig 4.1-7 Derivative thermogravimetric curves for SCG (RAW) and alkali pre-treated PE 
RAW hydrochars oxidised in air at 50 °C/ min 
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Fig 4.1-8 Derivative thermogravimetric oxidation curves for SCG (RAW) and alkali pre-
treated PE RAW unextracted and primary (PC) hydrochar products produced under 
regimes optimised for hydrochar yield and HHV. 

 

Table 4.1-4 Combustion parameters of unextracted and primary hydrochars (PC) derived 
from the HTC of raw and alkali pre-treated (PE RAW) SCG feedstocks. 

aIgnition Temperature 
bBurnout Temperature 
cMax weight loss Temperature 
dMax weight loss rate 
e Fuel ratio = fixed carbon/ volatile matter 
 

Sample Ti
a(°C) Tf 

b 
(°C) 

TMWL
c 

(°C)  
MWLRd 

(%/°C) 

Combustion 
reactivity 
(%) 

Fuel 
Ratioe 

RAW      0.37 
PE RAW      0.42 
HTC RAW 217 243 470 256 7.08 2.78 0.44 
HTC RAW 223 226 446 236 7.64 3.24 0.47 
HTC RAW 260 221 544 472 2.89 0.61 0.56 
HTC RAW PC 217 252 506 267 7.89 2.95 0.60 
HTC RAW PC 223 241 507 248 4.24 1.71 0.46 
HTC RAW PC 260 232 452 386 6.27 1.85 0.75 
HTC PE RAW 217 262 513 320 5.26 1.64 0.52 
HTC PE RAW 223 220 507 436 3.92 1.01 0.59 
HTC PE RAW 260 213 575 462 4.00 0.81 0.59 
HTC PE RAW PC 
217 288 473 311 12.75 4.10 0.58 
HTC PE RAW PC  
223 291 450 308 12.40 4.02 0.53 
HTC PE RAW PC 
260 337 518 405 4.54 1.12 0.55 
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As expected from the trend of decreasing volatile matter, oxidation was delayed through 

removal of the secondary char: that is for a given hydrochar, the corresponding primary 

char exhibited a higher Ti. As fire and explosion risks are inversely correlated with higher 

ignition temperatures, downstream polar extraction of the hydrochars  can therefore 

upgrade their storage stability [30]. However, it is important to note that Ti is a function of 

the composition of volatile matter, contact with oxygen, surface area and particle size 

[41, 42].  

 

In terms of pre-treatment, PE RAW hydrochars disadvantageously had the highest 

burnout temperatures and, except for HTC PE RAW 260, gave lower combustion 

reactivity and MWLR than untreated analogues. Yet exceptionally high maximum weight 

loss rates were recorded for HTC PE RAW PC 217 and 223 (12.75 and 12.40 % / °C 

respectively) at lower TMWL than the corresponding unextracted parent chars. Thus, along 

with a decrease in Tf and fuel ratio, removal of extractives surprisingly increased the 

reactivity of PE RAW hydrochars. Whilst this matter requires further probing, clearly 

changes to char composition and morphology, e.g. increased surface area and/or pore 

size (fig 4.1-4), through extraction allowed for a more rapid oxidation. [43, 44] Removal 

of the secondary char from the surface of the hydrochars may have increased exposure 

of active sites to oxygen, the effect of which was more pronounced for the relatively more 

degraded fibrous structure of PE RAW hydrochars. Varying composition and quantity of 

catalytic species, such as inorganic matter, where extraction concentrated their presence 

(c.f. ash content of HTC PE RAW 223, 260, table 4.1-3), may have additionally influenced 

combustion performance [45]. Sintering of ash, leading to shorter char burnout as a result 

of  incomplete combustion, is another potential contributor to the observed differences in 

the combustion profiles [46]. 

 

  Recirculation of process water  

With the aim of minimising operational costs and effluence into the environment, 

recirculation of process water (PW) was investigated for both raw SCG and PE RAW 

feedstocks. Recirculation experiments were conducted under process settings optimised 

for both HHV and HY (223 °C, 2h 45 min), where the char products were characterised 

after a total 5 recirculations (fig 4.1-9 and Fig 4.1-10). Elemental composition of HTC 223 

RAW chars was largely unaffected across the five cycles, whereas a maximum increase 

of 7 % was observed in the carbon composition of HTC PE RAW 223 after cycle 3 (fig 

s4.3-2 and Fig S4.3-3, supplementary information). 
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 Effect of process water recirculation on char composition, calorific 

value and energy yield,   

Recirculation of process water for the proposed number of cycles increased HHV, energy 

yield and solid yield for the parent chars, and a maximum HHV was recorded after the 

third cycle for both HTC RAW 223 and HTC PE RAW 223 (31.38 and 30.54 MJ/kg 

respectively). Char and energy yields were highest after the fifth cycle for the raw 

feedstock (0.52 and 0.78 respectively) whilst maximum values (0.65 and 0.47 

respectively) were observed after the first recirculation of HTC PE RAW 223 PW.  

 

    

Fig 4.1-9 HHV, energy yield and solid yields of unextracted char, primary and secondary 
char products from five HTC recirculations using raw SCG feedstock. Energy yield was 
calculated with respect to RAW feedstock; solid yield for HTC RAW 223 primary char 
(PC) and secondary char (SC) are with respect to the unextracted char product. Average 
reported, results within 10 % of each other. 
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Fig 4.1-10 HHV, energy yield and char yield of unextracted char, primary and secondary 
char products from 3 HTC recirculations using NaOH pre-treated SCG feedstock (PE 
RAW). Energy yield was calculated with respect to PE RAW feedstock; solid yield for 
HTC PE RAW 223 primary char (PC) and secondary char (SC) are with respect to the 
unextracted char product. Average reported, results within 10 % of each other. 

 

For HTC PE RAW, the increase in HHV across the first three cycles was more profound 

(25.3 %) and can be explained by the lower pH of HTC PE RAW 223 PW (fig 4.1-11), 

signifying a greater accumulation of organic acids in the liquor as a result of the more 

extensive degree of lignocellulosic degradation under hydrothermal conditions, afforded 

by the pre-treatment. As organic acids such as acetic acid and formic acid can exert a 

catalytic effect on the dehydration of sugars, the extent of carbonisation is augmented 

by their presence, ultimately enhancing char HHV, energy yield, solid yield and C wt % 

(Fig S4.3-3, supplementary information) [47-49]. The presence of furfural and 5-HMF  

intermediates is therefore potentially increased by the lower pH, whose polymerisation 

and subsequent deposition within the solid’s porous network can additionally enhance 

the calorific value, energy density and yield of the hydrochars [47]. Proliferation of total 

organic content (TOC) in the process water with each cycle (fig 4.1-12), may explain the  

general trend of increasing HHV, energy yield and solid yield across the RAW and PE 

RAW feedstocks, as observed in previous studies in process water recirculation using 
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miscanthus, poplar wood and brewers spent grains [47, 48, 50]. Interestingly, HHV of 

HTC PE RAW 223 primary char decreased across the first three cycles. This is potentially 

due to a greater incorporation of highly oxygenated repolymerization products into the 

solid as coke, the extent of which increases with each cycle [27]. This is supported by 

the concomitant increase in pH of HTC PE RAW 223 process water and HHV of HTC 

PE RAW 223 secondary char.  

The relative primary and secondary char compositions also vary with process water 

recirculation, most notably for HTC RAW 223, which was initially comprised of 57 % 

primary char (fig 4.1-9). Following the first recirculation, the primary char increased to 70 

%wt, yet this steadily declined with each cycle until both chars tended towards equal 

proportions. This behaviour, which was also exhibited by the primary and secondary 

chars of HTC PE RAW 223, may again signify the catalytic effect of the process water 

organic acids, whose accumulation is associated with a greater extent of fragmentation 

and deposition of volatile components within the porous structure of the hydrochar. The 

equilibration of the relative proportions of HTC PE RAW 223 primary char and secondary 

char after just one cycle can therefore be attributed to the greater acidity of the process 

water.  

 

 

 Effect of process water recirculation on the process water 

composition 

The pH for HTC RAW 223 PW decreased slightly from 4.01 after the first cycle to 3.95 

after the fifth recirculation (fig 4.1-11). This can be partly attributed to the increasing 

concentration of acetic and propionic acids (0 - 4.57 and 6.21 – 17.21 g/L, respectively) 

(left graph, fig 4.1-12) with recirculations. In contrast the pH of HTC PE RAW 223 PW 

increased steadily from 3.49 – 4.28 (fig 4.1-11). The lower initial pH indicates greater 

presence of organic acids, yet of those monitored by HPLC measurement (acetic, 

propionic, formic and levulinic) only formic and acetic acids were above the detection 

limit and plateaued around 2 g/L after the first two and three circulations respectively  

(right graph, fig 4.1-12). The increasing basicity of HTC PE RAW 223 PW suggests 

accumulation of organic compounds in the liquid phase, and could also explain the 

relatively stable pH of HTC RAW 223 PW despite the measured proliferation of acids 

[50]. However, known intermediates furfural and 5-HMF could not be detected, possibly 

due to high lability under hydrothermal conditions [51]. 
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The TOC and COD concentrations of the process waters indicate the accumulation of 

organic components with recirculation (fig 4.1-12). After the first circulation of HTC RAW 

223, the steepest increase of TOC from 10.85 to 16.67 g/L was observed, after which 

the TOC converged around 17.23 g/L. For HTC PE RAW 223, a steady rise from 10.68 

– 20.38 g/L was observed over the cycles, likely due to a greater reaction severity of the 

pre-treated feedstock. COD was observed to rise in both cases, yet once more, whilst a 

general plateau at approximately 48 g/L was obtained for HTC RAW 223 PW after two 

cycles, HTC PE RAW 223 PW rose steadily from 26.97 to 56.33 g/L across the first four 

runs (decreasing slightly to 53.60  g/L at the end of the fifth run). Such trends in TOC 

and COD have been reported in similar recirculation studies, necessitating treatment of 

process water via anaerobic digestion prior to eventual environmental discharge [47, 50, 

51].  

Recirculation of HTC process water advantageously enhanced the energetic properties 

of char products, particularly those derived from the NaOH pre-treated feedstock, and is 

therefore a viable method to reduce the energy expenditure and effluence of operations. 

Due to exhibition of higher oxidative stability, ignition temperatures and lower burnout 

temperatures relative to unextracted chars, retention of HTC 223 PE RAW primary chars 

for combustion should be maximised through PW recirculation for two cycles. Utilisation 

in fertigation treatments of lettuce and as a pesticide highlight the potential to valorise 

HTC process water beyond recirculation [52, 53].  

 

Fig 4.1-11 pH of process water from each HTC recirculation experiment using SCG 
(RAW) or alkaline pre-treated (PE RAW) feedstock at 0 number of recirculations. 

