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Coffee is the world’s second largest beverage only next to water. After coffee
consumption, spent coffee grounds (SCGs) are usually thrown away and eventually
end up in landfills. In recent years, technologies and policies are actively under
development to change this century old practice, and develop SCGs into value added
energy and materials. In this paper, technologies and practices are classified into two
categories, those reuses SCGs entirely, and those breakdown SCGs and reuse by
components. This article provided a brief review of various ways to reuse SCGs
published after 2017, and provided more information on SCG quantity, SCG biochar
development for pollutant removal and using SCG upcycle cases for education. SCG
upcycle efforts align the best with the UN Sustainable Development Goals (SDG) #12
“ensure sustainable consumption and production patterns,” the resultant fuel products
contribute to SDG #7 “affordable and clean energy,” and the resultant biochar products
contribute to SDG #6, “clean water and sanitation.”

Keywords: spent coffee grounds, upcycle, direct transesterification, biodiesel, biochar, direct SCG reuse,
compositional SCG recovery, refuse derived fuel

INTRODUCTION

Coffee is the world’s second most traded goods only next to oil, and it is the world’s second largest
beverage only next to water. The world’s coffee consumption in 2020/2021 is nearly 10 million
tonnes, with annual increase of about 1% since 2017 (ICO, 2021).

Only about 30% coffee bean’s mass can be extracted into the coffee we drink, thus a larger
fraction ends up as spent coffee grounds, which has been mainly disposed of as waste. SCG reuse
has received much more attention, especially in the recent decade. A byproduct from food and
beverage applications, the quality of SCGs is higher and more consistent than other wastes, with
the possibility to recycle single stream. These desirable aspects together with the diverse
chemical compositions of SCGs, offer a desirable case for product upcycle. Indeed, public
interests in SCG upcycle are increasing, together with supportive polices to drive technology
development. This has been reflected in the number of publications as shown in Figure 1, which
is also consistent with other similar reports. An increase in the number of publications on SCG
reuse from 2011 to 2017 was reported by (Kourmentza et al., 2018), and another more significant
increase afterwards (Bottani et al., 2019; Battista et al., 2021). As an example, a total of 189
publications on SCG reuse were found from Scopus database up to 2019 (Battista et al., 2021).
This number aligns with that found in the Web of Science database with publications versus year
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FIGURE 1 | Number of publications from the Web of Science database from 2010 to 2021 based on the topic search category. (A) ‘spent coffee ground*’, (B)
‘spent coffee ground” and ‘pellet’, (C) ‘spent coffee ground*’ and ‘biodiesel’, (D) ‘spent coffee ground* and ‘biorefinery.’

by search term presented in Figure 1 with some specific search
additions (pellet, biodiesel, biorefinery) to show different
trends in research.

The significant increase since 2018 may be due to the
promotion of sustainable policy and practices, such as EU
Directive 2018/851 amending Directive 2008/98/EC on waste,
the initiatives in the US on landfill diversion, food waste reuse,
and various similar initiatives elsewhere.

It is suggested that EU Directive 2018/851 boosted technology
development of value-added compounds from SCGs, such as
antioxidants and polyphenols, and as fillers on polymers,
sustainable dyes, etc., have also been investigated, while SCG
reuse as biodiesel and biomass fuel remain “trendy” (Battista
et al., 2021). A 2019 review (McNutt and He, 2019) summarized
different SCG reuse technologies in three categories, energy, food
and health, and materials. Some technologies reused SCGs as a
whole, such as compost, digestion, animal feed, material fillers,
and solid fuels, etc. Other reuse technologies separate SCGs into
different fractions and upcycle each fraction separately based on
the concept of a biorefinery.

In recent years, there have been publicaitons on the biorefinery
approach to reuse all the components of SCGs. Biorefining, as
described by IEA, “is the sustainable processing of biomass into a
spectrum of products and energy” (Van Ree et al., 2019). It refers
to a series of sequential reuse processes to recover different
components of SCGs in a zero-waste approach. As an
example, SCG can be first extracted for water soluble
polyphenols, caffeine, and antioxidants, etc. which have
pharmaceutical and cosmetic applications and are deemed
high value extracts. Next is hydrolysis to extract cellulose and
hemicellulose as a substrate for fermentation as bioethanol or

other biotechnology applications. Then it comes lipid extraction
which can be used for biodiesel. Glycerin, the byproduct, can also
be used as fuel or chemicals. The solids left can be developed into
biochar, bio-oil, or fuel pellets (Mata et al., 2018).

Therefore, the goal of this review are three folds. First is to
summarize recent SCG upcycle technologies since 2017, so as to
identify current research interests. SCG reuse technologies and
practices are classified into two categories, direct reuse and
compositional reuse. Direct reuse refers to technology/practices
using SCGs as a whole without much processing (except simple
washing and dying), while compositional reuse refers to those
separating SCGs into various components.

A second goal is to fill some gaps from previous reviews in
SCG quantities and SCG redevelopment as biochar for pollutant
removal. A third goal is to explore a simplified version of
biorefinery to upcycle different components of SCGs at the
community scale. A summary of the SCG inventory and
compositional analysis of SCG will be first presented which
provides a practical and theoretical basis of various reuse
pathways.

SCG’S QUANTITIES GENERATED FROM
DIFFERENT SOURCES

SCGs are generated by individuals, coffee shops, food services,
and coffee producers. The exact determination of SCG
inventory and compositional variation is limited from all of
these generators largely due to its waste nature. SCG inventory
information from coffee consumers also tends to be limited
and sporadic.
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TABLE 1 | Recent studies on elemental compositions of SCGs.

