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Abstract
Spent coffee grounds (SCGs) have been extensively investigated as a feedstock to produce fuels, specialty chemicals and
materials. Whilst 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 optimized 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, pretreatment 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). Limiting biorefinery processes to
the pretreatment and HTC preferentially increased protein content (33.0% vs 16.9% wt) and yield (53.0% vs 23.9%) of the
protein isolate, rendering a hydrochar with a higher yield and HHV compared with hydrochar derived following upstream SWE
process (33.30 vs 26.92MJ/kg, 16.3% vs 14.7%, respectively). This work goes towards the complete utilisation of SCGswithin a
biorefinery, highlighting the potential of subcritical water processing to produce commercially viable products across the value
chain.

Keywords Coffee . Spent coffee grounds . Hydrothermal . Antioxidant . CGA

1 Introduction

Spent coffee grounds (SCGs) are the solid residues often
discarded after brew preparation. SCGs are comprised of
50–70% lignocellulose and are a readily amenable feedstock
for the production of biofuels, chemicals and functional ma-
terials [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, thermo-
chemical and chemical conversion processes. SCGs 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 reduc-
tion of methane emissions (released throughmicrobial decom-
position 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 utilize SCG for coproduc-
tion of bioethanol and biodiesel [15]; bioactive extracts and
bioethanol [16]; biodiesel, biomethane and biogas [8];

* Christopher J. Chuck
c.chuck@bath.ac.uk

1 Department of Chemical Engineering, University of Bath, Bath BA2
7AY, UK

2 Bio-bean Ltd, Unit 4002, Alconbury Weald Enterprise Park,
Alconbury, Huntingdon PE28 4WX, UK

Biomass Conversion and Biorefinery (2023) 13:1279–1295
https://doi.org/10.1007/s13399-020-01231-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-020-01231-w&domain=pdf
http://orcid.org/0000-0003-0804-6751
mailto:c.chuck@bath.ac.uk


polyhydroxyalkanoates (PHA) and carotenoids [17]; and lig-
nin, 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 isolates high-value phenolic and/or saccharide con-
taining extracts that exhibit antioxidant, antimicrobial and pre-
biotic 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 glyc-
erol 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.

Several studies have used subcritical water extraction
(SWE) to selectively isolate antioxidant, polysaccharide ex-
tracts from SCG [9, 19–22]. As a cheap, readily available,
non-toxic, non-flammable solvent, water is an attractive me-
dium that preserves the “food-grade” quality of extracts des-
tined for nutraceutical, pharmaceutical and 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 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 and 260 °C for 1–5 h at pressures above the vapour pres-
sure 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 aug-
mented 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 combus-
tion 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]. As NOx emissions
derive mostly from fuel-bound N species, SCG hydrochar is
currently unsuitable for commercial use [29, 30].

Consequently, in this investigation, we present a stepwise
valorisation of SCG via integrated hydrothermal conversion
and chemical pretreatment processes (Fig. 1).

2 Materials and methods

2.1 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 was determined using a thermogra-
vimetric 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 an 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.

2.2 Hydrothermal experiments

2.2.1 Subcritical water extractions and hydrothermal
carbonisations

Subcritical water extractions (SWE) were first performed as
part of a 23 central composite design, under different temper-
atures (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 fac-
torial design of experiment, over varying temperature (190–
260 °C), times (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 300-mL 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 exper-
iment, 5 g of SCG (SWE) or 10 g of DSCG (HTC) (both as
received) along with the requisite quantity of deionized 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 record-
ed, 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.

DSCGwas used to establish optimal HTC conditions in the
event of inclusion of an oil extraction platform, for preparation
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of biodiesel. However, this scenario was subsequently omitted
from the proposed SCG biorefinery.

2.2.2 Experimental design and statistical analysis

The effect of temperature, (X1), extraction time (X2) and
liquid-to-solid ratio (X3) process parameters on SWE re-
sponses, antioxidant activity (determined by FRAP, DPPH
assays) CGA yield; and total phenolic content (TPC) and
HTC responses, calorific value and energy recovery efficien-
cy, were studied using 23 central composite and 23 full facto-
rial designs, respectively. Table 1 and Table 2 display the real
and coded values of the parameters explored for SWE and
HTC, where statistical significance was determined at 5%
probability level (p <0.05).

For process optimisation, quadratic models of the relation-
ship between response and process parameters were obtained
by fitting data for each response to x order polynomial equa-
tions. 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).