 



150 
 

 

 

Fig 4.1-12 Concentrations of process water components across five HTC recirculations 
using SCG (RAW) and PE RAW feedstocks.  
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 Conclusions 

HTC is a viable method of increasing energy density of spent coffee grounds, producing 

a highly suitable solid fuel. For commercial viability however, the composition of nitrogen, 

which is linked to NOx emissions upon combustion, must be reduced. In this 

investigation, an alkaline pre-treatment (PE RAW) and three HTC regimes, optimised for 

maximum HHV (HTC 260), char yield (HTC 217) and both criteria (HTC 223 were 

employed to produce novel SCG fuels with enhanced combustion and compositional 

properties. Retention of SCG hydrochar (HTC PE RAW) with HHV (32.74- 36.62 MJ/kg), 

hydrochar yield (21 – 50 %) and N %wt (0.2 – 0.54 %) was achieved. Results show the 

influence of process parameters, including the pre-treatment, on char composition and 

thermal behaviour: HTC PE RAW chars consistently displayed higher HHVs, fuel ratios 

and burnout temperatures than untreated analogues (HTC RAW) across the studied 

regimes. An upgrade of thermal behaviour, via extraction of hydrochars into primary and 

secondary char products, gave primary chars with increased ignition temperatures and, 

for HTC PE RAW PC, lower burnout temperatures, and higher combustion reactivities 

relative to unextracted chars. Additionally, recirculation of the process water, to decrease 

environmental effluence and total amount of water used in HTC operations, beneficially 

increased the HHV, energy yield and solid yield of the unextracted hydrochars. Primary 

and secondary char composition initially favoured primary char for both HTC RAW and 

HTC PE RAW hydrochars, with primary char yield maximised after cycle 2 and 1 

respectively. Thus, process water recirculation is a useful tool to simultaneously improve 

efficiency and retention of a superior primary char fuel product from the HTC of SCG.  
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 Supplementary Information 

 

 

 

Fig S4.3-1 HHV vs Atomic C % composition of HTC RAW and HTC PE RAW parent, 
primary and secondary chars across all regimes 

 

 

Fig S4.3-2 Elemental composition of RAW SCG hydrochars after recirculation of process 
water for 5 cycles 
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Fig S4.3-3 Elemental composition of PE RAW hydrochars after recirculation of process 
water for 5 cycles 
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Fig S4.3-4 SEM Micrographs of SCG (RAW) hydrochars at 2000x magnification. Scale 
bar is 20 µm 

HTC 217 RAW  HTC 217 RAW PC  

HTC 223 RAW  HTC 223 RAW PC  

HTC 260 RAW  HTC 260 RAW 
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Fig S4.3-5 SEM Micrographs of alkali pre-treated SCG (PE RAW) hydrochars at 2000x 
magnification. Scale bar is 20 µm 

HTC 217 PE RAW HTC 217 PE RAW PC 

HTC 223 PE 

RAW 

HTC 223 PE RAW PC HTC 223 PE RAW  

HTC 260 PE RAW  HTC 260 PE RAW  
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Chapter 5 Biostimulants and soil 

amendments from hydrothermal processing 

spent coffee grounds 
 

This chapter addresses the final thesis objective of investigating and developing novel 

applications for the biorefinery products presented, specifically as horticultural 

amendments. SCG-based substrates continue to be modelled as potential growing 

media and, whilst reports of enriched mineral content and antioxidant activity of crops 

promote their use, stunted biomass accumulation due to phytotoxic polyphenolic 

components of SCG are clear drawbacks. Due to the process of hydrothermal 

carbonisation and post-treatment secondary char removal, primary chars are a 

promising SCG-based substrate for soil amendment, exhibiting moderate fixed carbon 

content (30 – 40 %) and reduced concentration of allelochemicals compared to the SCG 

feedstock. Therefore, primary chars derived from both raw and alkaline pre-treated SCG 

were evaluated for their effect on supporting the growth of Arabidopsis Thaliana 

(Arabidopsis) in a climactic chamber study. 

As a model plant, Arabidopsis was deemed a suitable specimen for the soil amendment 

trial for its defined development stages and relatively facile growing conditions. An 

agricultural soil (topsoil) was selected for relevance to commercial interests but also to 

provide environmentally stressed conditions for Arabidopsis, which preferentially grows 

in peat-based media. Thus, the application of SCG primary chars to topsoil would 

determine their efficacy at supporting growth under abiotic stress, and potentially 

demonstrate their utility as peat substitutes for the cultivation of Arabidopsis.  

As a final product of a multi-step process, the low yields of primary char (10 - 40 %) 

required adjustment of the HTC platform to provide adequate material for the required 

topsoil-primary char composites under study. Experiments were scaled up by 4- just 

within the capacity of the 300 mL batch reactor and base molarity of the alkaline pre-

treatment was reduced to 1M. Use of 1M NaOH would increase yields of PE SCG by 15 

% yet reduce N to a similar degree of the previously used concentration of 2M (0.19 vs 

0.2 2%, (table S3.3-1, 3.3 supplementary information). The extraction step was included 

for future investigations of the protein hydrolysate as biostimulants. 
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SCG based biostimulants are a novel concept and the second part of this study 

examined the potential of enzymatic hydrolysates as biostimulants in several assays. 

Enzymes are widely used to produce commercial biostimulant formulations due to 

preservation of amino acid stereochemistry and labile components that may be 

destroyed by acid or base hydrolysis. For this proof-of-concept study, enzymes were 

employed to scope whether SCG protein hydrolysates would exhibit stimulatory activity. 

The results would then inform further development using more economic hydrolysis 

methods. A selection of enzymes were used to generate a range of protein hydrolysates, 

whose stimulatory effect on the growth of Saccharomyces cerevisiae and germination of 

Arabidopsis were determined, along with auxin-like activity. 

 

This chapter is submitted in an alternative thesis format in line with Appendix 6A of the 

“Specifications for Higher Degree Theses and Portfolios” as required by the University 

of Bath. This work was submitted for publication. 
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Abstract 

The direct use of spent coffee grounds (SCG) for horticulture has been demonstrated to 

have deleterious effects on plant health and yields, suggesting that processing of the 

SCG is necessary prior to field application. In this investigation methods in which the 

phytotoxicity of SCG can be overcome were explored, within the biorefinery concept, to 

support higher plant growth. Two products of an SCG based biorefinery were 

investigated: primary chars from the hydrothermal carbonisation (HTC) of SCG and an 

enzymatic protein hydrolysate. The primary chars were produced under mild (T = 217 

°C, t = 1 h), moderate (T= 223 °C, t = 2.75 h) and severe (T = 260 °C, t = 4.5 h) regimes, 

from both raw SCG, and SCG that had previously undergone protein extraction. 

Preliminary soil-less petri-dish germination assays using land cress (Barbarea verna L.) 

were conducted to risk assess the toxicity of the primary chars: a maximum 35 % 

increase in root length relative to the control was measured for the primary chars 

produced from the raw SCG under moderate HTC conditions at a 20 t ha -1 loading. 

Subsequently all primary chars were evaluated for their ability to support plant growth 

under soil stress conditions in a growth trial using Arabidopsis thaliana; primary chars 

were applied to sandy-loam topsoil at 0, 20, 50 and 100 t ha -1 and growth characteristics 

of plants were measured 28 days after planting. Outstanding performances were 

recorded at 100 t ha -1 for primary chars from the severe regime relative to the control, 

for example the primary chars produced from the protein extracted SCG gave increases 

of 531, 118, 2726 and 976 % for rosette diameter, leaf number, fresh and dry weight 
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respectively, relative to the control. Finally, hydrolysates from enzymatic treatment of 

SCG were investigated as potential biostimulants. Whilst several extracts gave a similar 

performance to the YPD control media and a commercial biostimulant in the growth of 

Saccharomyces cerevisiae, an extract from Bacillus lichenformis proteolysis (where 

glycine was present at 47 % of total free amino acids) gave 140 % increase in 

Arabidopsis seeds with expanded cotyledons relative to the control under normal and 

cold conditions. Auxin-like activity was also measured in the extracts. This work furthers 

the precedence of cascade process design in order to fully utilise a major waste stream. 
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 Introduction 

Treatment of soil with carbonaceous material such as biochar is a traditional strategy 

towards ameliorating soil quality. Biochars are highly carbonised polyaromatic solids 

produced from biomass pyrolysis under inert or partially oxygenated conditions (T = 300 

– 700 °C) or gasification. More recently hydrochars, the slurry product from the 

hydrothermal carbonisation (HTC) of biomass under comparatively milder processing 

conditions (T = 180 – 260 °C) in up to 95 % vol water, have been highlighted as suitable 

soil amendments. Typically, hydrochars are produced from biomass with high moisture 

content such as algae, food waste, sewage sludge and spent coffee grounds. 

Morphological and physicochemical properties are influenced by feedstock and 

processing conditions, yet differ vastly between char types: the surface of hydrochars 

feature a volatile spherical secondary char phase condensed within a porous fibrous 

primary char network, as well as relatively lower ash contents [1]. However, the volatile 

phase is attributed to the observed phytotoxicity of hydrochar, necessitating post-

treatments such as composting and thermal processing prior to soil application [2-4]. As 

horticultural substrates, both hydrochars and biochars have been highlighted for 

improving the nutrient uptake, water holding capacity, N-retention, and crop productivity 

[5-7]. In terms of sustainability, production of hydrochars and biochars beneficially utilises 

waste streams from the agricultural, industrial, food-processing, and municipal sectors 

as well as promoting carbon sequestration [8, 9]. 

Whilst bio/hydrochars are noted soil improvers, biostimulants are an emerging class of 

horticultural substrates which, when applied to plants, increase crop quality, nutrient 

efficiency and stress tolerance [10]. Biostimulants can be used along with or as 

substitutes for fertilisers and are thus a sustainability measure against the wholesale use 

of fossil-based agrochemicals. Originating from biological sources, biostimulants are 

defined by their function rather than composition, where natural processes of the plant 

are supported and stimulated by extracts derived from plant and microbial sources. 

Though formulations may include essential plant nutrients, growth regulators or 

phytoprotective components, biostimulants are distinguishable from fertilisers and soil 

amendment by the emergent action of synergistic components and are nonetheless 

applied to the foliar or rhizosphere in doses low enough (typically less than 5%) to negate 

a fertiliser effect [11, 12]. 

Non-microbial biostimulant formulations typically include protein hydrolysates (PH), 

humic acids and seaweed extracts. PHs are predominately comprised of free amino 

acids and peptides and are extracted from animal or plant agro-industrial by products via 
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chemical or enzymatic hydrolysis. Proteolytic enzymes are advantageous over chemical 

hydrolysis as their use prevents racemisation of amino acids in addition to preserving 

acid/alkaline/heat labile components such as tryptophan and oligosaccharides and 

vitamins [13]. When applied to the foliar or rhizosphere of plants, a legume- based protein 

hydrolysate biostimulant ‘Trainer®’ has reportedly improved nutrient uptake and fresh 

yield of crops such as spinach corn, tomatoes and dwarf peas through promotion of auxin 

and/or gibberellin-like activity [14, 15]. 