SCG Upcycle Technology Review

Elemental analysis (%) HHV (MJ/kg) References

N (] H S o Ash - -

1.93 + 0.07 46.23 + 1.13 7.32 £0.17 0.26 = 0.11 41.86 + 1.21 2.42 + 0.06 22.49 Liu, (2015)

1.23 £ 0.03 57.69 + 2.04 7.63 £ 0.82 0.12 £ 0.02 31.91 +2.88 1.69 +0.53 NA Abomohra et al. (2021)
244 +0.10 49.99 + 1.53 7.89 £0.13 0.33 =+ 0.08 39.35 + 1.47 2.87 +1.88 20.89 Lee et al.,, 2021

1.40 = 1.20 68.52 + 10.20 11.04 £ 3.05 Trace NA 0.90 £ 0.12 22.24 + 0.05 Colantoni et al. (2021)
2.74 56.79 7.70 0.25 35.52 2.06 21.75 Chen et al. (2021)
2.51 46.41 6.59 0.29 42.57 1.62 NA Taleb et al. (2020)
2.63 49.23 6.53 0.03 NA NA NA Kaya, (2020)

2-4 45-58 6-7 NA 32-47 1.3-2.2 NA Battista et al. (2021)
1.9-2.3 47.8-69.5 NA NA NA 0.43-2.2 19.0-26.9 Mata et al. (2018)

NA, not available, HHV, higher heating value.

An urban university (50,000 students) in a mid-sized US city
can generate about 11 metric tonnes of SCGs annually from its
campuses and vicinity. About 20 tonnes of SCGs can be collected
from individual coffee shops in a town of about 45,000 people in
the Eastern US (Carney, 2018). An inventory study in Sydney,
Australia estimated that 3,000 metric tonnes of SCGs could be
available for upcycle, and people accept a slight increase in cost
for SCGs collection (PlanetArk, 2016). A detailed inventory in
Italy by region indicated that more than 38,525 tonnes of SCGs
can be produced in 2019 (Bottani et al., 2019).

Estimating SCG quantity from a community usually needs a
detailed inventory of each commercial generator, while SCG
generated by coffee producers tend to be inaccessible to the
public. One of Nestle’s Spain facilities generated 45,000 metric
tonnes of coffee grounds per year (Nestle, 2020). Another Nestle
facility in Northeastern US produces about 40,000 tonnes of wet
SCG annually. Starbucks has been estimated to generate
approximately 90,000 tonnes of SCG per year in the
United States alone (Misra et al., 2008).

A few internet sources indicated that Tim Horton sells two
billion cups of coffee per year (Cuthbertson, 2018; CISION,
2020). Assuming 7-11g of coffee produces a cup of coffee
(Bottani et al., 2019; Bio-Bean 2021), it is estimated that Tim
Horton has 180,000 tonnes of SCG per year, which is about
300,000 tonnes of wet SCGs per year (assuming 60% moisture).

Up to 50% of the SCGs are produced in small scales by coffee
shops, restaurants, cafeterias or individuals, while large scale SCG
producers are mostly from soluble coffee production (Taifouris
etal., 2021). Since coffee shops must pay for SCGs disposal, many
are willing to give them away at low or no cost. Inventory estimate
from end users is a complex process and SCG collection is very
costly.

Different SCG generation rates have been used by different
types of SCG generators. As an example, coffee vendors report
their coffee sales by cups. A widely cited estimation is that 0.65 g
of SCG can be generated per Gram of green coffee beans (Murthy
and Naidu, 2012). This is consistent with other studies, that coffee
beans can lose 11-20% of weight due to roasting, and 20-32% of
bean grinds/powders can be dissolved in water to become one cup
of coffee (Go et al., 2016; Kamil et al., 2020). Another parameter

for SCG estimation is that up to 0.91 g of SCGs can be generated
per Gram of coffee (Dugmore, 2014).

SCG COMPOSITIONS

SCGs usually come as wet with moisture contents varying from
42 wt% (Colantoni et al,, 2021) to 65 wt% (Abomohra et al,
2021). The elemental compositions of SCGs are shown in Table 1,
which highly dependent on the bean source and processing. The
C/N ratio is a vital indicator for composting, ranged from 18:1 to
48:1. The low sulfur content (mostly <0.4%) suggested low sulfur
dioxide formation expected when using SCGs as fuels. In
addition, the ash content of SCGs is relatively low compared
to other types of biomass fuels, such as wood (Todaro et al., 2015),
bamboo, rice straw (Liu et al., 2013), palm kernel shell (Onochie
et al., 2017), and oat hull (Abedi and Dalai, 2017). The low ash
content makes SCGs desirable as a solid fuel, activated carbon or
biochar. The average value of carbon element in SCG is from
46.23-68.52%, which is similar to data collected by two other
research groups (Mata et al., 2018; Battista et al., 2021).

Although the heating value (HHV) of SCGs is lower than fossil
fuels, it is higher than most other biomass, such as energy crops
and wood chips, etc. while the nitrogen and sulfur content can be
an air pollution issue when used as fuels.

The lignocellulosic contents of SCGs (Sluiter et al., 2008)
results are shown in Table 2. The high cellulose and
hemicellulose contents suggested SCG’s potential use as
fermentation substrates (Zheng et al, 2009). The defatted
(lipid removed by solvent extraction) SCG is also suitable for
fermentation (Liu et al, 2017). Hemicellulose has a low
decomposition temperature of about 220°C (Yang et al., 2007;
Liu et al., 2015), which can decompose to form acetic acid at
400°C (Sermyagina et al., 2021), and tar during thermal recovery.
These results are consistent with the literature (Ballesteros et al.,
2014; Limousy et al,, 2015; Mata et al., 2018).

The size distribution of SCGs varies depending on the sources,
and most are within 1 mm. Figure 2 shows the size distribution of
SCGs obtained from a US coffee chain store and after processing
(Srivastava, 2020). The majority (42 wt%) of raw SCGs are
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TABLE 2 | Cellulose and lignin contents of SCGs.