2.3 Protein hydrolysis

Protein was extracted according to a standard literature meth-
od using caustic soda [31]. Hydrolysis of SCG PI was con-
ducted 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 6MHCl
and 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.

2.4 Analysis

It is important to note that total antioxidant activity cannot be
determined by a single in vitro antioxidant assay (AOA), 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 AOA (Folin-
Ciocalteu total phenolic content (TPC), ferric reducing anti-
oxidant power (FRAP) and DPPH) and HPLC quantification
of CGAwere used to characterize the antioxidant properties of
extracts derived from the SWE of SCG.

2.4.1 Total phenolic content 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).

2.4.2 Ferric reducing antioxidant power (FRAP) assay

FRAP assays were conducted according to the method of
Choi and Koh [36].

2.4.3 2,2-Diphenyl-1-picrylhydrazyl scavenging assay

Antioxidant activity was measured using a DPPH assay of
Ballestros et al. with some modifications [37]. A dilution se-
ries of four concentrations was prepared for each sample and
2 mL 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 spec-
trophotometer (SPECTRONIC™ 200), with a methanol blank
and distilled water control. DPPH percentage inhibition was
calculated using Eq. 1, where As and Ac are the absorbances of
the sample and control, respectively. A calibration curve was

Fig. 1 Proposed hydrothermal biorefinery for valorisation of SCG. SCGs
undergo subcritical water extraction to obtain high-value antioxidant
aqueous extract containing chlorogenic acids, polyphenolic and polysac-
charides. 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
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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):

DPPH percentage inhibiton ¼ 1−
AS

AC

� �
*100% ð1Þ

2.4.4 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 5 μ C18 column (250 × 4.60 mm) and a multiple
wavelength detector. The mobile phase consisted of acetoni-
trile 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 concen-
tration (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) 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.

2.4.5 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 × 100 mm, 2.7 μm
column, with 1260 autosampler and variable wavelength

Table 1 Parameters (coded value) and corresponding results from the SWE of SCG using a rotatable 23 central composite design (α = 1.633)

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

aX1 = temperature (°C); X2 = time (min); X3 = liquid-to-solid ratio (ml/g). Real and coded values
b CGA = 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)
c LOD = analyte concentration below limit of detection of the instrument

Duplicate analyses performed, average ± standard deviation reported
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detector (VWD). A gradient elution program was used: mo-
bile 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 ionisation
mode with the gas temperature at 300 °C, drying gas flow at
13 L/min and nebuliser 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.

2.5 Char characterisation

HTC solids were characterized via proximate and ultimate
analysis. Ultimate analyses of carbon, hydrogen and nitrogen
content were 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 TGA16/18 analyser accord-
ing to methodology published elsewhere [38]. Higher heating

value, HHV, was calculated using elemental composition and
Eq. 2 [39]:

HHV ¼ 3:55C2−232C−2230H þ 51:2C � H þ 131N þ 20; 600 ð2Þ

Hydrochar yield was estimated using Eq. 3:

Hydrochar Yield ¼ Mass of Hydrochar=Mass of SCG feedstock
�
� 100%

�
ð3Þ

Energy recovery for each hydrochar was calculated using
Eq. 4:

Energy Yield ¼ HHVChar= Hydrochar yield�HHVraw SCG

� �� 100% ð4Þ

3 Results and discussion

3.1 Optimisation of the subcritical water extraction
of SCG

A preliminary 23 central composite design established the sig-
nificance of temperature, time and liquid-to-solid ratio process
parameters on the following responses: CGA yield, TPC and

Table 2 Parameters and
corresponding results from the
HTC of DSCG using a 23 full
factorial design

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

aX1 = temperature (°C); X2 = time (h); X3 = liquid-to-solid ratio (ml/g). Real and coded values

Values given is the average of duplicate measurements ± standard deviation
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antioxidant activity measured by FRAP and DPPH assays
(Table 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, dem-
onstrating the thermal instability of CGA [40]. As previously
reported, the significance of liquid-to-solid ratio is evident in
the data in Table 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 de-
pendence 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 displays
the models generated for each response, and the correspond-
ing 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) dem-
onstrating the efficacy of the model agreement with the exper-
imental observations.

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. 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 un-
shaded 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 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
optimized 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). Nonetheless, values for anti-
oxidant 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].