Spent coffee grounds (SCG), the solid residues of the beverage brewing process, have 

been investigated for their effect on the yield and nutrient profile of several plants and 

crops. However, the presence of low molecular weight polyphenols, condensed tannins 

and alkaloids such as caffeine are purportedly responsible for the anti-nutritional and 

anti-physiological effects on crop productivity when fresh SCG is directly applied to soils 

[16]. This inhibitory effect on growth is somewhat ameliorated by a concomitant increase 

in micronutrients brought about via chelation of minerals by SCG melanoidins and 

polyphenols. A recent investigation by Mata et al sought to mediate between the 

decreased productivity/increased nutritional quality observed for an SCG bio-

amendment by reducing phytotoxic constituents prior to soil amendment, so-called 

‘stabilisation’. However, it was discovered that whilst high temperature biocharization, 

vermi-composting and composting significantly reduced the polyphenolic content of the 

bio-amendments, imparting improved yields relative to fresh SCG controls, the Zn, Fe 

and Cu content of lettuce were reduced substantially. The authors recommend 

development of mixtures of fresh or pre-treated SCG with NPK fertilisers to maximise 

crop yield and nutritional quality. A subsequent study by the same group, working within 

the circular economy framework, found that an enriched presence of polyphenols in 

hydrochar products from the HTC of SCG replicated inhibitory behaviour observed for 

fresh SCG- with greater potential for mobilization of mineral elements [17, 18].  

In this investigation, a previously reported SCG-based biorefinery was modified and two 

major products were utilised to yield SCG-based substrates for horticultural amendments 

(fig 5.1-1) [19]. Specifically, SCG hydrochar products derived from untreated and alkaline 

pre-treated SCG feedstocks were assessed for their influence on the germination of 

Barbarea verna L. (land cress) and rosette growth of Arabidopsis Thaliana. To the best 

of our knowledge, this is the first study to explore SCG primary hydrochars as soil 

amendments. In addition, inclusion of an enzymatic hydrolysis step within the biorefinery 

for production of an SCG protein hydrolysate (SCG PH) biostimulant was explored. 

Biostimulant potential was assessed through performance of SCG PH in the continuous 
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growth of Saccharomyces cerevisiae, germination of Arabidopsis under cold and normal 

growth conditions and auxin-like activity.  
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Fig 5.1-1 Spent coffee grounds biorefinery scheme where enzymatic and alkaline hydrolysis pre-treatment platforms are integrated with 
hydrothermal carbonisation and a solid-liquid extraction post-treatment for production of several outputs. Shaded shapes denote process outputs 
that have undergone product development in this study; horticultural amendments of this study are in bold-type whilst underlined are previously 
explored products by this group [20]
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 Materials and Methods 

  Raw materials and Chemicals 

Spent coffee grounds (SCG) feedstock were supplied by bio-bean at 6.79 % moisture 

content as received and stored at 4 °C until use. Sandy-Loam topsoil was supplied by 

Melcourt (Topsoil™ Blended Loam). Arabidopsis thaliana ecotype Col-0 was used in 

climatic chamber trial and seed germination assays (sections 3.1.3 and 3.2.2 

respectively). Protex enzymes were supplied in a screening kit by ChiralVision B.V. 

Sacharromyces cerevisae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was grown 

in bioassays with enzymatic protein hydrolysates. Barbarea verna L. (land cress) seeds 

were supplied by Unwins Seeds Ltd.  

SCG, pre-treated SCG, hydrochar and primary char moisture content was determined 

using a thermogravimetric mass analyser (TGA, Setaram Setsys Evolution TGA 16/18) 

with the following program: samples were heated to 105 °C (ramp rate = 20 °C/ min) and 

held for 35 min under argon atmosphere. Weight loss during this period was interpreted 

as the evaporation of water within the solid matrix, expressed as a percentage of the 

starting material. Duplicate analyses were made.  

Bridgeway was supplied by Interagro UK Ltd; all other reagents and chemicals were 

supplied by Sigma Aldrich or Fisher Scientific and were reagent or analytical grade.  

 

 SCG-based Soil Amendments 

Hydrothermal Carbonisation regimes pre- and post-treatments 

Alkaline pre-treatments were conducted as follows:  30 – 40 g of SCG and 300 -400 mL 

of 1 M NaOH were heated at 95 °C for 4 h. After each extraction, solids were retained 

and washed with deionised water until filtrate ran clear. Solids were dried at 60 °C for 72 

h and stored at room temperature until further analysis and utilisation in HTC 

experiments.  

HTC experiments were carried out according to a previous investigation, using a 300mL 

Hastelloy high-pressure bench top stirred reactor with thermocouple and PID 

temperature controller (Parr Instruments Company, Illinois, USA) [20]. HTC regimes 

were as follows: HTC 217 (T = 217 °C, t = 1 h); HTC 223 (T = 223 °C, t = 2.75 h); HTC 

260 (T = 260 °C, t = 4.5 h). SCG (20 g) were loaded with 200 mL deionised water into 

the reaction vessel, which was sealed and heated to desired run temperatures 
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(approximate ramp time was 45 minutes). Residence time was taken once internal 

temperature had reached the desired run temperature. After runs, solids were filtered off, 

(Fisherbrand® QL100 papers), and mass and pH of the aqueous phase was immediately 

recorded. Liquids were stored at -21°C, solids were dried at 60 °C for 48 h, weighed and 

stored at room temperature. 

Primary chars were retained from hydrochars using methanol/ acetone (50:50 v/v) 

extraction of secondary chars. Solvents were applied until filtrate ran clear, after which 

solids were dried at room temperature and then at 60 °C for 16 h. Secondary chars were 

retained through solvent removal under reduced pressure and were subsequently dried 

at room temperature. Chars were weighed and stored at room temperature. 

SCG, PE and HTC solids were characterised via proximate and ultimate analysis. 

Ultimate analyses of carbon, hydrogen, nitrogen content were carried out according to 

BS EN ISO 9001:2015- oxygen content was determined by difference. Moisture content, 

proximate analysis of fixed carbon (FC), volatile matter (VM) and ash content, was 

carried out using a Setaram Setsys Evolution thermogravimetric (TGA) 16/ 18 analyser 

as previously reported.[21] Argon (moisture content and VM) and air (FC) carrier gases  

(flow rate = 50 mL/ min) were used along argon protective gas (20 mL/min). For each 

analysis: 10 -20 mg of sample was loaded into an alumina crucible, and the sample was 

heated under Ar to 105 °C at a rate of 20 °C /min, where it was held for 30 min to allow 

for the complete evaporation of moisture. The sample was then heated to 900 °C at 16 

°C/min under Ar, held for 7 min (VM), followed by an isotherm in air at 800 °C for 30 min 

(FC).  

Soil less Petri Dish assay  

Alkali pre-treated SCG (PE), SCG and primary char products were sieved (<355 µm 

screen) and added at 0 (control), 0.25, 0.5, 1.0 and 2.0 g dose rates (equivalent to 0, 5, 

10, 20 and 40 t ha -1  volume basis at  10 cm soil depth, assuming a bulk density of 1.6 g 

cm-3) to petri dishes containing filter paper. After surface sterilization with hydrogen 

peroxide (30 % w/w) for 15 mins and rinsing with 3 volumes of deionised water, 10 land 

cress seeds were evenly distributed within the solids before addition of 20 mL sterile 

deionised water. Dishes were covered and incubated in the dark at 25 °C for 7 days. 

Number of germinated seeds and root lengths were then recorded, and each experiment 

was carried out in triplicate. Germination rate was calculated as proportion of germinated 

seeds out of total seeds, expressed as a percentage. 
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Atomic absorption or inductively coupled plasma (ICP) analysis were used to 

characterise elemental composition (Ca, Mg, Mn, B, Cu, Fe, Zn, P, Na, K) and cation 

exchange capacity in topsoil and 100 t ha -1 topsoil- SCG PC blends. Organic matter and 

nitrogen content was determined by Dumas method using CNS analyser. pH, electrical 

conductivity (EC) and all analyses were conducted in a UKAS accredited lab (Lancrop 

Laboratories). 

Arabidopsis thaliana Growth Trial 

Blends of SCG primary chars and topsoil (< 6 mm particle diameter, bulk density = 1.2 g 

cm-3) were prepared at 0, 10, 20, 50 and 100 t ha -1, thoroughly mixed and 60 g of each 

blend was added to a cell of a 15 cell seed tray. After saturating blends with water, 

previously 3-day cold-stratified Arabidopsis Col-0 seeds were sown in each cell (x 3) and 

trays were placed in climatic chambers with the following parameters: 16 hours light at 

120 µmol/s, 21 °C. Adequate soil moisture was maintained through daily watering and 

after five days, number of seeds per cell was reduced to one. Arabidopsis were grown 

for 28 days after which rosettes were harvested and leaf number, rosette diameter, fresh 

and dry weight were measured. Experiments were conducted in triplicate. 

 

 SCG- based Biostimulants 

Enzymatic hydrolysis of SCG 

SCG PH were obtained in enzyme screening experiments as follows:  5 mL of proteolytic 

enzyme was added to 0.5 g of SCG and after optimal temperature (given by supplier) 

was reached, hydrolyses were carried out for 1 h. pH was recorded before and during 

hydrolyses, and 0.5 M NaOH was added until a constant pH was measured. Volume of 

pH was recorded and used in the pH stat method to calculate degree of hydrolysis (DH). 

After 1 h, enzymes were denatured by heating mixture to 90 °C and solids were filtered 

off. Initial filtrate mass and mass after drying at 95 °C to constant weight were recorded.  

Degree of hydrolysis is the percentage of cleaved peptide bonds (h) out of the total 

available peptide bonds in a sample(htot), Eq. 1:  

!"	(%) = !""	$
$!"!

   (1) 

DH is calculated using Eq. 2: [22] 

!"	(%) = !""∙&#∙'#	
(∙)*∙$!"!

   (2) 
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Where:  Vb and Nb are the volume in mL and normality of base used; α is the average 

degree of dissociation of the NH groups (calculated using eq. 3 and 4); MP is the mass 

of protein in g; htot is the total number of peptide bonds in a protein substrate in meqv/ g 

protein (eq. 5). 

pH and temperature dependent constant, α, is calculated as follows:  

 ( = 	 !"%&'%()
!+	!"%&'%()  (3) 

Where pKa is estimated using Eq. 4 [23]: 

)*+ = 7.8 +	,-./	0,-.0 ∙ 2400 (4) 

htot is calculated based on the amino acids in the sample, according to Eq. 5[24] : 

ℎ121 =	∑6 3(55)*
7('++)*∙8,

∙ !"""
)-(55)*

7 (5) 

Where: ω(AA)i is the amino acid individual mass fraction (mg/ g); Mr(AA)i is the amino 

acid molecular mass (g/mol); NAAi is the mass of N in the amino acid (mg/g); fn  is the 

nitrogen-to-protein conversion factor, which for SCG is 7.79 [19]. 

In this work htot was calculated as 8.74 meqv/ g protein. 