SCG Upcycle Technology Review

SCG type Raw Defatted Raw Raw

Cellulose (%) 13.8-14.8 15.3-18.5 8.6-15.3 12.40 £ 0.79
Hemicellulose (%) 36.7 £ 5.0 39.4 +1.94
Arabinose 1.7 3.60 + 0.52
Mannose 13.8 19.07 £ 0.85
Galactose 21.2 16.43 + 1.66
Total lignin (%) 33.6 32.5 32.5-33.6 23.90 £ 1.70
Klason lignin (%) 28.2-31.9 29.5-30.9 30.9-31.9 17.59 + 1.56
Soluble lignin (%) 1.7-2.82 1.51-1.6 1.6-1.7 6.31 + 0.37

References Kourmentza et al. (2018)

Kourmentza et al. (2018)

Mata et al. (2018) McNutt & He, (2019)

*McNutt & He, (2019) s used data from Ballesteros et al. (2014), Mata et al. (2018) used data from Caetano et al. (2014) and Kourmentza et al. (2018) used data from both used data from

Caetano et al. (2014) and used data from Caetano et al. (2017).
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FIGURE 2 | Size distribution of different SCGs, raw and defatted.

between 600 and 875 pum in size. After coffee oil removal via
Soxhlet extraction, the size distribution shifted to smaller sizes
with a majority (34 wt%) of SCGs having a size between 125 and
425um. The size distribution also shifted after direct
transesterification.

DIRECT SCG REUSE

Refuse Derived Fuel
As an agro-industrial residual, SCG is also a renewable biomass.
Their high caloric value, low ash, and low metal contents are
desirable properties as a biomass fuel to replace fossil fuels in
boilers or fireplaces. Research studies on SCG reuse as pellets or
logs are also increasing over the years as SCG is considered as a
renewable biomass fuel (Bottani et al., 2019).

SCG fuel pellets need to meet various standards of the
counties/regions, such as the NF ago-pellet standard of France
(Nosek et al., 2020), and the ENplus, a voluntary standard for

biomass fuels in the EU mainly for ash and metals (Colantoni
et al., 2021).

SCG pellets and logs are sold in Europe and the US (Bio-Bean,
2021). The reuse pathway of SCGs in boilers has undergone
extensive development; in fact, it has been commercialized
already due to the lower processing cost. SCGs are burnt for
heat at several Nestlé facilities (Nescafe, 2020; Nestle, 2020). SCGs
was used to fuel the roasting process in coffee roasting companies
(Mayson and Williams, 2021; Allesina, et al., 2017) to reduce
waste generation and save fuel cost.

As with other SCG recovery technologies, the SCG drying
process is crucial in its applications as fuels. SCGs usually
contains up to 60% moisture. A moisture content of less than
10% is desirable for transportation and to reduce microbial
growth during storage (Tun et al, 2020). Tun et al, 2020
compared open-air sun drying, solar drying, and oven drying
before concluding that solar drying was the most advantageous in
terms of energy use and adequate SCG quality.

Studies indicated that burning SCG alone can result in
incomplete  combustion, boiler efficiency, and
incompliance with regulations, such as the STN EN 303-5
2012 for maximum CO (Nosek et al, 2020). Another
consideration is pellet durability, a property that is regulated
due to concerns about transportation and slag formation in
combustion systems; pellets produced with high SCG content
can also result in poor mechanical pellet properties (Whittaker
and Shield, 2017; Woo et al., 2021).

As a result of the above-mentioned reasons, SCGs tend to be mixed
with other biomass residuals, such as wood/sawdust, tea leaves, coffee
silver skin, etc. and processed into pellets or logs (Bottani et al., 2019;
Kristanto and Wijaya, 2018; Lisowski et al., 2019; Park et al., 2020).

lower

Anaerobic Digestion to Biogas

SCG digestion to produce biomethane is mainly through co-
digestion with other organic wastes, such as food waste or
manure, etc. and quantity control is essential to maintain good
methane yield. A study using only SCGs for anaerobic digestion
pretreated the SCGs with NaOH to break down lignin. The
highest weight loading of NaOH (8%) was found to be the
most effective with the yield of methane reaching 394 ml/g
volatile solid (Girotto et al., 2018).
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A study on SCG co-digestion with pig manure reported over
an order of magnitude improvement in methane production from
0.12 to 1.4 L ethane/Lreactor/day (Orfanoudaki et al., 2020). Other
researchers have taken advantage of cow manure for co-digestion
(Luz et al.,, 2017) by mixing SCGs and cow manure at 1:1 ratio,
and reported approximately 10% higher biomethane vyield
compared to only cow manure. Akyol (2020) investigated a
similar cow manure-SCG system to determine the ideal
inoculum to substrate ratio (I:S). The methane yield increased
with I:S from 0.5:1 up to 3:1, further increases in inoculum
reduced methane output.

Co-digested raw and defatted SCGs with macroalgae, glycerin,
and spent tea The SCG detaffing process increased specific
methane yield by approximately 10% (Atelge et al., 2021). Kim
et al, 2017 used food waste (FW co-digested food waste
(containing SCGs), Ulva biomass, waste activated sludge, and
whey. Teixeira et al., 2021 studied digestion of two different SCGs,
with the industrial SCGs from a soluble coffee company and post-
consumer SCGs from a university restaurant. For low SCG
content (25 wt%), no significant difference was seen between
the sources. However, at high SCG loading (75wt%), the
industrial SCG had an inhibitory effect that reduced
methane yield.

As part of food waste from households and restaurants, SCGs
will continue to be used in anerobic digestion. Since the free fatty
acids and antioxidants can have inhibitory effects to biogas
production, SCGs are better used as a co-substrate with proper
quantity control.