3.2 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 yield-
ing solid fuel, a 23 full factorial design of experiments was
conducted using defatted SCG feedstock (HHV= 19.77 MJ/
kg, Table 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 2, the 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 27.81 MJ/kg, run 13 vs 14, respectively).

Table 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) CGA = −14.87+0.2342 X1−0.1348 X3 – 0.000804 X1
2 +0.001158 X1X3 0.84

TPC (mg GAE/g SCG) TPC = 19.325+7.58 X3+0.226 X3
2−1.288 X1X3 +0.285 X2 X3 0.93

DPPH (μmol TE/g SCG) DPPH = 170.8 – 0.290 X1+0.1557 X3+0.0007 X1
2 0.90

FRAP (mmol Fe(II)/g SCG) FRAP = 0.0578 – 0.000419 X1+0.000529 X2+0.00758 X3 – 0.000109 X3
2+0.000034 X1X3 0.99

a X1 = temperature, X2 = time, X3 = liquid-to-solid ratio
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Conversely, for hydrochar yield, the lowest and highest
hydrochar yield were achieved at the highest and lowest tem-
perature settings, respectively (37.79%, run 3; 59.61%, run 7).
For a given temperature and liquid-to-solid ratio, hydrochar
yield decreased with increasing residence time (54 vs 44.51%,
run 5 vs 6, respectively). An increase of liquid-to-solid ratio
was observed to decrease hydrochr yield (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 param-
eters (Table 5). The 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 hydrochar yield, respectively).
Temperature and time were shown to significantly positively
and negatively influence HHV and hydrochar yield, respec-
tively, in agreement with published observations [5, 6]. For
both responses, liquid-to-solid ratio had a non-significant in-
fluence on the variation displayed in the response data,
supporting the observations of similar studies [43–45].

An overlay plot of both models (Fig. 3) displays the opti-
mum region (unshaded area) where hydrochars with desired
HHV and hydrochar yield values can be obtained as a function
of temperature and time. In constructing the graph, the follow-
ing criteria were set according to experimental data: HHV,
26–30 MJ/kg; hydrochar yield, 50–65%. These criteria are
fulfilled for HTC at 223 °C, for 2 h 45 min, giving hydrochar
with predicted HHV and hydrochar yield of 29.14 MJ/kg and
49.56%, respectively (Table 6). Subsequent runs at these set-
tings validated the predictions of the model (HHV, 28.66 MJ/
kg; hydrochar yield, 41.89%, Table 6).

3.3 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, elemen-
tal 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 (tem-
perature 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

Table 4 CGA, TPC and 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

aX1 = temperature (°C); X2 = time (min); X3 = liquid-to-solid ratio (ml/g)
b CGA = 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)

Fig. 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
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to the release of ammonia and intermediates including amines,
amides and inorganic N compounds as proteins are hydro-
lysed into amino acids and further decomposed via deamina-
tion and hydrolysis pathways. Further degradation, cycliza-
tion and condensation via dehydration and Maillard-type re-
actions 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].

3.3.1 Amino acid composition of SCG, RAW SCG PI and SWE
SCG PI

Precipitation of proteins from the liquor of the protein extrac-
tions was achieved and were subsequently hydrolysed (6M
HCL + 0.4% w/v β-ME) into constituent amino acids for
HILIC-MS chromatographic separation and analysis.

Table 7 displays the quantities and type of amino acids iden-
tified 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.

The dominant amino acids of SCG are glutamic acid, lysine
and aspartic acid (54.33, 24.87 and 23.56% total amino acids,
SCG Table 8 and Fig. 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 acid lysine, me-
thionine and valine are present in the highest quantities in
SCG PI (22.25% total SCG PI amino acids, Table 8). The
presence of tannins, caffeine and polyphenols in SCG is del-
eterious 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 opportu-
nity for a more commercially viable product than SCG alone.

Evident is the lability of threonine and serine to the alkali
pretreatment, identified in lower quantities in both protein
isolates with respect to the raw feedstock destruction in pro-
tein. The protein isolate derived after the SWE of SCG, SWE
SCG PI, exhibited the lowest overall quantities of amino acid
residues (16.92% w/w). This result is unsurprising and is like-
ly due to the severity of the SWE, where the high temperatures
promote the decomposition of amino acids via the Maillard
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). 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 8).
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 la-
bile amino acids and conflation of free amino acids with res-
idues derived from protein. Sample preparation, chromato-
graphic separation and resolution of the individual amino
acids are also potential sources of error which, when

Table 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 – 0.000744 X1
2 – 0.1528 X2

2 0.96

Hydrochar yield (%) HY = 170.4 – 0.5225 X1−19.21 X2+0.0792 X1X 2 0.87

Fig. 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
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compared with the relative reproducibility and ease of mea-
suring the elemental composition of samples, is suggestive of
the popularity behind NPCF as the preferred method of deter-
mining crude protein.