Free amino acids in SCG PH were quantified using an Agilent QTOF 6545 with Jetstream 

ESI spray source coupled to an Agilent 1260 Infinity II Quat pump HPLC. 

Chromatographic runs were carried out using an Agilent InfinityLab Poroshell 120 HILIC-

Z 2.1 x 100 mm, 2.7 µm column, with 1260 autosampler and variable wavelength 

detector (VWD). Run methods were as previously published [19]. 

Continuous growth of Saccharomyces cerevisiae in SCG PH 

Yeast and Arabidopsis assays were adapted from a previously published procedure [25]. 

96-well microplate assays were used to monitor the continuous growth of S. cerevisiae. 

Overnight liquid cultures of yeast in yeast extract, peptone and dextrose media (YPD) 

were diluted to initial OD600 measurement of 0.01 and added to wells containing 5 % (v/v) 

SCG PH or Bridgeway solutions in YPD or YPD only (control). Final concentration of 

yeast was 1 % (v/v). OD600 measurements were recorded at 30 °C, every 30 minutes for 

4 days using a FLUOstar Omega microplate reader. Growth rates and max OD data 

were processed using GrowthRates version 4.0 (Bellingham Research Institute). Assays 

were conducted in biological and technical triplicates.  
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Arabidopsis Germination Trials 

 MS-solid agar medium (containing 0.8% phytoagar, Murashige and Skoog (MS) basal 

salt mixture (0.4%), sucrose (1 %) and 10 mM MES (2-(N-morpholino) ethanesulfonic 

acid buffer, adjusted to pH 5.5 with Tris base (tris(hydroxymethyl)aminomethane)) was 

prepared, sterilised and added to a petri dish (19.8 mL). Prior to jellification, sterile 

aliquots of SCG PH or Bridgeway were added at 1 % (0.2 mL, v/v) and evenly distributed- 

the control was MS-solid medium only (20 mL). Previously surface sterilised Arabidopsis 

seeds (using 30 % hydrogen peroxide) were emerged in a 0.1 % agarose solution and 

approximately 100 seeds were uniformly dispensed in each petri-dish. After cold 

stratification at 4 °C for 3 days, plates were incubated in the dark at 25 °C for 9 days 

(normal conditions) or at 10 °C for 13 days (cold conditions) and number of seeds with 

expanded cotyledons were subsequently recorded.  

 Auxin-like activity assay  

Auxin assays were carried out using land cress seeds, according to a published 

procedure, based on the Audus test [26]. After surface sterilisation, 10 land cress seeds 

were distributed on a filter paper placed in a petri-dish and 1.2mL of 1 mM CaSO4 

(control) or indoleacetic acid (IAA; 10, 1, 0.1, and 0.01 ppm solutions) or serially diluted 

SCG PH and Bridgeway (3 concentrations) were added. Seeds were incubated in the 

dark for 3 days after which root length of germinated seeds were measured and 

expressed relative to the control. Experiments were conducted in triplicate. 

 

 Statistical Analysis 

One- way analysis of variance (ANOVA) or General Linear Model were used to 

determine statistically significant differences between group means at 5 % significance 

level. Procedures and post-hoc tests (Dunnett, Tukey and Games-Howell) were all 

carried out using Minitab software (version 18).  
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 Results and Discussion 

 

 SCG solids as soil amendments 

 Characterization of SCG and SCG derived bio-amendment 

SCG hydrochars were produced from the HTC of raw SCG or alkaline pre-treated SCG 

(PE SCG), in which 1M NaOH was used to isolate a protein extract and reduce N content 

(fig 5.1-2), as adapted from our previous work [20].  Mild (T = 217°C , t = 1 h), moderate 

(T = 223 °C , t = 2.75 h) and severe (T = 260 °C  , t = 4.5 h) regimes were used to process 

raw SCG into hydrochars with modified physicochemical properties. Primary chars were 

extracted from crude hydrochars using methanol/acetone (50/50, % v/v). This polar 

extraction removed the volatile secondary char phase, in which phytotoxic such as 

polyaromatic hydrocarbons components are expected to accumulate [27].  

 

 

Fig 5.1-2 Simplified scheme of cascade processes used to produce primary chars for 
spent coffee ground (SCG) based soil amendments. Shaded are the SCG and alkaline 
pre-treated feedstocks for hydrothermal carbonisation under three regimes. 

 

The compositional data illustrates the increase in C and fixed carbon (FC) as a result of 

the hydrothermal carbonisation of SCG (table 5.1 1). Primary chars are composed of 

lower volatile matter and lower O content relative to their SCG or alkaline extracted PE 

SCG feedstock. HTC is therefore a good strategy for stabilising carbon and increasing 

the carbon sequestration potential of second generation (waste) biomass before release 

into the environment. During HTC biomass is converted into a more carbonaceous char 

via two pathways. A complex network of hydrolysis, dehydration and decarboxylation 

reactions degrade the hemicellulose and cellulose fractions of the biomass into gas 

(mostly CO2) and labile components such as 5-HMF and furfural and organic acids. 

These reactive intermediates accumulate in the aqueous phase and undergo 

condensation, polymerisation and aromatization reactions to form liquid biocrude or 
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secondary char deposits within the pores of the unconverted solid (primary char) [28].  

As previously reported, the most severe regime (HTC 260) produced chars with the 

greatest C and lowest O contents, yet for the primary char produced at 260 °C from the 

raw feedstock, fixed carbon was lower and volatile matter was higher than the chars 

produced from raw SCG under mild and moderate regimes. This can be attributed to the 

greater extent of degradation afforded by the higher temperature (namely, the crystalline 

structure of cellulose degrades at 220 °C) and longer duration of the regime. Retention 

of the lowest crude hydrochar yield of 49 % in the most severe regime (vs 63% and 55 

% for crude hydrochar products of HTC 217 and 223 respectively) and greatest 

secondary char yield signifies a higher conversion of biomass into a volatile phase. 

Whilst no significant difference in volatile matter and fixed carbon was observed for chars 

produced from alkaline pre-treated SCG across all the HTC regimes, the proportions 

were reversed in comparison to the untreated analogues. This is presumably a result of 

the disruptive action of NaOH on the morphology of SCG via degradation of polymeric 

sugars or removal of N containing components (including proteins, peptides and free 

amino acids) and fatty acids via saponification. A more porous, open structure is 

observed for the alkaline pre-treated SCG, aiding the proliferation of biomass 

fragmentation into comparatively more reactive char products [19, 20]. 

The C/N ratio of a bio-amendment can indicate its potential to mobilize soil N, with ratios 

lower than 30 linked to greater rates of nitrification, denitrification and nitrate 

ammonification, depending on the biological availability of C [29]. Consequently, 

application of organic amendments can influence plant nutrient availability and soil N2O 

emissions [30].  For carbon sequestration, C/N ratio is the most significant biochar 

property impacting native soil organic carbon decomposition [31]. The C/N ratio of all 

primary chars produced from raw SCG feedstock averaged at 17.96: this is almost 7.5-

fold lower than the only statistically significant char produced from the pre-treated SCG 

feedstock (217 PE primary char, C/N ratio = 135.67, table 5.1-1). Thus, the pre-treatment 

is a potential strategy for tuning applications of SCG hydrochars where, depending on 

the soil type, longer incubation periods with PE chars may favour long term carbon 

storage and soil conditioning. However, the presence of moderate levels of volatile 

matter may stimulate soil microbial activity, incurring short term GHG emissions [32]. 

With their low C/N, the chars produced from the raw SCG, may perform better as soil 

fertility enhancers and growing media components by increasing soil N stores. 

Additionally, the acidic pH of the primary chars may indicate suitability as ameliorants of 

alkaline soils. 
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Table 5.1-1 Compositional properties of SCG, alkaline extracted SCG (PE SCG) and corresponding primary hydrochars produced under different 
HTC regimes. Values are on reported on a dry basis (mean ± sem, n= 3) 

 217 RAW PC 223 RAW 
PC 

260 RAW 
PC 217 PE PC 223 PE PC 260 PE PC RAW SCG PE SCG 

C (%) 60.45 ± 0.87 66.07 ± 0.16 72.90 ± 0.07 51.21 ± 0.37 58.06 ± 0.30 73.70 ± 0.07 54.58 ± 0.25 47.68 ± 0.23 
H (%) 5.63 ± 0.18 5.64 ± 0.20 5.82 ± 0.10 6.21 ± 0.65 5.86 ± 0.18 5.73 ± 0.10 7.63 ± 0.22 7.32 ± 0.21 
N (%) 3.36 ± 0.37 3.69 ± 0.27 4.06 ± 0.20 0.38 ± 0.06 0.65 ± 0.12 0.84 ± 0.04 2.47 ± 0.27 0.22 ± 0.02 
Oa 

30.57 ± 0.00 24.60 ± 0.00 17.23 ± 0.00 42.21 ± 0.00 35.42 ± 0.00 19.73 ± 0.00 35.32 ± 0.00 44.79 ± 0.00 
FC (%) 61.05 ± 0.85 61.63 ± 0.23 54.86 ± 0.38 34.78 ± 0.30 34.97 ± 0.42 37.28 ± 0.18 25.24 ± 0.15 28.70 ± 0.98 
VM (%) 34.49 ± 0.52 36.20 ± 0.47 44.20 ± 0.33 64.09 ± 0.21 65.00 ± 0.19 61.65 ± 0.13 72.15 ± 0.48 65.15 ± 0.39 
Ash (%) 6.56 ± 0.37 7.12 ± 0.70 5.07 ± 0.71 5.97 ± 0.50 3.92 ± 0.62 4.41 ± 0.05 9.89 ± 0.33 10.87 ± 0.61 
Moisture 
Content (%) 4.84 ± 0.05 4.72 ± 0.03 3.97 ± 0.04 4.62 ± 0.05 3.75 ± 0.01 3.24 ± 0.01 6.79 ± 0.08 4.50 ± 0.16 
C/N 17.99 ± 2.01 17.91 ± 1.33 17.97 ± 0.89 135.67 ± 21.90 88.71 ± 16.13 88.04 ± 4.36 22.12 ± 2.43 216.82 ± 23.81 
pH 3.88 ± 0.02 3.97 ± 0.03 4.40 ± 0.02 3.67 ± 0.12 3.77 ± 0.07 3.58 ± 0.01 − − 

 aCalculated by difference  
− Not determined 
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Petri-dish toxicology tests 

A preliminary soil-less petri-dish assay was undertaken to rapidly determine the 

toxicology of SCG and its process derivatives on the germination of Lactuca sativa L. 

seeds. SCG (RAW), alkaline pre-treated (PE) SCG, crude SCG hydrochars and primary 

chars were modelled as potential bio-amendments. Excluding hydrochars produced from 

the most severe HTC regime, 260 PE and 260 RAW, all untreated hydrochars exerted a 

deleterious effect on seed germination (fig s5.2-1, supplementary information). This 

result corroborates with previous studies, where the presence of polyphenolic 

allelochemicals are attributed to the inhibitory effect of SCG bio-amendments on plant 

biomass growth [16-18, 33]. It is thought that polyphenolic components such as 

chlorogenic acid (CGA) are phytotoxic through mechanisms including interference with 

plant metabolic pathways,  membrane cell oxidation and immobilisation of soil N and P 

[18]. Caffeine may also present allelopathic activity through prevention of N 

mineralization [34]. Yet, SCG polyphenols are thought to enhance mineral uptake of 

crops through their binding capacity [35]. As hydrochars consist of both a primary and a 

secondary char phase, where identified secondary char constituents are allelochemicals, 

removal of this phase should reduce the observed inhibition of germination and root 

development [36, 37]. Crude unextracted SCG hydrochars were therefore excluded from 

further study.  