SCG DIRECT SOIL APPLICATION

SCG has been used by many individuals in their gardens much
earlier than various laboratory-developed technologies, from the
anecdotal notion of “SCG is good for acid-loving plants” to a
plethora of information on the internet as well as laboratory
studies. SCG can function as mulch, compost, fertilizer, or even
pest repellant in gardens (Chalker-Scott, 2009). An urban
university in Midwest US collected compost SCGs, together
with yard waste. SCG is less than 30% and coffee filters
remained in the pile as a carbon source. The compost pile is
mechanically turned regularly and matures (color changing from
light to dark) within 6 months to a year and is used for university
landscapes and teaching gardens. SCG can be mixed with other
components to be used as fertilizer and was found to enhance
grapevine production (Ronga et al, 2020). SCG is also co-
composted with manure or sludges and wused for soil
amendment (Emmanuel et al., 2017) SCG is rich in nitrogen
and other organic materials and can be a potential medium to
increase soil organic matter. However, the smaller particle size
can be an issue for blocking water and air circulation when used
as mulch. Multiple reports indicated that only a fraction of SCGs
should be used as compost and its impact is plant-dependent.
Studies indicated that polyphenols, caffeine, and tannins in
SCGs are possible causes of plant growth inhibition (Hardgrove
and Livesley, 2016). SCG application (1% wt) can improve soil
enzymatic activity but can also cause oxidative stress to earth

SCG Upcycle Technology Review

worms at a higher (5%) percentage (Sanchez-Hernandez et al.,
2019). The phytotoxicity can be reduced by composting,
vermicomposting, or thermal treatment, etc. to reduce these
compounds (Cervera-Mata et al., 2020), and the reduction of
polyphenol resulted in more biomass accumulation.

SCG direct application for landscapes will still be practiced
and is likely to increase due to its low cost. As an example, in the
US, if the state law allows SCG to be composted together with
other yard residuals, SCG compost will be more practiced by
larger entities.

The impacts of various SCG derived soil amendments,
especially SCG compost and SCG biochar, have been mixed so
far. Further studies, such as the volume of application, the soil
type, and the plant type, etc. on plant growth are warranted to
better reuse SCG derived products for soil amendment.

Raw SCGs as Absorbents

Raw SCGs have been used for absorption of different pollutants.
Yen et al, 2022 studied polystyrene particles adsorption and
obtained a maximum efficiency of 74%. SCGs have also seen use
for removing cadmium (Azouaou et al.,, 2010; Palma et al., 2017;
Kim and Kim, 2020) and other heavy metals (Hao et al., 2017).
SCG can absorb ozone but was less effective than activated carbon
(Hsieh and Wen, 2020). Loffredo et al., 2020 compared SCGs
adsorption performance with other biomass and other adsorbents
(wood biochar, and hydrochar) on the adsorption effectiveness of
ochratoxin A. SCG performed worse than wood biochar,
hydrochar, humic acid, clementine peel and coconut fiber, but
was than ground almond shells, hazelnuts, walnuts, and
chestnuts. SCGs have also been used for dye adsorption
(Safarik et al, 2012), and the effectiveness was highly
dependent on dye type. Direct SCG and SCG biochar use for
remediating heavy metal contaminated soil and water were
compared by Kim et al., 2014. While both reduced the heavy
metal bioavailability; the direct SCG use actually increased
phytotoxicity, unlike the biochar. SCGs in these studies are
usually washed and dried, but the performance was not as
good as biochar or activated carbon.

TECHNOLOGIES FOR SCG COMPONENT
RECOVERY

SCG Lipid Recovery

Lipids in SCG generally range from 8 to 20% and can be
developed into different products. This is consistent with the
lipid content of virgin coffee beans, ranging from 8 to 18%
(Massaya et al., 2019).

Conversion of SCGs lipids to biodiesel (methyl/ethyl esters)
continues to be one of the “trendy” research topics, while other
uses, such as renewable diesel or bioplastics, are also emerging.
This section summarized recent research in SCG oil extraction,
SCG biodiesel production and technology innovations.

Table 3 summarized practices to extract SCG lipids after
drying. Lipid extraction can be conducted with or without a
Soxhlet. The high SCG oil yield of 30.4 wt% (Efthymiopoulos
et al,, 2019) might be related to the source of SCG and the long
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TABLE 3 | Recent studies on solvent extraction of oils from SCGs.

SCG Upcycle Technology Review

Extraction conditions Maximum yield Acid value (mg Source
wt% KOH/g
oil)
Solvent: Hexane 9 ml/g, 8 h 30.4 12 Efthymiopoulos et al. (2019)
Solvent: Hexane/isopropyl alcohol (1:1 v/Av) 5 ml/g, 6 h 17.32 6.18 Liu et al. (2017)
Solvent: Hexane, 2 h 13 22.3 Atabani et al. (2018)
Solvent: Hexane 9 ml/g, 0.08 h, Room Temperature, Mixing Speed: 200 rpm 15.47 8.25 Mueanmas et al. (2019)
Ultrasonic Assisted: 30% amplitude 14.52 4 Goh et al. (2020)
Solvent: Hexane 4 ml/g, 0.5 h
Ultrasonic Pre-treatment: 40 Hz, 10 min 19.25 3.64 Cubas et al. (2020)
Solvent: Hexane, 4 h
Supercritical CO, extraction: 0.32-3.68 h, 20-50 Mpa, 40-60°C; co-solvent: isopropanol, 12.4 NA Coelho et al. (2020)
ethanol, ethyl lactate
Supercritical CO, extraction: 2 h, 200bar,50°C 12.14 3.89 Muangrat and Pongsirikul,
(2019)
Microwave Assisted: 600 W, 10 min, hexane/methanol 1:1 15.11 7.3 Yordanov et al. (2016)
Microwave Assisted: 122.3-218.3 W, 10-32.5 min, hexane 4-7 ml/g, 69-105°C 11.54 NA Hibbert et al. (2019)

NA, not available.

extraction time. Ultrasound was used to pretreat the SCGs, with
higher lipid yield and lower acid value compared to those without.
Having been successfully applied in caffeine extraction,
supercritical CO, extraction is also increasingly applied to
SCG lipid extraction. The conditions reported in Table 4 are
within the range of previous studies (Couto et al., 2009; Ribeiro
et al., 2013; Akgiin et al., 2014; Barbosa et al., 2014).