Protein content, determined by the summation of SCG ami-
no acid residues, is 21.79% SCG (Table 8). This result, which
is higher than the indirect NPCF calculation, can be rational-
ized by taking into account the relative percentage composi-
tion 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 resi-
dues, 28.49% NPCF crude protein, Table 8). This can be
explained as follows. As previously discussed, the removal
of components from the SCGmatrix during the alkali pretreat-
ment results in an increased relative proportion of the remain-
ing 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).
Therefore, whilst the specific NPCF of SCG PI 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.

3.3.2 Ultimate analysis of protein extraction products

The ultimate composition of the raw feedstock, protein extrac-
tion solid residues (PE RAW, PE SWE) and precipitated

protein isolates (SCG PI, SWE SCG PI) from the alkali pre-
treatment is displayed in Fig. 5. Migration of nitrogen and
oxygen from the raw feedstock to the protein isolates is ap-
parent, 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 in-
crease in the proportion of carbon in PE RAW and PE SWE
relative to the SCG and SWE feedstocks (46.48 vs 53.01 and
59.39 vs 58.57%, respectively). This demonstrates the effec-
tiveness of the alkali pretreatment in reducing nitrogen whilst
maintaining sufficient carbon stocks for HTC.

3.4 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 condi-
tions optimized 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.

3.4.1 Hydrochar composition and fuel properties

Three solid products were formed from the HTC process: the
crude unextracted hydrochar, primary char (PC) and second-
ary char (SC). SC, sometimes referred to as coke, are carbon-
ized 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
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 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.

Table 6 Predicted and actual
calorific value (HHV) and yield
(HY) for hydrochars obtained at
optimal HTC temperature and
time settings

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

aX1 = temperature (°C); X2 = time (h)
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More specifically, all secondary chars exhibited higher car-
bon and hydrogen percentage compositions and lower oxygen
and nitrogen content relative to the parent crude hydrochar,
primary char 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 sec-
ondary char. Lucian et al. reported similar findings for the
primary and secondary char HTC products of the organic
fraction of municipal waste (OFMSW) and olive mill waste
(OMW) [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 primary char,
which also exhibited the lowest calorific values of the
char products.

Total extraction yields of secondary char and primary
char with respect to the parent hydrochar range from 74 to
51% (HTC RAW–HTC PE SWE, Table 9), rendering a mass
loss of 26–49%. Volatilisation 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 the secondary
char derived from the HTC PE RAW and 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].

Notably, the highest HHV obtained for the crude parent
hydrochar HTC PE RAW (33.30 Mj/kg, Fig. 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

Table 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 SWE
pretreated 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)
c Branched chain amino acid (BCAA)

1288 Biomass Conv. Bioref. (2023) 13:1279–1295



conditions that were optimized solely for energy recovery
efficiencies (T = 210–240 °C, t = 1 h, energy yield = 0.9–
0.94, Kim et al.) or hydrochar yield, process energy and

cost-effectiveness (T = 216.4 °C, t = 1 h, hydrochar yield =
64%, Afolabi et al.). Whilst exhibiting a lower energy
yield and equivalent hydrochar yield (0.58 and 64%,

Table 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)
c Branched chain amino acid (BCAA)

Fig. 4 Amino acid percentage
composition of 6M HCl
hydrolysed extracts of raw SCG,
and protein precipitates from the
extraction of SCG (RAW SCG
PI) and SWE pretreated SCG
(SWE SCG PI)
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respectively), the greater HHV and lower nitrogen content
(0.23 vs < 3% wt in both studies) of HTC PE RAW exem-
plifies 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 car-
bon, 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.