An additional soil-less petri dish assay assessed the dose-response relationship of the 

SCG-based substrates with the germination and early seedling growth of land cress 

(Barbarea verna L.) One-way analysis of variance (ANOVA) and Dunnett’s post-hoc test 

identified the effects of each application rate relative to the control (dose rate = 0 t ha-1) 

at p < 0.05 significance level. With the exception of 260 PE at the highest dose rates (20 

and 40 t ha-1), all primary chars and the pre-treated feedstock stunted root development 

relative to the control (fig 5.1-3). Raw SCG either depressed or had no effect on root 

length at dose rates of 10 and 40; 5 and 20 t ha -1 respectively. A statistically significant 

positive result was recorded only for 223 RAW (20 and 40 t ha-1) and 260 RAW (40 t ha 
-1), where the greatest stimulatory effect of 35 % was recorded for 223 RAW at 20 t ha-1. 

Seed germination rates (were generally reduced or unchanged relative to the control 

(average = 75 %), except for chars from the moderate and severe HTC regimes. At the 

highest application rate 223 RAW improved germination by 22 %, whilst doses of up to 

20 t ha-1 of 223 PE and both 260 primary chars were stimulatory for cress seeds (max = 

56 % for 260 PE at 20 t ha-1). Results observed for 223 and 260 primary chars are the 
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first positive indication of the potential of SCG hydrochars as horticultural amendments. 

Subsequently a climactic chamber trial assessing the effect of the SCG PCs on the 

growth of Arabidopsis thaliana (Arabidopsis) in topsoil was carried out. 
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Fig 5.1-3  Root length (left) and germination rate (right) of land cress seedlings treated with spent coffee grounds (SCG), alkali pre-treated SCG 
(PE) and corresponding primary chars from the hydrothermal carbonisation of the feedstock under three process regimes. Five application rates 
of solids (0, 5, 10, 20 and 40 t ha-1) were used in soil-less petri-dish assays and ANOVA and Dunnett’s post hoc test identified responses 
significantly different from that of the group control mean (p<0.05). Bars of significant responses are labelled. 
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 Arabidopsis Thaliana Climatic Chamber Trial 

Effect of SCG PCs on topsoil chemical and physicochemical properties 

For the growth trial a commercially available, peat free, sandy-loam topsoil (TS, texture 

= 44 % silt, 14 % clay and 42 % sand) was used to monitor hydrochar application under 

agriculturally relevant conditions. Arabidopsis is a widely adopted model specimen for 

agricultural biotechnology and is conventionally cultivated in peat-based media in 

laboratory settings. Compared with peat-free media, the peat-based media resulted in 

higher biomass accumulation, seed yield and lower susceptibility to fungal infection 

(table s5.2-1, supplementary information) [21]. Yet, extraction of peat is associated with 

GHG emissions and destruction of natural peatland habitats. In line with the overall 

sustainability research arch, we explored the viability of spent coffee grounds as an 

amendment for peat-free media to support vegetative growth of Arabidopsis. Thus, the 

performance of SCG primary chars as soil ameliorants was modelled by cultivating 

Arabidopsis under environmentally stressed conditions.  

The physicochemical and chemical properties of the topsoil control and topsoil treated 

with SCG primary chars at application rates of 100 t ha-1 are displayed in Table 5.1-2. 

Organic Matter and Organic Carbon (OC) were uniformly significantly improved (p < 

0.05) by all primary chars, with the highest numeric values obtained by the primary chars 

produced from the raw SCG (50 % average increase). This result corroborates with the 

higher fixed carbon and C observed in the characterisation data (table 5.1-1). Similarly, 

C:N ratios were improved significantly by the primary chars produced from the protein 

extracted feedstock, with the highest (12.54) obtained by topsoil amended with primary 

char produced at 223 °C (223 PE PC). In terms of nutrients, SCG primary chars 

somewhat reduced concentrations, however significant results were only obtained for K 

and Mg macronutrients with topsoil including the primary char produced from raw SCG 

at 260 °C (TS = 2263 and 260 ppm; TS + 260 RAW PC = 1828 and 214 ppm 

respectively). Presumably the relatively low ash content of the hydrochars table 5.1-1) 

impacted mineral content, where incorporation into topsoil reduced nutrients proportional 

to weight percentage. 

Compared with a commercially available peat-based media (Fig S5.2-2, supplementary 

information), the topsoil used here had a slight alkaline pH (7.9; peat-based media= 5.6) 

that was unaffected by primary char application. Ca, Fe, K and Na are present up to 8-

fold higher in concentration in the topsoil versus the peat-based media, whilst Mg was 4-

fold higher in the commercial peat-based media. The optimal performance of Arabidopsis 

in peat-based media (Fig S5.2-2, supplementary information) could be influenced by 
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nutrition: root system architecture is modulated by mineral availability, where deficiencies 

promote the development of longer systems [38]. N also impacts morphological traits 

and developmental phase transitions of Arabidopsis ecotypes [39].  The peat-based 

media’s sandy texture (98 %) and lower pH may also impact water holding capacity, 

nutrient mobility and uptake in a manner supportive of plant development [40, 41]
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Table 5.1-2 Effect of spent coffee ground primary chars (PC) on commercial topsoil (TS) chemical and physicochemical properties at 100 t ha-

1- application rates (mean ± SEM, n= 3). Samples are labelled according to HTC temperature (217, 223 or 260) and raw SCG (R) or alkaline 
extracted (PE) feedstock 

1Organic Matter (%) 
2Cation Exchange Capacity (meq/ 100 g) 
3Organic Carbon 
4ppm 
Different letters in each column denote statistically significant results (p<0.05) identified using ANOVA and Tukey’s post hoc tests. 

 
OM1 pH CEC2 OC1 3 N1 C:N  Ca4  Mg4  Mn4 B4 Cu4 Fe4 Zn4 P4  K4 Na4 

Topsoil 
(TS) 

9.4 ± 
0.5a 

7.9 ± 
0.1a 

23 ± 
0.0a 

5.5 ± 
0.3a 

0.60 ± 
0.01a 

 9.14 ± 
0.46a 

3360 
± 90a 

260 
± 9b 

49 
± 2b 

4.87 ± 
0.5a 

3.5 ± 
0.2a 

1231 
± 41a  

12.5 ± 
0.8a 

56 
± 2a 

2263 ± 
75a 

620 ± 
41a 

TS +  
217 R 
PC 

14.6 ± 
0.7b 

7.9 ± 
0.1a 

20.3 ± 
0.0a 

8.5 ± 
0.4b 

0.8 ± 
0.01b 

10.63 ± 
0.53ab 

3000 
± 80a 

233 
± 8b 

44 
± 2b 

3.78 ± 
0.4a 

3 ± 
0.2a 

1253 
± 42a 

10.8 ± 
0.7a 

54 
± 2a 

1965 ± 
66ab 

547 ± 
36a 

TS +  
217 P 
PC 

13.8 ± 
0.7b 

7.9 ± 
0.1a 

20.3 ± 
0.0a 

8 ± 
0.4b 

0.65 ± 
0.01b 

12.31 ± 
0.62b 

2974 
± 79a 

233 
± 8b  

48 
± 2b 

4.23 ± 
0.4a 

2.8 ± 
0.1a 

1249 
± 42a 

11.2 ± 
0.7a 

54 
± 2a 

1967 ± 
66ab 

566 ± 
38a 

TS +  
223 R 
PC 

14.6 ± 
0.7b 

7.9 ± 
0.1a 

20 ± 
0.0a 

8.5 ± 
0.4b 

0.79 ± 
0.01b 

10.83 ± 
0.54a 

3025 
± 81a 

224 
± 7b 

44 
± 2b 

3.89 ± 
0.4a 

3.3 ± 
0.2a 

1235 
± 41a 

11.5 ± 
0.8a 

55 
± 2a 

1881 ± 
63b 

512 ± 
34a 

TS + 
223 P 
PC 

13.6 ± 
0.7b 

8.1 ± 
0.1a 

21.9 ± 
0.0a 

7.9 ± 
0.4b 

0.63 ± 
0.01a 

12.54 ± 
0.63b 

3277 
± 87a 

245 
± 8b 

55 
± 3a 

4.50 ± 
0.5a 

3.6 ± 
0.2a 

1221 
± 41a 

11.5 ± 
0.8a 

53 
± 2a 

2077 ± 
69ab 

562 ± 
37a 

TS + 
260 R 
PC 

14.2 ± 
0.7b 

8.1 ± 
0.1a 

19.5 ± 
0.0a 

8.3 ± 
0.4b 

0.76 ± 
0.01b 

10.99 ± 
0.55a 

2973 
± 79a 

214 
± 7a 

47 
± 2b 

4.67 ± 
0.5a 

3 ± 
0.2a 

1228 
± 41a 

11.2 ± 
0.7a 

53 
± 2a 

1828 ± 
61b 

483 ± 
32a 

TS +  
260 P 
PC 

14 ± 
0.7b 

 8.0 ± 
0.1a 

20.8 ± 
0.0a 

8.1 ± 
0.4b 

0.66 ± 
0.01b 

12.37 ± 
0.62b 

3185 
± 85a 

225 
± 8b  

50 
± 2b 

4.42 ± 
0.4a 

3.1 ± 
0.2a 

1224 
±41a 

10.7 ± 
0.7a 

51 
±2a 

1929 ± 
64b 

503 ± 
34a 
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Effect of SCG primary char on Arabidopsis Rosette growth 

Growth measurements (rosette diameter, leaf number, fresh and dry weight) were 

collected 28 days after planting Arabidopsis in topsoil treated with SCG primary char at 

application rates of 0 (control), 20, 50 and 100 t ha-1 (table 5.1-3, fig 5.1-4). Notably, the 

primary chars produced at 260 °C from both the raw and protein extracted SCGs 

enhanced plant growth at each application rate: no toxic effects were observed across 

doses. However, whilst significant results (p < 0.05) were observed at 100 t ha-1 for both 

260 primary chars, the primary char produced from the protein extracted feedstock (260 

PE PC) yielded the biggest increases (531, 118, 2726 and 976 % for rosette diameter, 

leaf number, fresh and dry weight respectively) relative to the control.  