The supercritical CO, extraction method has been studied
as green and environmental-friendly technology to eliminate
organic solvent used during the coffee oil extraction process.
The optimal process variables were studied by Muangrat’s
group. Moreover, the application of supercritical CO2
extraction method with co-solvents such as isopropanol,
ethanol, and ethyl lactate was conducted and the result
showed that the extraction time could be shortened by half
compared to the Soxhlet extraction process to reach the same
coffee oil yield. In addition, compared to the pure supercritical
CO2 extraction method, supercritical CO2 extraction with co-
solvents can get a higher antioxidant capacity (Coelho et al.,
2020). The extraction of coffee oil with the assistance of
microwave has also been studied recently and the extraction
time has been shortened significantly, which is beneficial to
reduce energy consumption (Yordanov et al., 2016; Hibbert
et al,, 2019). Non-thermal plasma pre-treatment prior to lipid
extraction is reported to have increased yield when compared
to Soxhlet alone and increased unsaturated fractions of the
lipids (Cubas et al., 2020).

Depending on the FFA content, SCG lipid may need to go
through esterification and then transesterification to become
biodiesel. This conventional practice is still used, while direct-
transesterification (in situ), which produces biodiesel from SCGs
in one step without oil extraction has been implemented much
more recently due to its simplicity.

Table 4 summarized recent improvements on making
biodiesel from SCGs. New catalysts have been reported for
the in-situ (direct transesterification) process, such as waste
eggshell and 1,8-diazabicyclo [5.4.0]undec-7-ene (DBU). For

in-situ processes without catalysts, a co-solvent of ethanol and
1,2-dichloroethane (DCE) was used and ethyl esters were
produced. A unique deacidification treatment prior to the
in-situ reaction was conducted (Tuntiwiwattanapun et al.,
2017), and the acid value was significantly reduced from
5.93 mg KOH/g oil to around 0.59 mg KOH/g oil. A low
yield of 8.7wt% might be caused by the low reaction
temperature and inefficiency of waste eggshell. Palmitic acid
methyl ester (C16:0) and linoleic acid methyl ester (C18:2)
were two major fatty acid methyl esters (FAME) in SCG
biodiesel, consistent with earlier studies.

Technology improvements on the SCG biodiesel process
include the following, catalyst improvements such as
immobilized sulfuric acid on silica gel (Karmee, 2017),
ultrasound to improve oil extraction during direct
transesterification (Kim Y. S. et al., 2020), production of
ethyl esters using enzymes (Gongalves et al., 2020), and
supercritical fluids extraction (Son et al., 2018; Battista
et al.,, 2021).

In addition, SCG biodiesel can be blended with alcohols to
better improve cold flow or density to meet Euro-diesel
requirements (Atabani and Al-Rubaye, 2020).

Phimsen et al. (2016) extracted coffee oil using solvent
extraction and converted it to renewable diesel
(hydrotreated diesel) which contains CI15 and C17
hydrocarbons. Bio oil from hydrothermal liquefication is
also studied due to its higher HHV than the methyl esters
(Marx et al,, 2020). but further reformulation is typically
needed before use.

The SCG to biodiesel process has not been commercialized so
far. SCG drying process (e.g., up to 60% moisture) is energy
intensive and can make the biodiesel process economically
uncompetitive (Taifouris et al., 2021) during production. Since
caffeine in biodiesel can increase NOx emissions (Jenkins et al.,
2014), water wash, or even better, a recovery process with water
prior to lipid extraction, will be very beneficial to improve the
purity lipid extraction.

Frontiers in Chemical Engineering | www.frontiersin.org

April 2022 | Volume 4 | Article 838605


https://www.frontiersin.org/journals/chemical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles

Johnson et al. SCG Upcycle Technology Review

TABLE 4 | Recent studies on converting SCG oil to biodiesel.