The effect of the carbonisation process on the feedstock is
evident in the van Krevelen diagram (Fig. 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. 5 Ultimate composition of protein extraction products and
precursors

Table 9 Compositional and fuel properties of raw SCG, pretreated SCG feedstock and resultant crude, primary and secondary hydrochars

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

a Determined on a dry basis
b Calculated by difference
c Yield wrt crude hydrochar
d Not determined

HTC runs performed in duplicate. Proximate and ultimate analyses performed in duplicate and quadruplicate, respectively. Average reported results
within 4% of each other
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3.4.2 Pyrolysis behaviour

Characteristic thermogravimetric peak regions in the pyrolysis
of SCG and other lignocellulosic biomass correspond to the
decomposition of hemicellulose, cellulose and lignin compo-
nents. For hydrochars, peak regions compute with the decom-
position of species remaining after the hydrolysis of the poly-
meric fractions. Qualitatively, the DTG of the crude
hydrochars in argon atmosphere (a, Fig. 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 =
4 3 0 – 4 6 0 °C ) . N o t a b l y f o r a l l p r im a r y c h a r
samples excluding HTC PE SWE PC (b, Fig. 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 devolatilization occurs at a higher temperature than the
parent chars, which may signify increased thermal stability via
the removal of secondary char from the matrix of the primary
char. However, this is slightly misleading as the relative rates
of peak devolatilization upon extraction of the secondary
char increase from 0.009–0.020 s−1 to 0.011–0.041 s−1, for
crude hydrochars and primary chars, 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 primary chars 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 tem-
peratures, primary chars exhibit increased thermal reac-
tivity at slightly higher temperatures, through a more
rapid devolatilization.
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Fig. 6 HHV (MJ/kg) and energy yield of crude hydrochars, primary (PC) and secondary chars (SC) produced from raw SCG, SWE SCG and the solid
residues from the protein extraction of raw (PE RAW) and SWE (PE SWE) SCG

Fig. 7 van Krevelen’s diagram of
atomic O/C versus H/C ratio in
SCG, primary (PC) and second-
ary chars (SC) produced from raw
SCG, SWE SCG and the solid
residues from the protein extrac-
tion of raw (PE RAW) and SWE
(PE SWE) SCG.
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Overall, the DTG curves are indicative of the thermal in-
stability of the secondary chars, which, combined with report-
ed oxidative reactivity, likely confers low burnout tempera-
tures and boiler efficiencies if utilized as a solid fuel [57, 67].

In terms of pretreatments, the fastest rate of devolatilization
was observed for the char products from the protein pretreat-
ment (0.025–0.041 s−1 for HTC PE SWE/RAW crude and
primary chars); the slowest was observed for HTC RAW.
This result is unsurprising as pretreatments disrupt the SCG
matrix through complete or partial degradation of hemicellu-
lose, 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 pretreated biomass, ultimately resulting in the 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].

3.4.3 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. 9), inputting 100 g of SCG
feedstock into the SWE platform gives an aqueous phase with
antioxidant activity and 0.31 g of CGA. Protein extraction of
the residual solids (46.85 g) isolates a liquor from which a
solid (23.89 g) containing 16.92% w/w protein can be precip-
itated. The residual solids from the protein extraction (22.96 g)
are then carbonized, giving 14.69 g of crude hydrochar.

Alternatively, in the second scenario, the SWE platform is
bypassed and more than half of the raw feedstock (53 g) is

Fig. 8 DTG devolatilization curves of crude parent hydrochars (left) and extracted hydrochars (right) in argon atmosphere

Fig. 9 Major products and yields of the integrated hydrothermal and alkaline treatment SCG biorefinery

1292 Biomass Conv. Bioref. (2023) 13:1279–1295



directly converted to an isolate containing 33% proteins. HTC
of the solid residues (43 g) gives 16.34 g of the crude
hydrochar.

Whilst the first scenario advantageously isolates an extract
containing CGA (market price for green coffee extracts con-
taining CGA range from 10 to 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 give 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 en-
hanced, 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.

4 Conclusion

The aim of this study was to develop a biorefinery that could
produce value products from spent coffee grounds, utilizing
the whole biomass whilst improving the end-product require-
ments. To this end, a series of hydrothermal processes
were used, optimally producing a bioactive extract (con-
taining 3.14 mg CGA/g SCG), a protein fraction
(21.79–32.75% wt protein) and a hydrochar with im-
proved 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 combus-
tion. In addition, HILIC QToF-MS total amino acid
quantification of SCG was performed for the first time,
determining a higher than previously reported SCG pro-
tein content (21.79% wt). This result leads to the pro-
posal 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 nec-
essary inclusion of downstream processes to concentrate, for-
mulate and preserve antioxidant activity of the bioactive
stream can negatively impact process margins. It was deter-
mined 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 plat-
form 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 com-
mercial viability through enhanced yields, product perfor-
mance and reduced operational costs.
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