A greater stimulatory effect was recorded for the primary char produced from raw SCG 

at 260 °C (260 RAW PC) at lower dose rates, which also gave highest dry mass at 100 

t ha-1 (42.63 mg). In terms of phenotypic development, the rosette diameter and leaf 

number indicate the growth stage attained by the wild type Col-0 Arabidopsis during the 

trial. At the highest dose, both primary chars produced at 260 °C cultivated rosettes with 

typical phenotypical traits for 28 days (average diameter and leaf number = 50.3 mm and 

13.58 respectively), unlike all other measured settings whose data suggests stunted 

plant development [42]. This data highlights the stressed conditions of the study as well 

as the ability of the high temperature chars to support normal plant development at higher 

doses. Visual observations of orange hued rings on the topsoil surface and poor plant 

growth, as shown in fig 5.1-4, suggest fungal contamination, which has been reported 

for other peat free medias and was not observed for Arabidopsis cultivated in peat based 

media (fig s5.2-2, supplementary information) [43]. Primary chars produced under milder 

HTC conditions mostly inhibited Arabidopsis relative to the control and yields decreased 

conversely with increasing application rate.  

The performance of both the primary chars produced at 260 °C in this study is exemplary 

for SCG-based soil amendments and contrary to the established consensus on their 

phytotoxic and inhibitory activities. Indeed, a recent exploration by Cervera-Mata et al 

reported the inhibition of lettuce grown in the presence of SCG hydrochars (1 and 2.5 %) 

washed with deionised water in a post-treatment. These chars were produced under 

milder HTC settings (T = 175 and 185 °C, t = 1h), and results corroborated with those 

obtained for the primary char products of the mild regime (217 PE PC and 217 RAW PC) 
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in this study. Despite stunted growth, crops exhibited enhanced mineral and polyphenolic 

content, mirroring previous investigations [38]. 

 As previously noted, phytotoxicity is generally attributed to the presence of polyphenols, 

which are likely to accumulate in the char at lower reaction temperatures. This can be 

inferred by several temperature-dependent phenomena that result in solubilisation and 

decomposition of phenolic and alkaloid constituents in the HTC liquid phase. 

Hydroxycinnamic acids are an abundant class of SCG polyphenol, of which chlorogenic 

acids (CGA, esters of caffeic and quinic acids) are present up to 3 % in SCG as free-

CGA or incorporated with melanoidins [18]. Crystalline CGA melts at 206 – 207 °C and 

hydrolysis of CGA isomer 3- O -caffeoyl quinic acid (3-CQA) occurs above 147 °C [44, 

45]. Therefore, migration of CGA into the aqueous phase likely concurs with the 

disintegration of structural hemicellulose and cellulose constituents [31]. Presumably the 

reaction severity of HTC 260 afforded greater decomposition of the phenolic fraction of 

SCG and caffeine, thereby reducing the phytotoxicity of primary chars produced at 260 

°C. This was demonstrated by Arauzo et al. in ultrasound assisted extracts of SCG 

hydrochars generated at 200 °C, 230 °C and 260 °C: total phenolic content of the 

hydrochars decreased with reaction temperature (from 4.95 to 1.95 mg GAE/g SCG at 

200 and 260 °C respectively). Changing extraction solvents to methanol or methanol: 

water (50:50 v/v) increased retention of total phenolic content in liquid extracts of the 

hydrochars due to increased solubility of alkaloids and polyphenols in organic solvents 

[46].  This  likely contributed to the discrepancy between the results of this study (primary 

chars were extracted using acetone : methanol (50:50, v/v)) and those reported by 

Cervera-Mata et al (SCG hydrochars washed with deionised water) as organic extraction 

of secondary chars further reduced the phenolic content of the solids [47]. A similar trend 

in the biocharization of SCG was also  reported in a related study by Cervera-Mata et al, 

where increasing destruction of phenolic content with temperature was attributed to 

removal of phytotoxicity and higher biomass yields [18]. 

As a nitrogen containing lignocellulosic feedstock, N is incorporated into SCG hydrochars 

by reactions between nascent amino acids and phenolic fragments (Mannich reactions) 

or carbohydrates (Malliard reactions) [17]. The data of table 5.1-1 shows an increase of 

N across regimes for both feedstock types, suggesting the high temperature promotion 

of these reactions with increasing liquid phase concentration of phenolic and 

carbohydrate fragments. This may account for the poorer performance of primary chars 

from protein extracts vs those produced from the raw feedstock: the alkaline extraction 

of proteins prior to HTC consequently reduced formation and altered the composition of 

the aromatic heterocyclic network of the solid. Thus, promotion of the condensation and 
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polymerisation of phenolic fragments may be responsible for the increased phytotoxic 

qualities of primary chars from protein extracts, as chars with a higher proportion of 

polyphenolic allelochemicals were presumably formed. However, this effect requires 

further investigation, particularly considering the outstanding performance of 260 PE PC 

(vs 260 RAW PC) at 100 t ha-1.  

 



187 
 

 Table 5.1-3  Effect of primary chars from the hydrothermal carbonisation of spent coffee grounds (RAW PC) and alkali pre-treated SCG (PE PC) 
under different regimes on Arabidopsis growth characteristics after 28 days (mean ± sem, n = 3). Different letters in each column denote 
statistically significant results (p<0.05) identified using ANOVA and Tukey’s post hoc tests.  
 

Sample Biochar 
Application rate  
(t ha-1) 

Rosette Diameter 
(mm) 

Leaf number  Fresh weight (mg) Dry weight (mg) 

217 RAW PC 0 9.33 ± 0.88c 6.67 ± 0.67ab 18.67 ± 4.33bc 6.37 ± 1.65b 
 20 5.33 ± 1.45c 6.33 ± 0.67ab 15.33 ± 2.73c 3.77 ± 0.61b 
 50 4.00 ± 0.58c 4.00 ± 0.00b 1.97 ± 0.09c 1.73 ± 0.63b 
 100 3.33 ± 0.67c 3.67 ± 0.88b 3.77 ± 1.13c 1.20 ± 0.50b 
217 PE PC 0 16.33 ± 2.40bc 9.67 ± 1.20ab 45.67 ± 6.84bc 4.87 ± 2.15b 
 20 4.00 ± 0.00c 4.00 ± 0.00b 2.60 ± 0.40c 0.25 ± 0.05b 
 50 3.00 ± 0.58c 3.00 ± 0.58b 2.40 ± 0.10c 0.53 ± 0.03b 
 100 3.33 ± 0.67c 3.67 ± 1.00b 3.77 ± 0.71c 1.20 ± 0.03b 
223 RAW PC 0 6.67 ± 1.33c 6.67 ± 0.88ab 13.33 ± 0.67bc 2.77 ± 0.63b 
 20 9.00 ± 2.65c 7.00 ± 0.58ab 10.33 ± 1.86c 2.87 ± 0.43b 
 50 8.33 ± 1.63c 4.67 ± 0.41b 7.33 ± 5.31c 2.20 ± 1.92b 
 100 4.00 ± 0.58c 4.33 ± 0.33b 3.07 ± 0.58c 2.23 ± 0.43b 
223 PE PC 0 7.00 ± 2.00c 4.67 ± 0.88ab 4.67 ± 0.88c 1.60 ± 0.44b 
 20 5.67 ± 2.65c 4.33 ± 0.58ab 2.67 ± 1.86c 1.30 ± 0.43b 
 50 4.00 ± 0.00c 4.00 ± 0.00ab 1.50 ± 0.41c 0.55 ± 0.12b 
 100 4.33 ± 0.33c 4.00 ± 0.00b 1.57 ± 0.23c 1.03 ± 0.18b 
260 RAW PC 0 5.67 ± 0.33c 5.67 ± 0.88ab 16.00 ± 2.08c 9.40 ± 0.62b 
 20 12.33 ± 3.53bc 7.00 ± 1.53ab 28.00 ± 5.51bc 13.57 ± 2.50b 
 50 13.33 ± 1.45bc 10.00 ± 2.52ab 91.00 ± 73.02bc 17.97 ± 12.22ab 
 100 50.00 ± 2.65a 12.67 ± 0.88a 294.00 ± 73.9a 42.63 ± 12.81a 
260 PE PC 0 8.00 ± 0.00c  6.67 ± 0.67ab 10.33 ± 4.33c 3.50 ± 1.23b 
 20 9.47 ± 4.53c 6.00 ± 0.58ab 11.67 ± 4.91c 2.97 ± 0.50b 
 50 14.67 ± 6.33bc 8.67 ± 3.18ab 30.00 ± 22.03bc 7.83 ± 5.84b 
 100 50.50 ± 11.50ab 14.50 ± 2.50ab 292.00 ± 118.00ab 37.65 ± 9.35ab 
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Fig 5.1-4 Arabidopsis rosettes 28 days after planting in sandy-loam topsoil treated with 

primary chars from the hydrothermal carbonisation of spent coffee grounds (RAW PC) 

and alkali pre-treated SCG (PE PC) under different regimes. Primary chars were applied 

to soils at different application rates (0, 20, 50 and 100 t ha-1).  

 

  SCG Protein Hydrolysates as biostimulants 

Protein hydrolysates from spent coffee grounds (SCG PH) were obtained following a 

screening of enzymes from several organisms. SCG PH were subsequently evaluated 

for their biostimulant potential according to a method reported by Saporta et al [48].  Plant 

metabolism is influenced by the activities of microbial populations in the rhizosphere as 

well as that of its own signal transduction pathways and regulator molecules [25]. 

Therefore, an initial inoculation with S. cerevisiae was conducted to assess SCG PH 

impact on microbial growth. SCG PH were then evaluated for their effect on the 

germination rate of Arabidopsis in solid medium and auxin-like activity using land cress 

(Barbarea verna L).  
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Degree of hydrolysis (DH) and free L- Amino Acid content of SCG-protein 

hydrolysates (SCG PH) 

A range of microorganisms were used in enzymatic extractions of SCG giving differing 

degrees of hydrolysis (DH) and free L- amino acid content (table 5.1-4). Percentage 

composition of amino acids in the protein hydrolysates are displayed in fig 5.1-5. The 

degree of hydrolysis, the measure of cleaved peptide bonds within the protein 

hydrolysate was determined using the pH Stat method for extractions under neutral or 

alkaline conditions. The diverse proteolytic activity of Bacillus subtilus was evident in the 

highest and last but one DH (29.3 and 11.9 % for SCG PH 40 and SCG PH 89 

respectively), which corresponded to an inverse trend in the proportions of free amino 

acids (0.41 mM and 3.02 mM respectively, table 5.1-4). This, along with the varied amino 

acid composition of SCG PH highlights the specificity of strains within and across 

microbial species. Thus, screenings are imperative to selectively retain protein 

hydrolysates with functional activities e.g. bioactive peptides. 