Method Conditions Yield Conversion FAME Source
wt% rate %

in-situ Co-transesterification: No catalyst, Solvent: EtOH/DCE 6 ml/g, 2 h 1.2 - C16:0: Abomohra et al. (2021)
198°C 20.80%
C18:
0: 7.61%
c18:1:
10.30%
c18:2:
31.43%
C14:1:
22.37%
in-situ No catalyst, Solvent: EtOH/DCE 3.26 ml/g, 3 h, 196.8°C 11.8 - - Park et al. (2018)
in-situ Switchable solvent, Catalyst: DBU, Solvent: DBU 20.71 ml/g, 0.48h, - 97.18 C16:0: Nguyen et al. (2020)
60.2°C 36.01%
c18:
0: 7.70%
c18:
1: 8.48%
C18:2:
42.81%
in-situ Supercritical 90 bars; No catalyst, Solvent: Methanol 5 ml/g, 0.33 h, 10.17 - - Son et al. (2018)
270°C
in-situ Catalyst: H,SO4, Solvent: Methanol 5 ml/g, 12 h, 70°C 17.08 98.61 C16: Liu et al. (2017)
0: 44.3%
c18:
0:19.7%
c18:
1:6.1%
c18:
2: 30.8%
in-situ Catalyst: Waste Egg Shell, Solvent: Methanol 4 ml/g + Hexane 4 ml/g, 8.7 - C16: Im and Yeom, (2020)
9h, 45°C 0: 35.2%
c18:
0:7.1%
C18:
1:10.4%
C18:
2: 44.6%
in-situ Catalyst: NaOH, Solvent: Methanol and Hexane 15 ml/g, 0.5h - 97 - Tarigan et al. (2019)
in-situ Deacidification: Methanol 3.33 ml/g, 1 h, 45°C, 6.0-6.2 kPa; in situ: - 83 - Tuntiwiwattanapun et al.
Methanol 35 ml/g, 3 h, 50°C; Pilot scale (4 kg) (2017)
Two-step Trans- Esterification: 1% H».SO,4, Methanol/Oil 1:2, 3 h, 60°C, - - C1é: Atabani et al. (2018)
esterification Transesterification: 1% KOH, Methanol/Qil 1:4, 1.5 h, 60°C 0: 35.8%
C18:
0:8.1%
C18:
1:9.3%
C20:
0: 44.6%
Trans-esterification 1-3% KOH, Methanol/Qil 4:1 to 20:1, 2 h, 60°C - 86 - Battista et al. (2021)
Trans-esterification 4% KOH, Methanol/Qil 30:1, 3 h - 97.11 C16: Goh et al. (2020)
0: 32.8%
C18:
0: 71%
C18:
1:9.2%
C18:
2:441%

DCE, 1,2-dichloroethane; EtOH, ethanol; DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene; FAME, fatty acid methyl! ester.
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TABLE 5 | pH of SCG biochars with different pyrolytic gas.

Temperature (°C) 350 400 450 500
Raw SCG biochar (N) 8.4 8.76 9.4 9.88
Doped SCG biochar (Ny) 4.28 4.07 6.55 7.05
Raw SCG biochar (CO,) 7.06 8.4 9.22 9.22
Doped SCG biochar (COy) 3.85 7.04 6.98 7.08

SCG Solids as Biochar

Pyrogenic carbonaceous materials are produced by heating
carbon-containing feedstocks under almost no oxygen, which
can be developed into both biochar and activated carbon (AC).
AC can be upgraded from biochar by undergoing an additional
activation step (Rashidi and Yusup, 2020), and is mainly used for
pollutant absorption. Studies on SCG conversion into AC were
not reviewed here as there are not that many after the review of
McNutt and He, 2019.

Biochars are typically much cheaper than AC since they are
usually made with waste feedstocks, at lower temperatures, and
do not undergo the “activation” step, lowering process costs.
Biochars tend to have smaller surface areas, but more functional
groups (Gale et al., 2021). In recent years, research interests have
gradually shifted to converting SCGs into biochar instead of AC.

Compared with other ago-industrial biomass, SCGs have a
competitive advantage as biochar; they can be obtained with
relatively high purity and are already in uniform sizes. Therefore,
they can be a promising feedstock for pyrolytic carbon products.
Biochar can potentially be used in a wide variety of ways, with
some well-known applications such as soil carbon sequestration,
pollutant removal, and soil amendment (Schmidt and Wilson,
2014; Hagemann et al., 2018).

SCG Biochar are usually prepared under nitrogen or CO,.
Using CO, as carrier gas can accelerate the thermal cracking
of organic compounds but increases CO formation, which
reduces yield (Kim Y. et al., 2019). A study compared SCG
biochars made with both nitrogen and carbon dioxide. There
was no yield difference, while lower biochar pH can be
observed at temperatures below 400°C with biochar made
under CO, as seen in Table 5 (Srivastava, 2020). The
biochars were made with both as-received SCG and also
the solids left from in situ transesterification (Doped SCG).
The latter is acidic while the majority of biochars are alkaline.

SCG Upcycle Technology Review

Acidic biochar can be desirable for select fruits and vegetables,
such as berries.

SCG biochar use as a soil amendment continues to be
practiced. For example, SCG biochar was produced by slow
pyrolysis at 550°C and had an alkaline pH for liming use
(Stylianou et al., 2020).

SCG Biochar for Pollutant Removal
Functionalization prior and during biochar production are much
easier than after it is made. SCGs are uniform in sizes, easily
accessible, and low cost, which are ideal for functionalization to
increase selectivity of pollutant removal. In recent years, SCG
biochar for pollutant removal has been pursued with increasing
interest but with limited review summaries. Heavy metal
adsorption by SCG biochar, a relatively “traditional”
application, is summarized in Table 6. One improvement is
doping to obtain magnetic biochar for easier separation,
denoted as iron modified in Table 6. Cho et al. (2017) also
explored the gas used for pyrolysis and determined that biochar
made in nitrogen had higher As (V) absorption despite a smaller
surface area than those made in carbon dioxide.

SCG biochar use for antibiotic adsorption and removal, such
as tetracycline (TC) sulfadiazine (SDZ), sulfamethoxazole (SMX),
and diclofenac (DCF) is a newer application and is shown in
Table 7. Table 7 also shows the use of SCG biochar for dye
adsorption of malachite green dye (MG-D) and methylene blue
dye (MB-D). Mohamad et al. (2020) used an experimental matrix
to determine optimized conditions of treatment based on classical
experiments, the best predicted results are shown in Table 7. Lee
et al. (2021) used iron impregnated SCG biochar to degrade
methylene blue dye (MB-D) in conjunction with cold plasma. Lee
et al,, 2021 also determined the effect of the system on the total
organic carbon (TOC) with MB-D showing maximum removal
efficiency as high as 98.3%.

Tala and Chantara (2019) used biochar from SCG (slow
pyrolysis at 500°C) to remove 16-polycyclic aromatic
hydrocarbons (PAH) from ambient air. The adsoption
capacity of the produced biochar was comparable to a
commercial sorbent, XAD-2. McNutt and He (2019)
summarized recent studies on SCG derived activation carbon.
A few more recent developments are included herein. SCG AC
was used to remove bisphenol-A (Alves et al., 2019) and phenolic
compounds (Rosson et al, 2020). Bisphenol-A (BPA) was

TABLE 6 | Recent studies on metal adsorption using SCG derived biochar.

Pollutant Processing/ Dose and conditions Results References
modifications
Sr () 500°C - 2h 0-24 h, pH 1-9, 110 mg/L Sr?*, organics, Pseudo-second order, lower surface area than Shin et al. (2021)
50 mg/L adsorbent, compared to powdered PAC, Qmax = 51.8, 32.8 mg/g for biochar, PAC
AC (PAC)
Cd (I Iron-modified (FeCls, 0-3 h, pH 3-9, 0.01-0.2 g/L Cd?*, organics, Pseudo-second order, Qmax = 10.42 mg/g Hussain et al.
FeSO,) 400°C - 1 h 0.01-0.2 g/L adsorbent (2020)
Cd (I), Mn (II), 700°C - 0.5h 0.2-0.5 g of biochar in 100ppm metals Pseudo-second order, Qnax = 19.4, 19.6, and Chwastowski et al.
Pb (Il) 22.3 mg/g for Cd, Mn and Pb (2020)
As (V) Iron-modified (FeClg) 6 h, pH 4-9, 30 mg/L As®*, 2.5 g/L adsorbent Pseudo-second order, iron composition changed  Cho et al. (2017)

700°C - 2h

adsorption
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TABLE 7 | Recent studies on SCG derived biochar adsorption of pharmaceuticals, antibiotics, and dyes.

Pollutant Processing/ Dose and conditions Results References
modifications
TC NaOH-activated, 500°C 24 h, pH 3-9, 50 ml of 100 mg/L TC, inorganic salts, Qmax = 113.6 mg/g Nguyen et al.
-2h 5 mg adsorbent (2021)
SDZ, 200-700°C - 2 h 24 h, pH 6.8, 30 ml of 500 mg/L adsorbate, 100 mg Pseudo-second order kinetics, Qmax = 221.9, Zhang et al.
SMX adsorbent 481.6 mg/g for SDZ, SMX (2020)
TC Cobalt-modified, 700°C 24 h, 50 ml of 20-100 mg/L TC, 0.1-0.6 MPS, 5 mg Up to 97% degradation after 25 min, Qmax = Nguyen et al.
-2h adsorbent 370.37 mg/g (2019a)
TC Iron-modified, 700°C -2 h  0-2 h, pH 2-7, 1-2 MM TC, 10-60 mM PS, 1-5 g/L Up to 96% TC degradation in 2 h Nguyen, et al.
adsorbent (2019b)
SMX 850°C-1h 0-1.25 h, pH 3-8, 120 ml of 500-2000 mg/L SMX, Degradation pH independent, severe inhibition Lykoudi et al.
100-1000 mg SPS, organics, 50-200 mg/L adsorbent by bicarbonate, 55% SMX removal in wastewater ~ (2020)
DCF TiO,-modified, 650°C-2h  0-2 h, pH 6.15, 200 ml of 20 mg/L DCF, 2000W/cm? Stable for 5 re-use cycles, up to 90% DCF Lazarotto et al.
irradiation, 0.2 g adsorbent degradation in 2 h (2020)
MG-D 500°C - 2h 0-1h, pH 7-11, 50 ml of 50 mg/L MG-D, 0.02-0.2 g Predicted 99.27% MG-D removal, Predicted Mohamad et al.
adsorbent Qmax = 118.01 mg/g (2020)
MB-D Iron-modified (Fe(ll)SO4 0-1h,1Lof10.2 mg/L MG-D, 10mA and 2.2 W plasma  98.3% M-BD removal, 72.2% TOC removal, kys. Lee et al., 2021

7H,0), 600°C - 4h
adsorbent

removed from groundwater using activated carbon produced
from SCGs with ZnCl, as an activating agent. The activated
carbon showed high efficiency for BPA adsorption of 98%
(123.2mg/g) which surpassed the commercial AC tested as
control. Rosson et al. (2020) treated SCGs with KOH as the
activating agent. The adsorption of organic compounds studied
included methylene blue, erythrosine B, bromothymol blue,
phenol, 3-chlorophenol, and BPA. The produced AC showed
similar adsorption characteristics to the commercial AC.

SCG derived biochar has also been tested for non-adsorption or
applications such as composite fillers (Arrigo et al., 2020), as a value-
added ferrous material (Biswal et al, 2021), as molecular sieves
through the modification of activated carbon (Kaya et al., 2020)
with defatted SCGs, for supercapacitor application (Adan-Mas et al,
2021) and as catalytic support for iron nanoparticles (Acosta et al.,
2020).