For the stimulation of plant processes, SCG PH contain amino acids  alanine, glycine, 

glutamine, lysine, valine and leucine, that are implicated in the improvement of 

physiological traits under normal conditions and abiotic stress [49]. L-glycine (present in 

SCG PH 6 and 89 only, at 47.3 and 6.50 % of total free amino acids respectively) is 

associated with increased crop quality and yield and is an integral component in the 

industrial production of aminochelate fertilizers [13, 50]. However, it must be noted that 

proline, which has been extensively investigated for osmotic protection against abiotic 

stress, was not detected in the SCG protein hydrolysates [51-53]. 

 

Table 5.1-4 Enzymes used in protein hydrolysis of spent coffee grounds and free amino 
acid content of SCG protein hydrolysates (SCG PH) 

Protein 
Hydrolysate Enzyme Organism 

Degree of 
Hydrolysis 

Free Amino 
Acids (mM) 

SCG PH 6 P6 Bacillus licheniformis 23.6 2.65 
SCG PH 7 P7 Bacillus amyloliquefaciens 9.22 1.92 
SCG PH 14 P14 Geobascillus sp. 11.9 0.22 
SCG PH 40 P40 Bacillus subtilis 29.3 0.41 
SCG PH 51 P51 Aspergillus oryzae  - 0.23 
SCG PH 89 P89 Bacillus Subtilis 11.9 3.02 

- Not determined for extraction under acidic conditions 
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Fig 5.1-5 Percentage composition of free amino acids in spent coffee ground enzymatic 
protein hydrolysates (PH) 

 

Evaluation of the effect of SCG PH on the growth of S. cerevisiae 

SCG PH and Bridgeway were initially inoculated with S. cerevisiae in petri-dish drop-

tests on a solid yeast, peptone, dextrose (YPD) agar medium, to determine the 

concentration at which growth was inhibited (Fig S5.2-3 and Fig S5.2-4, supplementary 

information). No toxicity was measured for aqueous SCG PH solutions in the tested 

concentration range (98 – 5 % vol SCG PH). Subsequently, S. cerevisiae was cultured 

in liquid YPD media with 5 % vol SCG PH or commercial biostimulant (Bridgeway) over 

4 days and compared with a 100 % YPD only media as the control. Monitoring biomass 

in liquid media allowed for the effects of the biostimulants on the exponential growth 
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phase of the yeast to be quantitated, improving upon the qualitative observations of 

(mostly stationary phase) colonies in the preliminary drop tests [54]. The growth rates 

derived from log (OD) growth curves (supporting information) and max OD600nm are given 

in fig 5.1-6. One-way ANOVA followed by Games-Howell post-hoc test at p < 0.05 

significance level identified SCG PH 6, 14 and 51 as significantly inhibitory with respect 

to the growth rates of YPD media control and other protein hydrolysates. SCG PH 14 

had the poorest performance for biomass accumulation as both growth rate and max OD 

were 33-fold slower and 2.4- fold lower than the YPD control (0.23  vs 7.77 x 10-2 min-1 

and 1.17 vs 2.79  respectively, fig 5.1-6). Max OD measured for commercial biostimulant 

Bridgeway (2.47) was the other significant deviation (p < 0.05) observed.  

The slower growth rates of S. cerevisiae in SCG PH 14, 40 and 51 may be linked to lower 

free amino acid concentrations (table 5.1-4) as well as the composition. Yeasts will use 

amino acids as carbon and nitrogen sources, for amino acid and protein biosynthesis 

and conversion into other metabolites. Therefore, lower concentrations reduce rate of 

nitrogen uptake for metabolism, thus impacting growth rate. Amino acids are classed by 

their preferential uptake by yeast strains, where glutamine, glutamic acid, asparagine, 

serine are selectively internalised over leucine, methionine and tryptophan, for example, 

and promote faster generation times [25]. Of the preferred, intermediate and non-

preferred classes for the S. cerevisiae strain, non-preferred amino acids of SCG PH 14, 

50 and 51 constitute 59%, 47% and 68 % of the whole respectively, which may also have 

contributed to slower growth. Biomass accumulation levelled out with respect to the max 

OD of the control for SCG PH 40 and 51, indicating eventual adaptation to nitrogen 

source [55]. Yet SCG PH 14 remained deleterious to yeast, suggesting other sources of 

toxicity. For SCG PH 6, glycine was the major amino acid component at 47 %, however, 

reduced uptake of glycine has been demonstrated for S. cerevisiae in amino acid rich 

media apparently due to the ability of threonine aldolase Gly1p to synthesise glycine 

intracellularly [56]. This may explain the slower growth rates observed for SCG PH 6, as 

the highest proportion of an underutilised amino acid was present.  
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Fig 5.1-6 Growth rate and maximum optical density data for S. cerevisiae inoculated with 
yeast peptone dextrose (YPD) media only or 5 % enzymatic spent coffee ground protein 
hydrolysates (SCG PH) or Bridgeway biostimulant solutions in YPD (mean ± sem, n = 
9). ANOVA and Games-Howell post-hoc tests determined significant differences 
between treatment means (p <0.05), expressed by different letters. 

 

Evaluation of the effect of SCG protein hydrolysates (SCG PH) on Arabidopsis 

thaliana germination under normal and cold conditions 

SCG PH were tested for biostimulant effect during the germination of Arabidopsis 

thaliana under normal and cold stressed conditions (25 °C and 10 °C respectively). 

Arabidopsis seeds were placed in a solid nutrient agar medium containing either 1 % 

SCG PH or Bridgeway, or neither (control) and allowed to germinate in the dark for 9 

days under normal conditions and 13 days in the cold trial, after which the number of 

expanded cotyledons were recorded. Unlike in the yeast trial, SCG PH  6 outperformed 

the control in both trials with 139 and 141 % increase in expanded cotyledons under 

normal and cold conditions respectively (statistical significance (p<0.05) under normal 

conditions (fig 5.1-7). SCG PH 14 and 89 adversely affected germination under normal 

conditions whilst all SCG PH treatments were indistinguishable from the control in the 
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cold trial. Interestingly, despite the low dose used in the study (1 % v/v), Bridgeway was 

deleterious to seed germination under both conditions. The discrepancy between results 

from the S. cerevisiae and Arabidopsis trials suggests the mode of action is not 

conserved between microorganism and plant. 

 

 

Fig 5.1-7 Effect of enzymatic spent coffee ground protein hydrolysates (SCG PH) and 
commercial biostimulant Bridgeway on the number of Arabidopsis thaliana seeds with 
expanded cotyledons under normal and cold germination conditions. Values are 
expressed as relative to untreated control (mean ± sem, n = 3). ANOVA and Dunnett 
post-hoc tests determined significant differences between treatment means and the 
control (p <0.05): unlabelled bars are significantly different from control mean. 

 

Arabidopsis germination results were complemented by determination of the auxin-like 

activity of the SCG PH. Auxins are phytohormones that regulate factors in plant 

development such as embryonic development, root and stem tropisms, cell division, 

elongation and flower formation [57]. Dose-response relationships are well-established 

for auxins, where lower concentrations stimulate growth of plant organs and high doses 

are deleterious to growth [58]. Auxin-like activity of SCG PH was determined through 

treatment of land cress seeds with protein hydrolysates at 3 serial dilutions according to 

the Audus test. Root lengths were measured after 48 hours and auxin-like activity was 
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assessed in terms of indole-3-acetic acid (IAA) auxin standard, with respect to the 

untreated control (table 5.1-5).  

Root length decrease was significantly (p < 0.05) influenced by treatment type and dose, 

with SCG PH 6 and 14 exerting a strong auxin-like effect on the cress roots: root length 

decreased monotonically with concentration. Moderate IAA-like activity was also 

displayed by Bridgeway and SCG PH 7 whilst a weaker response was seen for SCG PH 

40 and 89. Despite inhibiting root length, a dose-response relationship could not be 

established for SCG PH 51. The auxin-like behaviour of SCG PH and Bridgeway is in 

line with other enzymatic protein hydrolysates that contain tryptophan, which is the 

precursor for the biosynthesis of IAA by plants [59]. Whilst no direct correlation with 

tryptophan concentration and IAA-like activity can be made at this stage it is interesting 

to note that SCG PH 51 had the lowest concentration (0.01 mM). However, peptides 

within the protein hydrolysates may also have influenced IAA-like activity, as recently 

reported for Arabidopsis, where CEP5 peptide signalling stabilised auxin/IAA 

transcriptional repressors [15]. 
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Table 5.1-5 Auxin-like activity of indole 3-acetic acid (IAA) and enzymatic spent coffee 
ground protein hydrolysates (SCG PH) and commercial biostimulant ‘Bridgeway’ on the 
root length of land cress. Values are given as percentage of root length decrease relative 
to the untreated control (mean ± sem, n = 3). ANOVA and Tukey post-hoc tests 
determined significant differences between treatment means (p <0.05), expressed by 
different superscript letters. 

Treatment Concentration (ppm) Root length decrease (%) 
IAA 20 98.5ijk 

 10 98.2hij 
 1 96.1 fgh 
 0.1 94.1bcde 
 0.01 93.8abcd 
SCG PH 6 127 98.2fghik 
 12.7 92.5abc 

 1.27 90.7a 

SCG PH 7 132 99.1jk  
 13.2 94.7cdef 
 1.32 94.0bcde 
SCG PH 14 254 100k 
 25.4 96.6fghi 
 2.54 94.2cdef 
SCG PH 40 53.3 100k 
 5.33 96.0fgh 
 0.53 96.2fgh 
SCG PH 51 127 92.4ab 

 12.7 93.9abcd 
 1.27 93.1abcde 
SCG PH 89 105 100k 
 10.5 95.4defg 
 1.05 95.6efg 
Bridgeway 0.42 100k 
 0.04 100k 
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 Conclusion 

In this study two major products from an SCG biorefinery were tested as possible soil 

amendments and biostimulants. Overall, the process products from SCG were found to 

be supportive of plant growth. Primary chars from the hydrothermal carbonisation (HTC) 

of spent coffee grounds (T = 260, t = 4.5 h) and alkali pre-treated SCG increased 

Arabidopsis thaliana rosette diameter, leaf number fresh and dry weight relative to the 

untreated control (531, 118, 2726 and 976 % respectively), when applied to topsoil at 

100 t ha-1. Topsoil organic carbon matter and C:N ratio was also improved by primary 

char application. Biostimulant activity of enzymatic protein hydrolysates was observed 

through increase of expanded Arabidopsis cotyledons relative to the control (SCG PH 6) 

and auxin-like activity on land-cress. These results are encouraging for product 

development of SCG based horticultural amendments, with the following findings arising 

from this study: post-treatments of SCG hydrochars are necessary to overcome the 

deleterious effects of SCG’s phytotoxic aromatic components; screening of enzymes for 

generation of SCG protein hydrolysates is required to preferentially obtain formulations 

that are supportive of plant growth. An integrated approach to process design is therefore 

recommended for the efficient utilisation of SCG, due to its composite physicochemical 

and chemical properties. 
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  Supplementary Information 

 

 

Fig S5.2-1 Petri-dish germination toxicity tests using Lactuca Sativa L seeds: top left: 
Blank; top right: 223 PE unextracted hydrochar at 40 t ha-1 dose rate; bottom left: raw 
SCG at 40 t ha-1; bottom right: 223 PE primary hydrochar at 5 t ha-1 dose rate 

 

Blank 223 PE unextracted hydrochar

Raw SCG 223 PE primary hydrochar 
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Table S5.2-1 Chemical and physicochemical properties of peat-based compost (PBM, Levington + S2) and commercial topsoil (TS) + PBM at 
100 t ha-1- application rate 

 OM1 pH CEC2 OC1 3 N1 C:N  Ca4  Mg4  Mn4 B4 Cu4 Fe4 Zn4 P4  K4 Na4 
PBM 42.2 5.6 22.5 24.5 0.752 32.6 1510 1042 11 1.16 3.6 208 3.8 41 458 75 
TS + 100 t ha-1 
PBM 9.8 8 21.9 5.7 0.583 9.8 3269 291 57 5.17 3.5 1213 11.4 55 1990 529 

1Organic Matter, (%) 
2Cation Exchange Capacity (meq/ 100 g) 
3Organic Carbon 
4ppm 
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Fig S5.2-2 Arabidopsis thaliana 14 days after planting in different media (Left to right: 
100 % Peat-based compost (PBM, Levington + S2); 100  % Sandy-Loam topsoil (TS, 
Melcourt Topsoil™); 20 t ha-1 PBM + TS; 50 t ha-1 PBM + TS; 100 t ha-1 PBM + TS) 
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Fig S5.2-3 Petri-dish Saccharomyces cerevisiae toxicity assays: Top two rows of petri-
dish: 98 and 50 % vol SCG PH in H2O; bottom two rows of petri-dish: 100 and 50 % vol 
YPD blanks. Bridgeway top row: YPD blank; rest of rows: 98, 75, 50, 25 and 10 % vol in 
H2O 

 

 

 

 

 

 

SCG PH 6 SCG PH 7 SCG PH 14 

SCG PH 40 SCG PH 51 SCG PH 89 

Bridgeway 

 

 

 

 

ayay 



207 
 

 

 

 

Fig S5.2-4 Growth curves (ln(OD) vs time) of Saccharomyces cerevisiae in YPD media 
with 5 % vol SCG PH or commercial biostimulant Bridgeway 
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Chapter 6 Conclusions and future work 
 

This chapter concludes the thesis with an overview of the main findings from this body 

of work and its contribution to the SCG valorisation field. A commentary on the direction 

of future research is also given. 
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 Conclusions 

The overarching aim of this thesis was to investigate the valorisation of spent coffee 

grounds through cascade processes of a biorefinery. 

An initial literature study conveyed the multitude of potential conversion products 

possible from SCG, as well as the nascence and popularity of the research field. From 

disparate proof-of-concept studies research was moving towards a more integrated 

approach for the valorisation of SCG, fully utilising the composite material under the 

biorefinery concept. After identifying the emergent trend of using green technologies, 

specifically subcritical water, to isolate the high value antioxidant components from SCG, 

hydrothermal platforms were selected for the biorefinery.  

Due to the low yield of bioactives (chlorogenic acid ~ 1- 3 %) conversion of SCG into a 

bulk fuel product was a necessary strategy to support process economics. Hydrothermal 

carbonisation was selected to convert SCG into an energy dense fuel, for its compatibility 

with the SWE platform, suitability with wet biomass, and relatively mild thermochemical 

process conditions. At the stage of inception, only one instance of the HTC of SCG had 

been reported in the literature, this therefore provided an opportunity to explore and 

develop SCG based hydrochars through process optimisation.  

One barrier to the commercialisation of SCG based solid fuels is the high nitrogen 

content of SCG (2.6 – 3.0 %). After HTC, N content of hydrochars is enriched to 2.9 – 

4.0 % (the degree of enrichment is dependent on reaction severity) due to the 

simultaneous decrease in O and formation of N- containing components and their 

incorporation into the char. Therefore, for compliance with fuel regulations concerning 

NOx emissions, which are correlative with fuel-N content, reduction of N prior to HTC is 

imperative. As N-containing components, isolation of proteins presented a further 

valorisation opportunity for SCG and inclusion of an alkaline hydrolysis pre-treatment 

effectively reduced nitrogen to 0.19 %, whilst maintaining carbon stocks for HTC.  

Conceptualising the biorefinery, it became apparent that inclusion of SWE platform was 

disadvantageous for several reasons: low bioactive yields (0.3 %), poor nitrogen removal 

by the alkaline pre-treatment (N = 1.96 % of extracted solids), high fuel nitrogen and ash 

composition (N = 1.93, ash = 8.88 % in hydrochar) and relatively lower fuel HHV (26.92 

MJ kg-1). Removal of the SWE platform, which would require further processes to 

concentrate and preserve the antioxidant activity of the effluent, improved fuel 

composition and quality (N = 0.23, ash = 2.62 % and HHV = 33.3 MJ kg-1) under the 

process settings studied. 
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The HTC platform of the original biorefinery was initially optimised to fulfil the criteria of 

maximum yield and calorific value. To further explore the qualities of SCG hydrochars, 

process conditions were optimised for each individual criterion: maximum fuel calorific 

value or maximum hydrochar yield. The regimes that produced hydrochars in maximum 

yield, calorific value, or the combination of the two criteria were referred to as HTC 217 

(mild), HTC 260 (severe) and HTC 223 (moderate) respectively- classified by reaction 

temperatures. The unextracted hydrochars and their primary and secondary char 

compositions were evaluated for fuel composition, oxidation and pyrolytic behaviour. The 

pre-treatment was incorporated to assess its effectiveness at nitrogen reduction under 

different HTC regimes, and the conferred changes to fuel quality and combustion 

performance.  

The investigation highlighted the merit of secondary char removal to upgrade fuel stability 

and combustion: all primary chars exhibited higher ignition temperatures relative to the 

unextracted hydrochar. Primary chars from the pre-treated SCG feedstock displayed 

lower burnout temperatures, higher combustion reactivities and maximum HHV of 33.42 

MJ kg-1 (from HTC 260 regime). Thus, the possibility to convert SCG into commercially 

viable fuels using HTC was realised. 

The investigation was supplemented with a novel exploration into the recycling of HTC 

process water as a potential strategy to reduce the environmental impact of the 

biorefinery and operational costs. Evaluation of hydrochar and process water 

composition signified the effectiveness of recirculation at enhancing HHV, energy and 

solid yield for up to 1 cycle in the production of HTC 223 primary chars from alkaline pre-

treated SCG. Due to the increase in total organic carbon and chemical oxygen demand 

after recycling, HTC process water will require post-treatment such as anaerobic 

digestion prior to environmental discharge. 

Finally, SCG primary chars were explored in an alternative application as soil 

amendments, for plant growth under abiotic stress. Removal of the phytotoxic secondary 

char phase beneficially supported the growth of Arabidopsis thaliana (Arabidopsis) in 

topsoil when HTC 260 primary chars from pre-treated and raw SCG were applied at 100 

t ha-1. The study concluded with a proof-of-concept investigation of the biostimulant 

potential of enzymatic SCG protein hydrolysates. Stimulatory effects in Arabidopsis 

germination assays, the continuous growth Saccharomyces cerevisiae and exhibition of 

auxin-like activity are promising and, along with the primary chars, present new routes 

towards effective and commercially viable SCG-based horticultural amendments.  
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Fig 6.1-1 Spent coffee grounds biorefinery scheme where enzymatic and alkaline hydrolysis pre-treatment platforms are integrated with 
hydrothermal carbonisation and a solid-liquid extraction post-treatment for production of several outputs 
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The schematic of fig 6.1-1 represents the final formation of SCG-based biorefinery, 

where the outputs and applications that have been explored in this body of work are 

highlighted in bold.  

 

 Future Work 

From fig 6.1-1 it is evident that there are several outputs that require further investigation. 

The alkaline protein hydrolysate, which is a by-product of the pre-treatment of SCG for 

carbonisation into primary chars, should be evaluated for biostimulant activity. The final 

pH and extraction conditions should be adjusted to simultaneously remove proteins from 

SCG through hydrolysis and preserve peptides, amino acids and other signalling 

molecules that exert stimulatory activity on plants. Alternatively, the hydrolysate could be 

explored as an amino acid and peptide source for cell culture media in cultured meat 

production. Incorporation of the hydrolysate into cosmetics such as protein treatment 

hair conditioners as well as supplementation into animal feed are additional applications 

for investigation.  

Due to the higher costs of a biochemical enzymatic platform, the enzymatic protein 

hydrolysate should be developed into high value products. Use of enzymes ensures 

compatibility with foods and cosmetics such as moisturisers and make-up. Similarly, 

efficacy as cell culture media components should be explored and, from this work, 

biostimulant formulations are a viable output to advance. Use of immobilized enzymes 

may help to minimise production costs through recovery and recycling. 

The aqueous phase of the hydrothermal platform has been underutilised in this study, 

whilst recirculation has demonstrated effectiveness, the process water is a source of 

platform chemicals such as short chain organic acids, 5-hydroxymethylfurfural and 

furfural. Minerals such as P, Mg and K may present an opportunity for development of a 

fertiliser.  

Further plant trials using commercially relevant crops, soils, different abiotic stresses and 

a range of application rates are needed to fully evaluate the soil amendment potential of 

SCG primary chars. Integration with fertiliser systems to simulate realistic use with 

agricultural practices will further elucidate their performance in the field.  

As a fuel, advanced combustion studies using various appliances to assess performance 

and emissions will determine the applicability of primary chars as solid fuel alternatives. 
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Transformation of the granular solids into a bulk material with suitable storage, stability 

and handling properties are required for a market ready product. 

SCG hydrochars have demonstrative adsorbent properties, yet removal of the secondary 

char phase may increase the adsorption capacity of primary chars. As a source of 

polyaromatic hydrocarbons (PAH), microbial degradation of the secondary char phase 

for bioremediation is required prior to effluence. The methanol/acetone extraction of this 

study is problematic for its reliance on fossil fuel sources. Therefore, development of 

green techniques including microbes, thermal desorption or use of supercritical fluids 

such as CO2 to remove the secondary char phase will help to increase the sustainability 

of the process. 

Whilst this work has successfully demonstrated the integrated conversion of SCG into 

commercially viable products, experiments were conducted on the pilot scale using a 

batch reactor. It remains to be seen whether scaling up of the processes and use of a 

continuous flow reactor remains favourable in terms of conversion efficiencies, product 

recovery and operational costs. In this manner life cycle and technoeconomic 

assessments of the biorefinery are required to assess the overall economic and 

environmental feasibility of valorising SCG along the suggested routes. This work is also 

predicated on the centralised collection and drying of SCG as facilitated by bio-bean Ltd. 

For regions outside of bio-bean’s collection area, decentralised collection of SCG 

remains a barrier to the overall economics of SCG valorisation. Similarly, the effect of 

varying feedstock composition on output product quality will need to be considered in 

future developments of this SCG-based biorefinery.   

 

 

 