SCGs as New Materials
Many bioactive compounds remain in SCGs after coffee
brewing, although the quality and quantity vary depending
on how they are treated (Panusa et al., 2013; Vandeponseele
et al., 2021). This has led to increased interests in recovering
antioxidants for a wide variety of uses (Ballesteros et al., 2017;
Hwang et al., 2019; Zengin et al., 2020). Ethanol appears to be
the most common solvent for extracting antioxidants
although alternative methods have been explored. Samsalee
etal., 2021 explored ultrasonic assisted extraction to generate
an antioxidant rich protein extract. SCGs have also been used
as a source of fiber and antioxidants use in baked goods at 4%
weight loading without impacting the food preparation
process or food quality (Martinez-Saez et al., 2017).
Recovery of antioxidants from SCGs has been researched
substantially in recent years (Kourmentza et al, 2018;
McNutt and He 2019) and therefore not much covered here.
Polymer or monomer production via SCGs has seen interest to
replace traditional petroleum-based options. The production of
monomers using an extracted oil from SCGs and the use of

generation at 5 L/min, 0-0.25 M Fe-doping 0.5 g

b = 0.06507 min™", krog = 0.04458 min™"

sulfuric acid pretreated SCG slurry were both explored using
engineered bacteria (Bhatia et al., 2018; Kim J. W. et al., 2019).
Alternatively, polyhydroxyalkanoate (PHA) was produced with
coffee oil after removing microbial inhibitors (Kovalcik et al.,
2018). Tukacs et al., 2017 used microwave heated SCGs mixed
with 2 M sulfuric acid to generate levulinic acid with a yield of
around 13%, which successfully reduced the reaction time from
8 h using a traditional heating method (oil bath) to 30 min.

SCGs have been explored as a sustainable dye for cotton
and wool fabrics which showed improved colorfastness over
other natural dyes, high UV blocking activity, and significant
antioxidant activity (Koh and Hong, 2017).
Mongkholrattanasit et al., 2021 used chitosan to introduce
amino groups, citric acid to crosslink, and sodium
hypophosphite as a catalyst to develop the dye for cotton.
The color and wrinkle resistance of the fabric was seen to last
20 washes but the tensile strength was affected.

SCGs have also been exploited for their carbon content and
porosity to generate energy storage materials such as a Li-S
battery cathode (Kim B. et al., 2020). Yesiltepe and $esen, 2020
pelletized SCG with mill scale, battery paste (separated from
steel casing and washed to remove electrolyte), and bentonite
(binder). The pellets were dried before reduction in argon
purged furnace at 1,250-1,400°C. The pellets showed a 70%
metallization rate of ferromanganese and a 91.18% pelletizing
process efficiency.

A SIMPLIFIED ZERO-WASTE CASE

Since SCG upcycle at community levels are much smaller in
scales, it is essential to pick and choose the compatible
pathways. An example is shown in Figure 3 to separate
SCGs into lignocellulosic, lipid and solid fractions. As
received SCGs first undergo lignocellulose extraction
(process A), with 4% dilute sulfuric acid and heat at 95°C
for 120 min (Alvira et al., 2010). The products can be used for
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FIGURE 3 | A schematic diagram of SCG upcycle pathway.

fermentation and made into bioethanol or biobutanol
(Mussatto et al., 2012). Since this is also a wet process,
there is no need to dry the collected SCGs. The wet SCG-
solids (SCG1) will then be coated with 20% sulfuric acid,
dried, and will go through a direct transesterification process
B (Liu et al,, 2017), where the liquids will be separated and
purified into biodiesel. Lipid separation by solvent extraction
is another defat alternative to make coffee oil from process B.
A few studies indicated that acid hydrolysis followed by lipid
extraction is feasible as nonpolar lipids remain largely
unaffected since process A uses water as solvent (Go et al,,
2016; Juarez et al., 2018; Passadis et al., 2020).

The remaining solids (SCG2) will be made into biochar through a
thermal process C. Since hemicellulose can range from 32 to 42%
(Massaya et al, 2019) and has a low temperature for thermal
decomposition, it is reasonable to extract this fraction prior to
solids recovery to reduce the formation of tar. This process takes
advantage of the moisture of the as provided SCGs and also results in
a functionalized acidic biochar.

By separating SCG into components, the amount of remaining
waste is reduced and the opportunity to produce multiple value-
added products can be achieved. However, the commercialization of
this process has been limited so far likely due to high cost and
feedstock quantity.

SCG UPCYCLE AS A CASE STUDY FOR
EDUCATION AND OUTREACH

SCG reuse technologies and practices also offer excellent
educational opportunities to the general public, and can be
tailored to engage a wide variety of audience. Educational
products can range from colorful handouts, fact sheets to
journal publications. The outreach venue can range from
public events (e.g., the Earth Day) to formal classrooms
(Lu et al, 2020). As an example, SCG reuse has been
implemented into college lectures and experimental
courses. It can be suitable as a case study for a class on
sustainability or waste management. Process simulation of
the scale up and technoeconomic analysis of various
technology choices suit perfectly for a design class. SCG
upcycle efforts align the best with the UN Sustainable
Development Goals (SDG) #12 “ensure sustainable

»

consumption and production patterns,” the resultant fuel
products contribute to SDG #7 “affordable and clean
energy,” and the resultant biochar products contribute to
SDG #6, “clean water and sanitation.” Therefore, it can be
integrated in-context of many education and outreach
activities.

CONCLUSION

The SCG can be a very versatile feedstock based on its
compositions. The range of applications for SCGs is incredibly
broad with some focused on the entire use of SCGs, others based
on specific compositions. Technologies/practices for direct SCG
reuse tend to be low cost and will continue to be practiced. Their
use may be limited due to the incompatibility of certain SCG
components, e.g., biological inhibition in direct soil application
and anaerobic digestion, and the nitrogen and sulfur contents
resulting in air pollutant formation when used as fuel. In contrast,
the biorefinery approach have the potential to reuse most
fractions of SCGs and is close to the zero-waste goal. This
approach can be limited by feedstock quantity and cost of
technologies.

The valorization of SCGs will result in waste diversion and
resource conservation. Currently, many of these valorization
technologies are still in laboratory stage. In order to reduce
SCGs as waste, proper choice of products/processes is
essential. Meanwhile, innovative and low cost technologies are
needed to more effectively extract targeted components from
SCGs, and to lower the cost of product development. Supportive
policies, investment, detailed economic analysis and customer
discovery will be necessary. SCG valorization efforts also provide
great opportunities to educate the public about sustainable
practices.
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